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SUMMARY

Loosening of total joint prostheses is often associated wíth the

accumu'lation of prosthesis wear particles ín the surrounding tissues, a

macrophage and rn¡ltinucleate giant cell (MNGC) response, and bone

resorption. The studies descrÍbed in this thesis were undertaken to

determine the effects of wear particles, released from the articulating

surfaces of prostheses, on cells and tissues, and to ínvestigate the

role of wear particles in bone resorption and prosthesis loosening. The

investigation was divided into four main sections:

1. Initial studies yúere perforned to determine the type and size of

wear partic'les, and the associated cellular response ín human tissues

around uninfected total hÍp arthroplasties. The periprosthetic tissues

were examined by light mícroscopy, transmission electron microscopy

(TEM), and energy dispersive X-ray (EDX) microanalysis. The type of

cellular response seemed to be reìated to the number, type, and sÍze of

v,ear parti cl es. A macrophage and MNGC response was corrmon i n the

presence of ìarge numbers of wear partícles. The accumulatíon of

nacrophages, which contaíned large numbers of cytolysosomes, was seen in

the presence of particles. Lymphocyte aggregates occasionally were

seen in association with metal partíc'les. Polymorphonuclear leucocytes

(PMN) were sparse.

2. To determine the effect of wear partÍcles on tíssues, an anímal

model was developed usÍng the intra-artfcular iniection of particles.

Light microscopy and TEM examination demonstrated that wear particles

simitar in size to those seen in human periprosthetic tÍssues produced a

similar tissue response in the rat knee. Cobalt-chrome a'lloy particles
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induced a predominant macrophage infiltrate, necrosis of macrophages,

and a transient lymphocytic infiltrate. A'luminium oxide partícìes and

small po'lyethylene particles also induced a macrophage infiltrate, but

I i ttl e necrosi s or lymphocyti c í nfi I trate. Large parti cl es of

polyethylene produced aggregation of macrophages and an MNGC infiltrate.

3. Further studies, using a semi-quantitative method of assessment of

the tissue response to particles, demonstrated that the number of

partÍcles and the extent of the associated macrophage ínfÍltrate changed

very little from two weeks to one year following the iniection of

particles. Further, a greater macrophage infiltrate was seen following

injection of a high dose suspensíon of cobalt-chrome alloy particìes

compared with a low dose suspension, and a significantly greater

macrophage response was seen to cobal t-chrome al'l oy than to a'lumi nium

oxide particles. Thus, the tíssue response to particles ís related to

the persistence of partÍcles in the tÍssues, the type and amount of

partículate material, and, possib'ly, the degree of cell necrosis induced

by particles.

4. The retatÍonshíp between the tissue response to wear particles and

bone resorption rúas studied using an anímal model which involved the

injection of wear partícles into a rat knee joint adiacent to an acrylÍc

cement plug inserted into the distal femur. In the absence of infection

or nnchanical causes for loosening, the formation of a connectÍve tissue

layer and bone resorption between the cement plug and bone occurred

following rnrltiple inJectíons of polyethylene particles.

The results of these investlgations indicate that prosthesis vúear

partÍcles are responsible for a nacrophage and MNGC response in the

periprosthetic tissues and play a major role in bone resorption and

loosening of prostheses.
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CHAPTER ONE

INTRODUCTION AND LITERATURE REVIEI.I

1.1 INTRODUCTION

Total joint arthrop'lasty has an established place in the management of

patients with arthritis and, in particular, arthritis of the hip and

related conditions, but the variety of prostheses available testifies to

the problem of ioint rep'lacement failure.

The cormonest cause of failure of total hip and other arthroplasties is

looseníng of the prostheses. Long-term reviews of the results of total

hip arthroplasties report revision rates due to looseníng during the

first five to ten years fo'llowing arthroplasty of approxímately one

percent per year, and an increase in loosening with time (Charnley and

Cupic, L973; Smith and Turner, 1973; Amstutz et al , L976; Beckenbaugh

and Ilstrup, 1978; Cupic, 1979; Dobbs, 1980; Stauffer, 1982;

Sutherland et â1, 1982; Poss et â1, 1984). Loosening is a'lso the

cormonest cause of failure of arthrop'lastíes of other joints (Crachiolo

et â1, 1979). The Iooseníng rate has been reported to be higher ín

younger patients (Dorr et al,1983; Collís, 1984) but this has not been

a consistent findÍng (Thomas et al, 1986).

The causes of loosening may be classified into mechanical (Amstutz et

ôl , 1976; Pel I i cci et ôl , 1979; Gruen et ôl , 1979) and bi o'logi ca]

(Fitzgerald and Kelly,1979). Mechanical loosenÍng may be due to

inadequate bone, inappropríate materials and prosthetlc design, failure

to achieve or maintaín fixatíon at the bone-implant lnterface, and

excessÍve stress or stress shie'lding (HuÍskes, 1984). Improvements Ín
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design and improved methods of achieving interlock of the impìant Ín

bone have decreased the loosening rate of total híp arthroplastÍes (Lee

et al, 1973; Ling, 1979; Salvati et al, l9B1; Harris et ô1, 1982;

Harris, 1984; Paterson et al, 1986) and future developments are likely

to further decrease the incidence of mechanica'l loosening.

Despite the decrease in the incidence of loosening due to mechanica'l

causes, late loosening associated with extensive bone resorption remains

a problem. It is ìike'ly that biological causes of looseníng

sígnificant'ly contribute to late loosenÍng. 0f the bio'logica'l causes,

infection is the most worrying (Charnley and Eftekhar, 1969; Wílson et

ôl , 1973 ; Coventry, 1975; Sal vatÍ , 1976; Fi tzgera'l d et ôl , L977 ;

Hunter and Dandy, t977; Buchhoìtz et ô1, 1979), but infection has

become a less corrnon compl icat,ion of hip (Karnme and Lindberg, 1981;

Gristina and Kolkín, 1983; Poss et al, 1984) and other arthropìastíes

(Grogan et al,1986) in the last decade. There is substantial evídence

to implicate the adverse tissue response to prostheses wear particles as

the other important bioìogical cause of loosening (Vernon-Roberts and

Freeman,1976; Revell et al, 1982).

The coÍmon prosthesis materials used over the past twenty years have

been cobalt-chrome alloys, staínless steel, ultra-high molecular weíght

polyethylene (UHMWP), and aluminium oxide ceramics. Recently títanium

al'loys have gained popularity. Polymers of other types have been used

I ess cormonly.

The use of these naterials as the articulating surfaces of prostheses

results in liberation of variable numbers of wear particles (Mears et

âì, 1978a; Clarke, 1982; Mírra et â1, 1982) into the surroundíng

tíssues. The use of cobalt-chrome alloy artÍculating against itself

results in moderate wear (tlalker et âl, 1974) and the accumulation of
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large numbers of meta'l wear particles in the tissues (tfinter, L974;

Vernon-Roberts and Freeman, L977l'. Initial experience with varÍous

types of polymers also resulted in severe wear (Newman and Scales, 1951;

Heck and Chandler, 1954; Scales, 1958; Charnley, 1963; Hei'lmann et

ô1, 1975) and UHMWP remains prone to wear if used as a convex bearing

surface (Dahl , L976; Revell et al, 1978). Aluminium oxide ceramic may

be more resistant to wear (Boutin and Blanquaert, 1981).

l,lhile an adverse tissue response to wear particles has been frequently

reported, the mechanism whereby wear particles provoke loosening has

remained obscure. Therefore, the role of wear particles in loosenÍng,

and the possibility of other factors being involved requÍres further

i nvesti gati on.

This thesis describes animal studies aimed at providing a better

understanding of the relationship between wear particles and prosthesis

loosening. The animal studies have concentrated on the tissue response

to partícles of materials conmonly used as the articulating surface of

prostheses: cobalt-chrome alloy, UHMWP, and aluminium oxÍde ceramic.

In additíon, human studies ylere performed to determíne the types of wear

particles and the tissue response around faÍled hip arthroplasties, and

to relate these fÍndings to the anímal studies.
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L.2 HISTORICAL REVIE}I OF HIP ARTHROPLASTY

Hip arthroplasty began in the níneteenth century with slmple excisional

arthroplasty, whÍch vúas fol lowed by the development of various

interposÍtion arthropìastÍes. Materials used for Ínterpositíon were

those of either bío'logical origin, such as fascía and muscle, or those

of non-bÍological origin. In general, Ínterposition of bÍological

materi al s gave poor resul ts whi ch 1 ed to a search for better

interpositional materials (Bìack and Shoìtes, 1982).

The most encouragÍng results of early prosthetic híp arthroplasty were

reported by Smith-Petersen. Initia'lly a glass mould arthroplasty was

used but, due to problems with gìass breakage, a more successful coba'lt-

chrome alloy arthroplasty was developed (Smith-Petersen et â1, t947;

Smi th-Petersen, 1948 ) . Despi te the rel ati ve success of thi s

arthropìasty, the results u,ere often unpredictable. Stiffness,

dispìacenent of the cup, and shortening of the neck of the femur were

common problems (Law, 1948; Aufranc, 1957).

Total femoral head rep'l acement seemed a I ogical devel opment of

interposition arthroplasty and vúas popularized by Judet and Judet

( 1950 ) , who devel oped an acryl i c hemi -arthropl asty. But 1 ooseni ng and

fracture of the component became probìems (Merle-d'Aubigne and Postel,

1954). Further developments of thís prínciple led to stemmed cobalt-

chrone alloy femoral hemi-arthroplasties. Good results were achieved in

post-traumatic cases (Barr et â1, 1964), and faÍr results have been

achieved in arthritic hips (Salvati and l,lilson, 1973).

Charnìey (1960), McKee and Chen (1973), and Muller (McKee,1982) are

credited wÍth the development of successful total hip prostheses which

utílized an acetabular component of polyethylene or metal and a netal
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femoral component inserted into the metaphysis of the femur. Acrylic

cement (polymethyìmethacryl ate, PMMA) Yúas devel oped to fix both

components Ín bone (Haboush,1953) and its use was popularized by

Charnley (1960). Development of modern day prostheses has largely been

based on thÍs concept. But an increasing loosening rate with tíme, and

problems associated with acrylic cement faiìure, have caused renewed

interest Ín cementless fixation of prostheses.

Cementless fixatÍon of metal or polyethylene acetabu'lar components and

metal femoral stem components has been used successfully for many years

by Judet (Judet et ô1, 1978), Ring (RÍng, L974, 1978) and others

(Groher, 1983). A number of prostheses have also been developed which

use cementless microporous fixation of metal components (Cameron and

Pil I iar, 1974).

Aluminium oxide ceramic total hip prostheses were developed as Ít was

claimed the ceramic, as an artÍculatíng surface, had a number of

advantages over metal and polyethylene (Boutin, 1972; Griss et ô.|,

1975; Heirke et ô1, 1979). CeramÍcs have been reported to be more

biocompatible in solid form than stainless steel or coba'lt-chrone

alloys, and to have a very lor coefficíent of friction and a lov wear

rate (Boutín and Blanquaert, 1981). The clinicaì results of ceramic

prostheses in the short term have been reported to be as good as the

resul ts of prostheses of metal and polyethyl ene (Bouti n, 1972;

Zweyrul ler, t979; Stock et ôl , 1980; Gri ss and Heinke, 1981;

Rampoldi, 1984), but a high incidence of femoral loosening of uncemented

ceramíc prostheses has been reported recently (Trepte et ô1, 1985;

0'Leary and Mallory, 1986).

At the same time as these developments ín total hÍp rep'lacement,

attempts were made to improve upon the results of the mou'ld arthroplasty
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by preserving the femoral head. This led to the development of double

cup resurfacing arthroplasties. The early results of cemented and

cementless resurfacing arthroplasties vúere encouraging (Trentani and

Vaccarino, 1978, Tanaka, 1978; l{agner, 1978; Amstutz et â1, L977,

1978, 1981; Bierbaum and Sweet, 1982). Inappropriate desÍgn and choice

of naterials led to problems with some types of double cup resurfacÍng

arthroplastíes using polyethylene femoral head components (Freeman et

ô1, 1978; Reve'll et al, 1978; Furuya et al , 1978).

Amstutz et al (1984) reported satisfactory clinícal results with

resurfacing hip arthroplasty compared to total hip arthroplasty in a

simÍ lar group of patients, but a ruch higher incidence of acetabular

bone-cement radiolucency was seen in the resurfacing group. Ritter and

Gioe (1986) reported a thirteen percent faílure rate of resurfacing hip

arthroplasties compared to a two percent failure rate of total hip

arthropìasties of the opposite hip in patients followed for up to seven

years. Loosening was the maior cause of failure.

l'lith longer fo'llow-up, the failure rate of resurfacing híp

arthropl asties has i ncreased si gni ficantly. Fai lures have been

attríbuted to acetabular component loosening (Freeman and Bradley,

1982), fracture of the femoral neck (Capello et â1,1978; Freeman et

â1, 1978), femora'l component looseníng (Trentani and Vaccarino, 1978),

excessive rúear of components (Revell et al, 1978), osteonecrosÍs of the

femoral head (Trentani and Vaccarino, 1982; Nishío et al , L982; Head,

1981), and an adverse response to wear particles (Revell et ô1, 1978;

Bell et al, 1985).

The question remains as to whether the high incidence of failure, and

particularly late loosening of resurfacing arthroplasties, implies

inherent problems with this technÍque aìone, or whether there are
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problems wÍth all types of arthroplastíes whlch wiìl lead to late

loosening. One of these prob'lems may be the adverse effect of wear

particles on tissues. If wear particìes are an important cause of

loosening of arthroplasties loosenlng might be decreased by appropríate

choice of materials for articulatíng surfaces and improved desígn of

arthroplastíes to minimise Ì{ear. Loosening might also be decreased by

development of chemotherapeutic agents whÍch modify the effects of

particles on tíssues or decrease bone resorption. Clearly an

understanding of the relationship between wear particles and prosthesis

loosening is important.
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1.3 THE CAPSULE AND BONE.Iì,IPLANT INTERFACE AROUND STABLE PROSTHESES

1.3.1 The capsuìe

The joint capsu'le around articulating metal on metal or metal on

polyethylene prostheses has been studÍed extensiveìy by a number of

authors (Charosky et ô1, 1973; Evans et â1, 1974:' Winter, L976;

Vernon-Roberts and Freeman, t976; Mirra et â1, 1976; l.lil'lert and

Semlítsch,1976). The joint is lined by a synoviaì like membrane and

capsule. The subsynovium and capsule show varying degrees of fibrosis

and are infiltrated by macrophages and multinucleate giant cells (MNGC),

and there is accumulation of v{ear particles and corrosíon products.

Occasional lymphocytes, p'lasma celìs and eosÍnophils are seen.

Po'lymorphonuclear leucocytes (PMN) are not usually seen in signíficant

numbers unless there is infectÍon (Charosky et al, 1973; MÍrra et al,

1e76 ) .

Simitar appearances are seen in the ioint capsule surrounding aluminium

oxide ceramic on ceramic prostheses (Harms and Mausle, L979; Stock et

ô1,1980), but it has been suggested the number of ce'lls and wear

particles is considerably less than around metal on metal or metal on

po]yethylene prostheses (GrÍss and Heimke, 1981).

1.3.2 The bone-inplant interface

The appearance of the tissue at the bone-implant interface prior to

loosening has been de'lineated by studies of stable prostheses revÍsed

for reasons such as dislocatÍon and by post-mortem studies of the

ti ssues around stabl e prostheses (Charnl ey et al , 1968; I'li I I ert et aì ,

L974; Vernon-Roberts and Freenan, L9771. This kno'lledge has been

complemented by studies in anímals (Radin et al, L982; Paul and Bargar,

1e86).
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The response of bone to the impìantation of acry'lic cement may be

divided into three phases and the response to cementless implants is

símilar. There is some varíabÍlity in the duration of these phases, and

some overlap between phases, but this arbitrary division is useful as it
explains the pathological features seen around stable prostheses at

different periods after imp'lantation.

The i ní ti al phase, I astí ng sorne weeks, i s that of bone death.

Immediately after surgery the maior part of the marrow and bone are

structurally normal and in animal studies there is no evidence of

therma'l necrosís. During this inítia'l phase it becomes evident that

death of bone and bone marroy{ has occurred a number of míllimetres from

the interface. At the junction between living and dead bone there is

vascular dilatation, a ni'ld PMN ínfÍttrate, and the appearance of

fibroblasts, osteoblasts and osteoc'lasts. Variable numbers of cement

partícles, are seen.

The next stage is that of repair. The dead bone is progressívely

invaded by granulatÍon tissue and fibrous tíssue. Appositional new bone

is formed on necrotic bone. A very thín, acellular fibrinous layer

separates cement from bone in some areas but there is usually a

cellular, and later a fibrous tissue layer up to half a millimetre thick

between cement and bone. Occasional macrophages and MNGC are seen.

The thÍrd phase, that of stabílization of the prostheses, continues for

up to two years after ÍnpìantatÍon in humans. By this time nost

necrotic bone has been replaced by yúoven and lamellar bone. Necrotic
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bone persists longer on the femoral than on the acetabular side. The

bone trabecul ae are often real i gned para'l leì to the bone-cement

ínterface and cortical remodelling contÍnues. Normal marrob, is replaced

by fibrous tissue. Some areas around the femoral stem may show evidence

of osteoporosís.

The bone-prosthesis interface around cementless implants shows simi'lar

features to those at the cement-bone interface. During the time to

stabilization, there is necrosis of bone and repair. The resu'lt is a

thÍn fibrÍnous layer and a fibrous layer of variable thickness between

bone and smooth prostheses. The interface between solid'ly fixed smooth

coba'lt-chrome alìoy hip hemi-arthropìasties and bone is occupÍed by a

dense connective tissue ìayer up to three millimetres in width but

macrophages and MNGC are rare in the presence of small numbers of metal

particles. Fibro-cartilage may be seen in areas carrying compressíve

loads (Kozinn et al, 1986).

There may be a difference between the interface between bone and either

acrylic cement or netal. Freeman et al (1982) described a highly

cellular connective tissue layer at the interface between the bone and

cement but not between the bone and the cobalt-chrome alloy screws of

tota'l knee replacement tíbial components.

A thin fibrous connective tÍssue layer is also found separating viable

bone from the polyethylene peg of stable acetabular components (Bertín

et al, 1985). The bone-prosthesis interface around stable polyethylene

tibial flanges shows a thin fibrous tissue layer between the

polyethyl ene and bone and I Í ttl e evi dence of a macrophage or l,lNGC

infiltrate (Blaha et al, 1982).
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The fibrous tissue layer around porous metal lmplants may be'less than

around smooth implants. Bone growth into the deeper layers of a porous

coated cementless totaì hip prosthesis has been reported at four months

following insertion (Brooker and Collier, 1984), but fibrous tissue and

numerous MNGC have also been seen at the interface of a porous patel'lar

component revised two months following insertion (Cook et aì, (1986).

1.3.3 The cement-prosthesis interface

The prosthesis-cenent interface has received little attention as it does

not seem to be the maior problem in prosthesÍs loosening. A thin

fibrous tissue ìayer less than one hundred microneters is found at the

stable prosthesis-cement interface of smooth femoral stems and the gap

is thought to be due to dÍfferential shrinkage of the stem and cement,

and bl ood accumuì ati on between the prosthesi s and cement duri ng

insertion of the prosthesis (Fornasier and Cameron, 1976).
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1.4 THE EFFECTS OF I{EAR PARTICLES ON PERIPROSTHETIC TISSUES AND THEIR

RELATIONSHIP TO LOOSENING

The wear partícles in the capsule and at the bone-inplant interface may

come from two sources, urear of the arti cuì ati ng surfaces of the

prosthesis components, and abrasion particles from the bone-implant

i nterface.

Particles range in sÍze from less than one to over two hundred

micrometers. Small partÍcles of metal, polyethy'lene and ceramic appear

to cause a predomínantìy macrophage response and larger particles of

polyethylene and cement are usualìy associated with a macrophage and

MNGC response (Vernon-Roberts and Freeman, 1977).

The finding of wear particles ín the lymph nodes drainÍng these ioints
(Walker and Bullough, 1973; Vernon-Roberts and Freeman, L9771, lends

support to the concept that there is continuous clearance of partícles

from the tissues around prostheses. It has been proposed that around

stable prostheses an equilibrium ís reached in which production of wear

debri s i s matched by removal of debri s from the ti ssues (l,li I I ert and

Semlitsch, L977). Continuous production of y{ear particles over many

years, or excessive production over a shorter period, may resuìt in loss

of this equilibrium, and accumulation of large numbers of wear partÍcles

in the tÍssues (Vernon-Roberts and Freeman, t977; l,líllert and SemlÍtsch,

1977 ) .

Histochemlcal studies suggest wear particles are responsible for

increased lysosomal and proteolytic activity withÍn macrophages and MNGC

at the bone-cement lnterface but this activity ís not generalized.

Localized areas of macrophages with high cellular activity ln response
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to wear partícìes are seen adjacent to areas containing abundant

macrophages which are quiescent (Eftekhar et al, 1985).

1.4.1 Identificatlon of wear particles in the perlprosthetic tissues

The types of wear particles in the periprosthetíc tÍssues can usually be

identified by examinatíon under direct and poìarized 1íght, but there

has been some disagreement about the appearance of PMlrlA particles.

Metal partÍcles are vísíble under ordinary'light. They are dark

irregular rods or granu'les up to three mÍcrometers Ín diameter. These

particìes have a light scattering effect when vÍewed under polarized

'light. The partÍcles may be extracellular or within macrophages.

Partícìes of polyethylene are invisible under ordinary light but are

highly bírefringent when vÍewed under po'larÍzed tíght. These particles

are of two types, either large strands, shreds, splÍnters, or ovoids up

to two hundred mÍcrometers long, and smaller irregu'lar particles five

mÍcrometers and smaller. The large particles are usually contaíned in

or surrounded by MNGC while the smaller particles are often seen within

macrophages or are extracellular.

There has been disagreement as to the appearance of acrylic cement

particles in the tissues. These partÍcles are soluble to a varying

degree i n the commonly used cl earÍ ng agents such as ryl ene and

chloroform (Mírra et al, 1976) so that they wiìl díssolve to a varying

degree during routíne tlssue processing. The particles are bÍrefringent

in frozen section but appear as voids surrounded by MNGC in processed

sections (Witlert et al, L9741. These voids, known as acryìic pearls,

are usually oval or circular and are approximately eighty micrometers ln

dÍameter, but larger particìes up to a millimetre in díameter may be

seen. The voids often contain residual recrystalllzed acrylíc, and may
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have residual radio-opaque marker around the periphery (Mirra et â1,

1e76).

Acrylfc particles can be identified by more compìicated technÍques.

Acrylic can be dÍstinguished from polyethylene in frozen section by

observÍng the change in bírefríngence of the particles when they are

heated to their gìass transition temperatures and then cooled (Crugno'la

et ô1, L977l'. The acrylic can a'lso be identified by examínatíon by

electron microscope mícroanalysis techniques to detect the radio-opaque

markers, barÍum and zirconium, which are found in acrylic cement

(l{i I I ert et al , L97 4) .

Sudan-III staíning has been suggested as useful ín distinguishíng

various polymer partic'les Ín frozen sections but po'lyester, polyethylene

and PMltlA particles all shoved sudanophilia, and small partic'les of these

materíals in macrophages cannot be dÍstínguished from each other by this

staining technique (Lintner et al, 1982).

For the routíne mÍcroscopic assessment of tissues around prostheses, the

description of acrylic particles as acrylic voÍds or "pearls" seems

adequate (blillert et al, 1974; Mirra et al, L976; Vernon-Roberts and

Freeman, L977).

Aluminíum oxide ceramic particles appear as fine partially transparent

crystals up to three micrometer in díameter which are found within

macrophages or extracel'lular'ly. To distinguÍsh these particles from

other very small particles such as polyethylene may require

sophisticated techniques including a combínatÍon of scanning electron

microscopy with microprobe analysis and cathodlluminescence (Roschger et

ôl , 1980).
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1.4.2 Hear particles from articulating surfaces

Metal wear particles have been identified in the synovÍal fluid around

joint prostheses (Mears et ô1, 1978b) by ferrography (seifert and

Westcott, L9721, and it has been suggested the number and morphology of

metal and polymer wear particles correlates wíth the amount of wear of

prosthesís components and the synovial response to these particles

(Mears et al, 1978a).

l,Jinter (L974) related the macrophage infiltrate to the number of metal

particles Ín the tíssues around metal on netal prostheses and Vernon-

Roberts and Freeman Ã977) found cell necrosis was associated with large

numbers of metal and polyethyl ene parti cl es at the bone-cement

í nterface.

PMN and ìymphocytes are not cornmonly seen in these tissues in the

absence of infection, although Evans et al n974) suggested ìarge

numbers of lymphocytes may indícate metal hypersensitivity and silícon

elastomer fragments and partÍcles from toe Ímplants have been reported

to cause a lyrnphocytic ÍnfÍltrate (McCarthy et al, 1986). Mirra et al

( 1982) al so reported lymphocyte aggregates around total joi nt

arthroplasties ín patients with rheumatoid arthritís.

Probìems of severe wear have occurred when polymers were used in ear'ly

ioÍnt replacement prostheses. Newman and Scales (1951) reported severe

wear of polyethylene when used as a cup hemi-arthroplasty of the hip.

The tíssues around the prostheses consísted of highly vascular

granulation tíssue containing abundant MNGC, and extensÍve fibrosis was

seen in association wíth large amounts of polyethylene wear particles.

Similar tissue was found between the prosthesis components and bone.

Símilar appearances have been reported following wear of nylon hemi-
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arthroplasties of the Judet desÍgn (Heck and Chandìer, 1954) and nylon

cup hemi -arthropì asti es ( Scal es, 1958 ) . Newman and Scal es ( 1951 )

suggested the difference ín the cellular response to poìymer particles

was probably a reflection of the different size of the particles.

Charnley (Charnley et al, 1963) initia'lly used teflon as the acetabular

component of total ioint prostheses because of its lor'l coefficÍent of

friction and excellent biocompatibilíty in solid form. Unfortunately,

severe v{ear resulted in a macrophage and MNGC response to particles and

tÍ ssue necrosi s, and thi s r{as assocí ated with 1 ooseni ng of the

prostheses. Wear of polyester components of total joint arthroplasties

caused similar prob'lems (Heilmann et a'l , 1975; I,líllert and Semlitsch,

t977), as did wear of proplast and plastipore prostheses (Kerr, 1981).

High density po'lyethylene acetabular components of total híp prostheses

produce fewer y{ear particles and less tissue response than eíther

polyester (Heilmann et al, 1975), or teflon (Charnley, 1963), but when

large numbers of polyethylene wear particles are produced they provoke a

severe macrophage and MNGC response (Vernon-Roberts and Freeman, t977;

}{i I I ert and Seml Í tsch , L977 | .

A high rate of aseptíc loosening, in association with a prolific

macrophage and MNGC response and osteolysis, has been reported fo'llowing

severe wear of hemi and total hip arthroplastíes using high density

polyethy'lene as the femoral head component (Dahl and Mikhelson, I976;

tlroblewski, L979; Mossing and Erin-Madsen, 1980; Webb et ô1, 1980;

Austin and Stoney, 1982; Hybbinette, 1985). Brovn and RÍng (1985)

attributed severe bone resorptfon in the proxinal femur around porous

coated femoral stems to stress shielding. However, almost all these

components had polyethylene femoral heads which are knorn to wear

excessÍ vely.
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Revell et al (1978) reported severe wear of high density polyethylene

when used as the femoral component of híp resurfacings, the convex

component of a total ankle prosthesis, and the tibial component of total

knee prostheses. l,lear was attri buted to coìd f ì ovl of the polyethylene

and to cement particle interposition between the articulating surfaces.

Using semi-quantitative methods of assessment of the tissues around

fai l ed rctaì on po'lyethyl ene prostheses, Revel I et a'l (1978)

demonstrated a corre'lation between the amount of polyethylene debris,

and the macrophage and MNGC response and the degree of tissue necrosís.

There Ís a bimodal dÍstríbution of polyethylene wear párticles released

from ioint símulators (Rose et al, 1978). Particles are predominantly

either greater than one hundred nÍcrometers or less than ten micrometers

in diameter and the larger particles are associated with high wear rates

while the smaller particles are associated with lovl wear rates (Rose,

1979). The number of polyethylene particìes in tissues has been found

to correlate with the tíne to fai'lure of total hip arthroplasties (Mirra

et al , 1982).

A macrophage and MNGC response, and varying degrees of osteo'lysis, have

been reported in response to a number of polymers í nc1 udi ng:

polyethylene and cement partícles around hip arthroplasties (Be'|1 et al,

1983), carbon impregnated po'lyethylene particles around human knee

arthroplastÍes (Dannenmaíer et â1, 1985), and sílicon and teflon

partícles in the temporomandibular Joints of rabbits (Timmís et â1,

1986). There is dÍsagreement as to whether Ìúear of carbon reinforced

polyethylene prostheses provokes a more severe tissue response than

polyethylene (Groth and Shilling, 1983; Dannenmaier et al, 1985).

Evi dence that yúear partÍcl es from the artlculating surfaces of

prostheses can migrate significant distances Ís provlded by Pazzaglia
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and Byers (1984) who described a pathoìogical fracture through a large

osteoìytic lesion in the mid-shaft of the femur below a cemented total

hip prosthesís. It is unclear whether the prosthesis vúas loose. As

well as cement and metal particles, polyethylene particles were found in

the diaphysis of the femur, a ìong distance from the hip joint and well

below the distal típ of the femoral component.

An ínterestíng finding vrls the re'latively benign tissue appearance

reported by Jaffe et al (1985) around a prosthesis wÍth an acrylíc head

whÍch shovled little wear after thirty years service.

