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ABSTRACT

Underlying this thesis is the McKenzie school afught, a physiotherapy approach that teaches
clinicians to recommend particular exercises tarthkents in an attempt to accelerate recovery/
prevent recurrence of disc prolapse. The recomatents are based on an untested clinical theory
that movements opposite to those that cause ddagse can achieve reversal of disc prolapse.
Little consideration has been given scientificalythe reversal of the failure process of the lumba
discs. Three in vitro and one in vivo study wersigleed to attain a greater understanding of both
disc failure and the mechanics of its clinical tneent responses and thereby provide a foundation fo
evidence-based practice.

The first in vitro study in this thesis compaibad/itro and in vivo herniated discs in an attenpt
link the two and provide a more thorough understanaf the in vitro model proposed to test the
mechanical theory underlying the McKenzie derangenawproach. Ten C3/4 osteoligamentus
porcine specimens were repeatedly flexed or flexed side bent to result in posterior migration of
the nucleus. Three of the 10 specimens had postarigration of the nucleus. Statistically
significant (p < 0.01) and clinically significart33%) disc height loss occurred in all 10 specimens
The results provide a sub-classification of inwilrerniated discs that is similar to the spectrdm o
herniated discs that occurs in vivo.

Continuing from the disc height loss sub-classifaraof post-herniated in vitro discs, the second
in vitro study in this thesis pursues alternatehods of creating herniation with the goal of cnegti
herniation without causing more than thirty threegent disc height loss of the specimens. Repeated
flexion of porcine cervical specimens under a lowempression level (1kN) resulted in disc
herniation but with loss of 50% of the pre-testcdieight (p < 0.001) Re-hydrating specimens by
injecting the disc after a period of failure tegtwith a barium sulphate nucleus mix (n = 5) or by
placing the specimen in a saline bath for an exdrgeriod of time (n = 4) resulted in a significant
increase of the disc height of the specimens. hEuriexion testing of the specimens significantly
reduced the disc height again. Intermittent sailmpection of specimens (n = 3) during the failure
procedure did not prevent or reduce the disc heligbd that occurred in the absence of saline
injections. Using higher compression levels (2 &eP6kN, n = 4), failure testing under torque
control (n = 3), non-physiologically starting thenallar rupture (n = 5) and using hypolordotic
thoracic porcine spines (n = 9) instead of poraieevical spines were unsuccessful attempts at
creating herniations. This study indicated tha th vitro model used in the first in vitro study
displayed features from one end of the spectrurdanfiage seen clinically but was then the best-
available. Combined these two studies provideaméwork for interpretation of the results of the

subsequent and third in vitro study in this thesis.



The focus of the third study is the mechanical stigation of the McKenzie clinical theory of the
treatment response seen in vivo in prolapsed digieish is that movements or positioning can alter
the location of a displaced portion of nucleus ipralapsed disc.  This study is a proof of the
principle on which this aspect of the McKenzie aygmh is based and provides, to the author's
knowledge, the first scientific evidence supportthg theory that repeating movements opposite to
those that caused posterior migration of the niscteun centralize the prolapsed material. The tesul
indicate that the McKenzie approach works on sorotapsed discs and not on others. Consideration
of the changes in disc height of the specimensndutihe testing procedures offers some
understanding of the varied success of this appraad exposes a vast area of future research that
will refine the clinical approach and mechanicadlerstanding of this specific disc pathology.

The fourth study, an in vivo study, provides atfiocok at the kinematics and kinetics of the cutren
in vivo application of this approach. Twenty asyomatic subjects volunteered to participate in this
study and performed frequently prescribed McKerzercises and a selection of activities of daily
living during which a 3-SPACE Isotrak system meadutheir three dimensional lumbar kinemetics.
One subject underwent a series of McKenzie exescighile electromyography and three-
dimensional lumbar motion were measured. Mean ped&nsion of extension in standing and
extension in lying exercises were within 3% (SD332) of each other. An additional 6.75% (SD
11.18%) of extension occurred when the extensiolyiitg exercise was combined with a Grade 3
Maitland extension mobilization to L3, a passive/gibtherapy technique that involves the therapist
applying intermittent low amplitude oscillations, to this case, the posterior aspect of the spinous
process with the goal of subsequently increasimgréimge of active motion in the direction of the
mobilization. The peak extension during the extamsn lying exercise was increased after the
mobilization relative to the pre-mobilization rang&he mean peak right side bend in the right side
glide exercise, normalized to the full right sidend range, was 61% (SD 17.4%). The L4-5 forces at
the position of peak extension in extension in dyend extension in standing were 828.97N and
1368.86N respectively. The peak flexion rangeghefactivities of daily living investigated match
those previously used to create disc prolapse vepghied at high repetitions and under moderate
axial compression. The lumbar spine ranges waelien commonly prescribed McKenzie
rehabilitative and preventative exercises and thiogeoccur in seemingly non-problematic activities
of daily living were quantified. The results ofgtstudy will enhance clinical practice by provigin
guantitative evidence of the relative peak motidrthe McKenzie exercises as well as highlighting
seemingly benign activities of daily living thatvmlve levels of flexion, side bend and rotation

sufficient to cause disc damage and even prolapse.



The macroscopic goal of this thesis was to attagneater understanding of the mechanics of both
disc failure and its clinical treatment responsed thereby provide a foundation for evidence-based
practice, a goal that was successfully achievelis thesis ultimately challenged and increased our
understanding of pathological discs while simultarsty adding information to assist clinical
decision making. Several new contributions todkisting knowledge of lumbar spine biomechanics

and clinical concepts of treating disc prolapseshiaeen made.
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CHAPTER 1
INTRODUCTION

The Motivating Factors That Instigated This Body Of Work

Macroscopically, this thesis has been motivatethkyabsence of a biomechanical understanding
of a widely accepted clinical approach to disc t&ion, namely the McKenzie approach. Disc
herniation, a potentially painful entity first detsed clinically in the early part of the ®@entury, is
a term that refers to the displacement of a portibthe nucleus into the surrounding annular layers
of the lumbar intervertebral discs (IVD) (Mixter carBarr 1934, Williams 1932, Crock 1986).
Numerous loading mechanisms have been proposedatecerniation (Callaghan and McGill 2001,
Aultman et al 2005, Andersson 1981, Brinckmann 1988sey et al 1984, Gordon et al 1991, Lu et
al 1996a). The models successful in causing postdisplacement of a portion of the nucleus are
those involving axial compression and repeatedidtexor flexion combined with side bend or
rotation). Little consideration has been giveresiifically to the reversal of the failure procestsa
mechanical level. Clinically, however, repeatedeazion is thought to reduce the symptoms and
signs of disc herniation (McKenzie 2002). The MoKie approach supposes that a displaced portion
of nucleus in a damaged disc can be moved backtiswhe center of the disc using movements and
positions specific to the direction of the displ@eat, as long as the outer annulus is intact aad th
nucleus is hydrostatic. Reversal or reduction eadpmptoms and signs of disc herniation is theydail
work of many clinicians. The experience gainedshgh work prompted the development of this
particular systematic clinical approach, the McKenmmethod to mechanical low back pain (MLBP).
The McKenzie method is an algorithmic approach (se&t section) to the assessment and
subsequent treatment of a disc herniation or disardyement, as it is referred to in the McKenzie
classification system of MLBP. The pain, motiom danctional response to repeated test movements
and positions are integrated to identify the dimectind extent of the mechanical forces required to
reduce the symptoms. Classically in the derangesyrrome the distal symptoms are reduced first
followed by those closer to the spine. This isharpmenon called ‘centralization’, the hallmark of
the McKenzie approach to the derangement syndroifige centralization phenomenon has been
shown to have clinical merit (Alexander et al 1998nelson et al 1990). Alexander et al (1998) was
able to predict in 91% of cases using this repeatedement assessment technique those that would
respond to non-surgical treatment of disc prolapksge Donelson et al (1990) reported that clients,
who could not achieve centralization of symptomsa assult of repeated movements, did not respond
well to conservative therapy and generally had @ peeatment outcome. Underlying this algorithm,

and underlying this thesis, is the untested clinibaory that movement/ positioning of the spine



influence the position of a displaced portion of thucleus in particular pathological discs. This

theoretical mechanism and patho-anatomical exptan&tr centralization has not been scientifically

substantiated. This thesis considers the podgiltiat a mechanical mechanism underlines the
reported clinical observations and this aspecthef McKenzie method. Specific advice to a client

from a therapist is based on acknowledgement etagnized pattern of symptoms and signs. Best
clinical practice appears to result from a knowkedmd understanding of the foundation of the
pattern combined with clinical skill. In the abserof a thorough understanding of the mode of effec
(mechanical, sensory, psychological) of clinicaatment clinicians may have sub-optimal effects
and efficiency. The benefits of such investigatienn its potential to enhance the clinical traant

of damaged discs.

OVERVIEW OF THIS THESIS

This thesis is centered on the investigation ofrtiezhanical foundation of a particular type of
physiotherapy assessment and treatment, the Mc&e&l®zangement program. The investigation of
any component of clinical practice in a laboratestting, especially a tissue laboratory, raises an
array of challenging issues. Conceptually theseieis can be appreciated by recognizing that
physiotherapy practice is an ‘outside-in’ approadewing the in vivo spine from the outside and
hypothesizing about the related spine mechani¢hpgatomy and patho-physiology, while in vitro
laboratory work is an ‘inside-out’ approach, viegithe in vitro spine segments and making
deductions about the clinical presentation thatgiven mechanics may produce. Both approaches
have merit but also have limitations. Bridging ttweo approaches is paramount to continued
development of the evidence-based practice model.

The first of the four studies in this series wasngpted by the clinical knowledge that the
McKenzie derangement approach is not indicatedémyedamaged disc, that not every disc responds
positively to this sppraoch. Every effort had ®rbade to ensure that the in vitro model proposed f
this work was appropriate to the question and walldw conclusive interpretation of whether
movement/ positioning of the spine influences thsiton of a displaced portion of the nucleus in
particular pathological discs. Evidence-basedtm@acan only be achieved through practice-based
evidence; in essence, clinical approaches neeeé srientifically investigated using models that are
representative of the clinical use of the approfgbwning and Hunter 2003). This first study
compares in vitro and in vivo herniated discs inatempt to link the two and provide a more
thorough understanding of the in vitro model praub$o test the mechanical theory underlying the

McKenzie derangement approach.



This first study highlighted an area of discrepabeyween the post-herniated in vitro porcine
discs and the in vivo discs considered most apfatepto this work. The second study describes
various attempts at paralleling the porcine inovitnodel to the targeted in vivo discs. This study
aims to bridge the discrepancy in the disc heidhthe in vitro and the targeted in vivo herniated
discs.

Combined the first two studies provide a greatetenstanding of the post-herniated porcine disc
and a framework for interpretation of the resuftsesearch using this post-herniated porcine irovit
model, more specifically for the third in vitro gpin this series. The focus of the third studyhis
mechanical investigation of the McKenzie clinichéory of the treatment response seen in vivo in
herniated discs.  Specifically, it is theorizéatta displaced portion of nucleus in a damaged dis
can be moved back towards the center of the digg usovements and positions. This study is a
proof of the principle on which this aspect of MeKenzie approach is based.

The McKenzie approach to the treatment and premerdf MLBP is a two-tiered approach that
involves identifying the appropriate exercises eéogerformed by the client as well as the specific
motions, postures and loads to be avoided in areaccelerate recovery and reduce the risk of
recurrence of the MLBP. In general, for a postesioposterolateral disc prolapse the recommended
exercises involve extension movements while fleximvements are those to be avoided. Following
scientific investigation of the conceptual modetiod McKenzie derangement approach is an in vivo
study that quantifies the mechanics of a numbafafenzie exercises and a number of activities of
daily living (ADL) which are seemingly benign butamreplicate the injury mechanism.

The hypotheses of each study are outlined afteviaw of the pertinent literature. The following
literature review will begin by addressing relevaspects of clinical practice, then transition into
issues relating to diagnostic imaging, an area itlh@bmmon to both clinical and laboratory work,

and finish with issues concerning in vitro research

BACKGROUND INFORMATION
Clinical Practice — looking from the “outside in”.

MLBP, distinguished from low back pain LBP of visaeor psychosomatic origin, has been
reported as one of the most commonly treated dissrich outpatient physiotherapy practices and as a
condition that 60- 80% of individuals will expermnat some time in their life (Jette et al 1994).
Similar to other areas of medicine, classificatadrMLBP is regarded as fundamental to successful
clinical practice (Brennan et al 2006, McKenzie &y2003, Fritz et al 2003, Riddle 1998, Kilby et
al 1990, Jette 1989, Sahrmann 1988, Stevens andeiki® 1988, Deyo 1986), although a

universally accepted classification system for MLB&es not exist. Physiotherapists traditionally



have been dependant on the patho-anatomical mdddassification. Numerous structures have
been implicated at one time or another as beingssible source of MLBP. Bogduk (1997)
postulated that for a structure to the source dPltBe structure should have a nerve supply (DeLeo
2006, Bogduk 1983), be capable of causing painlairto that seen clinically, should be susceptible
to disease or injury and should have been showeta source of pain in patients. The vertebrae
(Groen et al 1990, Hirsch 1963), lumbar musclesg(Bi et al 1982, Bogduk 1980), the
thoracolumbar fascia (Yahia et al 1992, Stillwed5Z, Konno et al 1994), dura mater (Edgar and
Nundy 1964, Groen et al 1990, Smyth and Wright }98@idural plexus (Groen et al 1990), the
interspinous ligaments (Bogduk et al 1982, Jenseh #0994, Hockaday 1967), zygapophyseal joints
(Hirsch et al 1952, McCall et al 1979, Fairbanlale1981) and the discs (Bogduk 1990, Bogduk et al
1982, Jackson et al 1966, Yoshizawa 1980) complgatme degree with the requirements of the
postulation. The most common diagnoses of MLBPngisthe patho-anatomical model of
classification are disc lesions, zygapophyseal synd, and instability due to pars interarticularis
defects (Bogduk et al 1995, Delitto et al 1995, MoKie and May 2003). Over the last three decades
there has been a gradual shift away from the patlademical classification model and a move
towards classification according to movement dysfiom and it's relation to pain behavior
(McKenzie 1981, McKenzie & May 2003, O Sullivanat2000, Sahrmann 2002 and Delitto et al
1995). The McKenzie classification system is cdesed one of the most widely accepted
physiotherapy approaches in diagnosis and manadeshéiLBP (Varamini and Jam 2005). It is
characterized by classifying MLBP as one of thristirtct syndromes; (1) Postural (2) Dysfunction
and (3) Derangement. These syndromes are idehtifie following a specific algorithm, the
components of which include a review of the clientrevious medical history, the client’'s current
symptom behavior, the current spinal postures/ rdg@fies, the quality and quantity of spinal
movement, and, the signature of the McKenzie Apgnpéhe response of the symptoms to repeated/
sustained test movements. In essence, the synibavior components of the McKenzie algorithm
point the physiotherapist in the direction of atjgatar syndrome and the movement testing confirms/
changes the suspected syndrome (Table 1.1). Dthengrovement and position testing the clinician
considers the quantity and relative directionaklo$ range of spinal motion, the quality of curve
reversal during movement, the presence of devidt@n the mid-sagittal movement pathway during
flexion and extension and the symptom responsengland after movement. Although the word
‘syndrome’ implies the cause of the symptoms agdssis unknown and the McKenzie model is not
a patho-anatomical model, the easiest way to laathpractice the McKenzie approach is to grasp

the proposed patho-anatomical distinction betwherthree syndromes. The symptoms due to the



Syndrome Effects of Repeated Movements

Pain is not reproduced

Postural Syndrome Pain present when stationary

Pain is not present during testing

Pain is produced at end-range movement only,
Stops shortly on release of end-range stress
Fixed pain pattern during testing (same end-range
pain)
Dysfunction Syndrome Will radiate slightly during testing of nerve ropt
adherence
Condition unchanged after testing (no better or
worse)

No rapid and lasting changes as a result of testing

Symptoms are produced or altered within
movement range

Painful arc may exist

Variable pain pattern during testing
Derangement Syndrome ) ) ) )
Progressive decrease or increase during testing
Centralization or peripheralization during testing
Condition remains better or worse after testing

Rapid and lasting changes as a result of testin

«

Table 1.1: Effects of repeated movement on the MckKeie syndrome. The distinct difference in
symptom response to repeated movements provides aleclassification of the mechanical low
back pain. [From Van Wijmen (1994): The use of repated movements in the McKenzie method
of spinal examination. Chapter 42 In Grieve's Moden Manual Therapy, The Vertebral

Column, 2" Edition, Churchill Livingstone]



postural syndrome are thought to be due to sustand-range stretch of pain-sensitive structures,
while those of dysfunction are thought to occur tluetretching of sensitive, adaptively-shortened
structures. Of most interest to this thesis, ymmoms of the derangement syndrome are patho-
anatomically thought to be due to displacement pbdion of the nucleus into the annular layers.
McKenzie's method of identification and treatmeffittioe derangement syndrome stems from his
clinical observation of abolition of many patientsost distal symptoms in response to repeated
movement testing (Figure 1.1). This observatiaterlcalled the ‘centralization phenomenon’, is the
hallmark of identifying and treating the derangemegyndrome. McKenzie’'s (1981) patho-
anatomical explanation of the rapid, often immesgliaéduction in the client’s distal symptoms after
repeated movement in a particular direction is ibaelates to a change in the location of the
displaced portion of the nucleus. Similarly, acliog to McKenzie (1981) an increase in a client’s
distal symptoms or peripheralization of symptontsrafepeated movement is suggestive of either an
incorrect direction of treatment, causing furthépthcement of a portion of the nucleus, or the
direction is correct but the movement is too rajdallow reductive movement of the displaced
nuclear portion. A competent annulus and a hydtiashucleus are considered critical to the success
of this approach to disc derangement. This mowematated mechanical theory involves fluid flow,
hydrostatic pressure and stress gradients acresdigh. To date no one is able to state catedlyrica
whether the conceptual model for the derangementreyne is correct but the centralization
phenomenon has been shown to have clinical meising the centralization phenomenon cases that
would respond successfully to non-surgical treatnoérlisc prolapse could be identified (Donelson
et al 1990, Long 1995, Alexander et al 1998). ®7, Donelson et al investigated the theory that
centralization is dependent on a competent annifus study that compared the McKenzie
classification of the symptom response to moventemtiscogram-determined annular competency.
Ninety-one percent of those that centralized hath&tt annulus, suggesting that indeed the success
of the McKenzie approach to the derangement syneromy be associated with a competent
annulus. Evidence of a change in the locatiorhefdisplaced portion of the nucleus is still lagkin
This thesis takes the McKenzie Approach, a sucak'ssftside-in’ approach, and considers it from a
laboratory, inside-out, perspective. The plaugibdf McKenzie's patho-anatomical explanation of
the symptom response to repeated movement/ sustpo®tions in the derangement syndrome will

be developed after a review of structure and fonotif healthy discs.

Lumbar Intervertebral Disc (IVD): Physiology and Me  chanics of Healthy Lumbar Discs
A young healthy spinal IVD consists of a centramsfuid mass of mucoid, the nucleus

pulposus, which is surrounded by a peripheral fibring, the annulus (Bogduk 1997). The three



Example of subjective responses Example of objective findings that
that would, in combination with the would, in combination with the
objective findings, prompt subjective responses, prompt

Extension Principle of treatment Extension Principle of treatment

Posture

Present symptoms

and their behavior
since onset Reduced lordosis,

+/- lateral shift

Low back pain +/- leg

pain/ paraesthesia
v v Movement Loss
Commenced as a Major loss of extension,
It of? moderate-minor loss of flexion
result or- +/- loss of side glid
Recent increase of
flexion activities/ of the Response to s.ingle and
load during flexion repeated flexion test
activities movements

Can be better during single flexior
. test, worse during repeated flexion
Aggravating factors testing, worse after testing;
Decreased range of extension after
test:

Sitting, Bending;

Worse in the morning -

Response to single and

repeated extension test
movements

>

Can be worse during single extensia
test, better during repeated extensiq
Relieving factors testing, better after testing.

Increased range of extension after tests

test:

=]

lying down; SLR ||

Better as the day
progresses/ pm |

Standing/ walking/ ||

Positive |

Contained Prolapsed
Disc

Figure 1.1: Selected components of the McKenzie Adgthm that combine to give a clinical

impression of the derangement syndrome.



main constituents of the disc are water, collaged proteoglycans, the proportions of which vary
considerably within the disc (Ghosh 1990). Thelews consists of approximately 70-90% water
with proteoglycans being the next major compon&uwer and Pedrini 1969, Naylor 1971, Taylor
1990). The proteoglycans, which consist mainlygbfcoaminoglycans linked to proteins, are
responsible for the water-binding capacity of thuelaus, which results in the fluid behavior of the
nucleus (Urban and Maroudas 1980). Type Il collafifgers make up 15-20% of the dry weight of
the nucleus (Bushell et al 1977) and the remainéiéhe nucleus consists of some elastin fibers and
other non-collagenous proteins (Taylor and LittB63). The proteoglycans and collagen fibrils
account for the viscosity of the nucleus (Bogdul@7)9 This nucleus is surrounded by fibrous
concentric lamella, the fibers of each lamella paeallel and are orientated 3w to the vertical
(Hickey and Hukins 1980, Bogduk 1997, Adams et@2), variable depending on the location of
the fibers in the disc and on segment positionns@outive lamellae run in opposite obliquity. 60-
70% of the weight of the annulus is due to wateow& and Pedrini 1969). It also consists of
proteoglycans, type | and Il collagen and a notajlantity of elastic fibers. The nucleus and the
deeper layers of the annulus are distinct in cloitadhbut less defined in early adulthood. The amul

is distinct from the nucleus peripherally. The ddiae are thick in the anterior and lateral poioh

the annulus, but posteriorly they are thinner, apipnately 50% of the thickness of the anterior and
lateral annulus (McKenzie 1981, Cassidy et al 1989ystified by the strong attachment of the
annulus to the endplate and the weak attachmettieoéndplate to the vertebral bodies the vertebral
endplate is often considered a part of the disg@& et al 1997). The endplate, a hyaline cartilage
and fibro-cartilage mix, resembles and parallets ¢chemical structure of the nucleus and annulus.
The endplate covers the nucleus in its entiretyfdilg to cover the entire extent of the annuliifie
collagen fibers of the inner annulus enter the Etdmnd swing centrally within it. Peripheralhet
annular fibers insert directly into the vertebratlp.

A disc separates two vertebral bodies allowing upper vertebrae to tilt forwards without its
lower edge coming into contact with the lower veréd body. Given the disc’s intervertebral
position and function it has to be strong enouglsustain weight, be deformable enough to allow
movement between the vertebrae and strong enougto e injured on movement (Bogduk 1997).
Does the disc meet these criteria? Proteoglycadsve the disc matrix with a high osmotic pressure
and a low hydraulic permeability and hence corngtithe compression-resisting component of the
disc. Chrondrotin sulphate and keratin sulphadé proteoglycans, contain negative charged acidic
groups, the concentration of which controls the @#npressure of the disc (1-3 atmospheres). High
osmotic pressure results in, and maintains undermad load, hydration of the disc. Furthermohe, t

rate at which fluid can flow into or out of the disinder a pressure depends on the hydraulic



permeability of the matrix, which is directly redat to pore size distribution, determined by
proteoglycan concentration. When the proteoglycancentration is low (i.e. the disc is well
hydrated) then the pore size is large and the floid from the tissue is fastest. As fluid is Idgim

the tissue the proteoglycan concentration increasdshe rate of fluid loss slows. When the irpviv
proteoglycan concentration of the disc is high diee will swell if not simultaneously compressed.
The proteoglycan concentration of the nucleus éatgr than that of the annulus and it was thought
that the nucleus was the compression-resisting oosgt of the disc. However, Markolf and Morris
(1974) demonstrated that a disc with the nucleoowed lost height but preserves properties of axial
stiffness, creep and relaxation rates when undeflyrapplied loads. Subsequently, McNally and
Adams (1992) showed that the hydrostatic pressanegqual across the nucleus and also across the
annulus in non-degenerative discs. The presentteeafucleus maintains hydrostatic pressure on the
annulus preventing delamination (i.e. separatiotheflamallae) and maintains the integrity of the
disc.

Compression of the nucleus is limited by the prghgman component and related water content
of the nucleus but on axial loading the nucleugi$eto change shape, bulging radially (outwards
towards the annulus) and decreasing in height. pressure exerted on the endplates by the nucleus
serves to transmit part of the load from one veadb the next while the radial pressure on the
annulus braces it and prevents the annulus frorklipgc The annulus through its densely packed
collagen lamellae resists this radial pressurewati minimal radial expansion of the disc
(Brinkmann 1986). The energy stored in the elasfjwe-1l collagen fibers during the radial
expansion is released on unloading and the defamaif the nucleus and annulus is reversed.
Water is squeezed from the compressed disc, mneguiti loss of disc height (Kraemer et al 1985,
Urban and Maroudas 1980), which is recoverableoiing healthy discs as water is imbibed under a
lower level of compression (Kraemer et al 1985)nliké that of axial loading, deformation of the
disc secondary to rocking movements is not unifaomoss the annulus. Flexion and extension of the
spine involve sagittal rotation and small amplitudnslations (Pearcy and Tibrewel 1984, Twomey
and Taylor 1983). On flexion, anterior sagittalatan and anterior translation, the anterior ansiulu
will be compressed and tend to buckle while thegyas annulus will be tensioned. The anterior
nucleus will also be compressed while the compoessn the posterior nucleus will be reduced thus
allowing the nucleus to deform posteriorly. Braetlial (1997) and others (Lyndsay et al 2007, Fazey
et al 2006, Schnebel et al 1988, Fennel et al 1B86¢ shown, using magnetic resonance imaging
(MRI) pixel intensity changes, that the nucleustl® lumbar discs moves by approximately 1mm
posteriorly in flexion of the spine segments antedor on extension of the spine segments. In

flexion, fluids and metabolites are also forced afuthe anterior, more compressed parts of thesdisc



and squeezed back into the posterior parts (AdamdsHutton 1985, 1986). The in vivo nuclear
pressure increases on flexion, due to the additicompressive loads applied to the discs by the
increased ligament stiffness and the action ofbidek muscles, and decreases on extension, due to
the altered disc-facet joint load-sharing. Theéased intradiscal pressure (IDP) in flexion can be
reduced by cutting the posterior ligaments of thimes (McNally and Adams 1992, Adams et al
1994). Shah et al (1978) showed increased tarajestitess in the posterior annulus on flexion. The
combination of posterior annular tension and inseelgposterior annular tangential stress in fleigon

of significance knowing that the posterior partled annulus is the weakest and that important heura
structures, nerve root and spinal cord, lie inelpsoximity to the posterior annulus.

Like all biological tissues the disc has viscoetaproperties. The stress response of the disc
depends on both the strain applied and the ratdiah this strain is applied. A viscoelastic mater
has infinite material responses, the responsesenfled by dynamic strain rate, static pre-load,
temperature, and time effects such as creep aagatedn. Leahy and Hukins (2001) measured the
viscoelastic properties of the nucleus pulposushaep under compression. A preload of 200N of
compression was applied to each specimen and silalsyclic compression of amplitude 18 was
applied at eight frequencies in the range 0.1 —zl8Ha temperature of 3C. There was no clear
dependence of the elastic or bulk moduli on fregyenHowever, the phase angle between the
applied stress and resulting strain showed cleguincy dependence, passing through a minimum at
0.9 +/- 0.2Hz. The authors suggest this indicatet the viscous effects in the nucleus are
minimized at a frequency close to 1Hz. Keller lef1®89) investigated the viscoelastic behavior of
normal and surgically altered in vivo porcine lumisggments under static compressive loads (of
approximately 58.0 N).  The load was applied§aminutes and a further 8 minutes allowed for
recovery time. On average 85% of the disc heigit vegained within the 8 minutes of removal of
the compressive load. Numerous disc models hage peoposed to extend our understanding of the
viscoelastic properties of the disc and the compyleof the task is highlighted by the array of fai
element models designed to capture the charaaterddt the disc. A number of mechanical models
treat the intervertebral nucleus as an incomprkssibiscid fluid. Belytschko et al (1974) used a
axisymmetric linear viscoelastic model to invedtggthe behavior of the disc under axial load. The
results suggested a need to include anisotropliyecdnnulus to improve the accuracy of the model.
Subsequently, Kulak et al (1976) modeled the armalsl an axisymmetric nonlinear orthotrophic
material. Lin et al (1978) reverted to modelimg tannulus as a linear orthotrophic material but
considered it 3-dimensional rather than axisymmoet8hirazi-Ad| et al (1984) included material and
geometric nonlinearities in their 3-dimensionaltérelement model investigating the strain response

of the vertebral body, endplate and annulus ungied aompression. The model was validated by
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comparing the predictions with experimental resoftaxial displacement, disc bulge, end-plate bulge
and IDP. The results indicate that for a normalcdith an incompressible nucleus, the most
vulnerable elements under compressive load areaheellous bone and the end-plate adjacent to the
nucleus space, results reported by numerous aubimoirs vitro testing. Keller et al (1989) compared
the predictions of a rheological model consistifiga@spring element in series with a Kelvin model
with in vivo experimental results and found exaalagreement between the two sets of results. The
model produced an initial instantaneous deformadiiectly proportional to the initial applied load.
The 3—parameter model predicted that, after itgimal instantaneous deformation, the intervertebral
joint would continue to deform at a continuouslcmasing rate until equilibrium. Lu et al (1996)
constructed a 3-dimensional finite element modehefdisc, all material properties were assumed to
be linear and the viscoelastic properties were meodas quasilinear. Their model showed that
annular fissures commence at the inner fibers had daturated discs fail sooner than dehydrated
discs. latridis et al (1997) used an integral falation of a linear viscoelastic constitutive modah

a variable amplitude relaxation spectrum to modesion shear behavior of the nucleus under
transient and dynamic conditions. The experimettdigh of the same study indicated that the nucleus
behaves as a fluid under static conditions, givethb equilibrium values of close to zero on asstfe
relaxation test. However, on dynamic testing theleus behaved more ‘solid-like’, the stiffness of
the nucleus increasing with increasing angular deaxgy. Argoubi and Shirazi-Adl (1996)
investigated the non-linear three-dimensional plasii creep response of a lumbar motion segment
under a constant axial compression (400, 1200 009Pfor a period of 2 hours. As time progressed
axial displacement increased, pore pressure dexteasnulus bulk underwent larger compressive
stress, fiber layers became slack and facets ddaiger loads. However the authors note that the
relative influence of fluid movement and inheraastie viscoelasticity in the temporal response of a
motion segment is not yet known. Riches et al R2@dmpared experimental data with the results of
a one-dimensional poroelastic model, which inclugedmneability and osmotic pressure as functions
of strain. They applied compression for 20 mindeeBuman cadavers (all ligaments, muscles, facet
joints and posterior elements were removed), altbreeovery under ON for 40mins and repeated the
cycle 5 times. Their results showed that the diggands when unloaded faster than it compresses
under load. Bardet (1992) proposed a viscoelasticainto describe the dynamic response of
saturated poroelastic materials that obey the Bi@bry (1956) and reported that it is simpler te us
than poroelastic models but yields similar restdtsa wide range of saturation levels and dynamic
loadings. Simple and elaborate modeling approatia@e been taken but many disc parameters

remain unquantified hindering the accuracy of tluslats.
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Mechanisms of Disc Failure

Early studies attempted to produce herniation vetatic loads in compression. Several
investigators found end-plate fracture before arglence of disc injury (Brown et al 1957). Farfan
et al (1976) hypothesized rotation as a mechaniskiisg prolapse, partial herniation, but not full
herniation. Other investigators observed that éiexof 9 or greater led to supraspinous and
interspinous ligament injury (Adams and Hutton 1980 endplate fracture but not disc injury.
Gordon et al (1991) produced disc ruptures (ha@omijiby combining rotation (1% flexion (7) and
compression (1334 N) within physiological range3en of these discs failed through annular
protrusions while four failed through nuclear estam through annular tears. This suggests that
those that undergo increased total or segmenbfbexi their ADL are more at risk of disc herniagon
when combined with a given level of compression aot@tion. More recently Callaghan and
McGill (2001) have consistently been able to hdmjaorcine cervical discs by repeated full flexion
under low levels of compression. Axial rotationtleé lumbar spine involves torsion of the IVD and
impaction of the facet joints (Bogduk 1997). Dugriaxial rotation all the fibers of the annulus that
are inclined toward the direction of rotation wilé strained. Based on the stress-strain curve of
collagen the maximum range of rotation of a lumibadisc without injury is 8 (Hickey and Hukins
1980). To rotate beyond®3he upper vertebrae must pivot on the impactedt jand this joint
becomes the site of the new axis of rotation. Bt vertebral body and the opposite inferior
articular process will then swing around this nesg.a This will strain the disc and the capsulehsf
facet joint. Haher et al (1989) in an in vitro studoked at the contribution of the columns of the
spine to torsional rigidity. In the intact lumbgpine the annulus was the most effective strudture
resisting torsion. The compressed facet jointdyin the vicinity of the axis of rotation, expereed
significantly less torsional stress. This is cantrto the results of previous studies, which shltbwe
that the facet joints are responsible for rotatigraistance in the lumbar spine (Adams and Hutton
1981). These differences may be due to the diffsre in the axis of rotation of the specimens used
in the studies.

