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ABSTRACT 
 
 

CHRISTINA AVERY CALLAHAN. An Evaluation of Patient-Reported Outcome 
Measures and Level Walking Biomechanics in Total Knee Arthroplasty Patients. (Under 

the direction of DR. NIGEL ZHENG) 
 
 

Total Knee Arthroplasty (TKA) is frequently used to treat individuals who are in 

the end stages of knee osteoarthritis (OA). While level-walking may seem to be a simple 

activity of daily living for most, it can be challenging for those who experience severe 

OA. A complete understanding of both patient-perceived function and their actual 

biomechanical function is critical for establishing standardization in pre- and post-

operative TKA procedures. The primary goal of TKA is to alleviate pain, increase range 

of motion, restore functional ability and improve the overall quality of life to those who 

have OA. While majority of patients report to have improved pain and function, there are 

a good amount that still remain unsatisfied and have gait abnormalities.  

The purpose of this study was to investigate both patient-reported outcome 

measures (PROMs) and biomechanical measures of function as well as analyze the 

correlations between the two. Evaluation of improvement in these variables as well as 

comparing TKA data to healthy controls was important for gaining a complete 

understanding of functional improvement. Multiple types of PROMs were used and the 

vertical ground reaction force (vGRF) was the variable of interest collected from gait 

analysis assessment. 

The results from this study reconfirmed findings from previous TKA research 

regarding the improvement of subjective measures of function following surgery. TKA 

subjects demonstrated significant improvement in PROMs over the course of the study 
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and there were also significant correlations between the different types of PROMs used. 

Majority of the improvement in PROMs occurred from pre-op to 6-months and 6-months 

to 12-months. Based on these findings, it may be more time and cost-efficient to 

eliminate the 1-week and 1-month follow-ups. There was also improvement of vGRF 

variables of TKA subject from pre-op to 6-months post-op. TKA subjects demonstrated 

bilateral differences between the implant and non-implant at the pre-op assessment but 

improved to values similar to the healthy controls at the post-op assessment.  

TKA subjects demonstrate significant improvement in PROMs and improvement 

of vGRF. However, there were only few correlations found between the improvement of 

PROMs and the improvement of vGRF variables from pre-op to 6-months post-op.  This 

study confirms that there is a gap between subjective and objective measures of function 

and more research and consistent findings will be necessary to close that gap.  
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CHAPTER 1: INTRODUCTION 
 
 

1.1 Background 
 
According to the Center of Disease and Control (CDC), osteoarthritis (OA) affects 

over 32.5 million US adults (CDC, 2020). OA, described as the “wear and tear” arthritis, 

occurs when the cartilage that protects the ends of bones in the joint slowly deteriorates, 

most commonly affecting the hands, hips and knees. In the end stages of OA, the 

cartilage wears down completely resulting in bone to bone contact and extreme pain and 

stiffness. A common treatment option for patients that are symptomatic of severe OA in 

the knee is total knee arthroplasty (TKA). TKA, better known as total knee replacement, 

is one of the most cost-effective and consistently successful orthopedic surgeries 

performed to date, being practiced for more than 50 years (Varacallo, Luo, & Johanson, 

2020). Discussed in a study by Sloan, the National Inpatient Sample reports there were 

680,150 total knee replacements in 2014 (Sloan, 2020). Based on linear regression 

models this number is expected to increase 189% by 2030 for a projected 1.28 million 

procedures. Because the number of TKA procedures continues to increase drastically, 

improving the standardization of pre- and post-operative procedures is a critical 

component for restoring function in the replaced knee joint.  

The primary goals of TKA are to deliver pain relief, restore mobility and function and 

improve the overall quality of life to those who suffer from severe OA. TKA, as well as 

other lower extremity joint replacements, originated as a procedure that was frequent in 

elderly patients (> 65 years) of low activity levels (Losina & Katz, 2012). Although, in 

recent years, there has been a dramatic increase in the utilization of TKA to treat younger 

patients (< 65 years) and more importantly those with greater functional expectations 
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(Biggs, Whatling, Wilson, & Holt, 2019). Traditionally, success of TKA was dependent 

on the surgeon’s point of view based on factors such as survival rate of the implant and 

complications. However, further research has demonstrated that the success of TKA is 

also very associated with patient-reported outcome measures (PROMs) (Canfield, Savoy, 

Cote, & Halawi, 2020). PROMs are commonly used as subjective tool for monitoring a 

patient’s quality of life and changes in physical function prior to and following surgery 

(Yorkston, 2019). While PROMs do provide a comprehensive understanding of a 

patient’s perspective and surgical outcome expectations, they fail to capture changes in 

objective or performance-based measures of function relative to TKA. Because self-

reported measures have been found to be predominantly influenced by pain, it is possible 

that patients with severe OA have a difficult time distinguishing between pain and 

functional restraints when self-evaluating their ability to perform activities of daily living 

(Biggs et al., 2019).  

For decades lab-based gait analysis has been used as an objective tool for measuring 

patients’ functional progression from pre- to post-TKA surgery, evaluating discrepancies 

between performance-based and patient-perceived functional changes (J. A. McClelland, 

Webster, & Feller, 2007). Gait analysis is a clinical tool generally used to gain a better 

understanding of a person’s underlying biomechanics while walking. Traditional 

biomechanics such as evaluating ground reaction forces on the knee during level-walking 

are utilized to provide a better understanding of how well TKA actually restores a healthy 

gait in patients who are in the end-stages of OA. There have been consistent findings that 

TKA patients demonstrate abnormal forces on their arthritic/implant leg before surgery 

compared to their healthy leg as well as compared to healthy subjects (David R. Burnett, 
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2015). Other studies have found that TKA patients demonstrate improvement following 

TKA surgery by presenting no bilateral (between two limbs) differences and only slight 

differences compared to healthy subjects (Naili et al., 2017). A thorough understanding 

of joint loading and mechanics of the knee is important for improving pre and post TKA 

procedure protocols.  

Current researchers continue to shift their focus towards improving the 

standardization in the way both subjective patient-perceived outcomes and objective gait 

biomechanics are measured before and after TKA. The reason for this is because solely 

using PROMs or biomechanical gait analysis each have limitations. Studies have shown 

that analyzing PROMs only tends to result in an overestimation of a patient’s short and 

long-term restored physical function due to high expectations and instant pain relief post 

TKA. On the other hand, the use of only gait analysis provides little to no insight on the 

patients’ perspective of pain, physical function, expectations or satisfaction (Bolink, 

Grimm, & Heyligers, 2015). The abundance of PROMs and biomechanical variables that 

can be analyzed has led to inconsistent findings in TKA research.  

1.2 Objectives 
 
Because of the disadvantages in solely using PROMs or biomechanical analysis, the 

goal of this project is to analyze both patient-reported outcome measures of function and 

objective biomechanical measures of function individually, as well as assess the 

relationship between the two. This goal will be achieved through the completion of three 

research objectives.  The first objective of this research is to statistically analyze the change 

in PROMs over time as well as determine any correlations among the different types of 

PROMs used. The second objective is to evaluate level-walking biomechanics of TKA 
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patients by analyzing between limb differences, investigating any changes in variables 

from pre-op to 6-months post-op and comparing variables to those of healthy controls. The 

third and final objective is to investigate correlations between changes in level-walking 

gait variables and changes in PROMs scores.  

