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ABSTRACT 

The Biomechanics of Sit-to-Stand and Physical Performance  

In Patellofemoral Osteoarthritis 

Lisa T. Hoglund 

Doctor of Philosophy 

Temple University, 2009 

Doctoral Advisory Committee Chair: Mary F. Barbe, Ph.D. 

 

 Osteoarthritis (OA) of the knee is common in Western society. OA of the 

patellofemoral (PF) compartment of the knee is prevalent in adults greater than 

55 years of age. Isolated radiographic PFOA is present in 13.6-24% of females 

and 11-15.4% of males with knee pain. Biomechanical factors such as 

tibiofemoral alignment and high joint stress are associated with the development 

and progression of PFOA. PF joint stress is high when the quadriceps contracts 

with the knee in a position of extreme flexion, such as rising from sitting. The 

purposes of this study were to determine 1) the triplanar biomechanics of the 

hips and knees during sit-to-stand (STS) for persons with PFOA versus age- and 

gender-matched control subjects, 2) the impact of PFOA on physical 

performance, perceived functional status, and pain, and 3) the relationship 

between knee kinematics during STS and physical performance. The 

biomechanics of STS was examined using a video-based motion analysis system 

and two force plates. Physical performance was measured with the Timed Up 

and Go (TUG) and Fifty-Foot Walk (FFW) tests. Perceived functional status, 
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pain, and stiffness were measured using the Western Ontario and McMaster 

University Osteoarthritis Index (WOMAC) questionnaire. Knee pain was 

measured with a Visual Analog Scale (VAS) following STS, TUG, and FFW. 

Persons with PFOA required a significantly longer time to perform STS and the 

TUG as compared to healthy controls. The PFOA group demonstrated greater 

hip flexion and knee abduction versus the control group. The hip and knee 

moments were significantly different with the PFOA group demonstrating greater 

hip extension, hip abduction, hip external rotation, knee extension, and knee 

adduction moments. Persons with PFOA were found to have significantly less 

perceived physical function, greater stiffness, and greater pain. Pain following 

STS, TUG, and FFW were all greater in the PFOA group. No significant 

association was found between any knee angle and time to perform the TUG or 

the FFW. These results indicate that dynamic malalignment of the TF joint is 

present during STS in persons with PFOA. This may contribute to the increased 

pain and decreased function in persons with PFOA.  
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CHAPTER 1 
 

INTRODUCTION 
 

Osteoarthritis 
 

Impact of Osteoarthritis 
 

 Arthritis is common in Western society with reported prevalence in adults 

in the United States between 21% and 33%.1, 2, 3, 4, 5, 6 The prevalence of arthritis 

increases with age, affecting more than 70 million Americans.1, 6, 7 Osteoarthritis 

(OA) is the most common form of arthritis, affecting 26.9 million adults older than 

25 years of age in the USA.8, 9  The American College of Rheumatology has 

defined OA as not one single pathology, but rather a multitude of conditions that 

cause joint-related symptoms and signs including pain and limited joint motion.10, 

11 These clinical signs are accompanied by radiographically evident changes 

including articular cartilage narrowing, osteophyte development, subchondral 

bone sclerosis, eburnation, and cyst development.7 

 The economic impact of OA is enormous. Pincus and associates 4 studied 

individuals between the ages of 18 and 64 years and found that only 66.7% of 

males with OA were working at the time of the study (versus 89.4% of males 

without OA); males with OA earned only 63.0% of the average income of males 

without OA employed in the same field. Females with OA were negatively 

affected to a greater degree, with only 35.5% employed as compared to 61.6% of 

females without OA. Females with OA earned only 30.2% of the amount earned 

by females without OA in comparable professions. The Centers for Disease 
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Control and Prevention reported that in 2003, $47 billion in lost earnings could be 

attributed to OA and $80.8 billion was spent on direct medical care.12  

 Arthritis is the leading cause of disability among older adults in the 

United States and is the primary cause of activity limitation in people over the 

age of 55 years.7, 13, 14  Hootman and Helmick15 project that by the year 2030 

approximately 25 million American adults will have activity limitation attributable 

to arthritis, i.e., an estimated 9.3% of the population. Arthritis can lead to loss of 

independence in basic functional activities and has been reported to be a 

substantial factor in institutionalization.5  

Osteoarthritis of the Knee Joint 

 The knee is the joint most commonly affected by OA with a reported 

prevalence of 18.4% in the Framingham Study cohort among community-

dwelling persons in the United States aged 63 – 94 years.16 Cooper and 

colleagues17 reported that in adults 55 years of age or older with knee pain 35% 

of males and 42% of females demonstrated moderate to severe degenerative 

changes on radiographs. Lawrence and associates8 reported that nearly 9.3 

million adults in the US have symptomatic knee OA based upon the most recent 

population census of 2005. 

 The risk of disability due to symptomatic knee OA is greater than that 

due to any other medical condition, including cardiovascular disease.16 In the 

United Kingdom, approximately 10% of the population older than 55 years 

reported disabling symptoms related to knee OA.18  
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Epidemiology and Impact of Patellofemoral Osteoarthritis 

 The knee joint is composed of three compartments: the medial 

tibiofemoral (TF), lateral TF, and patellofemoral (PF) sections. Osteoarthritis of 

the PF compartment of the knee is prevalent in adults over the age of 55 years, 

with isolated radiographic PFOA reported as present in 11 – 15.4% of men and 

13.6 - 24% of women with knee pain.19, 20 Davies and associates20 reported that 

PFOA is present in isolation or in combination with OA of one or more of the TF 

compartments in 32.7% of males and 36.1% of females 60 years of age or older 

with knee pain. The prevalence of PFOA has been reported to be even greater in 

Saudi Arabia, with 80.8% of females and 87.8% of males with radiographic knee 

OA demonstrating involvement of the PF compartment.21 

 McAlindon and associates19 found that persons with PFOA have 

significantly greater increased disability as compared to asymptomatic control 

subjects with radiographically normal knees in a population-based case-control 

study in the United Kingdom. The percentage of persons in the PFOA group 

reporting disability was 3.1 times the percentage of self-reported disability among 

the control group, as measured by the lower extremity portions of the Stanford 

Health Assessment Questionnaire22 (HAQ, disability = score > 0).The difference 

was even greater for those reporting severe disability (HAQ score > 2) with the 

percentage from the PFOA group 4.5 times that of the control group. Persons 

with medial compartment TFOA reported disability and severe disability at a 

higher percentage than the control group as well, but both were only 2.6 times 

the percentage of disability in the control group. The findings of this study by 
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McAlindon and colleagues19 indicate that there is a stronger association between 

disability and the presence of PFOA as compared to disability and the presence 

of TFOA.  

Etiology of Osteoarthritis 

 The cause of OA is uncertain.11 The etiology of OA is generally accepted 

to be multifactorial in nature. Factors identified as significant in OA pathogenesis 

include biological and mechanical events. The former include biochemical 

changes in articular cartilage at the cellular or extracellular levels, systemic 

biochemical changes in hormone levels, genetics, and aging. Mechanical 

stresses due to occupational and sporting activities, obesity, developmental 

malalignment, and trauma have all been proposed as causative mechanisms for 

subchondral bone sclerosis and degeneration of articular cartilage.7, 23, 24 

Biomechanical factors can be characterized as intrinsic or extrinsic to the joint.25 

The latter include joint injury and physical activity. The former include structural 

alignment, joint laxity, and strength. Recent research has clearly shown the 

importance of intrinsic biomechanical factors in the presence of knee OA and in 

the progression of both TF and PF OA.26, 27, 28, 29, 30 

 Interventions to slow or prevent the progression of OA may address 

intrinsic biomechanical factors such as structural alignment. In order to design 

effective mechanical treatments it is necessary to have a working knowledge of 

the biomechanics of the particular joint. An understanding of normal kinematics 

and kinetics is an important foundation in order to grasp the effect of pathology or 

impairment on the mechanics of motion. The PF joint (PFJ) is frequently affected 
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by OA, causing significant disability. PFOA is theorized to have structural 

malalignment as an underlying cause.27, 31, 32 The following section will describe 

the state of knowledge of the biomechanics of the PFJ.  

Patellofemoral Joint Biomechanics 

Kinematics of the Patellofemoral Joint 

The PFJ is the articulation between the patella, the large sesamoid bone 

located within the tendon of the quadriceps muscle, and the distal femur. The 

function of the patella is to improve the mechanical advantage of the quadriceps 

extensor mechanism of the knee.33 The patella can be thought of as a pulley that 

changes the direction of force exerted by the quadriceps femoris as the TF joint 

(TFJ) flexes and extends.34 Due to an increase in the length of the quadriceps 

lever arm, i.e., an increased distance between the muscle tendon and the center 

of rotation of the TFJ, the patella also increases the force of knee extension by 

approximately 50%.34 

The kinematics of the PFJ has been studied with in vitro models, due to 

the difficulty of adequately capturing motion of the mobile patella in vivo. 

Attempts to replicate the kinematics of the patella with quadriceps femoris 

contraction have been conducted utilizing mechanical loading of the quadriceps 

muscle.35, 36 Recognizing that there are differences in tissue properties between 

cadaver prosections and live humans, research has also been conducted on live 

subjects with a variety of diagnostic imaging techniques including plain 

radiographs and magnetic resonance imaging (MRI).31, 37, 38, 39 Some researchers 

have performed these noninvasive in vivo studies during active knee extension 
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with the relatively new imaging technologies of Cine Phase Contrast MRI or 

kinematic MRI (kMRI) 40, 41, 42, 43, 44, 45 Brossman and associates40 found 

significant differences in patellar position during passive vs. active knee 

extension. This finding differed from that reported by Shellock and colleagues46 

who found similar results between active and passive knee movement. One 

explanation for the different findings is that the study by Shellock and 

coworkers46 utilized active knee flexion, i.e., hamstring muscle contraction 

whereas in the protocol used by Brossman and colleagues40 subjects actively 

contracted the quadriceps muscle. These studies are all limited in their 

application to analysis of patellar kinematics during many functional activities 

since they all are limited by the constraints of the technology used, e.g., the size 

of the magnet bore limits the amplitude of knee flexion during kMRI. 

