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Abstract
Revision surgery for particle-induced implant loosening in total joint replacement is expected to
increase dramatically over the next few decades. This study was designed to investigate if local
tissue and serum markers of bone remodeling reflect implant fixation following administration of
lipopolysaccharide (LPS)-doped polyethylene (PE) particles in a rat model. 24 rats received
bilateral implantation of intramedullary titanium rods in the distal femur, followed by weekly
bilateral intra-articular injection of either LPS-doped PE particles (n = 12) or vehicle which
contained no particles (n= 12) for 12 weeks. The group in which the particles were injected had
increased serum C-terminal telopeptide of type I collagen, decreased serum osteocalcin, increased
peri-implant eroded surface, decreased peri-implant bone volume, and decreased mechanical pull-
out strength compared to the controls. Implant fixation strength was positively correlated with
peri-implant bone volume and serum osteocalcin and inversely correlated with serum C-terminal
telopeptide of type I collagen, while energy to yield was positively correlated with serum
osteocalcin and inversely correlated with the number of tartrate resistant acid phosphatase positive
cells at the interface and the amount of peri-implant eroded surface. There was no effect on
trabecular bone volume at a remote site. Thus, the particle-induced impaired fixation in this rat
model was directly associated with local and serum markers of elevated bone resorption and
depressed bone formation, supporting the rationale of exploring both anti-catabolic and anabolic
strategies to treat and prevent particle-related implant osteolysis and loosening and indicating that
serum markers may prove useful in tracking implant fixation.
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INTRODUCTION
Aseptic loosening, which is often associated with peri-prosthetic osteolysis, is recognized as
one of the primary causes of failure in total hip and knee arthroplasty. The annual incidence
of hip and knee revision procedures in the US is projected to increase by 137% and 601%,
respectively, from 2005 to 2030 1. Many of these procedures are performed because of loss
of implant fixation. Thus, the need to develop prevention and/or treatment strategies for
osteolysis and aseptic loosening is becoming urgent.

A commonly cited mechanism of osteolysis is that wear debris derived from the prosthesis
activates macrophages and monocytes to release pro-inflammatory cytokines, which
subsequently increase the activity of osteoclasts and cause bone loss, eventually leading to
implant loosening 2–4. To our knowledge, extant animal models lack quantitative
information on the effect of particles on bone formation and bone resorption in the peri-
implant region. In addition, the effect of particles on serum biomarkers of bone turnover has
not been studied in any animal model of implant loosening.

Adherent endotoxin increases the bioreactivity of particles in vitro and leads to more
osteolysis in vivo 5,6. Furthermore, endotoxin-free particles implanted in vivo soon
accumulate endotoxin and particles with high levels of adherent endotoxin lose the vast
majority of the endotoxin which then accumulates locally in fibrous tissue adjacent to the
implantation site, suggesting that the level of adherent endotoxin may be regulated 5.

Several criteria have been used to characterize osteolysis and aseptic loosening, some of
which have been replicated in animal models. For instance, radiolucent zones around the
implant have been well described in patients with loose prosthetic components 7 and animal
models 8. Reduction in peri-implant bone volume has been reported in patients with
problematic arthroplasty 9 and has been used to validate animal models of osteolysis 10,11.
There have not been studies in these models of the architecture of the peri-implant trabecular
bone nor have there been reports on changes in bone surface characterization following
administration of particles. The presence of a synovial-like membrane at the bone-implant
interface is a pathological feature of osteolysis 12, and has also been included in the
evaluation of animal models 8,13,14. In addition, implant migration in clinical cases is a sign
of aseptic loosening 15, and has been assessed in terms of implant fixation strength in animal
models 11,16,17. There are several other criteria that have not been emphasized, but may
prove to be important in the study of implant loosening and osteolysis. Biomarkers of bone
resorption and formation have been investigated in patients with poorly fixed implants or
peri-prosthetic osteolysis 18–23. In general, biomarkers of bone resorption are elevated, but
changes in biomarkers of bone formation are inconsistent. In osteolysis, biomarkers have not
been studied in animal models of implant fixation.

