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Migration of Corrosion Products from Modular Hip Prostheses

PARTICLE MICROANALYSIS AND HISTOPATHOLOGICAL FINDINGS*

BY ROBERT M. URBANt. JOSHUA J. JACOBS. M.D.t. JEREMY L. GILBERT. PII.D.t.

AND JORGE 0. GALANTE. M.D.. D.SC.t. CHICAGO. ILLINOIS

lii vestigatioti perfornie(l at the ]oint Replaa’inent Prograni. Departitietit of Orthopedic Surgery.

Rush-Presbyterian-St. Luke s Medical Center, Chicago

ABSTRACT: Migration of solid corrosion products

from the modular head-neck junction of fifteen to-

tal hip replacements to the periprosthetic tissues was

studied. The devices and tissues were recovered at

the time of a revision procedure or at autopsy after

a mean of sixty-four months (range, eight to ninety-

seven months). The prostheses had a cobalt-chromium-

alloy head coupled with a cobalt-chromium-alloy or a

titanium-alloy stem.

The solid corrosion product was identified by elec-
tron microprobe analysis and Fourier transform infrared

microprobe spectroscopy as a chromium orthophos-

phate hydrate-rich material. The product was present

at the junction of the modular head and neck and as

particles within the periprosthetic tissues as early as eight

months postoperatively. In several hips, it was also pres-

ent on the polyethylene bearing surface. The particles

in the tissues ranged in size from less than one to 500

micrometers. They were present within histiocytes or

were surrounded by foreign-body giant cells in the

pseudocapsule of the hip joint; in the membranes of the

femoral bone-implant interface; and at sites of femoral

endosteal erosions, with and without loosening of the

femoral component.

CLINICAL RELEVANCE: The clinical importance of

corrosion at the modular head-neck junction lies, in

part, in the effects that solid corrosion products may
have on the bone-implant interface. Fragments of these

corrosion products increase the particulate debris in

the joint and migrate along membranes at the bone-

implant interface to sites remote from their origin.
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They can also migrate to the prosthetic bearing surface,

where they may be a component in three-body wear,

thereby increasing the production of polyethylene de-

bris. All of these factors can contribute to peripros-

thetic loss of bone and aseptic loosening. The potential

for systemic toxicity is not known.

Particulate debris has emerged as a major factor in

the long-term performance of joint replacement pros-

theses. When present in sufficient amounts. particulates

generated by wear. fretting, or fragmentation induce the

formation of an inflammatory, foreign-body granulation

tissue that has the ability to invade the bone-implant

interface”35�’4’46. This may result in progressive pen-

prosthetic loss of bone that threatens the fixation of

prostheses inserted with or without cement’4�.

Consequently,particulates ofthe polymers and metal

alloys from which prosthetic components are made have

been studied intensively to determine their role in the

resorption of bone and in aseptic loosening’53”’4’999’.

Less attention has been focused on particles generated

by corrosion, perhaps because, with the single-part

components currently in use, evidence of macroscopic

corrosion is rare4. Recently, however, there have been

numerous reports indicating that femoral components

with a modular head can undergo severe corrosion at the

tapered interface between the head and the neck9’’39.

Several authors have also observed that solid products

of corrosion may form in association with this pro-

cess99’399. The identity of these materials and their role

in prosthetic loosening is, for the most part. unknown.

We studied fifteen retrieved hip prostheses that had

evidence of corrosive attack and deposition of solid

products of corrosion. The composition of the products

and their distribution at the modular head, at the bearing

surface of the polyethylene cup, and in the penipros-

thetic tissues were determined. The local tissue response

to particles of the corrosion products was characterized

as well.

Materials and Methods

Fifteen modular-head total hip-replacement pros-

theses with macroscopically evident corrosion and de-

posits of corrosion products at the head-neck junction



U)
C

8
>.

U)
C
U)
C

Within Modular Junction B

Cl

Cr

I I I I uI’’�

1 10
Energy (keV)

I I I I I I U
1 10

Energy(key)

Energy (keV)

Fi;. 1

Energy (keV)

Electron microprobe, energy-dispersive x-ray spectra of corrosion deposits isolated from the modular junction and the periprosthetic tissue.

Oxygen signals were monitored by wavelength-dispersive x-ray analysis and are not recorded in these energy-dispersive x-ray spectra. A: Case

I 1 . Spectrum of a black corrosion deposit, twenty micrometers thick. isolated from an area of contact between the head and neck taper after

eight months in situ. The deposit consisted of mixed oxides of chromium. molybdenum, and titanium. In this sample, wavelength-dispersive

x-ray analysis was used to confirm that the peak at the left of the spectrum represented primarily molybdenum. B: Case 15. Spectrum of a

green corrosion deposit from the deepest level within the recess of a modular head that was retrieved at autopsy after sixty-one months in situ.