Endplate fractures and nuclear herniation seenettwib extremes of a continuous spectrum of
mechanically driven internal disruption of the disthe formation of distinct fissures in the anrsilu
radial and circumferential, has been previousloreg (Adams and Hutton 1985, Thompson et al
1990, Brinckmann and Horst 1985, Brinckmann ando@mboer 1991, Videman and Markku 2004)
and defined as fissures that are perpendicularhéo endplates and those that run along the
circumference of the disc respectively. Also poesly reported are rim lesions (Osti et al 1990)
which are radial tears at the periphery of the armadjacent to the endplates. More recently

Tampier et al (in press) identified the formatidnsmall clefts in between the layers of the annulus
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through which the nucleus pulposus was ‘pumpedpancine cervical spines tested under axial
compression and repeated flexion (Callaghan andiM2@)1). Once a pocket of nucleus within a
cleft acquired enough pressure a new cleft wasddrin the weakest part of the layer and the cycle
repeated. A portion of the nucleus was eventuadigldced to the outer annulus as propagation of the
cleft formation continued peripherally. Whethegftlformation is the only pathway through which a
portion of the nucleus becomes displaced, a prectwsrupture or a totally separate process, reptur
and cleft formation possibly occurring under diffiet conditions will be the topic of future research
Thus far the loading conditions (axial compressitexion + side flexion or rotation) that result
in herniation and the pathway(s) of herniation hbgen discussed. Consideration of the underlying
mechanics that lead to herniation is vital in adearof consideration of the proposed patho-
anatomical McKenzie theory. Under pure axial cagspion the annulus and nucleus bulge radially,
the outward pressure of the nucleus preventing rigvibaickling of the inner annulus. Peak stress
occurs in the inner posterior annulus (Adams 1988ams et al 1980). Flexion increases
compression of the anterior annulus while redu@ogpression/ causing tension of the posterior
annulus (Shah 1980, Adams and Hutton 1982). AdardsHutton (1982) reported that in full flexion
a 50% increase in the posterior annular height @ar80% decrease in the height of the anterior
annulus occur relative to their respective heighterect standing. They also reported that the
posterior annulus thins to 67% of its thicknes$omalotic posture while the anterior annulus buckles
inward from the additional compression during ftaxi Flexion causes a large increase in the
intradiscal pressure because of the increased digatension and contraction of the back muscles.
There is increased hydraulic stress on the postarnoulus as fluid moves away from the high
anterior compression. Adding axial rotation to libeding pattern will result in increased strairttud
annular fibers inclined in the direction of theatiwn (Bogduk 1997). Hickey and Hukins (1980)
reported that the annular fibers can tolerate uf tf rotation before microscopic failure begins. In
summary, the posterior annulus has to resist isegkantradiscal pressure, increased hydraulic
pressure of the nucleus and increased tension sponse to the loading conditions of axial
compression, flexion + side flexion or rotationeyipously identified as resulting in herniation. igh
combination of mechanical forces appears to bedbipe to pump a portion of the nucleus through
clefts/ ruptures in the posterior/posterolateraludns. Supporting the argument that a portiothef
nucleus will be displaced in the direction of thealus that is under maximum combined stress are
the findings of Aultman et al (2005) (Appendix A&)study in which specimens that were repeatedly
flexed where the flexion axis was moved 8®the left of the sagittal plane developed rigbstero-
lateral disc herniations, predictable in 15 outl6fspecimens. Specifically, the site of the nugleu

breach was determined by the bending axis, a fipdiso reported bysantrizos et al 2007
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Extension is often the direction of movement assgedi with the McKenzie Approach. Donelson
et al (1991) found extension movements were mdmdylito result in pain centralization than were
flexion movements, a finding that may have conteébluto the misconception that the McKenzie
approach consists entirely of extension (Robins@®)l. Consider now the mechanics of extension,
especially in the context of the patho-anatomicaKihzie theory. Can extension alter the position
of the displaced portion of nucleus in the damagedulus? If the combination of increased
compression of the anterior aspect of the diseeased intradiscal pressure and increased tenkion o
the posterior annulus results in a stress gradittdisplaces a portion of the nucleus in flexios
there a corresponding stress gradient that canrsevihe nuclear infiltration of the annulus?
Extension involves a posterior sagittal rotatiod ansmall posterior translation. Adams et al (3000
investigated the effects of backward bending orthgdumbar IVD and found that’2f extension
increased the maximum compressive stress withinptheterior annulus by an average of 16%,
compared with the neutral posture, in degeneratedhnealthy IVD. Backward bending tended to
reduce the compression in the anterior annulushankbus (to 0.5 MPa) and increase it (to 2.75 MPa)
in the posterior annulus, creating a greater stgeadient across the disc than in a neutral positio
In such cases the displaced nucleus would be up@ater compression in the posterior annulus.
However, in degenerate spines the results were wemiable. In 7 of 19 degenerated specimens
extension caused a reduction, of up to 40%, innth@imum compression in the posterior annulus
while in the other degenerate discs the compressias increased by 43% relative to the neutral
posture. Adams et al (2000), Pollintine et al @0aAnd Rousseau et al (2006) suggested that the
reduction in the compression in the posterior amnwas indicative of neural arch shielding which
would occur when the disc has lost sufficient hemyid the axis of rotation has moved posterior of
the annulus (Figure 1 2). This stress shielding ax@ount for the positive clinical results attitido
to extension. Based on this argument it is theedese in compression of the posterior annulus @ue t
a change in the center of rotation of extension thay allow the change in position of displaced

nucleus and explain the success of the McKenzieoapp.

The Role Of Diagnostic Imaging In Bridging The Inte  r-Disciplinary Gap

The jump from the internal disruption of the discthe clinical pattern associated with these
changes is still extensive. The use of diagnostiaging to bridge this expanse has been
disappointing. Extruded or sequestrated disc wdtve compression seen on MRI in a patient with

acute radicular leg pain is considered a reasoredglianation for such pain. However, numerous
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Figure 1.2: A schematic of the stress gradient aoss the disc during extension of (a) a hydrated
healthy disc and (b) a dehydrated, degenerated disth a healthy hydrated disc the instanteous
axis of rotation (IAR) of extension lies in the parior aspect of the nucleus. As disc height
decreases the contact of the articular surfaces tie facet joint increases moving the IAR more
posteriorly. The anterior annulus and posterior amulus are both under tension as the neural
arch shields the posterior annulus from compressianrAdams et al (2000) suggests that this may

account for the success of the McKenzie extensiop@oach.
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disc abnormalities have been identified on MRI®fraptomatic patients, hindering the interpretation
of the findings in a clinical setting (Boden etl@90, Jensen et al 1994, Boos et al 1995). Qtiadita
and quantitative classification of MRI findings lealveen investigated to determine the ability of the
finding to distinguish between levels of degenemtdisc disease (DDD) and to determine the
correlation between MRI findings and the morphatagjiand biochemical changes associated with
DDD. Benneker et al (2005) found that signal isten Modic changes, disc extension beyond the
interspace, nucleus pulposus shape and endplatgritgt all correlated significantly with
morphological grade. The signal intensity alsor@lated significantly with water and proteoglycan
content. However, the link between morphologicatl biochemical changes of the IVD and
symptoms and clinical signs has not been estallisiEne symptomatic and structural results of
discograms have been compared with MRI findinggdm further insight into clinically relevant
MRI findings. Weishaulpt et al (2001) found DDdings on MRI had a high negative predictive
value in terms of pain prediction and low spedfiavhile high-intensity zones had a high speciicit
but a low positive predictive value in terms of mparediction. Moderate to severe endplate
abnormalities had 100% positive predictive valud 4080% specificity. Unfortunately, there is no
clear diagnostic imaging system that definitivehks the findings of diagnostic imaging to a clalic
presentation. However, as will be discussed iptdia2, the literature provides many indications of
the mechanical relevance of the findings of diatjnosnaging and this enables preliminary

interpretation of their clinical relevance.

In Vitro Testing
Animal Model

Animal models are a necessary part of the questafgyreater understanding of in vivo
biomechanics. These models are controllable, demible and cost-effective, unlike specimens from
human cadavers where age, exercise level, dietyomment, personal factors and genes add
variability to a sample. The limitations of in natstudies include the inability to consider théeso
the muscles may play in vivo, the lack of in vivecovery of viscoelastic tissues and the in vivo
potential to heal. The knowledge and understandjamed by the in vitro studies is often
incorporated into in vivo work which captures theficits of the in vitro work (An and Masuda
2006). The in vitro lack of recovery times thag¢ aquivalent to in vivo is problematic but knowing
the biomechanical implications, for example disgheloss, of such limitations prevents incorrect
interpretation of the results. The number of rijoets of motion applied to the specimens in these
studies would occur in a two week period in vivaiBkmann et al 1988) and precede collagen

repair and proteoglycan turnover in vivo (Adams &hdton 1982, Urban et al 2004). Numerous
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animal models have been used to replicate the hlunaar spine including sand rats (Silberberg et
al 1979, Alder et al 1983, Moskowitz et al 1990iy &t al 1992), mice and hamsters (Berry 1961,
Silberberg and Gerristen 1976), rabbits (Sullivarale1971, Kroeber et al 2002) multiple canine
breeds (Goggin et al 1970, Ghosh et al 1976, Qo £986), pigs (Kappa et al 1994, Pfeiffer et al
1994, Callahgan and McGill 2001, Holm et al 2004haiti et al 2005), sheep (Lappalainen et al
2002, Leahy and Hukins 2001) and cattle (Simunial &@001). The smaller animals are suitable for
biological studies while the large species are mdssirable than the smaller species for
biomechanical investigation applicable to humamepi(Singh et al 2005, Adams 1995, An and
Masuda 2006). The in vitro porcine cervical mogsdd in the current research has been shown to be
anatomically, geometrically, functionally (Yinglinget al 1999, Oxland et al 1991) and
microscopically (Tampier et al 2006) similar to haimlumbar spines. Yingling et al 1999 showed
that the porcine specimens have smaller endplgi¢hdend width (approximately 2/3 of human
lumbar spines), smaller spinal canal width (appr@ately 18mm in comparison to 22mm in human
lumbar spine), equivalent facet orientation’(45the sagittal plane) and displayed similar teeird
shear stiffness and compressive tolerance to hwspanimens. Microscopically, porcine cervical
discs are similar to human lumbar discs in the remath, width of and angle of the annular layers as
well as the type of cells and collagen in the @i&ampier et al (in press)). Based on this the iperc
disc was considered a good model for the investigatproposed, was readily available and provided

a reproducible model.

Disc Hydration

In vivo hydration of the disc is determined by #guilibrium between osmotic pressure and the
compression on the disc. As the osmotic pressarenat adequately counter the cumulative
compression applied over the course of a day the Wolume of the disc decreases by 8-20% per day
(Botsford et al 1994). Reilly et al (1984) repdrée 19mm loss in sitting height over the coursa of
day (equivalent to 1.5mm per disc (Adams et al 198&4% of the loss occurred in the first 30
minutes after rising. The hydration level of arDIMirectly impacts its flow-independent and flow-
dependent viscoelastic properties (van der Veeh 2005, Race et al 2000, Costi et al 2002, Adams
et al 1990, Costi et al 2002). It changes the moér bonds, the saturation and bulk modulus, the
porosity and the permeability of the disc (latridisal 1997). Given the change in the viscoelastic
behavior of a saturated disc the hydration levehefdisc is an important variable when considering
injury mechanisms. It has been shown previouslgcrelerate and alter the injury process. Lu et al
(1996) constructed a 3-dimensional finite elementieh of the disc, described above. Their model

showed that saturated discs fail sooner than detsdirdiscs when loaded in compression, flexion
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and side-flexion. This finding paralleled the fimgls of Gunning et al (2001) in an in vitro study i
which they investigated the failure tolerance oécdmens with one of three hydration levels — the
super hydrated discs were the first to fail. A poessive force equal to body weight can expel 10-
15% of the water from cadaveric discs in 4 hourddais et al 1987). Given the significance of the
hydration level of the disc some consideration lean given to the optimal method of maintaining
hydration during in vitro testing — enclosing theesimen in a humidity/solution chamber
(Brinckmann et al 1988, Adams and Hutton 1985) mapping the specimen in saline soaked gauze
and/or wrapping the specimen in plastic (Gordoal 4991, Adams et al 2000, Callaghan and McGill
2001) are the more commonly used methods. Giwertile osmotic pressure of the lumbar spine has
been reported as ranging from 0.15 to 0.2MPa aadhydrostatic pressure ranges from 0.6 to1MPa
when measured under normal daily loading, it apptee best method to rehydrate the disc, although
not always practical, is unloading the disc duriegting. Andersson and Schultz (1979) measured
the mechanical properties of lumbar motion segmieotis before and after saline injection and found
that those segments that retained the saline ldated mean motion, especially in flexion and ldtera
bending. The volume of saline injected was nobriga but the volume was sufficient to raise the
intradiscal pressure to 3-6 times the non-injesi@de. A compression level of 400N was used for
all loading tests. As will be described in subssywchapters, dehydration of the specimens and the
associated disc height loss appears to be a lionitaf this in vitro methodology. The biomechaiica

implications of such changes are discussed fromhamécal and clinical perspectives.

Effects of Freezing Specimens

The freeze-thaw process that is necessary to thrag&t of in vitro specimens also affects
hydration of the disc. Leahy and Hukins (2001)rf@ that the elastic modulus of the nucleus
pulposus of sheep IVD was greater in specimenshiidtbeen frozen prior to testing while Bass et al
(1997) reported greater permeability in frozen speas. The water content was significantly higher
in fresh specimen but no significant correlatiomwszn the elastic modulus, loss modulus, phase
angle and water content was found. Dhillion ef28l01) showed that freezing has an insignificant
effect on the elastic and time-dependent propedidsuman IVDs. They tested 20 human motion
segments, 50% of which were tested, frozen for 8kaeand retested while the other 50% were
frozen for 3 weeks and then tested. Each specwansubjected to 5 cycles of compressive creep
under 1MPa for 20 minutes, followed by a 40-mintgeovery under no load. Similarly, Smeathers
and Joanes (1988) reported that the ice crystaitgraluring the freeze-thaw cycle will slightly
disrupt the organization of the IV disc so rendgiiinless stiff and less resilient as observed these

changes were very small relative to experimentalrerand specimen variation. Separate to freezing,
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unloading the spine after death results in sweltighe hydrophilic discs. This has lead to the
practice of applying an axial compression prelaadtandardize the hydration level of the specimen
at the start of in vitro testing (Adams 1995, Cgttlan and McGill 2001, Gordon et al 1991).

In summary, the McKenzie approach is a widely ptae classification system in clinical
practice that has been shown to have clinical mmritits underlying conceptual model remains
largely unsubstantiated. Investigation of the namats of the conceptual model in an in vitro
laboratory required thorough consideration of theppsed post-herniated porcine cervical disc in the
absence of a definitive understanding of the begsliaa of the in vivo herniated disc. The awarsnes
and compromise of the limitations of the in vitrank are highlighted. Knowing the existing
understanding and knowledge of relevant aspectdirital practice, healthy and pathological disc
mechanics, diagnostic imaging and in vitro tespngvides a context for the series of studies is thi

thesis, which are as follows:

Study 1 (Chapter 2):

Creating Disc ‘Herniation’ In Vitro: Is There In Vi vo - In Vitro Disc Height Equivalency?

This study compared in vitro and in vivo herniatkscs in an attempt to link the two and provide a
more thorough understanding of the in vitro modeppsed to test the mechanical theory underlying
the McKenzie derangement approach. Wilke et &d§2@eported a high level of agreement (KAPPA
0.862) between disc height loss and mild, modeaate severe morphological classifications of disc
degeneration; 1-33% of disc height loss matchinlgl mégeneration, 33% - 66% loss indicative of
moderate degeneration and disc height loss of >&f#tifying severely degenerate discs. This
classification system was used to categorize tbe litight loss that occurred in these specimeas aft

the in vitro testing.

H: A modified version of the in vitro methodology Gallaghan and McGill (2001) will produce disc
herniations in porcine cervical spines without agnently causing moderate to severe disc height

loss (>33% of pre-test disc height).

Study 2 (Chapter 3):

Attempts To Create Disc Herniations; Successes And Failures

The second study describes various attempts allgdeng the porcine in vitro model to the targeted

in vivo discs. This study aimed to bridge the dépancy in the disc height of the in vitro and the
targeted in vivo herniated discs. Axial compressib1472N (study 1) resulted in moderate levels of

disc height loss. Higher and lower levels of axiaimpression, both shown by other researches to
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result in disc herniation, were investigated anel disc height of the post-tested porcine cervical
specimens quantified. Torque control of the tesvements, rather than position control, had been
shown to be less damaging to the discs (CallaghanMcGill 2001) and was considered another
possible means of preserving disc height while targaherniations. Alternative means of re-
hydrating the discs was also considered. Theiaddi artificial hydration methods attempted iisth
study included frequent saline injection duringtites injection of the radio-opaque mix during
testing (Adams and Hutton 1985), immerging the spee in a saline bath for a prolonged period of
time (Gunning et al 2001) and administering salmée specimen via an in situ IV line. Three key
alternative methods of creating herniation wer® a®rthy of consideration, ruptured the annulus
using a scalpel prior to loading the specimens.tifigially starting the herniation process by
rupturing the annulus (Brinckmann 1986, Keller e1290, Simunic et al 2001); injecting pressured
air into the disc (Oliphant et al 2006) and usitg trelatively hypo-lordotic porcine thoracic
segments (Farcy et al 1997, Keegan 1953, LaGro&8)Mere modifications of the methodology of
study 1 that were attempted to preserve the disghhef the specimens while concomitantly

herniating them.

H: The hypotheses of this study were that (1) modifythe loading pattern that had previously been
used to cause herniation, (2) rehydrating the discég testing and/or (3) using a different model,

would create disc herniation without causing mbant33% of disc height loss.

Chapter 4:

The McKenzie Approach To Disc Prolapse — Evidence O  f A Mechanical Foundation?

The focus of the third study is the mechanical stigation of the McKenzie clinical theory of the
treatment response seen in vivo in herniated discS§pecifically, it is theorized that a displaced
portion of nucleus in a damaged disc can be mowatk llowards the center of the disc using
movements and positions. This study is a prodhefprinciple on which this aspect of the McKenzie

approach is based.

H: Repeated motion, opposite to the motion that ahtise disc prolapse, will reverse the position of
the displaced portion of nucleus.

H: Discs that do not respond to reversal testing dle extensive circumferential annular tears or
will have a herniation with extrusion of nucleartaraal

H: The specimens that prolapse will have been disddodm hypolordotic spines.
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Chapter 5:

McKenzie Extension Exercises — Quantified And Consi  dered

The McKenzie approach to the treatment and premerdaf (MLBP) is a two-tiered approach that
involves identifying the appropriate exercises eéogerformed by the client as well as the specific
motions, postures and loads to be avoided in ameaccelerate recovery and reduce the risk of
recurrence of the MLBP. In general, for a postesioposterolateral disc prolapse the recommended

exercises involve extension movements while flexrmvements are those to be avoided.

H: The extension of EIL would be greater than theE k&
H: The range of extension would be increased dunadter extension mobilization
H: The peak flexion, £ side bend and rotation, ramjékse ADL investigated match those previously

used to create disc prolapse.
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CHAPTER 2

CREATING DISC ‘HERNIATION' IN VITRO: IS THERE IN VI VO - IN VITRO DISC HEIGHT
EQUIVALENCY?

ABSTRACT

Background; Numerous loading mechanisms have been proposee@atealisc herniation in vitro,

a clinical entity with which a portion of the nuake is displaced into the annular layers of the
intervertebral disc (IVD). An intra- and inter-diplinary lack of consensus on the terminology and
morphology associated with herniation exists. @m@rsition of the equivalency of the disc damage
created by an in vitro porcine model to that saewivo is vital to research investigating in vivo

treatment effects.

Methodology; The C3/4 segments of 10 porcine cervical spineg w&sected from porcine spines
and potted in ultra high-density polyethylene ctgrstesting.  In order to track the position bét
nucleus radiologically 0.55ml of a radio-opaque tuig (BaSQ, Coomasie blue dye, distilled water,
the C2/3 nucleus) was injected into the C3/4 IViotigh the anterior annulus using a 20 gauge
needle. Anterior and lateral view X-ray images eveaken prior to testing to establish that the disc
was healthy and that the nucleus was containedntttle annulus. The specimens were wrapped in a
layer of saline (0.9% NaCl) soaked plastic-backedemal and a layer of polythene film to prevent
dehydration and placed in a servohydraulic dynaesting machine. Each specimen was preloaded
(260N for 879s) to reverse the effects of freezifailowing which the potted specimens were
removed from the testing machine and anterior atdrdl view X-ray images were taken in a
standard frontal and transverse plane positiorr poidurther testing (the pre-test x-ray imageshe
failure test involved repeatedly flexing or flexiagd side flexing the specimens under 1.472kN of
axial compression at a rate of’45and a frequency of 1Hz. The x-ray procedure repeated
intermittently (at least every 30 minutes) duritng tfailure test and again after the 90 minutes of
testing (post-test x-ray images). The pre- and-fsdtdisc height was measured from the lateral x-
ray images by two observers. The stiffness ofsghgrimens was calculated from the torque-angular

deformation curves during the failure testing.

Results; High inter-rater reliability (intraclass correlatio= 0.90) was found for disc height

measurement of the specimens before and aftengestihree of the 10 specimens had posterior
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migration of the nucleus. Clinically significart33%) disc height loss occurred. The stiffness of

specimens increased significantly (p < 0.01) dutivggherniation procedure.

Conclusion; The methodology of repeatedly flexing while axialpmpressing porcine cervical

specimens previously used to create herniation asz®ciated with simultaneous moderate disc
height loss of the specimen. Similar levels ofcdmeight loss occurred whether the specimens
herniated or not. This level of disc height loss Ipreviously been shown to be associated with
moderate degenerative changes, less movementeelagmges in intradiscal pressure and an altered
load distribution across the spinal segment. Efew modify the methodology and reduce the disc
height loss are warranted when the mechanical @saagsociated with such disc height loss could

potentially impact the results of specific research
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INTRODUCTION

Numerous loading mechanisms have been proposedetdecdisc herniation (Callaghan and
McGill 2001, Aultman et al 2005, Andersson 1981jnBkmann 1986, Lappalainen et al 2002,
Freeman et al 2003, Cinotti et al 2005, Kelseyl 61984, Gordon et al 1991, Lu et al 1996). Early
studies attempted to produce herniation in the Rmaliscs with static loads in compression. Several
investigators found end-plate fracture before amidence of disc injury (Brown et al 1957,
Brinckmann et al 1988, Wilder et al 1988). Bringm (1986) applied 1000N of compression to the
lumbar discs of human cadavers when held in a aleptsition, the annulus of which had been
internally divided except for the outer Imm. Désphe weakened annulus, disc extrusion at the site
of the annular division was never found. Adams &hudton (1985) subjected the lumbar motion
segments of cadavers to fatigue loading in cydiimgression and static flexion and successfully
prolapsed 6 of the 29 discs tested. More recerggarchers investigated the potential to herniate
discs under compression and repeated single oipheufiiane motion (Gordon et al 1991, Callaghan
and McGill 2001, Aultman et al 2005). Callagham ancGill (2001) created herniation in porcine
cervical discs by applying repeated flexion/extensunder low-moderate levels of compression.
Gordon et al (1991) produced disc ruptures with%a@dnsistency by adding rotation to flexion and
compression. Ten of these discs failed throughulanrprotrusions while four failed by nuclear
extrusion through annular tears. Likewise, Aadlinet al (2005) successfully produced herniation in
15 out of 16 discs with repeated combined flexiom &ide flexion under moderate levels of
compression. Although high repetitions of motioa eequired to cause disc rupture, these in vitro
studies have largely attempted to parallel in yphysiological loading to gain an understanding of
the in vivo cause of herniations. Many others hapted to create herniation non-physiologically
(surgical stab models, endplate disruption modetsnputer-based models) with the goal of
investigating the factors that modulate the incagemf herniation or the biomechanical factors
impacted by herniation (Lappalainen et al 2002efr&n et al 2003, Cinotti et al 2005, Simunic et al
2001, Belytschko et al 1974). For example, Simusiical (2001) investigated the impact the
hydration level of the disc had on their abilitydamuse nuclear extrusion through a full divisionhaf
annular wall created using a scalpel in bovine ahdikcs. The discs, loaded in compression and
flexion under various hydration levels, failed moeadily when more hydrated, echoing the findings
of Gunning et al (2001). Keller et al (1990) alsptured the annulus of discs, first with a scalpel
then a coring tool, to investigate the changehé dreep-recovery response of the damaged discs.
Cinotti et al (2005) found that disc bulges occdrie many of the discs upon which they had
inflicted endplate injury in in-vivo porcine disca,study designed to investigate the histologioal a

biochemical degenerative effects of endplate injur& number of computer models have been
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designed to facilitate investigation of disc ruptuiShirazi—-Adl 1989, Belytschko et al 1974).
Belytschko et al (1974) used a finite element madealonsider the impact of radial annular tears on
the behavior of the (IVD) and found lower intradikpressure and greater compression and bulging
with annular tears. In summary, this literatussatibes a number of the many physiological and
non-physiological methods of creating disc damageuman, animal and computer models. Central
to the above studies is displacement of a portfaine nucleus into the annular layers, however, the
terminology and the definition of the terminologged to describe this IVD damage, the scale
classifying the damage, the extent of the damagated and the characteristics of disc degeneration
that co-exist with specific damage are not necédgsquivalent. Consideration of the equivalenty o
the disc damage created by these various methablsadels to that seen in vivo is vital to research
investigating in vivo treatment effects. Thisdtwcompares in vitro and in vivo herniated discarn
attempt to link the two and provide a more thorougiderstanding of the post-herniated porcine

cervical in vitro model.

Terminology relating to and grading of disc herniat ion

“Protrusion, extrusion....confusion”, the title of E093 editorial letter (Swartz 1993) that
emphasized the intra- and inter-disciplinary latkansensus on the meaning of the terms herniation,
protrusion, sequestration, bulging and extrusidme lack of consensus extends to whether or not
these terms are morphologically and/or clinicailstidct enough to be of value. Despite a numlber o
studies designed to categorically define thesegemmiversally accepted definitions are not avédlab
(Milette et al 1999, Yussen and Swartz 1993). Ewemne obscure is an understanding of the clinical
significance of these morphological terms usediagmbstic imaging reports and in academia. The
details of the confusion will be discussed in assguent paper but for the purpose of this paper
suffice it to highlight the inconsistency and tmyide a work-in-progress definition of the term
herniation, being the more commonly used of thes®g in research, as the posterior displacement of
a portion of the nucleus through the annular layerat least the outer 1/3 of the annulus and no
further than the outer border of the annulus. dditton to the confusion posed by disc damage
terminology, the scales classifying the damage erBcerbate the problem. Many of the scales used
in research to classify disc herniation descrilspectrum of the characteristics of degenerative dis
disease (DDD) with herniation embedded in the saalene these characteristics. Kettler and Wilke
(2006) searched the literature and reviewed thestiagi grading systems for lumbar disc
degeneration. They found 22 different grading eyst (Table 2.1). The design of these grading
systems vary considerably in terms of the starfipgt of the scale, the number of grades in the

scale, the nomenclature of the grades, the gradelé&scribes herniation versus other DDD
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Classification of Grading System

Grading System

Macroscopic Anatomy

Nachemson 1960

Galante 1967

Thompson et al 1990

Ziv et al 1993

Adams et al 1996

Histology

Gunzburg et al 1992

Berlemann et al 1998

Boos et al 2002

Plain Radiography

Kellgren and Lawrence 1952

Kellgren et al 1963

Gordon 1991

Mimura et al 1994

Lane et al 1993

Madan et al 2003

Magnetic Resonance Imaging

Scheiderman et al 1987

Butler et al 1990

Tertti et al 1991

Gunzburg et al 1992

Pfirrmann et al 2001

Discography

Adams et al 1996

Schneiderman et al 1987

Gunzburg et al 1992

Table 2.1. The classification systems of DDD rep@d by Kettler and Wilke (2006)
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characteristics, the factors combined at each geadevell as the appropriateness of the scale to
interdisciplinary (in vitro and in vivo) use. Fexample, herniation is described as Grade 3 0bthe
point (grades 1-5) macroscopic anatomy scale oinfison et al (1990). This grade is associated
with early osteophytes and focal defects of thepkatd cartilage while a mention of disc heightd$ n
made. Grade 4 in Pfirrmann et al's (2001) magnetsonance imaging (MRI) scale has normal to
moderately decreased disc space associated wittchtheges in the annulus and nucleus but
osteophytes and changes of the endplate cartileageod described. Meanwhile, Mimura et al (1994)
in their radiological scale, include 5-8 osteopbyté < 3mm and disc height loss of up to 50% in
their definition of grade 2 DDD (grades 0-4). Whilane et al (1993) in their radiography scale
define grade 1 DDD as having ‘small’ osteophytethwlefinite but mild narrowing of the joint space
(disc height). While the sensitivity of the imagimethod may account for some of the variation in
the grading system (Cihangiroglu et al 2004, Auehnbet al 2006, Birney et al 1992, Boden 1996),
the differences in these morphological, macroscapatomical and radiological DDD and herniation
grading systems make it very difficult to comparedacontrast the disc damage created.
Consideration of how herniation and disc degenmmatire inter-related and whether or not disc
herniation exists independent of DDD is a firsipste understanding our ability to identify the disc

damage that is most appropriate to this body okwor

Degenerate discs versus herniated discs

Adams and Roughley (2006) recently defined discedegation as an aberrant, cell-mediated
response to progressive structural failure, whittervpainful is called DDD. DDD is characterized
by progressive fibrosis with loss of distinctiontleen the annulus and the nucleus, as well asfoss
organization of the annular lamellae and thinnifighe cartilaginous endplates (Jensen et al 1994,
Roberts et al 2006, Giles and Kaveri 1991). Tletikee composition of the proteoglycans is altered,
which impedes the ability of the IVD to withstandrée without releasing water (Brown 1971).
Radiologically, the cardinal features of disc degation are said to be disc space narrowing and
osteophyte formation (Lawrence 1969). Losses st flieight and signal intensity have also been
identified as characteristic of late disc degenenaas seen on MRI (Schiebler et al 1991). Benneker
et al (2005) found that disc height loss, as datexdch from plain x-ray film, was significantly
correlated with the morphological grade of DDD olfin et al (2001) in their MRI-radiological study
concluded that the early process of disc degeergtiecedes the process of disc height loss hert lat
stages of degeneration are correlated with disghhéoss, findings similar to that of Berlemanragt
(1998). Wilke et al (2006) reported a high levelbgreement (KAPPA 0.862) between disc height

loss and mild, moderate and severe morphologieakications of disc degeneration; 1-33% of disc
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height loss matching mild degeneration, 33% - 6696 indicative of moderate degeneration and disc
height loss of >66% identifying severely degenedises. In addition to the cellular and hydration
changes of disc degeneration, disc herniation garéicular form of structural damage that is also
associated with degeneration (Osti et al 1992, eferet al 1994) but two schools of thought
concerning the etiology of herniation exist, onégngedegeneration precedes herniation while the
other claims that herniation precipitates degerm@giStokes and latridis 2004). In the case of the
former, it is thought that accelerated and preneatoiochemical changes in the disc, possibly
genetically driven, reduce the ability of the dtscwithstand load leaving it vulnerable to eventual
herniation (Roughley 2004, Hendry 1958, Battie letl@5, Sambrook 1999). This pathway is
unlikely to target only a single level. In contrabe latter case is more likely seen at a spelgfiel.

In this case repeated mechanical loading of omieato the disc causes the disc to herniate, which
then interrupts the nutritional pathways and prolgzan synthesis in the disc precipitating a cascad
of non-reversible cell-mediated responses leadingither disruption (Grunhagen et al 2006, Chen
et al 2006, Battie 2004, Anderson et al 2002, Aal @004, Bibby and Urban 2004, Bibby et al 2005,
Buckwalter 1995, Adams and Dolan 1995, Lipton andirM.981). It is conceivable that both
pathways can occur. Holodny et al (2000) distingubetween herniations in ‘normal-appearing’
discs and those in degenerate discs in a studgtmaiders the cause-and-effect relationship betwee
the volume of herniated material and the resultlisg height loss. Eighty-four percent of the 51
herniations discs considered occurred in discs wWeakt at most mildly degenerate. The level of
degeneration was classified according to the MREHasystem of Yu et al (1989), which includes a
five level evaluation of signal intensity and dikeight. A number of herniation case studies
described in the literature indicate normal radapiric images and thus the absence of the signature
DDD characteristics of disc height loss and ostgtelfiormation. Unfortunately, in larger in vivo
herniation studies and in many health care systdiRsand discography of in vivo herniations are
not performed for at least 3 months after the ahitinset of symptoms, allowing adequate time for
cell-mediated degeneration of the disc to occuisegbent to the initial herniation (Sobajima et al
2004). Given the timeline, it is difficult to deteine from MRI which is the chicken and which igth
egg. A number of studies have shown that hydrdiscs are herniate faster than dehydrated discs
(Lu et al 1996, Gunning et al 2001), a finding tleasuggestive of a separate mechanism of failure
than that related to herniation in degenerativesdis Taylor and Twomey (1985) state that true
nuclear herniation is a condition of young peopleilev disc degeneration is a condition seen in
elderly discs with which significant disc height$ois associated. Decreased disc height has been
shown to increase the facet joint forces, redueentbvement-related change in intradiscal pressure

and result in a portion of the axial compressivecdobeing transmitted though the neural arch

28



(Dunlop et al 1984, Adams et al 1988, Adams anttdiul980, Adams et al 1994, Adams et al
2000, Rohimann et al 2005). DDD and the associdigtl height loss can result in spinal canal or
intervertebral foramina stenosis, conditions thatdinically different from a herniated disc. Yo

in vivo herniations differ in presentation and pmogis from discs that have marked degeneration,
even if herniation coexists (Adams and Hutton 1985)his clinical distinction seems to be
camouflaged by the DDD scales used to classifyiaton in research.

