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ARSTRACT

In parallel with ttre dehydration and fraying of the nucleus pulposus the

d,egenerating human intervertebral disc is characterised by the formation of tears

within the annulus fibrosus.

Despite the likd relevance of annular tears in the pathogenesis of low back

pah, their relationship with the biochemical degradation of the intervertebral

disc remains uncertain. Furthermore, their association with mechanical stress is

still controversial.

pathorogicat observations in young human rumbar discs have hightighted the

possible role of discrete peripheral lesions of the annulus in the early phases of

disc degeneration. The incidence of the various types of annular defects in the

active adult population remains, at present, unknown'

The aims of the present study were to:

I Analyse the characteristics and relative incid,ence of annular defects in the

human lumbar sPine;

2. Investigate their role in the pathogenesis of inten¡ertebral disc degeneration.
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1. A total of 260 human lumbar discs were examined. Seria1 macroscopic and

microscopic observations were made and annular tears classif'ed according to

their morphology. The incidence of annular lesions v¡as analysed in relation to

âge, level, area of the disc involved and association with degeneration of the

nucleus pulposus.

The role of MRI and discography in imaging annular defects was analysed in a

prospective stud.y of 83 patients u¡ith low back pain. The results indicated that

pain provocation at discography was strictly related to tears extendin$ into the

peripheal annulus fibrosus. wtrilst all s¡rmptomatic discs had contrast pattern at

d,iscography consistent s¡ith marked. d.egeneration, 12 had normal signal intensity

at MRI. Of the 60 discs with normal signal intensity at MRI 18 had markedly

abnormal discograms.

discograms.

None of the abnormal discs at MRI had normal

2. An animal model using the sheep was d.eveloped to investigate the role of

peripheral tears of the annulus in the pathogenesis of disc degeneration. Using a

retroperitoneal approaeh to expose the lumbar spine a cut of known deptJr was

mad.e in the teft antero-lateral annulus fibrosus of randomly selected lumbar

discs. This cut was paraller and adjacent to one end-plate and closely

reproduced. the rim lesion described by Schmorl and vernon-Roberts. In 25

sheep ttre cut had a depth of 5mm and in the remaining 10 sheep of 2'5mm'

These represented. respectively two thirds and one third of the width of the

anterior annulus, leaving the inner annulus and the nucleus pulposus intact'
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plain radiographs and discograms were performed at the time of operation. The

sheep were sacrifi.ced accord.ing to a rand,omised schedule at an interval from

operation varying from one month to two years. Following sacrifice a series of

experiments were carried out comprising MH, discography, conventional and

quantitive histology and bioehemical analysis'

The results of the radiological investigations suggested that following acute

annular failure, MRI would not show any pathological changes in the signal

obtained, by T2 weighted images from the nucleus pulposus for a period of up to

12 months.

Decreased signal intensity due to second.ary dehydration of the nucleus pulposus

was seen only in the later phases of degeneration and was paralleled by the

biochemical d.ata on moisture content and proteoglycan levels'

The results of the morphologrcal analysis suggested that despite $reat eare being

taken to ensure that the inner annulus qras not involved in the initial lesion,

progressive failure of the inner annulus took place between four and twelve

months after operation. Whilst microscopy showed healing of the outer one third

of the annular d.efect no evidence of repair was seen of the inner tq/o thirds of

ttre original cut. of the biochemical parameters examined, disc proteoglycans'

proteoglycan aggregation and. matrix protein levels were significantly affected in

the operated discs. The diochemical findings q¡ere consistent q¡ith progressive

dise degeneration.
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These results indicate that d.iserete tears of the outer annulus may have a role

in the formation of concentric clefts and. in accelerating the development of

radiating clefts in the annulus fibrosus and degeneration in the nucleus

pulposus. Localised peripheral tears of the annulus fibrosus may be relevant in

the pathogenesis of the early phases of degeneration of the intervertebral disc

and in the production of discogenie pain'
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2. TNTRODUCTION

2.L ATMS OF' THF' STIINY

This study was designed to test the hypothesis that discrete peripheral

tears of the annulus lead to secondary degenerative changes in other

components of the intervertebral disc and ttrerefore are relevant to the

sequence of events which lead to disc degeneration. In order to test this

hypothesis 260 human lumbar intervertebral discs were examined and an

animal model using the sheep was developed.

2.2 NEGRNERTATJON OF' THT' TNTF'RVF'RTF'RRAT. DISC

- nÏ'.FINTTTON

In the 1976 edition of the Concise Odord Dictionary the verb to

degenerate is defined as to "have lost the qualities that are desirable or

proper", to have "fallen from former excellence"-

If the reader agrees on this rather broad definition then he or she would

agree that as such intervertebral disc degeneration would appear to be a

certainty in the human race. It would be more dtfficult to agree, however,

on its possible causes.
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A major obstacle in attempting to define the meaning of disc degeneration

may be represented by its dtfferentiation vrith ageing.

If these terms were to be considered sJmonJrrnous, time would represent

the single most important factor in ttre development of changes of the

interuertebral discs.

I would like to use the word degeneration in relation to the intervertebral

dise, however, q¡ith a more restricted meaning. This term as it was

suggested by Friberg and. Hirsch[66,67), could be used to imply premature

ageing of the disc characterised by substantial disorganisation of the

annular structure. This may not be seen in aged and otherwise normal

discs.

If this defi.nition is followed, degeneration would become a less universal

phenomenon and may occur as early as during the second decade of life

and be signifi.cantly associated witJ: back pain.

The work that I present here is based on the hypothesis that discrete

tears of the outer annulus fibrosus which may develop independently and

occur following mechanical stress could influence the structural changes of

the other components of the intervertebral disc associated v¡ith degenera-

tion.

This hypothesis may be relevant for the identification of possible pain

mechanisms from the intervertebral disc.
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2.3 CHNVGF.S IN THF nEGF NF'Rr\TTNG nTSC ANn THF'

FORMATTON OF' ANNITT ITS TF'ARS

Historically, if the intervertebral disc is considered in its separate

components the annulus fi.brosus seems to have been neglected in favour

of the nucleus pulposus by many investigators engaged in the study of the

pathology of the disc.

A possible explanation may be that the macroscopic changes which occur

urith time in the nucleus pulposus are easier to identify and appreciate.

The dessication and fraying of the nucleus pulposus or in biochemical

terms, its dehydration and relative loss of proteogflycans have been

considered by most authors as preceding structural changes in other parts

of the intervertebral disc.

An example of the historically accepted pathological sequence undergone

by the inten¡ertebral disc can be found in the classic contributions on disc

prolapse.

This entity first described by Luschka in 1858 and subsequently

popularised by Mixter and Bar in f934(137J ¡¡np¡sd a substantial failure

in the lamellar arrangement of the annulus fibrosus. The disorganization

and tearing of the annulus however, rather than being considered a

primary feature related to possible mechanical damage were explained by

Yunghanns[Tl) amongst others on the basis of outward extension of

clefts from the degenerating nucleus pulposus and the inner annulus.
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Schmorl[t7lJ chssifi.ed the typical pathological features of disc degenera-

tion into two separate categories, spondylosis deformans and intervertebral

chondrosis.

In spond.ylosis deformans it is the primary discrete failure of the outer

annulus fibrosus which leads to formation of osteophytes. These, according

to Schmorl, are an expression of endochondral ossification at the site of

the detachment of the long perispinal ligaments from the vertebral body.

The lifting of the long ligaments was considered a consequence of

hypermobility induced by the peripheral annulus tears in association u¡ith

nuclear displacement towards ttre site of the lesion [fig. ll.

This process required a hydrated nucleus pulposus and q/as therefore

classified as a separate entity from intervertebral chondrosis which implies

primary fraying of the nucleus pulposus v¡ith end plate sclerosis and

subsequent narrowing of ttre intervertebral discs.

The concept of central degeneration of the inten¡ertebral disc was

ad.vocated again by Hirsch and Schaiowitz in f 953[92J

These authors stated that tears of the annulus would always follow

primary degradation of the nucleus pulposus and proposed as a "new

pathological basis for low back pain" the "ap¡rearance of a highly vascular

granulation tissue witlúl the interwertebral disc". Such tissue because of

its location was considered. an expression of attempted healing of the outer

portion of what ttre authors referred to aS "annular ruptures"-

I

I



igure lA

rigure IB

vertebral bony rim.
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The concept of "radiating annular rupture" implies conventionally a

progressive and outq¡ard. extension of an inner annular lesion often as

illustrated by Schmorl and Yunghanns[l7l] associated v¡ith clefts of the

nucleus pulposus.

A hypothesis put forward to explain the primary central degradation of the

intervertebral disc is based on diffusion studies[g4). Due to its avascular

nature and nutritional d,ependance on diffusion from the outer annulus

and the end plates, areas of disc tissue exist especially in the inner and

middle annglus which are exposed to possible nutrient defi.ciencies- Recent

studies have indicated that in the adult t]le mid annulus would contain

the most active cell population for proteogfycan synthesis[I5). The

nutritional risk of ttre central zorte of the disc would be enhanced by

decreased permeability of the end plates. Structurat changes of the end

plates which may affect their permeability are commonly seen at autopsy

and, have been explained by finite model analysis on the basis of

compressional overle¿¿[l 76].
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whilst most authors agree on the central origin of radiating annular clefts

in close association to the fraying of the nucleus pulposus' recent

pathological observ¿¡ien5[l52J have conf.rmed the observation by Schmorl

of the presence of discrete peripheral tears in young and otherwise normal

discs. These tears were seen more frequently in the region of insertion of

the outer annular lamellae into the vertebral body rim. Vernon-Roberts

and pirietlggl and Hilton an¿ eaU[90,91J suggested that because of their

microscopic characteristics these were likely to be the result of direct

trauma to the disc rather than being an expression of degeneration. The

fact that lumbar rim lesions were equally common above or below the age

of twenty years sug$ested that they would preceed the secondary

degenerative changes seen in the inner annulus and the nucleus pulposus'

The characteristics of the pathological changes seen in the annulus

fibrosus of human lumbar intervertebral discs are d'iscussed in more detail

in chapter 3.

2.3

The understand.ing of the likely causes of failure of the annulus fibrosus is

of great relevance for

degeneration.

the analysis of the successive steps of disc
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If the close association between discrete peripheral annular tears and

osteophytes proposed. by schmorl is accepted, repetitive trauma to the

inten¡ertebral disc would. represent the single most important factor in the

aetÍopathogenesis of outer annular defects as indicated by osteophyte

formation

Despite this being still a very controversial issue a series of radiological

studies[l8,g7,118,170] have ind.ieated that spondylotic changes, that is to

say osteophyte formation and d'isc narrowing, occur at a significantly

younger age amongst heavy laborers'

In a comparative radiotogical review of 216 concrete reirrforcement workers

and 201 house painters[r65) a statistically significant dÌfference was found

in the presence of degenerative changes of the lumbar spine in relation to

heavy physical work. Disc Space narrow'ing, ifi' fact, occurred at about lO

years and, spondylophytes at about 5 years younger age in the concrete

reinforcement workers group. In a recent epidemiological investigation[83J a

strong correration was found between "rumbar intervertebral disc disease"

[herniated disc or typical sciatical and occupational status with motor

vehicle drivers and heavy laborers at highest risk Four times that of

professional and other white collar workers) tfig 2l'

An investigation of L42 young top Swedish atheletes(I8l) concluded that

radiological abnormalities consistent qdth degenerative disc disease could

be found, in almost 50 percent of subjects' There v¡as a significant

correlation between intervertebral disc narrowing, change of configuration

of the vertebral bodies and back pain'



Figure 2 statistical correlation between "lumbar intervertebral
disc disease" and occupation. [Modified from: Helio-
vaara, M: Epidemiolog¡l of sciatica and. herniated
lumbar intervertebral disc. publications of The social
Insurance Institution Helsinki lgggl
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After examination of over 3oo lumbar spines at autopsy Vernon-Roberts

and pirietfgg) sugg¡ested that because of the occasional vascular ingrowlh

around. the margins of the cleft, radiating lesions into the annulus fibrosus

could be due to a tearing process rather than tissue breakdown from

simple degeneration.

In 1gg4 Hilton .tru 3.1[90) reported. on the frequency, distribution and

histological characteristics of vertebral rim lesions from 117 post-mortem

spines. Most rim lesions showed evid.ence of attempted repair q¡ith

fi.brovascular and fi.bro-cartilaginous tissue in the region of the rim' Based

on the histological appearance the authors concluded that a traumatic

aetiology was likely and that the lesions could be relevant in the context

of low back Pain.

While

tearing periphery

from the

repetitive trauma may explain the collagen disorganisation and

at the

radiating tears

periphery, as illustrated by Schmorl and Junghanns[TU is thought to be

closeþ associated v¡ith the fraying of the nucleus pulposus. Friberg and

Hirsch[62) in their study on the morphologrcar characteristics of disc

degeneration, suggested, that annular ruptures started in ttre inner

annulus and were directed. either sagittally or laterally outwards toward

the periphery. Galante[69J suggested t]rat the formation of radiating tears

in the annulus resulted from a combination of internal disc pressure and

early failure of the inner annular fibres due to degenerative chan$es.

of the intervertebral

inner annulus and

disc, the formation of

extending towards the
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Most clinicians that recognize annular tears as an entity refer to Farfan's

work[38,59,6o,61 ,62,63,64) in which torsional stress was linked with the

production of discrete tears of the peripheral annulus fibrosus [fig 3J.

Based on a series of experiments in which 90 inten¡ertebral joints were

subjected to torsional loading, Farfan observed that degenerated discs had

red.uced resistence to torsion than normal discs'

Wtrilst experimental torsional failure did not produce any substantial

damage to the vertebral bodies, annular defects induced experimentally by

torsion produced changes similar to those seen in disc degeneration. The

morphologieal features following torsional stress of the dise according to

Farfan were ttre observation of extensive tearing in the peripheral layers of

the annulus. In atl specimens ttrese lesions qrere limited to the outer

lamellae with the inner annulus remaining intact. Farfan speculated that

with successive injuries, deeper and deeper annular layers became

compromised and. eventually a communication between the nucleus and

the outer annulus u¡ould. form as seen in disc degeneration by radial tears"



rigure 3 Human lumbar intervertebral disc subjected to tor-
sional loading. Clefts are seen parallel and adjacent
to both end plates. [From : Farfan, H: Mechanical
disorders of the low back. I-ea and Febiçr, LSTB;
reproduced with permission of ttre authorsJ
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Because of the limited rotational motion possible in physiological circum-

stances in the lumbar spine the relevance of torsion in the pathogenesis of

disc lesion was questioned. by Adams and Hutton[2,4J. In a series of

experiments using cadaveric lumbar interyertebral joints it was found that

torsion \Ã¡as resisted primarily by the apophyseaf joint in compression.

Because of the protection offered by the facet, the intervertebral disc,

according to Adams and. Hutton, was subjected to relatively small stress in

the physiological range of torsion. It was concluded that because $reater

angles of rotation were required to damage the intervertebral disc, torsion

seemed, unimportant in the aetiology of disc degeneration and prolapse.

The same authors in a different series of experiments[3) were able to

induce posterior disc prolapse by applylng compressional load on the

interr¡ertebral disc using flexion only.

Their experiments confirmed the observation by Nachemson[43J of

markedly increased tensile strain on the annulus fibrosus of discs tilted

more than 50 and subjected to vertical load, due to the significant

increase in internal disc pressure.
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2.5 ANNULUS FATTURE ANN TMAGTNG

Following the introduction of discography by Lindblom U948) Cloward in

1952[33] drew attention to its diagnostic value in identifying "ruptured

lumbar intervertebral discs". He pointed out tJ:at discography would

demonstrate inten¡ertebral discs \¡rith substantial structural damage as

outlined by the contrast medium. These pathological chan$es due to lack

of posterior displacement into the spinal canal would not be detected by

myelography.

Crock in 1970[44] ¡ntroduced the term "internal disc disruption" to identify

a clinical s5mdrome with prominent disabling back pain. The term implied

marked disorganization of the intervertebral disc as seen at discography

and wtrich, according to the author, usually followed severe trauma

inflicted on the disc, for example by sudden unprotected weight lifting or

following high speed accidents. Discography in these cases may demon-

strate radial tears in the substance of the annulus fibrosus short of

complete extension to the outer layers. The macroscopic changes seen in

the "disc tissue" according to Crock were indistinguishable from disc tissue

in the early phases of degeneration.



-16-

One of the limitations that might exist in correlating the appearance of the

intervertebral disc at discography with its possible pathological changes is

that, if a discrete tear of the peripheral annulus u¡ere present especially

anteriorþ or anterolaterally, it would not necessarily communicate with the

inner annulus and. the nucleus pulposus and therefore would not be

shown by the contrast medium tfig. 4 and 51. Furthermore, discography

would not provide information on the reactive changes occuring in the

outer lamellae wtrich might play, as suggiested by Hirsch and Schajow-

iezl92), a signifi.cant role in the production of s¡rmptoms from the

inter'¿ertebral dise proper.

Whilst theoretically MRI could supply information on pathological tissue

changes within the intervertebral disc, at this sta$e the presence of

discrete tears of the annulus not associated urith dehydration of the

nucleus pulposus would go undetected in vivo because of the very poor

signal obtained from the annulus fi.brosus. In a recent report by Yu et

¿[206), however, tears of the annulus fi.brosus were identified in a

comparative study in cadavers using MRI and cryomicrotome sections of

the specimens. Circumferential tears on T2 weighted images appeared as

ftuid fitled spaces gving rise to bright signal which replaced tl.e normal

low intensity signal of tlee annulus fibrosus. The authors reported on the

visualisation of radiating ruptures and of rim lesions with MRI although

they stated that these were less effectively seen at MRI as compared to the

anatomic sections.

The relationship between annular mpture and investigative techniques

such as discography and MRI is analysed in chapter 4.



Tgure 4

figure 5

Example of normal discogram in the presence of
marked osteophfie formation ffrom the anterior
aspect of tl:e vertebral bodyJ and end plate sclerosis.
This appearance is consistent with the presence of
discrete failure of the peripheral annulus.