Wear of alumínium oxide ceramic on ceramic prostheses occurs to some

degree and cerami c partÍ cl es are seen around animal and human

prostheses. Harms and Mausle (1979) found particìes two to 0.1

micrometers in macrophages ín the tÍssue around these prostheses. These

particles have been seen as soon as six months after impìantatíon (Stock

et al, 1980) and provoke a predominantly macrophage infiltrate.

Heimke and Griss (1981) reported slight wear of ceramíc on ceramic

prostheses retrieved at revisíon, and severe wear was seen in a small

number of prostheses whích had been incorrectly inserted, resultíng in

subluxatÍon and abnormally severe wear. Aluminium oxide particles two

micrometers or less in diameter, but occasiona'lly up to twenty

micrometers, urere a regular fÍnding around failed ceramÍc prostheses

(Grlss and Heímke, 1981).

Thus ceramic particles in large amounts may provoke a nacrophage

Ínfíltrate in the perlprosthetic tissues and therefore a knowledge of

the relative toxicity of ceramic wear particles cornpared to other

materials ls important.
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1.4.3 Abrasion particles from the bone-prosthesis interface

Acrylic particles are a common finding in the synovium and at the bone-

cement interface around loose cerBnted prostheses (Vernon-Roberts and

Freeman, 1976; l,lillert and Semlitsch, L977; Green and Anderson, 1980).

At the site of bone resorptÍon at the bone-cement interface around three

fractured femoral stems Charnley (1975) found a MNGC and macrophage

response to loose particles of acrylic cement. Highly birefringent

particles, which were probably polyethylene, were also present but were

not thought to be significant.

Charosky et al (1973) examÍned the tissues around infected and non-

infected total joint replacements and concluded that acrylic particles

were not a maior cause of an adverse tissue response. Acrylic particles

were described as highly birefingement and no mention u.las made of the

possíbility that the acrylic particles had disso'lved duríng tissue

processing and that the birefringent particles were polyethylene.

Mirra et al (1976) used a semi-quantitatíve histotogical nnthod to

assess the tÍssue response around failed prostheses and found the number

of acrylic particles correlated with the stage of loosening.

Polyethylene in'large amounts were found to provoke a severe macrophage

and MNGC response, and metal particles were seen in smal'l anounts around

metal on polyethylene prostheses and in larger numbers around nretal on

metal prostheses. In a larger study the numbers of both polyethylene

and cement particles correlated with looseníng (Mirra et al, 1982).

HarrÍs et al (1976) descrÍbed the radiologícal appearance of extensive

bone resorptfon around stable cemented femoral components with no

evidence of infection. The membrane around the cement revealed sheets

of nacrophages, some MNGC, and multiple fragments of bi refringent
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material which were interpreted as cement particles. The authors

commented that these particles r{ere not díssolved in acetone and it
therefore seems likely many of these particles were not acrylic but were

polyethyl ene.

Massi ve osteolysi s around cemented meta'l on metal and metal on

polyethylene prostheses in assocÍation with a macrophage and MNGC

response has been attributed to cement partic'les by Scott et al (1985).

All small defects in the tÍssues were thought to be cement particles but

no mention y{as made of the birefríngence of particles seen Ín the

tissues. The conc'lusions that cement particles were the cause for the

tíssue response, and that polyethylene could not be implicated, do not

seem justífied by the histopatho'logical findÍngs.

A papillary synovial like layer of connective tÍssue has been described

around loose cemented prostheses by Goldring et al (1983), and cement

partÍcles in assocÍatÍon with MNGC were seen in thÍs tÍssue.

Extensive localized bone resorption adiacent to four rígidly fíxed non-

infected cemented conponents of metal on polyethylene total hlp

replacements vúas reported by Jasty et al (1986a). The tissue at the

sites of bone resorption consisted of sheets of macrophages and MNGC

containing abundant cement particles but no polyethylene particles were

described. The authors supported the hypothesis originally suggested by

l.lillert and Semlitsch (1976) that the cement particles accumu'late at the

interface, either due to incomplete polymerization of acrylic on the

surface of the cement, or due to abrasíon of particles due to

mfcromotíon at the interface.

Metal particles may be produced by abrasion of cementless prostheses on

bone. The bone-lmplant interface around smooth cobalt-chrome cementless
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femoral components consists predominant'ly of mature connective tissue.

A few macrophages are seen in the presence of smaìl numbers of metal

particles (Kozinn et ôì, 1986). There is some evídence that porous

coated metal implants may produce 'large numbers of abrasion particles.

Large numbers of metal abrasion particles have recently been reported at

the bone-ímplant interface of loose porous cementless femoral stems and

these particles v{ere assocÍated with a severe macrophage infiltrate
(Buchert et al, 1986).

Remagen and Morscher ( 1984) reported the fi ndi ng of polyethyl ene

particles at the Ínterface between bone and soìÍdly fíxed cementless

polyethylene acetabular prostheses, suggesting abrasion of cementless

polyethylene components may contribute to wear partÍcle accumulation at

the Ínterface prior to obvious loosening. However, it was not possible

to exclude mÍgratíon of wear partícles from the articulating surfaces of

the prostheses.

Clearly abrasion particles accumulate Ín the periprosthetic tíssues

around loose prostheses and these particles may contribute to the

adverse appearances seen at the bone-implant interface. There ís also

evÍdence that abrasion partic'les may be produced at the bone-ímplant

interface príor to macroscopic evidence of loosenÍng.
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1.5 OTHER FACTORS DETERMINING THE APPEARANCE OF THE PERIPROSTHETIC

TISSUES AND THE STABILITY OF THE BONE-IMPLANT INTERFACE

A number of factors other than the presence of wear particles will

determine the appearance of the períprosthetic tissues and the type of

bone-implant ínterface which develops following insertion of an implant,

and these must be considered when interpreting the appearances of the

tissues around stable and loose prostheses. These factors include: the

technique of preparation of the bone, the technique of insertion of the

implant, the biocompatÍbitity of the implant nateríal in soìid form, the

implant design, the amount, sÍte, direction and timing of loadÍng of the

implant, and the possibility of infectÍon.

1.5.1 Bone preparation and ínsertÍon techniques

The degree of trauma to bone due to cutting and reaming wi'll influence

the amount of bone necrosis and repair. Bone necrosis can be minimized

by sufficiently delicate technÍques (Linder and Lundskog, 1975), but

these techniques are not always attainable when performing Joint

replacement surgery. Reaming of bone causes interruption of the

endostea'l blood supply (Rhinelander et al, 1979) and is a major cause

of the bone necrosÍs seen around recently implanted prostheses. The

degree of impaírment of blood supply due to reaming, and the presence of

acrylic cement will therefore determine the appearances at the bone-

implant interface for up to two years following insertÍon of a cemented

implant (Sorensen et al, 1979).

During Ínsertfon of an implant the accuracy of fit of the prostheses in

bone may influence the thickness of the fíbrous tissue layer between

bone and inplant. Acrylic cement shou'ld ideally fill any gap between

bone and cement, but any gaps between bone and an uncemented prosthesis
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rnust initially be filled by granulation tíssue and then by new bone.

Lack of close fÍt between porous cementless Ímplants has been shown to

delay bone ingrowth (Harris and Jasty, 1985).

Ling (1979) has suggested improved Ínterlock between bone and cement can

be achÍeved by metículous cleanÍng of debris from the bone, the use of

low viscosity cement, and pressurization of cement into the bone. l'lhile

these techniques may not ínf'luence the development of a thin fibrous

membrane between bone and cement, they wi'l'l fill ìarge gaps and improve

fÍxation, so decreasíng mÍcromovement between cement and bone. Micro-

movement may cause micro-fractures of dead bone, which has been

implicated in the development of a thick fibrous membrane between bone

and cement (Vernon-Roberts and Freeman, t9771. Prevention of

mícromovement may also prevent repeated trauma to an established

membrane at the bone-cement interface, a suggested cause of progressive

resorption of bone (t,lillert and Semlítsch, 1976). Micromovement will

cause the same problems around cementless components.

In suûmary, accurate preparation of the bone bed, minimal trauma,

accurate fit of cementless components, adequate c'leaning of debris, and

advances in cementing techniques can be expected to decrease the degree

of bone necrosis and improve early stability at the bone-cement and

cementless bone-prosthesis interface, so preventíng development of a

thíck fibrous membrane.

t.5.2 The effect of inplant materials

The likely effects on tissues of different materials has been assessed

by exami nati on of the effects on ti ssues of di fferent materi al s

lmplanted in soft tissues, and inplanted in bone in unìoaded and loaded

sl tuati ons.
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1.5.2.1 Metals and corrosion

The cormonly used metals ín prosthesis manufacture are cobalt-chrome

a'lloys, stainless steel, and titanium alloys. These metals have been

devel oped because they I argely ful fi I I the mechani cal and

biocompatibility requirements of joint replacement prostheses.

Release of neta'l ions will occur to some degree despite passivation of

the surface of the implant and careful control of surface finísh. The

effect of these metal íons on the tissues will be determined by the

amount of corrosíon of a netal and the reìative toxicity of the

particular metal ions.

Corrosion of staín'less steel Ínternal fixation plates increases with

time but, interestingly, the tissue response decreases with time

(Harding et â1, 1986). t,tilliams (1971) conctuded that cobalt-chrome

alloys were more resistant to corrosion than stain'less steel, and in

vitro studies demonstrate titanium is more resÍstant to corrosÍon than

cobalt-chrome al I oy. Titanium ions are corroded from implants Ín

animals wÍthout visible corrosíon of the implant (Ferguson et al, 19621,

and Meachim and l.Ii'lliams (1973) found titanium ions in tíssues around

human implants, but no untoward tissue response compared to the response

to cobalt-chrome alloy and stainìess steel.

Ferguson et al (1960) reported that ions of the constituent elenrents of

metal implants can be detected in m¿scle adjacent to implants and that

this is true even if there ís no macroscopic evidence of corrosion of

the implant. Laing et al (1967) studÍed the tíssue response in rabbits

to intramuscular inplantation of metal discs of pure metals and rnetal

alloys commonly used in prosthesis manufacture. The cellular response

and thickness of the surrounding membrane was compared with the
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concentration of metal ions in the tissues. Many pure metals used as

constituents in prosthesis manufacture induced a severe response, but

the cormonìy used implant materials such as 3161 stainless steel,

cobal t-chrome-molybdenum and cobal t-chrome-ní ckel al'l oys, and the

titanium alloys caused only a mild response. Stainless stee'l and

cobal t-chrome al I oys produced a ti ssue response whÍ ch usua'l 'ly was

proportional to the amount of metal released, but similar amounts of

titanÍum ions as cobalt and chromíum Íons appeared to cause less tissue

damage.

After release of metal íons from implants, the ions are then transported

from the local site. It seems there is preferential cìearance of

different ions from the sÍte of the imp'lant to other organs. Coba'lt may

be more rapid'ly corroded from cobalt-chrome alloys and more rapidly

cleared from the tíssues than chromíum (Ferguson et al , 1962; Laing et

al, 1967; Vernon-Roberts, 1978).

In the tíssues in the viciníty of cemented metal hip prostheses the high

levels of constituent metal ions correlates with the degree of corrosion

of the constituent metals; nickel beÍng the highest, then cobalt, iron,

molybdenum and chromí um (Mi chel et al , 1984 ) . The 'leve'l of corrosi on

products in the tissues will be determíned by the corrosion process and

the biochemical properties of metal alloys. Clearance of the metal ions

from these tissues may further alter the concentration of metal ions in

the tissues and may explain reports of very high chromium levels around

loose prostheses (Dielert et al, 1983).

Metal ions from titaniun a'lloy animal implants were found ln the serun

and urine and most organs in variabìe proportions by Woodman et al

(1984), but these ions were not found up to one year foltowing insertion
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of loaded porous coated mechanicaìly stable titanium aìloy

hemiarthroplasties in animals (t'latson et al, 1986).

Couple corrosion due to the use of imp'lants of different metals results

in accelerated corrosion of some metals. Stainless stee'l is vulnerable

to couple corrosion, cobalt-chrome a'lloys are resistant, and tÍtanium

al'loys show some accelerated corrosion (Rostoker et â1, 1974). The

tissue response around cobalt-chrome alloys has been reported to be

minima'l compared to a thicker and slightìy more cellular response to

titanium Ín coupìe corrosÍon studies (Rostoker et al, 1978a).

There has been concern that the Íntroduction of porous metal implants

might cause an increased tissue response due to the increased surface

avai I abl e to corrosi on and the possí bi 1 i ty of promoti ng crevi ce

corrosíon. These potential problems appear to have been overcorrn by

scintering wire or balls onto the prosthesis surface, a process whÍch

produces a protective oxidation layer over the whole surface of the

prosthesis. Bun(y et al (1986) demonstrated that the corrosion of porous

coated titanium alloy may increase if the al'loy is stressed compared to

the unstressed state. The release of metal ions from unstressed

titanium porous coated alloy and stressed and unstressed porous cobalt-

chrome alloys was proportional to the increased surface area of these

porous impìants compared to smooth implants of the sa¡ne materÍal.

Implantation in soft tissues of cobalt-chrome alloy prostheses wÍth a

scintered surface caused no íncrease Ín tissue reactivity (Cameron and

Pilliar, 1974).

It seems that in the unloaded sÍtuation corrosion from cobalt-chrome

alloy prostheses with eÍther a smooth or a porous surface wilt not

prevent bone from growíng up to the prosthesis or possibly into the

pores. But bone is usually separated from the prosthesis by a very thin
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connective tissue layer, which may be due to the toxic effects on bone

due to the release of small amounts of metal ions from the implant. A

difference Ín the interface between bone and between 316L stalnless

steel or pure titaníum coated implants has been reported by Albrektsson

and Hanssen (1986). The ínterface between stainless steel and bone was

one to two celì layers thick. The interface between titanium and bone

had no cells and consisted of a proteoglycan'layer one to two hundred

angstrom thick. SÍmilar findings at the bone-titanium interface have

been reported by others (Linder et al, 1983).

The probìem of corrosion can be expected to increase if the surface area

of metal exposed to the tissue is increased, as wouìd occur with the

release of meta'l wear particles. These partic'les are known to dÍssolve

in serum (Swanson et aI,1973), and there Ís evidence that high levels

of metal ions are found around prostheses ín whÍch metal articulates

directly with metal, resulting in the production of large numbers of

metal wear particles. Elevated cobalt and chromium 'levels are found in

the blood of patients with all nBtal prostheses (Coìeman et al,1973),

and in the hair of patients with all metal prostheses compared to

patients wÍth metal on polyethylene prostheses (0wen et ô1, 1976).

Elevated serum chromium levels have been reported fo'llowing cemented

cobalt-chrome on polyethylene prostheses (Bartolozzi and Black, 1985),

but nickel levels were not elevated íf staínless steel on polyethylene

cemented implants remaíned stable (Linden et al, 1985). Elevated levels

of cobalt, chromium and nickel are found in the synovial fluid from

patíents wÍth total knee prostheses, and in particular metal hinged

prostheses (Crachiolo and Revell, 1982).

The origin of netal particles and granules seen around prostheses has

been extensively investigated by hlinter (L974, 1976) and by Vernon-
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Roberts and Freeman (1976), and both have concluded that the metal ions

present are due to a combination of wear and corrosion products around

both stainless steel and cobalt-chrome prostheses. These studies

suggest that elevated levels of the constituent ions are often seen

where there are large numbers of wear partÍcles in the tissues, either

due to wear at the articulating surfaces of prostheses or abrasion of

particles at the prosthesís-cement or bone-prosthesÍs ínterfaces duríng

'l ooseni ng.

L.5.2.2 Sensítivíty to netals and other materials

A delayed hypersensitívity reaction to metal ions released from joint

repìacement prostheses has been implícated as a cause of prosthesis

loosening (Evans et al, 1974; Vernon-Roberts, 1978). It was suggested

by Evans et al (1974) that the hyp.rr.nritÍvity to metals, seen in

patíents with loose prostheses, causes a severe inflammatory response in

the peri prostheti c ti ssues. Thi s response uras characterÍ zed by

lymphocytic invasion, vascular occlusion, tissue necrosís and subsequent

prosthesis loosening. The hypersensitivity was not conrnon in patients

wíth stable prostheses.

Brown et al Ã977) reported no evidence of metal sensitivíty in twenty

patÍents who had fai led cobal t-chrome metal on metal prostheses.

Neither fibrinoíd necrosis nor vascular occlusion were seen Ín the

tissues around these prostheses, and the tissue necrosis and lymphocytic

Ínfiltrate were felt to be consistent with a foreign body response to

wear particles and not necessarily due to hypersensÍtivity.

0thers (Elves et ô1, 1975; Elves, L977a; Deutman et ôì, L977;

l,laterman and Schrik, 1985) have found skin sensítivity develops in some

patfents fol lowing metal on metal and metal on polyethylene
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arthroplastÌes, but no definite relationship between hypersensitivíty

and prosthesís loosening has been established. Metal sensitivity has

been found not to alter following metal on polyethylene prostheses whích

remain solidly fixed (Rooker and t.lilkinson, 1980; Benson et al, 1975).

Histological sections of the tíssues around failed metal on metal

prostheses often show evidence of necrosís of soft tissue and bone, a

macrophage infiltrate, and lesser numbers of lymphocytes and plasma

cel I s. Thi s chroni c i nfì ammatory response i s commonìy seen around

failed meta'l on metal prostheses and should not be confused wíth a cell-

mediated delayed hypersensitivíty response of the type suggested by

Evans et al (1974).

The lymphocyte transformatíon test (El ves , tg77bl, and 'leucocyte

migration inhibítion test (Merritt et al, 1980) detect a hÍgh incidence

of nickel sensitivity followÍng total híp arthroplasty, but no atternpt

has been made to correlate these tests with prosthesis looseníng.

From these studíes it seems metal sensitivity may occur following

impìantation of netal prostheses and may be more comnon folloving

release of large amounts of metal ions due to wear of neta'l on metal

prostheses. A hypersensitivity reactíon to these metal ions has been

suggested as a cause of prosthesis loosening but there is dÍsagreenent

as to i nci dence of sensiti vi ty and Íts importance i n prosthesÍ s

loosening. Lewin et al (L982) found no compromise in the fíxation of

stainless steel and cobalt-chrome netal screv{s in guinea pÍgs prevÍously

sensitized to nickel and cobalt and no adverse histological appearance

at sÍx weeks following implantation.

If metal wear particles are not produced in large amounts, as would be

expected when netal on polyethylene prosthesÍs are used and the
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prostheses do not produce metal abrasion particìes, then meta'l

sensitivity is unlikely to be a major probìem. As hypersensitivity to

polyethylene has not been reported and on'ly a few cases of sensitivity

to acryìÍc have been reported (Pegum and Medhurst, L97L; Waterman and

Schrik 1985), problems of hypersensitívÍty may not be a problem with the

current designs of cemented prostheses. However, recent evidence that

looseníng of current desÍgns of porous coated metal Ímp'lants resuìts in

the accumulation of large numbers of metal particles at the bone-ímpìant

Ínterface (Buchert et ô1, 1986) suggests the possible role of

hypersensitivity in exacerbatíng loosening may need to be re-examined.

1.5.2.3 Acrylic polymers

Earìy animal studies suggested acrylic cement was relatively well

tolerated in bone (Henrichsen et al, 1952). Briggs et al (1979) found

unloaded acrylic cement implants in bone provoke a 0.1 to 0.5 mi'llimetre

ínvesting layer of fibrous tissue. After eight years there was no

evidence of breakdown of acrylic and no significant histological

evidence of chronic inflammation. 0n the other hand, vitallium implants

did not demonstrate thís investíng fibrous layer.

Initially, Charn'ley (1970), who was largely responsible for introducíng

the use of acrylic cement into orthopaedíc surgery, concluded that the

cl í ni cal success of cement and the hi stopathol ogy fi ndi ngs of a

re1 ati vely beni gn bone-cenent i nterface negated previ ous concerns

regardíng the use of cement Ín humans. Ten years later Charnley (1979)

felt that the presence of macrophages at the bone-cement interface may

represent an untoward tÍssue response which could not be ignored.
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There are two major criticisms of the use of a self curing acrylic

cement as an endoprostheses material. These are the heat liberated

during polymerÍzation, and the possible toxíc effects of released

m0nomer.

The effect of heat of polymerízation of acryìic cement on the impìant

bed remains controversial. Initially there was reluctance to recommend

the use of acryì ic cement because of worrÍes that the heat of

polymerízatÍon may have adverse effects on surrounding tíssues (l.'liltse

and Hall, 1957; Homsy et al,1972), but Lundskog n9721, in a study of

the threshold temperature for thermal damage, could find no evidence of

significant necrosis of bone due to heat of polymerization. Berman et

al (1984) felt that temperature may be an important cause of tissue

necrosis if a thick cement bolus was used, resulting in temperatures

above seventy degrees centigrade. From direct measurement at the bone-

cement interface durÍng total hip replacement, it seems heat has little
effect, as heat is dissipated from the bone-cement interface by the

I ocal ci rcul ati on (Jefferi es et al , L975; Reckl i ng and DÍ I I on , 19771 .

Monomer toxicíty has been suggested as a cause of an adverse tissue

response to cement but no monomer, or very low levels of monomer, have

been found in the cancellous bone adiacent to cemented ímplants in

animals immediately, and some months after insertion (Petty,1980;

Radin et ô.|,1980). The very lov levels detected are far belov the

toxÍcíty level of monomer as assessed by ín vitro toxicity studies. But

it Ís possible that monomer levels very close to the cement may be

higher than the levels obtaÍned from the large biopsies of bone in these

studi es.

Studies of possible tissue toxicity due to PMlrtA monomer, by Ímplantation

of both pre-polymerized cement and polymerizÍng dough, demonstrate that
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does not

surgí calbone any more than the effects of

The possibiìity that continued presence of PMMA monomer may have a

detrimental effect on tissues was studÍed by Garcia et al (1981) using

bone forming matrix cylinders of demineralized bone. PMMA was found to

inhibit bone formation by thirty-eight percent compared to twelve

percent inhibition by vitallíum, and neither material caused accelerated

resorption. When varying monomer content of the acrylic was used a dose

response relationship vúas seen whích suggested the bone inhibition was

due to resi dual monomer. l,lhether thi s ef fect si gni f i cantty i nf I uences

the short term and'long term stabi'lity at the bone-cement interface ís

unknown.

Freeman et al (1982) noted the universal findÍng of a radíographic

lucent line at the bone-cement interface but not at the interface

between bone and cobalt-chrome alloy screv,rs of total knee prostheses.

As there ¡{as no differential movement between the cement and the screw

ít was concluded that the cause for the development of the connective

tissue layer responsible for the lucent 1Íne was not mechanical, but

represented an adverse tíssue response at the interface, possibly due to

the PMltlA The membrane at the bone'cement interface was examíned Ín

one patÍent. Macrophages, MNGC, and polyethyìene and acry'lic debrís

were seen at the bone-cement interface, but not at the bone-metal

interface. It was concluded that the presence of macrophages may be due

to the PMMA, but the posslbility of production of acrylic abrasion

particles at this interface due to mÍcromotíon was not discussed, nor

was the possíble effect of polyethylene particles considered.
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Linder and Hansson (1983) studied the bone-cement interface by'light and

el ectron mÍ croscopy i n three specÍmens of i sol ated areas of

macroscopicaìly solÍd contact between cement and bone around total hip

prostheses. Light nicroscopy identified areas of close contact between

bone and cement and areas where cement was separated from bone by either

a thÍn connective tissue layer of, more commonìy, by areas of soft

ti ssue contai ni ng fi brobl asts, macrophages and MNGC resembl i ng

osteoclasts. Electron microscopy of the areas of close contact between

cement and bone identified a layer of uncalcified proteoglycan varyíng

in thÍckness from 0.3 to seven micrometers, but typically one to three

micronBters, which separated the cement from the cotlagen and calcíum of

bone.

Another problem wÍth acrylic cenent is shrinkage of the cement after

polymerization. Shrinkage is usually in the order of one to two percent

of the size of the cement but may be as hÍgh as five percent in some

studies (Haas et al, 1975). Shrinkage is of some importance as the gap

created m¡st be replaced by bone to achieve optímal fÍxatíon.

t.5.2.4 Non-Acrylíc polynre,rs

The types of tissue response to solid polymers commonly used up to

twenty years ago has been extensively investÍgated and the results were

summarized by Calnan (1963). The tíssue response to solid b'locks of

polymer is predominantly a mononuclear cell response, followed by

fíbrosis. At three months a fibrous envelope surrounds the ímplant.

Different polymers incite different degrees of inflammatory response.

Thus teflon and polyethylene (8in9,1955) cause less inflammatory cetl

infiltrate and a thinner fibrous tissue capsule than nylon.
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Further studies of high density polyethylene and, in particular UHMl^lP

used ín tota] joint replacement, have shown that the material in solid

form Ís weìl tolerated in the paravertebral nuscles of rabbits (Escalas

et al, 1976). It is important that these findíngs are not extrapolated

to the material in any form other than solid poìyethylene, as it has

been well shown in tests of the biocompatibility and carcínogenesis of

poìymers that the response to an ímp'lant material is great'ly determÍned

by the size and shape of the material (Bischoff and Bryson,1964). This

difference Ín response has also been shown with UHMWP (Escalas et al,

1e76 ).

Bone ingrowth into the pores of teflon (Howe et â1, 1974\ and high

density polyethylene (Spector et ô1,1976) has been shown to provÍde

useful anchorage of the femoral components of prostheses Ín dogs (Sauer

et â1, 19761. Blaha et al (1982) have demonstrated bone ingrowth

between flanges on the pegs of the tibíal components of human total knee

replacements. This has allowed successful anchorage of the prostheses

without cement. HistopathologÍca'l examÍnation of the bone-prosthesis

i nterface thÍrty-sÍx months after implantatíon demonstrates a thin

fibrous membrane between the po'lyethylene and bone but no evÍdence of a

macrophage or MNGC infiltrate, thus confirmÍng the bÍocompatibility of

solid polyethylene in humans.

1.5.2.5 AlumínÍum oxide ceramic

Early studies by Griss et al (1973) and Harms and Mausle (1979) suggest

aluminíum oxide ceramic in solid form is very biocompatible and, when

impìanted in bone, produces less fibrous tissue response and quicker

incorporation in bone than stainless steel (Heíntce et al, 1979).
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Richardson et al (1975) implanted discs of alumina ceramic, cobalt-

chrome al I oy and ul tra hi gh mol ecul ar wei ght polyethyl ene

intramuscularìy, and found simílar biocompatibility on hÍstopathologícaì

grounds. Fibrous adhesion to polyethylene and cobal t-chrome was

superior than adhesÍon to ceramic, as iudged by scanníng electron

microscope examination, but whether this inpìies superior

biocompatibility of one or other of the materials is unknown.

Griss et al (1975) found a fibrous membrane always present between

aluminium oxide ceramic and bone in loaded sheep Ímplants. This may be

due to differences in modulus of e'lasticity between ceramÍc and bone and

possibly due to micromovement at the interface. Aluminium oxide ceramic

allows early growth of bone up to a prosthesis (Griss et al, 1976), and

bone deposition immediately adiacent to ceramic human dental implants

has been reported (Busing et â1 , 1983). I,lhether ceramic offers

advantages over cobalt-chrome alloys or títanium alloys is unknown.

1.5.3 The effect of weight bearing and implant design on the tissues at

the bone-lnplant interface

l,,lhether slight differences in the biocompatibility of the cormonly used

prosthesis materials Ín solid form is important must be iudged in the

light of studíes of the tissue response to these materials when the

interface between the material and bone is loaded. Miller et al (1979)

reviewed their experience with loaded and unloaded implants in the fen¡r

and tibia of animals and concluded that there was no difference in the

tendency to form a connectÍve tissue layer at the bone-implant interface

around staÍnless steel, carbon, acrylic cenent and polyethylene. The

use of various shapes such as ridges and threads did not avert the

development of this layer. The layer was thícker around weíght bearing

implants and appeared t,o increase with the duration of ímplantation. If
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ínterlock with bone at intervals of five hundred micrometers was

achieved, then the connective tissue layer remaíned very thÍn.

Early loading of a prostheses inserted in bone is likely to contribute

to deve'lopment of a fibrous tissue layer if micromovement occurs. Some

micromovement will occur even íf rigíd Ínterlock is inítially achieved

as any difference in the modulus of elasticity of the prosthesÍs

material and bone will cause ínterface movement. Therefore, cyclÍcal

loadÍng will result in differentia'l movement at the interface. At the

site of the femoral stem of a prosthesis this is likely to be ten

micrometers (Swanson, 19771. Early cyclical loading and micromovement

have been shown to ínhibit osteogenesis (Schatzker et al, 1975) and to

prevent bone ingrowth ínto prosthesís with porous surfaces (Ducheyne et

ô1, 19771. If interlock is not achieved at the time of implantation,

the effects of cyclical loading will be even nore severe and a thick

fibrous envelope will develop (Míller et ô1, 1979). Movement causes

recurrent trauma to granulation tÍssue at the interface and prevents

capi'llary ingrowth which is necessary for bone deposÍtion, resultíng in

a fíbrous tissue layer (Cameron et al, 1973).

I'lhite a soft tissue layer at the bone-implant interface may be useful,

as it acts to dampen the effects of micromovement due to unequal moduli

of elastícity at the interface, if the movement exceeds the plasticity

of the membrane further tissue damage and further fíbrous scarring will

occur (l.lillert and SemlÍtsch, 1976). This sets the scene for

progressíve I oosening.