What is clear from the literature is that a speutaf severity of disc degeneration exists (Wilke
et al 2006, Frobin et al 2001, Schiebler et al 1¥Hnneker et al 2005, Jensen et al 1994, Lawrence
1969) that herniations have been associated wehsgiectrum of degenerate discs (mild-severe)
(Hendry 1958, Lipton and Muir 1981, Battie et al9%9 Adams and Dolan 1995, Sambrook et al
1999, Holodny et al 2000), and that disc height l@s a reasonable indicator of the severity of
degeneration in a disc (Frobin et al 2001, Schredtlal 1991, Benneker et al 2005, Wilke et al 2006
In degenerate discs, greater disc height losssiscéged with a more fibrosed nucleus (Adams and
Roughley 2006, Jensen et al 1994), less movemétiedechanges in intradiscal pressure (Adams et
al 1994, Adams et al 2000, Rohlmann et al 2005)antange in the load distribution of the spinal
segments (Dunlop et al 1984, Adams et al 1988, Adand Hutton 1980, Adams et al 1994, Adams
et al 2000, Rohlmann et al 2005). Given that disight loss has been used to distinguish between
different levels of DDD it was considered reasopaiol use disc height loss to identify the in vitro
disc herniations that are most appropriate to itigason of a clinical entity to which hydration, a
hydrostatic nucleus, intradiscal pressure and sg@gmental load distribution are important factors.
A review of normal disc height, the disc heightdassociated with DDD as well as a review of
techniques to measure disc height, are paramounistonguishing between herniated discs that

coexist with mechanical characteristics of mildster moderate — severe degeneration.

Disc Height

The height of the IVD is influenced by several tast Reversible height changes of
approximately 8-20% (Botsford et al 1994, Adamslet987) have been reported to occur diurnally
due to the dynamic balance between the compred$sices on the disc and the disc’'s osmotic
pressure. Proteoglycans endow the disc matrix withigh osmotic pressure and a low hydraulic
permeability and hence constitute the compresssisting component of the disc. Chrondrotin
sulphate and keratin sulphate, both proteoglycanstain negatively charged acidic groups, the
concentration of which controls the osmotic presseirthe disc. High osmotic pressure results in,
and maintains under external load, hydration ofdlse. Furthermore, the rate at which fluid can

flow into or out of the disc under a pressure drif@rce depends on the hydraulic permeability ef th
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matrix which is directly related to pore size dimiition, determined by proteoglycan concentration.
When the proteoglycan concentration is low (i.e. disc is well hydrated) then the pore size isdarg
and the fluid flow from the tissue is fastest. fgid is lost from the tissue the proteoglycan
concentration increases and the rate of fluid $é@&s. The in vivo proteoglycan concentrationiaf t
disc is high thus without compression (caused lyybeeight, ligaments and muscles) the disc will
swell. The relative composition of the proteoglys@naltered in degenerate discs, which impedes the
ability of the IVD to withstand force without reldag water (Brown 1971). Farfan (1973) defined
disc height as the mean of the distance betweemal@orners and the dorsal corners of the superior
and inferior vertebrae and expressed disc heighinits of disc depth to allow for radiographic
distortion (Figure 2.1). Using this measuremeohtéque, Tibrewal and Pearcy (1984) compared the
disc height of the L4/5 and L5/S1 discs of heallpjects to those of subjects that had prolapsed
discs. The only clinical information provided abthe subjects with prolapsed discs was that tHey a
subsequently underwent discectomy, following whitec height was also reported. Statistically
significant decreases in disc height were foundrafie discectomy in comparison to controls. Non-
significant differences of 0.5-2mm (<15%) were fduretween the discs of the healthy controls and
those of subjects with prolapsed discs pre-surgefjbrewal and Pearcy (1984), using Farfan’s
(1973) method to measure disc height, reportechtna-observer error of a maximum difference of
0.7mm and inter-observer error of a maximum meéerence between observers of 0.75mm. Based
on Farfan’s 1973 definition of disc height, Froldhal (1997) used a technique called distortion-
compensated roentgen analysis (DCRA) to measucehdight (Figure 2.2). In the DCRA technique
the disc height is defined as the sum of the petipatar distances from the ventral corner of the
cranial vertebra and the ventral corner of the ahudrtebra to the bisectrex of the disc (Frobialet
1997, Frobin 2001). This disc height is normalitedhe mean depth of the cranial vertebra and in
healthy subjects, mean values of this quotient @aingm 0.23 — 0.42 (Frobin et al 2001). The
benefits of this technique are that the ventradltaarks are imaged virtually free from distortiome t
disc height measurement is not influenced by sagtane displacement and small deviations in the
rotation and lateral tilt of the spine when x-raykmh't alter the disc height measurement. Theixat
error of disc height as measured by the DCRA methad calculated to be 4.93%. Frobin et al
(2001) reported an inter-observer KAPPA index &20.considered to be a high level of agreement
by Landis and Koch (1977). Frobin et al (1997) pded a normative disc height database of human
lumbar spines based on 892 lateral radiographizscieSegments with altered spine structure (due to
osteoporosis, ankylosing spondylitis, scoliosisheéaermann’s disease, metastatic disease, previous
spinal surgery) were excluded. The subject po6ta years old) was further amended to include

only measurements of non-pathological discs (Exolyébr example irregularities of endplates,
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Posterior Disc
Height

Anterior Disc
Height

Figure 2.1: Farfan et al (1973) defined disc heighis the mean of the distance between ventral
edges and the dorsal edges of the superior and infer vertebrae. The edges of the vertebral
bodies are identified as the points that are furthst from the center of the vertebral body. Disc

height was expressed in units of disc depth to allofor radiographic distortion.
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Anterior Disc
Height

Figure 2.2: Frobin et al (1997) measured the antesi disc height as the sum of the
perpendicular distances from the anterior edges ofhe superior and inferior vertebral bodies
(anterior black dots) to the midplane of the discdashed line) and normalized it to the width of
the superior vertebral body (solid arrowed horizongl black line). The anterior edges of the
vertebral bodies are identified as the points thatare furthest from the center of the vertebral

body.
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sagittal plane displacement and decreased disbtieighe scatter of disc height in this subjeablpo
was small (<12%), suggesting that in the absengatbfology there is not an age-related decrease in
disc height. The disc height depended on gendale§>females). Disc height loss due to pathology
was considered by Wilke et al (2006) (Figure 2.Bnterior and posterior disc height was measured
in a manner similar to Frobin et al (1997, 2001y axpressed as a percentage of normal values
(Frobin et al 1997). Wilke et al (2006) reportetligh level of agreement (KAPPA 0.862) between
disc height loss measured in this way and the @egfelegeneration seen on MRI, as determined by
two experienced observers. In this classificatigsteam discs with height loss of 1- 33% are clasdifi

as mildly degenerate, those with 33% - 66% losscarssidered moderately degenerate, while those
with disc height loss of >66% are considered sdyelegenerate (Wilke et al 2006).

In summary, in addition to diurnal disc height ches of 8-20% (Adams et al 1987, Botsford et
al 1994) pathological disc height loss can occue dw loss of the proteoglycan water-binding
molecules (Brown 1971, Bogduk 1997). A number iffecent disc height measurement schemes
have been reported in the literature (Farfan @9al3, Frobin et al 1997, Wilke et al 2006) and the
severity of the disc height loss associated witifedint levels of degeneration has been defined
(Wilke et al 2006, Mimura et al 1994).

Summary of Introduction

Science has produced a number of computer andtio wodels that facilitate a greater
understanding of the loading that causes a diketoiate (Callaghan and McGill 2001, Aultman et al
2005, Andersson 1981, Brinckmann 1986, Lappalagtesd 2002, Freeman et al 2003, Cinotti et al
2005, Kelsey et al 1984, Gordon et al 1991, Lul €t986) but differences in terminology hinder a
thorough understanding of the specific and coaxgstiamage created (Nachemson 1960, Galante
1967, Thompson et al 1990, Ziv et al 1993, Adanma 4996, Gunzburg et al 1992, Berlemann et al
1998, Boos et al 2002, Kellgren and Lawrence 1%&#igren et al 1963, Gordon 1991, Mimura
1994, Lane et al 1993, Madan et al 2003, Scheideehal 1987, Butler et al 1990, Tertti et al 1991,
Gunzburg et al 1992, Pfirrmann et al 2001, Adamslet996). The term herniation is used in
academia within the framework of degenerate disealie, of which a spectrum of severity exists,
(Frobin et al 2001, Schiebler et al 1991, Bennekeal 2005, Jensen et al 1994, Lawrence 1969)
while clinically in a young otherwise healthy dige term herniation is associated with a pattern of
symptoms, signs and movement behavior that differs that of moderate-severe DDD herniation
(Stokes and latridis 2004, Holodyn et al 2000, Adaand Dolan 1995, Taylor and Twomey 1985,
Adams and Hutton 1985, Lipton and Muir 1981). d}ieight loss has been shown to be an indicator
of the severity of degeneration in a disc (Frohial€001, Schiebler et al 1991, Benneker et ab200
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Posterior Disc
Height

Anterior Disc
Height

Figure 2.3: Wilke et al (2006) calculated anteriodisc height as the sum of the perpendicular
distances from the anterior edges of the superiorral inferior vertebral bodies (anterior black
dots) to the midplane of the disc (dashed line). The edges of the vertebral bodies were
identified as the points that were furthest from the center of the vertebral body. Posterior disc
height was calculated as the sum of the distance®in the posterior edges of the superior and
inferior vertebral bodies (posterior black dots) tothe midplane of the disc. Both in Wilke et al
(2006) and in the current study the disc height wasneasured directly from the lateral x-ray
images by each observer. Wilke et al (2006) expeesl disc height as a percentage of the normal
values reported by Frobin et al (1997). In the cuent study disc height loss was expressed as a
percentage of the pre-test disc height (post-prelda and the anterior and posterior disc height
loss were averaged to give one figure for disc héigloss.
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Wilke et al 2006). Greater disc height loss isoasged with a more fibrosed nucleus (Adams and
Roughley 2006, Jensen et al 1994), less moveméiedechanges in intradiscal pressure (Adams et
al 1994, Adams et al 2000, Rohlmann et al 2005) analtered load distribution across the spinal
segment (Dunlop et al 1984, Adams et al 1988, AdamasHutton 1980, Adams et al 1994, Adams et
al 2000, Rohlmann et al 2005). While challengimgicathe terminology confusion and different
inter-disciplinary perspectives, it is pertinentsimive to understand the proposed in vitro heediat
disc model in both a clinical and scientific coritex Does this model display mechanical
characteristics of herniation and mild degenerationthose of herniation and moderate-severe
degeneration? Given that disc height loss has beed to distinguish between different levels of
DDD it was considered reasonable to use disc hégltto make this distinction. A number of disc
height measurement techniques have been docum@iaddn et al 1973, Frobin et al 1997, Wilke et

al 2006) and are compared in this study.

Objectives and purpose of this study

The objective of this study was to assess whetemptoposed in vitro post-herniated porcine
model is representative of a herniated but at nmoigdly degenerate disc. The importance of
understanding the disc height loss associated thigh post-herniated porcine cervical specimen
relates to the altered disc mechanics associatdd disc height loss. The classification of mild
degeneration was based on disc height loss of 1-28%per Wilke et al (2006). The purpose of
understanding the in vitro post-herniated porciraglet is to facilitate future investigation of cliail
treatment approaches and to ensure that the iptatjpn of such research is precise given thecaini
guestion being investigated and the model utiliz&te hypothesis of this study was that a modified
version of the methodology of Callaghan and Mc@001) would create, in porcine specimens,
herniations associated with at most 33% disc heéggist (Wilke et al 2006).

METHODOLOGY

Creating disc herniation

The C3-6 segments of 10 porcine cervical spine® w&sected from porcine spines that had been
bagged and frozen immediately post-mortem and swiesely thawed at room temperature for 12-15
hours prior to dissection. A lateral x-ray imagée¢cury Modular X-ray, 007 mas, 100ma, 54 kvp)
of the C3-6 intact segments was taken before thd G8teoligamentus specimens were dissected.
The method used to create disc herniation is basedat of Callaghan and McGill (2001). The C2/3

and C4/5 (IVDs) were examined for degeneration @hdpecimens were classified as Grade 1 on
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Galante’s scale of disc degeneration. For the guap of testing, the specimens were potted (wired
using 18 gauge steel wires and cemented with nothermic dental stone (Denstone ®, Miles Inc.,
South Bend, IN, USA)) in ultra high-density poly@tne cups. Wood screws were inserted, to a
maximum depth of 1 cm, into both the top cup anatereof the C3 vertebral body and the bottom
cup and center of the C4 vertebral body to ensoraling. In order to track the position of the
nucleus radiologically a total of 0.55ml of a radipaque mixture (BaSOnixture) was injected into
the C3/4 IVD through the anterior annulus usindaauge needle. The mixture included a solution
of barium sulphate, Blue dye (consisting of 250nap@assie brilliant blue, 97.25 ml of distillegH
and 2.5 ml of methanol) and distilled water, in:&:2 ratio, with which the C2/3 nucleus was mixed.
The C2/3 nucleus was the harvested nucleus ofdiaeent segment which was mixed with the radio-
opaque solution to eliminate the possibility thiae tless viscous BaQOnixture could herniate
through annular clefts/ ruptures that the moreoaascnucleus would not. The needle aperture was
sealed with superglue after the injection. A lapérsaline (0.9% NaCl) soaked plastic-backed
material and a layer of polythene film were wrappedund the specimens to rehydrate them. The
specimen was placed in a servohydraulic dynamitingegig (model 8511, Instron Canada,
Burlington, Ont., Canada), which had been modif@dpply both axial compression and single plane
pure moments simultaneously (Callaghan and Mc®ill1d. An unconstrained testing apparatus was
utilized so the cup containing the C3 segment waslfin position, the center of the testing plate i
line with the geometric center of the C2/3 discjlevthe lower cup, containing the C4 segment was
free to translate and rotate on a low friction acef (Figure 2.4). Each specimen was preloaded
(260N for 879s) to reverse the effects of freezingng which time the Instron found a position of
zero torque for the specimen. Following preloasbtted specimens were removed from the jig and
anterior and lateral view X-ray images were takdargo further testing (the pre-test x-ray images)
Moulds supporting the upper and lower cups wereentadnaintain a standard frontal and transverse
plane position of the specimen during the x-raycpss. As earlier pilot work had shown that the
position of the nucleus was not altered whethesgiezimen was x-rayed in a pre-determined sagittal
plane position or as determined by the stiffnesthefspecimen after testing it was decided noixto f
the sagittal plane position of the specimens foay- The argument being that clamping the
specimens into a pre-determined position would hawvedesirably varied the compression of the
specimens at the time of x-ray and additionally endiagnore difficult to maintain the standard frdnta
plane position of the specimens. In order to ider@nd standardize the maximum and minimum
angles to be used for dynamic failure testing ttrgue-angular deformation relationship of each
specimen was recorded (Figure 2.5). To do thik epecimen was axially compressed (1472N) and

rotated 5 times, in either pure flexion or combirfekion and side flexion (depending on the
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direction of the test motion), at a rate of %s5during which the torque-angular deformation eurv
was plotted. The angle at which the stiffnessh& torque — angular deformation curve of the
specimen increased was the maximum angle usecidythamic testing and an angle” 1€ss than
the maximum was the minimum angle used. The Tirspecimens were repeatedly flexed under
axial compression of 1472N at a rate of/4%nd a frequency of 1Hz for 90 minutes. In @enapt to
accelerate the herniation of the disc with the ibdgy of less disc height loss the direction bEttest
motion was changed to combined flexion and sideidte for the remaining 3 specimens. These 3
specimens were also tested under axial compres$iad72N at a rate of 45 and a frequency of
1Hz for 90 minutes. The x-ray procedure was regeattermittently (at least every 30 minutes)

during the failure test and again after the 90 n@iswf testing (post-test x-ray images).

DATA ANALYSIS

The change in the position of the nucleus visibtetloe lateral x-rays was grossly classified
according to the discographic scale of Adams antlddu1986). In order to allow for comparison
with the existing disc height literature disc heigltas measured and reported in absolute terms and
then normalized to the depth of the vertebral badyper Farfan (1973), according to the DCRA
method as per Frobin et al (1997) and as a pemgerda per Wilke (2006). The measurement
methods of Farfan (1973), Frobin et al (1997) anik&Vet al (2006) are discussed above. The
specimen disc height was measured directly frone phe-test and post-test x-ray images were
measured according to Farfan et al (1973), Frobimlg1997) and Wilke et al (2006) by the
investigator on two occasions (6 months apart) alstd by an independent physiatrist who is
experienced in reviewing radiological images (tware the same occasion). A two-way random
absolute agreement model intraclass correlatiofficeat (ICC) was used to assess intra- and inter-
rater reliability of disc height measurement. Répeaneasures ANOVAs were also used to compare
the absolute (prior to normalization) disc heigksuits measured according to Farfan et al (1973),
Frobin et al (1997) and Wilke et al (2006). Therage of the disc height measurements of both
observers were used for further analysis. Pairebts were used to test if significant changes
(p<0.01) in disc height and stiffness occurred raftee failure procedure. Repeated measures
ANOVAs were used to test if significant betweend amithin-group (herniated or not, direction of
testing) differences occurred in pre- and post-thst height and stiffness. The stiffness of the
specimens was recorded as the slope of the limingpithe minimum to maximum angles of the
repeated motion on the torque-deformation curvhe mean stiffness over the first 10 cycles of the

dynamic test was considered the pre-test stiffaedsvas compared to that of the last 10 cycles, the
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Figure 2.4: A photograph of a specimen, wired anccemented in cups, positioned in the
servohydraulic jig. The plate rotated, indicated ly the black arrow, causing the determined
motion. The specimen was wrapped in saline soakeaaterial during the testing.
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Passive test

Torque (Nm)

Extension

Angle (degs)

Figure 2.5: In order to determine the range of cylic motion used to create disc herniation the
specimens were rotated in flexion or flexion and de bend under 1472N of axial compression.
The torque and angular deformation during these cyles was graphed and the angle at which
the stiffness of the specimen changed was identdieindicated by the dashed line. This angle

was the maximum angle used in the testing procedure The minimum angle used was fQess
than this angle.
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final stiffness. A two-way Pearson’s correlatioaswsed to analyze the relationship between disc

height and stiffness.

RESULTS

All 10 specimens tested initially had a healthycdigth the nucleus contained within the inner
walls of the annulus. Three of the 10 discs tes$iad posterior migration of the nucleus after the
herniation procedure, while 1 of the 10 herniatei@aorly. As the specimen that herniated antgrior
was not notably different from the other specimensize, stiffness or shape it is assumed that the
needle aperture was inadequately sealed and tb@nspn was not included in the analysis. The
posteriorly herniated discs were all grade 4 ondiseographic scale of Adams et al (1986) described
as a degenerated disc with a radial fissure leaditige outer edge of the annulus.

High inter-rater reliability (ICC = 0.90) was fourior disc height measurement of the specimens,
measured according to Farfan et al (1973), Frobial €1997) and (Wilke et al 2006). Table 2.2
shows the mean (and one standard deviation) prexdbespost-test disc height measurements of the
specimens in this study and are compared to camelépg disc height data from the literature. The
absolute pre-test anterior and posterior porcise tieight measurements are smaller than the disc
height of healthy human L4/5 and L5/S1 segmentsrteg by Tibrewal and Pearcy (1984), both
measured according to Farfan (1973). Howeverwvthe disc height is hormalized to the depth of
the vertebral body, the pre-test disc height mesamsants of these specimens are within the normal
disc height range of healthy human in vivo disa®ifih et al 1997). This suggests that the vertebra
body and disc height are similarly proportionedhinman lumbar and porcine cervical spines.

Statistically significant (p<0.001) disc heightda@Vilke et al 2006) occurred during the dynamic
failure testing relative to that of the pre-testadheight. The mean disc height loss followingings
was 57.05% (SD 11.19%), which is comparable tadibe height loss of moderate disc degeneration
(Wilke et al 2006). No significant differences £p0.87) in the mean disc height loss of specimens
that posteriorly herniated (60.14 SD 7.50%) ands¢hthat did not herniate (55.55% SD 13.02%)
were found. Similarly, no significant differencp=(0.35) in disc height loss was found between
specimens that were tested in flexion versus tlbae were tested in combined flexion and side
flexion under the same axial load. The mean &#fnof the segments had increased significantly (p
< 0.001) from 1.25 (SD 0.22) to 2.11 Nm/degree (B86) by the end of the test. The change in

stiffness did not correlate with the change in diemght.
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Current study | Tibrewal et al (1985)
Mean Disc Height (mm)
Mea_n Mear_l Anterior Posterior
Anterior | Posterior | Mean (Range) (Range) Mean
(SD) (SD)
Healthy specimen
Porcine C3/4 6.25 3.53 4.98
Human L1-2 8 (6-11) 4 (2-6) 6
Human L2-3 11 (8-13) 45 (2-6) 7.75
Human L3-4 12.5(11-15) 4.5 (3-6) 8.5
Human L4-5 14 (11-16)|] 5.5(3-8) 9.7p
Human L5-S1 13 (9-16) 45(3-) 8.7p
Herniated specimen
Porcine C3/4 2.92 1.63 2.2Y
Human L4-5 11 3.5 7.25
Human L5-S1 11 4 7.5
Current study Frobin et al (1997)
Mean disc height (SD)
Healthy specimen
Porcine 0.28 (0.04) |
Human L1-2 0.27 (0.04)
Human L2-3 0.32 (0.04)
Human L3-4 0.37 (0.04)
Human L4-5 0.41 (0.05)
Human L5-S1 0.40 (0.05)
Current study Wilke et al (2006)
" . .
Mean (I?)ng (D0/|Os)c Height DDD Equivalency
Porcine Post
Testing (All 57.08 (11.19) Moderate DDD
specimens)
Pﬁrc”.‘e Post 60.14 (7.50) Moderate DDD
erniation
Table 2.2: The disc height measurements of the spmens in this study are shown and

compared to those in the literature. The disc helg compared with those of Tibrewal et al
(1985) was measured according to Farfan et al (19)3*Statistically significant disc height loss
occurred. These levels of disc height loss have emiously been associated with moderate

degenerative disc disease.
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DISCUSSION

This study was designed to assess the ability ofnamitro methodology to produce disc
herniations in porcine cervical spines without agmently causing moderate (33-66%) to severe
(>66%) disc height loss. The specimens that heujsand those that did not, simultaneously lost
>50% of their pre-test disc height. Only one smp&ei lost less than 50% (35%) of the pre-test disc
height. It appears that although this methodolcayy successfully create disc herniations in porcine
cervical specimens significant disc height loss uogcconcurrently. It remains a valuable
methodology and model for the investigation of e&swelating to human disc failure, however, the
impact of the more than 50% disc height loss orsegbent investigation of the herniated disc may
be an important consideration.

The limitations of this study include the use of @amimal model and the small sample size,
divided between two test groups. Animal modeks arnecessary part of the quest for a greater
understanding of in vivo biomechanics. These nwdek controllable, reproducible and cost-
effective, unlike specimens from human cadaversrevtage, exercise level, diet, environment,
personal factors and genes add variability to aptgamMore specifically, the porcine cervical spine
model has been shown to be anatomically, geombyridanctionally (Yingling et al 1999, Oxland et
al 1991) and microscopically (Tampier et al, ing®esimilar to human lumbar spines and was not
only a reasonable surrogate for human spines batpmbvided a reproducible model. The use of an
in vitro model to replicate an in vivo phenomenanders the interpretation of such work in an in
vivo context. Consideration of the impact of friegzspines and of eliminating the usual in vivo
cellular changes of the disc are warranted. Dilo al (2001) and Callaghan and McGill (1995)
have shown that freezing does not change the tepestlant behavior nor elastic properties of the
frozen specimens and thus freezing is not congidiresignificantly alter the results obtained from
this in vitro model. The number of repetitionsnodtion applied to the specimens in this study would
occur in a two week period in vivo (Brinckmann ¢t1888). Collagen repair and proteoglycan
turnover would not occur in such a short timeframeivo (Adams and Hutton 1982, Urban et al
2004). The specimen pool of 10 was justified bg fhct that using an animal model from a
population that was homogenous in age, exercisg, ald breed reduced individual variability of the
specimens. Furthermore, the behavior of the spatiim the sample was similar, irrespective of the
direction of the test motion used, reducing thedrtedncrease the sample size.

While a number of studies have created disc héonistin vitro the coexisting disc height loss
has not always been reported. Adams and Huttd8bjl®used posterior migration of the nucleus in

6 out of 29 human cadaveric lumbar specimens bilyagpincreasing cyclic compression (sin-wave,
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0.3Hz, final compression mean = 3451.67N) to pregjkely flexed specimens (mean maximum
flexion angle = 19. Disc height pre- or post- testing was not régmbin this study. Contrary to
findings of the current study, Gordon et al (199t)a study designed to create disc herniations in
human cadaveric lumbar specimens, reported thadadlf the specimens tested had ‘at most minimal
narrowing’ prior to and after the failure testingCallaghan and McGill (2001) focused on creating,
and successfully created, disc herniation in vityoloading porcine cervical specimens in repeated
flexion and low-moderate levels of compression.ialhgreep of 8-11mm was reported in Callaghan
and McGill (2001) and a trend towards increase@lastieep with increased compressive load was
found. The current study largely followed the noetblogy of Callaghan and McGill (2001) and
similarly created disc herniations under a modedeatel of axial compression and repeated flexion or
combined flexion and side flexion. The appropnates of using a porcine cervical model to
represent human lumbar discs was supported by gbaltaand McGill (2001) by comparing the
anatomical, geometrical and functional differenee®l similarities between human lumbar and
porcine cervical spines (Yingling et al 1997). eTim vitro post-herniated cervical porcine discs
match in vivo human herniated discs in that a partf the nucleus is displaced posteriorly throagh
damaged annulus. However, the coexisting dischihéags of the in vitro specimen needed to be
considered and quantified. Herniation has beeoceésed with various levels of degeneration but the
clinical presentation of such herniations diffetol&s and latridis 2004, Holodyn et al 2000, Adams
and Dolan 1995, Taylor and Twomey 1985, Adams antidd 1985, Lipson and Muir 1981). Disc
height loss has been earmarked as a charactdhsatiadistinguishes between mild, moderate and
severe levels of disc degeneration (Frobin et @ll28chiebler et al 1991, Benneker et al 2005, &Vilk
et al 2006) and with which important mechanical rcjes have been associated including less
movement-related changes in intradiscal pressudar( et al 1994, Adams et al 2000, Rohlmann et
al 2005) and an altered load distribution acrosssiinal segment (Dunlop et al 1984, Adams et al
1988, Adams and Hutton 1980, Adams et al 1994, Adatral 2000, Rohimann et al 2005). The
current methodology produced herniated discs tlaat disc height loss equivalent to moderately
degenerated discs (Wilke et al 2006, Mimura et98&i4). Wilke et al (2006) reported the agreement
between height loss and their macroscopic (MRIjsifecation to be 0.862 (KAPPA value). The
cellular change that disc height loss is attribuieds a depletion of the hydrophilic proteoglycan
component of the disc (Osti et al 1990, Melrosael di992, Kaapa et al 1994), a depletion that occurs
with aging (Roughley 2004) and at an acceleratesl wéth degeneration. In vivo, the degeneration
can be part of a disease process, occurring atpteulevels, or due to an injury at a particularde
resulting in progressive cellular chang&tdkes and latridis 2004 )Associated with these cellular

changes is increasing fibrosis of the nucleus. kofic nucleus looses its hydrostatic properties,
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hindering its ability to flow and thus migrate inlodamaged annulus. In other words the cellular
changes associated with disc height loss impedaltitity of the disc to herniate. Interestingliiet
disc height loss associated with in vitro testimgmot be attributed to these cellular changes and i
more likely related to the prolonged continuousabxiompression and accelerated loading of the
methodology. The dehydration and disc height lkeassed by repeated motion in the specimens
created potentially problematic levels of disc heitpss. As discussed earlier in this paper, the
changes in mechanics imposed by disc height lasautmost importance to this body of work.
Disc height loss of 20, 40 and 60% of normal wasdueed in a finite element model to represent
mild, moderate and severe degeneration in a studygded to analyze the influence of disc
degeneration on the mechanical properties of tHd b®tion segment (Rohlmann et al 2005). The
key results of the analysis were; (1) The rangdlexfion, extension and lateral bend and coupled
motion decreased for moderately and severely degeneliscs; (2) The change of intradiscal
pressure (IDP) in the nucleus on flexion, extensiateral bend and rotation is lower in degenerate
discs than in healthy discs; (3) The pressure riectdon dependent and the nucleus is no longer
hydrostatic in degenerate discs; (4) The facett jiinces are higher in degenerate discs than in
healthy discs. Dunlop et al (1984) also showedarnnin vitro cadaver study that decreasing disc
height by 1 and 4 mm significantly increased theaHarticular facet pressure. In addition, a orti

of the axial compressive force is transmitted ®nkural arch when the disc looses height (Duniop e
al 1984, Adams et al 1988, Adams and Hutton 198@ms et al 2000, Adams et al 1994). The disc
height loss found in this study falls within the deoate to severe DDD levels as categorized by
Mimura et al (1994) and Wilke et al (2006). Theously reported changes in load distribution and
in the hydrostatic pressure of discs with decreatied height imply that attempts to improve this
post-herniated porcine disc model are warrantelde (TCC) found in this study are considered high
and closely match that of Wilke et al (2001) (KAPBA&O0) and Frobin et al (2001) (KAPPA 0.82).
Similar to the results of Tibrewal and Pearcy (1)98be intra-observer error showed a mean
maximum difference of 0.49mm from the mean of twadings of 20 measurements and an inter-
observer error mean maximum difference of 0.7mmwéen the two observers.

The immediate future work that arose from this papas a study aimed at reducing the disc
height loss that occurred concurrently with thigtme of creating herniation. Modifying the loading
pattern that has previously been used to causéaliem artificially hydrating the discs and/or ngi
a different model are potential solutions to thecdneight loss problem and will be discussed in
chapter 3. In addition, this study prompts numeravenues of research aimed at bridging the gap

between the research and clinical perspectiveswefblack pain including the links between clinical
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patterns and the morphological, neurophysiologaadl chemical parameters utilized in in-vitro

research.

CONCLUSION

The methodology of repeatedly flexing while axiatgmpressing porcine cervical specimens
previously used to create herniation is associaféfd simultaneous moderate disc height loss of the
specimen. Similar levels of disc height loss oomdiwhether the specimens herniated or not. This
level of disc height loss has been associated mitkerate degenerative changes, less movement-
related changes in (IDP) (Adams et al 1994, Adana 2000, Rohimann et al 2005) and an altered
load distribution across the spinal segment (Durtoal 1984, Adams et al 1988, Adams and Hutton
1980, Adams et al 1994, Adams et al 2000, Rohimanral 2005). Efforts to modify the
methodology and reduce the disc height loss areawsed when the mechanical changes associated

with such disc height loss could potentially imp#& results of specific research.
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CHAPTER 3
ATTEMPTS TO CREATE DISC HERNIATIONS; SUCCESSES AND FAILURES

ABSTRACT

Background; Disc herniations when created in an in vitro poecmodel show a loss of the disc
height of the specimens. Such disc height logd ncern to researchers using the post-herniated
porcine specimens as disc height loss has beennshpwthers to change the load distribution and
hydrostatic pressure of the disc. The purposaisfstudy was to improve the post-herniated porcine

model such that the disc height loss that occusiditaneously with the herniation was reduced.

Methodology; The attempts made to achieve this purpose weredlyrazategorized as (1)
modifying the loading pattern that had previousheib used to cause herniation, (2) re-hydrating the
discs after a period of testing and (3) using d&dkht model. Dissected from porcine cervical
spines, the C3/4 osteoligamentus specimens wetedpiot ultra high-density polyethylene cups and
tested in a servohydraulic jig. In order to trélok position of the nucleus radiologically a mnetwf
barium sulphate, Blue dye, distilled water and @#3 nucleus was injected into the C3/4 nucleus.
Anterior and lateral x-ray images taken beforejrdpand after testing.

Modifying the loading patternSix specimens were repeatedly flexed in & ribge under 1kN of

axial compression at a rate of’45and a frequency of 1Hz. Four other specimens yeepared for
higher axial compression testing. The intent wasepeatedly flex these specimens under 2 and
2.596kN of axial compression at a rate of/d%nd a frequency of 1Hz for 90 minutes. Threeemo
specimens were tested under torque rather thatiqgmosontrol. All three were loaded with 1.472kN
of axial compression. The torque levels chosereveaised on the torque-angular deformation curve
of each specimen. The specimens were repeatediydiin a 10range at a frequency of 1Hz.

Re-hydrating the discd-our porcine C3/4 specimens underwent 90 minufesemeated flexion

testing in a 1Brange under 1.472 kN of axial compression at agh#s/s and a frequency of 1Hz.
After post-test x-ray images the specimens wereegplainloaded in a submersion saline (0.9% NaCl)
bath for approximately 12 hours, after which thecsmens were re-x-rayed. Three other specimens
were injected with 0.1ml of distilled water through25 gauge needle after every 30 minutes of
repeated flexion of the specimens when under 1 kiix@l compression at a rate of%5and a
frequency of 1Hz. Eight more specimens (6 C3/4 2Ad/8) were repeatedly flexed in a’¥@nge
under 1.472kN of axial compression at a rate dfs4&nd a frequency of 1Hz. Three specimens were

re-injected with barium sulphate-nucleus mix afB® minutes of dynamic testing. Five other
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specimens were injected with the barium sulphateafter undergoing sufficient dynamic testing to
cause loss of approximately 50% of their pre-tést deight.

Using a different model Prior to potting the right postero-lateral anrmlof five porcine C3/4

specimens was ruptured using a 2 mm blade thaingasted through the left antero-lateral annulus.
The specimen then underwent 90 minutes of repeatethined flexion and left side flexion testing in
a 10 range under 1 kN of axial compression at a ra#5ys and a frequency of 1Hz. In a separate
test axial compression of 0.3kN, 1kN and 1.472kN wapplied to 3, 4 and 2 T7/8 porcine specimens
respectively and the specimens were repeatedlgdlaxa 18range at a rate of 5 and a frequency

of 1Hz for 90 minutes.