1.3 Research Hypothesis 

It was hypothesized that TKA subjects would demonstrate improvement of PROMs 

scores and there would also be correlations between the different types of PROMs 

used. In addition, TKA subjects would also demonstrate improvement of vGRF 

variables and there would be differences in vGRF variables between TKA subjects 

and healthy controls. Lastly, it was hypothesized that there would be correlations 

between the improvement in PROMs scores and the improvement of vGRF variables 

for TKA subjects.  

1.4 Limitations 

This study has some important limitations to take into consideration.  

• All gait analysis testing was conducted in a laboratory setting. 

• Due to practical life reasons, there are slight discrepancies in the times for 1-week, 

1-month, 6-months and 12-months follow-up. 

• There is an unequal balance of male and female subjects. There is a greater number 

of males in this study. 

• Sample-sizes are smaller than ideal for statistical analysis.  

• Due to COVID-19 in-person testing for 6-month follow-ups has been at a standstill 

since March 2020. 

1.5 Organization of Content 
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Chapter 1 provides an overview of the purpose and goals of this research study. Chapter 

2 is a literature review that provides relevant information on the prevalence of TKA, types 

of PROMs and how they apply to TKA, gait analysis, ground reaction forces, and the 

benefits of using PROMs and gait analysis together. Chapter 3 details the methods used to 

complete this research including the study participants, gait analysis, data organization and 

statistical analysis procedures. Chapter 4 discusses the results of the research. Finally, 

Chapter 5 presents conclusions of the study and future recommendations. 
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CHAPTER 2:  LITERATURE REVIEW 
 
 

The purpose of this study is to individually evaluate patient-reported outcome 

measures of function (PROMs) and biomechanical objective measures of function as well 

as assess any relationships between the two. This chapter highlights the review of previous 

literature on the prevalence and purpose of total knee arthroplasty (TKA) and methods of 

evaluating function including PROMs, biomechanical gait analysis and the utilization of 

ground reaction force variables.  

2.1 Prevalence of Total Knee Arthroplasty 
 

TKA is the most frequently performed inpatient surgical procedure in the United 

States and is commonly used to treat patients who are in the end stages of OA (Feng, 

Novikov, Anoushiravani, & Schwarzkopf, 2018). OA is the most common form of arthritis 

and one of the most prominent causes of disability in adults over the age of 65 years (Neogi, 

2013). However, current research has shown that TKA is becoming more utilized in 

younger patients as well as those with greater functional expectations. Patients with OA 

typically experience a significant amount of pain and often struggle with carrying out 

normal activities of daily living. The primary goal of TKA is to help patients with OA by 

reducing pain, improving mobility and range of motion and restoring functional ability to 

perform activities of daily living (de Achaval et al., 2016).  Several studies have shown 

that overall patients are about 60%-80% satisfied following TKA and have considerable 

improvements in terms of pain reduction and functional improvements (Clement et al., 

2018; Turcot et al., 2013). However, other studies have shown that even though patients 

have demonstrated these improvements, about 20-40% of patients still report having 

limited function, disability, and overall reduced quality of life (Naili et al., 2017).  
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 A thorough understanding of patient perceptions and their actual biomechanical 

function during level-walking is critical for improving the standardization of pre- and 

post-op TKA procedures. A complete understanding of the biomechanics of level-

walking not only includes TKA patients, but also evaluating healthy individuals as a 

baseline in order to determine whether or not the surgery and recovery were successful. 

Ideally, any discrepancies found between TKA and healthy subjects would be identified. 

A successful TKA surgery would include alleviating pain, restoring mobility and function 

and improving the overall quality of life to those who suffer from severe OA. As the 

medical industry continues to shift from value-based care to patient-centered care it is 

important to take into consideration the surgical outcomes that matter to patients (Tseng 

& Hicks, 2016). These outcomes include bodily pain, expectations and satisfaction, 

physical function and their overall general health perceptions. Several studies have 

attempted to provide insight on the correlations between patient-perceived outcomes and 

biomechanical outcome measures using gait analysis (Biggs et al., 2019; Y. Jiang, 

Sanchez-Santos, Judge, Murray, & Arden, 2017; J. McClelland, Zeni, Haley, & Snyder-

Mackler, 2012; Mizner et al., 2011; Naili et al., 2017). 

2.2 Patient-Reported Outcome Measures 

Changes in physical function following TKA surgery are commonly observed 

using patient-reported outcome measures (PROMs). Majority of the improvement in 

PROMs scores will occur in the first 6-months following surgery (Canfield et al., 2020). 

The implementation of PROMs continues to become more popular because they are used 

as a method to improve the lacking connection between patients and surgeons regarding 

the outcome of the procedure (Ramkumar, Harris, & Noble, 2015). PROMs exist in the 
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form of a survey and contain information that comes directly from the patient without 

interpretation from anyone else. PROMs are commonly used as a subjective measure to 

monitor a patient’s quality of life and changes in physical function prior to and following 

surgery (Yorkston, 2019). The utilization of PROMs in TKA and general clinical 

research has become highly favored because they provide important information 

regarding outcomes that matter to patients. These outcomes include, but are not limited 

to, bodily pain, expectations and satisfaction, physical function and overall general health 

perceptions mentally and physically. Currently, there are numerous validated PROMs 

used in clinical and research settings to asses a wide variety of health-relevant concepts 

corresponding to the outcome of TKA (Cella, 2014). PROMs are typically divided into 

two categories: generic and disease-specific PROMs. 

2.2.1 Short-Form Survey (SF-12) 

The SF-12 is the most frequently used generic PROM used in clinical and 

research settings. It a multipurpose short form (SF) that measures the generic health 

status of a patient and is also a validated quality of life assessment tool (Clement, Weir, 

Holland, Gerrand, & Deehan, 2019). It was developed to be a shorter, more consolidated 

version of the SF-36 which is used in larger surveys. One of the biggest advantages of the 

SF-12 is the shortness and conciseness of it making it less burdensome for patients to fill 

out. Concepts covered in the SF-12 include physical functioning, role-physical, bodily 

pain, general health, energy/fatigue, social functioning, role-emotional, mental health and 

change in overall health. Studies have shown that SF-12 scores are directly correlated to 

overall satisfaction of TKA subjects (Clement et al., 2018; Clement & Burnett, 2013; 

Clement et al., 2019).  
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2.2.2 Knee Society Score (KSS) 

One of the more common disease-specific PROMs associated with TKA is the 

2011 Knee Society Scoring System. The KSS PROM is an updated version of the 1989 

Knee Society Clinical Rating System and is a validated system that evaluates pain relief, 

functional abilities, satisfaction and fulfillment of expectations. KSS is composed of five 

components including Patient Demographics, Objective Knee Score, Patient 

Expectations, Patient Satisfaction and Functional Knee Score. Research has shown that 

while TKA subjects present significant improvement in all categories following surgery 

they demonstrated the most improvement of the Functional Score (Giesinger, Hamilton, 

Jost, Behrend, & Giesinger, 2015; Jacofsky & Allen, 2016; Kuroda et al., 2016). 

2.2.3 Forgotten Joint Score (FJS-12) 

Another common disease specific PROM used for TKA is the (FJS-12). It is a 12-

question survey that assesses a patient’s ability to forget about an artificial joint as a 

result of a successful treatment. Consistent findings in the research of this PROM could 

give more insight as to if or when the prosthetic feels normal to the patient. The FJS-12 

has been used in research to evaluate TKA patients at numerous follow-up times, 

however, it was found that most patients will demonstrate the most improvement within 

the first year following surgery (Carlson et al., 2018; Hamilton et al., 2017; Rosinsky et 

al., 2020).  