Discogram demonstrating extravasation of contrast
towards the anterior longitudinal ligament in asso-
ciation with osteophyte formation. Contrast is seen
in the basivertebral venous plexus.
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2.6

The relationship between pathotogical changes of the intervertebral disc as

seen in cadaver material, animal experiments or surgical specimens and

back pain remains highly controversial'

Kirkaldy-willis tlgg3l(rrol tried to correlate degenerative changes of the

inten¡ertebral joint eomprex u¡ith the clinical presentation of patients

suffering from back complaints. He proposed' to divide the process of

degeneration into three phases: d,ysfunetion, instability and stabilisation' In

phase one repetitive iniury would result in internrption of normal function

with the early changes in the disc represented by circumferential and

radial annulus tears. In phase tu¡o abnormal increased movements wor¡ld

be noticed. This phase would be eharacterised by laxity of the annulus

fibrosus. The pro$ression of degenerative changes would result in the

unstable segment regaining its stability [phase three) through tissue

fibrosis and osteophyte formation.
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One of ttre reasons for the controversy wtrieh surrounds ttre concept of

discogenic pain is the paucity of anatomical studies which have demon-

strated innen¡ation of the intervertebral discs. Whilst most auttrors agree

on the existence of a well developed. nerve supply along the longitudinal

ligaments anteriorþ and posteriorþ, few studies to date have shown nerve

endings within the intervertebral discs and these have always been

confined to the very outer part of the annulus fibrosus. Advocators of the

concept of pain arising from the intervertebral disc proper have used the

well documented phenomenon of pain provocation by discography as one

of the main supporting factors. Bogduk et at[19,20J, based on original

anatomical studies in human lumbar discs confirmed the observation

made by Stillws[[l8OJ in monkeys, of innervation of the posterior annulus

by the sinu-vertebral nerves. In addition, a nerve supply by the recurrent

branches of the grey rami comunicantes was established for the anterior

tongitudinal ligament [fig. 6J. yoshisawa et ¿[205], based on the histologi-

cal analysis of human discs removed at operation described rich nerve

supply q¡ittrin the outer half of the annulus fibrosus. A variety of nerve

endings were described including free terminals with club like or bulbous

expansion or less commonly terminals q¡ith glomerular type formations

occasionally demarcated by a capsule like condensation of adjacent

tissues.

Although lit¡e is known of the established nerve supply to the outer

annulus fibrosus it seems reasonable to postulate that lesions of the

peripheral annulus may lead to production of pain. This would be most

likd to occur in ttre presence of high levels of intradiscal pressure as

tensile strain on the peripheral annulus would be €lreater. In addition,

outer annular damage would induce repair mechanisms wittr secondary

granulation tissue formation and possible ingrowth of nerve fibres.
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3. T}{F- PATHOT OGY OF' ANNUT US TT'ARS

3.1 SUVI-NÍARY

An attempt is made in ttris chapter to describe and elassify the

morphology of human annulus tears and their charaeteristics. This is

based on the analysis of the relevant literature and on the personal review

of 260 human lumbar discs collected. at The London Hospital by Vernon-

Roberts and in Adelaide during tJle last three years.
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3.2 HTSTORY

The first detailed description of the morphologSl of the "internal de-

arrangement of the intervertebral disc structure" is from Schmorl and

yunghannsfiTlJ. Closely related. to the dessication of the nucleus pulposus

characteristic of intelvertebral chondrosis, these authors described the

appearance of clefts extending from the nucleus pulposus into the annular

layers q¡ith a transverse or oblique course. These clefts were considered to

be associated v¡ith the development of disc prolapse. The formation of

clefts within the annulus fibrosus cotild not only be due to radiation from

the nucleus pulposus but according to Schmorl and Yunghanns could

occur independently with clefts arranged mostly in a concentric fashion,

both in the anterior and posterior regions'

Other discrete lesions of the annulus fibrosus were described in relation to

osteophyte formation-

These lesions consisted. of a separation of the annulus fibrosus from the

vertebral body rim along a plane parallel and adjacent to the endplate and

seen specifically at the very periphery of the disc. It is not clear, however,

based on Schmorl and yunghanns work to understand the relationship

existing between rim lesions and the other features of annular damage.

I.
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In 1945 Coventry, Ghormley and Kernohan[39,40,4lJ described as a

typical feature of ageing of tJ'e annulus fibrosus during the third decade

the presence of concentric fissuring of the annular lamellae which would

precede the more substantial changes seen in ttre nucleus pulposus.

Friberg and Hirsch[67J in 1950 drew attention to the link between annular

ruptures and disc degeneration proper as a separate entity from the

normal physiological ageing of the intervertebral discs. Annular ruptures,

accordin$ to them, were more commonly seen in the posterior annulus in

the lower two lumbar discs whilst probably more frequently seen anteriorþ

and laterally in the upper lumbar segments. These ruptures radiated from

the centre in the lower discs posteriorþ and postero-laterally and were

surrounded by smaller annular ruptures.

Three years later Hirsch and Schajowicz[92) described. discrete changes of

the annulus fibrosus wtrich v¡ere seen as early as during the second

decade of life. These changes were classifi.ed as mucous degeneration

consisting of coneentric cracks of varying sizæ,, more frequently seen in the

posterior annulus and apparently not communicating q¡ith the nucleus

pulposus. The authors therefore, tlifferentiated these lesions from the

radial ruptures which, as stated by Friberg and Hirsch, c¡ere described as

extending in an outward direction from the nucleus more commonly in the

posterior and postero-lateral annr¡lus of the two lower lumbar discs.

Hirsch and Schajowicz considered radiating ruptures as being a conse-

quence of mechanical pressure. They also stated that if such ruptures

extended to the outer annulus fibrosus a "vascularconnective tissue" was

seen at tristology in and around the radial mpture.
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Morgan and King[f4f] in Lg57 drew attention to the association of

annulus tears, radiographic instability and low back pain. They observed

the presence of "incomplete radial posterior tears" in the lower lumbar

segments and of "anterior coneentric fissures or slits" in the upper lumbar

spine which they considered as the likely cause of lumbar instability.

Twenty years later Vernon-Roberts and Pirie[fg9J reviewed the results of

over 3OO lumbar spine autopsy observations. They supported the observa-

tion of Schmorl and Yunghanns where radiating lesions into the annulus

fibrosus were considered as an extension of clefts forming originally in the

nucleus pulposus. Because of the occasional vascular ingrowth around the

margins of the clefts they sug€iested that these could extend into the

annulus by a tearing process rather ttran tissue breakdown due to simple

degeneration. Vernon-Roberts and Pirie confirmed the presence of circum-

ferential clefts within layers of annular tissue and of tears directed at right

angte to the direction of tJle collagen bundles seen near the attachments

of the annulus to the vertebral body [rim lesions]. The presence of cystic

degeneration within the lamellae of the annulus fibrosus was described by

Vernon-Roberts[l98J as a separate entity amongst the microscopic features

observed.
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Hilton and BaIl[9O) in 1984 reported on the frequency, distribution and

histological characterístics of vertebral rim lesion from LL7 post mortem

spines. Histological observations however were obtained systematically only

from central sagittal slabs of the Dl I-12 and W-5 intervertebral discs.

Rim lesions v/ere more frequently seen anteriorþ and cor¡ld be associated

with major tears of the annulus fi.brosus. Most rim lesions showed

evidence of attempted repair u¡ith fi.bro-vascular and fibro-cartilaginous

tissue in the region of the rim. The authors concluded that based on the

histological appearance a traumatic aetiology was likely and that the lesion

could be relevant in the context of low back pain.

Kirkafdy-Willis[ 10) postulated that radial tears may result from the

coalescence of small circumferential tears which could occur initially in the

outer annulus fibrosis. His hypottresis linked repetitive trauma and

degeneration in the sequence of events which lead to annular damage.
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3.3 MORPÉTOT OGTCAT CT.ASSTF'TCATTONS OT' ANNIN ITS TEARS

The classification which follows is based on my observations of L25

human adult lumbar discs from tJle material accumulated by Vernon-

Roberts at the Bone and Joint Research Unit of the London Hospital and

of 135 lumbar discs from 27 spines removed at autopsy in Adelaide

between f987 and 1989.

All subjects of the Adelaide series were aged between L7 and 50 years

[average age: 31.5).

Annulus defects were classified into three t¡4res:

1) peripheral [rim lesionsJ

2) circumferential [concentricJ

3l radial



Figure 7A

Figure 7E}

[TopJ L2-3 intervertebral disc _of a 39 year old
woman. A rim lesion is visible adjacent to the upper
anterior vertebral body im of the lower vertebra.
Initial osteophyte formâtion is seen adj-acent to the
rim lesion. itré bone marrow is replaced by granula-
tion tissue.

[BottomJ High power micrograph of the rim lesion
seen in figure 74.
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3.3.f Rirn ksions

These are defined as discrete tears of the outer layers of the annulus
fibrosus, parallel and adjacent to one or both endplates [figs. T and g].

Although significantly more frequent in the anterior annulus, they can

seldom be seen posteriorþ as well. Rim tesions appear to be frequengy

accompanied by ingrowth of vascular granulation tissue which may extend

well into the mid layer of the annulus. Rim lesions generally give origin to
circumferential tears which are seen as separation of the individual
lamellae of the annulus. The adjacent bony rim may show replacement of
the malrow by granulation tissue. Sclerosis may be observed. of the
subjaeent bony trabeculae. Osteophytes are generally seen in association

v¡ith rim lesions tfig 91. In discs with advanced degenerative changes

radiating ruptures may be seen running into ttre rim lesions [fig. lO]. As

postulated by Vernon-Roberts[198) and Hilton s¿ ¿[90,91], the morpholog¡r

of these tears suggests a traumatic origin.
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igure 8A

ligure 8B

[Top) Lower power micrograph of L2-3 inten¡ertebral
disõ of a mañ aged 36. R¡rrrr lesions are seen in both
the upper and. lower end plates.

limit of the bony rim.
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igure 9A

Figure 98 [Bottom)
in figure

rim lesion.

High power micro$raph of osteophytes seen
9A.
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ligure l0A

Figure 10B the lesion seen
with the higttlY

the sheeP model



t

l'¡

t

ir
rl rlìi

.{) : I 
',

t

\o
r:,

&,0
'¡{. .:

,$l

(

l,

I

t.

\
lr

!



-26-

3.3.2 Circumferentia'l lConcentric] Tears

Circumferential cracks are frequently seen in the annulus, both anteriorþ

and posteriorþ. Their frequency seems to be higher in the posterior

annulus at the lou¡er two levels ÍW-5 and L5-Sfl and anteriorþ in th.e

upper three lumbar segments. These tears, especially when in the outer

layers, may be associated udth vascular ingrowth which in some cases

lead.s to cyst formation [figs. tl and L2). It is of interest to note that

cystic degeneration was seen in our animal model following discrete

peripheral tears of the anterior annulus [Page 751. Circumferential tears,

as already mentioned, are commonly seen in association u¡ith a rim lesion.



Figure 11 Low power micrograph of L34 intervertebral disc of
a man aged 60. An area of cystic degeneration
associated vrith highfy vascular granulation tissue is
seen separating the central portion of the disc from
the mid layers of the posterior annulus fibrosus"





igure l2A

Figure 12B

[TopJ High Power
seeh in figure 11.

micrograph of the same lesion

in
of
u-
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3.3.3 Rar{ial Tears [Rarliating Rrrptrrresl

Radial tears as indicated by Friberg and Hirsch are a typical expression of

ad,vanced degeneration. They appear as clefts extending from the nucleus

pulposus to the outer lamellae of the annulus on a plane parallel or

oblique to the endplates [figs 13, 14, f5 and 16]. In discs where clear

d.emarcation still exists between annulus and nucleus radiating ruptures

are associated u¡ith nuclear displacement. This is more commonly seen

posteriorþ in the lower two se$ments but is not infrequently seen in the

anterior annulus especially in the upper lumbar se$ments. The displace-

ment of the nucleus pulposus is accompanied by outward orientation of

the margins of the annulus lamellae where they are separated by the cleft'

In addition, folding of the contralateral inner annulus lamellae is seen

towards the site of displacement. This is a constant feature and is seen

well in our animal mod.el. Whilst radiating ruptures, especially posteriorþ,

may be seen running in the mid substance of the annulus, they are more

frequently seen running into rim lesions. As described by Hirsch and

Schajowicz the outer portion of tJ'e tear is generally vascularised and

granulation tissue at various stages of maturity is seen in relation to the

peripheral part of tl.e lesion. Although tl.e presence of vascularised

granrrlation tissue indicates an attempt at healing, this is, if present,

generally confined to the very peripheral annglus layers only. This is in

agreement with the results obtained from the sheep model'



Figure l3A

Figure l3B
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gure 144

ligure l4B

nal ligament.

[BottomJ High power ma$nification of cleft seen in
figure 144.
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Tgure 154

Figure 15B

[Top) Low power micrograPþ . of L3-4 interuertebral
ifisð-in a wõmañ aged S"O. MutUple clefts *re.seen in
tftä ce-ntrat zorLe o"f the disc_ v¡ith a radiating tear
;;ddi"g-io-trr" periphery gf t_h" -posterior annulus
fiúGG: Theré- ïs inarlied displãcement of disc
G;""-î"*aias the site of ttre tear with characteris-
uõ- inf"iAittg of the inner layers,.of 1!",-anterior
innutus to#ards the direcqon- of the displacement.
Ã--ióf.U"" retrolysthesis of the upper vertebra is
seen.

the radiating
orientation of

e is seen in
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ligure 16A'

Figure 168

[Top) Low power mierogr
disc in a man aged 44.
the central zorrle of the
extending towards the periph¡:ry of F9 -p-o"teriorannulus-fibrosus. The ffiical finiting of infolding of
the inner annulus layers of the anterior annulus
towards the site of disc displacement is again seen.

[Bottom) High power micrograph of the radial tears
seen in figure 164.
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3.4

3.4.L Material and Methods

135 lumbar discs from 27 spines removed at autopsy in Adelaide between

1987 and 1989 were studied. All subjects were aged betu¡een 17 and 50

years (avera$e age 31.5J. The relevant history of each subject was recorded

and. specifically if any skeletal or metabolic disorders were present at the

time of death, and if any history of low back pain was known' In addition'

the principal autopsy findings and the cause of death were included in the

file. The fresh excised lumbar spines were radiographed and then fixed in

formal saline. Following fixation individual joint complexes comprising the

intervertebral disc, the adjacent end-plates and the posterior arch u¡ith the

intact apophyseal joints were separated and decalcified. Decalcification was

checked, by daily radiographs. At completion of decalcification the interver-

tebral disc and the a{acent end.-plates were cut into six parasagittal slabs

of uniform tTrickness. Each slab was observed q¡ith the aid of a dissectin$

microscope, photographed and' the height of the invertebral disc seen in

each individual slab measured. Each slab was then embedded in wax and

processed for histologY.

Úx addition to the obsen¡ation of annular defects the morphologtcal

appearance of the nucleus pulposus was classified according to a three

grade system. This was based on the macroscopic appearance of the

nucleus as seen in central sagittaf shbs tfig'171'



Figure 17

e [top) grade I

Morphological classification of the appearance ofnucleus pulposus.

No..*"I appearance. is seenbetween the nucleus annulusfibrosus. No obvious

B [centrel grade II Mild to moderate degeneration [see textJ.

c (bottomJ grade III Marked degeneration [see text].
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Grade I

Grade II

Grade III Marked

nucleus
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Normal: Clear demarcation exists betv¡een the nucleus pulpo-

sus and, t]le concentric lame'llar structure of the annulus

fibrosus. The cut surface of the nucleus appears to bulge

with a gel-watery consistency. and a milky or cream like

colour. No clefts are seen extending from the nucleus into the

annular substance.

Mild to mod.erate degeneration: The distinction between

nucleus and inner annulus is less defined. The cut surface of

the nucleus appears flatter and of more solid consistency' Its

colour is slightly darker and initial clefting may be seen

extending towards the outer areas of the disc'

d,egeneration: No distinction is seen between the

and. annulus fibrosus- The cut surface appears

flattened and of frayable consistency. Yellow-brown pigmenta-

tion is eommonly seen and extensive clefting is observed

extending to the outer annulus fibrosus.
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3.4.2 Results

These are summarised in table I, II and III'

peripheral tears were more frequently observed anteriorly vrith the

exception of the L5-s1 leveI where, out of nine rim lesions, four were seen

anteriorþ and five Posteriorþ.

Distribution of circumferential tears was similar between anterior and

posterior annulus for the four upper levels. A dtfferent trend for the L5-Sr

disc uras observed where 18 circumferential tears were seen in the

posterior annulus against seven anteriorþ

Radiating tears were almost exclusively seen in the posterior annulus and

in almost half of the L5-Sf discs

Eight LL-.L2 d.iscs had macroscopic evidence of nucleus degeneration

against 18 L5-Sl discs.

A comparison was attempted between the 18 spines under the age of 35

and the g spines over the age of 35 [table II). Whilst no significant

difference was seen in the incid,ence of peripheral and circumferential tears

between the two groups, the incidence of radiating ruptures 'was markedly

inereased in the older age group. This correlated with the presence of

nuclear degeneration.



Table I [see text]

Table II [see text]

Table Itr [see text)



EPIDEMIOLOGY OF ANNULUS TEARS
(27 HUMAN LUMBAR SPINES AGE : 31.5 (Mean) (R:17-50)

ANTERIOR ANNULUS

DISC
LEVEL NO.

RIM CIRC. RAD.
LESIONS TEARS TEARS

POSTERIOR ANNULUS

RIM CIRC. RAD.
LESIONS TEARS TEARS

NUCLEUS
DEGENERATION

723

L7-2
L2-3

L3-4
L 4-5

L 5-S1

27

27

27

27

27

17

6

9

2

4

72

4

11

72

9

72

51

J

2

13

5

13

6

3

6

13

JJ

10

13

12

13

18

66

79

77

79

15

9

7
o

7

11

13

47

1

1

1

1

9TOTAL: 135 38 79

EPIDEMIOLOGY OF ANNULUS TEARS
(27 HUMAN LUMBAR SPINES AGE : 31'5 (Mean) (R:17-50)

coMpARISON BETWEEN 90 DISCS OF SUBJECTS UNDER 3s YEARS OF AGE AND 4s DISCS OF SUBIECTS

OVER 35

ANTERIOR ANNULUS POSTERIOR ANNULUS NUCLEUS
DEGENERATION
723

DISC
LEVEL NO.

