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ABSTRACT 

 

 

HYUNJAE JEON.  Diagnostic ultrasound assessment of femoral cartilage health in 

individuals with patellofemoral pain.  (Under the direction of ABBEY THOMAS 

FENWICK) 

 

 

 Patients with patellofemoral pain (PFP) experience pain during or after physical 

activities. Recent evidence suggests PFP is not only a painful symptom which hinders 

daily activity but also a potential marker for future development of patellofemoral 

osteoarthritis (PFOA). Ultimately, PFP may also lead to tibiofemoral osteoarthritis 

(TFOA), which is recognized as a knee osteoarthritis. Traditionally, lower extremity 

strengthening exercises successfully alleviate pain for patients with PFP. However, 

strengthening exercises are not effective in modifying certain movement patterns 

associated with PFP development and progression. Researchers found feedback motion 

retraining to be an effective mode of intervention to alter movement patterns. However, 

there is no research synthesizing the efficacy of feedback motion retraining for patients 

with PFP. Therefore, in Chapter 2, we assessed the efficacy of feedback motion retraining 

by summarizing relevant scientific evidence. Diagnostic ultrasound (US) is a cost-

effective imaging tool to assess morphology of soft tissue, but it is rarely used for 

evaluating cartilage health in individuals with PFP. But, diagnostic US may be a useful 

clinical tool for understanding the progression from PFP to PFOA. Therefore, our aims 

were to evaluate femoral cartilage health in patients with PFP. In Chapter 3, we compared 

the deformative characteristics of femoral cartilage following varied forms of loading 

conditions between individuals with and without PFP by assessing US image cross-

sectional area and echo intensity. In Chapter 4, we compared the image quality grade 
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between individuals with and without PFP to understand whether individuals with PFP 

are demonstrating worse cartilage health that may not be captured using traditional 

evaluation methods. We identified significant correlations between patient-reported 

outcomes and echo intensity following loading conditions. We also identified statistically 

significant differences of femoral cartilage image quality between individuals with and 

without PFP which indicates increased risk of osteoarthritis in individuals with PFP. 
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CHAPTER 1: INTRODUCTION 

1.1 Background and Significance 

Patellofemoral pain (PFP) is a painful retropatellar and peripatellar pathology. It 

is the most commonly reported musculoskeletal disorder among physically active 

individuals, especially young adults.1 Specifically, it affects up to 23% of the general 

population2 and its prevalence is likely to increase as the population ages.3 Activities that 

load the patellofemoral joint, such as stair ambulation, jumping, and prolonged running 

and squatting typically aggravate the pain.1 PFP is often perceived as innocuous by 

patients and as a result more than 82% of patients with PFP do not seek medical attention 

or treatment.4 Despite the subtle characteristics of PFP, the long-term prognosis is poor.5 

For majority of patients with PFP, the initial pain persists, the disorder progresses to a 

chronic condition,3-7 and PFP eventually develops into serious knee pain or 

patellofemoral osteoarthritis (PFOA) if not adequately resolved.8-10 

There is an ongoing scientific debate regarding the etiology of the PFP. However, 

the general consensus is that PFP is a multifactorial pathology, including anatomical,11,12 

biomechanical,13 motor neuronal,14 and psychological factors.15 Abnormal biomechanics, 

specifically dynamic knee valgus—a combination of increased hip adduction and internal 

rotation—during weight bearing movements, are considered a modifiable cause of 

PFP.16,17 Researchers found patients with PFP demonstrate increased hip adduction and 

internal rotation during daily movements18 and this was found to have a correlation with 

hip abductor and external rotator muscle weakness.19 Notably, abnormal hip kinematics 

contribute to aberrant patellofemoral joint reaction force (PFJRF). The PFJRF is the 

resultant compressive force applied on the PF joint.20 PFJRF can vary from 1.3 times 
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body weight (BW) up to 7.8 times BW depending on the movement.21 The 

aforementioned dynamic knee valgus position increases the lateral facet and decreases 

medial facet PFJRF by altering the location of contact between the patella and femur, 

precipitating PFP development and articular cartilage degeneration. Additional factors 

may also increase PFJRF on the lateral facet including  pathologic lateral soft-tissue 

restraints22 and muscular firing timing imbalance between vastii muscles.23,24 This 

provides a foundation that movement quality (aberrant biomechanics) may contribute to 

the severity of PFP symptoms and should be considered in the treatment for improving 

the symptoms to mitigate the progression to PFOA. 

There are various rehabilitative strategies to address pain and improve function.25 

The premise of these interventions is to change biomechanics to normalize the joint 

compression and improve lower extremity muscle strength. The current evidence 

supports the effectiveness of lower extremity musculature strengthening exercises and 

movement modification in managing knee joint pain and improving function.26 However, 

despite its effectiveness in pain management, current strengthening interventions fail to 

alter biomechanics.27 Modifying movements using feedback is gaining more attention in 

treating PFP since recent series of investigations on gait retraining suggest that feedback 

on faulty biomechanics is necessary to improve biomechanics in the long-term.28-30  

Osteoarthritis (OA) is the most common form of arthritis and the knee is the most 

commonly affected joint.31 Despite the weight-bearing nature of the tibiofemoral (TF) 

joint, radiographic PFOA is more common; however, combined TF-PF OA is the most 

prevalent.32 Isolated PFOA is considered to contribute to the development of tibiofemoral 

OA (TFOA) from altered TF and PF joint mechanics.32,33 Therefore, it is plausible to 
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conclude that isolated chronic PFP is a precursor for PFOA, and PFOA contributes to 

TFOA, which eventually progress into TF-PF OA.  

Radiographic evidence of osteophyte formation and joint space narrowing on 

plain radiographs remain the gold standard for diagnosing OA.34 However, 32% of 

patients with painful, symptomatic OA have a normal cartilage surface according to the 

radiographic analysis.35 Moreover, joints without advanced symptom of OA do not 

usually show signs of cartilage thinning making it hard to diagnose patients with PFOA 

or TFOA using plain radiograph. Thus, despite its usefulness in detecting bony structural 

anomaly of the knee joint, plain radiography is limited in its ability to provide 

information on overall cartilage health. Magnetic resonance imaging (MRI) has also been 

used to measure changes in soft tissues, including cartilage, in patients with PFP and 

PFOA. MRI studies demonstrate 14% less cartilage thickness in individuals with PFP,36 

Hoffa’s fat pad edema and impingement, and chondromalacia patella, the latter two of 

which are implicated in causing the pain associated with PFP.37 While useful, MRI is a 

costly and time-consuming alternative to plain radiography. 

Diagnostic ultrasound (US) is a valid imaging tool38,39 that may aid in assessing 

femoral cartilage thickness before radiography would detect changes in joint integrity and 

at a lower cost than MRI. More clinicians are considering adopting US in the evaluation 

of the joint health since it provides a real-time image of soft tissues and is cost-efficient. 

Still, there is a limited amount of research that utilized US in the evaluation of knee joint 

health especially in individuals with PFP. Images obtained from US can provide not only 

the quantitative measures for the femoral cartilage thickness and water content40,41 but 

also allow for a qualitative evaluation of the sharpness of image quality that may be able 
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to explain the signs of early osteoarthritic changes in the cartilage.42 Therefore, there is a 

need for research comprehensively evaluating knee joint health in individuals suffering 

PFP using US in quantitatively and with image quality. 

 

1.2 Specific Aims 

Specific Aim 1: To assess the effectiveness of movement retraining in individuals with 

PFP. This was accomplished by comparing research which provided feedback movement 

retraining in individuals with PFP.  

Objective:  

To review current evidence to understand if the feedback motion retraining improves 

kinematics, pain, and self-reported function in patients with PFP. 

 

Specific Aim 2: To quantitatively compare cartilage health between individuals with and 

without PFP. 

Objective:  

1. To quantify the deformative behavior of femoral cartilage following loading 

conditions in individuals with PFP. 

2. To determine the association between femoral cartilage cross-sectional area and echo 

intensity alteration following loading conditions with clinical measures of patient-

reported outcomes and pain. 

Hypotheses: 

I hypothesized that individuals with PFP would show less deformative characteristics of 

femoral cartilage compared to pain-free individuals following loading conditions. 
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Additionally, I hypothesized that percent-change of quantitative US measures would be 

associated with patient-reported outcomes and pain. 

 

Specific Aim 3: To compare image quality to understand quality of cartilage surface 

between individuals with and without PFP.  

Objective: 

1. To compare femoral cartilage US image quality between individuals with and without 

PFP. 

2. To establish intra-and inter-assessor reliability of the femoral cartilage image quality 

grading scheme. 

Hypotheses: 

I hypothesized that individuals with PFP would show worse US image quality based on 

US grading scheme. I hypothesized that assessors would be able to establish strong intra- 

and inter-assessor reliability. 
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CHAPTER 2: EFFICACY OF FEEDBACK ON RUNNING GAIT RETRAINING IN 

PATIENTS WITH PATELLOFEMORAL PAIN: A CRITICALLY APPRAISED TOPIC 

 

Accepted author manuscript version reprinted, by permission, from [International Journal 

of Athletic Therapy and Training, 2019, 24 (1): 9-14, https://doi.org/10.1123/ijatt.2017-

0082. ©  Human Kinetics, Inc. 

 

2.1 Introduction 

Healthcare providers frequently encounter patients with patellofemoral pain 

(PFP), a non-traumatic and non-abnormal structural pathology which is localized in the 

retropatellar region.1 PFP accounts for up to 17% of visits to general practice physicians 

for knee pain.2 In recreational athletes, the prevalence may be closer to 25%, with 

individuals participating in running and jumping related activities most commonly 

affected.1,3 Patients with PFP often experience limitations of daily and physical 

activities.4 Athletes with prolonged symptoms of PFP may experience decreased 

performance and early cessation of their athletic careers.4 Recent evidence suggests that 

PFP in young adults is a precursor to subsequent patellofemoral osteoarthritis.5  

A systematic review established numerous risk factors of PFP, including 

dysfunction of knee extensor and/or hip abductor musculature, increased Q-angle, 

abnormal vastii reflex timing, patellar compression or tilting, and increased ground 

reaction forces during landing.6  In combination with these risk factors, dynamic knee 

valgus during various movements may increase patellofemoral pressure and result in 

development of PFP.1,7,8 To correct dynamic valgus, researchers incorporated hip 

abductor musculature strengthening exercises such as side lying hip abduction, clamshell, 
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and resistive band exercises into treatments.8 Most of these investigations resulted in pain 

alleviation and improved self-reported function, but biomechanics were not improved.9 

Due to the ineffectiveness of the hip strengthening exercise in altering 

biomechanics, researchers and clinicians have begun incorporating feedback of 

biomechanical movement patterns into PFP rehabilitation.10 This feedback is often either 

verbal or visual. Notably, a single, verbal feedback session has demonstrated immediate 

reductions in vertical ground reaction force during landing.11 Visual feedback is often 

provided via mirrors or videotape and has demonstrated improvements in dynamic 

valgus.12 Collectively, these studies suggest that using feedback during motion retraining 

is a beneficial addition to PFP rehabilitation treatment. This critically appraised topic 

(CAT) serves to review the current evidence regarding the effectiveness of feedback 

motion retraining on pain, function and running kinematics in patients with PFP. Running 

was selected because PFP is a common injury among runners.13 This will help healthcare 

providers to make evidence based decisions regarding whether or not to use feedback gait 

retraining in treating PFP.  

2.2 Focused Clinical Question 

Can feedback motion retraining improve kinematics, pain and self-reported 

function in patients with PFP? 

2.3 Methods 

Search Strategy 

A database search was conducted in July of 2017. The search terms used were: 

• Patient/client group: Patellofemoral Pain  

• Intervention: Feedback Motion Retraining, Augmented Feedback 
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• Outcome: Kinematics, Function 

Sources of Evidence Searched 

• CINAHL 

• Medline 

• Pubmed 

• Google Scholar 

Inclusion Criteria 

• Strength of Recommendation Taxonomy (SORT) Level 3 evidence or higher  

• Studies that identify PFP criteria 

• Studies that describe feedback motion retraining 

Exclusion Criteria 

• Studies that did not perform motion analysis in lower extremities 

• Studies used feedback motion retraining in combination with other treatments 

• Articles published prior to 2010 

• Pilot study 

Evidence Quality Assessment 

• Studies included were assessed with Physiotherapy Evidence Database (PEDro) scale 

for randomized controlled design (RCT) and strengthening the reporting of observational 

studies in epidemiology (STROBE) statement for non-RCT studies. All studies were 

evaluated using SORT. All assessments were performed by a single author (HJ).  

 

2.4 Results  
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Summary of Search, Evidence Appraised, and Key Findings 

• The search of the literature was to find studies that investigated the effectiveness of 

feedback running gait retraining on biomechanical, pain and self-reported function in 

patients with PFP. All four studies used 2-week feedback gait retraining in movement 

pattern modification in patients with PFP that also displayed faulty movement patterns. 

• The initial search process resulted in 21 possible studies for inclusion and total of four 

relevant articles met the inclusion criteria (Figure 1).  

• All four studies used 2 week feedback gait retraining in movement pattern modification 

in patients with PFP. One study14 used a computer-programmed visual feedback and 

three studies used a combination of mirror, script and verbal feedback (Table 2).15-17 

• All studies14-17 analyzed lower extremity kinematics and reported pain during running 

and three studies additionally reported changes of self-reported function.14-16 1 month 

follow-up was performed in all included studies and extra 3 month follow-up was 

reported in two studies.15,16 

• Hip adduction angle and contralateral pelvic drop was significantly reduced in three 

studies14,15 and knee abduction angle17 was improved immediately after the conclusion 

of the 2 week feedback training. Pain reduction retained at 1 and 3 months and kinematic 

improvement was also reported in three studies.14,15,17 

Results of Evidence Quality Assessment 

Only one study17 utilized random allocation by random numbers generator which 

distributed participants into experimental and control groups.  However, neither 

participants nor the investigator performing the intervention were blinded. Two 

studies14,15 were pre-test/post-test studies that did not include a control group. One 
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study16 was a case report of two participants from previous research.15 Our search 

process did not solely focus on randomized controlled trials since there was lack of 

literature with a randomized controlled trial design. According to those reasons, PEDro 

score was 8/10, STROBE scores were 15/20, 17/20 and 10/20, and SORT ranged from 1 

to 3 (Table 1). 

