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THE ROLE OF THE MACROPHAGE IN PERIPROSTHETIC

BONE LOSS

Aseptic loosening after total joint replacement remains the most common reason for long-term implant
failure. Macrophages activated by submicron wear particles of the polyethylene liner used in joint replace-
ment have been shown to be the source of periprosthetic bone loss. Understanding the role of material
chemistry in macrophage activation and the subsequent effects that macrophage-derived enzymes play in
the degradation of implanted biomaterials is key to developing methods for prolonging the lifespan of
implantable materials.

Le descellement aseptique aprés une arthroplastie totale d’une articulation demeure la raison la plus
fréquente de défaillance a long terme des prothéses. On a démontré que la perte osseuse autour de la pro-
these est causée par des macrophages activés par des particules de taille submicronique provenant de I'usure
du revétement en polyéthylene utilisé en arthroplastie. 1l sera essentiel de comprendre le réle de la chimie
des matériaux dans I’activation des macrophages et les effets subséquents des enzymes dérivées des
macrophages sur la dégradation des biomatériaux implantés afin de mettre au point des méthodes de

prolongation de la durée des matériaux implantables.

otal joint replacement is the

most successful method of

treating end-stage arthritis*?
and significantly improves the quality
of life and functional capabilities of
patients suffering from this disease.?
Currently, an estimated 500 000 total
joint arthroplasties are performed each
year in North America alone, and 30%
of these are performed in patients
younger than 65 years.** Aseptic loos-
ening after joint replacement, due to
bone destruction around the prosthe-
sis, has been clearly established as the
main cause of implant failure.® The
initial success of total joint replace-
ment has led to an expansion of the
indications for the procedure, with

younger, more active people benefit-
ing from it.** The overall 10-year suc-
cess rate for total joint replacement is
90%, leaving 10% of patients who re-
quire revision surgery.* The probabil-
ity of revision increases inversely with
age (7.5% for those aged 65 to 70
years, 13% for those between 59 and
65 years, and an unacceptable 27% of
those 59 years or younger at the time
of surgery).* Revision surgery is tech-
nically more challenging and poses
higher risks for the patient with re-
spect to the surgery and subsequent
complications than primary joint
replacement. In addition, at a cost of
about $70 000 each, revision surgery
adds millions of dollars annually to the
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cost of our health care system (Dr. Al-
lan E. Gross, Department of Surgery,
University of Toronto: personal com-
munication, 1998). Therefore, pre-
venting or reducing the need for revi-
sion would have significant economic
and social benefits.

Mechanical, biologic and chemical
factors contribute to aseptic loosen-
ing. The most widely accepted theory
for this is that chronic inflammation
induced by biomaterial wear particles
leads to osteoclastic activation and
periprosthetic bone loss. Controversy
exists over the mechanism of inflam-
mation and the role of macrophages
and osteoclasts in bone loss around
the implant. In this article we will dis-
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cuss the local biologic effects of bio-
material wear particles generated by
the implant articulation, specifically,
the local effect of wear particles on
macrophage activation, the potential
of biomaterial degradation and how
these factors influence periprosthetic
bone loss and implant stability.

LOCAL EFFECTS OF BIOMATERIAL
‘WEAR PARTICLES

Macrophage activation

Aseptic loosening or periprosthetic
bone loss is diagnosed radiographically
as either a linear, diffuse radiolucency
or more localized, scalloped lucency,
which is referred to as osteolysis (Fig.

1).5% At revision surgery, the peripros-
thetic bone loss observed radiographi-
cally contains an inflammatory mem-
brane. Histologic analysis of the in-
flammatory membrane obtained at re-
vision has clearly identified a chronic
inflammatory process, with fibrosis,
numerous macrophages, fibroblasts
and areas of necrosis associated with
particles of wear debris (Fig. 2).5%*
Immunohistochemical investiga-
tions to identify subtypes of cells con-
firm mature-tissue macrophages as the
most predominant cell associated with
wear particles. T cells constitute ap-
proximately 10% of the total cell popu-
lation and likely play an important role
in modulating the inflammatory re-
sponse to wear particles by a nonspe-

