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ABSTRACT

Radioisotopes have been employed in the therapy of chronic arthritis, in

. particular, rheumatoid arthritis for many years. A variety of isotopes have been

populérized, and in the last ten years, a colloidal solution of radioactive chromic
phosphate has been in use. No controlled. studies on this modality have been reported

clinically and few animal studies were found. The effidacy of 32p 35 a medical

, Synovectomy, its effects on the articular cartilage on normal and arthritic knee joints

_in the rabbit was examined. ,

, Forty knee joints in 20 adult rabbits. were treated with 0.1 mCi 32P, a dose
comparSBle with regimens in man, and were examined over 26 weeks by histological and
biochemical means. While fibrotic changes in the synovium suggested some previous
insult there was no evidence that synovectomy had occurred; there was, however, clear
suggestion of articular cartilage damage in all groups and evidence of cartilage
degeneration at 26~weeeks.

Forty arthritic knee joints in 20 rabbits treated on one side with 32P, the:pposite
serving as control were sacrificed over 60 days. The synovium showed no evidence of
radiation necrosis in treated joints. Cartilage of treated and control joints showed
similax" changes consistent sith chronic arthritis with progressive chondrocyte
degeneration, decreased matrix metachromasia and decreased hydroxyproline content.
These changes moreover appeared less pronounced in treated ioints‘ suggesting a
possible protective function of the isotope.‘

The popular ovalubumin antigen-induced arthritis model was reassessed prior to
implementation in the forementioned study. Marked changes in the articular cartilage
consistent with acute cartilage necrosis were found, making this model inappropriate as

an model of rheumatoid arthritis. A useful modification of the model was described,
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RESUME

Les radicisotopes sont employés dans le traitement de l'arthrite chronique; en
particulier I'arthrite rhumatoide, et ce depuis de nombreuses années, Une variété
d'isotopes a été rendu populaire. Au cour des dix derniéres années, une solition colloidale
de chrome phosphate a été utilisé. Aucune étude contr8le sur cette modalité n'a €té
rapporté de méme que peu d'étude sur animaux. L'efficacité du 32P comme synovectomie
meédicale a été etudie chez le lapin, ainsi que son effet sur le cartilage articulaire de
genoux normaux et arthritiques.

Quarante genoux chez 20 lapins adultes ont été traité avec 0.1 mCi 32P, une dose
comparable a celle utilisée chez lhomme. Ceux-ci ont ensuite été examinés
biochimiquement et histologiquement sur une periode de 26 semaines. \Tandis que des
changements fibreux dans la synoviale suggére une insulte precedente, il n'y avait aucune
evidence qu'il y ait eu une synovectomie, il y avait cependent évidence de domage du
cartilage articulaire, dans tous les groupes et evidence de degeneration du cartilage a 26
semaines.

Vingt lapins (40 genoux arthritiques) traités d'un coté avec 32p, le coté opposé
servant de contrble, ont éte sacrifie apres 60 jours. La synoviale ne montrait aucune
evidence de nécrose de radiation dans les articulations traités. Le cartilage des
articulations traités, et de contr8le ont demontré les mé&mes changements consistants de
l'arthrite chronique avec dégéneration progressive des chondrocytes, diminuation de la
métachromasie de la matrice et du contenue en hychoxyproline. Ces changements
cependent, apparassent moins manqués dans les articulations traités suggerant qu'il y ait
possiblement une fonction de protection de l'isotope,

Le populaire modeéle d'induction darthrite "antigene ovalbumin” a été reévajue
avant le debut de cet étude. Des changements marqués dans le cartilage articulaire
consistant avec une nécrose aigue du cartilage ont été noté, faisant de ce modele, un
modele innapropriu pour l'arthrite rhumatoide. Une modification utile de ce modele est
décrite.
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PREFACE

Radioisotopes have been employed in the intraarticular therapy of chronic
arthritis in particular rheumatoid arthritis for many years. The aim of this form of
therapy has be‘en to produce an non-surgical synovectomy in a joint Tm order to delay or
prevent joint pathology and joint symptomatology. A variety’ of elements has been
employed; inore recently 32p has been popularized. To date, no controlled studies on
this modality and few animal studies, have been reported. Chapter | of this thesis,
defines the structure and histology of the joint tissues, deﬁnestheumatoid arthrits,
describes the current theory of pathogensis of rheumatoid arthritis, gives u brief
sumanary of radistion pathology, reviews the hiteratare of surgical synover to uy 10 the
matapement  of  the rhesstnatond jomt, und reviews  the hiterature 4 nedical
5)‘!\()\:1‘«:!\);;;}" w the management of the rheumatord joint.  In Chapter 3 Part A of thes
paper, the eftwacy of 32p producing a synovectomy and its effect on articular
vartilage i the knee int of normal adult rabbits 15 exanuned. In chapter 3, Purt B the
effec tol 320 on the knee joints of rabbits with arthe stis is reported. ’

in the course of design and investigation of these experiments, an accepted model
of rheumatoid arthritis was chosen. However, surprising and unexpected obscrvations
w;rrc made of the nodel making it inappropriatc as a tool, and necessitating the
repetition of much of the experiments of Chapter 3 Part B using a modification of the
inodel. For this reason, Chapter 2 on studies in antigen-induced arthritis was placed
first n this thesis and concerns itself with the inodel and the modification made of this
model lor use v the experiments on 32p, ¢ also contains a review of animal models of
rheumatoid arthritis.

It is considered that the studies of the animal model of arthritis put into question

many of the conclusions drawn from the model as previously employed and 15 of value in

cautioning future workers who use this nodel in the interpretation of their results.
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Secondly, to our knowledge the studies reported are the first detailed examination of the °
effect of 32P in the experimental arthritic animal. The experiments detailed in Chapter 3
suggest that normal tissues exposed to 32p are adversely etfected by it while pathological
tissues are, at worst, uneffected and may be favourably effected by it. It is consiéered
that this thesis cautions those physicians employing 32P in a clinical setting, of the still”
questionable validity of this theraputic modality.
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1.1 DEFINITIONS AND HISTOLOGY [
Since.rheumatoid arthritis is a systemic disease whose principle manifestations are
in the synovial joints, it is appropriate to begin here.

1.1.1 Synovial joints: Synovial joints ‘are articulations surrounded by and sealed by an
outer capsule of fxbrous tissue, reinforced by tendons and aponeuroses, and an inner
lining of which is the synovium - a single cell layer arranged in folds or villi allowing
unfolding and folding or crimping of the synovial layer with the demands of the
articulating bones in movement and fluid requirements of the joint cavity. The
articulating ends of the bones are covered by a cap of cartilage - hyaline cartilage,
which is responsible for the biomechanical properties of the joint in absorbancy, load
bearing, and reduction of surface friction. Synovial joints contain a fluid which has
biomechanical, nutritional and circulatory properties and in many joints there is also a
meniscus of fibrous tissue which serves a complementary and supportive role to the

chymal origin, the synovium is thought to have formed by differentiation
of the area between the two abutting primary cartilaginous bonyey models. A cystic
space forms and shortly thereafter, the space becomes lined with primitive
mesemchymal cells which differentiate into synovial cells. The synovial cells are ovoid
lying with their long axes parallel to the surface. By scanning EM, the membrane is
furrowed like an accordian and pores are visible (118). By L.M., the synoviocytes appear
as large ovoid éeﬂs with cytoplasmric processes with many vacuoles and evidence of
lysosomal enzymes in the cytoplasm. By E.M. no basement membrane, adhesion plates or
desmosormes can be detected. The cells may be recognized as two types: A cells, whose

morphologic and functional activities resemble macrophages, and B cells

P




3.
whose morphologic and functional activities resemble fibrocytes.

Type A cells, in the highest proportion, show many large vacuoles with
cytoplasmic processes directed toward the cell surface, with branched fibrils lying
paraliel to the cell membrane, and with micropinocytotic vesicles, many mitochondria,
;tid Golgi arranged near the apical part of the nucleus and cytoplasmic processes. A
dense fibrillar and granular material has been identified coating the cell membrane.

Type B cells have the same cell body configuration but have well developed rough
endoplasmic reticulum, only occasional and smaller mitochondria, prominent Golgi

apparatus, longitudinal microfilaments, vesicles and secretory granules (infact fewer in

_number than type A celis). These secretory granules (8) are in intimate association with

the Golgi which is involved in the granule formation which contain mucopolysaccharides
(104,8). The intercellular matrix is of an amorphous substance devoid of fibrils.

Beneath the lining layer, the fibroareolar tissue or subsynovium is of variable
depth, of variable density with collagen fibres, of variable organization and thickness.
!ilmsticQS fibbres are interspersed throughout, as are vessels. Randomly interspersed are
fibrocytes and scattered histiocytes, mast cells; the blood vessels are ramifications of
larger vessels supplying the fibrous capsule. With age, the veins often show sclerotic
changes and hyaline thickening even as early as 20 years. The synovium may be
supported by this fibrous subsynovium of variable density or may sit directly on areolar
tissue which is strengthened by elastic and collagen fibres which extend out into the
capsule (133).

1.1.3 Cartilage: .
Cartilage is described as a "viscoelastic" material coating the articulating ends of

bones. The "hyaline" nature, which describes its pearly appearance, is actually a
surface with many humps and ridges caused by underlying and protruding chondrocytes.
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4.
The ridges, which tend to run perpendicular to the axis of rotation of the joint are thought
to be secondary to the mechanical properties of the joint as the corrugations of a dirt
road are after tires have rolled over it innumerable times.

Cartilage is composed of a lfuid matrix of water and proteoglycans strengthened by
collagen fibrils into which are embedded chondrocytes.

Microscopically, one s able to identify zones or layers in the architecture of
cartilage from the inner surface down to the bone interace (fig 1).

The most superficial layer is the tangential zone in which thin collagen fibres lie
paraliel to the surface in a mat. The most superficial layers do not stain with cationic
dyes indicating a lack of proteoglycan. Cells here lie with their long axes parallel to the
surface. They have little endoplasmic reticulum and have flattened inactive Golgi
saccules. In the transitional zone beneath, collagen fibres are haphazardly arranged with
proteoglycan aggregates and water as matrix stabilizing and strengthening 1t. The cells
are round, small, and also haphazardly arranged with one or more prominent nucleoli as a
prominent feature. Around the cells is a marked concentration of proteoglycan and
collagen arranged in a circular lattice-work. As one descends through the zone the
collagen fibrils become more perpendicularly arranged. In the radial zone in the lower
half to one third of the tissue, the collagen and cells gradually appear to lie perpendicular
to the surface. The cells are arranged in columns several cells high, have a notably well
developed Golgi, rough endoplasmic reticulum and glycogen (for anerobic metabolism).
Around the cells are halos of concentrated proteoglycan and an over all increased in the
intercellular matrix. The fibrils are much thicker and more densly packed in this zone and
the radial zone meets a basophilic wavey line called the tidemark whose significance is
speculative but is thought to be the attachment point of the collagen network of fibrils

acting to transmit and dissipate stresses imposed. Below this is the calcified zone



3.
extending to the underlying bone. Here the cells are arranged in columns; more of them
nppenring/ with a darkly staining cytoplasm and more obviously degenerating. The
collagen fibres are arranged perpendicular to the surface and though proteoglycans are
known to be present, their tertiary structure has not been defined. The area is fully
calcified and below this lies bone with its Volkman's canals and cells resembling
osteoclasts.

On a biochemical level, the matrix is composed of collagen proteoglycan aggregates
and 65 to 80% water. The proteoglycan is of three species: hyaluronic acid, a
proteoglycan subunit, and a link protein. The proteoglycan subunit is composed of a
protein core to which are attached the glycosaminoglycans, keratin sulfate and
chondroitin sulfate, negatively charged molecules which repel each other and therefore
arrange themselves about the protein core in a rigid fixed orientation. Link protein a
small protein of approximately 40,000 M.W., links the proteglycan subunits to the
hyaluronic backbone to form an aggregate. The proteoglycans may associate the
hyaluronic acid molecule in aggregates as small as 15,000 A® or as large as 100,000 A® in
developing cartilage. The proteoglycan subunits with their rigid glycosaminoglycans are
thus hooked to hyaluronic acid in a molecule which then attains a quaternary formation as
a globule. These interact with the collagen fibres, crosslinking them; water molecules

become trapped in this meshwork due to the hydrophilic nature of the globules. Linkages

" of collagen fibrils with adjacent ones are accomplished with bonds with hyaluronic acid

and also with link protein.

The collagen triple helix structure accounts for the tensile strength of the cartilage
but has no compressive properties. The proteoglycans are structured with hydrophilic
tendancies and maintain hydration and keep the collagen in random but fixed position. As
a strain is applied to cartilage, the water escapes from the matrix to the surface adjacent
to the load, and the matrix tends to compress under the load to a point where it is resisted

only by the collagen and proteoglycan bulk (97). .
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Biomechanically, this arrangement of protein with trapped water molecyles and a
collagen latticework lends an amazing strength to this thin layer of cartilage which in
humans is less than 7 millimeters thick. Normal synovial joints sustain a load of five
times body weight, have a coefficient of friction of .002 (for 1000 pounds of load on a
joint,mﬂytwopo&mslswouldbereqﬁredmslideﬂ'ieioint).andaslidingspeedoilesathﬂ’\
65 meters per second (97). Y
1.1.4 Rheumatoid Arthritis:

Rheumatoid arthritis is a systemic disease with wide spectrum of manifestations,
the most prominent of which is chronic inflammatory polyarthritis whose natural history
is total joint destruction. The joint changes in rheumatoid arthritis are characterized in
stages by a congested edematous synovium infiltrated with lymphocytes, hypervascularity,
with superficial patchy necrosis covered by fibrinoid material (mainly ﬁbrin,‘
immunoglobulins and complement). This evolves to a lining principally of plasma cell
infiltration with lymphoid foci and multimucleated giant cells. Perivascular infiltration
prevails and the fibroblastic and capillary proliferation called granulation tissue causes
gross villous thickening from the periphery of the joint lining. The synoviocytes become
hyperplastic and hypertrophy of the membrane accurs, sometimes extending 10-20 cells
thick. Granulation ti;we spreads as "pannus" creating a physical barrier between the
nutritive synovial fluid and the underlying cartilage which is wholly dependent on the fluid
for circulation. This pannus secretes proteinases which, once activated, erode away the
cartilage. As joint destruction proceeds, the pannus becomes quiescent, shrinks and
becomes fibrotic, the capsule contracts and the additional stresses on the joint contribute
to shifting of the articulation further creating unatural stresses on the cartilage. Later,
calcification of the fibrotic capsule may cause boney bridges to form with an end stage of
denuded bone interface which ankyloses (2).




)

7.

Changes obderved in early arthritis where only synovitis is grossly apparent have
shown polymorphonuciear cells adherent to, and apparently invading, the superficial
layer of the cartilage (60). As well, pannus cells resembling ;twumamid synovial cells
with "ong Cytoplasmic processes which penetrated for a variable distance into the
superficial layers of the cartilage have been identified and under the electron
microscope, chondrocytes could be seen to be surrounded by a foreign cytoplasm
possessing the features of the pannus cells lying above™ (90).

Early changes also include erosion of the superficial layer of cartilage. Even
earlier changes suggested by Mitchell and Shepard are the increased production of a
fibrillar material around the cells of the mid and depper zones as a protective device
against the destructive enzymes being secreted and diffusing through the cartilage.
Cells which did not respond in this way often appeared with large lipid accumulations in
the cytoplasm and no moat of material. As well, proteoglycan could be seen deficient
in the matrix surrounding the cells and precipitated proteoglycan lying on the surface of
collagen fibrils and being phagaocytosed by chondrocytes (93).

As more cells die, proteoglycan can not be produced in amounts enough to
compensatg for the amount being degraded. The loss of compressive resilience soon
leads to ﬁbrillat}on of the cartilage surface and the now exposed matrix, rapidly
degrades. The whole joint surface becomes denuded and bone rubs against bone.
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1.2 Pathogenesis of Rheumatoid Arthritis:
Though the etiology of rheumatoid arthiritis remains an enigma, the many theories

on pathogenesis are beginning to become consolidated into a more cohesive picture.’

Poole et al (113) summarized the current thinking of the inflammatory arthritidies of
which rheumatoid arthritis is the prototype.

' . The pathogenesis "involves the destruction of connective tissues"... and may be ...
"directly related to the development of autoimmunity to some of the macromolecules
from which these tissues are assembled." These "immune procésses stimulate excessive
secretion of proteinases from synovial cells and fibroblasts. Further destruction of
connective tissue results in the presentation of more autoantigens and enhanced
stimulation of proteinase secretion. A chronic cycle of immunopathology is established
in which the connective tissue provides the seeds for its own destruction." (113).