RIM CIRC. RAD'
LESIONS TEARS TEARS

RIM CIRC. RAD.
LESIONS TEARS TEARS

L7-2
L2-3
L3-4
L4-5

L 5-S1

TOTAL : 90 (45)

AGE <35

18 (e)

18 (e)

18 (e)

18 (9)

18 (e)

4

2

2

5

2

(3)

(4)

(7)

(7)

(2)

6 (5)

6 (6)

3 (6)

6 (6)

3 (4)

1G)
-c)
- (1)

-c)
1 (1)

2

1

J

7

1

1

1

J

6 (4)

6(n
5(n
8 (s)

10 (8)

(2)

o)
(2)

(2)

(4)

(3)

(4)

(3)

(6)

14 (s)

74 (3

16 (3)

11 (4)

I (1)

- (1)

- (1)

- (1)

- (1)

2 (3)

4ß)
4 (s)

2 (s)

7 (4)

8 (s)

24Q7' 24 Qt) 2 Ql 6 0) 3s (31)

(AGE >35)

EPIDEMIOLOGY OF ANNULUS TEARS
(27 HUMAN LUMBAR SPINES AGE :31.5 (Mean) (R:17-50)

DISCS WITH NO EVIDENCE OF ANNTILARTEARS

13 (20) 63 (16) 2s Q2) 2 Ql

UNDER 35 OVER 35
(90 DISCS) (45 DISCS)

TOTAL
(13s)

L7-2
L2-3
L34
L4-5
L 5-S1

9
11

11

6
I

72
74
13
8

10

57

3
3
2
2
z

72TOTAL 45



-31 -

Seven of the 45 discs from subjects over the age of 35 had marked

nuclear degeneration, against two of the 90 dises from subjects under 35.

Approximately half of the discs from the 18 spines under 35 years of age

had no evidence of annular defects. 33 of the 45 discs from the group

over 35, however, had. marked annular pathology [table m).
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3.4.3 rìiseussion

In their comprehensive description of inten¡ertebral disc pathology Schmorl

and. yunghanns(l7l) rehted the appearance of clefts extending from the

nucleus pglposus into the annular layers to the dessication and fraying of

the central part of the disc characteristic of intervertebral chondrosis. They

added that the formation of clefts within the annulus fibrosus could not

only be due to radiation from the nucleus pulposus but occur independ-

ently q¡ith defects arranged mostly in a concentric fashion and both in the

anterior and Posterior regions.

Other discrete lesions of the annulus fibrosus u¡ere described in relation to

osteophyte formation. These lesions consisted of separation of tle annulus

fibrosus from the vertebral body rim along a plane parallel and adjacent to

the end plates seen specifically at the very periphery of the disc'

Coventry, Ghormley, and Kernohan[39,4o,4l1 in 1945 stated that during

the third decade of lífe a typical feature of ageing of the annulus fibrosus

would be the appearance of concentrie fissuring of the anntrlus lamellae.

This phenomenon would. preceed the more substantial changes seen later

in the nucleus pulPosus.

Morgan and. King(14f1 m Lg57 drew attention to the association of

annulus tears, radiographic instability and low back pain. They observed

the presence of "incomplete radial posterior tears" in the lower lumbar

segments an¿ of "anterior concentric fissures or slits" in tJle upper lumbar

spine which they consid,ered as the likely cause of lumbar instability.
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20 years later Vernon-Roberts and Pirie[199] reviewed the results of over

BOO lumbar spine autopsy observations. They shared the observation made

earlier by Schmorl and Junghanns of radiating annular tears being an

extension of clefts originating from the nucleus pulposus. In addition, they

confirmed the presence of circumferential tears qrithin layers of annular

fissure and of rim lesions seen near the attachment of the annulus to the

peripheal vertebral bodY.

Hilton and Ba1l(90) in 1984 reported on the frequency distribution and

histologieal characteristics of vertebral rim lesions of LL7 post-mortem

spines. Histological obseryations however, were obtained systematically

only from central sagittal slabs of the D11-12 and IA-6 intervertebral

discs

Rim lesions were more frequently seen anteriorþ and could be associated

qdth major tears of the annulus fi.brosus. Most rim lesions showed

evidence of attempted repair in the fibrorvascular and fibro-cartilaginous

tissue in the region of the rim. The authors concluded tJlat based on ttte

histological appearance a traumatic aetiologSr was likely and that these

lesions could be relevant in the context of low back pain.

The results of our study suggest that radiating annular defects are closely

associated qrith degeneration of the nucleus pulposus and more frequently

seen in the lower lumbar spine and in the posterior anntrlus.
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Discrete tears of the outer annulus fibrosus however, can occur in

othels¡ise normal intervertebral discs and may preceed degenerative

changes in other parts of the inten¡ertebral joint complex'

Moreover, based on their histological characteristics it is likely that rim

lesions are due to trauma to disc tissue rather than being the result of its

biochemical degradation.

Friberg and Hirsch[67J suggested that annular ruptures would start in the

inner annulus and direct either sagittally or laterally outwards towards ttre

periphery. The concept of outward radiating ruptures was explained by

Galante[69) as a combination of internal disc pressure and earþ failure of

the inner annular fibres due to degenerative changes. This concept was

challenged by Kirkaldy-Willis[ f OJ who suggested that anmrlar lesions

would be first seen in the outer lamellae and would subsequently coalesce

to extend inwards towards the nucleus pulposus.

Our observations on young and otherwise healthy lumbar intervertebral

discs suggest that tears of the peripheral annulus fibrosus may develop

independently and should be considered a separate entity from radiating

clefts that form from the degenerating inner zor:e of the intervertebral disc.

The formation of discrete peripheral tears in relatively young discs may be

interpreted as a result of mechanical strain on the annr¡lar lamellae. This

would be in keeping with the results of Nachemson's experime¡1¡1l42,L43),

where, in the presence of high values of intradiscal pressurq, tensile strain

would be highest in the peripheral annulus.
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The relevance of peripheral annular lesions in the development of low back

pain remains uncertain.

The commonly seen phenomenon in our series of vascular ingrowth and

granulation tissue formation in association urith discrete defects of the

outer annulus woutd suggest that these tears may play a role in the

production of back Pain.

It is of interest to note in this context that pain provocation at

discography is commonly associated \Ãtith the presence of tears extending

to the outer annulus fibrosus.

The relationship betvreen annular tears, d'iscography and pain provocation

u¡ill be analysed in the following chapter.
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4. INVF'STTGATTVE TT'CHNTQUT'S

4.1 SITN/rNfr{Rv

In tSis chapter an attempt is made to correlate the morphologcal changes

of the annulus fibrosus described in the previous pages qrith the results of

investigative teehniques such as MRI and discography.

These proced.ures are eompared in relation to the staging of disc

degeneration with special reference to annular ruptures.

Following the review of the literature the results of a comparative study

betv¡een MRI and discography in 33 patients investigated by' MRI and

discography for low back pain are presented'
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4.2 F{ISTORY

4.2.L niseography

The use of díscography for the diagnosis of disc prolapse was first

reported by Lindblom in 1948. Numerous publications have since followed-

[1,25,33, 37,44,52,53,L28,L 43,L 44,L5O, I 54, I 62, I 69,200) .

ErlachertSz¡ ut ]^g52 proposed to classify the pattern obtained by injecting

radiographic contrast medium into the nucleus pulposus into flve different

forms. In form one and two the contrast appeared to be contained within

the nucleus pulposus and according to Erlacher herniation or protrusion

u¡ere unlikely. These forms v¡ere classified as nonnal. In form three, one or

more radiating fissures were shown by the contrast but the nucleus was

still clearþ identifi.able and. "protrusion, herniation or pre-prolapse -cottld

frequently be diagnosed". In form four the appearance of multiple ractiating

tears in the presence of a small central shadow was referred to as a

transitory form of degeneration in which "prolapse was likely to occur". In

form five ttre contrast spread through the disc by multiple branches with

no central shad,ow. This was considered by Erlacher as representing

typical degeneration in association with narrowing of the disc. Herniation

according to the author would have no longer been expected'
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Cloward[22) in Lg52 commented on the diagnostic value of discograms in

,,ruptured lumbar intervertebral discs". He felt that discography would

highright tearing and disorganizatton of the fibres of the annulus fibrosus

which could occur in the absence of neurologieal signs of defi.cit. Cloward

drew attention to the fact that in such patients myelography would often

fail to disclose any lesions encroaching on the spinal canal and that

annulus ruptures could present without herniation of disc material.

In fg65 Nachemson04SJ observed the relationship between intradiscal

pressure as measured by the injection of fluid into the nucleus pttlposus

and morphological patterns of discograms. He concluded that signifi.cant

differences could be found between discs classifi.ed normal at discography

and, those labelled moderately or severely degenerated. In the normal discs

in fact the vertical load on the annulus was found to be only 5O% of the

applied load per unit of area on the disc. In the moderately degenerated

discs however, parallel to a decrease of intradiscal pressure the vertical

Ioad. on the annulus would become the same as that applied on the disc

per unit of area. In other words, moderate degeneration was associated

udth an increase by about LOOo/o of the vertical load on the annulus

fibrosus and a 5Oo/o decrease of tensile stress when compared to normal

discs.



-39-

Crock[44J in I9TO drew attention to the phenomenon of typical pain

reproduction by discography in patients with disabling back pain. The

radiographic contrast pattern v¡ould show radiating ruptures of the

annulus. He postulated, based on extensive studies of end plate vasculari-

sation, that auto immune mechanisms could play a relevant role in the

development of ttre patient's s¡rmptoms'

Brodsky and Binder[25] in 1979 proposed, as a way of explainining the

phenomenon of pain produetion folloq¡ing intradiscal injection, the trans-

mission of pressure through "a torn or weakened annulus" producing pain

by stretching the annulus fiber.

park et al(r541 in the same year reported on 14 patients between 16 and

4O years of age with discographic evidence of posterior annular fissures

extending backward,s from an otherwise noñnally outlined nucleus- Eleven

of them und.erwent surgery because of disabling Pâh, and at operation no

evidence of disc prolapse was found but "a large rent was demonstrated

penetrating through all layers of the annulus fibrosus". The authors

postulated that radiating fissures of the annulus fibrosus could represent

early evidence of disc injury. Two patients in the series failed to show pain

reproduction by discography. In both cases the pattern of contrast

demonstrated complete radial rupture of the annulus u¡ith rapid extravasa-

tion of contrast into the epidural space. The auttrors explained this on the

basis that pain provocation at discography would be the result of

,'transference of increased. nucleus tension to the outer annulus" which

would not occur if a complete radial mpture was present.
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In 1986 Adams, Dolan and. HuLtog[U trie¿ to correlate the pattern

obtained by the contrast at discography v¡ith various sta$es of degenera-

tion as seen in cadaver material. As for Erlacher's classifi'cation they

identifed flve different types q¡ith type one and two [cotton ball and

lobularJ considered as representing normal discs. In type three (iregularJ

distinct signs of degeneration were seen v¡ith clefts and small fissures

extending into ttre inner annulus. In type four ffissuredl the contrast

would highright the presence of radiating clefts extending to the outer edge

of the annurus but with no reakage of contrast materiar from the disc into

the epid.ural space. The authors stated that this pattern would be

commonly found. in patients s¡ith back pain and would be most often

associated with s¡rmptomatic pain reprodueed by the injection' Type five

(rupturedJ would. show contrast material extending to the outer edge of the

annulus and escaping from the disc space. This pattern would be found in

all stages of degeneration and vr¡ould be associated with a complete radial

fissure, according to the authors, usually in the posterior annulus' Adams

et aI concluded that the discogram types one to four represented

successive sequential sta$es of disc degeneration.
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4.2.2 MRI

In the last few years Magnetic Resonance Imaging of the spine has been

used as an alternative method of obtaining information on the state of the

interr¡ertebral disc. Modic and weinstein[l38] in Ig84 reported on the

results of their preliminary work suggestin$ that the spin echo technique

with variation in the echo time and recovery [repetitionJ was very useful

for t1.e evaluation of the spine. They described three basic variations: the

first, an abbreviated spin echo technique with an echo time [TE] of 30

milliseconds and recovery time tTRl of 0.5 seconds [Tr weighted imagesJ

which would provide good anatomic delineation and contrast resolution

betu¡een soft tissue structures. This sequence wou1d, however, result in a

homogeneous appearance of the normal intervertebral disc with no

distinction between the annulus and the nucleus pulposus. The second

spin echo technique involved a more prolonged TE [60 or 12o mi[isecondsl

and TR [l second). With tþis sequence [Proton density imagesJ discrimina-

tion between nucleus pulposus and annulus fibrosus would be possible

because of the higher signal intensity of the nucleus. With degeneration,

parallel to the decrease in water content of the nucleus pulposus a

decrease in intensity of the signat from the nucleus would be noticed with

a more isod,ense image of ttre disc. The authors stated that normal agtng

of the disc would appear to result in similar changes. i

i

I

I
I
ì
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A recent in vitro studyt2OSJ correlated ttre signal obtained by MRI with T2

weighted images and. proteog¡lycan content of the intervertebral disc. This

study suggested that a strong relation was found between signal intensity

and water content of the tissue samples analysed. Although a positive

correlation was found between the water and proteoglycan content in the

tissue samples, signal at MRI was not found to be directly correlated u¡ith

proteoglycan content. The authors concluded that the method described in

conjunction with MRI could be valuable in quantifying loss of water

content from the intervertebral disc which may be associated with

degenerative changes and low back pain.

The third sequence in Modic and Weinstein's study involved a further

lengthening of the TR and TE ITE f2O milliseconds, TR 3 seeonds,J which

would. result in an enhanced. signal from the CSF [cerebro-spinal fluid)

relative to the extradural structures fTZ weighted imagesJ. The images

obtained sdth t1.is sequence accord.ing to the authors were comparable

with a myelogram.

In 1986 Gibson et a1[73] reported on a comparative study of 5O discs

subjected to MRI and discography. They concluded that MRI seemed to be

more accurate than discography in the diagnosis of disc degeneration.

Their conclusion was based on the fact that four of the discs which were

reported normal at discography showed some decrease in the signal at

MRI from the nucleus PulPosus.
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In one disc, however, the needle at discography had been placed

incorrectly in the annulus and. in the ottrer three which had bçen reported

as normal, lateral fissuring as highfighted by ttre contrast material was

present. The reason for the discrepancy between discography and MRI was

attributed retrospectively to an elror of interpretation of the discogram.

In fgg7 Schneid.ennan et ¿[f73) reported on the correlation between

Magnetic Resonance Imaging findings and discography in lol discs from

36 patients. They concluded that in roo of the 101 levels MRI was

accurate in predicting whether the disc morphology would be normal or

abnormal at discography but stated that based on signal intensity alone

the exact pattern of disc morphology seen at discography could not be

determined by MRI The authors added that in patients with early acute

sSrmptoms due to acute herniation or tears in the annulus fibrosus, MRI

may not show changes in signal intensity'
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Zucherrnan et ¡t2O7) in lg88 reported on a series of 18 patients in which

MRI did not accurately reflect internal disc morphology as outlined by

discography. This series consisted of seven men and eleven v¡omen with a

mean age of 33 years and a range between 24 to 52 years. 16 of the 18

patients had had no prior surgery and tu¡o had had previous surgery at

d.ifferent levels. The interval between MRI and discography was between

one day to ten months with a mean value of 2.5 months. In all cases

despite MRI reported, as being normal, discography showed tears extending

to the outer annulus fibrosus v¡ith or without extravasation of contrast

into the epidural space. The authors stated that discography may a1]6qr

detection of significant pathology not sugg¡ested by MRI scanning' They

added that in patients with normal MRI and continuing s¡rmptoms

consid.eration should be given for further investigation by discography.

They concluded stating that discography was at present the most sensitive

indicator of internal disc architeeture'

yu et a1(2o61 in lggg reported the results of a correlative study between

MRI and macroscopic appearance of lumbar discs from twenty cadavers of

various ages. They differentiated tears of the annulus into three 'categories:

concentric tears, radial tears and transverse tears in the periphery of the

annulus. They concluded that MRI provided an accurate means for

investigating tears of ttre annulus, with the tear appearing on T2 weighted

images as an area of bright signal replacing the normal low intensity

signal of the annulus.

I

I
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4.3

The following study was carried out to analyse in a prospective fashion the

correlation between MRI appearance and patterns of disc de$eneration at

discography in a consecutive series of patients urith low back pain.

4.3.L Materia'l and Methods

A prospective study was undertaken of patients being investigated for low

back pain between May 1987 and December 1988. Patients with spínal

osteomyelitis, discitis or other infectious diseases involving the spine were

not included in the study. In add.ition, patients suffering from spinal

trauma or tumour were also excluded. There were 33 patients included in

the series with a total number of 114 lumbar inten¡ertebral discs. The age

of the patients ranged from 24 to 64 years faverage : 35)' MRI was

performed using a Siemens Magnetom 1.0 Tesla. T2 weighted spin . echo

sagittal images of 5mm thickness were obtained using a TR of 2.5 seconds

and. a TE of go milliseconds. The images from the interwertebral discs were

classified. according to the signat intensity from the central zor:re of tl.e

disc. Signal intensity was classified as norrnal, reduced or absent when no

difference could be observed between central and peripheral zones as seen

in central sagittal slabs. tfig.l8A). An attempt was made to classify the

shape of the central signal into normal and enlarged anteriorþ and/or

posteriorþ[fig.l8B].



Figure l8A

Figure 18E}

area of increased signal intensity is seen in tl:e
posterior annulus fibrosus, possibly related to a
radiating tear.
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It was found, however, that distinction between normal and enlarged

contour was, in most instances, extremely difficult to define. It was

decided therefore to limit the MRI classification of disc signal to intensity

only.