cific immune mechanism.*? B cells are
rare in the inflammatory membrane.***

Immunohistochemical and in situ
hybridization studies have confirmed
the presence of proinflammatory cy-
tokines interleukin 1 (IL-1), tumour
necrosis factor alpha (TNF-a), and in-
terleukin 6 (IL-6) in the inflammatory
membrane.**** In addition to cy-
tokines, prostaglandin E, (PGE,),”
metalloproteinases and collagenase*®
are secreted by cells associated with
wear particles. All of these factors
could indirectly lead to bone loss by
stimulating osteoclastic activity (cy-
tokine), while others (collagenase) di-
rectly affect periprosthetic bone loss.
These mediators perpetuate inflam-
mation by attracting monocytes to the
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FIG. 1. Radiograph of total hip arthroplasty demonstrating periprosthetic
hone loss around the femur (small arrow) and migration of the acetabulum
(large arrow) 3 years after implantation.
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FIG. 2. Light microscopic examination from a hiopsy in the region of
periprosthetic osteolysis reveals numerous macrophages (small arrow)
and foreign-hody giant cells (large arrow) associated with wear particles
of polyethylene (bright under polarized light), fibrosis and chronic inflam-
mation (hematoxylin—eosin, orginal magnification x 40).



implant bed, stimulating differentia-
tion to macrophages and engulfment
of more wear debris. These cytokines
also stimulate osteoclastic differentia-
tion and therefore may influence bone
remodelling around the implant.**

All wear particles potentially can ac-
tivate a macrophage. These include
metal, % ultra-high-molecular-weight
polyethylene (UHMWPE),*** poly-
methylmethacrylate (PMMA),*# ce-
ramic* and hydroxyapatite.® Diges-
tion of the inflammatory membrane
reveals polyethylene (PE) as the most
abundant particle, followed by metal
and PMMA.#?” The majority of PE
particles are less then 1 pm in dimen-
sion; however, particles as large as 200
pm are present. Owing to different
mechanical wear mechanisms, debris
generated by knees appears generally
larger than that generated by hip im-
plants.?# Particle size and volume are
important because particles less than
25 pum in dimension will be engulfed,
whereas those greater than 25 pm will
be surrounded by foreign-body giant
cells (FBGCs).*** The biologic re-
sponses to wear debris of different
particle sizes may differ, resulting in
adverse affects on local bone remodel-
ling owing to different levels of cy-
tokine secretion and a variable capacity
for bone resorption when comparing
FBGCs and macrophages.*

The inflammatory membrane re-
trieved at revision surgery is heteroge-
neous, with different amounts of parti-
cles, different particle types, sizes and
patient susceptibility to inflammation.
Therefore, a model was developed to
introduce PE particles to undifferenti-
ated human monocytes and mature
macrophages.® By glueing PE particles
to a glass coverslip with type I collagen
we can reliably introduce PE particles
to adherent human monocyte-
macrophages. When peripheral blood
lymphocytes are harvested and
“plated” in vitro, the majority are im-
mature monocytes. After 3 to 5 days in
vitro the monocytes differentiate to
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mature macrophages. Alternatively,
human monocytes were allowed to dif-
ferentiate on polystyrene plates over 14
days, then were “trypsinized” and used
for particle experiments.® Studies with
the 2 human cell populations were per-
formed: (1) monocytes plated directly
onto coverslips or (2) mature tryp-
sinized macrophages were cultured
with collagen:PE and control cover-
slips. After phagocytosis of PE particles,
light microscopic examination, scan-
ning electron microscopy and transmis-
sion electron microscopy do not show
evidence of cytotoxicity, with more
than 95% cell viability of either the
monocytes or macrophages at 24
hours. Despite initially high cell viabil-
ity with both cell types, the mature
macrophage could be cultured for
much longer than undifferentiated
monocyte-macrophages (more than 30
days versus 10 days).* In addition, 2.5
times more mature macrophages cul-
tured with PE survive and form greater
numbers of FBGCs when compared
with cells cultured with collagen alone.
This interesting observation may high-
light the relative inertness of simple PE;
however, the increased longevity of the
macrophages stimulated by PE may
play a crucial role in periprosthetic
bone resorption, as macrophages have
been shown to be capable of direct
bone resorption (see below). Initial
studies of wear particles with undiffer-
entiated monocytes and mature
macrophages confirm cell activation
with increased secretion of IL-1 but
not IL-6 or TNF-a on PE particle
stimulation.®

