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Abstract

Periprosthetic osteolysis remains a major limitation of long-term successful total hip replacements 

with ultra-high molecular weight polyethylene (UHMWPE) bearings. As intra and extracellular 

reactive oxygen species are know to contribute to wear debris-induced osteoclastic bone resorption 

and decreased osteoblastic bone formation, antioxidant doped UHMWPE has emerged as an 

approach to reduce the osteolytic potential of wear debris and maintain coupled bone remodeling. 

To test this hypothesis in vivo, we evaluated the effects of crosslinked UHMWPE wear debris 

particles (AltrX™), versus similar wear particles made from COVERNOX™ containing UHMWPE 

(AOX™), in an established murine calvaria model. Eight-week-old female C57B/6 mice (n=10/

Group) received a pre-op micro-CT scan prior to surgical implantation of the UHMWPE particles 

(2mg), or surgery without particles (sham). Dynamic labeling was performed by intraperitoneal 

injection of calcein on day 7 and alizarin on day 9, and the calvaria were harvested for micro-CT 

and histology on day 10. Surprisingly, we found that AOX particles induced significantly more 

bone resorption (1.72-fold) and osteoclast numbers (1.99-fold) vs. AltrX (p<0.001). However, 

AOX also significantly induced 1.64-fold more new bone formation vs. AltrX (p<0.01). Moreover, 

while the osteolytic:osteogenic ratio of both particles was very close to 1.0, which is indicative of 

coupled remodeling, AOX was more osteogenic (Slope=1.13±0.10 vs. 0.97±0.10). 

Histomorphometry of the metabolically labeled undecalcified calvaria revealed a consistent trend 

of greater MAR in AOX vs. AltrX. Collectively, these results demonstrate that anti-oxidant 
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impregnated UHMWPE particles have decreased osteolytic potential due to their increased 

osteogenic properties that support coupled bone remodeling.
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Introduction

Total hip replacement (THR) is a common procedure performed for end stage osteoarthritis, 

rheumatoid arthritis, avascular necrosis of the hip, and femoral neck fractures. Although 

long-term THR outcomes with ultra-high molecular weight polyethylene (UHMWPE) 

bearing surfaces are known to be limited by wear debris and subsequent periprosthetic 

osteolysis, this construct remains a popular implant design based on its consistent results and 

survivorship of ~85% after 15 years 1, and the significant pitfalls of alternative articulation 

designs (i.e. metal-on-metal and ceramic-on-ceramic) 2; 3. Therefore, the field has been 

working on biomaterial modifications to UHMWPE that will decrease particle-induced 

inflammation, osteoclastogenesis, and uncoupled bone resorption, which is known to be the 

cause of periprostetic osteolysis and aseptic loosening 4–11.

Reactive oxygen species (ROS) are a dominant contributor to wear debris-induced 

osteolysis 12. The ROS in this process is derived from multiple sources. Ititially, it can be 

produced from the free radicals trapped in the final UHMWPE product after gamma 

irradiation, which are liberated during particle generation 13. Additionally, ROS is generated 

by macrophages during normal and “frustrated phagocytosis” of UHMWPE particles, and 

the subsequent pro-inflammatory cascade 12. Furthermore, ROS also directly excacerbates 

osteolysis by inducing osteoclastognesis, increasing osteoclastic resorption and inhibition 

osteoblast diferention and bone formation12; 14; 15. Interestingly, biomaterial research in this 

field has also focused on ROS, and antioxidants such as vitamin E have been incorporated 

into UHMWPE resin 16, or introduced by diffusing them into already consolidated and 

radiated UHMWPE 17, to decrease the oxidation of the material itself. Considering this 

convergence of inflammatory bone loss and biomaterial research, we proposed that the 

antioxidants present in antioxidant-stabilized UHMWPE wear debris to promote a more 

favorable host response 18, even though direct evidence of antioxidant distribution away 

from the polymerized material has yet to be demonstrated. Now that these products are 

approaching clinical use, formal evaluations of the osteolytic and osteogenic potential of 