Here, we tested the hypothesis that administration of endotoxin-adherent polyethylene
particles alters serum and histologic markers of bone formation and resorption in a rat model
of intra-medullary implantation. Furthermore, we sought to determine if these markers were
correlated with assessments of implant fixation. We used endotoxin ‘contaminated’ particles
to maximize the biological response. We found that markers of bone resorption were
inversely correlated with fixation endpoints, while markers of bone formation were
positively correlated with these endpoints and that the peri-implant trabecular bone volume
was positively correlated with implant fixation. The model displayed other characteristic
features of particle induced osteolysis such as the presence of a synovial-like membrane,
radiolucencies at the bone-implant interface, and depressed peri-implant bone volume. We
also found that trabecular bone volume at a remote site was not affected by the treatment,
suggesting that local injection of the particles did not have a systemic effect on the skeleton.
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Thus, the present study provides the first data in a rat implant model that mechanical
fixation is correlated with serum and peri-implant histomorphometric markers of bone
formation and resorption.

MATERIALS AND METHODS
Experimental design

This study was approved by the local Institutional Animal Care and Use Committee. NIH
guidelines for the care and use of laboratory animals (NIH Publication #85-23 Rev. 1985)
were observed. Twenty-four male Sprague-Dawley rats (400–425g, Harlan, Indianapolis,
IN, US) received bilateral femoral implants. From the first day post-surgery, 12 animals
were randomly selected to receive weekly bilateral intra-articular injections in each knee of
lipopolysaccharide (LPS)-treated polyethylene (PE) particles in 6% rat serum vehicle, while
the remaining 12 rats received injections of vehicle alone as a control. The sample size of 12
per group was chosen to have adequate power (beta = 0.80 at an alpha level of 0.05) to
detect differences on the order of 25% in the pull-out strength based on previous studies in
our lab of implant fixation in the rat model. After 12 weeks, all animals were euthanized.
Femurs were carefully dissected without disturbing the joint surface. Left femurs were fixed
in 10% neutral buffered formalin at 4°C for contact radiography, μCT and histology. Right
femurs were wrapped with saline-soaked gauze and frozen at −20°C for contact
radiography, μCT and mechanical pull-out testing. In a second group of 24 rats divided
equally between control and LPS-doped particle injected animals, we examined the bone of
the proximal humerus to determine if there were any remote effects on trabecular bone
volume.

Implants
15 mm long by 1.5 mm diameter titanium rods (99.6% in purity, Goodfellow, Oakdale, PA,
US) were sonicated in hexane, methanol, acetone and water for 15 minutes each, followed
by dual acid etching 24. Implants were sterilized in 70% ethanol over night. After drying at
room temperature, the implants were kept in sterile saline until surgery in order to prevent
oxidation.

Particles
PE particles (mean of 1.75 ± 1.43 μm and median of 1.42 μm) were used in this study
(Ceridust VP 3610, Clariant, Coventry, RI, USA). The particles were sterilized in 70%
ethanol for 24 hours. To increase the bioactivity of the particles, they were then incubated in
0.78 μg/ml LPS from Escherichia coli (L4516; Sigma-Aldrich, St. Louis, MO, US) for 24
hours at room temperature. Then, the particles were washed with PBS 3 times to remove
unbound LPS. The activity of LPS on the surface of the particles was tested by the Limulus
Amebocyte Lysate test (Lonza Walkerville Inc, Walkerville, MD, US) at room
temperature 25. The activity of LPS on the surface of LPS-treated PE particles was 6.85 EU/
107 particles, which was 23 times greater than the activity of non-LPS-treated PE particles.
The LPS-doped particles were suspended in sterile PBS to make a final concentration of
9.38×109 particles/ml in 6% rat serum (Ab7488, Abcam, Cambridge, MA, US) in sterile
phosphate buffered saline (PBS). The particles were aliquoted and stored in sterile vials at
−20 °C until use. Each injection had a volume of 50 μl (4.69 × 107 particles). Each animal in
the particle group received 4.69 × 107 particles x 2 knees x 12 weeks for a total of 1.1256 ×
1010 particles. The total EU received was 6.85 EU/107 particles × 1.1256 × 1010 particles =
7710.36 EU. Thus, because 1 EU corresponds to 10−10 g of LPS 26, each rat received
7.71036 × 103 EU x 10−10 g/EU LPS = 7.71036 × 10−7 g LPS ≈ 0.77 μg LPS.
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Surgical procedure
All the rats received bilateral intramedullary implantation of the titanium implants under
anesthesia of ketamine (100 mg/kg, i.p.) and xylazine (5 mg/kg, i.p.). After shaving and
scrubbing with betadine and alcohol, each knee was incised on the medial side of patellar
tendon to expose the joint surface. A Dremel drill bit, 1.6 mm in diameter, was used to
penetrate the inter-condylar notch. Then, a hand drill, 1.5 mm in diameter, was used to ream
the bone marrow to create a 15 mm long canal from the joint surface. Another hand drill, 2.0
mm in diameter, was used to enlarge the distal 5mm of the canal. The site was irrigated with
saline. An implant was placed into the canal with the proximal 10 mm of the implant press
fit in the femoral bone marrow cavity and the distal 5 mm of the implant surrounded by a
0.25 mm gap (Fig. 1). The incision was closed by nylon suture and protected by stapling.

