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ABSTRACT 

BIOMARKER RESPONSE AFTER AN ACUTE RUNNING  

BOUT IN PARTICIPANTS WITH AND WITHOUT  

AN ACUTE KNEE INJURY HISTORY 

by Nicole M. Cattano 

Doctor of Philosophy 

Temple University, December 2014 

Major Advisor: Dr. Michael R. Sitler 

 The primary purposes of this study were to determine 

biomarker concentration levels at pre exercise and in 

response to an acute running bout in participants with an 

acute knee injury history (AKIH) in comparison to healthy 

control participants.  The secondary purposes were to 

determine if self-perceived pre-exercise functional outcome 

score differences existed between participants with AKIH in 

comparison to healthy control participants, and whether 

these measures correlated with biomarker concentration 

changes after an acute running bout.  Twenty-two (10 

females, 12 males) college-aged individuals who were 

physically active participated in the study (11 with AKIH, 

11 without AKIH).   
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A two-group pre-test/post-test study design was 

utilized.  The exercise bout consisted of running at 2.2 m • 

s
-1
 for 30 min on a motorized treadmill.  Statistical 

significance was defined as p ≤ 0.05.  The serum biomarker 

concentrations (i.e., COMP, IL-1β, MMP-13, CTX-II, CPII, and 

CTX-II/CPII ratio) assessed in this study were not found to 

be significantly different based on AKIH status pre exercise 

and after 30 min of running.  AKIH participants did have 

significantly lower pre-exercise functional scores compared 

to their matched healthy controls.  Additionally, pre-

exercise functional scores (i.e., KOOS quality of life and 

current Tegner activity) showed moderate negative 

correlations to IL-1β and CTX-II/CPII ratio biomarker 

changes post exercise, respectively.     

The findings of this study indicate that an acute bout 

of moderate-intensity running is tolerated in a high-risk 

AKIH population and does not adversely affect knee biomarker 

metabolism.  However, these findings should be interpreted 

with caution as it is yet to be determined if a higher 

exercise dose and/or intensity, as well as other varied 

types of exercise elicit adverse biomarker response within 

this population or if these findings are replicable in other 

populations (e.g., older aged).  AKIH participants reported 

overall lower functional scores than healthy control 
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participants, which may be indicative of impending 

structural or biomarker changes.  Questions still remain 

about short- and long-term interventions post AKIH since 

there are many potential confounding factors that affect OA 

progression.  Post-AKIH pathophysiology is complex and while 

there are unique variables that may accelerate OA onset, 

there may be an interaction effect of these variables that 

accelerate and propagate OA, and this still needs further 

investigation.  
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PART 1 

BIOMARKER RESPONSE AFTER AN ACUTE RUNNING  

BOUT IN PARTICIPANTS WITH AND WITHOUT  

AN ACUTE KNEE INJURY HISTORY 

 

Introduction 

Acute knee injuries involving the anterior cruciate 

ligament (ACL) or meniscus are relatively common within the 

physically active and general populations (Hootman, Dick, 

Marshall, & Agel, 2008).  Individuals with an acute knee-

injury history (AKIH) have a 4 times greater likelihood of 

developing knee osteoarthritis (OA) than those without AKIH 

(Muthuri, McWilliams, Doherty, & Zhang, 2011; Richmond et 

al., 2013).  It is particularly concerning that 

radiographic knee OA will be evident in over 26 and 50% of 

individuals with AKIH within 5 years (Frobell et al., 2013) 

and 10 to 20 years (Lohmander, Ostenberg, Englund, & Roos, 

2004) post injury, respectively.  Other radiographic 

changes that can occur within 3 years of AKIH are sclerotic 

bone development, osteophyte formation, and subchondral 

bone remodeling (Buckland-Wright, Lynch, & Dave, 2000).  
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These changes often precede joint space narrowing, the 

current radiographic “gold standard” for knee OA 

progression (Goldring, 2009).  Because it may be too late 

to reverse the course of knee OA once detectable 

radiographic structural changes have occurred, it is 

important to understand why these patients develop early-

onset knee OA.  In the long term, it will be critical to 

determine if early-onset knee OA can be predicted, 

detected, delayed, and/or prevented. 

The acutely injured knee is exposed to biomechanical 

changes and new loading patterns (Ristanis et al., 2005) 

that increase OA risk, regardless of treatment (i.e., 

surgical, non-surgical) for the injured ACL (Frobell et 

al., 2013; Harris et al., 2013) or meniscus (Sturinieks et 

al., 2008).  These changes result in contact pressure 

increasing and shifting to regions unaccustomed to high 

loads (Ristanis et al., 2005), which may be exacerbated by 

concomitant tissue injury.  Increased focal loading can 

further compromise multiple knee joint tissues, which 

increases their susceptibility to injury and pathological 

changes to include epiphyseal bone marrow lesions (Englund 

et al., 2010; Frobell et al., 2011), as well as articular 

cartilage thickness (Frobell et al.) and composition 
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changes (Nishioka et al., 2012).  These cartilage and bone 

changes may be a direct result of instability associated 

with the acute injury, compensatory movement strategies 

(e.g., decreased range of motion, greater adduction moment, 

lower ground reaction forces), or new loading patterns 

(Sturinieks et al.).   

In addition to mechanical alterations following 

macrotraumatic injury of the ACL or meniscus, an 

inflammatory response and altered tissue turnover also 

occurs in the knee.  Pro-inflammatory biomarkers (e.g., 

interleukin [IL]-1β, tumor necrosis factor [TNF]-α) 

increase in the synovial fluid, stimulating new blood 

vessel formation (angiogenesis), forming osteophytes, and 

increasing expression of catabolic enzymes (e.g., matrix 

metalloproteinases [MMP]-2 and 3) that breakdown articular 

cartilage extracellular matrix components (e.g., 

proteoglycans, collagen; Bondeson, Wainwright, Lauder, 

Amos, & Hughes, 2006).  Elevated inflammatory biomarkers 

(e.g., monocyte chemotactic protein-1, IL-6) have been 

found within 1 month after an acute ACL and/or meniscus 

injury (Cuellar, Scuderi, Cuellar, Golish, & Yeomans, 2009; 

Cuellar, Cuellar, Golish, Yeomans, & Scuderi, 2010).  

Elevated collagen-turnover biomarkers (e.g., cartilage 
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oligomeric matrix protein [COMP], cross-linked c 

telopeptide of type II collagen [CTX-II]) have also been 

found during this time period (Catterall, Stabler, 

Flannery, & Kraus, 2010).  

Although inflammatory biomarkers typically return to 

normal levels within 2- to 6-months post-knee injury 

(Scanzello et al., 2010), some tissue biomarkers remain 

elevated for years after knee injury and/or surgery.  For 

example, type II collagen fragments (CPII), COMP, MMP-1, 

and MMP-3 are elevated at 1-year post-ACL reconstruction 

(Tchetverikov et al., 2005).  Collagen-degradation serum 

biomarkers are abnormal in comparison to healthy controls 

(Svoboda et al., 2013) and abnormal CTX-II/CPII collagen 

ratios exist up to 2- and 4-years post-ACL reconstruction 

(Lohmander et al., 2004; Tourville, Johnson, Slauterbeck, 

Naud, & Beynnon, 2013), respectively.  These abnormal 

levels are indicative that the joint is still undergoing 

microstructural changes, including greater collagen 

degradation than synthesis. 

Bone also has a biochemical response post ACL and/or 

meniscal injury.  For example, the aforementioned 

angiogenic and catabolic pathways contribute to early 

subchondral bone remodeling and osteophyte formation 
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(Lohmander et al., 2004).  Elevated bone turnover 

biomarkers (e.g., osteopontin, osteonectin, osteocalcin) 

have been found within the first 2 months after AKIH 

(Catterall et al., 2010; Sward, Frobell, Englund, Roos, & 

Struglics, 2012).  Bone remodeling is also evident with 

osteophyte formation in approximately half of ACL 

reconstruction patients 2-years post surgery (Buckland-

Wright et al., 2000).  Similarly, sclerotic bone changes 

occur within 3 to 4 years (Frobell, 2011; Frobell et al., 

2009).  Osteoblasts in sclerotic bone are known to increase 

production of MMP-13 and osteopontin (Sanchez et al., 

2008), which is of interest since elevated biomarkers of 

bone turnover (osteopontin, osteonectin) are found up to 1-

month post AKIH (Sward et al., 2012).  MMP-13 is associated 

with increased collagen degradation and inflammation 

(Kunkel, Lukacs, Chensue, & Strieter, 1997), and OA knees 

often have significantly higher levels of this biomarker 

(Sandell & Aigner, 2001).  

Nearly all ACL and meniscus injured physically active 

individuals (e.g., athletes, college aged) return to pre-

injury weight-bearing activities within 1-year post injury, 

despite biomechanical and biochemical abnormalities still 

existing (Beynnon et al., 2005).  Compounding this time 
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period is that the relationship between structural 

integrity, joint loading, and abnormal biochemical 

concentrations may be more than a simple cycle.  The 

existence of abnormal biomarker levels indicates an active 

healing process and that joint tissues may not be ready to 

effectively respond or successfully adapt to the 

biomechanical loads (e.g., intensity, levels) to which they 

are being exposed.   

One biomarker that may reflect compromise to 

adaptation and loading in the knee is COMP, which is found 

in the extracellular matrix and helps regulate water 

content and the mechanical properties of the articular 

cartilage (Abramson & Krasnokutsky, 2006).  In the non-

injured knee, mechanical loading causes structural changes 

of joint tissues such as a transient decrease in articular 

cartilage water content, reducing overall cartilage 

thickness (Kersting, Stubendorff, Schmidt, & Bruggemann, 

2005).  Serum COMP concentrations increase immediately post 

exercise in activities such as walking at a self-selected 

pace for 30 min, returning to normal levels within 30 min 

in both the non-injured and knee OA populations 

(Mundermann, King, Smith, & Andriacchi, 2009).  While serum 

COMP concentrations returned to baseline levels in both of 
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these populations, OA knees had higher overall serum COMP 

concentrations compared to normal knees in response to a 

30-min walking task (Subburaj et al., 2012).  Based on 

findings of previous research, serum COMP is generally 

expected to increase post activity, however, there has been 

conflicting statistical evidence as serum COMP only trended 

toward an increase and was not found to be significant in 

participants with OA after a 30-min walking task (Erhart-

Hledik et al., 2012). Although resting serum COMP levels 

are not predictive of articular cartilage loss, serum COMP 

changes pre to post walking were predictive of cartilage 

loss (Abramson & Krasnokutsky, 2006, Erhart-Hledik et al., 

2012).  Serum COMP concentration change may serve as a 

prognostic indicator of impending, sub-clinical OA in at-

risk populations such as the AKIH population, but this is 

yet to be determined.   

Physically active individuals typically engage in 

weight-bearing activities that require higher intensity and 

loading levels than 30 min of walking.  A dose-dependent 

response exists between serum COMP concentration and 

exercise intensity and duration.  After 30 min of running 

(self-selected pace, Niehoff et al., 2010; 2.2 m • s
-1
 pace, 

Niehoff et al., 2011), serum COMP concentration increases 
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immediately and remains elevated up to 1 hr post exercise, 

gradually returning to baseline levels within 90 min.  

After 1 hr of running (self-selected pace) as well as a 

marathon, serum COMP concentrations are elevated post 

exercise, returning to baseline levels within 2.5 (Kersting 

et al., 2005) and 24 hr (Neidhart et al., 2000), 

respectively.   

There is evidence that the biochemical environment of 

the AKIH physically active participant has not returned to 

baseline levels within 1-year post-ACL injury.  There is 

some evidence that the same exists post-meniscal injury as 

well (Sturinieks et al., 2008).  Within the AKIH 

population, it is plausible that biomarker abnormalities 

may indicate that the joint is not ready for weight-bearing 

activities, potentially compromising the ability of the 

joint to withstand mechanical loading (e.g., intensity, 

repetition).  While cartilage biomarkers have been 

investigated in the healthy population, there is limited 

information regarding other biomarker (e.g., bone, 

inflammation, collagen) responses to an acute running bout, 

particularly for an AKIH individual who is motivated to 

return to physical activity as soon as possible.  

Information about biomarker responses to an acute running 
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bout could have implications for improved treatment and 

management post-knee injury for the purpose of ameliorating 

the onset or progression of knee OA.  Ultimately, the goal 

must be to prevent knee OA after joint trauma by targeting 

both biochemical and biomechanical factors in an at-risk, 

macrotraumatic population to diagnose and prevent knee OA 

development and progression.  

Statement of the Purpose 

The primary purposes of this study were to determine 

biomarker concentrations pre exercise and in response to an 

acute running bout in participants with AKIH in comparison 

to healthy control participants.  The secondary purposes 

were to determine if self-perceived functional differences 

existed between participants with AKIH in comparison to 

healthy control participants pre exercise, and whether 

these measures correlated with biomarker concentration 

changes.   

 

Primary Aims and Hypotheses   

Primary Aim 1 

To determine if there was greater biomarker change 

after an acute running bout in participants with AKIH in 

comparison to healthy controls.   
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Hypotheses for primary aim 1.  1) Participants with 

AKIH would have significantly greater serum COMP 

concentration changes in comparison to healthy controls.  

2) Participants with AKIH would have significantly greater 

changes in exploratory MMP-13, c-terminal cross linking 

telopeptide of type II collagen (CTX-II), IL-1β, CPII 

biomarker concentrations, and CTX-II/CPII ratios in 

comparison to healthy controls. 

Primary Aim 2 

To determine if biomarker differences existed at pre 

exercise between participants with AKIH in comparison to 

healthy controls. 

Hypotheses for primary aim 2.  1) Participants with 

AKIH would have significantly higher serum COMP biomarker 

concentrations pre exercise in comparison to healthy 

controls.  2) Participants with AKIH would have 

significantly higher exploratory MMP-13, CTX-II, CPII, IL-

1β biomarker concentrations and CTX-II/CPII ratios pre 

exercise in comparison to healthy controls. 

Secondary Aim 1  

To determine if self-perceived pre-exercise functional 

score differences existed between participants with AKIH in 

comparison to healthy controls. 
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Hypothesis for secondary aim 1.  Participants with 

AKIH would have significantly lower pre-exercise functional 

scores in comparison to healthy controls. 

Secondary Aim 2  

To determine if there was a correlation between pre-

exercise functional scores and biomarker concentration 

changes post exercise. 

Hypothesis for secondary aim 2.  A significant 

moderate negative correlation would exist between pre-

exercise functional scores and biomarker concentration 

changes post exercise. 

Methods 

Research Design 

A two-group pre-test/post-test study design was 

utilized to determine the biomarker response to an acute 

running bout in participants with AKIH compared to matched, 

healthy controls.  The independent variables were group 

(AKIH and controls) and time (pre and post exercise).  The 

primary aims dependent variables were biomarker 

concentrations: cartilage, COMP; collagen (bone and 

cartilage), MMP-13, CTX-II, CPII, and CTX-II/CPII ratios; 

and inflammatory, IL-1β.  The secondary aims dependent 

variables were the functional score from the Knee 
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Osteoarthritis Outcome Score (KOOS, Appendix A), Tegner 

Activity Score (Appendix B), and difficulty and pain pre-

exercise Likert-type scores from the health history 

questionnaire.  AKIH and control participants were matched 

on gender, age, height, weight, body mass index, and 

sport/physical activity level.  Variables considered as 

potential covariates were concurrent injury, time since 

injury, time since surgery, time since return to activity, 

smoking, and medication/supplement use.  An overall sample 

size of 22 was required (11 subjects per group) based on a 

priori power (0.80) analysis with an alpha level (0.05) and 

medium effect size (Niehoff et al., 2011) for the primary 

aim (COMP biomarker concentration).     

Participants 

A total of 22 participants between 18 and 25 years of 

age were recruited to participate in the study.  

Participants were recruited from within a 1-hr drive in the 

Philadelphia metropolitan region of the study research 

laboratories.  Potential participants were recruited via 

electronic, written, and oral requests. 

Eleven AKIH participants were diagnosed with an ACL 

and/or meniscus tear that was confirmed with previous 

magnetic resonance imaging reports.  AKIH participant 
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inclusion criteria were: acute knee injury within 4 years 

of study participation and medically cleared by their 

attending physician for physical activity within 1 year of 

their acute knee injury (Figure 1).  Exclusion criteria 

were self-reported physician diagnosed arthritis (e.g., 

rheumatoid) or a self-reported history of intra-articular 

injection within 30 days preceding the study. 

Eleven control participants (no AKIH) were recruited 

and matched to an AKIH participant by age (± 2 years), 

gender (same), mass (± 6 kg), height (± 5 cm), and 

sport/physical activity level (same level of impact and 

risk of injury).  Sport/physical activity levels were 

determined based on level of impact and risk of injury: 

low, medium, or high (Driban, Hootman, Sitler, Harris, & 

Cattano, 2013).  Exclusion criteria for each control 

participant were prior significant lower extremity injury 

(i.e., missed physical activity for > 2 weeks, use of 

crutches for > 1 week), or any self-reported physician 

diagnosed arthritis (e.g., OA, rheumatoid).   

The Temple and West Chester University Institutional 

Review Boards approved the study.  Each participant 

completed and signed approved informed consent (Appendix C) 
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and Health Insurance Portability and Accountability Act 

(Appendix D) forms. 

Instrumentation 

Treadmill.  The acute exercise bout was performed on 

one of two treadmills (Life Fitness, Champaign, IL) within 

the Sturzebecker Health Science Fitness Center at West 

Chester University.  Both treadmills were identical models 

(Life Fitness 95T) that were purchased the same year.  They 

were positioned side by side in the fitness center and had 

comparable prior use.  Participants ran on either of the 

two treadmills based on availability.     

Health history questionnaire.  The health history 

questionnaire (Appendix E) was developed by the 

investigator and used to assess participant demographics, 

general health, orthopedic injury history, and knee 

specific information.  It consists of questions regarding 

participant demographic information; physical activity 

level; orthopedic history; time since injury, surgery, and 

return to activity; knee history and symptoms; medication 

and supplement use; general health and forms of arthritis.  