The design characteristics of the surface of an implant adjacent to bone

will also influence the appearance of the periprosthetic tíssues. To

achíeve and maintain fÍxation between a prosthesis and bone the shear

forces created by transfer of stress from the prosthesÍs to the bone
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must be overcome by adequate interlock (Swanson, L9771. Interlock may

be macro-í nterl ock achieved by usÍ ng grooves, recesses or cement

irregularities some mÍllimetres in sÍze, or mícro-Ínterlock, where the

irreguìarities are measured in micrometers. Micro-interlock can be

achieved by porous or scintered impìants or by achieving very fine

interdigítation of cement between bone trabeculae. The use of porous or

scintered implants relies on bone ingrowth to achieve the initia'l micro-

interlock while Ínterlock can be achieved immedÍately usÍng cement.

Both methods achieve superior fixation than smooth prosthesis.

The optima'l pore size to encourage bone ingrowth and so achieve mícro-

interlock will probably vary according to the síte of insertÍon,

prosthesÍs design, type of material and tíming and degree of loading.

Therefore, these factors will affect the type of tissue seen immediately

adjacent to the implant. A pore síze of two hundred to fíve hundred

micrometers appears to be ideal for bone ingrowth in humans (Vernon-

Roberts and Freeman,19771 and this is also true in both unloaded

(t.leinstein et al, 1979) and loaded (Harris and Jasty, 1985) experiments

in aninals. Bone ingrowth occurs within weeks in unloaded (Galante et

ô1, 1971), and rigidly fixed loaded impìants (HarrÍs and Jasty, 1985),

and unloaded porous implants become more solidly fixed in cortical than

cancellous bone (túeinstein et ô1, 1979). Bone ingrowth into loaded

porous implants increases with time and by twenty-six weeks ín animals

is well established, with no fibrous tissue between titaníum fibre mesh

and bone (Ronníngen et al, 1980).

The tissue seen at the interface around porous implants varies from one

site to another. The extent of bone ingrowth may involve only a very

small amount of the porous layer and the extent varies at different

sites on a prosthesis (Jasty et aI,1986b), and between dÍfferent types
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of porous coatings (Sumner et al, 1986), and appears to íncrease wÍth

load bearing (Barth et aì, 1986).

While excessive load leading to micromovement is undesirable, it appears

some load is necessary to encourage bone-ingrowth. Ronningen et al

(1980) have achieved soìid fixation and bone Íngrowth into cementless

scíntered titanium femoral components of total hip arthrop'lasties in

dogs when the arthroplasties u,ere loaded to fuìl weight bearing wíthín a

week of implantation. Inferior bone Íngrowth and remodelling, and

increased thickness of a fibrous tÍssue layer at the bone-porous

titaníum ínterface, was reported by Kin et a'l (1986) in unloaded

acetabu'lar components of fÍbermesh tÍtanium implants in dogs compared to

loaded impìants in the opposite hip, at approxímately two months

f o'l I owi ng i mpl antati on.

The modu'lus of elastícity of the implant materíal and surface coatings

of the material may also influence the appearances at the bone-ínplant

interface. In studies of dental ínp'lants Ín baboons, Cook et al (1983)

demonstrated that bí ocompatí bi I i ty Í s not the only determÍ nant of

implant success. A material of low modulus of eìastícity caused less

fibrous tissue at the Ínterface than the same material with a hígh

modulus. To optimise fixation attempts have been made to enhance bone

formation to fill gaps between implants and bone wíth hydroryapatite,

with some success (Liebrecht et ô1, 1986). However, Russotti et al

(1986) reported dense partÍculate hydroxyapatíte/trícalcium phosphate

crystals did not increase the rate of bone formation compared to

unfilled voids around porous femora'l components, despíte reports that

hydroryapatite on the surface of some porous lmplants may enhance bone

lngrovth (Ducheyne et al, 1986).
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In surmary, the appearances at the bone-implant lnterface are related to

a number of mechanical and design factors. These wí.l1 determine the

amount of bone formation at the interface during the repair and

remodelling stages of stabiìization of an interface. If a thíck layer

of fÍbrous tissue forms during these stages, then the scene is set for

progressíve looseníng. These factors need to be considered when

assessÍng the tissue response to an implant.

1.5.4 The effect of infection on the periprosthetic tissues

During the early development of total ioínt prostheses infection rates

of nine percent (Charnley and Eftekhar, 1969) and eleven percent (Wi'lson

et ô1, 1973) followÍng varÍous forms of hip arthroplasty, and seven

percent following hinged total knee arthroplasty (Deburge, 1976), were

reported. The use of Ímproved operatÍve techniques, clean air theatres,

personal isolators, prophy'lactíc antÍbiotics, and antibíotic cement have

decreased the infection rate to two percent or less (Petty et al, 1975;

Fitzgerald et al, L977; Andrews et al, 1981; Hill et al, 1981; Poss

et al, 1984; Grogan et al, 1986).

Infection may be divÍded into superficial and deep to the deep fascla,

and i nto eí ther acute, del ayed or haematogenous (l,f i I son et ôl , 1973;

Coventry, 1975). Infection is most common'ly due to Staphylococcus

aureus, Staphylococcus epidermidis, Streptococci, gram negative bacilli,

and anaerobes (Charn'ley and Eftekhar, 1969; Karme et ô.|, 1974;

Fitzgerald et al, t977; Bourgault et al, 1980).

Although infection foìloring total Joint arthroplasty remaÍns a maior

problem, its importance as a cause of loosenÍng may have been over-

estlmated in the past. Fitzgeral d and Kel ly (1979) reviewed the

bio'logical causes of joint arthroplasty failure and concluded infection
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was the major problem. Scant attention vúas gíven to the possibi'líty

that wear particles of metal, poìyethylene and cement might contribute

to a chronic inflammatory response in the perÍprosthetíc tíssues. The

ti ssue response to wear parti cl es was dí smÍ ssed as reì ati ve'ly

unimportant in the new era of total híp prostheses in whÍch metal

articulates with poìyethylene. Previously reported infectÍon rates

y{ere discussed in some detail, but the authors did not address the

problem that, Ín most studies till that time, the criteria used to

diagnose infection were either omitted from reports or, when reported,

the crÍteria could be considered questíonable.

Diagnosis of acute infection is not difficult. Diagnosis of chronic

low-grade infectíon, and distínguishíng infection from contamination,

may be extremely difficult. Many arthroplasty infections are due to

bacteria which have relatively low pathogenicity, are coÍmon skin, oral,

nasopharyngeal, gastro-intestinal and vagÍnal flora, and require culture

techniques whÍch must include proper transport of specimens and

anaerobic cul ture.

Given operatíve contamination rates as high as thirty percent (Díllon et

ô1, 1969; Fitzgerald et al, 1973; Murray, 1973; Kamme and Lindberg,

1981) and laboratory contamínation rates above five percent (Murray,

1973), it seems that prolonged highly sensitive culture techniques and

frequent sub-cultures, as recormended by Buckholtz et al (1979, 1981)

run consi derabl e ri sk of over-df agnosÍ ng Í nfecti on in fai led

arthropl asti es.

Kanne and Lindberg (1981) investigated the clinical signíficance of a

positive culture of bacterÍa at the time of surgery by takÍng five

biopsies for culture from the areas adiacent to cement or prosthesis at
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the time of revísion arthroplasty, and from control hips undergoing

initial arthroplasty.

A positive culture was obtained in a third of the contro'l hips but there

were never more than two positive cultures ín the five biopsíes, and

this r{as considered as evidence of contamination. The majority of

bacteri a í soì ated were PropÍ onebacteri um acnes. Occasi onal ly,

Staphylococcus epidermidis, Streptococci and Staphy'lococcus aureus Ì{ere

also isolated. In the revised hips the five biopsies often gave a

positÍve culture. Staphylococcus aureus, Streptococcus pneumoniae and

Enterobacteríae were corrmon in the early and haemato$enous infectíons

and Staphylococcus epidermÍdis, Peptococci, PropionebacterÍum acnes and

Fusobacteriae were common in the delayed infections. It was suggested

that mu'ltiple biopsies were the best method of detecting infectíon and

it was concluded that growth in one or two biopsy samp'les indicated

contamínation, while grorth ín four or five Índícated ínfectÍon.

Histopathology examinatíon of the tissues also is useful in detecting

infection. Mirra et al (1976, t982) found more than five PMN per high

power field was evidence for infection. Large numbers of lymphocytes

were thought to be suggestive of infectÍon.

Clearly, infection is an important cause of an acute and chronic

i nfl anmatory response Í n the periprosthetic ti ssues and a strÍ ct

protocol for collection of specimens and culture is required to exclude

its presence. Conclusions as to the possible effects of wear particles

must be made only after chronic low-grade infection has been excluded.
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1.6. CAUSES OF }IEAR OF THE ARTICULATING SURFACES OF JOINT PROSTHESES

Wear of joint prostheses may be due to either adhesive, abrasive,

corrosive or fatigue types of wear. Adhesive wear is conrnon and occurs

due to shearing of adhesively fixed junctÍons between two materials.

Abrasive wear ís a'lso common and may be due to surface roughness of

components, or two-bo(y or three-body wear due to interposition of

particles of the same or other materíals. Adhesive and abrasive wear

are proportional to the coeffÍcient of frictÍon, load and sliding

distance and are indírectly proportíonal to the hardness of the material

(tlei ghtman, 19771 .

Three-body wear of polyethylene may be particularly severe due to

interpositÍon of cement particles between meta'l and polyethylene

(Rostoker et ô1, 1978b; Revell et al, 1978; Ungethlum et al, 1983),

and also occurs with titanium implants (McKe'llop et al, L979a, 1980).

Corrosive v{ear may be of more importance when metal components are used.

Fatigue wear and deformation have been implicated as a late cause of

wear of polyethylene acetabular components (Dowling et al, 1980).

The dÍameter of the cup of a total hÍp replacement wi'll determine the

amount of wear as it influences the slidíng distance. The amount of

volumetric vrear is increased with increasing diameter, so that a smaller

diameter would seem appropriate. But smaller diameters are associated

with increased speed of penetration of the cup (Wroblewski, 1985). A

compromise is necessary and the ideal dÍameter selected will vary

according to the material hardness.

Charnley et al (1969) suggested, from studies of teflon cups of varying

diameter, that twenty-two millimeters was the optimal size for teflon

and polyethylene. There seems little difference in wear of polyethylene
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vo] umetri c wear may occur (Gol d and l,lal ke r, t97 4;
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above this increased

I{ei ghtman , t977 I .

I'lhile the co-efficient of frictfon Ís inportant, other factors such as

materíal hardness, cup diameter and load must be consÍdered. I'leíghtman

1L977) felt that, because of the dlfferences Ín hardness of polyethylene

and metals, metal on polyethylene combinations mqy actually produce more

volumetric y,,ear than netaì on metaì combinations, even though the nntal

on metal combinations have a much higher co-efficÍent of friction.

Clarke (1982a) has emphasized the importance of adequate test protocols

and the type of experínental machines used to determíne wear rates.

Polymer wear needs to be dífferentiated from penetration due to plastic

creep or cold flow, a property of plastícs under pressure. Creep has

been implicated as a cause of increased wear of polyethylene ín pin or

disc tests (Rostoker and Galante, L979; l'lríght et al, 1982), and as an

ímportant early cause of penetration of Muller acetabular prostheses

(Buckhorn et al, 1984).

Creep makes interpretation of actual wear rates from radiographs

difficult. Early studies of the radiographíc measurement of the amount

of acetabular cup wear (Charnley, 1972; Walker et al, 19741 need to be

reassessed as these techniques measure a combínation of volumetric wear

and creep, and volunetric wear will contribute no more than a third to

the amount of penetration seen in even the nost severely worn cups

(AfifÍ and Jacob, 1981). Clarke et al (1976) found uni-radÍography and

duo-radiograph was too inaccurate to measure small amounts of wear of

prostheses and supported this contention by laboratory radiographic

studies which demonstrated that the wear measurement error was at least

half a nrillimetre (Clarke et al, 1979). Others have suggested different
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techniques of duo-radiography were reasonably accurate (Griffith et al,

1978; Afifi and Jacob, 1981).

Stern et al (1986) suggested that carbon fibres may limit the amount of

plastic flw of polyethylene and felt that this explains the finding of

increased productÍon of small particles, 'less than twenty micrometers,

and decreased production of large particles, greater than one hundred

micrometers, in wear simulator tests where carbon reinforced UHMl,lP was

used instead of ordinary UHMWP.

Trainor and Haward (1980) demonstrated the temperature and pressure of

moulding polyethylene and the amount of added antioxÍdant also affected

wear. Impìantation Ín the body may affect the wear rate of some

polymers (Amstutz and Lodvlig, 1976), but polyethylene seems relatively

resistant to wear despite crystallinity changes which occur after long

perÍods of impìantation (Grood et al, 1982). Rose et al (1980, 1982)

emphasized the enormous variabÍlity in the wear of different prostheses

and the need for better control of manufacture as dífferences in

nro'lecular weÍght of UHMl,lP signÍfÍcant'ly affect the rate of wear.

Severe wear and fracture of polyethylene acetabular components of Muller

total híp rep'lacements has been reported by a number of authors (Harley

and Boston, 1985; Heller et aì, 1986).

Aluminium oxide ceramÍc on ceramíc, or ceramÍc on polyethylene

prostheses have been reported to have superior wear characterÍstícs than

metal on polyethy'lene prostheses when tested either dry (Dowson and

Linnet, 1980) or when lubricated (Boutín, t972; Semlitsch et al, L977;

Dorre and Dawihl, 1980). But McKellop et al (1979b) did not find any

differences Ín wear between either metal or alumÍnium oxide articulating

agai nst UHMl,lP and suggested testi ng condi ti ons need to be more
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rigorously controlled to make valid comparisons between materÍals. l.Iear

of polyethyìene against other materials is clearly related to surface

finish. If the surface finÍsh of stainless steel and ceramic are

similar, then the wear rate of polyethylene is símÍlar (McKellop et al,

1978; l.leightman and Light, 1986).

A slightly elevated co-efficient of frictíon Ís seen ín the early

"vlearing in" perÍod of ceramics but this decreases with time as opposed

to the co-efficient of friction between metal on polyethylene

prostheses, which increases with time (Dorre and Dawíhl, 1980). The lov

co-efficient of frictíon between ceramÍc on ceramic prostheses can be

expected to cause lovl wear rates, but wear rates of ceramic on ceramic

prosthesis components of up to five tímes that seen Ín ídeal situations

have been reported if there is even mÍnor incongruity due to lack of

sphericíty during productÍon (Hinterberger et al, 1980).

Abrasíve wear of polyethylene articulating against ceramics may be

decreased due to the low co-efficÍent of frictíon, but wear due to creep

and deformatíon of polyethylene (Dowling et aì,1980), and possibly due

to acrylic cement interposition, will not be prevented by the use of

ceramÍc on polyethylene prostheses. Whether ceramic on ceranic

prostheses will wear significantly lf acrylÍc cement partÍcles become

trapped between the conponents is unknown.

In summary, wear of the currently used prostheses wiìl occur to varying

degrees. The amount of wear debris produced by prostheses wíll depend

on a number of factors, sone of whích may be outside the control of the

prosthesis desígners or surgeon. A compromise in selectíon of materials

is often necessary to achieve certain design crfteria. As there is no
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ideal bearing material which currentìy fulfills all the requÍrements of

arthroplasty design, sone degree of wear particle accumulation in the

periprosthetic tissues can be expected.
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L.7 THE EFFECTS OF I.IEAR PARTICLES ON CELLS AND TISSUES

1.7.1 In vitro effects of wear partlcles

The advantages of ín vÍtro tissue culture techniques are that they are a

quíck, sensitive, quantitative test of the response to materials by

ìivÍng cells and, in particular, human cells. A disadvantage with Ín

vitro testing which makes extrapolatíon of the results to the clÍnical

situatíon difficult is that the techniques prec]ude complex tissue

interactions because the cell culture is stagnant and, therefore, is

separated f rom a bl ood supp'ly and f rom possí bl e neural , hormona'l and

metaboìic control mechanisms (Rae, 1980).

Rae (1980) surmarized the usua'l technÍques of tissue culture assessment

of bíocompatibilíty of implant materials and emphasized the possible

influence of the followìng factors: the physica'l form of the matería'|,

the size and shape of partícles, the presence of soluble products, the

method of assessment of toxícíty, and the choice of cell and tíssue

type.

Studies of the haemolytic affect on cells, and the amount and type of

enzyme release from cell cultures induced by solutions and particles of

dÍfferent metals suggest differences in response to pure metals and

alloys (Heath et al, 1969; Rae, 1978). The effect of particles seems

re'lated to the type of metal, the size of the particle (Rae, 1978), and

the presence of serum (Heath et ôl , 1969). Clearly, there is a

threshold level for cell toxícity (Heath, 1954). Very small cobalt-

chrome aìloy particles have been reported to be more toxic than

stainìess steel (Mital and Cohen, 1968), and both materlals Ínhibit cell

replication (Pappas and Cohen, 1968).
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Rae (1975) reported that cobalt, nickel, and cobalt-chrome alloy

particles caused significant damage to macrophages whereas titanium,

chromium and molybdenum particles were well tolerated. It is important

to note the toxic particles, cobalt, nickel and cobalt-chrome alloy were

al 1 one mi crorpter or smal'ler, whereas the other parti c'les were f i ve

micrometers or larger.

Based on the effect of soluble metal salts and particulate meta'ls on

human synovi aì fi brobl asts, Rae ( 1981 ) concl uded that cobal t and

vanadium were the toxic components of the conrnon'ly used alloys. Very

small nickel particles vrere not phagocytosed and were less toxic to

fibroblasts whereas macrophages had previously been shown to phagocytose

these particles and to be adverse'ly affected (Rae, 1975). The toxicíty

of cobalt and vanadium y{as explained by their high solubility rate and

nickel was found to be moderately soluble. There was si gnificant

variation in the size of particles used in these studies. Rae (1976)

has suggested that monocytes may be more sensitive to the effects of

particu'late cobalt-chrome alloy than connective tissue and cartilage.

The phagocytic function and viability of macrophages is decreased by

cobalt-chrome alloy partÍcìes, and the "roundíng off" of macrophages

after phagocytosis of metal particles suggests a change in membrane

function of the macrophage due to metal particles (Garrett et al, 1983).

Whether these effects are due to the particles alone or the soluble

metal ion, or both, is unknown. Certainly, similar concentratíons of

cobalt chloride are capable of causing death of rat fÍbroblasts (Daniel

et aì, 1963).

Titanium and titanÍum-alumínium-vanadium alloy partícles have little
effect on human synovíal flbroblasts and mouse peritoneal macrophages,
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but release of enzymes by the macrophages suggests both these metals may

have mild inflammatory potential (Rae, 1986a).

Evans and Thomas (1986) found cobalt-chrome alloy was less toxic than

cobalt and nickel but enphasízed that the patterns of toxícity varied

for each metal, suggestíng difficulty ín using any sing'le tissue culture

toxicÍty test to assess the biocompatibitity of ímplant materials.

Particles of titanium yrere reported by Plenk (1980) not to significantly

inhibit the grovth rate of human fibroblasts whereas aluminium oxide

particles were mildly inhibÍtory and staínless steel produced even more

ínhíbition. But comparisons of the effects of these particles on cell

cultures are difficutt because different sizes of particles of each

material were used and the larger partic'les, above ten mícrometers, hrere

not phagocytosed. Harms and Mausle (1979) suggested aluminium oxide

particles less than five micrometers in diameter have little effect on

macrophage vÍ abi 'l i ty .

PMIIA partícles have been found to be moderately toxÍc whereas nylon and

teflon were only mildly toxic to fíbroblasts (Rice et â1, 1978). PMMA

Ínhibíts human lymphocyte function (Panush and Petty, 1978) and inhibits

the complement system (Petty and Caldvlell, L9771, and PMMA particles

inhibit macrophage protein synthesis (Horowitz et ô1, 1986). Baríum

sulphate in the concentration contained in acrylic cement ís not toxic

to mouse peritoneal macrophages (Rae, L9771.

In summary, the degree of particle toxicity wil'l be determined by a

number of factors which include: the inherent toxicity of the material

to cells, the solubility of the particle fn body fluids, the size of

particles, the degree of phagocytosÍs of partlcles by different types of

cells, and the solubílity of the particle wÍthin cells. As well as
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causi ng cel I necrosi s, parti cl es adversely effect the functi onal

capabiìity of cells, and induce lysosomal enzyme release by phagocytic

cel I s.

1.7.2 In vivo studies of the biocompatÍbility of particles

Wear particle biocompatibitíty has been studied in vivo by subcutaneous

(Cohen, 1959; Paiement et â1, 1986; Goldring et â1, 1986),

intramuscular (Heath, tgiO; GrÍss et ô1, Ig74l, intra-perítoneal

(Helbing et al, 1980), Íntravenous (Harms and Mausle, 1979), and intra-

articular (Stinson, 1965; t'lagner et ô1, 1976; Gour.'lay et ô1, 1978;

Rushton and Rae, 1982, 1984; Meachim and Brooke, 1983; Uchida, 1985;

Rae, 1986b) impìantation of particles. There is evidence that particles

of most materials will provoke a similar pattern of tissue response, but

that the response wiì1 vary in severity and duration according to the

type of material, size and number of particles, techniques of

preparation and insertion of particles, and methods of assessment of the

tissue response (Cohen, 1959; Stinson, 1965; Escalas et a'|, 1976).

I.7 .2.L Metal s

Cohen (1959) injected particulate cobalt-chrome alloys, staínless steel,

mild steel and silica subcutaneously in rats and examÍned the tissue

response. InÍtially there was a PMN infiltrate and moderate oedema

which resolved by one week. Mononuclear celìs gradually increased in

number to peak at two weeks but decreased throughout the rest of the-

study. The tissues were scarred and remaíned coloured grey due to the

presence of partícles up to one year after iniection. The type of

material and síze of the particles influenced the severity of the tissue

response. Cobalt-chronre alloy was the least toxíc, stainless steel nore

toxic, and mild steel and silica the most toxic. Small particles less
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than 0.5 mÍcrometers were nore toxic than coarse particìes larger than

ten micrometers. Sterility of the injected suspensions was checked but

the culture methods were not described,.n9 in particuìar, no mention

was made of attempts to exclude low grade aerobic or anaerobic infectíon

at the site of injection.

Escalas et al (1976) studied the long term effects of twenty-sÍx

particulates and solíds by imp'lantation in the paravertebral muscles of

rabbits. Particles were prepared by a number of dÍfferent methods. The

metals were prepared according to A S T M recommendatíons while the

other particles were washed in detergent, rinsed and dried. No attempt

was made to prevent aggregation of particles during sizing. Símilar

vo'lumes of each materí al but not necessari ly simi'lar numbers of

partícles were implanted. Particles of different sizes were sterÍlized

and ínserted dry by emptying a capsule containíng the particles into the

paravertebral nuscles. At six months the severity of cellular

infíltrate v{as graded from zero to three using stainless steel as a

control . The reacti on to cobal t-chrome al'l oy, stai nl ess steel and

aluminium oxide particles greater than eight nicrometers, and to these

materíals in solid form, was described as mild.

The response to intra-articular injection of stainless steel particles

0.1 to ten micrometers was studied by Wagner et al (1976). Two hours

followÍng injection most partícles vúere seen lying free withÍn the

joint, and no inflammatory reactÍon was seen. At one week a subacute

inflammatory response characterízed by macrophages, 'lytçhocytes,

occasional lymphoid follicles, and PMN was present. A more severe

reaction occurred to a larger dose of partlcles. Studies of the effects

of i ntra-arti cul ar i njecti on of cobal t-chrome al I oy particì es

demonstrate the partícles are wídely distrlbuted several cell layers
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from the surface of the synovium and the parti cl es provoke

predominantly macrophage response (Meachim and Brooke, 1983).

Recently Rae (1986b) reported that intra-articular iniection in mice

knee Joínts of titanium, and titanium-aluminium-vanadium alloy particles

of fíve mícrometers and less, showed the materials were well tolerated,

there being no necrosis and a predominantly macrophage response. At

sixteen weeks fol'lowing íniection the tissue response was considered

mínimal and the response was the same at one year.

t.7.2.2 Polymers

Stinson (1965) implanted partÍculate low density polythene, PMMA and

nyìon Ín the ruscle and knees of guinea pígs. The particle síze ranged

from I ess than one to seventy-six micrometers. Particles were

sterilÍzed by gamma irradiatíon and implanted in gelatín capsules.

These polymers caused an inítíal macrophage and MNGC response gradually

gi vi ng Lay to f í bros Í s. No mentí on was made of acu te i nf 'l arnmatory

cells. Interestfngly, lymphocytes were not seen in large numbers until

a few months after implantation of polyethylene, and not until twe'lve

months after implantatíon of PMMA. The tissue response vras reported as

similar for al'l three materíals. In reviewing the literature, Stinson

(1965) found most reports agreed with these findings, but some acryìic

polyrners had been reported to produce a more Íntense reactÍon including

necrosis and sterile abscess formatÍon. Large hígh densÍty polyethylene

shreds are reported to produce a severe MNGC response in nnrscle as

severe as that to teflon particles, even though both these materials are

very biocompatíble in solid fonn (Escalas et â1, 1976). Usíng a

modified scoring system developed by Sewell et al (1955) for assesslng

the short term biocompatibility of stitch materíaìs by intramuscular

implantation, Gourlay et al (1978) found that followíng intram,¡scular

a
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implantation particles of PMftlA were as toxic as teflon and rated two in

a toxiclty score ranging from zero to three.

Paiement et al (1986) studied the response Ín a rabbit wound chamber

model to various types of particles including: pure titaníum and

cobalt-chrome al'loy partícles ìess than ten mícrometers in dianeter,

parti cul ate commerci al ly avai I abl e PMI'IA twenty to thi rty mi crometers i n

diameter, and UHMIIP partic'les approxímately thirty micrometers ín

diameter. The metal particles produced I ittle tissue response but PMfvlA

and polyethy'lene produced a macrophage and MNGC response. Using the

same animal model, Go'ldring et al (1986) demonstrated a macrophage and

MNGC response to PMMA and UHMt.lP particles but a bland fibrovascular

response to solid implants of the same material. Intra-artícular

injection into mÍce knee joints of po'lyethylene particles prepared in a

joint simulator produced a similar macrophage and MNGC response to two

sizes of particles injected, five to one hundred micrometers and seventy

to five hundred micrometers (Rushton and Rae, 1982).

Tetik et al (1974) injected particles of polyethylene and polyethylene-

graphite composite over seventy micrometers, and particles of graphite

less than ten nicrometers, into the knees of a small number of animals

and observed a relatÍve'ly benÍgn response with minimimal cellular

infiltrate. Rushton and Rae (1984) reported no difference in the

response to íntra-articular injectíon in mice of carbon fibre reinforced

polyethylene and polyethylene. Others have reported a benÍgn response

to carbon particles (Hel¡ing et al, 1980). Uchida (1985) examined the

tissue response to intra-articular iniection in rat knees of powders of

cobalt-chrome alloy, staÍnless steel, alumina ceramic, high density

polyethyl ene and PlylMA and i ncl uded sal i ne i niected and uni n jected

control animals. Rats were sacrificed at regular periods from one week
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up to twenty-five weeks. Ceramic powder was reported to cause the most

sí gni fi cant tÍ ssue response, fol I owed by PMMA, hi gh densi ty

polyethylene, stainless steeì and cobalt-chrome alloy powders. The

length of time to sacrifice did not seem to effect the tissue response

but no quantitative method of assessment of the tissue response rúas

u sed.

1.7.2.3 Aluminium oxide ceramic

Griss et al (1974) studied the biocompatibility of aluminÍum oxide

partÍc'les 0.5 to five micrometers in dÍameter by subcutaneous injection,

injection into the foot pads of mÍce, intravenous iniection Ínto rats,

and injection into the knees of mice. Animals were sacrificed at

periods of up to one hundred and fifty days foìlowing iniection.

Followíng subcutaneous injection, a PMN response was seen which peaked

at one week and was followed by a macrophage and fibrocyte response. It

was concluded that ceramíc particles were well tolerated as there was no

progressive fibrosis and partic'les were trapped in macrophages with no

evidence of a persisting inflamnatory reaction. But other authors have

suggested a persÍsting PMN response at one week may be evidence for a

moderately toxic response to a material (ANSI Doc 41 ,1979; FDI Doc 198,

1980). Followíng intra-artÍcular iniectíon a massive proliferation of

the synovium and a subsynovíal cellular infiltrate occurred wíthÍn three

days, followed by an intense phagocytic response and then fibrosÍs with

scarring of the subsynovium. The criterÍa for assessing fibrosis and

dístinguishing fibrosis from the normal subsynovial fibrous tÍssue were

not described and no quantitatíve assessment of cell numbers was nade.

Particles were also seen in the local lymph nodes and in the liver and

spl een.
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Harms and Mausle (1979) examined the effects of a'luminlum oxide

particles two to five and five to ten nicrometers in diameter by

intramuscular and intra-peritoneal implantatíon in animals. It was

concluded that the local tÍssue response was good evidence of the

biocompatibi'lity of aluminíum oxide partÍcles because the acute

inflammatory response had changed to a macrophage response by four

weeks. The continuing presence of lymphocytes in association with a

macrophage response was described. This a'lso has been interpreted by

others as a moderately toxÍc response (ANSI Doc 41, 1979; FDI Doc 198,

1e80 ) .

It has been concluded from these studies that aluminÍum oxide ceramic

particles have tittle effect on tissues. Problems in both these studÍes

were that particles were injected in saline, whÍch wi'll not prevent

clumping of particles, no method yúas used to exclude ÍnfectÍon, no

control was included and no quantitative assessment of the tíssue

response was made. The PMN peak at one week, and the persisting

lynphocyte response is cause for concern.

