
Acta Orthop Scand 1996; 67 (6): 599-605 599 

Polyethylene and titanium alloy 
reduce bone formation 

particles 

Dose-dependence in bone harvest chamber experiments in rabbits 

Stuart Goodman’ f, Per Aspenberg3, Yong Song’, Donald Regula2 and 
Lars Lidgren3 

Particles similar to those generated from joint re- 
placements affect net bone formation within the 
Bone Harvest Chamber in rabbits. Whether these ef- 
fects depend on the concentration of particulate 
materials is unknown. In this study, we performed a 
histomorphologic and morphometric analysis of net 
bone formation in the Bone Harvest Chamber in the 
presence of different concentrations of phagocy- 
tosable particles of high density polyethylene and ti- 
tanium 6-aluminum 4-vanadium alloy. Chambers 
were implanted in 9 mature New Zealand white rab- 
bits bilaterally. Concentrations of lo6, 1 O7 and 1 O8 
polyethylene particles/mL, and lo8 and lo9 parti- 
cles/mL of titanium alloy in 1 YO sodium hyaluronate 
carrier were implanted for 3-week periods in se- 

quence in each of the chambers. 3-week control pe- 
riods in which nothing was implanted in the chamber 
were included between the treatments. Increasing 
concentrations of polyethylene particles were asso- 
ciated with a more marked foreign body response 
and fibrosis. Net bone formation for the three poly- 
ethylene doses was reduced by 11 YO, 21 ?h and 33% 
of controls, respectively. For titanium alloy, net bone 
formation was reduced by 8% and 56% of controls, 
for concentrations of 108 and lo9 particleshL, re- 
spectively. Our findings suggest possible adverse 
effects of wear debris on net bone formation and 
bony remodeling in the prosthetic bed, when con- 
centrations of specific particles reach critical local 
levels. 
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The generation of wear debris, and the processes of 
prosthetic loosening and osteolysis appear to be relat- 
ed (Goldring et al. 1983, Maloney et al. 1990, Ohlin et 
al. 1990, Santavirta et al. 1990, 1992, Amstutz et al. 
1992, Schmalzried et al. 1992, Wright and Goodman 
1996). Phagocytosis of polymeric and metallic parti- 
cles by macrophages stimulates the release of sub- 
stances associated with the resorption of bone (Howie 
et al. 1988, Murray and Rushton 1990, Haynes et al. 
1993, Glant et al. 1993, Horowitz et al. 1993, 1994). 
In previous studies using the Bone Harvest Chamber 
implanted in the rabbit tibia, small, phagocytosable 
particles of bone cement, high density polyethylene 
and cobalt chrome alloy, but not titanium alloy, inhib- 
ited bone ingrowth into a 1 mm pore in a titanium im- 
plant (Goodman et al. 1994, 1995). Given that the 
particles were approximately the same size, and a 
similar concentration of particles was used (1 Ox parti- 
cledml), these studies demonstrated that net bone 
formation in the presence of particulate materials is 
modulated, in part, by the properties of the materials 
themselves. Whether the concentration of particulate 

materials has a dose-response effect on net bone for- 
mation in vivo is unknown. We have now performed a 
histomorphologic and morphometric analysis of net 
bone formation in the Bone Harvest Chamber in the 
presence of different concentrations of phagocy- 
tosable particles of high density polyethylene and tita- 
nium 6-aluminum 4-vanadium alloy. We chose these 
two materials for testing because they are similar to 
those commonly used in total joint replacement and, 
in a previous study, at a concentration of lo* particles/ 
mL, one (polyethylene) depressed net bone forma- 
tion, whereas the other (titanium alloy) had no effect 
(Goodman et al. 1994,1995). 

Material and methods 
The Bone Harvest Chamber 
The Bone Harvest Chamber, a device made of com- 
mercially pure titanium, is implanted in the proximal 
medial tibia1 metaphysis of mature rabbits (Albrekts- 
son et al. 1984, Goodman et al. 1994, 1995). The 
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chamber consists of a fixed outer cylinder and an in- 
ner removable core, which are held together by two 
threaded screws. After perforating the tibia1 cortex 
with a 6 mm drill, the outer cylinder is screwed into 
bone so that the two 1 mm round holes at opposite 
ends of the cylinder are at the level of the cortex. The 
cylinder undergoes osseointegration with the sur- 
rounding bone over a 6-week period. The inner, re- 
movable core fits into the cylinder and contains a 
lxlx.5 mm groove that is continuous, with the holes 
in the outer cylinder. When assembled together, this 
groove and the floor and holes of the cylinder provide 
a continuous canal for tissue ingrowth. 