The questionnaire also includes 8 specific Likert-type 

questions regarding difficulty and pain within the last 24 

hr at rest, walking, on stairs, and with physical activity.  



              15 

The higher the score, the worse difficulty or pain the 

participant has.  The pre-exercise functional scores were 

used for the secondary aims of this study.  The questions 

are yes/no, Likert-type, or open-ended.  The questionnaire 

takes approximately 5 to 10 min to complete.  The 

instrument was determined to have high face validity by the 

researcher’s advisory committee, all of whom are content 

experts.  The questionnaire was adapted from a previously 

validated version that was utilized in prior research 

studies (Cattano et al., 2011; Driban et al., 2012). 

Knee Injury and Osteoarthritis Outcomes Score.  The 

KOOS score was utilized to assess patient-centered symptoms 

and physical function for the secondary aims of the study.  

The KOOS consists of 44 Likert-type questions and takes 

approximately 10 min to complete.  The participant selected 

an answer ranging from none to severe regarding each 

statement.  The KOOS consists of 5 subscales (i.e., Pain, 

Symptoms, Activities of Daily Living, Sports and Recreation 

Function, and Quality of Life), which are summed for a 

total score.  The higher the KOOS score (i.e., subscale and 

total), the less severe the symptoms (Roos & Toksvig-

Larsen, 2003).  High validity (Cronbach’s 0.75 to 0.96) and 

high reliability (ICC 0.75 to 0.93) of this instrument have 
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been established in a post-injury cohort (Roos & Toksvig-

Larsen, 2003). 

Tegner Activity Scale.  The Tegner Activity Scale 

score was used to assess physical activity level for the 

secondary aims of the study.  The Tegner Activity Scale 

consists of a score from 0 to 10.  The participant selected 

a number that corresponded with the highest level of 

activity that s/he was currently participating.  The higher 

the Tegner score, the higher the level of physical activity 

and function.  High validity (Cronbach’s 0.75 to 0.96) and 

high reliability (ICC = 0.8) of this instrument have been 

established in a post knee-injury cohort (Briggs et al., 

2009; Tegner & Lysholm, 1985).  

Biospecimen acquisition and analyses.  A certified 

phlebotomist performed antecubital venous blood draws (7 

mL) per standard Certified Venous Access Specialist 

protocol to determine serum biomarker concentrations for 

the primary aims of this study.  The phlebotomist 

vigorously cleaned the needle insertion site with isopropyl 

alcohol to prepare the area, then inserted the needle and 

drew whole blood into a chilled 7 mL EDTA vacutainer tube 

(Becton Dickinson, Franklin Lakes, NJ).  Blood samples were 

coded with a unique participant identity code, placed on 
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ice, and transported to the lab for centrifugation.  The 

whole blood sample was then centrifuged at 1,000 rpm for 20 

min at 4 °C.  The serum was transferred to cryovials 

(Fisher Scientific International, Inc., Hampton, NH) and 

stored at -80 °C until analysis.  A portion of the serum 

(1.0 to 2.0 mL) was stored as a backup serum sample until 

study completion in the event that further assessment was 

needed.  

All study personnel handling biological hazards for 

the study received Environmental Health and Radiation 

Safety training.  Transport of the serum samples was 

performed by the study investigator who is certified to 

handle hazardous material.   

Commercially available enzyme-linked immunosorbent 

serologic assay (ELISA) kits were used to quantify the 

serum concentrations.  Biomarker ELISA kits used in the 

study were: COMP, CTX-II, MyBioSource San Diego, CA; IL-1β, 

MMP-13, Abcam Inc, Cambridge, MA; and CPII, IBEX 

Pharmaceuticals, Montreal, Quebec, Canada. The sensitivity 

concentrations and mean intra-assay coefficient of variance 

percentages are as follows: COMP <1.0 pg/mL, <9%; CTX-II 

<3.7 ng/mL, <15%; IL-1β <1.0 pg/mL, <10%; MMP-13 <4.8 

pg/mL, <10%; and CPII <11 ng/mL, <5%.   
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Procedures 

Study recruitment.  Potential AKIH and control 

participants were identified through advertising and 

letters of inquiry to West Chester University’s athletic 

trainers; and intramural, club, and student recreational 

staff.  Potential participants were also recruited using 

these same advertising and letters of inquiry within the 

West Chester University student recreation center and 

Sturzebecker College of Health Sciences building.  

Potential participants met with the investigator to 

discuss the purpose, procedures, and informed consent of 

the research study.  When a potential participant contacted 

the investigator by email, a copy of the informed consent 

form was forwarded to the potential participant for review 

prior to meeting the investigator.  A potential participant 

was provided unlimited time to review the informed consent 

form.  If the potential participant was uncertain about 

participating in this study, s/he was provided a blank copy 

of the informed consent to review at home for consideration 

for later study participation.   

Upon expressing interest of participation in the 

study, the participant was scheduled for study 

participation during the morning to allow for biomarker 
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normalization.  On the morning of the scheduled visit, the 

participant read and signed an informed consent form, 

Health Insurance Portability and Accountability Act form, 

then completed the health history questionnaire, Tegner 

Activity Scale, and KOOS Index.  During completion of all 

forms and questionnaires, the participant sat in a semi-

recumbent position (supine with bolster behind back) for 30 

min to allow for biomarker normalization from activities of 

daily living.  After completion of the paperwork, the 

participant was fitted with a Polar Heart Rate Monitor 

(Lake Success, NY) and continued to sit in a semi-recumbent 

position for the remainder of the 30 min rest period, after 

which, the participant’s blood was drawn.      

Exercise protocol.  The exercise protocol for the 

current study consisted of the participant running at 2.2 

ms
-1
 for 30 min, which was replicated from a research 

study conducted by Niehoff et al.(2011).  In the current 

study, serum COMP was hypothesized to significantly 

increase based on the findings of Niehoff et al. (2011) in 

which COMP significantly increased in a healthy sedentary 

population.  Heart rate and rate of perceived exertion were 

monitored every 5 min to ensure participant safety.  No 

participant required exercise termination for excessive 
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heart rate or rate of perceived exertion during the 

exercise bout (i.e., 90% of his/her estimated maximal heart 

rate and/or rate of perceived exertion of 9 or higher; 

American College of Sports Medicine, 2013).  

Post-exercise assessment.  After completing the 

running bout, the participant returned to the research 

laboratory for the post-exercise blood draw.  The blood 

draw was performed within 10 min after exercise completion 

and prepared for storage and analysis.   

Data Analyses 

Data were analyzed using SPSS for Windows Version 21.0 

statistical program (SPSS Inc., Chicago, IL).  Statistical 

analyses consisted of descriptive and inferential 

statistics.  Descriptive variables were analyzed with 

independent t-tests to determine if significant differences 

existed between the AKIH and control groups.  Statistical 

significance was defined as p ≤ 0.05.    

Normality Analyses.  Data were analyzed for normality 

and to ensure that appropriate assumptions for the 

parametric statistics were met.  A Shapiro-Wilk’s Test and 

a visual inspection of Q-Q and box plots showed that serum 

biomarker concentration and functional outcomes data were 

not normally distributed for the AKIH and control groups, 
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which is common in serum biomarker research (Neidhart et 

al., 2000).  Skewness and kurtosis values along with 

Shapiro-Wilk significance levels are presented in Appendix 

F.  Accordingly, the original data analyses plan, which 

consisted of parametric test statistics (i.e., analysis of 

variance, independent t-tests, and Pearson’s Correlations), 

was modified using the central tendency median and 

appropriate nonparametric statistical tests (i.e., Wilcoxon 

Signed Rank Tests, Spearman’s Correlations) were used 

instead.  Paired analyses were chosen to statistically 

control for participant matching on gender, age, height, 

weight, body mass index, and sport/activity risk level.   

Primary aim hypotheses.  Due to the biomarker 

concentration data not being normally distributed, the 

hypotheses for primary aims 1 and 2 were analyzed by 

conducting multiple Wilcoxon Signed Rank Tests to compare 

serum biomarker concentrations changes pre to post exercise 

and serum biomarker concentration differences pre exercise 

between the AKIH and healthy control groups.  Serum COMP 

was the primary biomarker focus for this study, and 

exploratory biomarkers were CTX-II, CPII, MMP-13, IL-1β, 

and CTX-II/CPII ratios.   
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Secondary aim hypotheses.  Secondary aim 1 hypothesis 

was analyzed with multiple Wilcoxon Signed Rank Tests to 

determine if significant differences existed in pre-

exercise functional outcome measures between the AKIH and 

control groups.   

Secondary aim 2 hypothesis was analyzed utilizing a 

Spearman’s Correlation coefficient.  The relationships 

among functional scores (i.e., KOOS, current Tegner, visual 

analogue pain and function scores) and serum biomarker 

concentration changes (i.e., COMP, CTX-II, CPII, MMP-13, 

IL-1β, CTX-II/CPII) were investigated.  Moderate negative 

correlations (r = -0.40 to -0.75; Portney & Watkins, 2000) 

were expected.   

Results 

 Descriptive data for all 22 participants are presented 

in Table 1.  No significant differences existed between the 

AKIH and control groups for age, weight, height, and body 

mass index.  All 11 AKIH participants reported returning to 

physical activity after surgical treatment.  Timeframes 

among their injury, surgery, return to activity, and study 

participation are presented in Table 2.  No statistically 

significant correlations existed for these time frames or 

medication/supplement use as potential covariates. 
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Table 1.  Demographic Variables for AKIH Participants and 

Matched Healthy Controls 

 

 

 

Variable 

 

AKIH 

(n = 11) 

 

 

Control 

(n = 11) 

 

 

t 

 

 

p 

 

Gender  

 

5F/6M  

 

5F/6M  

 

- 

 

- 

 

Age (years) 20.09  ±  1.04  19.91  ±  1.64 -0.310 0.760 

 

Height (m) 1.74  ±  0.13  1.73  ±  0.11 -0.094 0.926 

     

Mass (kg) 74.38  ± 13.98 73.35  ± 14.42 -0.171 0.866 

 

BMI (kg/m
2
) 24.45  ±  2.83 24.19  ±  2.83 -0.214 0.833 

 

Note. No significant group differences (p ≥ 0.05). Data are 

presented as mean ± standard deviation, AKIH = acute knee 

injury history, F = female, M = male, m = meters, kg = 

kilograms, and BMI = body mass index. 

 

Biomarker Concentrations 

 

Serum biomarker concentration measures and statistics 

are reported in Table 3.  No significant differences 

existed in serum biomarker concentrations pre exercise or 

in the change pre to post exercise between the AKIH and 

control groups.  No significant difference existed over 

time in serum biomarker concentrations pre to post 

exercise.  Median serum biomarker concentration levels for 

each participant by group are presented in Figures 2 

through 7, depicting the heterogeneity of biomarker 

response. 



 

Table 2. AKIH Participant Knee Injury Characteristics and Timeframes  

 

 

Participant 

 

 

Knee 

 

 

 

Injury 

 

 

Inj  

to Sx  

 

Sx to  

RTP  

 

RTP to 

Study  

 

 

Inj to 

Study 

AKIH1 Left ACL, LCL, LM 2 8 14 24 

AKIH2 Right ACL, MCL, MM 0 10 24 34 

AKIH3 Left ACL, MCL, PCL, MM 4 8 8 20 

AKIH4 Left ACL 2 7 35 44 

AKIH5 Left ACL, MM 1 8 26 35 

AKIH6 Left MM, LM 1 2 1 4 

AKIH7 Right ACL, MM 0 5 21 26 

AKIH8 Left ACL, MCL, LM 15 5 1 21 

AKIH9 Left ACL 2 5 1 8 

AKIH10 Right ACL 1 5 10 16 

AKIH11 Right ACL 1 5 32 38 

Note: Time frames are reported in months.  Inj = injury, Sx = Surgery, RTP = return to 

participation, study = study participation, AKIH = acute knee injury history, ACL = 

anterior cruciate ligament, MCL = medial collateral ligament, LCL = lateral collateral 

ligament, MM = medial meniscus, LM = lateral meniscus, and PCL = posterior cruciate 

ligament.  

2
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 Table 3. Biomarker Concentration Comparisons for AKIH and Control Groups  

 
 

Biomarker 

 
 

Time 

 

          AKIH 

   Median       Range 

 

 

        Control 

  Median       Range 

 
 

Z 

 
 

p 

COMP  Pre  610.30    455.31 – 1252.21 680.25  285.92 – 1389.37 -0.800 0.424 

COMP  Post 643.22  464.91 – 1491.56 591.76  160.42 – 1650.66 -0.356 0.722 

COMP Diff 9.60  -565.79 –  881.25 -283.92  -744.09 –  970.41 -0.978 0.328 
        

CPII  Pre 2763.22  1318.87 – 5691.86 3153.37  613.07 – 5491.43 -0.455 0.657 

CPII  Post 2109.78  369.05 – 4177.04 1923.47  826.00 – 4885.18 -0.889 0.374 

CPII Diff -1030.69  -3025.95 –   15.02 -963.31  -3079.21 – 2052.84 -0.622 0.534 
        

MMP-13  Pre  170.15  139.07 –  421.09 198.21  93.09 –  521.57 -0.445 0.657 

MMP-13  Post  219.26  117.40 –  512.18 220.64  100.37 –  556.65 -0.311 0.756 

MMP-13 Diff 22.05  -38.84 –  357.19 28.06  -316.22 –   90.83 -0.089 0.929 
        

CTX-II  Pre   6.69  6.10 –   17.67   7.42  6.31 –   50.75 -0.800 0.424 

CTX-II  Post 6.60 5.96 –   44.87   7.45  5.98 –   43.04 -0.089 0.929 

CTX-II Diff -0.09  -0.56 –   33.75 -0.27  -21.56 –    0.26 -1.067 0.286 
        

IL-1β  Pre 2.48  1.37 –    7.91    3.50  1.81 –   15.02 -1.690 0.091 

IL-1β  Post 3.55  1.66 –    8.83 3.21  1.85 –   13.47 -0.622 0.534 

IL-1β Diff 1.50  -5.13 –    5.81 -0.49  -3.58 –    1.36 -1.334 0.182 
        

CTX/CP  Pre 0.01  0.01 –    0.01 0.01  0.01 –    0.01 -1.600 0.110 

CTX/CP  Post 0.01  0.01 –    0.02 0.01  0.01 –    0.02 -1.423 0.155 

CTX/CP  Diff 0.01  -0.01 –    0.01 0.01  -0.01 –    0.01 -1.334 0.182 
        

Note.  No significant group differences (p ≥ 0.05).  AKIH = acute knee injury history (n 

= 11), Serum concentrations in pg/mL, COMP = cartilage oligomeric matrix protein, CPII = 

type II collagen fragments, MMP-13 = matrix metalloproteinase 13, CTX-II = cross-linked c 

telopeptide of type II collagen, IL-1β = interleukin 1β, and CTX/CP = CTX-II/CPII ratio. 2
5
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Functional Differences  

Pre-exercise functional scores and statistical results 

for the AKIH and control groups are reported in Table 4.   

Significant differences existed for all KOOS subscale 

scores (i.e., pain, symptoms, activities of daily living, 

sport/recreation, and quality of life) and for pain scores 

with physical activity, where the AKIH group had poorer 

scores.  No other group differences were statistically 

significant. 

Pre-Exercise Functional Outcomes  

and Biomarker Change  

Correlations 

 

Correlation coefficients for pre-exercise functional 

outcome measures and post-exercise biomarker changes are 

reported in Table 5.  Significant moderate negative 

correlations existed between current Tegner activity level 

and change in serum CTX-II/CPII ratios (r = -0.449) as well 

as between KOOS quality of life scores and change in serum 

IL-1β concentrations (r = -0.498).  No other correlation 

coefficients were statistically significant. 

Discussion 

Serum biomarker response to physical activity may be 

important to understanding early OA pathophysiology and 

determining viable interventions prior to structural  



 

Table 4.  Pre-Exercise Functional Scores for AKIH and Control Groups 

 

 

Variable 

 

       AKIH 

Median     Range 

 

 

       Control 

 Median      Range 

 

 

 

Z 

 

 

p 

TegnerCURR  7.00  5.00 -   9.00   7.00  5.00 -  10.00  0.000 1.000  

KOOS Pain 91.67 80.56 – 100.00 100.00 80.56 – 100.00 -2.384 0.017* 

KOOS Sym 82.14 50.00 –  96.43 100.00 85.71 – 100.00 -2.805 0.005* 

KOOS ADL 98.53 73.53 – 100.00 100.00 92.65 – 100.00 -2.207 0.027* 

KOOS Sp/Rc 90.00 45.00 – 100.00 100.00 65.00 – 100.00 -2.214 0.027* 

KOOS QOL 68.75 43.75 – 100.00 100.00 87.50 – 100.00 -2.668 0.008* 

Diff ADL  0.00  0.00 -   2.00   0.00 0.00 -   0.00 0.000 1.000 

Diff Walk  0.00  0.00 -   1.00   0.00 0.00 -   0.00 -1.000 0.317 

Diff Strs  0.00  0.00 –   1.00   0.00 0.00 -   0.00 -1.732 0.083 

Diff PhyAc  0.00  0.00 -   2.00   0.00   0.00 -   2.00 -0.552 0.581 

P! Rest  0.00   0.00 -   0.00   0.00 0.00 -   0.00 0.000 1.000 

P! Walk  0.00  0.00 -   0.00   0.00 0.00 -   1.00 -1.000 0.317 

P! Strs  0.00  0.00 -   1.00   0.00 0.00 -   1.00 -1.732 0.083 

P! PhyAct  0.00  0.00 -   2.00   0.00 0.00 -   1.00 -2.121 0.034* 

Note: * denotes p ≤ 0.05. KOOS = knee osteoarthritis outcomes score, P! = pain, Sym = 

symptoms, Sp/Rc = sports and recreational activities, ADL = activities of daily living, 

QOL = quality of life, Diff = difficulty, Strs = stairs, and PhyAc = physical activity.