In sunrnary, there are a number of criticisms of many of the prevÍous in

vivo studies of the biocompatíbility of particles. These include: the

wide variatÍon in size and shape of particles, aggregation of particles

in milling solutions, the use of different types of milling solutions,

the lack of steriìity control, the use of arthrotory to implant

particles, variable sites of bÍopsy for histological examínation, the

lack of inclusíon of control materials, and the lack of quantitative

methods of assessment of the tissue response.
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1.7.3 In vivo studies of wear particle carcinogenesis

Carcinogenesis due to intramuscular and subcutaneous iniection of metal

and polymer particles has been demonstrated in rodents but the incidence

of neop'lasia may depend upon a varíety of other factors, including the

site of implantatÍon, the species and strain of animal used, the

physical form of the material and additives to milìing fluids.

Heath ( 1976) revi ewed the resul ts of extensi ve studi es i nvol vi ng

intramuscular iniection in rats of particles of pure metals. The

initiat inflammatory response was followed by a repair process whích

resul ted i n three possible outcomes. The parti c'l es were ei ther

díspersed or dissolved leaving varyÍng degrees of scarring, or the

particles were surrounded by a fíbrous envelope, oF, quite commonly, a

malignant transformation of the repair process occurred. The hígh

íncidence of sarcomas in this stu(y confirmed previous reports of the

carcinogeníc effects of solid and particulate pure metals implanted

subcutaneously (0ppenheimer et al, 1956). A simiìar response was seen

followíng intramuscular injection of cobalt-chrome alloy wear debris

prepared in an artificial ioínt sim¡lator (Heath et al, 1971).

Pauli et a'l (1986) studied the carcinogenic risk of impìantation of

solid and powdered metals in rats. Sotid implants and particìes of

titanium alloys and cobalt-chrome alloys were inplanted in rat fenr¡rs.

Only three of ei ght hundred rats devel oped tumours at the site

impìantation, suggesting these materíals were not carcÍnogenic. Meachim

et al (1982) found no malignant neoplasms in two specÍes of rats and one

species of guinea pig at two years following intranuscular iniection of

cobalt-chrome all oy partÍcles.
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The evidence is that a number of factors influence carcÍnogenesis

following polymer implantation. An important influence is the physical

form of the implant. Oppenheimer et al (1961) found the carcÍnogenic

properties of polymers was greatìy reduced by reducing the sÍze of

implants to particles. It was suggested that sarcomas did not arise

because partícles can be phagocytosed, whereas sarcomas are thought to

arise due to transformation in the membrane which deve'lops in an attempt

to isolate a large foreign body (Oppenheimer et aì,1958). A similar

reducti on i n carci nogenesi s was not seen when shredded po'lymer vúas

implanted (Carter and Roe, 1969), presumably because the shreds were

large enough to act as a solÍd material.

In a study of the intra-articular effects of particles of po'lyethylene,

PMMA and nylon, Stinson (1965) found no evidence of malígnant

transformation in guinea pigs followed for thÍrty-síx months after

injection. Tumours have not been reported foìlowing intra-articular

injection of cobalt-chrome alloy particles in guinea pigs (MeachÍm and

Brooke, 1983), polyethylene in mice followed for up to twenty-three

weeks (Rushton and Rae, 1984), carbon reinforced polyethylene followed

for one year (Rushton and Rae, 1984) and títaníum and titanium alloy

particles in mice followed for two years (Rae, 1986b).

In surmarizing the effects of solid surfaces on tissues, Bischoff and

Bryson ( 1964) concl uded that any I arge sol i d impl ant provokes a

prolonged low-grade inflanrnatory response whích míght rèsult in

malÍgnant transformation. It might be hypothesÍzed that a bolus of

metal particles implanted intraruscular or subcutaneously acts like a

solld implant íf the particles are not phagocytosed and cleared from the

site of implantation. This may contribute to the formation of tumours

at the síte of imp'lantation. Whereas the lack of tumours folloling



intra-artícular i niection

method of detecting the

materi al s.

of particles may suggest this is
carcÍnogenicÍty of partic'les of

58

a better

di fferent

1.8 SUMMARY OF CURRENT SITUATION

It Ís clear there Ís a vo'lume of literature addressing the prob'lem of

prosthesis looseníng. t,'lhile in recent years a number of laboratoríes

have undertaken research attempting to understand the biology of the

looseníng process, it is evident from the continuing activity ín this

field of research that many aspects of this important cìinical probìem

remain unexp'laíned. In particular, the relationship between the tissue

response to prosthesis vúear particles and loosening requires further

Ínvestigation. 0f particu'lar interest is the effect of particìes on

cells in the absence of infection or mechanical causes for damage to

tissues. Also the possible role of particles ín the stimulation of bone

resorption needs to be determined.
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CHAPTER Tl{O

THE PATHOLOGICAL FINDINGS IN THE TISSUES

AROUND FAILED HIP ARTHROPLASTIES

2.I AIMS

This study was undertaken to examine the tissues around failed hip

arthroplasties retrieved at revisÍon surgery by light microscopy,

transmíssíon electron microscopy (TEM) and energy dispersive X-ray (EDX)

mi croanalysi s to revi ew the type of cel I ul ar response, and the

morphology of wear particles origÍnating from the articu'lating surfaces

of the prostheses.

2.2 INTRODUCTION

The histological appearances of the tissues around ioint arthroplasties

varies consÍderab'ly (Vernon-Roberts and Freenan, t9771. The connectÍve

tíssue layer at the bone-inpìant interface prÍor to and fo'llowing

1 oosenÍ ng of joi nt arthropl asti es may consÍ st of fi brocarti I age

(Charnley et al, 1968), fibrous tissue (Vernon-Roberts and Freeman,

t977l, or hi gh'ly cel I ul ar ti ssue descri bed by some as a "synovi a'l I Íke

membrane" (Goldríng et ô1, 1983). Direct contact between bone and

cement wi thout an i ntervení ng ti ssue 1 ayer has a'l so been reported

(LÍndner and Hansson, 1983).

The tissue appearance is ìikeìy to depend on a number of factors

including the presence or absence of infection (Mirra et al, 1976), the
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degree of loosening, the type of prosthesis material, the duration of

the implant (Vernon-Roberts, 1985) and the amount and type of wear

debris (Mirra et al, 1982).

This study was undertaken to determine the tissue appearance around a

vari ety of cementl ess and cemented total hip arthropì asti es wi th

articulating surfaces composed of varÍous materiaìs, thus allowing

comparison of these appearances wíth subsequent animal studies of the

in-vivo response to wear particles of the same materials. Strict

crítería were used to exclude infectÍon which might have caused an

inflammatory response in the tissues.

2.3 Î-'IATERIALS AND METHODS

2.3.1 Arthroplasty revÍsion surgery protocol

Fifty-four hip arthroplasties in fifty-four patíents lrere revised

because of paín, usually in assocÍation with radiographÍc evídence of

loosening of the prostheses. Seven arthroplastíes were exc'luded from

this study because of infectÍon, leaving forty-seven arthroplasties in

forty-seven patients available for study. There were twenty-six males

and twenty-one females. The original díagnosís was osteoarthritis in

thirty-nine, rheumatoid arthritis in seven and post traumatic avascular

necrosis in one. The age range was twenty-four to eíghty-seven years,

with a median of seventy-one years. The duration of implantatÍon of the

arthroplasties prior to revlsion ranged from one to fourteen years, with

a median of nine years. The arthroplasties were divided into cementìess

and cemented prostheses, and accordlng to the type of articulation,

there beÍng metal on bone, metal on metal, ceramíc on ceramic, or metal

on polyethyìene. The arthroplasties were further divided into the three
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categories, hemi-arthroplasty, resurfacing arthroplasty and total hip

arthropl asty.

The following protocol was followed at the time of revisÍon surgery.

The degree of loosening of components was recorded. For histopathology

examínation a biopsy was taken of the joint capsule and the connectíve

tÍssue layer between the implants and acetabu'lar and femoral bone.

I,lhere loosening was absent or sìight between the implant and bone, a

block of bone and the Ínterface tissue was removed if this did not

jeopardize revi sion surgery. The whole of the femoral head vúas

retrieved at revision of femoral resurfacing components. The biopsíes

were fixed in ten percent formal salíne. For TEM examination and EDX

microanaìysis selected biopsies of capsule and interface tissues were

taken and fixed in g'lutaraldehyde.

The following specimens were taken for microbiological examination using

separate unused Ínstruments for each biopsy: a hip aspÍrate, three

specimens of capsule, and one specimen of both acetabular and femoral

interface connective tissue. The specímens were transported to the

laboratory in Stuarts media. If present, pus vras aspirated in a syringe

and sent for culture.

The degree of loosening vras recorded príor to removal of the components.

The interface between the acetabular and femoral components and bone

around cementless arthroplastÍes, or between the prostheses and cement

and cement and bone around cemented arthroplasties vúas exposed wíth bone

nÍbblers and pushed and pulled usíng a clamp. The degree of looseníng

was divíded into the folloríng categories: (a) no loosening, there

being no movement at the interface; (b) possible loosening, there belng

fluld movement at the lnterface but no definlte movement of either the

prosthesis or cement; (c) slight toosening, evidenced by slíght movenent
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at the Ínterface but removal of the prosthesis or cement requíred

hammering or firm leverage; and (d) gross loosening, where obvious

movement at the Ínterface was present and removaì of the prosthesis or

cenent was easily accomplished by hand or gentle leverage.

2.3.2 Tissue processing for histopathology and electron microscopy

The soft tissue biopsies Íúere fixed in ten percent buffered formal

sal ine for three days and then dehydrated through graded alcohol ,

cleared ín chloroform and embedded in paraffin wax. Six micrometer

sectÍons y,rere cut using a hand operated LKB 2259 nullirange microtome

and stained with hematorylin and eosin.

The bone biopsies and femoral heads were fixed in formal saline for a

mÍnimum of seven days. Two sections of each specimen were cut usÍng a

band sat', in a plane at right angles to the Ínterface in the case of

femoral shaft biopsies, and in the coronal plane of the femoral heads.

One of the sections ¡{as decalcified using a commercial decalcifying

sol uti on (Decal , Omega Chemí cal CorporatÍ on, N.Y. ) . The extent of

decalcification vras controlled by daily radiographs (fodat Mín-R film,

Hewlett Packard Series 43805N Faxitron Cabinet X-ray Machine). After

neutralization in five percent silver sodium sulphate, the specimen was

processed and embedded in u,ax and eight mícrometer sectíons were cut

whÍch were stained with haematorylin and eosin. The other specimen

which was not decalcified was dehydrated in ethanol, cleared in acetone

and impregnated wÍth araldite. Eight nícrometer thick sections were cut

using a Jung motorised mícrotome. The araldite was removed wíth

potassium hydroxide and the sections stained with hematolylin and eosln

and Von Kossa (VK) stains. All sections were examÍned under transmítted

líght and polarízed light.
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Soft tissue bíopsies for electron microscopic examination were fixed in

2.5% glutaraldehyde in 0.05 M cocodylate buffer. Each bíopsy was then

divided in two. One specimen, for future morphological examination, h,as

post-fixed in 2% osmium tetroxide in 0.05 M cocodylate buffer for one

hour and then dehydrated in graded alcohol. The other specimen, for

future metal analysis, v{as passed directly into graded alcohol. The

specimens were passed through two changes of propylene oxíde and then

through increasíng concentrations of propylene oxide and araldyte and

epo4y embedding resin, until fÍnal embeddíng in araìdyte and epoxy

embedding resin at sixty degrees centigrade for twelve hours.

Semi-thín sections of osmíum and non-osmium fixed samples, approximately

half to one mícrometer thick, were cut and staÍned with toluidene blue

and examined by líght microscopy. Representatíve sections were se'lected

and ultra-thÍn sections v{ere cut usÍng an L.K.B. ultra-mÍcrotome.

Sections for morphological examination were staÍned wíth aqueous uranyl

acetate and lead citrate and examined in a JEOL 100 CX TEM SCAN

analytical electron mícroscope fitted with an EDAX 707 energy dispersive

X-ray analyser.

Sections for EDX mícroanalysis v{ere prepared from

wi thout osmi um tetroxÍ de post-fi xati on and were

staining with either uranyl acetate or lead citrate.

ti ssues processed

exami ned wÍthout

Intracellular and extracellular inclusions were analysed by condenslng

the electron beam so as to illuminate only the inclusíon (target) under

stu(y and then recording the spectra for a líve tÍme of 200 or 400

seconds. For each target spectrum a background spectrum was obtaíned ln

an adJacent area under the same operating conditions which was then

subtracted from the target according to the EDIT TEM programme.
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2.3.3 Microbiology Techniques

The biopsies for microbíological examínatíon were removed from Stuarts

transport media and, using a stomacher, were homogenised in half a

millilitre of glucose cooked neat medium. In an anaerobic chamber the

homogenates and ioÍnt aspÍrates were inoculated on to a supplemented

blood agar (B.A.Y.H.) plate, an anaerobic blood culture broth, and a

gl ucose cooked meat broth, and these were Í ncubated anaerobi cal ly.

Samp'les were also Ínoculated into a chocolate agar plate and incubated

in carbon dÍoxíde. Plate cultures y{ere continued for four days and

broth cu'ltures for fourteen days. A subculture was taken if any broth

became turbid. OrganÍsm identification was accordÍng to standard

laboratory techniques (Cowan, 1975; Holdeman et al, 1977).

The críterÍa for diagnosis of infection were the presence of pus and a

positive culture oF, in the absence of pus, a posítíve culture in four

or five of five biopsÍes of the periprosthetÍc tissues (Kamme and

Lindberg, 1981).

2.4 RESULTS

2.4.L Cenentless netal on bone, nntal on metal, and ceramíc on ceramic

arthropl asti es

Five cobalt-chrome alloy Smith-Petersen cup resurfacing arthroplasties,

six cobalt-chrome alloy Austin Moore stemmed hemi-arthroplasties, three

cobalt-chrome alloy Ring total hip arthroplasties, and two Mittelmier

aluminium oxide ceramic on ceramíc total hip arthroplasties yrere

revi sed.
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The Smith-Petersen cups were all grossly loose and three had subsided

i nto varus. The femoral heads were shortened and the superí or

trabecul ae vlere thÍ ckened. A connecti ve ti ssue I ayer was seen on the

inferior non-weight bearing surface of the femoral heads (fig. 2.11.

Two Austin Moore hemi-arthroplasties were slight'ly loose and two were

grossly loose. Histological examÍnation revea'led that the capsule

around these prostheses and the connective tíssue beneath the cups and

around the femoral stems consisted mainly of mature fibrous tíssue.

0ccasional macrophages were present in association with small numbers of

metal particles. Neither MNGC, lymphocytes nor PMN were present in

si gnífícant numbers.

The acetabular components and two of the three femoral components of the

cementless Ring total hip arthroplasties were slightly loose. One

femoral conponent y{as so'l i dìy f i xed (Fi g. 2.2) . The capsul e and the

connective tissue layer at the bone-prosthesis interface were stained

grey on naked eye examinatíon of the fresh tíssues. Histological

examinatíon revealed that the capsule consisted mainly of mature fibrous

tissues. In some areas a macrophage ínfiltrate in association wíth

metal wear particles was seen (fig. 2.3). 0ccasional lymphocytes and

lyrnphocytic aggregates vúere seen and there were occasional areas of

necrosis. A bíopsy of the bone-prosthesis interface around the solidly

fÍxed femoral component showed accumulation of macrophages and netal

particìes in the tissue adiacent to bone (fig. 2.41. Particles were

found in cells irmedÍately adiacent to bone (fig. 2.5). These

appearances were also seen in the tissue around the other loose Ring

prostheses. The connective tíssue at the acetabular bone-prosthesis

interface was highly cellular and metal particles were often seen in

cells (fi9. 2.61.



66

I
>

Fig. 2.1, An undecalcified coronal section of a femoral head beneath a
cementless metal resurfacing arthroplasty seven years following insertion.
The calcified bone is stained black by the Von Kossa technique. The
superior weight bearing area (large arrov,,s) is eburnated and trabecular
thickening is evident. 0n the inferior non-weight bearing surface (sma'lì
arrows) mature connective tissue is seen. Few metal particles or macro-
phages were seen in this tissue. HE VK x 3

Fig. 2.2. Radiograph of a Ring cementless metal on metal total hip
prosthesis eight years following insertion. The acetabular component was
slightly loose and the femoral component was solidly fixed. The peripros-
thetic tissues were stained grey.

,>
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Photomicrograph of the capsule surrounding the Ring prosthesis
gure 2.2. It shows accumulation of macrophages containing small'l parti cl es (arrows ) . HE x 400
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Fig. 2.4. Photomicrograph of the connective tissue layer at the proximaì
bone-prosthesis interface of the solid'ly fixed femoral component of the
Ring prosthesis seen in Figure 2.2. It shows small groups of macrophages
containing metal wear particles (arrows) in the tissue adjacent to bone.
HE x 160
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Fig. 2.6. Photomjcrograph of the connective tissue at the acetabular
boñe-prosthesis interiace of the Ring prosthesis seen 'in Fi gure 2.2. The

surface on the left of the figure was adjacent to the prosthesis and the
opposite surface was attached to bone. The tissue contains nulnerous lììacro-
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Electron microscopy examination of the tissue around the cementless

metal on metal arthroplasties showed accumulation of eìectron-dense

particles in macrophages in the capsuìe (Fí9. 2.7), and in the

connective tissue at the interface between bone and the acetabular (fig.

2.8) and femoral components (Fig. 2.9). Some macrophages which had

phagocytosed particles showed extensive accumulation of cytoìysosones

(fig. 2.7). Other macrophages showed total 'loss of cell membrane and

clumping of nuclear chromatin, suggestÍng degeneration (Fig. 2.91. EDX

mi croanalysi s confi rmed that the el ectron-dense parti cl es seen i n

macrophages v{ere composed of coba'lt-chrome al'loy (Figs. 2.I0 and 2.11).

The acetabular and femoral components of both cementless ceramic on

ceramic prostheses were slightly 'loose. Both prostheses were removed

less than two years after insertion. The articu'lating surfaces showed

no nacroscopic evÍdence of wear (fig. 2.tZ). The capsu'le and interface

ti ssues were composed of mature connectí ve ti ssue. OccasÍ onal

macrophages were observed and no alumÍníum oxíde particles were seen.

Electron microscopy showed that the surface ìining of the capsule was

composed of macrophages and occasÍonal macrophages vúere seen in the

connective tissue at the acetabu'lar bone-prosthesis interface, but no

particles were seen in these cells (Figs. 2.13 and 2.14).
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FiS. 2.7. Electron micrograph of the capsule around a cementless metal on
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Fig. Z.B. Electron micrograph of the acetabular connective tissue adjacent
to a cementless metal on metâl prosthesìs. Macrophages contajn electron-
dense particìes (arrows) and numerous cytolysosomes. x 7'000
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Fig. 2.14. Electron mìcrograph of the capsule around the cementless
ceñamic on ceramic prosthesis seen in Figure 2.t2. While the macrophages
near the synovia'l surface contain numerous organelles, no panticulate
material is visible. x 5,500
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2.4.2 Cemented metal on metal, and metal on polyethylene arthropìastÍes

Five McKee aìl cobalt-chrome metal on meta'l total hip arthroplasties,

two THARIES metal on polyethylene resurfacing hip arthroplastíes and

twenty-four metal on polyethy'lene stenmed Charnley and Muller total hip

arthropl asties were. revÍsed.

Alt the acetabular components and four of the femoral components of the

McKee prostheses were grossly loose at the bone-cement interface. One

femoral stem was solidly fixed in cement and the cement was so]idly

fí xed in bone di stal ly. Loosening of these prostheses was often

associated with severe bone loss (fig. 2.15) but bone loss was also seen

in the proxímal fem¡r around the solidly fixed femoraì stem.

The universa'l histologÍcal feature ryas the presence of a macrophage

infiltrate in the capsule in association wíth very small intracellular

metal wear particles (Fig. 2.161. Areas of necrosis occasionally were

seen. MNGC occasíonally were present in associatÍon with cement

particles and lymphocytic aggregates sometimes were seen. Similar

fíndings were seen in the connectÍve tissue at the acetabular and

femoral bone-cement interfaces (Fig.2.L7l. At these interfaces,

connectíve tissue contaÍning macrophages and metal particles vúas seen

adjacent to and extending between bony trabeculae (fig. 2.18).

All components of the resurfacing arthroplasties ¡,ere slightty loose.

The degree of loosenÍng at the bone-cement interface of the acetabular

components of the netal on polyethylene stenmed total hip

arthroplastíes ¡{as: three with possible loosening, eight slightly

loose, and thirteen grossly loose. The acetabular prostheses were

solidly fixed in cement except in seven cases in which the components

vúere grossly loose in the cement mantle. Two of these loose acetabular
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components vrere completely Íúorn through (fig. 2.191 and another

component r{as severely worn and had fractured. Wear of the articulating

surfaces of the components was evident as ear'ly as fourteen months

following Ínsertion (fi9. 2.201.

The degree of loosening at the bone-cement Ínterface of the femoral

components was: three not 'loose, two s'lÍ ghtly I oose, and ni neteen

grossly loose. The degree of loosening at the prosthesis-cenent

interface was, three soìidly fixed, five slight'ly loose, and sixteen

grossly loose. LoosenÍng of these prostheses was often associated with

severe bone loss and one femoral shaft fracture occuired (fig.2.2ll.
Two fractured Charnley femoral component stems were revísed.

Histologícal examinatíon of the tissues around these prostheses revealed

a common pattern of findings. The capsule and synovium were infi'ltrated

to a varying degree by macrophages and MNGC. Occasional areas of

necrosis were present. LymphocytÍc aggregates and PMN were rare. The

tissues contained varying numbers of highly bÍrefríngent polyethyìene

particles and occasional voids due to acrylic partÍcles dissolved during

tissue processÍng. Metal partícles occasÍonally were present. Small

particles of polyethylene were contained withín macrophages and 'larger

particles of polyethylene and acrylic were contained within MNGC (Figs.

2.22 and 2.231.

The appearance of the interface connective tÍssue ranged from mature

rel ati vely acel I ul ar f i brous tÍ ssue to hÍ ghly cel I u'l ar ti ssue. llhen

loosenÍng of the bone-cement Ínterface u,as absent the surface of the

interface tissue adJacent to the cement was lined wíth flat mononuclear

cells. When looseníng vras established this surface often was abraded,

while in other areas the tÍssue was lined with polygonal cells. The

tissues contained varying numbers of polyethylene, acrylíc, bone, and
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metal particles. The po'lyethylene particles ranged in size from large

fragments more than a hundred mfcrometers in maximum dimensíon to very

fine particles, barely perceptible by light microscopy (Figs. 2.24 and

2.251. At the junction between the interface connectíve tíssue and

bone, various numbers of osteoclasts often were observed (Fí gs. 2.26 and

2.27\.

An important fínding was the tissue response seen at the dista'l aspect

of the cement mantle in three cases where the femoral stem remained

firm'ly fixed ín the femur. Tissue from the bone-cement interface in

these areas shoved accumulatíon of very fine polyethylene particles. In

additíon, the tissue in one of these contained'large numbers of acrylic

particles which may have originated from unrecognized micromotíon at the

bone-cement interface. The interface tÍssue contained large numbers of

macrophages and t'lNGC.

Sections of the femoral heads beneath the resurfacing hip arthrop'lastíes

provided an overall picture of the interface. The cement was separated

from bone by a connective tissue layer one to fÍve millímetres thÍck

except on the superi or aspect where bone was abraded by the cement (fl g.

2.28). The tissue contained variable numbers of macrophages and MNGC.

FÍne polyethylene partÍcles were seen in the superior region of the

Ínterface and larger numbers of polyethylene partlcles and acrylic

particles were seen in the basal regions of the interface.

El ectron mi croscopy of the connecti ve ti ssue at the bone-cement

interface showed accumulation of particles in macrophages (Fig. 2.29).

These particles were assumed to be polyethylene as no metal was detected

on EDX analysis of the particles.
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Electron microscopy also showed macrophages adiacent to cement particles

(Figs. 2.30). Some macrophages showed loss of cellular membrane and

clumping of nuclear chronatin suggesting degeneration (fi9.2.31).

Partícles at the edge of cement (Fi9.2.31) yúere identified by EDX

microanaìysis as radio-opaque barium partícles nixed with the cement.

The appearance of the perÍprosthetíc tissues and the morphologícal and

analyti cal characterÍ stícs of the ti ssues around the forty-seven

arthroplasties are sumnarÍzed in Tables 2.L and 2.2.
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Fig. 2.75. Radiograph of a loose McKee cemented metal on metal prosthesis
showing bone loss around the acetabular component and in the proximal femur.
The cement is radio-opaque.
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Fig. 2.16. Photomicrograph of the capsuìe around a cemented metal on metal
prosthesis showing an infiltrate composed of macrophages which have dark
granular cytopìasm (arrows) due to their content of metal particles.
HE x 400
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Fig. 2.17. Photomicrograph of the connective tissue at the acetabular
bone-cement interface of a loose cemented metal on metal prosthesis. It
shows sheets of macrophages which, when viewed under high power magnifi-
cation, contain very small metal particles. HE x 160
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Fig. 2.I8. Photomicrograph of the connective tissue at the bone-cement
interface around a solidly fixed femoral stem of a cemented metal on metal
prosthesis. The tissue adjoining the bone (b) consists of macrophages con-
taining abundant fine metal wear particles (arrows). The gap between cells
and bone is an artefact which occurred during tissue processing. HE x 400

¡
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Fig. 2.79. Photograph _of_polyethylene.Muller. acetabular component
reirieved eight yãarb foltôwiñg insertion. There has been complete
penetration õt the component wñich had become loose in the cement mantle.
Large cement particles were seen on the articulating surface of the com-

ponént and these probably produced three-body wear. x 2

Fig. 2.20. Photograph of a carbon reinforced po-lyethylene Muller
acétabular componãnt' retrieved fourteen months following insertion
Abrasive wear ôf tfre articulating surface is obvious. x 2
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Fig. 2.2I. Serial radiographs of a cemented Muller metal on poìyethylene
arthroplasty at approximately two year'ly intervals following insertion.
The cement is radio-lucent. Progressive bone loss is seen l'n association
with loosening of the prosthesis, culminating in fracture of the femoral
shaft. The scalloped appearance of the bone is typica'l of bone resorpt'ion
due to the response to particulate material.
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Fig. 2.22. Photomicrograph of the capsul
polyethyìene acetabular component shown i
presence of macrophages and many MNGC. H

e surrounding the severely worn
igure 2.I9. It shows the

200
nF
Ex

Fig. 2.23. Photomicrograph of the same section as Figure 2.22 viewed by
polarised light. It shows ìarge numbers of highìy birefringent poìyethy-
ìene particles. The small particles are contained within macrophages, and
the large particles are surrounded by or contained within MNGC. The banded
material is colìagen. HE x 200
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Fig. 2.24. Photomicrograph of the acetabular connective tissue layer at
the bone-cement interface of a slightly loose cemented metal on polyethylene
arthroplasty. It shows a group of macrophages and occasional MNGC in a
coìlagenous matrix. HE x 400

Fìg. 2.25. Photomicrograph of the same section shown in Figure 2.24 v'iewed
by polarised ìight. It shows small highìy birefringent particles in macro-
phages, and ìarge particles 'in MNGC. HE x 400
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Fig. 2.26. Photomicrograph of the connective tissue layer at the femoral
bone-cement interface beneath a loose cemented metal on po'lyethyìene resur-
facing hip arthropìasty. The tissue adiacent to bone contains 'large

numbers of macrophages. Osteoclasts (0) are seen on the surface of bone
(b). HE x 400

{r
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o

Fig. 2.27. Photomicrograph of the same field shown
by- pol arj sed I i ght. I t shows abundant smal I hi ghly
ethylene particles within macrophages. HE x 400

in
bi

Figure 2.26 viewed
refringement poly-
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Fig. 2.28. Undecalcified (a) and decaìcified (b) coronal sections of a
femoral head beneath a sìightly loose femoral component of a cemented
metal on polyethylene resurfacing arthropìasty. It shows an area on the
superior surface of the head (arrow) where bone has been abraded by cement.
A connective tissue layer of variable thickness is present at the bone-
cement interface. (a) HE VK, (b) HE x 2

Fig. 2.29. High power electron micrograph of part of a macrophage in the
capsu'le around a cemented metal on polyethylene resurfacing arthropìasty.
The cytoplasm of a macrophage contains numerous voids (arrows) where
particìes have been dislodged during cutting of the section. EDX micro-
analysis of the particles showed no metal. x 17,500
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Fig. 2.30. Electron micrograph of the connective tissue at the acetabular
boñe-cement interface of a-loôse cemented metal on polyethylene prosthesis.
It shows large and small cement particles (C) and adiacent macrophages (M)

extending deTicate cytoptasmic processes into the cerent. x 4'250
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Fig. 2.3L. High power electron micrograph of the connective tissue at the
acetabular bone-cement interface of a loose cemented metal on polyethylene
prosthesis. It shows large numbers of electron-dense particlei (árrows) at
the iunction between the cement (C) and soft tissue, and a degenerate cell(M). EDX microanalysis shows these particles to be barium. i 8,OOO
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Prosthesis Type

( number )

Meta'l on bone,

cementl es s.

(11)

Metal on metaì,

cementl ess.

(3)

Ceramic on ceramic,

cementl ess.

(21

Metal on metal,

cemented.

(s)

Mature connective

tíssue, occasional

macrophages.

Abundant macrophages,

rare MNGC, rare

lymphocytes.

Mature connective

ti ssue, occasi ona'l

macropha ge s.

Abundant macrophages

occasional MNGC, rare

lymphocytes.

0ccasional metal

partí cl es.

Abundant intracel lular

and extracel I ul ar

metal parti c'les.

None seen.

Abundant meta]

particles and

occasíona'l cement

parti cl es.

Abundant polyethylene

parti cl es, occasi ona'l

cement particles, rare

metal particles.