2.2.4 Limitations of PROMs  

While PROMs do provide a comprehensive understanding of a patient’s 

perspective and surgical outcome expectations, they fail to capture changes in objective 

or performance-based measures of function relative to TKA (Biggs et al., 2019). It is also 
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possible that patients with severe OA have a difficult time distinguishing between pain 

and functional restraints when self-evaluating their abilities to carry out simple activities 

of daily living. Therefore, when assessing a patient’s functional improvement following 

TKA surgery, it is important to analyze both subjective and biomechanical objective 

measures of function, including gait analysis.  

2.3 Level Walking Gait Analysis 

The continuous progression of TKA has been significantly influenced by 

knowledge obtained from gait analysis research (Michael, Golshani, Gargac, & 

Goswami, 2008). Evaluating level walking gait is an important component in TKA 

assessment because it facilitates the identification of abnormal gait characteristics. 

Results generated from gait assessments of TKA subjects has proven to sufficiently 

provide objective criteria for evaluating functional improvement following the procedure.  

To quantify variables of a person’s gait, it is important to focus on the events that 

occur during one complete gait cycle. One gait cycle is measured from heel-strike to 

heel-strike and consists of two phases, the stance phase and swing phase (Figure 1). On 

average, about 60% of the gait cycle is the stance phase which is the time period of when 

the foot is in contact with the ground. The other 40% of the gait cycle is the swing phase 

which is when the foot is not in contact with the ground.  

 
 

FIGURE 1 Human walking gait cycle (0-100%), stance and swing phase of the right leg. 
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Although gait analysis has been used quite frequently as a research tool for TKA 

protocols, only few studies demonstrate objective gait assessment being utilized a routine 

procedure for functional assessment (Rahman, Tang, Monda, Miles, & McCarthy, 2015). 

Gait analysis assessments typically take place in a laboratory setting using a three-

dimensional motion capture system and two force plates (Henriksen, Graven-Nielsen, 

Aaboe, Andriacchi, & Bliddal, 2010). This type of assessment can be expensive and time 

consuming making it an unrealistic clinical procedure for the number of patients 

undergoing TKA. However, with the utilization of clinical force plates is becoming more 

versatile, the collection of ground reaction forces may be more feasible with portable 

force of pressure sensors.  

2.3.1 Vertical Ground Reaction Forces  

Ground reaction forces measured by the force plates are one of the most 

frequently analyzed biomechanical measures because they help characterize human 

movement. The ground reaction force is used to measure characteristics of movement and 

is a 3-component vector representing forces in the vertical anterior-posterior and medial-

lateral planes. The vertical ground reaction force (vGRF) has the highest magnitude of 

the three resulting in force greater than 100% body weight and sparks a significant 

interest in TKA researchers (X. Jiang, Napier, Hannigan, Eng, & Menon, 2020). Figure 2 

displays a vGRF curve generated during one step or one gait cycle.  
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FIGURE 2 Vertical ground reaction force curve generated during one step. 
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Kampfen, Munzinger, & Mannion, 2012). The magnitude and timing of peak forces 

directly influences the amount of load experienced by the joints and muscles of the lower 

limb (X. Jiang et al., 2020). For someone who has “normal gait” the vGRF curve during 

one step will have an M-shape consisting of two peaks of approximately the same 

magnitude and a distinct valley between peaks. Those who have abnormal gait will 
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typically present peaks of unequal magnitudes and have a vGRF curve that is flatter 

between peaks.  

Current research not only focuses on differences in vGRFs between TKA and 

healthy subjects but also bilateral differences between the affected and non-affected 

limbs of TKA subjects. Pre-operatively have shown that TKA patients exert significantly 

less force and spend significantly less time on their affected limb compared to their 

healthy limb as well as compared to healthy controls (Burnett, Campbell-Kyureghyan, 

Topp, & Quesada, 2015; Pozzi, Snyder-Mackler, & Zeni, 2015). Post-operatively, 

research has also shown that TKA subjects demonstrated significant improvement in 

vGRF variables of the affected limb, yet still present differences compared to the non-

affected limb and healthy controls (Kramers-de Quervain et al., 2012; Yoshida, Zeni, & 

Snyder-Mackler, 2012). However, some studies found that there were no significant 

differences between peak vGRFs and time to peaks between affected and non-affected 

limbs as well as compared to healthy controls (Jafarnezhadgero, Fatollahi, Amirzadeh, 

Siahkouhian, & Granacher, 2019; Milner, 2008)  
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CHAPTER 3 RESEARCH METHODOLOGY 
 
 
3.1 Study Participants 

39 subjects with confirmed tibiofemoral OA who were scheduled for primary 

TKA surgery at OrthoCarolina were recruited into the study. Potential subjects were 

initially informed by a recruitment letter sent from OrthoCarolina via mail and email.  

Then, a follow-up phone call was made to all potential subjects from the UNC Charlotte 

Biomechanics and Motion Lab to confirm eligibility and answer any questions they may 

have about the study.  The study protocol was approved by UNC Charlotte’s Institutional 

Review Board (IRB) and all participants gave written informed consent. 

The inclusion and exclusion criteria for OA patients consider age, body mass 

index (BMI), health history, American Society of Anesthesiologists (ASA) score and 

Physical Activity Readiness Questionnaire (PAR-Q) test (Table 1). At the time of 

analysis, 39 patients had completed pre-op assessment, 36 subjects had completed the 

one-week follow-up, 35 subjects had completed the 1-month follow-up, 29 subjects had 

completed the 6-month re-assessment and 20 subjects had completed the 12-month 

follow-up. Due to practical life reasons, there was variability in the timing for follow up 

visits.  
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TABLE 1 Inclusion and exclusion criteria for OA study participants. 
Inclusion criteria Exclusion criteria 

§ Age 50-75 years old 
§ BMI less than 33 

§ to be operated on by Dr. Ronald 
Singer or Dr. Michael Bates 

§ Walk with or without aid 
§ ASA score 1 and 2 

§ No additional joint replacements of 
lower extremity joints 

§ Unable to walk 
§ Past major head, neck, and trunk 

injuries/pathologies 
§ Systemic inflammatory diseases 

§ Neurologic diseases 
§ Unable to read and provide informed 

consent 
§ ASA score 3 and 4 

§ Answered “YES” to any of the 
questions on the PAR-Q 

§ Additional joint replacements of hip or 
ankle joints 

 

10 subjects who were between the ages of 50 and 75 with no lower limb surgeries, no 

diagnosis of arthritis issues in the legs and were able to ascend/descend stairs without 

help were recruited into the study. These subjects were recruited from local senior centers 

and social media advertisements.  

3.2 Patient-Reported Outcome Measures 

Three validated PROMs were used to assess perceived pain and function. Table 2 

displays the types of PROMs collected at each test time. The SF-12 and the KSS were 

collected pre-op and 1-month, 6-months, and 12-months post-op. The SF-12 was also 

collected 1-week post-op and the FJS-12 was collected for 1-month, 6-months and 12-

months follow-ups. The SF-12 used in this study is a shortened version of the SF-36, 

which is one of the most generic PROMs used by clinicians, covering a variety of 

categories including vitality, physical functioning, bodily pain, generic health 

perceptions, physical role functioning, emotional role functioning, social role functioning 

and mental health. Lastly, the KSS and FJS-12 PROMs focus more on the artificial joint 

directly. The KSS focuses on multiple categories which are symptoms, patient 
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satisfaction, patient expectations, functional activities, standard activities, advanced 

activities, and discretionary knee activities. The FJS-12 is a simple, concise 12-item 

PROM that evaluates patients’ ability to forget their artificial joint in everyday life. Using 

all three PROMs in the study allows a more accurate representation of patient perceived 

pain and function. 