Thus, connective tissue damage, for exxample, caused by trauma, by inflammation,
or by infection allows presentation of the antigenic material to B cells and T cells by
macrophages and polymorphonuclear cells, setting' up first, the humeral antibody
response forming immune complexes with the antigen. Vascular permeability increases
and monocytic' and polymorphonuclear cells infiltrate. The complexes, through
intermediates cause the increased permeability and vasodilation through degranulation
of mast cells, and cause the polymorphonuclear cells to release proteinases causing
degradation of collageh and proteoglycan, the principle components in joint tissues thus
exposing more of the previously "privileged" antigenic sites on, and degradation
products of collagen and proteoglycan, which stimulate and amplify the acute immune

response. At the same time, the chronic system is set up through the T cell-B cell

lymphocyte - monocyte system releasing monocyte collagenase factor (MCF) or

catabolin which controls and stimulates the synovial cells to produce proteinases for

further destruction, the fibroblasts and the chondrocytes for repair, and
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the osteoclasts for dissolution of bone. The more the destruction, the more the system
is amplified.

The systemic manifestations of the disease are believed by some (personal
communication Dr. A.R. Poole) to be an expression of cross-reactants in other tissues.
For example, reactants on corneal and other collagens and proteoglycans in the eye may
result in uveitis and iridocyclitis; reactants on nerve sheath may result in central

nervous system manifestations.
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1.3 RADIATION PATHOLOGY:

The effects of radiation on tissue are determined by the type, dose, duration of
exposure and type of tissue and its environment.

Elementary particles with their accompanying energy take several forms -the
beta particle and gamma particle being those in medical use. The basic action of these
particles is penetration of mass, removing electrons from the mass and in its course
expending energy and allowing the particle to come to rest. The mass which has lost
electrons is thus "ionized". In biological systems a number of things may happen: on a
macromolecular level, water molecules are disrupted "resulting in the formation of
hydrogen atoms, hydrated electrons and hydroxyl radicals. In the presence of oxygen,
both oxygen and subsequently H207 are formed. This extracellular 07 flux may result in
the formation of oxygen dependent chemotaxic factor resulting in the emigration of
granulocytes into the irradiated region and possibly the activation of these cells by
other products of irradiation" (28).

The kind of radiation, dose rate, and ionization density will influence the tissue's
ability to recover from insults before a demonstrable cumulative effect on the function
of the tissue as a whole, occurs. The sensitivity (tl'gnitotic and G2 stages being most
vulnerable), and ability of DNA to repair, (and theréfore the tissue's inherent turnover
rate), the age of the tissue exposed, the species differences, the fitness of the
metaboiic system surrounding (eg. 02 tension) are other variables which effect the end
result.

A variety of things may occur in biological systems, but the most critical are the
effects on the genetic macromolecules. The exfent of damage depends on among other
things, the stage of cell cycle. "In vitro radiation of DNA solution results in breaking of

hydrogen bonds, formation of cross-links with adjacent strands or opposed regions of the

same strand, base damage, disruption of the sugar-phosphate backbone of the molecule,

o -
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impairment of the ability of ‘DINA to act as template for the synthesis of a new DNA
strand™ (2) - all of which effects the ability of a cell to translate or transcribe a replicate.
The effect on RNA in the cytosol of a cell is less for reasons that are unclear. In the
cytosol radicals formed direct ionization or indirect reaction may react with solutes and
block biochemical pathways.

Histologically one can observe the nucleus swelling, the chromatin becoming
clumped and if the dose is high enough the nucleus becomes pyknotic, the chromatin
fragments and there is a focal loss of nuclear membrane; the cytoplasm at the same time
swells, demonstrates vacuolization and the membranes partially disintegrate.

On a morphological level, the various tissues will react according to their
susceptibility base on their inherent turnover rate and metabolic activity: Capillaries
show dilation and increased permeability. The endothelial cells swell, the lumen narrows
and the wal}s sclerose further narrowing the lumen. Thrombosis them forms and
completes the obliteration. The arterioles show the same sequence but initially the
endothelium proliferates, followed by hyaline material deposition on the subendothelial
layer. The wall becomes sclerotic, and the muscle cells degenerate. The arteries
demonstrate changes only later with endothelial cell damage, the internal elastic lamella o
later fragments, smooth muscle cells degenerate, the adventitia fibrosis and a hyaline-like
material accumulated in the media. These vascular changes secondarily cause necrosis of
the surrounding tissue and loss of parenchyma. Fibrotic replacement occurs and the tissue
demonstrates poor wound healing and susceptibility to infection.

Little is written in human pathology texts with specific reference to synovial

cartilage and bone changes with radiation. But synovium of mesenchymal origin would be

'expected to react similarly to that described about vessels. It is thought that bone and

cartilage changes are usually secondary to surrounding soft tissue and vascular insults in_

|

the adult and relatively resistant to radiation. In the developmental stages, however,
when rapid cellular turnover and activity occur, bone and cartilage should be more
susceptible to ionizing rays.
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REVIEW OF SURGICAL LITERATURE OF SYNOYECTOMY
IN THE MANAGEMENT OF THE RHEUMATOID JOINT: -

. The management of the joint pathology is the focus of attention in rheumatoid
arthritic patients. Medical management with antiinflammatories analgesics,
physiotherapy, and a variety of other regimens, for example, gold, penicillamine, is of
primary and paramount importance in attaining, and maintaining active functional joints
for independent activity. But what of the chronic, intractably painful, stiff joint? And
what about the chronically swollen, but architecturally intact joint, at one end of the
spectrum, to those of which may euphemistically termed "joints"” but are complete
ankylosis of a once functional joint?

Surgical goals have been to restore joint mobility, restore stability, relieve pain, and
retard degeneration of the joint.

Synovectomy has been one of the earliest procedures aimed at these goals. Schuller
(42) first reported relief of pain and stiffness in four patients after he removed synovium
from rheumatoid knees in 1887. Swett in 1923 (143,144) reported the first series of 15
synovectomies for "chronic infectious" arthritis with good results at two years in eleven
of twelve patients. Several of the cases presented, when reviewed in the light of the
experiences of the 1980's were in all probability not infectious, but belonged to the
collagen group or rheumatoid group of arthritides. The enthusiasm with this as a mode of
therapy quickly gained momentum.

Does it work? Obvious questions one must ask in evaluating this procedure are (1)
does it relieve pain long term? (2) does it change the degree of independence of the
patient? (3) does it increase the mobility and functional level of the joint? (4) does it
affect the natural history of the disease in that joint, and how? (5) which joints are
candidates? (6) what is the association with systemic disease? (7) how much of the
subjective changes are placebo?
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1.4.1 Clinical Studies

Downie et al (32) gives a comprehensive bibliography of reported series between
1923 and 1970 and then reports his own series of 145 synovectomies in 145 patients. In his
Glascow series with follow-up of 6 to 63 months with an average of 36 months using
parameters of pain, stiffness, range of motion and clinical sigsn of joint inflammation, he
found a successful outcome of 82% in terms of functional grade of the patient, subjective
and objective assessments of the joint. ‘ No breakdown as to the stage of the disease in the
joint preoperatively with respect to outcome was made nor objective radiological
assessment reported. And of course, it is impossible to address questions of natural
history and placebo effect without a double blind study - obviously unethical proposition.
His results closely paralle]l those he reviewed to 1970 in his paper

Goldie (45) assessed radiological changes in 27 knees pre and post synovectomy in

\_the first three years, in 2 knees at four years, and in one knee at seven years. He graded
them on the basis of permanent signs of joint destruction, narrowing of joint space,
periosteal elevation, rarefaction, erosions, subchondral changes. Only two of 25 knees
lost further joint space (one because of septic arthritis and one due to marked progression
of systemic disease); periosteal changes and bone rarefaction remained stable; no new
erosions appeared in any of the knees, though none healed, and preexisting ones either
increased "slightly" or remained unchanged. Subchondrz;l changes increased in one of
fifteen.

Ranawat has ex,amil‘-ned 40 knees one to eight years post synovectc;my and found
decreased joint space in all, but improvement in subchondral bone, and healing of cysts
radiologically. Subjectively and objectively, 60% improved, but the patients tended to
appear late with varis and valgus deformaties. The severity of the disease did not
correlate with the result. The picture is confused, somewhat, however, because both
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synovectomy alone and synovectomy with pateueﬁgoiny,paﬁ\ents were included (117).

In a review of 175 knees with a follow-up of four years Marmor found 509 overall
had improved subjectively, most had increased joint space narrowing. Sixty percent had
improved their functional status. Those who failed usually showed preexisting, and
therefore, continued joint destruction. Sixty-nine of 175 lost an average of 29 degrees
flexion and 69 patients gained a small amount. Seventy percent (26/36) of patients with
early changes (grade 1 by A.R.A. grading) did well at least one year post synovectomy (30).

Graham (49) reviewed 122 knees at five to nine years and though his results are
difficult to integrate he indicates approximately 50% improvement and implied that
milder forms of disease produced better even results.

The most comprehensive review to date is reported by Laurin et al (71). In 66 knees
with follow-dp of five to seventeen years he confirmed what those with small numbers and
incomplete data had suspected. The stage of the joint disease is related to the end result.
The A.R.A stages 1,2 and 3 have 100, 75 and 64 percent success respectively. Sixty-six

percent overall did well; synovectomy did not accelerate the disease but did in fact

~ appear to delay degenerative changes in the cartilage and underlying bone despite

exacerbation of the systemic disease.

Regenerating synovium has been ;;mm by several authors and found
microscopically to have the same features as the original synovitis; by others to appear
normal (4,41,46,79,140,123); and by others to be quiescent, thin, with synovial cell layer of
two to three cells deep, with slight plasma cell and lymphocytic infiltration of the
synovium and hypervascularity of the same degree as preoperatively (46). Ranawat noted
a thick fibrous subsynovial layer in addition in his five quiescent but demonstrably
rheumatoid post-synovectomy biopsies examined at one to six years (116).

e
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1.4.2 Experimental Studies: 4

If then, despite return of synovitis, clinically there is improverr’lent, what is the
pathophysiology? Why does the synovectomized joint, with a regenerated synovium that
still looks rheumatoid, not ﬂeteriorate as would be expected. Why does the patient obtain
lasting (years) relief? Wh; do some get worse?

. There are perifaps 'no answers to the latter questions but insight into the latter has
Been gleaned from 31\5 ebservations of Key (70) and Mitchell (87,88,89,91).

Key, in 1925 reported on the results of 24 knees of normal rabbits after partial
synovectomy with partial medial meniscectomy. He observed them at 2,3,4,6,15,86 and
104 days and saw a pattern of, first, the joint space filling with a fibrinous exudate and
blood, cells appearing like fibroblasts in active division and a capsule becoming infiltrated
with polymorphonuclear cells and monocytes. New capillaries were already forming at
two days, the fibrin exudate gradually cleared and the fibrin adherent to the capsule was
hyaline-like. The underlying fibroblasts proliferated and spread into the fibrin layer.
Inflammatory cells were still prominent at four days. By six days a layer of fibroblast
lined the surface with many extending into the fibrin layer. By eight days, the cells were
oriented parallel to the surface. By sixteen days, new collagen was being formed in the
subsynovial tissue. The surface cells were one to four cells thick and closely packed. By
four weeks an areolar layer separated the cellular and fibrinous layer. Over the ensuing
month to two months, the synovium took on a normal pattern with villi, and organized
fibrous subsynovium. Key's work consolidated the committment that regenerating
synovium comes from mesenchymal elements.

Wolcott (8‘7) working independently confirmed in his report the findings of Key. It
was not until 1967 that much attention was paid to synovium post synovectomy. Mitchell
and Cruess (87) demonstrated with thymidine labelling that post synovectomy cells of
"mesenchymal" appearance, that is, undifferentiated fibroblasts, proliferated and that the

relatively small increase in proliferation of the remnants of synovium
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in the joint did not meet the areas of new synovium and could not be active enough to

account for the new membrane formed. They also examined the cartilage (88) and

~ observed that during the regeneration of synovium, at no time did the chondrocytes show

any ill effects as measured by their ability to take up sulfer for proteoglycan synthesis.
There was, however, a significant decrese during the first 45 days of metachromasia
suggesting a loss of proteoglycan matrix material. Since the chondrocytes appeared
normal it was postulated that degradative enzymes (cathepsins, plasmin and fibrinolysins)
released with the cell injury, diffused from the joint into the cartilage, degraded the
proteoglycan, once exhausted, the cartilage was allowed to recover. No structural
changes were observed. This work was supplemented with electron microscopy studies
(89) which demonstrated convincingly the similarities of type A (secretory) synovial cells
to the progressively differentiating humoral macrophagesand type B (protein producing)
synovial cells to differentiating fibroblasts in the joints of rabbits examined after subtotal
synovectomy.

Ranawat (116) in 1971 described the features of rheumatoid joints one to 15 years
after synovectomy in attempt to correlate clinical state.with histological findings.
Interestingly, of 12 knees biopsied, three had clinical disease and histologically one could
see the same pattern as prior to synovectomy, with multiple layers of synoviocytes,
marked infiltration with plasma cells, polymorphonuclear cells and lymphocytes with
villous hypertrophy and pseudolymphoid follicles. The other none had quiescent joints, all
with preoperative evidence of joint damage. Five had quiescent joints with thickened

synovial membranes, no villi and some hypervascularity and marked subsynovial fibrosis.

.The other four had proliferative synovitis with infiltrates but less severe than

preoperatively. The question then arose whether the fibrosis of capsule and subsynovial

tissues has anything to do with protection of the joint and/or remission of the disease.
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Mitchell (91) examined ten rheumatoid patients by transmission electron
microscopy at three weeks to five years, and compared them with the synovial and
cartilage tissue preoperatively. All of these patients had had quiescent joints post
synovectomy. The synovial pattern was a familiar one: gradual differentiation of
fibroblastic and nﬁcrophage components over a thick collagenous layer with appearance
atﬂareeandaﬁhlf months of healthy type A and type B cells without the predominance
of A type cells \with tremendous vacuolization and lysosomal bodies that was seen
preoperatively. The cartilage, on the other hand, showed an improvement in
morphology only after the synovium had regenerated; the chondrocytes of the stripped
lamina splendens had reappeared, and those of the middle zones lost their cytoplasmic

processess, contained less fat and much more endoplagmic reticulum.
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.5  REVIEW OF THE LITERATURE ON MEDICAL SYNOVECTOMY
(SYNOVIORTHESIS) IN RHEUMATOID JOINTS:
Medical synovectomy, or synoviorthesis, to use a word coined by Delbarre is the
ablation of the synovial lining of a joint by exposing it to a substance with selective

toxicity, usually by injection. The advantages of such a regimen are obvious: the cost and

hospitalization time of major surgery is far .greater than synoviortheses; the patients who
is a candidate for synovectomy is, bynature often debilitated, and thus not a good
operative risk. The rehabilitation time after arthrotomy is often three to six months
while after synoviorthesis, it should be far shorter. Synoviorthesis came to attention
after the beneficial effect of removing the synovium of inflamed joints had been
recognized.
*In many old and inveterate cases of joint diseases it is the pain from the joint which
is the most troublesome symptom for the patient...It is well known that these pains
originate in the synovial membrane and that, often, it is possible to eliminate them
for a brief period though anaesthetization of the inner surface of the synovial
membrane... total synovectomy, which, (sic) in extensive American research, has
given very good results... our object has been to eliminate the nerve endings in the
synovial membrane in a simpler manner. By injecting into the joint a substance that

coagulates the entire inner surface it should be possible to obtain total synovectomy
without opening the cavity.” (von Reis, 154).

This is a simple concept, and, one would think an easy problem to solvé. Even the
required characteristics of the substance as defined by Von Reis and Swensson are simple
and, have not changed.

"It must not be toxic. It should act on the surface. It must not cause too violents
irritation. It must not cause delayed degenerative or proliferous (sic) injuries in the
joint."

It is the first and the last rules that have caused most consternation and burying of
theraputic regimens over the years.
Chemicals:

Von Reis' solution was osmium tetroxide (Os304) which after animal experiments, he
injected into 25\paﬁmw' knees and obtained symptomatic relief in at least 66% for
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at Jeast six months and found no joint deteriqration by Xray at one year. Initial
histological studies of animals showed complete coagulation necrosis of the surface with
regeneration but no evidence of cartilaginous destruction. As this becomes relevent later
it is not certain how long after injection the tissues were necropsied.

Enthusiasm rose and osmium along with several other substances were tried over the
next twenty years (1,81,128).

M3ttonen et al (96) documented in antigen induced arthritis in rabbits, coagulation
necroses of the superficial layer of the synovium with polymorhonuclear cell ir.\‘ﬁltratlon,
followed by plasma cell lymphocytic infiltrate and collagen formation in the subsynovium,
in the area syrrounding the osmium particles. This suggested that the chemical killed the
sucface layer and then induced a reactive inflammatory fibrotic change deeper down as
the chemical's effect penetrated and/or the particles themselves penetrated down into the
deeper laya,'s carried by macrophagg from the surface.