Tissue Morphology Particle Type

Metal on polyethyìene, Abundant nacrophages

cemented. and MNGC, rare

(261 lymphocytes.

Table 2.1 The appearances of the periprosthetic tissues around forty-

seven arthroplasties.



Particìe type

Metal (cobalt-chrome

a'l'loy ).

Metal (staínless

steel ).

CeramÍc (aluminíum

oxide, only two

prostheses of short

du ratí on ) .

Polyethyl ene

Cement (PMlvlA with

and without barium

marker).

Light Microscopy

Black granules,

rods and need'les.

Líght scattering

effect by polarized

light. Less than

3.0 micrometers.

None seen.

Invisíble by direct

I i 9ht. Hi ghty

bi refrÍngent ìarge

fragments over 200 mÍcro-

meters, and small

partic'les at I imi t
of resolution.

Oval voi ds after

tissue processing.

I'leakly bi ref ri ngent i f
Í ncompl ete'ly dÍ ssol ved.

Approximate'ly 80

mÍcroreters and less.

89

Electron Microscopy

El ectron-dense

parti cl es.

EDX = cobaìt, chromÍum.

El ectron-dense

parti cl es.

EDX = nickel, chromium.

None seen.

Voids in ce]ls.

EDX = no metal.

Voids less than 10

micrometers with

peripheral electron-

dense particles.

EDX = barium (when

mixed wíth cement).

Table 2.2. The morphologÍcal and analytical characteristics of wear

particles ln the tissues around forty-seven arthroplasties.
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2.5 DTSCUSST0N

The ti ssues around fai I ed hi p arthropl asti es showed a vari ety of

appearances. In the absence of large numbers of wear particles, as seen

in the tissues around the Smith-Petersen cup hemi-arthroplasties and the

Austin-Moore hemi -arthropl asties, the capsule and interface ti ssue

consisted predomínantly of mature connective tíssue. Occasional metaì

vúear partic'les were seen in association with macrophages. These

findings agree with the reports of others of the tissue appearance

around cementless metal hemi-arthroplasties (Kozinn et al, 1986).

The small numbers of particles seen in the tissues may have arisen from

the articulatÍon between prostheses and articular cartilage or bone, and

from abrasion at the bone-prosthesís interface. The tissue appearance

is quíte different from that reported around prostheses of similar

design but using different materials. Examp'les include nylon cup hemi-

arthropìasties (Newman and Scales, 1951; Scales, 1958) and poìyethylene

heads on stemmed hemi-arthropìasties (Dahl and Míkkeìsen, L976;

Ì'lroblewski, 1979), which suffer severe wear and are associated wíth a

chroníc inflammatory response and extensíve bone resorption.

The tissues around the Mittelmíer ceramic arthroplasties contained few

macrophages and MNGC and no particles were seen. These prostheses had

only been ímplanted for less than two years. Others (Heir*e and Griss,

1981) have reported the presence of smalì numbers of particles around

well-positioned ceramic on ceramíc prostheses, but large numbers were

present if there was severe wear of the prostheses due to malposltlon.

Electron mícroscopic examination of the periprosthetic tissues shored a

macrophage response in the capsule and occasional macrophages ln the

fnterface tÍssues, but no partÍcles were vlsible in the areas selected
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for biopsy. Definite conclusions cannot be made from examínation of the

tissues around the two arthropìasties ín this stu(y as they were revísed

after less than two years.

The tÍ ssue around the cementl ess Ri ng meta'l on metal prostheses

frequently contaÍ ned I arge numbers of macrophages and metal wear

particles, but MNGC were not common. MNGC were occasionally seen in the

tissue around cemented McKee metal on metal prostheses. The highly

cellular tissue containÍng abundant metal wear particles was found

extendi ng between bone trabecul ae, even pri or to 1 oosenÍ ng of

components. The amount of bone destruction was variable, but the

subjective impression was gaíned that bone destructíon was not as severe

around the cementl ess compared to the cemented metal on metal

prostheses. Thus, while cement particìes possib'ly may contribute to the

tissue response around cernnted implants, the findings of high'ly

cel I ul ar ti ssue contai ni ng v{ear particl es around I oose cementl ess

Ímplants emphasizes the ímportance of the wear particles generated from

the articulating surfaces of prostheses.

TEM examinatíon demonstrated that endocytosed particles, confÍrmed to be

cobalt-chrome alloy by EDX microanalysis, were not onìy associated with

degeneration of sone macrophages, but also with increased cytolysosome

content of nacrophages. This evidence of Íncreased lysosomal actívity

supports previous fÍndings of increased lysosomal enzyne levels in the

tÍssues around loose prostheses (Eftekhar et al,1985) and confirms the

role of wear partícles in inducing a chronÍc inflammatory response in

the periprosthetic tissues.

The tissues around the netal on po'lyethylene prostheses showed the nost

strÍking changes. A híghly vascular and often very friable connectlve

tissue layer was often found at the bone'cement interface and extenslve
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bone resorption was present. Large poìyethylene particles, due to

shredding and severe wear, and very fine particles, due to lower rates

of wear over long periods (Rose et ô1, 1978) were seen. The larger

partícles appeared to be more cormon when cement interpositíon between

articulating surfaces of the components had resulted in three-body wear,

when there was ímpingement of the neck of the femoral prosthesÍs on the

edge of the acetabu'l ar component, oF when the acetabul ar component

became loose in the cement nantle. Electron mícroscopic examínation

demonstrated voids, attributed to polyethylene partÍcles, in cells in

the periprosthetic tissues. Importantly, many of these particles were

too small to be seen on'light microscopic examination, emphasizing that

routÍne histological examination of these tíssues may not give a true

estimate of the amount of wear debrís in the tíssues.

The findings of polyethylene wear particles at the distal aspect of the

femoral bone-cement interface provides support for the concept that wear

particles nay migrate along an apparentìy stable bone-cement interface.

Migration of polyethylene and cement particles distal to the tip of

loose stems has been reported (Pazzaglía and Byers,1984; HarrÍs et al,

1976) and acrylic particles have also been seen in these areas around

stable components (Jasty et al, 1986a).

Occasional rnetal particles r{ere seen in the tissues around metal on

polyethylene prostheses. These particles may have arisen from the

articulating surface of the femoral components, particularly if there

was three-body u,ear, and also fron abrasÍon of the femoral stems in the

cement nantle following loosening, with or without fracture of the

femoral stem.

Cement particles appeared to be more common at the sites of grossly

loose components, and Mirra et al (1976) found a correlation between the
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numbers of these parti cì es and ì oosení ng. The probl em of the

identification of acrylic particles (which dissolve during normal tissue

processing) nakes it difficuìt to correlate the numbers of cement

particles with the tissue response, because only the larger particles

can be reliably identifíed by light microscopy of processed tíssues,

whereas smaller particles may go unrecognized.

El ectron mi croscopi c examí natÍ on of the i nterface between cement

particles and tissue demonstrated the accumulatíon of large numbers of

barium particles. The barium is used to render the cement radio-opaque.

These barium particles were not seen in adiacent macrophages in the

biopsies examined. Degenerate macrophages ùúere seen adiacent to the

cement while in other areas the macrophages were normal. The

degenerative changes may be due to the acrylic or barium. Rae Ã9771

found that the barium sulphate in the concentration seen in acrylic

cement was not toxic to mouse peritoneal macrophages in vitro, while it
has been reported that cement particles cause the inhibition of DNA

synthesís in macrophages in vitro (Horowitz et al, 1986).

Lymphocytic aggregates were seen occasionally in the tissues around the

cementless Ring and the cemented McKee metal on meta'l prostheses, and

rarely around the metal on polyethylene prostheses. These aggregates

r{ere seen in patÍents with rheumatoid arthritis and osteoarthrítÍs,

whereas Mirra et al (1982) claimed that large numbers of ìymphocytes

were restricted to infected hips and rheumatoíd patíents. The presence

of lymphocytes has been suggested as indicating hypersensitivity to

cobalt by Evans et al 1L974) but, apart from necrosis, the other

features descrlbed by these authors, and attributed to metal

hypersensÍtivity, were not seen in this study. Clearly, necrosis cou'ld

be due to a number of causes other than hypersensitivity. PMN rarely
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were present, and this agrees yríth other reports that these cells only

are present in significant numbers in the presence of infection (t'lírra

et al, 1976).

2.6 CoNCLUSIoNS

In conclusion, the human studies have confirmed the presence of a wide

range of types and sizes of wear particles Ín the periprosthetic

tíssues, and have revealed marked differences in the appearances of

tissues around different prostheses. The extent of the macrophage and

MNGC infiltrate in the periprosthetíc tissue seems to be related to the

number and sÍze of wear particìes in the tissues. It remains unclear

whether there are significant detectable differences in the tíssue

responses to particles composed of different materials, or whether the

response is solely or largely dependant on the number and size of

partÍcles. Hovever, because previous joint pathology, mechanical

loosening, and excess stress or stress shielding, may influence the

tissue appearance around prostheses and cause bone resorptíon, possible

differences in the biocompatíbility of wear particles of different

materials and the ro'le of particles in looseníng cannot be determíned

from studies of periprosthetic ti ssues al one. Further, there are

difficu'lties in isolating the effects of ì{ear partícles from the

articulating surfaces of inplants from the effects of abrasÍve particles

arising from the bone-cement interface. For these reasons, in vivo

animal studies are required to examine the relatíve effects of wear

partlcles on cells and tÍssues and to determine the role of r{ear

partÍcles in bone resorption around implants.
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CHAPTER THREE

THE SYNOVIAL RESPONSE TO INTRA.ARTICULAR

COBALT-CHROME }IEAR PARTICLES

3 .1 AIilS

The aims of this study were to prepare partic'les in a manner which

allowed the iniection of constant amounts of non-aggregated particles of

the sÍze and shape of wear partícìes seen in human periprosthetic

tissues, and to attempt to simulate the human tissue response in small

animals using techníques suitable for future biocompatíbility studies.

Because of the erphasis on aerobic and anaerobÍc infection as a possible

cause of low grade inflammation around faíled total joÍnt prostheses

(Bourgault et ô1, 1980; Buckholtz et ô1, 1981), particu'lar attention

was also directed at excluding possible ínfection as a cause of some of

the tissue changes observed.

3.2 INTRODUCTION

MÍ croscopÍc exami nati on of the ti ssues around fai I ed total joi nt

repìacenent prostheses of the hip and knee usually shows a celluJar

response domínated by macrophages and lrlNGC, with occasíonal lymphoid

ceìls. 0ften associated with this response are varying degrees of cell

necrosis and fibrosis (Charosky et âì, 1973; Evans et ô1, L974;

[,li nter, L97 4; Mi rra et ôl , 1976; vernon-Roberts and Freeman , L977 |

Revell et al,1978). 0n1y in the presence of infection are PMN present

(MÍrra et al, 1976).
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Meta'l and polymer wear particles from the articulating surfaces of ioint
prostheses are detectable within the macrophages and MNGC in the tissues

around prostheses, and it appears that increasing numbers of wear

particles are associated with greater degrees of macrophage and MNGC

response and necrosÍs (Vernon-Roberts and Freeman, 1977; Revell et aì,

1978). These particles have been implicated as a cause of pain and late

prosthesÍ s I oosení ng (Vernon-Roberts and Freeman , 1977; l,li I lert and

Semtitsch, t977; Revell et al, 1978). A macrophage and MNGC response

to 1 arge numbers of coba'l t-chrome parti cl es has recent'ly been reported

in the tissues around loose cementless porous coated femoral components

of total hip prostheses (Buchert et al, 1986). Whether wear particles

or their corrosive products alone cause the characteristic cellular

response and necrosís is difficult to determine from histologícal study

of the tissue around failed human and animal prostheses, as other

factors such as trauma from the original surgery, low grade infectÍon,

or mechanical loosening may contrÍbute to these changes.

This study was undertaken, therefore, to try to reproduce the tÍssue

response seen in the articular tissues around failed prostheses by the

intra-articular injectíon of wear particles in animals. Intra-artícular

particle iniection was used to elimínate the complÍcating effects of

open surgery and prosthesis movement, and to allow the possíble presence

of infection to be assessed by bacteriological examínation of the

injected joint. This model r{as also developed for possíb'le use in

determÍnÍng the relative toxÍcÍty of wear partfcles of dífferent

materi al s.

The large nnjority of previous animal studies of the effects of wear

particles on tissues usually have utlllzed subcutaneous or intramuscular

implantation (Cohen, 1959; Swanson et ô1, 1973; Griss et al, L974;
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Escalas et ô1, L976; Heath, L976; Gourley et â1, 1978). A major

drawback of these studies is that the implanted bolus can only have an

effect at the periphery of the bolus where it interfaces wíth

surroundíng solid tissue, and this tissue response may bear little
relationship to the effects on synovium due to continuous sheddíng of

wear partÍ cl es and theí r dí spersal by the synoví al f 'luí d.

Studies of the intra-articular injectíon of particulate polymers

(Stinson, 1965), stainless stee'l (l.lagner et ô1, 1976\, and graphite

(Tetik et â1, 1974) ín large laboratory aníma'ls have used particìes

suspended in water or salíne, which causes clumping and rapid

sedimentation of aggregates of particles (Garrett et ô1, 1983), and

consequently results ín uneven distribution of particles. Clumping, and

its effects on partíc1e dístrÍbutÍon, must be taken Ínto account when

considering the findíngs in studíes of the effects of implanted plugs of

tamped particles in the knee ioÍnts of míce (Rushton and Rae, 1984; Rae

1986b). By contrast, pilot studies whích preceded the findings reported

here showed that milling in the presence of two percent homologous rat

serum in normal salíne, and subsequent resuspension of partícles of

random sÍzes in the same fluid, maintained the particles in a dispersed

state suÍtable for injection into rat knee joints (Vernon-Roberts,

1e8s ) .

3.3 ÈIATERIAL AND I'IETHODS

3.3.1 Preparation of cobalt-chrone particles

Wear particles of cobalt-chrome alloy (Vitallium, Howmedica Inc.), were

prepared in a shaker made of two Smith-Petersen cups (fi9.3.1) as

previously described (Garrett et ô1, 1983) with the followlng
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modifications. Instead of using a míl1ing fluid constituted fron 20%

foetal ca'lf serum added to RPMI 1640 medium, the fluíd comprísed

homologous serum prepared from J.C. Lewis rats whích was dí'luted one in

fifty in sterile normal saline (sodium chloride 0.9% I.l/V). Prior to

mÍl1ing the Vitallíum screu,s and chamber cups were washed and acÍd

neutralized according to A.S.T.M. standards for biocompatibility testing

of metals (A.s.T.M. F 361-80, F 86-76), and sterilized by autoclavÍng.

The size djstríbutíon of partic'les was determined by differentia'l

sedimentatÍon (Garrett et al, 1983) and partic'les three micrometers and

less yúere utilized for injection. The concentratíon of metal and

proportion of cobalt and chromium ín the partic'le suspension were

assessed by atomic absorption spectroscopy (Varian Techtron Model 1200)

(Gatehouse and t.lillis,1961) after disso'lvÍng particles by heatíng in

concentrated nítríc acid, and then ín hydrochloric acid (McPherson et

ô1, 1963). The content of metal was measured against cobalt and

chromium salt standards and against dry prepared weÍghed samples of

cobalt-chrome alloy (A.S.T.M. D 3558-77, D L687-771. The metal particle

suspensÍon prepared Ín the shaker was found to have a concentration of

1.11 ng per m'l of cobalt and 0.55 mg per ml of chromium, thus shoríng a

coba'ft:chromium ratÍo of 2zL. Since coba'lt comprises 60 per cent of the

Vitallium alìoy, the total metal content of the particle suspension was

calculated to be 1.85 mg per ml. This partícle suspension was diluted

to 0.74 mg per ml Ín serum/salÍne prior to injection.

3.3.2 Technique of inJection and sacrifice of animals

Twenty male J.C. Lewfs rats elght to sixteen weeks old, and weighlng 180

to 300 gm, were inJected with metal particles suspended in serum/saline

in one knee and with serum/sallne solutÍon in the other. They were then

allocated randomly to four groups to be sacrifÍced at one day, three
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days, one week, and three months post-injection. Three control rats,

whÍch had the skin prepared but receíved no ÍnJectÍon ín either knee,

vúere included in each group. Iniection and sacrifice was performed

under anaesthetic using 3% halothane in 50% nitrous oxide in o{ygen.

PrÍor to injection and sacrÍfÍce, the legs were shaved and cleaned with

one per cent alcoholic chlorhexidine. Injection, using a 0.5 ml syringe

(e-O Plastipak 0.5 ml Insulin syrínge) was performed through the

patellar tendon while the knee was held at thirty degrees of flexion.

DÍstension of the suprapatellar pouch was taken to índicate a successful

injection. The amount injected was 0.01 ml per 25 gm body weight, as

this was found Ín pilot studies to be the amount necessary to distend

the knees of variously sized rats to an equal extent. The average

injection volune was 0.09 ml. Animals recovered within one hour and díd

not limp. Animals vúere housed in metal cages and fed a routine diet.

At the time of sacrifíce the anÍmals were inspected externally for

swelling of the knee or development of tunours. Under anaesthesia,

using aseptíc techniques including sterile instruments for each knee, an

arthrotorry Ùúas performed and a synovÍal biopsy was taken (fi9.3.21.

The biopsy was placed in Stuart's transport medium for microbÍological

culture. Selected synovial biopsies were a'lso taken for electron

microscopic examination and EDX microanalysis and inmediately pìaced in

glutaraldhyde. After sacrifice, the whole leg was resected and fixed in

10% formal saline. The knee was held flat on a glass slide to allo'r

consistent sectioning of the knee for histopathology (fig. 3.3).

Finally, a post-mortem examÍnatíon was performed and ìumbar para-aortic

lymph nodes, liver, spleen, kidneys and lungs were removed and placed ln

10% formal saline.
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Fig. 3.1. The cobalt-chrome alloy cups and cobalt-chrome aìloy screws used

to produce particles.

Fig. 3.2. PhotograPh showing the
site of arthrotomy and sYnovial
biopsy of a rat knee ioint.

Fig. 3.3. PhotograPh showing--an
exðised rat knee ioint held flat on

a slide to prevent distortion during
fi xati on .
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3.3.3 Tissue processlng for histopathology

After fixation in t0% buffered formal salÍne for three days, the rat

knees were decalcified uslng a commercial decalcifying solution (Decal,

Omega Chemical Corporation, N.Y.). The extent of decalcífication was

control'led by dai'ly radÍ ographs (f odat< Mi n-R f i 1m, Hewl ett Packard

Series 43805N Faxitron Cabinet X-ray machine). After neutralÍzatíon in

five per cent silver sodium sulphate, the central portÍon of the knee

was removed by sagittal sectíon eíther side of the pate'lla (Fig. 3.4) to

provide a block four mÍllÍmetres thick. The block was then dehydrated

through graded alcohol, cleared in chloroform, and embedded in paraffin

yúax. After trimming, beginning at the side of the arthrotomy, six

micrometer sectÍons r{ere cut using a hand operated LKB 2259 llultirange

nicrotome (fig. 3.5). Sections were staíned wíth hematoxylin and eosin

and examined by transmitted light and by polarÍzed light microscopy,

since very small netal particles can be readily discerned because of

theÍr light-scatterÍng effect (Vernon-Roberts and Freeman, 1977). The

pathological features were quantifÍed subiectively and índependently by

the author and his supervisor, using an agreed scale. The grading

system used was 1r, present occasíonally but in less than one in ten

high povrer fields of synovium examined, 2*, present ín up to half the

synovium, and 3+, present in more than half the synovium of the knee.

3.3.4 Microbiology techniques to exclude infection

Aerobic and anaerobic cultures were performed on all rat synovial

biopsies, and on suspensions of metal particles and serum/saline prior

to, and after injection.

The synovfal biopsies were removed from Stuart's transport medium and,

using a stomacher, were homogenised in half a millíìitre of glucose
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Fig. 3.4. Diagram showing the shaded portion of each rat knee ioint
exðised following fixation, thereby obtaining a sagittal section of a

similar area from each knee.

Fig. 3.5. A typical sagittal section of a rat knee ioint showing the
synovial recesses of the ioint.
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cooked meat medÍum. In an anaerobÍc chamber, the homogenate and the

samples of iniected materials were Ínocuìated on to a supplemented blood

agar (B.A.Y.H.) plate, an anaerobic blood culture broth, and a glucose

cooked meat broth, and these were íncubated anaerobícally. The sample

was also inoculated on to a chocolate agar plate and incubated ln carbon

dioxide. Plate cultures were continued for four days and broth cultures

for fourteen days. A subculture was taken if any broth became turbid.

The unínjected knees r{ere used as negative contro'ls. Two types of

posítive controls were used. To test the adequacy of the technique of

collecting a synovíal biopsy in detecting possíble infection, septic

arthritis was índuced by injection of 0.1 ml of pure coagulase-posítive

Staphylococcus aureus or coagu'lase-negative Staphylococcus epÍdermÍdis

into the knees of four rats. After three days a synovial biopsy was

taken in the same nanner as that described for rats injected wÍth metal

particles. To test the adequacy of the transport media used and the

culture technique, 0.05 ml of pure cultures of the same two strains of

Staphyl ococci , Propi onebacteríum acne, and Escherí chi a col í were

inoculated on to an autoclave sterílized biopsy of rat synovÍum and this

was placed into Stuart's transport medium. All bacterial suspensions

were in a concentration of one million bacteria per ml as determined by

seríal dilutíon and pour plate techniques (Rotheram, 1975). Organísm

identÍfícation was accordíng to standard laboratory techniques (Covlan,

t975; Ho'ldeman et al , 19771.



104

3.4 RESULTS

3.4.1 Histopathology of rat knees

One day after ínjection of metal particles, a joint effusion containing

many PMN, macrophages and necrotic ce'l ì debrís was present. The

synovium showed patchy surface ulceration, and the subsynovÍum was

extensively infiltrated to a moderate degree by macrophages. A few PMN

also were present. l,lhite some metallic particles were present withÍn

the I íning synoviocytes, the particl es in the subsynovium y,,ere

predominantly extracellular. In a few areas of.the subsynovium,

aggregates of metal partícles þrere present and vúere associated wÍth

necrosis of cells (fig. 3.6). In the control knees injected wíth

serum/saline, there hras a smal'l effusion and subsynovial cel'lular

infiltrate of macrophages and a few PMN , but synovial ulceration and

necrosÍs were absent.

Three days after injection, the effusion had largely disappeared from

test and control joints. The appearances of the synovium and

subsynovium were indistínguishable from those seen one day after

i njecti on.

One week after iniection of partícles, there were randomly distríbuted

aggregates of metal particles wíthÍn the focal ly hyperplastÍc

synovÍocyte layer and within macrophages in the subsynovÍum. The

greater amounts of particles appeared to be present ín the tissues of

the synovial recesses of the Joints. Focal aggregatÍon of 'large numbers

of metal particles was assocÍated with an intense macrophage infiltrate
and necrosÍs of these cells (Figs. 3.7 and 3.8). Lymphocytes conrnonly

were present ln assoclation wlth the macrophage aggregates and necrosis

(Figs.3.7 and 3.9).
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Fig. 3.6. The subsynovium three
days foìlowing cobal t-chrome
injection shows a collection of
particles and cell debris.
HE x 200

.4,

Fig. 3.8. One week following
cobal t-chrome particle iniection
the particles are located intra-
cellularly within macrophages and
extracellularly. Cell necrosis is
associ ated wi th focal ly 'large

numbers of particles. HE x 500
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\l
Fig. 3.7, One week following cobalt-
chrome particle injection the
synoviocyte layer is ulcerated.
There is a macrophage response with
surrounding lymphocytic infil tration.
HE x 160
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Fig. 3.9. The synovium one week
fol I owi ng coba'l t-chrome particì e

injection, showing synovÌal
ulceration, occasional macrophages
containing particles, and a dense
infiltrate of small lymPhocYtes.
HE x 500



106

In some of the control knees there was a mild macrophage ínfiltrate

alone and occasional lymphocytes urere present, but in general the knees

showed very lfttle change (Fí9.3.10).

Three months after injection, metal particles were present in small

numbers in synovÍocytes and as prominent aggregates within macrophages

in the subsynovium (Fig. 3.11). However, while the number of aggregates

had í ncreased, the number of di ffuse macrophages and amounts of

particulate material clearly v{ere reduced when compared with the

reaction observed at one week. The aggregates of particles frequently

were associated with necrosis. Fibrosis and necrosis of the subsynoviun

were seen Ín some areas, and extracellu'lar particles were present in

such fibrous and necrotic tissue (Figs. 3.11 and 3.L?t'. Lymphocytes and

PMN were absent. The control knees were completely normal ln

appearance. No MNGC were observed at any stage.

The histological features in the particle and control iniected knees

were assessed according to the extent of the knee synovium involved and

the results were plotted agaÍnst the time till sacrifíce (Fi9.3.13).
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Fig. 3. 10. The synovium one week
following injection of control
sol ution showing synovial
hyperplasia and a few lymphocytes in
the subsynovium. HE x 500
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Fig. 3.11. A synovial recess three
months following injection of cobalt-
chrome particles. Particles are
within rnacrophages and in fibrous
tissue. HE x 200
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injection showing a surface synoviocyte ìayer one cell thick, macrophages
showing many intracytopìasmic particles, and extracellular particles also
lying in the fibrous and degenerate stroma which has replaced the normal
subsynovium. HE x 500
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3.4.2 Post-nortem fíndings

Histopathological examínatíon of all organs showed no evidence of tumour

or other abnormalities and no metal particles were seen in extra-

articular tissues.

3.4.3 tlicrobiology culture results

Cultures of the metal particle suspensions and serum/salíne control

sol uti ons were steri I e. One metal i njected rat knee greh, a

Staphylococcus epidermidis and one uninjected control rat knee grew a

PropÍonebacterium acne. Both positive cultures vúere only on broth

culture and not on the p'lates, and were assumed to be contaminants. A

positive culture r{as obtained from all rat knees with induced septic

arthritis due to Staphylococcus aureus or Staphylococcus epidermidis.

The cultures from a'll synovial specimens which had been inocu'lated with

known bacteria were positive and demonstrated the sensÍtivity of the

culture techniques to detect aerobic and anaerobÍc bacteria.

3.5 DISCUSSION

Cobalt-chrome alloy particles slmílar in size to the wear particles seen

microscopically in the tÍssues adjoÍníng metal on metal total joint

prostheses and, to a lesser degree, metal on polyethylene joi nt

prostheses have been shown in this study to provoke the accunu'lation of

macrophages containíng metal particles. This macrophage response

occurred ln the absence of infection. The particles also caused

ulceratíon of the synovlum and, when present in focally high

concentratíons, produced necrosfs of the subsynovíum. The macrophage

response and necrosis seen ln response to the iniectlon of particles
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Ínto rat knees are sfmilar to the appearances seen in the synovia'l

ti ssues around I oose human tota'l hip prostheses. Thí s study

demonstrates that a macrophage response to wear partÍcles wÍlì occur in

the absence of infection or mechanÍcal causes for prosthesis loosening

(Vernon-Roberts and Freenan, L9771.

The possibility that the tíssue reactions observed in humans could be

due to infecti on, a vÍew which has been put folard on several

occasions, has been excluded by extensÍve mícrobioìogÍcal tests to

exclude aerobic and anaerobic ínfection of the knees ínjected with

particles. In addition, posÍtive controls were used to establish the

sensitÍvity of the method used to obtain a synovial biopsy in detectÍng

i nfecti on.

The appearance of the rat knee ioints íniected with particles changed

with time. Initíally there was ulceration of the synovium and necrosls

of macrophages at the site of large concentrations of partícles in the

subsynovium. Particles were endocytosed by macrophages. The number of

partÍcles and the number of macrophages in the subsynovÍum appeared to

decrease with time but the extent of the particle and macrophage

distribution throughout the knees did not appear to change. This may

support the concept that joínts possess the abilíty to dÍspose of wear

particles (l'lillert and Semlitsch, 19771. I'lhen wear is severe, the

abil ity of the joint to clear large numbers of partícles may be

exceeded, and may be further inpaired by the fíbrosÍs and necrosis which

acconpanies the reaction to wear particles.

The amount of metal wear particles produced at the articulating surfaces

of all netal prostheses is hígh. Large numbers of metal particles have

also been reported in the tlssues around porous meta'l fmplants. Small

numbers of metaì wear particles are seen ln the tissues around metal on
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po'lyethylene prostheses in which the predominant wear particle produced

is poìyethylene. It has been shown previously that hfgh concentratÍons

of metaì particles are toxic to m¡rine macrophages in vitro (Garrett et

â1, 1983). The mechanism of this toxicity remains speculative, but it
coul d account for the necrosis associated with foca'l ly hígh

concentrations of partic'les as aggregates in the injected joints. By

contrast, fibroblasts may be more resÍstant to the toxic effects of

cobaìt (Daniel et ô1,1963), and this may expìaÍn the persistence of

metal parti c'l es i n fi brous ti ssue. Al ternati veìy, fi brous tÍ ssue

formation in the subsynovÍum could represent a repair r:eaction folloling

focaì necrosis of the tissues.

Cì ear'ly,

i mportant

suggested

materi al s

performed

stu dy .

the effects of wear particles of different al'loys have

implications for the tissue response around imp'lants. It ís

that the testing of the biocompatibility of partÍc1es of

proposed for use in joint prosthesis manufacture may be

in a similar manner as in the animal mode'l developed in this

3.6 CONCLUSIONS

I ntra-arti cu'lar í niecti on of coba'l t-chrome al 1 oy wear partí cl es simi I ar

in size to those seen in the tissues around human prostheses produces

synovi al ul cerati on, focal degenerati on of synovÍ a1 ti ssue and

prol i ferati on of macrophages í n the absence of i nfectí on. These

appearances in the knee Joints of rats are similar to those seen in the

tíssues around human prostheses.
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CHAPTER FOUR

THE LOI'IG TERM EFFECTS OF I}ITRA-ARTICULAR IMJECTION OF

COBALT-CHROME }IEAR PARTICLES IN RATS

4. 1 AIM

The aím of this study was to investigate the long term effects of the

intra-artícu'lar injection of cobalt-chrome alloy wear particles on the

synovi um and subsynovi um of the rat knee joi nt assessed semi -

quanti tati ve'ly.