In the sagittal plane the patella translates superiorly and inferiorly within 

the trochlear groove of the femur. The patella glides inferiorly during knee flexion 

and superiorly during knee extension.47, 48 With the tibia free to move the patella 

has been described as translating medially relative to the femur during the first 

20- 30 degrees of TFJ flexion. Lateral translation in the frontal plane is normally 

observed during the reverse of this motion.36, 47, 48, 49  

In addition to translation within the sagittal and frontal planes, the patella 

may rotate about three axes. As the TFJ extends, the patella extends in the 

sagittal plane as well; patellar flexion occurs during TF flexion.42, 50 There is 

disagreement regarding motion of the patella in the transverse plane about a 

vertical axis with some studies reporting medial tilt and others lateral tilt as the 
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TFJ extends.34, 38, 40, 47 Minimal patellar rotation within the frontal plane about an 

anteroposterior axis has been reported.36, 42, 50 

Study of the kinematics of the PFJ in vivo utilizing motion analysis 

systems with skin markers during functional activities has been limited to a small 

range of TF motion due to the movement of the patella beneath the skin.47 A few 

studies, however, have examined patellar kinematics with radiographic imaging 

or with more invasive methods to determine motion of the patella relative to the 

femur during gait. 

The common task of human ambulation has been extensively studied. The 

normal kinematics of the gait cycle has been described as consisting of two 

periods, a supportive stance phase and a limb advancing swing phase.51 Each 

limb is typically in the stance phase for 60% of the gait cycle; the swing phase 

comprises the remaining 40%. Stance may be further subdivided into a time of 

single limb support delimited by times of double limb support at the initiation and 

termination of stance.51 The kinematics and kinetics of each lower extremity (LE) 

joint are determined by the particular phase of the gait cycle. 

Stein and associates used video digital-fluoroscopic imaging to study the 

kinematics of the PFJ in eight healthy adults.52 Subjects ambulated at a 

comfortable pace on a treadmill while their right knees were examined with 

anteroposterior (AP) plane videofluoroscopy. This view was selected in order to 

focus on patellar movement in the frontal plane; patellar position was calculated 

by measuring the horizontal distances between a vertical line drawn through the 

midpoint of the tibial spines and the most medial and most lateral points of the 
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patella. The AP view also enabled the researchers to quantify motion of the 

patella in the sagittal plane by measuring the vertical distance between a 

horizontal line across the tips of the tibial spines and a horizontal line across the 

widest portion of the patella in the frontal plane. The researchers found that the 

patella translated superiorly during the terminal portion of the swing phase as the 

quadriceps muscle contracted. A surprising finding was the medial translation of 

the patella at the moment of heel strike (HS). This was contrary to the hypothesis 

of Stein and colleagues,52  who theorized that the patella would translate laterally 

at HS, due to their belief that the position of the TFJ in normal LE is one of slight 

valgus. The patella glided inferiorly as the knee flexed during the gait cycle. 

These findings are consistent with those reported in non-ambulatory studies if 

one recognizes that the knee flexes approximately 20 degrees after HS during 

the loading response portion of the gait cycle.47, 49 Problems with this study 

include the inability to detect patellar rotations, errors due to rotation of the femur 

and/or tibia occurring naturally during ambulation, and the differing magnification 

of the images as the knee moved through the gait cycle. 

The most invasive studies of PFJ kinematics involve the insertion of intra-

cortical pins into the femur, tibia, and patella in order to track the motion of the 

patella relative to the two other bones without interference by skin motion artifact. 

LaFortune53 studied the kinematics of the PFJ in five healthy male volunteers 

utilizing intra-cortical Steinmann traction pins in the right LE. Clusters of reflective 

markers were attached to pins inserted directly into the femur, patella, and tibia in 

order to monitor the movement of these bony structures during ambulation at a 
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comfortable, self-selected speed. Two pins were inserted into the medial femoral 

condyle at the adductor tubercle perpendicular to the long axis of the femur, two 

were inserted into the anterior surface of the patella perpendicular to the patella’s 

long vertical axis, and one pin was inserted into the anterolateral proximal tibia, 

approximately 2.5 cm. distal to the tibial plateau (the femur and patella required 

an additional pin to provide stability of the cluster of markers as the pins were not 

seated as deeply into bone). Each of the three LE bones was tracked by a cluster 

of four noncollinear metal-coated wooden markers affixed by a custom frame to 

the Steinmann pins. This technique was not as reliable for measurement of PFJ 

motion as it was for TFJ motion due to difficulty with fixation of the patellar pins, 

thus data from only three subjects were analyzed. Lafortune53 found that 

movement of the patella with respect to the femur was dependent on the phase 

of the gait cycle. Immediately prior to HS, the patella was positioned medially in 

the femoral trochlea and was undergoing medial translation. The medial patellar 

translation at HS was consistent with the findings of Stein and colleagues.52 The 

medial patellar translation rapidly changed to lateral translation as the TF joint 

flexed during the loading response and the quadriceps muscle contracted 

forcefully. The lateral patellar translation persisted into the early swing phase. 

The patellar motion changed to medial translation as the knee began to extend 

during swing and continued this medial shift until early loading response of the 

subsequent ipsilateral stance phase. Lafortune53 proposed that the medial 

patellar translation observed during the extensor phase of swing was due to the 

shape of the femoral trochlea since the lateral femoral condyle projects more 
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medially in the superior trochlea versus the inferior femoral trochlea. In addition, 

the pull of the tighter lateral patellar retinaculum was proposed to add to the 

lateral patellar translation as the TFJ became increasingly flexed during early 

swing. Patellar flexion-extension demonstrated a strong linear relationship to 

motion of the TFJ regardless of phase of the gait cycle. Therefore the patella 

flexed concurrent with flexion of the TFJ. The patella internally rotated (IR) in the 

frontal plane about an anteroposterior (AP) axis at HS, reversing to external 

rotation (ER) at approximately midstance. IR is defined as medial movement and 

ER as lateral movement of the apex of the patella about an AP axis. Patellar ER 

continued until just prior to peak TFJ flexion during swing at which time it 

reversed to IR in preparation for the subsequent HS. Patellar medial-lateral tilt in 

the transverse plane about a vertical axis was more variable; however, the 

patella was in lateral tilt throughout the gait cycle. Lateral tilt is defined as 

movement of the patella about a vertical axis so that the anterior patellar surface 

faces laterally while medial tilt is defined as movement of the patella so its 

anterior surface faces medially. The results of this study must be interpreted 

cautiously due to the small sample size and limitation to healthy male subjects. In 

addition, the intra-cortical pins may have altered the motion of the bones due to 

possible restricted movement of either contractile or noncontractile structures via 

tethering or trauma from the 7-15 millimeter surgical incisions at the location of 

the intra-cortical pins in the femur, tibia, and patella.  

Koh and colleagues50 used a similar technique to examine PFJ kinematics 

in one healthy male subject during seated active knee extension against gravity 
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and a squatting exercise. Motion of the patella with reference to the femur was 

similar for both conditions: as the TFJ flexed the patella translated laterally and 

inferiorly, flexed, laterally tilted, and demonstrated insignificant IR or ER. Possible 

problems with the generalizability of these results are the same as for the 

Lafortune53 study: results are from only one male subject and the pins may have 

altered the PFJ motion. 

As can be seen from the review of PFJ kinematics, the motion and 

position of the patella is dependent upon the motion and position of the TFJ. This 

can be readily understood if one realizes that the patella tracks in the femoral 

trochlea so its motion is influenced by trochlear morphology and orientation.54 In 

addition, the patellar position is influenced by the two attachments of the 

quadriceps muscle. Motion and position of the patella is affected by movement of 

the tibial tubercle, as occurs with motion of the tibia, and with movement of the 

femur and the pelvis due to its proximal attachments to the anterior inferior iliac 

spine of the pelvis and to the body of the femur.55, 56 Aberrant motion or position 

of the TFJ in one or more planes can alter tracking of the patella causing 

increased stress on the PFJ surfaces.35 Forces acting on a joint are described by 

the joint kinetics. 

Kinetics of the Patellofemoral and Tibiofemoral Joints 

In addition to knowledge of kinematics of a joint, it is important to have an 

appreciation of the kinetics of that joint in order to comprehend the impact of 

activity on that joint. The forces acting upon a joint are primarily from three 

sources: muscle forces, the external forces acting on the body (e.g., a weight cuff 
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or the weight of the upper body), and the joint reaction force.57 The last of these 

is a result of the first two. The moments exerted on a joint by muscle and external 

forces are determined by the length of their moment arms, i.e., the perpendicular 

distance of each force vector from the joint center of rotation. During the stance 

phase of gait the quadriceps muscle must contract strongly to resist the flexion 

moment on the knee from the external force of the upper body weight. As the 

knee flexes during the loading phase, the quadriceps must exert more force in 

order to counteract the increased moment from body weight as the center of 

gravity moves posterior to the knee joint axis, increasing the moment arm of the 

external flexion moment. Both of these moments cause the joint reaction force 

(RF) of both the TF and the PF joints to increase during weightbearing knee 

flexion.33, 58, 59 The TFJ RF is reputed to be 3 times body weight (BW) during level 

walking and 4.25 times BW during stair climbing.58 The PFJ RF has been 

reported to be 0.5 times BW during level walking and 7.8 times BW during a 

deep knee bend of 135 degrees of knee flexion.34, 60 Wallace and colleagues61 

reported PFJ RF of approximately 2.5 times BW during a squat exercise to 90 

degrees; however, the upper body position in this study was angulated forward, 

thus decreasing the moment arm of the trunk weight relative to the knee. Ellis 

and associates62 reported joint RF of 5.07 and 6.70 times BW for the TF and PF 

joints respectively during rising from a low chair.  