Results; Repeated flexion of porcine cervical specimens @) xinder a lower compression level
(1kN) resulted in disc herniation but with loss5if% of the pre-test disc height (p < 0.00Re-
hydrating specimens by injecting the disc with auma sulphate nucleus mix (n = 5) or by placing
the specimen unloaded in a submersion saline batnfextended period of time (n = 4) resulted in a
significant increase of the disc height of the #peas. Further flexion testing of the specimens
significantly reduced the disc height again. Intigtent saline injection of specimens (n = 3) dgrin
the failure procedure did not prevent or reducedise height loss that occurred in the absence of
saline injections. Using higher compression ley2land 2.5kN, n = 4), failure testing under torque
control (n = 3), non-physiologically starting thenallar rupture (n = 5) and using hypolordotic
thoracic porcine spines (n = 12) instead of poramrevical spines were unsuccessful attempts at

creating herniations.

Conclusion; The disc height loss that coexists with the por@esvical disc herniations that were
created with repeated flexion under axial compogss clinically significant. This model appeaos t
be a valuable model for investigation of herniatexts that have substantial disc height loss aad th
related mechanics (loss of hydraulic behavior, amtforamen space and changes in facet loading).
Consideration of the limitations posed by the corent disc height loss prior to future use of this

model and methodology are imperative.
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INTRODUCTION

Disc herniations have been created in an in vitneipe model to the detriment of disc height of
the specimens. Such disc height loss is of conttemesearchers using the post-herniated porcine
specimens as disc height loss has previously beewrs to change the load distribution and
hydrostatic pressure of the disc (Rohlmann et 8620@unlop et al 1984, Adams et al 1988, Adams
and Hutton 1980, Adams et al 2000, Adams et al 1984 example of such research is investigation
of the proposed mechanical theory underlying tidazl success of the McKenzie treatment of disc
herniation (Derangement syndrome). McKenzie tlzegkithat in a disc with a competent annulus
and a hydrostatic nucleus particular repeated mewtror sustained positioning will positively
change the location of the displaced portion of theleus. This theory involves fluid flow,
hydrostatic pressure and stress gradients acrestidb. These factors will be changed by altenatio
in disc height and hydration level of the disc. isTkcoupled with indications that excessive disc
height loss is not characteristic of young in vharniations (Schiebler et al 1991, Frobin et al1200
Holodny et al 2000, Taylor and Twomey 1994 and 1988ams and Hutton 1985) necessitates
attempts to eliminate or reduce the disc heighs ldsat occurs simultaneously with in vitro
herniation. An in vitro model that more closelytofeed the young herniated discs most successfully
treated with McKenzie’'s derangement would faciéta greater understanding of the proposed
mechanical theory underlying the McKenzie approsxidisc herniation. The attempts made to
achieve this purpose were broadly categorized asmddifying the loading pattern that had
previously been used to cause herniation, (2) drdiing the discs during testing and (3) using a
different animal model. Callaghan and McGill (2D8liccessfully herniated porcine cervical spines
by applying low-moderate levels of compression e specimen while cycling the specimen
repeatedly between predetermined flexion and eixterengles. Compression levels approximately
equivalent to that of standing (867N) and lightiri§ (1472N) were used, the higher the compression
level the lower the number of repetitions requitedherniate the disc and the higher the inciderice o
more severe disc herniation (grade 4 versus gradd8shown 1472N of axial compression resulted
in moderate levels of disc height loss investigatid the disc height of the post-herniated porcine
cervical specimen created with lower axial comgogsss warranted. Interestingly also warranted is
investigation of the impact higher levels of congsien would have on disc height. Adams et al
(1985) created herniations using higher compredsioeis and as the number of repetitions required
to create herniation is a function of the comp@séevel, higher compression levels could ultimatel

preserve disc height. A review of Callaghan and Mg@001) also suggests that torque control of
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the test movements is less damaging to the diseatieg grade 3 rather than grade 4 herniations, a
finding that led to another possible means of présg disc height while creating herniations.

Alternative means of re-hydrating the discs wase atnsidered. The dynamic balance between
the compression forces on the disc and the distisotic pressure determines the hydration level of
the disc in vivo. Hydration of the discs in vive primarily achieved by diffusion through the
endplates (Adams and Roughley 2006).  Traditlgnal vitro specimens are wrapped in saline-
soaked gauze to minimize water loss during testim@is method of maintaining hydration of the
specimens seems inadequate as the dynamic balatveeeln compression and osmotic pressure tips
in favor of compression, which results in disc eilpss. The additional artificial hydration metiso
attempted in this study included frequent salipedtion during testing, injection of the radio-opaq
mix during testing (Adams & Hutton 1985), placifgetspecimen in a saline submersion bath for a
prolonged period of time (Gunning et al 2001) addhmistering saline to the specimen via an in situ
IV line. Three key alternative methods of creathmyniation were also worthy of consideration.
Brinckmann (1986), Keller et al (1990) and Simuet@l (2001) ruptured the annulus using a scalpel
prior to loading the specimens. This start on hkeniation process was considered a reasonable
method of accelerating the damage and of poss#ayaing the disc height loss inherent to the
methodology. Following the methodology of Oliphagtt al (2006), who created visible disc
disruption by injecting cadaveric porcine lumbasadi with nitrogen gas at pressures of 69 kPa, 172
kPa, 345 kPa and 690 kPa, injecting pressurecht@irthe disc was considered a possible means of
preserving disc height while accelerating the taioin process. Alternatively porcine thoracic,
rather than cervical segments were subjectedetdighniation method with the expectation that these
spines would herniate sooner than the cervicalespirClinically, the hypolordotic spine is thougnt
be predisposed to low back pain (LBP) as it latlesinhbuilt protection of lordosis (Farcy et al 1997
Keegan 1953, LaGrone 1988). The lower thoracioeegs of the pig are hypolordotic relative to the
cervical spines of the same species.

The purpose of this study was to create herniationstro without causing more than 33% of
disc height loss. Disc height loss of less tha¥# 38 associated with mild disc degeneration (Wéke
al 2006). The attempts made to achieve this perpase broadly categorized as (1) modifying the
loading pattern that had previously been used tsederniation, (2) rehydrating the discs during
testing and/or (3) using a different model. Thedtheses of this study were that these new methods

would create disc herniation prior to causing ntben 33% (Wilke et al 2006) of disc height loss.
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METHODOLOGY

The preparation of the specimens that is identaaioss the tests, regardless of the specific
differences in subsequent testing, will be descdriaed then followed by the details of the various
subsequent tests. The porcine cervical spinebbad bagged and frozen immediately post-mortem
and thawed at room temperature for 12-15 hoursr gaodissection. The C3/4 osteoligamentus
specimens were dissected. The adjacent discs examined for degeneration and all specimens
were classified as Grade 1 on Galante’s scalesaf dégeneration. For the purposes of testing the
specimens were wired (18 gauge steel wires) anckicEd (non-exothermic dental stone (Denstone
®, Miles Inc., South Bend, IN, USA)) in ultra higtensity polyethylene cups. Wood screws were
inserted, to a maximum depth of 1 cm, into bothttpecup and center of the C3 vertebral body and
the bottom cup and center of the C4 vertebral Hodsnsure bonding. In order to track the position
of the nucleus radiologically 0.55ml of a radio-gpa mixture (Barium sulphate-nucleus mixture)
was injected into the C3/4 intervertebral disc (MBrough the anterior annulus using a 20 gauge
needle. The mixture included a solution of barismiphate, Blue dye (250mg Coomassie brilliant
blue, 97.25 ml of distilled ® and 2.5 ml of methanol) and distilled water, i2:4:2 ratio, with
which the C2/3 nucleus was mixed. The C2/3 nucleas the harvested nucleus of the adjacent
segment which was mixed with the radio-opaque &wiuto eliminate the possibility that the less
viscous BaS@mixture could herniate through annular clefts/ mues that the more viscous nucleus
would not. The needle aperture was sealed witkrglye after the injection. A layer of saline @.9
NaCl) soaked plastic-backed material and a layepdafthene film were wrapped around the
specimens to rehydrate them. A lateral x-ray im@dercury Modular X-ray, 007 mas, 100ma, 54
kvp) of the specimen was taken in a standard ffaatd transverse plane position before it was
placed in a servohydraulic dynamic testing jig (@lo8511, Instron Canada, Burlington, Ont.,
Canada), which was modified to apply both axial poession and single plane pure moments
simultaneously (Callaghan and McGill 2001). An amstrained testing apparatus was utilized so the
cup containing the C3 segment was fixed in positibe center of the testing plate in line with the
geometric center of the C2/3 disc, while the lowap, containing the C4 segment was free to
translate and rotate on a low friction surface.clEapecimen was preloaded (260N for 879s) to
reverse the effects of freezing and to determipesition of zero torque of the specimen, following
which the potted specimens were removed from theafid anterior and lateral view X-ray images
were taken prior to further testing (the pre-tesayximages). In order to identify the maximunda
minimum angles to be used for dynamic failure testhe torque-angular deformation relationship of

each specimen was recorded. To do this each specivas axially compressed to the level that
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would be used for the dynamic failure test (seewghnd rotated 5 times, in pure flexion at a aite
0.5/s during which the torque-angular deformation euwas plotted. The angle at which the
stiffness of the torque — angular deformation clwofvthe specimen increased was the maximum angle
used in the dynamic testing and an angl®l&8s than the maximum was the minimum angle used.
The specimen was removed from the jig and antariorlateral view X-ray images were taken prior

to further testing.

1. Modifying the load (1, 2, 2.596 kN) and control  (torque control) used to create
herniation
a. Lower Axial Compression
The pre-test storage, preparation, potting andrpirgry testing of these specimens was as
described above. Six specimens were repeatedlgdien the 16 range (described above)
under 1kN of axial compression at a rate of/gtand a frequency of 1Hz. The testing was
discontinued when the specimens herniated or lasenthan 50% of their pre-test disc
height. The x-ray procedure was repeated evemiddtes during and at the end (post-test

x-ray images) of the failure test.

b. Higher Axial Compression

The pre-test storage, preparation, potting andrpirgry testing of these specimens was as
described above. Four specimens were preparedisaiesting. The intent was to repeatedly
flex these specimens under 2 and 2.596kN of axiatpression at a rate of 4§ and a
frequency of 1Hz for 90 minutes. All four specimadailed in the preparatory stages of the

test.

c. Torque Control

The pre-test storage, preparation, potting andmirdry testing of these specimens was as
described above. Three specimens were tested tordee rather than position control. All
three were loaded with 1.472kN of axial compressi@he torque levels chosen were based
on the torque-angular deformation curve of eacltisgen. The torque level at which the
stiffness of the torque — angular deformation cuofethe specimen increased was the
maximum torque used in the dynamic testing. Mimmiorque was identified as the torque
that coincided with an angle %@ess than that of the angle at maximum torque.e Th
specimens were repeatedly flexed at a frequenc¢H#. These tests were to run until

herniation occurred or 50% of the pre-test disglhigivas lost.
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2. Changing the hydration of the specimen

a. Saline bath

The pre-test storage, preparation, potting andrpirghry testing of these specimens was as
described above. Four porcine C3/4 specimens weaé¢r90 minutes of repeated flexion
testing in a 19range (as described above) under 1.472 kN of axiaipression at a rate of
45/s and a frequency of 1Hz. The x-ray procedurse vepeated every 30 minutes during
the failure test and again after the 90 minutedesfing (post-test x-ray images). The
specimens were then placed unloaded in a submersdine (0.9% NaCl) bath for
approximately 12 hours, after which the specimersewe-x-rayed (post-rehydration x-ray
images). Specimens that had not herniated duhegititial 90 minutes of testing were
placed in the testing machine for another 60 mmflexion testing. The x-ray procedure was
repeated every 30 minutes during the continuedriaitest and again after the 90 minutes of

testing (post-test (2) x-ray images).

b. Saline re-injection

The pre-test storage, preparation, potting andmirdry testing of these specimens was as
described above. Three specimens were injectdd Wiiml of distilled water through a 25
gauge needle after every 30 minutes of dynamimtgsiThe specimens were unloaded at the
time of injection. The dynamic testing consistédapeated flexion of the specimens when
under 1 kN of axial compression at a rate of/gimnd a frequency of 1Hz. The x-ray
procedure was repeated every 30 minutes duringfdiiere test and again after the 90
minutes of testing (post-test x-ray images). Tdsting was stopped when either herniation

occurred or injecting the spine did not compengatéhe disc height loss.

c. Re-injection with the barium sulphate-nucleus mix

The pre-test storage, preparation, potting andrpirgry testing of these specimens was as
described above. Eight specimens (6 C3/4 and &) Tiére repeatedly flexed in a®i@nge
under 1.472kN of axial compression at a rate 8fs48nd a frequency of 1Hz for 90 minutes.
Three specimens were re-injected with barium suaéghacleus mix after 20 minutes of
dynamic testing. Five other specimens were infeetth the barium sulphate mix after
undergoing sufficient dynamic testing to cause lokapproximately 50% of their pre-test
disc height. The specimens were unloaded at thee difnmjection and the needle aperture was
sealed with superglue after injection. The x-ragcpdure was repeated every 30 minutes

during the failure test and again after the 90 neiswf testing (post-test x-ray images). The
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testing was stopped when either herniation occuorethore than 50% of the pre-test disc

height was lost again.

d. IV linein situ

An IV line was inserted through a 22 needle inte thucleus of 4 specimens that had been
prepared, potted and pre-loaded as described abd¥e IV line was connected to an
infusion pump which administered saline to the difsdal compression of 1kN was applied
to the specimens and the specimens were repedledyl in a 10 range at a rate of 45

and a frequency of 1Hz. The tests were terminaseithe IV line did not remain in situ.

Changing the model

a. Rupturing the annulus prior to testing

The pre-test storage and dissection of these spasimvas as described above. Prior to
potting the specimens the right postero-laterabrmwas ruptured using a 2 mm blade that
was inserted through the left antero-lateral amnkigure 3.1). The depth the blade was
inserted was measured on the adjacent exposedudibahat the inner 2/3 of the annulus was
ruptured. The position of the blade in the speaimas checked by a cranio-caudal x-ray.
Subsequent potting and preliminary testing of ghecénens were as described above. Five
porcine C3/4 specimens underwent 90 minutes ofatepecombined flexion and left side
flexion testing in a 1range (as described above) under 1 kN of axial cessipn at a rate

of 45”/s and a frequency of 1Hz.

b. Delaminate the annulus using pressurized air

Air was injected through a 21-gauge needle into aheulus of 4 C3/4 specimens at a
pressure of 60 psi (413.79 kPa) for 2 minuteshesg specimens were dissected so that the
extent of the damage could be assessed prior @ndagally testing other specimens prepared
in this way. Other than the damage created byéeelle disc disruption was not observed in

these specimens.
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Figure 3.1: A cranial view of a porcine cervical dic being artificially ruptured on its

posterolateral aspect.
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c. Removal of the nucleus

As re-hydrating the disc with either saline or barisulphate mix often resulted in
spontaneous herniation, which was likely due teessgive fluid within the annulus, attempts
were made to remove the true nucleus of the disk thie intent of replacing it with the
barium-sulphate and C2/3 mix. The pre-test stoeagkpreparation of two specimens was as
described above. Prior to potting the specimeri$-gauge needle was inserted into the
anterior annulus and nucleus. A suction pump wi@slzed to the needle and up to 30 inHg
(101.59 kPa) of suction applied to remove the ruglef the disc. These specimens were
dissected so that the extent of the removal ohtleéeus and any evidence of annular damage

could be assessed prior to dynamically testingrathecimens prepared in this way.

d. Porcine thoracic spines

The hypolordotic T7-8 segments (Figure 3.2) of perdhoracic spines were dissected from
porcine spines that had been bagged and frozen diatey post-mortem and thawed at
room temperature for 12-15 hours prior to dissectioThe pre-test storage, preparation,
potting and preliminary testing of these specimems as described above for the cervical
specimens. Axial compression of 0.3kN, 1kN amdl72kN was applied to 3, 4 and 2
specimens respectively and the specimens weretegtheélexed in a 19range (as described
above) at a rate of 45 and a frequency of 1Hz for 90 minutes. Theypeocedure was
repeated every 30 minutes during the failure test @gain after the 90 minutes of testing

(post-test x-ray images).

DATA ANALYSIS

The change in the position of the nucleus was tyragassified according to the discographic
scale of Adams et al (1986). Disc height was meaksas per Wilke et al (2006) and reported as a
percentage of the pre-test disc height (post-pdelbeight). Paired t-tests were used to test if
significant changes in disc height and stiffnessuoed after the dynamic failure testing of the dow
compression group (1kN) and the thoracic spine mrmlative to the pre-test levels. Repeated
measures ANOVAs were used to test if significastdieight and stiffness changes occurred in the
saline bath and barium sulphate-nucleus re-injpagimups after the initial failure testing, after r

hydration and after continued failure testing.
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Figure 3.2: A lateral view of a porcine thoracic spe. Note the parallel endplates and hypo-

lordotic posture of this specimen.
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Compression

Model N KN Mvt.
Lower compression 6 1 Flexion
Higher compression 2 2 FIeX|_on
2 2.596 Flexion
Torque Control 3 1.472 Flexion
g:t';]”e 4 1.472 Flexion
Re-inject.
with 8 1.472 Flexion
Re- BaSO,
hydration | Re-inject.
with 3 1 Flexion
saline
I_n situ IV 4 1 Flexion
line
3 0.3 Flexion
Thoracic 4 1 Flexion
2 1.472 Flexion
Cut 5 1 Flexion + Side
Total annulus Flexion
change in| Use air
model pressure 4 ) i
to rupture
annulus
Remove
2 - -
Nucleus

57

Table 3.1: The methods used to create herniation drthe testing protocols for the specimens.




RESULTS

1. Modifying the load (1, 2, 2.5 kN) and control used  to create herniation
a. Lower compression

Three of the 6 C3/4 porcine cervical segments desith repeated flexion under 1kN of
axial compression herniated. On average the hethgpecimens lost 51.5% (SD 3.24%)
of their pre-failure disc height while those tha dot herniate lost 55.7% (SD 12.05%)
of the pre-test disc height. This disc height lossurred after an average of 5600
repetitions (SD = 5100 repetitions) of flexion. eTstiffness of these specimens increased
significantly (p < 0.01) over the course of theluds procedure (Table 3.2) from 1.37
Nm/deg. (SD 0.68) to 1.99 Nm/deg (SD 0.67).

b. Higher compression

All 4 of the C3/4 specimens tested under highealaodmpression failed due to anterior
herniations through the sealed aperture createdh Wiecting the radio-opaque barium-
sulphate-nucleus mix into the disc. Two of thecapens were loaded under 2596N
while two others failed under 2000N of axial congsmien. All four failed during the

preliminary steps of the tests, prior to repeagstirig.

c. Torque control

The creep and increased stiffness of the specirtteats occurred during the testing
reduced the range of flexion produced by the sgum value such that the test became
static flexion. Herniation did not occur and tlests were discontinued after 2 hours of

testing.

2. Re-hydrating the specimens

a. Saline baths

On average these 4 specimens lost 57.92% (SD F%.6f their pre-test disc height

after 90 minutes of flexion under 1472N of axiahqression. After an average of 12
hours (SD 1.63 hour) in a saline bath the lossisif Height was reduced to 11.88% (SD
14.88%) of the pre-test disc height. One of tlepdcimens had herniated after the initial
90 minutes of testing. Three of the 4 specimerdemment an additional 60 minutes of

flexion after re-hydration in the saline bath agdia lost a similar amount of disc height
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(58.33% of their pre-test disc height). At thimé two of these three specimens had
endplate fractures while the third had herniatétle stiffness of the specimens after the
failure procedure (2.40 Nm/Deg SD 0.29) was reduwsféet 12 hours in the saline bath
(1.72 Nm/Deg SD 0.42).

b. Saline injections

Despite the total addition of 0.3ml of saline taleaf three C3/4 specimens the disc
height loss after 90 minutes of testing in thessp&cimens was almost equivalent
(52.64% of pre-test height, SD = 5.21%) to that nvlfee specimens were not injected
with saline injection (57.92%). A herniation digdtnoccur in these specimens. An
additional 0.1ml of saline did not compensate far tlisc height loss that had occurred

thus far in the testing.

c. Injection with the barium sulphate-nucleus mix

After 20 minutes of dynamic testing, three C3/4cpwe specimens were injected when
unloaded with barium sulphate-nucleus mix. Howewadr three specimens herniated
anteriorly through the sealed injection apertureeothe axial compression of 1.472kN
was re-applied for further testing. The 5 specisné® C3/4 and 2 T7/8) that were
subjected to the repeated testing until approxilmaae50% reduction of their pre-test
disc height occurred regained an average of 30.&DP6= 3.38%) of the lost disc height
after re-injection of the barium sulphate-nucleug ( = 0.32ml, SD = 0.15ml). The
average post-injection disc height was 81.57% (SI183%) of the pre-test disc height.
No significant differences in the disc height chemdgetween cervical and thoracic
segments occurred. All five specimens then undetrfeether repeated testing. One of
the five specimens herniated. While the remaimMngpecimens lost 63.53% (SD =
6.82%) of pre-test disc height after an averagéOafinutes of additional testing without
herniating. The tests were stopped because aragttoss of the posterior disc height (x
=78.13%, SD = 9.24%)).
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Stiffness (Nm/Degree) Mean (SD)

Start of .
Group Compression failure End of failure End of End of End of
(kN) procedure 1 After re- repeat After repeat After repeat
(pre-_ hydration failure rehydration failure rehydration failure
rehydration) procedure procedure procedure
Lower compression | 1 1.37 (0.68)| 1.99 (0.67) - - - - -
Re- Saline | 1.472 1.08 (0.08)] 2.40(0.29) 1.72 (0.4R) 3.739L.0 - - -
hydration | bath
Re- 1.472 2.05(0.49) 1.87 (0.45) 1.69 (0.5f) 1.622D.6- - -
inject
with
BaSu
Re- 1 1.94 (0.44)| 1.81(0.45) 1.82(0.5]1) 2.01(0.68).67X0.46) | 1.77 1.73(0.39)| 1.85
inject (0.54) (0.56)
with
saline
Total T/sp 0.3 1.23(0.12)| 1.57 (0.13) - - - - -
change in 1 1.29 (0.42)| 1.95(0.59) - - - - -
model
1.472 1.93 (0.22)] 2.30(0.09) - - - - -

Table 3.2: The stiffness (Mean, SD) of the specimeat various stages of testing. Failure testingaéreased the stiffness of the specimens
while re-hydration of the specimens decreased théffness.
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3. Changing the model
a. Cutting the annulus
Three of the 5 porcine specimens (C3/4), in which posterior annulus had been
ruptured, herniated through the anterior sealedtageof the scalpel used to rupture the
posterior annulus. The other two specimens hag aaclear extrusions with total loss

of the nucleus into the spinal canal.

b. Delamination of the annulus by pressurized air
This methodology did not result in annuls damage tould have accelerated herniation

of the disc. Delamination of the annulus was riosteoved in any of the four specimens.

c. Removing the nucleus

The nucleus of 4 specimens could be suctioned g¢ir@ul6- gauge needle with 20 inHg
(67.73kPa) of vacuum. However, the aperture, evieen sealed, of a 16-gauge needle
weakened the annular wall and resulted in spontanemterior herniation when the

specimen is loaded under 1kN. A vacuum of 30 if#H@l.59 kPa) through smaller

needles resulted in damage diffusely along therimamaulus. This methodology could

not be used to reduce the increased IDP due tadHéion of the barium sulphate —

nucleus mix to the nucleus of the disc.

d. Porcine thoracic spines

The ratio of the disc height to the vertebral badgth (Frobin et al 1997) of the 12
porcine thoracic specimens (T7/8) tested was mtifsiantly different from that of the
porcine cervical spines, even though both measuremegere considerably less in the
thoracic spines compared to porcine cervical spind posterior herniations occurred
in the specimens tested. Three of these testsst@pped due to visible instability of the
specimens in the cups while nine of these teste wtpped due to the excessive disc
height loss visible on examination of the interemtt x-rays taken during the tests. The
disc height loss of the nine specimens average2b%8.(SD = 11.14%) relative to that

prior to failure testing.

The changes in disc height as a result of the wartesting protocols are summarized and put in

context in figure 3.3.
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of bedrest hours in injection with testing after
saline bath BaSO4- re-hydration
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Time and testing

Figure 3.3: A healthy disc is fully hydrated after7 hours of sleep (Reilly et al 1994and is shown here as
100% of disc height. Normal diurnal disc height Iss is approximately 10%. Specimens tested under
either 1 or 1.472kN of axial compression and repeatlly flexed lost more than 50% of the pre-test disc
height. Re-hydration of the specimens either by pting the specimen unloaded in a submersion saline
bath for approximately 12 hours or by injecting thespecimen with BaSQ—nucleus mix increased the disc
height to within 20% of the pre-test height. An adlitional 60 minutes of flexion testing again reduce the
disc height to less than 50% of the pre-test level.
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DISCUSSION

This study was designed to investigate possiblenoast of creating disc herniation without
causing concurrent moderate-severe (>33%, Wilked 2006) disc height loss. Posterior herniations
were created by combining lower axial compressidah Wigher repetitions of flexion, however, the
concurrent disc height loss was more than 50%eptie-test disc height. While the disc heighslo
that occurred with dynamic testing could be rev@isg placing the specimen in a saline submersion
bath or re-injecting the specimen with barium satglucleus mix the disc height could not be
maintained within the in vivo diurnal range undentinued loading. Furthermore, in a number of
specimens that were re-injected with barium sulphmaix premature anterior herniation occurred.
Attempts to reduce the intradiscal pressure (IDP)emoving the nucleus from the specimen prior to
injecting the specimen with a barium-sulphate s@imucleus failed due to a conflict between
aperture size, level of suction and damaging thrulais. Intermittent saline injection during tegtin
did not change the disc height loss that occurrigd eynamic testing. Anterior or posterior nuclear
extrusion with total loss of the nucleus to outsitie annulus occurred after the annulus was
artificially ruptured prior to testing and also whiigher compression levels were applied during the
dynamic testing. The thoracic spines tested didheaniate but lost more than 50% of their pre-test
disc height during the dynamic testing. In conidosin vitro disc herniations were created but
concurrent disc height loss of more than 33% oftest disc height occurred. The implications that
such disc height loss may have on the resultsvefsitigations using this model need to be considered
on a study-by-study basis.

The limitations of this study are as previouslyatd®ed. Animal models are a necessary part of
the quest for a greater understanding of in vivomachanics. These models are controllable,
reproducible and cost-effective, unlike specimeasnfhuman cadavers where age, exercise level,
diet, environment, personal factors and genes adhhility to a sample. More specifically, the
porcine cervical spine model has been shown toratomically, geometrically and functionally
similar to human lumbar spines (Yingling et al 199land et al 1991) and was not only a
reasonable surrogate for human spines but alsadam\a more reproducible model. Dhillon et al
(2001) and (Callaghan and McGill 1995) have showat tfreezing does not change the time-
dependant behavior nor elastic properties of theefn specimens. The number of repetitions in this
study would precede collagen repair in vivo (Adaamsl Hutton 1982). The specimen pool was
justified by the fact that using an animal modeinira population that was homogenous in age,
exercise, diet, and breed reduced individual viitalof the specimens. Furthermore, the behavior

of the specimen in the sample was similar, redutiegneed to increase the sample size.
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The disc height loss associated with the succe$stdiation of specimens repeatedly flexed
under axial compression levels of 1 and 1.472 kbhiis study was more than 50% of the pre-test disc
height. As the disc height loss of specimens dichinot herniate was very similar to those that did
the herniation cannot account for the loss of disight. Similarly, Holodyn et al (2000) reportéxat
the displaced portion of the nucleus in herniatestsddid not significantly alter disc height. The
volume of herniated nucleus was reported to be 1e2%btal disc volume by Holodyn et al (2000)
(Table 3.3). Disc height loss has previously batmbuted to fluid exchange and creep deformation
of the annulus (Koeller et al 1984). As hydratiewel and disc height loss changes the mechanical
behavior of the disc and spinal segment (Panagiptdos et al 1987, Andersson et al 1979, Kraemer
et al 1985, Gunning et al 2001, Race et al 200@ufic et al 2001, Costi et al 2002, Koeller et al
1984, Adams and Roughley 2006, Jensen et al 199&mA et al 1994, Adams et al 2000, Rohlmann
et al 2005, Dunlop et al 1984, Adams et al 198&rAsl and Hutton 1980, Adams et al 1994, Adams
et al 2000, Rohimann et al 2005) this level of disght loss is of concern to future use of thistpo
herniated porcine in vitro model in research to clhfluid flow, hydrostatic pressure and stress
gradients across the disc are pertinent. The ligdrdevel of the disc decreases as the osmotic
pressure of the disc gradually succumbs to sustam&l compression. This loss of fluid from the
disc makes it more like an elastic solid than aais fluid (Adams et al 1990). Specimens that have
been creep loaded seem to have a reduced susligypiidnerniation (Simunic et al 2001, Adams and
Hutton 1982, Adams et al 1987). Greater disc hdigs is associated with a more fibrosed nucleus
(Adams and Roughley 2006, Jensen et al 1994), nem&gement-related changes in intradiscal
pressure (Adams et al 1994, Adams et al 2000, Rairinet al 2005) and an altered load distribution
across the spinal segment (Dunlop et al 1984, Adztnag 1988, Adams and Hutton 1980, Adams et
al 1994, Adams et al 2000, Rohlmann et al 2005)vetGthe disc height loss associated with this
testing this post-herniated in vitro porcine modepears to be representative of a herniated didc th
also has the disc height characteristics of a nadelgrdegenerate disc (Wilke et al 2006).

Unlike in the current study, compression levelsgodater than 2000N, in combination with
flexion of the specimen, have previously createchiagions (Adams and Hutton 1985). In the
current study premature spontaneous herniationsr@mt under axial compression of 2000N or
2596N, prior to being repeatedly flexed. Adams #&hdton (1985) injected the specimens with
radio-opaque fluid but did not report the quantity the size of the needle used to inject the fluid
The increase in IDP that resulted from the additidrthe barium sulphate-nucleus mix was not
qguantified in the current study but this increas¢DP coupled with the weakened annulus because of
the needle aperture may account for the discrephetyeen the results of these studies. Callaghan

and McGill (2001) compared the repetitions requiegdi the damage created in porcine cervical
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spines when using position control versus torqudrob Position control produced more consistent
but severe levels of damage, which was what proanbie use of torque control in this study. Due to
the increased stiffness of the specimens over tlhuese of the testing the flexion angles that the
predetermined torque levels rotated the specimémdam were reduced, resulting in a static flexion
test which did not create herniations. A prolahdack of consensus on the issue of whether
positional or torque control is more representativén vivo movement exists in the spine literature
which in itself is indicative of a lack of convimg evidence towards one control system or the other
Reviewing the neurophysiology literature emphasineslack of agreement on a particular control
system. Regulation of motor control has been tinkeinternal models in the central nervous system
(Gribble and Scott 2002, Li et al 2001). Thesenmal models, which are thought to be parameter
specific (velocity, direction), interact to produaemovement. Arm movement has been extensively
studied from a movement control perspective. Atlaiet al (1995) report similar EMG patterns
despite different kinematic patterns of the shoultedl elbow joints and suggest that movements are
controlled by muscle activation patterns that damped for the expected torque requirements of the
task. Similarly, Gottlieb et al (1997) hypothesthat voluntary rapid arm reaching movements use
feed-forward control of dynamic joint torque. Hoxge, are the changes seen in the torque the result
of a change of the motor control pattern driverabghange in joint position? Scott et al (19974 ha
shown a change in the central nervous system naatafity when hand orientation changed in a
given task. The sensitivity of the internal motielposition has also been reported by Tong et al
(2002) and Hwang et al (2003). Hwang et al (2088)gested that the internal model, sensitive to
both position and velocity, compute the torque meglto produce the movement. Others promote an
equilibrium control strategy (Massion et al 199a@ouri and Feldman 2001, St-Onge et al 1997)
whereby torques are determined by that requiresthdeve equilibrium of a limb or trunk. Based on
the current literature it appears that this issaenot be categorically decided upon as the litezatu
appears contradictory, indicative of the complexafythe control issue. Searching for one control
system is likely oversimplifying a multi-factoridijerarchical and potentially variable issue.

A number of the attempts that were made in thidysta re-hydrate the specimen to counter the
disc height loss associated with this testing ndthagy were, from one perspective, successful.
Gunning et al (2001) super-hydrated porcine cehdpaes by immersing the specimens unloaded in
a saline bath for 6 hours while Simunic et al (90@dly hydrated discs, increasing disc height by 2
2.5mm, by immersing them unloaded for at least @0r$ in saline solution. Both Gunning et al
(2001) and Simunic et al (2001) were increasinghydration level of healthy specimens. In the
current study, 12 hours in a saline bath incredlsednean disc height from 57.92% to 88.12% (2-

3mm) of the pre-test disc height in specimenshthatalready lost disc height due to dynamic
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Volume (mm®) Mean + SD
Level
Herniated Material Normal Disc

L1-2 - 13663 + 2553
L2-3 278+ 71 15669 + 2584
L3-4 593 + 292 19375 + 3502
L4-5 549 + 329 19580 + 2622
L5-S1 366 + 212 19067 + 3166

Table 3.3: The volume of the herniated material anaf the discs in 44 patients was determined
from MRI and reported by Holodyn et al (2000). Thevolume of the porcine cervical disc is
considerably smaller (endplate area = 500mfr(Yingling et al 1999) x disc height = 5.10-6.10mm
(Tampier et al (in press) = 2550-3050mfh than that of the human lumbar disc.
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testing. While the disc height after the salinbrsarsion bath was at a physiological level, the dis
height loss after further testing was more rapahthn first testing. These results are in keepiitky
those of van der Veen et al (2005) who reportetharease in disc height on unloading specimens
while in a saline bath but not a correspondingdase in nuclear pressure, indicating incomplete
recovery of the nucleus. Decay of the specimenddvieave to be considered if 12 hours in a saline
bath was required to reverse the disc height lessdccurred with every 40-60 minutes of dynamic
testing. Re-injecting the specimens with up tdbbof the barium sulpahte-nucleus mix returned
disc height to within the diurnal levels of disddie variation. The volume added to the porcirsedi

is approximately 20% (Endplate area = 500n{ifingling et al 1999) x disc height = 5.10-6.10mm
(Tampier et al (in press) = 2550-3050fmaf the total volume of the disc. Andersson actufiz
(1979) considered the mechanical properties of veadmmbar spine motion segments before and
after saline injection (volume not reported). Tiaeelve out of 16 specimens that accepted and
retained the saline had increased stiffness ar@B%@-higher IDP on re-loading. In the current study
the stiffness of the segments was decreased bydmtng the specimens but increased again in
many specimens after continued failure testing.