4.2 INTRODUCTION

Despite previous long-term in vivo studíes of the biocompatibility of

various prosthesis materials in particulate form, it remains dífficu'lt

to quantify the tíssue response to dífferent materia'ls. Prevíous

studies suggest there ís a common pattern of tissue response to such

particles. Foll oring subcutaneous and intramuscular injection, a

predominantly macrophage response occurs ínÍtially and is followed at a

later stage by fibrosis (Cohen, 1959; Escalas et al, 1976). A sÍmilar

response occurs following intra-articular injection, but the degree of

fibrosis is variable (Stinson, 1965; TetÍk et ô1, L974; Rushton and

Rae, 1984; Rae, 1986b). There are, however, considerable variatÍons

between reports of the degree of tÍssue response to the same and

different meta'ls (Cohen, 1959; Escalas et ôl , 1976) and polynrers

(Stinson, 1965; Escalas et ô1, L976; Gourlay et â.|, 1978; Uchida,
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1985). These variations probably are due largely to differences in

methods of partícle preparation, injection sites, and methods of

interpretatíon of results. The interpretation of the results of future

studies would be simpìified, therefore, by the use of standard methods

of particle preparatíon and injection, the inc'lusíon of standard control

materials, and the use of objective methods of assessment of the tissue

response.

4.3 I.IATERIAL AND I-IETHODS

4.3.1 Injection and sacrifice of animals

Forty ma'le and forty female J.C. Lewis rats eíght to sixteen weeks of

age and weÍghing between 180 and 300 grams, were injected with cobalt-

chrome partic'les in one knee and dilute serum/saìíne in the opposite

knee. The rats were allocated random'ly into eÍght groups with five male

and five female rats ín each group. Five male control rats, which had

theÍr skin prepared but received no injections, were Ínc'luded in each

group. The groups were sacrificed at one, two, four, eight, thÍrteen,

twenty-six, fifty-two and one hundred and four weeks follovÍng

i njecti on.

The methods for the preparation of particles, iniectíon and sacrifice of

animals, preparatíon of tissue for histopathology, and microbioìogical

procedures to exclude infection, were performed according to previously

described studÍes of the short-term effects of particles in Chapter

Th ree.

Microbiological cultures of synovial biopsies were performed on rats

sacrlficed up to and including four weeks following iniectÍon. Selected
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synovial biopsies were taken for electron mÍcroscopic examination and

EDX nlcroanalysis and u,ere fixed in glutaraldehyde. A post-mortem

examination was performed on all but one rat.

4.3.2 Histopathology grading

Hístologica'l examínation was perforrnd on all sections. In addition, a

semi-quantítative assessment of the tÍssue response was performed on

sections of knees of all anímals sacrificed up to one year followÍng

iniection. The animals sacrificed two years after ínjection were not

included ín this assessment due to the death of some anima'ls.

The semi-quantitatíve scorÍng method used was based on the presence or

absence of a particular feature in each successÍve high pover fÍeld of

synovium and subsynovÍum of the sectíon examined microscopica'1ly. The

cell and particle scores were based on a modífícation of those used by

Mirra et al (1976) to assess the tÍssue response to wear particles ín
humans. A posÍtive macrophage score was more than thirty macrophages

per high power field (x 400, field area 4.7 sq.Ím.), and a positive

particle score v{as more than twenty partícles per hígh povrer field.
Neither necrosís, fibrosis, presence of other cell types, nor gradíng

of macrophages or particles scores, was attempted since pilot studÍes

had shorvn that quantitation of these features was unrelÍable. The

macrophage and particle scores vúere derived as a percentage of the

number of high powered fields of synovium in which these features were

present in each section of the rat knee relative to the total number of

fíelds containing synoviun in the section as a whole.
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4.4 RESULTS

4.4.1 Histopathology of rat knees

The uninjected control knees remained normaì throughout the study. The

knees injected wíth serum/saìine 
, 
showed a ìight infiltrate of

macrophages and occasional lymphocytes at one week following iniectíon.

At one week folloving iniection of partíc1es, the particles were located

intracelìularly within macrophages and extracel'lular'ly. There was a

predominantly macrophage infÍltrate of the subsynovium and occasiona'l

aggregates of lymphocytes were present (fig. 4.1). Patchy synovia'l

ulceration was seen. At the sites of accumulatÍon of large numbers of

particles, necrosÍs of macrophages was present (fig. 4.2). PMN were

rare.

At two weeks the serum/saline ínjected knees were no different for the

unÍnjected control knees and remained so. From two weeks to thirteen

weeks, the numbers of extracellular partlcles decreased. Synovia'l

ulceration was not observed after four weeks. The macrophage infíìtrate

remained the predomínant findíng throughout thís period, while

lymphocytes decreased in number and were not seen after four weeks. PMN

were absent. Areas of necrosís remained but appeared to be reduced in

number and extent (fig. 4.3). At thirteen weeks nost particles y{ere

contaÍned wÍthin macrophages (Fig a.a). There appeared to be a slight

increase in fibrous tissue formation Ín the subsynovium at the sites of

particle accumulation, but an increase in fíbrous tissue could not be

reliably distinguished fron the normal subsynovíal fibrous tissue until

at least thlrteen weeks.

Between thlrteen weeks and two years the large maJority of particles

were contained within macrophages. However, occasional areas were seen
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Fig. 4.1. The synovium one week following iniection of cobalt-chrome
puiiicies shows äggregates of macrophages and infiltrated small lymphocytes.
HE x 200
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Fig. 4.3. A sYnovial vilìus eight
weeks following iniection of
cobal t-chrome Particles shows
numerous intracellular and extra-
cellular particles and necrosis of
macrophages. HE x 160
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where particles persisted in acel'lular amorphous eosínophilic material

which had replaced zones of normal subsynovium ln degenerate villi (fig.

4.5 and 4.6). Macrophages containing abundant intracellular particles

were also found in the subsynovium of degenerate villi (figs.4.7 and

4.8), and interspersed wíth bands of mature fibrous tissue (fig. 4.9).

4.4.2 Particle and nacrophage scores

The partÍcle scores for iniected knees at various intervals following

injectÍon are shown in Figure 4.10. It can be seen that, whíle there

y{as substantial variation durÍng the fÍrst two weeks, the median

partÍcle score did not change significantly between one and fifty-two

weeks fol'lowing injectÍon.

The macrophage scores for iniected knees at various times following

injectÍon are shown in Figure 4.11. The median macrophage score

decreased after the first week and thereafter remained at the same leve'l

for up to fifty-two weeks.

Subiectively, the total numbers of both particles and macrophages

appeared to decrease during the study, and the persisting macrophages

appeared to contain larger numbers of particles. However, the scoring

system used did not allov the tota'l number of particles and macrophages

to be assessed and only indÍcated the percentage area of knee synovlum

havíng sufficient particles present to achieve a positfve score.

Nevertheless, the findings sho'red that the extent of these areas

remained relatively constant at fifteen to twenty per cent of the

synovium during the fírst year of the study.
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Fig. 4.4. The synovium thirteen weeks following injection of cobalt-chrome
particles shows an aggregate of macrophages containing numerous particles,
and some particles which are extracellular. Lymphocytes are absent.
HE x 500
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Fi9.4.5. A synovial villus
twenty-si x weeks fo'l 'lowi ng
injection of cobaìt-chrome
particles shows extensive necrosis
of the subsynovium and its
replacement by esinophiì ic
material containing particles.
HE x 320

Fig. 4.6. A part of the synovial
villus seen in Figure 4.5. shows
discrete and cl umped particles 'lying

in the acellular subsynovium, and
focal loss of the synovial cell
lining. HE x 320
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Fig. 4.7. A synovial villus one year following injection of cobalt-chrome
particles shows macrophages containing abundant particles such that their
cytoplasm appears black. They are readily distinguished fron the focal'ly
degenerate and collagenized subsynovial connective tissue in which
relatively few scattered particles are present. HE x 160

/

b

Fig. 4.8. High power photo-
micrograph of the synovial villus
in Figure 4.7 shows large numbers
of particles predominantly
contained within macrophages.
HE x 500

Fig. 4.9. The subsynovium two
years following injection of cobalt-
chrome particles shows clusters
of macrophages containing many
particles separated bY heavilY
collagenized fibrous tissue.
HE x 400
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4.4.3 Death of animals, post-mortem flndings, and microbiology results

No deaths occurred in the first seventy Ínjected and thirty-fíve control

rats sacrificed up to one year after Íntra-artícular iniection. Between

one and two years following ínjection, there were three deaths in the

group of ten injected rats and two deaths in the group of five control

rats; two injected rats and two control rats lrere sacrificed between

one and two years because they developed respÍratory infections; one

apparently healthy iniected rat died overnight durÍng thÍs period and

y{as eaten by fellow rats, such that no post mortem was possible. No

tumours were present in any of the animals in the study. Post-mortem

examination did not reveal particles or abnormal findings Ín the extra-

articular tÍssues. Two synovial biopsies from knees iniected with

serum/saline control solution grew a Propionebacterium acne on broth

cultures alone. This was assumed to be a contaminant as the plate

cultures t{ere negative and histo'lory revealed no evidence of acute

i nf I anmatí on.

4.5 DISCUSSIoN

Fol I owi ng i ntra-artí cul ar i niecti on of cobaì t-chrome al I oy wear

particles, the dfstribution of particles and macrophages withÍn the

synovíum did not alter from two weeks to one year following iniection.

Other studies have also shown the persistence of particles and

macrophages for long periods fol I orÍng intra-articular inJection of

particles. Thus, Stinson (1965) studied the tissue response fe pffi{fi,

polythene and nylon iniected into the knee ioints of guínea pigs. The

response to these polymers varied slightly but consistent features were

an early macrophage and MNGC response followed by fibrosis, but with
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the persistence of some macrophages and MNGC for up to three years.

Reviewing the líterature, Stinson (1965) discussed the wide variabflity

of the tÍssue response to varíous polymer particles of various shapes

and sizes, and noted the previous reports of persistence of particles

and a cellular response for long periods of time.

Recently, Rae (1986b) reported the results of a study of the tissue

response in the knee joínts of mÍce to the íntra-articular Íniection of

titanium and titaníum-aluminium-vanadium a1'loy particles five

micrometers and less in size. The tissue response was assessed at

interva'ls between two and fifty-two weeks. There was a predominantìy

macrophage response without necrosis, and it was concluded that the

materi al s were we] I to]erated.

Studies of the biocompatibility of particles of numerous materÍals,

inctuding polyethylene (Rushton and Rae, 1982), polyethylene, graphite,

and graphite reinforced poìyethylene (Tetik et â1, I974\, and carbon

reínforced polyethylene (Rushton and Rae,1984), have shown a mild

ti ssue response to each of these materi al s when i niected i ntra-

articularly. Short-term and long-term studies of the íntramuscular,

subcutaneous and intra-peritoneal injectÍons of alumíníum oxide ceramic

particles also have shown a mild response when assessed subiectively

(Griss et al , L974; Harms and Mausle, 1979).

In the present stu(y, none of the anÍmals developed tumours up to two

years following lnjectÍon. These fíndings are in agreement wÍth

previous studies involvlng intra-articular iniection of PMMA, polythene

and nylon (Stinson, 1965), polyethylene (Rushton and Rae, 1984), cobalt-

chrome a'lloy (Meachim and Brooke, 1983) and títanium and its alloys

(Rae,1986b). In contrast, a hlgh incidence of tumours has been

reported following the intram¡scular iniection of pure metals (Heath,
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1976) and metal alloys (Heath et â1, 1971), and following the

subcutaneous injection of metals (Oppenheímer et â.|, 1956). The

incldence of tumours probably ís related to the tissue response of

different species of animaì s, the physical form of the ímplant

(Oppenheimer et a1,1961), the methods of preparation of the partícles,

and the site of implantation.

The findíngs of this study, and of other studies of intra-articular

injection of particles, agrees with the extremely lov íncidence of

tumours around human joint prostheses (Hamblyn and Carter, 1984), some

of which produce large numbers of wear particles over many years, and

suggest intra-articular iniection is a more approprÍate method of

assessment of the biocompatibility and tumour-inducing properties of

parti cl es.

The results of this study suggest that if the scoríng system used is

applied to bíocompatÍbility studies, useful information as to the degree

of the cellular response to particles can be obtained wÍthin two weeks

folloning the intra-articular injection of particles. This and other

studies have shown that the cellular response is unlikely to increase

after this interval, and no further information of value wil'l be gaÍned

regarding the degree of cellular response by sacrifícing groups after

two weeks, although evidence of prevlous necrosis of the subsynovÍum is

well demonstrated at three to six months.

In the present study, the particle score did not alter throughout the

stu(y period. This implies that enough particles remaÍned at the sites

of initial accumulatÍon to achieve a positlve score, although the total

numbers may have decreased. Clearly, particles in signifÍcant numbers

remained in the subsynovium of the knee ioint up to one year following

injection, and the assocÍated macrophage response also persisted. It
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can be expected that continual shedding of partícles from joint

prostheses will cause accumr¡lation of particles in the surrounding

tÍssues if the volume of particles produced exceeds the volume cleared

from the joi nt (Vernon-Roberts and Freeman , L9771. Whether the

particles continue to cause an adverse effect on the tissues is not

known. In the present study there was no evidence for an increase in

the macrophage response after two weeks, suggesting that a stable

relatíonshÍp between the number of particles and macrophages had been

reached. It is possible the composÍtion of the partic'les may have

altered durÍng the period of impìantation, leading to less toxic or

stimulating effects on macrophages. This differs somewhat from the

human situation where particìes are contÍnuously released into the

ti ssues.

The persistence of a macrophage response to cobalt-chrome partíc'les for

up to two years following injectÍon has partÍcular re'levance in líght of

recent reports of large numbers of these particles, and a macrophage

response at the bone-impìant Ínterface around loose cementless porous

coated femoral components of recent'ly designed total híp prostheses

(Buchert et al,1986). It ls reasonable to assume that these particles

contribute to a chronic inflammatory response in the periprosthetíc

tissues. In vítro studies have demonstrated that cobalt-chrome

particles induce lysosomal enzyme re]ease by macrophages (Rae,1986a),

inhibit the phagocytic actívity of nacrophages (Rae, 1975; Garrett et

ô1,1983), and cause cell necrosis (Mítat and Cohen, 1968; Rae, 1975).

Also, in the tissues around loose prostheses, Íncreased lysosomal and

proteolytic enzyme activity is seen ín macrophages in the presence of

yúear partíc1es (Eftekhar et ô1, 1985). Macrophages may also play an

lndirect role in bone resorption (Chambers, 1985). Macrophages are

known to release prostaglandÍns (KleÍn and Raísz, 1970; Galasko and
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Bennett, 1976) and monokines which stimulate bone resorption (Goren et

ô1, 1983). Hhile this stu(y has shown that cobalt-chrome particles

persists wíthin macrophages for at least two years follwing lntra-

artlcular injection, it has not yet been ascertained whether the

macrophages present two years following partÍcle iniection continue to

release products which are capable of stimu'lating bone resorption.

4.6 CONCLUSIONS

Cobalt-chrome al'loy wear particles persist ín the tíssues for two years

following intra-articular iniection in rats. Semí-quantitative

assessment of the tissues demonstrated that the numbers of partícles and

macrophages remained relatíveìy constant after two weeks. Necrosís of

the subsynovium was followed by fibrosis. No tumours developed during

the course of the study.
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CHAPTER FIVE

A COMPARISON OF THE SYNOVIAL RESPONSE TO ALUMINIUM OXIDE

CERAMIC AND COBALT.CHROME ALLOY

l.lEAR PARTICLES IN RATS

5.1 AIMS

The aims of this study were: to compare the tÍssue response to the

intra-articular iniection of aluminíum oxÍde ceramic particles and

cobal t-chrome al 1 oy particles using a semi -quantitative method of

assessrrent, to compare the tissue response to different concentrations

of cobalt-chrome partÍcìes, and to compare the tissue response at

different time perÍods follovíng the injectíon of particles.

5.2 INTRODUCTION

Aluminium oxide ceramÍc total hip prostheses have been developed as the

ceramic has a number of claired advantages which include: better

biocompatibility than stainless steel and cobalt-chrome alloys (Griss et

ô1, 1973; L976; Heint<e et al, L979; Busíng et al, 1983), a very loul

coefficient of friction (Dorre and Dawihl, 1980; Dowson and Linnett,

1980), â lovr wear rate (Boutin, L972; Semlítsch et al, t977| Boutfn

and Bl anquaert, 1981 ) , I ess wear parti cl e producti on, and a I ower

toxicÍty of ceramic wear particles to tissues compared wlth particles of

other materials (Harms and Mausle, 1979; Stock et a'|, 1980).
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The ceramic prostheses currently used may have either a ceramíc on

ceramic, or ceramic on UHMWP articulation, usually have a nptal femoral

stem and may be implanted with or without the use of acrylic cement.

The clinícal resuìts of aluminium oxÍde ceramic prostheses, in the

short term, have been reported to be as good as the results using

prostheses made of conventÍonal materials (BoutÍn, t972; Zweymuller,

1979; Stock et al, 1980; Griss and Heimke, 1981; Rampo'ldi, 1984).

However, Trepte et aì (1985) reported a high incídence of femora'l

'loosening of uncemented components of ceramic total hip arthroplasties

at a short-term follow up. Moreover,0'Leary and Mallory (1986)

reported poor results at two year follow up of sixty-six MittelmÍer

ceramic total hip prostheses, with a failure rate requirÍng revision of

nineteen percent, and few patients were free of pain. The major cause

for failure was component ìoosening.

Whether ceramic prostheses are likely to be superíor to prostheses made

of other materials, depends on whether ceramícs are more bÍocornpatible

than metals when these rnterials are ímplanted in bone under weight-

bearing conditions, and whether ceramics cause fewer problens due to

friction, wear and wear particle release.

Severe yúear of ceramic prostheses has been reported foll owÍng

maìposition of components (Griss and Heimke, 1981), and wear rates of

ceramíc on ceramíc prostheses components of up to five tÍmes that seen

in ideal sltuations have been reported if there is minor incongruity

between artÍculating components (Hínterberger et al, 1980).

In vitro and in vivo studies suggest alumlnium oxíde ceramic particles

have little effect on cells and tissues (Griss et a'ì, L974; Harms and

Mausle, 1979; Plenk, 1980). Problems in these studies were that

particles v,,ere lnJected in saline which wil I not prevent clumpf ng of
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parti cl es, no method to excl ude í nfectf on was menti oned, and no

quantitative assessment of the tissue response was made. Some of the

tissue responses described in these studíes mlght be interpreted as

evidence of mild to moderate toxícity, but are difficult to Ínterpret as

no controls were included.

5.3 MATERIALS AND I,IETHODS

5.3.1 Preparation of cobalt-chrome particles

Cobalt-chrome (Vitallium, Howmedica Inc. ) partícles, three micrometers

and less, were prepared Ín a shaker ín homologous rat serum diluted in

saline. The methods of preparation of partÍcles and grading of partícle

size by differential sedinentatíon (Garrett et â1, 1983) have been

described previously in Chapter Three. Two concentrations of particles

were used, 0.74 and 0.30 mgm per m1 , and these suspensions vúere ternrd

high dose and lov dose cobalt-chrome suspensions.

5.3.2 PreparatÍon of aluminlum oxide particles

Aluminium oxÍde particles were produced by shaking irregularly shaped

pieces of a'luminÍum oxlde ceramic (Biolox, Richards Medica'l ),

approximately two to five millÍmeters in díameter, in a shaker which

consisted of two unused Biolox aluminium oxide ceramÍc hollow femoral

head components of the Mittelmier tota'l hip prosthesis whích were

clamped together. The particles were mÍlled in a solution of honologous

J.C. Lewls rat serum diluted one in fifty in normal saline.

Prior to nílling, the aluminium oxide shaker and pieces were washed ln a

warm ultrasound bath in a solution of Sparkleen di'luted one ln ten in

distilled water. Sparkleen (Flsher Co.) ls an organÍc solvent used to
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rúash total joint replacement prostheses. After five rinses in distilled

water, the particles were washed in dilute nítric acld to remove

possible metal contaminants, rinsed five tímes in distilled water,

washed in an ultrasound bath in boiling distÍlled water and then

autoclaved. These procedures fuìfilled the requirement that materÍals

be prepared Í n a manner simi I ar to thei r preparati on for human

implantatÍon (n.S.f.M. F 603-78, F 361-80, F 86-76).

Partícles above three micrometer in diameter þrere separated from the

prepared suspension by the method of differential sedimentatÍon (Garrett

et â1, 1983). These particles u,ere discarded. The weÍght of the

aluminium oxÍde particles in the remaÍnÍng suspensíon was calculated by

weighing oven dried samp'les of the suspensÍon. The particles were

prepared as a suspension in dilute serum to a concentration of 0.74

mil'ligram of aluminium oxide per millilitre, whÍch was the same

concentration of metal as in the hígh dose cobalt-chrome suspension.

The aìumÍnÍum oxide suspension was diluted by the ratio of the specific

gravity of aluminium oxÍde to cobalt-chrone to obtaín approximately

equivalent numbers of ceramÍc and cobalt-chrome particles in the

respective suspensions. The particles r{ere sterílized by autoclaving

príor to iniection.

5.3.3 Preliminary stu(y

A pre'liminary study of the effects of alumíníum oxide particles was

performed by injection of a sterile sanple of the particle suspension

prior to grading of particle size and separation of the smaller

particles to be used in the deflnÍtive study. Five rats received lntra-

lnJection of particles in both knees and, foìlovllng sacrÍfice at one

week, the tlssues vrere processed in the same manner as ín the definltlve

stu(y. Histological examination of these knees (Figs. 5.1 and 5.21
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demonstrated macrophage prol iferation and phagocytosÍs of alumÍnium

oxi de particles.

5.3.4 Technique of lnJection and sacrifÍce of animals

Sixty male J.C. Lewis rats eight to sÍxteen weeks of age and weighing

180 to 300 grams, v,,ere i niected wÍ th the hí gh dose cobal t-chrome

partÍc1e suspension ín one knee and the aluminíum oxide particle

suspension in the other knee. Another sixty similar rats were injected

wíth low dose cobalt-chrome particle suspension in one knee and dilute

serum/saline contro'ì solution in the other knee. The rats were randomly

allocated to sacrifice groups so that there were twenty high dose metal

and ceramic injected rats and twenty low dose metal and salÍne injected

rats in each group. The groups were sacrificed at one, four and

thirteen weeks foll owing injection.

Injection and sacrifice was performed as described previously in Chapter

Three. A biopsy of each knee was taken for mÍcrobiologÍcal examination.

Selected synovial bíopsies were taken for electron microscopic

examination and EDX mícroanalysis and were fixed in glutaraldehyde. A

post-mortem exami nation was performed on al I rats. The

histopathological scoring system described in Chapter Four was used to

assess the tissue response to particles.

5.3.5 Statistical methods

The correlation between the particle scores and the macrophage scores

for each suspension, and the si gniflcance of the correlation, was

assessed by Kendall's Rank Corre'lation method modified for tied rank

(Swinscow,1978). The significance of any differences between the

partícle and macrophage scores of each suspensíon was calculated by the

!'li 1 coxon Rank Sum Test f or unpal red data (Swi nscow, 1978 ) . The



131

macrophage score was plotted agalnst the particle score for the

suspensíons, and the sígnificance of differences between correlation

coefficients was assessed by co-variant analysís (Snedecor and Cochrane,

1967). Because a number of tests for significance of differences and

correlations were performed, thereby increasing the likelihood of

finding differences, a sígníficance level of P s 0.01 was accepted.

5.4 RESULTS

5.4.1 Histopathology of rat knees

At one week foìlowing injection, particles of cobalt-chrome (Fi9.5.3)

and aluminium oxide (Fi9.5.4) were both extracel'lular and intracellular

within macrophages. At four weeks and thirteen weeks, the majority of

partÍcles yúere Íntracellular. Subiectívely, the nunber of partícles

seen in all injected knees appeared to decrease between one week and

four weeks, and then remained constant to thÍrteen weeks.

The predominant cellular response to both materials h,as a nacrophage

infiltrate which subjectively was greater at one week, had decreased at

four weeks, and remaíned unchanged at thírteen weeks.

There were di fferences i n the response to the coba'l t-chrome and

aluminium oxíde particles at one week. In the cobalt-chrome iniected

knees, promínent zones of necrosis of macrophages were seen at the sites

of high particle accumulation (fi9.5.3). By contrast, in the knees

inJected with aluminium oxide partÍcles in the preliminary study where

the particle size was not controlled (Figs.5.1 and 5.2), and in the

definitive study of particles three micrometers and smaller (fig. 5.4),

very few nacrophages shovled evidence of necrosis and zones of necrosls
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were absent. Moreover, while a lymphocytic ínfiltrate was prominent one

week after the lnjection of cobalt-chrome particles (fig. 5.3),

lymphocytes were not a feature of knees injected with aluminium oxide at

any stage (Figs. 5.1 and 5.4). At four and thirteen weeks, necrosis was

confined to the reaction to coba'lt-chrome particles, and lymphocytes

were not observed in the reaction to either particle.

There t{as a difference Ín the response to high dose and low dose cobalt-

chrome parti cle i njecti ons. Greater numbers of parti cles and

macrophages were seen ín the knees injected wÍth high dose cobalt-chrome

partÍcles and necrosis r{as more common.

The knees iniected þrith serum/saline contro'l solution sholed slightly

íncreased cel'lularity of the subsynovium at one week and were normal

thereafter.

5.4.2 Particle scores

The hÍgh dose cobalt-chrome particle scores were sÍgníficantly different

from the low-dose cobalt-chrome partícles scores at one (p <

four (p s 0.001) and thirteen weeks (p <

demonstratíng that the scoring nethod used detects differences in the

number of particles in knees injected with dífferent concentratíons of

partÍcles of the same material.

Ïhere was no signifÍcant difference between the high dose cobalt-chrome

partícle scores and the aluminíum oxide partÍcle scores at one, four and

thÍrteen weeks. There ¡yas a sÍgnificant difference between the lov dose

cobalt-chrome particle scores and the aluminÍum oxide partlcle scores at

one (p s 0.001), four (p s 0.001) and thirteen weeks (p < 0.001). These

results suggest that the numbers of particles of aluminíum oxide in the

knees were simflar to the numbers following injectÍon of high dose
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cobalt-chrome suspensÍon, but were different fo'llowing the iniection of

low dose cobalt-chrome suspensÍon.

5.4.3 Macrophage scores

The hí gh dose cobal t-chrome macrophage scores were si gni fícantìy

different from the aluminium oxide partícle scores at one (p < 0.001),

four (p < 0.001) and thirteen weeks (p < 0.001) following injectíon and

suggest a difference in the macrophage response following íniection of

these particles of different materials.

The hi gh dose cobal t-chrone macrophage scores were si gni fi cantly

different from the low dose cobalt-chrome macrophage scores at one (p<

0.001 ), four (p <

injectÍon, and suggest the scoring system detects differences Ín the

macrophage response to different nunbers of particles of the same

material.

The low dose cobalt-chrome macrophage scores were not significantly

different from the aluminium oxlde nacrophage scores at one, four and

thí rteen weeks following Íniectíon.

5.4.4 Particle and macrophage correlations

There was a hÍgh correlation between the particle score and macrophage

score folloving injection of high dose cobalt-chrone suspension (r=

0.92, p < 0.001), low dose cobalt-chrome suspension (r= 0.97, p < 0.001)

and aluminium oxide suspension (r= 0.83, p < 0.001).

To determine the macrophage response to the two different concentratlons

of particles of cobalt-chrome, the nacrophage scores were plotted

against the partícle scores at each time interval (Fi9.5.5). The llnes

of best fít have símÍlar slopes, but the lw dose suspenslon
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consistently scores a lower particìe and macrophage score, confirming

the di f ferences descri bed previ ous'ly.

The macrophage and particle scores for high dose and low dose cobalt-

chrome suspensions were combined and were compared to the scores for

alumÍnium oxide suspension (Fig. 5.6). At one week followÍng Ínjection,

the lines of best fit between the two materials were significantly

different (p <

chrome particles was approxímately twice that of aluminium oxide

particles. At four weeks and thírteen weeks, there yúere no sÍgnifícant

differences between the slope of the ìines. These results confirm a

di fference i n the response to cobal t-chrome particles conpared to

aluminíum oxide particles whÍch had been suggested by the fínding of

significant differences between the macrophage scores for high dose

cobalt-chrome and aluninium oxíde. Although signÍficant differences

between macrophage scores were also detected at four and thirteen weeks,

while no differences were detected for particle scores, the method of

co-variant analysis did not confirm these differences.

5.4.5 Post-mortem and nÍcrobiology results

No deaths occurred and no tumours vlere found ín any anímals. Post-

mortem studies did not reveal particles or abnormal appearances in the

extra-articul ar tissues.