UHMWPE particles with and without antioxidants in head-to-head in vivo studies are 

warranted. To this end, we recently modified a well-established murine calvaria model of 

wear debris-induced osteolysis19, and incorporated longitudinal micro-CT 20, to derived 

volumetric outcomes of osteolysis and osteogenesis 18. Moreover, preliminary results in this 

model demonstrated that antioxidants enhance bone formation in response to particle-

induced bone resorption 18. Based on these findings, here we present a formal head-to-head 

study to testing the hypothesis that UHMWPE particles impregnated with the antioxidant 

COVERNOX™ (DePuy Synthes Joint Reconstruction), have decrease osteolytic potential 

and increased osteogenic potential, versus unimpregnated particles of similar UHMWPE 
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chemistry, size distribution and shape, in the murine calvaria model of wear debris-induced 

bone resorption.

Materials and Methods

The ultra high molecular weight polyethylene (UHMWPE) bearing materials used in the 

study are: 1) Virgin GUR 1020 UHMWPE, containing no antioxidants, is consolidated by 

ram extrusion, irradiated to a gamma radiation dose of 75 kGy and subsequently remelted to 

quench residual free radicals, machined into acetabular bearings, cleaned, packaged and 

terminally sterilized by gas plasma to yield AltrX™ (DePuy Synthes Joint Reconstruction); 

and 2) Virgin GUR 1020 UHMWPE powder is compounded with a hindered phenol 

antioxidant, Pentaerythritol tetrakis [3-(3,5-di-tert-butyl-4-hydroxyphenyl) propionate] 

under the trade name COVERNOX™, consolidated by compression molding, radiation-

crosslinked using a nominal gamma dose of 85 kGy, machined into acetabular bearings, 

cleaned, packaged and terminally sterilized using a nominal gamma dose of 30 kGy to yield 

AOX™ (DePuy Synthes Joint Reconstruction).

Wear debris particle generation

Particles from AltrX™ and AOX™ bearings were generated using high-speed cryomilling 

and cryopulverization (BioEngineering Solutions Inc., Chicago, IL) as previously 

described20. Particle filtering was used to isolate particles in the 1 to 10μm range, and they 

were characterized using low angle laser light scattering (Microtrac-X100), and scanning 

electron microscopy with EDS to confirm particle size, shape and composition. The major 

differential characteristics of these particles are summarized in Table 1. The particles were 

then EtO sterilized and verified to be free of endotoxins (<0.01uE, Kinetic QCL).

In vivo studies

All animal studies were performed under protocols approved by the University of Rochester 

Committee for Animal Resources as previously described 20. Briefly, eight-week-old 

C57B/6 mice (n=10 per Group; 30 mice total) were shaved prior to calvaria surgery, and the 

area was sterilized with 70% ethanol and iodine. A 0.5×0.5-cm area of calvarial bone was 

exposed by making a midline sagittal incision over the calvaria, but leaving the periosteum 

intact to eliminate trauma-induced osteolysis and osteogenesis in response to bone injury, as 

we have observed in prior studies.20; 21 A previously defined threshold dose of particles 

known to induce osteolysis (2mg) of AltrX or AOX,18 were spread over the calvaria of each 

mouse, and the incision was closed with 2.0 interrupted sutures. A third group consisting of 

an incision of the skin only served as the Sham surgery control.