In summary, macrophage interac-
tions with small particles of simple
polyethylene do not appear to be cy-
totoxic in vitro and indeed lead to
prolonged cell survival. The formation
of multiple FBGCs and the release of
proinflammatory mediators (IL-1),
which perpetuate inflammation and
accelerate bone loss, were observed
over the long-term with cells stimu-
lated by PE. Evidence has emerged

that macrophages and FBGCs are ca-
pable of direct bone resorption, thus
these cells may be responsible for
periprosthetic bone loss observed over
long periods in vivo.

Chemical degradation of PE

Little is known about the influ-
ence of wear-particle chemistry on
macrophage activation and thus
periprosthetic bone loss. It has been
well established that UHMWPE com-
ponents are oxidized through process-
ing at high temperatures and pres-
sure,* sterilization by gamma
irradiation,** storage of the irradiated
UHMWPE components® and the im-
plantation environment.*® Oxidation
of UHMWPE negatively influences
the wear properties of the implant.**#°
Analysis of the PE components after
implantation reveals the presence of
metal ions.** Since PE particles are de-
rived from the implant surface, it is
likely that the PE particle chemistry
has similar changes with oxidation and
metal ion association. Polymer—cell in-
teraction studies show that the oxida-
tion of polymeric surfaces has a
marked effect on the material’s ability
to elicit different cellular responses.*>#
Modification of etched carbon sur-
faces to increase oxidation results in
more intense phagocytosis. Many
polymers, including PE, are hy-
drophobic; several studies have con-
firmed poor cellular adhesion to hy-
drophobic surfaces.** Treatment of a
hydrophobic surface (polytetrafluo-
roethylene) with gas plasma resulted
in improved wettability and increased
cell adhesion.” These authors also
noted increased protein adsorption
that likely has a significant effect on
cell adhesion mechanisms. In addi-
tion, modification of surface charac-
teristics also plays a role in cytokine
(IL-1, IL-6, TNF-a) secretion with
significant inhibition and decreased
adhesion of monocyte-derived mac-
rophages on neutral as opposed to
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cationic surfaces.”“® It is apparent that
the material surface will influence pro-
tein adsorption, which will subse-
quently influence cell surface receptor
interactions and cell adhesion, and will
potentially initiate different intracellu-
lar cascades affected by the specific sig-
nal, cell type and state of cell differen-
tiation. We have developed techniques
to chemically modify PE particles so
as to simulate changes in wear particle
chemistry for use in our monocyte-
macrophage culture system.

Not only will the surface chemistry
of the material effect cell function, but
also long-term exposure of the mater-
ial to macrophages-derived enzymes
can lead to biomaterial degradation.
Following the initial interaction and
engulfment of the chemically altered
PE particle, the biomaterial will be-
come exposed to macrophage-derived
lysosomal enzymes with the potential
for material degradation. Monocyte-
derived macrophages generate reactive
oxygen species known to oxidize a va-
riety of biomaterials. Macrophages ac-
tively synthesize cholesterol esterase
(CE), which has so far been shown to
be the most degradative enzyme with
many biomaterials as substrates (poly-
ester, polyether and polycarbonate
urethanes).*#¢ Our in vitro studies
show that mature macrophages stimu-
lated by PE particles release signifi-
cantly more CE than control groups,
so chronic exposure to elevated levels
of CE could lead to PE degradation.
Indeed, preliminary investigations of
CE effects on PE have demonstrated
significant release of PE degradation
products.” Long-term exposure of PE
particles to degradative enzymes could
lead to the release of products that
could adversely effect bone remodel-
ling around the implant.