The cultures from the synovial biopsies of the rat knees and the human

tissues rúere negative, except for one rat knee biopsy which grew a

Staphylococcus epídermidis in one broth. ThÍs grovth was assumed to be

a contamÍnant, as the plate cultures and other broth cultures were

negatíve and the hÍstopathology of thls knee showed no evidence for

acute inflarrnation.
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5.5 DISCUSSION

Intra-articu'lar Ínjection of coba'lt-chrome alloy and alumínium oxide

ceramíc partic'les Ín the same size range as particles seen in the

tissues around human prostheses (l,linter, L974; Vernon-Roberts and

Freeman, t977; Harms and Maus'le, L979; Stock et al, 1980; Griss and

Heimke, 1981) induced a macrophage response in the rat knees whÍch

correlated with the amount of partÍculate deposited Ín the synovium at

the three sacrifice tímes. The macrophage response to cobalt-chrome

partÍcles differed from that to aluminium oxide partic'les. At one week

following injection, the response to cobalt-chrome particles was greater

than to aluminium oxide particles, but there was no difference at four

and thirteen weeks. These results suggest cobalt-chrome particles

induce a greater inflammatory response shortly after injection.

Both these materÍals are reìatÍvely inert in so'lid form and Richardson

et al (1975) found no difference in the response to their intramuscular

implantation. In vitro comparisons have not been made between these two

naterials Ín partÍcle form, but there is sone suggestion that cobalt-

chrome particles are more toxic. Cobalt-chrome particles in vÍtro

interfere wíth the phagocytic activíty of macrophages and are toxÍc to

nacrophages and fibroblasts (Rae, 1975, 1981; Garrett et ô1, 1983).

Cobalt has been implicated as the most toxÍc of the constituent metals

of this alloy and this toxlcity has been related to lts greater

solubility (Rae, 1981). AlumÍniun oxide partÍcles have been reported in

vÍtro to mildìy {nhibÍt fibroblast growth, causing slightly less

inhibition than stainless steel particles (Plenk, 1980).
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In vÍvo studies suggest ceramic particles are relatively inert. Griss

et al (1974) and Harms and Mausìe (1979) concluded that the macrophage

response to subcutaneous, intramrscular and intra'articular injection of

particles of a simi'lar sÍze to those used in the current study was not

of concern. These conclusÍons were based on subjective assessment of

the tissue response, and did not include a control materíal nor adequate

techniques to exclude infectíon. Some worrying features were reported

in these studies. A PMN response which peaked at one week follovÍng

subcutaneous injection (Griss et aì, L9741, and a persisting lymphocyte

response (Harms and Maus'le, 1979) following íntrarnrscular injection may

be interpreted as evidence of mild to moderate toxÍcity (ANSI Doc 4t,

1979; FDI Doc 198,1979). These features were not observed Ín the

current stu(y. Uchida (1985) observed that the intra-articular

injection of a'lumina ceramic produced a more severe tissue response than

polymer and metal particles, includíng cobaìt-chrome alloy.

The results of the current study suggest a difference in the degree of

the initial macrophage response to the two types of particles, but no

difference in the degree of the persisting macrophage response. Thus,

it ís possíble that the contÍnuing macrophage response depends on the

mechanical presence of the particles rather than any continuing toxic

properties which may or may not persist.

The scoríng system used in this study bears further discussion. Despite

attenpts to iniect particles of a sÍmilar size and concentration, and in

approximately sÍmilar amounts, it is possible that there Ìúere large

variations in the number of particles exposed to the synovia of

different knees. For this reason, a scoring system uúas used which

related the rncrophage response to number of particles ln the synovlum.

In additlon, the whole of the knee was examined to take into account the
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possible variations in the number of particles and the macrophage

response at different sites. If the required minimum number of

macrophages or particles v{ere present ín any given high power field,

then a positive score was recorded. This system has limitatíons, as

there may be far larger numbers of either macrophages or partfcles

present in two dífferent areas, but the score will be the same once the

threshold number Ís reached to achieve a positive score. To assess the

value of this scoring system in detecting differences in partícle

numbers and macrophages, tv{o different concentrations of cobalt-chrome

particles were used. The scorÍng system seems justified as the

macrophage response correlated wíth the particle score in all groups,

and more Ímportantly, the scoring system detected a difference in the

particle and macrophage score following injection of high dose and low

dose cobalt-chrome suspensions.

The macrophage response aìone was used to assess the tissue response to

partícles, as it cou'ld be rel iab'ly scored. Other features, such as the

extent of lymphocyte and PMN infiltrate, and the degree of necrosís and

fibrosis have been used by others to assess the bÍocompatibílÍty of

particles following intra-articular injection. Sone of these features

were present in the knees in thÍs study, but could not be reproducibly

scored.
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5.6 CoNCLUSIoNS

In conclu sion, the i ni tÍal macrophage response to cobal t-chrome

partÍcles was different from that to aluminium oxide particles. After

this lnitial difference, the nacrophage response was reìated to the

number of particles of each materÍal, but not to the difference in

materÍal s.

Whether the difference in the macrophage response to the different wear

particles Ís important in determÍning the deleterious effects of wear

partÍcles of different materials around human prostheses, is unknown. A

material which produces wear particles whÍch provoke less macrophage

response in the surrounding tissues would seem desirable, but a

difference in the macrophage response between the two materÍals in this

study was only detectable at one week following injectíon.

The adverse effect of macrophages in the periprosthetíc tissues and

their possible role in bone resorption and prosthetic loosenÍng, takes

nany years to become evídent in humans. As new particles are

continuously released into the periprosthetic tissues in humans, and

possible toxÍc effects of the particles nay have a curn¡lative effect,

differences ín the effect of particles seen at one week may be

important. Also, in this study, the persistíng macrophage response at

four weeks and three months was related to the number of particles in

the synovium. It is likely, therefore, that the number of particles

that persÍst in the tissues is also an important determinant of long-

term adverse effects of prosthesis wear particles in humans.



CHAPTER SIX

THE SYNOVIAL TISSUE RESPONSE TO INTRA.ARTICULAR

I}dJECTION IN RATS OF POLYETHYLENE I.IEAR PARTICLES

PREPARED IN A JOINT SIÎíIULATOR

6.1 AIM

The aím of this study was to examine the tissue response to the intra-

articular injection of po'lyethylene wear particles which were prepared

in a joint simulator to obtaín a range of particles símilar in sÍze and

shape to those seen around human ioínt arthroplasties.

6.2 I}ITRODUCTION

lrlear particles arÍsing from po'lyethylene prostheses have been implicated

as a cause of the tissue response in the tíssues around faíled Joínt

prostheses and in loosening of joint prostheses (Wiìlert and Semlitsch,

1976; Vernon-Roberts and Freeman , 19771. The number of polyethylene

particles in the tissues around failed ioint prostheses has been found

to correlate with the duration of implantatÍon of the arthroplastÍes

(Mírra et â1,1982) and wÍth the severity of the cellular response in

the perÍprosthetic tissues (Revell et al, 1978).

I'lhile po'lyethylene particles nay

around failed prostheses, it is

particles (Charosky et al 1973;

1986a ) , metal partÍ cì es (l,lÍ nter,

r42

provoke the celluìar response seen

possible also for acryllc cement

MÍ rra et ôl , L982; Jasty et â1,

t974; Vernon-Roberts and Freeman,
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t9771, and chronic infection (Fitzgerald and Keìly,1979), to cause

similar adverse tissue responses.

Various hemi, total, and resurfacÍng hip arthroplasties have suffered

from severe wear of po'lyethylene due to inappropriate desígn (Dahl and

Mikkelsen, 1976; l,lroblewski, 1979) and three-body wear (Reve'll et al,

1978; Bell et al, 1985). Po'lyethylene wear particles also are found in

the capsule and in the connective tissue layer at the bone-cenBnt

interface of current designs of total hip arthroplasties (Vernon-Roberts

and Freeman , 1977). l,lhile there is no dispute that polyethylene

parti cl es are present i n such ti ssues, there appears to be some

disagreement as to the relatÍve importance of these partícles in

prosthetic faílure. Thus, severa'l authors (Jasty et ô1, 1986a;

Charosky et â1, 1973; Harris et ô1, 1976) have emphasized the

irnportance of acryìic particles in the adverse tíssue response, but have

tended to ignore the importance of the polyethylene particles.

Previous ín vivo studies have suggested that poìythene particles provoke

a macrophage and MNGC response (Stinson, 1965) which may be nore severe

than the response to metal partícìes (Paiement et â1, 1986). 0ther

studÍes have suggested that the cel lular response to polyethylene

particles Ís minimal (TetÍk et â1, 1974). Most studÍes have been

perforred using commercially availab'le polyethylene particles whích are

not necessarily of the shape or síze seen around faíled joint

arthropl asti es.
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6.3 MATERIALS AllD Î'|ETHODS

6.3.1 Preparation of polyethylene particles

Hi gh densi ty polyethyl ene parti cl es were prepared by the devÍ ce

i'l lustrated in Fi9.6.1. Sterile unused l,lagner resurfacíng hip

components (Aescuìap Inc.) were used to produce the partic'les. The

femoral conponent y{as rotated under pressure in a fixed polyethylene

component one size larger than the femoral component. The artÍcular

surface of the cobalt-chrome a'lloy femoral component was scoured with

one millímetre radÍal grooves to increase the rate of yúear of the

polyethyl ene component.

The mÍlling fluid used was sterile two percent homologous rat serum in

normal saline. Sodium benzoate (0.05%), an antÍ-fungal agent, and

gentan¡ycin sulphate (1.0 mgm per 100 mls) were added to the fluid. The

milling was performed for síx hour periods for a total of eighty hours

at room temperature. During milling, a dust cover was used to seal the

components. An uncovered contaÍner of control solutíon of milling fluid

was placed within the dust proof enclosure duríng mÍllíng to expose the

control solution to the same environment as the millÍng fluid.

Between millings, the ni11íng fluid and control solutions were stored at

minus four degrees centigrade. After each mílìing session the

resurfacíng hip components were washed in Sparkleen (Fisher Co. ) and

rinsed a total of fífteen times in de-ionised distilled water. The

control solutÍon was also stored fn glass containers washed by the same

methods. Prior to milling the components were soaked ín normal salíne

containing the same concentrations of sodium benzoate and gentaqycln as

the nillÍng fluid.
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Fig. 6.1. Photograph of the simplified joi.nt simulator used to produce
polyethylene particles. There are radial grooves on the metal component to
increase the rate of wear.



146

Foìlowlng preparation of the particles, the steriìíty of the particle

and control suspension was checked by aerobic and anaerobic culture.

Repeat sterility assessments ùúere performed on each suspension prior to

each injectÍon. The particle suspension was examined microscopicalìy

under polarized light, and showed that partÍcles varied in sÍze from

thread-like forms, two hundred mÍcrometers ín length, to partÍcles which

were just visíble by lÍght microscopy. The majority of particles were

fifteen microræters and less ín maximt¡m dimensÍon.

FollowÍng the preparation of the partlcles, a sample of the partícle

suspensíon was examined by atomic absorption spectroscopy to detect the

possible presence of metals. No metal was detected ín the particle

suspensÍon.

6.3.2 Injection and sacrifice of rats

Fíve outbred Porton male rats ten weeks old, weíghing 200 to 250 grams,

receí ved i ntra-artí cu'lar i njecti on of polyethy'lene parti cl es i n one knee

and control solutÍon Ín the opposite knee. The animals were sacrifíced

at one week following injection.

A further five rats fourteen weeks old, weighing 350 to 400 grams,

received weekly Ínjection of polyethylene and control suspensÍons for

five weeks and rúere sacrificed one week following the last Ínjection.

At the time of sacrifíce, synovial bÍopsies of all knees were sent for

aerobic and anaerobic culture, selected bíopsies were taken for electron

microscopíc examination and EDX microanalysís and were fixed in

91 utaral dehyde. The knees were then resected and processed for

hlstological examinatlon by light microscopy. A post mortem examfnatlon

vúas performed on each rat. The technique of inJection, methods of
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retrieval of specimens, culture methods, and tíssue processíng methods

have been described previously in Chapter Three

SÍx mícrometer sectÍons from the nÍd-sagittal p'lane of each knee were

examined under direct light without knowledge of prior treatment, and

then under polarized tight to detect the presence of polyethylene

parti cl e s.

6.4 RESULTS

6.4.1 Hlstopathology of rat knees

The knees injected wÍth particles shoved focaì proliferation of the

'l Íning synovÍocytes, and areas of accumulatíon of nacrophages and

occasional MNGC in the subsynovial connective tissues (Fig. 6.2). The

synoviocyte hyperplasia and subsynovial cell infiltration u,as associated

with the presence of polyethylene particles Ín the same area (fi9.6.3).

The degree and extent of these changes was greater in the aníma'ls which

had receíved repeated injectíons (Figs. 6.4 and 6.5) compared with the

animals which had received a single ínjection (figs 6.2, and 6.3).

Large particìes were generally located withÍn MNGC, while smaller

particles vúere associated with a macrophage response (figs. 6.6 and

6.7). llhile occasional degenerate macrophages and MNGC were observed

(Fig. 6.6), this was not a prominent nor wldespread feature. A few

lymphocytes occasionally were present but were not a constant feature of

the response. PMN were absent.

When vlewed by polarized lÍght, large numbers of highly birefríngent

polyethylene particles were seen ln the synovíal tlssue of particle

lnJected knees (Figs. 6.2, 6.3, 6.4, 6.5). The majority of the
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particles were approximately fifteen micrometers or less in ¡naxfmum

dimensÍon. Particles were located intracellularly withln macrophages

and MNGC. Occasíonal ìarger polyethylene particìes were seen in the

subsynoviun and were contained within MNGC (Figs.6.2,6.3,6.6,6.7).

Some mononuc'lear macrophages and MNGC a'lso contaíned aggregates of very

small particles only visíble at high magnification (Figs.6.8 and 6.9).

The only difference between the knees receÍving one injectíon of

partÍ cl es and m.¡l ti p'le i niecti ons was the i ncreased number of parti cl es

and increased macrophage and MNGC infiltrate in the subsynovium of

multíp1e iniected knees. Metaì particles were not seen in the tíssues.

The control sol uti on i niected k nees showed sl Í ght'ly i ncreased

cellularity of the subsynovium but were othen¡ise normal.

6.4.2 Post-mortem and microbiolory results

No deaths occurred and no partÍcles or abnormal appearances v{ere seen in

extra-articul ar ti ssues.

One of the eight broth cultures of the particle suspensions grew an

anaerobic diptheroid between one and two weeks, but there was no growth

on primary cultures. The control solution cultures u,ere negative. One

synovial biopsy of a particle iniected knee grevr a Bacillus species on

broth culture between one and two weeks but there was no grovth on

primary cultures. One synovial biopsy of a control knee grew a

Staphylococcus aureus on broth culture at one week but had no growth on

prinary cultures. Atl these isolates were assumed to be contaminants as

they grew on broth cultures alone and not on prímary culture.
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Fig. 6.2. Photomicrograph of rat synovium one week following a single
injection of polyethylene particles. The synovial lining is intact, but
the subsynovium has been infiltrated by macrophages and occasional MNGC.
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Fig.6.3. The same field as Figure 6.2 viewed by polarised light. It
shóws macrophages contain smalì polyethyìene particles while the MNGC have
formed around large particles. HE x 200
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Fig. 6.4. Photomicrograph of the suprapatella pouch of a rat knee one

weãk following five weekty iniections of polyethylene particles. The

synovial tiniñg is intact but the subsynovìum contains a heavy infiltrate
of macrophages and occasional MNGC. HE x 160

Fig.6.5. The same field as Figure 6.4 viewed.by_poìarileq light.
shõws that the subsynovium contains numerous highly birefringent
potyethyìene particles of varying sizes. HE x 160

It



151

ri
l*¡

)

Y
\

-.

Fi9._6.6. Photomicrograph of rat subsynovium one week foltowing five
weekly injections of polyethyìene particles. It shows infiltra[ion of the
subsynovium by macrophages and MNGC. 0ccasional macrophages show
degenerative changes. HE x 320

fig. 6.7. The same field as Figure 6.6 viewed by polarised light.
comparison with Figure 6.6 showð smaìl polyethy'länä partlícles are
contained within macrophages, while large particles are contained within
MNGC. HE x 320
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Fig. 6.8. High power photomicrograph of the rat subsynovium one week
following five weekly injections of polyethylene particles. It shows
infiltration by macrophages and MNGC. HE x 800

Fig. 6.9. The same field as Figure 6.8 viewed by poìarised light.
Comparison with Figure 6.8 shows the MNGC in the lower half of the field
contain large polyethlene particles, while the central MNGC contains
barely visible discrete polyethyìene particles and small aggregates of
particles. HE x 800
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6.5 DTSCUSSToN

The intra-articular ínjection ln rat knee Joints of po'lyethylene rúear

partÍcles símilar in size and shape to those seen around faíled human

prostheses provoked a macrophage and MNGC response simÍlar to that seen

around failed human prostheses (Vernon-Roberts and Freeman 1976; Mirra

et al 1982). Similar responses have been described followÍng the Íntra-

articular injection of sinilarìy prepared po'lyethylene wear particles

(Rushton and Rae, 1982), and fo]lowing the injection into rat wound

chambers of commerci al ly avai'labl e polyethy'lene parti c'l es (Paienrent et

ôl , 1986).

Essentially, partícles which are larger than the size of macrophages,

tend to produce a MNGC response, as do aggregates of smaller partícles

approximately five to fÍfteen mícrometers in maximum dÍmension.

PartÍcles less than five micrometers are associated with a mononuclear

macrophage response.

0f ínterest and possible pathologÍcaì significance, was the finding of

large numbers of Íntraceìlular very small polyethylene particles at the

limit of resolution of light microscopy. l'lhile electron mícroscopy can

be used to identify these particles, and sophisticated techniques which

use microprobe analysis to distinguish different types of particles in

tissues (Roschger et al, 1980) can be applied, these techníques are not

suitable for routine assessment of the tissue response to particles

since they select a very small tissue area for examínation.

Nevertheless, they confirm the presence of abundant finely particulate

intracel lular wear materlal in the tissues around failed human

endoprostheses (Vernon-Roberts and Freeman, 19771.
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Rose et al (1979) has reported that small wear particles result from low

rates of wear and very small polyethyìene particles, therefore, can be

expected in the tissues around currently used tota'l hip arthroplasties

with small diameter femora'l heads. Thus, the microscopic assessment of

the tissues around implants should always include careful examinatÍon

for finely partículate polyethylene material which gives a diffuse

mottled birefringence whe.n examÍned by polarized light (Vernon-Robert

and Freernn, L9771.

Given that the macrophage may have an important role in the stímulation

of bone resorptlon (Chanbers,1985), this stu(y confirms that the

presence of polyethy'lene wear particles induces the accumulation of

macrophages which coul d pl ay a role in prosthetic loosening by

stimulatíon of bone resorption at the bone-implant interface.

6.6 CoNCLUSToNS

The intra-articular injection of polyethylene particles of the síze and

shape seen in the tissues around human prostheses produced a macrophage

and MNGC response in the synovium and subsynovÍum of rat knees.

Particles ranging in size from approxÍmately fÍve micrometers in maxinum

dinension down to the limit of resolution of the light microscope were

phagocytosed by mononuclear macrophages. Aggregates of these particles

and larger particles were phagocytosed by MNGC. Unlike the response to

cobalt-chrome particles, there was little evldence of degeneration of

macrophages following phagocytosis of polyethyìene particles.
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CHAPTER SEVEN

ULTRASTRUCTURAL EXAMINATION OF THE CELLULAR RESPONSE

TO }IEAR PARTICLES IN RATS

7.T AIMS

The aíms of this study were to determine the ultrastructural appearance

of cel I s fol I ovi ng the i ntra-arti cul ar i njecti on of cobal t-chrome al I oy,

a'luminium oxíde ceramic, and po'lyethy'lene wear partÍcles fn rat knees,

to correlate these findíngs wíth the líght microscopic appearances of

the rat knee synovÍum, and to compare the appearances wÍth those in the

tissues around failed human arthroplastÍes.

7.2 INTRODUCTION

Light mÍcroscopy alone does not allow a comprehensive assessment of the

effects of very small partícles on ce'lls because subtle ultrastructural

changes are beyond the resolutÍon of the light mÍcroscope. Thus, the

ultrastructural appearances of rat knee synovium, at intervals folloying

the intra-articular injection of coba'lt-chrome alloy, aluminium oxide

ceramic, and polyetheylene wear partícles were examined to complement

previous studíes utÍlizing light mÍcroscopy.
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7.3 I,IATERIALS AND METHODS

7.3.1 Tissue processing for electron microscopy examination

Synovíal bÍopsíes were obtained from rat knees one day, one week and

four weeks following the ínjectÍon of cobalt-chrome alloy partícles and

one week and four weeks followÍng the injection of aluminium oxíde and

polyethyìene partÍcles. The biopsies were taken while the rats were

under anaesthesia prior to sacrifíce, to prevent possÍble post-morbÍd

artifactual changes. The preparatÍon of partícìes, techniques of

injectÍon, biopsy and sacrifice have been described prevÍously in

Chapters Three, Four, Five, and SÍx.

Two mÍllimetre cubed biopsies of rat synovium were innnedíately fíxed in

2.5% glutaraldehyde in 0.05 M cocodylate buffer for two hours. Each

specimen was then dívÍded. One half, for morphological examinatÍon, was

post-fíxed in 2% osmium tetroxíde in 0.05M cocodylate buffer for one

hour and then dehydrated in graded alcohols. The other half for

analysis of metal content, rúas passed directly into graded alcohols.

The specimens were then passed through two changes of propy'lene oxide,

then through increasing concentratÍons of propylene oxÍde and TAAB

embedding resin (araldyte and epon), until final embeddÍng in TAAB

embedding resín at sixty degrees centigrade for twelve hours.

7.3.2 TEM and EDX nicroanalysis

Semi -thi n secti ons of osmium and non-osmiun fi xed speclnens

approximately half to one mlcrometer thick, were cut and stained wlth

toluldene blue and examined by light mlcroscopy. Representative

sections vúere selected and ultra-thin sections were cut using an L.K.B.

ultra-microtome. Sections for morphological examination were stalned

with aqueous uranyl acetate and lead citrate and examíned in a JEOL 100
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CX TEM SCAN analytical electron microscope fÍtted with an EDAX 707

energy dispersive X-ray analyser.

Sections for EDX nicroana'lysís were prepared from tissues processed

wi thout osmium tetroxi de post-fi xatf on and were exami ned without

staíning wíth either uranyl acetate or lead citrate.

Intracellular and extracellular inclusions were analysed by condensing

the electron beam so as to illuminate only the Ínc'lusion (target) under

study and then recording the spectra for a live time of 200 or 400

seconds. For each target spectrum, a background spectrum was obtained

Ín an adiacent area under the same operatíng conditions, and this was

then subtracted from the target according to the EDIT 7EM progranÍne.

7.4 RESULTS

7.4.t Cobalt-chrone particles

Electron microscopic examÍnatÍon of the synovium of rat knees one day

folloving the iniection of cobalt-chrome alloy particles revealed focal

ulceration of the synovial lining, evidenced by loss of synovíocytes and

exposure of the subsynovium to the synovial fluid. Cobalt-chrome

particles were readily recognizable as e:lectron-dense angular or

crystalline bodies, either single or clumped as aggregates. llhile some

particles vúere vlsible withín macrophages, their location at this

interval þ,as nainly extracellular, lying wÍthin fibrin and cell debris

deposited on the denuded surface of the synovium (Fig.7.l).

lr|hile synovial ulceration was stfll present one week after fnJectlon

(fi9.7.21, the maJorlty of cobaìt-chrome particles were present within

macrophages located at the base of the ulcerated zones. The particles
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could be seen free in the macrophage cytoplasm or withín phagosones

lÍned by a limiting membrane. Sone of the partÍcle laden macrophages

exhibíted norphologÍcal appearances suggestive of stages of

degeneratÍon, in the form of focal (Fi9.7.3), or extensive loss of cell

membrane, swelling of the mitochondria (Fí9.7.4), ìoss of nuclear

defi ni ti on, attenuati on of nucl ear chromati n, and absence of any

recognizable cellular organelle (fi9.7.5). "RoundÍng off" of

macrophages ¡{as also a feature at this advanced stage (fi9.7.5). These

appearances contrasted markedly with those seen in the synovium of

control rat knees injected with serum/salíne solutÍon,-which shoved no

ultrastructural abnormalities one week after injection (fi9.7.6).

Four weeks after injectíon, the synovial surface region showed focal

areas of prolíferation of type B synoviocytes having extensive dilated

rough endoplasmic reticuìum cisternae and considerable accumulation of

cytolysosomes (fig.7 .71. The type B synoviocytes díd not contain

cobal t-chrome parti cl es, but were i nterspersed wÍ th víabl e and

degenerating nacrophages containing endocytosed particles (fi9.7.71.

The subsynovium contaÍ ned I arge numbers of macrophages exhibiting

i ntracel I ul ar parti cl es and cytoly sosornes (f i 9.7 .8 ) .

EDX microanalysís of the partÍcles withÍn the macrophages, as well as in

the extracel lul ar I ocati on, confi rmed the presence of cobal t and

chromiun peaks in the particles from specímens obtained at one day, one

week and four week intervals after Ínjection, thus attestÍng to thelr

origin from the injected cobalt-chrome wear particles. A representative

spectrun is demonstrated in Fi9.7.9.
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.1. Electron micrograph of the synovium one day following the
ion of cobalt-chrome alloy particles. It shows ìoss of ìining celìs,
intracellular (arrow) and abundant extraceììular electron-dense
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Fig. 7.2. Electron micrograph of the synovium one week following the
injection of cobalt-chromé particles. It shows focal loss of the synovial
liñing cells and the accumulation of abundant electron-dense particles in
macrophages. x 5,500

Fig. 7.3. Higher magnification of part of the synovium.shown in Figure 7.2.
It-shows a maðrophagã which contains abundant electron-dense particulate
material exhibiting-focal loss of the cell membrane. x 10'000
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Fig. 7.4. Electron micrograph of the synovium one week following the
injection of cobalt-chrome particles. A macrophage exhibits-particulate
maieriaì mostly within phagosomes. Dilatation of mitochondria is also
observed. Abundant extracellular particles are present. x 10'000
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Fig. 7.5. Electron m'icrograph of the synovium one week following the
ìnjection of cobalt-chromã pärticles. A necrotic cell containing
enáocytosed particuìate matärial shows a smooth rounded profile with loss
of iti rufflbd border, loss of nuclear definition, and lack of
recognizable cellular organelles. x 17,500
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Fig. 7.6. Low-power electron micrograph of the synovium one week fol'lowing
the iniection of serum/saline control solution. The synoviocyte lining is
intact and the subsynovia'l fibroblasts show normal features. x 7,000
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Fig. 7.7. Low-power electron micrograph of the ìining zone of the
synovium four weeks following the injection of cobalt-chrome alloy
particles. It shows loss of cellular continuity in the synovial ìining.
Macrophages (M) show particulate inclusions contained within phagosomes.
Many type B synoviocytes (B) containing large numbers of cytoìysosomes
and extensive dilated rough endopìasmic reticulum are present, but do not
exhibit endocytosed particulate incl usions. x 4,000
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Low-power electron micrograph of the subsynovium four weeks

the inject'ion of cobalt-cñrome particles. Elongated macrophages (M)
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Fig. 7.g. EDX mjcroanalysis of the phagocytosed electron-dense particlgs-
seen ìn macropfragãs-iôlläwing the inieciion of cobalt-chrorne a1loy part'icles'
It shows a peak ior chrom'ium at 5.4 keV and a peak for cobal t at 6'9 KeV'
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7.4.2 Aìumlnium oxide particles

One week after the injection of aluminium oxíde particles the synovium

showed no evidence of the ulceration seen following the injectÍon of

cobalt-chrome particles. Partícles v,ere located predominantly withÍn

macrophages. I'lhi I e a few macrophages showed di I atati on of the rough

endop'lasmic reticulum and perinuclear císternae (fi9.7.10), the maiority

of macrophages showed no abnormal features (Fi 9.7.11 ). EDX

microanalysis confirmed that the particles within the macrophages

contaíned high peaks of alumínium, thus attestÍng to their origin from

the injected aìuminium oxide partícles. A representatíve spectrum is

seen in Fig.7 .L2.

At four weeks following aluminium oxide particle iniectÍon, macrophages

had accumu'lated within the subsynovium in assocÍation wÍth particles.

Necrosis of macrophages was not a feature.

7 .4.3 Polyethyl ene particl es

One week after the íniection of polyethylene partícles, the synovíum

showed occasiona'l areas of loss of synoviaì cell lining. Particles were

predominantly contained within macrophages Ín the synovium. OccasÍonal

macrophages showed changes suggestive of degeneration in the form of

focal loss of cellular membrane and loss of the normal chromatin pattern

withín the nucleus.

Four weeks following the lniectíon of polyethylene particles the

synovium showed focal I oss of synoviocytes and, in these areas,

degenerate synoviocytes lined the surface (fig. 7.13). The subsynovlum

contai ned large numbers of macrophages, some of whlch contained

particles (Fig. 7.13). MNGC also contaíned particles, and aggregates of

mononuclear macrophages had formed nodular clusters around particles
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(fig. 7.14). Macrophages containing partic'les did not show obvíous

evidence of degeneration (7.15). EDX mícroanalysis did not demonstrate

the presence of metal partÍcles.
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Fig. 7.10. Electron micrograph of the subsynovium one week following the
injection of aluminium oxide particles. Macrophages !,rhich have endocytosed
thð particles (large'ly removed during section cutting,. arrov,,s) show some

dilatation of the ñough endoplasmic reticulum and of the peri-nuclear
cisternae. x 13,000

Fig. 7.II. Electron micrograph of the subsynovium one week fo
jnjection of aluminium oxjde particles. A macrophage containi
paitìcles (arrows) shows no evidence of degeneration. x 5'500

llowing the
ng endocytosed
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E'i g . 7 .LZ . EDX mi croanayl i s of the phagocytosed el ectron-dense parti c'l es
seen i n macrophages foì 'l owi ng i n jecti on of al umi ni um oxi de cerami c part'icl es .