Brinckmann (1986) divided the posterior annuluscaflaver lumbar specimens (minus 1mm),
before loading the specimens with 1-2kN and meaguthe disc contours. A number of the
specimens were injected with 1.5-2ml of salinepadkd and re-measured.  Brinckmann (1986)
reported that leakage into the radial fissure @adhnulus did not occur in any of the 10 specimens.
Unlike Brinckmann (1986), who loaded the specimamder axial compression in neutral posture, the
specimens in this study were loaded under axialpcession in flexed postures. The nucleus of 2 of
the specimens extruded through the posterior rdidiglre, rupturing the outer 1mm of the annulus.
Similar results were reported by Simunic et al @0@ho fully divided the annular wall and loaded
the specimens under axial compression and fulidtex In the current study the nuclear extrusion
exceeded the intended extent of damage and thé&yatml produce herniated discs without
compromising disc height was still at large. Thevature of the lumbar spine varies greatly within
the population. Many clinicians believe that disdéshypolordotic spines are predisposed to disc
herniation. The porcine thoracic spine is hypo-tdicdand was readily available for testing; however
these specimens did not herniate more readily tharporcine cervical spines. In fact, a herniation
did not occur in the thoracic specimen group. e Hosterior annulus of the porcine thoracic
specimens is thicker, the specimens were stiffer the thoracic disc height was less than of the
porcine cervical discs. It is currently unknownetler the same is true of human discs of hypo-

lordotic versus normal or hyper-lordotic spinesisTfinding warrants further investigation.
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The continued pursuit of successful methods ofticrgdnerniation in the absence of disc height
loss is warranted and potentially vital to a mdrerough understanding of in vivo disc failure ahd t
mechanism of treatment responses. As there isipgsrasing pressure on clinicians to adhere to
evidence-based practice the importance of prabticed evidence is paramount. The challenge to
bridge the gap between the expertise and undeistanffered by various disciplines is posed to all
and if accepted will ultimately accelerate the grtion and treatment of LBP. A more thorough
understanding of the post-herniated porcine cervitadel has been attained and a framework for
interpretation of the results of future researcimgishis model has been provided. This model is a
model for herniated discs that have moderate disghh loss. Knowing this and the implications
associated with disc height loss, investigatiothefmechanical theory (movement or positioning can
change the location of the displaced portion oflews in a herniated disc) credited with the clihica

success of the McKenzie approach is acceptableedsnitations of the model are understood.

CONCLUSION

Alternative methods of creating disc herniatiorporcine specimens were attempted. The disc
height loss that coexists with the porcine cervitiat herniations created with repeated flexioneund
axial compression remained clinically significanthis model appears to be a valuable model for
investigation of herniated discs that have subisthdisc height loss and the related mechanics (los
of hydraulic behavior, motion, foramen space andnges in facet loading). Consideration of the
limitations posed by the concurrent disc heighs lpgor to future use of this model and methodology

are imperative.
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CHAPTER 4

THE MCKENZIE APPROACH TO DISC PROLAPSE — EVIDENCE O F A MECHANICAL
FOUNDATION?

ABSTRACT

Background; The McKenzie approach supposes that the locatidheodisplaced portion of the
nucleus in a prolapsed disc can be changed, mdviagvay from pain sensitive structures, by
repeated movement or sustained positioning. f@sry, which is fundamental to the McKenzie
approach, has not been scientifically tested. iBuswesearch has established that repeated flexion
combined flexion and side flexion under low-moderkdvels of axial compression can create disc
prolapse, causing a portion of the nucleus to despbposteriorly. In essence, this study investgat
whether extension or combined extension and sedecih can move the displaced portion of nucleus

towards the centre of the disc.

Methodology; The C3/4 segments of 18 porcine cervical spine wi&sected and potted in ultra
high-density polyethylene cups for testing. Ider to track the position of the nucleus
radiologically 0.55ml of a radio-opaque mixture viajgcted into the C3/4 intervertebral disc (IVD)
through the anterior annulus using a 20 gauge aeeflhterior and lateral view X-ray images were
taken prior to testing to establish that the diss Wealthy and that the nucleus was containedrwithi
the annulus. The specimens were placed in a $gmh@aulic dynamic testing jig. Each specimen
was preloaded (260N for 879s) to reverse the effeftfreezing, following which the potted
specimens were removed from the testing machineaatetior and lateral view X-ray images were
taken in a standard frontal and transverse plasgi@o prior to further testing (the pre-test x-ray
images). The maximum and minimum angles to be émedynamic failure testing were identified
from the angle of increased stiffness on the tomapugular deformation curve of each specimen which
was recorded while the specimen was axially congae$1472N) and rotated in the plane of the test
motion (either pure flexion or combined flexion aside flexion) at a rate of /5. The failure test
involved repeatedly flexing or flexing and sidexiley the specimens under 1.472kN of axial
compression at a rate of %4& and a frequency of 1Hz until prolapse or sewractural damage
(severe disc height loss, retrolisthesis) of thecspen occurred. The x-ray process was repeated at
10 minute intervals for the first 30 minutes oftileg and subsequently at 30 minute intervals. Post
failure x-ray images were taken after completionthef failure test (post-failure images). Specimens
that had prolapsed were immediately put throughewensal test, which consisted of repeated

extension or combined extension and side flexiothefspecimen at a rate of’5and a frequency of
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1Hz. The reversal testing was discontinued whendisplaced portion of the nucleus appeared to
move more anteriorly towards the centre of the discwhen the condition (disc height loss/
retrolisthesis) of the specimen hindered interpi@teaof the results. Post-reversal x-ray imagesewer
taken after completion of the reversal test (pesersal images). An independent radiologist
reviewed the pre-test x-ray images to assess whtthespecimens contained healthy discs prior to
testing and then compared the pre-test and pdstdai-ray images to determine if a portion of the
nucleus had been displaced posteriorly + laterdillsing the failure test. In specimens that were
considered prolapsed the radiologist reviewed tist-peversal x-ray images to provide an opinion on
whether the displaced portion of the nucleus hadedanore anteriorly, towards the centre of the

disc. Disc height of the specimens was measuredbebinvestigator according to Wilke et al (2006).

Results; High correlation between the results of the radipber’s review of the x-ray images on
two occasions was found. Based on a radiologist/ew of the x-ray images, all eighteen specimens
contained healthy discs prior to testing and twahaf eighteen specimens had endplate fractures
while eleven of the eighteen specimens had prothpfter the failure testing. The disc height loss
measured by the investigator of the prolapsed gadugleven after the failure test was 53.03% (SD
18.00%). According to the radiologist there wamaitive clinical change in the displaced portidn o
the nucleus in five of the eleven prolapsed specgmadter the reversal testing while in the remagnin
six the position of the displaced portion of thecleus did not change. The results of the reversal
testing provided a sub-classification of the graafpeleven such that the prolapsed discs that
centralized with reversal testing had significarigs disc height loss (p < 0.01) after the failure
procedure than those that did not centralize. Meitthe classification of the herniation
(circumferential or radial) nor the angle of lordoef the specimens were linked to the behavior of

the specimens.

Conclusion; This study provides a proof of the principle oniaththe McKenzie disc approach is
based. The principle being that a displaced poifonucleus can be directed back towards the cente
of the disc in response to particular active anssppg movements/ positions. Successful reversal of
all disc prolapses was not found. Future stulieestigating the stresses driving the reversal wil
enhance our understanding of the mechanics of Hyeahd pathological discs while studies
investigating optimal doses and techniques of tlo&&hzie protocol will improve the selectivity and

efficacy of treatment.
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INTRODUCTION

Little consideration has been given scientificaity the reversal of the failure process of the
lumbar discs even though numerous studies havestigated the loading mechanisms necessary to
cause disc failure (Callaghan and McGill 2001, Aah et al 2005, Andersson 1981, Brinkmann
1986, Kelsey et al 1984, Gordon et al 1991, Lulet9®6). This being despite the fact that the
reduction of symptoms and signs related to suah disnage is a key objective of the daily work of
many physiotherapists. It has been proposed higasuccess of the McKenzie approach, considered
one of the most widely accepted physiotherapy aggves in diagnosis and management of low back
pain (LBP) (Varamini and Jam 2005), has to do wiihvement/position-related reversal of the disc
damage. Specifically, it is thought that the jortof the nucleus that has left the centre ofdise
and resides in the annulus is directed back towHrescenter in response to particular active and
passive movements/ positions. To date no onelestalbstate categorically whether the conceptual
model for the derangement syndrome is correct. k lafcquantification of the clinical theory of
treating disc damage limits the understanding ahecsvity of such practices. Furthermore, in the
absence of a thorough understanding of the modsdfett (mechanical, sensory, psychological) of
this movement based approach the treatment mayibegtimal.

The McKenzie approach is an established internatiarinical assessment and treatment
technique. One aim of this approach is to iderdifig reduce prolapsed/herniated discs. Generally,
the foundation of this technique is clinical expede coupled with a theorized explanation. The
founder of this movement-based technique suggéststhe identification and treatment of disc
prolapse is based on the mechanical response ofubkeus pulposus of the IVD to repeated
movement and sustained positioning. Centralinatiaterm coined by McKenzie, is the reduction of
the most distal symptom with repetition of a parté movement or by sustaining a particular
position, the movement and position being partictdathe location of the displaced portion of the
nucleus. The centralizing direction of movementstncommonly involves extension movements
(Donelson et al 1991). McKenzie proposed that divection of movement that centralizes the
symptoms precisely corresponds with the directiowlich a portion of the nucleus has abnormally
migrated and that successful centralization is ddget on a hydrostatically intact nucleus that is
contained within the outer annulus. The cliniaadl gorognostic value of this technique has been the
topic of some investigation. Adams et al (199@)oréed patients had decreased pain scale readings,
increased lumbar range of motion, reduced trunkcheusctivity and elevated levels of substance P
following a 6-week treatment program of the McKenextension procedures. Long et al (2004)

reported that over 90% of those assigned to a Mzi€eexercise regime reported their symptoms
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were better or resolved after 2-weeks of the progrélexander et al (1998) were able to predict in
91% of cases using this repeated movement assessrnbnique those that would respond to non-
surgical treatment of disc prolapse. Similarly,ngo(1995) found that centralizers reported
significant deceases in their maximum pain ratiagd had a higher return-to-work rate than non-
centralizers. Donelson et al (1990) reported thiaints, who could not achieve centralization of
symptoms as a result of repeated movements, didespond well to conservative therapy and
generally had a poor treatment outcome. Doneldoml §1997) investigated the theory that
centralization is dependent on a competent anr(tihes outer border not breached) in a study that
investigated the correlation of the McKenzie clfissiion of the symptom response to movement to
whether or not the annulus was competent, as detednby discogram. Ninety-one percent of those
that centralized had an intact annulus suggestiogsiple grounds for this component of the
McKenzie theory. The issue of a competent vershieached annulus raises the terminology issue.
In clinical circles, posterior displacement of atfmm of the nucleus that does not breach the outer
annulus is referred to as a ‘prolapsed’ disc wpibsterior displacement of a portion of a nucleus
through a breached outer border of the annulueferred to as a ‘herniated’ disc. However, in
research there appears to be an absence of ttiretiish and the term ‘herniation’ tends to be used
cover this spectrum of disc damagés it has been shown that centralization is depeinda a
competent annulus (Donelson et al 1997) the tersa ¢rolapse’ will be used to signify this
distinction.

From a biomechanical perspective, the McKenzie angtion appears possible given the design
of the disc, the movement-related changes in therrial pressure of the disc and the movement-
related potential for annular damage. In its sasplform, the disc can be considered a pressure
vessel whereby the nucleus is the pressurized #natithe annulus and vertebral endplates make up
the walls of the vessel (Brinkmann and Grootenti@g1). As a viscous fluid, the nucleus does not
possess a shape of its own but rather takes agshtpe of the vessel within which it is containelde T
change in shape and position of the nucleus asedordth movement depends on a change in shape
created by the annulus and/or the endplates. tHautmechanics are not straightforward. Flexion
causes lowering of the anterior aspect of the Bemtebody and rising of the posterior aspect, which
results in increased compression of the anterioulais along with increased tension of the posterior
annular fibers. Adams and Hutton (1982) reported in full flexion a 50% increase in the posterior
annular height and a 30% decrease in the heighhefanterior annulus occur relative to their
respective heights in erect standing. They aponted that the posterior annulus thins to 67%sof
thickness in lordotic posture while the anteriornalns buckles inward from the additional

compression during flexion. This would depend tyean the amount of viscous “healthy” nucleus
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and state of the disc. Brault et al (1997), Sbkhet al (1988) and Fennel (1996) have all reploate
posterior shift, of less than 1.0mm, of the nuclendlexion in healthy discs. More recently Lyndsay
et al (2007) reported posterior migration of thakppixel intensity of the nucleus on MRI in sittiitg
lumbar flexion relative to that when sitting in ertled posture, standing and in prone extension.
This change in position of the nucleus has beesseth by others as a change in shape of the nucleus
in full flexion in a healthy IVD (Hickey and Hukia980b). Flexion postures also cause an increase
in the hydraulic stress (flow-related) on the poeteannulus and a large increase in the in vivo
nuclear pressure (static), the latter is largely ttuthe increased compression caused by the sexdea
ligament tension and contraction of the back msscle Thus many mechanical changes occur with
flexion: the posterior fibers of the annulus haweerésist increased internal pressure; increased
hydraulic pressure of the nucleus; and increaseside of the annular fibers. Supporting the
argument that a portion of nucleus will displace®ithe area of the annulus that is under maximum
combined stress are the findings of Aultman eR8DB) (Appendix A), a study in which specimens
that were repeatedly flexed where the flexion axis moved 3Dto the left of the sagittal plane
developed right postero-lateral disc herniatiomsdjgtable in 15 out of 16 specimens. Specifigally
the site of the nucleus breach of the inner annwhs determined by the bending axis, a finding also
reported byTsantrizos et al (2007)Looking more closely at the specific cause afudar damage
McNally et al (1993) identified stress concentrasion the area of eventual herniation in their gtud
that looked at the failure of motion segments. eyrBuggested stress concentrations; defined as a
greater maximum annular vertical stress than thannsress in the nucleus, result in the outer
lamellae bulging outward while the inner lamellae aollapse inward. The stress concentrations
were identified at the anatomic boundary betweennticleus and inner annulus, a location that the
authors suggested could initiate sequential failuRRecent research by Tampier et al (in press)
suggests that the tension and eventual ruptureh@fainnulus may not be not be an accurate
component of the mechanism of herniation. The &tiom of clefts between the annular layers was
identified on repeated flexion of porcine cervispecimens under axial compression of 1472N and
suggests that the hydraulic stress plays a largeimathe displacement of a portion of the nucleus.
Future research addressing the interplay of theharecal stresses on the annulus is required before
the mechanism of herniation can be stated defynitel

As suggested by the work of Brinckmann (1986),iflaxis a necessary component of posterior
disc herniation creation. Axial compression of lmmmotion segment specimens in which the
posterolateral aspect of the annulus had been dainag cutting the annulus, except for the outer
1mm, did not result in an extrusion of disc maleatathe site of annular damage. Brinckmann

(1986) concluded that a radial division of the dnaunder compression in a neutral spine posigon i
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not sufficient to produce a clinically relevantdiserniation. A number of mechanical concepts can
explain why flexion is a necessary component otgras disc failure. Considering the disc to be a
pressure vessel, with solid non-permeable wallspotdlages the complexity of the interaction
between the fluid and solid components of the ditare accurately, the disc should be considered as
a porous elastic solid containing a viscous incasgible fluid. The theory of the deformation of a
porous elastic solid containing a viscous incompl®s fluid developed by Biot (1941, 1956, 1957)
has been applied to the IVD given its biphasic behgfluid (nucleus) and solid (collagen layer of
the annulus) phases) (Simon et al 1985). A compoofethat theory and of particular interest tcsthi
discussion is the permeability of the annulus aadscleration of how the annular permeability
changes with position of the spine and with the algenpreviously described. The permeability (k

of the annulus is related to the effective radajf the pores by;

ka= (. ")/ (8.2 1) Eqn. 4.1

whereby

is the porosity of the annulus, is the viscosity of the fluid and theis the tortuosity
factor, which is the distance actually traversedalijuid particle relative to the thickness of tissue
(Holmes and Mow, 1990). The porosity of the anautay differ in neutral and flexed positions of
the disc as voids between the annular fibers apes®d when the posterior annulus is tensioned in
flexion and the increased porosity may enable dighent of a portion of the nucleus.

Darcy's law offers yet another mechanical explamatfor the necessity of flexion to the
development of disc herniation. The rate at whiatld can flow into or out of the annulus under a
pressure driving force depends on the hydraulianpability (k, ) and the hydrostatic pressure

difference P as follows:

J = (Wh)*(P) Eqn. 4.2

where ‘h’ is the total thickness of the perfuses$iie. The hydrostatic pressure within the nucleus
increases drastically in a flexed position of theivo spine and could help fluid flow into the arar
layers.

Central to the McKenzie theory of assessmentrahdbilitation of disc prolapse is a clinician’s
apparent ability to influence the location of aptged portion of nucleus in the annulus. If the
combination of increased compression of the antespect of the disc and increased tension of the
posterior annulus results in a stress gradientimgube flow of the nucleus in flexion - is there a

corresponding stress gradient that could revemsaticlear infiltration of the annulus? Adams et al
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(2000) investigated the effects of backward bendinghealthy lumbar IVD and found thal &f
extension increased the maximum compressive sivigsis the posterior annulus by an average of
16%, compared with the neutral posture, in degeeérand healthy IVD. Backward bending tended
to reduce the compression in the anterior annuhdgsraicleus (to 0.5 MPa) and increase it (to 2.75
MPa) in the posterior annulus, creating a greatieyss gradient across the disc than in a neutral
position. However, in degenerate spines the tesutre more variable. In 7 of 19 degenerated
specimens extension caused a reduction, of up%a #0the maximum compression in the posterior
annulus while in the other degenerate discs thepoession was increased by 43% relative to the
neutral posture. Adams et al (2000) suggest tleawvariability in the stress gradient across ttse di
created by extension may be a reasonable explarfatithe variance in the success and failure ef th
McKenzie approach in reducing disc prolapse. Mgl shows how this mechanical theory can
impact the results of McKenzie approach. The stgradient in an extended posture of a healthy
spinal segment and a segment that has lost digbtheie shown. The loss of disc height associated
with degeneration can change the contact pointseospinal segments which would move the centre
of rotation more posteriorly. This would resultiicreased compressive loading of the neural arch
and increased tension of the anterior and postamimmulus. According to this theory the
decompression of the posterior annulus may all@wdisplaced portion of the nucleus to track more
anteriorly towards the centre of the disc. Immary, the clinically proposed mechanism of the
success of the McKenzie approach to disc derangemasnbeen considered from a mechanical point
of view and such consideration has shown that tbpegsed mechanisms have merit. Quantitative
investigation of the mechanical ability of repeatadvement/sustained positioning to influence the
location of the displaced portion of the nucleus wentral to this study.

A number of different disc lesions have been dbescki The formation of distinct fissures in the
annulus, radial and circumferential, has been pwsly reported (Adams and Hutton 1985,
Thompson et al 1990, Brinckmann and Horst 1985 dkmann and Grootenboer 1991, Haefeli et al
2006) and defined as fissures that are perpenditoléhe endplates and those that run along the
circumference of the disc respectively. Also poeiy reported are rim lesions (Osti 1990) which
are radial tears at the periphery of the annuljscadt to the endplates. More recently Tampiel et
(in press) identified the formation of small cleftsbetween the layers of the annulus through which
the nucleus pulposus was ‘pumped’ in porcine cefvapines tested under axial compression and
repeated flexion (Callaghan and McGill 2001). Omcepocket of nucleus within a cleft acquired
enough pressure a new cleft was formed in the vatglat of the layer and the cycle repeated. A

portion of the nucleus was eventually displaceth&oouter annulus as propagation of the cleft
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Figure 4.1: A schematic of the stress gradient aoss the disc during extension of (a) a hydrated
healthy disc and (b) a dehydrated, degenerated disdn a healthy hydrated disc the
instantaneous axis of rotation (IAR) of extensioniés in the posterior aspect of the nucleus. As
disc height decreases the contact of the articulaurfaces of the facet joint increases moving the
IAR more posteriorly. The anterior annulus and posgerior annulus are both under tension as
the neural arch shields the posterior annulus fromcompression. Adams et al (2000) suggests

that this may account for the success of the McKereextension approach.
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formation continued peripherally. Whether cleftnation is the only pathway through which a
portion of the nucleus becomes displaced, a prectwsrupture or a totally separate process, reptur
and cleft formation possibly occurring under diéfier conditions will be the topic of future research
The circumferential or radial displacement of thielaus was considered in this study in reference to
the changes caused by the extension treatmeng apcimens.

The curvature of the lumbar spine varies greatlihiwithe population. Hypolordotic posture
reflects a flexion pattern of stress on lumbaruéssin ADL (Scannell and McGill 2003). Many
clinicians believe this predisposes discs of hymltic spines to disc herniation. Furthermore, the
hypolordotic spine is thought to be predisposethézhanical low back pain (MLBP) as it lacks the
inbuilt protection of lordosis (Farcy et al 1997ed¢gan 1953, LaGrone 1988). As identification of
individual characteristics that predispose to paféir forms of MLBP would be a key step in the
prevention of MLBP the link between the lordotiaginof the porcine spines and the prevalence to
prolapse was considered.

The objective of this study was to create in vidisc prolapse in porcine cervical specimens, to
investigate the effects of extension and/or sidedbeovements on the position of the displaced
portion of the nucleus in the annular layers. Tjgotheses of this study were:

H: Repeated motion, opposite to the motion thaseduhe disc to prolapse, would reverse the

position of the displaced portion of nucleus.

H: Discs that would not respond to reversal testiogld have a portion of the nucleus displaced

circumferentially in the annulus or have a full tiation, with the displaced portion of the

nucleus breached through the outer annulus

H: The specimens that prolapse will have been disddodm hypolordotic spines.

METHODOLOGY

Creating disc prolapse (Failure procedure)

The C3-6 segments of 18 porcine cervical spinese wiégsected from porcine spines that had
been bagged and frozen immediately post-mortemtlaanded at room temperature for 12-15 hours
prior to dissection. A lateral x-ray image (MergWodular X-ray, 007 mas, 100ma, 54 kvp) of the
C3-6 intact segments was taken before the C3/dlasenentus specimens (intact IVD, facets and
intervertebral ligaments) were dissected. The pwetised to create disc prolapse is based on that of
Callaghan and McGill (2001). The C2/3 and C4/5 $/ere examined for degeneration and all
specimens were classified as Grade 1 on Galantale sf disc degeneration. For the purposes of

testing, the specimens were wired with 18 gaugel stéres and cemented with non-exothermic
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dental stone (Denstone ®, Miles Inc., South Bej, WSA) into ultra high-density polyethylene
cups. The anterior wiring was changed to imprtihee visibility of the nucleus in the lateral x-ray
images such that a wire ran through the top ofGReand bottom of the C4 vertebral bodies. Wood
screws were inserted, to a maximum depth of 1 ot both the top cup and center of the C3
vertebral body and the bottom cup and center oCdheertebral body to ensure bonding. In order to
track the position of the nucleus radiologicallp®ml of a radio-opaque mixture (BaS@ixture)
was injected into the C3/4 IVD through the anteaonulus using a 21 gauge needle. Two of the
specimens were injected with a solution of bariwipisate, Blue dye (250mg Coomassie brilliant
blue, 97.25 ml of distilled 0 and 2.5 ml of methanol) and distilled water, i&:&:2 ratio, while the
remaining 16 were injected with the same solutioth which the C2/3 nucleus was mixed. The
C2/3 nucleus was the harvested nucleus of the eljssegment which was mixed with the radio-
opaque solution to eliminate the possibility thiae tless viscous BaQOnixture could herniate
through annular clefts/ ruptures that the moreoaascnucleus would not. The needle aperture was
sealed with superglue after the injection. A lapérsaline (0.9% NaCl) soaked plastic-backed
material and a layer of polythene film were wrappedund the specimens to rehydrate them. The
specimen was placed in a servo hydraulic dynanstinig machine (model 8511, Instron Canada,
Burlington, Ont., Canada), which had been modif@dpply both axial compression and single plane
pure moments simultaneously (Callaghan and Mc®ill1d. An unconstrained testing apparatus was
utilized so the cup containing the C3 segment waslfin position, the center of the testing plate i
line with the geometric center of the C2/3 discjlevthe lower cup, containing the C4 segment was
free to translate and rotate on a low friction acgf. Each specimen was preloaded (260N for 879s)
to reverse the effects of freezing during whichetithe Instrom found a position of zero torque Far t
specimen. Following preload the potted specimeasewemoved from the jig and anterior and
lateral view X-ray images were taken prior to ferthesting (the pre-test x-ray images). Moulds
supporting the upper and lower cups were made iotaia a standard frontal and transverse plane
position of the specimen during the x-ray proce&s.earlier pilot work had shown that the position
of the nucleus was not altered whether the specwanx-rayed in a pre-determined sagittal plane
position or as determined by the stiffness of ghecsnen after testing it was decided not to fix the
sagittal plane position of the specimens for x-raghe argument for this being that clamping the
specimens into a pre-determined position would havedesirably varied the compression of the
specimens at the time of x-ray and additionally endiagnore difficult to maintain the standard frdnta
plane position of the specimens during the x-raycess. Disc height measurements would not be
altered by a change in the sagittal plane anglmgw-ray as it is averaged across the disc. tieor

to identify the maximum and minimum angles to bedusor dynamic failure testing the torque-
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angular deformation relationship of each specimes wecorded. To do this each specimen was
axially compressed (1472N) and rotated 5 timeitimer pure flexion or combined flexion and side
flexion (depending on the direction of the test imoy, at a rate of 0% during which the torque-
angular deformation curve was plotted. The anglatdch the stiffness of the torque — angular
deformation curve of the specimen increased wamtémum angle used in the dynamic testing and
an angle 1Dless than the maximum was the minimum angle usékhe first 4 specimens were
repeatedly flexed under axial compression of 14a2hl rate of 4%s and a frequency of 1Hz and the
repeated test motion of the remaining 14 was coetbftexion and side flexion also under 1.472kN
of axial compression at a rate of’45and a frequency of 1Hz. The x-ray process wpeated at 10
minute intervals for the first 30 minutes of tegtiand subsequently at 30 minute intervals. Ifyearl
tracking of a portion of the nucleus was identifieca specimen more frequent x-rays were taken to
prevent full herniation, rather than prolapse, & specimen (Table 4.1). Post-failure x-ray images

were taken after completion of the failure tests{gailure images).

Reversal Testing

Prolapse was defined as a posterior/lateral shifienucleus of at least 50% (2-3mm) of the pre-
test width of the annulus. Specimens that hadapeald were immediately put through a reversal test
which consisted of T0(from the position of zero torque determined dgrpreload) of repeated
extension or combined extension and side flexiothefspecimen at a rate of’45and a frequency of
1Hz. In accordance with the McKenzie approachgdihection of motion that changes the location of
the displaced portion of the nucleus preciselyasponds with the direction in which a portion & th
nucleus has abnormally tracked. Combined exterasimhside flexion was the movement used for
the reversal test if the student investigator deiteed from the post-failure anterior x-ray imagatth
portion of the nucleus was displaced laterally &l ws posteriorly, as seen on the lateral x-ray
image. Axial compression of 260N was used for theersal test after two tests at higher
compression levels (867 and 1472N) raised conadast disc height loss. The reversal testing was
discontinued when the displaced portion of the euglappeared to move more anteriorly towards the
centre of the disc or when the condition (disc heigss/ retrolisthesis) of the specimen hindered
interpretation of the results. Post-reversal x4iragges were taken after completion of the reversal

test (post-reversal images).
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DATA ANALYSIS

Given the importance of the consecutive x-ray insafige each specimen in this study steps were
taken to avoid errors and confirm that erroneousitipming of the specimens for x-ray would not
hinder the interpretation of results. The x-rayagas were taken when the specimens were held in
supporting moulds in standard frontal and tran®/pasitions. Furthermore a series of x-ray images
were taken of one specimen in a number of rotatesitipns (Figure 4.2). The changes in the
position and dimension of the nucleus and wireseveensidered. The position of the nucleus could
be manipulated by consecutivé ftations of the specimen in the supporting maulddowever,
notable change in the position of the wiring ighliss with this degree of rotation, which providdzbt
control marker needed to ensure such rotationahgdm in the position of the specimen on x-ray
would not be mis- interpreted as ‘real’ changee Thange in the wiring position in the pre-tesstpo

failure and post-reversal x-ray images for eacltispen was minimal.

Creating disc prolapse (Failure procedure)
An independent radiologist reviewed the x-ray ing|age two occasions, 3 months apart, to
D) Determine that the pre-test discs were healthyedvas the disc height of each specimen,
the nucleus of each specimen being contained will@rannulus and the relative position
of the vertebrae (no spondylo- or retro-listheSgondylolisthesis being the anterior
displacement of t),
(2) Classify the type of failure that occurred withldia¢ testing (no failure, endplate fracture,

prolapse, herniation, retrolisthesis) and to caiegdhe disc height loss of the specimens.

Reversal Testing
The independent radiologist reviewed the post ‘realetesting x-ray images to
3) Categorize the loss in the disc height of eachispatas mild, moderate or severe
4) Determine whether the location of the displacediporof the nucleus in the posterior
annulus of each specimen had changed and if sbén direction
(5) Determine the change in vertebral body alignmefdtixe to that of the post-failure

testing alignment (spondylo- or retro-listhesis)
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Reps. of Test ]
) Reversal Test Reps. of ‘Treatment’ Motion ]
Motion Sustained
) Compression (N) .
Specimen Flexion/ Extension
) ) [N/T = Extension Extension/ )
Flexion | Side (Mins)
. not tested] Reps. Side flexion
Flexion
K 5400 N/T -
5400 867 1200
N 5400 1472 1200
M18 10800 N/T -
011 9000 260 900
013 3600 260 1800
0132 5400 260 1800
016 5400 N/T -
0162 1800 260 1800
0173 14400 N/T
018 1800 260 2700
260 900
023 2400
606 2700
0232 4500 N/T -
0233 4500 N/T -
260 - - 15
024 900
260 900
0242 1800 260 5100
025 3300 N/T -
N32 2700 260 900

Table 4.1: While under 1472N of axial compressiorhe repetitions and direction of motion used
to create disc prolapse are shown. Subsequent resal test specifications are shown on the
right-hand side of the table. Testing of specimenthat had not failed but that had severe disc

height loss was discontinued.
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Figure 4.2; A series of lateral x-ray images wereaken of one specimen in varying rotational positios. A
line drawn between the tips of the screws provided line of reference. The screws are positioned the

center of the upper and lower cup and therefore eqdistant from the x-ray plate in all images. The
position of the nucleus in the lateral x-ray imageould be manipulated by a & rotation of the specimen in
the supporting moulds. However, notable change ithe position of the wiring is visible with this degee

of rotation, which provided the control marker neeced to ensure such rotational changes in the positio
of the specimen on x-ray would not be missed andterpreted as ‘real’ change.
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Posterior Disc
Height

Anterior Disc
Height

Figure 4.3: As per Wilke et al (2006) anterior discheight is calculated as the sum of the
perpendicular distances from the anterior edges ofhe superior and inferior vertebral bodies
(anterior black dots) to the midplane of the disc dashed line).  The edges of the vertebral
bodies are identified as the points that are furthst from the center of the vertebral body.
Posterior disc height is the sum of the distancesdm the posterior edges of the superior and
inferior vertebral bodies (posterior black dots) tothe midplane of the disc. Both in Wilke et al
(2006) and in the current study the disc height waseasured directly from the lateral x-ray
images by each observer. Wilke et al (2006) expsesl disc height as a percentage of the normal
values reported by Frobin et al (1997). In the cuent study disc height loss was expressed as a
percentage of the pre-test disc height (post-prelod and the anterior and posterior disc heights

were averaged to give one figure for disc height $s.
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Figure 4.4: The position of the nucleus was measen relative to the inferior articular process
of the C3 segment (black dashed line). The distamdrom the anterior and posterior borders
(while dashed line) of the nucleus relative to thisne were compared to the equivalent distance

on subsequent x-ray images.
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The pre-test (post-preload), post-failure and pegersal disc height of the specimens was
measured by the investigator on the lateral x-nagges according to Wilke et al (2006) (Figure 4.3).
The post-failure and post-reversal disc height m@amalized to the disc height of the pre-test (post
preload) disc height measurements. The positigheoposterior margin of the nucleus was measured
relative to the inferior articular process of thg €2gment by the student investigator (Figure 4.4).
The stiffness of the specimens was recorded asldpe of the line joining the minimum to maximum
angles of the repeated motion on the torque-defiomaurve. The mean stiffness over the first 10
cycles of the dynamic test was considered thegsestiffness and was compared to that of the last
ten cycles, the final stiffnes3.he lordotic angles of the C3-C6 spine and of tB&Gpecimen were
measured. The lordotic angle of the spine wasddfas the angle between the superior endplate of
the C3 vertrbral body and the inferior endplatéhef C6 vertebra (Figure 4.5) while the lordotic
angle of the specimen was defined as the anglecieetthe superior endplates of the C3 and C4
vertebral bodies (Figure 4.6).