Thiotepa, thorium, and nitrogen mustard were other agents reported as successful
measured by clinical improvement and lack of radiological or clinical evidence of
deterioration over and above that of the natural history.

Then Menkes et al (83) hinted at, and, working independently, Mitchell (92)
demonstrated, by transmission electron microscopy that osmium and nitrogen mustard
caused early and extensive chondrocyte necrosis which was not apparent by light
microscopy initially. One might think that this would have ended the use of osmium but
other reports still followed, varying the dose of osmium employed or using it in
combination with steroids (36).

Scattered reports on other substances have trickled in: Caruso (12) has tried
Rifampin in 35 patients, followed them for six to thirty-six months and reported good
clinical improvement xn 32. Even 5-fluro-uracil, a systemic chemotheraputic agent has
been reported used intra-articularly.




1.5.2 Radicisosopes:
In 1962 a new concept in the search for an agent for synovectomy -that of

radioisotopes, was introduced (see Appendix I). Radioisotopes produce calculable
radiation effect on the surface, caiculable penetration or effect, known duration of
effect (half-life), s are easy to inject, could be prepared in solutions which are inert
or nontoxic to tissues except for the radiation effect and thus should fill all of Von Reis’

original requirements.

With some bravado, Ansell (5,6) reported on the results of injecting 50 uCi of
colloidal 198Au into the knee joints of four patients, surveyed the lymph nodes, blood,

and the joints over 24 hours for leakage of isotope out of the joint space and then -

followed this with the injection of 30 knees of twenty-four patients with the estimated
dose of 600 to 800 roentgens. At one year follow-up, Ansell reported that 23 of 30
knees had improved and 7 had not changed. There were l'&“ patients in this initial series
who had bilateral involvement - one side only was treated providfng a mini-controlled

series. Eleven had improved with treatment as against six controls and three had

remained unchanged as against eight of the controls.

Virkkunen et al (153) were one of the earliest groups to become involved in
radiation synovectomy. In 1967, they published the clinical results showing 67 of 83
knees doing well but introduced a discussion in the problem of leakage to regional lymph
nodes which, in one patient, was in excess of 15,000 rads and in which 27 of 67
demonstrated significant (4,000 to 15,000 rads) uptake over the lymph nodes.

Following Ansell's suggestion, Delbarre began using 90Y, pure beta emittor, with a
greater penetrance or depth, a higher energy and the same half-life (see Appen;ﬁx 13

By the early 1970's radioisotopic synovectomy had become accepted mode of -

therapy in some large centres - namely France, England, Sweden and Finland. Yttrium
P
and 32P were used over gold and newer isotopes such as Erbium and Rhenium were
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introduced for use in smaller joints due to their characteristic penetrance, energy and
half-life. Almost any joint became a candidate after initial success with knee:
interphalangeal and metacarpophalangeals joints, elbows, wrists, ankles and hips.

1.5.3 Clinical Aspects of Radio-Synoviorthesis: .

Patients evaluated for synovectomy, historically, were those \\;ith intractable
painful swollen joints, un;esponsive to analgesic and anti-inflammétory medicines. They
might or might not be rheumatoids; any intractable knee effusion (147) (defined as lasting
more than six months with medical treatment) might be considered for this procedure -
villous synovitis, osteoarthritis, aqkylosing spondylitis, to name a few. Other factors such
as advance age, significant mutlisystem disease, and poor surgical risks, would make
synoviorthesis an exceuer;t second line of therapy. The patients were graded on their
range of motion, joint enlargement, pain and redness arid heat. Serum studies of
Rheumatoid factor, ESR, blood count and radiographs estimated the stage and activity of
the systemic disease. While exacerbation of the systemic disease did not preclude
treatment, expectation of success was greater if treated earlier. This expectation was
based on the generally better results obtained by surgical synovectomy when joints
treated wer'e in earlier stages of destruction (by radiological criteria) (103). Patients
understandably, were on a variety of antiinflammatories; all had had a full course of
A.S.A., and most had had gold treatment and a course or courses of corticosteroids at
some point. Children and premenopausal women were not treated.

In the early days, the size of the joint space was estimated to determine the

isotopes dose needed for the projected exposure to the synovium. These estimates were a

function of the surface area, the concentration of isotope in the synovial fluid, the

thickness of the synovium and amount escaping the joint. There was (and still is) no

standard of estimation; however, the joint in questiony was usually drained of ﬂt;id and the
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volume measured at one visit. The surface area of that volume, assuming a sphere, would

be calculated and the dose derived according to any of several formulas (see Appendix IV).

The volume of an average knee is laround 50-106 mm3 and that of a
metacarpophalangeal joint, 1.0 mm3. Doses delivered in review of the literature have
varied widely, partly because of different methods of calculation and estimation: Some
estimated by surface aréa (S.A.) of a sphere, some by volume of a liquid within a sphere,
and many just by interpretation of publications by previous authors. Ansell delivered 600-
800 reads in her first series and lz:,ter used 500-1000 rads per joint (translation into mCi
was not specified) (5,6). Makin keﬁt his in order of 2000 rads (78). However, Jaffe (67)
estimated that 198Au delivered 76 rads/gm/uCi and 32P delivered 885 rads/gm/iCi.
These figures paralleled the radiation doses estimated by Winston et al (161) who sta“ted
that 1.0 mCi 32P delivered 10300 rads/25cm2. Most regimens call for a total of 10,000
rads (161,151,51,100,67,157,122).

When 198Au gold -was used with its ten percent gamma radiation, elaborate
protection with lead shielding over syringes, lead shielding for the operator and expensive
decontamination procedures for clothing and instruments were required. The synovial
fluid was withdrawn and the solution injected by syringes and needle - often with a three-
way connector so that a small amount of saline could be flushed throqéh the syringe
afterward. This helped to prevent radiation necrosis of the soft tissues as the needle was
withdrawn. The pure beta emittors, which have replaced 198Au, require only plastic
insulation. In some centres which use the beta emittors, because of their short half-life,
instruments and clothing are stored, the activity allowed to decay, and then are washed
and returned to general use. . N

These procedures were sometimes done as outpatients, however most were

hospitalized on bed rest for three to four days afterward (160).

v
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Early post injection mild fever, malaise, and anecdotal skin eruptions haveé been
reported by several authors (86), radiation necrosis of the skin and bone of small joints
(105), flare-ups of the synovitis in up to 50% of patients (101) and pseudo-gout. Two cases

of acute joint rupture were reported (22). There have been no reports of 1atrogenic septic

arthritis.

Radiation effects to other organs has generated a great deal of investigation
(23,24,34,48,50,52,102,103,115,121). Stevenson (141) first reported chromosomal
aberrations in humoral lymphocytes of patients treated with intraarticular gold. The
number of aberrations could not be explained by exposure to the cells in the joint alone
and had to have been exposed to radiation which had leaked to the regional lymph nodes.
The number of aberrations correlated with the amount of isotope found in the regional

nodes and was decreased by bed rest (23). The translation of this into risk of neoplasm

" was estimated as one n one thousand patients treated with 10 mCi of 198 Au or 5 mCi of

90y ttrium (141). This, apparently is the same estimated risk for a 30 year old man living
in Britain to develop naturally occurring cancer. Tetragenic effects have not been
reported; the calculated dosage to the ovaries is within the safe range but dosage to the
testes could possibly be high enough to damage gametes in spermatogenesis in the
presence of high leakages as with gold (140) (see Appendix III).

1.5.4 Clinical Studies:

A review of 24 authors in 29 publications between 1963 and 1982 was made and
attempted to separate out results according to anatomical site and i1sotope used. It was
difficult to make any generalizations because of the variable methods of analyses and
overlap of authors' early and late series; however, all success rate of radioactive
synovectomies at one year was generally around 80% (Table 1). The effectiveness of the

different isotopes was about the same when the dose was equivalent. Whether the




TABLE |
Results
Author Joints Isotope Dose Estimated Improved Poor Follow-up
used exposure
Ansell 1963(5,6) 30 knees 1984, 480-1000 rads 23 7 1 year
Makin 1968(78) 4] patient? 198Au  3-10 mCi 2000 rads 34 7 at least | yr for 25 cases
Gynning 1965(56) 21 knees 198Au 5 mCi 18 3 8 mo - 4 yrs
Makin 1966(77) 33 knees 198A4 10 mCi 2000 rads 27 6 ?-9yrs
Delbarre & (79 joints)  198Au  6-7 mCi more than ? more than 6 mo
Roucaryl 1969(26) 36 knees  &90Y 50%
Virkkunen 1967(153) 85 knees 198au 10 mCi 67 18 4% mo - 2 yrs
Cayla 1967(13) 14 knees 198Au 6 mCi 12 2 7 mo
Fine 1967(39) 11 knees 198A4 10 mCi 8 3 2 yrs
Topp 1970(147) 18 knees 198aAu  4-8 mCi 15 3 1yr
Fearn 1979(37) 40 knees 198Ay  5-8mCi 28 12 ? 4
Bridgman 1973(10) 23 90y 3 mCi 10000 rads 13 10 lyr
3000 rads
21 Saline 0 ?
Menkes & 122 wrists  169grb 7 78 44
Tublana 1973(84) 96 MCP 67 29 1 - 2yrshans
72 PIP 55 17

Jalava 1973(68) 63 knees MNy+  6mCi 47 13 7-19mo
Delbarre & 106 knees  0yx* 0.5-6.0 mCi 9% 12
Menkes 1974(27) 20 MCP 169g b 13 7 2yrs

‘ 114 others  186Re 87 27
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Author Joints Isotope Dose Estimated Results No effect Follow-up
used exposure improved or poor
o Oka 1975 43 y+  3.6mCi  5000-6000 rads 35 13 1yr
(100,101,103) 46 26 20 2 yrs
42 20 22 .3 yrs
30 5 25 4 yrs
Gumpel & 10 knees 90y 5 mCi 7 3 2yrs
Roles 1975(54) 10 knees surgery 8 2
Menkes & 85 MCP 16%E¢b  0.5-1.0 mCi 55-589% % % 1yr
LeGo 1977(85) 36 PIP
80 steroid 26-28%
ott 1977(106) 62 IPJ 169gch* ,25-0.50 42 20 6 mo
& MCP 169Erb* 0,50-1.0 37 25 2yrs**
Szanto 1977(145) 19 knees 90y 3-4 mCi 10 9 3 yrs
20 11 9 2 yrs
22 13 9 lyr
19 5 14 3 yrs
20 steroid 5 15 2yrs
22 b ) 19 lyr
Gumpel & 18 wrists 2 mCi -
Matthews 1979(53) 55 MCP 16%9grb 1| mCi 44 38
9 PIP 0.3 mCi 1yr
64 joints steroid 10-40 mg 32 32
Menkes 1979(86) 156 knees  0v* 3.6 mCi 100 56 1-2yr
99 shoulders 50 49 lyr
97 elbows 60 37 lyr
70 ankies 36 34 lyr
212 wrists 10t 1t lyr
212 MCP 115 97 2yr
96 PIP 57 39 2yr
T
Ruotsi & 70MCP&PIP 169BErb 0.25-0.50 6-9000 rads 64 '3 lyr
Hypen 1979%(127) 51 steroid 45 6 lyr

y




Author Joints Isotope Dose Estimated Results No effect Follow-up
used exposure improved  or poor
Deckart 1979(24) 54 kneest+ 90y 1240 rads/mCi 42 12 1yr
' 101 knees**  198Ay 1500 rads/mCi 72 29 Lyr
Doherty 1981(30) 15knees 90y 5 mCi ’ 14 1 6 mo
15 knees steroid , =
Onetti 1982(105) 3 hips 32p+ 4 mCi 10300 rads/mCi
112 knees -6
10 ankles 2.5
9 elbows 2.5 183(90%)  20(10%) 1 - 10 years
72 wrists 2.5
6 MCP 0.3
3 PIP 03

* combination with steroids
** some were non-rheumatoid inflammatory arthritis
##% no absolute numbers given in paper for examination
*84% guthor notes that good results deteriorated after 2 years
+ anecdotal report
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treatment gave only an apparent improvement, to present later a greater degree of
deterioration than would be expected for its natural course, authors had few parameters
to measure. Radiological assessment at treatment and at follow-up using the
Steibrocker's staging was emphirical but none could find any increased rate of
deterioration (149). In other “words the disease went inevitably forward. However
patients in earliest stages of disease gained symptomatic relief for a time, and did so
more than patients in the later stages of disease (101).

Delbarre and Menkes (27) reviewed their 7000 patients who had synoviorthesis using
any of several isotopes 90Yttrium, 186Rhenium and 169Ebrium. Three thousand two
hundred ana éventy two were treated with beta emittors; 346 had follow-up at two years;
240 could be traced. Initial failures tended not to come in. If they did well at six months
they did well generally at two years. However if they did badly at six months they might
still improve and do well at two years. Of 106 knees, 94 did well, 12 failed or relapsed.
Evaluation of results was difficult however, because cases were treated with combinations
of steroid and isotope.

Oka (149) reviewed their 48 cases of 0Yttrium synovectomies, 30 knees of which
had been followed for 4 years and found no correlation of success with stage of disease as
assessed radiologically. The author had found a clinical improvement in 35/48 of these at
one year while the number still in clinical remission at 4 years was only 179 (5/30).

Bridgman (10) in a double blind study with saline controls, foupd improvement in 13
of 23 knees. He tried to assess radiological change, but did not use the standard
rheumatoid arthritis staging nor had histological documentation. He found almost

- insignificant leakage and chromosomal change but used only 3 mCi 0Yttrium estimating
absorbed dose of 10,000 rads at 1 mm.
Menices and Lego conducted a double blind study of Erbium and steroid verses saline
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and steroid in small joints of the hand, documenting duration of disease, radiological
stage, ESR and Rhose-Waaler test. In overall clinical assessment the isotope treated
group showed better results. Patients in the earlier radiological stages of disease faired
better in both groups. Progression of radiological changes over the 2 years was not

" discussed (85). Riotsi however conducted a similar study using steroids verses Erbium and

found at twelve mpnths no significant difference in success rate between the two groups;
but he did secure 90% improvement rate for both groups (127). In a similar study, Gumpel
(55) could find only 50% improvement but again no difference between steroid and
radioisotope treated joints. Ott (106) using Erbium and steroids in finger joints noted 68%
improvement at 6 months and by 2 years 60% remained quiescent. Oka and Hypen (101) in
their series noted also a correlation with stage of disease radiologically and progression of
systemic disease. At 12 months, 60% of treated knees in patients who had flare-ups of
their disease were quiescent; 90% of treated knees were quiescent in patients where the
disease was stable and the figures approached 100% (8 cases) in those who were in
remission. Later reports of the same series at § years showed only 5/30 knees was still in
remission. Twenty-five were rated as poor (103).

Only one clinical study using 32P has been reported since that mentioned in 1967¥ by
Johnson (69) and the report in 1973 by Winston (161). Onetti (105) injected 0.3 to 6 mCi
32p into various joints from the proximal interphalangeal joints of the hand to the hip and
found in 217 joints, evaluated at least | year later that improvement in the joint clinically
had occurred in 90% while 10% showed no response. However his results are comlicated
by the fact that steroids were also administered with the isotope. It is of note that with
0.3 mCi, in the finger joints, the author encountered significant radiation skin necrosis
and osteonecrosis; he subsequently stopped injecting small joints.

In European centres, enthusiasm with this procedure was, and is to date, sustained

. P N g s i s ! T
I S T L Ve

S - gmenape 4 z ﬂmw..__——..- - A e e .
vy

gt = oo




g
é
!

. 26,
with support from clinical results and histoW examinations. Attention, moreover, has
centered on the concern for long term sequalae - the effect of radiation to the extra-
articular organs, the long term etfects on the cartilage and bone. Surprisingly, however,
little investigation has actually been carried out on bone and cartilage.

5.5 Pathological and Experimental Studies:

Yates (163) arthroscoped and biopsied the synovium of a patient treated with 5 mCi
90Yttrium four weeks earlier and noted an increase in thickness of the synovial lining
cells and more fibrin. The subsynovial tissue had the same degreé of monocytic
infiltration. These findings might be explalhed they said, as a state of "temporary rective
WVitB"; Webb, Low and Bluestone used an animal model of rheumatoid arthritis and
demonstrated uptake of 90Yitrium into the surface synoviocytes and also into the
occasional macrophage with the subsynovium at 24 hours using between 100 uCi and 1 mCi
of colloid, which by their estimation gave 27000 to 81000 rads (157). This suggests that
the cells were still alive when the isotope macromolecule entered the cell and had not
destroyed the cells by radiation at 24 hours.