Joint RF may be exerted over different size contact areas. The stress on a 

joint is the force divided by the contact area.33, 58 Forces exerted on small joint 

contact areas lead to high joint stress. The relatively round femoral condyles 
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resting on the relatively flat tibial plateau can lead to focal areas of high stress on 

the TFJ. The same situation applies for the PFJ as the relatively flat patella 

contacts the rounded femoral condyles and trochlear groove.58 In the case of the 

PFJ, the contact area of the patella increases in size as the knee flexes to 

approximately 90 degrees.39, 60 The PFJ RF during a weightbearing activity such 

as a squat, however, increases to a greater degree. The PFJ stress 

consequently increases with increased knee flexion under weightbearing 

conditions.33, 61 High joint stress has been implicated as one causative factor for 

the development and progression of knee OA.28, 30, 58, 59, 63, 64 Therefore, activities 

requiring strong quadriceps muscle force with the knee in a flexed position, 

particularly during weightbearing, can cause high PFJ stress and potentially lead 

to the development of PFOA. Some common activities that may cause increased 

PFJ stress, pain, and potential OA include squatting and rising from the seated 

position. 

Patellofemoral Osteoarthritis 

As previously described, OA is defined as a multitude of conditions that 

cause joint-related symptoms and signs including pain and limited joint motion. 

The American College of Rheumatology developed diagnostic criteria for knee 

OA. These include knee pain, crepitus on active knee motion, morning stiffness 

lasting 30 minutes or less, tenderness of the bony margins of the joint, bony 

enlargement at the joint margins, a lack of palpable warmth of the joint, and age 

greater than 50 years.10 Additional diagnostic criteria include typical degenerative 

changes of the joint visible on standard radiographs: joint space narrowing (from 
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thinning of the articular cartilage), osteophyte development, subchondral bone 

sclerosis, eburnation, and cyst development.7 Arthrocentesis is not 

recommended, but if the joint is aspirated and the fluid analyzed it will be clear 

and non-inflammatory in cases of OA.65 These criteria do not differentiate PFOA 

from OA of the medial or lateral TF compartments.  

Epidemiology of Patellofemoral Osteoarthritis 

The prevalence of PFOA increases with increasing age in similar fashion 

to the prevalence of OA in general. Mont and colleagues66 performed a 

retrospective descriptive study of 27 patients (30 knees) treated for PFOA with 

total knee arthroplasty. The mean age of their patients was 73 years; the age 

range was 59 – 88 years. The 18 females and 9 males in this study were 

diagnosed with PFOA if they complained of anterior knee pain, had at least some 

difficulty with ascending or descending stairs or with increased activity level, and 

had radiographic confirmation of degenerative joint disease of the PFJ. 

Merchant67 reported on a retrospective series of 15 patients (13 female, 2 male) 

treated for PFOA with a total patellofemoral joint arthroplasty. The mean age of 

this group of patients was 48.8 years and the range was 30 – 81 years. The age 

of patients in Merchant’s study67 was significantly younger than those studied by 

Mont and associates.66 Diagnosis was similar with radiographic or arthroscopic 

confirmation of severe PF arthrosis or chondrosis and pain severe enough to 

make usual activities requiring loaded knee flexion impossible. Both studies had 

more female than male patients; this is typical for PFOA. Although the average 

age at time of surgical treatment for PFOA tends to be in the middle-aged or 
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older group, some patients were still in their third or fourth decade when 

symptoms became severe enough to warrant this intervention. Refer to Table 1 

for details of additional studies of PFOA. 

Articular Cartilage Stress in Patellofemoral Osteoarthritis  

 The articular cartilage loss on the surfaces of the patella and the femoral 

trochlea in PFOA and the associated radiographic changes of joint space 

narrowing, osteophyte development, and subchondral bone sclerosis are alleged 

to occur from joint stress.59, 73 The degeneration is reported as most frequent on 

the lateral patellar facet and the corresponding femoral surface.27, 59, 69, 73, 74, 75, 76 

Cahue and associates30 found more patients with lateral PFOA demonstrated 

radiographic progression of the disease over an 18 month time period in their  

population-based prospective study of 237 older adults. Mont and colleagues66 

reported that 22 of 30 knees in their study of patients with PFOA treated with PF 

arthroplasty had lateral patellar tilt preoperatively (2 had medial patellar tilt); 12 

knees required a lateral release of the patellar retinacular tissues to allow proper 

patellar tracking. Parvizi and associates71 reported that more than 67% of the 31 

knees in their study of patients with PFOA treated with total knee arthroplasty 

required lateral release to improve tracking. This surgical procedure decreases 

the laterally directed force on the patella, allowing it to take a more medial 

position in the frontal plane and decreases lateral tilt in the transverse plane. The 

result of this is decreased stress on the lateral patellar facet. These findings 

support the hypothesis that excessive load on the lateral PFJ causes PFOA.  
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Table 1.   Patellofemoral Osteoarthritis: Age Range and Gender Distribution 
_____________________________________________________________________________________________ 
Source Study Type Sample Size Age (years) Gender 
________________________________________________________________________________________________________________ 
Aderinto & Cobb68  retrospective descriptive n=50 (53 knees) x=53 (r=27-79) 14 M, 36 F 
 
Cahue et al30  prospective descriptive n=237 (217 followed at x=68.4 +/- 10.8 62 M, 155 F 
  18 months, 397 knees) 
     
Iwano et al69  retrospective descriptive n=66 (108 knees) x= 62.6 (r=36-84) 5 M, 61 F 
 
Laskin & van Steijn70  retrospective descriptive n=53 (48 knees at  r=54-85 not reported 
  follow-up)   
 
Merchant67  retrospective descriptive n=15 x=48.8 (r=30-81) 2 M, 13 F 
 
Mont et al66 retrospective descriptive n=27 (30 knees) x=73 (r=59-88) 9 M, 18 F 
 
Parvizi et al71  retrospective descriptive n=24 (31 knees) x=70 (r=47-85) 5 M, 19 F 
 
Quilty et al72  randomized controlled n=87 x=66.8 +/- 9.5 not reported 
 trial 
________________________________________________________________________________________________________________ 
n = number of patients, x = mean age, r = age range, M = male, F = female 
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The excessive stress on the articular cartilage of the lateral patellar facet 

is reported to be due to altered alignment of the lower extremity.69, 73, 75, 77, 78 Elahi 

and colleagues27 found an association between malalignment of the TFJ in the 

frontal plane and the location of OA in the PFJ. In this large population-based 

cross-sectional study of older adults in the Chicago area, patients with lateral 

PFOA were more likely to have valgus malalignment of the TFJ as compared to 

varus or neutral alignment. Persons with medial PFOA were more likely to have 

varus malalignment of the TFJ, as measured by standing full-length radiographs 

of the lower extremities. Evidence for transverse plane malalignment of the TFJ 

as a contributing factor to PFOA was reported by Nagamine and associates79 in 

a study conducted in Japan. These researchers utilized computed tomography to 

examine the position of the tibial tubercle relative to the femoral epicondyles at 

full knee extension and 30 degrees of knee flexion in patients with PFOA and a 

normal control group. No significant difference was found between groups at the 

full extension position; however, significantly less tibial internal rotation at 30 

degrees of TF flexion was found in the 17 knees with PFOA (16 female subjects) 

as compared to the 27 knees in the normal comparison group (27 female 

subjects). The tibial tubercle was positioned significantly laterally at 30 degrees 

of knee flexion in the PFOA group which would cause the patellar tendon to alter 

its angle of orientation and thus apply a more laterally directed force to the 

patella. This lateral force can cause the patella to track laterally in the femoral 

trochlea, increasing the load on the lateral patellar facet. The resultant increased 

stress on the articular cartilage leads to chondrosis and eventually arthrosis 
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when subchondral bone is exposed.73 Additional structural causes of 

malalignment include femoral anteversion, excessive lateral patellar tilt in the 

transverse plane, and pronation of the feet.  

The medial patellar facet and medial femoral trochlea may develop 

degenerative changes; this may be a result of chondral damage due to 

subluxation or dislocation of the patella.76, 80 It may also be due to decreased 

nutrition of the articular cartilage from chronic unloading in patellae that are tilted 

laterally or track laterally.73 Elahi and associates27 report that medial PFOA may 

also be due to varus TF deformity, which theoretically causes the patella to track 

medially. This would increase stress on the medial patellar facet. 