TABLE 2 Each patient-reported outcome measure collected at the respective test time. 

Pre-op 1-Week 
Post-op 

1-Mon 
Post-op 

6-Mon 
Post-op 

12-Mon 
Post-op 

KSS 
SF-12 

SF-12 KSS 
SF-12 
FJS 

KSS 
SF-12 
FJS 

KSS 
SF-12 
FJS 

 

3.3 Biomechanical Gait Analysis 

Three-dimensional gait analysis was performed during level-walking on 39 

patients with OA who were scheduled to have TKA surgery and 10 healthy control 

subjects. 29 TKA subjects have returned to complete a 6-month follow-up assessment. 

All gait analysis testing was performed at the UNC Charlotte Biomechanics and Motion 

Analysis Lab. Motion analysis data was collected using a 10-camera motion capture 

system (VICON) that tracked reflective markers attached to subjects in specific 

anatomical positions (Figure 3). Marker trajectories were collected using the cameras 

capturing at 120 Hz and ground reaction forces were collected from two force platforms 

embedded into a 3.7 m walkway, also capturing at 120 Hz. For data analysis, only the 

ground reaction force data was used. Five trials were performed with the subjects walking 

at a self-paced speed across the walkway. The three best trials were used for data 

analysis. 
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FIGURE 3 Anterior and posterior views of TKA subject with motion capture markers 
attached to the body. 

 

3.4 Data Organization 

3.4.1 Patient-Reported Outcome Variables 

All PROMs scores were collected from patients on paper copies and transferred to 

an Excel template for analysis. A specific algorithm was used to calculate SF-12 scores. 

The SF-12 has a total of three scores: Mental Health Score (27 points), Physical Heath 

Score (20 points) and Total Score (47 points).  The KSS was also divided into three 

scores: Objective Score (2 questions, 0-20 points), Expectation and Satisfaction Score (8 

questions, 0-55 points) and Functional Score (16 questions, 0-100 points). KSS scores 

were calculated by summing values of all the questions in each section. Lastly, when 
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calculating the score for FJS-12, all of the responses were summed. The sum is divided 

by the number of responses that were completed and then multiplied by 25 to get a value 

that ranges from 0-100. The score is then is subtracted from 100 to change the direction 

of the final score so that higher scores indicate a high degree of “forgetting” the artificial 

joint and also representing a lower degree of awareness If the patient failed to respond to 

more than 4 of the questions, then the total score should be discarded. This goes for 

missing values as well as questions that were “not relevant” to the patient.   

3.4.2 Vertical Ground Reaction Force Variables 

All C3D files from the VICON software were loaded into a custom MATLAB 

program. Vertical ground reaction force variables (vGRF) Peak 1, Peak 2, Valley, Time 

to Peak 1 and Time to Peak 2 were extracted from the data set for both left and right legs 

of TKA and healthy subjects. Changes in peak vGRF variables Peak 1 – Peak 2, Peak 1 – 

Valley and Peak 2 – Valley were calculated by finding the difference in magnitude 

between each peak and all vGRF variables were normalized by converting the force in 

Newtons to % bodyweight. For each participant at each test time, averages across the 

three trials of all variables were used for statistical analysis.  

3.4.3 Statistical Analysis 

All statistical analysis was performed using IBM Statistical Package for the Social 

Science (SPSS, Chicago, IL). PROMs and vGRF data for Objectives 1, 2 and 3 were 

summarized with means and standard deviations. For Objective 1, changes in PROMs 

over time were analyzed using Paired Samples t-Test and One-way Analysis of Variance 

(ANOVA). Correlations between the different types of PROMs used at each test time 

were assessed using the Pearson’s correlation coefficient. For Objective 2, between limb 
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and between group comparisons and changes in vGRFs over time were evaluated using 

Paired Samples t-Test and One-way ANOVA. Lastly, for Objective 3, Pearson’s 

correlation coefficients were used to analyze the correlations between changes in vGRF 

variables and the changes in KSS and SF-12 PROMs variables from pre-op to 6-months 

post-op. FJS-12 was not included in Objective 3 because it was not collected at the pre-op 

test time.  
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CHAPTER 4: RESULTS DISCUSSION 
 
 

The detailed analysis and findings of results from applying the methodology is 

presented in this section. To begin, the analysis to assess the trends and relationships 

between PROMs scores is presented, followed by the analysis of vGRF variables and how 

each of them correlate with the PROMs scores.  

4.1 Objective 1—Analysis of PROMs  

The purpose of the first objective was to investigate any improvement in PROMs 

over the course of the study as well as evaluate any correlations between the three 

different types of PROMs used. A total of 15 patients who had completed pre-op 

assessment and all of the respective follow-ups were included in the analysis.  

4.1.1 Changes in PROMs Over Time  
 
SF-12 scores were summarized using means and standard deviations (Table 3). 

Higher scores for the SF-12 indicate better physical function, better mental health and 

better overall health for the physical, mental and total scores respectively. The SF-12 

scores significantly improved by a total 4% for the SF-12 Physical Score (p=.034 from 

pre-op to 12-months post-op. Subjects also demonstrated significant improvement for 

the physical score from pre-op to 6-months (p=.035), 1-month to 6-months (p=.005) 

and 1-month to 12-months (p=.001). There were no significant changes in the SF-12 

Physical Score from pre-op to 1-week, pre-op to 1-month and 1-week to 1-month. Also, 

no significant changes were observed for SF-12 Mental Score and SF-12 Total Score.  
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TABLE 3 Results (Mean±SD) for SF-12 Scores. 
SF-12 Score Pre-op 1-week 1-mon 6-mon 12-mon 

Physical Health 
Subscore 59±7% 58±7% 58±5% 63±5% 63±6% 

Mental Health 
Subscore 70±7% 68±8% 68±7% 69±5% 68±5% 

Total Score 65±6% 64±5% 64±5% 66±5% 66±5% 

 

 

FIGURE 4 Changes in Physical, Mental and Total SF-12 Scores over time. 
 

 
The FJS-12 Scores were summarized with means and standard deviations (Table 

4). Subjects with higher FJS-12 scores have a higher degree of “forgetting” and lower 

degree of awareness of their artificial joint. The FJS-12 Scores significantly improved 

from 1-month to 12-months by a total of 35 points (p=.005). No significant 

improvement was demonstrated in the intermediate follow-ups from 1-month to 6-

months and 6-months to 12-months. 
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TABLE 4 Results (Mean±SD) for FJS-12 Scores. 
 Pre-Op 1-mon 6-mon 

FJS-12 Score 30±22 47±26 65±28 
 

 

FIGURE 5 Changes in the FJS-12 Score over time. 
 
 

Knee Society Scores were summarized using means and standard deviations (Table 

5). A lower KSS Objective score indicates the subject has a lower pain level. Subjects 

showed significant improvement by a total of 4 points from pre-op to 12-months 

(p=.015). There was also significant improvement pre-op to 1-month (p=.023) and pre-

op to 6-months (p=.015). No significant improvement was demonstrated in the 

intermediate follow-ups from 1-month to 6-months and 6-months to 12-months.  
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TABLE 5 Results (Mean±SD) for KSS Scores. 
KSS Score Pre-op 1-mon 6-mon 12-mon 

Objective Score 11±6 6±6 6±6 4±5 

Expectation and 
Satisfaction Score 28±8 38±9 41±11 45±10 

Functional Score 49±17 56±24 72±19 71±22 

 

 

FIGURE 6 Changes in the KSS Objective Score over time. 
 