Oka views the histological effects of isotopes as similar to those produced by the °
fixative osmic acid which reacts with proteins forming gels and oxidizes unsaturated fats -
to form reduced black osmium compounds. Coagulation necrosis of the synovium occurs
followed by an intense inflammatory response as the necrotic tissue is cleared organizing
fibrosis follows along with regeneration of a synovial cell layer. There was no cell death
in the subsynovial tissues which were still active; the cartilage, survived and appeared
normal; .in immature animals, growth retardation of bone was observed. One expected he
deduced, a similar response in isotope treated or chemically treated tissue with limited
penetration powers. In fact, osmium has now been condemned as late cartilage
degeneration has been identified (92).
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Delbarre and Menkes compared synovial biopsies in 44 patients before and after one

to two months, and observed "a fibrinous necrosis which disappeared after one to two

months, being replaced by new synovial tissue that was usually sclerotic, but sometimes:

normal. The number of inflammatory cells diminished and the supporting tissue was the
site of a hyaline sclerosis.” (27) (The only histological parameters that seemed consistent
however were a decrease in the number of villi and number of inflammatory cells). He
al'so compared his centre's results of synoviorthesis verses three authors’' surgical
synovectomy series. Without breakdown, 114 of 367 cases (31%) treated surgically had
relapsed or had bad results at 2 years (The surgical papers quoted by Delbarre were not
reviewed in this thesis).

Isomaki (65) examined synovial biopsies of rheumatoid patients three days and seven
days after treatment with 90Yttrium and the fluid at 10 minutes, 30 minutes, and 2%
hours. In 10 minutes the particles were found in the cytoplasm of macrophages and some
loose synovial cells, which, by transmission electron microscopy, were severly damaged or
degenerted. If they survived 24 hours, the particles were found in the cytosomes and
there was evidence of membrane damage (decreased flow and decreased pinocytotic
vesicles). The lining cell ultrastructure, membrane function, mitochondria, rough
endoplasmic reticulum was also severly damaged. The type A cells seemed to survive
better than the type B cells, more evident at 3 days. By then the particles could be seen
throughout the intercellular space lying free in apparently empty vacuoles. At one week
no activity could be seen by radioautography. This pattern then that the particles killed
cells in the fluid; some cells survived, some cells in synovial lining survived long enough to
pinocytose the particles and either die releasing their contents into the subsynovium with
cell debris or migrate into the deeper layers of the subsynovium acting as a minigrenade

deeper down. The particles could then make their way into the lymphatic system to the
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Oka and Hypen (101) examined ﬁjfaued case of %0Yttrium injection and found an

L ulcerated synovium with fibrinoid layering, subsynovial fibrosis, infiltration, and

hypervascularity.

Muirden and Mills looked at 42 human synovectomies and observed that the greater
the thickness of the synovium the greater the lymphocytic infiltration and the less the
damage appeared to be (98).

Animal studies, though not a{ways comparable have given us clues as to the
pathology and pathogenesis of the synovium and the effects of isotopes. Webb (157)
observed 0Yttrium on the synovium of arthritic rabbits and found at 24 hours that the
particles had entered the cytoplasm of synovial cells and in a few deeper macrophages.
One must wonder, then, if the cells were still alive, and if so why?

Pavelka (109) could not demonstrate a true destruction of the synovium with 0.4
mCi 20Yttrium in arthritic rabbits; but he did remark on the thrombétic occlusion of the
capillaries in the villi with some recanalization at 2 weeks. At four weeks he
demonstrated a marked decrease in cellular infiltration and marked fibrosis. More
importantly, he found the cartilage at four weeks was normal except for foci of
degenerative cells in the tangential layer near the cruciate ligaments. In other animasi
there were new and old degenerative foci with histocytic reaction.

In immature and mature rats treated intra-articularly with 10 to 100 times the
theraputic dose of 198Ay, growth retardation was observed (126). After a 30 day period
of bone marrow suppression and growth retardation was noted in the wganling rats. The
bone marrow recovered, moreover, and no degéneration of the cartilage or of increased

metabolic functions was seen up to one year in those treated with the lower dosage. In

adult rats no effect was noted at any dose given. These results though induced by ablative
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amounts “&f radiation, none-the-less discouraged use of isotopes in children and
premenopausal women and provided evidence to encourage use in adults with impunity.

More recently, Onetti (105) examined several biopsies of rheumatoid joints before
and after treatment with intraarticular 32P chromic phosphate. The changes in the
synovium were consistent with a less active synovitis with reduction in synoviocyte layers,
decreased infiltrates and decrease fibrinoid deposit. Findings consistent with radiation
effect were the structural changes of the synviocytes: vacuolization, chrdmatin changes,
freeing of the cells from the cell to cell association. They did not find any evidence of
radiation vasculitis. No cartilage studies were reported.

Ubios (148) put 0.25 mCi of 32P into the knee joints of immature rats. If a rat knee
is about 1/70th the size of a human knee, this compares to approximately four times the
clinical dose in man. At 56 days, the articular cartilage was markedly disorganized, a
finding consistent with Rubin's studies with massive doses of 198Au (126). Whether this is
relevent to the clinical situation is the subject, in part, of this thesis.
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2.1 INTRODUCTION:

Progress in the field of rheumatoid arthritis research has often been discouraged by
the lack of a counterpart in the experimental animal. For many years an auto-immune
pathogenesis was hinted at and it was upon this that Dumonde and Glynn (33) developed
the first animal model of chronic (rheumatoid-like) arthritis in the rabbit. This was based
on the fact that the chronic synovial and extraarticular lesions demonstrated plasma cells
and lymphoid follicles, suggesting immune reaction to some self or foreign antigen. In
their study animals were sensitized to fibrin and a 20-30 mg solution was later injected
intra-articularly. When examined in groups up to 8 weeks later, the animals injected with
autologous fibrin demonstrated a chronic synovitis but no cartilage destruction. Those
injected with human fibrin developed a gross arthritis, with articular cartilage destruction
by 8 weeks. ‘

The fibrin model gained popularity (157) and many modifications of this model have
bgen proposed and used on different animals. Rats develop a polyarthritis when their
;w; |;ads are injected with Freunds adjuvant alone (131,43) or with other antigens such as
collagen (142,95) collagen type 11 (17) and Mycobacterium cell, without any intra-articular
challenge. This, moreover, is restricted to rats and certain strains of rats.

Intravenous injections of antigens have been employed (111,112,15) to create a
rheumatoid-like state to study the immune complexes in synovial joints and fluid and
although the method has the advantage of making the joint a privileged site, the results
were varibale in degree, and unpredictable in numbers.

Polysaccharides (74,139) polyene antibiotics (99,158) have been used following
Dumonde and Glynn's methodology, the substances chosen on the premise that since they
have some direct lysosomal action, they might mimic the lysosomal action of rheumatoid
synovial cells.

Bacterial extracts (138) have been used similarly on the premise of an expected
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immune complex disease.

Breakdown products of immunoglobulins and enzymes found in arthritic joints
have been introduced as well but produce a state which resolves too fast, destroys the
underlying articular cartilage too fast, or has widely-variable results (3,44,38,94,136).
Each, however, has been of value in demonstrating some aspect of the pathogenesis of
the rheumatoid-like state.

Mycobacterium species produces a granulomatous type lesion which is often
smoldering and thus has been tried as a method of inducing a chronic arthritis. An
added benefit was the fact that neither the Mycobacterium itseif nor any remnant of it
could be detected in the joint after the first four weeks despite an arthritis which

remained active for up to a year (156). The problem is that the articular cartilage is all
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but destroyed by four weeks.

In 1971, Consden, Doble, Glynn and Nind reported using ovalbumin as the
antigenic stimulus in producing a rheumatoid-like arthritic state (14). This was an
obvious offshoot of using bovine gammaglobulin with its multitude of cross-reactants.
Interestingly while establishing a minimal dose for production of a chronic arthritis,
they demonstrated wit\h radioisotopic tagging, that the antigen need not be present in
the }oint for the perpetuation of the arthrtis. Animals were sensitized and then
challenged with ovalbumin in doses from 10 mg to | ug and in the 14 animals where 0.1
mg or more was used all developed gross arthritis at 8 weeks. Substantiated by -
histological examination of synovium and cartilage, the lowest doses produced no
significant arthritis. Since then this animal model has become more popular for a
variety 'of studies on rheumatoid arthritis (132,57,59:61,58). Stastny used it with a
éhauenge dose of 215 mg for an MIF study of 6 weeks duration (135); Fox and Glynn
used their maximal doses of 10-12.5 mg as challenge dosage and followed the rabbits for

» up to 8 weeks noting a "widespread arthritis" (40,41). Goldlust varied the challenge
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schedule and frequency using a single 1 mg injection, he found a chronic syqovitis at 10
weeks with no gross articular damage; with weekly | mg injections he produced an'
erosive arthritis (47). Lowther and Sandy et al have used this model wi}ﬁ’ ] mg
challenge dose in their studies since 1976 and found a consistent dependable reaction of
"marked joint changes" in rabbits (128,75). Lowther et al (75) used 2.5 mg human serum
albumin challenge after sensitization to the same. Fifty percent developed a "chronic
joint swelling in the 28-57 day period". Of 26 rabbits, 13 showed signs of acute
inflammation but were "recovering" and had no joint swelling, normal appearing joint
fluid, normal appearing cartilage microscopically and minimal synovial membrane
changes. The acute synovitis was characterized by thickening, infiltration with
polymorphonuclear cells and small round cells and perivascular infiltration. Thirteen
showed gross joint swelling, cloudy fluid, erosions and pitting of the cartilage and
synovitis characterized by thickening, villous proliferation, perivascular infiltration,
and lymphocyte clusters. They found no ghange in the degree of cellularity.
Biochemical parameters indicated no significant change in collagen or cellularity but
significant drop in proteoglycan conten'; a;‘wd synthesis in cartilage, with time. Sulfur
uptake studies and quantitative hexuronic acid studies of animals sacrificed in the first
week showed approximately 80% inhibition of synthesis in weight bearing areas
especially in the superficial layers and to a lesser extent in other areas. They further
explored the very early changes in this animal model and found the proteoglycan
decrease is due to both decreased chondrocyte synthesis and secretion (not accounted
for by the decreased numbers of living chondrocytes) (128). Thl:|S by 2 months their
model produced a significant cartilage insult and evidence of degeneration. This was
Rhought to be an appropriate model for rheumatoid arthritis. o
Hunneyball supported the model, reporting that this animal model produced an

arthritis that was comparable right to left but that “there was a "high degree of
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variation between animals in the severity of the arthritis" (63). He used 10 mg in 11
animals and graded the synovial reaction by histology. No articular cartilage studies
were reported.
Van Beusckom (150) compared two different intra-articular doses of ovalbumin,
0.5 mg and 2.5 mg, after sensitization, and followed the disappearence from the joint
with 1311 labelled ovalbumin and scanned the joints with 99Tc. After 1 week the
scanning as a measure of inflammation was the same in the knees with both dose
regimens.
The antigen-induced arthritis animal model using ovalbumin was reexamined in

respect to 1ts appropriateness as a chronic symmetrical mode] of rheumatoid arthritis.
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2.2 Part A

THE MODEL

In the belief that the sensitization of the rabbit and a subsequent intra-articular
challenge with an antigen were the important steps in inducing a chronic arthritis and
that the dose was relatively unimportant a middle dose range of 7.5 mg ovalbumin was
chosen to challenge our group of rabbits in the hope of reproducing an appropriate
model of rheumatoid arthritis. The animals were then sacrificed at intervals and

examined with alarming results.

2.2.1. MATERIALS AND METHODS:

99 adult New Zealand white rabbits were used and 84 rabbits harvested by the end
of the experiment. Sex was mixed, age was a minimum of six months (range six to nine
months). A one milligram solution of ovalbumin (Sigma A-5503 grade V crystallized and
lyophilized) in sterile water emulsified in an equal volume of Freunds complete adjuvant
(Difco Labs 063859) to give a final concentration of one (mg/ml) emulsion was prepared
and all animals sensitized intradermally in five sites each on the back which had been
shaven and prepared with alcohol. On day fourteen, a second sensitization was made
with 0.5 mg ovalbumin in 0.5 ml emulsion in 3 sites. On day 24, the animals were skin
tested with 20 micrograms ovalbumin in 0.1 ml sterile water in 2 sites with controls of
sterile water in 2 sites. All animals had positive skin tests. The animals were then
challenged on day 30 with 7.5 mg ovalbumin in sterile saline injected into each knee
joint through the intrapateller tendon towards the intercondylar notch.

Early losses of animals usually occurred from one to seven days post chalienge.
Afterwards the.animals were divided into groups and sacrificed at |, 2, 5, 7, and 14
days, 19, 26, 33, 50 90, 160 230d (33 wks) post challenge. Anaesthesia was induced with
Nembutal 25 mg/kg and supported with ether. The joints were opened under sterile




Sensitization and intra-articular injection method, for induction of antigen-induced
arthritis. .
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z and then decalcified in 4.13% EDTA pH 7.4 prior to fixation in osminum and prepared

J

conditions and the joint fluid cultured.

Each group was handled similarly. The knees were harvested for synovium in the
area of the infrapatellar fat pad and fixed in Bouin's solution for 24 hours. The solution
was changed to 70% alcohol and then processed for paraffin sectioning.

The femoral condyles were immediately fixed in 10% buffered formalin (Fisher
S0-F-100) containing 0.5% cetylpiridinium chloride (C.P.C.) for two weeks and then
decalcified using 10% EDTA (pH 7.4)

Synovium was hafvested, incubated for 60 minutes at 37°C in a Dubnoff metabolic
shaking incubator under a controlled atmosphere (95% O2 and 5% CO>7) in a proline free
incubation media (Minimal essential media Flow Laboratories 12-102) containing 50 uCi
methyl 1,2-3H-thymidine (NEN NET-512) (S.A. 101 Ci/mmol). The specimens were
then rinsed four times with a total of 200 ml iced saline, agitated, then fixed in Bouin's
solution prior to parrafin embedding and preparation for radicautography (73).

Whole joints were harvested 24 hours after intra-articular injection of 230 uCi
3Ssulfate (NEN NEX-041 sodium sulfate) and immediately fixed in 10% butfered
fobrialin with 0.5% C.P.C. for 2 weeks, decalcified and embedded in paraffin for
radioautography.

Cartilage was sliced, from the superior aspect of the patellar groove of the
femoral condyle, incubated in 10 or 20 uCi L2' 3'- 3H-proline (NEN NET-323, S.A. 29.5
Ci/mmol) in Krebs Ringer bicarbonate solution under the same conditions of mcubation
for 4 hours. The tissue was then cold chased 15 minutes and transferred to 2%
gluteraldehyde 0.1 M sodium phosphate for 3 hours. All tissue was then decalcified
overnight in 4.13% EDTA (pH 7.4) (155).

Slices of cartilage were also immediately fixed in 2% glutaraldehyde for 3 hours

routinely for transmission electron microscopy (TEM). »
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Two weeks after intra-articular injection of 250 uCi L(2'3 - 3H proline (NEN NET-
323 S.A. 29.5 Ci/mmol) and 24 hours after 250 uCi 3Jsulfate injection, animals were
harvested of all cartilage of the femoral condyles, patellar groove and tibial plateaus,
care being taken to avoid areas of fibrocartilage. The shavings were blotted, wet
weights obtained and frozen for analyses of hexuronic acid and hydroxyproline.

Light microscopy:

Paraffin embedded synovial specimens were sectioned at 3 microns and stained
with acid hematoxylin and eosin. Cartilage was sectioned at 6 microns and prepared
and stained with toluidine blue and iron hematoxylin-fast green-safranin-O (73).
Paraffin sections prepared for radioautography were coated with Iiford-4 (Iiford Ltd.,
Ciba-Geighy, Essex, U.K.), exposed, developed and stained with standard hematoxylin
and eosin.

Transmission electron microscopy:

Articular cartilage was cut prior to fixation so as to permit full thickness
sectioning following embedding. Samples for transmission electron microscopy were
fixed in 2% glutaraldehyde/0.1 M Na phosphate (pH 7.4) containing 1% toluidine blue a
proteoglycan stabilizing agent (130) for two to three hours; rinsed in 0.1 M Na
phosphate buffer containing 0.2 M sucrose and 0.025% toluidine biue 0 for 30 minutes -
postfixed in 2% 0s04 in 0.1 M Na phosphate plus 0.025% toluidine biue 0 for 2 hours -
ethanol dehydrated (30%, 50%, 75%, 95%, 100% }- 10 min. each for 3 changes). Blocks
were then transferred to a Spurr/absolute ethan!wl (1:1) infiltration mixture (134) for 2
hours -then into Spurr alone and placed in a dessicator and held under vacum overnight.
Blocks were flat embedded in Spurr to permit full thickness sectioning and polymerized
at 70°C for 18 hours. One micron plastic sections were cut with glass knives and placed

on subbed glass slides (108) and the ultrathin (600-800A0) sections were cut with

diamond knives and placed on 200 mesh filmless copper grids. A Reichert Ultracut was
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used for sectioning. The one micron sections required no further staining as they were
stained in situ with the toluidine blue during the fixation process (130). The ultrathin
sections were stained for 30 minutes with 2% uranyl acetate (in 50% alcohol) and for 10
minutes with 0.2% Pb citrate (152). A Philips #00 transmission electron microscope was
used in the study.