The deposit was composed of chromium and cobalt chlorides. C: Case 5. Spectrum of a glassy green deposit isolated from the rim of the bore
of a modular head that was retrieved during a revision procedure after sixty months in situ. In this sample. no vanadium was detected by

wavelength-dispersive x-ray analysis. D: Case 14. Spectrum of a 150-micrometer particle isolated from an osteolytic lesion, discovered post

mortem, in the proximal aspect of the femur. The femoral component had been implanted with bone cement and had been in situ for

fifty-seven months. The particle was composed primarily of phosphorus. oxygen. and chromium. with lesser concentrations of calcium and

cobalt, and was typical of the corrosion products found in the periprosthetic tissues of fourteen of the fifteen hips examined.
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were studied. Ten of the prostheses were recovered at

the time of a revision procedure and five were retrieved

at autopsy. The retrieved prostheses included fifteen

modular heads, fourteen femoral stems, and fourteen

polyethylene acetabular liners. Peniprosthetic tissues

from all of the hips were available for study. The sex and

age of the patient, the diagnosis at the time of the im-

plantation, the reason for the removal of the prosthesis,

the type of prosthesis, and the time in situ were recorded

(Table I).

Ten Hannis-Galante, two Precoat, one Precoat CDH,

and one BIAS prosthesis (all manufactured by Zimmen,

Warsaw, Indiana) as well as one porous-coated ana-

tomic prosthesis (Howmedica, Rutherford, New Jersey)

were retrieved. The Harnis-Galante, BIAS, and porous-

coated anatomic femoral components had been inserted

without cement, and the Pnecoat and Precoat CDH

stems had been fixed with bone cement. The Harris-

Galante and BIAS femonal stems were made of tita-

nium alloy (nominal composition, 5.5 to 6.5 per cent

aluminum and 3.5 to 4.5 pen cent vanadium, with the

balance consisting of titanium), and the porous-coated

anatomic, Precoat, and Precoat CDH stems were made

of cobalt-chromium alloy (nominal composition, 27 to

30 per cent chromium, 5 to 7 per cent molybdenum, less

than 1 per cent manganese, less than 1 pen cent nickel,

less than 1 per cent silicon, and less than 0.75 per cent

iron, with the balance consisting of cobalt). The fern-

oral components articulated with porous-coated acetab-

ular prostheses that had been inserted without bone

cement. The porous-coated anatomic stem was used

with a porous-coated anatomic acetabular component

made of cobalt-chromium alloy; the other fernoral com-

ponents were used with a Harnis-Galante acetabular

prosthesis made of commercially pure titanium and se-

cured with titanium-alloy screws. All of the acetabular

components had a modular ultra-high molecular weight

polyethylene liner.
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The modular heads were made of cast cobalt-

chromium alloy. The diameter of the head was twenty-

two millimeters for the Precoat CDH stem, thirty-two

millimeters for one of the porous-coated anatomic

stems and one of the Hannis-Galante stems, and twenty-

eight millimeters for the remaining components. Four-

teen of the hip replacements had been primary, and

in the remaining hip (Case 4), a Harnis-Galante total

hip prosthesis had been used to replace a loose cobalt-

chromium-alloy surface replacement (Indiana Hip; De-

Puy, Warsaw, Indiana). No other metallic devices had

been present in the hips, except for one hip (Case 13)

in which several titanium-alloy staples had been used

prosthesis was revised because of aseptic loosening with

femoral endosteal erosion. In one of them (Case 3). the

endosteal erosion was confined to the more proximal

aspect of the femur, in zones 1 , 2, 6, and 7 as described

by Gruen et al.’6. The other two patients (Cases 2 and 4)

had endosteal erosion about the distal aspect of the stem,

in zones 3, 4, and 519 One Precoat CDH and two Harris-

Galante femoral stems. the three modular heads, and two

polyethylene linens (Cases 3 and 4) were removed. The

polyethylene linen in the remaining patient (Case 2) was

not removed.

Five patients (Cases 5 through 9) had revision

because of femoral endosteal erosion without loosening

Fig. 2-A: Case 9. Photomicrograph of dark green. glassy chromium orthophosphate hydrate-rich corrosion products deposited around the

rim of the bore of a cobalt-chromium-alloy head that was coupled with a titanium-alloy stem (x 7).

Fig. 2-B: Case 3. Photomicrograph of chromium orthophosphate hydrate-rich corrosion products circumscribing the neck of the prosthesis

just distal to the head-neck junction (arrows) of a cobalt-chromium-alloy femoral component (x 5).

to neattach a portion of the gluteus medius.

The ten prostheses (Cases I through 10) that were

recovered at the time of a revision procedure were ne-

vised for indications on the femonal side at an average of

seventy-four months (range, forty-nine to ninety-seven

months) after implantation. These hips had no clinical,

microbiological, or histological evidence of infection.

The Harris-Galante femoral stem, the modular head,

and the polyethylene liner were revised in one patient

(Case 1) because of aseptic loosening of the femoral

component. In three patients (Cases 2, 3, and 4), the

of the femoral component. In one patient (Case 8). the

erosion was limited to the most proximal aspect of the

femur, in zones 1 and 7’�. The lesion was curretted and

grafted. and the modular head and the polyethylene

liner were revised without removal of the stable femoral

stem. Endosteal erosion in the remaining four hips was

at the distal aspect of the femonal stem. in zones 3, 4,

and 59� The femonal stem, the modular head, and the

polyethylene liner were removed from all four of these

hips.