Micro-CT scanning and osteolysis vs. osteogenesis analysis

Micro-CT scans were performed with a VivaCT40 (ScanCo Medical, Basserdorf, 

Switzerland) using an isometric resolution of 15 μm. Baseline calvaria volume was obtained 

from in vivo scans on day 0 (before surgery), while the mice were anesthetized with 2% 

isofluorine and 1L/min oxygen. After sacrifice on day 10, the skulls were rescanned with the 

same parameters (n=10 per Group). The DICOM micro-CT files were then transferred to 

Amira ver. 5.4 (Visage Imaging, Inc., San Diego, CA) for quantitative analysis. 
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Quantification of the osteolytic and osteogenic volume was performed as previously 

described 18. Briefly, the DICOM files were used to generate an initial 3D image of the 

calvaria at each time point, and these images were then imported into the Amira program for 

volumetric registration and analyses. Three distinct tissues types were defined based on their 

bone mineral density (BMD). In the region of interest (ROI), the original calvaria bone, 

which has a high BMD (zoom and data window = 1,000–7,000; display and masking = 

1,700–7,000), was initially identified. Then an under-mineralized tissue with a lower BMD 

(zoom and data window = 1,000–3,000; display and masking = 1,000–2,500) was identified 

within the ROI, which we defined as new bone that formed in response to the wear debris-

induced osteolysis. Finally, the unmineralized soft tissue (zoom and data window <1,000; 

display and masking <1,000), was identified within the ROI between the original calvaria 

was defined as osteolysis. Based on this tissue segmentation, we were able to calculate the 

Bone Resorption Volume and Bone Formation Volume for the three groups as illustrated in 

Figure 1.

Histomorphometry of osteoclast numbers and mineral apposition rate

After the ex vivo micro-CT scan, the calvaria were cut in half to allow for both 

demineralized (n=5 per Group) and undemineralized (n=5 per Group) histology as 

previously described 22; 23. Bone remodeling was assessed from three contiguous 3 μm 

demineralized calvaria sections 500 μm apart stained with alcian blue hematoxylin/orange G 

(ABH/OG). Osteoclasts were quantified using the Visiopharm Image Analytical System 

(Version: 4.4.6.9) from three contiguous 3 μm demineralized sections 500μm apart stained 

for tartrate-resistant acid phosphatase (TRAP) using the Diagnostics Acid Phosphatase Kit 

(Sigma, St. Louis, MO, USA). Quantification of the mineral apposition rates (MAR) in the 

three groups of mice was performed on undemineralized sections, in which the distance 

between the calcein and alizarin labeled bone surfaces was determined as we have 

previously described 22.

Statistical analysis

Volumetric bone resorption, bone formation and osteoclasts are presented as means ± SD for 

each group, and statistical significance was determined using a one-way ANOVA with 

multiple comparison of Tukey of three treatment groups where p<0.05 was considered 

significant. The significance of the rank order of bone resorption volume versus bone 

formation volume was determined using the Wilcoxon rank-sum test. Correlations between 

osteolysis and osteogenesis were estimated using Pearson’s correlation coefficient, and 

tested for significance using a two-sided t-test. The slope of the best-fit line and R2 value 

was calculated with Prism software.

Results

Volumetric micro-CT analyses of the calvaria demonstrated that both AltrX and AOX 

particles induced significant bone resorption and bone formation versus Sham controls 

(p<0.001), which displayed minimal remodeling (Figure 2). Moreover, AOX particles 

stimulated a significant 1.72-fold increase in bone resorption, and a significant 1.64-fold 

increase in bone formation, versus AltrX particles (p<0.001). To further understand these 
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results, we performed a rank order evaluation of the particle-induced bone resorption and 

bone formation volumes (Figure 3A,B), and regression analyses to assess the osteolytic 

versus osteogenic potential of AltrX and AOX particles (Figure 3C,D). The Wilcoxon rank-

sum tests confirmed that the AOX particles stimulate more bone resorption and bone 

formation by volume compared to AltrX particles (p<0.002). Furthermore, bone resorption 

volume correlated with bone formation, although the association was more significant in 

AltrX versus AOX particle treated calvaria (R2=0.70, p<0.0001 vs. R2=2.16, p<0.001). 

Finally, to assess the osteolytic:osteogenic potential of these particles directly, we determine 

the slope of the best-fit line in the regression graphs (Figure 3C,D), which demonstrated that 

both particles stimulate coupled bone remodeling, although AOX particles were more 

osteogenic versus AltrX (Slope=1.13 vs. Slope=0.97).