Radioautography:

Tissue was fixed and processed as above without the addition of toluidine blue 0
and decalcified. Toluidine blue, if used, reacts with the photographic emulsion résultlng
in artifact (129). One micron thick sections were placed on subbed slides and dipped in
total darkness in liford L4 nuclear track emulsion (1:2 dilution) (11) air dried; stored in

black plastic boxes containing a drying agent (silica-gel) with a blank slide
between each slide containing sections and stored at 4°C for 2-3 weeks. Following
exposure the slides were brought to room temperature and developed in D 170 (€ min),
rinsed in tap water, fixed in 24% sodium thiosulphate (10 minutes), rinsed for an
additional 10 min in running tap water, and air dried. To permit heating and prevent
swelling of the slides, they were hardened in 109% formalin at room temperature for 10
minutes, rinsed, and again air dried (120). They were then heated on a hot plate stained
with 1% toluidine blue in 0.5% sodium borate. All slides were cover slipped using
unpolymerized Spurr and placed on a hotplate overnight to polymerize the plastic.

Biochemistry:

Cartilage shavings from each joint were analyzed separately. .The tissue was
powderized using a freeze miller, and then suspended in 0.5 M acetic acid. A pepsin
solution of 1 mg/mi/50 mg tissue (Sigma P-7012) was added and the tissue allowed to
digest at 4°C with constant stirring for 7 to 9 days. The digest was neutralized to pH
8.6 with NaOHtohncﬁvaﬁeﬂnpepuinsndﬁmdNyudhceﬂubsehbthOJ
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constant volume and divided into aliquots for hexuronic acid, hydroxyproline and DNA
analyses.

Hexuronic acid analysis was made according to the method of Bitter and Muir (9)
using sodium tetraborate in sulfuric acid and carbazole in ethanol with a standard of
glucuronic acid. An aliquot was analyzed for counts of 355 and 3H using a Beckman
scintillation counter with a two channel simultaneous readout and automatic quench

correctjon.

\g Hydroxyproline analysis was made according to the method of Stegemann (137).
%

! : The solution was lyophilized in a centrifuge dryer overnight and resuspended in 1 mi of
y N HCIl, and hydrolyzed for 18 hours, dried, and resuspendéd to constant volume with 6

(: ,/N HCL A 100 yml aliquot was then transferred to heavy chromatography paper
(Whatman 3 MM). Using a butanol, glacial acetic acid water solution (4:1:2) the sample

[P

was separated over 16-18 hours, dried, the proline and hydroxyproline bands cut out and
eluted in water (18). Hydroxyproline assay using chioramine T and perchloric acid was
carried out and scintillation counting of the proline and hydroxyproline eluants were
made.

Deoxyribonucleic acid analyses were made according to the method of Erwin
Stoschecki and Florini (36).
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2.2.2 RESULTS:

Marked reaction did, indeed, occur in the joints of animals sensitized and

challenged intra-articularly with ovalbumin. Unchallenged joints did not react.
Synovium:

Twenty-four hours att?r challenge, the joints were grossly swollen, and hot; a
clear or bloody effusion was'present with a markedly hemorrhagic synovium (Fig 3a).

Tissue incubated in vitro with thymidine showed no surface cell turnover - indeed no

surface at times was visible. At 5 and 7 days the hemorrhagic synovium was less

profound, synoviocyte hyperplasia and mixed polymorphonuclear and monocytic
infiltration are noted (fig 3b). By 14 days a thick, red, villous synovium with
predominantly perivascular monocyte infiltration prevailed (fig 3c). Thymi&ine
incubated tissue showed more cells with uptake than normal but proportioriate to the
increases in number of synoviocytes present in the section. At 13 weeks, the synovitis
was still active with a purely monocytic population and evidence of new subsynovial
fibrosis (fig 3d). By 22 weeks half of the animals showed a fibrotic synovium; the others
had regenerated normally (fig 3e).

Cartilages .

Grossly' all joints showed a classic ;nlargement with effusion, some with rice
bodies and cloudy fluid by 26 days. The cartilage however appeared intact. By 33-50
days early osteophyte formation was evident, the articular surface appeared dull with
occasional spotty erosions (fig 4a). These changes were obviously progressive: by 13
weeks post challenge, severe degeneration of all joints was evident with articular
cartilage eroded, eburnated bone evident, large joint margin osteophytes, pannus
invasion and degenerative ligamentous structures (Fig #b).

In joints necropsied in the first 14 days, morphology and proteoglycan staining of
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fig 3a) Synovium 24 hours after intra-articular challenge with 7.5 mg ovalbumin.
Note subsynovial spaces filled with blood. 3y paraffin H+E section.

b

) Synovium 7 days after challenge 7.5 mg ovalbumin. Note polymorphonuclear
cell infiltrate and synoviocyte hyperpasia. 3y paraffin H+E section.

¥c) Synovium at 14 days after challenge 7.5 ovalbumin. Note mixed infiltrate

extending deep into a
paratfin H+E section.

synovium and presence of reparative fibroblasts. 3y
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Synovium 13 weeks after challenge with 7.5 mg ovalbumin. Note
hypervascularity, monocytic infiltrates and accumulations; villi. 3u paraffin
H+E section.
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cartilage was not significantly different from adult controls. Radioautographs of 35S
incubated tissue showed uptake around the cells of the non weight-bearing areas and
areas protected by meniscus. By 33 days, weight-bearing areas of femur and tibia had
clefts into the radial zones, pannus creeping from the periphery and encircling the
peritendonous areas. There was significant reduction of Safranin-O staining throughout,
and uptake of 3Jsulphate was present only in the deeper zones of the non-weight
bearing areas. By 33 weeks there was complete fibrillation, disorganization or even
erosion of the articular cartilage (Fig 4c).

The early severity of the antigen-induced arthritis was not appreciated, moreover,
until one micron sections of plastic embedded cartilage were examined.

Sections of cartilage fixed in vivo with toluidine blue and sections incubated in
vitro with tritiated proline precursor as a measure of cﬁondrocyte metabolic activity
were examined.

At twenty four hours, serious effects on chondrocyte activity were seen
throughout the depth of the cartilage (Fig 5b). Decreased uptake by the chondrocyte,
an abnormal number of necrotic cells and decreased staining are noted. At seven days,
these changes persisted and at 14 days, little uptake was noted over the chondrocytes
(fig 5c). Furthermore significant fatty degeneration was noted in these cells which in
our experience has correlated very closely with degenerating chondrocytes. At 33 days,
little sign of recovery is noted; indeed degenerating and dead cells were more evident.
The pattern of cell death was not a surface phenomenon or even a phenomenon
restricted to one morphological zone, but seemed to be sporatic and diffuse (Fig 5d&e).
At 33 weeks, sections demonstrated spotty survival and activity of chondrocytes. The
matrix was course and irregular and staining decreased (fig 5e). T.E.M. studies of
these cells substantiated our light micro@ic findings of severe cell compromise and
degeneration. Figures 6a to e demonstrate signs of surface collapse, degenerating and

W




fig 8(a) Rabbit knee joint at necropsy at 7 1/2 weeks (50 days) on right; a normal knee
joint pictured on left for comparison. Note active synovitis, osteophyte, and
focal erosion of articular cartilage. Below: a 6y paraffin toluidine blue O

section non weight-bearing area, posterior aspect of femoral condyle. Good

preservation of cartilage architecture with cloning of chondrocytes.
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4b)

Rabbit knee joint necropsy at 13 weeks on right; a normal knee joint pictures
on left for comparison. Note fibrinous exudate, rice bodies, osteophyte
formation, articular cartilage erosion and synovitis. Below, a 6u paraffin
toluidine blue-O section in non weight-bearing area, posterior aspect of
femoral condyle. Cartilage acellular, eroded almost to osteochondral
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“

Cartilage of 33 week AIA with 7.5 ovalbumin. Note ¢omplete disorganization
of articular surfce. 6y paraffin section, toluidine blue.
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fig a) One micron sections of normal adult cartilage. On left radioautograph In
proline incubated tissue. On right, insitu toluidine blue stained tissue.

fig %b) On right catilage at 24 hours, after challenge 7.5 mg ovalbumin. One micron
Spurr embedded section, toluidine blue. On the left at 48 hours, JH proline

invitro incubated tissue showing metabolic activity, decreased staining, and
necrotic cells.
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fig 5c) One micron radioautographs of 3H proline incubated cartilag
1 e, 14 days after
chalienge 7.5 mg ovalbumin. Note decreased uptake over chakiocyy:es and
(o fatty accumulations in Ccytoplasm.
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(
fig 5(d) One micron radioautograph of 34 proline incubated cartilage, AIA with 7.5 mg
ovalbumin at 33 days. Only 2 cells in whole field show active uptake. Empty
lacunar spaces and retraction of cells from matrix typify chondrocyte
degeneration.
(

fig e) One micron radioautograph of JH proline incubated cartilage AIA 7.5 mg
ovalbumin at 33 weeks. Cell population markedly degenerate with loss of
transitional cell layer and decreased toluidine blue staining of matrix. In the
section on the right, some cells show intense activity in middie zone with loss
in upper and lower radial zones.
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necrotic cells at surface, radial and tidemark areas. Viable cells conta{-ed
accumulations of fine fibrillar material associated by some authors with the ageing of
the cartilage. The wavey arrangement or kinked appearance of the matrix collagen is
an abnormal feature which our laboratories-have observed repeatedly in both human and
animal arthritic cartilage. At the level of the tidemark, normal chondrocytes became

necrotic but did not have the appearance of those in fig. 6e (contrast fig. 12f).
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fig 6(b) Ageing, decompensating chondrocyte near the tidemark. Note lipid (L),
fibrillar material (F), retraction of cell membrane from matrix.
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fig 6(e) Deep in cartilage, the tidemark (T) is shown. A group of atypical flattened
necrotic cells are noted above.
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Blochemistry:

Hexuronic acidconwntei the tissue messured in 1g/mg dry weight of cartilage as
a measure of proteoglycan con;;nt dropped after 13 days and remained depressed (7b).
Similarly the hydroxyproline content dropped and remained depressed; these changes
were consistent with the gradual breakdown and loss of cartilage matrix (Fig 7a).

Specific activities of JH proline and 3 Sulphate in-vivo incubated cartilage, were
counted in ;\ttempt to assess the absolute and relative metabolic activity of the tissue.
However, due to errors in design and delay in counting, the radioactivity of the digests
decayed to the point where correction factors were not useful and no reliable pattern of
different counts in animal groups could be discerned. The results of this portion of the
investigation have been omitted.

L e PR PR e . [ .,..q._AM
- e » - < - . o a
- -~ - € L. e LA L P 2 3 - S S




m7.~

R Ry y—

¥g 10W-MRO
/g DY WEIGMT

EERRE

fig 7(a) Upper: Hydroxyproline in pug/mg dry weight of cartuage. Antigen induced
arthritis with 7.5 mg ovalbumin intra-articular chalienge dose.

fig 7(b) Lower: Hexuronic acid is ug/mg dry weight of cartilage. AIA 7.5 ovalbumin
intra-articular challenge dose.
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2.1.4 DISCUSSION:

The ovalbumin antigen induced arthritis of Consden et al (18) produced in rabbits,

is early and severe. The histological changes were more compatable with acute
~cartilage necrosis as was dempnstrated by light microscopy supported by
radicautographs of precursor uptake studies, and verified by transmission electron
microscopy. Routine histological preparations and biochemica}] assays detected changes
only to a lesser degree and far later in the course of the disease.

With these rather dramatic and obvious effects, the reasons for the model not
having been questioned before, may be entertained.

This model has been employed for a number of immunological and biochemical
studjies into the etiology and pathogenesis of rheumatoid arthritis. Most controls and
assessments of the model were in terms of the degrees of gross joint enlargement and
histological appearance of the synoviym. Few studies have included specific attention
to the cartilage. Furthermore, no studies have included the more sensitive techniques
of plastic embedded light microscopy with precursor uptake studies, and TEM.

Even more germaine, moreover, is the probable interpretation of the original
paper by Consden et al (14). They examined rabbits sensitized and then challenged with
varible doses of ovalbumin (1 microgram to 10 milligrams) and noted that 0.1 mg v'la)s
the minimal dose to produce.a chronic synovitis, lasting at least 8 weeks and then
directed the remainder of their paper to the presence of the antigen in the joint and the
possible pathophysiology involved. The unstated axiom seemed to be that any dose
between 0.1 mg and 10 mg produced consistent joint inflammation lasting at least 8
weeks and as long as 1 year. The dose then, seeming relatively unimportant.

Even more recently indirect evidence that the dose was relatively unimportant

was reparted by van Beusekom et al (150) who scanned with 29Technefium
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pertechnetate the joints of ovalbumin induced arthritis using two different challenge
doses 0.5 and 2.5 mg and found at one week that the uptake was the same sugges;ing an
equivalent amount of inflammation.

Having witnessed the profound chondrocyte necrosis by 7.5 mg on our animals this
study indicates that the model using the antigen challenge in the upper ranges quoted by
Consden 1s inappropriate as a model of rheumatoid arthritis. It 1s obvious, then that all

immunochemical conclusions previously drawn using this model should be seriously

questioned.
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2.3 Part B
MODIFICATION OF THE MODEL

Because of the startling results found, using the mode] described above, we then
investigated a modification of the protocol for an antigen induced arthritis. Consden
experimented with different challenge doses and schedules and found that 0.1 mg would
produce arthritis but .0l mg would not (14). It was unclear if the arthritis became
chronic. Others have used as little as 2.5 mg, apparently with success (128,75,149). A
challenge dose of 0.1 mg ovalbumin was then selected and the effect observed in

synovial reaction and articular cartilage.

2.3.1 METHODS AND MATERIALS:
An 1dentical protocol was used, with the exception that 0.1 mg ovalbumin
challenge dose was implemented. 44 joints were examined between 24 hours and 65

days, histologically and biochemically.

2.3.2 RESULTS:

Using the "minimal dose" intraarticular challenge of 0.1 mg suggested by Consden
grossly,ya synovitis persisted at least 66 days, the articular cartilage having a normal
appearance, with some increase In joint fluid (fig 8a, b).

The synovitis lacked the gross hemorrahgic stage of the first days seen with the
high dose challenge but persisted as an active synovitis at 14 days (Fig 9a). At 40 and
66 days, the surface had returned to a single cell layer, but subsurface monocyte
infiltrates persisted (Fig 9b&c). ‘

Paraffin sections of cartilage at 66 days appeared not unlike normal controls (fig

10a). 35Sulphate in-vivo incubated tissue generally showed good uptake around the




fig 8(a)

fig 8(b)

Rabbit knee joint necropsy at 66 days.

J

pad. Articular surface is normal.

Synovitis evident in intrapatellar fat

Below: a 6u paraffin toluidine blue photomicrograph in non weight bearing

area, posterior aspect of femoral condyle.

metachromic staining.

Normal architecture and




fig 9(a) Synovium 14 days after intra-articular challenge with 0.1 mg ovalbumin. Note

monocytic infiltrates, synoviocyte hyperplasia and hypervascularity. 3y H+E
section.
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fig Ab) Synovium 40 days after challenge with 0.1 ovalbumin. Note chronic synovitis
with hypervascularity and infiltrates on left. Reparative fibroblasts noted on
right. 3u paraffin H+E section.

- « L]

fig 9(c) ' Synovium 66 déys after challenge with 0. mg ovalbumin. Note chronic
synovitis with subsurface fibrosis, and round cell infiltrate. 3u paraffin H+E

.

section.
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fig 10(a) 6y paraffin toluidine blue stained photomicrographs. 40 day AIA; non weight
bearing area of posterior aspect of femoral condyle. Normal architecture and
metachromatic staining. (b) At 66 days architecture and metachromatic

& staining is unchanged from the 40 day group.
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fig 11(a) One micron radioautographs of 3H proline incubated cartilage, AIA 0.1 mg
ovalbumin at 14 days. Note uptake over chondrocytes is present in most cells.