2
7
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Table 5.  Spearman’s Correlations between Pre-Exercise 

Functional Outcome Measures and Post-Exercise 

Biomarker Changes 

Measures COMP CPII MMP-13 CTX-II IL-1β CTX/CP 

TegnerCURR -0.204  0.363  0.003 -0.111 -0.133 -0.449* 

KOOS Pain -0.031  0.187  0.055 -0.187 -0.356 -0.029 

KOOS Sym 0.014  0.134  0.047 -0.231 -0.342 -0.067 

KOOS ADL  0.074  0.148 -0.025 -0.154 -0.387 -0.013 

KOOS Sp/Rc  0.074  0.240  0.103 -0.256 -0.242 -0.080 

KOOS QOL -0.067  0.216 -0.104 -0.208 -0.498* -0.124 

Diff Walk  -0.017 -0.258  0.361  0.361  0.327  0.361 

Diff Strs -0.010 -0.282  0.052  0.094  0.219  0.303 

Diff PhyAc  -0.137 -0.321  0.040 -0.368  0.550  0.153 

P! Walk -0.155  0.361 -0.292 -0.120 -0.052 -0.361 

P! Strs -0.009  0.026  0.043 -0.094  0.265 -0.026 

Note: * denotes statistical significance (p ≤ 0.05). COMP = 

cartilage oligomeric matrix protein, CPII = type II 

collagen fragments, MMP-13 = matrix metalloproteinase 13, 

CTX-II = cross-linked c telopeptide of type II collagen, 

IL-1β = interleukin 1β, CTX/CP = CTX-II/CPII ratio, CURR = 

current, KOOS = knee osteoarthritis outcomes score, Sym = 

symptoms, Sp/Rc = sports and recreational activities, ADL = 

activities of daily living, QoL = quality of life, Diff = 

difficulty, Strs = stairs, PhyAc = physical activity, and 

P! = pain. 

 

changes occurring.  This is the first study to investigate 

serum biomarker response to an acute exercise bout in 

college-aged participants with and without AKIH.  The 

biomarkers assessed in this study were found not to be 

significantly different based on AKIH status at pre 
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exercise and did not significantly change after 30 min of 

running.  AKIH participants did have significantly lower 

pre-exercise functional scores compared to their matched 

healthy controls.  Additionally, pre-exercise functional 

scores (i.e., KOOS quality of life and current Tegner 

activity) showed moderate negative correlations to IL-1β 

and CTX-II/CPII ratio biomarker changes post exercise, 

respectively.  Based on these findings, an acute bout of 

moderate-intensity running is tolerated in a high-risk AKIH 

population as it does not seem to have a negative effect on 

serum biomarkers.  However, a better understanding is 

needed to determine why these participants seem to have 

lower functional scores and how this may be related to 

their predisposition to early onset knee OA. 

Cartilage Oligomeric Matrix  

Protein Response to  

Physical Activity 

 

 The study results revealed that median serum COMP 

concentrations increased slightly in AKIH participants in 

response to an acute running exercise.  The changes pre to 

post exercise were not statistically significant, which is 

similar to the findings of Erhart-Hledik et al. (2012) who 

reported an insignificant COMP trend toward an increase 

after a 30 min walking task in OA participants.  
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Contradictory to these findings, serum COMP concentration 

has been reported to significantly increase after walking 

at a self-selected pace in an OA and healthy population 

(Mundermann et al., 2009; Subbaraj et al., 2012), and to 

increase even greater after various running intensities and 

durations in a healthy population (Kersting et al., 2005; 

Neidhart et al., 2000; Niehoff et al., 2010; Niehoff et 

al., 2011).  

The current study found a trend towards greater COMP 

increases in AKIH participants in comparison to healthy 

control participants after the 30-min running bout, 

however, these findings were also insignificant.  The lack 

of a significant difference between the two groups is 

similar to the findings of Mundermann et al. (2009) who 

reported no significant serum COMP change differences 

between OA and healthy control participants after a 30-min 

walking task.  While the lack of group differences may 

indicate that there does not seem to be a diagnostic value 

to serum biomarker analysis, it may be interesting to 

follow participants over time to see if there is a 

prognostic value to serum biomarker analysis in an at-risk 

population for OA development and progression.   
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Factors potentially affecting the non-significant 

biomarker concentration findings in the current study 

include age and physical activity level.  The mean age of 

participants in the current study (20 ± 1.4 y) was lower 

than in the previous studies in which mean serum COMP 

concentration significantly increased post exercise: 23.1 ± 

2 y (Kersting et al., 2005), 26 ± 2 y (Niehoff et al., 

2010), 31.6 ± 8 y (Niehoff et al., 2011), and 31.9 ± 6 y 

(Mundermann et al., 2005).  The lack of significant COMP 

changes in this study may be reflective of younger-aged 

participants, as age is a known OA progression risk factor.  

Participants in the current study also reported higher 

physical activity levels than in previously reported 

research (Niehoff et al., 2011).  Participants minimally 

participated in 30 min of moderate physical activity 3 

times per week, averaging 6.2 hr per week.  In contrast, 

Niehoff et al. (2011) investigated COMP changes in a 

sedentary population who reported participating in 

occasional leisure physical activity, averaging 1.1 hr per 

week.  The current study population exceeded the moderate 

physically active definition of 150 min of moderate 

intensity physical activity per week (American College of 

Sports Medicine, 2013), participating in an average of 360 
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min of moderate intensity physical activity per week. 

Accordingly, the floor effect of a lower age and a ceiling 

effect of a higher physical activity level may have 

mitigated finding significant biomarker differences based 

on AKIH status.   

Other Biomarker Comparisons  

and Their Response to  

Physical Activity 

 

This study also included an analysis of exploratory 

biomarkers consisting of MMP-13, IL-1β, CTX-II, CPII, CTX-

II/CPII ratio.  These biomarkers have the potential to 

respond to an acute exercise bout, yet have not previously 

been studied within this population.  Similar to the COMP 

findings, there were no significant differences for any of 

the exploratory biomarkers between the AKIH and control 

groups.  While not significant, median CPII changes 

decreased in both groups in response to exercise with a 

larger decrease in AKIH participants (median CPII change = 

-3025) than in the healthy control participants (median 

CPII change = -963).  CPII is a biomarker indicative of 

type II collagen synthesis, and it may be of particular 

importance to consider in future research because lower 

overall CPII serum concentrations have been associated with 
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a greater risk for multiple-site OA (Conrozier et al., 

2008).   

Biomarker Comparison  

At Baseline 

Biomarker concentration differences were not seen pre 

exercise between the AKIH and healthy control groups in the 

current study.  These results do not support previous 

research that reported increased CPII up to 2-years post 

AKIH (Catterall et al., 2010), increased CTX-II within 1-

year AKIH (Tchetverikov et al., 2005), and abnormal CTX-

II/CPII ratios up to 4-years post AKIH (Tourville et al., 

2013).  AKIH participants in the current study included 

participants within all of these time frames, and were on 

average 2 years (range 4 to 44 months) post-knee injury.  

The previous studies that reported biomarker abnormalities 

were prospective cohort in design, allowing for a 

comparison of biomarker concentrations immediately after 

injury to various follow-up time points.  This was not the 

case in the current study which was cross sectional.  

Therefore, it may be more valuable to follow participants 

at multiple time points, conducting serial biomarker 

analyses to determine the prognostic value of biomarker 

analyses for early OA development and progression.   
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Functional Differences 

 

AKIH participants in the current study participated in 

comparable activities (based on Tegner scores) as controls 

but had overall lower functional scores (i.e., more pain, 

more symptoms, greater difficulty with activities of daily 

living, greater difficulties in sport and recreational 

activities, and overall lower quality of life) as measured 

by KOOS scores.  Ostensibly, the AKIH participants are not 

altering their activity levels despite reporting pain and 

symptoms that affect their ability to function in 

sport/physical activity, and, ultimately, their quality of 

life.  Although biochemical differences were not found to 

exist, the functional differences may be precursors to 

decreased physical activity or activity modifications.   

Biomarker Changes Correlate  

With Pre-Exercise  

Functional  

Outcomes 

 

 An interesting finding was the significant moderate 

correlations between several pre-exercise functional scores 

and biomarker changes pre to post exercise.  A significant 

moderate negative correlation existed between current 

Tegner activity level and serum CTX-II/CPII ratio changes 

pre to post exercise.  Regardless of AKIH status, 
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participants with a lower Tegner activity level had greater 

CTX-II/CPII ratio increases after the 30 min running bout.  

The higher CTX-II/CPII ratio indicates a deviation from 

joint metabolism homeostasis where there is greater 

collagen degradation than synthesis.  This finding provides 

support to the notion that high functioning participants 

have less biochemical disturbances in response to an acute 

bout of moderate intensity running than those who are not 

as highly physically active.  This also supports the notion 

that a more stressful stimulus may be necessary for those 

who are highly physically active.        

 A significant moderate negative correlation also 

existed between KOOS quality of life score and serum IL-1β 

concentration change pre to post exercise.  Participants 

with greater IL-1β increases pre to post exercise had 

overall lower KOOS quality of life scores.  Because IL-1β 

is a pro-inflammatory biomarker, this finding may indicate 

that clinicians need to focus intervention efforts on 

controlling the inflammatory response to physical activity 

in a high-risk population (e.g., AKIH) for the purpose of 

improving quality of life.  Additionally, early 

interventions could also focus on improving quality of life 

in an effort to reduce IL-1β concentrations as there is 
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evidence that demonstrates an association between negative 

emotional states and increased systemic inflammation 

(Johnston & Webster, 2009). 

Limitations 

The findings of the current study must be interpreted 

within the context of several methodological limitations.  

An important consideration is that the exercise bout may 

not have been at a sufficient intensity level to effect 

serum biomarker response post exercise within the target 

population.  While previous research has shown a 

deleterious effect of exercise on serum biomarker 

responses, participants in these studies were older and 

less physically active than in the current study.  More 

research also needs to be conducted on the college-aged 

population who is often highly physically active.  Within 

this group, it may also be important to incorporate the 

dose, load, and various types of exercise that they 

typically engage in. 

An additional limitation is that the healthy control 

participants were self-reported to be healthy and 

diagnostic imaging was not performed to confirm this.  

Additionally, there were no physical activity restrictions 

placed on participants in the days leading up to study 
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participation.  If a participant was extremely physically 

active the day leading up to study participation, this may 

have had an unintended effect on baseline biomarker 

concentration levels.   

Another limitation is the restricted panel of 

biomarkers analyzed.  All of the biomarkers analyzed are 

largely related to collagen.  A broader range of biomarkers 

would encompass more metabolic processes and may more 

accurately reflect the multi-tissue pathophysiology of OA.  

For example, the addition of more bone and angiogenic 

biomarkers would help to determine other metabolic 

processes that may be occurring such as osteophyte 

formation or subchondral bone changes. 

In addition to including multi-tissue biomarkers, 

another limitation of this study is that all biomarkers 

were collected through serum sampling.  A recently formed 

biomarkers working group from Osteoarthritis Research 

Society International recommended that CTX-II 

concentrations be analyzed in urine (Kraus et al., 2011).  

Serum CTX-II concentrations have previously been reported 

to have strong correlations with urinary CTX-II 

concentrations in animal research (Trumble et al., 2011).  

Detection of CTX-II turnover would theoretically take 
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longer to be detectable in urine due to the metabolic 

turnover process from the joint to threshold levels in the 

urine system.  Theoretically, analyzing serum CTX-II would 

mitigate the length of time for metabolic turnover and 

allow for more immediate detection post exercise.  

Accordingly, it was decided to analyze serum CTX-II on an 

exploratory basis in the study due to the pre-test/post-

test study design and strong correlations between urinary 

and serum CTX-II concentrations.  Collecting other 

biospecimens for analyses, such as synovial fluid, tissue 

samples, or urine, would conceptually allow for a more 

thorough understanding of post AKIH pathophysiology and aid 

in the timing and detection of biomarkers.      

Another limitation was the sample size of the study.  

Based on prior COMP biomarker research, 7 to 11 

participants per group were estimated to be needed to 

detect a moderate effect size.  A lower than expected 

effect size resulted in low statistical power and the 

inability to detect significant differences that may have 

existed.  A larger sample size is needed to determine if 

significant differences exist between AKIH status and 

biomarker response, especially once an efficacious activity 
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load (e.g., intensity, frequency, duration, type) is 

determined.   

Decisions on Hypotheses 

Primary Aim 1 

1. AKIH participants did not have significantly 

greater serum COMP concentration changes in comparison to 

healthy controls.  Failed to accept primary aim 1 

hypothesis 1.    

2. AKIH participants did not have significantly 

greater changes in exploratory CTX-II/CPII, MMP-13, CTX-II, 

and IL-1β biomarker concentrations in comparison to healthy 

controls.  Failed to accept primary aim 1 hypothesis 2.    

Primary Aim 2 

1. AKIH participants did not have significantly higher 

serum COMP biomarker concentrations pre exercise in 

comparison to healthy controls.  Failed to accept primary 

aim 2 hypothesis 1.   

2. AKIH participants did not have significantly higher 

exploratory CTX-II/CPII, MMP-13, CTX-II, and IL-1β 

biomarker concentrations pre exercise in comparison to 

healthy controls.  Failed to accept primary aim 2 

hypothesis 2.  
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Secondary Aim 1  

1. AKIH participants did have significantly lower pre-

exercise functional scores (i.e., KOOS pain, KOOS symptoms, 

KOOS ADL, KOOS Sport/Rec, KOOS QOL, and Pain with Physical 

activity) in comparison to healthy controls.  Secondary aim 

1 hypothesis was accepted. 

Secondary Aim 2  

1.  A moderate negative correlation existed between 

current Tegner activity level scores with CTX-II/CPII ratio 

changes post exercise and between pre-exercise KOOS quality 

of life functional scores with IL-1β biomarker changes post 

exercise.  Secondary aim 2 hypothesis was accepted. 

 

Conclusion 

The findings of this study indicate that an acute bout 

of moderate-intensity running is tolerated in a high-risk 

AKIH population and does not adversely affect knee 

biomarker concentrations.  However, these findings should 

be interpreted with caution as it is yet to be determined 

if a higher exercise dose and/or intensity, as well as 

other types of exercise elicit adverse biomarker changes 

within this population.  The external generalizability of 

these study findings to other populations (e.g., older 
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aged) is also yet to be determined.  AKIH participants 

reported overall lower functional scores, with poorer 

quality of life, more pain, and difficulties with 

activities of daily living/physical activity than control 

participants.  The lower functional scores in AKIH 

participants may be predictive of structural or biomarker 

changes that will occur.  This overall lower quality of 

life could also lead to unhealthy changes in lifestyle 

behaviors (e.g., decreased physical activity, weight gain) 

and have negative long-term effects.  Additionally, 

questions remain about short- and long-term interventions 

post AKIH since there are many potential confounding 

factors that affect OA progression.  Post-AKIH 

pathophysiology is complex and while there are unique 

variables that may accelerate OA onset, there may be an 

interaction effect of these variables that accelerate and 

propagate OA, and this still needs further investigation.   

Recommendations for Future Research 

 1.  Higher intensity exercise protocols (e.g., dose) 

and varying exercise types (e.g., cutting activities) need 

to be assessed to better understand the effect of exercise 

on biomarker response. 
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 2.  A larger, multi-tissue biomarker panel should be 

studied to better understand early OA pathophysiology in a 

high-risk population.  

3.  An appropriate sample size is needed to fully 

examine biomarker responses to an exercise bout. 

4.  A prospective cohort study with multiple serum 

collections post exercise is needed to understand biomarker 

normalization post exercise as well as to determine 

biomarker response to rest and repeat exercise days. 

5.  A biomechanical analysis (e.g., ground reaction 

forces, stride length, step counts) is needed to better 

understand the effects of individual biomechanical 

differences on biomarker responses to an exercise bout. 



43 

 

  

 

PART 2 

REVIEW OF LITERATURE 

 

Diarthrodial Joint Anatomy 

Synovium 

The synovium is comprised of the synovial lining, a 

superficial microvasculature net, and the subsynovium 

(Aigner et al., 2006; Garnero, Rousseau, & Delmas, 2000; 

Pollard, Gwilym, & Carr, 2008).  The synovial lining 

consists primarily of type VI collagen that binds to 

hyaluronan, as well as types I, II, and V collagen (Garnero 

et al., 2001; Garnero et al., 2000).  Both hyaluronan and 

lubricin are secreted by the synovial lining, and 

chondroitin sulfate is excreted by synoviocytes (Garnero et 

al., 2000).  Collagen types I and II, glycosaminoglycan 

(GAG), and structural glycoproteins make up the subsynovium 

(Garnero et al., 2000).  The synovium lies superficial to 

the subsynovium.  The synovium lines the joint capsule, 

produces synovial fluid, aiding in nourishing and the 

removal of waste and degradative components (Aigner, Dietz, 

Stass, & von der Mark, 1995; Aigner & McKenna, 2002).  The 
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synovial fluid serves as a low-friction lubricant, 

consisting of lubricin, hyaluronic acid, and surface active 

phospholipids and is a vital component for maintaining 

homeostasis and normal joint health (Blewis, Nugent-Derfus, 

Schmidt, Schumacher, & Sah, 2007).     

Joint Capsule 

The joint capsule consists of connective tissues that 

surround and enclose the diarthrodial joint.  The capsule, 

together with the ligaments, provides proprioception, 

assists with passive stabilization, and guides 

arthrokinematics throughout the wide range of motion of the 

knee.  