Particulate materials 
For these studies, we attempted to procure particles as 
similar as possible to those observed in retrieved 
membranes. The particles chosen were less than 10 
p in diameter and therefore could undergo phagocy- 
tosis by macrophages. The size of the particles was 
measured on a scanning electron microscope inter- 
faced with a computer morphometric image analysis 
system. 

We obtained small phagocytosable particles of 
high density polyethylene; this material is similar to 
ultra-high molecular weight polyethylene, but the 
former is  slightly more dense and has a lower molecu- 
lar weight. Indeed, some of the polyethylene wear 
particles generated in vivo by the process of chain 
scission may be high density polyethylene (Bostrom 
et al. 1994). 

The high density polyethylene particles were a gift 
from Smith and Nephew Richards, Memphis, TN, 
USA. These particles were produced by Shamrock 
Technologies, Newark, NJ, USA, using a proprietary 
method, and were reported to be 100% pure and high- 
ly  crystalline, with specific gravity 0.9.5. The particles 
averaged 4.7 (SD 2.1) p. The particles of titanium 
6-aluminum 4-vanadium alloy (also a gift from Smith 
and Nephew Richards) were produced by cyclic load- 
ing and resultant fretting of titanium 6-aluminum 4- 
vanadium alloy modular components in saline. The 
fretting conditions were chosen to produce sufficient 
quantities of metallic particles for the study. The par- 
ticles of titanium alloy averaged 4.0 (4.4) pn. 

The particle concentrations chosen for this experi- 
ment were based on previous studies using the same 
model, in which log particles/mL of high density 
polyethylene depressed net bone formation, whereas 
the same concentration of titanium alloy particles had 
no effect (Goodman et al. 1994, 1995). For each ma- 
terial, the highest concentration of particles was first 
used. This was aliquoted and serially diluted after vig- 
orous shaking to ensure that the particles were evenly 

dispersed. Particle dispersions of lo6, lo7, and lo8 
particles/mL of high density polyethylene, and lo8 
and lo9 particles/mL of titanium alloy in saline were 
thus prepared. The saline was removed by careful pi- 
petting and by evaporation in vacuum. The particles 
were then sterilized with ethylene oxide and next re- 
constituted to the appropriate concentration with the 
carrier, 1 % sodium hyaluronate solution (Healon, 
Pharmacia AB, Uppsala, Sweden) at the time of sur- 
gery. This substance has been previously shown nei- 
ther to facilitate nor depress ingrowth of bone into the 
Bone Harvest Chamber (Goodman et al. 1994, 199.5). 
The dispersions of titanium alloy were grey-black; the 
polyethylene dispersions were colorless-milky white. 
The 1 x 1 ~ 5  mm groove in each chamber core was 
completely filled with the dispersed particles. In each 
case, a volume of 0.005 mL of test solution was im- 
planted. 

Surgical procedure 
Institutional guidelines for the care and use of labora- 
tory animals were strictly followed. Chambers were 
implanted bilaterally in 9 mature, male, New Zealand 
white rabbits, as previously described (Goodman et 
al. 1994, 1995). With the animals under general en- 
dotracheal anesthesia, the lower extremities were 
shaved from the hip to the hock, and were prepared 
using a sterile technique. A 3 cm incision was made 
exposing the proximal, medial tibia subperiosteally, 
adjacent to the medial collateral ligament. A 6 mm 
hollowed drill was used to excise a round, cortical 
window. The cylinder of the chamber was screwed 
into bone with a special wrench, so that the holes in 
the cylinder were at the level of the cortex of the tibia. 
The core was then positioned in the cylinder, forming 
a continuous canal through the chamber for tissue in- 
growth. The two screws connecting the components 
were tightened. 

