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pg/mL). Furthermore, 8 specimens had MCP-1 concentrations over the maximum 

detection limit (7940 pg/ml). Similar to what was found in the study by Dasa et al. (177), 

the MCP-1 concentrations for these specimens seem to fall into two separate subsets: 

those greater than 4000 pg/mL and those less than 4000 pg/mL. More specifically, all of 

the specimens with MCP-1 levels greater than 4000 pg/mL surpassed the detection limit 

of the assay platform (>7940 pg/mL). This may indicate a certain stimulus threshold 

exists at which macrophages will increase the production of MCP-1.  

 

 MIP-3 is a chemokine that is strongly chemotactic for lymphocytes and has been 

implicated in modulating the adaptive immune system (254) Additionally, MIP-3 is 

chemotactic for leukocytes to joints afflicted by RA (249). As such, it follows logically 

that the MIP-3 levels reported in the present study would align with those reported in 

literature for OA , painful, or revision patients, while the MIP-3 concentrations in 

patients with RA would be elevated (244, 249). Recent research indicates that GM-CSF 

polarizes M0 macrophages into M1 (pro-inflammatory) phenotype whereas M-CSF 

polarizes M0 macrophages into M2 (healing) phenotype (255). None of the specimens of 

each sample group had GM-CSF concentrations above the minimum detection limit. 

These results are in accordance with previous studies that demonstrated negligible levels 

of GM-CSF in loosened THA and fixed THA (256, 257). On the other hand, all of the 

specimens had M-CSF concentrations that were within range. The present study found 

noticeably elevated levels of M-CSF in the synovial fluid of cadaveric primary TKAs 

compared to the painful and revision synovial fluid reported in Perkins et al. (244). Each 

cadaveric sample had M-CSF concentrations that were an order of magnitude greater than 

those observed in the living patients. While previous studies found elevated levels of M-

CSF in aseptically loosened THAs compared to well-fixed THAs, this present study does 

not support this notion with respect to TKAs (258, 259). Future research may investigate 

the roles of GM-CSF and M-CSF concentrations as indicators as to whether the body is 

entering a cyclic inflammatory cascade, which may precede failure, or if the body is 

simply going through the normal inflammation-healing sequence.  

 

 Certain limitations of cytokine and inflammatory marker measurements in clinical 

research must be acknowledged. Many cytokines have a short half-life in vivo and are 

also subject to rapid degradation in vitro following sample collection if appropriate 

storage and handling procedures are not followed (260-263). While literature has not 

elucidated the effect of processing and storage on the degradation of cytokines in 

synovial fluid, several reports on serum and plasma have indicated that most cytokines 

are prone to degradation if samples are not processed correctly and stored at -70C (264-

266). Furthermore, the amount of freeze-thaw cycles has been demonstrated to effect 

cytokine measurements. Thavasu et al. (266) found that most cytokines are stable for up 

to three freeze-thaw cycles. However, Flower et al. (267) found that TNF- concentration 

increased with each successive free-thaw cycle, becoming significant after three cycles. 

Time of day of sample collection has also been demonstrated to impact reported levels of 

circulating cytokines (262, 268-270). While every effort was taken to mitigate the 

aforementioned limitations, measured cytokine levels in the synovial fluid of this study 

cohort may not entirely reflect the presence or activity of those cytokines in vivo.  

 



 

89 

cytokine release observed by Kaufman et al. (166) was measured within a 24 hour time 

period when the macrophages were likely at their “stimulated” inflammatory peak state. 

Wang et al. (282) investigated how Ti, Cr, and Co ions modulate the release of bone-

associated cytokines by human monocytes/macrophages in vivo. Similar to Kaufman et 

al. (166), Wang and colleagues (282) demonstrated that Ti, Cr, and Co modulate cytokine 

release, specifically TNF-, IL-1 and IL-6, in LPS-stimulated cells. However, they 

reported that cytokine production was not affected by the metals in the absence of LPS. 

This finding highlights the fact that often the inflammatory process is like a light switch: 

it is either “on” or “off”. The correlations observed in the present study may have been 

induced by prior stimulation by other types of wear debris in the periarticular 

environment.  