The femonal and acetabular components of one



lii

P-o
0-H StretchIng

� of Modular

A. Opening

JunctIon

Bending

� B. JointPseudo-

C. Bearing
Surface of
Acetabular
Uner

� � Cr(PO�4H20
D. Synthetic

Standard

3998 3332 2666 2000 1726 1452 1178 904 630

WAVE NUMBER (CM1)

Fu. 3

Fourier transform infrared microprohe spectra of the chromium

orthophosphate hydrate-rich corrosion product. The spectra were

characterized by absorption bands because of water molecules be-

tween 3200 and 3400 cm’. related to oxygen-hydrogen stretching
vibrations (0-H stretching). and between 1600 and 1650 cm’. related

to hydrogen-oxygen-hydrogen bending vibrations (H-O-H bend-

ing). A prominent band of phosphate absorption was present he-

tween 1020 and 1060 cm’ because of phosphorous-oxygen stretching

vibrations (P-O stretching). A: Case 5. Dark green. glassy chromium

orthophosphate hydrate-rich corrosion deposit isolated from the rim

of the bore of the head. B: Case 14. Green, translucent chromium or-
thophosphate hydrate-rich particle isolated from the pseudocapsule

of the joint. C: Case 10. Infrared spectrum of a green chromium or-

thophosphate hydrate-rich particle isolated from the hearing surface

of the polyethylene acetahular liner of a prosthesis that was revised

because of fracture of the neck of the femoral stem eighty-five

months after implantation. D: Spectrum of a green particle of syn-

thetic chromium phosphate tetrahydrate standard.
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porous-coated anatomic hip prosthesis (Case 10) were

removed because of a corrosion fatigue fracture of the

neck of the femoral component’4.

Two Hannis-Galante, one BIAS, and two Precoat

prostheses, which had been in situ for an average of

forty-six months (range, eight to sixty-one months),

were recovered at autopsy (Table I). These hip replace-

ments had functioned well until the time of death in all

but one patient (Case 13), in whom two late sponta-

neous dislocations. at forty-nine and fifty-two months

postoperatively. had been treated with closed reduction

without additional complications. The Harris hip score

for four of the patients (Cases 12 through 15) was 91.

83. 97. and 100 points. respectively. at the most recent

examination at an average of twelve months (range. one

to twenty-seven months) before death. No Harris hip

scone was available for the patient (Case ii) in whom

the prosthesis had been in place for only eight months:

however, the physician had indicated satisfactory prog-

ness with the replacement.

The prosthetic components. with the surrounding

tissues, were removed for analysis from each of these

five patients.

Methods of Analysis

Histopathological and microanalytical studies of the

corrosion products in the tissues were conducted on

the pseudocapsules of the joint and the membranes at

the femoral bone-implant interface of every hip. Speci-

mens were also studied from the site of the femoral

endosteal erosion in ten hips (Cases 2 through 9. 13, and

14). In addition, the membranes at the acetabular hone-

implant interface and the membranes at the interface

between the convex surface of the polyethylene liner

and the concave surface of the acetahular shell from six

hips (Cases 10 through 15) were examined.

The tissues were fixed in 10 per cent neutral buffered

formalin. The femonal and acetabular components that

had been inserted without cement and that had been

retrieved at autopsy with the surrounding bone were cut

at one-centimeter intervals and were embedded without

decalcification in methylmethacrylate: ground sections,

100 micrometers thick, were prepared as previously de-

scnibed33. Selected areas of the membranes at the bone-

implant interface were excised from these sections, the

plastic medium was removed, and the membranes were

re-embedded in paraffin. The two femora (Cases 12 and

14) in which the stem had been implanted with bone

cement and that had been removed at autopsy were

sectioned at one-centimeter intervals along their length

and the bone cement was dissolved in xylene. These

specimens were decalcified and were embedded in par-

affin. All of the other joint pseudocapsules. interface

membranes. and erosion specimens were also embedded

in paraffin.

The paraffin blocks were sectioned to a thickness

of four micrometers. Serial sections were alternately

stained with hematoxylin and eosin or were left un-

stained. Histopathological examination of the stained

sections was performed with conventional and polarized

light microscopy. When what were presumed to be con-

nosion products were observed in the stained sections,

the corresponding area in an adjacent unstained section

was used to determine the composition of the particles

with the microanalytical techniques to be described.

Samples of the corrosion products from the un-

stained sections of the peniprosthetic tissues, the modu-

lan head, the femoral neck, and the anticular surface of

the polyethylene liner were removed with the use of

tungsten needles and the particle isolation techniques

described by Teetsov�. The beaning surface of the poly-

ethylene linens was examined with a stereomicroscope

at a magnification of approximately twenty times. Small

areas of the polyethylene bearing surface in which

particles were observed were coated with a solution of

collodion. When dry, the film containing the particles



Reason for Removal

Sex. Age at

Implantation

( Yr.s�)

Aseptic loosening of

the femoral stem

Case I

Diagnosis Type of Prosthesis* Stem Materiall Time in .Siti�

(Mos.)