After a 6-week period for osseointegration, the 
contents of the chamber were harvested for the first 
time and discarded. Healon, the carrier, was then 
placed in the groove of the chamber core and the 
chamber was reassembled. The tissue in the chamber 
was harvested 3 weeks later. Different concentrations 
of polyethylene or titanium alloy particles were then 
placed in the chambers bilaterally, in sequential order. 
The chambers were harvested at 3-week intervals, 
cleaned meticulously with saline-soaked cotton 
swabs, and then a new treatment (a higher concentra- 
tion or a different material) was instituted. Intermit- 
tent 3-week “rest” periods without any material im- 
planted in the chambers were incorporated in the 
study to monitor sequencing effects and the possible 
effects of any residual material. 
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Table 1. Morphometric analysis. Mean percentage of bone in sections con- 
taining increasing concentrations of particles. The values for the right and 
left chambers are averaged for each of the 9 rabbits 

No. Healon 

1 24 
2 31 
3 37 
4 16 
5 28 
6 30 
7 24 
8 23 
9 27 

mean 27 
S.D. 6 

PE6 

22 
14 
30 
26 
24 
26 
21 
22 
28 

24 
5 

PE7 

36 
18 
18 
13 
22 
26 
23 
9 

25 

21 
8 

PE8 restl Ti8 

16 32 37 
10 16 33 
16 35 22 
21 25 27 
21 30 24 
26 31 19 
16 27 23 
16 25 17 
21 37 20 

18 29 25 
5 6  7 

Ti9 rest2 

13 20 
15 32 
6 35 
7 3 4  

12 32 
20 32 
9 25 

11 19 
NA NA 

12 30 
5 5 

Healon sodium hyaluronate (the carrier), 
PE6 1 Os high density polyethylene (HDPE) partlcles/mL. 
PE7 lo7 HDPE partlcledml, PE8 lo8 HDPE partlcleslmL, 
restl first treatment with no particles or Healon implanted, 
Ti8 lo* Ti 6-AI 4-V partlcles/mL, Ti9 1 @ Ti 6-AI 4-V partides/mL. 
rest2 second treatment with no particles or Healon implanted, 
NA not available. 

Specimen processing and evaluation 
The harvested tissue was fixed in 10% buffered for- 
malin, decalcified, embedded in paraffin and cut into 
5 p sections stained with hematoxylin and eosin. A 
histomorphologic examination using transmitted and 
polarized light was performed on 5-8 serial, longitu- 
dinal sections that enabled the entire length of the 
specimen to be visualized on one slide. A computer- 
ized image analysis system for planar morphometry 
measurements (Microcomp-PM, Southern Micro In- 
struments, Inc., Montgomeryville, PA, USA) inter- 
faced with a Computer Deskpro 386/20 computer 
(Compaq Computer Corp., Houston, TX, USA) and a 
real-time video light microscope system was used to 
perform a morphometric analysis of the percentage of 
trabecular bone in one longitudinal section taken from 
the center of the specimen. Each fifth section was re- 
evaluated twice; in each case, the values for percent- 
age of bone within the section was within 5% of the 
first measurement. 

Statistics 
The ratio of the total area of trabecular bone within a 
section divided by the total section area was deter- 
mined for each histological section, and this value 
was multiplied by 100 and therefore expressed as a 
percentage. The values for the 2 bilateral chambers in 
each animal with the same treatment were averaged 
(Table 1). The mean and standard deviation were then 
calculated for each of the treatments. An analysis of 
variance was then performed on the entire data set, 
which was found to be statistically significant. During 

further analysis, it was assumed that the dose-re- 
sponse relationship was approximately linear in the 
investigated dose range. Individual dose-response re- 
lationships for polyethylene and titanium alloy parti- 
cles were estimated by the mean difference in per- 
centage bone area between consecutive harvests con- 
taining the carrier only and the carrier with increasing 
concentrations of particles. For each animal, the mean 
value from the 2 chambers was used. The exact bino- 
mial test was used when considering the existence of 
a dose-response relationship, and Wilcoxon’s signed 
rank test for matched pairs was used when comparing 
polyethylene and titanium alloy particles with respect 
to the slope of their dose-response relationship. The 
percentages of bone ingrowth in the three control 
treatments (the carrier solution alone and the two rest 
periods) were compared, using an analysis of vari- 
ance. 

Resu I ts 
Histo fogy 
The carrier solution alone and rest treatments both 
produced an extensive amount of woven, trabecular 
bone, aligned parallel to the longitudinal axis of the 
pore in a fibrovascular stroma (Figure 1). Towards the 
ends of each specimen, near the holes in the chamber 
and along the walls of the implant the woven bone 
had a more compact, lamellar appearance. There was 
no evidence of foreign body or inflammatory reac- 
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Figure 1 .Specimen from a control "rest" chamber in which no 
particles were implanted for 3 weeks. Longitudinally oriented 
woven, trabecular bone is seen in a fibrovascular stroma. HE, 
200x. 