 

For the KSS Expectation and Satisfaction Score, a higher score indicates the subject 

has high post-surgery expectations and satisfaction. Subjects showed significant 

improvement from pre-op to 12-months by a total of 17 points (p<.001). There was 

also significant improvement from pre-op to 1-month (p=.004), pre-op to 6-months 

(p=.001), 1-month to 12-months (p<.001). No significant changes discovered from 1-

month to 6-months or 6-months to 12-months. 
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FIGURE 7 Changes in the KSS Expectation and Satisfaction Score over time. 
 

Lastly, for the KSS Functional Score, a higher score indicates greater functional 

ability when performing activities of daily living. Subjects demonstrated significant 

improvement from pre-op to 12-months by a total of 22 points (p=.002). There was 

also significant improvement pre-op to 6-months (p<.001), 1-month to 6-months 

(p=.020) and 1-month to 12-months (p=.037). No significant changes observed pre-op 

to 1-month and 6-months to 12 months.  
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FIGURE 8 Changes in the KSS Functional Score over time. 
 

 
4.1.2 Correlations Between PROMs  
 

During pre-op assessment subjects reported 6 different scores: KSS Objective 

Score, KSS Expectation and Satisfaction Score, KSS Functional Score, SF-12 Mental 

Score, SF-12 Physical Score and SF-12 Total Score. The KSS Objective Score was 

observed to be significantly correlated to the KSS Expectation and Satisfaction Score 

(p=.025). Subjects who reported to have a lower pain level also reported to have higher 

expectations and satisfaction. The KSS Functional Score was significantly correlated to 

the SF-12 Physical Score (p=.014) and SF-12 Total Score (p=.037). The SF-12 Total 

Score also showed significant correlations between SF-12 Mental Score (p=.033) and SF-

12 Physical Score (p=.001). 

 

The only scores collected at the time of the 1-week follow-up were from the SF-

12 PROM: the SF-12 Physical Score, SF-12 Mental Score and SF-12 Total Score.  
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Significant correlation was present between SF-12 Mental Score and SF-12 Total Score 

(p<.001). 

For the 1-month follow-up the same 6 scores from pre-op assessment were 

reported as well as the FJS-12 Score.  The KSS Objective Score 1 was significantly 

correlated to the KSS Functional Score (p=.023). Subjects who reported a lower pain 

level also reported having a higher functional ability to perform activities of daily living. 

Similar to the pre-op assessment, the SF-12 Total Score showed significant correlations 

between the SF-12 Mental Score (p<.001) and SF-12 Physical Score (p=.031). There 

were no significant correlations between the FJS-12 Score and any of the other PROMs 

scores.  

The same 7 scores collected at the time of the 1-month follow-up were also 

reported at the 6-months and 12-months follow-ups. Strong correlations were observed 

between PROMs for the 6-months reassessment. The KSS Objective Score 1 was shown 

to be significantly correlated all other PROMs scores; KSS Expectation and Satisfaction 

Score (p=.028), KSS Functional Score (p<.001), FJS-12 Score (p=.001), SF-12 Physical 

Score (p=.046), SF-12 Mental Score (p=.030) and SF-12 Total Score (p=.024). The KSS 

Expectation and Satisfaction score was also observed to be significantly correlated to the 

KSS Functional Score (p=.003), FJS-12 Score (p<.001), SF-12 Physical Score (p=.017) 

and SF-12 Total Score (p=.027). The KSS Functional Score showed significant 

correlations between FJS-12 Score (p=.001) and SF-12 Mental Score (p=.045). Lastly, 

there were significant correlations between the SF-12 Physical Score and SF-12 Mental 

(p=.003) as well as significant correlations between SF-12 Total Score and SF-12 

Physical Score (p<.001) and SF-12 Mental Score (p<.001).  
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There were fewer correlations between PROMs for the scores reported at 12-

months than there were at 6-months. The KSS Objective Score was significantly 

correlated to the KSS Expectation and Satisfaction Score (p=.003) and KSS Functional 

Score (p=.006). The KSS Expectation and Satisfaction Score and KSS Functional Score 

were significantly correlated to one another (p<.001) and also correlated to the FJS-12 

Score (p=.009, p=.006). Lastly, similar to 1-month and 6-months follow-ups, the SF-12 

Total Score was significantly correlated to the SF-12 Physical Score (p<.001) and SF-12 

Mental Score (p<.001).  

4.2 Objective 2—Analysis of vGRF Variables  

 The purpose of the second objective was to investigate any bilateral differences in 

vertical ground reaction force variables as well as investigate any significant 

improvement in these variables from pre-op to 6-months post-op. Vertical ground 

reaction force variables of TKA subjects were also compared to healthy controls. Data 

from 17 TKA subjects who had completed both pre-op and 6-months post-op assessments 

and 10 healthy subjects were included in the analysis.   

4.2.1 Between Limb and Between Group Comparisons 

4.2.1.1 Left vs. Right Leg 

Table 6 details the between limb bilateral differences of vGRF variables between 

left and right legs for pre-op, post-op and Healthy subjects. Healthy subjects as well TKA 

subjects at 6 months post-op presented no significant bilateral differences between the 

left and right legs. That means for each of the vGRF variables these subjects 

demonstrated similar values for both left and right legs with the differences between the 

two being approximately zero. However, TKA subjects demonstrated significant between 
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limb differences of Valley (p=.046) and Time to Peak 1 (p=.014) variables at the pre-op 

assessment. 

TABLE 6 Results of bilateral gait analysis parameters between left and right legs for 
TKA subjects at pre-op and post-op and healthy subjects. * Indicates significance 

(p<0.05). 

 Pre-op Post-op Healthy 

Peak 1 (%BW) 1.6±.5.5 1.9±6.0 5.0±3.2 

Peak 2 (%BW) 7.1±5.9 .94±3.6 -1.8±5.6 

Valley (%BW) -1.5±2.9* -.82±2.2 -.60±1.7 

Time to Peak 1 
(%GC) -2.8±.4.1* -.24±4.2 .40±3.3 

Time to Peak 2  
(% GC) -.29±5.9 .29±.4.8 -.80±3.2 

Peak 1-Peak 2 
(%BW) .18±5.0 -1.8±4.6 -1.7±5.9 

Peak 1-Valley 
(%BW) 2.8±7.0 2.6±7.4 .80±4.0 

Peak 2-Valley 
(%BW) 2.0±7.5 1.6±4.4 -1.5±7.2 

 

The right leg presented a significantly higher value for the Valley while also 

demonstrating a significantly longer Time to Peak 1. As stated in the literature review 

section, the Valley represents the reduction in the vGRF that occurs as the knee bends 

slightly through midstance, the COM displaces in a downward. When subjects 

demonstrate a higher Valley or lower %BW vGRF during this time, their COM shifts 

downward while the knee bends approximately 20 degrees. Because majority (76%) of 

subjects were scheduled to have TKA surgery on the right leg at the time of pre-op 

assessment, this indicates that subjects were increasing walking speed in order to reduce 

the amount of weight bearing on the impaired leg. Similarly, the right leg demonstrated 

having a significantly longer Time to Peak 1 than the left leg. The time it takes to reach a 
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maximum peak in the vGRF is inversely proportional to the loading rate or the rate that 

the force increases as the foot contacts the ground when walking. Therefore, these 

findings suggest that subjects altered their gait biomechanics in order to decrease the 

loading rate on the impaired leg.  

