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Cemented versus cementless hip arthroplastyP 
A review of prosthetic biocompatibility 

Seppo Santavirta’, Anthony Gristina2 and Yrjo T. Konttinen3 

The fibrous interface tissue between hip prostheses formation of fibroblast-like B-type lining cells, which 
and surrounding bone is often morphologically and are able to synthesize and secrete hyaluronate. 
functionally synovial-like. The fibroblast is the major Material surfaces of hip arthroplasty components 
cell type; but also giant cells and macrophages are also provide a unique environmental niche to which 
present, and their numbers are increased in the occa- staphylococcal strains adhere and colonize. Anti- 
sional adverse-type host reaction to the prosthesis. biotic resistance is related to the material colonized 
Adverse lytic reactions are often associated with rather than to the presence of an exopolysaccharide 
methylmethacrylate debris, whereas in cementless barrier; organisms bound to polyethylene and methyl- 
cases, polyethylene and metallic (titanium) wear methacrylate are more resistant than organisms that 
debris seem to cause adverse reactions. Osteoblasts, are bound to stainless steel. 
osteoclasts, and mesenchymal collagenase secreted An understanding of prosthetic biocompatibility 
by fibroblasts and macrophages play an important requires an appreciation of tissue cell, bacterial cell 
role in the process of prosthetic loosening. Methyl- and host defense-system response to biomaterials. 
methacrylate is immunologically relatively inert, while The site of implantation is a stage on which the 
it induces inflammatory mononuclear-cell migration. “players” (bacteria, host cells, and organic moieties) 
Both cemented and cementless prostheses cause a interact and compete, and before which the host is a 
foreign-body type host response, including adaptive “responsive audience.” 
and reactive processes. This response includes the 
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The clinical success of the original low-friction total 
hip replacement (THR) concept or its related modifi- 
cations is well established (Chamley 1961, Chamley 
1979), but at the same time a substantial number of 
failures can be attributed to loosening at the THR-bone 
interface (Linder et al. 1983, Jones and Hungerford 
1987). Under cyclic-loading conditions, there is 
always some degree of foreign-body reaction to the 
THR prosthesis (Draenert 1981, Goldring et al. 1983, 
Linder and Hansson 1983, Maguire et al. 1987, Bos et 
al. 1990, Pazzaglia 1990, Santavirta et al. 1990a). 
There is increasing concem as regards the biocompati- 
bility of the THR cemented with methylmethacrylate, 
and the use of cementless prostheses has become com- 
mon in the hope of avoiding adverse tissue reactions 
that have been thought to be caused by methylmethac- 
rylate cement and its wear debris. 

Implant reactions 

Long-term clinical results of cemented THRs, with 
high-density polyethylene for the socket, have high- 
lighted the increasing frequency of component loosen- 
ing. The adverse effects of mechanical loosening have 
been emphasized, and for many years it was thought 
that the polyethylene and methylmethacrylate wear 
debris would be benign in nature (Wroblewski 1979, 
1987, Editorial, Lancet 1990). 

Chamley et al. (1968) observed bone lysis around 
the cemented THR stem and hypothesized that it was 
due to a chronic nonsuppurative infection, whereas 
recent research has shown that lytic reactions are occa- 
sionally seen around seemingly well-fixed THR pros- 
theses and in the definite absence of an infection 
(Tallroth et al. 1988, Antti-Poika et al. 1990). Ulti- 
mately, neither clinical nor radiographic studies are 
completely accurate in determining the adequacy of 
fixation of the prosthesis. A great deal of controversy 
remains regarding the long-term changes that occur 
around the cemented prosthesis and what causes it to 
become loose (Jasty et al. 1990). 
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Tumor-like bone resorption after a THR has been 
reported (Harris et al. 1976, Schulitz and Dustman 
1976). A number of femoral components loosen in 
association with lysis of the proximal femur (Carlsson 
et al. 1983). Tallroth et al. (1988) were the first to 
report a follow-up study on noninfectious bone lysis 
around stems of cemented THR prostheses as a reflec- 
tion of an adverse tissue reaction to the prosthesis- 
cement complex. This aggressive granulomatous reac- 
tion was also found in cases where the prosthesis was 
thought to be well fixed at revision by both the 
surgeon and the radiologist. The rapidity of growth of 
granulomas varies and is unpredictable; some double 
their size in a few months, whereas others grow 
slowly; however, the average doubling time is about 2 
years. Quite recently, other workers have confirmed 
these findings (Huddleston 1988, Anthony et al. 1990, 
Maloney et al. 1990b). Clearly, implant motion is not 
the only cause of adverse tissue reactions around the 
cemented THR prosthesis, which appear in about 5 
percent of the revision cases (Eskola et al. 1990, 
Wilson 1990). Implant micromotion may, however, 
also cause granulomatous lesions (Editorial Lancet 
1990). 