These exciting preliminary results
have opened a new field of study in
joint replacement failure. The identifi-
cation of macrophage-derived enzyme
products of PE will allow alterations in
the manufacturing of the material by
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altering cross-linking, changing pro-
cessing agents or catalysts, or adding
antioxidants to change the profile of
the degradation product. Once the
degradation products are well charac-
terized, then the toxic effects on
specific cell populations, osteoblasts,
osteoclasts and macrophages can be
determined to analyse how bone loss
is created.

BONE REMODELLING AROUND
AN IMPLANT

Ideally, fixation of total joint re-
placements may be achieved when ei-
ther bone is bonded directly to the ce-
ment mantle or the implant. Normal
bone is formed by osteoblasts, which
lay down an unmineralized matrix
consisting of type I collagen and pro-
teoglycans that subsequently becomes
mineralized. Once the osteoblast is
surrounded by mineralized matrix it is
referred to as an osteocyte. Osteo-
clasts, which are derived from
macrophages, are responsible for bone
resorption. During normal bone re-
modelling, new bone formation and
bone resorption are coupled. When
bone is resorbed, factors are released
that signal osteoblasts to the area and
stimulate new bone formation.?*°
Bone loss may occur due to increased
osteoclastic activity, decreased 0s-
teoblastic activity or a combination of
both.***2 Macrophages play a role in
normal bone remodelling that is al-
tered in a number of pathologic con-
ditions (e.g., tumour metastases),
where it is observed that macrophages
may directly resorb bone.** Under-
standing the cellular mechanisms of
periprosthetic bone loss will have im-
portant implications directing phar-
macologic intervention.

It is clear that wear particles induce
inflammation at the bone—implant in-
terface after total joint replacement.
The link between macrophage activa-
tion and loosening of the prosthesis is
bone resorption. What is not clear at

present is the role that osteoclasts and
macrophages play in the bone loss as-
sociated with this inflammation. It is
difficult to obtain tissue directly in
contact with the bone from revision
surgery and therefore, histologic
analysis of the retrieval tissue has
demonstrated conflicting findings.
Earlier studies claimed that the bone
loss resulting from wear particles was
a result of cytokine activation of os-
teoclasts. This hypothesis has been
well supported by numerous studies
in the literature, dating back to the
original observation of Goldring and
associates® that the inflammatory
membranes secreted high levels of col-
lagenases and PGE,. They demon-
strated that conditioned media from
interfacial membranes stimulated
bone resorption in mice calvaria.***
IL-1 has also been shown to be an im-
portant stimulator of osteoclastic
bone resorption by stimulating osteo-
clast proliferation, increasing the size
of the clear zone and ruffled border,
features of an osteoclast that enhance
bone resorptive activity. PGE, plays an
important role in regulating bone ac-
tivity by stimulating osteoclastic bone
resorption.* PGE, is elevated in re-
sponse to PE stimulation in vitro.*
Horowitz and Gonzales,** Haynes and
associates® have suggested that wear
debris (PMMA, metal and PE) stimu-
lates macrophages to secrete PGE,
and IL-1, which then stimulate os-
teoblasts to activate osteoclasts. The
IL-1 secretion leads to further stimu-
lation of the macrophages and ampli-
fies the secretion of additional proin-
flammatory mediators maintaining a
positive feedback loop. Enzymes such
as collagenase can promote bone re-
sorption by digesting the extracellular
matrix, thus exposing bone mineral
for osteoclastic resorption.® All of
these factors have been demonstrated
in the interfacial tissue; however, there
has been poor documentation of the
presence of large numbers of osteo-
clasts at the bone-implant interface.