2.5 Discussion 

Clinical Bottom Line 

There is sufficient evidence to support the use of feedback motion retraining in 

PFP rehabilitation. Three included studies14-16 found a significant reduction in hip 

adduction angle (p<0.05),14,15 contralateral pelvic drop (p=0.001),15,16 internal hip 

abduction moment (p=0.008),15 and vertical loading impact (p<0.05)14 after intervention. 

Additionally, knee abduction angle and ankle plantarflexion improved after the gait 

retraining.15,17 Lastly, significant pain reduction14-17 and improvement of self-reported 

function14-16 was observed throughout the included studies, with Willy et al. observing 

very large effect sizes (pain: d= 7.61, p<0.05; function: d=3.81, p<0.05).15 

Strength of Recommendation 

SORT appraisal for the included articles resulted in scores ranging from level 1 to 

3 (Table 1). The level 1 evidence17 to support the use of feedback motion retraining was 

chosen because of its consistency and good quality patient-oriented evidence. The level 2 

evidence was selected because one of the studies15 used an identical feedback method to 

the level 3 study and the other study used a unique mode of visual feedback.14 The level 3 

evidence16 was included since it included expanded outcome measures that were not 

included in the identical level 2 study.15 A single randomized controlled trial17 was 
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included and scored 8/10 on the PEDro scale with the only points lost being due to lack 

of blinding. According to the STROBE assessment, two articles14,15 were rated as high 

quality (≥14/20) and one16 was rated as having a high risk of bias (≤13/20).  Collectively, 

the included evidence received a grade of B since the findings were consistent among 

included studies despite utilization of weak research designs. These studies suggest that 

providing feedback of movement patterns during gait retraining to patients with PFP is 

necessary to improve gait kinematics, pain and self-reported function. 

2.6 Implications for Practice 

PFP is a chronic condition resulting in retropatellar knee pain often exacerbated 

by faulty biomechanics, including increased hip adduction.18 The included studies 

identified consistent improvements in these aberrant gait kinematics after 8 sessions (15-

30 minutes each) of feedback gait retraining. Providing programmed visual14 and 

combination of mirror, script and supplemental verbal feedback15-17 during motion 

retraining not only improved biomechanics but also improved pain and self-reported 

function in all included studies. Therefore, incorporation of the aforementioned modes of 

feedback to decrease hip adduction, internal rotation, knee valgus, and contralateral 

pelvic drop and increase ankle plantarflexion and range of motion appears beneficial to 

patients with PFP especially who displayed faulty movement patterns. 

The feedback protocols examined were similar among included studies (Table 2). 

Specifically, all included research used 8 training sessions during a 2-week period and 

reduced the amount of feedback during the last 4 sessions. Also, all included researches 

targeted PFP patients who displayed faulty movement patterns. Noehren et al.14 utilized 

real-time visual feedback of participants’ hip adduction angles during stance phase as a 
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graph generated from 3D motion capture software. Participants observed their hip 

adduction angles during running and were instructed to keep the angle within one 

standard deviation of mean hip adduction angles obtained from healthy individuals. 

Participants were also instructed to contract their gluteal muscles and run with their knees 

pointing straight ahead; however, no additional verbal cues were provided when 

participants demonstrated any biomechanical errors during running.14 Willy et al.15 

combined visual and verbal feedback during gait retraining. Participants were first shown 

video of their baseline movement so they could see their aberrant biomechanics. For the 

feedback portion, participants ran with a mirror in front of them so they could see their 

biomechanics in real-time. They were provided the same instructions as in the Noehren et 

al14 study prior to the start of each feedback session, which was to keep their knees apart 

and patella facing forward. Additional verbal feedback was provided once the faulty 

biomechanics were noticed. Roper et al.17 used the same mirror feedback as Willy et al.15, 

but provided different verbal instructions to encourage participants to run with a forefoot 

striking pattern since the purpose of the study was to alter the rearfoot strike pattern. 

Similar to Willy et al15, verbal feedback was given if movement error was detected. 

Feedback methods of included studies altered faulty kinematics which were risk factors 

for PFP could have potentially contributed to the reduction of pain and improvement of 

function.19 

Feedback of proper movement patterns is not unique to the PFP population. 

Biomechanical feedback to correct faulty movements is widely used to reduce the risk of 

sustaining other knee injuries, including anterior cruciate ligament (ACL) injuries. In 

fact, based on the success of feedback at improving jump-landing biomechanics,20-22,23  
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the use of feedback on proper movement technique is a key recommendation on the 

prevention of ACL injury.24  Further, feedback has been deemed beneficial in patients 

after ACL reconstruction to improve biomechanics.25 Collectively, these studies suggest 

the benefit of feedback to improve biomechanics across lower extremity injuries.  

Both the immediate benefits and retention (1 and 3 months post-training) of the 

treatment were studied.14-17 Noehren et al.14 reported reduced pain (mean 

difference(MD)=4.3, p=0.001) and improved self-reported function (MD=11.4, p=0.008) 

immediately after the interventions. Immediate improvements in running mechanics were 

also observed across studies. Specifically, Willy et al. reported hip adduction angle 

improvement (p<0.001, d=2.91) during running immediately after the intervention. One 

month after termination of the feedback interventions, patients continued to experience 

improvements. Hip adduction angle during running increased by 1.1° at the 1-month 

follow-up; however, this change was associated with a small effect size (d=0.37) since 

the magnitude of change was minimal compared to the initial improvement between 

baseline and immediate post-training.15 Both Noehren et al.14 and Roper et al.17  reported 

that patients continued to experience reduced knee pain, knee abduction, and vertical 

loading with concurrent increased ankle range of motion at 1-month follow up with 

Roper reporting a large effect size (η2 = 0.43). Finally, reductions in pain (d=7.61) and 

improvements in lower extremity function (d=3.81) were also reported 3-months post-

training.15 Examining other interventions for patients with PFP suggests similar retention 

of improvements. Specifically, hip and knee strengthening exercises are widely adopted 

in the treatment of PFP and are effective in improving patient reported outcomes through 

1 year follow-up.26  
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Participants who underwent mirror gait retraining showed the greatest 

improvements with large effect sizes (pain: d=7.61, function: d=3.81) and residual effect 

for 3 months.15 Importantly, all participants included in these feedback studies presented 

with faulty movement patterns prior to gait retraining. Targeting individuals who present 

with faulty biomechanics appears critical to intervention success as these individuals 

have more room to improve their biomechanics than persons not presenting with 

excessive hip adduction.27  

Future research should investigate the optimal treatment duration, dosage of 

feedback, and instructions provided. Instructions provided are important to consider 

given that the most recent and best quality evidence included presently demonstrated that 

instructing patients to modify their foot strike pattern improved both hip and knee 

biomechanics, which is of great importance to patients with PFP.17 Additionally, future 

studies should determine if including lower extremity strengthening exercises, which are 

popular during traditional rehabilitation, into these feedback interventions will yield a 

greater magnitude of training effect and longer residual benefits. Finally, research should 

include control groups to ensure the treatment effect is not simply due to time or random 

chance. The conclusions drawn from this investigation will expire in 2021 and should be 

revisited by that time point.  
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Figure 1. Flow Diagram to Illustrate the Search Results 
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CHAPTER 3: EXERCISE-INDUCED CHANGES IN FEMORAL CARTILAGE 

THICKNESS IN PATIENTS WITH PATELLOFEMORAL PAIN 

 

3.1 INTRODUCTION 

Patellofemoral pain (PFP) is a prevalent lower extremity disorder often observed 

in physically active individuals.1,2 Though PFP often arises during adolescence, it is a 

lifelong condition for many patients.3 Unfortunately, prolonged symptoms of PFP may 

contribute to the development of patellofemoral osteoarthritis (PFOA), increasing the 

healthcare burden for affected individuals.4,5 Individuals with PFOA experience joint 

deformation and increased pain on joint compression that occurs with flexion of the 

knee.6 Symptomatic PFOA may also contribute to tibiofemoral osteoarthritis (TFOA) 

development, which indicates the urgent need for the early diagnosis and management of 

PFP.7   

Patients with PFP experience peripatellar and/or retropatellar pain during 

activities such as squatting, running and jumping,8-10 which often leads to the reduction or 

cessation of physical activity participation in these patients.11 The aforementioned 

activities are known to be beneficial to overall health but can increase stress to the 

patellofemoral joint especially in individuals with PFP.12 During closed kinetic chain 

activities such as running or jumping, the femoral cartilaginous surface glides behind the 

patella. There is dysfunction in this articulation with PFP, whereby patellofemoral 

cartilage loading increases or decreases, ultimately leading to reduced deformative 

behavior.13 This increased patellofemoral joint stress during weight-bearing exercises is 

similar to that observed in individuals with PFOA, suggesting a potential continuum from 
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PFP to PFOA.14,15 Further, reduced deformative behavior is a representative characteristic 

of arthritic cartilage. Therefore, in addition to early identification of the presence of PFP, 

there is a need for monitoring patellofemoral joint health to detect persons at risk for 

progression to PFOA. 

The current standard for diagnosing osteoarthritis remains plain radiography to 

examine joint space width and the presence of osteophytes. In addition to these measures, 

cartilage health can be assessed through thickness measures. Magnetic resonance imaging 

(MRI) has been used previously to measure changes in cartilage thickness in patients 

with osteoarthritis and PFP. Farrokhi et al., for example, used MRI on patients with PFP 

and healthy controls finding 14% less cartilage thickness in individuals with PFP at 

baseline compared to controls.16 While useful, MRI is a costly alternative to plain x-ray. 

Diagnostic ultrasound may provide a valid,17,18 cost-effective alternative to MRI. Further, 

diagnostic ultrasound provides a real-time image that may aid in assessing femoral 

cartilage thickness, a benefit that MRI does not offer.  

While measuring cartilage thickness is important to the diagnosis and progression 

of osteoarthritis, early stage osteoarthritis shows cartilage compositional changes prior to 

the loss of cartilage thickness.19 Cartilage undergoes remodeling throughout the lifespan 

but the ability of osteoarthritic cartilage to regenerate is compromised due to reduced 

extracellular matrix quality combined with a quick turnover rate.20,21 X-rays are not able 

to detect these biochemical alterations in the cartilage. MRI does afford the capability to 

detect early biochemical alterations in cartilage, but, at a high cost to the healthcare 

system.22 Similar to its ability to provide cost-effective cartilage thickness measures, 

diagnostic ultrasound can detect alterations in cartilage composition. Diagnostic 
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ultrasound can be used to measure echo intensity (EI). EI quantifies the amount of water 

present in the articular cartilage, which is determined by the brightness of the image.23-25 

A hypoechoic (dark) zone is often found in early OA cartilage, indicating an altered 

echotexture and increased water content in the cartilage.26,27 

Recent evidence suggests there is significant deformation of femoral cartilage 

following joint loading through MRI28 and diagnostic ultrasound in healthy individuals.18 

Despite the potential link between PFP and both PFOA and TFOA, not many researchers 

studied the deformative characteristics of femoral cartilage in patients with PFP. 

Therefore, our purpose was to quantify the deformative behavior of femoral cartilage 

following different movements. We additionally sought to determine the association 

between femoral cartilage cross-sectional area (CSA) and EI alteration following loading 

conditions with clinical measures of patient-reported outcomes (PROs) and pain. We 

hypothesized that individuals with PFP will show less deformative characteristics of 

femoral cartilage compared to pain-free individuals following loading conditions. We 

also hypothesized that percent-change of quantitative US measures will be associated 

with PROs and pain.  

 

3.2 METHODS 

Prior to conducting the study, the study protocol was approved by the institutional 

review board at the University of North Carolina at Charlotte. We used G*Power 

software (Version 3.1.9.3; Kiel University) and used a previous investigation to 

determine the number of participants required to detect changes in femoral cartilage 

thickness after knee joint loading physical activities.18 Using following parameters 
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(α=0.05, 1-β=0.8) with moderate effect size (d=0.5), it was determined that 8 participants 

per group would be necessary to adequately power this study. To account for potential 

participant dropout, we enrolled twelve participants per group. 

Participants 

Twenty-four individuals (n=12 with PFP; n=12 healthy) between the 18 and 35 

years were recruited from the university campus via flyers and campus-wide email in 

January 2018. All participants were physically active, defined as performing activities 

that are included in the Tegner Activity Scale of ≥ 5 for at least 30 minutes 3 or more 

days per week. All participants were excluded if they had a: 1) history of orthopedic 

injuries, fractures, or surgeries to either limb or the low back with the exception of PFP in 

the patient group; 2) severe osteochondral defect in either knee; 3) history of 

cardiovascular, neurological, or balance disorder that precludes safe participation in 

exercise; and 4) body mass index > 40 kg/m2. 

Patients with PFP were required to have: 1) retropatellar pain during at least two 

of the following activities – prolonged sitting, stair ascent/descent, squatting, hopping, 

kneeling, running, and jumping; 2) pain with compression of the patella; and 3) pain on 

palpation on patellar facets.29 Twelve participants with PFP were enrolled and matched 

twelve healthy individuals were enrolled following screening procedure (Figure 1). 

Participants were matched based on age, Tegner Activity Scale (±1), and body mass 

index (±5%). All participants provided written informed consent prior to enrollment. 

Patient-Reported Outcomes 

Anterior Knee Pain Scale (AKPS), Knee Injury and Osteoarthritis Outcome Score 

(KOOS), and Knee Injury and Osteoarthritis Outcome Score for Patellofemoral Pain and 
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Osteoarthritis (KOOSPF) were used to quantify self-reported symptoms and perceived 

knee function. The AKPS is considered a gold standard in evaluating the severity of PFP 

and it is a valid and reliable 13 question survey scored from 0-100 with lower scores 

indicating worse symptoms and function.30 KOOS contains five subscales related to pain, 

symptoms, function during daily living and sports, and quality of life specifically for 

those who are at risk of posttraumatic osteoarthritis (PTOA). It is scored from 0-100 with 

lower scores indicating greater symptoms and dysfunctions.31 KOOSPF is most recently 

designed responsive questionnaire specifically aimed to assess function of individuals 

affected with PFP and OA.32 To test participants’ pain level, we used visual analog scale 

(VAS).  It utilizes a 10cm straight line which gives a continuous scale measuring the 

severity of pain. All PROs were completed at each session. 