F, 52 Osteoarthrosis Harris-Galante Ti6AI4V 68

With loosening of

the femoral stem

Case 2 M. 54 Osteonecrosis Harris-Galante Ti6AI4V 49

Case 3 F. 31 Osteonecrosis Precoat CDH Co-Cr 68

Case 4 F, 26 Osteonecrosis Harris-Galante Ti6AI4V 97

Without loosening of

the femoral stem

Case S M, 50 Osteoarthrosis Harris-Galante Ti6AI4V 60

Case 6 M. 52 Osteoarthrosis Harris-Galante I’i6AI4V 65

Case 7 F,41 Osteoarthrosis Harris-Galante i’i6AI4V 70

Case 8 F, 58 Osteoarthrosis Harris-Galante Ti6AI4V 86

Case 9 F. 58 Osteoarthrosis Harris-Galante Ti6AI4V 89

Fracture of the neck of

the femoral stem

Case 10 M. 49 Osteoarthrosis Porous-coated

anatomic

Co-Cr 85

Autopsy

Case I 1 M. 55 Rheumatoid

arthritis

Harris-Galante �Ii6Al4V 8

Case 12 F,68 Osteoarthrosis Precoat Co-Cr 50

(‘ase 13 M.67 Osteoarthrosis BIAS Ti6AI4V 54

Case 14 M,66 Osteoarthrosis Precoat (‘o-Cr 57

Case 15 F, 56 Osteonecrosis Harris-Galante Ii6AI4V 61
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*The Precoat. Precoat CDH. Harris-Galante. and BIAS components were manufactured by Zimmer, Warsaw, Indiana. and the porous-

coated anatomic prosthesis was manufactured by Howmedica. Rutherford, New Jersey.

tAll of the modular heads were cobalt-chromium alloy.

Case 4. Scanning electron micrograph of a 2(X)-micrometer-thick chromium orthophosphate hydrate-rich particle removed from the hearIng

surface of the polyethylene liner (x 4(X) lthe bar at the bottom right of the figure represents ten micrometersl).
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was peeled away and was transferred to a specimen-

holder, where the collodion was removed with a solvent.

Segments of the tissue sections were also mounted onto

beryllium plates. carbon plates. or copper grids for mi-

croanalysis of the intracellular particles of the corrosion

products.

The samples of the corrosion products were ana-

lyzed by light microscopy and by Scanning electron

microscopy with use of secondary-electron and hack-

scattered-electron imaging (model 840A: JEOL. Pea-

body. Massachusetts). Electron microprohe analysis

(model 8600: JEOL) was performed with use of energy-

dispersive x-ray analysis and a wavelength-dispersive

x-ray system with multiple crystal spectrometers, as de-

scnihed by Jacobs et al.. Oxygen signals were moni-

tored with a tungsten silicide multilayered synthetic

analyzing crystal’. Specimens from every hip were also

analyzed with use of a Fourier transform infrared mi-

croprohe spectrometer ( I R�.tS: Spectra-Tech. Stamford,

Connecticut).

Selected samples were analyzed by x-ray diffraction

with use of the Dehye-Scherrer powder camera method

(Giegerfiex CD: Rigaku. Danvers, Massachusetts). An

analytical transmission electron microscope (model

JEM-40()OFX: JEOL) was used for electron diffraction

analysis of selected areas and high-resolution imaging

and energy-dispersive x-ray microanalysis of the corro-

sion products down to a spot size of 100 angstroms. The

high-resolution analyses were performed on isolated

particles. which were pulverized in a press to obtain a

variety of sizes of a few hundred angstroms to about one

micrometer, and on unstained sections of tissue that had

been prepared by ashing at a low temperature.

Results

Corrosion Deposits at the Modular Head and Neck

Electron microprobe analysis of the corrosion prod-

ucts found at the modular junction indicated that there

was little variation in the nature of the deposits among

the fifteen hips, regardless of whether the head and neck

of the femoral prosthesis had been of different or sim-

ilar alloys. The corrosion products did vary. however,

with regard to their location at the modular junction.

Corrosion products at the area of contact between the

head and neck differed in amount and composition from

those at the opening of the junction.

At the area of contact, there were green and black

friable deposits, one to twenty micrometers thick, that

covered the pitted and etched surfaces of the corroded

components. The data collected from the electron mi-

croprobe indicated that these materials were primarily

mixed oxides of chromium. molybdenum. and, when

present, titanium (Fig. 1. A). The corrosion products

were low in oxygen in some areas, often at the deepest

levels in the bore of the modular head. These deposits

were identified as chlorides of chromium, molybdenum,

and cobalt (Fig. 1, B).

At the opening of the head-neck junction of all of the

Figs. 5-A and 5-13: Case 14.

Fig. 5-A: Photomlerograph of i complete. transverse cut through the proximal aspect of the femur at the level of the lesser trochanter. with

the stem and surrounding hone cement in place. revealIng a easeous maS5 that fIlled the space between the cement mantle (delineated by

dashed line) and the medIal (left) and posterior (bottom) eortiees (x 3).