The lack of osteoclasts is in sharp con-
trast to more recent studies that have
carefully documented the presence of
numerous macrophages containing
PE particles directly in contact with
the bone surface.®® Immunhistochem-
ical studies have also confirmed the
presence of enzymes within these cells
that are capable of direct bone resorp-
tion.*” Quinn and colleagues®® showed
that macrophages activated by PMMA
engulfment could directly resorb
bone. The increased life span of the
macrophage and the development of
FBGCs we observed in vitro after ex-
posure to PE particles may help to ex-
plain the increased numbers of FBGCs
in contact with bone surfaces observed
from retrieval specimens. Likely the
chronic nature of the wear particle-
induced inflammation could account
for the degree of bone loss associated
with aseptic loosening. There is no
doubt that osteoclastic bone resorp-
tion may occur; however, evidence
shows the activated macrophage is ca-
pable of resorbing the degree of bone
associated with osteolysis.

Inhibition of osteoblast function
and thus new bone formation is a fi-
nal mechanism accelerating peripros-
thetic bone loss that should be con-
sidered. Goodman and associates®*®°
have observed reduced new bone for-
mation in the presence of PE particles.
So, it is possible that the presence of
PE particles and potential degradation
products adversely influence os-
teoblast behaviour, decreasing new
bone formation around total joint re-
placements.

The mechanism of periprosthetic
bone loss is complex. The PE-
activated macrophage is the key
player; cytokines secreted by the acti-
vated macrophage may promote in-
creased bone loss by osteoclastic bone
resorption, direct bone resorption by
the macrophage itself and the produc-
tion of PE degradation products,
which can inhibit new bone forma-
tion. Pharmacologic treatment with
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bisphosphonates has started in some
centres with encouraging early results;
however, the quality of bone formed
under the influence of bisphospho-
nates should be carefully assessed be-
fore widespread use of these drugs can
be recommended.

FUTURE DIRECTIONS
IN OSTEOLYSIS RESEARCH

The future of research in peripros-
thetic bone loss needs to focus on 3
areas: understanding the specific se-
quence of cytokines produced by un-
differentiated monocytes, mature
macrophages and the role that T-cell
cytokines play in directing PE-induced
inflammation; the role of PE particle
surface chemistry on macrophage acti-
vation; and characterization of PE
degradation products and their effects
on cells involved in bone remodelling
around the implant. This information
will allow the development of specific
anti-inflammatory therapeutic inter-
ventions or modification of PE mater-
ial processing to change the degrada-
tion-product  profile  preventing
periprosthetic bone loss.
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References

1. Kavanagh BF, Wallrichs S, Dewitz M,
Berry D, Currier B, llstrup D, et al.
Charnley low-friction arthroplasty of
the hip: twenty-year results with ce-
ment. J Arthroplasty 1994;9:229-34.

2. Wickland 1, Romanus B. A comparison
of quality of life before and after
arthroplasty in patients who had
arthrosis of the hip joint. J Bone Joint
Surg [Am] 1991;73:765-9.

3. Laupacis A, Bourne R, Rorabeck C,
Feeny D, Wong C, Tugwell P, etal. The
effect of elective total hip replacement

10.

11.

12.

13.

CJS, Vol. 43, No. 3, June 2000

on health-related quality of life. J Bone
Joint Surg [Am] 1993;75:1619-26.

. Amstutz HC, Campbell P, Kossovsky

N. Mechanism and clinical significance
of wear debris-induced osteolysis. Clin
Orthop 1992;276:7-18.

. Schmalzried TP, Jasty M, Harris WH.

Periprosthetic bone loss in total hip
arthroplasty: the role of polyethylene
wear debris and the concept of the ef-
fective joint space. J Bone Joint Surg
[Am] 1992;74:849-63.

. Goldring SR, Schiller AL, Roilke M,

Rourke CM, O’Neil DA, Harris WH.
The synovial-like membrane at the
bone-cement interface in loose total
hip replacement and its proposed role
in bone lysis. J Bone Joint Surg [Am]
1983;65(5):575-84.

. Harris WH, Schiller AL, Scholler JM,

Freiberg RA, Scott R. Extensive local-
ized bone resorption in the femur fol-
lowing total hip replacement. J Bone
Joint Surg [Am] 1976;58:612-8.

. Jasty MJ, Floyd WE 3d, Schiller AL,

Goldring SR, Harris WH. Localized
osteolysis in stable non-septic total hip
replacement. J Bone Joint Surg [Am]
1986;68:912-9.