 

 

Limitations 

 

 While some meaningful relationships were observed in this study, there were 

several limitations that must be noted. Firstly, this study had a relatively small sample 

size. Furthermore, not every specimen underwent each of the analyses or tests. As such, 

some important correlations may have not been recognized in statistical analysis or the 

power of the observations may not be clinically significant. Secondly, the cohort included 

a wide range of implants including cruciate-retaining, posterior-stabilized, fixed bearing, 

mobile bearing, monoblock, and modular designs. Each of these design variations have 

been shown to affect the kinematics of the knee joint. As such, it is difficult to determine 

how the design may have affected the measured laxity of the joint or the degree of wear 

debris generated. Furthermore, one of the specimens included was produced in the late 

1980s or early 1990s by a manufacturer that no longer exists. Additionally, the implants 

included were fabricated with different materials. However, every effort was made to 

take into account these variations and discuss how the different designs may have 

impacted the results of the study. Thirdly, because the Hood et al. (195) method for wear 

analysis is essentially qualitative, it was impossible to take into account how the degree 

of polyethylene debris produced from the tibial insert may have altered the cytokine 

measurements or even the laxity. Again, every effort was made to note instances of 

excessive wear when meaningful relationships were observed. Fourthly, many variables 

were uncontrollable in the collection of the synovial fluid and measurement of 

inflammatory cytokines. These limitations were previously discussed and every effort 

was taken to mitigate them. Lastly, the state of the measured metal debris (e.g. large 

metal particulate or metal oxide) could not be elucidated with the current methods 

represented in this study. The ICP-MS analysis technique ionizes all metal present and 

reports a final concentration; it does not differentiate between larger particles or ions.  

 

 

Future Research 

 

 Dr. Mihalko’s laboratory has obtained institution review board approval and has 

begun to collect revision devices. Currently, the sample size is small, but is anticipated to 

expand in the upcoming months. Once a sufficient sample size is achieved, the graduate 
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student researchers at University of Tennessee Health Science Center and Drexel 

University will begin assessing the wear and damage of these devices. Furthermore, a 

cytokine analysis will be performed to measure the levels of inflammatory cytokines and 

ICP-MS analysis will be conducted to measure the concentrations of metal debris in the 

collected tissues. Future comparisons between the two cohorts will hopefully elucidate 

what factors are instrumental in mediating negative outcomes so that one day a treatment 

modality, alternate bearing surface, or improved surgical technique may be developed to 

improve patient outcomes following total knee arthroplasty. 
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Figure A-11. Fluoroscopic A) AP and B) lateral views of specimen RLU0728161A-L 

 

 

 

 
 

Figure A-12. Fluoroscopic A) AP and B) lateral views of specimen RLU0309161B-L 
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Figure A-13. Fluoroscopic A) AP and B) lateral views of specimen RLU0722161B-L 

 

 

 

 
 

Figure A-14. Fluoroscopic A) AP and B) lateral views of specimen RLU0126161C-L 
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Figure A-15. Fluoroscopic A) AP and B) lateral views of specimen RLU0510161A-L 

 

 

 

 
 

Figure A-16. Fluoroscopic A) AP and B) lateral views of specimen RLU0426161B-L 
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Figure A-17. Fluoroscopic A) AP and B) lateral views of specimen RLU0126162C-

R 

 

 

 

 
 

Figure A-18. Fluoroscopic A) AP and B) lateral views of specimen RLU0720161B-L 
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Figure A-19. Fluoroscopic A) AP and B) lateral views of specimen RLU1028161B-L 

 

 

 

 
 

Figure A-20. Fluoroscopic A) AP and B) lateral views of specimen RLU1115162B-R 
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Figure A-21. Fluoroscopic A) AP and B) lateral views of specimen RLU0913162A-

R 

 

 

 

 
 

Figure A-22. Fluoroscopic A) AP and B) lateral views of specimen RLU0426162B-R 
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Figure A-23. Fluoroscopic A) AP and B) lateral views of specimen RLU0829162C-

R 

 

 

 

 
 

Figure A-24. Fluoroscopic A) AP and B) lateral views of specimen 16-04-765R 
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Figure A-25. Fluoroscopic A) AP and B) lateral views of specimen 16-10-1103R 

 

 

 

 
 

Figure A-26. Fluoroscopic A) AP and B) lateral views of specimen 16-10-1103L 

  



 

122 

 
 

Figure A-27. Fluoroscopic A) AP and B) lateral views of specimen RLU0204172A-

R 

 

 

 

 
 

Figure A-28. Fluoroscopic A) AP and B) lateral views of specimen RLU0317172B-R 
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Figure A-29. Fluoroscopic A) AP and B) lateral views of specimen RLU0319171A-L 

 

 

 

 
 

Figure A-30. Fluoroscopic A) AP and B) lateral views of specimen RLU1121161A-L 

  