Fi. 5-B

MIGRATION OF (�)RROSION PRODU(’IS FROM MOI)EJL.AR HIP PROSIIIE SI S 1351

VOL.. 76-A. NO. 9. SEI�I�EMBER 994

prostheses, the corrosion products were principally com-

posed of a chromium orthophosphate (Fig. 1 . C) (Table

II). This material was deposited around the rim of the

bore of the head (Fig. 2-A) and circumscribed the neck

of the prosthesis just distal to the head-neck junction

(Fig. 2-B). These deposits made up the hulk of the solid

corrosion products at the modular junction and were as

much as one-half millimeter thick in some of the hips.

The chromium orthophosphate corrosion products

at the opening of the head-neck junction were hard and

glassy: they had numerous microfractures and were

weakly adherent to the components. When samples

were removed. the underlying metal had no gross mac-

roscopic corrosion. unlike the metal surfaces at the area

of contact between the head and neck. which were pit-

ted and etched. The isolated samples of the deposits of

chromium orthophosphate were plate-like particles

with a conchoidal fracture surface. These particles were

translucent and ranged from black, brown, or olive in

the thicker samples. to pale green in the thinner samples.

Particles of a similar appearance and composition were

evident in the peniprosthetic tissues (Fig. 1. D).

Chromium Ort/zop/zospizate

Hydrate-Rich Corrosion Product

Fourier transform infrared microprohe spectros-

copy of the samples that had been isolated from the

opening of the head-neck junction indicated that, in all

of the hips. the primary substance of the corrosion

deposit was a hydrated orthophosphate. The infrared

spectra of corrosion deposits from the opening of the

head-neck modular junction (Fig. 3. A ) and the spectra

of particles isolated from the periprosthetic tissues (Fig.

3. B) closely matched the published reference spec-

trum’ of chromium (III) orthophosphate hexahydrate

(CrPO4 . #{212}H2O).They were also similar to spectra pro-

duced from a synthetic standard of chromium (III)

phosphate tetrahydrate (CrPO, . 4H�O) (Johnson Mat-

they. Ward Hill. Massachusetts) (Fig. 3. D). Although

the hydration state of the corrosion product often ap-

peared to he the hexahydrate. some of the infrared

spectra that were recorded had multiple peaks in the

region associated with waters of hydration. suggesting

the presence of other states of hydration as well.

Electron microprohe studies demonstrated that. al-

though chromium. phosphorous. and oxygen (moni-

toned by wavelength-dispersive x-ray analysis and not

recorded in the energy-dispersive x-ray spectra shown

in Fig. 1 ) were always the principal elements of the

corrosion product. there were variable concentrations

of other elements: usually calcium or cobalt (Fig. 1. D)
and. less frequently. titanium or molybdenum ( Fig. 1 . C).
Low concentrations of several additional elements were

also detected. These consisted of the other elements

in the cobalt-chromium and titanium alloys. such as alu-

minum. vanadium. and, rarely. manganese or nickel. and

endogenous elements. such as iron. potassium. mag-

nesium. sodium. and sulfur. X-ray diffraction analyses

Photomicrograph of a portion of the lesion of the proximal aspect of the feniur. The edge of the easeous mass IS seen as the dark materIal

in the upper right and the posterior cortex is seen a�ros� the bottom. The easeous mass IS surrounded by foreign-bod�’ gIant cells and

histiocytes that invaded the marrow and endosteum. Polyethylene and chromium orthophosphate hydrate-rIch particles were found Ifl these

cells and in the caseous material (hematoxylin and eosin. x 75).
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failed to show any crystallinity with either the corrosion

product or the synthetic standard.

Isolated particles of the chromium orthophosphate

hydrate-rich corrosion product were examined at higher

spatial resolution with use of the analytical transmission

electron microscope with energy-dispersive x-ray anal-

ysis. These studies indicated that the other elements

that had been detected by electron microprohe analysis

were finely dispersed in the chromium onthophosphate

hydrate-rich material rather than segregated into dis-

crete phases. Electron diffraction analyses of selected

areas confirmed that both the corrosion product and the

synthetic standard were highly disordered materials.

Together, these findings suggested that the con-

rosion product found at the opening of the modular

junction and in the peniprosthetic tissues could he char-

actenized as an amorphous. hydrated orthophosphate of

chromium containing a fine heterogeneous mixture of

several other elements. notably cobalt and calcium.

probably in the form of oxides. hydroxides. and other

phosphates.

Corrosion Products at tile Polyethylene Bearing Surftia’

Several dozen green particles. four to 2(X) microm-

eters in their greatest dimension. were isolated from the

hearing surface of the polyethylene liners from three

hips (Cases 4, 10. and 14). These particles were shown

by electron microprohe analysis and Fourier transform

infrared microprobe spectroscopy to he a chromium

onthophosphate hydrate-rich material similar to the con-

rosion products found at the opening of the modular

junction (Figs. 3. C, and 4) (Table II).

There were also particles. of various sizes, of cobalt-

chromium alloy. titanium. and titanium alloy on the

polyethylene-beaning surface. Particles of polymethyl-

methacrylate. barium sulfate. and fragments of hone

were also observed.