Overview of Testing Procedure 

Testing Protocol 

Participants reported to the research laboratory on three occasions, completing 1 

exercise condition during on each occasion. Each session was completed at the same time 

of day and separated by one week. All sessions began with the participant sitting on a 

treatment table with the knees fully extended for 30 minutes to mitigate cartilage 

compression that occurred walking to the laboratory.18 The order of conditions was 

randomized for all participants by means of a randomization table completed prior to 

initiation of the study.  

Ultrasound Imaging of the femoral articular cartilage 

Identical procedures were performed before and after the various loading 

conditions (Figure 2). Participants sat on a treatment table with their back against a wall 
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and the test knee flexed to 140°. A LOGIQe ultrasound system (General Electric Co., 

Fairfield, CT) with a 12MHz linear probe was used to collect femoral cartilage image. 

The ultrasound probe was placed transversely in line with the femoral condyles above the 

superior pole of the patella as previously reported.18 A transparent grid was secured to the 

computer screen to improve reproducibility.  

Loading Conditions 

Participants performed the assigned loading condition immediately following the 

pre-ultrasound imaging. Loading conditions included strengthening exercises, plyometric 

exercises and treadmill running (Table 1). All loading conditions were designed to be 

completed within thirty minutes. For strength training, participants completed a series of 

exercises designed to mimic a rehabilitation session for patients with PFP. These 

included body weight squats step-downs, and other similar weight-bearing exercises to 

improve lower extremity muscle strength.33 The plyometric exercise loading condition 

included single-and double-leg landings and drop vertical jumps mimicking explosive 

exercises which may provoke symptoms of PFP. Lastly, participants jogged on a 

treadmill for thirty minutes at their self-selected comfortable jogging speed which they 

could sustain for thirty minutes.  

Femoral articular cartilage image analysis 

 All obtained ultrasound images were processed using ImageJ software (National 

Institutes of Health, Bethesda, MD). Femoral cartilage was divided into medial and 

lateral sections from the midpoint (intercondylar notch) and each section’s CSA was 

measured. Further, average water content level within each segment was measured by 

mean EI.34 EI is defined as the average grayscale from 0 to 255. Lower EI appears darker 
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and indicates greater water content within the region of interest.35,36 Three images per 

time point (pre and post loading) and loading condition (strength exercise, plyometric 

exercise, and jogging) were obtained and the CSA and EI values were averaged within 

each time point and loading condition for statistical analysis.  A percent change score 

from baseline to post-loading was calculated to determine the alteration of cartilage 

segment using the following equation. 

Percent change = (
𝑀𝑒𝑎𝑛𝑝𝑜𝑠𝑡−𝑀𝑒𝑎𝑛𝑝𝑟𝑒

𝑀𝑒𝑎𝑛𝑝𝑟𝑒
) ∗ 100 

Statistical Analysis 

 Separate one-way analysis of variance (One-ANOVA) were utilized to compare 

the PROs and cartilage status at the baseline measures of each group. We used repeated 

measures of analysis of variance (RM-ANOVA) to determine differences of PROs, CSA 

and EI in different pre-loading conditions (strength exercise, plyometric exercise, and 

jogging). Tukey post-hoc analyses was used in the presence of significant interactions. 

Cohen’s d effect size and associated 95% confidence intervals were calculated to quantify 

the magnitude of change in cartilage alterations and PROs (<0.2: weak; 0.21-0.5: small; 

0.51-0.8: medium; and >0.8: large).37 Lastly, Pearson product moment correlation 

analysis was performed to determine the association between percent cartilage alteration 

and PROs. Statistical significance was set a priori at α<0.05 and all statistical procedures 

were performed using SPSS v26 (IBM Inc., Armonk, New York, USA).  

 

3.3 RESULTS 

No significant differences in height, body mass, or age were observed between 

groups (p>0.05, Table 1). The symptom duration was significantly longer in the PFP 
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group compared to the healthy group (p<0.001). There was no participant drop out. As a 

result, there were 24 participants’ data included in the assessment. 

There were no significant differences in the inter-session baseline measures of 

pain, function, cartilage CSA and EI (p>0.78, Table 2). Pain level significantly increased 

in the PFP group following all loading conditions compared to the healthy group 

(p<0.002, Table 3). Plyometric exercises produced the greatest magnitude of increase in 

pain followed by running then strengthening exercises (Cohen’s d [95% CI]: Plyometric 

= 2.21 [1.17,3.19], Strengthening = 1.35 [0.54,2.33], Running = 2.01[0.84,2.74]). There 

were no statistically significant differences in PROs following any loading condition 

(p>0.05). Finally, there were no statistically significant differences in cartilage CSA or EI 

alteration between or within groups (p>0.06, Table 4).  

Table 5 shows the associations between cartilaginous alteration and changes of 

PROs. KOOS score was negatively associated with the percent change of the EI in the 

lateral femoral cartilage after the plyometric loading condition (r=-0.75, p=0.010). 

Following strengthening exercises, the decreased AKPS was positively correlated to the 

lateral femoral cartilage EI (r=0.66, p=0.020). There was no significant association 

between cartilaginous alteration and PROs following running. 

 

3.4 DISCUSSION 

 The main purpose of this research was to determine if patients with PFP would 

demonstrate lesser femoral cartilage deformation than individuals without PFP. 

Secondarily we tested if percent change of femoral cartilage US quantitative measures are 

associated with PROs. There were no significant differences in cartilage CSA measures 
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between sessions prior to exercise performance. This indicates the imaging methods and 

analyses utilized in the current research were able to provide consistent readings for the 

collected images. 

Pain severity significantly increased following all loading conditions for patients 

with PFP. Interestingly, other PROs including AKPS, KOOS, and KOOS-PF did not 

show significant changes following 30-minute loading conditions. Though the 

aforementioned PROs are valid and reliable30-32 for quantifying subjective ratings of knee 

pain and function in individuals with PFP, they do not appear optimized to detect short-

period (30 minute) changes in self-perceived pain and function. Another possible reason 

for statistically non-significant changes in the majority of questionnaires is that the 

participants were physically active, performing at least 30 minutes of exercise more than 

3 times a week. Thus, 30 minutes of loading conditions may not have been sufficient to 

induce functional decreases in spite of increased pain. It has been suggested that self-

reported disability and performance-based assessments of pain and function are 

influenced by different patient characteristics in patients with low back pain.38 

Specifically, pain intensity, healthy-related quality of life, and depression were 

significant contributors to self-reported disability. In our study, the self-reported measure 

of VAS detected an increase in pain but the function-based assessments of AKPS, 

KOOS, and KOOS-PF did not detect any changes in PROs. Thus, it appears that the 

previously reported disparity in what self-reported versus performance-based assessments 

are quantifying may also be true of patients with PFP. Future studies should consider 

including depression and quality of life measure in understanding the PFP. 
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Contrary to our hypothesis, individuals with PFP did not demonstrate reduced 

baseline cartilage thickness and deformative characteristics of femoral cartilage 

compared to healthy controls. Previous researchers have reported that individuals with 

PFP show reduced baseline patellar cartilage thickness and decreased deformative 

behavior of patellar cartilage following acute knee joint loading.16 There are substantial 

differences in the material properties of patellar  and femoral cartilage that should be 

noted.39 Patellar cartilage is thicker than the femoral cartilage but has a lower 

compressive aggregate modulus and higher permeability to fluid flow, explaining the 

earlier fibrillation of patellar cartilage compared to the femoral cartilage.39 Further work 

is needed to confirm the deformative characteristics of femoral cartilage in patients with 

PFP through other imaging methods (e.g., MR imaging) since individuals with PFP are at 

risk of TFOA.  

It is imperative to assess the femoral cartilage since PFP may be an indication of 

poor femoral cartilage health. The percent change of femoral cartilage CSA was not 

associated with pain level or PROs following any loading condition in individuals with 

PFP. Our results complement preceding studies which identified non-significant 

associations between cartilaginous abnormalities and clinical symptoms.40 It is possible 

that the pain reported by our participants was coming from a structure other than the 

femoral cartilage. Joint effusion, development of an osteophyte in the patellofemoral 

compartment, and the infrapatellar fat pad have all been reported sources of pain for 

patients with PFP.40,41 These pain-inducing factors and tissues were not assessed in the 

present study but should be considered for inclusion in future investigations of diagnostic 

ultrasound in patients with PFP.  
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Contrary to our finding, previous research demonstrated that individuals with a 

history of anterior cruciate ligament tear showed less femoral cartilage deformation 

following walking that was significantly correlated to worse subjective function (i.e., 

lower KOOS scores).42 The different findings between the previous and present study 

may be due to the patient demographic differences between studies. Despite the 

participants’ ages being similar between the previous study42 and our research (Age 22±4 

years vs. 21±2 years, respectively), our participants did not sustain a traumatic ACL tear 

that is reported to initiate the degenerative process at the time of injury.43 It is also 

possible that it was too early to detect cartilaginous changes in all of our participants with 

PFP. The average symptom duration of our participants was 54 months which ranged 

from 18 to 125 months. The exact timing of the transition between PFP and PFOA 

remains unknown but warrants further investigation.  

Research in individuals with a history of anterior cruciate ligament reconstruction 

reported EI alteration of medial femoral cartilage, whereas individuals with PFP showed 

changes in EI in the lateral femoral cartilage.44 A laterally tilted and tracking patella is 

common in patients with PFP, thus it is unsurprising that these patients may have altered 

EI in the lateral region of femoral cartilage in individuals with PFP following loading 

conditions.45 Our participants supported this previous work demonstrating negative 

percent change scores of lateral cartilage EI following both plyometric and strengthening 

loading conditions with significant correlations with KOOS and AKPS changes, 

respectively. Interestingly, KOOS score increased after plyometric loading condition and 

AKPS score decreased following strengthening loading condition. This indicates 

participants felt better after plyometric loading conditions and worse following 
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strengthening exercises. This caused the association value to be different between those 

two conditions. Majority of participants in the current study were active in recreational 

level of sports (i.e., Tegner Activity Scale 6-7). Therefore, those score changes may have 

differed since participants put more effort during strengthening exercises since they were 

familiar with the style and then adjusted their movement to reduce intensity during 

plyometric exercises. A similar association between KOOS and plyometric exercise and 

AKPS with strengthening exercise may not be observed in persons with different Tegner 

Activity Scale scores.  

 We acknowledge several limitations in this research. Participants did not reach the 

angle of knee flexion (140°) during loading conditions which we used in the data 

collection process. Patellofemoral contact area changes throughout the knee flexion range 

of motion, potentially increasing the joint contact pressure due to the reduced contact area 

within the intercondylar notch at full knee flexion.46,47 Also, patellofemoral cartilage 

contact area increases while weight bearing but we collected sonographic images while 

seated.48 Thus, it is unlikely for us to have assessed the femoral cartilage where the 

patellofemoral joint undergoes greatest stress since the transverse imaging on the knee 

joint may provide only the most anterior portion of femoral cartilage. Ultrasonography 

for the knee joint lacks the ability to provide thorough understanding of entire joint when 

compared to the MRI. Therefore, future study utilizing MRI is needed for individuals 

with PFP after acute bout of loading conditions. Secondly, we could not quantify the 

amount of loading applied to the joint since participants were asked to perform those 

loading conditions based on repetitions or time. This may have increased the variability 

of response in PROs and also cartilaginous alteration. Therefore, future study should 
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consider controlling the loading conditions. Lastly, while we matched age and BMI 

between groups, those factors may increase odds for the progressive loss of patellar 

cartilage.49 It is recommendable for the future cohort study to assess the effect of age and 

BMI on cartilaginous response following loading conditions. 

 

3.5 CONCLUSION 

 Ultrasound imaging was useful in monitoring the lateral femoral cartilage EI in 

patients with PFP and detecting the water content level alteration following loading. This 

was the first sonographic research to analyze cartilage CSA and EI changes following 

exercises in patients with PFP. As cartilaginous EI changes were associated with PROs, 

future research may be able to use PROs to monitor for early changes of cartilage health. 
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3.7 Tables 

 

Table 3. Descriptive characteristics of the study population (Mean±SD) 

 PFP Healthy t p 

Height (m) 1.72±0.09 1.71±0.09 0.09 0.92 

Mass (kg) 68.66±12.61 65.99±12.23 0.53 0.60 

Age (yrs) 21.00±2.04 21.25±2.77 0.25 0.80 

Symptom duration* 

(months) 
54.00±34.69 0.00±0.00 5.39 0.00 

* Statistically significant difference (p<0.05) 
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Table 4. Within-group baseline comparison of pain, function, cartilage CSA and EI 

(Mean±SD) 
  PFP  Healthy   

   p  p 

VAS Plyo 1.08±0.90 0.81 0.00±0.00 - 

 Str 1.17±1.03  0.00±0.00  

 Run 0.92±0.90  0.00±0.00  

AKPS Plyo 76.83±12.98 0.99 99.00±2.89 0.95 

 Str 76.05±13.57  99.33±2.31  

 Run 76.08±12.91  99.17±2.54  

KOOS Plyo 38.33±21.46 0.99 2.08±6.02 0.91 

 Str 39.00±20.69  1.67±3.82  

 Run 38.25±21.92  2.75±7.72  

KOOSPF Plyo 67.01±16.89 0.78 96.97±7.14 0.79 

 Str 67.76±18.39  96.97±7.14  

 Run 62.84±17.66  95.08±7.76  

MedCSA Plyo 27.41±6.69 0.94 29.14±8.92 0.97 

 Str 28.14±5.59  29.04±8.33  

 Run 28.27±6.35  29.80±9.11  

MedEI Plyo 109.99±4.73 0.79 110.56±9.95 0.89 

 Str 110.62±4.98  110.02±9.29  

 Run 111.62±7.42  108.79±8.94  

LatCSA Plyo 28.58±6.96 0.98 30.47±8.99 0.96 

 Str 28.85±5.40  30.95±8.85  

 Run 28.39±6.33  31.50±9.79  

LatEI Plyo 109.11±5.00 0.89 108.54±9.01 0.98 

 Str 108.56±4.81  108.32±8.34  

 Run 109.60±6.12  107.84±9.62  

VAS = Visual Analog Scale; AKPS = Anterior Knee Pain Scale; KOOS = Knee Injury 

and Osteoarthritis Outcome Score; KOOSPF = Knee Injury and Osteoarthritis Outcome 

Score for Patellofemoral Pain and Osteoarthritis; MedCSA = Medial Cross-Sectional 