Following MH, discography was performed using the lateral approaeh

described by McCulloch and. Waddell f1281 and a two needle stiletted

technique. Æl procedures were carried out with the radiographic contrast

material mixed with antibiotic as a prophylactic measure to prevent

discitis[l53J. Care was taken to record pain response to injection and the

pressure employed. The discographic pattern was classifi'ed into four

dÌfferent categories: l, [normal) where the nucleus was well outlined by the

contrast in a round.ish, regr¡lar, simple or bilobulated pattern and no

annular tears could be seen; 2, where the nucleus was well outlined by

t¡e contrast but an anterior or posterior tear cor¡ld be seen extending to

the inner or outer annulus with no leak of contrast into the epidural

space tfig.lgl; 3, where the nucleus was again well outlined by the

contrast but one or more tears could be seen extending to the outer

annulus anteriorþ or posteriorþ with leakage of contrast into the epidural

space or along ttre anterior longitudinal ligament; 4, where the nucleus

proper could not be outlined by the contrast and tJle latter extended

within the intervertebral disc with or q¡ittrout leakage into the epidural

space. tfig.2ol Pain reprod,uction was classified as absent, at¡lical [where

the injeetion caused. discomfort or pain but ttris was clearþ different from

the usual s5rmptoms of the patientl and typical - when the injection of

contrast reproduced the patient's usual back symptoms. Pressure used for

the injection of contrast was recorded as high, medium or low'



Figure 194

Figure 198

[TopJ lisc-ography of W-5 and L5-St human in_terverteþral disc. The appearance of the contrast inthe L4-5 disc is consistêrit with a no.*¿ pä¡t"rr.





gure 204

ligure 20E}
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rwtrilst pain reproduction and pressure recordings were graded by one of

three radiologists performing the procedure the classiûcation of tJle MRI

signal pattern and discography was carried out by the principal investiga-

tor
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4.3.2 Results

These are summarised in table IV and V.

None of the abnormal discs identified by MRI as having decreased or

absent signal showed. normal morphologrcal pattern at diseography tfig.2ll.

Eighteen of the sixty discs q¡ith normal signal intensþ at MR[, however,

showed marked degenerative changes at discography. In addition, a further

15 discs had annulus tears in the presence of a well outlined nucleus

pulposus ífr9.221.

None of the fifteen markedly degenerated discs at MRI had high levels of

intradiscal pressure, whilst only six of the sixty discs classified normal at

MRI had low degrees of pressure.

Of the thirty-nine discs with typical pain reproduction at discography

twenty-seven had abnormal signal at MRI. All symptomatic discs had

degenerative contrast pattern at discography.

Conversely of the thirty-nine asymptomatic discs thirty-three had normal

MRI signal and twenty-four norrnal contrast pattern at discography. Only

six of ttre forty-six degenerated discs at MRI were as¡rmptomatic at

discography.



Table IV [see textJ

Table V [see textJ



CORRELATION BETWEEN MRI AND DISCOGRAPHY

MRI SIGNAL
INTENSITY FROM CENTRAL
ZONE OF DISC

PATTERNS AT DISCOGRAPHY (DISCS)

INNER OUTER MARKED
NORMAL TEAR TEAR DEG'

NO. OF
DI5C9

CORRELATION BETWEEN MRI AND DISCOGRAPHY

72

15

6

33

MRI SIGNALINTENSITY

NORMAL DECREASED ABSENT

15

9

24

27

27

60

39

15

114

6
NORMAL

DECREASED

ABSENT

TOTAL

15

9

30

PAIN
REPRODUCTION
AT DISCOGRAPHY

PATTERNS AT DISCOGRAPHY

NORMAL INNER OUTER MARKED
DEGEN.

DISCS
NO.

J

J

9

15

J

18

18

39

33

I5

12

60

9

12

30

6

27

33

6

15

J

2427

39

JO

39

774

24

J

ABSENT

ATYPICAL

TYPICAL

TOTAL

9



gure 21.q.

ligure 21E}





Tgure 224

Figure 228 (Bottom) MRI scan of the same pati-ent .of figurg
îZl.- Tirere is no obvious abnormality in signal
intensity or shape at any of the three levels.
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4.3.9 Discrrssion

cloward, in Lg52 commented on the diagnostic value of discography in

,,ruptured lumbar intervertebral disc" in view of the potent'al for highlight-

ing tears and disorganisation of the fibres of the annulus fibrosus.

In lg65 Nachemson obser'¿ed the relationship between intradiscal pressure

as measured by the injection of fluid into the nucleus pulposus and

morphologrcaf patterns of discography. He concluded that si$nificant

dtfferences could be found between discs classified normal at discography

and those labelled moderately, or severely degenerated. Moderate degenera-

tion was associated s¡ith an increase of about LOOo/o of vertical load on the

annulus fibrosus and a 5O%o decrease of tensile stress when compared to

normal discs.

Brodsky and Binder in 1979 proposed as

phenomenon of pain reproduction following

a way of explaining the

intradiscal injection that

transmission of pressure through a "totn or weakened annulus" worrld

produce pain by stretching the annulus fibres. Park et al in the same year

reported. on 14 patients between 16 and 4o years of age with discographic

evidence of posterior annular fissures extending backwards from an

otherwise normally outlined, nucleus. The authors postulated that radiating

fissures of the annulus fibrosus could represent earþ evidence of disc

injury. TWo patients in the series failed to show pain reproduction by

discography. In both cases the pattern of contrast demonstrated complete

radial rupture of the annulus qrith rapid extravasation of contrast into the

epidural spaee. The authors explained this on the basis that pain

provocation at discography would be the result of "tranference of increased

nucleus tension to the outer annulus" which would not occur if a

complete radial rupture was present.
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In lg86 Adams, Dolan and, Hutton correlated the pattern obtained by the

contrast at discography E'ith various sta$es of the degeneration as seen in

cadaver material. Five different types were identified. The authors stated

that discs with radiating clefts extending to the outer edge of the annulus

but with no leakage of contrast material into the epidural space would be

commonly found in patients u¡ith back pain and would most often be

associated u¡ith symptomatic pain reproduced by the injection'

In our study thirty-six of the thirty-nine discs qdth typical pain

reprod.uction al discography had tears extending to the outer annulus.

Moreover, none of the twenty-seven discograms u/ith normal morphologlcal

pattern reproduced the patient's typicat Pâh, u¡ith twenty-four failing to

cause any discomfort.

Attempts at correlating intrad.iscal pressure values and pain did not

demonstrate a definite relationship. Whilst most of the normal discs at

discography had high value of intradiscal pressure and no pain reproduc-

tion three of the nine discograms with low value of intradiscal pressure

reproduced the patient's typical pain.
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In the last few years magnetic resonance imaging tUru) of the spine has

been used as an alternative method of obtaining information on the state

of the intervertebral disc.

In lgg7 Schneid,errnan et al reported on the correlation between MRI and

discography in tol discs from thirty-six patients. They concluded that in

lOO of the fol levels, MRI u¡as accurate in predicting whettrer disc

morphology woqld be normal or abnormal at disco$raphy, but stated that

based on signal intensity alone the exact pattern of disc morphology seen

at discography could not be determined by MRI. The authors added that

in patients with early acute s5rmptoms due to acute herniation or tears in

the annulus fibrosus, MRI may not show chan$es in signal intensity.

The results of our study suggest that with current standard techniques

MRI would fail to d.emonstrate some of the structural changes in the

annulus fibrosus which would be outlined by the contrast at discography.

It seems incorrect, therefore, to assume that normal MRI signal intensity

from the centra| zone of the disc is proof of normal disc morphology.

Our results are in keeping u¡ith the report of Z:ucl:offnan et al of 18

patients with normal MRI and. grossly abnormal intervertebral discs at

discography.

In our series in fact of the 60 discs udth normal signal intensity at MR[,

lg had marked annular pathology as outlined by the radiographic

contrast.

I
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A recent in vitro study[206J comparing anatomical specimens and MRI of

human intervertebral discs eoncluded that urith T2 weighted image

sequences, dtfferent types of tears within tJ.e annulus fibrosus could be

demonstrated. Although ttris study was based on cadaver material only it

is likely that with continous technological improvements and the experi-

mentation of new enhancing contrast agents the quality of the MRI signal

from ttre annulus fibrosus will be improved in the near future. This may

allow visualisation of annular tears in absence of major degenerative

changes of the nucleus pulposus tfig.23).

Based on our results discography seems to represent at present a more

accurate investigation for the documentation of annular tears whieh may

be relevant in the production of low back pain. The relationship between

signal intensity at MRI and, biochemical composition of the interwertebral

disc in an animal model of intervertebral disc de$eneration is analysed in

detail in Chapter 5.4.1.



Figure 23 MRI scan (proton density sequence) of human
lumbosacral spine. clockwise from top left: overall
view of lumbosacral spine; normal appearance of the
L3-4 disc; the L4-5 disc signal appears decreased in
intensity; an area of increased signal intensity is
seen in the posterior annulus extending to the very
outer layer. This appearance may be related to a
radiatíng cleft associated v¡ith posterior displacement
of nuclear material; L5-Sl diJc: signal in-tensþ is
slightly reduced in relation to the Lg4 level. An
area- of increased signal is seen in the posterior
annulus. This may reflect the presence of a rad.iat-
ing cleft to the outer layers of the posterior annular
lamellae.
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5.

5.f Summary

In ttris chapter, foltowing the review of the literature' a new animal model

of inten¡ertebral disc degeneration using the sheep is presented' This is

based on tl.e hypothesis that discrete peripheral tears of ttre annular

lamellae could precede and influence the structural changes of the

intervertebral disc commonly associated with de$eneration'

In ttris mod.el a cut was mad.e parallel and adjacent to one of ttre end

plates in the anterolateral quadrant of the outer annulus fibrosus in

randomly selected lumbar intervertebral discs. The inner annulus and the

nucleus pulposus were left intact.

This cut simulated the outer annulus tear described by Schmorl[l7ll,

Vernon-Roberts[198), and Hilton and Ball[90'9f).
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5.2 History

The first report in the English literature of experimental intervertebral disc

degeneration induced in animals is ttrat of Key and FordUOSl of 1948'

TWo previous reports are quoted in that article, one from Germany and

one from ltaly. In the first one by Lob t1933) surgical insult to the

annulus fibrosus of rabbits was found to produce similar changes to those

seen in human spondylosis d'eformans. In the second paper by Filippi

tf935l srithin three months of surgical division of the anterior annulus

fibrosus in rabbits regeneration of the annulus lamellae was seen ]Ã¡ith

reconstitution of normal structure on examination. The findings by Filippi

were contradicted by Key and Ford.'s v¡ork employing a dog model' In each

of tl.e fourteen animals entered into the study an incision was made

transversely in tl.e posterior longitudinat ligament and annulus fibrosus of

lumbar intervertebral discs on the left side, through a laminectomy

approach. The incision caused immed.iate prolapse of nuclear material- The

dise was not curetted. The authors noted that at sacrifi.ce ttre defect in the

annr¡lus fibrosus had tended to heal only at the surface whilst the

operative defect in the d,eeper layers had remained open. The authors

proposed, based on the result of their experiment, that the primary lesion

Ieading to protrusion of the intervertebral disc in men may be a weakening

of the posterior portion of the annulus fibrosus due to degenerative

changes or to injury. Degenerative changes in the nucleus pulposus'

according to Key and, Ford., appeared to be secondary.
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Smith and WalmsleylT7) in 1951 reported on the result of their

investigation using a rabbit model. They ineised the annulus fibrosus

transversely and deep into the nucleus pulposus obtaining immediate

nuclear prolapse in the majority of rabbits. They analysed fifty-five

surwiving animals at intervals varying from one day to two years after the

operation. They concluded that in keeping udth the experimental findings

of Key and. Ford, healing occured in the superficial lamellae of ttre annulus

in association with a fibroblastic reaction typical of tissue healing in

general. The failure of healing of the deep part of the wound was

attributed to the "recognized. avascularity of the deeper annular fibres"'

The authors postulated that the presence of the displaced nucleus

pulposus separating the annular lamellae would have been an additional

factor acting against the bridgrng of the defect. They obserr¡ed extensive

ossifi.cation of the ventral annulus in ttre animals sacrificed at longer time

intervars after t].e operation. smith and watmsley postrrlated that in

humans an increase in pressure of the nucleus pqlposus in association

v¡ith movement of the vertebral column and in the presence of initial

degenerative changes may rupture the deepest lamellae of ttre disc' This

would allow the nucleus to prolapse "between the torn ends" of the

annulus fibres. The rupture would extend. to the more superficial layers of

the annulus fibrosus to produce "a progressin$ tracking of the nucleus to

the periphery of ttre disc".
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In lggl Lipson and ¡a1¡¡[120,121) reported on the biochemical changes

induced with d.egeneration using the same rabbit model described by

Smith and, rwa1msley. In all animals acute nucleus herniation was

produeed which was followed by secondary de$enerative changes [metapla-

sia of the intewertebral disc into fi.brocartilage and osteophyte formation at

the site of tl.e lesion). The water content of the disc after an immediate

loss was rapidly restored two days after tJle operation. Progressive

dehydration of the disc occurred. however in the long-term in association

with changes in the total uronic acid content. The proportion of aggregated

proteoglycans increased rapidly during the first two days but a progressing

loss was noticed six to seven weeks after the operation. The authors

sugg¡ested that loss of confined fluid mechanics of the disc would appear

to initiate the chemical changes seen in degeneration. They postulated that

when a communication occurs between radial fissures and circumferential

annular tears a ,,concealed herniation would take place" which would then

lead to ireversible mechanical damage and progressive de$eneration'
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5.3 TÉTE ST{F'.EP MONF'I

5.3.1 THE CHOICE OF THE SHEEP AS AN ANIIMAL MODEL

Previous ex¡rerience employing a sheep model had suggested it to be a

particularþ suitable animal for spinal research' The sheep was found to

be economical, consistent, reliable and easy to handle' In addition based

on the comparative studies of Builer[29'30'3U, thê embryology and

chemical composition of the sheep disc seemed to be significantly closer to

the human than that of other animal species used in previous studies

[dogs and rabbits].

All sheep entered. into the study were of the same breed fMerino) sex

(wethers) and age at the time of surgery. The age, as identif'ed by the

front teeth, was in all animals between 18 and 24 months which

corïesponded to a young adult at completion of skeletal development'
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5.3.2 MATERTAL AND METHODS

5.3.2.1 Surgical Teehniqtre

In all animals the anterior lumbar spine was exposed through a left sided

retroperÍtoneal approach performed under general anaesthetic. Induction

was obtained with intravenous barbiturates. The sheep was then intubated

using a gmm endotracheal tube and anaesthesia maintained with haloth-

ane, oxygen and nitrous oxide. The skin incision was vertical and anterior

to the transverse processes, extending from the last rib proximally to the

ilias crest distally. The peritoneum was retracted anteriorþ and five

lumbar intervertebral d.iscs with the exclusion of the lumbosacral level

were exposed between psoas major and minor. In one group of sheep,

three randomly selected lumbar discs were exposed and a cut of 5mm

q¡idth and 5mm depth was made in the left anterolateral annulus fi.brosus.

A guard v¡as used on the knife to ensure the exact depth of the cut. This

was parallel and. adjacent to the lower endplate of the upper vertebra. In

the remaining sheep, four randomly selected lumbar discs, n¡ith the

exclusion of the lumbosacral level, were exposed and a cut was made of

5mm vddth and 2.5mm depth in tJle left anterolateral annulus fibrosus.

The cut, as for the other animals, was parallel and adjacent to the lower

endplate of the upper vertebra (fr9.24).

The total depth of the anterior annr¡lus fibrosus in ttre midsagittal plane

in the lumbar spine of the sheep varies from a minimum of 7mm to a

maximum of 9mm. A 5mm deep cut, therefore, would involve the outer

and mid third of the annulus fibrosus. A 2.5mm deep cut would involve

the outer third of the annulus only.



Figure 244

Figure 24B

[Top) Diagram of 5mm deep cut.

[BottomJ Diagram of 2.5mm deep cut [see textJ.
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Following the procedure discography was performed using a 27.5 gauge

need.le and O.lO ml of Conray 28O. Lateral radiographs were then taken

and the wound was closed in layers v¡ith absorbable suture material. No

antibiotics were used.. The sheep were allowed to ambulate immediately

after surgery and 3 days later sent to a sheep station where they were

allowed to move freely in the open with no limitations.

5.3.2.2 Fol'low Up

The animals were randomly allocated to 8 groups in relation to the time

interval between operation and sacrifice, the interval varying from one

month for group one to twenty-four months for group eight. Of the twenty

five sheep with a 5mm d,eep cut, two were allocated to $roup one [one

month), two to group two [two monthsl, four to group three Éour monthsJ,

two to group four [six monthsJ, three to group fi've [eight months], and

four respectively to groups six [twelve monthsJ, seven [eighteen months)

and eight [two yearsJ.

Of the ten sheep s¡ith a 2.5mm deep cut two each v/ere allocated to group

three (four months), five (eight monthsJ, six (twelve months), seven

[eighteen months) and eight ftwenty-four months).

For the pu{pose of the comparative analysis of the results all sheep in the

study were divided into three main groups: early phase (with a follow up

of one and two months); intermediate phase Éollow up of four, six, eight

and, twelve monthsJ; late phase Eollow up of eighteen and twenty-four

monthsJ.
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All sheep were sacrificed using an intravenous overdose of barbiturate. The

lumbar spine was then transected at DlO above and in the mid sacrum

below and removed en bloc.

5.3.2.3 Radio'logica'l Tnvestigations

MRI was performed on the fresh specimen using a Siemens Ma$netom 1'O

Tesla. Parasagittal slices of 4mm thickness v¡ere obtained using T2

weighted images tTR 2.0-2.5, TE 6O-90J. Axial views were obtained of

selected discs using T1 weighted images ITR O.55; TE15J. Following MH,

d.iscography was performed using a 27.5 gauge needle and Conray 280 as

contrast medium to a mÉì.ximum volume per disc of o.r5 ml. MRI signal

was graded aceording to intensity and shape based on mid sagittal T2

weighted images. Intensity was grad,ed as normal if the signal from the

central area of the disc had a bright intensity similar to the one obtained

from the cerebral spinal fluid in the spinal canal; reduced, when the

signal intensity from the central area of the disc appeared reduced in

relation to the control levels and absent when no difference was obseroed

betu¡een central and peripheral areas of the intervertebral disc. Shape of

the signal from central zot:re of the disc was classifi.ed as: U normal, when

it occupied the central two tfrirds of the intervertebrat disc with no clear

extension into the peripheral layers of the annulus fibrosus both anteriorþ

and posteriorly; and 2) enlarged, when extension of the area of increased

signal intensity was seen towards the outer layers of the annulus

anteriorþ and. posteriorþ u¡ith or without butging of the outer boundary of

the intervertebral disc into the spinal canal posteriorþ.
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In the case of lack of signal from the disc the signal shape was classified

as absent t3l.