Most reports have described adverse tissue reac- 
tions in patients with cemented prostheses. Lord et al. 
(1988) reported cystic bone resorption in the femoral 
metaphysis that they thought was due to debris from 
polyethylene wear, and proposed that this might be a 
long-term problem in cementless THRs. Santavirta et 
al. (1990b) reported a series of patients with aggres- 
sive granulomatous lesions in cementless total hip 
arthroplasty, and attributed this tissue reaction mainly 
to plastic debris from the acetabular socket. 

Cellular biology and immunopathology 
It appears that a fibrous scar tissue forms between the 
methylmethacrylate cement and the bone in a THR 
(Mears 1979, Freeman et al. 1982, Linder and Hans- 
son 1983, Pazzaglia 1990). This interface scar tissue 
has been shown to be morphologically synovial-like 
(Goldring et al. 1983). Currently, there is no informa- 
tion on the distribution of interface tissue thickness or 
character in the different cement-bone interface zones. 
Charnley (1 975) showed a thin layer of connective tis- 
sue in the nonload-bearing zones, which included mac- 
rophages and giant cells; and he postulated that this 
indicated a sound mechanical fixation of the prosthe- 
sis. Recently, Jasty et al. (1990) reported little or no 
fibrous tissue at the cement-bone interface and no 
adverse biological responses to the cement in 
clinically successful cases, even as late as 18 years 
after implantation. Apparently, the quantity and chem- 

ical quality of the host response varies according to the 
cementation techniques and prosthetic materials that 
are used. Although macrophages are not able to resorb 
the bone directly, osteoclasts are activated by the 
intense macrophage reaction, and bone undergoes pro- 
gressive resorption and fibrous substitution (Pazzaglia 
et al. 1986, Pazzaglia and Pringle 1988, Vaes 1988). 
The major cell type in the interface tissue is the fibro- 
blast. The extensive lysosomal development within 
macrophages suggests their potential to generate large 
quantities of hydrolytic enzymes. Acid-phosphatase- 
rich macrophages have been identified in bone 
recesses in the bone-cement interface tissue; Pazzaglia 
et al. (1986) interpreted this to indicate that macro- 
phage reaction may precede the mechanical instability 
and may be the primary cause of loosening. Macro- 
phages are stimulated by the polyethylene and methyl- 
methacrylate wear particles (Willert et al. 1974, Pazza- 
glia et al. 1985). In the cytoplasm of the macrophages 
in cemented THRs, small particles, identified as meth- 
ylmethacrylate, polyethylene, or Zirkonium-oxyd, 
which is the contrast medium in most methylmethac- 
rylate cements, are commonly found (Maguire et al. 
1987, Howie et al. 1988, Bos et al. 1990). In cemen- 
tless titanium-based THRs, macrophages and multinu- 
cleated giant cells frequently contain titanium and pol- 
yethylene particles (Santavirta et al. 1990b, 1991b). 

Immunohistopathologic analysis has shown that 
most of the cells in aggressive granulomatous-type 
host response to cemented THRs are multinucleated 
giant cells and C3bi-receptor and nonspecific esterase- 
positive monocyte-macrophages (Figure 1; Santavirta 
et al. 1990a). This finding suggests a foreign-body- 
type reaction, compatible with the rapidly progressive 
lytic nature of aggressive granulomatosis. There was a 
clear-cut difference between aggressive granulomato- 
sis and the more common lesion accompanying pros- 
thetic loosening: namely, the relative lack of activated 
fibroblasts in granulomatosis (Santavirta et al. 1990a). 
The aggressive form of adverse tissue reaction to the 
prosthesis-cement complex involves an uncoupling of 
the normal sequence of monocyte-macrophage-medi- 
ated clearance of foreign material and tissue debris 
that is normally followed by fibroblast-mediated syn- 
thesis and remodeling of the extracellular matrix 
(Konainen et al. 1988). 