Diagnosis of Patellofemoral Osteoarthritis 

Symptoms and Signs of Patellofemoral Osteoarthritis 

The diagnosis of PFOA requires that the criteria for diagnosis of knee OA 

be met as well as clinical and radiographic findings that support the PF joint as 

the source of pain. Canoso81, 82 reports that pain from the osteoarthritic PFJ is 

primarily felt in the anterior knee. This location of pain is supported by many 

additional experts in the scientific literature.73, 78, 83, 84, 85 Fulkerson73 adds that the 

pain sometimes radiates to the medial or lateral TF joint lines or to the anterior 

tibia. Research involving surgical treatment of PFOA supports the location of pain 

as the anterior knee;66, 68, 70 however, many studies do not specify pain 

location.17, 19, 20, 27, 30, 67, 69, 72, 76, 86, 87, 88, 89, 90, 91 Parvizi and colleagues71 reported 

that 22 of their 31 patients with PFOA complained of anterior knee pain.  
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PFOA causes the person to experience knee pain when loads are placed 

on the joint surfaces with exposed bone. This tends to be on the parts of the 

patella and femoral trochlea that articulate when the knee is flexed between 40 

and 80 degrees.73 Activities that require forceful contraction of the quadriceps 

muscle in positions of knee flexion are typically provocative of knee pain in 

persons with PFOA. The following activities are considered diagnostic of PFOA if 

painful: ascending and descending stairs,66, 67, 68, 69, 70, 73, 78, 81, 82, 83, 85, 92 rising 

from sitting,67, 68, 69, 70, 73, 85, 92 transferring into and out of cars70 or on and off the 

toilet,67 squatting,67, 69, 83, 85 running,69 Japanese-style sitting with knees fully 

flexed,69 single-leg standing with the knee semiflexed,69 jumping,83 walking up 

inclines,70, 85 kneeling,67 cycling,67 and hiking.67 Although Merchant67 and 

Fulkerson73 report that walking may be painful, additional researchers report that 

this should be less painful than rising from a chair or walking up stairs and 

inclines.70, 85 The compressive force of the patella against the femoral trochlea 

during prolonged sitting with the knees in some flexion, such as when watching a 

movie in a theater or riding in a car, is also typically painful in persons with 

PFOA.68, 69, 70, 78, 83, 85 This symptom is known as the “movie theater sign.” 

Stiffness after sitting for more than 30 minutes73, 92, 93 or for less than 30 minutes 

in the morning 10, 92, 94 has been reported in patients with PFOA and with knee OA 

in general.  

Diagnostic signs for PFOA include provocative tests in which the surfaces 

of the patella and the femoral trochlea are brought into contact. Although no 

research was located examining the sensitivity or specificity of tests to diagnose 
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PFOA, the most important test to detect its presence is reputed to be the patellar 

compression test.73, 74, 78 This test is performed by manual application of a 

posteriorly directed force to the patella with the TFJ in varying degrees of flexion. 

As the degree of knee flexion is increased, the articular surface of the patella in 

contact with the femur moves from inferior to superior.34, 35 The entire patellar 

articular surface can be assessed by performing this test from full knee extension 

to 90 degrees of knee flexion.69, 70, 73, 78, 82, 84 Some authors advocate palpation of 

the undersurface of the medial and lateral patellar facets or the retropatellar 

tissues;69, 85, 93, 95 however, this may reproduce pain by stretching a sensitive 

retinaculum.31 The patellar compression test does not stretch this soft tissue, 

thus eliminates confusion as to which structure is irritable.31, 78 The patellar grind 

test is also reported to be positive in the presence of PFOA. A positive patellar 

grind test is reported pain and/or palpable crepitus as the patella is moved 

superiorly, inferiorly, medially, and laterally with the knee in a position of full 

extension.69, 84, 96, 97  Iwano and colleagues69 reported the presence of crepitus 

during the grind test in 100% of the 108 knees in their study of 66 patients with 

PFOA. Only 28.6% of the patients in this study reported pain during the patellar 

grind test. This low percentage of positive painful tests may be due to the TFJ 

position. As previously stated, the majority of articular cartilage lesions of the PFJ 

tend to cause pain when the knee is in a position of 40 – 80 degrees of flexion.73 

Variation in the force applied to the patella by the examiner may also affect the 

results of the patellar grind test.  
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Crepitus of the knee may be audible or palpable in persons with PFOA 

during weightbearing activities with the knee flexed or during unloaded active or 

passive knee flexion and extension.69, 70, 73, 78, 82, 83, 85 Since this finding is 

frequently present in asymptomatic individuals it is not specific enough to be 

used as a diagnostic test for PFOA.78 The interrater reliability for assessment of 

crepitus during active or passive knee flexion is also reported as unacceptably 

low. Jones and colleagues93 reported low interrater reliability for detection of 

knee joint crepitus in 49 patients with knee OA (98 knees) (kappa = 0.23). The 

reliability for determining if the source of the crepitus was the PFJ or the TFJ was 

even lower, with kappa values of 0.10 and 0.09 respectively.  In a study 

examining the reliability of physical examination tests of the knee with OA, Cibere 

and associates97 found adequate reliability for detection of general passive 

crepitus (RC = 0.96 for 6 rheumatologists examining 6 patients with knee OA). 

Rating of general active crepitus reliability was not acceptable, with a reliability 

coefficient of RC = 0.67 (a priori decision by investigators: RC >0.80 for 

acceptable reliability). Compartment-specific detection of crepitus was 

inadequate for the PFJ for both active and passive tests, with reliability 

coefficients of 0.73 and 0.77 respectively.  Hart and associates98 studied the 

interrater reliability of clinical diagnostic tests in a study of 41 middle-aged 

females recruited from a general medical practice in the United Kingdom. The 

assessment of knee crepitus was the least reliable test between the two 

examiners, with a kappa statistic of �  = 0.14 (concordance between examiners = 

65%). The assessment of crepitus is neither reliable enough nor specific enough 
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to be useful in the diagnosis of PFOA, with the exception of crepitus during the 

patellar grind test. 

Radiographic Signs of Patellofemoral Osteoarthritis 

The definition of OA proposed by the American College of Rheumatology 

includes bony changes evident on radiographs.10 The diagnosis of this disorder 

can not be made solely by examination of radiographs, however, as there is poor 

agreement between the extent of degeneration visible on radiographs and pain 

severity or impaired function.92, 99, 100  Altman and colleagues10 recommend use 

of radiographs to confirm a diagnosis of knee OA made by history and physical 

examination. Radiographs are also useful to detect compartment of involvement 

and to rule out other potential causes of knee pain.10, 65  

Detection of OA by plain radiographs necessitates visualization of the joint 

space. PFOA is therefore not visible on the standard anteroposterior (AP) 

radiograph. Since many epidemiologic studies of knee OA utilized only AP 

radiographs, 92, 98, 101, 102 little was known regarding the prevalence of PFOA until 

additional views were conducted in research studies. The first internationally 

accepted atlas and grading scale for OA, the ordinal scale from 0 – 4 proposed 

by Kellgren and Lawrence101 in 1957, limited its views of the knee to the AP view 

in full knee extension. Both of these factors hampered the detection of PFOA and 

grading the severity of degenerative changes of the PFJ. 

Visualization of the PFJ on plain radiography is possible with the lateral 

view and with the axial view. The axial view is widely recognized as the best view 

for visualizing joint space narrowing and osteophyte development on the medial 
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and lateral borders of the patella.73, 78, 83, 85, 103 Differentiation can be made as to 

involvement of the medial or the lateral patellar facets. Subchondral sclerosis and 

patellar facet flattening, subtle evidence of PFOA, is visible on axial radiographs 

of the PFJ.85 The position of the patella in the trochlea may be assessed with this 

radiographic view, revealing excessive patellar tilt in the transverse plane or 

translation in the frontal plane.78, 85, 103 The axial view, also commonly referred to 

as the skyline, sunset, or tangential view, may be acquired with the TFJ in 

varying degrees of flexion and with the x-ray beam and plate in different 

locations. The axial view of the PFJ with the knee in slight flexion, for example 

20-30 degrees, is recommended for detection of patellar subluxation.103 Axial 

radiographs with the knee in greater flexion, 40 – 60 degrees, is recommended 

for the detection and grading of PFOA.78 Perhaps due to the multitude of 

positions of the patient and radiographic equipment, this view is technically 

demanding.87, 103, 104  

The lateral view of the PFJ is recommended to detect the presence of 

osteophytes on the superior and inferior patellar borders.85 It is also possible to 

detect joint space narrowing and subchondral sclerosis.19, 85, 103  Although the 

importance of the axial view is touted in the literature, Chaisson and 

colleagues104 found the lateral view was as effective as the axial view at 

detecting the presence of knee OA. In a study of 389 patients with knee OA in 

the Boston area, these researchers concluded that a combination of a standing 

AP and a standing lateral radiograph was as sensitive for the presence of knee 

OA as a combination of a standing AP and a supine skyline view. Both the lateral 
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and the skyline views identified cases of OA that the other view missed.104 The 

use of both an axial and a lateral radiograph has the best chance at detecting all 

cases of PFOA. 

Analysis of radiographs for research purposes requires the use of a 

standardized grading system. As previously described, the Kellgren-Lawrence101 

system does not include axial or lateral views of the knee. In addition to this 

weakness, the system is criticized in the literature for relying heavily on 

osteophyte presence and for frequent disagreement between features on 

radiographs in the atlas and accompanying grade descriptions.95 An additional 

criticism of the Kellgren-Lawrence101 system is the inability to grade individual 

degenerative changes separately. A global grade is determined from the 

combination of osteophyte presence and joint space narrowing. To solve these 

problems the Osteoarthritis Research Society International (OARSI) developed a 

new atlas that includes the axial view of the knee and describes grades of the 

individual features of OA.105 Altman and colleagues105 demonstrated very good to 

excellent interrater agreement for grading radiographs with the OARSI scale. 

This OA grading system has been used in more recent knee OA research since it 

has been shown to be reliable and is a standardized system for grading both the 

TFJ and the PFJ.27, 86, 104, 105, 106 Refer to Table 18 in Appendix A for additional 

details of radiographic diagnosis of PFOA. 