Articular Cartilage 

Articular cartilage covers the diarthrodial joint 

surface, assisting minimally with mechanical load 

absorption and distribution but forming a near frictionless 

surface (Aigner & McKenna, 2002; Aigner, Sachse, Gebhard, & 

Roach, 2006; Pearle, Warren, & Rodeo, 2005).  Healthy 

articular cartilage is avascular, aneural, and regulated by 

one cell type, the chondrocyte.  Chondrocytes, found 

beneath the extracellular matrix (ECM) are organized based 

on composition and function.  The major components of the 

ECM are macromolecules (e.g., collagens, non-collagenous 
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proteins) and tissue fluid, which is comprised of water, 

small proteins, metabolites, and cations (Aigner & McKenna, 

2002; Aigner et al., 2006; Pollard et al., 2008).  The main 

fiber constituents of the ECM are type II collagen (types 

IX and XI are also found to a lesser extent) and aggrecan 

(a proteoglycan; Garnero et al., 2000; Gelse, Paschl, & 

Aigner, 2003).   

Articular cartilage consists of four zones, based on 

composition and function: superficial, middle, deep, and 

calcified (Aigner & McKenna, 2002; Aigner et al., 2006; 

Pollard et al., 2008).  The zones vary in collagen and 

proteoglycan concentrations, fiber orientation, as well as 

chondrocyte shape and distribution (Table 9; Pollard et 

al., 2008).  The superficial, or tangential, zone has the 

highest collagen content with densely-packed collagen 

fibrils that are oriented parallel to the articular surface 

(Pearle et al., 2005).  This zone is only 10 to 20% of the 

cartilage volume, has elongated chondrocytes, and has the 

lowest compressive modulus (Pearle et al., 2005).  There is 

also minimal proteoglycan content but those that are 

present in this zone are lubricative and protective in 

nature (Pearle et al., 2005).  Moving deeper to the next 
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Table 6. Characteristics of Cartilage Zones  

  

Superficial 

 

 

Middle 

 

Deep 

 

Collagen 

 

High 

 

Thicker 

 

Thickest 

    

Proteoglycan Low Higher Highest 

    

Fibers Thin, parallel Oblique Perpendicular 

    

Chondrocytes Highest, Disc 

shaped with 

long axes 

 

Spherical, 

Clusters 

Ellipsoid, 

Columns 

Note: Aigner et al., 2006; Aigner & McKenna, 2002; Pollard 

et al., 2008 

 

articular cartilage zone is the middle zone.  The middle 

zone ranges from 40 to 60% of the total articular cartilage 

volume (Pearle et al., 2005).  Chondrocytes in this zone 

are rounded, and the collagen fibrils are thicker, less 

organized, and aligned obliquely to the articular surface, 

allowing a higher compressive modulus (Pearle et al., 

2005).  Approximately 30% of the articular cartilage volume 

is comprised in the deep zone (Pearle et al., 2005).  The 

deep zone has columnar chondrocytes and larger diameter 

collagen fibrils that are perpendicular to the articular 

surface, resulting in this zone having the highest 

compressive modulus (Pearle et al., 2005).  The deep zone 

also has the highest proteoglycan content and the lowest 
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water content (Pearle et al., 2005).  The tidemark 

separates the deep zone from the final zone of cartilage, 

the calcified zone, which has small cells in a chondroid 

matrix that aid in the alleviation of shear forces between 

cartilage and bone (Pearle et al., 2005).   

Articular cartilage is mechanically described as 

having biphasic properties of both solid and fluid phases 

(Pearle et al., 2005).  The solid phase involves a matrix 

that is fiber reinforced through the interaction between 

proteoglycan molecules and collagen fibrils (Pearle et al., 

2005).  The water content of cartilage is regulated by the 

macromolecules of the matrix (Martel-Pelletier, Boileau, 

Pelletier, & Roughley, 2008; Pearle et al., 2005).  As 

water is diffused through the cartilage, the compressive 

stiffness and the nutrient exchange of the cartilage are 

controlled and balanced (Martel-Pelletier et al., 2008).  

Matrix metalloproteinases (MMP) regulate the maintenance of 

articular cartilage through coordinated matrix anabolism 

and turnover in skeletally mature adults (Aigner & Gerwin, 

2007).  The balance and homeostasis of articular cartilage 

form and function is critical to maintaining normal joint 

health. 
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Articular cartilage form and function vary based on 

joint location.  Ankle chondrocytes demonstrate a higher 

rate of collagen synthesis and proteoglycan synthesis than 

knee chondrocytes.  Ankle articular cartilage also has 

higher cellularity and may also have a higher rate of 

matrix turnover per chondrocyte than knee articular 

cartilage (Huch, 2001).   

Subchondral Bone 

Subchondral bone is found beneath the cartilage and 

its bone matrix provides structure and support to the 

joint.  Subchondral bone absorbs and distributes most of 

the force within a healthy joint.  It is mainly comprised 

of noncollagenous proteins (e.g., pyridinoline and 

deoxypyridinoline), minerals (e.g., calcium), as well as 

types I and V collagen linked together by molecules 

(Garnero et al., 2000; Gelse et al., 2003).  The 

development of bone is regulated by osteoclasts and 

osteoblasts.  Subchondral bone form and function are other 

critical components to joint homeostasis and the 

maintenance of a healthy joint. 

Osteoarthritis 

OA is a heterogeneous joint disease that typically 

presents with pain, stiffness, and functional impairment 
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(American College of Rheumatology [ACR] Subcommittee on 

Osteoarthritis Guidelines, 2000; Erhardt, 1995; Lawrence et 

al., 1998).  OA is the most common musculoskeletal disease 

affecting humans (Dunn, Kolomytkin, & Marino, 2009) and has 

reached epidemic proportions in the United States 

(Pelletier, Martel-Pelletier, & Raynauld, 2006).  It is 

estimated that more than 27 million adults in the United 

States have physician diagnosed OA (Dunn et al., 2009).  

Pain, the most predominant complaint of the disease, may be 

modulated by effusion, synovitis, and degenerative 

structural changes (Dye, Vaupel, & Dye, 1998; Hill et al., 

2001; Naredo et al., 2005).  OA can occur in any synovial 

joint, but the most common sites affected are the knee, 

hip, hand, and spine.  The synovial joint consists of 

subchondral bone, joint capsule, associated ligaments, 

synovium, and articular cartilage.   

Pathophysiology 

OA is a complex, heterogeneous joint disease that is 

characterized by multi-tissue (e.g., articular cartilage, 

synovium, subchondral bone, ligament) degradation (Blom, 

van der Kraan, & van den Berg, 2007).  Development and 

progression of OA are influenced by a wide range of factors 

(e.g., traumatic, endocrine abnormalities, genetic 
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abnormalities, metabolic conditions; Roach, Aigner, Soder, 

Haag, & Welkerling, 2007).  Disruption of the balance 

between catabolic and anabolic processes causes the 

disease, ultimately, resulting in joint structure failure 

(Acebes, Roman-Blas, Delgado-Baeza, Palacios, & Herrero-

Beaumont, 2009; Aigner & McKenna, 2002; Garnero et al., 

2000; M. Goldring, 2006).   

The components of the entire joint function together 

to maintain homeostasis of a healthy joint.  Cytokines and 

growth factors are involved in the maintenance of a healthy 

joint and throughout the OA process (Blom et al., 2007; 

Doss et al., 2007).  Cytokines are anabolic, catabolic, and 

regulatory mediators of OA (Blom et al., 2007).  These 

mediators are found in all tissues of the joint structure, 

and an overproduction of cytokines within one tissue may 

influence other tissues (Doss et al., 2007).  Likewise, the 

different tissues within the joint all have significant 

roles in the development and progression of OA (Tat, 

Lajeunesse, Pelletier, & Martel-Pelletier, 2010).  The end 

point of OA affects the entire diarthrodial joint system 

(e.g., synovial membrane, synovial fluid, subchondral bone, 

articular cartilage), not just the articular cartilage as 

previously purported (Roach et al., 2007).  Because 
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cytokines are involved throughout the disease progression 

in most tissues, they also serve as potential therapeutic 

targets (Blom et al., 2007).  To date, however, no specific 

set of cytokines has been identified as successful markers 

for intervention. 

Biochemical Changes 

Although OA historically has not been classified as an 

inflammatory disease, over the past decade there has been 

accumulating evidence that there is an inflammatory 

component that is demonstrated at the biochemical level 

(Aigner et al., 2006; Creamer, 1997; Goldring, 2006; Hedbom 

& Hauselmann, 2002).  Key regulators of inflammation in OA 

include cytokines, chemokines, and the complement system.  

The complement system plays a role in the initiation and 

control of each phase of the inflammatory response (e.g., 

vasodilation, increased vascular permeability exudation; 

Frank & Fries, 1991).  The main function of the complement 

system is to initiate coordinated reactions to 

inflammation, infection, and trauma (Frank & Fries, 1991). 

Anaphylatoxins (i.e., C3a, C4a, C5a) are involved in 

the coordinated responses to the inflammatory process.  

Anaphylatoxins affect neutrophil adhesiveness, aggregation, 

and degranulation, which are physiologically important in 
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the inflammatory process.  The anaphylatoxin receptors, 

found on mast cells, eosinophils, neutrophils, basophils, 

and monocytes, are responsible for triggering 

proinflammatory effects.  In addition to the 

proinflammatory response of the anaphylatoxins, the 

complement system can elicit the release of many other 

inflammatory mediators.  C5a is strongly chemotactic for 

phagocytic cells, increases neutrophil adhesiveness, and 

evokes aggregation.  C5a also stimulates macrophages to 

release the pro-inflammatory cytokine IL-1. (Frank & Fries, 

1991)   

The three primary constituents of the IL-1 family are 

IL-1α, IL-1β, and IL-1 receptor antagonist (IL-1RA) (Tocci 

& Schmidt, 1997).  IL-1α is located on the plasma membrane 

of cells and in cytosol (Dinarello, 1994).  IL-1β is 

proteolytically processed and secreted from cells 

(Dinarello, 1994).  These two groups of proteins, 

identified in the late 1970s, were determined to have 

similar biological activities and recognized as mediators 

of inflammation (Tocci & Schmidt, 1997).   

IL-1 production can be stimulated by a variety of 

cells and conditions, and exists in many cells in the human 

body.  IL-1 can act locally or systemically, possessing 
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biological properties that stimulate the production of 

proinflammatory mediators and recruiting cells to an 

inflammation site.  IL-1 also inhibits the synthesis of 

proteoglycans and promotes proteinases for cartilage 

growth.  IL-1RA, an inhibitor of IL-1, exists in both 

cellular and secreted forms.  The ratio of IL-1 to IL-1RA 

varies among OA patients and has been found to positively 

correlate with disease severity.  Increased concentration 

of IL-1RA and/or decreased concentration of IL-1 receptors 

may impede the inflammatory role of IL-1. (Tocci & Schmidt, 

1997)   

The production of early response IL-1 can activate the 

signaling of leukocytes by chemotactic cytokines, better 

known as chemokines (Kunkel et al., 1997).  Chemotactic 

response is critical to ensure the delivery of leukocytes 

to an area of inflammation (Kunkel et al., 1997).  This 

initiation may be linked to an injury (either macro- or 

micro-trauma) and a failed response that may start the 

development of OA.   

Chemokines have been identified in several different 

cell types and are the products of both inflammatory and 

noninflammatory cells (Kunkel et al., 1997).  They can be 

stimulated by local or peripheral cytokine responses 
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(Kunkel et al., 1997).  There are two common families of 

chemokines, based on amino acid location (i.e., C-C and C-

X-C) (Kunkel et al., 1997).  Twelve different chemokines in 

the C-X-C family have been identified and appear to have a 

neutrophil elicitation role (Kunkel et al., 1997).  The C-C 

family of chemokines has been identified as having the 

biochemical ability to bind heparin (Kunkel et al., 1997). 

Chemokines from both families may serve as therapeutic 

targets for the treatment of inflammatory conditions 

(Kunkel et al., 1997) and the potential development of a 

successful DMOAD.  By understanding chemokines role in the 

initiation and maintenance of the inflammatory process, a 

target family or process may be identified in the 

development of DMOAD interventions.   

Biological Adaptations and  

Contributions to  

Osteoarthritis 

 

Articular (hyaline) cartilage.  The structure of 

articular cartilage allows the tissue to sustain and adapt 

to various mechanical loads.  Normal articular cartilage 

function is dependent upon the structure and biochemical 

composition of the ECM (Monfort et al., 2006).  Mechanical 

loading stimulates chondrocyte activity to regulate the 

healthy joint structure and function (Monfort et al., 



55 

 

2006).  Articular cartilage responds positively to 

intermittent hydrostatic pressure, facilitating the 

transmission of nutrients through the ECM (Smith, Carter, & 

Schurman, 2004).      

Articular cartilage is exposed to various mechanical 

loads (e.g., compression, shear), which can negatively 

affect matrix composition and function (Monfort et al., 

2006).  In healthy chondrocytes, shear forces downregulate 

cartilage matrix protein expression in comparison to 

compressive forces, which upregulate cartilage matrix 

protein expression (Smith et al., 2004).  Shear forces also 

increase expression of nitric oxide, which may be 

associated with increased chondrocyte apoptosis (Smith et 

al., 2004).  Shear forces seem to have the more detrimental 

outcomes associated with matrix composition and function.  

Theoretically, the patient who has an ACL injury will be 

placed at an increased likelihood of developing OA due to 

the negative effects of the increased shear forces within 

the joint. 

In addition to shear forces, biochemical alterations 

of the joint may alter structural components of the 

diarthrodial joint, ultimately, affecting the viability of 

the tissue (Monfort et al., 2006).  At OA onset, 
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proteoglycan molecules increase in size but the number of 

keratin sulfate and chondroitin sulfate side chains 

decrease (Aigner & McKenna, 2002).  The swelling of the 

proteoglycans leads to a breakdown of the proteoglycan 

architecture.  In early OA, the overall collagen content is 

maintained, however the organization is disrupted (Pearle 

et al., 2005).  The matrix permeability increases and there 

is an increase in overall water content, causing 

hyperhydration or hypertrophy of the matrix (Acebes et al., 

2009; Pearle et al., 2005; Pollard et al., 2008).  

Hyperhydration of the articular cartilage causes an 

expansion of the matrix, resulting in weakening of the 

collagen framework, and, ultimately, contributing to the 

fibrillation of articular cartilage (Aigner & McKenna, 

2002; Lorenzo, Bayliss, & Heinegard, 2004; Pearle et al., 

2005; Pollard et al., 2008; Roach et al., 2007).  

Hyperhydration and cartilage fibrillation affect the 

compressive modulus of the tissue and are the primary 

important factors in the overall cartilage softening 

(Pearle et al., 2005). 

OA progresses when joint homeostasis is disrupted due 

to an imbalance in the catabolic and anabolic processes.  

There is a rapid loss of proteoglycan content relative to 
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collagen content during OA progression (Acebes et al., 

2009; Pearle et al., 2005; Pollard et al., 2008).  Human OA 

cartilage demonstrates significantly decreased ratios of 

aggrecan to type II collagen when compared to healthy 

controls (Monfort et al., 2006).  The chondrocytes increase 

their anabolic activity (e.g., OPG, tissue inhibitors of 

matrix metalloproteinases) in an attempt to repair the 

damaged matrix (Acebes et al., 2009; Aigner & McKenna, 

2002; Sandell & Aigner, 2001).  However, as a result of 

exposure to inflammatory cytokines, matrix 

metalloproteinases (MMP) are stimulated, resulting in 

greater ECM degradation than synthesis (Sandell & Aigner, 

2001).   

Under OA conditions, MMP-3 (stromelysin), MMP-8 

(collagenase-2), and MMP-13 (collaganese-3) are elevated in 

nearly all diarthrodial joint tissues (Sandell & Aigner, 

2001).  Additionally, expression of the tissue inhibitors 

MMP (TIMPs) is reduced (Sandell & Aigner, 2001).   MMP-3 

has been associated with cleavage of types II and IX 

collagen, which promotes cartilage fibrillation (Sandell & 

Aigner, 2001).  Additionally, a disintegrin and 

metalloproteinase with thrombospondin motifs (ADAMTS) 4, it 

has been associated with the degradation of proteoglycans.   
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Both collagenase-3 and MMP-1 (collagease-1) are primarily 

involved in the degradation of type II collagen in OA 

(Lorenzo et al., 2004).  In both early- and late-stage OA, 

there is an increase in cartilage oligomeric protein 

(COMP), fibronectin, and cartilage intermediate layer 

protein in the synovial fluid (Lorenzo et al., 2004). The 

increases in these products may promote MMP synthesis and 

result is degradation and higher turnover of cartilage.  

Collagen synthesis increases significantly only in late-

stage OA but it is insufficient to promote recovery 

(Lorenzo et al., 2004). 

The chondrocytes naturally attempt to heal the damaged 

ECM.  If the attempted biosynthetic repair fails, the 

overall capacity for repair may decline due to chondrocytic 

apoptosis and a down regulation of the response to anabolic 

cytokines (Pollard et al., 2008).  The failure of the 

anabolic response occurs simultaneously with a degradative 

phase, which is associated with further depletion and 

structural damage to the extracellular matrix (Acebes et 

al., 2009; Pollard et al., 2008; Sandell & Aigner, 2001).  

The failure of the biosynthetic repair contributes to a 

reduction in the potential to maintain the matrix, leading 

to progressive structural damages that may be irreversible 
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(Aigner & McKenna, 2002; Aigner et al., 2006; Pollard et 

al., 2008; Sandell & Aigner, 2001).   

As the disease progresses, the ECM is broken down and 

chondrocytes promote deep-layer vascularization, resulting 

in complete cartilage erosion, calcification, and exposure 

of the subchondral bone (Acebes et al., 2009; Lorenzo et 

al., 2004).  Concurrently, there is development of osteo-

cartilaginous tissue around the borders of the joint known 

as osteophytes (Gelse, Söder, Eger, Diemtar, & Aigner, 

2003).  Osteophyte development is considered a 

physiological response in an attempt to repair a 

degenerative joint (Gelse et al., 2003).  The 

pathophysiology of the development of osteophytes is 

similar to calcification of the deeper zones of articular 

cartilage developmental stages in humans, providing an 

opportunity to investigate the various stages of 

development in more detail (Gelse et al., 2003; Hashimoto 

et al., 2002).  