Figure 2.Specimen from a chamber in which lo6 polyethylene 
particledml were implanted for 3 weeks. The section resem- 
bles control sections, except for the presence of occasional 
positively birefringent polyethylene particles. HE, polarized 
light. 200x. 

Figure 3. Specimen from a chamber in which 108polyethylene 
particledml were implanted for 3 weeks. A moderate foreign 
body response and chronic inflammatory reaction are noted; 
trabecular bone is less prominent in this section than in Figure 
2. HE, polarized light, 200x. 

tion. Sections from rest periods between particle 
treatments were indistinguishable from sections in 
which the carrier, 1% sodium hyalmnate solution, 
alone had been implanted. 

The polyethylene particles were globular-shaped 
and positively birefringent, using polarized light. In 
the 10h particle/mL treatment, these particles were 
very scarce and were occasionally phagocytosed by 
scattered macrophages (Figure 2). The surrounding 
stroma and bone were similar to the control sections. 
The polyethylene particles were more conspicuous in 
the lo7 and lo8 particldmL sections, and were sur- 
rounded by groups of mono- and multi-nucleated 
macrophages and chronic inflammatory cells in a 
more fibrous stroma (Figure 3). Intracellular particles 
were noticeable and they displaced the nucleus to one 
side. Longitudinally aligned trabecular bone was less 
prominent in sections containing the two highest 

Figure 4. Specimen from a chamber in which lo8 Ti 6-AI 4-V 
particledml were implanted for 3 weeks. Black granules are 
seen in scattered macrophages, often in small groups in the 
interstitium. The fibrovascular stroma contains extensive trabe- 
cular and compact woven bone, similar to the control sections. 
HE, 20Ox. 

polyethylene concentrations than it was in the con- 
trols. 

Sections from the 108 particle/mL titanium alloy 
treatment contained black granules dispersed 
throughout, with little evidence of a foreign body or 
inflammatory reaction (Figure 4). Some black gran- 
ules of titanium alloy were seen in scattered macroph- 
ages, often in small groups in the interstitium. The 
stroma was fibrovascular, with extensive trabecular 
and compact woven bone, similar to the control sec- 
tions. Sections from the 109 particle/mL titanium al- 
loy treatment contained large areas of dispersed and 
clumped black granules, and a more fibrous back- 
ground stroma (Figure 5 ) .  Phagocytosed particles 
were a more conspicuous finding. Trabecular and 
compact bone was less prominent with increasing 
concentrations of titanium alloy particles. There was 
no evidence of cell necrosis or hyaline degeneration, 
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Figure 5.Specimen from a chamber in which lo9 Ti 6-AI 4-V 
particles/mL were implanted for 3 weeks. Phagocytosed parti- 
cles are more conspicuous and the stroma is more fibrous. 
Trabecular and compact bone is less prominent and is located 
adjacent to the chamber walls. HE, 200x. 

previously seen after implantation of similar-sized co- 
balt chrome alloy particles in the same model (Good- 
man et al. 1994, 1995). 

Polyethylene and titanium alloy particles were dis- 
tributed throughout the sections, in the interstitium 
and adjacent to bone. There did not appear to be a dif- 
ference in the location of the two types of particles or 
in the characteristics of the underlying woven bone. 

Histomorphometric analysis (Table 1) 
With implantation of lo6, lo7, and lo8 particles/ml 
of polyethylene, bone ingrowth was decreased by 
1 1 %, 21 % and 33% of the carrier solution alone, re- 
spectively. Titanium alloy particles reduced bone in- 
growth by 8% and 56% of the carrier solution alone, 
respectively. The 3 control treatments (the carrier and 
the 2 rest periods without particles) did not differ. A 
dose-response relationship was found for polyethyl- 
ene particles (p = 0.04) and titanium alloy particles 
(p = 0.008), with respect to bone ingrowth. The curve 
was steeper for titanium alloy particles than for poly- 
ethylene particles (p = 0.01). 