To confirm the micro-CT findings, histomorphometry was performed to quantify osteoclast 

numbers and mineral apposition rate (MAR), from decalcified and undecalcified tissue 

sections respectively. Alcian blue hematoxylin/orange G (ABH/OG) and tartrate resistant 

acid phosphatase (TRAP) stained demineralized histology of the calvaria confirmed the 

absence of bone remodeling in Sham controls, and extensive remodeling in particle treated 

calvaria (Figure 4). Furthermore, histomorphometry of the TRAP+ osteoclasts demonstrated 

that AOX particles induced significantly more osteoclasts than AltrX (p<0.001), which is 

consistent with the micro-CT. Finally, both particles significantly induced the MAR above 

the baseline level observed in Sham controls (Figure 5). Although it did not reach statistical 

significance due to variability, there was a trend of increased MAR in AOX versus AltrX 

particle treated calvaria (p=0.2444).

Discussion

Aseptic loosening of THR with UHMWPE bearing surfaces is largely caused by wear 

debris-induced periprothetic osteolysis 4–11. However, it is important to note that this bone 

loss, which typically occurs over long periods of time (i.e. 5–10 years post-op), is 

biologically distinct from aggressive focal erosion observed in osteolytic bone cancer and 

osteomylitis. This is because under non-pathologic conditions, wear debris-induced bone 

resorption is coupled to bone formation, and results in homeostatic bone remodeling. Recent 

clinical studies on THR survivorship with UHMWPE bearing surfaces confirm excellent 

outcomes 24; 25. In the case of AltrX with the PINNACLE acetabular cup, a 5-year 

survivorship of 97% for cementless THA was recently reported. However, there remains a 

small subset of patients that develop periprosthetic osteolysis and aseptic loosening 26–28. 

The estabished paradigm to explain this dichotomy posits that aseptic loosing is due to an 

uncoupling of osteoclastic bone resorption and subsequent osteoblastic bone formation in 

the metablic processes, rather than a specific toxic UHMWPE wear debris responses. This 

theory is supported by longitudinal volumetric CT analysis of patients with varying degrees 

of periprosthetic bone loss 27–29. Thus, it is based on this rationale that we deveolped 

longitudinal micro-CT as the primary outcome measure in our animal studies, as these 

quatitative biomarkers can directly measure coupled vs. uncoupled responses to wear debris. 

Indeed, in our first pilot study with these biomarkers we found that AOX induced more bone 

resorption and more bone formation than AltrX 18. Thus, although the antioxidant 

UHMWPE particles exhibit an increased bone resorptive effect, their osteolytic potential is 

Chen et al. Page 5

J Orthop Res. Author manuscript; available in PMC 2016 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



offset by their increased osteogenic properties, which we confirmed here in a formal 

prospective study.

There are several important limitations to this initial proof of concept study that need to be 

recognized. The first is the murine calvaria model. Although this model has been utilized by 

many labs due to its cost-effectiveness, reproducibility and quantitative outcomes, it suffers 

from the absence of an implant and biomechanical forces that are central to aseptic 

loosening. Additionally, the periosteum-intact calvaria are flat bones that are distinct from 

reamed articulating long bones, which prostheses are implanted into. Another limitation of 

this study is the absence of formal dose-response experiments to validate our conclusions 

about the effects of the impregnated antioxidants, and to define the best dose of 

COVERNOX to be used in this UHMWPE material. These studies are ongoing, with the 

investigation of alterantive antioxidants (i.e. vitamine E), and UHMWPE compositions, with 

the goal of identifying the ideal combination for clinical use.
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Figure 1. Volumetric micro-CT and Amira analyses of UHMWPE particle induced bone 
resorption and bone formation
3D renderings of representative calvaria from the Sham, AltrX and AOX treatment groups 

are show to illustrate volumetric assessment of bone resorption and bone formation in this 

study. The primary reconstructed Micro-CT scans of Day 10 calvaria reveal the persistent 

mature highly mineralized bone that was present prior to surgery, and the bone voids 

represent regions that have undergone particle-induced bone remodeling. Co-registration of 

the high and low mineralized calvaria tissue from the Day 0 and Day 10 micro-CT scans in 

Amira allows for visualization of osteolysis from baseline (void region in the yellow image). 