It shows a peak for alum'inium at 1.5 KeV.

I
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Fig. 7.I3. Low power electron m'icrograph of the lining of the synovium four
weeks following the injection of polyethylene particles. It shows remnants
of synoviocytes (S) lining the surface and accumulatjon of macrophages in
the iubsynovium.' Particles (P) have accumulated in macrophages (M). Thg
particles appear as partiaì or compìete voids wjthin the cytoplasm of cells
as the particles are disìodged during sectioning. The macrophages do not
show degenerative changes. x 4,000.
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[ig. 7.I4. Low power electron micrograph of the synovium and subsynovium
four weeks folìowing the iniection of polyethyìene particles. lnlithin the
subsynovium there are two ceìlular aggregates surrounding particles (P).
One aggregate (MNGC) does not show tñe piesence of celluiai^ membranes
separating the nuclei, while the other aggregate of nuclei has identifiable
cellular membranes and is an aggregate of mononuclear macrophages (M)
surrounding particles. x 4,000.
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Fig. 7.L5. High power electron micrograph of the subsynovium four weeks
following polyethylene particle injection. It shows a macrophage containing
polyethylene partic'les (P). The cytoplasm contains mainly mitochondria and
endopìasmic reticulum. The cell surface has many filopodia. x 26'500.

¡

ì: -
t

I

I

lYr'i ,



L7T

7 .5 DISCUSSIoN

Electron microscopic examÍnation of the synovium of rat knees following

the injection of cobalt-chrome alloy partic'les demonstrates that these

particles cause varying degrees of degeneratÍon and necrosis of synovia'l

and subsynovi al macrophages contai ni ng endocytosed particles.

Appearances similar to the "rounding up" of degenerate macrophages

described followÍng the phagocytosÍs of cobalt-chrome particles in vitro

(Garrett et al, 1983), also were seen on the surface of the synovíum in

this study. These findings confírm the focal ulceration and necrosis

observed in light microscopíc studies of rat knee synovíum following the

intra-articular injection of cobalt-chrome wear partícles described in

Chapters Three and Four, and in human tÍssues around cobalt-chrome

prostheses described Ín Chapter Two.

Four weeks following the iniection of coba'lt-chrome particles,

macrophages in the subsynovíum sho¡ed evidence of increased numbers of

cytolysosomes. This finding is consistent with in vitro studies which

have demonstrated the release of lysosomal enzymes by macrophages in

response to various metal particles (Heath et ô1, 1969; Rae, 1978,

1986a). Increased lysosornal enzyme actÍvity, ôs indicated by acid

phosphatase and naphthol esterase, also has been described in foci of

macrophages and MNGC in association with various types of wear partícles

in the tÍssues around human prostheses (Eftekhar et aì, 1985).

EDX microanalysfs of the lntra-cellular partÍcles confirmed the presence

of cobalt and chromiun in the particles, similar to resuìts obtained

when macrophages around human prostheses have been analysed as descrlbed

in Chapter Two.
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By contrast with cobalt-chrome partícles, synovial ulceration and marked

macrophage degeneration di d not occur fol ì owÍ ng the i niectÍon of

aluminium oxide particles. This is consÍstent with ìight mícroscopic

studies showÍng the absence of necrosis fol'lowÍng the intra-artÍcular

injection of aluminíum oxide in rats knees as described in Chapter Five.

The fÍndings confirm the early cytotoxic effects of cobalt-chrome

partícles on macrophages, followed later by the presence of apparently

healthy macrophages containÍng endocytosed material. It is not yet

clear whether the early corrosÍon of cobalt-chrome particles withÍn

cells, possibly liberating toxic cobalt saìts withín cells, causes the

cytopathic effects observed earìy after exposure in vitro (Garrett et

ô1, 1983) and observed ín vívo in the present studies. Such corrosion

could result Ín a progressive lessening of toxicity of the particles,

thereby alloving the accumu'lation of abundant particles in macrophages

whích do not exhíbit any degenerative features. By contrast, aluminium

oxíde which is hi ghly resistant to corrosion, has shown minimal

cytopathic effects ín this study.

After polyethylene particle Íniection degeneratÍon of I íning

synoviocytes was occasionally seen. The subsynovium was Ínfiltrated by

macrophages and MNGC which had phogocytosed partícles. MNGC and nodular

aggregates of mononuclear macrophages surrounded 1 arge particles.

Partícles less than about five micrometers in maximum dimension were

contained within single macrophages. These findíngs confirm the light

microscopic appearances but also show that aggregates of the larger

particles may be surrounded by either nodular aggregates of macrophages

or MNGC. DegeneratÍon of macrophages was not a feature of the

subsynovial response. The increased numbers of cytolysosomes ln the

cystopì asm of ceì I s contai ni ng cobal t-chrome or al umí nium oxi de
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parti cles were not observed after the Í niecti on of poìyeth1 ene

parti cì es.

7.6 CONCLUSIONS

Ultra-structural studies of the tissue response followÍng the intra-

articular injection of cobaìt-chrome alloy, a'lumÍníum ox'ide ceramic, and

poìyethylene wear particles in rat knees demonstrate that cobalt-chrome

particles induce initial necrosis of ce'lls, whereas necrosis was not a

feature following aluminium oxíde iniection. Some weeks following

injection of cobalt-chrome and aluminium oxíde partícles proliferatÍon

of type B synovÍocytes and macrophages was seen. These cells showed

markedìy i ncreased numbers of cytolysosomes suggestÍ ng i ncreased

synthetÍc activÍty of cells. Proliferation of macrophages yras seen

fol'lowing polyethylene particle iniectíon. Particles exceeding about

five micrometers in maximum dimension sometímes were contaÍned within

aggregates of macrophages or MNGC.
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CHAPTER EIGHT

A RAT I,IODEL OF BONE RESORPTION AT THE BONE-CEMENT

INTERFACE I}I THE PRESENCE OF POLYETHYLENE I.IEAR PARTICLES

8.1 AIM

This study was undertaken to

relationship between the tÍssue

resorpti on.

establ i sh whether

response to wear

a di rect

and bone

8.2 INTRODUCTION

It has been wide'ly reported that bone resorption and the presence of a

connective tíssue layer between bone and cement or bone and prosthesÍs

are coi nci dent features of I oose cenented and cementl ess joi nt

prostheses. Possible causes for thís include excessive movement at the

interface between bone and the imp'lant, excessive repetitíve load,

infection, and a foreign-body response to the Ímplant. Metallíc and

polyethylene wear particles produced at the artÍculating surfaces of the

prosthesis components have been implícated as the probable cause of the

macrophage and MNGC response seen in the connective tissue around many

failed implants (Charosky et al, 1973; }lillert et al, 1974; Mirra et

â1, 1976:' Vernon Roberts and Freeman, 1976), and it has been suggested

this tissue response leads to bone resorption around implants (Vernon'

Roberts and Freema n, 1977; l,lí I I ert and Sem'l i tsch , 1977 ; Revel I et aì ,

1978). A similar tissue response has been seen fo'llovÍng severe wear of

there was

parti c1 es
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other polymers (Charnley, 1963; Charnley et ô1, 1969; Dahl and

MÍkkelsen, I976; Heck and Chandler, 1954).

It still remaíns to be proven beyond doubt that wear particles alone can

cause bone resorption and connecti ve tíssue formatíon leading to

loosening of prostheses, despite the circumstantial evidence gained by

histopathological study of tissues retrieved during revision of loose

prostheses. Thus, a rat model was developed in which a non-weight

bearing sterile acrylic cement plug was placed in the dístal femur, in

continuity with the knee ioint, following which po'lyethylene particles

were injected Ínto the knee joÍnt.

8.3 }TATERIALS AND METHODS

8.3.1 Technique of cement plug insertion

Mature male J.C. Lewis rats were used throughout. In each of ten rats,

PMMA plugs were inserted into cavíties drilled Ín both distal femurs.

Under general anaesthetic, the distal articular surface of the femur was

approached through a medÍal arthrotonry of the knee and a cavity, one

centimetre long and 1.1 míllimetre in diameter, was drilled into the

shaft via the intercondylar notch, using a staÍnless stee'l high speed

drill. The cavities were then irrigated with sterÍle saline. Pre-

formed acrylic cement plugs were then lnserted into each cavity so that

the distal end of the plug lay Just belov the level of the articular

surface of the femoral con(yle (Fig. 8.1). The capsule was sutured with

chronic catgut and the skin wÍth nylon.

The PMMA plugs were made

(Zimmer, U.S.A.), which was

by injecting orthopaedic acryl lc cement

prepared sterile by mlxing monomer and
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polymer, into the lumen of sterile gavage feeding tubes havíng an

internal díameter of 1.1 millimetres. When the acrylic had hardened,

plugs t{ere cut six millimetres long and the outer plastic tubíng r{as

removed. The acrylic pìugs were autoclaved and stored in sterile

sa'l i ne.

8.3.2 Polyethylene particle iniection

Polyethylene partÍcles were prepared by dispersÍon of one mg of powdered

UHMWP partic'les (Howmedica) ín fifteen ml of a solutíon of J.C. Lewis

rat serum which had been diluted one in fifty in normal saline. The

so'lution vúas sterilised by autoclaving. The polyethylene particles were

between fifteen and 200 microneters in maximum dimension and irregularly

shaped. Controì solution was sterile serum di'luted in saline. The

sterility of the particle suspension and control solution was checked by

aerobic and anaerobic culture.

Fíve of the ten animals received no ínjections and were sacrificed at

two weeks and the knees and distal femurs were excised and processed as

described below. The other five animaìs had polyethylene particles

injected ínto one knee and control solutÍon ínto the opposite knee (ftg.

8.2). Intra-articular iniections were performed at two, four, sÍx and

eight weeks after implantation of the acryìic plug and the animals were

sacrificed two weeks after the last íniectÍon (fig. 8.3).
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Fig. 8.1. Photograph of the rat knee joint
insertion of the methylmethacrylate plug in

opened to display the site of
the distal femur (arrow). x 5

intra - articular
particle injection

acrylic plug in femur

Fig. 8.2. Diagram illustrating the site of injection of particles into a
knee joint adjacent to a previously inserted acrylic plug.

a
a

o

a

a
a

a
a

a
a

O

a

a
a

a

a



178

8.3.3 Processing of tissue for hístopathoìogy

At sacrifÍce the femur and knee joÍnt were removed en bloc and fíxed in

formal sal ine for three days. During this procedure the PMtrlA plug

dissolved at the chloroform stage of processing.

Transverse and sagíttal sectíons of the dísta'l femur and knee ioint were

cut. l,Jithin each group of animals, both femr.¡rs of three anímaìs had

sectÍons síx micrometers thick cut transversely at 100 micrometer

intervals, beginning distally at the knee ioínt. In two animals the

sections were cut in a sagittal plane across the femur. Sections were

stai ned with hematoryl i n and eosin.

l,li thout know'ledge of horv the anÍmal s were treated, secti ons were

Ínítially examined microscopically under non-polarized'light. Since

po'lyethylene particles are not visib'le under direct'light thís ensured

that interpretation of the features at the interface between the acryìic

plug and the bone vras not subiect to bias. The sections were then

examÍned under polarized light to study the distríbutÍon of polyethy'lene

parti cl es.

8.4 RESULTS

In the femurs of unínjected anima'ls, a complete shell of new bone had

formed around the acrylic plug by two weeks after imp'lantation (Figs.

8.4, and 8.5). Between the acrylÍc plug and bone there was a very thÍn

and incomplete layer of amorphous tissue (fi9.8.6), and there was no

evidence of bone resorption. Identical findings were observed in the

animals whích had control solutlon ínjected into theír knees (Figs. 8.7

and 8.8).
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In the femurs of animals injected with polyethylene particles there rúas

active bone resorption around the impìant. In proximity to the Joint,

at the interface between the impìant and the bone, bone was rep'laced by

cellular connective tÍssue composed of macrophages, MNGC and flbrous

tissue (fig.8.9). The connective tissue contaÍned unstained voids

(fig.8.10) which, when examÍned under polarized light, v',ere seen to

contain highly birefringent polyethyìene particìes (fig. 8.11 and 8.12).

A highly cellular connective tissue layer was seen some distance from

the knee joint and osteoclasts were present on the surface of bone (Fig.

8.13). These findings are represented diagrammatÍcal'ly in Figure 8.14.

In the uninjected aníma]s and animals receiving the control solution,

the synovium was norma'|. In the knees iniected with polyethylene

particles, the synovíum and subsynovium were thickened and infiltrated

with large numbers of macrophages and MNGC containing polyethylene

particles.
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Fig. 8.3. Flow chart demonstrating sac_rifice of five uniniected rats at
twõ weeks, and sacrifice of the other five rats following iniection with
high density polyethylene (H.D.P.) particles and control serum/saline
sol ution.
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Fig. 8.4. A transverse section of the femur of an uninjected control rat
twõ weeks after plug implantation. It shows the complete bone shell
(arrow) surrounding the dissolved acrylic plug and absence of a

significant connective tissue layer between the acrylic plug and bone.
HEx15
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Fig. 8.5. A sagittat section of the femur showing fo¡mation of a complete
boñe shell (arrõws) surrounding the site of the dissolved acrylic p'lug (a)
inserted two weeks prior to sacrifice. HE x 15

I
Fig. 8.6. The incomplete thin amorphous tissue.layer (arrow) at the
inlerface between thä dissolved acrylic plug (a) and the bone. HE x 100
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Fig. 8,7. A transverse section of a rat femur close to a knee joint
injected with control solution. A complete bone shell (arrow) persists
around the dissolved acry'lic plug (a) ten weeks after implantation.
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I

Fig. 8.9. A transverse section of a rat femur near a knee ioint Ínjected
with potyethylene particles. Bone around the dissolved acrylic plug (a)
has been replaced be cellular tissue (arrow). HE x 80

J.\

Fig. 8.10. High power photomicrograph of the same section as Figure 8.9
showing voids (arrow) in the connective tissue which has replaced bone
around the acrylic plug (a). HE x 160
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Fig. 8.11. The same section as Figure 8-10 examined.lnge! polarised.light
deñronstrating that, in the highly cellular tissue which has replaced bone,
iñe voi¿s coñtain ñighly bireiriñgent polyethylene partr-cles (amow).
HEx80

l

Fig. g.lZ. High power photomicrograph of the-same section as Figure 8.10
sfrõwl ñö-ñi ghty"bi i"efri ngent polyelfryi ene parti cl es (arrow) surrounded by
giant cells. HE x 160
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Fig. 8.13. A transverse section of a distal rat femur five mjìlimetres
frðm a knee joint injected with polyethyìene particles_. Highty cellular
connecrive rissue (ä;;o*i r'ár foi^meä beiween the disso'lved ácryl!. plug (a)

and the surroundin! bone, and osteoclasts are present between this tissue
and the bone. HE x 320

pa rtic les
and bone
resorption

membrane and bone around acryl¡c plug

Fig. 8.14. D.iagrammatic representation of a sagittal section.of the rat
feñur showing bõne resorptiôn and formation of a connective tissue
"membrane', af the interfäce between acrylic cement and bone in response

to polyethy'lene particle iniections into the adiacent ioint.
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8.5 DISCUSSION

This study demonstrates that bone resorptÍon and the formatÍon of

connective tíssue at the interface between acrylic cement and resorbÍng

bone is associated with a macrophage and MNGC response to polyethylene

particles ínjected into an adiacent joint.

In the initial contro'l anímals which had the acrylic plug inserted and

no Ínjections, a well developed bone envelope formed around the acrylic

plug within two weeks. The more rapid development of this bone envelope

than would be expected in humans presumably was due to a number of

factors such as: the lack of maior trauma during bone preparation, the

absence of the possible adverse effects of heat of po'ìymerization of the

acrylÍc and initial nonomer release, the lack of movement at the bone-

cement interface due to the absence of loading, and rapid bone healing

Í n the rat.

Insertíng the acrylic cement plug as a preformed pìug does not exactly

simulate the insertion of cement in the dough form, as performed in

joint replacement surgery. For the purposes of thÍs study, preformed

pìugs offered an advantage as the plugs were of uníform thickness, and

the possÍble deleterious effects on the bone due to heat of

polymerizatíon of cement and excessive mononer release v{ere avoÍded.

The shell of bone around the plug was establÍshed by two weeks after

implantation, and as the intra-articular iniection of particles was not

cormenced until after this tíme, it seems reasonable to assume that bone

resorption occurred in the particle iniected animals after a stable

lnterface between bone and cenent had been established.

All surgery was perforned uslng aseptic techníques, and the acrylic plug

and inJected solutions were sterílized by autoclaving and the sterility
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checked prior to iniection. Taking into account the fact that PMN were

not present in the tissue, it yúas concluded that bone resorption and

connectíve tÍssue fornation at the stable bone-cement interface was due

to the injection of polyethyìene particles.

The polyethyìene particles used in this study were approxÍmately fifteen

to 200 micrometers in diameter, whereas the po'lyethylene wear particles

seen Ín the tissues around failed prostheses are of varying size,

ranging from less than one mÍcrometer to over 200 nicrometers. The síze

of the particles seems related to the type and severíty of wear (Rose et

â1, 1978). Newman and Sca'les (1951) concluded that large poìyethylene

particles would provoke a predominantly MNGC response, as seen Ín the

tissues around faiìed cup hemí-arthroplasties and in this study, whereas

small particles, as seen in tissues around low friction arthroplasties,

would provoke a predominantly macrophage response.

In this study, large numbers of polyethylene particles were injected

over a short period of tÍme. The number, síze or concentratÍon of

partícles necessary to cause bone resorption remaíns unknovn. l,lear of

polyethylene prostheses always occurs but the severity of wear varies

according to the type of prosthesis and possíble three-body wear due to

interposition of fragments of acrylíc cement. It appears that wear

particles normally are drained from the síte of joint prostheses via

ìymphatfc channels (l'lalker and Bullough, 1973; Vernon-Roberts and

Freeman,1977), and it is possible an equilibrium may be reached between

the productíon of particles and their removal (l,lillert and Semlitsch,

Le77l.

That macrophages and MNGC appearing in response to wear partÍcles

participate in bone resorption around Ínplants, directly or lndÍrectly,

requl res consí derati on. l{hi I e there i s previ ou s evi dence that
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macrophages may be lnvolved in bone resorption in vÍtro (Mun4y et ô'1,

t977; Kahn et ô1, 1978; Teitelbaum, 1979), current concepts do not

strongly favour a role in bone resorption in vivo for cells other than

osteocl asts (Chambers, 1985). Thus, it woul d appear I ikely that

macrophages and MNGC which have taken up yrear partícles, release soluble

factors which stimu'late osteoclasts. Such factors may include

prostaglandÍns (Klein and Raisz, 1970; Galasko and Bennett, 1976), and

osteoclast activating factors such as interleukin-l (Gowen et al, 1983).

Thís study further emphasizes the importance of the cellular response to

wear particles in bone resorption at the bone-cement ínterface, taking

into account the fact that, whíle this has been suspected fron the

pathology studies of failed human prostheses which have undergone severe

wear, it has not been demonstrated prevÍously in a situatíon where

mechanÍcal causes of loosenÍng and infection have been excluded. These

conclusions have implications for the choice of materia'ls, impìant

design, and techniques of ÍnplantatÍon of prostheses, whÍch should aim

to mínimize component vúear.

8.6 C0I{CLUSIoNS

The intra-articular iniection of poìyethylene wear particles was

assocÍated with the formation of a connective tÍssue layer and with bone

resorption at the bone-cement interface around non-weightbearing cement

pl ugs.

The fi ndi ngs complement those of previ ous studi es which have

demonstrated a macrophage response to polyethylene wear partícles, and

the assoclatÍon of thís tissue response wÍth bone resorption at the

bone-cement i nterface.
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CHAPTER NINE

coNclusI0Ns

9.1 CONCLUSIONS AND SUMMARY

The aim of this study was to determíne the effect of v',ear particles

rel eased from the articul atíng surfaces of prostheses on the

periprosthetic tissues, and to ascertain whether the tissue response

contrÍbuted to bone resorption and prosthetic ìoosening.

In order to estab'lish the types of wear partic'les and associated tíssue

response around human prostheses, the periprosthetic tissues around

forty-seven total hip arthroplasties with aseptíc loosening of one or

more components were examíned by 1íght microscopy, TEM, and EDX

microana'lysis. The tissues around cementless metal on bone and ceramic

on ceramic prostheses contaíned very few v{ear particles and few

macrophages. The tíssues around cementless and cemented metal on metal

prostheses contained large numbers of metal partÍc'les and large numbers

of macrophages and occasional MNGC. The tissues around cemented metal

on polyethylene prostheses often contaíned large numbers of small and

large polyethylene partícles, variable numbers of cement partíc'les, and

occasional metal particles. Large numbers of macrophages and MNGC were

frequently seen Ín these tíssues. Lymphocytes were occasíonal'ly seen in

assocíation with metal particles. PMN were rareìy seen.

Ultrastructural studies of these tÍssues confirmed the phagocytosis of

submícroscopic wear particles by macrophages. Varying degrees of

degenerative change in macrophages were seen in associatíon with
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phagocytosis of metal particles. Large numbers of cytolysosomes vúere

seen in cells in association wíth the accumulation of wear partic'les.

An animal model was developed to determine the effects of wear particles

on tissues ín the absence of other factors whÍch might influence the

appearance of the tíssues around human prostheses. Thus, the intra-

articular effects of cobalt-chrome alloy wear particles sími'lar in size

to those present in the tissues around total joint prostheses vúere

studied by ínjecting laboratory prepared partic'les into the rat knee

joint. The particle size was determined by differentÍal sedimentation

and the amount of particulate Ínjected was determined by atomic

absorption spectroscopy. The particles were prepared in a solutíon of

dilute serum/salÍne to prevent aggregation of partic'les. Partícles of

cobalt-chrore rapidly induced a pro'liferation of macrophages and focal

degeneratíon of synovial tÍssues símílar to the response seen in the

articular tissues around loose total joint prostheses in humans.

Bacteríological tests excluded infection as a cause of the tissue

changes observed. These fÍndings support the hypothesis that vúear

particles are responsible for the changes in the tÍssues around total

JoÍnt prostheses. The findÍngs also indicate that this animal model

offers a method of testíng the biocompatibilíty of materials used in the

manufacture of total joint prostheses.

Further studies of the long-term effects of cobalt-chrome alloy b,ear

particles were perforred by the intra-articular iniection of particles

into rat knees, and the sacrifice of animals at periods from one week to

two years following injection. The initial response was synovial

ulceration, macrophage infiltration and necrosis. A translent

lymphocyte response vúas present at one week . Fi brosi s of the

subsynovium occurred subsequent'ly at the sÍtes of necrosis. A semi-
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quantitative assessment of the number of particles and macrophages ln

the synovium demonstrated that the extent of synovial particles did not

a'lter during the period from one week to one year. The extent of the

macrophage response decreased between one and two weeks and then

remained constant for one year. These findings demonstrate that the

extent of the cel I ul ar response to i njectí on of parti cl es can be

determined within two weeks, and little useful ínformation regarding the

extent of the cellular response can be gained from studies which extend

beyond this period. Post-mortem examination díd not demonstrate the

development of any tumours. This study emphasÍzes that wear particles

and the associated macrophage response persist in the tissues for up to

two years. The fíndings are relevant to the effects of wear particles

around human prostheses which contínuous'ly release particles into the

períprosthetic tÍssues where they may accumulate.

The effects of different amounts of wear partícles of the same material

and wear partÍcles of different materia'ls were then examíned. The

tissue response to íntra-articular injectíon in rat knees of sinilar

concentrations of cobalt-chrome alloy and aluminium oxide ceramic yrear

partícles, and two different concentrations of cobalt-chrone particles

rlas assessed at one, four and thirteen weeks. A seni-quantÍtatÍve

method of histo'logical assessment showed a correlation between the

numbers of partic'les and the macrophage response Ín the tissues, and a

difference in the response to dÍfferent concentratÍons of cobalt-chrome

partlcles. There was a difference between the response to partfcles of

different materfals. At one week, the macrophage response to cobalt-

chrome particles v{as signífícantly greater than to aluminium oxide

particles, but no difference u,as detected at four and thirteen weeks.

The difference may be due to necrosls of macrophages induced by cobalt-

chrome particles.
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Further studies of the effect of wear particles conmonìy released from

the articul ating surfaces of prostheses h,ere undertaken using UHMl,lP

particles prepared in a Joint slmulator. Single and multiple injections

of sterile particles into rat knees caused synovía'l proliferation and

índuced a macrophage and MNGC response ín the subsynovíum. 0f

particular interest, was the macrophage response to partic'les ranging

from fifteen micrometers in maximum dimensíon to the 1 Ímits of

resoìution of the light microscope, and the MNGC response to larger

particles and aggregates of small particles. These findings emphasize

the importance of wear particles in causíng an adverse tissue response

around joÍnt arthroplastÍes wíth po'lyethylene components.

Samples of synovial tÍssue retríeved from rat knees at periods up to

four weeks after the injectíon of coba'lt-chrone al'loy, a'luminium oxÍde,

and polyethylene wear partÍcles ylere examined by e'lectron mÍcroscopy

and EDX microanalysis. Cobalt-chrome particles induced ear'ly synovial

ul cerati on and degenerati ve changes ín macrophages contaí ni ng the

particles, but healthy macrophages containíng abundant particles had

accumulated in the subsynovium at one month. By contrast, alumÍnium

oxide particles and polyethylene particles induced only minor

degenerative changes in the macrophages. EDX microana'lysis confirned

the elemental composition of the intracellular partícles of cobalt-

chrome and aluminium oxÍde. Following phagocytosis of cobalt-chrome and

aluminium oxide particles, the accunulation of nacrophages contaÍning

large numbers of cytolysosomes was seen. The findings suggest that

these particles fnduce increased synthetÍc activity by macrophages, with

lysosomal enzymes possi bty havi ng an adverse effect on the

periprosthetic tissues. The accumulation of macrophages also was seen

following polyethylene particle injection. Particles approximately five

micrometers and less were contained wíthin mononuclear macrophages,
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vrhereas larger particles were surrounded by aggregates of macrophages or

contained within MNGC.

Having established a dírect relationship between wear particles and the

tí ssue response seen around ioint prostheses, an animal model was

developed to test the hypothesis that the tíssue response to wear

particles contributed to prosthetic looseníng. Bone resorptíon and

formatÍon of a connective tÍssue layer at the interface between bone and

cement was induced by poìyethylene particles simi'lar in size to those

present in the tíssues surrounding human ioínt prostheses.

A non-weíghtbearing PMltlA plug was inserted Ínto the distal femur of rats

via the knee joint, and rapidly became surrounded by a shell of bone.

Following repeated iniections of polyethylene partic'les ínto the knee

joint, bone resorptíon occurred at this stable interface. No bone

resorptíon occurred fol ì o.lÍng íniectÍons into the opposite knee of

control preparations not contaíníng particles. The bone resorption

which occurred around the plug after polyethylene particle íniection

lnto the knee took place in the absence of mechanÍcal causes for

ìoosening and ln the absence of ÍnfectÍon.

This study establishes a direct relatíonshÍp between polyethyìene wear

particle accumulation and subsequent bone resorptÍon. The clinÍcal

importance of thi s stu(y i s that the i nci dence of I ooseni ng of

prostheses may be decreased by strategies which aÍm to minfmize

component wear by improvements in design of prostheses, choice of

materials, and technÍques of insertion of prostheses.

In surnrnary, the studies described in this thesis establish a direct

relationship between wear particles from the articulating surfaces of

prostheses and the ti ssue response observed in the perÍprosthetic
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tissues around human joint prostheses. The effect of wear particìes on

tissues is re'lated to the extent and duration of particulate material ín

the tissue, and the type and size of particles. Particles of different

materíal s i nduce varyí ng degrees of necrosi s of tÍ ssues, and

prol i ferati on of macrophages and i ncreased lysosomaì acti ví ty of

macrophages. Large particles and aggregates of smaller particles

produce a MNGC response. The presence of wear partic'les is assocíated

wíth the formatÍon of a connective tissue layer at the bone-impìant

i nterface and bone resorpti on around sol Í dly fi xed Ímp1 ants, the

characterÍstic findings prior to and fol'l owing loosening of joint

prostheses.

9.2 DIRECTIONS FOR FUTURE STUDY

The results of thÍs series of investÍgations have províded widely based

morphological evÍdence to support the role of wear particles in causíng

stimulation of a macrophage response in the periprosthetíc tissues, and

have demonstrated a relationship between this tÍssue response and bone

resorption at the bone-implant interface. It would be of ínterest to

continue this line of research to examíne the follovling Íssues:

(a) In vitro studíes and in vÍvo studies, using the animal models

descri bed i n thÍ s thesi s, of the possi bl e stirul atory ef fect of wear

partÍcles on cells to release factors which may stimulate proliferatfon

of macrophages, and factors which may stimulate bone resorption. 0f

particular Ínterest, would be the possible release by macrophages of

prostaglandins and monokines, including Interleukin-l, whích have been

impìícated in the stimulation of bone resorption in other pathologlcal

setti n gs.
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(b) Studies of the level of prostaglandins and monokínes in the

periprosthetic tissues and comparison with the numbers and types of wear

partÍcle in these tíssues would be useful ln determÍning whether there

is a direct relationship between wear particles and release of these

factors.

(c) The use of the animal mode'ls described in this thesis to determine

the relative bíocompatlbility of wear particles from any new materials

proposed for use as the articulating surfaces of ioint prostheses.

(d) In vivo studies using the animal models described Ín this thesis to

determi ne the effect of pharmacol ogí cal agents, i ncl u di ng anti -

inflanunatory agents, ín modifyíng the macrophage response and the bone

resorptÍon seen foìlowing the injection of wear particles.
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