In response to foreign or necrotic material, mono- 
cyte-macrophages clear the involved area of exoge- 
nous and endogenous substances. This is followed by 
invasion of the site by fibroblasts and by synthesis of 
extracellular matrix by activated fibroblasts (Figure 2). 
Our work in progress, where we analyzed the pro- 
liferative fibroblast response to the loosening of THRs 
using the cytofluorographic cell cycle analysis, 
showed that the local proliferative fibroblast response 
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Figure 1. Numerous monocyte-macrophages (stained dark Figure 2. The fibroblast (stained dark brown) is the major cell 
brown) in adverse interface tissue reaction against cemented type in the prosthesis-to-bone interface tissue. These fibroblasts 
THR. Grayish grains of methylmethacrylate debris (arrows) are often contain carboxy terminal propeptide of interstitial type-I 
scattered throughout the field. Besides their capacity to phago- collagen. Monoclonal pC antibody in avidin-biotin-peroxidase 
cytose, monocyte-rnacrophages secrete neutral proteinases, complex, with hernatoxylin counterstain. x350. 
such as, collagenase. Histochemical esterase staining. x350. 

in general is monotonous and does not seem to depend 
on the type of loosening, the type of prosthesis, or the 
use of methylmethacrylate (Santavirta et al. 1991d). 
The role of osteoblasts in this process appears to be 
that they expose the mineral to osteoclasts and release 
a soluble factor that activates osteoclasts (Vaes 1988). 
The so-called pseudosynovium around the prosthesis- 
cement complex is known to contain PG-E2, collage- 
nase, and phosphatase (Maguire et al. 1987). 

Fibroblast-type mesenchymal collagenase secreted 
by fibroblasts and macrophages is found in the 
pseudosynovial tissue in THRs and is associated with 
prosthesis loosening in both cemented and cementless 
THRs (Santavirta et al. 1991~. Sorsa et al. 1991). 

Tetracycline is a known inhibitor of collagenase; 
tetracycline prosthetic coating could prevent some part 
of the adverse reaction to the prosthesis. Spector et al. 
(1991) have investigated the effects of an anti-inflam- 
matory agent and found decreased PGEz and IL-1 
levels in the periprosthetic tissue. 

Adverse tissue reactions to uncemented THRs are 
immunopathologically similar to the ones observed in 
cemented cases. Polyethylene wear debris and a reac- 
tion to titanium probably initiate the host reaction 
(Boss et al. 1990, Nasser et al. 1990, Maloney et al. 
1990a, Santavirta et al. 1991b). Lennox et al. (1987) 
found considerably fewer macrophages around a 
press-fit cementless prosthesis than around a cemented 

one. Evans et al. (1974) proposed metal sensitivity as a 
cause of bone necrosis and loosening of the prosthesis. 
Titanium, which is relatively inert (Linder et al. 1988), 
releases wear particles under cyclic-loading condi- 
tions, and thus may cause an accelerated foreign-body 
reaction (Agins et al. 1988). Lalor et al. (1991) have 
proposed that sensitivity to titanium may cause an 
implant failure; monoclonal antibody labeling of peri- 
prosthetic tissues of failed total hip components 
showed abundant macrophages and T lymphocytes, in 
the absence of B lymphocytes, suggesting sensitization 
to titanium. Another interesting finding was the com- 
plete absence from the penprosthetic tissues of alumi- 
num and vanadium, both present in the titanium alloy, 
which was possibly due to different solubilities of the 
metals. Aluminum is more soluble than titanium, and 
may be transported away from the implant site. 

Hydroxyapatite has proven very promising as an 
orthopedic implant material, hydroxyapatite-coated 
prosthetic components may improve the incorporation 
into bone without causing an adverse reaction. 
Geesink (1991) has shown that radiographically there 
appears to be bone ingrowth into hydroxyapatite- 
coated titanium prostheses; preliminary clinical results 
are promising. However, our work in progress has 
shown that under clinical cyclic loading conditions 
there does not seem to be chemical fixation or bony 
ingrowth into hydroxyapatite-coated acetabular 
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components, and immunohistologic analysis of the 
interface tissue of a well-fued acetabular component 
revealed the presence of macrophages and monocytes. 
However, in human lymphocyte cultures, we have 
found hydroxyapatite to be immunologically inert 
(Santavirta et al. 1991e). 

Methylmethacry late 
Jones and Hungerford (1987) reviewed the tissue 
response to methylmethacrylate and found frequent 
adverse reactions, which they called cement disease. 
Transient initial necrosis of bone and bone marrow 
caused by insertion of a cemented THR prosthesis 
includes mechanical injury, chemical trauma (resulting 
from leaching of monomer and additives), and thermal 
trauma from polymerization of the cement (Linder et 
al. 1983). Linder (1976) pointed out the acute toxicity 
of the methylmethacrylate monomer. 

The immunologic response to methylmethacrylate 
cement in THRs has been debated. Most studies have 
been based on indirect evidence (Linder and Carlsson 
1986). 