Bacteriological test
To collect samples for bacteriology, the knee joint was exposed under sterile condition just
after the animals were sacrificed. A swab sample of the femoral surface was collected from
both the medial and lateral femoral condyles. Bacteriological tests for aerobic and anaerobic
microorganisms were performed in a core facility (Department of Pathology, Rush
University Medical Center, Chicago, IL, US).

Contact radiography
The retrieved femurs were contact radiographed (MX-20, Faxitron X-ray, Lincolnshire, IL,
US) at 30kV for 15 seconds using medial-lateral and cranial-caudal projections. The
presence or absence of radiolucent zones around the implant was examined by two
reviewers independently.

μCT
Femurs were scanned perpendicular to the long axis of the implant at 70 kVp, intensity 114
μA, 300-ms integration time with 30μm isotropic voxels (Scanco μCT 40, Wayne, PA,
USA). Femurs for histology were scanned in 10% neutral buffered formalin, while femurs
for mechanical testing were first thawed and scanned in saline. On the scout view, the
distance from the distal end of the implant to the articular surface of the distal femur was
measured to define the location of the implant. Three consecutive regions of interest (ROIs),
each of which covered 3 mm lengths of the implant, were selected. The most distal region of
interest (ROI III) started from the level of the growth plate. Total volume was defined as the
region between the endocortical surface and 48 μm away from the implant surface to avoid
metal-induced artifacts in the images 27. Images were processed by a bone Gaussian filter
σ=1.5 support=2 and a titanium Gaussian filter σ=2 support=2. The bone volume per total
volume (BV/TV), connectivity density (Conn.D.), bone surface per bone volume (BS/BV),
trabecular number (Tb.N), trabecular thickness (Tb.Th), and trabecular separation (Tb.Sp)
were determined at all 3 ROIs using the manufacturer’s software at a threshold of 250.
Nomenclature followed recently established guidelines 28. Three-dimensional renderings
were created using the manufacturer’s software. The 24 humeri from the second experiments
were scanned by μCT as described above. We determined trabecular BV/TV for a defined
region of interest in the proximal aspect of each humerus.

Histology
Samples were decalcified in 10% ethylenediaminetetraacetic acid for 3 weeks at room
temperature. The proximal aspect of the femur was removed without disturbing the implant.
Then, the implant was carefully located and removed, and the samples were dehydrated and
embedded in paraffin according to routine methods. From the resulting block, 7 μm thick
sagittal sections were cut parallel to the long axis of the femur using a microtome (RM 2255,
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Leica, Houston, TX, USA) and mounted on slides for hematoxylin and eosin (H&E)
staining. Histological structure was evaluated with light and polarized light microscopy
(Nikon Eclipse 80i, Nikon Instruments Inc., Melville, NY, USA). Static bone
histomorphometry was evaluated with the aid of a Merz grid at 200X magnification. The
ROI for static histomorphometry began 500 μm proximal to the distal growth plate, and
extended proximally for 5 mm and included the area between the implant surface and
endocortical surface. We determined eroded surface per bone surface (ES/BS), osteoblast
surface per bone surface (Ob.S/BS), quiescent surface per bone surface (QS/BS) and bone
volume per total tissue volume (BV/TV) 29. Other paraffin sections were prepared for
tartrate resistant acid phosphatase (TRAP) staining following the manufacturer’s protocol
(Sigma-Aldrich, St. Louis, MO, US). Each sample was counter stained with methyl green.
The number of TRAP positive cells along the length of the implant-facing bone surface at
the bone-implant interface was counted on two slides.

Mechanical pull-out testing
The strength of implant fixation with the host bone was measured by a mechanical pull-out
test. To prepare each specimen, the distal 10–12 mm of the femur was encased in dental
acrylic (Lang Dental, Wheeling, IL, US). Using the medial-lateral x-ray image as a guide,
the level of the proximal end of the implant was located within each femur. The cortical
bone was carefully transected without touching the implant 4–5 mm distal to the proximal
end of the implant by using a precision saw (Isomet Low Speed Saw, Buehler, Lake Bluff,
IL, US). Then, the proximal aspect of the femur was carefully removed to expose the
proximal 25–30% of the implant (4.22 ± 0.88 mm). The exposed implant was gripped, and a
S hook was placed at the distal end of the specimen to permit coaxial alignment of the
implant in the direction of the applied force. Pull-out testing was conducted at a
displacement rate of 0.25 mm/min to failure (Instron 8847 testing System, Instron, Canton,
MA, US) 30,31. Pull-out strength was calculated by dividing the force (N) at the point of
failure by the surface area of the implant in contact with tissue (mm2). Energy to yield (N-
mm) and energy to failure were calculated as the area under the load-displacement curve
until the yield point or failure point, respectively. Stiffness (N/mm) was calculated as the
slope of the linear portion of the load-displacement curve before the yield point.