Subchondral bone.  Sclerotic bone changes, formation 

of osteophytes and subchondral cysts, advancement of the 

tidemark, bone marrow lesions, and eburnation, which is 

defined as exposure of subchondral bone, are hallmarks of 

OA (Felson & Neogi, 2004; Goldring, 2009).  It was 
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previously viewed that subchondral sclerosis and eburnation 

occurred secondary to overlying cartilage loss (Felson & 

Neogi, 2004).  Based on more recent findings, however, it 

is now thought that bone is a key contributor in the onset 

and progression of OA (Felson & Neogi, 2004).  Furthermore, 

skeletal adaptations often precede any detectable changes 

in articular cartilage thickness and joint space narrowing 

(Goldring, 2009).  Observing bone changes, as opposed to 

the current “gold standard” of observing joint space 

narrowing, may be a better prognostic indicator of OA 

onset.  Quantitative macroradiography demonstrates 

significant thickening of subchondral trabeculae by three 

to four years post ACL rupture, and osteophyte formation in 

50% of ACL ruptured patients three-years post ACL rupture, 

while there is no evidence of joint space narrowing or 

cortical plate thickness (Buckland-Wright et al., 2000).  

Joint space narrowing may not be a sensitive enough measure 

for diagnosis of early OA as other radiographic changes 

precede joint space narrowing.   

Alterations within the subchondral bone have also been 

identified as key manifestations of the progression of OA 

(Aigner & McKenna, 2002; Roach et al., 2007; Tat et al., 

2010).  During the OA process, there is reactivation of 
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cellular processes at the joint margins that have been 

otherwise dormant since skeletal maturity (Goldring, 2009).  

In response to mechanical loading, cortical and trabecular 

bone skeletal architecture and shape are altered through 

cellular mediated bone remodeling and modeling processes 

(Goldring, 2009).  Bone remodeling involves the coupling of 

osteoclast and osteoblast mediated activities, bone 

resorption and formation, respectively, to remodel and 

repair bone in response to mechanical stress and injury 

(Goldring, 2009).  The bone modeling process does not 

consist of a balance of bone resorption or formation 

activities, as either process can occur independently 

(Goldring, 2009).   

Subchondral bone remodeling is evident in OA.  

Osteoprotegerin (OPG), receptor activator of nuclear factor 

kappa B (RANK), and RANK ligand (RANKL) influence the 

regulation of the bone remodeling process (Tat et al., 

2010).  RANK has been associated with regulation of the 

inflammatory process and assists in the regulation of DNA 

transcription (Tat et al., 2010).  Stromal and other cell 

types (e.g., osteoblasts) secrete OPG, a soluble decoy 

receptor for RANKL (Kwan Tat et al., 2009).  Osteoblasts 

regulate the activation or inhibition of osteoclasts, which 
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are responsible for bone resorption (Kwan Tat et al., 

2009).  RANKL binds to RANK, found on the surface of 

osteoclasts, stimulating osteoclastogenesis and osteoclast 

activation (Kwan Tat, Padrines, Thaoleyre, Heymann, & 

Fortun, 2004).  When OPG binds to RANKL it inhibits the 

RANK activation and osteoclastogenesis (Kwan Tat et al., 

2004).  The bone remodeling process in OA is initiated by 

early bone resorption (Goldring, 2009).  Early bone 

resorption is especially apparent in patients with late-

stage OA through extensive sclerotic and necrotic bone 

changes (Tat et al., 2010).   

Subchondral bone is one route of nutrient 

supplementation to healthy articular cartilage.  In OA, the 

nutrient delivery role of the subchondral bone increases as 

there is vascular invasion into OA cartilage from the 

subchondral bone.  Similar mediators (e.g., OPG, RANK, 

RANKL) have been found in both OA cartilage and bone.  

Metabolic changes have been found and identified in both OA 

cartilage and bone as part of the disease progression and 

pathology.   

Vascular invasion of the calcified cartilage near the 

tidemark occurs and, in association with chondrocyte 

hypertrophy, results in cartilage calcification and bone 
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formation (Burr, 2004).  As a result of tidemark alteration 

and vascular invasion of subchondral bone, the mechanical 

properties of the subchondral bone are altered and the 

compressive modulus of the bone is decreased.  These 

alterations, in combination with the remodeled architecture 

and function of subchondral bone, affect the ability of 

articular cartilage and the remodeling bone to withstand 

and transmit mechanical loads (Goldring, 2009). 

Synovium.  The synovial membrane is a key component in 

the progression and presentation of OA (Roach et al., 

2007).  Osteoarthritic conditions of the synovial membrane 

include increased synovial surface, increased number of 

synoviocytes, and capsular fibrosis (Roach et al., 2007).  

Capsular fibrosis is positively correlated with joint 

stiffness, the second most common symptom of OA (Roach et 

al., 2007).  Synovial inflammation is also positively 

correlated with accelerated progression of the disease 

(Bondeson et al., 2006; Roach et al., 2007).   

Synovitis is common in OA and not limited to end-stage 

OA, as some degree of synovitis is present in early OA as 

well (Bondeson et al., 2006; Haywood et al., 2003).  

Subclinical synovitis is associated with angiogenesis, 

increased formation and growth of new blood vessels within 
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the joint (Haywood et al., 2003).  Angiogenesis is 

stimulated by angiogenic factors (e.g., VEGF), which may 

also contribute to localized inflammation (Ferrara & 

Gerber, 2001; Haywood et al., 2003).  The source of VEGF 

has not been determined, but is attributed to the surface 

cells of the synovial lining, raising the possibility that 

synovial VEGF may contribute to angiogenesis and 

inflammation in OA (Berse et al., 1999).  Macrophage 

infiltration, VEGF immunoreactivity, angiogenesis, and 

vascularization are positively correlated with severity of 

synovitis in OA patients (Haywood et al., 2003).  VEGF 

increases as the severity of synovitis increases.  

Macrophages may serve as the primary mediators within these 

angiogenesis and inflammation in OA (Haywood et al., 2003). 

Macrophages in the OA process promote the production 

of inflammatory and degradative markers.  Through a 

combination of TNF-α and IL1-β, the macrophages promote 

inflammatory and destructive responses from synovial 

fibroblasts.  Because TNF-α and IL1-β are independent, 

neutralizing only one of these cytokines is insufficient 

for controlling OA.  TNF-α and IL1-β are associated with 

and appear to drive the inflammatory response in OA. 

(Bondeson et al., 2006) 
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Synovial Fluid.  The synovial fluid is a depository 

for cytokines and other biomarkers of all joint structures 

under normal and pathologic conditions.  Under homeostatic 

conditions, the synovial fluid mechanically functions to 

provide lubrication and frictionless motion of adjoining 

joint surfaces (Blewis et al., 2007).  High molecular 

weight hyaluronic acid, proteoglycan 4, and surface-active 

phospholipids are associated with lubrication and 

viscoelasticity of the synovial fluid (Blewis et al., 2007; 

Ogston & Stanier, 1953; Schwarz & Hills, 1998; Swann, 

Silver, Slayter, Stafford, & Shore, 1985).  With aging, 

injury, or OA, biochemical changes occur in the synovial 

fluid, ultimately, affecting synovial fluid viscosity.  

Increases in low molecular weight hyaluronic acid, with 

concurrent decreases in high molecular weight hyaluronic 

acid, result in decreased viscoelastic properties of 

synovial fluid (Blewis et al., 2007; Kuroda et al., 2009).  

Reduction in synovial fluid viscoelasticity is positively 

correlated with increased joint surface friction.  

Increased friction, in addition to softened articular 

cartilage, leads to erosion and degradation of load bearing 

portions of the joint (Blewis et al., 2007). 
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The synovial fluid in late-stage OA patients contains 

calcium pyrophosphate or apatite crystals in high 

percentages (Nalbrant et al., 2003).  Crystalline presence 

may accelerate the OA process.  Other synovial fluid 

components (e.g., ECM fragments) have been correlated with 

OA, to include fluid fibrils with radiographic stage of OA 

(Nalbrant et al., 2003).  The presence of crystals and 

fibrils have been positively correlated with OA severity, 

and developed in end-stage OA (Nalbrant et al., 2003).   

Adipose Tissue.  Obesity has been clearly linked with 

an increased risk of the development and progression of OA 

(Distel et al., 2009; Masuko et al., 2009).  Obesity 

represents both a biomechanical and biochemical risk factor 

in OA, however it is not clear which is more prominent.  In 

addition to excessive amounts of adipose tissue resulting 

in increased joint loads, adipose tissue itself contains 

cells that secrete chemicals that can contribute to the 

development and progression of OA.  Adipocytes secrete 

active cytokines (e.g., leptin, adiponectin) that are 

collectively known as adipocytokines (Schaffler et al., 

2003).  Other adipocytokines secreted are TNF-α, IL-6, and 

IL-1β (Distel et al., 2009).  These adipocytokines are 

known to be present in OA synovial fluid and involved in 
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the inflammatory process (Kunkel et al., 1997).  

Biochemically, the adipocytokines propagate the 

inflammatory process.  Adiponectin is elevated in OA, and 

stimulates IL-6 production, and leptin stimulates the 

production of MMP-9 and MMP-13, which can promote collagen 

degradation, MMP synthesis, and inflammation (Kunkel et 

al., 1997).   

In the knee, the infrapatellar fat pad has been 

implicated as a possible adipose source for local secretion 

of adipocytokines and, ultimately, a contributor to the 

development and progression of knee OA.  The infrapatellar 

fat pad in knee OA demonstrates significantly higher 

expressions of IL-6, IL-6 receptor, and adiponectin than 

subcutaneous adipose tissue of the same.  Locally, an 

increase in pro-inflammatory adipocytokines concentrations 

could accelerate the progression of OA.  Different 

metabolic activity when comparing the infrapatellar fat pad 

to the remaining subcutaneous adipose tissue suggests that 

the infrapatellar fat pad, and the adipocytokines that it 

secretes, may locally contribute to the progression of knee 

OA. (Distel et al., 2009)   

Central nervous system.  Pain is the most common 

complaint in OA.  The central nervous system serves a 
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pivotal role in the perception of both acute and chronic 

pain.  Pain is a common complaint across many chronic 

diseases, however, pain is complex, subjective, and not 

easily measured (Bingel & Tracey, 2008).  Pain perception 

is highly variable and influenced not only by the noxious 

stimulus but also by cognitive and emotional factors 

(Bingel & Tracey, 2008).   

Emotional and cognitive variables influence pain 

perception through the descending pain modulatory system.  

A fundamental example of cognitive modulation of pain is 

the administration of placebo medications, which result in 

perceived pain relief.  Placebo-induced pain relief is 

accompanied by decreased activity in the traditional pain 

centers of the brain.  The descending pain system can 

function in either an anti- or pro-nociceptive role. 

(Bingel & Tracey, 2008) 

The descending pain system is highly correlated with 

individual variances in the perception of chronic pain.  

Pain perception variances likely result from both the 

environment and genetics.  This nature-nurture conflict 

within individualized pain perception presents difficulties 

to clinical researchers investigating the effects of 

pharmacological pain relief.  Researchers need to focus 
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more on these environmental influences on brain behavior in 

an attempt to better understand pain perception. (Bingel & 

Tracey, 2008) 

Persistent pain, emotional variables, and cognitive 

variables interact and alter neurochemical properties, 

affecting pain perception (Basbaum, Bautista, Scherrer, & 

Julius, 2009).  Activated nociceptors release endogenous 

factors (e.g., cytokines, chemokines, neurotransmitters), 

which lead to an excessive accumulation of these factors 

within the peripheral and central nervous system, which can 

promote inflammation and pain (Basbaum et al., 2009).  The 

presence of excess endogenous factors can cause 

hypersensitivity and an increase in pain perception during 

chronic pain (Basbaum et al., 2009).   

Chronic pain promotes the release of numerous pro-

inflammatory cytokines (e.g., IL-1β, IL-6, TNF-α) (Basbaum 

et al., 2009; Johnston & Webster, 2009).  TNF-α and IL-1 

are powerful mediators of inflammation and induce other 

pro-inflammatory cytokines such as IL-6 and IL-8 (Johnston 

& Webster, 2009).  Increased immunoexpression of 

neurochemicals are found not only in peripheral nerves and 

bone but also in the spinal cord (Elliott et al., 2008).  

The existence of neurochemicals in the spinal cord, away 
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from the local site of injury, suggests that chronic pain 

could become systemic.  Chronic pain in OA may have a 

similar neurochemical affect.  The spreading of OA to other 

joints in the body may be positively associated with the 

systemic neurochemical alterations that occur in chronic 

pain cases (Elliott et al., 2008).   

The inflammatory reflex, a neural pathway that 

monitors and adjusts the inflammatory response, has been 

identified within the central nervous system (Johnston & 

Webster, 2009).  The vagus nerve regulates the inflammatory 

reflex and is responsible for providing peripheral 

information to regulate cytokine concentrations (Johnston & 

Webster, 2009).  Acetylcholine is the primary 

neurotransmitter of the vagus nerve.  Macrophage and 

cytokine producing cells have acetylcholine receptors 

(Johnston & Webster, 2009).  Acetylcholine inhibits 

macrophages and other cytokine producing cells (Johnston & 

Webster, 2009).  The inactivity of macrophages and other 

cytokine producing cells prevents the release of IL-1β, IL-

6, and IL-8 without inhibiting the release of anti-

inflammatory cytokines (Borovikova et al., 2000).   

The inflammatory reflex creates a feedback loop that 

links peripheral inflammation with the emotional state.  
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Inflammation in OA and other chronic diseases alter the 

inflammatory reflex and promote negative emotional states 

(e.g., depression; Johnston & Webster, 2009).  This 

demonstrates a cycle in which local inflammation can 

promote systemic inflammation and increase the risk of 

negative emotional states.  Furthermore, negative emotional 

states can lead to increased systemic inflammation, 

propagating a cycle which centers on the role of the vagus 

nerve and brain in chronic inflammatory conditions 

(Johnston & Webster, 2009).  This promotes the importance 

of treating both the somatic and behavioral disease 

manifestations for optimal outcomes.  Emotional and 

cognitive variables need to be included in the 

investigation of disease modifying osteoarthritic drugs 

(DMOAD) to determine their effect on disease and treatment 

outcomes.   

Osteoarthritis Models 

Developmental models.  Developmental models, such as 

skeleton maturation and osteophyte development, have been 

developed to provide insight into adult cartilage growth 

and degradation.  The phases of growth plate maturation 

parallel the pathophysiology of OA, providing the 

opportunity to better understand its onset and progression.  
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The growth plate consists of five zones: resting, 

proliferative, maturation, hypertrophic, and vascular 

invasion.  The resting zone has a high ECM to cell volume 

ratio.  In the proliferative zone, the chondrocytes appear 

flattened and divide into column-like arrangements.  The 

synthesis of the ECM causes chondrocyte separation in the 

maturation zone.  The main components of the growth plate 

are collagens (e.g., types II, IX, XI), proteoglycans 

(e.g., aggrecan, decorin, biglycan), and other 

noncollagenous proteins (e.g., cartilage oligomeric 

protein), similar to articular cartilage composition.  

Lastly, in the zone of vascular invasion, blood vessels 

invade through the last transverse area of mineralized 

cartilage and into the hypertrophic chondrocytes.  This 

characteristic is also noticed during OA progression.  

(Ballock & O'Keefe, 2003) 

Growth plate development models aid in our 

understanding of osteophyte development and neovascular 

invasion of articular cartilage.  Damage to the matrix 

(e.g., macrotrauma, microtrauma, OA) causes the 

chondrocytes to attempt to repair the damaged matrix by 

increasing their anabolic activity.  Under OA conditions, 

the chondrocytic increase in anabolic activity can lead to 
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calcification of articular cartilage or the development of 

osteophytes.  Osteophytes are osteo-cartilaginous tissue 

that develop at the joint margins of diarthrodial joints in 

an attempt to repair damaged tissues within the joint 

(Gelse et al., 2003).  The pathophysiologic development of 

osteophytes is similar to articular cartilage development, 

providing an opportunity to investigate the various stages 

of OA development in more detail (Gelse et al., 2003; 

Hashimoto et al., 2002).  The growth plate and osteophyte 

development models aid in the understanding of the 

progression of cartilage calcification.     

Osteophyte development occurs in four stages.  The 

first stage is the formation of the chondrophyte, 

cartilaginous tissue around the borders of the joint.  Once 

the chondrophyte has developed, there is chondrogenic 

differentiation and formation of ECM.  Stage two is best 

defined as fibrocartilage development.  During this phase, 

there is no sign of chondrocyte hypertrophy or bone 

formation.  Stage three is defined as the early osteophyte.  

This stage has the highest similarity to the same stage in 

fetal growth plate development (e.g., invading blood 

vessels), consisting of a molecular pattern that is typical 

in hyaline cartilage.  During this stage of development, 
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chondrocytes begin to exhibit zonal and columnar alignment.  

The final stage is defined as the mature osteophyte.  

Mature osteophytes exhibit similar tissue properties to 

articular cartilage but do not demonstrate a clear tidemark 

or regular formation pattern as articular cartilage. (Gelse 

et al., 2003) 

Investigating growth plate, fetal cartilage, and 

osteophyte development models allows for greater 

understanding of the regulation of cartilage formation and 

how cartilage interacts with and eventually remodeled into 

bone.  The growth of osteophytes demonstrates that adult 

mesenchymal cells still have the ability to develop and 

generate cartilage (Gelse et al., 2003).  Cartilage 

degeneration and fetal chondrogenesis both demonstrate 

similar cellular differentiation patterns and have similar 

tissue constituents (e.g., collagen types II, IX, X, XI) 

(Aigner & Gerwin, 2007).  Throughout the degenerative 

process, chondrocytes follow a very similar process for 

development that includes cell differentiation, development 

of zonal patterns, hypertrophy, and ossification.   