Discography was classified into four groups according to contrast pattern'

Normal, when contrast was Seen pooling in ttre central or nuclear z'one of

the disc with a round,ish or bilobulated configuration. Pattern two when

the centrat pooling in the nuclear zotte v/as again observed but contrast

could be seen extending to the inner or outer layers of the annulus

fibrosus without extravasation of contrast outside of the physiological

boundaries of the disc. Group three, when central nuclear pattern was still

visible but contrast would be seen extending to the outer layers of the

annulus fibrosus with extravasation into the epidural space posteriorþ or

along the anterior longitudinal ligament anteriorþ' Group four, when the

central nuclear pooling of contrast would not be visible and multiple tears

could be observed, outlined by the contrast in the anterior and posterior

annulus. This pattern was considered consistent sdth marked disc

degeneration.
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5.3.2.4

After discography the lumbar spines were fixed in formal saline. Following

fixation the specimens were cut using a bandsaw in individual joint units,

fcomprising the intervertebrat disc with the adjacent half of vertebral

bodies and both apophyseal jointsJ and decaleified. Decalcif'eation was

checked s¡ith daily radiographs and when completed the intervertebral disc

with the adjacent end plates v/as cut into six parasagittat slabs of uniform

thickness. Each of the slabs was observed using a dissecting microscope

and the morphological characteristics record.ed using a standard form and

photographed. Measurements were made of the height of the intervertebral

disc and., when present, of the length of the annular lesion'

The macroscopic appearance was recorded with special reference to the

following features:

1: Inner annular failure as indicated by nuclear displacement-

2: Nuclear degeneration as shown bY:

aJ loss of definition betv¡een nucleus and inner annulus;

bl the state of dehydration as indicated by the turgidity

and bulging of the cut surfaces of the nucleus;

cJ tJre presence of clefts and discoloration'

[Based on these characteristics nucleus d.egeneration was graded as

absent, mild to moderate and marked-)

3: Narrowing of the intervertebral disc space;

4: Presence of osteoPhYtes.
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TWo of the six parasagittal disc slabs [the one containing the annular

lesion and a contralateral - generally the 2nd and 5th from the leftJ were

embedded in wax and processed for histology. Five micrometre sections

were obtained an¿ stained routineþ q¡ith Hematoxylin and Eosin. Addi-

tional histo-chemical stains [P.A.S., Æcian blue at various Ph, and

Masson-Tlichromic stain for collagenJ were obtained from selected discs.

The analysis of histological sections was made following a standardised

form. In addition a three grade system [absent, mild-moderate, markedJ

was used to classifY the extent of:

aJ vascularisation of the annulus fi'brosus;

b) seeondary changes of ttre end plates

[chondrosis and ossificationJ;

cJ nuclear de$eneration-
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5.3.2.5 Quantitative Histolog

An experiment was designed to analyse in a quantitative fashion the effect

of the peripheral lesion of the annulus on the vascular channels present

in the cartilage end plates. 3f sheep were entered into the study' As for

the previously described experiment in all animals the lumbar spine was

exposed under general anaesthetic using a retroperitoneal approach.

In three randomly selected. lumbar discs a cut was made parallel and

adjacent to the cranial end plate. The cut had a controlled depth of 5mm'

Plain x-rays were taken at the time of surgery to record the levels

operated.

Sheep were sacrifi.ced at various intervals after operation ranging from two

weeks to two years. Following sacrifice with an overdose of barbituate the

lumbar spine was removed. en bloc from DlO to the sacrum below. After

fixation in format saline individual joint units comprising the intervertebral

disc and ad.jacent end, plate together with the relatÍve apophyseal .joints

were decalcified. At completion of decalcification all discs were cut into six

parasagittal slabs of uniform thickness. Each slab was then embedded in

wax and processed for histology. 5 micron ttrick sections were cut and

stained with Haematorylin and Eosin.

Eight additional sheep without annular lesion were entered into the study

to sen¡e as control and processed according to the protocol described

above.
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An ocular-mounted Weibel II grid was used to count the number of

vascular channels present in the cartilage end plate and adjacent

subchondral bone using a manual point counting method[fi$ 251. Each end

plate was divided into three areas: t) anterior, in relation to the anterior

annulus fibrosus; 2J central, related to nucleus pulposus and 3) posterior,

in relation to the posterior annulus. The superior and inferior end plates

were analysed separately. All quantitative assessments were performed at a

magnification of 4OO.



Figure 25 High power micrograph of the end ptate of sheep
intervertebral disc. Three vascular channers are seen
in the centre of t]le section. Subchondral bone is
seen at the top. [H & E; x 5O-original magnification)



/
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5.3.2.6 Riochemistry

5.3.2.6.1 Material and Methods

21 sheep were entered into this experiment. In a1l sheep the lumbar spine

was exposed under general anaesthetic and using tJle technique described

previously a cut was made in the anterolateral annulus fibrosus of a

randomly selected lumbar disc. In l5 of the sheep the cut had a depth of

$mm; in the remaining six animals the depth was 2.5mm. The sheep were

sacrifi.ced. at various intervals ranging from two months to 18 monttrs for

the group of f5 animals v¡ith 5mm lesions and between four and L2

months for the six sheep with the 2.5mm deep lesion. At sacrifi.ce the

treated disc with adjacent end plates together v¡ith one control and the

lumbosacral disc were froz,en in liquid nitrogen at -7Oo. Partially thawed

discs were initially bisected by a transverse incision across ttre mid

substance of ttre intervertebral disc. The morphological appearance of the

two halves so exposed v/as recorded 'tñ¡ith colour photographs. The

intervertebral disc v/as then dissected from the cartilage end plate and

divided into four zones tfig 26): zone one and three: left annulus and

nucleus pulposus (the side of the lesion): ar:rd zorte two and four: right

annulus and nucleus pulposus respectively. The wet weight of each zorLe

was determined prior to processing. Representative portions of each of the

four d.isc zones, of known weight [circa 5O-8OmgJ were freezæ. dried to

constant weight, the difference in weight betv¡een the wet and the dry

tissue representing its moisture content.



Figure 26A.

Figure 26E}

[TopJ Diagram of sample dissection for biochemical
analysis. Zone I and 3: left annulus and nucleus
pulposus [the side of the lesion]; zotae 2 and 4: right
annulus and nucleus pulposus.

lesion is due to earþ osteophyte formation.
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Triplicate portions [3-5mg of dry weightJ of each of the disc zones were

digested with papain [f mg per mI) in 50 mM of Tris HCI at pH 7 'O

containing 25mM of EDTA and tOmM of Cysteine [lmfJ at 60o for L2 to

16 hours. Aliquotes of supernatant solution from the digest were assayed

for uronic acid by the method described by Blumenkrantz and Asboe-

Hansen using D-gtucuronolactone.

Tfiplicate portions of each of tJle four disc zones [t-2mg of dry weightJ

were hydrolised in 6N in CI{l at tlooc for f6 hours in sealed glass

ampules. Collagen contents were determined from the hydroxyproline

values of neutralised hydrolysates by the method described by Stegeman

and Statder using a multiplication factor of 7.4-
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The remainder of each of the disc zones left after compositional analysis

was finely diced over ice and extracted u¡ith 4M GuHCl buffered q¡ith

50mM of Tris HCI at pH 7.4 containing the following proteinase inhibitors:

EDTA f25mM) G-aminohexanoic acid (25mMJ, NEM (10mM) benzamidine

[lmM] for 48 hours at 4oC with end over end mixÍng. The extract was

recovered by centrifugation [20OOg per 15 minutesJ and residual tissue

washed with a further five volumes of the same extraction buffer at 4oC

for two hours. The washings v/ere again recovered by centrifugation and

the washing and extract combined. Residual extracted tissue was thor-

oughly washed with distilled water and freeze dried. Proteoglycan. extract-

ability expressed in percentage was determined by measuring the hexuro-

nate content of the 4M GuHCI extract as a proportion of the total

hexuronate content of the tissue. fHexuronate content of the papain

digested residue plus 4M GuHCI extractJ.
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Aliquots of extracts from each of the four disc zones containing

approximately 5OO mierograms of hexuronic acid were mixed u¡ith high

moleeular weigþt purified HA (HEALON 4o/o of PG hexuronate) and the

GuHCI content of the extract were reduced to O.4M by dialysis against

nine volumes of SOmM of Tris at pH 7.4 containing the same proteneise

inhibitors as in the extraction buffer, for 72 hours at 4oC. Solid CsCl was

then added to the samples to provide a starting density of 1.5O9lml and

the PG samples were subjected to associative ultracentrifugation using a

Son¡al OTD65B ultracentrifuge and TV865, 8 per 5.0m1 titanium vertical

rotor at 5O,OOO rpm, 208,00 Gav for 24 hours at 4oC. Ultracentrifuge

samples were then frationated manually into 6 fractions each of O.7ml of

volume, and aliquots used to monitor hexuronic acid and protein by

specifi.ed methods, and density by weighting an aliquot of known volume.

The most dense fraction of density more than 1.559/ml containing more

than 8O% of the hexuronic aeid of the sample was used as a source of Al

purified proteoglycans. The percentage aggregation of A1 purified proteogly-

can v/as determined by gel chromatography on a calibrated column of

Sepharose CL2B U.O per 29.5cmJ of an aliquot [approxímately 100

micrograms hexuronic acid) of the PG sample. Elution was \üith O.5M

sodium acetate buffer pH 6.8 at a flow rate of 4.Oml per hour. Fractions

of 0.25m1 were collected and aliquots assayed for the presence of

sulphated GAG. PG aggregation was assessed from the area of the

excluded PG aggregate peak [of Kav = 0) as a proportion of the total area

of the chromatogram.
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5.3.2.6.2 Analyticaf Methods

Protein contents of 4M GuHCI extracts and ultracentrifugation fractions

were determined by the Bicinchoninic acid method using BSA as standard,

and 96 well microtitre plates.

Hexuronic acid was determined by the method of Blumenkrantz and

Asboe-Hansen using D-glucuronolactone as standard.

Sulphated GAG was used to monitor PG separations by Sepharose CL2B

gel chromatography using the dye l,9-dimethylmethylene blue and a
modifieation of the method of Farndale et al using 96 well micrititre plates

and automatic absorbance measurement employing a Titertek microtitre

plate reader (Flow Laboratories, SydneyJ.



Table VI [see textJ

Table VII [see text)



MRI AND DISCOGRAPHY
sheep with 5mm cut (NO. = 25)

M. R.I.
SHEEP
(NO.)

DISCS TREATED
(NO.)

SIGNAL
723

SHAPE
1 c

DISCOGRAPHY
z 4J21

EARLY CHANGES
(1-2 MONTHS)

4

INTERMEDIATE CHANGES
(4-12 MONTHS)

13

LATE CHANGES
(18-24 MONTHS)

I
TOTAL

25

MRI AND DISCOGRAPHY
sheep with 2.5mm cut

1227842

15267722 15 26 23 11

DISCOGRAPFIY

72

39

24

75

72

36

10

58

J

102

336

102

51876

6 711

SITEEP
(NO.)

DISCSTREATED
(NO.)

M. R.I. SIGNAL AND SHAPE
1, 2 3 17 2 3 1 4J2

INTERMEDIATE C}IANGES
(+12 MONTHS)

624 24 2:04 177

LATE CIIANGES
(18-24 MONTHS)

4 76 961 10.51 5551
TOTAL

10 40 3367. 3097 227251
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5.4 RESITT TS

5.4.L RADIOLOGICAL INVESTIGATION

The results of MRI and discography rn 25 sheep v¡ith the 5mm deep cut

and in 1O sheep with the 2.5mm deep cut are summarised in table VI and

VII respectively.

Sheep v¡ere divided for the analysis of the results into three groups

according to the time interval between the annulus lesion and sacrifice.

The first group [early phaseJ, with a follow up of one and two months; the

second group [intermediate phase], urith a follow up between four and L2

months and the third group [ate phaseJ, wit]r a follow up of L8 and 24

months.

5.4.I.1 r.^rly phase

Of the L2 txeated discs from the four sheep \ñ¡ith a 5mm deep cut none

showed any reduction in the intensity of tl.e signal at MRI. Signal shape

was graded as norrnal in ten and as slightly enlarged in the remaining

two. There v¡as good correlation v¡ith discography as the only two

abnormal discograms corresponded to the two MRI v¡ith erùarged signal

from the central area of ttre disc [fig.27J.

5.4.L.2 Intermediate Phase

Of the 39 treated discs from 13 sheep u¡ith 5mm deep annular lesions

MRI signal intensity v/as graded normal in 36 and reduced in ttre

remaining three. Signal shape was considered normal in 33 and moder-

ately enlarged in the remaining six.
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Discography, however, was classifi.ed aS normal in only ûve of the 39

treated discs. In 18 the contrast showed some extravasation into the inner

or outer annulus [fig.28] and in 16 the contrast was seen leaking

anteriorþ along the anterior longitudinal ligament, highlighting the pres-

ence of a radiating tear connecting the original outer cut with ttre nucleus

pulposus.

Of the 24 discs with the 2.5mm annular cut none had decreased intensity

of signal at MRI. Discography, however, was graded as showing some

extravasation of contrast towards the periphery of the annulus in seven of

the 24 d.iscs. The rematng L7 discograms were graded as normal tfig.301.

5.4.1.3 T ate Phase

Of the 24 treated discs from the eight sheep q¡ith 5mm deep cuts, signal

intensity at MRI was graded normal in ten and reduced in L2. In the

remaining two because of severe dehydration of the disc and subsequent

loss of signal no difference was seen between the central zone and the

periphery of the disc. Of the 22 discs v¡ith central signal present at

sagittal T2 weighted images, signal shape was graded normal in 18 and

enlarged in four. In comparison, discography demonstrated a greater

sensitivity in highlighting abnormal disc morphology. None of the disco-

grams in this group in fact were normal and in 18 marked degeneration

as highlighted by the contrast was observed [fig. 31 and 32).



Figure 274

Figure 278

[TopJ Three level discogram in sheep with 5mm deep
lesion sacrificed at 2 monttrs. The upper level is a
control, the bottom two leve1s have been treated
with 5mm annular cuts. An inner annulus tear is
seen higtrlighted by the contrast in the bottom disc.
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Tgure 284

Figure 288 MRI of same disc seen in
sity and the shaPe of the
palt of the dise is ñormal.





igure 294

Tgure 29El

ligure 29C

[Top) Discogram of sheep vdth 2.Þ*ry deep lesion
èac?ificed al rg months.-An anterior inner annular
tear is seen with extension of the contrast to the
mid portion of the annular lamellae.

[CentreJ Discogram of sheep vdth 2-.1rrrrn deeP lesion
èacrifi.cêA at 2+ months. ã radiating tear is seen
éxtending from the nucleus pulp-osus to..the anterior
ánnulus." There is normal huctear pattern in the
centre part of the disc.
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Figure 30 Five level discography in sheep v¡ith 2.5mm deep
lesion. The metal'lic elip is a{acent to the bottom
level [L5-6]. All discograms have normal appearance.





Tgure 3tA

Figure 31E}

in sheep with 5mm deeP
nths. The toP level is a
shows contrast Pattern

consistent with marked degeneration.
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gure 32.\

Tgure 32B

fTopì Three level discogram in sheep with 5mm deep
iesion sacrificed at fg months. The top level is a
control. The central and lower level show contrast
pattern consistent v¡ith marked disc degeneration.
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Of the ttre 16 discs treated with the shallower cut of 2.5mm, nine had

normal signal intensity at MR[, six had reduced signal intensity from the

central zoÍte of the disc and in one signal 'was absent. Discography was

considered normal in five discs tfig.29). Six discograms showed marked

degeneration with extravasation of contrast anteriorþ along the longitudi-

nal ligament.
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5.4.2 MORPHOLOGICAL ANALYSIS AND CONVENTIONAL HISTOLOGY

5.4.2.1 Maeroseopic Appearanee at Operation

At the time of surgery following the annulus cut no prolapse of nucleus

material through the lesion v¡as seen in any of the 75 discs treated with a

5mm deep cut or in the 40 discs treated by 2.5mm deep cut. All animals

mad,e an uneventful post-operative recovery and were able to mobilise

freely u¡ith no limitations within three days of operation.

5.4.2.2

12 discs with 5mm deep cut [figs. 33, 34, 35, 36, 37 and 38J.

5.4.2.2.1 Macroscopic Appearance

The macroscopic a pearance is summarised in Table VIII.

Failure of the inner annulus was obserryed in relation to the annulus cut

in only one of the twelve operated discs included in this group. This was

accompanied by nuclear displacement through the defect to the outer

annulus[fig.33J. Early nuclear degeneration, as assessed by the lack of

butglng of the cut surfaces, presence of clefts, and the early loss of

definition between outer nucleus and inner annulus, was observed in five

of the twelve operated discs. Moderate narrowing of the intervertebral disc

space measured at the centre of the disc in the mid sagittal slab was seen

in two of tJle tv¡e1ve operated discs. However, in both instances the

decrease in height represented less than 10 percent of tl.e same

measurement in the control discs. None of the operated discs showed

macroscopíc evidenee of anterior osteophyte formation. Nuclear pigmenta-

tion was not observed in any of the discs.



Table VIII [see textJ



MACROSCOPIC APPEARANCE OF SHEEP INTERVERTEBRAL DISCS
5mm deep lesion

TIMEINTERVAL BETWEEN OPERATION & SACRIFICE (MONTHS)

7/12 2112 4/72 6/12 8/12 72/72 18/72 24/12

TOTAL NUMBER OF
TREATED DISCS

INNER ANNULUS FAILURE 1

. ABSENT 4
- MODERATE 2

- MARKED

66 6 912121272

8 72 72 12 '12

NUCLEAR
DEGENERATION

1

10

1

1

:

12

1

7
1

4

:

7

4

J

4
2

2

J

J

5
1

2

6

6

12

2

,
10

12

10

2

72

;
I10 10

- ABSENT 5

INTERVERTEBRAL - MODERATE 1

DISC NARROWING . MARKED

OSTEOPHYTES



.gure 334

igure 338

rigure 33C

[fon) Macro photograph of sheep intervertebral disc
ireâfed by a^5mm-dt!ep cut at 2 month follow up.
Failure of the inner annulus is seen in relation to
the original peripheral
ment tlirouela the defect
is anterior-infolding of
posterior annulus.

[CentreJ Low power micrograph - of samg disc of
Ègure 334. Thê disorganisaü.on of orientation of the
la"meltae of the innér anterior annulus is seen
accompanied by marked clefting of the area between
annulus and nucleus PulPosus.