. Boynton EL, Waddell JP, Morton J,

Gardiner GW. Aseptic loosening in to-
tal hip implants: the role of polyethyl-
ene wear debris. Can J Surg 1991;34:
599-605.

Friedman RJ, Black J, Galante JO, Ja-
cobs JJ, Skinner HB. Current concepts
in orthopaedic biomaterials and im-
plant fixation. J Bone Joint Surg [Am]
1993;75:1086-109.

Willert HG, Bertram G, Buchhorn
GH. Osteolysis in alloarthroplasty of
the hip: the role of ultra-high molecu-
lar weight polyethylene wear particles.
Clin Orthop 1990;258:95-107.

Sandhu J, Waddell J, Henry M, Boyn-
ton EL. The role of T-cells in polyeth-
ylene induced inflammation. J Rheuma-
tol 1998;25:1794-9.

Boynton EL, Henry M, Morton J,
Waddell JP. The inflammatory re-
sponse to particulate wear debris in to-
tal hip arthroplasty. Can J Surg 1995;
38:507-15.

177



SANTERRE ET AL

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

178

Lalor PA, Revell,PA, Gray AB. Sensi-
tivity to titanium: a cause of implant
failure? J Bone Joint Surg [Br] 1991;
73:25-8.

Kim KJ, Chiba J, Rubash HE. In vivo
and in vitro analysis of membranes
from hip prostheses inserted without
cement. J Bone Joint Surg [Am] 1994;
76:172-80.

Jiranek WA, Machado M, Jasty M, et
al. Production of cytokines around
loosened cemented acetabular compo-
nents: analysis with immunohisto-
chemical techniques and in situ hy-
bidization. J Bone Joint Surg [Am]
1993;75:863-79.

Goldring SR, Jasty M., Roelke MS,
Rourke CM, Bringhurst FR, Harriw
WH. Formation of a synovial-like
membrane at the bone-cement inter-
face. Its role in bone resorption and
implant loosening after total hip re-
placement. Arthritis Rheum 1986;29
(7):836-42.

Nakashima Y, Sun DH, Maloney WJ,
Goodman S B, Schurman DJ, Smith RL.
Induction of matrix metalloproteinase
expression in human macrophages by or-
thopaedic particulate debris in vitro. J
Bone Joint Surg [Br] 1998;80:694-700.

Horowitz SM, Gonzales JB. Inflam-
matory response to implant particu-
lates in a macrophage/osteoblast co-
culture model. Calcif Tissue Int 1996;
59:392-6.

Heersche JN, Aubin JE. Regulation of
cellular activity of bone forming cells.
In: Hall BK, editor. Bone. Caldwell
(NJ): Telford Press; 1990. p. 327-49.

Haynes DR, Rogers SD, Hay S, Pearch
MJ, Howie DW. The differences in tox-
icity and release of bone-resorbing me-
diators induced by titanium and cobalt-
chromium-alloy wear particles. J Bone
Joint Surg [Am] 1993;75:799-801.

Pazzaglia UE, Ceciliani L, Wilkinson
MJ, Dell’Orbo C. Involvement of
metal particles in loosening of metal-
plastic total hip prostheses. Arch Orthop
Trauma Surg 1985;104(3):164-74.

Horowitz SM, Doty SB, Lane JM,
Burstein AH. Studies of the mecha-
nism by which the mechanical failure

JCC, Vol. 43, N°3, juin 2000

24.

25.

26.

27.

28.

29.

30.

31

32.

of polymethylmethacrylate leads to
bone resorption. J Bone Joint Surg
[Am] 1993;75(6):802-13.

Yoon TR, Rowe SM, Jung ST, Seon
KJ, Maloney WJ. Osteolysis in associa-
tion with a total hip arthroplasty with
ceramic bearing surfaces. J Bone Joint
Surg [Am] 1998;80(10):1459-68.