Significant glycogen lipid accumulation is evident in cells. Archjtecture and
staining are normal. .
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fig 11(b) One micron sections of cartilage AIA at 40 days, 0.1 mg challenge dose. Note

LN

in upper photomicrographs depletion of staining in upper zone matrix and
intense rims of stain around cells. Other cells have pale halos. Fatty
accumulation is significant in_chondrocytes. A double tidemark is present.
Lower photomicrographs of 3H proline incubated cartilage demonstrate 2
patterns. On the left: upper zones absent of uptake; on the right: all cells are
active. Deeper cells have acquired large amounts of lipid.




fig 11(c) Upper: one micron section of cartilage AIA at 66 days, 0.1 mg chauengge dose.
There is prominent fatty accumulation but the cells are genera ally alive.
Lower right and left radioautographs demonstrate two different patterns. One
where surface cell layers are preserved while lower zones are degenerate, the
second where the surface is eroded to the radial zone with deeper
chondrocytes still metabolically active.
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chondrocytes in the deeper weight-bearing zones and ﬂ\rough the whole depth in non-
weight bearing zones. These findings were similar to controls. One micron sections
incubated in vitro with tritiated proline showed active though decreased uptake at 14 days
(Fig ll;). At 40 days significant fatty degeneration and sporatic cell death was noted (Fig
11b). Matrix changes with decreased staining, double tidemark and intense staining
around chondrocytes was again demonstrated. These changes were more ;otable in the 66
day animals (Fig 11c).

Transmission electron microscopy of tissue' at 40 and days demonstrated
characteristics of arthritic cartilage similar to those demonstrated with the high dose (7.5 -
mg ovalbumin) challenge. The surface showed signs of progressive collapse and erosion
(Fig 12a) and transitional chondrocytes appeared near the surface (Fig 12b). Both healthy
a:)d degenerating cells were noted in the radial zc;ne but dégenerating ones appeared less
frequéntly (Fig(ka,e). The tpidemark cells were more typical of normal degenerating

chondrpcytes (Fig/ 12f): in contradistinction to the bizarre ones seen in figures 6ée. The

fatty degenerating chondrocytes and a double tidemark noted by light microscopy were

- again nofed (Fig 12 l+m).

Hexuronic acid assays suppofted proteoglycan depletion of a lesser degree as
N
expected (Fig 13b). Hydroxyproline content was analyzed in only 2 groups of animals at

5

_ 40 and 66 days and indicated a small decrease in collagen content.

2.3.3. Discussion; ¢

The minimal challenge doses suggested by Consden et al-provided a far more
satisfactory arthritis lasting E:t least 66 days.

The synovitis was persistent at least to 66 days; the articular cartilage changes were
consistent with gradual degeneratibr'? of chondrocytes and matrix but were definately
viable at 66 days. Tfansmission,electron microscopy demonstrated even more subtle

changes, but, unavoidably, sampling was selective. However, the location of
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fig 12(a) Transmission electron photomicrograph.
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fig 12(c) Mid radial zone cell pair. On right a normal cell.
degenerating.
A

The one on the left is
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fig 12(e) A cell simular to (d). Matrix kinking of collagen is noted in upper left.
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fig 12(f) Normal appearing archntecture of tidemark area. Ve(ticauy oriented collagen,
round degenerating cells. Below, a calcified cartilage cell.
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fig 12(g) Antigen-induced arthritis, 0.1 challengé dose at 9 1/2 weeks. Surface has
eroded and round cells typical of deeper layers appear near surface.
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fig 12(h) Fatty degenerating chondrocytes near the surface.
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tig 12(1) A radial zone degenera chondrocyte. Note lipid (L) and the space (G) _
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fig 13(a) Upper. weight of cartilegs.
arthritis with 0.1 umﬁ"&;’a’m&mm

3
1) Lower. Hemuronic ackd in yg/mg dry weight of
challonge

arthritis with 0.1 mg ovalbumin
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{ sampling was consistently | cm proximal to the distal end .°f the patellar groove - ah\‘
area which, we, anticipated, was non weight bearing. Thus, any changes seen here
would befexpected to represent the lower end of the spectrum of articular damage.

& *  The biochemical studies were supportive evidence of ongoing articular damage.
The magnitude of change in proteoglycan was significant but the detrease in collagen
was minimal. Scintillation counting of digests and purified hydroxyproline to assess the
specific uptake of precursors and conversion to collagen and proteoglycan were not
reproduceable. ’ R
! The work done by Lowther et al is important in having demonstrated that even :
with 2.5 mg of challenge marked joint changes such as those produced with 7.5 mg,
were found. We expect that if their material had been examined by TEM that even
severe chondrocyte degeneration would have been shown. One must conclude that "
C if conditions similar to rheumatoid arthritis are expected the model must be used in the

R ———

‘ very early stages, that is, in the first two weeks even when the synovium is still
%5 "acutely inflamed™ or must be developed using a much lower challenge dose such as the
? one reported.  Histologichi techniques described are more ‘semsitive and reliable
assessments of joint pathology. The size of a joint and the appearance of the synovium

are no longer adequate assessments of a model on which are carried out sophisticated
immunobiochemical research in rheumatoid arthritis. A plea must be made to
standardize the animal model of rheumatoid arthritis in the rabbit so that proper pre-
clinical trials and basic science data may have a sound groundwork.
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STUDEES ON THE EFFECT OF 32P_COLLOIDAL CHROMEC
PHOSPHATE IN THE KNEE J0INT OF THE RABST
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3.1

INTRODUCTION

As discussed earler in this thesis, synovectomy has been one of the earliest

surgical procedures -aimed toward the management of joint pathology in rheumatoid

arthritis. It appears to improve the clinical symptoms of the joint, pain, swelling and

decreased mobility and appears to retard the degenerative changes in the articular
[

cartihge‘(32,#5,49,71,80,87,88,91,116,117). Synoviorthesis, a medical synovectomy, to

use the word coined by Delbarre, is logical in the evolution of the management of

rheurnatoid arthritis as it is characterized by the ablation of y the offending tissue

synovium, by exposing it to a substance with selective toxicity, usually by injection (25).

The advantages of such a regimen, are obvious; the patient, who is a candidate for

synovectomy,

by nature, is often debilitated and a poor operative risk.

The

rehabilitation time after arthrotomy is often 6-8 weeks while. with synoviorthesis it is
,

far shorter; and the cost and hospitalization time of major surgery if far greater than

with synoviorthesis.
The use of radioisotopes of biological or biologjcally inert substances to induce

selective tissue necrosis has been in use since the 1950's and in popular use only since

" the early 1970's. In. Western literature, one of the earliest substances used was gold

"injected into pleural or peritoneal cavities to control malignant effusions (122).

A

mixed beta gamma emitter, it induced radionecrosis of the mesenchymal linings, and

inhibited the progression of the effusion.

effects and was very difficult to handle:

However it had unpredictable total body

*It has been calculated that when 100 mCi are placed in a peritoneal cavity, there

is emitted from the patient, 50 mr per hour at a distance of 5 feet.

It is

necessary, therefore, to keep such a patient at least 6 feet from other patients in
order to stay within the maximum permissible daﬂy radiation exposure; a nurse,
for example, may be within 2 feet of the patient for no more than 20 minutes
each day" (66).

Other emittors were sought that produced adequate penetration of tissue, low risk to

the operator and patient, and would remain in the cavity belrg treated without diﬁusmn
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into’the vascular and lymphati; compartments. Chromic phosphate in intracavitary use
was first reported by Jacobs in 1950 (66) with several follow-up clinical repoi'ts in the
following few years on jts effect in malignant:effusions (67,66,107,110,151_) and on its
metabolism (122) and distribution (29). .

The ;:rinciple of selective tissue destruction with radioisotopes (198Au) was
introduced in the human knee as a therapeutic modality in'1962.by Ansell (5). In an
abstract in the Journal of Nuclear Medicine, Johnson in 1967 (69) is noted using 2P for
synovial effusions. In 1973, Winston and Bluestone (161), \reported using chromic
phosphate in lieu of 198 Au in nine patients with rheumatoid'm They pointed out
that 32P had a similar energy level as gold, a longer half-life, a greater pene';ration ot
beta rays, no gamma rays, and ‘eould be found in the lymph nodes, liver and sacrum of
only one of nine patients in whom activity had obviously lescaped hen!atogenously:
Furtﬁermore, whatever activity was detected in urine or blood in these patients was‘
c}eared in two days. The highest value in urine obtained was 2.3 uCi/l on, the first day
and in blood 0.15 pCi/l. No evaluation of short and long term results was made, save
for the fact that there were no acute ﬂar.e-t::ps post inject.ion. Since that time,
moreover, chromic phosphate has continued to appealq in tlze literature as an accepted
isotope for treatment of intractable synovitis (165,125). There have been no detailed
studies of synovium and cartilage of normal rabbits treatéd v;ith 32p nor controlled
studies in. the arthritis animal model.

‘The experiment reported in Part A details the effect of 32P—colloidal chromic
phosphate on the rabbit knee joint, :Jsing 0.1 mCi, a dose calculated to be corppai'abie to
the 2-4 mCi,employed élinically in the arthritic knee joints of patients with refractory
joint symptomatology. In Part B the effect of the isotope on the antigen induced

arthritic knee joint of the rabbit is reparted.
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3.2 Part A
EFFECT OF 32P ON NORMAL KNEE JOINTS

3.2.1 METHODS AND MATERIALS: B

Twenty new adult New Zealand white rabbits of both sexes of a mh@m age of 6

months were used, all from the same breeding farm. 32Chromic phosphate (Phosphocol-
"32p Mallinkrodt Inc., Missouri. - S.A. 313 mCi/mg), 0.1 mCi i 0.2-0.5 m] volume was
injected bilaterally into the knee joints of 20 rabbits through an infrapatellar tendon
approach under general anaesthesia (Xylazine 5 mg/kg and ketamine 35 mg/kg). The
knees were put through passive range of motion 25-30 times before returning them to
their cages. The animals were divided into 4 groups of 5 animals and sacrificed at 4, 9,
16 and 26 weeks.

Each of the groups was handled similarly. All animals were harvested of synovium
which was fixed in Bouin's solution for paraffin sectioning, staining and radioautographs
to demonstrate 32P. One animal was harvested live of synovium which was incubated
for 60 minutes at 37°C in a Dubnoff metabolic oscillating incubator under 95% O3 and
5% COz controlled atmosphere in incubation media (Minimal essential media Flow
Laboratories 12-102) containing 50 pCuries methyl 1, 2-3H-thymidine (NEN NET-512)
(5.A. 101 Ci/mmol). The specimens were then washed four times with a total of 200 ml
iced saline, agitated, and the tissues fixed in Bouin's solution for paraffin embedding,
and preparation for radioautography (73). Four joints were harvested of femoral
condyles, immediately fixed in 10% buffered formalin (Fisher 50-F-100) containing 0.5%
cetylpiridinium chloride (C.P.C.) for two weeks and then decalcified using 10% EDTA in
| M NaOH at pH 7.4. Paraffin sections were stained with routine toluidine blue and
Safranin-O, and radioautographs to demontrate 32p were prepared. Two joints in each
group were injected intra-articularly 24 hours prior to sacrifice with 250 uCi 35S (NEN-

NEX-041 Sodium sulfate) and harvested of whole joints, immediately fixed in 109%
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formalin and C.P.C., decaicified and parrafin embedded for radioautographs to
demonstrate 335 uptake. Prior to sacrifice, cartilage was hand-sliced from femoral
condyles incubated in 10-20 uCi L2'3'-H proline (NEN-323 S.A. 29.5 Ci/mmol) in Krebs
Ringer bicarbonate solution under the same conditions of incubation for 4 hours. The
tissue was then cold chased for |5 minutes and transferred to 2% glutaraldehyde /0.1 M
sodium phosphate for 3 hours. All tissue was then decalcified overnight in 4.13% EDTA
(pH 7.8). Slices of cartilage were also immediately fixed in 2% glutaraidehyde for 3
hours and then decalcified in 4.13% EDTA pH 7.4, prior to fixation in osmium and
prepared routinely for TEM (155).

Two weeks after intra-articular injection of 250 uCi L(2' 334 proline (NEN-323
S.A. 29.5 Ci/mmol) and 24 hours after 250 uCi 33Sulfate injection, 4 joints were
harvested of all cartilage of the femoral condyles, pateilar groove and tibial plateaux,
care being taken to avoid areas of fibro-cartilage. The shavings were blotted, wet
weights obtained and then frozen for individual analyses of hexuronic acid and
hydroxyproline.

Light microscopy:

Paraffin embedded synovial specimens were sectioned at 3 microns and stained
with acid hematoxylin and eosin. The cartilage was sectioned at 6 microns and
prepared with stains 0.1% toluidine blue and Safranin-O (73). Paraffin sections
prepared for radicautography were coated with Ilford—#4 (liford Ltd., Essex, U.K.) and
exposed, developed and stained with standard hematoxylin and eosin.

Transmission electron microscopy:

Articular cartilage was cut prior to fixation so as to permit full thickness
sectioning following embedding. Samples for transmission electron microscopy were
fixed in 2% glutaraldehyde/0.1 M sodium phosphate (pH 7.4) containing (0.1% toluidine
blue) a proteoglycan stabilizing agent for two to three howrs, rinsed in 0. M sodium
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phosphate buffer containing 0.2 M sucrose and 0.025% toluidine blue for 30 minutes -
postfixed in 2% OsOy in 0.1 M sodium phosphate Qlus 0.025% toluidine blue for 2 hours
and ethanol dehydrated (30%, 50%, 75%, 95%, 160% - 10 min. each for 3 changes) (130).
Blocks were then transferred to a Spurr/absolute ethanol (1:1) infiltration mixture for 2
hours then into Spurr alone, and then placed in a dessicator and held under vacuum
overnight (134). Blocks were flat embedded in Spurr to permit full thickness sectioning
and polymerized at 70°C for 18 hours. One micron plastic sections were cut with glass
knives and placed on subbed glass slides; the ultrathin (600-800A0) sections were cut
with diamond knives and placed on 200 mesh filmless copper grids (134). A Reichert
Ultracut was used for sectioning. The lyu sections required no further staining as they
were stained in situ with the toluidine blue O during the fixation process (130). The
ultrathin sections were stained for 30 minutes with 2% urany] acetate (in 50% alcohol)
and for 10 minutes with 0.2% lead citrate (152). A Philips 400 transmission electron
microscope was used in the study. \

Radicautography:

Tissue was fixed and processed as above without the addition of toluidine blue and
decalcified. Toluidine blue could not be used because of a chemical reaction that takes
place between the toluidine blue and emulsion layer which results in artificial grains
(129). One micron thick sections were placed on subbed slides and dipped in total
darkness in llford L4 nuclear track emulsion (1:2 dilytion) ' air dried, stored in sealed
black plastic boxes containing a drying agent (silica-gel) with a blank slide between
each slide containing sections, and stored at 4°C for 3-4 weeks (11). Following
exposure, the slides were brought to room temperature and developed in D 170 '(6 min),
rinsed in tap water and fixed in 24% sodium thif)wlphate (10 minutes) - rinsed for an
additional 10 minutes in running tap water and air dried. To permit heating the slides,
which is necessary to ensure adequate staining of plastic sections, the developed
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emulsion required hardening to prevént swelling during heating. Hardening was done by
placing the slides in 109% formalin at room temperature for 10 minutes, rinsing and
again air drying (120). The slides were then stained on a hot platewith 1% toluidine blue
in 0.5% sodium borate. All slides were coverslipped using unpolymerized Spurr and
placed on a hotplate overnight to polymerize the plastic.

Biochemistry:

Cartilage shavings from each joint were analyzed separately. The tissue was
powderized using a freeze miller, and then suspended in 5 M acetic acid. A pepsin
solution of 1 mg/mi/50 mg tissue (Sigma P-7012) was added and the tissue allowed to
dig_est at 4°C with constant stirring for 7 to 9 days. The digest was neutralized to pH
8.6 with NaOH to inactivate the pepsin and then dialyzed in cellulose tubing against 0.5
M acetic acid till the dialyzate was free of counts. The solution was divided into
aliquots for hexuronic acid, hydroxyproline and DNA analyses.

Hexuronic acid analysis was made according to the method of Bitter and Muir
using sodium tetraborate in sulfuric acid” and carbazole in ethanol with a standard of
glucuronic acid (9). An aliquot was analyzed for counts of 37$ and 3H using a Beckman
Scintillation counter with a two channel simultaneous readout and automatic quench
cor:ection.

Hydroxyproline analysis was made according to the method of (Stegemann) (137).
The solution was first lyophilized in a centrifuge dryer overnight and resuspended in |
m] 6N HCI and hydrolyzed for 18 hours dried and resuspended to constant volume with
6N HCl. A 100 yml aliquot was then transferred to heavy chromatography paper
(Whatmann 3 MM). Using a butanol, glacial acetic acid water solution (4:1:2) the
sample was separated over 16-18.hours, dried, the proline and hydroxyproline bands cut
out and eluted in water (18). Hydroxyproline assay using chioramine T and perchloric
acid was carried out and scintillation counting of the proline and hydroxyproline eluants
were made.

CRFS 4%
N

Lot

e

-
4

: g 7. -4 ’, N Eoag = .
- f e e e LR NPT, . - TR AP et gy

JEOS A —

S i —————

N vy



L

36.