[Bottom) High power mircrograph of same .disc of
Èso. 334 anä B. Vascularised .qranulation tissue is
sõn in tlee outer annulus fibrósus. Whilst healing

verse eut along the annular lamellae.
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igure 344

iigure 348
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lgure 35A

igure 358

tigure 35C

sheep intervertebral disc
ced at 1 month. HighlY

tion tissue is seen obliter-
.e original cut. Deformation
tong ihe course of the cut

is seen in the mid annulus.-The appearance of the
nucleus pulposus is within physiological limits.

[Centre) Low power micro$raph - of same - disc of
fi.qure 354. There is no appárent failure or distortion
of the inner annulus fi,brosus.

r micrograph of anterior
354 and- B. The extent of
ch has reached the outer
is seen. Note the loss of
rtion of the lesion.
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'igure 364

Figure 368

Figure 36C

fTool Macro photograph of sheep intervertebral disc
ì"ilñ 5mm dêep le"sio?r sacrificed at 2 months. The
inner annulus is intact and the original cut is seen
in the area of the anterior rim.

raph of same disc seen in
of nuclear material from

efact.
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igure 374

tigure 37E}

Figure 37C

tTopl Photo.qraph of sheep intervertebral disc with
l*^m deep Ïesibn sacrificed at 2 months. Note ttre
ãimitarity ^with the appearance of the disc of figure
364.

[CentreJ Low power micrograph of disc seen in figure
37 A.

formation.
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'igure 384

ligure 38E}

Figure 38C

Figure 38D

[Centre] Low
fi.gure 384.

intervertebral disc udth
ed at 2 months. The
el to the antero-suPerior

sorganisation may be
tlie remaining disc

appears grosslY intact.

power micrograph of same disc of
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5.4.2.3.2 Microscopie Features

In a]| of the operated discs granulation tissue was present, in the

peripheral annulus obliterating the outer third of the cut, and. this was

marked,ly vascularised in ten of the twelve treated discs. Wtrilst vessel

proliferation was seen extending along the margins of the cut into the mid

annglus, the defect was never bridged in its middle and inner portions.

Muttiple concentric clefts radiating vertically from the transverse cut

toward.s both end plates and separating the annular layers were seen, with

larger circumferential clefts extending towards the inner annulus. Plump

fi.broblast type cells formed the margins of the outer half of the lesion.

Ingrowth of vascularised tissue was generally observed to end abruptly at

the junction between the outer and middle third of the annulus fibrosus.

Cystic cavitations related to highly vascular $ranulation tissue in the

peripheral annulus were observed in two operated discs[fig. 38]. With the

use of polarised. light, early disorganisation and irregularity of the collagen

lamellae of the inner annulus was detected in close relation to the inner

portion of the transverse cut. Initial nuclear degeneration was observed in

five of the twelve operated discs consisting of multiple clefts u¡ithin the

nuclear substance, areas of amorphous granular material devoid of cells,

an¿ clustering of nuclear cells suggesting early chondroid metaplasia. In

the disc where nuclear displacement had occurred due to failure of the

inner annulus, degeneratíve changes were more marked and were accom-

panied by infolding of the contralateral inner annr¡lus toward the site of

displacement.
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5.4.2.3 Tntermediate Phase Fotrr to twelve months

post-operationJ

39 nine discs with 5mm deep lesions and 18 discs with 2.5mm deep

lesions[fig. 39, 40 and 41).

5.4.2.3.1 Macroscopic Appearance

The macroscopic features are summarised in table VIII and IX.

36 of the 39 operated discs from the 13 sheep urith 5mm deep lesion

inctuded in ttris group showed failure of the inner annulus lamellae in

proximity to tJle transverse annular cut. This u/as accompanied by

secondary nuclear displacement along the cut towards the outer annulus

and limited by only the healed outer annulus lamellae tfig. 39). Conversely,

of the 18 discs in this group $dth 2.5mrn deep lesion only one showed

evidence of inner annular failure.

In f0 of the L2 operated discs from the four sheep sacrificed at L2

months udth 5mm deep lesion, marked disc degeneration was evidenced by

significant cleft formation, pigmentation and fraying. None of the 18 discs

u¡ith 2.5mm deep lesions in this group had marked nuclear degeneration.



Table IX [see textJ



MACROSCOPIC APPEARANCE OF SHEEP INTERVERTEBRAL DISCS
2.5mm deep lesion

. TIME INTERVAL BETWEEN OPERATION & SACRIFICE (MONTHS)

4/72 8/12 12/12 78/12 24/tZ

TOTAL NUMBER OF
TREATED DISCS

INNER ANNULUS FAILURE

66 6 6 6

NUCLEAR
DEGENERATION

INTERVERTEBRAL
DISC NARROWING

OSTEOPHYTES

- ABSENT
- MODERATE
- MARKED

- ABSENT
- MODERATE
- MARKED
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1
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lgure 394

ligure 39E}

Figure 39C

intervertebral disc qdth
ed at L2 months. An
een parallel to the upper
aced nuclear tissue con-
Gross deformation of the

annular lamellae is seen u¡ith displacement towards
the site of the lesion.

ery of the intervertebral disc.

vdthin the intervertebral disc by newly synthesised
collagen bridging the outer defect.
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'igure 404

Figure 40B

relation to the cut.

[BottomJ High power micrograph of {"" .. seen in
fi.oure 4OA. - - úatibn tissue in the outer
ãñnufus is defect and folding of
the annular d towards the PeriPh;
ery aced nuclear material
uría is seen at the junc-
tion r annulus.
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igure 4lA

tigure 4lB

Figure 41C

[Top) Photograph of with
à.{rim deefr' leiion s large
ã""Uc defeci is seen at mid
ahd outer third of the a inner
annulus is intact.
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Mod.erate narrowing of ttre intervertebral disc space ranging from 5 to 25

percent of the height of the non-operated controlled discs was observed in

seven of the 15 operated discs from the five sheep with 5mm deep lesion

sacrificed between four and six months. All but one of the remaining 24

treated discs from the eight sheep v¡ith 5mm deep lesion sacrificed

between eight and L2 months d.emonstrated moderate interwertebral dise

narrowing. Intervertebral disc narrowing was obsented in five of the 18

discs in this group vrith 2.!rnrn deep lesion. In the remaing 13

intervertebral discs space height was classifi'ed as normal.

Early osteophyte formation was observed in nine of the 15 discs from the

sheep vrith 5mm deep lesions sacrificed at four and six months.

Ostoephytes were visualised q¡ith the aid of a dissectin$ microscope in all

of the remaining treated. discs from the sheep v¡ith 5mm deep lesions

sacrificed at eight and L2 months. Of the 18 discs with 2.5mm deep

lesion however, only one demonstrated initial osteophyte formation

None of the control discs demonstrated intervertebral disc narrowing,

evid.ence of nuclear degeneration or osteophyte formation.
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5.4.3.2.2 Microscopic Features

In a]| operated discs granulation tissue of varying sta$es of maturity

obliterated ttle outer third of the original cut (fig. o).

A characteristic feature obsen¡ed in tle six discs with 2.5mr¡¡ deep lesion

from the tu¡o sheep sacrificed at four months was the eystic appearance of

the area of the original cut due to highly vascular granulation

tissue[fig.41J. The appearance of the defect in the outer and mid annulus

in these d.iscs had striking similarities to morphologcal features of cystic

degeneration of the annqlus Seen in human lumbar discs. I
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In the sheep sacrifi.ced at eight and twelve months, collagenized scar

tissue bridged tl.e outer region of the defect. However, healing did not

occur in the middle and inner third of the original transverse cut in any

operated disc. In this group formation of radiating and circumferential

clefts had become more extensive. In some instances, clefts along the

annular lamellae extended through the centre of the disc into the posterior

annulus fibrosus. The annulus lamellae along the margins of the cut

showed characteristic deformation and folding towards the site of the

lesion. Marked features of degeneration were seen in ttre nucleus

pulposus, and included areas of chondroid metaplasia which u/ere most

marked vrithin the displaced tissue. Occasional sequestration of central

portions of nuclear tissue due to marked cleft formation was seen, dft

separation from the cartilage end plate. Vascularisation of ttre nucleus was

not seen in any of the operated discs examined. Chondrosis and initial

ossification of the end plates was noticed in flfteen of the twenty nine

treated discs. These changes did not appear to be localised to tl-e area of

the annulus cut, but occurred along the whole length of the end plate.

End.ochondral ossification along the anterior margin of the vertebral body

q¡ith initial osteophyte formation u¡as evident in the majority of operated

discs and no significant dtfference in new bone formation could be

observed between ttre end plate adjacent to the annulus and the

contralateral. New bone formation seemed to be more marked where the

nuclear displacement had been accompanied by intervertebral disc narrow-

ing.
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5.4.2.4 T ^te Phase leighteen to twenty-forrr months

posLopeIationÌ

24 treated. discs v¡ith 5mm deep lesion, L2 treated discs vrith 2.5mrn deep

lesion [fi.gs. 42, 43, 44, 45, 46 and 47i.

5.4.2.4.1 Macroscopic appearance

The macroscopic features observed are summarised in table VIII and IX.

Inner annulus failure qrith displacement of nuclear material towards the

site of the original annulus cut was observed in all 24 discs u¡ith 5mm

deep lesions. In the twelve discs urith 2.5rnrn deep lesions, however, inner

annulus failure was seen in only four cases.

Nuclear degeneration was graded as marked in 18 of tl:.e 24 discs with

5mm deep lesion. None of the eight remaining discs in this group had

normal nuclear appearance. In contrast, of the 12 discs with 2.5mm deep

lesion sacrificed at the 18 and 24 rnonth follow up, one had no evidence

of maeroscopic nuclear degeneration and in the remaining t I nuclear

degeneration was graded only as moderate.

Marked intervertebral disc narrowing fmore than 5Oo/o) was seen in 16 of

the 24 discs urith 5mm deep lesions. Moderate narroqring v¡as seen in tl.e

remaining eight. Of the twelve discs with 2.árlrm deep lesions five had

normal disc height, five moderate narrowing and only two marked

reduction in inten¡ertebral disc space
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Osteophytes were seen in all operated discs with 5mm deep lesions urith

new bone formation present symmetrically on both end plates.

This was in contrast with the observation from the 12 discs with 2.5mm

deep lesions where osteophytes were seen in only four cases.

As v¡ith the intermediate phase group, osteophyte formation was more

marked in the discs v¡ith pronounced intervertebral disc narrowing and

peripheral nuclear displacement.

5.4.2.4.2 Microscopic feature

Vascularisation of the outer annulus fibrosus related to the original

annulus cut was seen to a varying degree in all operated discs 1fr9.42).

This was classifi.ed as marked in one of the 24 operated discs urith 5mm

deep lesion moderate in 18 discs Erith 5mm deep lesion, and in all L2

discs u¡ith 2.1mrrr deep lesion and mild in the remaining five discs urith

5mm deep lesion.
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Figure 42 Low power micrograph of sheep intervertebral disc
with 5mm deep lesion at 18 months. The overall
height appears reduced with marked clefting extend-
ing from the original lesion into the mid portion of
the intervertebral disc. The well defined boundary
between inner annulus and nucleus has been lost.
New bone formed at the anterior rim of ttre lower
vertebra is seen. Infolding of the inner portion of the
posterior annulus is seen towards tJle site of tlee
Iesion.
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tigure 434

Figure 438

Muttiple clefts extend from the - original lesion to-
ward6 the centre of the intervertebral disc.

disc.
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Figure 44 Low power micrograph of sheep intervertebral dise
with 5mm deep lesion sacrificed at 18 months-
There is an obvious large radiatÍng cleft in ttre
anterior annulus fibrosus containing displaced nu-
clear material undergoing chondroid metaplasia.





igure 454

igure 458

lþure 45C
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ligure 46A.

Figure 468

[TopJ Low power micrograph of sheep intervertebral
disc v¡ith - 2.5mm deep lesion sacrificed at 18
months. There is modèrate narrowing of the in-
tervertebral disc space v¡ith nuclear displacement
towards the site of the lesion into the original
annulus defect.

[BottomJ High
seen in figure
obliterated the
There is new b
the upper bony end plate.
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igure 474

rigure 47B

Figure 47C

nuclear material towards the site of the lesion.

ph of disc seen in figure- is seen in the outer
late. Multiple clefts maY
the original defect along

Iamellae.

fibrosus.
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As with the early and intermediate phases, vascular ingrowth did not

extend beyond the mid annulus. The reorganization of the collagen

lamellae in the healed outer annulus was revealed by polarised light

microscopy but no bridging of the originaf defect had occurred across the

mid and inner portion of the cut. There was marked nuclear degeneration

in the majority of the discs treated by 5mm deep cut and moderate

d.egeneration in all of the 12 discs with 2.5mm deep cuts. This was

characterised by loss of the original definition between inner annulus and

nucleus together with extensive replacement of the original nuclear

material by chondroid tissue [similar to the less differentiated fibro-

cartilage seen in degenerate human intervertebral discJ. Extensive clefting

was observed with fissures extending towards the periphery.

Marked, end plate chond.rosis was seen in ten of the 24 discs, q¡ith 5mm

d.eep lesions u¡ith areas of ossification affecting the hyaline cartilage on

both sides of the end Plate.
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5.4.4. QUANTITWE HISTOLOGY

5.4.4.1 Results

These are summarised in tables X and XI.

A eonsistently significant difference uras seen in the estjmate of blood

vessels along the length of the cranial and caudal end plates between the

left side of the disc, direetly related to the original annular cut, and the

speeular contralateral section. The dtfference was consistent throughout

irrespective of the depth of the lesion [5 or 2.5mm cutJ or the length of

follow up lL-24 months).

A tendency was seen for the relative number of vascular channels in the

end plates to decrease in parallel with the increase in the interval between

operation and sacrifice, from original mean values of 9.9 percent in the

early phase to approximately 7 pereent for the late phase. The difference

between the two groups was statistically significant [P < 0.05). If the area

of end plate directty related to the lesion, that is the superior anterior

zoÍ:re, was analysed separatd the overall data showed similar tendencies

[table XI). A significant difference was again demonstrated between the left

side and the contralateral and this difference 'was maintained in the three

groups vdth different follow up. The phenomenon of relatively high

numbers of vascular channels in the earþ phases following the annular

lesion was again seen s¡ith approximately LOVo of vaseularised end plate in

tlre one and two month follow up group against 7o/o for tJ e I8 and 24

monttr follow up.



Table X [see textJ

Table XI (see textJ



COMPARISON OF THE VESSELS COUNTS IN THE END-PLATES BETWEEN
OPERATED (O)AND CONTROLATERAL (C) SIDE OF DISC

TOTAL NO OF
TREATEDDISCS END-PLATE

POST-OP
TIME SIDE n MEAN (SD) p

o
C

o
C

21

15

27

15

9 SUPEzuOR

INFERIOR

EARLY
1-2 MONTHS

9.94
5.37

(4.34)
(2.13) 0.0050

0.0737
9.39
5.53

(4.34)
(2.01)

48 SUPERIOR

INFERIOR

INTERMEDIATE
4-12 MONTHS

702
93

702
93

o
c

o
C

7s2
6.63

7.28
6.77

(3.11
(2.U)

(3.26)
(2.66)

0.0010

N.S

JO SUPERIOR

INFERIOR

LATE
18-24 MONTHS

o
c

o
c

93
96

93
96

7.48
6.21

(3.18)
(2.e6) 0.0002

0.0002
7.73
6.15

(2.e5)
(2.49)

COMPARISON OF THE VESSELS COUNTS IN THE SUPERIOR
ANTERIOR END-PLATE REGION BETWEEN OPERATED (O)

AND CONTROLATERAL (C) SIDE OF DISC

SIDE n MEAN (SD) P

EARLY
1-2 MONTHS

o
c

7
5

9.89
4.76

(3.47)
(7.24) 0.0137

INTERMEDIATE
412 MONTHS

34
31

o
c

7.82
6.01

(2.s4)
(2.06) 0.0027

I,ATE
18-24 MONTTIS

31

32
o
c

6.95
5.77

(2.U)
0.0n 0.0001
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No significant difference in the control discs between cranial and caudal

end plates and. left and right side of the disc was observed. The annular

lesion, therefore, had an effect, which was measurable in quantitative

terms, on ttre stnrcture of the cartilage and bony end plate.
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5.4.5 BIOCHEMISTRY

5.4.5.1 Results

The results of the biochemical analysis are summarised in table XII, XIII,

XfV, XV and XVI. [see also aPPendix)

5.4.5.1.1 Collagen Levels [Table XII]

Stight increase in collagen levels as expressed as a percentage of dried

weight was seen in the annulus sample related to the side of the lesion.

Conversely collagen levels from nuclear samples decreased in a relatively

regular pattern following the original lesion.

5.4.5.L.2 Hexuronic Acid Levels (Table XIII)

Hexuronic acid values from annular samples did not show significant

variations at the various intervals after surgery. Hexuronic acid levels from

the nucleus pulposus however, following moderate increase in the earþ

phases after surgery showed a significant tendency towards markedly

decreased levels in the intermediate and late follow up.

5.4.5.1.3 Moisture Content [Table XM

This initially did not shou¡ significant variatíon between the treated discs

and the control. At later follow up however, an appreciable decrease in

moisture content was seen, especially in the samples from nucleus

pulposus. This tendency was in keeping with the hexuronic value from the

same areas of disc tissue.
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5.4.5.L.4 Proteo$lycan Extractability

Values of proteoglycan extractability of the samples from tl.e nucleus

pulposus did not vary significantly for discs with either a 5mm deep lesion

or a 2.5mm deep lesion. Annular sample, however, showed a marked

d,ecrease in extractability at the four month follow up which is in keeping

u¡ith the relative increase in the colla$en content from the same sample as

a result of the attemPt at healing.

5.4.5.f .5 Extractable Proteins [Table XV]

A significant difference in values for the levels of proteins extractable with

4M GuHCI was seen between the operated and tl.e control discs. As a rule

extractable protein values were higher in the samples from the nucleus

pulposus if compared with the annulus samples. The marked increase in

extractable protein values was seen for the discs treated by 5mm deep

cuts at the eight and. 12 month follow up. The sheep treated by 2'5mm

deep cut showed a similar trend but v¡ith less marked variation.

Because of the parallel decrease in hexuronic acid and collagen content

from nucleus pulposus sample it is likely tJ:at the increase in extractable

protein represented. non-collagenous proteins [NCP) synttresised by disc

cells as part of ttre reparative process

5.4.5.1.6 Proteogtyean Aggregation [Table )C\IIJ

Proteog;lycan aggragation levels showed a significant decrease in the

intermediate phase in ttre sheep with discs treated by 5mm deep cuts.