Vascular endothelial growth factor (VEGF) is commonly 

found in epiphyseal plates, osteophytes, OA cartilage, as 

well as fracture healing.  Normal chondrocytes produce 
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anti-angiogenic proteins, but once hypertrophic, there is 

evidence of vascular invasion that is associated with 

increased levels of VEGF, which leads to calcification of 

cartilage in various locations (e.g., growth plate, 

articular cartilage, osteophytes).  There is a potential 

for researchers to develop interventions that target 

angiogenic factors associated with degradation of 

cartilage.  Theoretically, down regulation of VEGF may halt 

the calcification process, allowing for synthesis of new 

cartilage.  Furthermore, control of this process may have 

implications for current treatments (e.g., autologous 

chondrocyte transplantation) for cartilage defects (Gelse 

et al., 2003). 

Repetitive overuse animal models.  Growth plate models 

have clarified the role of angiogenesis in OA but 

inflammation has also been implicated in OA 

pathophysiology.  In an effort to better understand the 

pathological progression of inflammation and repetitive 

overuse injuries (e.g., OA), a rat model involving 

repetitive task performance has been utilized to 

investigate both tissue and behavioral responses to 

repetitive stress (Al-Shatti, Barr, Safadi, Amin, & Barbe, 

2005; Barr et al., 2003; Elliott et al., 2008).  The 
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repetitive use rat model allows for an in-depth look at the 

biochemical effects of repetitive stress.  In response to 

environmental changes (e.g., trauma, stress, exercise) 

cells produce cytokines and chemokines (Al-Shatti et al., 

2005). Cytokines and chemokines are markers released into 

the joint indicative of joint metabolism (Kokebie et al., 

2011).  Upregulation of certain cytokines and chemokines 

can cause the onset and progression of OA.   

In the rat model, localized inflammation of muscle, 

tendon, and connective tissues occur as a result of high 

repetition negligible force (HRNF) task of reaching and 

pulling (Elliott et al., 2008).  Neuroinflammatory increase 

of IL-6 is evident three weeks after initial injury (Al-

Shatti et al., 2005).  IL-6 remains elevated at HRNF week 

five, concomitant with increases of proinflammatory markers 

(i.e., IL-1α, IL-1β, and TNF-α; (Al-Shatti et al., 2005).  

The levels of IL-1β, TNF-α, and IL-6 are positively 

correlated with the severity of symptoms (Elliott et al., 

2008).  By HRNF week eight, the cytokine neuroinflammatory 

response resolves (Al-Shatti et al., 2005).  Immediate 

increases in chemokines/cytokines are linked to the onset 

of injury and are usually transient despite the continuous 

nature of the task (Al-Shatti et al., 2005).  There is also 
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evidence of a second, delayed, cytokine peak 5 to 28 days 

of HRNF (Kleinschnitz, Brinkhoff, Zelenka, Sommer, & Stoll, 

2004; Shubayev & Myers, 2000).  These findings have 

implications regarding a rest or recovery period following 

a possible injury. 

The rat model demonstrates elevated signs of 

inflammation in the preferred and non-preferred limbs 

(Elliott et al., 2008).  There are several possible 

theories for this.  The non-preferred limb is exposed to 

compressive forces throughout the reaching task, and, 

therefore, is exposed to repetitive forces of a different 

nature.  Secondly, there is evidence that as the preferred 

limb became symptomatic, the rat exhibits signs of task 

avoidance and switches limbs for the repetitive task 

(Elliott et al., 2008).  Localized inflammation peaks at 4 

to 6 weeks of HRNF tasks, and this peak is concurrent with 

the diminished function (Barr et al., 2003).  Lastly, there 

are theories that the inflammation is systemic in nature 

and that there is a neurologic connection as evidenced by 

cytokines in the spinal cord. 

Inflammation in rats has been observed following not 

only HRNF, but also low repetition, negligible force tasks.  

Similarities and differences between these two models could 
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provide insight into the pathophysiology and progression of 

OA.  A comparison of the two models reveals significant 

differences in several cytokine/chemokines levels, 

indicating a dose-dependent response.  Symptom and 

functional correlations to inflammatory concentrations 

suggest that lower threshold tasks may not stimulate as 

significant of an inflammatory response.  The body better 

tolerates the lower threshold activities.  During the lower 

threshold activities there is no compromise of tissue 

integrity or functional behavior.  The higher repetition or 

threshold activities cause injury/inflammation and do not 

allow the tissue to recover prior to damage occurring. 

(Elliott et al., 2008)  

The human population may follow the same dose-

dependent response where larger amounts of rest may be 

indicated following a high repetition or threshold 

activity, allowing the tissue to recover and preventing 

long-term injury from occurring.  However, it is unknown if 

this will allow for full recovery of humans because full 

recovery is not occurring using the animal HRNF model as 

evidenced by the continued presence of collagen type I and 

CTGF expression despite cytokine resolution and the 

continuous nature of the task (Al-Shatti et al., 2005).  It 
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is unknown whether the presence of collagen type I and CTGF 

expression exist due to the initial injury, fibrotic tissue 

formation, or severity of the inflammation (Al-Shatti et 

al., 2005).  This model may represent a new nonsurgical 

method of studying the onset and progression of OA. 

Surgical instability animal models.  Surgical 

instability models are the most commonly used OA models in 

lab animals (Glasson, Blanchet, & Morris, 2007).  Examples 

of animal OA models include ACL transection, meniscal 

destabilization, high and low repetitive motion exercise, 

and combinations of these models. 

Destabilization, or functional failure, of the medial 

meniscus in a mouse model results in significantly more OA 

than controls (Glasson et al., 2007).  Lesions for this 

model developed in the central weight-bearing areas of the 

medial femoral condyle and medial tibial plateau, similar 

to humans (Glasson et al., 2007).  Furthermore, the 

addition of ACL transection to the destabilization mouse 

model resulted in significantly more rapid onset and 

progression of OA than both the control and the 

destabilized medial meniscal only models (Glasson et al., 

2007).  In this model, severe OA lesions occur on the 

posterior aspect of the tibial plateau, resulting in 
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significant osteophyte formation (Glasson et al., 2007) 

which is similar to what occurs in humans when they sustain 

an ACL tear. 

Even though articular cartilage failure is the most 

consistently observed characteristic of OA, the disease 

affects the entire diarthrodial joint system (e.g., 

synovial membrane, subchondral bone, articular cartilage) 

(Roach et al., 2007).  Likewise, the different tissues 

within the joint all play significant roles in the 

development and progression of OA (Armstrong, English, 

Gibson, Chakraborty, & Marks, 1981).  

Degree of vascularization is positively correlated 

with OA progression and severity.  Synovium vascular 

invasion significantly increases in surgical rat models one 

to six weeks post ACL transection (Hayami et al., 2006).  

Degree of vascularization is higher in the ACL transection 

with destabilized meniscus model than the isolated ACL 

transected model (Hayami et al., 2006).  A horse exercise  

with ACL injury OA model demonstrates significantly greater 

vascular infiltration than the exercise alone model 

(Frisbie, Al-Sobayil, Billinghurst, Kawcak, & McIlwraith, 

2008).  Degree of vascular invasion shows a relationship 

with disease severity, as both are more severe in the ACL 
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transected with medial meniscectomy rat and OA exercise 

horse models.   

Bone remodeling is evident in the surgical rat OA 

model.  Both ACL transected and ACL transected with medial 

meniscectomy models exhibit significant bone loss in focal 

regions and an increase in subchondral bone volume four to 

six weeks post surgery.  By week ten, sclerotic changes of 

the bone are evident in both models.  The isolated ACL 

transected model demonstrates severe macroscopic 

subchondral sclerosis on the posterior portion of the 

medial tibial plateau.  The ACL transection with medial 

meniscectomy rat model not only exhibits severe sclerotic 

changes along the medial tibial plateau at week six, but 

also the condition worsens to bone eburnation in both the 

medial femoral and tibial condyles by week ten. (Hayami et 

al., 2006) 

Osteophyte formation is a significant product of the 

advanced OA disease process (Appleton, McErlain, Henry, 

Holdsworth, & Beier, 2007; Frisbie et al., 2008; Hayami et 

al., 2006) and is also evident in the animal model.  Forced 

mobilization of the ACL transection with medial 

meniscectomy rat OA model causes subchondral plate failure, 

fibrocartilage-like repair tissue development, and 
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osteophyte development (Appleton et al., 2007).  Both 

models demonstrate osteophyte formation at the 

intercondylar notch and medial femoral condyle by week six 

that progress into larger osteophytes by week ten (Hayami 

et al., 2006).  Osteophyte formation can begin as early as 

four weeks histologically in both models (Hayami et al., 

2006). 

Cartilage degeneration, vascularization, subchondral 

bone remodeling, and osteophytosis are four major features 

of OA that occur concurrently in animal studies (Hayami et 

al., 2006).  More advanced stages of the OA disease process 

are characterized by significant cartilage thinning, 

subchondral sclerosis, and osteophyte formation (Hayami et 

al., 2006).  Interventions to modify the disease must take 

all tissues into account.  DMOAD will need to closely 

target the multi-tissue pathophysiology of OA. 

The generalizability of OA animal models needs to be 

carefully interpreted.  Successful DMOAD in animal models 

have not been found to be successful in the human model.  

This is likely due to metabolic differences, or the 

existence of subtypes or phenotypes of OA.  Each phenotype 

needs to be investigated and controlled for separately to 
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determine progression, prognosis, and effectiveness of 

interventions (Driban et al., 2010). 

Joint Differences in Human  

Osteoarthritis 

 

OA research should be carefully interpreted, and 

warrants caution in the generalizability of animal studies 

results to humans, as well as human studies specific to 

joints.  Within humans, different anatomical, 

biomechanical, cellular, and biochemical properties may 

affect a joint’s vulnerability to OA (Huch, 2001).  

Articular cartilage biochemical composition is joint 

dependent and varies based on location.  For example, the 

ankle joint has a lower incidence of OA than the knee 

joint, which may be a direct result of ankle chondrocyte 

turnover differences (Huch, 2001).  Differences in 

biochemical properties may be a result of adaptations to 

different biomechanical stresses; however, these processes 

may also be independent of one another.  The complexity of 

the pathophysiologic predisposition of OA to specific 

joints involves biochemical and biomechanical differences 

at the macro- and micro-scopic levels (Huch, 2001). 
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Osteoarthritis Diagnosis 

OA is a complex disease with varied definitions.  

Standard radiographs are most commonly used to assess the 

integrity of the joint (e.g., joint space narrowing, 

sclerosis) to diagnose OA.  Although the Kellgren-Lawrence 

Scale is used for this purpose, radiographic assessment 

lacks sensitivity, as it is only useful for detecting the 

disease once established and structural changes have 

occurred  

Standard radiographs are most commonly used to assess 

the integrity of the joint (e.g., joint space narrowing, 

sclerosis) to diagnose OA (Kellgren & Lawrence, 1957). The 

patient has anterior-posterior radiographs taken with the 

knee slightly flexed while weight bearing.  The radiograph 

is graded, based primarily on the presence of joint space 

narrowing, but also osteophyte presence and sclerotic bone. 

Although the Kellgren-Lawrence scale is used as the 

gold standard for assessing the severity of OA, it lacks 

sensitivity, as it is only useful for detecting the disease 

once established and structural changes have occurred  

(Garnero et al., 2000).  Magnetic resonance imaging has 

been utilized to diagnose OA more accurately, however this 

imaging technique is not very cost-effective.  The need for 
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more accurate, cost-effective imaging techniques for OA 

diagnosis is well recognized.  Recently, there have been 

developments of techniques utilizing digital radiograph 

analysis that show promising results, however, more 

research and training needs to be done to make these 

techniques a standard of practice (Duryea et al., 2010).   

Biochemical alterations in the catabolic and anabolic 

processes of the joint tissues occur prior to structural 

changes occurring and being detectable on radiograph.  Once 

detectable structural changes occur, the joint may reach a 

point where it may be unsalvageable (Aigner et al., 2006).  

A more sensitive diagnostic tool is warranted in an effort 

to successfully intervene with disease modifying OA drugs 

prior to structural changes occurring (Aigner et al., 

2006). 

Biomarkers are specific to the pathophysiologic 

processes in individual tissues (e.g., bone, cartilage, 

synovium) may vary between joints.  Markers relative to 

specific tissue processes (e.g., cartilage turnover, bone 

resorption) may reflect different subtypes of OA, based on 

underlying pathophysiologic processes of OA (Meulenbelt et 

al., 2007).  Turnover markers of specific tissues may allow 

microscopic changes to serve as predictive measures of 
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impending structural changes, prior to structural changes 

occurring.   

Bone markers include serum total osteocalcin, a marker 

specific to bone formation, and CTX-I (Meulenbelt et al., 

2007).  Common cartilage markers are urinary CTX-II, serum 

N-propeptide of type IIA collagen, serum COMP, and urinary 

collagen type II neoepitope (Meulenbelt et al., 2007).  

Markers of synovium and inflammation include urinary 

glucosyl-galactosyl-pyridinoline and serum high sensitive 

C-reactive protein (Meulenbelt et al., 2007).   

Even though underlying pathophysiology may reflect 

subtypes of OA, the various tissue degradation processes 

correlate with one another.  Cartilage, bone, and synovial 

tissue turnover markers of OA positively correlate with one 

another (Meulenbelt et al., 2007).  High correlations exist 

between urinary CTX-II and collagen type II neoepitope, 

CTX-I, and glucosyl-galactosyl-pyridinoline in serum and 

urine of OA patients (Meulenbelt et al., 2007).  The high 

correlations demonstrate a possible link among bone, 

cartilage, and synovium.  Moderate correlations exist 

between CTX-II and osteocalcin, CTX-I, and body mass index 

(Meulenbelt et al., 2007).  The pathophysiological events 

occurring in the tissues interact with one another, as well 
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as with other factors such as age and BMI.  Age and BMI 

demonstrate moderate associations with increased markers of 

turnover in both cartilage and synovium (Meulenbelt et al., 

2007).   

Researchers are currently evaluating biomarkers’ 

potential to serve as targets for evaluating OA.  Biomarker 

classifications have been identified and defined, including 

burden of disease, investigational, prognostic, efficacy of 

intervention, diagnostic, and safety biomarkers.  Future 

research recommendations have been made to focus on these 

potential areas for identification of biomarkers specific 

to OA.  (Kraus et al., 2011) 

Biomarker Response  

to Exercise 

 

 Biomarkers can provide insight into underlying 

pathophysiologic processes that may contribute to the onset 

and progression of OA.  Research is beginning to be focused 

on understanding tissue response to activity to better 

understand the pathophysiology of early OA onset and 

progression for the purpose of predicting and intervening 

in an at-risk OA population. 

 Biomarker response in healthy population.  In a 

healthy knee, mechanical loading causes structural changes 
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of joint tissues such as a transient decrease in articular 

cartilage water content, reducing overall cartilage 

thickness (Kersting et al., 2005).  This structural change 

is reflected at the biomarker level by COMP.  COMP is found 

in the extracellular matrix and helps regulate water 

content and the mechanical properties of the articular 

cartilage (Abramson & Krasnokutsky, 2006).   

COMP response to activity has been widely studied in 

the healthy population.  COMP increases immediately post 

exercise in activities such as walking at a self-selected 

pace for 30 min and returns to normal levels within 30 min 

in an older population with a mean age of 57 y (Mundermann 

et al., 2009).  Physically active individuals typically 

engage in weight-bearing activities that require higher 

intensity and loading levels than 30-min of walking.  A 

dose-dependent response exists between COMP and exercise 

intensity and duration.  After 30-min of running (self-

selected pace,(Niehoff et al., 2010); 2.2 m/s pace, 

(Niehoff et al., 2011) COMP increases immediately and 

remains elevated up to 1 hr post exercise, gradually 

returning to baseline levels within 90 min.  After 1 hr of 

running (self-selected pace) as well as a marathon, COMP 

concentrations are elevated post exercise, returning to 
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baseline levels within 2.5 hr (Kersting et al., 2005) and 

24 hr (Neidhart et al., 2000), respectively.   

A few studies have investigated COMP response to 

activities other than running.  COMP levels do not change 

in response to repetitive knee bends (Niehoff et al., 

2010).  However, COMP levels do increase immediately post 

repetitive drop landing activities, gradually returning to 

normal levels within 90 min (Niehoff et al., 2010; Niehoff 

et al., 2011).  This COMP response was similar to the COMP 

response to 30 min running activities.  

A few studies have investigated structural cartilage 

thickness response to activity as well.  Cartilage 

thickness decreases after a 30 min run in both older and 

younger healthy populations (Cha et al., 2012).  Similarly, 

cartilage thickness decreases immediately post-500 m run 

(Boocock, McNair, Cicuttini, Stuart, & Sinclair, 2009) and 

30 min run (Mosher, Liu, & Torok, 2010; Mosher et al., 

2005).  A postulation is made that COMP levels would have 

demonstrated increases as well since COMP is the primary 

regulator of articular cartilage water content (Abramson & 

Krasnokutsky, 2006). 

There is limited information on other biomarker 

responses to activity.  In addition to COMP, IL-1RA, TNF-α, 
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and IL-6 were all found to be elevated immediately post-

marathon and gradually returned to baseline levels within 

24 hr in a marathon population (Neidhart et al., 2000).  

There is a dearth of information regarding biomarker 

responses to activity that may reflect other tissue 

responses beyond articular cartilage.      

Biomarker response in osteoarthritic population.  The 

biomarker response in an OA population has not been as 

extensively studied.  COMP increases immediately post 

exercise in activities such as walking at a self-selected 

pace for 30 min and returns to normal levels within 30 min 

in an OA population (Mundermann et al., 2009).  OA knees 

have higher overall COMP concentrations in comparison to 

healthy knees in response to a 30-min walking task 

(Subburaj et al., 2012).  Although baseline COMP levels are 

not predictive of articular cartilage loss, COMP changes 

pre to post exercise are predictive of degenerative 

cartilage changes (Erhart-Hledik et al., 2012).  