Serum biomarkers
Blood samples were collected through cardiac puncture at sacrifice and centrifuged at 2,000
rpm for 5 min at 4 °C to separate the serum. Levels of osteocalcin (OC) and C-terminal
telopeptide of type I collagen (CTX-I) in the serum were measured by using rat-specific
sandwich enzyme-linked immunosorbent assay kits (Immunodiagnostic System Inc.,
Fountain Hill, AZ, USA). All samples were diluted appropriately to fall in the standard
curve range and were assayed in duplicate.

Statistics
SPSS for Windows (Version 15) was used for statistical analysis. Nonparametric statistical
methods were used, including the Mann-Whitney test to compare the particle-treated and
control groups with respect to continuous variables, and the chi-square test of association
and Fisher’s exact test to compare the groups with respect to percentages. Scatterplots and
Spearman correlations were obtained to investigate relationships between non-categorical
variables. A 0.05 significance level was used for all statistical tests. Since there were
multiple comparisons within each group of variables, we adjusted the significance level
using the Bonferroni method (i.e., 0.05/n, where n = the number of comparisons within each
group of variables). For instance, for the weight data, there were three comparisons, so the
adjusted p value to achieve significance was 0.05/3 = 0.017. Data are presented as mean (±
standard deviation). Due to technical errors in some assays, the sample sizes available for
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statistical analysis were less than the original sample size of 12 per group. Therefore, for
each endpoint we explicitly list the sample size used in the statistical analysis.

RESULTS
Weight gain

There was no difference between the particle-treated and control groups with respect to
weight at the start of the study and both groups had a significant increase in weight during
the 12 week experimental period (Table 1). The particle-treated group had significantly
lower weight gain beginning at six weeks than the control group (Fig. 2).

Gross observation on knee joints and bacteriological tests
The control rat knee joints appeared to be unaffected by weekly vehicle injections. The knee
joints of all particle-treated rats were noticeably swollen compared to the control animals.
The joint capsules of all particle-treated rats were thicker than those from control animals.
Some granulation tissue was present in the joint capsule of 2 particle-treated rats. The
articular surface of knees from all particle-treated rats was not smooth. Two of the particle-
treated rats had areas of erosion to the subchondral bone. The bacteriological tests were
negative for aerobic and anaerobic microorganisms in both groups.

Contact radiography
A radiolucent region adjacent to the implant surface was detected at the distal one-third of
the implant in 91.7% (11/12) of the particle-treated group and 25.0% (3/12) of the control
group (p = 0.001, Fig. 3).

μCT
The location of the implant from the distal-most aspect of the bone was 4.3 ± 1.8 mm in the
particle-treated group and 4.7 ± 0.8 mm in the control group (p = 0.73). Inspection of 3-
dimensional renderings gave a clear impression of less peri-implant bone volume adjacent to
the distal one-third of the implant (Fig. 3). Within the distal region of interest, the particle-
treated group had 45% lower BV/TV (p=0.001) and 63% lower Conn.D. (p=0.001) (Table
1). In addition, there was 17% lower Tb.N (p=0.043) and 22% higher Tb.Sp (p=0.018), but
these p values did not reach significance after Bonferroni adjustment for multiple
comparisons (p < 0.01, since there were five comparisons of interest in this group of
variables). There was no difference in Tb.Th. No significant differences were found between
the particle-treated and control groups with respect to bone parameters at the proximal two
regions of interest.

In the humerus, the BV/TV in the control group was 9.2% (± 2.1%) and the LPS-doped PE
group was 10.8% (± 4.6%). This difference was not significant (p = 0.583, n = 12 per
group).