Figure 9 displays curves of bilateral differences of vGRF variables between left 

and right legs for (A) TKA pre-op, (B) TKA post-op and (C) Healthy subjects. The TKA 

pre-op curve presents very distinct differences between the left and right legs compared 

to the TKA post-op and healthy plots where the lines are almost the same. Statistically, 

the bilateral differences between the left and right leg were similar between TKA subjects 

at post-op and healthy subjects. However, TKA subjects demonstrated significantly 

greater bilateral differences between the left and right leg for Time to Peak 1 (p=.049) at 

pre-op compared to healthy subjects. This suggests TKA subjects altered their gait in 

order to a achieve a longer time to reach Peak 1 and a reduced loading rate of the right 

leg compared to the left leg while healthy subjects did not.  
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    FIGURE 9 Results of bilateral gait analysis parameters between left and right legs for 
(A) TKA pre-op, (B) TKA post-op and (C) Healthy subjects. 

 
 

4.2.1.2 Implant vs. Non-Implant Leg  
 

Table 7 details the between limb bilateral differences of vGRF variables between 

the implant and non-implant legs for pre-op and 6 months post-op. Because the healthy 

subjects do not have an implant and non-implant leg, the bilateral differences between the 

left and right legs were used. TKA subjects demonstrated significant between limb 

bilateral differences between the implant and non-implant legs at the pre-op test time for 

Peak 2 (p=.006) and Peak 2-Valley (p=.009). There were no significant between limb 

bilateral differences of vGRF variables at 6-months post-op.  
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TABLE 7 Results of bilateral gait analysis parameters between implant and non-implant 
legs for TKA subjects at pre-op and post-op and healthy subjects. * Indicates significance 

(p<0.05). 

 Pre-op Post-op 

Peak 1 (%BW) -1.5±5.5 -1.8±6.0 

Peak 2 (%BW) -3.5±4.7* -1.6±3.3 

Valley (%BW) .94±3.2 .47±.23 

Time to Peak 1 (%GC) 1.5±4.8 .71±4.1 

Time to Peak 2 (% GC) .65±5.9 .06±.4.8 

Peak 1-Peak 2 (%BW) -1.2±4.8 .88±4.9 

Peak 1-Valley (%BW) -2.4±7.2 -1.9±7.6 
Peak 2-Valley (%BW) -4.5±6.2* -1.9±4.3 

 

Unlike the results of the bilateral differences between the left and right legs, there 

were no significant differences between the implant leg and non-implant at pre-op for 

Valley and Time to Peak 1. However, both Peak 2 and Peak 2-Valley variables were 

significantly lower on the implant leg compared to the non-implant leg. During the toe-

off phase, an increase in knee extension is required to transfer muscular power. Because 

TKA patients have demonstrated a lower Peak 2 in the implant leg compared to the non-

implant leg, it is likely that they were not able to achieve full extension of the knee due to 

pain, range of motion or other issues regarding the impaired leg. With that being said, 

because the implant leg demonstrated a lower Peak 2, there was also less of a difference 

in magnitude between Peak 2 and Valley.  

Figure 10 also displays curves of between limb bilateral differences of vGRF 

variables between the implant and non-implant leg or (A) TKA pre-op and (B) TKA post-

op groups. There were no significant differences between bilateral differences of the 

implant and non-implant between pre-op and post-op groups.  
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FIGURE 10 Results of between limb bilateral differences between implant and non-
implant legs for (A) TKA pre-op and (B) TKA post-op groups between limb bilateral 

differences between left and right legs for the Healthy group. 
 

4.2.2 Changes in Vertical Ground Reaction Forces Over Time  

Changes were evaluated from pre-op to 6-months for both implant and non-implant 

legs. Table 8 presents vGRF details of the implant leg for pre-op and 6-months post-op. 

Pre-post represents the difference in pre-op and post-op values for each vGRF variable. 

For the implant leg only, Valley was significantly higher (p<.001) at pre-op than at 6-

months post-op, while Peak 2-Valley was significantly lower (p=.011) which suggests 

significant improvement of both variables.  
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TABLE 8 Changes Vertical Ground Reaction Force Variables over time for the implant 
leg. * Indicates significance (p<0.05). 

 Pre-op Post-op Post-Pre Healthy 

Peak 1 (%BW) 100±7 97.1±8 -2.9±4 99.9±6 

Peak 2 (%BW) 101±5 102±7 .2±5 106±6 

Valley (%BW) 88.1±4* 83.7±6 -4.5±4 84.7±4 
Time to Peak 1 

(%GC) 20±5 18±3 -2±5 18±3 

Time to Peak 2 
(% GC) 47±3 47±3 .176±2 47±2 

Peak 1-Peak 2 
(%BW) 4.7±3 6.1±4 1.4±4 6.1±5 

Peak 1-Valley 
(%BW) 11.9±7 13.5±8 -1.6±5 14.9±6 

Peak 2-Valley 
(%BW) 13.4±6* 17.9±9 -4.6±7 20.1±9 

 

 Similar to the results from the Between Limb and Between Group Comparisons 

section, the Valley was significantly higher (p<.001) for the implant leg while the 

difference between Peak 2 and Valley (Peak 2-Valley) (p=.011) was significantly lower 

from pre-op to post-op as well as compared to healthy controls. Based on these findings, 

the values of Valley decreased significantly from 88.1±4 %BW at pre-op to 83.7±6 

%BW at 6-month post-op. This significant decrease in %BW suggests that subjects 

subconsciously increased their walking speed in order to avoid greater weight bearing on 

the implant leg possibly due to pain or other issues. Although at 6-months post-op, 

subjects demonstrated similar values of Valley compared to the healthy subjects. TKA 

subjects also demonstrated a significant increase in Peak 2-Valley from 13.4±6 %BW at 

pre-op to 17.9±9 %BW at 6-months post-op. This suggests that before surgery subjects 

were not able to achieve required increase in knee extension between the mid-stance and 

toe-off phase potentially due to pain, limited range of motion or other reasons. That 
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increase in knee extension is necessary in order to present a distinct weight transition 

between the Valley and Peak 2. However, the results show that patients had improvement 

from pre-op to 6-months post-op by having Peak 2-Valley values at post-op similar to 

those of healthy subjects.  

Table 9 presents vGRF details of the non-implant leg for pre-op and 6-months 

post-op. Pre-post represents the difference in pre-op and post-op values for each vGRF 

variable.  There were no significant differences in the non-implant leg from pre-op to 6-

months post-op as well as no significant differences between the non-implant leg 

compared to the healthy subjects.  

TABLE 9 Changes Vertical Ground Reaction Force Variables over time for the non-
implant leg. * Indicates significance (p<0.05). 

 Pre-op Post-op Pre-Post Healthy 

Peak 1 (%BW) 101±5 103±7 2.6±5 99.9±6 

Peak 2 (%BW) 105±8 103±9 1.6±5 106±6 
Valley (%BW) 85.2±5 83.2±8 4.0±4 84.7±4 
Time to Peak 1 

(%GC) 19±5 18±3 1±5 18±3 

Time to Peak 2 
(% GC) 47±4 47±3 -.80±5 47±2 

Peak 1-Peak 2 
(%BW) 5.9±4 5.2±4 -.70±4 6.1±5 

Peak 1-Valley 
(%BW) 4.2±8 5.4±11 -1.2±7 14.9±6 

Peak 2-Valley 
(%BW) 17.8±9 19.9±12 -2.1±8 20.1±9 

 
4.2 Objective 3—Changes in vGRFs and Changes in PROMs Over Time 

 The third objective was to investigate any relationships between the improvement 

of vertical ground reaction force variables and the improvement of TKA PROMs. 