Distribution of Corrosion Products

ill the Periprosthetic Tissues

Chromium orthophosphate hydrate-rich particles

were identified in the periprosthetic tissues of all but

one hip (Case 7) (Table II). The particles were observed

within the joint pseudocapsule of all fourteen hips. They

were also found in the membranes of the femoral hone-

implant interface in these fourteen hips. The particles

were distributed throughout these membranes in eight

of the hips that had been revised for loosening or end-

osteal erosion (Cases 1 through 6. 8. and 9) and were

limited to the proximal four centimeters of the mem-

branes in one hip from which the stem had been re-

moved because of a fracture of the neck (Case 10) and

in the five hips from which the prosthesis had been

recovered at autopsy (Cases 1 1 through 15).

Case 9. Photomicrograph of a 340-micrometer-thick inclusion of a green chromium orthophosphate hydrate-rich corrosion product in the

pseudocapsule of the joint: it is composed of densely packed histiocytes and a lymphocytic infiltrate. The inclusion is encapsulated by a fibrous

memhrane containing giant cells (hematoxylin and eosin. x 313).



Case

Modular

Head

Prosthetic Components

Neck Polyethylene

Taper Liner

Joint

Capsule

Perlprosthetic

Femoral

Membranes

TIssues

Femoral

Erosiont

1 + + - + + NA

Acetahular

Membranes

NR

2 + + NR + + + NR

3 + + - + + + NR

4 + + + + + + NR

5 + + - + + + NR

6 + + - + + + NR

7 + + - - - - NR

8 + NR - + + + NR

9 + + - + + + NR

10 + + + + + NA

11 + + + + NA

12 + + + + NA

13 + + + + +

14 + + + + + +

15 + + + + NA
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*+ = present. - = not detected. NA = not applicable. and NR = not recovered.

tThe erosions were located in the more proximal aspect of the femur in Cases 3, 8. 13. and 14. and they were adjacent to the distal aspect of

the stem in Cases 2. 4, 5. 6, and 9.

Chromium orthophosphate hydrate-rich particles

were also present in the osteolytic lesions in nine of the

ten hips that had femoral endosteal erosion (Table II):

the particles were adjacent to the proximal aspect of the

stem in four hips (Cases 3. 8. 13. and 14) and were

adjacent to the distal aspect of the stem in five (Cases

2. 4. 5. 6. and 9).

Osteolytic lesions were discovered post mortem in

two hips (Cases 13 and 14). In both hips. abundant gran-

ulomatous tissue and necrotic debris filled the joint and
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Case 8. Photomicrograph of foreign-hod� giant cells surrounding several fifty to seventy-micrometer-thick chromium orthophosphate

hydrate-rich particles in an area of marked fibrosis in the pseudocapsule (hematoxvlin and eosin. x 500).
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extended into the proximal aspect of the femur. In one

(Case 14), the lesion involved the medial and posterior

aspects of the proximal end of the femur and filled the

space between the cement mantle and the cortex of the

lesser trochanter (Fig. 5-A). The lesion was composed

of a large central caseous mass surrounded by a zone of

histiocytes and foreign-body giant cells that had invaded

the marrow and endosteum (Fig. 5-B). Chromium or-

thophosphate hydrate-rich particles (Fig. 1, D) and

particles of polyethylene were observed within these

cells and within the caseous mass.

Unlike the joint capsule and femoral tissues, the

membranes of the acetabulan bone-implant interface

recovered from six hips (Cases 10 through 15) contained

internal layer of the pseudocapsule of the joint, in the

membranes of the femoral bone-implant interface, and

at the sites of femoral endosteal erosion. Fibrosis and

necrosis were prominent features of these tissues. There

was a generally mild lymphocytic infiltrate, which was

accompanied by a smaller number of plasmacytes. Poly-

morphonuclean leukocytes were rare. Eosinophils were

seen only in one hip (Case 6), in which a small num-

her of these cells were widely scattered throughout

the proximal membrane of the femonal bone-implant

interface and at the site of distal endosteal erosion.

Over-all, the most abundant and pervasive of the intra-

cellular particles consisted of fine polyethylene-like de-

bnis, which was visible only under polarized light39. The

t�t: :�‘�i� ,

.: � � ‘ ,� � � :-:
� :� � : � .:
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FI;. 8

Case 9. Photomicrograph of histiocytes containing numerous chromium orthophosphate hydrate-rich particles that are less than five

micrometers in size in the pseudocapsule surrounding a corroded modular junction between a cobalt-chromium-alloy head and a titanium-

alloy stem. The particles are translucent. colorless, and non-hirefringent and impart a granular appearance to the histiocytes that contain them

(hematoxylin and eosin. x 750).

no chromium orthophosphate hydrate-rich corrosion

products (Table II). In two of these hips (Cases 10 and

I I ), however, particles of the corrosion product were

found in the membrane that separated the convex sun-

face of the polyethylene liner from the concave surface

of the acetabular shell.

Tissue Response to Chromium Ortliophosphate

Hydrate-Rich Particles

In the fourteen hips in which chromium orthophos-

phate hydrate-rich particles were observed in the tis-

sues, sheets of particle-laden histiocytes and a variable

number of foreign-body giant cells were present in the

next most prevalent particulate was the chromium or-

thophosphate hydrate-rich corrosion product. Particles

of polyethylene and of the corrosion product were often

intermixed in the cells.