Mechanical pull-out testing
The particle-treated group had significant 41% lower fixation strength (p<0.001) and 51%
lower energy to yield (p=0.004) (Table 1). Neither the 47% lower interface stiffness
(p=0.028) nor the 43% lower energy to failure (p=0.053) in the particle treated group
compared to the control group were significant using the Bonferroni adjusted significance
level of p < 0.0125 (i.e., 0.05/4, since there were four comparisons of interest).
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Histology
Synovial-like tissue covered the surface of the articular cartilage of the distal femur in all
samples from the particle-treated group, but not in the control group (Fig. 4). Similar tissue,
which consisted of a synovial-like layer of lining cells and multiple layers of fibrocytes
associated with macrophages, was also observed at the bone-implant interface close to the
distal end of the femur in 7 samples from the particle-treated group (Fig. 5A and 5C), but
none of the control group. Under polarized light, many intracellular birefringent particles
were detected in this tissue and to a lesser degree in the bone marrow space in the particle-
treated samples (Fig. 5B and 5D). In the control group, a thick and even layer of peri-
implant bone was present around the implant (Fig. 5E and 5F) with lack of birefringent
particles.

Of the static histomorphometry variables, only the 71% increase in ES/BS in the particle
treated group compared to the control group (p = 0.004) met the Bonferroni criteria for
significance of p < 0.0125 (i.e., 0.05/4, since there were four variables of interest) (Table 1).
There was a tendency to have lower BV/TV (39%) and QS/BS (4%), but these differences
were not significant when adjusting for multiple comparisons. There was no difference in
Ob.S/BS. TRAP positive cells were detected at the bone-implant interface in 5 of 10
particle-treated rats and 2 of 10 control rats (p = 0.35, Fig. 6). For rats with TRAP positive
cells at the bone-implant interface, the number of such cells was higher for the particle-
treated group than the control group, but the difference was not statistically significant: 21.2
(± 10.2) versus 3.0 (± 0.0) (p = 0.051).

Serum biomarkers
The serum level of CTX-I in the particle-treated group was 23 times higher than that in the
control group (Table 1, p=0.004). The OC level for 5 rats was lower than the detection limit
of 50 ng/ml and therefore the values were set at one-half the detection limit (25 ng/ml). The
serum level of OC in the particle-treated group was 85% lower than that in the control group
(Table 1, p=0.004). Both of these values met the criteria for significance after adjusting for
multiple comparisons (p < 0.025, since there were two comparisons of interest).

Correlation between mechanical pull-out testing variables and other variables
A number of variables were correlated with the interface mechanics (Table 2). The strongest
correlation for both strength and energy to yield was with serum OC (Fig. 7). Implant
fixation strength was also positively correlated with BV/TV, Conn.D., and body weight
gain, and was negatively correlated with serum CTX-I. Implant pull-out energy to yield was
also positively correlated with body weight gain, and negatively correlated with the number
of TRAP positive cells and ES/BS. Interface stiffness was positively correlated with body
weight gain while energy to failure was not significantly correlated with any of the other
variables.

DISCUSSION
The current study demonstrates for the first time that LPS-doped PE particles alter serum
biomarkers of bone turnover and peri-implant static histomorphometric indices of bone
remodeling in a model with demonstrated implant loosening. We also examined other
variables, including planar radiographic and three-dimensional micro computed tomographic
characterization of peri-implant bone volume and architecture, histology, and histochemistry
to place the study in context. All the endpoints showed significant effects, consistent with
induced bone loss at the bone-implant interface and within the surrounding trabecular bone
bed and depressed implant fixation. We found no effect on trabecular bone volume at a site
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remote from the location of the implant placement. In addition, we found that weight gain in
the particle-treated animals was diminished beginning at 6 weeks.

Because adherent endotoxin increases the bioactivity of particles 6,32–34 and endotoxin is
often present on implant materials 35, we used LPS-doped particles rather than untreated
particles to induce implant loosening in our model. During preparation of the LPS-doped
particles, we removed the unbound LPS by repeated washings to exclude the effect of free
endotoxin in the model. The use of LPS-doped PE particles has been shown to lead to less
bone-implant attachment than the use of non-doped particles in a rat model, although the
“clean” particles also caused less attachment than the no particle controls 34. Thus, it is
likely that the use of LPS-doped particles represents an accelerated model of implant
loosening.

Aseptic loosening implies lack of infection as judged by clinical or microbiological
criteria 5. Thus, one may question whether or not the use of LPS-doped particles constitutes
a model of aseptic loosening since LPS is a bacterial cell wall molecule. It is known that
LPS can be present in periprosthetic tissue of patients with loosened implants but in whom
there is no clinical or microbiological evidence of infection 36. Endotoxin contamination of
orthopedic implants and wear debris is common and appears to be an important component
of biological activity 37. In our study, there was no bacteriological evidence of infection,
suggesting that this can be considered a model of aseptic loosening.