Because there were no significant changes in the non-implant leg from pre-op to 6-
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months post-op discovered in Objective 2, only the improvement of the implant leg was 

included. PROMs and vGRF data from the same 17 subjects used in Objective 2 were 

included in the analysis.  

4.2.1 Changes in vGRF Variables vs. Changes in SF-12 Scores 

 Based on the findings of Objectives 1 and 2, subjects demonstrated significant 

improvement from pre-op to 6-months post-op for the SF-12 Physical Score (p=.035), 

Valley (p<.001) and Peak 2-Valley (p=.011). There was no significant improvement of 

the SF-12 Mental and Total Scores as well as the rest of the vGRF variables.   

 Figure 11 displays a scatter plot with trendlines between the changes in Peak 1 

and changes in SF-12 Physical, SF-12 Mental and SF-12 Total Scores. Positive change in 

Peak 1 and positive change in SF-12 Scores represents patients having improvement in 

these variables.  There were significant correlations between Peak 1 and the SF-12 

Physical Score (p=-.556), SF-12 Mental Score (p=-.625) and SF-12 Total Score (p=-

.694). This indicates that having a negative change in Peak 1 or a reduced weight 

acceptance on the implant leg correlates to positive improvement of the SF-12 Scores. 
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FIGURE 11 Changes in Peak 1 vs. Changes in SF-12 Physical, Mental and Total Scores. 
  

 

Figure 12 displays a scatter plot with trendlines between the changes in Peak 2 

and changes in SF-12 Physical, SF-12 Mental and SF-12 Total Scores. Positive change in 

Peak 2 and positive change in SF-12 Scores represents patients having improvement in 

these variables. There were significant correlations between Peak 2 and the SF-12 

Physical Score (p=-.485) and SF-12 Total Score (p=-.550). This indicates that having a 

negative change in Peak 2 or a reduced push-off force on the implant leg correlates to 

positive improvement of the SF-12 Physical and SF-12 Total Scores. 
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FIGURE 12 Changes in Peak 2 vs. Changes in SF-12 Physical, Mental and Total Scores. 
 

 
Figure 13 displays a scatter plot with trendlines between the changes in Valley 

and changes in SF-12 Physical, SF-12 Mental and SF-12 Total Scores. Negative change 

in Valley and positive change in SF-12 Scores represents patients having improvement in 

these variables. There were no significant correlations between the changes in Valley and 

changes in SF-12 Scores. Based on Figure 13, improvement of the Valley correlates to 

improvement of SF-12 Mental and Total Scores, but not the SF-12 Physical Score.  
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FIGURE 13 Changes in Valley vs. Changes in SF-12 Physical, Mental and Total Scores. 
 

 
Figure 14 displays a scatter plot with trendlines between the changes in Time to 

Peak 1 and changes in SF-12 Physical, SF-12 Mental and SF-12 Total Scores. Negative 

change in Time to Peak 1 and positive change in SF-12 Scores represents patients having 

improvement in these variables. There were no significant correlations between the 

changes in Time to Peak 1 and changes in SF-12 Scores. Based on Figure 14, 

improvement in Time to Peak 1 correlates to improvement in the SF-12 Mental Score, 

but not the SF-12 Physical and SF-12 Total Scores.  
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FIGURE 14 Changes in Time to Peak 1 vs. Changes in SF-12 Physical, Mental and Total 
Scores. 

 
 

Figure 15 displays a scatter plot with trendlines between the changes in Time to 

Peak 2 and changes in SF-12 Physical, SF-12 Mental and SF-12 Total Scores. Negative 

change in Time to Peak 1 and positive change in SF-12 Scores represents patients having 

improvement in these variables. There were no significant correlations between the 

changes in Time to Peak 2 and changes in SF-12 Scores. Based on Figure 15, 

improvement in Time to Peak 2 correlates to improvement in the SF-12 Mental Score and 

SF-12 Total Score but not the SF-12 Physical Score.  
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FIGURE 15 Changes in Time to Peak 2 vs. Changes in SF-12 Physical, Mental and Total 

Scores. 
 

 
Figure 16 displays a scatter plot with trendlines between the changes in Peak 1-

Peak 2 and changes in SF-12 Physical, SF-12 Mental and SF-12 Total Scores. Negative 

change in Peak 1-Peak 2 and positive change in SF-12 Scores represents patients having 

improvement in these variables. There were no significant correlations between the 

changes in Peak 1-Peak 2 and changes in SF-12 Scores. Based on Figure 16, 

improvement in Peak 1-Peak 2 correlates to improvement in the SF-12 Mental Score and 

SF-12 Total Score but not the SF-12 Physical Score.  
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FIGURE 16 Changes in Peak 1-Peak 2 vs. Changes in SF-12 Physical, Mental and Total 

Scores. 
 

Figure 17 displays a scatter plot with trendlines between the changes in Peak 1-

Valley and changes in SF-12 Physical, SF-12 Mental and SF-12 Total Scores. Negative 

change in Peak 1-Valley and positive change in SF-12 Scores represents patients having 

improvement in these variables. There were significant correlations between the changes 

in Peak 1-Valley and changes in the SF-12 Physical Score (p=-.503) and the SF-12 Total 

Score (p=-.524). There were no significant correlations between the changes in Peak 1-

Valley and the changes in the SF-12 Mental Score.  
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FIGURE 17 Changes in Peak 1-Valley vs. Changes in SF-12 Physical, Mental and Total 
Scores. 

 
 

Figure 18 displays a scatter plot with trendlines between the changes in Peak 2-

Valley and changes in SF-12 Physical, SF-12 Mental and SF-12 Total Scores. Negative 

change in Peak 2-Valley and positive change in SF-12 Scores represents patients having 

improvement in these variables. There were significant no significant correlations 

between the changes in Peak 2-Valley and the changes in SF-12 Scores.  
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FIGURE 18 Changes in Peak 2-Valley vs. Changes in SF-12 Physical, Mental and Total 
Scores. 

 
4.2.2 Changes in vGRF Variables vs. Changes in KSS Scores 

Based on the findings of Objectives 1 and 2, subjects demonstrated significant 

improvement from pre-op to 6-months post-op for the KSS Objective Score (p=.015), the 

KSS Expectation and Satisfaction Score (p=.001), the KSS Functional Score (p<.001) 

and Peak 2-Valley (p=.011). There was no significant improvement of the SF-12 Mental 

and Total Scores as well as the rest of the vGRF variables. While there were no 

significant correlations between changes in vGRF variables and changes in KSS scores, 

there were interesting trends discovered.  

Figure 19 displays a scatter plot with trendlines between the changes in Peak 2 

and changes in KSS Objective, KSS Expectation and Satisfaction and KSS Functional 

Scores. Positive change in Peak 1, KSS Expectation and Satisfaction and KSS Functional 

Scores and negative change in KSS Objective Score represents patients having 

improvement in these variables. Improvement of Peak 1 correlated positively with the 
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improvement of the KSS Objective Score and negatively with the KSS Expectations and 

Satisfaction and KSS Functional Scores.  

 

FIGURE 19 Changes in Peak 1 vs. Changes in KSS Objective, Expectation and 
Satisfaction and Functional Scores. 