This was more evident in the annular samples v¡ith aggregatability falling

to L2 to 20 percent in comparision to ttre initial 40 percent value.
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IABLE XII A [Top]

TABLE XII B
.Bottom]

Variation vdth time of mean collagen levels + SEM
of sheep disc AF zones I [o) and 2 lol and NP zones
3 tnl and 4 [r) of lumbar control discs [eft-hand
graphJ; 5mm defect operated discs [right hand
graphJ.

Variation v¡ith time of mean collagen levels +
SEM of sheep disc AF zones f [oJ and 2 [o) and NP
zones 3 ttrl and 4 trJ of lu¡ bar control discs üeft-
hand grapþ); 2.5mm defect operated discs fright
hand graphJ.
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ABLE XIII A[TopJ

IABLE XIII B
[BottomJ
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ABLE XIV A [TopJ

TAT}LE XIV B
Fottom)

Variation with time of mean moisture levels + SEM
of sheep disc AF zones 1 [o) and 2 lcl and NP zones
3 tn) aird ¿ trl of lumbar control 4iscs tright hand
grdp-hl; 5mm dèfect operated discs [central graphJ.

Variation viith time of mean moisture levels +
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IABLE XV A IToPJ

TABLE XV B
[Bottom)

variation udth time of 4M GuHCl extracltÞle pro_te-i4

levels + SEM of sheep disc AF zones f [oJ and 2 [cJ

ãnl Np zones S [n) añ¿ + ÍÅ of lumbar control discs
[äft-ha"d- graph)i 

'5mm defect operated discs [right
hand graph).

Variation v¡ith time of 4M GuHCI extraetable
protein
and 2
control
ated discs [right hand gra
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TABLE XVI the variation with time of
levels

StI

[o)and NP zones 3 [n) and 4 t:]
defect operated discs.
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proteoglycan aggregation values from annular samples however, returned

to normal at the 12 month mark'

proteoglycan aggregation level from the nucleus pulposus samples showed

a similar trend at the four month mark urith values of approximately 2Oo/o

compared. to the initial 3Oo/o value. Proteogfycan aggregation levels from

these samples increased significantly in ttre intermediate phase qrith

absolute higher levels in eomparison to tÌ.e initial data at L2 months.

Because of the relative d,epletion of proteoglycan from the nucleus

pulposus tissue it is likely that the increase in aggregatability of the total

proteoglycan population would be consistent ruith selective loss of non-

aggregatable proteoglycans. This is in keeping qdth the hypothesis that

aggregatable proteoglycans are provided $¡ith protection from proteolysis

due to steric exclusive effect. If the hydrodynamic size of the non-

aggregating proteoglycans is analysed, in the early and intermediate

phases foltowing a 5mm deep lesion a decrease in size was observed at

the four month period with a return to a normal size in the proteogtycan

monomers at the eight and 12 month follow up. This data could be

interpreted as a result of increased proteolysis in the four month

proteoglycan samples and is consistent with the significant decrease in

proteog[ycan agg;re$atibility at the same time-

Overalt changes seen in tlle disc treated by the 2.5mm deep lesion were

less marked but a similar trend was observed.
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5.5 NTSCITSSTON

5.5.1 THE BASIS OF THE SHEEP MODEL

The eoncept of indueing experimental intervertebral disc degeneration in

animals by damaglng the annulus fibrosus is not new. As illustrated in

detail Ín the history of experimental studies of disc degeneration, since

lg43 various experiments have been published where animals have been

subjected to surgical lesions of the annulus fibrosus in order to obtain

immediate prolapse of nuclear material in the attempt of simulating

pathological changes seen in human discs.

Our model using the sheep differs from those previousþ described since

the annular lesion induced closely resembles the peripheral tears seen in

young and. otherwise normal human discs. Great care was taken to ensure

that the inner annulus was left intact in all animals. Despite ttris,

progressive failure of the inner annulus was seen in aff sheep and

occurred, in a majority of discs with the 5mm deep lesion between the

fourth and the twelfth month after the operation. In the group with 2.5mrn

deep lesion spontaneous inner annulus failure was seen after 18 months.

The choice of localisation of the tear in our model in the anterolateral

annulus fibrosus is based on the originaf description of rim lesion by

Schmorl and more recently by Vernon-Roberts and Hilton and Ball.
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Based on extensive analysis of human lumbar intervertebral discs it is

possibte to conclude that whilst radiating ruptures extending from the

central layers of ttre annulus fibrosus towards the periphery are a

constant feature of advanced degeneration and are commonly seen in

agng discs, especially posteriorþ, discrete failure of the outer annulus

which is at the base of the sheep model seems to be a feature eommonly

seen in young and othersrise healthy discs.

Although no attempt was made in our experiments to analyse the resr¡lts

of the peripheral tear in the posterior annulus, based on the analysis of

autopsy material it is postulated that discrete lesions of the peripheral

annulus can occur in the posterior annulus despite the relative protection

offered by the facet joints in the lumbar spine.

The degree of sirnilarity in the changes observed following the annulus cut

in the two groups of sheep with deeper and shallower annr¡lus lesions

confirms the reproducibility of our model.

The choice of the sheep may require some further elucidation.

A series of considerations have to be taken into account when designing

an animal model. The first and most important is the reproducibility of the

model and potential for comparison urith the human.
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Atthough this may be considered at present a controversial issue it is felt

based on the review of the literature that the sheep disc is biochemically

closer to the human than that of other animals used in the past for

similar experiments [rabbits, cats, chondrodystrophoid and non ehondrod-

ystrophoid dogsJ. In addition it is possible in Australia to purchase v¡ith

ease sheep of consistent age and breed whieh offer a highly reproducible

base for ttre exPeriment.

The second main consideration which, is at least in Australia of high

priority in designing an animal experiment, is ethical. The use of animals

for medical research which are commonly identified by the public as pets

exposes investigators to a very high probability of opposition by antivivisec-

tion activists in the first instance and by personnel involved in the

handling of the animals afterwards. Furthennore, in the case of dogs for

instance it would appear a complex task to ensure constant characteristics

of breed.

The ease in handling the animals during and. after the experiments is of

great relevance especially when large numbers are employed.

Based on personal experience of more than l5O sheep used for basic

spinal research it u¡ould seem crifficult to find a similarþ reliable and

pleasant subject amongst other species.

Another important aspect in the practical planning of major experimental

studies is the cost invotved in the purchase and housing of the animals.
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The sheep used in our experiment were bought at market prices and kept

after the first three days of post-operative recovery in open air stations

qrith minimal su¡rervision. None of the animals inctuded in this study

d.eveloped any complication or ilbress as a result of the procedure or from

natural causes.

The fact that the sheep does not assume the erect posture represents a

main theoretical draw-back for research related to spinal disorders.

It is argued that our experiments did not try to analyse biomechanical

aspects of inten¡ertebral disc degeneration. The supposedly primary

mechanical lesion of the annulus was obtained by surgical interr¡ention.

The sheep model was used to observe the effects of the initial annular

injury to the morphology, biochemistry and imaging characteristics of

discs.

For the pu{pose of the present study it was felt that the sheep offered a

valid and practical alternative.

5.6.2 THE EFFECTS OF THE ANNULAR DEFECT: A TIYPOTHESIS

OF POSSIBLE SEQUENCE OF EVENTS

In morphologrcaf terms the sequence of events observed in ttre sheep

model following a discrete lesion of the outer annulus was the progressive

failure of the inner annulus in relation to the site of ttre original annulus

cut.
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Despite the relatively good healing potential of the very outer annulus, h

the presence of a highly hydrated nucleus pulposus the increased tensile

strain on the inner anntrlus fi.brosus related to the damaged outer layer

led initially to d,eformation and bufging of the collagen bundles and

eventually to extension of the tear and complete failure.

The theoretical explanation for the spontaneous deformation and failure of

the inner annulus is two-fold.

on one side it is conceivable that the presence of high levels of hydration

of an otherwise healthy nucleus pulposus would result in increased stress

on the collagen bund.les adjacent to those damaged by the original cut.

Values of moisture content from the various areas of the discs treated by

the annulus cut suggest that inner annulus failure preceeds the secondary

dehydration of the nucleus pulposlrs. Wtrilst inner annulus failure in the

model with a 5mm d.eep cut consistentty occurred between the fourth and

the tu¡elfür month after the operation, marked nucleus degeneration as

expressed by loss of water and proteoglycans biochemically and by relative

deerease in signal intensity at MRI was seen only in the late

phase at 18 arrd 24 months.

It is likely, however, that the progressive degeneration of the intervertebral

joint complex seen as a result of the discrete lesions of the outer annulus

fibrosus is not only related to a relative inability of the remaining annulus

fibres to cope with the sustained tensile stress.
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The quantitative analysis of the vascular changes seen in the end plate

region and the marked variation in levels of non-collagenous proteins from

the biochemical analysis of the discs prior to the sta$e of inner annulus

failure suggest that ttris could be related to the disc cell response to the

injury and its subsequent reparative processes.

As witnessed. by the abundant highly vascular granulation tissue in the

early phases after surgery the disc cells would react vigorousþ to discrete

lesions of the outer annulus lamellae.

The first direct consequence of tissue repair mechanisms in the periphery

of the intervertebral disc is an effect on the nutritional pattrways to the

mid and. inner annular layers through the outer annulus. Although no

extensive studies have been carried out in tl-e sheep disc, based on the

results of several studies in the human disc, it is postulated that the most

active d.isc cells in the s¡mthesis of proteoglycans may be found in the mid

zorte of the annulus, which is the most vulnerable to nutritional insult.

Another possible explanation for the relatively irreversible changes that

occur in t]:e sheep dísc as a consequence of discrete outer annulus defect

may be based on disc cell densitY.
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Although attempts at quantifying alterations in cell numbers in the discs

treated by the lesion v¡ere frustrated by the extreme variability of disc eell

types between the two extremes of chondrocytes and fi.broblast cells it was

apparent that cell density increased. substantially in tJle areas directly

affected by the original lesion. In a recent study on factors influencin$ the

oxygen transport into the disc, Urban et ¿[f9 J. postulated that a strong

d.ependance would exist between disc oxygen concentration and cell

density. Despite tl-e fact that the disc would obtain only lO percent of its

energy from oxygen it is postulated that disc cells would not be able to

sun¡ive at very low oxygen concentration. Concentration of oxygen in disc

specimen halved when cell density increased by 8 percent.

The analysis of disc cell response to an annulus lesion will be the scope

of further research. It is postulated, however, that the combination of

unprotected. mechanical stress, jeopardised nutrition and altered equilib-

rium betq¡een cell density, oxygen concentration and end plate diffusion

may explain why the repair process would not appear to preven! but

possibly accelerate the biochemical degradation of the intervertebral disc.
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5.6.3 CORRELATION BETWEEN MR[, BIOCHEMICAL AND

MORPHOLOGICAL CHANGES

The results of MR imaging in our animal model and their correlation v¡ith

morphologrcaf and biochemical changes conflrm the experimental data of

Lipson an¿ ¡as¡[I2O,L2Ll of relatively higher hydration of the nucleus

pulposus immediately follov¡ing the original annulus injury. Loss of signal

in TZ weighted images which parallel the hydration of the inten¡ertebral

disc was seen only after L2 months in the 5mm deep lesion and after 18

months in the sheep treated by the 2.5mm deep lesion'

Our study confirms recent experimental evidence of good correlation

between signal intensþ at T2 weighted images and water content in disc

tissue samples.

In the early phases of degeneration in the presence of substantial annulus

damage the nucleus pulposus may retain a relatively normal water content

which would be associated with high values of intradiscal pressure. This

would apply specifically to stress related injuries to the outer annulus

fibrosus.
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These findings should not be confused ìñdth the more common situation in

clinical practice of posterior disc prolapse. This entity in fact is, we

believe, an expression of advanced disc degeneration and would be

invariably associated with dehydration, fraying and fissuring of the disc

and consequent d,isplacement of disc tissue fragments outside its physi-

ological boundaries. It is therefore likely that disc prolapse may show

marked alteration of signal intensity at T2 weighted images. If, however, as

in the case of the sheep model, annulus failure in the outer layers vüere

present, which may be a feature of early disc degeneration, MRI signal

may fail to reveal any abnormality in intensity.

It is onty at a later stage that due to the relative changes in the

proteog¡lycan content disc water would decrease and this would be

highlighted by reduced or absent signal at MRI-

It is felt that at present discography would offer a more sensitive

evaluation of disc morphology and because of added data on pressure

values and pain provocation may be of use in the investigation of young

symptomatic discs.

Because of inevitable continuous improvement in the techniques available

and the possible use of enhancing contrast agents like Gadolinium in the

near future MRI may be able to visualise annular defects in the presence

of a normally hydrated nucleus putposus. The possibility of associatin$ the

administration of enhancing a$ents prior to MR imaglng is yet to be

explored.
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5.6.4 PAIN PRODUCTION AND ANNULAR DEFECTS

It is beyond the scope of ttris study to attempt to correlate the

morphologrcal features of peripheral annulus damage with the pathogen-

esis of low back Pain.

Based on anatomical studies and on the review of patients u¡ith typical

pain reproduction at diseography it is tikely that pain related to the disc

would be linked to d.amage of the outer portion of the annulus fi.brosus.

It is more difficult to evaluate the role of internal pressure in the

pathogenesis of discogenic pain. It would seem logical to assume that a

hypermobile intervertebral joint with sustained values of intradiscal

pressure would be more prone to pain referred in the outer annulus layers

because of higher tensile strain. The results of our prospective study,

however, have failed to confirm a systematical relationship between typical

pain reprod.uction at diseo$raphy and high values of disc pressure.

It can be concluded that at present the only consistent morphological

change present in patients with pain reproduction at discography is the

presence of annular defects extending to its outer layers.

Because of the presence of highly vascular granulation tissue in the areas

of peripheral annulus damage it seems reasonable to postulate that

discrete peripheral defects may be associated v¡ith the production of

discogenic pain.
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CONCLUSION

In conclusion our experimental studies suggest that new ordered collagen

can be synthesised in the outer annulus as a response to iniury but that

the repair process woutd not appear to prevent but possibly accelerate the

biochemieal degradation of the inten¡ertebral disc.

peripheral tears of the annulus fibrosus may therefore play an important

role in the degeneration of tJle intervertebral joint complex.
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CHAPTFTR 6

6. SUGGF'STTONS F'OR F'URT}TF'R RESEARCT{

6.1

The sheep model offers the opportunity of reproducible and controlled

observations on the disc cell response to a discrete peripheral annular

defect.

It would be of great interest to analyse in more detail the characterics of

disc cells involved in the repair process both adjacent to the originaf lesion

and in ttre other areas of the disc. Experimental studies could be designed

in both an in vivo and in vitro type setting. Quantitative histomorphomet-

ric techniques could be used in the asessment of cell density. Ultra

structural studies could be carried out on specifie cell populations to

gather additional information.

It is postulated that because of the likely relevance of outer annular

d.efects in the pattrogenesis of intervertebral disc degeneration and their

possible role in the production of lumbar back pain these studies could

lead to substantial progress in patients treatment modalities.
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6.2

OF nTSC nF GENERTATTON

Using the established sheep model of disc degeneration further studies

coutd be designed whereby in randomly selected animals the originaf

defect may be repaired by direct suture or indirect methods using tendons

and./or ligament reinforcement technique. It would be of great interest to

compare discs treated by surgical repair with control discs in order to

evaluate possible therapeutic implications.

The sheep modet in addition, could be used for the assessment of drugs

which have been investigated in other joints [as knee and shoulderJ for

their potential in enhancing repair of chondral defects.
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6.3

TN F'ART.v NTSC NEGENF'.RATTON

The sheep model could be used to assess the effect of enhancing contrast

agents sueh as Gadolinium injected parenterally or in selected areas of the

annulus fibrosus for its imaging potential in the presence of annular

defects

Another imagrng technique that has not yet been explored is ttre software

elaboration in three dimensional terms of computerised discography. 3-D

reconstructions which are commonly used in the assessment of skeletal

trauma, especially in the pelvic area and for intra-articular fractures could

be of use in the evaluation of annulus defects as highlighted by the

intradiscal contrast.