A potential confounding factor in interpreting the biomarker data from the present study is
that systemic distribution of LPS could affect bone metabolism and serum biomarkers of
bone turnover. Chronic exposure to LPS (total dose of approximately 1.1 × 104 μg LPS/kg
over a 12 week period, our calculation) via a slow release pellet in a rat model led to a 7%
decrease in bone mineral content of the femur, no changes in serum osteocalcin and a
doubling in serum tartrate resistant acid phosphatase 38. Intraperitoneal injection of free LPS
was associated with diminished BV/TV 39, in which the total exposure was approximately
104 μg LPS/kg over a 4 to 6 week period in a mouse model. Bone biomarker data are not
available from that study, but presumably would have shown elevated resorption. In our
study, the maximum possible exposure was ~1.71 μg LPS/kg since each rat received a total
of 0.77 μg LPS over the 12 week course of the study and the rats were approximately 450 g.
Thus, the likely systemic exposure in our study was at least three orders of magnitude lower
than in the systemic administration models with skeletal effects. In addition, we did not find
evidence of a difference in trabecular BV/TV at a remote site. Consistent with our
observation, in the study of Xing et al 34 using a model similar to the one reported here, one
of the groups received intraperitoneal administration of LPS (total dose of ~0.55 μg LPS/kg
over a 6 week period, our calculation), and there also was no evidence of an effect on bone
density at a remote site. Thus, our interpretation of the serum biomarker data is that the LPS-
doped particles caused inflammation both within the knee joint and in the tissue adjacent to
the implant, leading to elevated peri-implant bone resorption, decreased bone volume,
deteriorated trabecular architecture and diminished implant fixation with corollary effects on
serum biomarkers of bone formation and bone resorption.

It is also possible that the decreased weight gain in the rats injected with LPS-doped
particles indirectly affected the bone biomarker data. In the study by Shen et al. described in
the previous paragraph 38, the authors observed no effect of LPS administration on body
weight gain during the 12 week course of their study. However, systemic administration of
LPS via injection into the intraperitoneal cavity has been reported to have a transient effect
on body weight 40. Strassmann et al. reported that free LPS administered intraperitoneally in
a single bolus in mice at a dose of approximately 1.5 × 104 μg LPS/kg (our calculation)
induced a transient weight loss at 24 to 72 hours but the weight had normalized by 96
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hours 40. The total exposure in our model (~ 1.71 μg/kg over a 12 week period, see above)
was at least 4 orders of magnitude less than in the study that observed only a brief transient
effect of LPS on body weight. Thus, based on these two studies 38,40, it seems unlikely that
the LPS administered in our study had an effect on body weight. Even if we accept that the
relatively low level of exposure in our experiment caused the diminished weight gain, a
recent study showed that differential weight gain on the order of magnitude observed in the
present study had no effect on bone metabolism or structure 41. Our interpretation of the data
is that the diminished weight gain was most likely a secondary effect of the local LPS-doped
particle induced inflammation of the joint and peri-implant region. To our knowledge, other
groups have not reported on animal weight in models of particle-induced osteolysis. The
relationship between body weight and particle-induced implant loosening may merit further
attention.

In the clinic, particle-induced peri-prosthetic osteolysis is a long term net bone resorptive
process which precedes loosening. The detection of early inflammatory reaction and
osteolysis before the occurrence of observable loosening is a challenge. Biochemical
markers of bone turnover in the serum or urine could be useful indicators to reflect changes
of bone metabolism. In the current study, we found an increased level of CTX-I and a
decreased level of OC in the sera of particle-treated rats. In addition, mechanical fixation
was positively correlated with serum OC level, and negatively correlated with serum CTX-I
level. Most clinical studies demonstrated that patients with implant loosening and peri-
prosthetic osteolysis had elevated levels of biomarkers of bone resorption 18–23. One study
using a murine calvarial model of osteolysis demonstrated an increased level of TRAP-5b 37

in the serum of mice treated with particles. Thus, our finding of elevated CTX-I, a
biomarker for bone resorption, is consistent with reports in the literature, and is the first such
report in an animal model of implant fixation. The findings for biomarkers of bone
formation in patients with aseptic loosening and peri-prosthetic osteolysis are inconsistent.
One study demonstrated decreased carboxyterminal propeptide of type I procollagen (PICP)
in the serum of patients with loosened implants 20, similar to our finding of decreased serum
OC. However, other studies in patients with unstable implants showed elevated levels of
serum OC 19,21 or unchanged serum OC 23 and PICP 19. We are not aware of any previous
study of bone formation markers in an animal model of implant fixation. Together with our
data which showed significant correlations between the biomarkers and fixation mechanics,
these studies indicate that serum biomarkers of bone turnover may be a good indicator of the
fixation status of the implant.