Area; MedEI = Medial Echo Intensity; LatCSA = Lateral Cross-Sectional Area; LatEI = 

Lateral Echo Intensity 
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Table 5. Effects of loading conditions on pain and function (Mean±SD) 
 PFP Healthy P 

 Pre Post Pre Post  

VAS      

Plyometric 1.08±0.90 5.00±2.34* 0.00±0.00 0.50±1.17§ 0.00 

Strengthening 1.17±1.03 3.75±2.49* 0.00±0.00 0.42±0.99§ 0.002 

Running 0.92±0.90 4.50±2.35* 0.00±0.00 0.58±1.38§ 0.00 

AKPS      

Plyometric 76.83±12.98 73.83±12.50 99.00±2.89 98.42±4.38 0.19 

Strengthening 76.05±13.57 74.42±15.28 99.33±2.31 98.42±3.70 0.66 

Running 76.08±12.91 75.67±12.29 99.17±2.59 98.67±4.62 0.96 

KOOS      

Plyometric 38.33±21.46 40.83±25.81 2.08±6.02 3.00±8.58 0.55 

Strengthening 39.00±20.69 50.58±23.46 1.67±3.82 4.00±10.19 0.76 

Running 38.25±21.92 41.25±25.27 2.75±7.72 2.75±8.31 0.19 

KOOS-PF      

Plyometric 67.01±16.89 66.07±20.14 96.97±7.14 96.21±9.31 0.95 

Strengthening 67.76±18.39 66.29±19.69 96.97±7.14 97.16±7.94 0.44 

Running 62.84±17.66 64.77±20.15 95.08±9.34 97.54±8.53 0.87 

* Significant within-group differences (p<0.05) 

§ Significant between-group differences (p<0.05) 

VAS = Visual Analog Scale; AKPS = Anterior Knee Pain Scale; KOOS = Knee Injury 

and Osteoarthritis Outcome Score; KOOSPF = Knee Injury and Osteoarthritis Outcome 

Score for Patellofemoral Pain and Osteoarthritis 
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Table 6. Effects of loading conditions on cartilage CSA and echo intensity (Mean±SD) 
 PFP Healthy P 

 Pre Post Pre Post  

Plyometric      

CSA      

Medial 27.41±6.69 26.98±6.01 29.14±8.92 27.86±7.42 0.43 

Lateral 28.58±6.96 28.43±6.55 30.47±8.99 28.43±8.43 0.11 

EI      

Medial 109.99±4.73 109.84±5.53 110.56±9.95 111.00±8.72 0.70 

Lateral 109.11±5.00 108.25±4.85 108.54±9.02 107.95±8.51 0.88 

      

Strengthening      

CSA      

Medial 28.14±5.59 26.63±5.24 29.04±8.33 28.42±8.17 0.49 

Lateral 28.85±5.40 27.98±5.92 30.95±8.85 29.42±8.43 0.53 

EI      

Medial 110.62±4.98 108.79±5.41 110.02±9.29 110.88±9.45 0.06 

Lateral 108.56±4.81 107.75±4.60 108.32±8.34 109.85±8.18 0.07 

      

Running      

CSA      

Medial 28.27±6.35 27.38±7.13 29.80±9.11 30.15±9.47 0.13 

Lateral 28.39±6.33 28.05±6.86 31.50±9.79 29.44±9.15 0.06 

EI      

Medial 111.62±7.42 111.75±5.87 108.79±8.94 112.34±10.91 0.11 

Lateral 109.60±6.12 110.32±5.24 107.83±9.62 111.58±9.36 0.09 

CSA = Cross-sectional area; EI = Echo intensity 
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3.8 Figures 

 

 

Figure 2. CONSORT flow chart. 
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Figure 3. Testing overview. *indicates conditions: running, strength training, or 

plyometrics. 
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3.9 Appendices 

 

Appendix. Loading conditions 

 
Strengthening Exercises Plyometric Exercises Running 

Name Volume Name Volume  

Prone plank 30sec Squat jumps 10sec Selected 

Side plank 30sec/side Tuck jumps 10sec Speed 

Double leg bridges 20rep Scissor jumps 10sec (30min) 

Single leg bridges 15sec/side Lateral skate leap 10sec  

Standing hip abduction 15rep/side    

Double legged squat 15rep    

Single legged squat 8rep/side Forward-backward line/cone 

jump and hops 

10sec  

Forward lunges 10rep/side Sideways line/cone jumps and 

hops 

10sec  

Lateral lunges 10rep/side Forward-backward jog (15m) 6rep  

Diagonal lunges 10rep/side    

Step downs 10rep/side    
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Strengthening Exercises   

    
Prone plank Side plank Double leg bridges  Single leg bridges 

     

    
Standing hip 

abduction 

Double leg squat Single leg squat  Lunges 

 

   

  

Side lunges Diagonal lunges Step downs   
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Plyometric Exercises  

    
Squat jumps Tuck jumps 

    
Scissor jumps Lateral skate leap 

    
Forward / Backward jumps Forward / Backward hops 

    
Side jumps Side hops 

  

 

Forward / Backward jog  

 



54 

 

CHAPTER 4: OSTEOARTHRITIC CHARACTERISTICS OF FEMORAL 

CARTILAGE HEALTH IN INDIVIDUALS WITH PATELLOFEMORAL PAIN: 

SONOGRAPHIC IMAGE QUALITY ANALYSIS 

 

4.1 INTRODUCTION 

Knee osteoarthritis (OA) is a leading cause of pain and disability among adults, 

often requiring surgical intervention.1 Radiographic evidence of knee OA is scarcely 

found in people aged between 25-34 years but individuals with age over 50 start to show 

significantly increased prevalence of the disease on plain x-ray.2 Younger individuals, 

those ages 45 and under, often experience symptomatic OA without radiographic 

evidence of joint degeneration.3 Symptomatic knee OA involves pain, stiffness, and 

associated functional loss.3 Symptomatic knee OA typically progresses to radiographic, 

end-stage disease as the person ages. Therefore, there is an urgent need for early 

diagnosis of the disease in order to be able to intervene and delay the progression to end-

stage knee OA. 

Patellofemoral pain (PFP) is a prevalent musculoskeletal condition characterized 

by pain localized to the anterior retropatellar and/or peripatellar regions of the knee.4 PFP 

has been reported in individuals ages 12 to 60 years.5,6 PFP can arise during or after 

activities loading the lower limb (e.g., squatting,  jumping, running, or 

ascending/descending stairs) or prolonged sitting with bent knee which loads the 

patellofemoral joint. The pain and symptoms associated with PFP may cause the affected 

person to restrict or refrain from physical activities, sports, and work. Unfortunately, PFP 

often becomes a persistent condition7 that may contribute to the development of 
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patellofemoral osteoarthritis (PFOA), further worsening the quality of life for affected 

individuals.8-12 Though tibiofemoral OA (TFOA) is more frequently reported, the 

majority of individuals with symptomatic knee OA have PFOA.13 Further, PFOA may 

serve as a potential marker for future development of TFOA.13 Therefore, because PFP 

can lead to PFOA and potentially TFOA and because the femoral cartilage will 

degenerate in both PFOA and TFOA, it is important to take examine femoral cartilage 

health in individuals with PFP. 

Femoral cartilage health is assessed via imaging techniques. There are varied 

definitions and classifications of radiographic PFOA, but its presence is usually 

determined by the skyline view of the patellofemoral joint at 45° knee flexion on plain 

radiography.14 The radiographic evidence of PFOA is determined by the presence of 

osteophytes or decreased joint space.15 Plain radiography is a costly method which is 

effective in providing images for hard tissues (e.g., bones).  X-ray can provide indirect 

measures of cartilage by allowing for detection of joint space narrowing or presence of 

osteophytes, but x-rays may not be able to detect changes associated with early-stage OA. 

Ultrasound (US) is an affordable alternative providing a real-time image to evaluate soft 

tissue abnormality.16 US is capable of detecting early changes of femoral cartilage in 

individuals with history of traumatic lower extremity injury17 but has not been utilized 

often in the evaluation of femoral cartilage health of individuals with PFP.18  

Clinically, femoral cartilage thickness, volume, and echo intensity can be 

measured with US to provide a comprehensive overview of cartilage health.19,20 In 

addition to those measures, Lee et al. identified21 that the lack of femoral US image 

clarity is correlated to the histological evidence of TFOA. However, the study was 
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performed on individuals with severe TFOA who were scheduled for total knee 

arthroplasty. The quality of femoral cartilage US images provides an earlier indication of 

cartilage health than traditional measures and, therefore, may be important for early 

detection of knee OA. However, the quality of femoral cartilage US images in patients 

with PFP has not been determined.  Therefore, the main purpose of our study was to 

compare femoral cartilage US image quality between individuals with and without PFP. 

Secondarily, we wanted to establish intra and inter assessor reliability of the femoral 

cartilage US image quality grading scheme. We hypothesized that individuals with PFP 

will show worse US image quality based on US grading scheme by Lee et al.21 We also 

hypothesized that assessors will be able to establish strong intra and inter assessor 

reliability. 

 

4.2 METHODS 

Twenty-four individuals (n=12 with PFP; n=12 healthy) between the 18 and 35 

years were recruited from the university campus via flyers and campus-wide email in 

January 2018. All participants were physically active, defined as performing activities 

that are included in the Tegner Activity Scale of ≥ 5 for at least 30 minutes 3 or more 

days per week. However, type of physical activities and other behavioral characteristics 

were not controlled. Potential participants were excluded if they had a: 1) history of 

orthopedic injuries, fractures, or surgeries to either limb or the low back with the 

exception of PFP in the patient group; 2) severe osteochondral defect in either knee; 3) 

history of cardiovascular, neurological, or balance disorder that precludes safe 

participation in exercise; and 4) body mass index > 40 kg/m2. 
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Patients with PFP were required to have: 1) retropatellar pain during at least two 

of the following activities – prolonged sitting, stair ascent/descent, squatting, hopping, 

kneeling, running, and jumping; 2) pain with compression of the patella; and 3) pain on 

palpation on patellar facets.22 Twelve participants with PFP were enrolled and matched 

twelve healthy individuals were enrolled following screening procedure. Healthy 

participants were matched to those in the PFP group based on age, Tegner Activity Scale 

(±1), and body mass index (±5%). All participants provided written informed consent 

prior to enrollment. This study was approved by the university institutional review board. 

 

Data collection 

Participants completed a single testing session during which femoral cartilage US 

measures were obtained. The testing session began with the participant sitting on a 

treatment table with the knees fully extended for 30 minutes to mitigate cartilage 

compression that occurred walking to the laboratory.23 While resting, participants were 

asked to fill out questionnaires to measure their current pain level with Visual Analog 

Scale (VAS), Anterior Knee Pain Scale (AKPS), Knee Injury and Osteoarthritis Outcome 

Score (KOOS), and Knee Injury and Osteoarthritis Score for Patellofemoral Pain and 

Osteoarthritis (KOOSPF). To test participants’ pain level, we used visual analog scale 

(VAS).  It utilizes a 10cm straight line which gives a continuous scale measuring the 

severity of pain. The AKPS is valid and reliable questionnaire which is considered a gold 

standard in assessing the severity of PFP.24 KOOS is used to assess the function of those 

who are at risk of posttraumatic osteoarthritis (PTOA).25 KOOSPF is most recently 
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developed questionnaire to evaluate function of individuals affected with PFP and OA 

and it is reported to be responsive.26  

After this 30-minute period was over, participants remained seated on the 

treatment table with their back against a wall and the test knee flexed to 140°. Test knee 

was determined as the most painful leg for PFP group and dominant leg (the one with 

which they would kick a ball) for healthy group. A LOGIQe ultrasound system (General 

Electric Co., Fairfield, CT) with a 12MHz linear probe was used to collect femoral 

cartilage images. The ultrasound probe was placed transversely in line with the femoral 

condyles above the superior pole of the patella.23 Three images were collected and used 

for analysis. 

 

Imaging data analysis 

All obtained ultrasound images were processed using ImageJ software (National 

Institutes of Health, Bethesda, MD). Imaging data were analyzed by a single, experienced 

researcher who was blinded to group assignment (HJJ). The diagnostic grading scheme 

was adopted from Lee et al (Figure 1).21  In vivo US image quality grade varies from 0 to 

6, where 0 indicates clean and sharp cartilage edges and 6 indicates no visualized 

cartilage band. The US image quality grade is significantly associated with osteoarthritic 

evidence in the histologic images.  

 

Reliability Assessment 

 Both intra- and inter-rater reliability were assessed. Fifteen US images were 

evaluated three times and their image quality scores recorded. Image evaluation took 
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place on 2 different occasions each separated by 4 days to minimize memory-based bias. 

Separate records were kept for each evaluation day. For inter-rater reliability, a second 

investigator independently scored the image quality of the same 15 US images using the 

same procedures.  

 

Statistical analysis 

Statistical analysis was performed using SPSS 26.0 (IBM, Armonk, NY). To 

ensure the consistency of the reading, intra-tester reliability was measured with weighted-

kappa.  

Independent T-test was used to compare group mean of patient reported outcomes 

(VAS, AKPS, KOOS, and KOOSPF). Mann-Whitney U test was performed to compare 

the mean rank of ultrasound image quality grade between groups. Three evaluation per 

images were performed and most observed grading was used and entered for the dataset. 

Alpha was set at < 0.05 for all statistical procedures.  

 

4.3 RESULTS 

Weighted-kappa coefficients for inter-rater and intra-rater reliability showed 

strong agreement (Weighted-kappa= 0.82, p<0.001; and 0.86, p<0.001; respectively). 

Pain level (VAS) and patient-reported outcomes (AKPS, KOOS, KOOSPF) were 

significantly different between groups (p<0.002, Table 1). There was a significant rank 

difference between two groups with greater grading score in PFP group (PFP: Mean 

rank=17.58, Healthy: Mean rank=7.42, Mann-Whitney U-test = 11.0; p<0.001) (Figure 

2). 
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4.4 DISCUSSION 

This study is the first to investigate cartilage surface integrity using US comparing 

between individuals with and without PFP. The purpose of this research was to compare 

the femoral cartilage US image quality between individuals with and without PFP. 

Healthy articular cartilage contains abundant extracellular matrix, which demonstrates 

clear contrast between homogenous anechoic band and margin in US image.27 Cartilage 

fibrillation is one of the early signs of OA due to the breakdown of collagen fibril 

network and results in softening of articular cartilage and development of vertical clefts. 