More data is need.ed on the correlation between sSrmptoms, clinical signs

and results of imaglng in the area of intervertebral disc pathology. Due to

the relatively easier access to MR imaging and its supposed lack of side

effects it is postulated that epidemiologieal studies could be designed

where rand.omly selected and representative samples of as¡rmptomatic

individuals could be subjected to imagrng of the lumbar spine' In

correlation with data on age, employment and lifestyle characteristics and

any known history of back symptoms these studies could lead to a more

scientifically controlled und.erstanding of the incidence and characteristics

of degenerative spinal conditions.
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Sheep disc collagen levels f9r zones L-4' 5mm tésion samPles

SHEEP DISC
LEVEL

TIME POST-
OPERATION

[MONTHSJ

Collagen lo/o dry weightJ

ZONE 1 ZONE 2 ZONE 3 ZONE 4

Operated levels 5mm lesion

I
2
3
4
5
6
7
8
I

IO
l1
L2
r3
t4
I5

2
4
6
8
I
I
8

t2
L2
t2
L2
18
I8
I8
18

w-Lí
TA-Lí
LA-L5
L3-W
w-Lí
L3-W
w-L5
w-L5
L4-L5
w-L5
w-L5
IA-L5
L3-TA
w-L6
L5-L6

35.0
32.O
35.0
36.0
29.5
39.0
28.0
26.O
r9.o
19.0

5.O
23.6
16.8
28.4
15.0

38.5
28.0
31.0
28.5
29.O
38.O
31.0
29.O
r6.o
27.O
I r.o
LL.7
L7.8
27.1
30.7

65.0
76.5
65.0
74.O
67.5
66.0
57.5
80.5
78.0
46.0
60.0
69.0
72.4
65.3
65.5

o

34.0
33.0
30.0
27.O
30.0
32.O
24.5
I 1.0
I 1.0
2L.O

6.0
35.8

7 3.5
72.O
60.0
44.5
67.5
67.O
49.0
76.0
67.O
67.O
6r.o
62.L
64.5
55.r
65.9

69.0
68.5
6r.o
68.5
67.O
66.0
56.O
58.0
60.0
50.0
61.0
84.8
7t.8
48.2
44.5

Lumbar control levels

I
2
3
4
5
6
7
8
I

10
11
L2
13
L4
15

2
4
6
I
8
I
8

t2
L2
L2
L2
18
18
18
18

64.0
80.0
63.0
62.O
70.0
66.5
46.0
72.O
80.0
82.O
44.O
72.2
48.6
52.5
87.7

27.O
26.O
3r.0
31.0
30.0
34.0
24.O
30.0
r6.0
35.0
13.0
35.2
47.2
L5.2
8.9

L2.8
I 1.5
r3.o

LL-L2
LL-L2
L5-L6
TA-Lí
LL-L2
w-L5
LL.L2
L5-L6
L5-L6
L5-L6
L5-L6
L5-L6
w-L5
L2-L3
TA-L5



Sheep disc collagen levels foJ zones L-4^ 2.5mm lesion samPles

SHEEP DISC
LEVEL

TIME POST-
OPERATION

[MONTHS)

4
4
8
8

L2
L2

4
4
8
8
8

t2
t2

Collagen (o/o dry weightJ

ZONE I ZONE 2 ZONE 3 ZONE 4

Operated levels 2.5mm lesion

40.0
37.O

8.8
38.3
20.2
12.166

.b

.0

.1

.6

.b

.5

48
35
10
37

6
45

I
2
3
4
5
6

L5-L6
w-L5
L5-L6
L6_S1
w-L5
L5-L6

TA-L5
L5-L6
fA-L5
w-L6
L5-L6
L5-L6
IA-L5

76.5
4r.0
70.2
81.5
69.6
60.8

8r.0
63.0
67.7
67.4
58.3
79.7
78.L

62.5
5r.0
76.4
65.6
81.5
8r.3

Lumbar control levels

L6.7
28.9

6.6
L2.5

I
2
3
4
5
6
7

70.o
87.0
77.5
64.7
53. r
75.O
79.3

33.O
44.O
r 1.0
L7.7
17.8
15.6
L2.2

40.o
42.O
ro.1



Sheep disc hexuronate acid levels for zones l-4^ 5mm lesion samPles

SHEEP DISC
LEVEL

TIME POST-
OPERATION

[MONTHSJ

2
4
6
8
8
8
I

t2
L2
t2
L2
18
r8
I8
I8

2
4
6
I
8
8
8

L2
L2
t2
L2
r8
18
18
18

Hexuronale lo/o dry weight)

ZONE T ZONE 2 ZONE 3 ZONÐ 4

Operated levels 5.Omm lesion

I
2
3
4
5
6
7
8
I

10
11
t2
r3
l4
15

w-L5
w-L5
w-L5
L3-TA
w-Lí
L3-W
w-L5
TA-L5
w-L5
TA-L5
w-L5
w-L5
L3-W
w-Lí
L5-L6

1.50
2.40
r.50
2.60
2.60
2.60
2.30
r.00
0.90
1.60
2.35
3.O2
L.49
2.ro
r.05

5. ro
7.50
5.45
5.70
5.20
2.40
5.70
3.20
2.65
2.50
2.50
3.37
3.rr
3.Or
3.43

7.60
8.r5
5.95
5. r0
6.45
4.20
4.80
3.40
2.60
3.40
2.90
3.54
3.48
3.25
3.08

2.40
1.90
0.90
2.40
3.00
3.50
3. r0
1.85
L.20
2.40
r.r5
r.49
2.98
3.48
1.10

2.35
2.35
3.45
3.10
2.OO
1.90
r.70
r.50
2.50
2.30
L.25
t.42
3.27
2.85
L.57

Lumbar control levels

I
2
3
4
5
6
7
8
I

lo
11
L2
13
L4
15

LL-L2
LI-L2
L5-L6
TA.L5
LL-L2
w-L5
LL.L2
L5-L6
L5-L6
L5-L6
L5-L6
L5-L6
w-L5
L2-L3
w-L5

2.60
2.LO
3.55
3.80
2.75
2.30
2.50
1.85
1.55
1.30
r.65
1.69
r.63
2.68
2.69

7.85
7.35
6.45
8.20
8.00
4.05
7.85
6.00
4.20
5.30
5.60
6.98
5.O2
3.82
3.80

7.40
8.55
6.80
8.70
7.25
5.30
7.50
2.80
3.05
3.70
4.10
6.68
4.54
3.56
3.38



Sheep disc hexuronate acid levels for zones L-4' 2.5mm lesion samPles

SHEEP DISC
LEVEL

TIME POST-
OPERATION

[MONTHSJ

Hexuronate lo/o dry weight)

ZONE 1 ZONE 2 ZONE 3 ZONE 4

Operated levels 2.5mm lesion

I
2
3
4
5
6

L5-L6
w-L5
L5-L6
L6-S1
TA-L5
L5-L6

w-LÚ
L5-L6
w-L,
TA-L5
L5-L6
L5.L6
I4-L5

2.27

4.80
5.10
2.20
4.81
r.45
r.90

L.704
4
8
8
2
2

t.70
L.70
L.37
1.08
t.g7
1.39
1.33

r.70
r.70
2.LO
1.65
r.47
0.85

2.90
o.97
L.70
1.10
r.27

4.90
5.00

5.98
4.70
r.85

Lumbar control levels

I
I

I
t

I
2
3
4
5
6
7

4
4
8
8
8
2
2

2.30
2.90
r.36
r.46
1.49
1.15
1.40

5.40
5.10
2.53
5.L7
4.95
3.09
2.67

5.60
5.00
3.40
6.29
5.83
2.2L
2.92



Sheep disc moisture contents for zones 1-4- 5mm lesion samPles

SHEEP DISC
LEVEL

TIME POST-
OPERATION

[MONTHS]

2
4
6
8
8
8
8

L2
t2
L2
L2
18
r8
18
18

2
4
6
8
I
8
8

t2
L2
L2
L2
r8
18
18
18

Moisture (%J

ZONE L ZOI{E 2 ZONE 3 ZONE 4

Operated levels 5.0mm lesion

I
2
3
4
5
6
7
8
I

10
11
L2
13
T4
15

TA-L5
w-Lí
w-L5
L3-TA
w-L5
L3-W
w-L5
w-L5
TA-L5
w-L5
w-L5
TA-L5
L3-W
TA_L5
L5-L6

7 4.O
70.o
73.O
78.0
67.O
90.0
70.0
58.0
65.0
65.0
68.0
55.3
60.0
66.5
65.8

58.0
56.0
58.0
69.0
59.0
48.O
57.O
59.0
46.O
60.0
54.O
45.9
47.8
56.1
47.2

63.0
63.0
58.O
69.0
62.O
63.0
62.O
6r.0
52.O
53.0
46.0
34.4
45.r
58.5
44.2

59.0
53.O
59.O
63.0
56.0
62.O
64.O
55.O
45.0
5r.0
59.0
45.4
4L.9
47.O
54.8

76.O
76.O
74.O
80.0
70.o
8r.o
75.O
67.O
66.0
65.0
65.0
57.7
60.8
67.9
61.8

70.o
69.O
75.O
78.0
69.0
70.0
70.0

Lumbar control levels

I
2
3
4
5
6
7
8
I

10
11
L2
13
L4
15

53.0
51.0
58.0
62.O
56.0
6r.o
57.O
55.0
61.0
58.0
60.0
47.3
49.7
58.2
48.0

69.0
75.O
78.O
73.0
73.O
73.O
69.0
69.0
65.0
68.0
72.6
68.8
72.5
67.3

61.0
67.O
65.O
66.0
7L-6
69.8
67.3
65.3

LL-L2
LL_L2
L5-L6
w-L5
LL-L2
w-L5
LL-L2
L5-L6
L5-L6
L5-L6
L5-L6
L5-L6
w-L5
L2-L3
w-Lí

7L.O



Sheep disc moisture contents for zones l-4^ 2.5mm lesion samPles

SHEEP DISC
LEVEL

TIME POST-
OPERATION

[MONTHSJ

Moisture [%oJ

ZONE L ZONE 2 ZONE 3 ZONE 4

Operated levels 2.5mm lesion

0
o
5
6
6
7

1
2
3
4
5
6

L5-L6
TA-L'
L5-L6
L6.S1
w-L5
L5-L6

w-Lí
L5-L6
L4-L5
w-Lí
L5-L6
L5-L6
w-Lí

50
59
49
5I
56
56

4
4
I
I
2
2

I
I

49.
58.
52.
52.
48.
55.
59.

58.0
57.O
52.O
52.4
57.7
56.6

56.0
55.0
47.4
55.3
42.4
57.7
58.O

69.0
74.O
67.6
70.L
70.4
64.8

64.0
74.O
68.5
71.2
62.O
65.7

Lumbar control levels

I
2
3
4
5
6
7

4
4
8
8
8
2
2

t
I

o
o
3
8
3
I
I

69.0
72.O
68.9
70.2
65.7
67.L
67.L

73.0
70.o
68.O
69.5
67.2
62.9
67.5

I

¡
)

L

f
I

)



sheep disc protein levels extractable from zones L-4-- - ^ with^4 M GuHCI 5mm lesion samples

SHEEP DISC
LEVEL

TIME POST-
OPERATION

[MONrHs)

2
4
6
8
I
8
8

L2
L2
L2
t2
18
18
18
18

2
4
6
I
I
8
8

L2
L2
t2
L2
18
r8
18
18

ug protein /rn€ tissue extracted

ZONE 1 ZONE 2 ZONE 3 ZONE 4

Operated levels 5.0mm lesion

I
2
3
4
5
6
7
8
I

10
1l
L2
13
L4
15

w-Lí
TA-L5
TA-Lí
L3-W
w-L5
L3-W
TA-L5
w-L5
TA-L5
w-L6
w-L5
fA-LÚ
Ls-W
w-L5
L5-L6

25.9
24.7

27.9
37.2
30.9
43.7
44.5
23.8
48.6
7t.4
7t.8
46.4
54.7
44.9
35.5
44.4
3L.7

25.6
3r.4
26.7
26.3
42.6
26.3
50.6
34.3
42.9
63.5
72.1
37.7
3r.9
38.9
26.7

24.7
L8.2
L4.6
27.7
23.7
26.3
36.0
39.0
51.3
56.2
85.3
50.2
44.3
38.7
35.3

23.2
39.5
32.8
24.5
47.5
55.1
74.2
40.8
50.7
44.6
23.L
49.7
22.8

Lumbar control levels

1
2
3
4
5
6
7
I
I

10
11
L2
13
L4
15

LL-L2
LL-L2
L5-L6
w-L5
LL-L2
w-Lí
LL-L2
L5-L6
L5-L6
L5-L6
L5-L6
L5-L6
w-L5
L2-L3
TA-L5

18.6
23.O

8.2
32.2
26.3
16.2
L6.2
13.3
22.6
23.2
I 1.3
26.5
26.67
32.4
29.9

20.7
r9.9
r3.9
20.3
20.9
33.8
t7.6
L7.3
22.6
20.8
29.6
33.4
36.5
L7.L
27.2

24.5
22.3
L8.7
20.7
19.6
20.o
30.7
25.r
32.O
L7.9
L4.5
L9.4
15.9
24.7
L9.4

29.6
22.6
24.8
26.4
L6.4
L7.L
29.7
26.5
22.9
24.O
2r.5
20.á
t7.g
37.4
r6.9



sheep disc protein levels extractable from zones l-4
---- -^- 

v¡ith å trrt cuHCl 2.5mm lesion samples

SHEEP DISC
LEVEL

TIME POST-
OPERATION

[MONTHSJ

4
4
I
8

T2
L2

4
4
8
8
8

L2
L2

ug proteirr/mg tissue extracted

ZONE 1 ZONE 2 ZONE 3 ZONE 4

Operated levels 2.5mm lesion

I
2
3
4
5
6

L5-L6
TA.L5
L5-L6
L6-S1
w-L5
L5-L6

w-L5
L5-L6
w-L5
w-L5
L5-L6
L5-L6
w-L5

24.8
26.L
30.3
3r.5
34.9
36.8

26.5
28.9
30.2
30.8
37.4
46.2

25.6
20.3
27.L
24.8
20.5
27.L

22.3
23.5
32.4
23.9
27.8
20.o

Lumbar control levels

1

2
3
4
5
6
7

22.
24.
25.
33.
32.
29.
37.

7
3
2
I
I
6
3

3
0
6
I
1
I
o

25.
28.
29.
27.
27.
24.
33.

22.O
r8.5
16.8
18.7
L9.2
2L.9
20.3

20.6
2r.6
23.2
2L.O
20.8
L7.O
L7.2



sheep disc PG extractability levels with 4 M GuHCl- ^ for zones 1-4 5mm lesion samPles

SHEEP DISC
LEVEL

TIME POST-
OPERATION

(MONTHSJ

2
4
6
I
8
8
8

t2
L2
L2
L2
18
18
18
18

2
4
6
I
I
I
I

L2
L2
L2
L2
18
18
18
18

PG extractability [%o)

ZONE 1 ZONE 2 ZONE 3 ZONE 4

Operated levels 2.5mm lesion

I
2
3
4
5
6
7
8
I

10
11
L2
13
l4
15

w-Lí
w-L5
w-L5
L3-W
w-L5
L3-IA
w-Lí
w-L5
TA-L5
w-L5
TA-L5
w-L5
L3-W
w-L5
L5-L6

83.O
74.O
87.O
83.O
57.O
77.O
82.5
69.O
70.0
72.O
77.O
76.5
87.7
83.4
7L.5

n

79.O
62.O
88.0
85.5
65.O

73.O
68.O
83.0
67.O
86.0
76.9
84.6
83.O
67.5

d

92.o
91.0
94.0
95.0
83.0
92.O
94.0
84.0
90.0
88.0
88.0
82.8
85.6
92.2
94.0

90.4
86.8
91.5
92.6

96.0
92.O
94.O
95.0
89.0
94.0
90.0
91.0
92.5
88.0
92.O

Lumbar control levels

I
2
3
4
5
6
7
I
I

10
11
L2
13
L4
15

LL-L2
LL-L2
L5-L6
w-L5
LL.L2
TA.L6
LI-L2
L5-L6
L5-L6
L5-L6
L5-L6
L5.L6
TA.L5
L2-L3
TA-Lí

80.0
67.O
80.o
85.5
7L.O
n.d.
75.O
72.O
68.5
41.0
68.0
85.4
81.1
79.3
83.0

84.5
68.0
82.O
82.5
70.5
n.d.
82.0
74.5
74.O
69.0
75.O
90.6
83.4
88.3
75.3

94.0
92.5
95.5
96.0
93.0
90.0
96.0
92.O
96.0
91.0
93.0
95.0
92.8
96.5
95.8

95.0
93.0
96.0
96.0
93.0
88.5
96.0
94.0
95.0
92.O
94.0
92.2
93.4
98.2
92.5



Sheep disc PG extractabiJity levels with 4 M GuHCI
for zones L-4 2.1rrirn lesion samples

SHEEP DISC
LEVEL

TIME POST-
OPERATION

[MONTHS)

4
4
8
8
I

t2
t2

PG extractabititY [%)

ZONE 1 ZONE 2 ZONE 3 ZONE 4

Operated levels 2.5mm lesion

t
2
3
4
5
6

I
t
2
o

92.
96.
93

4
4
8
8
2
2

88.6
90.1
8I.4
81.O
76.8
83.8

87.6
88.9
76.5
86. r
88.1
86.7
82.7

I
2
3
4
5
6
7

L5-L6
TA-L5
L5-L6
L6-S1
w-L5
L5-L6

t
I

n.d.
81.0
92.8
82.9
79.L
86.8

n.d.
80.0
87.2
82.7
83.4
80.2

92.O
95.0
94.2
92.O
97.4
86.6

92.O
94.5
96

94.3
94.8
96.9
95.6
94.4
95.7
95.1

Lumbar control levels

w-L5
L5-L6
w-L5
w-L5
L5-L6
L5-L6
w-L1 86.9

92.6
95.6
95.2
96.2
94.0
95.8
96.0



changes in ^,1v9-I91X13d"siä uy th cturauon
t

5mm deeP lesion
earty and intermediate Phase

SHEEP

I
2
3
4
5
6
7
I
I

10
t1

0.590
0.6r0
0.600
0.550
0.600
0.600
0.550
0.590
0.590
0.585
0.580

0.600
o.660
0.650
0.640
o.625
0.635
0.6r0
o.630
o.620
o.625
0.630

0.600
o.670
0.645
o.635
o.650
0.640
0.620
0.640
0.620
0.615
0.625

TIME POST-SURGERY
MONTHS

2
4
6
8
I
8

L2
L2
L2
L2
T2

KAV.
ZONE 1 ZONE 2 ZONE 3 ZONE 4

0.580
o.595
0.590
0.585
0.595
0.590
o.5BO
o.590
0.585
0.580
0.58O



levels [%J v¡ith 4o/o v/v HA of At purified
from disc zones 1-4 determined by

CL2B gel chromatography

SHEEP DISC
LEVEL

TIME POST-
OPERATION

[MONTHSJ

2
4
6
8
8
I
8

L2
r2
L2
L2
18
18
18
I8

4
4
8
8

L2
L2

ZONE 1 ZONE 2 ZONE 3 ZONE 4

Operated levels 5.0mm lesion

I
2
3
4
5
6
7
8
I

10
tt
L2
13
l4
15

33.80
28.30
33.50

40.00
20.60
36.90
30.00
25.20
40.90
24.70
34.70
37.20

2r.30
32.70
28.30
40.60
35.50
34.40
36.20
43.00
35.90
43.r0
38.90

36.90
28.60

36.60
35.60
36.20
39.00

I
2
3
4
5
6

w-Lí
IA-L5
TA-L5
L3-W
w-L5
L3-W
w-L5
TA-L5
w-Lí
w-L5
TA.L5
w-L5
L]-W
w-L5
L5-L6

L5-L6
w-LÚ
L5-L6
L6-S1
w-L5
L5-L6

33.80
33.30
33.30
3I.40
35.50
30.40

27.20
40.r0
42.40
42.20
34.30
33.30
42.9O
32.50
34.30
32.40

39.80
r2.80
24.20
37.OO

32.r0
19.40

33.00
22.40
32.40
33.40
3r.50
20.30
46.10
41.90
34.70
37.50
27.70
43.20
3r.80
35.80
37.80

Operated levels 2.5mm lesion

30.80
35.70

32.50
34.20
36.50
39.40
42.LO
38.70

34.20
29.20
31.60
34.40
36.50
27.80

28.20
38.80
28.80
32.60