While COMP change is normal in response to activity, 

significantly greater COMP levels and change from pre to 

post exercise are predictive of cartilage loss (Abramson & 

Krasnokutsky, 2006).  COMP change may serve as a prognostic 

indicator of impending, sub-clinical OA in at-risk 
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populations, like the AKIH population, however, there is 

currently no information regarding COMP change in the AKIH 

population, or specifically for the college-aged population 

who maintain a physically active lifestyle after AKIH.       

Genome-Wide and Proteomic  

Analyses  

 

Identification of biomarkers unique to OA would allow 

for earlier diagnosis and more focused intervention 

efforts.  Efforts to identify these unique markers have 

lead researchers to large-scale proteomic and genomic 

research.  Genomics is the study of DNA sequences and 

genetic mapping.  Proteomics is complementary to genomics 

and is defined as the identification, characterization, and 

quantification of all proteins (Gobezie, Millett, 

Sarracino, Evans, & Thornhill, 2006).  Proteomic techniques 

vary but include mass spectrometry (Gobezie et al., 2006).  

Mass spectrometry is a rapid, powerful, large-scale protein 

analysis that gathers information on the presence of many 

proteins (Gobezie et al., 2006).  Mass spectrometry can 

identify, analyze, and characterize interactions and 

structural information of proteins (Gobezie et al., 2006).  

Statistical analyses, such as cluster and principle 
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component analyses are used to identify subsets of patients 

and potential biomarkers.   

Genome-wide expression studies aid in identifying 

preliminary information regarding the up and/or down 

regulation of many genes (Karlsson et al., 2010).  

Associations have been made in relationship between 

genetics and the development and progression of OA.  

However, genetic associations to OA are not easily 

replicated.  Many confounding factors (e.g., country of 

origin, economic class) influence genetic expression 

(Valdes & Spector, 2009).  Furthermore, genetic expression 

does not always reflect protein synthesis because 

intermediary steps may impede protein production.   

Analysis of normal and early OA samples demonstrates 

that non-OA and early OA are similar and differentiate from 

late OA and peripheral articular cartilage lesions (Aigner 

et al., 2006).  Comparison of genes expressed in non-OA and 

early OA cartilage demonstrates only 15 genes being 

significantly up or down regulated (Aigner et al., 2006).  

The genes that are significantly up-regulated are 

fibronectin and collagen types I, II, III, VI, IX, and XI 

and significantly down-regulated are SOX-9 and IL-1 in 

early OA cartilage (Aigner et al., 2006).  Significantly 
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more genes are differentially regulated in late OA (Aigner 

et al., 2006).  In late OA, genes that regulate ECM 

formation are upregulated and genes that are involved with 

oxidative damage are down regulated (Aigner et al., 2006).  

Additionally, genes related to the IL-1 pathway are 

downregulated in OA chondrocytes (Aigner et al., 2006). 

These findings are associated with setting up the 

environment to propagate the degradative effects on 

articular cartilage. 

Under advanced OA conditions, the up and down 

regulation of genes may influence protein expressions and 

result in degradative effects on the chondrocytes within 

articular cartilage.  There are a large number of 

chondrocytes that are eliminated through apoptosis and, 

what remain, form clones that are consistent with cell 

proliferation during advanced OA.  The clones increase 

protease expression, which may be associated with protein 

release and contribute to ECM degradation.  Deeper layer 

chondrocytes have increased expression of proteases and are 

hypertrophic in comparison to superficial sites, 

ultimately, causing the onset and progression of articular 

cartilage degradation.  Genomic and proteomic studies help 

expand the understanding of OA and represent a potential 
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first step towards identifying novel biomarkers.  Multiplex 

ELISAs can be used to follow-up these studies by measuring 

multiple proteins (e.g., those identified via mass 

spectrometry) in a small tissue sample. (da Silva, Yamada, 

Clarke, & Roach, 2009) 

Genetic Variations Associated  

with Increased Risk 

  

OA is a complex disease whose pathogenesis is further 

complicated by genetic, metabolic, and local factors (Rego-

Perez, Fernandez-Moreno, Fernandez-Lopez, Arenas, & Blanco, 

2008).  Even though OA genetic mechanisms are unclear, it 

is evident that there are differences in gene expression 

between healthy and OA patients (Rego-Perez et al., 2008).  

Familial history of OA has been significantly positively 

correlated with an increased risk of OA development (Valdes 

& Spector, 2009).  Familial history may be associated with 

a set of genetic variations that may lead to altered 

quality or quantity of related proteins.  Genetic studies 

provide evidence of heritability of OA and may help improve 

our understanding of OA etiology (Valdes & Spector, 2009).  

OA-related genetic variations or polymorphisms have been 

studied in the nucleus and mitochondria. 



95 

 

Discovery of mitochondrial single-nucleotide 

polymorphisms has led to the definition of mitochondrial 

subgroups known as haplogroups (Torroni et al., 1996).  A 

comparison among different grades of OA in a Spanish 

population demonstrates a different distribution of 

haplogroups throughout the grades of OA (Rego-Perez et al., 

2008).  Within the low severity OA group, there is a 

significantly higher frequency of haplogroup J than in the 

high severity group, which has a significantly higher 

frequency of haplogroup U (Rego-Perez et al., 2008).  Knee 

OA patients who are in haplogroup J demonstrate less severe 

disease progression, suggesting a protective effect of this 

particular subgroup (Rego-Perez et al., 2008).  

Furthermore, haplogroup U appears to be associated with an 

increased risk of severe OA (Rego-Perez et al., 2008).  The 

exact mechanisms of risk or protective nature of these 

haplogroups is unknown, but may be related to mutations of 

specific alleles and the tolerance to free radicals. 

The presence of nuclear single-nucleotide polymorphism 

of the genes Leucine-rich repeats and calponin homology 

containing 1 have also been associated with inflammatory 

pathogenesis of OA.  The latter gene is speculated to be 

involved in chondrocyte response to pressure or tension 



96 

 

(Spector et al., 2006).  A disruption of its signaling 

pathway could lead to cartilage composition and structure 

changes.  There are consistent associations between a 

single-nucleotide polymorphism in LRCH1 in different 

populations and the pathogenesis of knee OA; however, these 

findings are not generalizable across populations. (Spector 

et al., 2006)   

Knee Injury Associated With  

Increased Risk 

Knee OA is a complex, heterogeneous joint disease that 

is characterized by multi-tissue (e.g., articular 

cartilage, synovium, subchondral bone, ligament) 

degradation (Lane et al., 2011).  Knee OA is one of the 

most common musculoskeletal diseases, affecting almost 251 

million humans (Vos et al., 2012).  Within this population, 

it is particularly concerning that over 30% of patients 

with acute ACL or meniscal injuries develop radiographic 

knee OA within 5 years post injury (Frobell et al., 2013), 

and over 50% of patients show evidence 10 to 20 years post 

injury (Lohmander et al., 2004).  Therefore, it is 

important to understand why these patients develop early-

onset knee OA and if this onset of knee OA can be prevented 

or delayed.   
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An acute knee injury is caused by a high-force event 

that initiates biomechanical changes as well as biochemical 

cascades (e.g., inflammation and metabolic imbalances of 

tissue turnover), which lead to joint failure.  Evidence 

from animal models and small human studies reveal that 

early interventions, which address these biochemical 

changes or altered joint biomechanics may slow the 

progression of joint degeneration.  However, if our goal is 

to prevent knee OA then it may be important to target both 

biochemical and biomechanical changes.  

Post injury, a knee will have increased inflammation 

and an imbalance of catabolic and anabolic processes 

resulting in tissue turnover, as well as altered joint 

biomechanics/arthrokinematics (Beynnon et al., 2005; 

Frobell et al., 2008).  Over time, repetitive abnormal 

joint loading and inflammatory mediators propagate aberrant 

tissue turnover, which will result in altered tissue 

mechanics, further exacerbating tissue damaged, and lead to 

knee OA. 

Biomechanical Changes.  Acute knee injuries (e.g., 

meniscal or ACL tears) are relatively common within 

athletic and physically active populations (Hootman et al., 

2008) and are associated with at least a 4 times greater 



98 

 

likelihood of knee OA (Muthuri et al., 2011).  Surgical 

intervention is sometimes recommended after knee injury 

with the goal of correcting abnormal joint biomechanics, 

reducing the risk of secondary injuries, and ideally 

reducing the risk of knee OA.  Unfortunately, surgical 

interventions (e.g., ACL reconstruction, meniscectomy) do 

not restore normal joint biomechanics (Frobell, 2011) or 

reduce the chance of knee OA (Frobell et al., 2013; Harris 

et al., 2013).  

After an injury, despite surgical intervention, the 

knee is exposed to new loading patterns that increase the 

risk of knee OA.  For example, contact pressures increase 

and shift to regions unaccustomed to these high loads.  

This may be a direct result of instability induced by an 

injury or because a patient functions with compensatory 

movement strategies (Sturinieks et al., 2008).  Increased 

focal loading on the menisci (Figure 8), articular 

cartilage, and subchondral bone is further confounded by 

other concomitant knee injuries (e.g., chondral or 

osteochondral lesions, fractures) being present (Frobell, 

2011).  If the size of the meniscus is reduced by just 10% 

then contact pressures may increase 65% (Brindle, Nyland, & 

Johnson, 2001) and double if the meniscal size is reduced 
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by 50% (Pena, Calvo, Martinez, Palanca, & Dolbare, 2005).   

This increased focal loading can increase the risk of 

microtrauma from repetitive overloading, which can 

compromise knee joint tissues and leave them susceptible to 

injury and pathologic changes (e.g., lesions in epiphyseal 

bone marrow (Englund et al., 2010), changes in cartilage 

thickness or composition (Frobell, 2011)).      

While microtraumatic events can occur secondary to 

local repetitive overloading, they may also originate 

during a macrotraumatic knee injury.  Traumatic events are 

often accompanied by microtraumatic damage to the 

subchondral bone or cartilage, also known as a “bone 

bruise,” which is more accurately classified as 

osteochondral or bone marrow lesion.  This may be related 

to acute trauma-induced microcracking of subchondral bone 

that can extend beyond the calcified matrix into the joint 

cartilage (Muir et al., 2006).  These microcracks encourage 

endochondral ossification repairs that can lead to further 

degeneration and OA type changes with continued loading at 

high cyclic strains (Muir et al., 2006).  Post-traumatic 

bone marrow lesions typically resolve within 6 months after 

the injury in 98% of patients with ACL injuries (Frobell et 

al., 2009), although a third of knees develop new bone 
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marrow lesions during the first two years after knee injury 

(Frobell, 2011).  This reemergence of bone marrow lesions 

may reflect local microdamage or abnormal remodeling to the 

bone secondary to repetitive focal overloading.  On the 

other hand, it may reflect biochemical alteration in the 

viscous components of synovial fluid that then reduces its 

viscoelasticity, impairing their ability to absorb and 

dissipate mechanical strain, which could lead to further 

cartilage damage, bone bruising, and eventually OA (Hsieh, 

Wang, & Turner, 1999).  

In summary, a macrotraumatic knee injury is a high-

force event that can create immediate macro- and micro-

damage, which may compromise how tissues distribute joint 

loads and trigger tissue degradation.  Furthermore, after 

an injury, the abnormal joint loading increases the risk of 

repetitive focal overloading, which can also lead to 

microtrauma and abnormal tissue turnover.  This leads to a 

vicious cycle in which compromised tissue is less able to 

accommodate greater focal loads which leads to further 

tissue degradation and hence less ability to adapt to the 

abnormal loading.  All of these biomechanical changes can 

initiate as well as propagate biochemical changes that can 

contribute to the negative OA sequela post knee injury. 
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Biochemical changes.  After joint trauma there is a 

sudden increase in inflammatory mediators that resolve 

slowly over time (Scanzello et al., 2010).  It remains 

unknown how long or whether they ever return to normal 

levels.  Acute inflammation after the initial trauma can 

disturb homeostasis throughout the joint potentially lead 

to knee OA.  This may initiate a metabolic crisis and an 

imbalance in the catabolic and anabolic processes.  Pro-

inflammatory biochemical markers (e.g., interleukin-1β, 

tumor necrosis factor-α) increase in the synovial fluid and 

stimulate new blood vessel formation (angiogenesis), 

osteophyte formation, and expression of catabolic enzymes 

(e.g., matrix metalloproteinases 2 and 3, a disintegrin and 

metalloproteinase with thrombospondin motifs), that 

breakdown of articular cartilage extracellular matrix 

(e.g., proteoglycans and collagen) components (Bondeson et 

al., 2006).   

There is evidence of a biosynthetic attempt to control 

pro-inflammatory and catabolic events as evidenced by 

increased tissue inhibitor of MMPs (TIMP)-1, TIMP-2, 

interleukin-10 in synovial fluid of patients with OA 

(Cattano et al., 2011; Driban et al., 2010).  Despite an 

attempt to reestablish homeostasis, the catabolic pathways 
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lead to increased extracellular matrix permeability and 

increased water content in articular cartilage (Pollard et 

al., 2008), thus pathologically altering the biochemical 

and biomechanical properties of the articular cartilage.  

In this new environment, chondrocytes (the only cells 

within healthy cartilage) stimulate additional cartilage 

degeneration and neovascularization, which establishes the 

conditions for the deep regions of articular cartilage to 

ossify.  As the cartilage composition changes, the bone 

also begins to adapt to the new biochemical conditions.  

For example, angiogenesis and catabolic pathways contribute 

to early subchondral bone remodeling and osteophyte 

formation.  Bone remodeling has been seen in ACL patients, 

with sclerotic bone changes occurring three to four years 

post ACL reconstruction surgery, and the formation of 

osteophytes in 50% of ACL reconstruction patients two years 

post surgery (Frobell, 2011; Frobell et al., 2009).  

Osteoblasts in sclerotic bone are known to increase 

production of MMP 13 and osteopontin, compared to 

nonsclerotic bone (Sanchez et al., 2008), which is of 

interest since elevated markers of bone turnover 

(osteopontin, osteonectin) are found up to 1 month post 

injury in synovial fluid (Sward et al., 2012).  The 
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osteoblasts of sclerotic bone also increase VEGF 

production, a key player in the development of OA changes 

(Hashimoto et al., 2002).  

Meanwhile, fragments from the articular cartilage 

(e.g. fibronectin fragments) enter synovial fluid and 

stimulate catabolic pathways within articular cartilage and 

synovium, and that serve as chemoattractants for activated 

macrophages into the joint that release inflammatory 

cytokines.  Therefore, a single traumatic event, 

independent of subsequent focal repetitive overloading, 

could initiate a catabolic-inflammatory cascade, in which 

inflammatory mediators stimulate abnormal tissue remodeling 

and damage.  This cascade then generates fragments that 

propagate inflammation and further joint catabolism, a 

process that may be further complicated by repetitive focal 

overloading, as described above. 

Biochemical-biomechanical interaction.  A 

macrotraumatic event may trigger an acute episode of 

inflammation, alter joint loading, and compromise the 

structural integrity of tissues.  Each of these three 

conditions may increase the risk of knee OA.  In fact, 

elevated markers of cartilage turnover (e.g., aggrecan) 

have been found up to 1 month post injury (Sward et al., 
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2012), and are still present within synovial fluid one year 

post-ACL reconstruction surgery (Beynnon et al., 2005).  

The inflammatory and cartilage turnover markers have also 

not returned to normal health levels up to one year post 

injury (Beynnon et al., 2005; Kurz et al., 2005).  These 

elevated biochemical markers may indicate that the joint 

tissues are still structurally or biochemically compromised 

and not ready to sustain full biomechanical loads.  

However, despite evidence that the joint may need longer 

time periods to recover, many patients return to full 

function by one-year post-ACL reconstruction.  This return 

to pre-injury activities, combined with lingering 

structural insufficiencies and inflammatory responses, 

could increase the vulnerability of the knee to OA.   

Compromised structural integrity, altered joint 

loading, and inflammation may form a dangerous cycle that 

increases the risk of knee OA.  Abnormal structural 

integrity may alter how joint loads are distributed through 

the joint and stimulate inflammation (e.g., fragments from 

degraded cartilage may agitate synovium and cartilage). 

Likewise, abnormal joint loading exposes focal regions to 

abnormally high loads, which increases the risk of abnormal 

structural integrity (e.g., bone marrow lesions, cartilage 
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degradation) and local inflammatory responses, described 

above.  Furthermore, inflammation is associated with pain 

and functional limitations that may contribute to 

compensatory movement strategies, which lead to abnormal 

joint loading.  Inflammation can also stimulate complex 

tissue remodeling in all joint tissues including bone 

(e.g., osteophytes), synovium (e.g., angiogenesis), and 

articular cartilage (e.g., degradation, ossification).  

The relationship between structural integrity, 

abnormal loading, and inflammation may be more than a 

simple interaction.  In the repetitive rat model, localized 

inflammation occurs immediately in bone and joint tissues, 

and remains elevated for 5 or 12 weeks, depending on the 

level of inducing injury (Driban, Barr, Amin, Sitler, & 

Barbe, 2011).  The inflammatory response was matched by 

exposure-dependent structural changes in the skeletal 

tissues, such as adaptive bone remodeling with performance 

of a low force task but degradative bone and cartilage 

changes with a high force task (Driban et al., 2011; 

Elliott et al., 2008).  When ibuprofen treatment, at anti-

inflammatory levels, was administered early during the 

inflammatory period, a reduction in inflammatory cytokines 

was observed in the loaded joint tissues (Driban et al., 
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2011).  Eight weeks of ibuprofen treatment also reduced 

structural cartilage damage and chondrocyte apoptosis, 

despite continued performance of the high force task.  This 

indicates that inflammatory biochemical changes were 

contributing to the structural changes, and therefore an 

interaction between biomechanical and biochemical processes 

in joint destruction. 