We report here the first histomorphometric characterization of the peri-implant bone
surfaces in an animal model of induced implant loosening. We found that the particles
increased eroded surface, implying elevated bone resorption. In vitro studies have found that
wear particles not only stimulate the production of bone resorptive cytokines 2, but also
significantly suppress the expression of procollagen-α1 42 and synthesis of type I
collagen 43 from osteoblasts. In vivo studies using different animal models demonstrated
that the presence of polyethylene particles increased osteoclast-like cells 14,44. One animal
study demonstrated that polyethylene particles not only enhanced bone resorption in vivo,
but also inhibited the expression of collagen, glycosaminoglycan and transforming growth
factor-β in vivo, which probably reflects depressed bioactivity of osteoblasts 45. Therefore,
the static histomorphometry findings of the present study are consistent with current
knowledge of the effects of wear particles on the catabolic aspects of bone turnover.
Although the non-significant trend of increased bone forming surface relative to total bone
surface in the peri-implant region seems to contradict the decreased OC level found in the
serum, it is likely that the absolute amount of bone forming surface in the particle-treated
group was actually less because the total bone surface was decreased. Future studies, in
which double fluorochrome labels are administered, are needed to determine if osteoblastic
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activity differs between control and particle-treated animals. In addition, the lack of effect
on remote site trabecular bone volume suggests that the LPS-doped particle effects on bone
remodeling were only local and did not have a generalized effect on the skeleton.

In the current literature, the effect of particles on mechanical fixation of implants has only
been reported in two studies using rat models 11,16. In the present study, we demonstrated
decreased implant fixation strength and decreased energy to failure of implants in the
particle-treated group. Neither our study nor the previous studies included multiple time
points, so the time course of the depressed fixation is not certain. Thus, we cannot rule out
that the depressed fixation in our model or the previous reports may be due to failure to
achieve initial fixation.

Additional histological findings in the particle-treated group of the present study include (1)
the presence of a synovial-like membrane containing a large number of PE particles at the
bone-implant interface, (2) more samples with TRAP positive cells at the bone-implant
interface, and (3) the presence of a synovial-like tissue on the surface of the distal femoral
articular cartilage. The synovial-like membrane at the interface was initially described in
patients with loose hip replacements and was found to include many macrophages and giant
cells 12, suggesting its key role in bone resorption. A similar histological structure was also
detected at the bone-cement or bone-implant interface in several rat models with the
presence of wear particles 8,13,14. Osteoclast-like cells adjacent to resorbed bone were
confirmed by TRAP staining in one study using an osteolysis model in the rat 14. The
synovial-like tissue on the surface of the articular cartilage, which has not been described in
other models of particle-induced implant loosening, is very similar to pannus tissue in
rheumatoid arthritis 46, which is believed to be derived from the synovial membrane of the
knee joint capsule. This similarity suggests that the synovial membrane of the joint capsule
may play a role in mediating the effects of particulate debris.

μCT evaluation, including bone volume and bone density, has been widely used to evaluate
the effects of particles in models of osteolysis or aseptic loosening 10,11,34,37,47,48, but these
studies have not reported on alterations in trabecular architecture. In our study, we assessed
the region between the endocortical surface and implant surface and found a significant
decrease in trabecular bone volume and connectivity density in the particle-treated group
adjacent to the distal 3 mm of the implant. In the murine calvarium model of osteolysis,
particles usually lead to higher μCT bone resorption volume 37,47,48, i.e., volumes of interest
largely devoid of bone. In the studies using animal models of intramedullary implantation,
μCT evaluation demonstrated decreased peri-prosthetic bone volume 11 and inferred bone-
implant contact 10,34 after the administration of particles. Our findings are consistent with
these previous reports and provide new data on tissue-level mechanisms explaining the
depressed implant fixation (decreased connectivity density, implying loss of trabeculae and
trabecular connections). In addition, the current study also showed that μCT trabecular bone
volume and connectivity density were positively correlated with implant fixation strength.
This finding confirms that endocortical implant anchorage is critically dependent on μCT
peri-implant bone architecture 49.