The chromium onthophosphate hydrate-rich par-

tides were usually unstained by hematoxylin and eosin,

and most were angular. They were a translucent pale

green on yellow except for particles that were less than

a few micrometers in size, which were colorless. Unlike

the particles of polyethylene on metal alloy, the chro-

mium orthophosphate hydrate-rich particles were not

visible under polarized light. They were not birefrin-

gent and they did not exhibit the diffraction commonly
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Figs. 9-A and 9-B: Case 9.

Fig. 9-A: Scanning electron microscope hackscattered-electron micrograph demonstrating numerous particles of the chromium orthophos-

phate hydrate-rich corrosion products in histiocytes arranged between collagen bundles of the pseudocapsule of the joint. The particles appear

bright white because of their high atomic number (gold-coated, unstained paraffin section: x 1000 [the bar at the bottom right of the figure

represents ten micrometers]).

observed at the edges of particles of metal alloy.

The cellular response to the chromium orthophos-

phate hydrate-rich particles varied with the size of the

particle. Particles that were 150 to 500 micrometers in

size were restricted to the pseudocapsule and the most

proximal of the membranes of the femoral interface.

These large fragments were usually surrounded by a

fibrous membrane containing foreign-body giant cells

and macrophages (Fig. 6). Particles that were ten to 100

micrometers in size were found throughout the tissues.

Scanning electron microscope backscattered-electron micrograph of the histiocyte in the lower left corner of Fig. 9-A. revealing an

abundance of chromium orthophosphate hydrate-rich corrosion products of various shapes approximately one micrometer or less in size

(x 3000 [the bar at the bottom right of the figure represents ten micrometersi).



. � �

I

.-

� .-.

I’

\ . . . � . �.. ..

�
‘ :# � � �. �

I’.’

#.‘ . �‘ . r�.

. _..ct... � e.�;
. 3’�..... �...

� ,.. .s�’�.L\
�...1OQnrn, .�

THE JOURNAL OF BONE AND JOINF SURGERY

1356 R M. URBAN. J J. JACOBS. J. L. (;ILBERT. AND J. 0. (ALANTE

FI; 10-A

Figs. 10-A and 10-B: Case 8.

Fig. 10-A: 1ransmission electron micrograph of an aggregate of intracellular particles within a histiocyte of an osteolytic lesion (x 1(X).0(X)).

They were embedded in the extracellular matrix or of-

ten were engulfed by foreign-body giant cells (Fig. 7). In

two hips (Cases 2 and 8). the particles were also present

in discrete granulomas that showed marked fibrosis and

that were surrounded by lymphocytes. Free chromium

orthophosphate hydrate-rich particles of various sizes

were also found in the amorphous and caseous debris

of the joint cavity.

Most of the chromium orthophosphate hydrate-rich

particles were less than five micrometers in size and

were present in histiocytes. In the stained sections. these

non-crystalline. translucent. colorless particles imparted

a granular appearance to the cytoplasm hut were other-

wise poorly demonstrated by conventional light micros-

copy (Fig. 8). Backscattered-electron images of the

unstained sections revealed that, within these histio-

cytes. there were abundant particles of irregular shape

and size as was evident by their bright appearance due

to the relatively high atomic number of chromium (Figs.

9-A and 9-B). Further examination of the tissue sections

by transmission electron microscopy and by energy-

dispersive x-ray analysis demonstrated particles of the

chromium orthophosphate hydrate-rich material, less

than 100 nanometers in size and present within histio-

cytes. in the joint capsules. in membranes of the femoral

bone-implant interface. and in femoral osteolytic lesions

(Figs. 10-A and 10-B).

Although not the focus of this investigation, par-

tides other than the polyethylene and chromium ortho-

Energy (keV)

Ft;. 10-B

Energy-dispersive x-ray spectrum of the aggregate of intracellular

particles shown in Fig. 10-A. The spectrum was characteristic of the

chromium orthophosphate hydrate-rich material found at the cor-

roded modular junctions. The peaks of copper and zinc at the right

side of the spectrum are from the specimen-holder.

phosphate hydrate-rich particles were present. to a

lesser degree, in the tissues. These consisted of opaque,

one to four-micrometer-thick granules. which were iden-

tified by electron microprohe analysis as particles con-

sisting predominantly of cobalt-chromium alloy and

titanium alloy. Particles of chromium oxide were pres-

ent in the pseudocapsules of two hips (Cases 12 and 14)

as well. One to three-micrometer-thick granules of bar-

ium sulfate also were identified with electron micro-

probe analysis in three hips (Cases 3, 12, and 14). These

particles were detected within histiocytes and in voids
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left by polymethylmethacrylate that had been dissolved

in tissue-processing.

Discussion

The identification ofparticles ofcorrosion product at

sites remote from their origin places the phenomenon of

corrosion of modular junctions in a different clinical

context than has been perceived previously. Numerous

studies have indicated that corrosion at the modular

head-neck junction of several different designs of fern-

oral stems is a common finding at the time of revision

procedures” �.29#{149}The clinical importance ofthis phenom-

enon has not been clean, and most studies have focused

on elucidation of the mechanism of corrosion and on the

potential for mechanical failure of the devices. Among

the concerns related to corrosion of modular junctions

have been the potential for fracture of the neck of the

prosthesis29’3’4, loosening of the head of the prosthesis

with respect to the femonal stem with the subsequent

generation of wear debris99. and the potential disassem-

bly of the modular head from the femonal stem29.