Discussion 

Our results point to a concentration-dependence for 
each of the materials tested in this study. For polyeth- 
ylene particles, net bone formation was depressed at 
concentrations of 106-108 particles/&. The foreign 
body and chronic inflammatory histological reactions 
were less prominent when the lowest concentration 
was used. Using a concentration of 108 particles/mL 
titanium alloy particles, the foreign body reaction was 
far less than that seen with a similar concentration of 
polyethylene. However, when the concentration of ti- 

tanium alloy was increased to loy particleslml, net 
bone formation was depressed and a more marked 
foreign body and fibrous reaction was noticeable. As 
the particles of polyethylene and titanium alloy were 
approximately the same size, it would appear that the 
intrinsic physical and chemical properties of the par- 
ticulate materials and the mode of presentation modu- 
lated tissue differentiation and net bone formation in 
the chamber (Nagura et al. 1977, Kawaguchi et al. 
1986, Tabata and Ikada 1988, Glant et al. 1993, Good- 
man et al. 1994, 1995). Our findings are consistent 
with those of Shanbhag et al. (1994) using human 
monocyte cultures; these authors also demonstrated a 
steeper dose-response relationship for titanium alloy 
than for polyethylene particles. 

We chose these 2 materials for initial testing be- 
cause one (polyethylene) depressed net bone forma- 
tion in previous studies, whereas the other (titanium 
alloy) had no effect (Goodman et al. 1994). Further- 
more, titanium alloy and ultra-high molecular weight 
polyethylene have been the focus of much recent con- 
troversy with regard to their long-term suitability as 
bearing surfaces for total joint replacement (Agins et 
al. 1988, Amstutz et al. 1992, Campbell and Amstutz 
1992, Wright and Goodman 1996). We recognize that 
ultra-high molecular weight polyethylene and high 
density polyethylene are different materials; however, 
many of the polyethylene particles found in the 
periprosthetic tissues may indeed be of the high den- 
sity rather than the ultra-high molecular weight type 
because of their small size (Personal communication, 
Richard Landingham, Lawrence Livermore Labora- 
tory, Livermore, CA, USA). This hypothesis may also 
be substantiated by the studies by Bostrom and co- 
workers (1994), who noted that chain scission of ul- 
tra-high molecular weight polyethylene in vivo might 
produce smaller particles, with increased ionic densi- 
ty similar to high density polyethylene. On a practical 
note, high density polyethylene particles are readily 
available commercially, whereas ultra-high molecular 
weight particles are extremely difficult to manufac- 
ture and are not for general distribution to orthopedic 
research laboratories (Leigh et al. 1992). 

The decrease in net bone formation with increasing 
concentrations of polyethylene and titanium alloy 
particles was not simply a “space-occupying effect” 
of the material itself. Calculations have shown that 
concentrations of lo9 particles/mL would constitute 
less than 5% of the total volume of the canal in the 
chamber. At the higher concentrations of polyethyl- 
ene and titanium alloy particles, net bone formation 
was probably offset by the space occupied by the cel- 
lular response associated with the particles and by the 
liberation of factors that reduce the formation and/or 
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enhance the degradation of bone (Glant et al. 1993, 
Horowitz et a1 1993, 1994, FrGkjaer et al. 1995). In a 
previous study, a concentration of los high density 
polyethylene particles/mL was associated with de- 
creased net bone formation and increased numbers of 
tartrate-resistant, acid phosphatase positive osteo- 
clasts compared to controls (Goodman et al. 1995). It 
would appear that wear particles might modulate both 
the formative and resorptive processes of mesenchy- 
ma1 tissue. 

The steeper dose-response curve for titanium alloy 
particles than for polyethylene may be due to the ef- 
fects of one of the constituents of titanium alloy when 
a threshold level is exceeded. Compared to similar- 
sized particles of cobalt chrome alloy at a concentra- 
tion of lo8 particles/mL, titanium alloy particles de- 
pressed net bone formation to a lesser degree, and 
demonstrated less toxicity (Goodman et al. 1994, 
1995). This in vivo finding, using the Bone Harvest 
Chamber model in rabbits, is consistent with in vitro 
studies by others (Rae 1975, 1981, Glant et al. 1993, 
Haynes et al. 1993, Shanbhag et al. 1994). 

The generation of wear debris is an ongoing pro- 
cess that occurs with every total joint replacement. 
Phagocytosis and distant transport of particles by 
macrophages are mechanisms by which the biological 
effects of inorganic, nonbiodegradable wear debris 
are mitigated. We recognize that the particles used in 
this study may not parallel the clinical situation exact- 
ly, and caution is advised in applying these data di- 
rectly to humans. Nevertheless, our studies suggest 
possible adverse effects of wear debris on net bone 
formation and bony remodeling in the prosthetic bed, 
when concentrations of specific particles reach criti- 
cal local levels. 
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