Harada Y, Wang J, Doppalapudi VA,
Willis AA, Jasty M, Harris WH, et al.
Differential effects of different forms of
hydroxyapatite and hydroxyapatite/tri-
calcium phosphate particulates on hu-
man monocyte/macrophages in vitro.
J Biomed Mater Res 1996;31:19-26.

Campbell P, Ma S, Yeom B, McKellop
H, Schmalzried TP, Amstutz HC. Iso-
lation of predominantly submicron-
sized UHMWPE wear particles from
periprosthetic tissues. J Biomed Mater
Res 1995;29:127-31.

Kossovsky N, Liao K, Millet BA, Feng
D, Campbell PA, Amstutz HC, et al.
Photon correlation spectroscopic
analysis of submicron particulates in
human synovial tissues recovered at re-
vision. Clin Orthop 1991;263:263.

Horikoshi M, Macaulay W, Booth RE,
Crossett LS, Rubash HE. Comparison
of interface membranes obtained from
failed cemented and cementless hip
and knee prostheses. Clin Orthop
1994,;309:69-87.

Herzyk DJ, Allen JN, Marsh CB,
Wewers MD. Macrophage and mono-
cyte IL-1p regulation differs at multi-
ple sites. Messenger RNA expression,
translation, and post-translational pro-
cessing. J Immunol 1992;149:3052-8.

Shanbhag AS, Jacobs JJ, Galante JO,
Glant TT. Human monocyte response
to particulate biomaterials generated in
vivo and in vitro. J Orthop Res 1995;
13:792-801.

Voronov |, Santerre,JP, Hinek A, Call-
han JW, Sandhu J, Boynton E L.
Macrophage phagocytosis of polyeth-
ylene particulate in vitro. J Biomed
Mater Res 1998;39:40-51.

Labow RS, Meek E, Santerre JP.
Model systems to assess the destructive
potential of human neutrophils and
monocyte derived macrophages dur-

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

ing the acute and chronic phases of in-
flammation. J Biomed Mater Res 2000
(in press).

Boynton EL, Rae S, Sandhu J, Labow
RS, Santerre JP. The effect of polyeth-
ylene particle surface chemistry on hu-
man monocyte-macrophage function
in vitro [abstract]. Canadian Or-
thopaedic Research Society. Ottawa:
June 6, 1998.

Wang XY, Li S, Salovey R. Processing
of UHMWPE. J Appl Polym Sci 1988;
35:2165-71.

Streicher RM. Influence of ionizing ir-
radiation in air and nitrogen for steril-
ization of surgical grade polyethylene
for implants. Radiat Phys Chem 1988;
31:693-8.

Streicher RM. lonizing irradiation for
sterilization and modification of high
MW PE. Plast Rubber Process Appl
1988;10:221-9.

Premnath V, Harris WH, Jasty M,
Merrill EW. Gamma sterilization of
UHMWPE articular implants: an
analysis of the oxidation problem. Bio-
materials 1996;17:1741-53.

Henry JI, Garton A. Oxidation of
polyethylene in water and aqueous
salts. J Polym Sci [A1] 1990;28:948.

Gomez-Barrena E. Li S, Furman BS,
Masri BA, Wright TM, Salvati EA.
Role of polyethylene oxidation and
consolidation defects in cup perfor-
mance. Clin Orthop 1998;352:105-17.

Besong AA, Tipper JL, Ingham E, Stone
MH, Wroblewski BM, Fisher J. Quanti-
tative comparison of wear debris from
UHMWRPE that has and has not been
sterilised by gamma irradiation. J Bone
Joint Surg [Br] 1998;80(2):340-4.

Meldrum RD, Bloebaum RD, Dorr
LD. Metal ion concentrations in re-
trieved polyethylene total hip inserts
and implications for artifactually high
readings in tissue. J Biomed Mater Res
1993;27:1349-55.

Czajkowska B, Blazewica M. Phagocy-
tosis of chemically modified carbon ma-
terials. Biomaterials 1997;18:69-74.

Hunt JA, Flanagan BF, McLaughlin
PJ, Strickland I, Williams DF. Effect of
biomaterial surface charge on the in-



44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

flammatory response: evaluation of cel-
lular infiltration and TNF alpha pro-
duction. J Biomed Mater Res 1996;31:
139-44.