The major finding of the present study was that

fragments of corrosion products that form at the open-

ing to the junction of the modular head and neck can

migrate to the bearing surface of the prosthesis and

along the membranes at the bone-implant interface,

adding to the particulate debris at both of these sites.

In the modular components that were examined, a

variety of chlorides and oxides of the primary alloying

elements were identified at the head-neck junction. The

decreasing concentration of oxide and the increasing

concentration of chloride corrosion products in the

depth of the junction reflects a solution chemistry that

is characteristic of a corroding crevice. Typically, this

environment is oxygen-depleted, with a low pH and

high chloride concentration’2. The bulk of the corrosion

products, however, were deposited at the opening of the

junction where, regardless of the composition of the

head-neck couple, the deposit was primarily a chro-

mium orthophosphate hydrate-rich material. This was

also the primary corrosion product identified in the

peniprosthetic tissues.

A corrosion product of similar appearance on light

microscopy and elemental composition has been re-

ported previously in association with fracture fixation

devices made of stainless steel. Several authors475” have

analyzed several types of corrosion products deposited

in the tissues surrounding sites of corrosion between

plates and screws. One type of deposit, described as

microplates in the tissues, was composed of chromium,

phosphorus, and iron. The appearance of these particles

in histological sections was well described by Sevitt37.

The formation of phosphates on the surfaces of implants

has also been suggested by studies of electrochemical

reactions in physiological solutions’9 and by spectno-

scopic examination of retrieved titanium and stainless-

steel implants43.

As fan as we know, the chromium orthophosphate

hydrate-rich corrosion product has not been reported

previously in association with the cobalt-based joint-

replacement alloys currently in use. Previous reports.

however, have suggested that corrosion products from

cobalt-chromium-alloy prostheses that may have been

similar to the particles found in our study were seen in

association with a McKee-Fannan metal-metal total hip

prosthesis5’ and Lord modular femoral components de-

signed for insertion without cement29.

Over-all, the response to the chromium orthophos-

phate hydrate-rich corrosion product within the pen-

prosthetic tissues was characterized by histiocytosis.

fibrosis, necrosis, a mild lymphoplasmacytic infiltrate.

and a few polymorphonuclean leukocytes. Numerous in-

vestigators have described similar patterns of response

to various combinations of metallic. polymeric, and cc-

namic particles in the membranes surrounding aseptic,

loosened joint replacements and within osteolytic Ic-

sions’9”’92223-�”4’�”. A feature common to all of these

reports is a plethora of minute biologically indigestible

particles within histiocytes. In the present study. these

particles were primarily polyethylene and the chromium

orthophosphate hydrate-rich corrosion product formed

at the modulanhead-neckjunction.Although the relative

contribution of these two types of particles to osteolysis

in these hips is unknown, it is likely that the very small

particles of the corrosion product that were present

throughout the peniprosthetic tissues of many of the hips

contributed in some measure to the osteolytic process.

In addition to the size of the particles. chemical corn-

position may be regarded as one of the most important

characteristics of particulate debris influencing tissue

response7”#{176}39. The elemental composition of the chro-

mium orthophosphate hydrate-rich corrosion product.

as determined in the present study. was variable and

could include low concentrations of any of the metals of

the alloys that were present at the modular junction. The

chemical states and combining species of these metals.

which are important factors influencing cytotoxicity’ �

are currently unknown.

There is also a potential for systemic distribution of

the corrosion product. Products of particulate degnada-

tion can be transported to regional lymph nodes and

reticuloendothelial organs24. In addition, soluble disso-

lution products from these particles may he transported

to distant sites22942.

The presence of this corrosion product at the hearing

surface of the polyethylene indicates that these particles

have the potential to accelerate articular wean through a

three-body mechanism2’. Therefore. the corrosion prod-

uct may indirectly contribute to the resorption of pen-

prosthetic bone, to osteolysis, and to loosening of the

implant by exposure of the peniprosthetic tissues to a

greaten volume of polyethylene wear debris.

The use of a modular joint-replacement device is a

source of concern because the presence of additional
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interfaces can increase the potential for generation and nized and potential disadvantages capable of contnihut-

transport of particles�’”27. It has been suggested that ing to premature failure of the joint reconstruction.

several factors. including machining tolerances. geome-

try and metallurgy may play a role �n this corrosion �ur “ t r � r uth ii ml. Dl, rhO I�rnJ h � � ‘ ru NIrk 9,�J r 5� � 5

phenomenon99” ‘ ‘�. While modularity does have clinical Icets’v. md I)r. Stephe�i Rice (or tcchnical expertise in he prIck analysis: and I)r. Kim
. . I3crti,�. I)r. Ih(m1�-. I I(��9 trd I)r. John I Iui,ter. I)r. �5ar�r� Ro�cnhcrg md Dr. sI,IchclI

advantages. such as versatlllty. there are some recog- Shenkup for contributing p�itien1s to this study.
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