Santavirta et al. (1991a) studied methylmethacrylate 
in human lymphocyte cultures using activation mark- 
ers. The results suggested that methylmethacrylate is 
essentially immunologically inert, while it induces 
inflammatory mononuclear cell migration and adhe- 
sions leading to a nonspecific lymphocyte reaction. 
Herman et al. (1989) suggested that methylmethacry- 
late induces the release of bone-resorbing factors. 
Current research is making an effort to improve the 
qualities of methylmethacrylate, and growth hormone 
loaded cement is one of the interesting possibilities 
(Downes et al. 1990). 

Studies of joint fluid 

The THR prosthesis is a foreign body, and the host 
response, including adaptive and reactive processes, is 
reflected at the tissue level. In successful THRs, where 
the prosthesis remains well fixed over a period of 
several years, the host response is of a benign nature, 
and signs of immune-inflammatory reaction remain 
modest. In loosened THRs, there is an influx of vari- 
ous immunocompetent cells in such a proportion that 
the CD8 subset is outnumbered by the CD4 subset by 
approximately one to two (Santavirta et al. 1989, 
1992). This suggests that peripheral blood T lympho- 
cytes migrate to and accumulate in the arthroplasty 
joint cavity. This accumulation seems to be unselec- 
tive in the sense that it happens in proportions reflect- 
ing the T-cell subset composition found in normal 

peripheral blood. This reaction is similar in both 
cemented and cementless prostheses. Mangione et al. 
(1990) concluded that joint fluids in loose, totally 
replaced hips were inflammatory exudates. 

When the composition of the THR joint-cavity fluid 
was compared in primary arthrosis with that obtained 
at revision operations for loosening, it was found that 
protein concentrations differed only slightly, which 
suggests similar transcapillary flow (Saari et al. 1991). 
The hyaluronate concentration was low in the THR 
pseudojoint fluid as compared with primary arthrosis, 
whereas the composition of the molecular-weight pro- 
file was similar. This suggests that THRs cause an 
adaptive tissue response and formation of fibroblast- 
like B-type lining cells, which are able to synthesize 
and secrete hyaluronate, associated with the so-called 
marginal lubrication. 

The interface and host defense 

Tissues traumatized by the insertion of foreign materi- 
als and the abnormal fibrous interfaces described in 
this review are domains without competent natural tis- 
sue cell layers and basement membranes. The presence 
of a foreign material alters host defenses and produces 
a surface for bacterial colonization (Gristina et al. 
1985,1987b). Antibacterial incompetence is caused by 
macrophage exhaustion secondary to oxidative pre- 
emption by adsorbed particles of methylmethacrylate, 
high-density polyethylene, and metallic debris 
(Gristina et al. 1976, 1987a, 1989). Foreign-body 
implant surfaces are susceptible to and are readily col- 
onized by bacteria if random exposure or contact 
occurs (Gristina et al. 1987b, Naylor et al. 1990). The 
process of colonization is driven by the natural ten- 
dency of bacteria to adhere to inanimate surfaces and 
to damaged tissues in nature. In healthy tissues, tran- 
sient bacterial colonization is usually eliminated by the 
normal host defense mechanism unless (1) the inocu- 
lum size exceeds threshold levels (threshold levels are 
lowered by foreign bodies), (2) the host defense is 
impaired (host defense is impaired by foreign bodies), 
and (3) tissues are traumatized (cell surfaces are dam- 
aged and membranes are disrupted by mechanical 
forces). 

An understanding of the pathogenesis of infection 
also includes an appreciation of tissue cell and 
defense-mechanism response to implanted materials 
(Gristina et al. 1985, 1987a). Such materials cause 
local and systemic perturbations in host defenses. The 
first step in infection of biomaterials and damaged 
tissues is bacterial adhesion to those receptive 
surfaces. 
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Integration 

Tissue integration, if it truly exists to some degree, is 
the adhesion (chemical bonding) of tissue cells to 
foreign materials. Integration to foreign materials, has, 
however, not been programmed in tissue cells by natu- 
ral evolution. Tissue integration and bacterial adhesion 
are biochemically parallel, may be competitive, and 
and mutually exclusive. Surfaces homeostatically col- 
onized by healthy tissue cells tend to be resistant to 
infection by virtue of competent basement membranes 
and eukaryotic extracellular polysaccharides (Gristina 
et al. 1987b). 

The fate of an implanted material is a virtual race 
for the surface between bacteria, tissue cells, and 
matrix molecules (Gristina et al. 1987a). Adhesive- 
integrative processes for bacteria or tissue cells, 
respectively, are based on similar mechanisms and are 
competitive. 