A two-way Pearson’s correlation was used to compgheeradiologists’ review of the x-ray
images on two occasions. Differences in disc heggid stiffness of specimens after the failure
testing were considered using a paired t-test. eRe measures ANOVA was used to test for
significant group differences (reversed or not)diac height and stiffness of prolapsed specimens
after failure and reversal testing. Analysis & tbility of disc height post failure testing tcegict
the specimen response to reversal testing was rpertb using discriminate testing. A one-way
ANOVA was used to test for group differences (ppsked or not) in the lordosis angle of the

specimens.

RESULTS

The correlation of the radiologist review of theay images on two occasions was found to be
high. Perfect correlation scores on the healtthefspecimens prior to testing and on the number of
endplate fractures after failure testing was fourignificant correlation of whether the specimens
prolapsed or not was (p, 0.01, r = 0.9), one spegithat was considered not prolapsed on the first
review was considered prolapsed on the second.irlastigator had deemed it not prolapsed at the
time of testing and had not put it through the reaktest. The correlation of whether the posterio
margin and the posterior volume of the displacediqo of nucleus changed after the post reversal
testing was r = 0.83 and r = 1 respectively. Omghcond review the radiologist deemed that the
posterior border of two specimens did not changer dfie reversal testing. He reported a clinically

significant change in the posterior volume of tlhielaus in both of these specimens on both reviews.
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Figure 4.5: The lordotic angle of the porcine spirewas measured as the angla) between the between the superior endplate of th&3

vertrbral body and the inferior endplate of the C6 vertebra. In this example the lordotic angle is 38
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Figure 4.6: The lordotic angle of the C3/4 porcinspecimens was measured as the anghd between the superior endplates of the C3 and

C4 vertebra. In this example the lordotic angles 17.
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The radiologist’s first review of the x-ray imagage shown on table 4.2. After the failure testing,
two specimens had endplate fractures while elevetheo eighteen specimens had prolapsed. The
mean disc height loss of all specimens, measurear@iag to Wilke et al (2006)by the investigator,
was 55.89% (SD 15.59%) and that of the specimeas ptolapsed was 53.03% (SD 18.00%).
Significant increases (p < 0.001) from 1.31Nm/dedi®€D 0.42) to 2.44Nm/degree (SD 0.633) in the
stiffness of the 18 specimens after the failurecpdore were found. Seven of the 18 specimens that
underwent failure testing did not go on to haverérsal’ testing as 2 of the 7 had endplate frasture
with severe loss of disc height after the failuregedure while the 5 others not did not prolapse.
According to the radiologist there was a positiliaical change in the displaced portion of the
nucleus in five of the eleven prolapsed specimétes the reversal testing (Figures 4.8- 4.12; note
some variation in the photographic magnificatiorthe images exists and thus measurements should
not be taken directly from these photographs) winilthe remaining six the position of the displaced
portion of the nucleus did not change (Figure 4.1Bhe disc height loss of the 11 specimens after
reversal testing was 46.49% (SD 27.46%) with naniBaant differences found between the
specimens that reversed that those that did nioterestingly, the post-reversal results provided a
sub-classification of the 11 post-failure prolapspeécimens. A significant difference (p < 0.01) in
the post-failure disc height was found betweenptidapsed discs that reversed and those that did no
(Figure 4.14). The change in position of the dateand posterior margins of the nucleus was of
mean magnitude of 2mm (SD 2.2mm) and 2.6 mm (SDvir§ respectively (Note the width of the
posterior annulus in these specimens was in thgerah 4-6mm). No change was identified in the
posterior margin of the nucleus in two of the fiulapsed specimens after the reversal testing. The
review by the radiologist was not only based ongbsgterior margin but also on posterior volume and
clinically important changes. The specimens thiciindt respond to reversal testing had prolapsed to
a greater extent (more volume posteriorly and fmaagnt outer border of annulus) then those that did
respond The stiffness of the specimens increased ovecooese of the reversal test from 1.27 to
1.88 Nm/degree when loaded under 260N of axial cesgion. When considered separately the
number of repetitions of motion (failure procedwe reversal testing), the direction of motion
(flexion versus combined flexion and side flexion) the maximum range of the repeated motion did
not have a significant effect on the changes i thisight (post-failure procedure or post-reversal
testing) or distinguish between those that did pralapse, those that prolapsed and reversed and
those that prolapsed but did not reverse. Thrakeo§ix discs that did not respond to 2 of those t
did respond reversal testing had circumferentialgpses but no consistent herniation pattern was
found to distinguish between the discs that respdnaind those that did not respond to reversal

testing. The lordosis angles of the spines ancheats ranged from 28-32nd 7-22 respectively

88



18 Specimens Failure Tested
11 Prolapsed/Herniated 5 did not fail but had 2 had Endplate
moderate — major dis¢ | Fractures

/ \ height loss /,

5 had \
moderate 6 had severe
disc height disc height loss| 7 did not have
|955 | ‘reversal’ testing
All 5 None of the 6
responded to responded to
reversal reversal testing
testing

Figure 4.7: An overview of the results of the failre procedure and of the reversal testing is
shown. Of note are the 5 prolapsed discs that haghoderate posterior disc height loss and
responded positively to reversal testing versus thé prolapsed discs that had severe posterior

disc height loss and did not respond to reversal $&ng.
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Post Failure test

Post ‘Reversal’ test

) Reduced
Posterior Lateral ] Reversal of ) Reversal of
Speci Endplate o o Disc ) posterior ) Increased . )
pecimen migration of | migration of Retro- . posteriorly |;aterallymi Disc height
Fracture ] ) height ] volume of retro-
nucleus nucleus listhesis migrated ) grated ) ) change
YIN loss migrated listhesis
Y/N Y/N nucleus nucleus
nucleus
K Y N N Y Severe N/T
L* N Y N N Mod. Y Y N
N* N Y N N Mod. Y Y N N
M18 N N N N Mild N/T
O11** N Y N N Severe N
013** N Y Y Y Severe
0132** N Y N Y Severe N N N
016 Y Y N Y Severe N/T
0162* N Y N N Mod. Y Y Y N
0173 N N Y Y Mod. N/T
018* N Y Y N Mod. Y Y
023* N Y N N Mod. Y Y N
0232 N N N N Mild N/T
0233 N N Y Y Mild N/T
024** N Y Y N Severe N N N N
0242** N N Y N Severe N N Minor ant.
025 N N N N Mild N/T
N32** N Y N Y Severe N N N N N

Table 4.2: An independent radiologist’s opinion othe changes in the condition of the disc and théhange in the position of the “nucleus” with each
stage of testing as seen in the x-ray images aretlned. * Five of the 11 prolapsed discs respondeo reversal testing. ** The 6 prolapsed discs tht
did not respond to reversal testing had all lost me disc height after the failure procedure than thae that reversed
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Anterior Posterior

Figure 4.8; The pretest, post-failure and post-rewsal lateral images of specimen L. This
specimen was one of the five that responded to theversal testing according to the
radiologist. The distance from the posterior margn of the nucleus to the inferior articular

process of C3 (black vertical line) is indicated byhe white dashed line.
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Anterior Posterior

Figure 4.9 The pretest, post-failure and post-reversal lateraimages of specimen N. This
specimen was one of the five that responded to theversal testing according to the
radiologist. The distance from the posterior margn of the nucleus to the inferior articular

process of C3 (black vertical line) is indicated byhe white dashed line.
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. Posterior
Anterior

Figure 4.10 The pretest, post-failure and post-reversal lateraimages of specimen 0162.
This specimen was one of the five that responded tbe reversal testing according to the
radiologist. The distance from the posterior marginof the nucleus to the inferior articular

process of C3 (black vertical line) is indicated byhe white dashed line.
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. Posterior
Anterior

<
«
- o o o .

Figure 4.11The pretest, post-failure and post-reversal lateraimages of specimen O18. This
specimen was one of the five that responded to theversal testing according to the
radiologist. The distance from the posterior marginof the nucleus to the inferior articular

process of C3 (black vertical line) is indicated byhe white dashed line.
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Anterior Posterior

Figure 4.12The pretest, post-failure and post-reversal lateraimages of specimen 0O23. This
specimen was one of the five that responded to theversal testing according to the
radiologist. The distance from the posterior marginof the nucleus to the inferior articular

process of C3 (black vertical line) is indicated byhe white dashed line.
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Anterior Posterior

Figure 4.13; The pretest, post-failure and post-rearsal lateral images of specimen 0132.
This specimen is one of the six prolapsed discs théhe radiologist's regarded as not
changed after the reversal test. The distance froitie posterior margin of the nucleus to the

inferior articular process of C3 (black vertical line) is indicated by the white dashed line.

96



Retained Disc Height
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O not prolapsed B prolapsed not reversed B prolaped reversed

Figure 4.14: The disc height, measured according tWilke et al (2006), after the failure
procedure and after the reversal testing of the thee categories of specimens is shown. The
specimens that prolapsed and responded to reverstdsting had significantly more disc height

after the failure procedure then those that did notrespond to reversal testing.
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and did not distinguish between the groups. As $edable 4.1 the reversal testing that centrdlize
the disc prolapses did so with movements in theesplaine but opposite direction to the movement
that caused the prolapse, in all but one cas¢helicase of 023, a specimen that failed with coetbin
flexion and lateral flexion, was ‘reversal’ testeilh pure sagittal extension as the prolapse agpgear

in the sagittal plane only.

DISCUSSION

Repeated extension (or combined extension andosidé) following posterior (or posterolateral)
disc prolapse was found to make a positive clinotainge in the displaced portion of the nucleus in
number of discs. In so doing this study is a praiothe principle on which this aspect of the
McKenzie approach is based. To the author's kndgdethis is the first scientific evidence
supporting the theory that repeating movements sippoo those that caused posterior migration of
the nucleus can alter the prolapsed material. rékelts indicate that the McKenzie approach works
on some prolapsed discs and not on others. Coasiolerof the changes in disc height of the
specimens during the testing procedures offers sonuerstanding of the varied success of this
approach. The disc height loss after the failurecg@dure distinguished between specimens that
responded to reversal testing and those that didespond. Classifying the type of prolapse as
circumferential or radial did not throw consistéight on the varied success nor did consideration o
the lordosis angle of the specimens. These fgsdprovide support for the postulated mechanism of
the success of the McKenzie approach. The suofd¢bs approach is likely modulated by a number
of factors, disc height loss being one such factor.

The limitations of this study include the use ofaarimal model. Animal models are a necessary
part of the quest for a greater understanding ehia biomechanics and are helpful in understanding
clinical observations. These models are contridlalbeproducible and cost-effective, unlike
specimens from human cadavers where age, exemsisé Hiet, environment, personal factors and
genes add variability to a sample. More specificaghe porcine cervical spine model has been
shown to be anatomically, geometrically and furmity similar to human lumbar spines (Yingling
et al 1999, Oxland et al 1991) and was not onlgasonable surrogate for human spines but also
provided a reproducible model. The use of an trounodel to replicate an in vivo phenomenon
hinders the interpretation of such work in an imovcontext. Dhillon et al (2001) and Callaghan and
McGill (1995) have shown that freezing does notngeathe time-dependant behavior nor elastic
properties of the frozen specimens and thus frgaginot considered to significantly alter the fesu

obtained from this in vitro model. The number epetitions of motion applied to the specimens in
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this study would occur in less than 1 week wherxidl@extension cycles occur at a rate of 6 motions
per minute (Brinckmann et al 1988). This timefranwmuld precede the minimum 500 days required
for collagen repair and proteoglycan turnover imovi{iAdams and Hutton 1982, Urban et al 2004).
The disc height loss associated with this testirghadology could be considered excessive relative
to young in vivo non-degenerate prolapsed disceeviBus failed/ partially successful attempts to
improve this included intermittently unloading tsigecimen in a saline submersion bath, injecting the
disc during the test and leaving an IV line in dimoked up to an infusion pump during the test.
While re-hydrating the disc either in a saline seson bath or by injecting the disc increased the
disc height, a short period of further testing hesliin an almost immediate loss of disc height.
Knowing the disc height loss issues associated tith methodology provided a framework for
interpretation of the results. To facilitate x-tagcking of the nucleus it was necessary to a8érol

of a radio-opaque mixture to the nucleus of the.diShis changes the intradiscal pressure (IDP) and
the stiffness of the segment. Decreasing the welahthe radio-opaque mixture was not an option as
it reduced the resolution of the x-ray images. réhveas concern that the increase in IDP would tesul
in increased frequency of endplate fracture but thas not found. The link between diagnostic
imaging findings and the various clinical presdota of clients with a disc prolapse is still lawgi
Given the difficulty of interpreting quantified amges in the position of the nucleus qualitative
analysis was the only option available. The indejgat radiologist’'s analysis of the x-ray images
was from a clinical perspective, that being chantbascould have clinical significance.

Previous studies have investigated componentseofriachanical theory to which the success of
the McKenzie approach is attributed. Donelsonl €L897) investigated and supported the theory
that discs that respond to McKenzie have a competanulus. The basis for the study was
McKenzie's speculation that the discs that resptmdhe repeated movement approach have a
hydrostatic nucleus and an intact outer bordehefannulus, collectively described as the dynamic
internal disc model. Donelson et al (1997) in @spective study evaluated the existence of a oslati
between patterns of pain response during a climeadhanical assessment (McKenzie approach) and
annular competence findings of discography.  $ymptoms of 50% of the subjects centralized
during the McKenzie assessment. Seventy four pemethese subjects had positive discograms
(reproduced pain pattern) and 91% of the 74% hemh@petent annulus. The strong predictive value
of centralization has been shown previously (LoB85, Donelson et al 1990) whereby centralizers,
especially those with only 1-4 weeks of symptomayehfaster recoveries than non-centralizers.
While these studies support the clinical utilitytbé McKenzie approach they do not provide insight
into the mode of effect of this approach. The enirrstudy shows a reduction of the prolapsed

nucleus in a number of specimens, which could aucéar the reduction in symptoms caused by
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nociceptor stimulation in the posterior annulusstpdor longtitudinal ligament or nerve root that i
seen clinically. Mechanically Adams et al (2000pgested that stress shielding by the neural arch
could account for the success of extension exexdiseivo as loss of disc height decreased the more
commonly increased posterior annular stress agsedciaith extension. The disc height of the
prolapsed specimens increased marginally aftereersal testing which supports the argument that
stress shielding may be part of the mechanismsrlymulg the success of the McKenzie approach.
However, in the current study the specimens thspaeded to the reversal testing were not the
specimens that had lost most disc height, whichmpte further consideration of the possible
mechanism. Flexion increases compression of tterianannulus while reducing compression and
causing tension of the posterior annulus (Shah 188ams and Hutton 1982). There is increased
hydraulic stress on the posterior annulus as floaves away from the high anterior compression.
Brault et al (1997) and others (Schnebel et al 1%@8nel et al 1996) have shown, using magnetic
resonance imaging (MRI) pixel intensity changest tthe nucleus of the lumbar discs moves
posteriorly by approximately 1mm on flexion of thgine segments. The reverse is seen on extension
of healthy spine segmentsExtension involves a posterior sagittal rotatiord ansmall posterior
translation. It is associated with increased c@wsgive stress within the posterior annulus and a
reduction in the compressive stress in the antarioulus and nucleus (Adams et al 2000). In such a
case it is mechanically understandable that inadtine disc the posterior aspect of the nucleusdtoul
move more anteriorly with extension. The diffiqulirises when trying to explain how a displaced
portion of the nucleus that lies within the posieannulus would move more anteriorly. Figure 4.15
shows an example of the order of selection of theKéhzie procedures associated with varying
levels of severity of disc prolapse. The ordergasgs that the effectiveness of treatment is bared
achieving a greater range of extension, even ieuadower level of axial compression. As shown in
Figure 4.16 a very extended disc would have a gresitess gradient within the posterior annulus
than a disc that is under a higher level of congpoesbut is less extended. The fluid and displaced
portion of the hydrostatic nucleus within the pasteannulus will move from the higher level of
compression to a lower level of compression witthe posterior annulus. The hydraulic pressure
would be in an anterior direction. Based on thgument the discs that have greater disc height are
more likely to reverse as greater extension ofsggaments can occur before the facet joints briag th
range to a halt and also the stress in the postanioulus is compressive rather than tensile (@gur
4.1). Such a mechanism would also explain why isesawith milder disc prolapse extending in
standing rather than lying appears more effectiVhe overall compression of the posterior annulus
may need to be increased as the stress gradidyingn is only sufficient to move the displaced

nucleus partially back to the center of the diSowo factors, possibly combined to some degree, may
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Generalization of the Preferential Order of McKenz e
Procedures Associated with the Severity of Disc Pro lapse
10 —
9|l T
g _ 87| O
g ij;’ 7 —
% 3 6 —
08 5’ 7
5 = |
% é" 4| I—
3 T3 I—
2 —
1 — 1
1 2 3 4 5 6 7
1 = Prone over pillow 5 = Partial Extension irLying
2 = Lying prone 6 = Full Extension in Lying
3 = Sustained Extension 7 = Extension in Standing
4 = Extension Mobilizations

Figure 4.15: shows an example of the McKenzie proderes selected according to the
severity of the disc prolapse. The list is not iended to be all inclusive nor is the order set in
stone. The order suggests that the effectiveneskteeatment is based on achieving a greater

range of extension, even if under a lower level aiial compression.
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Figure 4.16 A schematic of the stresses in the arlng of the disc under different loading
patterns is shown. The rectangular boxes represetite vertebral bodies. In case A, intended to
represent an attempt at extension in standing in aacute disc prolapse, the disc is loaded under
axial compression in a slightly extended position. In this case there is a relatively high
compressive force but not a large stress gradientithin the posterior annulus. In case B,
representing the greater extension that can oftendbachieved in acute disc prolapse with prone
lying, extension mobilizations and extension in lyig relative to that in a standing position, the
stress gradient (Black dashed arrow) across the ptsgior annulus is higher. The displaced
portion of nucleus will move away from the higher gess in the outer posterior annulus. The

hydraulic pressure is in an anterior direction.
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account for the change in position of the antemairgin of the nucleus. Firstly, it has been shown
that the nucleus of the lumbar discs moves posterim flexion of the spine segments (Brault et al
1997, Schnebel et al 1988, Fennel et al 1996, laydd al 2007). Given the high number of
repetitions of flexion used in this study there nb@ymore than normal buckling of the inner anterior
annulus causing the nucleus to move a little mastguiorly than previously reported. The increase
in stiffness of the specimens, a measure of theaganof the IVD (Thompson et al 1990), did not
correlate with the disc height loss nor did it iiguish between the categories of specimen behavior
The change in stiffness levels was similar to tleabrted by Callaghan et al (2001) and Drake et al
(2005), both of which used comparable models astihtg parameters. The increase in stiffness of in
vitro specimens is usually explained to result frarohange in the contact points across the segment
associated with a decrease in disc height. Howelerdisplaced portion of the nucleus within the
posterior annulus may alter the torque requiredbtate the specimen. It is interesting to linlstto
clinical practice as it has been suggested thaptbapsed portion of nucleus mechanically blocks
the posterior sagittal rotation of the specimenue@o the variability in the degree to which these
specimens are prolapsing it is not possible to naagategorical link between the size of the diggdiac
portion and the increase in the stiffness of thezigpens.

Worthy of consideration is the cost of extensioricimay be beneficial for a prolapsed disc but
it imposes increased stress on other spinal tisskgsension of the spine involves posterior sabjitt
rotation and posterior translation, the limit of iahh is marked by an inelastic, non-recoverable
deformation of the motion segment at some angledzt 8 and 8 (Adams et al 1988). The spinous
process, the interspinous ligaments and the fadatisjmay be damaged in extension depending on
the spacing between the spinous processes. Hedtran(1997) in their cadaveric study of male
human spines found that sitting in extended postinereased the facet forces in the L4-5 IV joints.
The articular surfaces of the facet joints did sledw signs of fracture after extension testinghis t
study. Future studies will address the balancevdst movements that help the disc but hinder the
health of other tissues.

Identifying biomechanical factors that can be usegredict ones risk of developing LBP is
central to successful prevention of LBP. Basedainical observation spine posture seems to be
one such biomechanical factor, for example indiglduwith hypolordotic spines seem to have a
predisposition to disc prolapse. Sahrmann (petsmramunication with McGill) has also observed
that individuals with hypolordotic spines tend t® the ones that have had a laminectomy to remove
extruded nuclear material. Scannell and McGillD@0investigated and supported the hypothesis that
individuals with hypolordotic spines have increafledion stresses in sitting, standing and walking

relative to hyperlordotic spines. Individuals witlypolordotic lumbar spines sat in more lumbar
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flexion than non-hypolordotic spines, increasingitthrisk of flexion related tissue damage, for
example disc prolapse. The lordosis angles we@sored in this study in an attempt to gain further
insight into posture related risk. In the currstidy the lordotic angle of the spine or the sedrdieh

not distinguish between the outcome groups northe® a link between either angle and the number
of repetitions required to cause the disc to pi#ap The in vivo range of lordosis of the human
lumbar spines has previously been reported to batween 16 and ?@Hansson et al 1985, Murrie
et al 2002), which is much greater than the vditgbiseen here in the porcine cervical
osteoligamentus spines (28 —°42 At this point the link between the amount ofdiasis and the
potential for prolapse remains with the stressgmsad on the spine (Scannell and McGill 2003).

We confirm that the McKenzie approach to the trest of disc prolapse works in some discs.
The displaced portion of nucleus in the annulus atagast partially returned to the normal central
position of the disc. The factor that distinguisibetween those that responded and those that tlid no
respond to reversal testing were the post failise deight. Loss of disc height has previouslyrbee
shown to alter a number of mechanical charactesisii the segments including: the viscoelastic
properties of the nucleus such that the nucleusvmhmore as a solid then a fluid; the intradiscal
pressure; the extension axis of rotation of thecispen. This study sheds light on a theory that has
been unsubstantiated in physiotherapy for overeisy It is a starting point from which numerous
other studies will develop. Two logical linesrekearch arise from this study — investigation1df (
the stresses driving the return of the displacetigroof nucleus towards the center of the disc and
(2) the most optimal ‘dose’ and technique of exitmmsand combined extension and side bend to

prevent and rehabilitate disc prolapse.

CONCLUSION

This study has provided evidence of a mechaniaahdation for the success of the McKenzie
derangement approach in specific individuals, whighaimed at resolving symptoms and signs
related to disc prolapse. The displaced portiomwfleus was returned towards a more normal
central position in a number of prolapsed discsnutber of other discs, that tended to loose more
disc height, did not respond to the reversal tgstinfinding that will spark further investigatiofthe
selection of such practice and the stress gradiemtng the movement of the nucleus. Also
outstanding are studies investigating the recommendcKenzie ‘doses’ in acute, subacute and
chronic phases of rehabilitation (sustained vergpgated extension), the impact such ‘doses’ may
have on the health of other spinal tissues andrdlee of repeated extension in the prevention of

recurrence of aberrant displacement of the nucleus.
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CHAPTER 5
MCKENZIE EXTENSION EXERCISES — QUANTIFIED AND CONSIDERED

ABSTRACT

Background; The McKenzie approach to the treatment and premerti mechanical low back pain

is a two-tiered approach that involves identifythg appropriate exercises to be performed by the
client as well as the specific motions, posturas$laads to be avoided in order to accelerate ragove
and reduce the risk of recurrence of the conditiBrtension and extension with side bend motion are
movements recommended in disc prolapse rehalblitathd prevention by the McKenzie approach.
The kinematics of these exercises has not beertifiedmor evidence supporting clinical selection
of the exercises considered, both of which coulgrove the effectiveness and safety of the practice.

The spinal range in a number of activities of déiling was also measured.

Methodology; Twenty asymptomatic subjects volunteered to paete in this study and performed
frequently prescribed McKenzie exercises and acele of activities of daily living during which a

3-SPACE Isotrak system measured their three diroeakilumbar kinemetics. One subject
underwent a series of McKenzie exercises whiletelatyography and three-dimensional lumbar

motion were measured.

Results; Mean peak extension of extension in standing atehsion in lying exercises were within
3% (SD 22.33%) of each other. An additional 6.788b 11.18%) of extension occurred when
extension in lying was combined with a Grade 3 Mail extension mobilization to L3. The peak
extension during the extension in lying exercises \wecreased after the mobilization relative to the
pre-mobilization range. The mean peak right sieledoin the right side glide exercise, normalized to
the full right side bend range, was 61% (SD 17.4%fhe mean peak left side bend position at peak
extension in extension left side glide was only 2d®the full left side bend range. The L4-5 forces
at the position of peak extension in extensiornying and extension in standing were 828.97N and
1368.86N respectively. The shear forces in theseceses are less than 100N, considered low shear
levels relative to the previously reported spineashtolerance. The peak flexion ranges of the
activities of daily living investigated match thopeeviously used to create disc prolapse when

applied under moderate load and high repetitions.

Conclusions; For the first time the lumbar spine ranges achieiredcommonly prescribed

McKenzie exercises have been quantified. The t®®il this study enhance clinical practice by
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providing quantitative evidence of the relative lpeaotion of the McKenzie exercises. The
compressive and shear forces identified in the sasty increase our understanding of the potential
kinematic and kinetic differences in these exerigde peak flexion ranges of the ADL investigated
match those previously used to create disc projagkleough the prolapses were created under
extremely high repetitions of these ranges. Thulds imply that educating clinicians and
individuals regarding the need to eliminate/modtigse causative/aggravating factors is important,
until further research provides a greater undedstgnof the repetitions of these motions required t

cause or exacerbate disc prolapse is completed.
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INTRODUCTION

The McKenzie approach to the treatment and premerti mechanical low back pain (MLBP) is
a two-tiered approach that involves identifying #ppropriate exercises to be performed by thetclien
as well as the specific motions, postures and ltadie avoided in order to accelerate recovery and
reduce the risk of recurrence of the conditionhe McKenzie approach supposes that the displaced
portion of nucleus in a prolapsed disc can be madvack towards the center of the disc using
movements and positions specific to the directibrlisc prolapse. In general, for a posterior or
posterolateral disc prolapse the recommended eesranvolve extension movements while flexion
movements are those to be avoided. Extensivernssea the efficacy of McKenzie exercises has
been documented (Faas 1996, Philadelphia Pane| 2801 ulder et al 2000) but the kinematics and
kinetics of these exercises have not been quathtifie

The importance of quantifying these frequently prieed exercises is highlighted by research
that has identified risks and benefits of extengesitures. Generally, posture affects the hydraulic
of the disc and the disc-facet joint load sharidglams and Hutton (1985) found lumbar lordosis to
be inversely proportional to intradiscal pressui2P), the more extended the sitting or standing
lumbar posture the lower the IDP relative to siftor standing in flexed postures. Adams et al 8199
reported that reduced lumbar lordosis was predicti/ serious MLBP (defined as LBP requiring
medical attention or time off work) in a group @f#healthy volunteers recruited for a prospective 3
year study. They suggest that the curvature ofluh#ar spine in lordosis allows it to bend and
absorb more strain energy than if it were simplynpeessed thus acting as a shock absorber. The
disc shear and ligament forces were higher in [ posture than in the extended posture. These
results coincide with those of Burton et al (1994)o reported that compressive forces within the
disc are lessened in extended postures. Larsah @002) reported significantly fewer persons
reported MBLP in a group that performed 15 repmisi of extension in lying in the morning and
evening in comparison to a group that did not penfthese exercises.

While reducing IDP, disc shear and ligament forcesld be considered assets of extended
postures extension has also been associated witimaer of biomechanical liabilities. It has been
identified as being injurious to the facet join&hirazi-Adl 1991, 1994, Dunlop et al 1984). Under
10Nm extensor moment the L4-5 facet articular psees carried a contact force of approximately
90N in comparison to zero contact force at the Lével under a flexor moment of 10Nm (Shirazi-
Adl 1994). Addition of compression increased thesetact forces in extension while it had no effect
on them in small degrees of flexion. In full extemsthe inferior articular processes abut on the
lamina below bringing extension to a halt and stlerchanges can be seen in this area. The

extension forces are transmitted through both theutar surfaces of the facet joints and the cigrsu
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ligaments that enclose the joints. These facet joapsules are strained at end of range movements
and are pain sensitive. Signs of excessive fadet joading are splitting of the articular cartjé
especially in the superior articular processes, thitdkening of the subchrondral bone. In extension
the restraining forces from the superior articyemcesses of the facet are transmitted through the
pars interarticularis and may result in spondylislyffracture of the pars interarticularis), and
eventually lead to spondylolisthesis (slippage né wertebrae of the one below). Furthermore,
extension can also crush the interspinous ligansentplex at the level of the “kissing” spinous
processes. In summary, extension of the spindae@a a positive effect on the disc but these benefi
must be weighed against the possible liabilitiesxdénsion. An understanding of the biomechanics
of the McKenzie exercises will assist in selecting appropriate exercises, which could improve the
effectiveness and safety of clinical practice.

McKenzie promotes teaching clients to avoid palicunovements or positions that will
exacerbate their condition. Flexion motion, oiid®m with side bend and rotation, when combined
with modest compression loading have been idedtidie causative factors in the production of disc
prolapse (Callaghan and McGill 2001, Gordon et3911 Aultman et al 2005). Compression of a
neutral spine, however, rather than a flexed spiras, not sufficient to produce a disc prolapse in a
study by Brinkmann (1986). Combined these studiggest that while higher compression levels
accelerate the production of disc prolapse (Cadagind McGill 2001) particular kinematics are vital
to the loading mechanism that will result in dismlppse. Eliminating damaging motion is
considered fundamental to prevention and rehatidiitaof the symptoms and signs related to disc
prolapse (McKenzie 2002). Previous studies haperted on the spine kinematics of workplace
tasks (Marras et al 1995, Granata et al 1999, Ruehal 1991) but little research describing the
kinematics of everyday activities exists. Dolaralef1988) investigated the lumbar curvature during
commonly adopted sitting and standing posturesrapdrted that many of the postures investigated
resulted in reduced lumbar lordosis in comparisoretect sitting and standing. There was a
consistent preference for flexed postures; sitinghe floor with the knees drawn in produced the
most lumbar flexion (3%, findings that suggest that the kinematics oiivitis in daily living (ADL)
may be problematic. However, Godin et al (200&dus video based 3D postural sampling approach
to evaluate spine loads during home-based ac#vi{moking, cleaning, laundry, vacuuming,
gardening, cutting the grass and tending to anoautswimming pool) and reported that despite high
compression loading during these ADL the lumbanspvas in a neutral position (for 85.3% of the
testing time) which suggests that the kinematicg n@ be problematic. Generally, clinicians rely
on experience to identify specific functional aities that may exacerbate discogenic pain.

Documentation of spine motion during ADL would bagful. Many clients report “doing nothing”
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prior to an episode of discogenic pain; yet unbekrsi to them they may have replicated the injury
mechanism through dynamic motion or static posturBse second question addressed in this study
was related to the spine kinematics of (ADL), sfiegily - do seemingly benign activities of daily
living (ADL) involve sufficient levels of flexionside bend and rotation to cause/exacerbate disc
prolapse?

The objectives of this study were to quantify theeknatics of commonly prescribed McKenzie
exercises and techniques as well as the kinematigmarticular ADL. The McKenzie exercises
considered were as follows; extension in standiB¢S), extension in lying (EIL); extension
mobilization in EIL; EIL after mobilization; righgide glide in standing (RSG); EIL in left side gid
(ELSG). The ADL considered were Toilet Flush Fr@&@tanding; Toilet Flush From Sitting;
Reaching to a coffee table with the left hand; Reagto a coffee table with the right hand; Reaghin
to answer phone when sitting at a desk; Reachiranswer phone when sitting at a desk and then
leaning onto right armrest; Reaching to answer phehen sitting at a desk then leaning onto right

armrest and cross left leg over right.

Specifically the hypotheses were;
H: The extension of EIL would be greater than tfaEIS
H: The range of extension would be increased duaimd after extension mobilization
H: The peak flexion, + side bend and rotation, esngf the ADL investigated will match those

previously used to create disc prolapse.

The information gained from this research will im&se clinicians’ understanding in advance of
making decisions about prescription of McKenziereises and will put clinicians in a better position
to weigh the potential benefits and risks of theretse approach. An increased understanding of the
spinal motion that occurs during these particulBLAwill either prompt clinicians to include advice

regarding such activities or render such advicenaecessary.
METHODOLOGY

Subjects

Twenty subjects, asymptomatic at the time of tgstirolunteered to participate in this study.
Asymptomatic subjects were chosen as the sevarrsity of the pain during an acute disc prolapse
combined with the risk of exacerbating the conditdeemed such a symptomatic subject pool as
inappropriate for this exploratory study. All 20bjects were clients of a physiotherapy cliniof 6

the 20 had previously participated in a MLBP treatitnprogram at the clinic, 4 of the 20 had a
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history of MLBP but were not treated at the clifoac MLBP, while the remaining 10 did not have a
history of MLBP and were treated at the clinic fam-LBP related issues. (5 males and 5 females
each with a positive history of MLBP, mean age 4&%l 47.8 years respectively: 5 males and 5
females with a negative history of MLBP, mean a@64and 42 respectively), This study was
approved by the University Office of Research Ehic

Procedures

The kinematics of the lumbar spine were measurdtl @i 3-SPACE Isotrak system (Polhemus
Navigation Systems, Colchester, VT) where a soproducing a high-frequency magnetic field was
secured to the pelvis of subjects with straps aftdbe back and between the legs. A sensor module
was placed over the T12 spinous process. In thyg wnly rotational displacement of the ribcage
(sensor module) relative to the pelvis (source) wesected. This system measured the three
directional cosines about the orthogonal axesexidh-extension, lateral bending, and axial rotatio
The zero position of the 3-space system was a sgmpgbosition (source and sensor aligned
horizontally) used for all subjects. This devicashts own A-D converter, sampling at 60 hertz,

while storing the three angular measurements anrgater.

Three repetitions of each of the following motiavere performed;

Establish full active range of motion (ROM trials)

Subjects performed full active sagittal plane mogata (flexion, extension) followed by full active
frontal plane movement (right and left side bent§rt;rg in a standing position. They were
instructed to keep their knees straight during ri@/ements and to determine their own speed of
movement but were advised that they would be prethgtthey were going too slowly. Three trials

of both sagittal and frontal plane movement wetltected.