The Effect of Osteoarthritis on Knee Biomechanics  

Osteoarthritis is a disease of the entire joint and therefore alters the 

kinematics and kinetics of the involved joint. The effect of OA on the knee has 
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been examined in many gait studies of persons with knee OA. Alterations in 

kinematics due to knee OA have been reported. Several studies detected 

decreased motion of the osteoarthritic knee during the entire gait cycle. 108, 109, 110, 

111, 112 The smaller magnitude of knee motion was reported to be a result of the 

knee being in a position of greater knee flexion at initial contact and a smaller 

peak knee flexion angle.110, 111, 112, 113, 114 The rate of OA knee movement is 

slower than unaffected knees, with reduced angular velocities for both flexion 

and extension while walking.109, 115 These differences between healthy control 

subjects and persons with knee OA persisted when speed of ambulation was 

adequately controlled.109, 112, 115 The knee diagnosed with OA appears “stiff” 

during ambulation, with limited excursion as well as slower speed of movement. 

Altered kinetics of the lower extremities during ambulation is present in 

persons with knee OA. The impact of this pathology on knee moments is not as 

clear as its influence on knee kinematics. Some researchers found reduced peak 

knee extensor moments in affected limbs that have been described as a 

quadriceps avoidance gait because of its association with weak quadriceps 

muscles.112, 116 Manetta and associates114 reported decreased hip extensor 

rather than altered knee extensor moments in their subjects. They concluded that 

the slower walking speed of the OA group decreased the need for strong hip 

extensor moments. In a study that controlled for age, mass, gender, footwear, 

use of assistive devices, and walking speed, Messier and colleagues115 found no 

significant difference in peak knee extensor moment, however, they did find 

reduced peak ground reaction force (GRF) for the limb with knee OA and an 
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increased peak loading rate of the uninvolved limb. They described this as the 

attempt of the subjects with OA to limit load on the limb with knee OA. Chen and 

co-workers117 also observed the reduced peak GRF during the pushoff phase 

and a delayed time to peak force during the loading phase. These researchers 

found more uniform knee extensor moments throughout stance on the involved 

limb with a reduction in the characteristic biphasic appearance of the sagittal 

plane knee extensor moment. They concluded this may be an attempt to reduce 

the alternating vertical acceleration and deceleration forces in order to decrease 

stress on the knee.117 Childs and associates112 agree with these findings and 

report reduced vertical GRF in subjects’ limbs with OA during both the loading 

and pushoff phases. The findings of Childs and coworkers112 are in disagreement 

in other areas, reporting a reduced loading rate and similar time to peak loading 

response. These researchers also reported increased duration of muscle activity 

and cocontraction of thigh and leg muscles during gait in subjects with knee OA. 

This increased muscle activity increases load on the knee joint as well.112 

Additional research is needed in this area, with better controls, in order to gain a 

more complete understanding of the altered joint moments and stresses on the 

involved knee in persons with OA. 

The biomechanical studies examining the effect of knee OA on gait have 

studied the kinematics and kinetics of the TFJ. No studies were located that 

reported PF biomechanics in the osteoarthritic knee. In addition, no studies 

examine the effect of PFOA on gait. 
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Biomechanics of Common Daily Tasks 

Walking is a frequently required task for adult humans; however, different 

activities of daily living (ADL) may be performed more often over the course of 

the day. Additional frequently performed ADL include sitting, standing, and the 

sit-to-stand transition (STS). One study of older adults months to years after a 

total hip arthroplasty reported sitting and standing as the most frequent activities 

at 44.3% and 24.5%; over a 12-hour time period there was a mean of 76 

separate sitting episodes, necessitating the frequent transition to and from the 

standing position.118 The STS task can be difficult for some persons. Marks & 

Cantin119 reported that 57.1% of the patients with knee OA in their study reported 

functional deficits at baseline with STS. The prevalence of difficulty performing 

STS in this study was only surpassed by walking and stair climbing difficulty. The 

ability to rise from a chair independently is necessary so that an individual can 

stand and walk, thus it is critical for maintenance of independence in living 

arrangements.120, 121, 122 

It is important to analyze the biomechanics of potentially challenging ADL 

such as STS in order to determine the factors that cause affected individuals to 

have difficulty with these fundamental tasks.123 In the case of OA, Guccione and 

colleagues123 stressed the importance of examining the relationship between 

functional performance during ADL and the location and severity of the disease 

as graded from radiographs. This can lead to improved research to determine the 

most effective treatment regimes for specific types and severity of OA. 

Biomechanical analysis of STS can be used to describe compensatory strategies 
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during STS and as a measure of response to treatment.110 The STS task has 

been studied in various populations and under different conditions. Despite the 

high prevalence of difficulty reported by persons with knee OA in performing 

STS, only a few studies have examined the activity in this population. No studies 

have addressed the impact of PFOA on STS. Forceful knee extension required to 

rise from the seated position causes extremely high RF to be applied to both the 

TF and PF joints. This makes STS a potentially painful and difficult ADL in 

persons with degenerative changes involving the knee. Due to the greater RF 

reported in the PF versus the TF compartment when the knee is flexed to 90 

degrees or beyond, persons with PF OA may experience more pain and be more 

functionally limited in performance of this basic and necessary ADL.59, 60, 62 

The Sit-to-Stand Transfer 

A moderate amount of research has been conducted examining the STS 

transfer over the past two decades. Descriptive research has been conducted to 

study STS in various populations and experimental research has manipulated 

some conditions of the task in order to determine the impact of several 

constraints.  

Determinants of Sit-to-Stand 

Janssen and associates124 have described three basic categories of 

factors that influence how the action of STS is performed: chair-related, subject-

related, and strategy-related. Examples of these factors include seat height of the 

chair, age of the subject, and speed of movement. When considering the results 

of STS studies, it is important to understand that conditions such as these may 



 29 

have an impact on the findings. The effect of determinants on the STS movement 

will be examined in the review of literature investigating this ADL. 

Phases of the Sit-to-Stand Movement 

In order to facilitate description and study of the STS movement 

researchers have described phases of STS. The quantity of phases and events 

used as markers to define these divisions of the movement cycle vary. Nuzik and 

associates125 used a cinematographic motion-analysis system to study the 

characteristics of 55 healthy male and female adults during rising from an 

armless wooden chair with a seat height of 46 cm. Subjects began STS with their 

hands resting on their thighs; however, they were instructed not to push down 

with their hands to assist with the task. Additional determinants of the movement 

were not constrained: subjects rose at a self-selected normal speed and fashion. 

The trajectories of reference points on head, trunk, and lower extremity (LE) body 

segments and the angular excursion of these segments in the sagittal plane were 

determined from film images. The results of this descriptive study led the authors 

to partition STS into two phases: 1) a flexion phase, occurring during the first 

35% of the movement characterized by neck, trunk, and hip flexion along with 

pelvic anterior rotation and ankle dorsiflexion, and 2) an extension phase during 

the final 65% of STS, marked by the initiation of neck extension, and including 

extension of the trunk and hip as well as ankle plantar flexion from 45% of the 

cycle on. The knees extended throughout STS, however, this rapidly increased 

during phase 2. This study was an initial attempt at describing the movement of 

STS under relatively normal conditions. The small number of task constraints 
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limits comparison with other studies since variations in speed of ascent, foot 

position, seat height relative to lower leg length, and use of arms after rising are 

all unknown. Despite the relatively unconstrained conditions, the mean maximal 

knee flexion angle of 94.5 degrees is similar to the findings of Burdett and 

associates126 who reported a value of 91.5 degrees in their similarly 

unconstrained study. Significantly different values for maximal knee flexion were 

found in other studies that did not constrain initial LE position.127, 128 The 

differences in findings of these studies may be due to differences in seat height, 

chair type, subject height, age, and self-selected initial LE configuration. 

Schenkman and colleagues129 examined the STS motion of nine healthy 

women under highly controlled conditions. Subjects rose from an armless, 

backless chair, adjusted to 80% of their knee height with arms folded across their 

chests and feet 10.16 cm apart with the ankles in 18 degrees of dorsiflexion (DF). 

Speed of ascent was controlled at 1.2 seconds with the use of a metronome and 

verbal instruction to guide subjects. Four high-speed optoelectronic cameras 

captured six-degrees-of-freedom kinematic data from light-emitting diode (LED) 

skin markers on eleven body segments. Kinetic data were gathered by two 

piezoelectric force plates, one placed beneath each foot. Schenkman and 

coworkers129 described STS as a movement composed of four distinct phases. 

Specific kinematic events demarcate these phases (Figure 1). Phase I, the 

flexion-momentum phase, represents the movement from initiation of rising until 

just prior to liftoff of the buttocks. Phase II, the momentum-transfer phase, begins 

when the buttocks lift off the chair and ends at the maximum ankle DF angular 
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position. Phase III, the extension phase, begins immediately after maximum 

ankle DF and is completed when the hip angular velocity first reaches 0 

degrees/sec, i.e., when the hip ceases to extend. And Phase IV, the stabilization 

phase, begins after the hip angular velocity reaches 0 deg/sec; however, the 

endpoint was difficult to determine. The stabilization phase includes motion that 

is associated with stabilizing the body after rising has ceased. This well-

controlled descriptive study improved within-subject consistency between trials 

and allows for comparison to subjects of differing ages, sizes, and with 

impairments. It is limited in its generalizability, however, due to the constraints 

placed on subjects and the relatively small sample of young adult females.  

The same year that Schenkman and coworkers129 published their 

description of STS, Kralj and associates130 examined STS in a sample of 15 male 

and 5 female healthy adults. Utilizing exoskeleton goniometers on subjects’ right 

sides and photographic reflective skin markers on subjects’ left sides, this group 

captured angular excursion data as well as ground reaction force (GRF) data 

from one force plate beneath both feet. Two multi-contact foot switches were 

used beneath the seat to determine time of liftoff from the chair. Subjects rose 

from a chair adjusted to a subject-selected comfortable height; this was not 

specified as a percentage of lower limb length. The arms were held crossed over 

subjects’ chests as they stood up at a self-selected normal speed. A backrest 

was used to standardize the starting posture for the movement. Kralj and 

colleagues130 divided STS into six phases defined primarily by changes in GRF. 