Hyalinized cartilages experiences deterioration of chondrocytes, turning the chondrocytes 

into a glass-like substance. These conditions can be observed as a loss of sharpness of the 

margin on US images.21,28 The grading scheme by Lee et al21 showed a significant 

correlation between femoral cartilage image quality and histologic grades. Cartilage 

fibrillation was most observed in US grade of 2 to 3, hyalinization in grade 3, deep 

fibrillation in grade 5, partial to complete loss of cartilage in grade 5 to 6.  

US grade of Femoral cartilage image quality was worse in patients with PFP 

which may indicate cartilage surface flaking, fibrillation, pitting and partial cartilage loss 

based on the grading scheme.21,29 Individuals without symptoms of PFP showed 

relatively sharp edges of the cartilage which indicates the smooth surface of healthy 

cartilage.21,30 Our results indicate that individuals with PFP may be at increased risk of 

developing TFOA (Grade 1-5) and suggest that some of the individuals without the pain 

or functional limitations associated with PFP have altered cartilage health (Grade 0-2). 

Those healthy individuals who showed grade 2 had relatively high BMI compared to 

other individuals in the group, potentially indicating thicker overlying tissue which may 
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affect the echogenicity.30 Based on this outcome, it is recommended to assess the 

cartilage health for those who are actively participating in physical activities with or 

without pain. Both radiographic and symptomatic evidence of knee OA may contribute to 

increased risk of all-cause mortality; therefore, frequent assessment of femoral cartilage 

health and appropriate treatment are warranted.16,31 

The US grading scheme measure can be subjective. However, weighted-kappa 

coefficients for inter-rater and intra-rater reliability showed almost perfect agreement. 

This result indicates a single investigator will be able to assess the cartilage health 

longitudinally using the US grading scheme, allowing for tracking of degeneration over 

time. Also, a group of analyzers will be able to work together in the evaluation of the US 

image. However, a single expert should collect the data to have consistency in the 

collection and US setting should be kept same.    

Our study is not free from limitations. First, the small sample size with strict 

inclusion criteria could not cover the variety of risk factors associated with PFP. The 

unbalanced sample between males and females also limited sex-based analysis. Future 

study should consider comparing the cartilage health based on sex,32 symptom duration,33 

and obesity.34,35 Secondly, we could not analyze the patellar cartilage due to the technical 

limitation. However, based on differences in the material properties of patellar and 

femoral cartilage, it is likely to signs of degeneration in the patellar cartilage prior to the 

femoral cartilage;36 therefore, detection of poor cartilage health on femoral US suggests 

similar or more advanced degeneration of patellar cartilage health. Regardless, further 

study utilizing both MRI and US to assess femoral and patellar cartilage health in 

individuals with PFP is needed. Lastly, the superficial soft tissue could influence reading 
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the underlying tissues. Synovitis29 and overlying tissue thickness30 may also affect the 

echogenicity but those were not addressed in the current study. Future studies should 

consider testing the synovitis prior to the data collection. 

 

4.5 CONCLUSION 

In conclusion, US femoral cartilage image quality grading system is an accessible and 

easy tool for detecting early knee OA with sufficient sensitivity. The result of this 

research suggests that individuals with PFP show signs of early knee OA but also 

individuals without PFP may be at risk of developing radiographic OA. Therefore, 

clinicians or other healthcare providers should consider utilizing US in the evaluation of 

knee cartilage health and provide early intervention in individuals with PFP. 
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4.7 Tables 

Table 8. Group comparison of patient-reported outcomes 
 PFP Healthy p 

VAS 0.92±0.90 0.00±0.00 0.002 

AKPS 76.08±12.91 99.17±2.59 0.00 

KOOS 38.25±21.92 2.75±7.72 0.00 

KOOSPF 62.84±17.66 95.08±9.34 0.00 

VAS = Visual Analog Scale; AKPS = Anterior Knee Pain Scale; KOOS = Knee Injury 

and Osteoarthritis Outcome Score; KOOSPF = Knee Injury and Osteoarthritis Outcome 

Score for Patellofemoral Pain and Osteoarthritis 
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4.8 Figures 

 

 

Figure 4. Ultrasound grading of femoral cartilage. Grade 0: Sharp cartilage edges. Grade 

1: blurred margin or partial lack of the clarity, without thickness change. Grade 2: blurred 

margin and partial lack of the clarity, without thickness change. Grade 3: blurred margin 

and complete lack of the clarity. Grade 4: difficult-defined margin and the complete-

opaque band. Grade 5: marked thickness change. 
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Figure 5. Number of participants per ultrasound image grades. 
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CHAPTER 5: OVERALL CONCLUSION 

5.1 Summary 

  PFP is a multifactorial knee pathology prevalent in physically active individuals. 

Activities that load the patellofemoral joint, such as stair ambulation, jumping, and 

prolonged running typically exacerbate the pain. Recent studies claim prolonged 

symptoms of PFP may propagate to PFOA further compromising the affected person’s 

quality of life. Additionally, isolated PFOA serves as a potential marker for future 

development of TFOA, which is traditionally perceived as a knee OA.43  

The purpose of my dissertation was to address several gaps in the treatment and 

evaluation of joint health in individuals with PFP. First, we have assessed the 

effectiveness of feedback motion retraining for individuals with PFP. Also, we tested if 

diagnostic US is viable in testing the knee cartilage health in individuals with PFP. 

  Various studies identified altered movement patterns during dynamic activities as 

modifiable risk factors of PFP and these are currently a focus for rehabilitation.44 Patients 

with PFP demonstrate altered joint movements compared to individuals without knee 

pain. Reduced knee flexion during dynamic activities is observed in individuals with PFP 

and it is also considered a risk factor for PFP development.45 Frontal plane movement 

alteration is widely reported throughout various movement tasks such as squatting, 

stepping, and hopping. Increased knee abduction during step-down task is observed in 

males and females with PFP and the increased frontal projection angle is associated with 

pain level. Traditionally, hip musculature strengthening exercise was prescribed to treat 

the PFP symptom. Muscle strengthening was successful in reducing pain but was 

ineffective in altering movement pattern.27 Feedback movement modification gained 
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attention in PFP rehabilitation; however, there is a lack of synthesized evidence which 

analyzed the efficacy of feedback motion retraining in individuals with PFP.  

  In Chapter 2, we established the overall efficacy of visual feedback motion 

retraining for individuals with PFP. In all included studies, eight sessions of short term 

(15-30 minutes) gait retraining with verbal feedback showed significant reduction in pain, 

improved PROs, with movement alterations. This suggests the usefulness of feedback 

movement retraining in individuals with PFP.  

  Diagnostic US is an useful imaging method to evaluate soft tissues. It is clinical-

setting friendly since it is capable to provide real-time imaging at an affordable cost. 

Cartilage undergoing early OA changes may show reduced CSA, deformative 

characteristics, and altered EI. In quantitative analysis, we did not identify statistically 

significant cartilage deformative characteristics or EI between individuals with and 

without PFP. However, there were significant associations between percent change 

cartilage EI and PROs. This suggests the potential utility of PROs to detec early changes 

of cartilage health.  

  Moving from the quantitative assessment of femoral cartilage US measures, 

Chapter 4 focused on assessing the cartilage US image quality. Histological changes of 

cartilage surface due to cartilage fibrillation and hyalinization induces surface irregularity 

and it is shown in the loss of sharp margin in the US image. Thus, we compared US 

image quality between patients with and without PFP to understand if individuals with 

PFP shows worse image quality. In this chapter, we identified that patients with PFP had 

poorer quality cartilage images, which indicates they may be at risk of TFOA.  

5.2 Limitations  
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  Participants included in the US study were those who identified themselves as 

physically active. However, we could not match participants based on their major 

physical activity type due to the limited participant pool. Also, there was limitation in 

controlling the intensity between loading conditions. Varied participants’ physical 

activity type and potentially having different level of loading onto the joint cartilage 

could have affected large variability in PROs and US measures.  

  An additional potential pitfall of this study design relates to US methodology. US 

image clarity can be affected by the thickness and composition of overlying tissues. Even 

though we matched participants based on BMI measures, US image sharpness could have 

varied since we did not utilize dual energy X-ray absorptiometry (DEXA) to more 

accurately describe body type. Therefore, it is possible healthy participants showing 

worsened image quality (Grade 2) due to thicker overlying tissues in the knee (Figure 4 

and 5). 

 

5.3 Future Directions 

 Although this project contributes to the knowledge base regarding the movement 

modifying intervention for individuals with PFP and their risk of development of OA, 

there is still much work to do. It is recommended that future studies to consider using the 

visual feedback motion retraining, included studies to synthesize the outcome used 

internal focus of attention (focus on the movement themselves), which is known to have 

restraints in acquiring complex motor skills. Thus, feedback intervention studies for 

individuals PFP should consider using external focus of attention (focus on the movement 

effect).  
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 In order to reduce the effect of overlying tissue morphology on US image quality, 

accurate measures of participants’ body composition should be measured in US-cartilage 

research. Thus, future studies should consider DEXA scan or hydrostatic weighing as 

their inclusion criteria and include those outcomes as covariate in the analysis.   

 

5.4 Conclusion 

My dissertation was the first investigation to establish US measures in patients 

with PFP. Specifically, cartilage CSA, EI, and image quality were measured using US. 

This approach aimed to determine if patients with PFP would demonstrate decreased 

cartilage CSA, altered EI, decreased deformative characteristics of cartilage, and worse 

image quality. We did not identify statistically significant baseline cartilage CSA 

difference nor deformative characteristics of volume and echo intensity between 

individuals with and without PFP. This indicates individuals with PFP are experiencing 

early stage of OA. Interestingly, there was a significant association between percent 

change of EI and PROs suggesting that PROs may be useful in surface morphological 

alteration over time. Our second US project identified worse cartilage image quality in 

patients with PFP. This strengthens the notion that individuals with PFP are showing 

signs of early TFOA. Since US imaging is inexpensive, accessible, and free from 

radiation concern, comprehensive US (quantitative and image quality grading) should be 

utilized in the evaluation of cartilage health in individuals with PFP. 
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APPENDIX A: RELIABILITY ASSESSMENT FOR ULTRASOUND IMAGE 

GRADING 

Table 9. Weighted-Kappa analysis 

 
Kappa 

Asymptotic 

standard error 
Z p 95% CI 

Within assessor 0.86 0.07 4.39 <0.001 0.73-0.99 

Between assessor 0.82 0.07 4.43 <0.001 0.67-0.96 

 

 

Alternative Approach to Weighted-Kappa Analysis 

As an alternative approach to the weighted-kappa, we conducted a Bland Altman analysis 

and have included the plots below. Both the agreement between investigators and the 

agreement between sessions (intra-rater) is consistent with the weighted-kappa analysis 

demonstrating no outliers influencing our data interpretation and all data points lying 

within the limits of agreement. 
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Figure A.1 Bland Altman plot between investigators 
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Figure A.2 Bland Altman plot within investigator 1 
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APPENDIX B: EFFECT OF FEEDBACK INCORPORATED HIP STRENGTHENING 

EXERCISES IN PATIENTS WITH PATELLOFEMORAL PAIN  

 

 

I anticipated recruiting 60 participants with PFP to be randomized into three 

intervention groups and one control group (Strengthening exercise+Feedback motion 

retraining: STFB; Strengthening exercise only: ST; Feedback motion retraining only: FB; 

Control group: CT). However, due to the COVID-19 pandemic, our study had to be 

stopped. At the time of the COVID-19 shutdown, I had enrolled 20 participants but only 

4 finished the intervention and all others did only baseline tests.  

We could not run statistical analysis for movement outcome variables due to the 

limited sample size; however, we included information in this appendix to understand the 

trend of changes in movement patterns. In the graphs located on the next page, we 

included FB participant and CT participant. We did not have a full data set on any STFB 

participants. When we compare FB and CT participants, we identified differing trends in 

the hip adduction angle, hip external rotation moment, knee flexion angle, knee abduction 

angle, and knee abduction moment. Hip adduction angle and hip external rotation 

moment decreased after feedback motion retraining in the FB group participant when 

compared to CT group participant who showed increased angle and moment. Knee 

flexion angle increased while knee abduction angle and knee abduction moment 

decreased in FB group participant while CT group participant stayed the same.  

This outcome indicates the FB protocol utilized in this study was able to modify 

movement pattern, potentially having positive effect when carried forward to the STFB 

protocol. Thus, STFB protocol will be examined in the future. 
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APPENDIX C: NATIONAL ATHLETIC TRAINERS’ ASSOCIATION RESEARCH 

AND EDUCATION FOUNDATION DOCTORAL RESEARCH GRANT 

 

ABSTRACT 

Hip strengthening exercises (ST) and feedback (FB) gait retraining effectively alleviate 

patellofemoral pain (PFP) and improve function short-term. However, failure of 

conventional treatments to improve biomechanics and symptoms long-term leads to 

breakdown of patellofemoral cartilage and contributes to patellofemoral osteoarthritis. 

This investigation will determine if incorporating FB into strength training (STFB) 

superiorly improves laboratory, clinical, and patient-reported outcomes (PROs) compared 

to conventional treatments (FB, ST, and control) in patients with PFP. Laboratory 

(ultrasonographic femoral cartilage thickness and echo intensity; 3D biomechanics during 

drop vertical jump, stair ascent/descent, running), clinical (strength and single-leg triple 

hop test), and PROs (global and region-specific questionnaires) will be assessed before 

and immediately and 1-week following a 2-week intervention. PROs will be further 

analyzed 2- and 4-weeks post-intervention. Group differences in laboratory and clinical 

outcomes will be assessed via separate 4x3 repeated measures ANOVAs while 4x5 

repeated measures ANOVAs will be used for PROs. We hypothesize the STFB group 

will demonstrate: 1) greater reductions in hip adduction and internal rotation and superior 

femoral cartilage health; 2) greater improvements in hip and thigh muscle strength with 

concurrent increases in hop distance; and 3) reduced symptoms and improved PROs at all 

post-intervention time points compared to conventional treatment.  
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BUDGET  

Budget Item Cost 

A) Salaries N/A 

B) Equipment $105 

C) Supplies $70 

D) Animal or Subject Costs $2,325 

E) Other N/A 

Total $2,500 

 

Budget Justification 

A. Salaries 

No funds needed to pay salary, or provide for data management and analysis for this 

project. 