Deoxyribonucieic acid analyses were made according to the method of Erwin
Stoschecki and Florini (36).

3.2.2 RESULTS: -
At sacrifice, the joints were generally unremarkable except for an annular area of
fibrosis surroundi t of insertion of the needie through the infrapatellar tendon

and synovium. The remainder of synovium was not hypemic or villous; the cartilage was
smooth and pearly white. In only the occasional joint was there any increase in joint
fluid - one of which was slightly murky (fig 14).

The synovium of 4 week treated animals was generally reactive with new vessel
formation and reactive subsynovial fibroblasts; a G@yer of disorganized new collagen
seen beneath the surface of synoviocytes (fig 15b). At 9 weeks, the surface cells were
either reactive with neovascularization, dead or showing signs of degeneration with loss
of cell to cell contact and extrusion into the joint. The subsynovial layer was fibrotic
{fig 15c). At 16 to 18 weeks, oddly, the surface cells were more degenerative, loss of

§cell borders, extrusion into the joint, and marked fibrosis (fig 15d). At 26 weeks, the
surface appeared normal, but reparative fibroblasts, giant cells and new collagen
indicated an ongoing reparative response to injury (fig 15e). Tritiated thymidine uptake
by synovial cells incubated in vitro was proportional to.the number of cells in the field
and not different from controls.

Paraffin embedded sections stained with toluidine blue and safranin-O, were
essentially normal with preservation of metachromatic staining in all areas save for the
weight-bearing surface of the femoral condyle - a phenomenon considered normal in our
laboratory (fig 16). 335 incubated radiographs at 18 weeks showed uptake in all zones
except superficial zones in weight bearing area. At 26 weeks, good uptake was noted in
the 2 joints examined.

One micron Spurr embedded sections were more informative. At 4 weeks, the
cartilage had good depth, preservation of the matrix and a generally metabolically
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fig um 3H thymidine in-vitro incubated synovium from a normal rabbit knee. Note
mlecellhyeronwfacemdhttytismebelow 3uH+E.

15®) Synovium & weeks after intra-articular Q,1 mCi 329. Note the new vesesl
formation, focal fibrosis. Area in right) :aographisnotfbmﬁc.!u
H+E.
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fig 13(c) Synovium 8 weeks after intra-articular injection 0.1 mCi 32P. Note in some
aress, thick acellular fibrosis (upper left); reactive synovium with new vessels
and fibrosis (upper right); intact surface with loose new collagen (lower left); a
(mhva i:;‘u;\ loss of normal cell-to-cell definition and subsurface fibrosis

right).
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Fig
fig 15(d) Synovium 16-18 s after intra-articular injection 0.1 mCi 32P. Top,
radioautograph of thymidine in vitro incubated tissue; two cells have
e. Lower group: upper left extensive fibrosis, giant cell is visible; upper
right, same knee as top section, demonstrating subsurface fibrosis. Lower left
and righty demonstrate loss of normal cell to cell contact 3y H+E.
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fig 17(a) One micron sections of normal adult cartilage. On left radioautograph, 3H
proline incubated tissue. On right insitu toluidine biue stained.
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fig 17(c) One micron sections cartilage 8 weeks after 0.1 mCi 32P intra-articular
injection. Note loss of tangential layer, decreased stain, intensely staining
halos around radial zone cells, fatty accumulation in cells.

m

fig 17(d) One micron sections cartilage 18 weeks after 0.1 mCi 32P intra-articular
injection. On left toluidine blue section showing fatty and glycogen
accumulation - in celis and irregular superficial- zone matrix, On right

_ radiograph shows diminished uptake over most cells with necrotic
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fig 17e One micron_radigautographs cartilage 26 weeks after 0.1 mCi 32p intra-
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articular injection. Note complete absence of uptake of >H proline precursor
by cells; abnormal cytoplasmic accumulations; necrotic cells; surface

disorganization; deep zone matrix irregularity.

)



~

57.
active chondrocyte population. Fatty accumulation, an early indicator of cell
degeneration, in our opinion, was seen to an abnormal degree in all joints examined (fig
17b). At 8 weeks, the chondrocytes appeared to have had some insult; there was an
intensely staining rim around some, a halo of depleted stain around others suggestive of
failure to produce proteoglycan in an amount required or a depletion of proteoglycan (fig
17c). At 18 weeks the chondrocytes were still viable but metabolically less active than
normal tissue. A curious pattern of decreased uptake of precursor was noted at all levels
of the cartilage (fig 17d). At 26 weeks, the surface of the cartilage began to breakup,
many chondrocytes were clearly necrotic. The remainder showed little or no uptake of
the metabolic precursor, 3H proline (fig 17e). The study of 26 week 1 micron sectioned
cartilage was limited to 2 joints and may be anecdotal.

TEM studies of 4, and 26 week treated amimals demonstrated strikingy abnormal
findings. The cartilage depth was decreased (fig 18a); the matrix had an odd amorphous
edematous appearance; many cells were genuinely necrotic and had a bizarr;a appearance
(fig 18h-k); others had remarkable accumuation of glycogen material (fig 18c). The
lacunar spaces contained small darkly stain spots, presumedly proteoglycan (fig 18e). The
areas immediately surrounding the cells were often devoid of stain suggesting depletion of
proteoglycan (fig 18c). The matrix showéd a curious irregularity, sometimes called
"matrix streaks" in the literature and demonstrated earlier in our arthritic specimens.
+Whether this was a depletion of intercollaienous proteoélycan allowing kinking of the

tibrils is still speculative (fig 18f).




fig 13(a) Transmission electron micrograph of articular cartilage, four weeks after
intraarticular injection of 0.1 mCi 32P. Surface cell and adjacent "ghosts™.
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fig 18(b) A chondrocyte scar. Lacunar space is filled with course disorganized collagen
fibrils. "
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fig 18(c) A viable chondrocyte pair. Pericellular material with fine densities of
proteoglycan and collagen fibers. Cell membranes have retracted from matrix -
to abnormal degree leaving a "halo™. Lipid (L) and glycogen (G) and fibrillar
G (F) material in cytoplasm in abnormal amounts.

Lok e LE ST SN X T DN ST

A

.
“
i
-
- ¥
I
.
#
-



v
>

33 ..m. ~”«a.. .

similar to fig 18 c.

18(d) Another chondrocyte pair :
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fig 18(f) Tidemark (T) and above, "ma
previously seen in arthritic

e e - . e > wow v T TR SR



Q |
fig 13(g) Cartilage 26 weeks after 0.1 mCi 32P injection. Surface (S) is nonhomogenous
, with necrotic tangential cells. ]







fig 18(D)
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fig 18(k) High magnification of 18j.
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fig 18(1) A bizarre necrotic chondrocyte at the tidemark (T).

s 2L

PRI A o ,I I.“l, e - i

el A NIRHELL aafionln by Tl 557 Gt hty gt 3 P




Q) 58,

Biochemistry: .
Hexuronic acid content measured in microgram per milligrams dry weight of

cartilage as an indirect measure of proteoglycan content did not reflect the histotogical

and staining evidence of depletion of protéoglycans (fig 19b). Hydroxyproline measured

in micrograms per milligrams dry weight of cartilages and indirect measure of collagen

content showed a significant decline in concentration with a recovery. The latter might

be a spurious result or might reflect the loss of cartilage substance of cells and

proteoglycan leaving a proportionately higher concentration of collagen despite less

cartilage bulk and weight.
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fig 19(a) Hydroxyproline content in pug/mg dry weight of cartilage after intra-articular
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3.2.3 DISCUSSION:

The effects of 32P on normal joints appears not only to be a real one, but also a
negative one. The isotope at doses we believe to be "therapeutic" produced a spotty
fibrosis in the synovium which as demonstrated, was alive and active, indeed, as early
as 4 weeks after injection. This resembles little, the joint lining after surgical
synovectomy described previously (87). The changes in the articular cartilage of 4, 9
and 18 week animals were suggestive of some insult; the 28 week plastic sections and
TEM studies were impressive and alarming even though the latter are based on a study
of 2 joints. .

The study of 32P in rat knee by Ubios (148) using rather high (0;25 mCi, four times
therapeutic) doses reported severe cartilage disorganization with time. We wonder if

his findings herald those of ours to come, in long-term studies presently underway.




3.3 PARTB
EFFECT OF 32p ON KNEE JOINTS OF THE
RABBIT WITH ANTIGEN INDUCED ARTHRITIS

3.3.1 METHODS AND MATERIALS

Twenty adult New Zealand rabbits of the same age and weight were used. One
milligram solution of ovaibumin (Sigma A-5503 grade V crystallized and lyophilized) in
sterile water emulsified in an equal volume of Freunds complete adjuvent (Difco Lab.
063859) to give a final concentration of 1 mg/ml emulsion was prepared and all animals
sensitized intradermally in 5 sites each on the back. On day 14, a second sensitization
was made with 0.5 mg ovalbumin in 0.5 ml emulsion in 3 sites. On day 24, the animals
were skin-tested with 20 micrograms ovalbumin in 0.1 ml water in 2 sites with controls
of sterile water. All anin\lals had positive skin tests and were then challenged on day 30
with 0.1 mg ovalbumin in sterile solution injected into each knee as described earlier.
Ten days after challenge 0.y mCi chromic phosphate 32P suspension (Phosphocol 32P,
Mallinckrodt Inc, Missouri) was injected under general anaesthesia into the right knee
joint and 0.5 ml normal saline injected into the left joint. The knees were put through
passive range of motion 25-30 times before returning them to the cages.

The animals were divided into groups of 10 and sacrificed at 4 and 8 weeks after
treatment. The same protocol for analysis was used as described in Part A. 3 animals
were harvested of femoral condyles; 3 animals were incubated in vivo with 335 and
whole joints fixed; # animals were harvested of cartilage for biochemical studies.

3.3.2 RESULTS:

Examination of the joints of control and treated animals up to 66 days revealed no
gross abnormalities. The surface was smooth and pearly; the fluid was clear (fig. 20).
One joint had early marginal osteophytes.

Synovium: At thirty days post treatment with 0.1 mCi 32P-chromic phosphate, (40

e ————" -
3



(

,3
i
é
|

fig 20 Antigen-induced arthritic inee j Left, control. Right, 60 days after
( intra-articular injection of 0.1 mCi . Below 6y paratfin sections, tohuidine
blue stained at 60 days, control and treated. Note normal architecture.
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days post induction of arthritis), tritiated thymidine incubated synovial samples
demonstrated a monocellular surface layer with active uptake indicative of duplicating
synoviocytes. Monocytic cellular infiltrates were present as evidence of ongoing
synovitis. Most had subsurface fibrosis. The treated animals also demonstrated all the
features of chronic arthritis but no changes specific for radiation damage. In
particular, there was no swelling of synovial cytoplasm or nucleus, no chromatin
clumping, no obliteration of the capilleries, or fibrosis out of proportion to the arthritis
induced (fig 21b). At 60 days post treatment, a fibrotic subsurface remained; the
synovial cells were again monolayer, and the subsurface still contained an infiltrate
(tig. 21c).

Cartilage: Five micron sections of paraffin embedded tissue stained with safranin-
O and toluidine blue demonstrated early clefts in the weight-bearing areas of tibial
plateaus, marginal pannus and staining was decreased in weight-bearing areas of the
femur. The tibia and non-weight-bearing areas of the femoral condyles stained
normally - changes all compatible with early degenerative arthritis. These changes
were not different in control and treated animals (fig. 20).

One micron sections of Spurl'r embedded cartilage stained in situ with toluidine
blug demonstrated clearly the more subtle signs of chondrocyte degeneration. Fatty
degeneration and retraction of the cytoplasm from the surrounding matrix creating a
lacunar space was present. The changes appeared more noticeably in the upper radial

zone in some sections but in others could be quite sporatic in distribution (fig. 22b). .

Subtie differences were noted with treated tissue demonstrating healthier cells. 4

Slices incubated in 3H-proline, Spurr embedded and coated for radioautography
were examined: uptake of JH-proline as evidenced by silver grains overlying the
chondrocytes demonstrated the metabolic activity of the cells. It was evident that
significant insult had occurred to the chondrocytes - again sporatically but often

A
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\ﬁg 21(a) Radioautograph 3H thymidine incubated normal rabbit synovium. 3y H+E.
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b) Synovium an egzp arthritis control upper left, 3u H+E and 30 days
aftcrO.lmC intra-articular injection right 3u H+E. Lower
sections, high magnification of control (left) and treated (right). Note
hypuvmhrityandﬂbrodsincmmlmdmtedﬁan




sostommagrw o

NP OO ISt o 5 v o

ORI S P e

CONTROL
tig 21(c) Synovium antls induced arthritis control,
atter 0.1 mCi 74P, intra-articular injection,

magnification of control and treated joints.
fibrosis and vessels.
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tig 22(b) Above: one micron section insitu s?d cartilage antigen-induced arthritis
control on left, 30 days after 0.1 mCi 32p mtrwtxcuhrﬁisnjecuon Note fatty
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fig 22(c) Below: radioautographs of 3H proline incubated cartilage. atic decreased
uptaice noted. Treated joint demonstrated fewer metaboﬂcalslga inactive cells.
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fig 22(d) Radioautographs, antigen-induced arthritis control,
) chondrocytes with uptake; chondrocytes with large fat globules, surrounded by
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fig 22(e) One micron insitu stained sections of arthritic cartilage. Left control. Right,
60 days after 0.1 mCi 32P intra-articular injection. Note more loss of
superficial cells, and fatty degeneration in control, verses treated. Significant
decreased staining is noted about the chondrocytes in both groups.

fig 2Xf) Radicautographs of “H psgune incubated arthr cartilage. Control on left.
On right, 60 days after intra-articular injection. Note surface erosion,
progressive ‘chondrocyte degeneration, halos, fatty degeneration, and glycogen
accumulations. Treated section changes are less profound.
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tig 22(g) Radiographs arthritic cartilage control and 32P trested demonstrating similar
chondrocyte characteristics. Note, fatty accumulation in cells without uptake
and glycogen (clear spaces) of cells with decreased “H proline uptake. -




e ey D

RN T TN P M s o i

62.
peculiar to the upper radial zones (fig. 22c). Here, however, contrc;l and t.reated
animals appeared different. Though it could not be quantitated, the cell population of
the treated animals seemed healthier. There were fewer degenerating cells. The
matrix of the cartilage stained well but appeared to have a course fibrillar appearance
more so in control animals. Staining was variable; halo-like rings appeared around some
cells, other areas were relatively devoid of stain, other areas of stain appeared to
highlight the fibrillar nature of the deeper zones of matrix (fig. 22b,c,d). Again though
no clear pattern emerged, the signs of injury and cartilage decompensation observed
was less severe in treated animals.

At 60 days, these observations persisted and were more obvious; control cells
appeared degenerative and frankly necrotic. There was less intense uptake of 3KH-
proline, and, at times, large areas were completely deficient of uptake (fig. 22d,e).

TEM studies confirmed impressions made by light microscopy of cellular detail.
There were no cell characteristics peculiar to the 32P treated animals. The changes
observed in arthritic cartilage were evident: excessive accumulation of lipid, fibrillar
material in the chondrocytes, frank necrosis, surface collapse and erosion coarse
arrangement of matrix collagen, and a double tidemark (fig 23a-h). These changes were
more obvious in the 8 week controls than in the treated animals (fig 23j-0).
Biochemistry:

Hexuronic acid and hydroxyproline analyses measured in micrograms per
milligrams dry weight of cartilage as indirect measure of proteoglycan and collagen
content respectively, showed a gradual decline in concentration consistent with

”tgeneraﬁve arthritis (fig ZQa,b): Values varied and no pattern in treated animals was
evident different from controls. Specific activities of digest and purified samples were

measured but values were too scattered to interpret reliably.




fig 23(a) Transmission electron micrograph. Cartilage with antigen-induced arthritis &
weeks after 0.1 mCi 32P intra-articular injection. Surface collapse is evident
with appeareance of transitional cells near the surface.
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fig 23(b) Transitional zone chondrocyte w

lysosomes (arrow)
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fig 23(c) Radial zone "ageing” cell. Note fibrillar material (F).
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" cell. (F) Fibrillar material.
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fig 23(d) Another "



fig 23(e) A healthy pair in the radial zone.
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fig 2X(f) Midzone lipid filled ceil and matrix kinking. Upper left, a cell "ghost® (arrow). s
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fig 23(g) Midzone degenerate chondrocyte and matrix irregularity.
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tig 23(h) Matrix streaks (kinking) deep in cartilage.
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fig ()

c.nuage with antigen-induced arthritis, 8 weeks after 0.1 mCi 32P intra-

articular injection. Surfacecellandmatnxchangesare more obvious than in
the & week control group. Changes, however, of these treated animals were
comparable with controls. Note surface irregularity and proximity of round
cell to the surface.