The first and last phases are quiet sitting and quiet standing. If these phases are 
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Figure 1.  Phases of sit-to-stand as described by Schenkman and colleagues.129 

 Four phases are described during sit-to-stand with 4 events that 
indicate the initiation of each phase (t1 – t4). No event was defined to 
indicate the end of Phase IV. Curves show the sagittal plane motion of 
the hip, knee, and ankle in degrees of flexion, extension, and 
dorsiflexion, respectively. Flex+ = flexion degrees positive, ext+ = 
extension degrees positive, DF+ = dorsiflexion degrees positive, t1 = 
initiation of trunk or hip flexion velocity, t2 = liftoff of buttocks from the 
seat, t3 = maximum ankle dorsiflexion, t4 = hip extension velocity equals 
0 degrees/second, Phase I = Flexion-Momentum Phase, Phase II = 
Momentum-Transfer Phase, Phase III = Extension Phase, Phase IV = 
Stabilization Phase.  
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not considered, the movement can be described by the middle four phases, 

similar to the description provided by Schenkman and her group.129 These 

phases are slightly different in length as a proportion of the STS motion, 

however, due to the use of different events to separate the phases. After quiet 

sitting, the initiation phase starts when the absolute value of the time derivative of 

anteroposterior force changed from baseline by greater than or equal to 2.5% of 

the peak to peak value; this phase is characterized by the activity of forward 

momentum generation. The initiation phase ends when the time derivative of 

vertical GRF increases greater than or equal to 10% which also marks the 

beginning of the second of the middle four phases defined by Kralj and 

coworkers130, the seat unloading phase. The seat unloading phase ends at liftoff 

from the chair, when the vertical GRF is at a maximum. At this event the 

ascending phase begins during which vertical acceleration of the body changes 

to deceleration. The ascending phase ends at the instant the knee angle reaches 

2 degrees away from its position during quiet standing. The fourth of the middle 

four phases, the stabilization phase begins at this event, continuing until the GRF 

is within 1% of subject body weight. Similarities exist between these middle four 

phases of STS as described by Kralj130 and phases I through IV as described by 

Schenkman.129 The differences can be explained by differing constraints in 

methodology, dissimilar phase events, and gender differences.  

Additional researchers have described the STS motion with different terms 

and from three to six phases.131, 132, 133 Despite these differences, a common 

theme among these descriptions is evident. In rising from the seated position, an 



 34 

individual typically begins the motion with flexion of the trunk and hip, developing 

anterior horizontal momentum.129, 133 This anterior momentum must be 

transferred to an upward vertical momentum, causing the trunk, hips, and knees 

to extend, bringing the person to the upright standing position. The descriptive 

phases of Schenkman and associates129 have been used in several additional 

studies of STS.134, 135, 136, 137, 138 The primary phases examined in these studies 

are: 1) the flexion-momentum phase, 2) the momentum-transfer phase, and 3) 

the extension phase. These phases will be used to describe STS and to indicate 

location of events during the cycle in the remainder of this dissertation. 

The Biomechanics of Sit-to-Stand in Young, Healthy Adults 

Subject age is one of the subject-related determinants of STS. Many 

studies have examined this movement in young, healthy adults frequently 

altering chair-related and/or strategy-related conditions. Roebroeck and 

associates133 examined the kinematics, kinetics, and LE muscle activity of ten 

healthy young male and female subjects during STS. This tightly controlled 

descriptive study standardized speed of ascent using a metronome, initial trunk 

position (vertical), arm position during the motion with hands placed on the hips, 

initial knee angle at 105 degrees of flexion, and feet were positioned next to each 

other. These researchers controlled for differences in subject height by adjusting 

the seat height to each individual’s knee height. Sagittal plane kinematics were 

measured with the use of surface markers and one high-speed camera filming 

subjects’ right sides during STS. Kinetic data were gathered by one force plate 

beneath the right foot; individual net joint moments were normalized with respect 
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to subject weight and height. Muscle activity was recorded with surface 

electromyography (EMG) from nine right LE muscles. In order to control for 

strength differences, EMG signals were normalized to 100% of each subject’s 

maximal voluntary isometric contraction (MVIC). Under these conditions, the STS 

motion began with hip and trunk flexion with the hip joint flexing to 95 degrees 

prior to reversing to extension at the time of liftoff from the seat (35% of the 

cycle). Peak hip flexion velocity was reached at 22% of STS, prior to liftoff. After 

liftoff, the hip extension angular velocity peaked at 59% of the motion, then 

deceleration of this hip extension began. The knee joints remained at the initial 

position until approximately 12% of the movement cycle when extension began. 

This angular velocity increased until 62% of the movement, at which point knee 

extension continued while the knee angular velocity decelerated. The ankles 

dorsiflexed from their initial position and reached a maximum DF angle at 45% of 

the cycle, slightly after liftoff. Ankle motion then changed to plantarflexion for the 

remainder of STS. Joint moments peaked just after liftoff with the knee 

experiencing the greatest normalized net joint moments followed by the hip. This 

was associated with large increases in activity of the knee extensor muscles and 

a moderate increase in hip extensor muscle activity. The rectus femoris and vasti 

muscles reached 50 – 80% of their respective MVIC. Extension of the LEs was 

found to be the primary contributor of upward vertical velocity of the body while 

the upper body primarily contributed to the early forward horizontal velocity. The 

latter activity moves the center of mass towards the new base of support, i.e., the 

feet. This study by Roebroeck and colleagues133 in general agrees with the 
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pattern of movement described by Nuzik125 and Schenkman.129 Transfer of 

forward trunk momentum to upward vertical whole body momentum is in 

agreement with the findings of Riley and associates134 who reported this to occur 

during the critical momentum-transfer phase of STS. The contributions of the 

momentum of the body segments to STS are in agreement with the findings of 

Pai and colleagues.139, 140 Their findings regarding the importance of the knee 

and hip extensor muscles to the elevation of the CM are in agreement with those 

of Doorenbosch and coworkers141 as well as Goulart and associates.142 

Comparison of joint angular positions to other studies is limited by differing 

methodologies. 

Chair-Related Determinants of Sit-to-Stand 

The effect of chair height and construction on STS has been 

demonstrated in several studies. In an early study investigating this determinant 

Burdett and colleagues126 studied ten healthy male subjects as they rose at self-

selected speeds from a standard 43 cm. height chair and from a 64 cm. height E-

Z Up Artherapedic Chair. A strategy-related determinant was investigated in this 

study as well: the use of arms to push off chair armrests. The only constraint in 

this study was initial foot placement, with both feet located on one force plate. 

Skin markers were used to gather kinematic data as subjects were filmed by one 

high-speed camera during STS in the four conditions. Joint moments were 

normalized by body weight and LE length. Burdett and colleagues126 found 

significantly greater knee and hip extension moments and greater knee and hip 

range of motion (ROM) when subjects rose from the lower chair. The use of arms 
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to assist with STS significantly decreased the knee and hip extension moments 

but had no effect on the ROM at these joints. The ankle moments and ROM were 

not significantly changed by either seat height or arm use. These results were 

generally in agreement with the findings of Ellis and associates62 in their study 

that included eighteen young healthy males and females. Although no heights 

were specified, Ellis and coworkers62 found that lower seat heights increased the 

knee joint and muscle forces required to rise from a chair. Multiple additional 

studies support these findings.137, 143, 144, 145 Schenkman and associates137 also 

reported increased trunk flexion angular velocity during the flexion-momentum 

phase and increased knee, hip, and trunk extension angular velocities during the 

extension phase when subjects rose from low chair heights. These findings 

elucidate the importance of considering chair height when examining findings of 

STS studies.  

Ellis and associates62 also examined the effect of the use of the upper 

extremities to assist in rising from a chair by pushing on armrests. The position of 

the hands on the armrests was not specified in this study, neither was the chair 

height, LE position, nor speed of STS. The results of this study of eighteen male 

and female healthy young subjects indicated that using the arms to push down 

during STS significantly decreased the knee joint forces and tensions in the 

quadriceps, hamstrings, and gastrocnemius muscles. The peak knee joint forces 

and muscle tensions were found to occur between 85 and 110 degrees of knee 

flexion, at approximately the moment of liftoff of the buttocks from the seat. 

These findings are generally in agreement with those of Burdett and 
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colleagues126 who also found reduced knee and hip extensor joint moments with 

use of the arms to push up.  

Strategy-Related Determinants of Sit-to-Stand 

The strategy-related determinants of STS are factors that may be 

experimentally controlled or may be compensatory alterations in movement 

patterns in response to other factors such as chair height. Schenkman and 

colleagues129 first described two strategies for STS: a momentum-transfer 

strategy and a stabilization strategy. In their previously described study this 

group reported use of the momentum-transfer strategy by healthy young adults to 

utilize the upper body momentum developed early in STS to assist with the 

upward extension phase of rising. This strategy is inherently unstable after liftoff 

since the center of mass (CM) is still significantly posterior to the new base of 

support (BS). Adequate strength and coordination are required to control the 

body momentum; however, the advantage is reduced LE force required to rise. 

The stabilization strategy moves the CM closer to the BS prior to liftoff. This 

improves stability at liftoff but would appear to require more force from the LEs to 

achieve the upright position. The stabilization strategy was observed in additional 

studies including elderly subjects who were noted to move their feet back prior to 

liftoff.127, 146, 147 These findings are in partial agreement with the findings of Papa 

& Cappozzo148 who found elderly subjects moved their CM closer to the new BS 

but showed a larger upper body rotational momentum at the time of liftoff, thus 

relying on a potentially destabilizing movement to aid in STS. Hughes and 

colleagues147 described this as a third possible strategy, the combined 
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momentum-transfer/stabilization strategy. These researchers studied STS in a 

group of elderly subjects (eight community-dwelling and 14 nursing-home 

residents) varying the seat height in order to examine the effect on STS strategy. 