Biochemical and biomechanical interventions after 

joint trauma.  Many investigators have suggested that early 

intervention is critical to the development of disease 

modifying OA interventions.  Investigators have 

demonstrated that conducting an intervention study in an 

early ACL cohort is feasible (Chu et al., 2012).  Various 

surgeries have been proposed to address the biomechanical 

changes after an injury (e.g., ACL reconstruction, meniscal 

repair).  Unfortunately, they have not been successful at 

restoring normal joint mechanics or preventing knee OA 

(Frobell et al., 2013).  Newer ACL reconstruction 

techniques and meniscal implants may help reduce OA risk, 

but it is unclear if they will be effective on their own.  

To address the biochemical changes, it may be advantageous 

if biochemical interventions (e.g., anti-inflammatories) 

are initiated early after trauma in an effort to slow or 
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prevent the onset of degenerative changes (Kraus et al., 

2012).  However, among patients with established knee OA, 

individuals with knee malalignment may be less responsive 

to disease-modifying intervention, which supports the 

hypothesis that knee mechanics should be considered when 

offering a biochemical disease-modifying intervention 

(Mazzuca, Brandt, Chakr, & Lane, 2010).  Unfortunately, few 

investigators have taken a multi-faceted approach, which 

may be necessary when attempting to prevent or slow the 

onset of knee OA (Figure 9).   

After a traumatic event to the knee joint, OA may 

occur as a result of applied mechanical stress, altered 

joint and tissue mechanics, inflammation, and the 

interaction of these sequelae, impairing the ability of the 

joint to withstand mechanical stress.  It is possible that 

OA has a complex and interlaced pathophysiology that 

involves biomechanical as well biochemical changes (Figure 

10).  While biochemical or biomechanical interventions may 

delay the onset of OA, this may not be enough, especially 

independently, since these injuries often happen in young 

adults who would like to resume an active lifestyle 

quickly.  Ultimately, the goal must be to prevent knee OA 

after joint trauma.  To achieve this goal, there may be a 
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need to target both biochemical and biomechanical risk 

factors in an at-risk (e.g., macrotraumatic) population to 

prevent knee OA development and progression (Figure 11).   

Osteoarthritis Interventions 

Research efforts in OA intervention have historically 

focused on palliative care.  Current research is beginning 

to focus on disease modification.  Due to the increasing 

incidence of OA within a growing population, intervention 

efforts need to be focused towards finding a successful 

DMOAD to halt or reverse the progression of OA in humans.  

Clinical trials must demonstrate a favorable benefit to 

risk ratio to attain approval from regulatory agencies 

(Abadie et al., 2004).   

According to current standards, for a drug to gain 

DMOAD status, it must demonstrate, at a minimum, the 

ability to slow down OA progression of joint space 

narrowing on standard radiographs (Hellio Le Graverand-

Gastineau, 2009).  Furthermore, the delayed joint space 

narrowing must translate into clinical benefit.  Less 

likely, a drug may gain disease modifying OA drug status if 

it has the ability to normalize or improve JSN on standard 

radiographs.  To date, no disease modifying OA drug has 

been approved by the Food and Drug Administration or 
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European Medicines Agency (Hellio Le Graverand-Gastineau, 

2009).   

A limited number of potential DMOAD have shown 

potential to delay joint space narrowing accompanied with 

symptomatic relief (Abadie et al., 2004; Falgarone & 

Dougados, 2001; Pavelká et al., 2002).  Current mechanistic 

goals of DMOAD include anti-catabolic and pro-anabolic 

agents (Hellio Le Graverand-Gastineau, 2009).  Some 

examples of potential anti-catabolic DMOAD include 

diacerein, calcitonin, avocado/soybean unsaponifiables, 

glucosamine, and corticosteroid injections; and some 

examples of less common potential pro-anabolic DMOAD 

include BMP-7, OP-1, FGF-18, and mesenchymal stem cells 

(Hellio Le Graverand-Gastineau, 2009).  

Diacerein.  Diacerein, an IL-1 inhibitor, reduces pain 

and functional impairment in hip and knee OA patients 

(Pelletier, 2003).  Diacerein has also been shown to impair 

the progression of joint space narrowing in patients with 

hip OA and delay the decision for total joint replacement 

in comparison to placebo (Falgarone & Dougados, 2001).  

Diacerein outcomes are inconsistent, and carry some adverse 

risks (e.g., diarrhea).  The inconsistencies in addition to 
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unknown long-term outcomes beyond 6 months have impeded 

this drug from gaining DMOAD status (Bartels et al., 2010).   

Calcitonin.  Calcitonin inhibits osteoclast bone 

removal and promotes osteoblast bone formation (Hellio Le 

Graverand-Gastineau, 2009).  Administration of oral 

calcitonin demonstrates significant decreases in the levels 

of CTX-II, type II collagen neopeptide, and MMP-13 in OA 

patients (Manicourt, Azria, Mindeholm, Thonar, & 

Devogelaer, 2006).   

Unsaponifiables.  Administration of avocado/soybean 

unsaponifiables has also been associated with inhibition of 

JSN in human hip OA when compared to placebo (Lequesne, 

Maheu, Cadet, & Dreiser, 2002).  MMP-13, in addition to 

nitric oxide synthase, levels have also been reduced in 

canine OA through administration of avocado/soybean 

unsaponifiables when compared to placebo (Boileau et al., 

2009).  However, most research is conflicting regarding the 

outcomes of unsaponifiables administration (Henrotin, 

2008).  Similar to other supplements, the dosage, source, 

and concentration are not regulated which could contribute 

to the varied outcomes.   

Glucosamine.  Glucosamine sulfate has also been 

associated with slowed joint space narrowing in medial knee 
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OA when compared to placebo (Pavelká et al., 2002).  

Glucosamine has shown favorable functional outcomes, 

however there is conflicting evidence.  Conflicting 

evidence is possibly due to varied concentrations, sources, 

and ingredients of the supplement as they are not uniform 

across distributors.  Accordingly, the DMOAD potential may 

not be reproducible across distributors.  Experimental bias 

could skew positive results as most intervention trials on 

specific product brands are conducted by the company that 

owns the brand.  Regardless of functional outcomes, an 

intervention must demonstrate the ability to halt, slow, or 

reverse the progression of joint space narrowing on 

standard radiographs to gain DMOAD status. 

Corticosteroids.  Intraarticular corticosteroid 

injections are commonly used and are recommended in several 

guidelines for non-surgical management of knee OA (ACR 

Subcommittee on Osteoarthritis Guidelines, 2000; Zhang et 

al., 2010).  Corticosteroid injections decrease pain, 

decrease stiffness, and improve strength and function 

short-term (Jones & Doherty, 1996).  However, the response 

by patients is highly variable, and, to date, there are no 

clinical predictors of response to corticosteroid injection 

(Jones & Doherty, 1996).  Long-term intraarticular 
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corticosteroid injections have shown no deleterious effects 

in human knee OA (Raynauld et al., 2003).  Clinical 

evidence suggests that the benefit is typically short lived 

(one to eight weeks), however there has been some evidence 

of longer term relief (sixteen to twenty-four weeks) (Jones 

& Doherty, 1996; Pyne, Ioannou, Mootoo, & Bhanji, 2004; 

Ravaud et al., 1999; Raynauld et al., 2003; Zhang et al., 

2010).  

Corticosteroid injections contain medicine known to 

have an anti-inflammatory effect.  The short-term pain 

relief in knee OA following corticosteroid injection 

supports the concept that there is an inflammatory 

component to OA.  However, simple clinical observations of 

inflammation (e.g., heat, stiffness, fluid) have not been 

found to be predictors of successful outcomes to 

corticosteroid injection (Jones & Doherty, 1996).  Clinical 

observations may not be a sensitive enough measure of 

inflammation.  Local aspiration, and subsequent synovial 

fluid analyses, may reveal local inflammation within the 

joint that is not identified (e.g., visually) in the 

clinical setting.  The analyses may serve as a more 

accurate measure of joint inflammation status, and 



113 

 

ultimately, aid in the identification of successful 

interventions. 

Corticosteroid injections are speculated to have a 

chondroprotective effect.  The chondroprotective role of 

corticosteroid injections has been supported in animal 

models of OA (Céleste, Ionescu, Robin Poole, & Laverty, 

2005; Pelletier, DiBattista, Raynauld, Wilhelm, & Martel-

Pelletier, 1995; Pelletier & Martel-Pelletier, 1989).  

Corticosteroid injections demonstrate a chondroprotective 

role under therapeutic (e.g., OA) as well as prophylactic 

(e.g., healthy) conditions (Pelletier et al., 1995).  

Repetitive intraarticular corticosteroid injections in 

humans with knee OA demonstrate significant symptom 

improvement one year after the first injection, however, 

there were no differences in joint space narrowing on 

standard radiograph when compared to placebo (Raynauld et 

al., 2003).  However, mechanistically it remains unknown as 

to why symptomatic relief occurs and furthermore, why it is 

variable amongst patients. 

Lidocaine.  Local anesthetic (e.g., lidocaine) 

injections are routinely performed in orthopedics (Piper, 

Kramer, Kim, & Feeley, 2011).  They are performed, either 

in combination with corticosteroids or individually, to 
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manage pain (Piper et al., 2011).  A reduction in pain will 

improve patient function and decrease patient reliance on 

over-the-counter or prescription medications to manage pain 

and disability that is associated with OA.   

Disease Modifying Osteoarthritic  

Drug Barriers 

Imaging.  Standard radiographs may not be a sensitive 

enough measure to ascertain successfulness of potential 

DMOAD.  Standard radiographs measure joint space narrowing.  

Joint space narrowing may not be clinically relevant for 

monitoring of OA progression.  Standard radiographic joint 

space narrowing of the tibiofemoral joint predominantly 

detects articular and meniscal cartilage changes, as well 

as osteophytosis and sclerotic bone changes related to OA 

(Hellio Le Graverand-Gastineau, 2009).  Joint space 

narrowing may not be a sensitive enough measure for the 

assessment of early OA changes, changes in all tissues, or 

the effectiveness of any DMOAD.   

Standard radiographs are insensitive to microscopic, 

biochemical, and early structural changes within the bone 

and cartilage (Abramson & Krasnokutsky, 2006).  OA is a 

disease of the entire diarthrodial joint, including all 
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tissues within the joint (e.g., cartilage, bone, synovium, 

synovial fluid).   

Magnetic resonance imaging allows for a multi-tissue 

assessment, and serves as a more accurate, yet expensive, 

alternative for joint status (Guermazi, Roemer, & Hayashi, 

2011).  Biomarker analyses may serve as more accurate and 

specific measures of local OA progression.   

Biomarkers may provide more encompassing information 

about the effectiveness of a DMOAD and allow for effective 

monitoring of these agents.  Biomarkers can monitor 

microscopic and cellular changes prior to macroscopic 

radiographic changes occurring.  Future studies need to 

focus on the anti-catabolic and/or pro-anabolic effects of 

DMOAD interventions and detecting these changes in the 

blood, serum, or urine.  Markers of cartilage/bone 

degradation or synthesis can be non-invasively recovered 

and serve the potential to gain better understanding of the 

influence of DMOADs.  Furthermore, monitoring local 

cytokine concentrations may serve as an alternative measure 

of the effectiveness of a DMOAD.   

Disease stage. Another significant barrier to the 

development of a DMOAD is that most potential DMOAD are 

tested on patients with late-stage OA.  The heterogeneity 
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of OA, as well as the stage could have implications on the 

effectiveness of a DMOAD.  Theoretically, OA patients could 

be categorized into subsets and assigned interventions 

based on their biochemical profile, including the stage of 

disease, potentially indicated by predictors of response to 

therapeutic interventions.  Ideally, DMOAD interventions 

should be targeted prophylactically in high-risk 

populations. 

Knee injuries (e.g., meniscal tear, ACL tear) have 

been linked with an increased risk for the development of 

OA.  More than 50% of all intercollegiate sports injuries 

occur to the lower extremity (Hootman et al., 2001).  ACL 

tears result in 40 to 50% of the patients developing OA 

within 10 to 15 years post injury, regardless of treatment 

(i.e., surgical, non-surgical).  Increased athletic 

participation and incidence of knee injuries results in 

larger prevalence of OA in younger populations.  It is no 

longer a disease of the elderly. 

DMOAD trials should be targeting the “at risk” patient 

who has suffered a knee injury.  The younger population 

presents with less comorbidities, a similar onset of OA 

(i.e., macrotrauma from knee injury), and the opportunity 

to prevent the onset of the disease altogether.  Monitoring 
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biomarkers in knees post injury may allow for 

identification of impending OA.  If DMOAD intervention 

efforts are attempted prior to structural changes 

occurring, the likelihood for success could be improved. 

Current OA patient care is focused primarily on trying 

many approaches (e.g., medications, injections, 

supplements, exercises), ultimately aiming to find 

something to provide palliative care.  Ultimately the 

disease progresses to an intolerable stage, and the only 

intervention, to date, that has been shown to “cure” OA, is 

total knee replacement surgery.  There are several 

interventions that show promising patient centered results, 

however, the broad spectrum and heterogeneity of the 

disease provides a challenge in regards to reproduction and 

generalizability of results.   

To simply understand that certain interventions are 

successful for some individuals, but not for others is 

inadequate.  By understanding the intervention 

mechanistically, investigators will understand why an 

intervention may be successful for one patient (or patient 

group) over another.  Patients may be able to be classified 

pathophysiologically utilizing a biochemical analysis of 

the synovial fluid to identify which intervention would be 
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successful.  This classification allows for individualized 

and efficient management of patient’s OA, as opposed to 

attempting many various interventions until finding a 

successful one.   

Another key component to successfully finding a DMOAD 

may be identifying and diagnosing the disease at an earlier 

stage, prior to major structural damages occurring.  

Conducting a biochemical analysis may lead to the diagnosis 

of impending OA, which could provide the opportunity to 

prescribe a successful intervention prior to unsalvageable 

structural damage occurring.  Utilizing biochemical 

analyses allows for earlier diagnosis of impending OA as 

well as a mechanistic understanding of interventions.  This 

method may be able to more accurately identify DMOAD status 

for OA interventions. 
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APPENDIX F - Biomarker Normality Inspection 
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Kur 10.939 (SE = 1.279)  7.749 (SE = 1.279) 

       

IL-1β  pre Sk 

Kur 

 1.411 (SE = 0.661) 

 0.833 (SE = 1.279) 

0.007*  2.454 (SE = 0.661) 

 6.805 (SE = 1.279) 

0.001* 

IL-1β  post Sk 

Kur 

 0.654 (SE = 0.661) 

-1.179 (SE = 1.279) 

0.118  2.694 (SE = 0.661) 

 7.987 (SE = 1.279) 

0.000* 

IL-1β delta Sk 

Kur 

-0.709 (SE = 0.661) 

-0.325 (SE = 1.279) 

0.396 -1.389 (SE = 0.661) 

 3.279 (SE = 1.279) 

0.078 

       

CTX-II/CPII  pre Sk 

Kur 

 2.172 (SE = 0.661) 

 5.584 (SE = 1.279) 

0.002*  0.511 (SE = 0.611) 

-1.752 (SE = 1.279) 

0.021* 

CTX-II/CPII  post Sk 

Kur 

 1.114 (SE = 0.661) 

-0.493 (SE = 1.279) 

0.004*  2.237 (SE = 0.661) 

 5.233 (SE = 1.279) 

0.001* 

CTX-II/CPII  delta Sk 

Kur 

 1.111 (SE = 0.661) 

-0.515 (SE = 1.279) 

0.003* -0.401 (SE = 0.661) 

-0.664 (SE = 1.279) 

0.147 

       

 

1
6
0
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FIGURE 1 

ACUTE KNEE INJURY HISTORY  

INCLUSION CRITERIA 
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FIGURE 1. ACUTE KNEE INJURY HISTORY INCLUSION CRITERIA 
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FIGURES 2 TO 7 

BIOMARKER CHANGES BY PARTICIPANT 

WITHIN GROUP 
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FIGURE 2.  COMP CHANGES BY PARTICIPANT WITHIN GROUP 

 

 

FIGURE 3.  CPII CHANGES BY PARTICIPANT WITHIN GROUP 
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FIGURE 4. MMP-13 CHANGES BY PARTICIPANT WITHIN GROUP 

 

FIGURE 5.  CTX-II CHANGES BY PARTICIPANT WITHIN GROUP 
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FIGURE 6.  IL-1β CHANGES BY PARTICIPANT WITHIN GROUP 

 

 

FIGURE 7.  CTX-II/CPII RATIO CHANGES BY  

  PARTICIPANT WITHIN GROUP 
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FIGURE 8 

JOINT CONTACT FORCES WITH AND  

WITHOUT MENISCUS 
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FIGURE 8. INCREASED JOINT CONTACT FORCES (ARROWS) AND 

MENISCUS (IN BLUE) 
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FIGURE 9 

OSTEOARTHRITIS PATHOMECHANICS 

AFTER KNEE INJURY 
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FIGURE 9. OSTEOARTHRITIS PATHOMECHANICS AFTER KNEE INJURY 

 

Green boxes indicate biochemical changes (e.g., increased 

IL-1β, MMP-3, MMP-2, MMP-13, IL-10, TIMP-1, TIMP-2, VEGF).  

Blue triangles indicate biomechanical changes (e.g., 

decreased range of motion, microtrauma, compensatory gait 

changes). 
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FIGURE 10 

BIOMECHANICAL AND BIOCHEMICAL  

CHANGES AFTER KNEE INJURY 
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FIGURE 10.  BIOMECHANICAL AND BIOCHEMICAL CHANGES AFTER 

KNEE INJURY 

Green boxes indicate biochemical changes; Blue triangles 

indicate biomechanical changes.  Abbreviations: IL-10 = 

interleukin 10; MMP = matrix metalloproteinase; OPN = 

osteopontin; TIMP = tissue inhibitors of MMPs.  
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FIGURE 11 

OSTEOARTHRITIS ETIOLOGY  

AND PATHOPHYSIOLOGY 
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FIGURE 11.  OSTEOARTHRITIS ETIOLOGY AND PATHOPHYSIOLOGY 

 

 

 

 

 

 

 

 

 

 

 

 

 