Subtraction of the Day 10 from the Day 0 high mineralized bone volume reveals the Bone 

Resorption Volume (red), and the low density mineralized tissue in Day 10 calvaria reveals 

the Bone Formation Volume (blue). Note the very limited bone remodeling in Sham, and 

that most of the Bone Resorption Volume in both particle groups has been filled with new 

bone.
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Figure 2. Antioxidant increases UHMWPE particle induced bone resorption and bone formation
The Bone Resorption Volume and Bone Formation Volume in the calvaria of Sham, AltrX 

and AOX treated mice (n=10) were quantified as described in Figure 1, and the data are 

presented as the mean +/− SD (*p<0.001 vs. Sham; #p<0.001 vs. AltrX).
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Figure 3. Antioxidant improves the osteolytic:osteogenic potential of UHMWPE particles
The data in Figure 2 were further analyzed to assess the differences between AltrX and AOX 

via rank order (A, B), and to define the relative bone osteolytic:osteogenic potential of both 

particles via linear regression (C,D). The results confirm that AOX particles stimulate more 

bone resorption and new bone formation versus AltrX (p<0.002 via Wilcoxon signed rank 

test). The results also demonstrate that osteoclast-osteoblast coupling is virtually perfect in 

AltrX treated calvaria (Slope=0.97, R2=0.7015, p<0.0001). While this response was more 

variable in AOX treated mice, the results demonstrate that these particles stimulate more 

bone formation than bone resorption as indicated by the positive slope (Slope=1.13, 

R2=0.2160, p<0.001).
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Figure 4. Antioxidant increases UHMWPE particle-induced osteoclast numbers
Alcian blue hematoxylin/orange G (ABH/OG) and tartrate resistant acid phosphatase 

(TRAP) stained demineralized histology of the calvaria described in Figure 1 are presented 

at 10x and 40x magnification to illustrate the absence of remodeling in Sham, and the 

extensive remodeling in both AltrX and AOX treated calvaria. Histomorphometry was 

performed to quantify osteoclast numbers and the percent of TRAP+ bone surface in the 

calvaria (n=5), and the data are presented as the mean +/− SD (*p<0.001 vs. Sham; 

#p<0.001 vs. AltrX).
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Figure 5. UHMWPE particle-induced mineral apposition rates
Half of tissue of the calvaria described in Figure 4 were processed for undemineralized 

histology, and representative fluorescent images obtained at 100 X magnification are shown 

to illustrated the alizarin red and calcein green double labels measured to quantify the 

mineral apposition rates MAR. Note the significantly greater MAR in the particle treated 

calvaria (*p<0.001 vs. sham; p=0.2444, AOX vs. Altrx).
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Table 1

The characteristics of GUR 1020 (AltrX) and AOX 115 kGy particles

Material GUR 1020, 75 kGy, Remelted AOX 115 kGy

Median Particle Size 0.9 um (range 0.47–38.32 um) 0.9 um (range 0.55–30.85 um)

Mean Particle Size 2.1 um (range 0.47–38.32 um) 2.1 um (range 0.55–30.85 um)

Average Aspect Ratio 1.94 (range 1.04–7.74) 1.76 (range 1.03–6.86)

Average Roundness 0.57 (range 0.13–0.96) 0.62 (range 0.15–0.97)

Average Form Factor 0.67 (range 0.07–1.11) 0.69 (range 0.09–1.01)

Average Perimeter 9.1 um (range 1.58–326.50 um) 9.1 um (range 1.84–186.05 um)
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