CONCLUSION
In this study, we demonstrated that LPS-doped PE particles induced differences in serum
biomarkers and peri-implant histomorphometric findings consistent with increased bone
resorption and depressed bone formation in a rat model of depressed implant fixation.
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Figure 1.
Illustration of implant placement in the model. A 15 mm long by 1.5 mm diameter titanium
implant was press fit in the distal end of the femur through the knee joint. A 0.25 mm wide
gap (solid arrows) was created around the distal 5 mm of the implant, leaving good initial
fixation at the proximal 10 mm of the implant.
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Figure 2.
Body weight at weekly intervals (means and standard deviations), * p < 0.05 compared to
control.
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Figure 3.
X-ray images of a control sample (A, C, and E) and a particle-treated sample (B, D, and F).
Peri-implant radiolucent areas were present more often at the distal end of implant in the
particle-treated group than in the control group. The three-dimensional trabecular bone
renderings from μCT of the entire region between the endocortical surface and the implant
show less bone adjacent to the distal one-third of the implant in a rat treated with particles
(F) than in the control rat (E). Note that the implant is not shown in these three-dimensional
reconstructions. Scale bar is 1mm (panels E and F).
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Figure 4.
Images show the articular cartilage of the distal femur from animals in the control group (A)
and the particle-treated group (B). Synovial-like tissue always covered a portion of the
surface of the articular cartilage in the particle-treated group. H&E staining. Scale bar is 100
μm.

Liu et al. Page 17

J Biomed Mater Res A. Author manuscript; available in PMC 2013 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Images show H&E staining under normal light (A, C, E) and under polarized light (B, D, F).
Note the presence of a thick synovial-like membrane at the implant interface (A, C),
associated with birefringent particles (B, D) in the particle-treated group. Samples in the
control group showed a thick and even layer of peri-implant bone without a membrane at the
bone-implant interface and a lack of birefringent particles (E, F). Scale bars in image A, B,
E and F are 250 μm. Scale bars in image C and D are 50 μm. Im: Empty space after
removing the implant.
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Figure 6.
Images show TRAP positive stained cells (arrows) at the bone-implant interface of a sample
in the particle-treated group. A: Scale bar is 100 μm. B: Scale bar is 10μm. Im: Implant
space.
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Figure 7.
Scatter plots with linear regression lines. A: strength v. OC Level, B: strength v. CTX-I
Level, C: energy to yield v. OC Level, and D: energy to yield v. CTX-I Level.
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Table 1

Animal body weight, bone architecture data from μCT in ROI III, static bone histomorphometry in the
endocortical area, mechanical pull-out testing measurements and serum bone turnover biomarkers for particle
and control groups, mean (standard deviation).

Variable Particle-Treated Control P-Value

Weight (n = 12) (n = 12)

 Weight at start of study 420.8 (23.9) 427.5 (6.2) 0.47

 Weight at end of study 490.4 (31.9) 541.8 (14.4) < 0.001*

 Weight gain from start to end of study 69.6 (25.5) 114.3 (13.8) < 0.001*

μCT (ROI III) (n = 12) (n = 12)

 BV/TV (%) 7.6 (2.7) 13.8 (3.6) 0.001*

 Conn. D. (1/mm3) 2.6 (1.6) 7.0 (3.0) 0.001*

 Tb.N (1/mm) 1.0 (0.2) 1.2 (0.2) 0.043

 Tb.Th (mm) 0.15 (0.02) 0.15 (0.01) 0.91

 Tb.Sp (mm) 1.1 (0.2) 0.9 (0.2) 0.018

Static Histomorphometry (n = 9) (n = 9)

 Ob.S/BS (%) 7.2 (2.3) 5.8 (1.7) 0.23

 ES/BS (%) 5.8 (1.4) 3.4 (0.8) 0.004*

 QS/BS (%) 87.0 (3.6) 90.8 (2.3) 0.047

 BV/TV (%) 7.5 (3.4) 12.2 (4.7) 0.017

Mechanical Pull-Out Testing (n = 11) (n = 11)

 Strength (N/mm2) 1.0 (0.3) 1.7 (0.5) < 0.001*

 Energy to yield (N-mm) 83.4 (60.3) 168.6 (70.3) 0.004*

 Stiffness (N/mm) 125.1 (53.5) 235.2 (144.0) 0.028

 Energy to failure (N-mm) 120.4 (90.8) 211.2 (116.9) 0.053

Serum biomarkers

 CTX-I (ng/ml) (n = 6)
928.5 (494.2)

(n = 6)
39.9 (4.7)

0.004*

 Osteocalcin (ng/ml) (n = 5)
25.0 (0.0)

(n = 6)
168.4 (57.3)

0.004*

*
significant p value after Bonferroni correction for multiple tests
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