B. Equipment 

Funds are being requested to purchase 3 rolls each of yellow and red Theraband for the 

strength training + feedback and the strength training groups to use during the 

intervention sessions. The yellow Theraband is $17/roll ($51 total), while the red 

Theraband is $18/roll ($54 total), making the total cost for Therband $105. 

C. Expendable Supplies 

Monies are being requested to purchase two 5L containers of ultrasound gel to assist with 

the ultrasound imaging that will be completed on participants. Each container is priced at 

$35 for a total of $70. 

D. Participant incentives 

Participants in the 3 intervention groups (strength training + feedback, feedback, strength 

training) will each receive $20 for completing all testing sessions. These participants will 

also receive $25 as compensation for their time to complete the intervention sessions. 

Therefore, each participant in the intervention groups will receive $45. There are 3 



90 

 

intervention groups, each with 15 participants for a total of 45 intervention participants 

(45 people x $45 = $2,025). 

Participants in the control group will receive $20 to compensate them for their time while 

completing the testing sessions. There will be 15 people in the control group. Therefore, 

we are requesting $300 to pay these individuals (15 x $20 = $300). 

The total amount requested to pay participants across all groups in the study is $2,325. 

All payments will be made at the conclusion of the final testing session and final 

intervention session. This payment amount is in line with other investigations in our 

department. 

E. Other 

No funds requested in this category. 

 

INSTITUTIONAL RESOURCES AND ENVIRONMENT 

Laboratory  

All data collection will take place in the Biodynamics Research Lab housed within Belk 

Gym at UNC Charlotte. The equipment within this laboratory includes: standard 

treadmill, 10 camera (Vantage 5) Vicon motion capture system, 2 Bertec force platforms 

(FP4060-10-2000), a Biodex System 3 Pro isokinetic dynamometer and associated 

attachments, LOGIQe Ultrasoundsystem, and a hand-held dynamometer. Additional 

equipment housed within this research space includes: Pedar plantar pressure system, 

AMTI force platform, BIOPAC MP150 system with 8 channels of EMG, Magstim 

Rapid2 transcranial magnetic stimulator, Digitimer DS7AH stimulator, Delsys Trigno 8 

channel wireless EMG system, and 40-channel NuAmps EEG acquisition system.  
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Data management and processing will occur within the Biodynamics laboratory. For data 

analysis, MatLab, Vicon Nexus, Visual3D, and Microsoft Office will be used. Lastly, 

SPSS will be used for all statistical procedures. 

Support Services  

The Biodynamics laboratory has access to academic technology services within its parent 

College of Health and Human Services at the University should any issues arise.  

Personnel  

Abbey Thomas, PhD, ATC is the principal investigator’s PhD advisor. Dr. Thomas will 

oversee all areas of this project, primarily assisting with data analysis and interpretation 

of findings and manuscript preparation/publication.  

Luke Donovan, PhD, ATC is a member of the PI’s dissertation committee. Dr. Donovan 

will assist with participant randomization, data analysis, and interpretation.  

PURPOSE  

Increased knee joint discomfort and movement alteration are observed in persons with 

patellofemoral pain (PFP), a condition that affects 22.7% of the United States population.2 

Patients with PFP experience pain aggravation during or after physical activities and 

decreased function. Moreover, prolonged symptoms of PFP may contribute to the 

development of patellofemoral osteoarthritis (PFOA), making this a lifelong condition for 

many patients. Abnormal biomechanics, specifically dynamic knee valgus—a combination 

of increased hip adduction and internal rotation—during weight bearing movements, are 

considered a modifiable cause of PFP.17,46  Previous researchers found patients with PFP 

demonstrate increased hip adduction and internal rotation during daily movements18 and 

this was found to have a correlation with hip abductor and external rotator muscle 
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weakness.19 Thus, weakness in these muscles may contribute to dynamic knee valgus and 

PFP.  

Various treatments for PFP exist to alleviate pain and improve function. The current 

evidence supports the effectiveness of lower extremity musculature strengthening 

exercises and movement modification in managing knee joint pain and improving function. 

However, current strength training interventions do not improve biomechanics. A recent 

series of investigations on gait retraining suggest that feedback of faulty biomechanics is 

necessary to improve biomechanics in the long term.28-30,47 Building on this, recent 

evidence suggests that strengthening exercises performed with feedback yield greater 

strength gains than when no feedback is given.48 Improving delivery of current 

rehabilitation and biomechanical interventions through the use of feedback can 

reduce symptoms and improve function for hundreds of thousands of people with 

PFP.  

If not effectively managed, PFP can lead to PFOA, which is caused by breakdown of 

the retropatellar cartilage. Despite improvements in strength and biomechanics following 

rehabilitation, PFOA continues to develop, suggesting that conventional rehabilitation 

does not adequately protect the patellofemoral cartilage. Therefore, we need 

interventions that optimize cartilage health to slow PFOA development. 

Being able to assess cartilage health as a result of exercise will lend important insight 

into how current rehabilitative efforts influence PFOA development. This knowledge will 

inform future investigations to more appropriately treat PFP and PFOA. An emerging 

technique to evaluate cartilage is diagnostic ultrasound (US) which can provide a real-time 

image of how cartilage responds to physical activity. Hyaline cartilage holds water in 



93 

 

unloaded conditions and this water is drained out when load is applied to the joint. 

Therefore, cartilage thickness should reduce after physical activities. Both cartilage 

thickness and echo intensity, an estimation of water content present,39 can provide 

immediate knowledge of cartilage health during rehabilitation to allow clinicians to better 

protect cartilaginous integrity and mitigate symptoms, allowing for more efficacious 

rehabilitation.  

The proposed investigation will determine the efficacy of rehabilitation with feedback 

compared to traditional rehabilitation at improving laboratory measures of biomechanics 

and cartilage health, clinical measures of functional performance, and patient-reported 

outcomes (PROs) via a randomized controlled study of 60 adults with PFP. Participants 

will complete 2 weeks of training (3x/week). Participants will be randomized into the 

following groups: strength training + feedback (STFB), strength training only (ST), 

feedback gait retraining (FB), or no intervention (control [CT]). Outcomes will be 

evaluated pre- and immediately and 1-week post-intervention. To better characterize 

patient outcomes, PROs will also be assessed 2- and 4-weeks post-intervention.  

Specific Aim 1: To determine if STFB superiorly improves immediate and short-

term (1-week) follow-up of laboratory-based outcomes compared to standard of care 

(ST, FB, or CT) in patients with PFP. Previous investigations suggest STFB yields 

greater improvements in strength than when using ST alone. As muscles control joint 

motion, greater improvements in strength should superiorly improve biomechanics. 

Therefore, we hypothesize that the STFB group will demonstrate greater reductions in hip 

adduction and internal rotation during drop vertical jump (DVJ), stair ascent/descent, and 

running compared to all other groups and these changes will be maintained 1-week 
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following the intervention. Further, because of these biomechanical improvements, the 

STFB group will demonstrate better cartilage health (increased thickness and cross-

sectional area [CSA] and reduced echo intensity) compared to all other groups immediately 

and 1-week post-intervention.  

Specific Aim 2: To determine if STFB superiorly improves immediate and short-

term follow-up of clinical outcomes compared to standard of care in patients with 

PFP. Previous research suggests STFB exercises will yield greater strength gains 

compared to conventional ST; thus, we hypothesize muscle strength (isokinetic knee 

extension/flexion and isometric hip abduction/external rotation) will improve in the STFB 

group compared to all others at all time points. Further, lower extremity muscle strength is 

highly, positively associated with single leg triple hop test (SLTHT) distance. Therefore, 

we hypothesize that the STFB group will demonstrate greater improvements in SLTHT 

distance compared to all other groups and these changes will be maintained 1-week 

following the intervention.  

Specific Aim 3: To determine if STFB superiorly improves patient-reported 

outcomes compared to standard of care in patients with PFP. Previous studies which 

provided ST exercises to patients with PFP patients showed improvements in PROs and 

reduction of joint pain. Another study supports greater strength gain through STFB will 

yield greater improvement in PROs.49 Therefore, we hypothesize that STFB group will 

show greater improvement in Anterior Knee Pain Scale (AKPS), Knee Injury and 

Osteoarthritis Outcomes Score (KOOS), KOOS Patellofemoral (KOOS-PF) and pain 

reduction in visual analog scale (VAS) compared to all other groups immediately after 

intervention and 2- and 4-weeks post-intervention. 
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RATIONALE 

Feedback is necessary to change biomechanics to restore joint loading and 

improve cartilage health in patients with PFP. Exercise is the standard of care treatment 

for patients with PFP. While strength training and biomechanical interventions 

independently improve PROs in patients with PFP,50-52,27 improved PROs do not associate 

with improvements in cartilage health. Improving symptoms is an important goal of 

rehabilitation. However, failure to effectively manage PFP prolongs the painful experience 

and allows for propagation of the faulty mechanics that contribute to PFOA development. 

While previous studies suggest that using feedback of biomechanics can effectively change 

movement patterns and reduce pain up to 128,30 and 3 months29 after the intervention, it is 

unknown how these interventions influence cartilage health. Being able to assess 

cartilage’s response to exercise will improve the ability to appropriately treat PFP 

and mitigate PFOA risk.  

Diagnostic ultrasound is a valid technique for evaluating cartilage health. The 

standard for diagnosing osteoarthritis is plain radiography; however, degenerative changes 

likely occur in the articular cartilage before radiographic evidence of OA can be observed. 

Magnetic resonance imaging (MRI) has also been used previously to observe cartilage 

health in patients with OA and PFP. Farrokhi et al., for example, used MRI on patients 

with PFP and healthy controls finding 14% less cartilage thickness in individuals with PFP 

at baseline.36 Additionally, individuals with PFP exhibited greater femoral cartilage 

deformation after a single session of weighted deep knee bends.36 A longitudinal study 

showed a significant association between cartilage thickness change and pain, which 

emphasizes the importance of frequent observation of cartilage thickness measures.53 
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Despite these findings, MRI has not been widely adopted clinically because of its high cost. 

Diagnostic ultrasound provides a valid38 and cheaper alternative to MRI. In fact, 

investigators have been able to observe short term changes in cartilage thickness after a 

variety of physical activities in healthy adults, finding a significantly decreased thickness 

after 30 minutes of walking or running compared to a control condition.39 Despite the 

benefits of diagnostic ultrasound over plain radiography and MRI, to our knowledge, no 

study has measured the effect of STFB on cartilage health compared to other forms of 

conventional interventions.  

Preliminary data suggest immediate 

differences in cartilage deformation 

location between individuals with and 

without PFP following traditional 

rehabilitation exercises. A preliminary 

study compared the impact of different forms 

of physical activities on pain level and 

ultrasonographic femoral cartilage thickness 

in patients with PFP compared to healthy 

adults. Participants completed 30 minutes of 

treadmill running, lower extremity strengthening exercises and plyometric exercises. One 

activity was performed per session with each session separated by 1 week. Pain level and 

cartilage thickness were assessed before and after each intervention. There were significant 

group differences observed in pain level change (Figure 1a) and percent cartilage thickness 

change (Figure 1b) measures. Pain level increased in patients with PFP after all physical 
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activities and greater cartilage thickness reduction was observed in patients with PFP after 

strengthening exercises (p=0.001) and running (p=0.014). Not only do these data support 

the utilization of ultrasound in assessing patellofemoral joint health, they suggest that 

patients with PFP experience greater deformation of femoral cartilage after 

strengthening exercises and running compared to healthy individuals, which may 

impact progression from PFP to PFOA.  

EXPERIMENTAL DESIGN AND METHODS 

This study will use a randomized controlled trial research design. Our independent 

variables are group (STFB, ST, FB, and CT) and time (baseline, post-intervention, and 1-

week follow up). Laboratory-based dependent variables will include lower extremity 

biomechanics (hip adduction, hip internal rotation, and knee flexion angles) during 

DVJ,45,54 running55,56 and stair ascent/descent57 and femoral cartilage measures (thickness, 

CSA, echo intensity). Clinical measures will include SLTHT,58 isokinetic knee 

extension/flexion strength, and isometric hip abduction and external rotation strength.59 

Only the symptomatic limb, or the more symptomatic limb in the case of bilateral PFP, 

will be assessed. Lastly, PROs will include AKPS, KOOS, KOOS-PF, and VAS.  

METHODS 

Participants 

Sixty adults will be recruited from the University of North Carolina at Charlotte (UNC 

Charlotte) and the surrounding community. Participants will be ages 18-30 years and 

physically active (30+ minutes of physical activity 3+ days per week). Participants will 

have PFP, which is defined as: 1) retropatellar pain for 3+ months during at least two of 

the following activities – prolonged sitting, stair ascent/descent, squatting, hopping, 
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kneeling, running, and jumping; 2) pain with compression of the patella; and 3) pain on 

palpation on patellar facets.50 Participants will be excluded if they have: 1) history of 

orthopedic injuries, fractures, or surgeries to either limb or the low back with the exception 

of PFP; 2) severe osteochondral defect in either knee; 3) history of cardiovascular, 

neurological, or balance disorder that precludes safe participation in exercise; and 4) body 

mass index >40kg/m2. Though not being used as an inclusion criterion, the International 

Physical Activity Questionnaire (IPAQ-SF) will be used to describe participants’ physical 

activity levels at baseline. Eligible participants will visit the Biodynamics Research 

Laboratory at UNC Charlotte for baseline assessment. Following the baseline assessment, 

participants will be randomly allocated into groups (STFB, ST, FB, and CT) by means of 

a sealed, opaque envelope using sex-based block randomization.60 A member of the study 

team not collecting data or delivering the interventions will perform the randomization.  

Testing Procedures 

Laboratory measures 

Biomechanical data will be collected using a 10-camera Vicon motion capture system 

(Vantage V5, VICON, Oxford, UK) sampling at 200Hz. Synchronous kinetic data will be 

collected at 2000Hz by two force platforms (Bertec, Columbus, OH). Testing orders 

between DVJ, running, and stair ambulation will be randomized and the randomized order 

will be carried forward through all sessions for a given participant. Participants will be 

fitted with spandex shorts, tight fitting shirts, and regular athletic shoes. Then, 36 retro-

reflective markers will be placed on specific bony landmarks of the trunk, hips, knees, and 

ankles/feet to capture biomechanical data using a custom marker set.61 Once markers are 

placed, a static calibration trial will be captured with the participant standing in anatomical 
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position to define the hip, knee and ankle joint centers. Five successful trials of each 

biomechanical task described below will be completed following adequate practice trials. 