Subjects were videotaped from the right side with skin reflective markers to 

gather kinematic data as they rose from six seat heights ranging from 43.2 cm. to 

55.9 cm. This study was relatively unconstrained with the original position 

standardized (back against the backrest, arms folded across the front of the body 

in order to prevent arm use). The subjects were permitted to move their feet 

during STS. Eleven of the subjects used the momentum-transfer strategy 

demonstrating high horizontal CM velocities and relatively large distances 

between the CM and the BS immediately prior to liftoff. Four of the subjects rose 

using the stabilization strategy, moving their buttocks forward and/or their feet 

back in order to decrease the CM to BS distance and maintaining a relatively low 

horizontal CM velocity. The remaining five subjects were classified as a 

combined strategy. The momentum and CM to BS distance in this group was 

intermediate between the momentum-transfer and stabilization groups. Hughes 

and coworkers147 also found that subjects using the stabilization strategy 

required more time to rise at all chair heights and had the highest failure rate in 

STS. The combined group was intermediate between the other two groups in 

regards to time to rise and failure rate. The strategy used for STS was generally 

consistent within subjects with no evidence of a change to a more stable strategy 

as seat height became more challenging.  
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Speed of Rising 

The STS strategies described by Schenkman129 and Hughes and their 

coworkers147 are selected by individuals and appear to be a consistently used 

neuromuscular pattern. Researchers frequently impose certain STS strategy 

determinants in order to examine their impact on the motion. One frequently 

studied strategy-related determinant is speed of rising. Some studies utilize a 

metronome in order to control speed across subjects.129, 133, 134, 135, 137, 141 The 

majority of researchers allow subjects to self-select their speeds, using terms 

such as “normal,” “fast,” and “slow.” 121, 126, 127, 128, 131, 132, 145, 147, 148, 149, 150 One 

difficulty in studies attempting to control speed of STS is the fact that subjects 

may not be capable of exactly matching their speed to a metronome or other 

timing device.  An example of this can be seen in the results of the study 

conducted by Ikeda and colleagues.135 In this study the metronome was set at 52 

beats per minute with the intent that subjects would rise in 1.15 seconds. Actual 

results of their study showed mean rise times for young healthy female subjects 

to be 1.86 seconds and 1.95 seconds for healthy male and female elderly 

subjects.  

Studies utilizing self-selected speeds of STS have examined the impact of 

altering the pace from slow to normal to fast ascents. Pai and colleagues139 

studied ten healthy young male and female adults to determine the effect of 

speed of ascent on movement of the CM during STS. Subjects rose from a 45 

cm. seat height, arms folded across their anterior trunk, at self-selected normal, 

slow, and fast speeds. Infrared LED skin markers on the left side of the body 
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were utilized with two infrared cameras to capture kinematic data. Two force 

platforms were used to gather kinetic data: one was placed beneath the chair 

and the second was placed beneath both feet.  Pai and coworkers139 described a 

typical CM trajectory with two distinct components: an initial horizontal forward 

movement followed by a later upward vertical movement of the CM. This pattern 

was unchanged by alteration of speed of STS; however, the conversion of 

horizontal to vertical CM motion occurred earlier with a fast STS and later with a 

slow STS. The vertical linear momentum of the body increased three times the 

amount of the increase in horizontal linear momentum as speed of STS 

increased from slow to fast. In a companion study, Pai and associates140 

examined the contribution of various body segments to momentum during STS. 

They concluded that the upper body, consisting of the head, arms, and trunk, 

contributed greater than 50% of the horizontal linear momentum at all speeds of 

rising from the seated position. There was a small increase in this momentum 

from slow to natural speeds and no further significant change when the speed 

was increased to fast. The thigh was found to be the primary contributor to 

vertical linear momentum, contributing greater than 60% of the momentum during 

STS. This vertical momentum increased significantly from slow to natural to fast 

speeds. Although these studies used a small sample of young, healthy adults, 

the findings are generally in agreement with studies of larger size and including 

elderly subjects.128, 136, 151 Differences in the elderly group may be explained by 

their inability to perform STS as rapidly as the young group.  
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In addition to alterations in the trajectory and momentum of the CM, speed 

of STS changes angular positions of body segments and joint torques. Gross and 

colleagues128 examined the effect of speed of ascent during STS in 26 healthy 

elderly and 12 healthy young females. Kinematic data were gathered by 

retroreflective markers utilizing a video-based motion analysis system as 

subjects rose from a reportedly standard height chair with hands on their hips at 

normal and fast speeds. (The chair height was reported to be 18 cm.; however, 

this is much lower than actual standard chair heights. A search of the literature 

did not find a correction of this height. Attempts to reach the primary author to 

clarify this were unsuccessful.) Force plates located in the floor beneath both feet 

and in the chair seat provided kinetic data. Surface EMG electrodes collected 

data regarding muscle activity of seven LE muscles. Joint torque was normalized 

to subject body weight and height while EMG data were normalized to maximal 

voluntary isometric contractions (MVIC). Both young and elderly subjects 

demonstrated relatively similar ankle and knee angular positions at liftoff for the 

two speeds of STS. The elderly group flexed their hips to a lesser degree when 

rising at the fast speed, giving their trunk a more upright position. Hip, knee, and 

ankle joint angular velocities increased in both groups as speed increased. Peak 

knee and hip extension torques increased significantly in the fast STS for the 

young subjects, while only the knee extension torque increased with faster speed 

in the elderly group. The fast STS condition also yielded higher peak normalized 

amplitudes of muscle activity for the vasti, rectus femoris, hamstrings, and 

gastrocnemius muscles, reflecting the increased knee and hip extensor torques. 
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Although this study was limited to female subjects, the findings are in general 

agreement with additional studies regarding the increased joint angular velocities 

and knee and hip extensor torque required to rise at a faster speed.132, 143 

Lower Extremity Position 

Some researchers have examined the effect of the initial position of the 

ankle/foot or knee joints on the STS movement. This is important since some 

individuals may have impairments limiting the motion of one or more LE joints. 

Kawagoe and associates144 studied the STS movement in ten healthy young 

Japanese male subjects as they rose from an armless, backless chair with three 

different foot placement conditions. These foot conditions were crossed with 

three different seat heights to produce nine different STS conditions. Subjects 

were filmed with two sensor cameras utilizing LED skin markers to collect 

kinematic data. Two force plates were used to gather kinetic data with one 

placed beneath each foot. Muscle activity was measured for four muscles of the 

left LE utilizing surface EMG electrodes. This well-controlled study standardized 

the initial position of the body with the thighs parallel, buttocks near the front of 

the seat, the feet 10 cm. apart, and the arms folded across the chest. The three 

foot-placement conditions were: lower leg vertical to the floor, 10 cm. forward, 

and 10 cm backward from the vertical foot condition. In relation to the other two 

conditions, the feet forward condition produced a greater maximum vertical 

ground reaction force (GRF) as well as greater forward acceleration GRF, 

backward deceleration GRF, and lateral GRF. These increased GRF for the 

forward foot condition are associated with larger movement of the CM at a more 
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rapid rate and increases in muscle activity of the tibialis anterior, rectus femoris, 

and hamstring muscles in that order during STS. The activity of these muscles 

remained high throughout the movement. The timing of the movement of body 

segments is altered with the trunk extending first followed by hip extension and 

finally knee extension. This is in contrast to the feet back position in which 

extension of the knee occurs first followed by extension of the trunk and finally 

the hip. The moments on the knee joint are changed to a biphasic pattern of 

flexor moments initially to bring the CM forward followed by a reversal to an 

extensor moment to raise the body. This is in contrast to a uniphasic knee 

extensor moment in the normal and foot backward conditions. The activity of the 

LE muscles tended to be of lesser amplitude and for briefer time periods in the 

foot backward condition, indicating that this is a less challenging position of the 

feet for STS. These findings have significant implications for individuals with 

limited ankle or knee motion, both conditions which may cause an individual to 

assume a more foot-forward position during STS. One weakness of this study 

was the use of a linear distance of altering foot placement rather than a change 

in angular position, thus the position of the ankle joints may have varied for the 

subjects. It also makes comparison of these findings to other studies difficult. 

Khemlani and colleagues152 used a similar methodology in which they examined 

two foot-placement positions: a vertical lower leg condition (that they called 

“front”) and a condition with the feet 10 cm. posterior to this (“back”). They found 

the front condition to require a greater amplitude and peak angular velocity of the 

hip as compared to the foot-back condition. The pattern of movement in their 
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nine healthy young male subjects was similar for both conditions with the knees 

extending first followed by the hip and then the ankle. It must be noted that the 

foot-front condition in this study is comparable to the vertical-foot condition in the 

study by Kawagoe and colleagues.144 The findings of Khemlani and coworkers152 

regarding increased hip angular velocity are in agreement with additional 

researchers investigating the effect of decreased initial ankle DF position on the 

STS task.136, 142, 143, 148 

Subject-Related Determinants of Sit-to-Stand 

Many important factors that impact the STS movement are incapable of 

being experimentally manipulated as in chair-related or strategy-related 

determinants. Some of these factors are age, body mass, and the presence of 

pathology, impairment, or disability. Many researchers have studied the impact of 

age on the motion of STS. The biomechanics of STS for young, healthy subjects 

has been described earlier in this paper. Alterations in this movement pattern will 

now be described for healthy elderly subjects.  