Ko TM, Lin JC, Cooper SL. Surface
characterization and platelet adhesion
studies of plasma-sulphonated polyeth-
ylene. Biomaterials 1993;14:657-64.

Yun JK, DeFife K, Colton E, Stack S,
Azeez A, Cahalan L, et al. Human
monocyte/macrophage adhesion and
cytokine production on surface-modi-
fied poly(tetrafluoroethylene/hexaflu-
oroproplylene) polymers with and
without protein preadsorption. J Bio-
med Mater Res 1995;29:257-68.

Kao WJ, Hiltner A, Andersoon JM,
Lodoen GA. Theoretical analysis of in
vivo macrophage adhesion and foreign
body giant cell formation on strained
poly(etherurethane urea) elastomers. J
Biomed Mater Res 1994;28:819-29.

Labow R, Meek E, Santerre JP. Differ-
ential synthesis of cholesterol esterase
by monocyte-derived macrophages
cultured on poly(ether or ester)-based
poly(urethane)s. J Biomed Mater Res
1998;39(3):469-77.

Labow RS, Meek E, Santerre JP. The
biodegradation of poly(urethane)s by
the esterolytic activity of serine pro-
teases. J Biomater Sci Polym Ed
1999;10(7):699-713.

Lee AW, Santerre JP, Boynton EL,
Callahan J. Detection of degradation
products from UHMWPE following
oxidation and enyzme-induced hydrol-
ysis. Biomaterials 2000;21(8):851-61.

Aubin JE, Turksen K, Heersche JN.
Osteoblastic cell lineage. In: Masaki N,
editor. Cellular and molecular biology
of bone. San Diego: Academic Press;
1993. p. 2-44.

Parfitt MA. Bone-forming cells in clin-
ical conditions. In: Hall BK, editor.
Bone. Caldwell (NJ): Telford Press
Inc., 1990:351-417.

Mundy GR, Boyce B, Hughes D,
Wright K, Bonewald L, Dallas S, et al.
The effect of cytokines and growth fac-
tors on osteoblastic cells. Bone 1995;
17:71-5.

Athanasou NA, Quinn JM. Human
tumour-associated macrophages are

54.

55.

56.

57.

THE MACROPHAGE IN PERIPROSTHETIC BONE LOSS

capable of bone resorption. Br J Can-
cer 1992;65:523-6.

Nishihara T, Takahashi T, Ishihara Y,
Senpuku H, Takahashi N, Suda T, et
al. Membrane-associated interleukin-1
promotes osteoclast-like cell formation
in vitro. Bone Miner 1994;25:15-24.

Horowitz SM, Gonzales JB. Effects of
polyethylene on macrophages. J Or-
thop Res 1997;15:50-6.

Al-Saffar N, Revell PA, Kobayashi A.
Modulation of the phenotypic and
functional properties of phagocytic
macrohages by wear particles from or-
thopaedic implants. J Mater Sci Mater
Med 1997;8:641-8.

Kadoya Y, al-Saffar N, Kobayashi A,
Revell PA. The expression of osteoclast

58.

59.

60.

CJS, Vol. 43, No. 3, June 2000

markers on foreign body giant cells.
Bone Miner 1994;27(2):85-96.

Quinn J, Joyner C, Triffitt JT, Athana-
sou NA. Polymethylmethacrylate-
induced inflammatory macrophages
resorb bone. J Bone Joint Surg [Br]
1992;74:652-8.

Goodman S, Song Y, Chun L, Huie P,
Aspenberg P, Regula D. Tissue differ-
entiation in the presence of polyethyl-
ene and polystryrene particles [ab-
stract]. 24th annual meeting of the
Society for Biomaterials. San Diego.
April 22-26, 1998.

Sacomen D, Smith RL, Song Y, For-
nasier V, Goodman SB. Effects of poly-
ethylene particles on tissue surround-
ing knee arthroplasties in rabbits. J
Biomed Mater Res 1998;43:123-30.

179