Drop Vertical Jump: Participants will stand on top of a 30cm box placed half of their 

height away from the force platforms. Participants will drop forward onto the forceplates, 

land with one limb on each plate and perform an immediate maximal vertical jump, again 

landing with one foot on each forceplate.45 A trial will be repeated if: 1) the foot does not 

land entirely on the forceplate and 2) the movement is not continuously performed.  

Running: Participants will run at a velocity of 4.0m/s ±5%, stepping onto forceplates.62 

Running speed was selected for consistency with previous literature.62 Running velocity 

will be determined by measuring the time it takes for participants to cover 10m, which will 

be marked on the floor using tape. Time spent between 2.38s (4.2m/s) to 2.63s (3.8m/s) to 

travel 10m will be a successful trial. A trial will be repeated if: 1) running speed is not 

between 3.8-4.2m/s and 2) the foot does not land entirely on the forceplate.  

Stair Ambulation: Participants will ascend and descend a series of four 20cm high steps. 

The painful limb will contact the first and third steps, respectively.57  

Femoral cartilage measures will be performed using a LOGIQe Ultrasound system 

(General Electric, Fairfield, CT, USA) with 12MHz linear probe. Femoral cartilage was 

chosen as retropatellar cartilage cannot be viewed on ultrasound. Participants will be seated 

on a treatment table with their back against a wall and knee positioned to 140°, 110°, and 

90° of flexion using a manual goniometer.39 The probe will be placed transversely in line 

with the medial and lateral femoral condyles just above the patella. The probe will be 

rotated to maximize cartilage reflection.39,63 A transparent grid will be placed on the 
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ultrasound machine’s computer screen to center the intercondylar notch and enhance 

reproducibility.39 Three images will be collected per knee flexion angle. 

Clinical measures 

Single-Leg Triple Hop Test will quantify hop distance during three consecutive hops. 

This test will be performed 3 times for maximal distance.58 Distance will be recorded from 

the start line to the location of the participant’s heel following completion of the third hop 

using a standard tape measure. Distances will be normalized to participant limb length 

(supine distance between anterior superior iliac spine and medial malleolus) and averaged 

for statistical analysis. 

Quadriceps and hamstring strength will be assessed concentrically (60°/s) using a 

Biodex isokinetic dynamometer. Participants will be secured in the chair by straps around 

the torso and hips. Participants will sit with the hip in 85° of flexion and the knee at 90° at 

rest and with the knee joint center aligned with the fulcrum of the dynamometer. 

Participants will complete 3 submaximal practice trials each followed by 10s rest. Next, 

participants will perform a single set of 5 repetitions of knee extension and flexion for 

maximal effort. Peak knee extension and flexion strength will be extracted and averaged 

across the 5 trials then normalized to participant body mass (Nm/kg).64 Verbal and visual 

feedback will be provided to encourage maximal effort.  

Hip abduction and external rotation strength will be assessed using a hand-held 

dynamometer.59 Hip abduction isometric strength will be assessed with participants in a 

side-lying position. A strap will be placed 5.08cm above the iliac crest to stabilize the 

trunk.59 Participants will maintain approximately 10° hip abduction at the beginning. The 

dynamometer will be placed over the lateral femoral condyle and participants will 
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gradually increase the muscle contraction and hold at maximal effort for 5s.59 Hip external 

rotation strength will be performed with participants sitting on the edge of a table with hips 

and knees flexed to 90°. The dynamometer will be placed 5.08cm proximal to the medial 

malleolus.59 Participants will be asked to gradually increase the resistance and hold the 

maximum resistance for 5s. For each task, participants will be given one submaximal 

practice trial and perform 3 maximal effort trials. A 15s rest will be given between trials 

and peak values from each trial will be recorded. 

Patient reported outcomes 

Participants will be asked to fill 

out PROs (AKPS, KOOS, KOOS-PF, 

VAS) before and after the 

intervention, and for follow-ups (1-, 

2- and 4-weeks post-intervention). 

PROs will be assessed up to one 

month post-intervention as previous 

research suggests PRO improvements 

last up to 1 month.30 AKPS has 13 

questions asking the individual’s 

functional capacity in different 

exercises.65 Its validity is reported to 

be 0.92 and consistency between 

measures was 0.98.66 With high 
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validity and reliability, AKPS is considered a gold standard PRO in evaluating the severity 

of PFP. Additionally, minimal detectable change (MDC) is 13.67 

KOOS was developed from a knee osteoarthritis-spe0cific questionnaire (Western 

Ontario McMaster Universities Osteoarthritis Index) to evaluate function in patients who 

had knee injuries and are at risk of posttraumatic osteoarthritis. This questionnaire tests 

two different subscales for activities of daily life (ADL) and sports so that it can cover a 

wide variety of patients with different physical activity levels. From its creation, its 

reliability was between 0.75 to 0.93 in subscales.68 MDC range for pain is 6-6.1, symptoms 

is 5-8.5, ADL is 5.8-12, and lastly quality of life is 7-7.2.69 

KOOS-PF was recently developed as a PFP-specific subscale of KOOS. It showed 

good internal consistency with Cronbach’s α of 0.86 and test-retest reliability 0.86.70 

Validity compared with AKPS using correlation was 0.74 and it showed statistically 

significant score difference between healthy individuals and individuals with moderate 

knee pain (p<0.001).70 

VAS is a continuous scale which uses a 10cm straight line.71 A score of 0 means no 

pain and 10 means the worst possible pain.71 Spearman correlation between usual pain with 

VAS and AKPS showed strongest association (ρ=0.74) and secondly, between worst pain 

in VAS and AKPS (ρ=0.62).72  

Data Preparation and Reduction 

Biomechanical data processing 

All kinematic and ground reaction force data will be filtered using a 4th order, zero lag, low 

pass Butterworth filter with cutoff frequency of 14.5 Hz.45 All collected motion data will 

be processed to obtain joint angles and moments using Visual3D software (C-Motion, 
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Germantown, MD). Specifically, lower limb joint centers will be defined in accordance 

with our previous work.73-75 Joint rotations will be calculated using a Cardan rotation 

sequence76-78 and expressed relative to each participant’s neutral position.79 Synchronous 

3D ground reaction force data will be filtered using the same parameters as kinematic data 

and submitted to a standard inverse dynamics analysis.80 Segment inertial parameter 

estimates will be derived from anthropometric data from Dempster.81 Kinetic data will be 

normalized to body mass and height (Nm/kg*m) and expressed as external moments, or 

moments acting on or about the body. For example, an external knee flexion moment acts 

to generate a knee flexion rotation. 

Cartilage image processing 

All collected femoral cartilage ultrasound images will be processed using ImageJ 

software (National Institutes of Health, Bethesda, MD, USA). Cartilage thickness (mm) 

will be assessed at the mid-point of medial and lateral femur and intercondylar notch by 

drawing a perpendicular line between synovial and osteochondral interfaces (Figure 2a).39 

Cartilage CSA and echo intensity will be analyzed by segmenting the cartilage to medial 

and lateral using the intercondylar notch as a reference (Figure 2b). CSA will be recorded 

as (mm2) and echo intensity will be analyzed by obtaining mean gray-scale value of each 

segmented pixel. The echo intensity will vary from 0 (black) to 255 (white). The lower the 

value (the more black the image), the greater the water content present in the area. CSA 

analysis will provide a more complete understanding of cartilage size across the whole 

surface to complement the focal cartilage thickness measures. All obtained values will be 

used to calculate a percentage change score to determine the cartilaginous response to 

physical loads. 
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percent change = (
meanpost − meanpre

meanpre
) ∗ 100 

Interventions 

The strengthening intervention (Table 1) was developed based on a previous large 

(n=199), multi-center hip, core and knee musculature strengthening treatment provided to 

patients with PFP.52 The feedback motion retraining protocol was developed using 

running29 and jump-landing studies.82 All intervention groups will complete 6 sessions of 

their respective interventions over a 2 week period (3x/week). This duration of intervention 

was selected because 6 sessions represents a common number of visits for PFP in 

rehabilitation clinics and patients with PFP start to experience pain alleviation after 6 

sessions.52,83  

The ST group, particularly, will be modifying intensity by increasing knee flexion 

angle during single legged squats, adding lunges and adding step down exercises. Extra 

resistance during exercises will be applied using TheraBand (Hygenic Corp, Akron, OH) 

and the addition of resistance will be determined by the primary investigator based on his 

clinical expertise in treating patients with PFP, accounting for patient feedback, joint pain, 

swelling, symptoms and participants’ ability to complete 10 repetitions of a given exercise 

(i.e., if a participant cannot complete 10 repetitions, the exercise intensity will not be 

progressed in the following session). For week 1, ST exercises will be non-weight-bearing 

exercises targeting hip and knee muscles then progress to light intensity weight-bearing 

exercises. Lastly, double leg balancing on Airex pad (Airex AG, Sins, Switzerland) will be 

completed by participants. Week 2 exercises will include hip and core musculature 

strengthening exercises and single-limb intensive exercises.  
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The FB group participants will initially be provided with scripted verbal cueing 

information including: 1) 

“move with your knees 

apart with your kneecaps 

pointing straight ahead” 

and 2) “squeeze your 

buttocks”. Along with 

scripted information, participants will be provided with initial instructions in front of a full-

body mirror to visualize their movement. If needed, participants will be instructed to widen 

their stance or keep their toe pointed outwards as necessary. Successful performance of a 

movement will be considered a movement goal and participants will be encouraged to 

repeat the successful movement. Participants will receive additional verbal feedback during 

each training session if they demonstrate faulty hip and knee movements. Faulty 

movements are defined as subjects showing knock-kneed position or toe-in stance and will 

be identified subjectively by the intervention provider. Length of movement time will be 

continuously increased over the  first 3 sessions and then capped at a maximum of 18 

minutes for last three sessions (Figure 3).29 Time used for feedback will increase for first 

3 sessions and then be gradually reduced for the remaining sessions to all participants to 

internalize their cues.84 During the feedback reduction period, participants will be given 

feedback at the beginning of a session regarding their movements in the previous session.29  
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The STFB group will complete the same exercises as the ST group. However, in 

addition to those 

strengthening exercises, 

participants will be 

provided with visual 

feedback using a full-

body size mirror during 

the intervention. Participants will be verbally instructed to keep their knees apart during 

the movement. Verbal feedback will be provided if any abnormal movement is detected at 

the end of each exercise movement. Examples of verbal feedback include: 1) “keep your 

knees apart with your kneecaps pointing straight ahead” and 2) “squeeze your buttocks”.47 

Amount of feedback will be increased for first three sessions and decreased gradually for 

last three sessions (Figure 4). 

The CT group will not receive any physical interventions. 

Power Analysis 

No previous investigation has directly compared outcomes of interest in patients with 

PFP. Therefore, our sample size is estimated from data of cartilage thickness and echo 

intensity differences between controls and those with PFP. Power calculations were 

conducted using G*Power 3.1.9.2 (Univ. Dusseldorf, Dept. of Psychology) with α<0.05 

and power (1-β) set at 0.80. Sample size estimates and power calculations for the proposed 

experiment were determined using: differences in echo intensity between Patients with PFP 

and healthy controls (140° echo intensity, effect size=1.11) from preliminary data 

indicating a sample size of n=14 per group is needed to determine group differences. Our 
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estimate of 14 participants per group is in line with previous research in patients with PFP29 

85 and ultrasonographic cartilage studies39 that all observed significant differences in their 

outcome measures. Thus, we are confident that we will observe significant differences in 

motion, cartilage thickness measures, lower extremity muscle strength, SLTHT, and PROs 

with 14 participants per group. However, to account for potential drop-out, 15 participants 

per group will be recruited and enrolled.  

Statistical Analysis 

Demographic (age, height, body mass) and descriptive (IPAQ-SF) data will be 

compared between groups at baseline using one-way ANOVAs. We will conduct 4x3 

repeated measures ANOVA (RMANOVA) to allow within and between groups (STFB, 

ST, FB, and CT) comparisons at three time points (before the intervention and immediately 

and 1 week post-intervention) in laboratory (Specific Aim 1) and clinical measures 

(Specific Aim 2) and 4x5 RMANOVA for PROs (Specific Aim 3) for five time points (pre-

, immediately post-intervention, 1-, 2-, and 4-weeks post-intervention). Tukey’s post hoc 

tests will be used to identify specific differences in the event of significant interactions or 

group or time main effects. For all statistical procedures, alpha will be <0.05. To measure 

magnitude of changes, Cohen’s d effect size and 95% confidence intervals (CIs) will be 

calculated.86 For all outcome measures, an intention-to-treat analysis will be conducted as 

necessary. 

ANTICIPATED OUTCOMES 

Specific Aim 1 

Our hypothesis for Aim 1 is that STFB group will demonstrate greater improvements 

in biomechanics and cartilage health compared to ST, FB, and CT groups. Patients with 
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PFP perform repeated dynamic valgus (hip adduction and internal rotation) during weight 

bearing activities.87 This faulty movement applies lateral force on the patella causing 

derailment of the patella and increases compressive force to the lateral knee cartilage.17,44 

Thus, valgus collapse is thought to exacerbate PFP symptoms and reduce cartilage 

thickness.44 It has been previously established that strengthening the hip musculature to 

mitigate valgus collapse in patients with PFP will improve strength in the targeted 

muscles.27 However, biomechanical improvements have not followed these strength 

gains.27 Conversely, interventions providing feedback of movement technique can improve 

biomechanics without concurrent increases in muscle strength.29  

We anticipate finding a greater reduction of hip adduction and internal rotation angles 

in STFB group compared to all other groups immediately after the intervention and at 1-

week follow up. This improvement in biomechanics has the potential to mitigate cartilage 

health by unloading the lateral knee compartments. Thus, we anticipate the STFB group 

will experience less femoral cartilage deformation after the intervention and that this 

finding will continue 1-week after the intervention. This observation would provide 

evidence that improving biomechanics using evidence-based intervention (STFB) in 

patients with PFP will superiorly mitigate cartilage health compared to standard of care 

treatments. These findings will have the potential to translate to other patient populations 

with similar impairments and aberrant biomechanics (e.g., patients after anterior cruciate 

ligament reconstruction).  