Infection 

Bacteria in natural environments usually colonize sur- 
faces rather than remain in floating or planktonic form. 
Surgery may allow microorganisms to colonize a 
material almost instantaneously, ultimately resulting in 
infection and preventing tissue integration. Tissue cell 
integration, however, is an exquisite process requiring 
optimal conditions. Bacteria have readily adapted to 
rapidly colonize all inanimate substrate. The coloniza- 
tion potential of synthetic materials is high (Costerton 
et al. 1987, Gristina et al. 1987b, Naylor et al. 1990). 
Healthy cells may satisfy binding sites on foreign 
materials and form a layer somewhat resistant to bac- 
terial colonization by virtue of extracellular exopoly- 
saccharides and basement membranes of tissue cells, 
as well as presenting a cell surface environment for the 
normal host defense response. 

The ability of antibiotics to kill coagulase-negative 
staphylococci is clinically important, as studies have 
shown that staphylococci are major colonizers of sur- 
gical biomaterials, including heart valves, intravascu- 
lar catheters, and orthopedic implants (Dankert et al. 
1986, Gristina et al 1987a). Prosthetic infections are 
generally resistant to antibiotic therapy and always 
require removal of the implant before true eradication 
of the infection is possible. 

Both coagulase-positive and coagulase-negative 
staphylococci have been reported as causes of 
biomaterial-centered infections, with a tendency of 
coagulase-negative bacteria to be associated with poly- 
mer-sited infections (Naylor et al. 1990). In vitro 
studies have indicated preferential colonization of 
polymer surfaces by coagulase-negative staphylococci 

and of metal surfaces by coagulase-positive staphylo- 
cocci, although both metal and polymer surfaces are 
readily colonized by both types. Recent studies indi- 
cate that resistance to antibiotics is increased for both 
coagulase-positive and coagulase-negative species 
adherent to biomaterial surfaces (Gristina et al. 1989, 
Naylor et al. 1990). 

Antibiotic resistance 

Mechanisms of antibiotic resistance have not been 
well characterized. A biofilm barrier effect has been 
proposed. Organisms grown in suspension are suscep- 
tible to lower concentrations of antibiotics than when 
they are surface-adherent, biofilm-enclosed (Gristina 
et al. 1987b, Gristina et al. 1989). 

The MBCs (Minimum Bacteriocidal Concentration) 
of nafcillin, vancomycin, gentamicin, and daptomycin 
(LY 146032) were determined for three clinical isolates 
of coagulase-negative staphylococci grown in suspen- 
sion and adherent to THR biomaterials. Strains studied 
were the slime-producing strain Sraphylococcus epi- 
dermidis RP-12 (ATCC 35983). S. hyicus Se-360, 
and the non-slime-producing strain S. horninis SP-2 
(ATCC). All three strains were allowed to colonize 
surgical-grade disks of stainless steel, polymethylme- 
thacrylate, and ultra-high-molecular-weight polyethy- 
lene for 24 hours, and the disks were then exposed to 
various concentrations of antibiotics for 24 hours. Sur- 
viving adherent bacteria were quantitated (Gristina et 
al. 1989). Antibiotic resistance was unrelated to the 
presence of bacterial exopolysaccharides or a biofilm 
(Gristina et al. 1989). The resistance of biomaterial- 
adherent strains Rp-12 (slime-producing) and SP-2 
(non-slime-producing) was much greater than for these 
strains when tested in suspension cultures. 

Biomaterial specificity of effect on resistance was 
indicated by strain SP-2 susceptibility to nafcillin 
when adherent to polyethylene and by resistance to 
nafcillin when adherent to stainless steel or polymeth- 
ylmethacrylate. All the organisms examined were 
most resistant when adherent to polymethylmethacry- 
late (Gristina et al. 1989, Naylor et al. 1990). 

The data on bacterial binding to biomaterials 
revealed several other interesting findings: (1) exo- 
polysaccharide-producing organisms attached more 
bacteria per unit surface area than the non-slime-pro- 
ducing organisms did, suggesting a role for slime in 
quantitative bacterial adherence; and (2) there was 
greater binding to polymethylmethacrylate per unit 
than to stainless steel or polyethylene, indicating a 
possible biomaterial specificity for quantitative bacte- 
rial adherence to that biomaterial. 
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Our studies and those of Nichols et  al. (1988, 1989), 
suggest that the surface colonization and the antibiotic 
resistance are species-related and substratum- (bioma- 
terial) directed and, to a degree, may be altered by sub- 
strate-induced phenotypic changes rather than by a 
bamer effect of exopolysaccharides. 
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