Extension in standing (EIS)

Subjects were instructed to bend backwards, wigitping their knees straight, supporting their trunk
by keeping their hands on their hips and remaitheéextended position for the count of 3 (Figure
5.1).

Overhead reaching

This is not a McKenzie exercise but was includedt agas of interest to the researchers. From a

natural standing position the subject reached battds towards the ceiling while continuing to look
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(@) (b) (€)

Figure 5.1: The exercises performed from an uprightposition are shown. (a) Extension in
standing (EIS): The subject supported her trunk bykeeping her hands on her hips while
bending backwards (b) Overhead Reach (OHR): From aatural standing position the subject
reached both hands towards the ceiling while contuing to look straight ahead (c) Right side
glides in standing (RSG): The subject stood with hefeet 30cm from a wall, rested her left

shoulder against the wall and moved her hips to thevall.
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(b)

Figure 5.2: Two of the four exercises performed fsm a prone lying position are shown. (a)
Extension in Lying (EIL): The subject used her arns to raise her trunk off the bed (b) EIL in
left side glide (ELSG): The starting position of he exercise is shown. While in a prone position
the subject’s hips were translated maximally to theright by the student investigator (left side
glide in McKenzie nomenclature) putting the subjecs lumbar spine into a left side bend

position. From this starting position the subjectrepeated an EIL.
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straight ahead. Once in this position the subjetd the position for the remainder of the 6 second
trial (Figure 5.1).

Right side glides in standing (RSG)
The subject stood with their feet one foot fromallywith their left side closest to the wall. Kxbeg

their feet in that position he/she leaned towah#gswall, resting his/her shoulder against the wall.
Starting in this position the subject then movesitter hips to the wall (Right slide glide in McKénz
nomenclature), keeping his/her feet and shouldehénstarting position, held this position for the

count of 3 and then returned to the starting pmsifFigure 5.1).

Extension in lying (EIL)

The subject started in prone lying (face down)hwits/her hands under the shoulders, the pelvis
strapped to the bed. Using his/her arms the sutgesed the trunk off the bed as far as possibte a
held that position for the count of 3 (Figure 5.2).

Extension mobilization in extension

While the subject was in the extended positiorhefEIL exercise the student investigator performed
Grade 3 Maitland extension mobilizations on L3 (k&8s the most accessible spinous process in this
position with the 3-Space equipment in place). thad extension mobilization is a physiotherapy
technique that involves the therapist applyingrimigent low amplitude passive oscillations to, in
this case, the posterior aspect of the spinousepsowith the goal of subsequently increasing the
range of active motion in the direction of the niization. The purpose of the technique is to

passively move the vertebra in the desired diracfinthis case extension.

EIL after mobilization

Three EIL trials were repeated after the mobilatirials.

EIL in left side glide (ELSG)

While in a prone position the subject’s hips weemnslated maximally to the right (left side glide i

McKenzie nomenclature) by the student investigadod in a translated position the subject

performed an EIL again (Figure 5.2).
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CASE STUDY

In order to understand these exercises furthersogect underwent the series of exercises while
electromyography and three-dimensional lumbar moti@re measured. The purpose of this case
study was to gain a preliminary understanding efrttagnitudes of the differences in the L4/5 forces
during these exercises. Future research with wsuisobject pools (LBP, classified LBP, hypolordotic

versus hyper-lordotic) will expand the informatigained here.

L4-5 JOINT FORCES

The subject, a 35 year-old female (height of 172acwh weight of 68.18kg) had no history of low
back pain. The exercises performed were EIS, aifMddRSG, EIL without reinforcement (Pelvis
not strapped), EIL and ELSG. EIS, EIL and ELSG weeeformed as previously described. The
modified RSG exercise was performed in standing &ianslation, as a posed to side bending while
leaning against the wall as in figure 5.1(c). Hubject translated her pelvis to the left. The EIL
without reinforcement exercise is similar to thé Ekercise but without the addition of a restragnin
strap fixed around the subject’s pelvis. The kiagos of the lumbar spine were measured with a 3-
SPACE Isotrak system as described above. Sevamelsaof EMG were collected bilaterally by
applying disposible Medi-Trace surface electromgogr(EMG) electrodes (Ag-AgCl) to the skin
over the following muscles using Ag-AgCl electrodiesm the following muscles; Rectus abdominis
(right-RRA, left-LRA) placed 3 cm lateral to umldilis, aligned straight up and down; External
oblique (right-REOQ, left-LEO) placed 15cm lateralumbilicus, orientated diagonally down and in
(lateral electrode superior); Internal oblique litiR1O, left-LIO) placed 1 cm inferior and medial t
the ASIS orientated horizontally (or with the mediectrode slightly superior); Latissimus dorsi
(right LD, left LD) placed lateral to T9 over theustle belly; Thoracic extensors (erector spinae) -
(right-RTE, left-LTE) -5cm lateral to T9, follow nsgle bulk up and out; and Lumbar extensors
(erector spinae) at L3 and L5 - (right-RL3E, left3E, right-RL5E, left-LL5E )-3cm lateral to L3
and L5 respectively, follow muscle bulk up and oiithe subject performed a number of maximum
contraction tasks (MVCs) to allow normalization &&ch channel. Two abdominal MVC procedures
were performed. The subject maintained a bent-lgiieep posture while making maximal trunk
flexion, right side flexion, left side flexion, tg trunk rotation and left trunk rotation exertions
against the resistance offered by a research astsisthe other abdominal exertion, also isometric,
consisted of the research assistant resistingubgd’s trunk flexion and rotation from below up
while the subject was supported on a plinth ingirsiposition with her hips flexed to 90Extensor

muscle MVCs were collected with the subject’s tru@ntilevered over the edge of a bench and a
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research assistant resisting the subject’s extafemt. The MVC for latissimus dorsi was colledte
while the subject’s arms were in°6f abduction and external rotation and the re$eassistant
resisted shoulder adduction. The EMG signals \aemplified to produce approximately +2.5V and
then A/D converted with a 12 bit, 16 channel A/Dheertor at 2048 Hz. The EMG signal was full-
wave rectified, low-pass filtered using a secondkeoButterworth filter (cut-off frequency of 2.5Hz)
and then normalized to the maximum amplitudes dutie MVC trials.

The reaction forces and moments acting at the lidt&rvertebral joint (IVJ) were calculated
through a linked segment model that uses externedef measures, subject kinematics and
anthropometrics (McGill and Norman 1985, McGill 29&nd Cholewicki and McGill 1996).
External forces were not measured directly usinfprae plate in this study but estimated and
considered in all trials. The proportion of thetiearms and trunk (HAT) weight transmitted through
the hands in the EIL exercise was measured by rgathe hands on a weighing scale while
performing the EIL exercise. Based on this meag0f6 of HAT weight was considered an external
force to the L4/5 for the exercises performed imdy the remaining 80% supported through the
hands. Segment kinematics coordinates were cédclulasing a computer software program from
side-view photographs, taken at start and finis$itipms of each exercise. The anthropometric data
used in the model is that of the"5percentile male and was not changed for this stbj@hese
reaction forces and moments are inputted into atoamcally detailed lumbar spine model that uses
the 3-SPACE lumbar posture and position data taotifjethe segmental position of each lumbar
vertebra and calculates the initial compression sirehr forces at the L4/5 IVJ. The orientation of
the vertebrae allows calculation of muscle andnfigat lengths and their velocity of length change.
The restorative moment created by the passivees@icalculated knowing the orientation of the
vertebrae and the stress-strain relationships efpéissive tissues. The moment allocated to the
muscle is determined and inputted into a ‘distitmimoment model’ which calculates muscle force
and stiffness profiles for each muscle. The momermdre balanced in the EIS trials and the average
gain applied to balance these moments was thenmedpid all other trials. The normalized EMG
signals as well as the calculated muscle lengthvahatity of contraction are used to calculate the
active muscle force. The L4-5 forces equal the stithe forces from the linked-segment model and

the muscle and passive tissue forces.

Activities of Daily Living (ADL)

All subjects performed the following tests and r&pd each test three times.
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Toilet Flush From Standing

Subjects stood 30cm from a bench that was 65cm(sitghdard height of toilet handle). Subjects
were instructed to press lightly with their riglgtritd on a small object placed on the left hand side
of the bench as though flushing a toilet and tleereturn to the upright position. Movement of

their feet was not allowed.

Stand Up, Flush Toilet And Wash Hands Starting In A Sitting Position
Subjects sat with their back to the bench descréiEye and were instructed to stand up, to turn
to the right, press lightly with their right hand a small object placed on the left hand side ef th

bench and then step forward and mimic washing theds in a sink as though in a washroom.

Coffee Table Reach Left

Subjects stood 60cm from a bench that was 50cm d&nghwere instructed to pick up a small
object, which was on the left hand side of the bemndth their left hand. The subjects were
allowed to move their feet if they wanted but dat have to do so. Once they had picked up the

object they were to stand upright until the entheftrial.

Coffee Table Reach Right

Again subjects stood 60cm from a bench that wasnS@igh and were instructed to pick up a
small object, which was on the left hand side @&f blench, using their right hand. The subjects
were allowed to move their feet if they wanted dhidt not have to do so. Once they had picked up

the object they returned to the starting positiotil the end of the trial.

Answer Phone At Desk
Subjects sat at a desk (70cm high) with their émethe floor and arms resting on the desk. They
were instructed to pick up a phone handset pladechZrom the edge of the desk with their left

hand and to talk on the phone for the remainingtitum of the test.
Answer Phone At Desk And Lean Onto Right Armrest

Subjects were instructed to answer the phone agilded in the previous task and then to lean

onto the right armrest while talking on the phone.
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Answer Phone At Desk, Lean Onto Right Armrest And C  ross Left Leg Over Right
Subjects were instructed to answer the phone arddato the right armrest while talking on the

phone as described in the previous task and toditess their left leg over their right leg.

DATA ANALYSIS

Group effects (gender and LBP history) were inged&d using a two-way analysis of variance,
(P< 0.05). Arepeated measures ANOVA was useddtyae the means of peak extension during the
exercises and peak flexion during the ADL. Forheat the McKenzie exercises subjects’ peak
extension, averaged across the three trials, wasatized to their maximum extension angle in the
ROM trials. Total lumbar spine extension range wasverted to segmental extension based on the
in vivo results of Pearcy et al (1984) and Pearay Gibrewal (1984) (Table 5.1). The equivalent in
vitro ranges are calculated from the in vivo rang@s in vitro ranges are reported relative to t&das
equilibrium, a 14.9 adjustment to the in vivo range was made (Andersscal (1979) and in vitro
segmental distributions calculated (Adams 1994)mil&ly for each of the ADL, subjects’ peak
flexion, averaged across the three trials, was atized to their maximum flexion angle in the ROM
trials. Much of the research to date on the aveatif disc prolapse has involved in vitro segmental
testing, rather than whole spine in vivo testinthis in vivo data was converted to the equivalent
lumbar spine in vitro ranges (Adams and Dolan 198X rder to facilitate interpretation. The need
for a conversion formula arises because the s¢dlexion for a cadaveric specimen is differentrfro
the scale for a living person. 0% flexion is thestc equilibrium position in the case of a cadave
specimen while it is the standing position in tlese of a living person. Likewise 100% flexion
differs between cadaveric and living specimensthie former case it is the elastic limit of the

specimen while it is the extreme toe-touching pmsiin the case of the latter.
Development of the conversion formula (Figure 5.3): Assuming that the in vivo and in vitro
ranges are linearly related:

T=k+kxV (Egn. 5.1)

where T is the in vitro percent flexion, V is thevivo percent flexion andikand k are

constants.
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Figure 5.3: Schematic of the differences in the imivo versus in vitro lumbar spine range of

flexion in vivo (From Adams and Dolan 1991).
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Let v equal the in vivo range of flexion in degreegqual the in vitro range of flexion in
degrees and equal the in vivo flexion angle in degrees thatresponds to the unloaded

spine in vitro. With reference to the figure above

when T =0, V =100 x@/v
when V =100, T = 100 x [v-] /t

Substituting into equation (1) gives

T=-100 x g/t + (Vi) xV  (Eqgn. 5.2)

Based on the results of this study the mean in range of flexion (v) equals 5f.Gmean age of
participants = 44yrs): while suitable values gfand t, taken from the literature, are Pamd 47.3

respectively (Adams 1986). The equation becomes
T=-29.8+1.09xV. (Egn.5.3)

This conversion formula gives the in vitro equivdlef the in vivo spinal motion. The segmental
motion of the L4/5 segment, the most frequent lunadisc to prolapse, was calculated from the

distribution of total in vitro range of spine matiaccording to Adams and Hutton (1986).

RESULTS

McKenzie Exercises

Group differences (gender/ low back pain historylspinal motion were not found. The mean
peak extension, normalized to full range of extemsin standing, achieved in each McKenzie
exercise is shown in figure 5.4 and the equivategmental in vitro ranges shown in table 5.1. Mean
lumbar extension while resting in prone lying (8%38SD 15.07%) and in relaxed standing posture
(55.32%, SD 10.36%) were almost equivalent whitertfean peak extension during the EIL exercise
was only 3% (SD 22.33%) more than that of EIS. eXtension mobilization in an EIL position
increased lumbar extension by a further 6.75% (3[18%). This 6.75% was equivalent to an
increase of just under®®f extension. Post mobilization the mean peaferesion of EIL had

increased by 3.71% (SD 9.93%) relative to thatrgndhe mobilization. The mean peak extension
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of overhead reaching (72.10% SD 17.76%) was grélader that of relaxed standing but less than the
mean peak extension of EIS. A large variatiorhimriange of motion achieved by individual subjects
exists. Significant correlations between the peekension in a number of the positions and exescise
were found (Table 5.2).However, subjects who had the greatest extensiogerin standing did not
consistently achieve the greatest peak extensi@adh exercise. Variability was also found in the
side bend ranges achieved. The mean peak righbsiad in the RSG exercise, normalized to the full
right side bend range, was 61% (SD 17.4%), whiterttean peak side bend at peak extension in
ELSG was a right side bend of 8.70% (SD 23.58%nakimum right side bend (Figure 5.5). 70%
of subjects were in a right side bend position {3%o of full range, SD 21.43%) at peak extension of
ELSG. The full range of right side bend correlated 0.635) significantly (p< 0.01) with the right

side bend range achieved in the RSG exercise.

Case Study Results
The sagittal plane kinematics and normalized EMGadduring the EIS, EIL without

reinforcement, EIL and ELSG exercises are showfigares 5.6-5.9 along with the peak muscle
compressive force and the combined axial compressigpeak extension of the exercise. The L4/5
compression at the peak of the extension motion less than the peak compression due to the
muscle component during the exercises performeuah fioprone lying position.  The frontal and
sagittal plane kinematics along with the EMG andekic data in the modified RSG exercise are
shown in figure 5.10. The normalized (to MVC tslaimaximum level of muscle activation (%)
during the trial and the muscle activation (%) la¢ fpeak range of motion during each of the
McKenzie exercises is shown in table 5.3. Abdommascle activation dominated the EIS exercise
while extensor muscle activation was more domirthah abdominal muscle activation during the
EIL without reinforcement, EIL and ELSG exerciseBhe L4/5 axial compression and shear forces
are shown in table 5.4. The compressive forcheapeak extension range of EIL was just under 60%
of that at the peak extension of EIS. The peakresibn range of the EIL and EIS exercises was

equivalent.

ADL Results

Individual variations in standing position and hretrange of flexion from standing (full flexion)
occurred, but significant group (gender/ low baaknphistory) differences in these variables were no
found. The mean peak flexion angle achieved dueagh ADL, normalized to each subject’s full
flexion, ranged from 56.4-78.6% (Figure 5.11). dWwf the research to date on the creation of disc

prolapse has involved in vitro segmental testiather than whole spine in vivo testing. Converting
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Figure 5.4: The mean peak extension (one standadkviation bar) achieved in each exercise is
shown. Each subject's peak extension was normzaéid to their maximum extension in
standing. Lumbar extension in prone lying and in &anding was similar. Peak extension during
the EIL exercise produced 3% more extension than tt of EIS while an extension mobilization

in an EIL position increased lumbar extension by durther 6.75%.

121



, _ Extension in | Extension in | Extension
Extension Extension ) )
_ Overhead | prone with | prone after | in prone
in in prone _ ) _
_ reach ] extension extension in a left
standing lying I e , .
mobilization | mobilization | side glide

In Vivo Extension ROM (degs.) Relative to Standing

Degrees of
Extensionof | 5, g9 11.22 22.43 27.72 25.42 23.87
Lumbar
Spine
L4/5 2.61 1.40 2.80 3.47 3.18 2.98
L5/S1 6.53 3.51 7.01 8.66 7.94 7.46

In Vitro Extension ROM (degs.) relative to ElasticEquilibrium

Degrees of
Extension of
Lumbar 34.99 25.32 36.53 41.82 39.52 37.97
Spine
(In vitro)
L4/5 5.25 3.80 5.48 6.27 5.93 5.69

L5/S1 7.58 5.49 7.91 9.06 8.56 8.23

Table 5.1: The lumbar spine extension motion, reteve to the relaxed standing posture, and the
segmental distribution at L4/5 and L5/S1 of peak @rnsion during each exercise are shown.
Total lumbar spine extension range was converted teegmental extension based on the in vivo
results of Pearcy et al (1984) and Pearcy and Tibneal (1984). The equivalent in vitro ranges
are calculated from the in vivo ranges. As in vito ranges are reported relative to elastic
equilibrium, a 14.1° adjustment to the in vivo range was made (Anderssoet al (1979) and in

vitro segmental distributions calculated (Adams 199).
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Prone Standing Overhead EIS EIL ELSG ElLwith
Reach mob.

Pearson’s Correlatior] 1 .651** .520* A469* .594** 462* 397
Prone Sig. (2-tailed) - .001 .018 0.16 .005 .035 .075
Standing Pearson Correlation .651** 1 794 .596** .580** 496* 472
Sig. (2-tailed) .001 - .000 .004 .006 .022 .031
Overhead | Pearson Correlation .520* 794 1 .356 448* .381 321
Reach Sig. (2-tailed) .016 .000 - 113 .041 .089 .156
Pearson Correlation 469*% .596** .356 1 .695** .621** .643**
=S Sig. (2-tailed) .032 .004 113 - .000 .003 .002
Pearson Correlation .594** .580** 448 .695** 1 .893** .902**
=t Sig. (2-tailed) .005 .006 .041 .000 - .000 .000
Pearson Correlation 462* 496* .381 621** .893** 1 .895**
FLSG Sig. (2-tailed) .035 .022 .089 .003 .000 - .000
EIL with Pearson Correlation .397 A72* 321 .643** .902** .895** 1
mob. Sig. (2-tailed) .075 .031 .156 .002 .000 .000 -

**Correlation is significant at the 0.05 level (2iled)
* Correlation is significant at the 0.01 level @ied)

Table 5.2: The correlation levels of subjects peagxtension in each exercise are shown.
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Figure 5.5: The limits of the black bars show eaclsubject’s full range of right side flexion
(positive angle) and full range of left side flexio (negative angle) ranges achieved in standing.
Superimposed are the peak ranges of side flexion ldeved during the right side glide (RSG)
exercise and at peak extension in the extensiontlsfde glide (ELSG) exercise. A mean of 61%
(SD 17.4%) of the full right side flexion range wasachieved in RSG. Seventy percent of the
subjects were in right side bend (16.73% of Max. nage) at the peak of extension in the ELSG

exercise.
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the in vivo spinal ranges to the equivalent inovisegmental ranges shows the mean peak L4/5
flexion ranged from 3.95- 6.7fin these ADL. In addition to pure flexion, fleximombined with
side bend and/or rotation motion is another knowathmanism to create disc prolapse. Table 5.5
shows the L4/5 side bend and rotation at peakdteki each ADL. The kinematics of flexion, side-
bend and rotation angles are also similar to thmeeiously used to create disc herniation when

applied with high repetitions and moderate compoass

DISCUSSION

To the authors knowledge this is the first time thmbar spine motion during a number of
commonly prescribed McKenzie exercises has beentifjed. Peak extension in EIL was greater
than that of EIS, as hypothesized, but only by amaf 3% (SD 22.33%) of the maximum extension
range. Significant statistical differences in ffeak motion during these exercises were not found
except between the peak extension in EIL and Elth wmobilization of L3 (6.75% difference (SD
11.18%)). As expected extension mobilizations lin ilesulted in greater peak extension than that of
EIL alone and subsequently
EIL had increased peak extension. Over 50% offuligight side bend range was achieved in the
RSG exercise. The mean peak side bend at peaksetein ELSG was a right side bend of 8.70%
(SD 23.58%) of maximum right side bend. 70% ofjsctis were in a right side bend position
(16.73% of full range, SD 21.43%) at peak extensibELSG. EIL from a position of left side
flexion (ELSG) did not result in less peak extensiban that of EIL. The large variability in the
peak ranges achieved during these exercises cotildenaccounted for by gender or low back pain
grouping. The L4-5 compressive forces at the medknsion of EIL were less than 60% of that in
EIS. It appears that substantial lumbar flexioouns during what many would consider to be benign
ADL. Given the magnitudes of motion documentechis twork potentially injurious kinematics were
identified in these simple ADL. This would implyat educating clinicians and individuals regarding
the need to eliminate/modify these causative/aggiay factors is important, until further research
provides a greater understanding of the repetit@intiese motions required to cause or exacerbate
disc prolapse is completed.

A limitation of this study is that the subjects didt necessarily have a history of disc prolapse
and that the subjects were not in the acute phiadsso prolapse. Clinically, there is no doubtttha
individuals with an acute posterior disc prolapsarot achieve these ranges of extension. The
purpose of this study was to gain insight into riblative ranges of extension during these exercises

when subjects were in a pain-free state. The itrjp@at a painful condition, especially disc prokeps
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Figure 5.6: showing muscle activation of the lefta) abdominal and (b) extensor muscles
during the EIS exercise. Muscle activation, expregd as a percentage of the activation
level during MVC trials, and sagittal plane displa@ment (dashed black line), expressed
in degrees relative to the standing position, aredth shown on the primary x-axis. The

peak axial compression (N) (column) is shown on thsecondary x-axis. The wide
column represents the sum of the compression due tbe muscle activation and the

reaction forces at peak extension. Peak muscle cpmassion is shown as the narrow
column.
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Figure 5.7: showing muscle activation of the lefta) abdominal and (b) extensor muscles
during the EIL without reinforcement exercise. Mustle activation, expressed as a
percentage of the activation level during MVC triak, and sagittal plane displacement
(dashed black line), expressed in degrees relative the standing position, are both
shown on the primary x-axis. The peak axial compgsion (N) (column) is shown on the
secondary x-axis. The wide column represents theis of the compression due to the
muscle activation and the reaction forces at peakxtéension. Peak muscle compression
is shown as the narrow column.
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Figure 5.8: showing muscle activation of the lefta) abdominal and (b) extensor muscles
during the EIL exercise. Muscle activation, expresed as a percentage of the activation
level during MVC trials, and sagittal plane displa@ment (dashed black line), expressed
in degrees relative to the standing position, aredith shown on the primary x-axis. The

peak axial compression (N) (column) is shown on thsecondary x-axis. The wide

column represents the sum of the compression due tbhe muscle activation and the

reaction forces at peak extension. Peak muscle cpmassion is shown as the narrow
column.

128



ELSG (@)
50 1400
- 1200
S48 - 1000 ¢
Ky
£38 800 9@ o
< s L Q o
5s 5 600 & O
N E %) O
RN ©
ES 5 - 400§
o
> 0
- 200
0
LRA ------- LEO LIO = = =Extension Compression ‘
ELSG ()
50 1400
%5 - 1200
- 40 0
. g
s & - 1000 5
- 2 LL
Sy &30 800 2
T 5 W 2
2 D« ]
5 50 | - 600 o
IS 2 20 €
° E ]
=) - 400 ©O
= 5} 0
g C 10 3
5 - 200
P4
0 0
LTE ------- LL3E LL5E = = =Extension Compression ‘

Figure 5.9: showing muscle activation of the lefta) abdominal and (b) extensor muscles
during the ELSG exercise. Muscle activation, expssed as a percentage of the
activation level during MVC trials, and sagittal plane displacement (dashed black line),
expressed in degrees relative to the standing pasi, are both shown on the primary x-
axis. The peak axial compression (N) (column) isxewn on the secondary x-axis. The
wide column represents the sum of the compressiorud to the muscle activation and
the reaction forces at peak extension. Peak musaempression is shown as the narrow
column.

129



Modified RSG (a)

50 1500

Motion (Degrees)

Normalized Activation
Level of Mucles
L4/5 Compressive Forces

LIO
Compression

LRA e LEO
R Side Bend

= = =S3ag. Plane

Modified RSG (b)

50 1500

- 1250
- 1000

- 750

Normalized Activation
Level of Mucles
Motion (Degrees)

L4/5 Compressive Forces

10 LR L -250

LL5E
Compression

LTE  --ee--- LL3E
R Side Bend

= = =Sag. Plane

Figure 5.10: showing muscle activation of the lef(a) abdominal and (b) extensor

muscles during the modified RSG exercise. Musclec@wvation, expressed as a
percentage of the activation level during MVC triak, flexion (dashed black line) and

right side bend displacement (solid bold black lia) expressed in degrees relative to the
standing position, are both shown on the primary »axis. The peak axial compression
(N) (column) is shown on the secondary x-axis. Theide column represents the sum of
the compression due to the muscle activation and ¢hreaction forces at peak right side

bend. Peak muscle compression is shown as the naar column.
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Els EIL Without EIL ELSG Modified
Reinforcement RSG
Muscles At Peak At Peak At Peak At Peak A
Max. Extension Max. Extension Max. Extension Max. Extension Max. | Peak
RSB
% Of Maximum Activation In MVC Trials
RRA | 27.59| 20.94 | 4.77 2.63 5.2§ 5.14 5.66 4.24 6.84 5(39
LRA | 1258 7.38 3.53 2.35 3.94 2.58 4.45 3.87 9.3 3/92
REO | 20.62| 17.83 7.84 6.59 12.91 1159 | 12.49 10.76 6.07| 5.60
LEO |34.60| 25,57 | 12.20 11.45 | 17.77 16.63 | 23.65 22.43 | 19.32 16.90
RIO 15.90| 12.15 6.74 6.12 8.84 8.32 15.4111.43 | 9.79] 9.29
LIO 39.00| 23.83 8.15 7.43 12.37 11.56 | 10.66 9.29 16.79 11.12
RLD 4.99 4.26 9.30 7.81 6.91 4.99 22.0419.71 2.56| 2.22
LLD 9.85 8.08 16.01 12.47 | 1190 11.30 | 13.46 9.65 15.93 14.08
RTE |10.97| 10.38 | 30.99 16.53 | 23.76 10.68 | 37.68 24.04 | 542, 4.93
LTE 8.17 7.95 | 46.71 14.85 | 30.57 10.11 | 2494 9.21 7.597 6.48
RL3E | 9.94 2.05 23.49 3.06 18.58 1.89 16.86| 3.54 3.26| 2.98
LL3E 1.79 1.73 22.14 3.18 18.05 1.67 14.43 2.65 1.25| 1.05
RL5E | 7.45 2.87 28.97 6.97 29.86| 2.65 21.40 4.81 12.60| 11.55
LL5E 3.54 1.15 25.23 0.88 27.85 0.68 23.92) 7.38 548| 5.34

RRA - Right Rectus Abdominis, LRA - Left Rectus Admdinis, REO - Right External Oblique, LEO
- Left External Oblique, RIO - Right Internal Ollig, LIO - Left Internal Oblique, RLD - Right
Latissimus Dorsi, LLD — Left Latissimus Dorsi, RTE Right Thoracic Extensors, LTE — Left
Thoracic Extensors, RL3E — Right Lumbar ExtensoL#t LL3E — Left Lumbar Extensor at L3,
RL5E — Right Lumbar Extensor at L5, LL5E — Left Libar Extensor at L5

Table 5.3 : The normalized (to MVC trials) maximumlevel of muscle activation (%) during the

trial and the muscle activation (%) at the peak rame of motion during each of the McKenzie

exercises is shown. Abdominal muscle activation donated the EIS exercise while extensor

muscle activation was more dominant than abdominalmuscle activation during the EIL

without reinforcement, EIL and ELSG exercises.
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may have on these ranges will be the topic of &twork. Furthermore the L4-5 shear and

compression forces were calculated on only onesstibjThis serves the purpose of taking a firskloo

at the relative L4-5 forces during these exercied provides an increased understanding of the
mechanics underlying the preferential order of Make treatment of derangement. A more

thorough understanding will be gained by futureestigation of these forces in subjects with

classified derangements and LBP as well as atwsistages of rehabilitation.

This study has provided clinicians with a greatederstanding of the relationship between the
kinematics and kinetics of these exercises. Thelt®have shown that the mean peak extension in
EIL is marginally greater than EIS, although coesable variability exists. However, the L4-5
compression at the peak EIL position was less 8@ of that at the peak EIS position. Lower
compression in EIL may explain the preference fi@spribing this McKenzie exercise during the
acute phase of disc prolapse. EIL was not perfdrasea passive exercise by this subject, whiah is i
keeping with the results of Fiebert & Keller (1994iebert & Keller (1994) reported that the erecto
spinae muscles are even more active in EIL thamgwtanding, EIS or prone lying suggesting that
EIL is not a passive exercise. These findingseat@oed in the current study. The compression
loading of the spine during EIL may not be as I@aasumed clinically, although still lower thanttha
of EIS in this subject and much lower than thahoimerous other commonly prescribed exercises
(Kavcic et al 2004, Callaghan et al 1998) and miagter than the NIOSH recommended limit of
3400N (NIOSH 1981). The peak compression levestamding of this subject are lower than those
previously reported to occur by Callaghan and Mic@iP99), understandable given the smaller
female subject in this study relative to the langee subjects in Callaghan and McGill (1999). The
effect of the McKenzie approach, not just EIL, airpratings, return to work and as a predictor of
outcome (Brotz et al 2003, Donelson et al 1990,d_0895, Clare 2004, Aina et al 2004) has been
extensively documented in the literature. Therdi@re also contains reports of the benefits of
extension relative to flexed postures: lower idisaal pressure, lower disc shear and ligameneforc
than in flexed postures (Adams and Hutton 1985 mslat al 1999, Burton et al 1994, Hedman et al
1997, Nachemson 1960, Williams et al 1991) andeiased disc height (Magnusson et al 1996).
However, extension comes with a price and has bsrtified as being injurious to the facet joints
(Shirazi-Adl 1991, 1994, Dunlop et al 1984). ltingportant to note that the L4-5 compression and
shear forces were calculated at the peak extepsisitions of these exercises. Only the compressive
and shear forces due to the muscle contractiorkrmme/n in the range between the start and peak
extension position.

Sitting, leaning onto an armrest while crossing ey over the other resulted in the most lumbar

flexion in comparison to the other ADL investigatelth comparison to previous in vitro research the
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segmental flexion angles, but not the number oétitpns, of these ADL are similar to those used to
create a prolapse. In the study of Callaghan amiM (2001) the flexion angles tested were
approximately 50% of the elastic limit of a speammeFlexion angles of 31.69-55.88% of the elastic
limit were reached in the ADL investigated in tetady. An even more potent in vitro mechanism to
create disc prolapse is flexion combined with ¢idad and/or rotation, motion that occurred in &ll o
these ADL (Aultman et al 2005, Andersson 1981, &glst al 1984, Shirazi-Adl 1989). Gordon et al
(1991) produced disc ruptures by combining rotati:®), flexion (7) and compression (1334 N)
within physiological ranges. Likewise Lu et altiveir 1996 finite element model study found flexion
(7°), rotation (8) and compression of a saturated disc to resuiitiation and propagation of an
annular fissure. The results of these studiegesitgthat individuals are more at risk of disc
herniations when their total spine or segmentadidie is combined with compression and rotation.
Likewise, Shirazi-Adl (1989) found increased strainannular fibers when both rotation and side
bend were combined with a given level of flexiom @ompression. Using a nonlinear finite element
model, tensile strains of about ten percent indise fibers were predicted under maximum loads
simulating symmetrical lifting. These strains warereased to twenty percent when the lift became
asymmetrical. Equivalent levels of annular stragre predicted by different combinations of side
bend and rotation. Shirazi-Adl (1989) found ideatimaximum fiber strain by reducing flexion,
compression and shear loading while increasing b&ted and rotation angles. For example, the
predicted annular strain under pure sagittal flexad 12 under 4000N compression resulted in
approximately 10% annular strain, the equivalergistwas also predicted by combining only®ab
flexion with 1.2 rotation and 3.%lateralbend under 2000N compression. Similar dpattons of
side bend and rotation occurred in this study. oty ADL to eliminate flexion and flexion
combined with side bend and rotation will reduce tisk of developing disc prolapse. Changing
lumbar posture from flexion to extension will alsbange the coupled motion of the specimens
eliminating problematic kinematics (Cholewicki dt1996) The implication of the results of this
study is not that every individual should attemmt,needs to, totally avoid flexion or combined
flexion and side-flexion rather, the results apigyindividuals who have a history of disc prolapse.
This advice will extend to those who have a premifipn to the development of disc prolapse, as
determined by future research.