Specific Aim 2 

We hypothesized that STFB group will have greater lower extremity strength gains and 

improved SLTHT distance compared to other groups at all time points (immediate and 1-
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week follow up). Patients with PFP have less quadriceps88, hip abductor87 and external 

rotator strength59 compared to pain-free individuals. It is established that isolated hip 

strengthening in patients with PFP yields hip strength improvements.85 However, we 

anticipate finding greater lower extremity strength improvement and SLTHT distance in 

STFB since we are optimizing delivery of exercises using feedback, which is reported to 

yield greater muscular improvement.89 Better strength improvement with STFB will give 

greater SLTHT distance improvement compared to other groups at all time points.90  

Specific Aim 3 

We hypothesized STFB intervention will superiorly improve all patient-reported 

outcomes (AKPS, KOOS, KOOS-PF, and VAS) immediately and at 1-, 2-, and 4-week 

follow-up. Since STFB should demonstrate greater improvement in biomechanics and 

strength, we anticipate the STFB group will report better subjective outcomes (PROs) and 

the residual benefit will last up to 4 weeks. Further, the improvement in PROs in the STFB 

group will be greater than in all other groups at all time points. This hypothesis is supported 

by previous research demonstrating increased hip strength (e.g., hip abductor and hip 

external rotator) is associated with decreased pain (VAS) and improved function (AKPS) 

after intervention.52,91 

Taken together these findings may be applied to future intervention protocols. By 

improving lower extremity musculature strength and reducing dynamic valgus through 

STFB, patients with PFP will be able to experience better cartilage health during weight 

bearing activities. It is expected that because both biomechanics and strength will be 

improved that the benefits will last longer than conventional treatments targeting either 

strength or biomechanical impairments. Lastly, this improved cartilaginous health will lead 
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to better perceived function and less pain. These improvements will contribute to the 

slowing the progression to PFOA in patients with PFP. This investigation has great 

potential in improving the delivery of physical intervention from clinicians and other 

healthcare professionals to patients with PFP which will lead to not only a reduction of 

pain symptom but also improvement of cartilage health. Future studies will compare the 

effectiveness of other types of interventions commonly used in treating patients with PFP 

(e.g., foot orthoses, patellar taping and bracing, electrical therapy, and combined physical 

interventions) on cartilage health and biomechanics in these patients using methods in the 

current proposed study.25 
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APPENDIX D: MID-ATLANTIC ATHLETIC TRAINERS’ ASSOCIATION 

RESEARCH GRANT 

 

1. Research Problem 

Patellofemoral pain (PFP) is an overuse condition associated with increased pain and 

compressive forces on the cartilage lining of the posterior surface of the patella. PFP is 

frequently observed in physically active individuals and its symptoms are aggravated 

during daily and athletic activities. PFP is one of the most common knee injuries treated 

by sports medicine clinicians, accounting for approximately 1/3 of all knee injuries.92 

Patients with PFP often experience difficulty with work and daily and physical activities 

due to the aggravation of pain associated with movement. Recent evidence suggests that 

prolonged symptoms of PFP may contribute to the development of patellofemoral 

osteoarthritis.8,9 Progressing to the level of osteoarthritis will further compromise the 

general health of the patient while also increasing national healthcare costs. 

Plain radiography remains the gold standard for diagnosing osteoarthritis; however, 

changes likely occur in the articular cartilage before radiographic evidence of 

osteoarthritis can be observed on x-ray. Magnetic resonance imaging (MRI) has also been 

used previously to measure changes in cartilage thickness in patients with osteoarthritis 

and PFP. Farrokhi et al., for example, used MRI on patients with PFP and healthy 

controls finding 14% less cartilage thickness in individuals with PFP at baseline.36 

Additionally, individuals with PFP exhibited greater femoral cartilage deformation after a 

single session of weighted 50 deep knee bends.36 While useful, MRI is a costly and 

sometimes impractical imaging tool. Diagnostic ultrasound is a valid imaging tool38,39 

that may aid in assessing femoral cartilage thickness before radiography would detect 

changes in joint integrity and at a lower cost than MRI. Recently, investigators have 
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utilized diagnostic ultrasound to measure cartilage thickness changes after a variety of 

physical activities in healthy adults, finding a significantly decreased thickness after 30 

minutes of walking or running compared to a control condition.39 It remains unknown if 

these same ultrasound techniques can be applied to assess cartilage thickness in patients 

with PFP and how various athletic activities known to exacerbate PFP symptoms (e.g., 

running, strength training, and plyometric activity) acutely influence cartilage thickness. 

It is our belief that patients with PFP will show greater reduction of patellofemoral 

cartilage after activities known to exacerbate symptoms when compared to healthy 

populations. Understanding the influence of common athletic activities on cartilage 

thickness in patients with PFP is vital to the development of strategies to reduce 

symptoms and combat PFP. Thus, the goal of this project is to determine if patients with 

PFP experience greater reductions in cartilage thickness after a single bout of 30 minutes 

of running, strength training and plyometric exercises when compared with healthy 

populations.  

Specific Aim 1: To determine if joint loading changes cartilage thickness in patients 

with PFP compared to healthy adults.  

 Hypothesis 1.1: Participants with PFP will demonstrate greater reduction of 

cartilage thickness after running compared to healthy adults.  

 Hypothesis 1.2: Participants with PFP will demonstrate greater reduction of 

cartilage thickness after strength training compared to healthy adults.  

 Hypothesis 1.3: Participants with PFP will demonstrate greater reduction of 

cartilage thickness after plyometric activities compared to healthy adults.  
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Specific Aim 2: To determine if changes in patient reported outcomes as a result of 

joint loading are associated with changes in cartilage thickness. 

Hypothesis 2.1: Participants with PFP will demonstrate greater reduction of self-

reported function on both the Anterior Knee Pain Scale (AKPS) and Knee Injury and 

Osteoarthritis Outcome Score (KOOS) compared to healthy adults following all joint 

loading conditions. 

Hypothesis 2.2: Lower scores on the AKPS and KOOS will be associated with 

greater reductions in cartilage thickness in patients with PFP. 

 

2. Significance of the Proposed Research 

Over 2 million individuals in the United States were diagnosed with PFP between 2007-

2011.3 Not only is the incidence of PFP high, but the authors observed a steady increase 

of cases throughout the period of the epidemiological study.3 In addition to symptoms 

and disability experienced by patients with PFP, these individuals are at increased risk of 

developing patellofemoral osteoarthritis.3,8 Due to the high prevalence of PFP and its 

linkage to patellofemoral osteoarthritis, greater understanding of the disorder and 

improved treatment strategies are necessary to optimize quality of life and long-term 

health in these patients.  

Our proposed investigation will examine the influence of brief bouts of tasks known to 

exacerbate symptoms on cartilage thickness to determine if these activities may be 

contributing to the development of patellofemoral osteoarthritis. Patients with PFP often 

complain of symptoms during athletic activities such as running, strength training, and 

plyometric exercise. While all of these activities can be useful in improving strength and 
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reducing symptoms, they may negatively influence joint health in patients with PFP. 

Understanding the influence each of these activities has on cartilage thickness can inform 

future treatment strategies for these patients.  

This study is significant because it is a first attempt in evaluating cartilage thickness in 

patients with PFP after different forms of physical activities. Our results have the 

potential to shift current treatment paradigms with an immediate impact because 

diagnostic ultrasound is available in many sports medicine settings. These outcomes may 

improve rehabilitation approaches and improve quality of life for patients with PFP.  

 

3. Procedures 

Research Design 

A single-blinded crossover design will be used to achieve our proposed specific aims. 

The dependent variable will be cartilage thickness. Independent variables will be group 

(PFP and healthy) and loading condition (running, strength training, plyometric, and 

control).  

Sample Size and Participants 

A total of 24 participants will be enrolled in this study (12 with PFP and 12 healthy 

controls). Based on a previous investigation,39 it is estimated that to observe differences 

in femoral cartilage thickness after running with a moderate effect size (α=0.05, 1-β=0.8), 

we will need to enroll 8 participants per group. Data currently in review for publication 

from our laboratory suggest that to determine differences between groups in patient 

reported outcomes with a moderate effect size (α=0.05, 1-β=0.8), we need to enroll 9 
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participants per group. To account for potential participant dropout, we plan to enroll 12 

individuals per group.  

All participants will be between the ages of 18-35 years and will be recreationally active, 

defined as performing at least 30 minutes of physical activity at least 3 times per week. 

An individual will be considered to have PFP is he/she has: 1) retropatellar pain for 3+ 

months during at least two of the following activities— prolonged sitting, stair 

ascent/descent, squatting, hopping, kneeling, running, and jumping; 2) pain with 

compression of the patella; and 3) pain on palpation on patellar facets.50 Testing will be 

performed on the involved limb or the subjectively worse limb if PFP presents bilaterally. 

Healthy adults will be matched to the PFP group based on age, body mass index, and 

physical activity level (Tegner activity scale).93 A matched limb in the healthy group will 

be used for testing. Exclusion criteria for all participants will be: 1) history of orthopedic 

injuries, fractures, or surgeries to either limb or the low back with the exception of PFP in 

the patient group; 2) severe osteochondral defect in either knee; 3) history of 

cardiovascular, neurological, or balance disorder that precludes safe participation in 

exercise; and 4) body mass index > 40 kg/m2.  

Instrumentation  

A GE LOGIQe (General Electric Co., Fairfield, CT) diagnostic ultrasound machine with 

a 12MHz linear probe will be used to perform all ultrasound imaging. Patient reported 

outcomes will be collected using the AKPS and KOOS. The AKPS is a valid and reliable 

13 question survey scored from 0-100 with lower scores indicating worse 

symptoms/function.67 KOOS contains five subscales related to pain, symptoms, function 
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during daily living and sports, and quality of life. It is scored from 0-100 with lower 

scores indicating greater symptoms/dysfunctions.94  

Overview of the Methods 

An overview of study procedures can be found in Figure 1. Once eligible, participants 

will provide written, 

informed consent and 

demographic data and 

complete patient 

reported outcomes 

surveys. The order of 

conditions will be randomized for all participants by means of a randomization table 

completed prior to initiation of the study. Each session will be completed at the same 

time of day and separated by 1 week. All sessions will begin with the participant sitting 

in a long-sit position on a treatment table with the knees fully extended for 30 minutes to 

mitigate cartilage compression that occurred walking to the laboratory.39   

Ultrasound Imaging Identical procedures will be performed before and after the various 

loading conditions. Participants will sit on a treatment table with their backs against a 

wall and the test knee flexed to 140°. The ultrasound probe will be placed transversely in 

line with the femoral condyles above the superior pole of the patella as previously 

reported.39 A transparency grid will be secured to the computer screen to improve 

reproducibility.39 Three images will be captured.  

Loading Conditions For the running condition, participants will run on a treadmill at their 

self-selected, preferred running speed for 30 minutes. For strength training, participants 

Rest (30’)
Pre 

Ultrasound

Loading 
Condition 

(30’)*

Post 
Ultrasound

Figure 1. Testing overview. *Indicates conditions: running, strength 
training, or plyometrics. 
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will complete a series of exercises designed to mimic a rehabilitation session for patients 

with PFP. These will include body weight squats, step-downs, and other similar weight-

bearing exercises to improve lower extremity muscle strength. Exercises will be 

completed for 30 minutes. The plyometric condition will be combined with a control 

condition. Following pre ultrasound, participants will continue resting for 30 minutes in a 

long-sit position. This control condition will be followed by another ultrasound 

assessment and then plyometric exercises. Plyometrics will include single- and double-

leg landings and drop vertical jumps. Immediately following each loading condition, 

participants will undergo post ultrasound.  

Cartilage Thickness Measurement The investigator assessing cartilage thickness will be 

blinded to participant group and condition. Ultrasound images will be processed in 

ImageJ (NIH, Bethesda, MD) as previously described.39 Cartilage thickness (mm) will be 

determined at the midpoint of the medial and lateral femoral condyles. A straight line 

from the osteochondral interface to the synovial space will be drawn to quantify cartilage 

thickness. Data will be averaged at each time point for each condition.  

Data Management and Analysis 

Descriptive data will be compared between groups using independent samples t-tests. To 

address specific aims 1 and 2, change scores for cartilage thickness and patient reported 

outcomes within each condition will be determined and those change scores will be 

compared between groups and conditions using 2x4 (group x condition) repeated 

measures ANOVAs. Tukey post-hoc analyses will be used in the presence of significant 

interactions. Cohen’s d effect sizes will be calculated to quantify the magnitude of change 

in cartilage thickness between conditions (<0.2: weak; 0.21-0.5: small; 0.51-0.8: medium; 
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and >0.8: large). To address specific aim 2, Pearson’s product moment correlations will 

be performed to determine the association between cartilage thickness and patient 

reported outcomes separately for the AKPS and KOOS. Alpha levels will be set a priori 

at P<0.05 for all analyses. All statistical analyses will be completed in SPSS (v.21).  

Means of Data Reporting 

Data will be submitted for presentation at the MAATA 2019 annual meeting as well as 

other appropriate venues (i.e., NATA, ACSM, etc.). Resulting manuscripts will be 

prepared for Journal of Athletic Training and other similar journals. Data will also be 

used to secure additional extramural funding aimed at improving treatment and long-term 

outcomes for patients with PFP.  

4. Proposed Budget 

A) Expendable supplies $35.00 

B) Equipment N/A 

C) Salary N/A 

D) Participant honoraria $1,080.00 

E) Data management and analysis N/A 

TOTAL $1,115.00 

 

Budget Justification  

No funds are needed to purchase equipment, pay salary, or provide for data management 

and analysis for this project.  

Expendable Supplies: We are requesting money to purchase 1 container of ultrasound gel 

($35/container). Total amount requested for supplies is $35.  

Participant Incentives:  Because of the time commitment associated with participation in 

this study, we propose offering a $15 participant incentive per testing session. Each 

participant will complete 3 testing sessions ($15 x 3 = $45 per participant). We plan to 
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enroll 24 total participants (24 x $45 = $1080 total for participant incentives). Payment 

will occur at the conclusion of the final testing session. This payment amount is in line 

with other investigations in our department.  

5. Timeline 

Project Timeline  

(January 2018-December 2018) 

 Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec 

Participant recruitment       

Data collection       

Data analysis            

Final report            

Abstract/manuscript 

preparation/ 

submission 

         

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 