AT




fig 23k) Here, the surface matrix is disorganized. The cells necrotic.
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fig 2X1) A bizarre chondrocyte in the radial zone : the egg cell. Lipid droplet (L) with
fibrillar material (F). Pericellular area filled with proteoglycan

surrounding
(arrow) and dense spots which are thought to be proteoglycan precipitates or
breaicdown product.
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fig 23(m)A cell pair in the radial zone. Note the "halos” of dense proteoglycan (arrow).
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tidemark area. Cells are round, ageing and degenerat

fig 23(n) The
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fig 23(o) Atypical degenerating cells in the tidemark area. Note again arrangement of

coarse collagen fibrils.
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fig 24(a) Hydroxyproline content in ug/mg dry weight of cartilage of antxggn induced
arthritis, control vs. antigen induced arthritis, treated with 0.1 mCi 2p,
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fig 24(b) Hexuronic acid in ug/mg dry weight of cartilage of antigen induced arthritis,
controf vs. antigen induced arthritis, treated with 0.1 mCi 32p,
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3.3.3 DISCUSSION:

The concept of radiation synovectomy, essentially a sound one, is based on the
supposition that one can control or predict the effect and therefore depth of radiation
damage to a tissue. .

It 1s moreover, very difficult to predict in vivo what damage radiation will have
on a tiss::c as discussed in chapter 1.3. Physical principles can only be a rough guide.
The doses used clinically and experimentally seem to be estimated roughly by different
methods and with different results. It has been calculated that the beta dose of Aul?8
1s 76 radsfgm/microcurie (67). Ten uCi applhied to an adult knee of 300 grams would
expose 6300 rads to the synovium (51). Chromic phosphate dose rate 1s 885 rads/gm/uCi
and thus has a ten fold activity (67). The average dose used clinically 1s 2-4 uCi in the
knee joint (125). A similar theraputic dose 1s estimated based on a hollow sphere anddn

B ——
the surface area. The estimate of surface area (S.A.) in an adult knee is 153 cm2 and
for the interphalangeal joint of the hand, 4 cmZ. The rabbit knee S.A. 1s approximately
the same as the finger joint and therefore is approximately 1/40 that of a knee. Thus
0.05 to 0.1 uCi should be an appropriate dose to the rabbit knee.

Our studies on synovitic joints treated with 32P did not demonstrate a
synovectomy nor reproduce the findings of Pavelka (109) with 0.1 mCi 90Y in arthritic
rabbits, of fibrosis, diminished number of cells in the surface, and thrombosis of vessels
in synovium. Was the dose too low? We believe not, since evidence of some effect on
cartilage was demonstrated. Was the dose so severe that what we observed was a
completely regenerated synovium? If so, then the damage could not extend below the
surface since the deeper layer did not show the expected radiation effects on vessels
and connective tissue. However, it is possible that radiation effect occurred without
obvious vyeular damage. In a pilot study where 10 times the theraputic dose (1.0 mCi)

. A
was injected into an animal with acute synovitis, 7 and 21 days later, there were dead

cells, vacuolated cells, and loss of cell to cell contact on the surface, but no vasculitis.
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Vessel thrombosis and vasculitis, did not reliably indicate a state of radiation damage in
our studies.

Regardless of whether a synovectomy occurred, however, cartilage degeneration
continued on 1ts siow course regardless of the events taking place in the synovium. The
difference seemed to be one of degree. Chondrocyte and matrix degeneration was
demonstrated in the treated animal and controls but to a lesser degree in the former. It
1s import to note that one did r:ot see the effects on cartilage as one did with high dose
radioactive gold on growing bone in rat (Rubin 126) nor as Umbios (148) described, in
cartilage with high dose 32p in rats nor as one did with previous agents used for
synovectomy such as osmium (83,92,96).

Thus from our shortterm, but in depth study of 32p ;n arthritic joints 1t woulid
appear that treated joints were healthier. The discrepancy between the effect on
normal tissue and arthritic tissue may be conjectured. Perhaps the increased thickness
of the pathologxc)synovnum acted as a barrier to the penetration of the radiation into
the articular cartilage, while normal synovium is too thin to absorb the effects. A

Long term studies presently under way should clarify whether this apparent
improvement in expected degree of arthritic degeneration 1 temporary or lasting.



it

CHAPTER &
SUMMARY

~_t

65.




m~

A A e

) 66.

Though the studies reported leave many questions unanswered, they are informative
on several aspects.

First the study of 32p on arthritic rabbits in doses comparably to human treatment
regimens supports the enthusiastic clinic findings of radiosynoviorthesis. The synovium, if
effected appeared to have recovered and the cartilage seen less degenerated than control
sites with arthritis. However, they study was relatively short term and may not have
reflected what might being occurring in joints a year or more later.

Secondly, the enthusiasm of radiosynovectomy must be sharply tempered by the
suggestion that while the same isotope in the same theraputic dose produced synovial
fibrosis, a preferred result, cartilage damage was also clearly evident.

Perhaps then radioisotopes are safe in joints where the synovium is pathologically
thickened? This is perhaps so, but then, the margin of safety in using such an agent must
be narrow as it harms normal joints but is helpful with pathological joints.

"Despite uncontrolied evidence that radiosynovectomy is a useful procedure for
intractable synovitis (mainly of larger joints), both the short and long term benefits in RA
and the seronegative arthritidies need to be clarified through carefully controlled
prospective studies." P. Lee (72)

The implication of this, is that extreme caution should be employed in even
considering the use of this theraputic modality®linically.

The comments of Dr. Peter Lee in his editorial are apropo and it is hoped that this
thesis has presented some advance in the pool of knowledge.

Lastly, the light of studies of antigen induced arthritis which showed that by merely
varying the challenge dose in a sensitized animal a tremendous difference in the arthritis
produced is demonstrated. Caution must be employed in using this model and in the
conclusions drawn hgm it.
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APPENDIX 1
HISTORICAL NOTES ON INTRACAVJTARY USE OF RADIOISOTOPES

The idea of placing solutions of radioisotopes on cavities was not new even in 1962
when Ansell reported her work. Mlller in Switzerland is credited with first treating
uncontrollable effusions (in this case neoplastic) with intracavitary injections of
" radiozactive gold 198Au, the only isotope likely available for theraputic purposes at
that time (#). Through the 1950's several groups used 198Ay but soon switched to
32chromic phosphate to treat malignant effusions, as the availability, ease of handling,
ease of disposal, and wider margin of safety, and reduction in cost became evident
(29,66,151,107).

Jaffe, who began his work with 198Au around the same time as Miiller and then

switched to chromic phosphate in 1951, seems, to be the first, to have used it clinically
(67). Root examined ¢hromic phosphate as an alternative to gold for intra-cavitary use,
but noted that although distribution was on the surface of the cavity, significant
ionization of the phosphate occurs and was detected in the red blood cells. Also, he
found significant uptake by the local lymph nodes (122).

Others followed in Australia, and the U.S. in support of this isotope, and in
working out methods of preparation to obviate the problems of the colloidal suspension
-clumping, small particle size, large particle size and uneven distribution

(29,66,151,107).
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|
Isotope Half-life  MeV Ep Emittor Particle size  Max. range in  Max. range in
(T1/2 days) (Energy of (w soft tissue(mm) cartilage
radiation
particies)

| 198 Au(salt) 2.7 96 312 betakgamma®* .02-.07 3.6 2.7

| 32 chromic 1. 1.70 £95  beta* 0.2-208aa 7.9 ?
fzp)n phosphate 14.3
0y silicate 2.7 2.27 917  betat .03-.06 11.0 8.5
90Y resin colloid 2.7 2.27 917  betat .03-.05 11.0 8.5
169g,p 9.5 34 100  beta .01-.03 0.7 0.7
136Re 37 98 333 betakgamddd* .005-01 3.6 3.1
165pys 097 1.30 433 betakgamma 0.5-3.0 5.7 ?

(140 min)
*ref 84
**Significant gamma radiation
***Very low emission of gamma radiation
+*Because of relative high energy, it has significant Bremsstrahlung when it is exposed to a high density material eg. aluminum, lead etc.

Inhandung,ntnmstbeducldadwiﬂ':mlybwdunlwmwwq.pmﬁctyrk‘uwmtwodxtbnd&emm.

G GPrepared as 32 Cr3POy solubilized in 30% dextrose and water with NaOH and HCI and 2% benzyl
alcohol added (168). Cr molecules form macromoilecules and remain as a colloid sojution.

a GGOld preparations of CrPO, had particle sizes of & u (range 0.5-101)(66,67)
Doy preytntions of CrPOy oouold have a particle size of 2 u with most larger than 0.5 u

i
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‘ Appendix Il
LEAKAGE OF INTRA-ARTICULAR RADIOISOTOPES

There is great difficulty in assessing risk in the body because dose to total body, to
lymph nodes, wba\eandmjohtafterhiectbnmaudiffemt;besidesmemmtof
ieakage being highly variable, there is no experience in the radition effects of low
parental doses of isotopes in a large group of patients. Most figures rest on X-ray beam
therapy 'and the nucleur holocost of Hiroshima. However the recommendation of the
British Medical Association, Symposium of Radioactive colloids in the Treatment of
Arthritis, convened in 1973 at Northwick Park Hospital, Harrow, England to study the
problem stated:

It may be argued that the tré&tment should normally be reserved for oldir patients

unless no alternative is available. The leakage of radicactivity from the knee should

be avoided or kept down to 2 to 3% of the injected amount, as the radiation dose to
the lymphocytes and lymph nodes from larger leakages may have a biclogical

significance". (31).

Moreover, most of the estimates of exposwe to extraarticular organs are made by
scanning the knee joint, serial counting the Bremsstrahlung emitted and extrapolating this
value to determine the amount remaining in the knee. Other organs are scamned *
externally, for example over the groin lymphnode:mdmeoproporﬁm of counts obtained
over the knee joint shortly after injection, is taken as the precentage escaped. The actual
amount found in the lymph nodes is, perhaps more germaine, since the amount which has
escaped may actually be mostly that which has entered the circulation and been cleared
through the kidney very quickly - thus of relatively low risk. ,

Most studies have been with ?0Yttrium and estimates of leakage into lymph nodes
have varied widely. Even when optimal immobilization and the addltlo:\ of cortico

steroids have been employed, leakage for 0Yttrium from 0 to 45% has been
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reported (121,114,103,48,23,24,115,102). Ferric hydroxide colloid, resin colloid, silicate
and citrate particles of Yttrium have been prepared and used. The resin colloid and
silicate preparations have had the best results but even here there are conflicting
results and ranged from 10-50% (121,34,52,115,114,159). Gold leaks to a similar degree
but the radiation to the gonads is far greater due to the gamma radiation it carries (50).
A single r:portmeightpatwltsof 32phosphates showed negligible leakage in all but
one patient who had about 20% leakage to the lymph nodes. This would give him an
exposure of about 12000 rads to 10 gms of nodes. Plasma and urine but not blood cells
or bone were analyzed for 32P (161). What is different about 32P, however is its
affinity to bone. U.S.N.R.C.'s maximum acceptable total bone burden is 6 uCi. One
might ask what the total bone uptake with this 20% leakage is? This has not been
calculated by any of the papers reviewed. In an old report (122) of intracavitary
instillation for 32P of treatment of malignant effusions the leakage into other organs
was very small but interestingly, red blood cells were analyzed and 32P was found in the

. Cytoplasm suggesting that the phosphorus separated from the colloid. Thus besides the

leakage problem of the radicactive macromolecules, some isotopes may separate from
the macromolecule and may be absorbed selectively or non-selectively in indeterminate

anmtsb?ormuchubme.
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Appandix IV
RADIATION AND NUCL&R PHYSICS

An atom, our ejlementary particie, consists of a nucleus surrounded by negatively
charged electrons spinning in orbits about it. The nucleus has an uncharged particle
(neutron) and may have one or more positively charged particles (as well protons). The
atomic number relates to the number of protons in an atom eg. 6C. An isosape (nuclide)
of an altered element with the same atomic number but a different atomic mass due to
the number of neutrons (which have mass but no charge) in the nucleus. For whatever
reason, if a proton neutron combination is unstable, the nucleus will adjust itself to
achieve a more compatible combination by ejecting one or more of its charged particles
(thereby changing its atomic number) which have energy therefore which can penetrate
solid material. This is radiomctivity. The process of achieving this stable state is called
mdecay® and actually is a measure of the number of disintegrations of nuclei and those
remaining and indirectly gives a measure of the intensity of the emitting radiation still
present. The rate of decay is inalterable and an integral property of the particie. There
are as many different kinds of radiation as there are different kinds of charged particles
capable of being emitted from the element. Alpha (a) radiation refers to that due to a
postively double charged particle with a mass of 4 (helium). These particles are 7500
times larger than electrons and when emitted can travel only very short distances.

Beta (8) radiation of particular intérest to us, refers to that due .to electrons. A
neutron in the nucleus can make the element unstable and so it changes into a proton and
an electron pair and then emits the energetic electron with a definite energy and
therefore a finite travelling range (this kind of radiation is easy to shield from). What
complicates quantitations is that a beta radicactive substance may also emit gamma




e “\L‘

<y

PRp T AN TV
;o ]

R R Y S TR P

72.
energy as well.

Gamma radiation (y) is due to the emission of mass-less energy called
electromagnetic energy. This is due to the movement of electrons from one orbit to
another in the shells. If the movements or changes produce an excess of energy for the
needs of the electron spinning about, it will emit it as high energy electromagnetic
energy. X-rays are identical to gamma rays.

Ancther type of radiation related to the beta radiation is bremsstrshiung. This is
electromagnetic radiation identical with Xrays or gamma rays produced when a stream
of beta particles strikes a target. The yield is directly proportional to the energy of the
particle and the density (atomic number) of the target material.

What then, do these energetic particles and rays do? The basic action is
penetration of mass, removing electrons from the mass and in the course, using up the .
travelling particles' own energy allowing themselves to come to rest. The mass which
has lost some electrons is then, "ionized®. The word “ionization density” refers to the
number of jonized atoms produced per unit length of the path of the particle. That is,
how much effect it will have as it makes its wall through a mass (for our purposes
tissue). The greater the velocity of the particle the less the ionization density (it
covers more territory and expends less energy in ionizing/distance travelled). The
greater the charge on the particle the greater is the ionization density (it carries more
energy in a given distance travelled). If the energy is not transferred as ionization, it
may, instead, excite a molecule and then dissipate its energy as heat. |

The quantity of ionizations that have occurred in a tissue is the roentgen and this
term has equivalents in coulombs/ikg. The quantitation of an amount of material
containing radioisotope and detected by the number of decaying particles per second (or
disintegrations per second (d.p.s.) or converted to distintegration per minute (d.p.m.'s.)
has an equivalent in becquerels (B) and using an older term in Curies (Ci). The

A e L I



£

e

e . e

73.
measurement of the amount of radiation in terms of pure energy emitted is spoken of in
terms of MEV. That is, for example, when a beta emitter emits a positron it is slowed
down by other atoms, finally uniting with an electron with the emission of quanta of
energy. The measure of the amount of energy of radiation that can be or is being
trdiferred to the tissue to produce potential energy for work is the rad. A rad will
produce 100 ergs of energy/gram.

One roentgen of gamma radiation or X-ray, for example, can produce
approximately 93 ergs or about one rad. Rads have equivalents in Grays (gy), centigrays
(dGy) and Joules/kg.

Three more terms should be mentioned: that of the RBE - "the degree to which
any particular type of irradiation differs from standard X-ray of given energy” and
therefore varies with the type of radiation and the tissue exposed. The REM is the dose
in rads multiplied by RBE. The average person gets about 119 Mrem/year about 100 of
it from the enviroment and about |9 from exposure to X-rays etc..

The Curie expresses the actual activity of a mass in terms of its decaying atoms.
That is, it is equivalent to 3.7 x 1010 disintegrations/sec. The bequerel is the new term
for distintegrations/sec.

How then does one determine how much energy of radiation is absorbed by a
tissue? If the distribution is uniform throughout a tissue, rads = a constant X the
energy of e‘mission and. recombination of a particular kind of particie (MEV) X its half-
liife X the number of disintegrations (C) divided by the weight of the tissue.

Thus: Rads= 73.8 xE x T1/2 x uCi
gm

However if we are dealing with a hollow viscus or a flat surface, then the hypthetical
isotope will be distributed on the surface and produce limited effects on the underlying
tissue. So, half will project their particles away from the tissue and half will project

J
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their particles into the given tissue. These particles will project themselves only a
known range h (cm), over a given surface area SA (sq. cm.). So, the mas; of tissue is
given Ah (cm3) - a volume, and the time element of this is represented by the half-life,
so that:

rads = 2.13 x pCi x MEV x T1/2
2 S.A. x h cmD)

This presumes a perfect measurable hollow viscus but, in vivo the volume of cavities

are often difficult to measure or even predict.
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