The lumbar spine ranges achieved in commonly piestr McKenzie rehabilitative and
preventative exercises have been quantified. €bkalts of this study enhance clinical practice by
providing quantitative evidence of the order of lpextension of the McKenzie exercises. The
clinical reasoning practice model encourages déniE to make direct links between the specific

needs of each client and the specific treatmergaxéor that client. To date, the selection ofthe
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A/P Shear Compression M/L Shear
(N) (N) (N)
Standing (start of
7.56 831.52 -3.15
EIS)
At Peak extension
. -86.69 1368.86 -19.39
in EIS
Start of EIL
without reinforcement -2.06 425 .90 -4.59
trial
Peak EIL without
) 75.35 792.22 3.51
reinforcement
Start of EIL trial 20.88 322.55 10.40
Peak EIL belt 88.29 828.97 15.83
Start ELSG trial 20.22 402.25 10.71
Peak ELSG 88.26 1052.03 16.18
Start of Modified
RSG trial 10.04 845.61 -2.79
At Peak side bend
in Modified RSG 36.29 1187.06 26.88

Table 5.4: The L4-5 shear and compression forces #te start and peak motion of each exercise.
Negative A/P shear is a net posterior shear of thieunk with respect to the pelvis. Negative

M/L shear is a shear of the trunk to the left relaive to the pelvis.
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Mean Peak Flexion in ADL Normalized to Full Flexior
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Figure 5.11: The mean (+ one SD bar) of the normaled peak flexion in each ADL is shown.
Subjects’ peak flexion angles were normalized to #ir full flexion range in standing. As flexion

angles are negative throughout this paper the perogages are also shown to be negative.
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Stand, Stand, Sit, lean
reach to reach to Sit, flush onto R
Stand, Sit, lean Sit and
coffee coffee toilet, armrest,
flush onto R answer
table table _ wash cross L
) ] toilet armrest phone
with L with R hands leg over
hand hand R
Peak flexion (relative to standing (deg)
Meanat| ;4 7.34 7.06 9.16 9.82 9.00 8.62
L4/5
SD 1.82 2.19 2.21 3.38 3.23 3.27 2.98
Side bend at peak flexion (deg)
Meanat| oo 0.84 0.79 0.68 1.15 1.03 0.69
L4/5
SD 0.86 0.54 0.63 0.80 0.81 0.75 0.53
Rotation at peak flexion (deg)
Mean at
0.61 0.68 0.62 0.52 1.03 0.93 0.72
L4/5
SD 0.47 0.62 0.56 0.51 0.73 0.68 0.57

Table 5.5: The L4/5 distribution (White and Panjabi (1978) of the mean side bend and
rotation that occurred at peak flexion for each ADL is shown. Gordon et al (1991)
produced disc herniation by combining 1-8 of rotation, 7° of flexion and 1334 N of
compression at high repetitions.
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exercises was totally based on clinical experierdso of value to clinical practice is the finditigat

left side flexion was not consistently maintaindufotighout the ELSG movement. ELSG, a
treatment technique that combines left side flexaod active extension, is usually used to reverse a
left posterolateral disc prolapse. Seventy peradnsubjects were in a right side bend at peak
extension highlighting the need to monitor cliemtesely when prescribing exercises. Acute
observation requires the development of clinicall sind experience, which remain an important
component of research-enhanced practice. Extensidmlizations in a position of EIL increased the
peak extension while the spine was being mobilizedhe peak range of extension in EIL was
marginally greater after the mobilizations indiogtia carryover effect. The long-term effect of

mobilizations on the peak range of extension in &4s not investigated.

CONCLUSION

For the first time the lumbar spine ranges achigaezbmmonly prescribed McKenzie exercises
have been quantified. The results of this studyaene clinical practice by providing quantitative
evidence of the relative peak motion of the McKerzxercises. The compressive and shear forces
identified in the case study increase our undedatgnof the potential kinematic and kinetic
differences in these exercises. The peak flexiamgea of the ADL investigated match those
previously used to create disc prolapse, althohghprolapses were created under extremely high
repetitions of these ranges. This would impht#ducating clinicians and individuals regardimg t
need to eliminate/modify these causative/aggragafactors is important, until further research
provides a greater understanding of the repetit@ntiese motions required to cause or exacerbate

disc prolapse is completed.
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CHAPTER 6

THESIS DISCUSSION AND CONCLUSION

The macroscopic goals of this thesis were to attagneater understanding of disc failure and the
mechanics of its clinical treatment responses. gurpose of these goals was to provide a foundation
for evidence-based practice, a goal that was ssftdgsachieved. This thesis ultimately challenged
and increased our understanding of pathologicalsdighile simultaneously adding information to
assist clinical decision making. Several new gbuations to the existing knowledge of lumbar spine
biomechanics and clinical concepts of treating gistapse have been made and will be discussed on

a study-by-study basis followed by discussion ¢opac-by-topic basis.

Creating Disc ‘Herniation’ In Vitro: Is There In Vi vo - In Vitro Disc Height Equivalency?

This in vitro study challenges the camouflage @teby the multidisciplinary use of similar
terminology. Appling Wilke et al's (2006) classifition of disc height loss to in vitro herniatedadi
links the damage created in vitro to that existimg/ivo. The classification system of Wilke et al
(2006) has been shown to be in good agreementtétimacroscopic degree of in vivo degeneration
as determined from MRI. The first study of thisiserbroadens our understanding of the disc
herniations created in vitro and enhances our kedgé of the mechanics of post-herniated in vitro
porcine discs while moving closer to unificationretearch and clinical perspectives of ‘herniated’
discs. The methodology of repeatedly flexing wlaikially compressing porcine cervical specimens
previously used to create herniation was assochattd simultaneous moderate disc height loss of
the specimens. This level of disc height loss prasiously been shown to be associated with less
movement-related changes in intra-discal pressudeaa altered load distribution across the spinal
segment. The study provides a multidisciplinaryspective on the limitations of the model and
promoted efforts to modify the methodology and mdthe disc height loss when the mechanical
changes associated with such disc height loss gmahtially impact the results of specific resbarc
H: A modified version of the in vitro methodology Gallaghan and McGill (2001) would produce
disc herniations in porcine cervical spines witheoncurrently causing moderate to severe disc
height loss (>33% of pre-test disc height).

Result: The methodology successfully herniated discs, Wewealmost 60% of disc height loss

occurred simultaneously.
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Attempts To Create Disc Herniations; Successes And Failures

Continuing from the previous study which used disight loss to sub-classify post-herniated in
vitro discs, the second in vitro study in this fkgsursues alternate methods of creating herniation
with the goal of creating herniation prior to cangsimore than thirty three percent of pre-test disc
height loss of the specimens. The successes dndefaof this study provide insight into the
mechanics associated with various in vitro methogiels and the mechanical implications of
specimen and methodological modification. Postdngrniations were created by combining lower
axial compression with higher repetitions of flaxidhowever, the concurrent disc height loss was
more than 50% of the pre-test disc height.  Withike disc height loss that occurred with dynamic
testing could be reversed by placing the specimea saline submersion bath or re-injecting the
specimen with barium sulphate-nucleus mix the tlisight could not be maintained within the in
vivo diurnal range under continued loading. THatreely hypolordotic thoracic spines tested did no
herniate but lost more than 50% of their pre-test cheight during the dynamic testing. In
conclusion, in vitro disc herniations were credtatlconcurrent disc height loss of more than 33% of
pre-test disc height occurred. This study indidahat the in vitro model used in the first inr@it
study was the best-available. Knowing the disqylieiloss associated with this methodology
provided a framework for interpretation of the fesof the subsequent and third in vitro studyhiis t

thesis.

H: The hypotheses of this study were that (1) mantfyhe loading pattern that had previously been
used to cause herniation, (2) rehydrating the discég testing and/or (3) using a different model,
would create disc herniation prior to causing ntbes 33% of disc height loss.

Result: These attempts either failed to produce hermatior did so with more than 33% of disc

height loss.

McKenzie Treatment Of Disc Prolapse —Evidence Of A Mechanical Foundation?

The focus of the third study was the mechanicatstigation of the McKenzie clinical theory of
the treatment response seen in vivo in prolapsecsdi This study is a proof of the principle on
which this aspect of the McKenzie approach is baset provides, to the author’s knowledge, the
first scientific evidence supporting the theorytthepeating movements opposite to those that caused
posterior displacement of a portion of the nucleass positively change the position of the displaced
portion of nucleus. The results indicate thatMeKenzie approach works on some prolapsed discs
and not on others. Consideration of the changedisio height of the specimens during the testing

procedures (Table 6.1) offers some understandirijeoVaried success of this approach and exposes
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a vast area of future research that will refine dlgical approach and mechanical understanding of
this specific disc pathology.

H: Repeated motion, opposite to the motion that edube disc prolapse, will reverse the disc
prolapse.

Result: Based on a radiologists review reversal testinglving repeated movements opposite to
those that created the disc prolapse reversedigpé&adement to a clinically important level in 5 of
the 11 specimens but did not have an effect owtiner 6 prolapsed discs.

H: Discs that do not respond to reversal testingheil’e extensive circumferential annular tears or
will have a herniation with extrusion of nuclearteréal.

Result: A number of the discs that did not respond tcersal testing had clear circumferential
prolapses but the pattern was not consistentlgtnduishing factor between the discs that respdnde
and those that did not respond to reversal testing.

H: The specimens that prolapse will have been disddom hypolordotic spines.

Result: The Lordosis angles of the specimens did noingjstsh between the groups.

McKenzie Extension Exercises — Quantified And Consi  dered

The study described in chapter 5 provides a fiosklat the current in vivo application of this
approach. The lumbar spine ranges achieved in amynprescribed McKenzie rehabilitative and
preventative exercises and those that occur inisggnbenign ADL were quantified. This study has
provided clinicians with a greater understandingtioé relationship between the kinematics and
kinetics of these exercises. The results of thiglys enhance clinical practice by providing
guantitative evidence of the order of peak motibthe McKenzie exercises as well as highlighting
ADL that involve levels of flexion, side bend aratation sufficient to cause disc damage and even

prolapse.

H: The extension of EIL would be greater than tH&I&
Result: Mean peak extension of extension in lying (EIL) reiges was on averag® greater than
that of EIL.

H: The range of extension would be increased dwimfjafter extension mobilization
Result: An additional 8 of extension occurred when EIL was combined witBrade 3 Maitland
extension mobilization to L3. The EIL peak extemnsigas increased after the mobilization relative to

the pre-mobilization range.

140



H: The peak flexion, + side bend and rotation, rarfdéke ADL investigated match those previously

used to create disc prolapse.

Result: This hypothesis was accepted. However it is reieeghthat previously these kinematics

have produced herniation when applied repeatedigiumoderate levels of axial compression.

Disc Height Loss

Disc height loss was an issue that was relevaatl iliree in vitro studies in this thesis. Based
on the existing literature disc height was ideatfas a factor that could categorize the coexistisg
damage created by in vitro testing in a manner W clinically and mechanically relevant. The
disc height loss in all three studies is comparethble 6.1 and is similar across the three studies
The standard deviation of the specimens in studgettwas larger than that in studies 1 and 2.
However, the failure testing in study 1 and for tmafsthe study 2 tests was for a fixed time while t
number of repetitions of failure testing in stutlyee was more variable as the test was stopped when
prolapse was identified. In order to attain a tgeanderstanding of the disc height loss assatiate
with this methodology one specimen was axially coeaped for 120 minutes under 1472N. Pre- and
post- compression lateral x-ray images were takehthe axial creep of the specimen was recorded
every 30 minutes. Figure 6.1 shows the progressise@ height loss of the specimen under an axial
compression load. The specimen was preloaded28@N for 15 minutes prior to being loaded with
1472N of compression. The interval of in which greatest amount of axial creep occurred was the
first 30 minutes of loading the specimen with 147@MNaxial compression. However, the specimen
lost almost equivalent amounts of disc height urideser axial compression (260N) for a shorter
period of time (Pre-load).  The rate of creepreased over time, which echoes the findings of
Reilly et al (1994). It is also in keeping with ldg's Law which states that as the hydrostatic
pressure decreases the rate of fluid flow will dase. A total of just less than 5mm of axial pree
occurred in this disc over 90 minutes of testingpjol is greater than the 1.5mm of diurnal disc
height loss reported by Adams et al (1987). Addimpeated flexion to the loading pattern, as was
the case in these studies, further reduced thehdigiht of the specimens as the increased hydiostat
pressure would promote further fluid flow out oéttisc.

The results of the reversal testing (reversed grprovided a sub-classification of the specimens.
The post-failure disc height of the two reversabugps was significantly different. The group of
specimens that responded to the extension loadagythe one that has retained most disc height.
This is in keeping the mechanical theory underltimg reversal of the displaced portion of nucleus

that has been proposed in this thesis. The thatnibutes the change in position of the displaced

141



STUDY 1 STUDY 2 STUDY 3

All specimens 57.08% (11.19%) 54.53% (8.19%) 55.89% (15.59%)

All prolapsed specimens | 60.14% (7.50%)| 53.33% (10.90%) 53.03% (18.00%)

All non-prolapsed

: 55.53% (12.11%)  55.13% (7.30%)  56.67 (13.23%)
specimens

- - 42.17% (6.91%)

All prolapsed and
reversed specimens 1*

- - 66.43% (17.43%

All prolapsed and not
reversed specimens

Table 6.1: The mean (SD) disc height loss, measureatcording to Wilke et al (2006), of all

specimens in studies 1 and 3 and a number of spe@ns in study 2 are compared. As study 2
included a number of different testing protocols oly those specimens that underwent similar
testing to the specimens of study 1 and 3 are inclad in the results of study 2. The difference in
disc height loss between these groups is not stétally significant (one-way ANOVA, p< 0.05).

The response of the study 3 specimens to the revarsesting provided a sub-classification of the
total study 3 specimens, namely those that did ngirolapse, those that prolapsed and reversed
and those that prolapsed and did not reverse. *@nificant disc height differences between the

sub-classified groups were found.
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Figure 6.1 shows the progressive axial creep of orspecimen when loaded in a position of
minimal torque under axial compression. The specien was preloaded with 260N for 15
minutes prior to being loaded with 1472N of compreson. The greatest axial creep occurred in
the first 30 minutes of loading, echoing the findigs of Reilly et al (1994). Relative to the post-
preload disc height, which was considered the preest disc height in the in vitro studies in this
thesis, a total of just less than 5mm of axial crgeoccurred in this disc over 90 minutes of
testing, which is greater than the 1.5mm of diurnaldisc height loss reported by Adams et al
(1987). After 120 minutes of axial compression thereep of 6mm, as recorded by the Instron, is
equivalent to 67% of disc height loss when measuredccording to Wilke et al (2006) and

reported as a percentage loss of the post-preloadsd height.
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portion of nucleus to a compressive stress gradietite posterior annulus. The fluid and displaced
portion of the hydrostatic nucleus within the pasteannulus will move from the higher level of
compression to a lower level of compression witthi@ posterior annulus. The hydraulic pressure
would be in an anterior direction. Based on thgument the discs that have greater disc height are
more likely to reverse as greater extension ofsggaments can occur before the facet joints briag th
range to a halt and also the stress in the postmiwulus is compressive rather than tensile.

These studies have increased our understandingifirt vitro model, an understanding that
facilitates more accurate interpretation of theultssof research using the model. Consideration of
the limitations posed by the concurrent disc heigbs and disc prolapse is imperative on a study-by

study basis.

The Angle of Lumbar Lordosis

The angle of lumbar lordosis was an issue thatadlasessed in three of the studies as identifying
biomechanical factors that can be used to predies oisk of developing LBP is central to successful
prevention of LBP. Prompted by the clinical thimfi that not all spines are equal and that
hypolordotic spines are more predisposed to distapse than spines with greater lordotic angles,
attempts were made to create herniations in theadho rather than cervical porcine specimens as
these specimens are more hypolordotic. These pitsefailed. While the hypolordotic spines may
not be more predisposed to disc prolapse the rebalild be considered knowing that the posterior
annulus of the porcine thoracic specimens is thjdke specimens were stiffer and the thoracic disc
height was less than of the porcine cervical dis@ven this further investigation of the clinical
theory was warranted. The lordotic angles of thimes and specimens in the third study were
measured but again failed to distinguish between dtiferent specimen responses to failure or
reversal testing. Once again it may be that hyplolic spines may not be more predisposed to disc
prolapse but the variation in the in vivo rangelaflosis of human lumbar spines (16 and 70
Hansson et al 1985, Murrie et al 2002) is much tgrethan the variability seen here in the porcine
cervical osteoligamentus spines (28 942t may be that the range of lordosis within fhercine
specimens is not large enough to address thisiqnesfEinally, in keeping with the same clinical
perspective it was considered in the in vivo studhether individuals with hypolordotic spines had
less extension in their lumbar spines relativentusé with greater lumbar lordosis in standing. e Th
lumbar posture in standing of the subjects in stigprrelated significantly with the peak extension
in the McKenzie exercises was not consistentlydatilve of the range of extension the lumbar spine

could achieve.
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Extension

Central to this thesis was the role of extensioithie reversal of disc prolapse. The McKenzie
approach supposes that in a posterior or posteraladisc prolapse the displaced portion of nucleus
in a prolapsed disc can be moved back towardsehtecof the disc using extension movements and
positions. Ten degrees of extension, relativa pmsition of zero torque, was used to in the frovi
study to change the position of the displaced porof the nucleus in the posterior annulus. In
comparison, the in vitro equivalent of the peak/ivo extension ranges achieved in the McKenzie
exercises in study 4 are repeated in Table 6.2e eMtension range used in the in vitro study was
marginally greater than that identified at the LB/Segment when the spine is mobilized in an
extension in lying (EIL) position. Facet joint dage was not identified after extension in the tnovi
study suggesting that the range used in the io gitmdy under the low compressive loads was not
excessive. Based on clinical experience this @degfeextension could not be achieved in the early
stages of disc prolapse. Future research will nee@cipher the range that is most appropriateeo
investigation of the treatment of disc prolapseatad in vitro and also that used in vivo.

This dual in vitro-in vivo approach bodes well tads achieving the ultimate goal of evidence-
based practice bubhére is no doubt that investigating clinical cortsgprough in vivo and in
vitro studies has limitations. In vivo researchlimited by the pragmatic boundaries of
subject numbers and ethical subject inclusion-estotu criteria. The clinical concepts
investigated in this study are based on the retiognof patterns in clients with acute disc
prolapse - a most unsuitable subject pool. One oaangider the use of an in vitro animal
model to investigate concepts that apply to thatinent of humans a limitation. Further to
that already stated, it should be highlighted thagstigating the mechanics of the IVD was
what was fundamental to enhancing our understandiirthe clinical concepts in question.
Rather than considering the use of an in vitro ahimodel a limitation of this study,
considering it vital to the feasibility and qualy this research may be more appropriate.
This research has provided a foundation for a laayey of future studies. dnerous avenues
of research aimed at bridging the gap betweendbearch and clinical perspectives of low back pain
including the links between clinical patterns ahd tmechanical, morphological, neurophysiological
and chemical parameters utilized in research haea bighlighted. Understanding the mechanics of
herniated discs with varying degrees of disc heligsgd, including loss of hydraulic behavior, motion
foramen space and changes in facet loading willdbgable to clinical practice. Investigation oéth
selection of the practice of the McKenzie approact the stress gradient driving the movement of

the nucleus is of utmost importance. Also outstagdre studies investigating the recommended
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Study 3; In Vitro Extension ROM (degs.)

Porcine C3/4 |

10

Study 4: In Vitro Equivalent of the In Vivo Extension ROM (degs.)

_ _ Extension in | Extension in | Extension
Extension Extension ] )
_ Overhead | prone with | prone after | in prone
in in prone
_ reach ] extension extension in a left
standing lying I e , .
mobilization | mobilization | side glide
Degrees of
Extension of
Lumbar 34.99 25.32 36.53 41.82 39.52 37.97
Spine
(In vitro)
L4/5 5.25 3.80 5.48 6.27 5.93 5.69
L5/S1 7.58 5.49 7.91 9.06 8.56 8.23

Table 6.2: The in vitro range of extension used istudy 3 is compared to the in vivo segmental

ranges achieved in the McKenzie exercises in study Total lumbar spine in vivo extension

ranges were converted to segmental extension baseal the in vivo results of Pearcy et al (1984)

and Pearcy and Tibrewal (1984). The equivalent imitro ranges are calculated from the in vivo

ranges. As in vitro ranges are reported relatived elastic equilibrium, a 14.% adjustment to the

in vivo range was made (Andersson et al (1979) amd vitro segmental distributions calculated

(Adams 1994).
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McKenzie ‘doses’ in acute, subacute and chronicsebaf rehabilitation (sustained versus repeated
extension), the impact such ‘doses’ may have onh#tedth of other spinal tissues and the role of

repeated extension in the prevention of recurreficisplacement of a portion of the nucleus.
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APPENDIX A

The direction of progressive herniation in porcine spine motion segments is

influenced by the orientation of the bending axis.

Aultman CD, Scannell J McGill SM .

Faculty of Applied Health Sciences, Department ofd§iology, University of Waterloo,
Waterloo, Ont., Canada N2L 3G1.
Clin Biomech (Bristol, Avon). 2005 Feb;20(2):126-9.

Abstract

Background. It has been shown that disc herniations are a cumulative injury created by
repetitive flexion motion while under modest compressive loads. There is a lack of data
linking the direction of nucleus tracking to the orientation of the bending motion axis. Our
purpose was to determine if the direction that the nucleus tracks through the annulus during
progressive herniation is predictable from the direction of bending motion (i.e. a specific side

with posterio-lateral herniation).

Methods. Matched cohorts (n = 16) of porcine cervical spine (C3/4 and C5/6) motion
segments were potted in aluminum cups and bent at an angle of 30°to the sagittal plane

flexion axis while under a sustained compressive load of 1472 N.

Findings. The direction of bending motion affected the tracking pattern of the nucleus
through the annular fibres in a predictable pattern. Specifically, bending the motion
segments at an angle of 30°to the left of the sagi ttal plane flexion axis biased the movement

of the nucleus toward the posterior right side of the disc in 15 of the 16 specimens.

Interpretation. Based on this animal model, shown to have similar biomechanical behaviour
to humans, the direction that the nucleus tracks through the annular fibres appears to be
dependent upon the direction of bending motion. This may have implications on both

herniation prevention and rehabilitation of posterio-lateral bulges and herniations.
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Introduction

Clinically, disc herniation is most commonly observed posteriorly or posterio-laterally
(Cruess and Rennie, 1984; White and Panjabi, 1978). Although a consistent method for

generating disc herniations has been established ( Gordon et al., 1991; Callaghan and

McGill, 2001), there is a lack of research documenting whether the type of motion can

influence the direction that the nucleus tracks (i.e. posterio-lateral). Using cadaveric lumbar

motion segments with intact passive tissues and facets, Adams and Hutton (1985)

demonstrated that repetitively loading the spine results in delamination of the annulus.
Specifically, when the spine is loaded asymmetrically, the nucleus tracks along a radial
fissure formed in the contralateral corner of the disc suggesting that annular delamination is
load/direction dependent. This phenomenon was demonstrated while motion segments were
cyclically compressed at a pre-determined flexion angle, therefore few specimens failed by

disc prolapse. Callaghan and McGill (2001) determined that posterior disc herniations are

consistently created with repetitive flexion under modest static compressive forces. Their
data suggest that disc herniations are an injury that result from cumulative bending trauma
and can initiate after only 5870 cycles of flexion/extension while under a compressive load
of only 867 N. However, when the compressive load was increased to 1472 N, the incidence
of disc herniations also increased and the extent of tissue damage was more severe. With
this background, an asymmetrical loading pattern combined with repetitive flexion is needed
to assess whether changing the bending axis influences the direction of progressive
tracking. If so, this would provide evidence to justify specific primary and secondary

prevention approaches together with specific motion based rehabilitation strategies.

The purpose of this study was to determine if the direction of nucleus tracking during
progressive herniation is dependent upon (and therefore predictable from) the plane of
bending motion. It was hypothesized that repetitively bending the motion segment oriented

at the x -axis minus 30° (terminology according to Panjabi et al., 1974) would bias the

progressive tracking of the nucleus towards the posterior right side of the disc. In
orthopaedic terms, the motion was about the sagittal plane flexion axis that had been turned
30° ( Fig. 1). The motion examined in the present study is a common movement in real

working life as documented by Fathallah et al. (1998) and shown in Fig. 2.
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Methods

Sixteen porcine cervical spines were obtained and frozen immediately post-mortem in
doubled polyethylene bags at 20 C. The spines wer e matched for age (approximately 6
months old), weight (80 kg), diet, and physical activity. Prior to testing, the specimens
thawed for 12-15 h to ensure the disc had reached room temperature. They were then
dissected into motion segments of two vertebrae (C3/4 and C5/6). The intervening disc,
facet joints, and passive tissues of the two vertebrae remained intact. The data set
consisted of 12 C3/4 and 4 C5/6 motion segments. Fixation of the specimens was achieved
by four 18-gauge wires which were looped bilaterally around the anterior processes and the
lamina and looped through holes in aluminum cups. A “pastry bag” was used to inject non-
exothermic dental stone (Denstone®, Miles, South Bend, IN, USA) all around the base of the
vertebra and within the cups to further prevent any motion at the cranial and caudal ends of
the motion segments. Finally, a screw was also used to fasten the top aluminum cup to the
cranial end of the motion segment, protruding a maximum of 1 cm into the centre of the
vertebral body. To assist subsequent investigation of the direction of nucleus tracking, a
solution of 0.25 mL barium sulphate (radio-opaque), 0.15 mL water, and 0.15 mL blue dye
(Coomassie Brilliant Blue G-mix: 0.25% dye, 2.5% MeOH, 97.25% distilled water) was
injected into the centre of the discs through the anterior annulus wall. Although radiographs
were not obtained in this experiment, barium sulphate was included because this
consistency and viscosity of solution was known to track through the annulus only if a

fissure was present ( Callaghan and McGill, 2001). To maintain hydration, the specimens

were wrapped in bench-top paper, wet with a physiologic saline solution (0.9% NacCl), and
enclosed in polythene film. The direction of nucleus tracking was documented from visual
inspection and digital photographs of the discs after sectioning the motion segments. A
servohydraulic dynamic testing machine (model 8511, Instron Canada, Burlington, Ont.,
Canada) was used to apply a compressive pre-conditioning load of 300 N to all specimens
for 15 min prior to testing. The pre-conditioning countered any swelling that had occurred

post-mortem and due to freezing. During the preload, a custom jig ( Callaghan and McGill,

2001) controlled using a servo-motor, found a position of zero torque, or elastic equilibrium,
which was used as the zero position (neutral lordosis) for the passive and dynamic testing
protocol. Each specimen underwent a passive range of motion test performed under 1472 N
of compression. The passive test brought the specimens through five repeats of their

passive range of motion at a rate of 0.5Ys. The axis for the range of motion was oriented
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30° from the anatomical sagittal plane flexion/exte nsion axis. Again using the Instron, a
dynamic test repetitively bent 16 specimens (about the 30°axis) at a rate of 0.5 Hz for 6000
cycles while under 1472 N of compression. The bending ‘elbow’ of the angle vs. torque
curve, corresponding to the point of increased stiffness in bending, was used as a limit for
the range of motion in the dynamic test. The specimens were brought back to neutral (the

position of elastic equilibrium) for each cycle.
Results

Bending the motion segments about an axis oriented 30° to the left of the sagittal plane
flexion axis resulted in the focused nucleus tracking toward the posterior right side of the
disc in 15 of the 16 trials (94%) (Fig. 1). Specifically, while 14 of the 15 were very distinct in
the nucleus track, one of the 15 had a bulge as expected on the right posterio-lateral side of
the disc, but with more diffuse leakage of the dye around the annulus. The one specimen
that did not show a distinct track simply demonstrated general failure with leakage of the dye

in all directions.

Discussion

These data suggest that the direction of progregsosterio-lateral herniation, at least in porcine
segments, is dependent upon (and therefore prbliicfeom) the direction of bending motion.
Repetitively bending the motion segments at anean§jl30° to the left of the sagittal plane flexion
axis biased the tracking of the nucleus towardotbeterior right side of the discClearly, repetitive
flexion under a modest compressive load remains a convincing mechanism for disc prolapse

( Callaghan and McGill, 2001). The initiation and progression of a herniation involves the

nucleus tracking through a fissure in each concentric layer of annular fibres as suggested by

Adams and Hutton (1985) and seen in the present study. Discovering that the side that the

nucleus tracks is dependent upon the direction of bending motion is of use in understanding
injury mechanics (particularly progressive disc herniation) and therefore in developing
methods of injury prevention. It is plausible that an observed posterio-lateral herniation or

bulge on one side of the disc would be linked to dominant bending to the other side
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Fig. 1: Photograph of C4 sectioned from a C3/4 moti
segments about an axis oriented 30° to the left of
resulted in the nucleus tracking toward the posteri
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Fig. 2: An industrial worker performing a repetitiv e task involving combined flexion
with lateral bend is demonstrative of the complex m otion pattern examined in the
present study.
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in real life ( Adams and Hutton, 1985). Based on retrospective injury records, Fathallah et al.

(1998) reported that industrial workers at high and medium risk of low back disorders
performed complex motion patterns involving combined lateral and twisting velocities similar
to the motion pattern examined in the present study. The observation of one specimen that
exhibited diffuse annular failure could have been due to several variables. It is possible that
the quality of the disc was compromised and that undetected damage existed in this
specimen prior to the experiment. It is unlikely that the other discs were damaged given their

origin and similar behaviour.

The primary limitation of this study was the use of an animal model to portray the response
of the human lumbar spine. Young, healthy, human cadavers matched for age, diet, weight,
and physical activity are simply not available. However, the porcine spine appears to be a

useful surrogate to the human lumbar spine in both anatomical features ( Oxland et al.

1991) and biomechanical behaviour ( Yingling et al., 1999). Although no study has

examined the orientation of the annular fibres in pig discs, our hand-protractor
measurements suggest they are similar. The similarities of a pig neck and human lumbar
spine should not be surprising since a large extensor moment is required to hold up the
cantilevered head of a quadruped which results in huge compressive forces on the cervical
vertebrae similar to the compressive forces on the human lumbar spine from supporting the
weight of the upper body and head. Pigs also exercise a ‘rooting’ behaviour hence the
robust extensor anatomy and restricted motion similar to a human lumbar spine. In
summary, a porcine cervical spine model provides a homogeneous subject sample for a
matched group control study such as this and appears to have similar failure mechanics to a

young adult human.

In conclusion, repetitive bending (flexion with some lateral bend) produces tracking of the
nucleus toward the opposite posterior side of the disc. This information may be useful for
both diagnostic and prevention issues and introduces a new question: If the direction that
the nucleus tracks is dependent upon the direction of bending motion, can prophylactic
motion patterns be defined that would slow the progression of a prolapsed disc to a

herniation?
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APPENDIX B
Information and Consent FOormORE File #: 11198

Study Title: Investigation of the lumbar spine range and combination of motion during
activities of daily living and during prescribed eercise.

This study represents the student investigatodar(Icannell) PhD research and will be
supervised by Professor McGill, Occupational Biohstcs and Safety Laboratory,
Department of Kinesiology, University of Waterloo.

Purpose The purpose of this study is to investigate theges and combinations of
lumbar movement utilized during activities of dailjving and during clinically
recommended exercises. This study will use 3-dsiogral spine motion monitoring
equipment to quantify movement patterns and theseement patterns will be investigated
in future research. Simply, an instrument willdieapped to your back which will measure
your spine motion during the assessment and treditprecedures. You will receive a trace
and Joan Scannell will discuss your results withi.yorhis may lead to better treatment
protocols in the future.

All study participants will be assigned a code, ebhwill be attached to the results to
assure your anonymity. All data will be kept cdefitial and stored for an indefinite period
in a secure, locked location at the University chtéfloo Spine Biomechanics Laboratory.
This data may be used in future studies, but withain accessible only to the members of
the Spine Biomechanics Laboratory, and all pardietp will remain anonymous in any
future analysis of the data.

What we are asking you to do:You will be asked to perform your usual tasks bhilev
wearing the spine motion monitor. This light devaonsists of a sensor (approximately 2cm
X 2cm x 2cm) and a source (approximately 4cm x #etom) both of which will be attached
to your back with straps. This test will add ab8dtminutes to your usual appointment time.

Specifically the tasks you will be requested tdfqen are:

1. Stand in your natural standing posture for 10 séson

2. Bend forwards, backwards and side to side

3. Reach with each hand separately to objects plac&dnt of you, while in a

standing position and then in a sitting position

4. Reach both hands overhead

5. Bend backwards, supporting your trunk with yourdsaan your hips and keeping
your knees straight
Leaning your shoulder onto a wall move your hipthewall
Lie face down while the physiotherapist palpatesryombar spine
Perform a sloppy push up by lying face down, phamar hands under your
shoulders, keep your hips on the bed and pushuwyupgr body up with your
arms.
9. Perform a sloppy push up while the physiotheraglides assists the extension of

your spine

© N
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10. Allow Joan Scannell to reposition your hips aftériat you will repeat a sloppy
push up.

Participants who are not eligible for the study are
1. individuals that currently have acute low backpain
2. individuals whose activities or movements areucrently restricted by medical
condition.

Should an emergency situation arise in which enmergenedical attention is required the
emergency services will be contacted to arrangeifio@rgency transportation via ambulance
to hospital.

Every attempt will be made to accommodate the sdkedf the study participants. If
participants have any questions regarding the stddy contents of this form or the
conditions of participation please contact Joam8eh at 416 207-9395 or Professor Stuart
McGill at 888-4567 ext 6761.

Risks with your participation: You are simply requested to wear the measuringcdevi
There are no known risks associates with this.adéleask for answers to any questions that
you may have.
Consent Form

| have read the information about the procedurekraks involved in this study, and
have received satisfactory answers to my questiglaged to this study. The specific details
of the study have been explained to me both oealtyin written form on the previous pages.
| understand that my anonymity will be assured smllegive specific written permission for
my name to be used and that | may withdraw my gg#tion at any point in the study
without penalty by simply asking to do so.

This study has been reviewed by, and received ®tti@arance through the Office of
Research Ethics at the University of Waterlool Have any questions or concerns resulting
from my participation in this study | can contalee tdirector at 888-4567 ext. 6005 with the
ORE file number at the top of the page. | am avthet | may report any concerns or
complaints from any participation in this studythe Office of Research Ethics, University
of Waterloo.

Participant Name; Date ; [l
D M Y
Participant ‘s Signature:
Participant Tel: Participant e-mail:
Witness Signature: Date ; /I
D M Y
Participant Code: (office use)
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