 

 
Figure 20 displays a scatter plot with trendlines between the changes in Peak 2 

and changes in KSS Objective, KSS Expectation and Satisfaction and KSS Functional 

Scores. Positive change in Peak 2, KSS Expectation and Satisfaction and KSS Functional 

Scores and negative change in KSS Objective Score represents patients having 

improvement in these variables. Improvement of Peak 2 correlated positively with the 

improvement of the KSS Objective and KSS Functional scores and negatively with the 

KSS Expectation and Satisfaction Score.  
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FIGURE 20 Changes in Peak 2 vs. Changes in KSS Objective, Expectation and 

Satisfaction and Functional Scores. 
 

 
Figure 21 displays a scatter plot with trendlines between the changes in Valley 

and changes in KSS Objective, KSS Expectation and Satisfaction and KSS Functional 

Scores. Negative change in Valley and KSS Objective Score and positive change in KSS 

Expectation and Satisfaction and KSS Functional Scores represents patients having 

improvement in these variables. Improvement of the Valley correlated positively with the 

improvement of the KSS Expectation and Satisfaction and KSS Functional Scores and 

negative with the KSS Objective Score.  
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FIGURE 21 Changes in Valley vs. Changes in KSS Objective, Expectation and 

Satisfaction and Functional Scores. 
 
 

Figure 22 displays a scatter plot with trendlines between the changes in Time to 

Peak 1 and changes in KSS Objective, KSS Expectation and Satisfaction and KSS 

Functional Scores. Negative change in Time to Peak 1 and KSS Objective Score and 

positive change in KSS Expectation and Satisfaction and KSS Functional Scores 

represents patients having improvement in these variables. Improvement in Time to Peak 

1 correlated positively with all KSS Scores.  
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FIGURE 22 Changes in Time to Peak 1 vs. Changes in KSS Objective, Expectation and 

Satisfaction and Functional Scores. 
 
 

Figure 23 displays a scatter plot with trendlines between the changes in Time to 

Peak 1 and changes in KSS Objective, KSS Expectation and Satisfaction and KSS 

Functional Scores. Negative change in Time to Peak 2 and KSS Objective Score and 

positive change in KSS Expectation and Satisfaction and KSS Functional Scores 

represents patients having improvement in these variables. Improvement in Time to Peak 

2 correlated positively with the KSS Objective and KSS Functional Scores and negatively 

with the KSS Expectation and Satisfaction Score.  
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FIGURE 23 Changes in Time to Peak 2 vs. Changes in KSS Objective, Expectation and 

Satisfaction and Functional Scores. 
 
 

Figure 24 displays a scatter plot with trendlines between the changes in Peak 1-

Peak 2 and changes in KSS Objective, KSS Expectation and Satisfaction and KSS 

Functional Scores. Positive change in Peak 1-Peak 2, KSS Expectation and Satisfaction 

and KSS Functional Scores and negative change in KSS Objective Score represents 

patients having improvement in these variables. Improvement in Peak 1-Peak 2 positively 

correlates with all KSS Scores.  
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FIGURE 24 Changes in Peak 1-Peak 2 vs. Changes in KSS Objective, Expectation and 

Satisfaction and Functional Scores. 
 

 
Figure 25 displays a scatter plot with trendlines between the changes in Peak 1-

Valley and changes in KSS Objective, KSS Expectation and Satisfaction and KSS 

Functional Scores. Positive change in Peak 1-Valley, KSS Expectation and Satisfaction 

and KSS Functional Scores and negative change in KSS Objective Score represents 

patients having improvement in these variables. Improvement of Peak 1-Valley 

negatively correlates with all KSS Scores.  
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FIGURE 25 Changes in Peak 1-Valley vs. Changes in KSS Objective, Expectation and 

Satisfaction and Functional Scores. 
 

 
Figure 26 displays a scatter plot with trendlines between the changes in Peak 2-

Valley and changes in KSS Objective, KSS Expectation and Satisfaction and KSS 

Functional Scores. Positive change in Peak 2-Valley, KSS Expectation and Satisfaction 

and KSS Functional Scores and negative change in KSS Objective Score represents 

patients having improvement in these variables. Improvement in Peak 2-Valley positively 

correlates with all KSS Scores.  
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FIGURE 26 Changes in Peak 2-Valley vs. Changes in KSS Objective, Expectation and 

Satisfaction and Functional Scores. 
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CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS 
 

 
Total Knee Arthroplasty is one of the most frequently performed and consistently 

successful orthopedic procedures performed to data. However, there is a lack in 

standardization of pre- and post-op protocols. Once of the reasons for this is the gap 

between results of subjective and objective measures of function.  The study consisted of 

three primary objectives in order investigate both subjective and objective measures of 

function and evaluate the relationship between the two; (1) investigate changes in PROMs 

over time as well as any correlations between the different PROMs used (2) evaluate 

bilateral differences and improvement of vGRF variables and compare TKA subjects to 

healthy controls and (3) analyze any correlations between the improvement PROMs and 

vGRF variables. 

5.1 Objective 1—Analysis of PROMs 

Two of the biggest concerns in TKA research regarding PROMs is the optimal 

collection window and which PROMs are most effective. This study adds support to both 

of these research questions by evaluating PROMs at both pre-op and multiple follow-up 

times and investigating correlations between different types of PROMs both generic and 

disease specific.  

Overall, findings of this study match well with previous studies of TKA subjects 

demonstrating significant improvement post TKA operation. There were also significant 

correlations between all PROMs at pre-op and 6-months post-op. Because majority of the 

improvement and correlations between PROMs occurred from pre-op to 6-months and 6-

months to 12-months, it may be more time and cost-efficient to eliminate 1-week and 1-

month intermediate follow-ups. Also, with more consistent findings in the correlations 
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between different types of PROMs used, they could be combined into one single PROM 

for TKA research and clinical procedures.  

5.2 Objective 2—Analysis of vGRF 

 This study has reconfirmed some of the gait abnormalities that are seen with TKA 

subjects as well as the improvement from pre- to post-op that has been investigated 

previously. TKA subjects presented significant bilateral differences in few vGRF at pre-

op for both the evaluation of left and right legs and implant and non-implant legs. 

However, these differences were not present at 6-months post-op. When evaluating 

changes in vGRF over time, majority of vGRF variables for TKA subjects presented no 

significant differences between pre-op and post-op and also presented similar values to 

the healthy controls. The bilateral differences and improvement discovered in this study 

suggest that subjects may have altered their gait as a result of pain, limited range of 

motion or any other functional limitations.  

5.3 Changes in vGRFs and Changes in PROMs Over Time 

 Surprisingly, there were few correlations between the improvement of PROMs 

and improvement of vGRF variables. The improvement of SF-12 Scores, which is the 

generic PROM, had significant correlations with the improvement vGRF while the KSS 

Scores, the disease-specific PROM, did not. Because this study contributes to previous 

findings of limited correlations between subjective patient-reported outcome measures of 

function and objective biomechanical measures of function, further investigation needs to 

be done on whether PROMs adequately reflect changes in functional improvement.  
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APPENDIX A: 2011 KNEE SOCIETY SCORE (PRE-OP) 
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APPENDIX B: 2011 KNEE SOCIETY SCORE (POST-OP) 
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APPENDIX C: FORGOTTEN JOINT SCORE 
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APPENDIX D: SHORT-FORM SURVEY 
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APPENDIX E: INFORMED CONSENTS 
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