Age: Sit-to-Stand in the Elderly 

In a highly controlled cross-sectional study of the biomechanics of the STS 

movement Ikeda and colleagues135 compared the kinematics and kinetics of this 

task between healthy elderly and healthy young adults. The initial body 

configuration was standardized to avoid differences due to anthropomorphic 

variation: the seat height of the armless/backless chair was adjusted to 80% of 

each subject’s knee height, ankles were placed at 18 degrees of DF, thighs and 

feet were parallel and the medial borders of the bare feet were 10.2 cm apart; 
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arms were folded across the chest. Since alterations of movement may occur 

with different speeds of ascent, the task was controlled for time of STS with a 

metronome. Kinematic data were gathered with four optoelectronic cameras and 

infrared LED skin markers while kinetic data were collected from one force plate 

located beneath each foot. The nine subjects in each group performed the STS 

task in very similar fashion, including demonstration of the previously described 

STS phases: 1) flexion-momentum, 2) momentum-transfer, 3) extension, and 4) 

stabilization. The elderly group was slower to complete phases 1 – 3 at 1.95 sec. 

(versus 1.86 sec.); however, they spent a relatively brief time in phase 2. This 

difference in speed of ascent was not significant, neither were normalized total 

range of motion at LE and trunk joints, peak velocities for joints and body 

segments, nor peak torques at the hips and knees. The elderly group did 

demonstrate significantly reduced maximum angles for trunk-to-pelvis flexion and 

head-to-trunk extension during the momentum-transfer phase and significantly 

greater maximum head-to-ground flexion angles during this phase. The 

differences observed indicate that the elderly subjects had more difficulty with the 

challenging second phase of STS, in which it is necessary for the individual to 

control his or her balance while the CM is still quite far from the new BS. 

Additional observations from this study that reinforce this reduction in dynamic 

balance control in the elderly group are increased variability of head and trunk 

position during phase 2 and an alteration in the order of joint extension during 

phase 3, with the knee extending prior to the hip and trunk. This would maintain 

the CM in a more stable, anterior position as compared to the typical young 
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group’s pattern of hip extension followed by trunk and knee extension. The 

findings of Ikeda and coworkers135 are weakened by the small number of 

subjects and the gender imbalance, as the young healthy group was entirely 

female while the elderly healthy group was composed of six males and three 

females. In addition, the tight controls may mask normal differences between the 

groups in performance strategies and timing.  

Using a study methodology with fewer experimental controls, Millington 

and associates131 examined the biomechanics and muscle activity in five male 

and five female healthy elderly subjects as they rose from an armless standard 

chair with a seat height of 43 cm. Subjects’ knees were placed at 90 degrees of 

flexion and hands were placed in their laps as they performed the STS task at 

self-selected speeds. Reflective skin markers were used to capture movement of 

body segments as subjects were videotaped during the motion. One force plate 

was utilized below both feet to gather ground reaction force (GRF) data for 

kinetic analysis and surface EMG electrodes were placed over six trunk and LE 

muscles to detect activity during STS. Millington and colleagues131 defined three 

phases of STS that were very similar to the first three phases described by 

Schenkman and colleagues129 with slight differences due to different kinematic 

events that were selected to define initiating and ending points. The names of the 

phases used by Millington and coworkers131 are 1) weight shift, 2) transition, and 

3) lift. Weight shift is characterized by anterior movement of the CM along with 

flexion of the trunk and pelvis. Transition is the phase in which forward CM 

motion is converted to upward motion and is the most unstable of the three 
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phases. Finally, the lift phase is characterized by vertical CM movement and 

extension of the trunk and LE joints. The phases described from this relatively 

uncontrolled study are in agreement with those described by Ikeda and 

coworkers135 in their tightly controlled study of STS in the elderly. The time to rise 

was slower in this study with a mean of 2.03 seconds. The basic kinematics and 

kinetics of STS in the elderly in this study are quite similar to the pattern 

previously described as found in the young healthy population.133 Peak vertical 

GRF occurred at the beginning of the lift phase, just after liftoff from the seat. The 

onset of muscle activity of the knee and hip extensors occurred prior to this 

during the transition phase of STS. The initial anterior acceleration force reversed 

to a posterior deceleration force during this phase; this reversal occurs at this 

point in the STS cycle in young healthy subjects as well.125, 129, 133, 139, 140, 151 The 

findings of this descriptive study are weakened by the small sample size. In 

addition, the use of a single force plate beneath both feet makes calculation of 

individual joint kinetics impossible. A third weakness is that there was no 

comparison group, thus one must attempt to compare these results to those of 

other studies that frequently utilize very different methodologies.  

Gross and colleagues128 conducted a study examining STS biomechanics 

and muscle activity comparing 26 healthy elderly females to 12 healthy young 

female adult subjects. These researchers studied the movement patterns of 

subjects as they rose from a standard height chair at self-selected normal and 

fast speeds while maintaining hands on hips. Reflective markers and a video-

based motion analysis system, floor and chair force plates, and surface EMG 
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electrodes were used to gather biomechanical and muscle activity data. The time 

to rise in the elderly group was 2.14 seconds, slightly longer than the mean times 

in the two previously described studies. Gross and coworkers128 found that the 

elderly group was able to increase their speed of STS; however, the young group 

was significantly faster in both the normal and fast conditions. This is in contrast 

to a study by Alexander and colleagues153 who reported no significant differences 

in rise time for normal self-selected speed although the mean STS time for their 

young group was shorter than the elderly group. Pai and colleagues151 found 

elderly subjects to be significantly slower in STS only at self-selected slow 

speeds, not at normal or fast speeds of chair rise. Gross and colleagues128 found 

significant differences in the flexion-momentum phase of STS, with the elderly 

group generating greater horizontal forward momentum through increased hip 

flexion, faster hip flexion angular velocity, and a delay of the conversion of hip 

flexion to extension. The forward angled trunk position is in agreement with that 

found by Wheeler and coworkers.127 The elderly group in the study by Gross and 

colleagues128 demonstrated a greater horizontal backward momentum at liftoff 

indicating more braking action to achieve more stability at this challenging stage 

in the task. At the fast speed the elderly group demonstrated reduced peak 

maximum vertical momentum of the CM and this was associated with reduced 

peak hip extensor torque. Pai and coworkers151 found similar reductions for the 

elderly in vertical momentum at normal and fast speeds as well as a longer time 

to reach peak levels. Scarborough and associates150 found that reduced upward 

vertical and anteroposterior upper body momentum during STS in the elderly was 
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associated with quadriceps weakness; a longer time to rise was also associated 

with reduced quadriceps strength. The findings of Gross and coworkers128 were 

in a group of exclusively female subjects, thus it is unknown if different findings 

may be found for male young or elderly healthy subjects. 

One challenge to examining motor tasks in the elderly is the frequent 

presence of neuromusculoskeletal or other impairments. Vander Linden and 

associates136 studied the STS task in eight healthy elderly subjects with the 

purpose of determining which characteristics of the movement were invariant 

regardless of alterations of speed and initial LE position. The findings of the study 

indicated that the basic movement patterns during STS are unchanged with 

variation of speed; however, different initial positions of the LE joints significantly 

alter the biomechanics and muscle activity associated with this motion. These 

findings are in agreement with those of Schenkman and associates137 who found 

that progressively lowering the chair height during a STS task caused significant 

alterations in the movement patterns exhibited by their ten elderly subjects. 

Differences between elderly and young subjects in sequencing of angular 

motions and reduction in time to reach maximum trunk, hip, and knee extension 

angular velocities became apparent at chair heights of 80% and 65% of knee 

height. These differences may be primarily due to weakness, reduced joint range 

of motion, or other impairments commonly present in older adults. Although 

progressively lower chair heights may significantly alter joint angular velocities, 

muscle activity, and CM horizontal and vertical momentum, Hughes and 

associates147 found the movement strategy utilized to rise remained invariant in a 
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group of 22 healthy community dwelling elderly or nursing- home residents. 

Hughes and coworkers147 found consistent use of either the momentum-transfer, 

stabilization, or combined strategies for STS regardless of seat height. The 

details of this study are reported in a previous section of this dissertation. 

Lower Extremity Strength and Sit-to-Stand in the Elderly 

Many studies examining the biomechanics of STS utilize 

electromyography (EMG) to detect muscle activity. Researchers not only attempt 

to ascertain the neuromuscular control of this movement, but to determine the 

force used to rise from the seated position. Several studies have examined the 

relationship between LE strength and STS performance. Scarborough and 

colleagues150 investigated the role of quadriceps muscle strength in performance 

of STS in a group of 34 elderly males and females with functional disability in 

ADL. Subjects were excluded if they had painful or gross skeletal malalignment. 

Quadriceps strength was quantified using a hand-held dynamometer during a 

maximal voluntary isometric contraction (MVIC) while the subject was seated 

with the knee at 90 degrees of flexion. Strength was normalized by body weight. 

Kinematic and kinetic data regarding the STS task were collected with four 

optoelectronic cameras, infrared LED surface markers, and two force plates. 

Subjects rose from a backless, armless 100% knee height chair with their arms 

folded, bare feet, the ankles in 18 degrees of DF at a normal self-selected speed 

(five subjects performed STS from a seat of 120% knee height since they were 

unable to rise independently from the 100% knee height chair). The relationship 

between normalized quadriceps strength and the biomechanics of STS was 
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examined. Normalized quadriceps strength (nQS) was significantly correlated 

with peak upper body vertical momentum and peak upper body horizontal 

momentum. A significant inverse correlation was found between nQS and time to 

rise, i.e., increased quadriceps strength correlated with a faster STS time. 

Scarborough and coworkers150 did not find any relationship between nQS and 

STS movement strategy. These findings are in agreement with those of 

Schenkman and colleagues137 who found that the lower extremity strength index 

(LESI: a composite of isometric peak torque of the knee flexors and extensors, 

ankle dorsiflexors and plantarflexors) was the strongest predictor of successful 

completion of STS in a group of 58 moderately functionally impaired male and 

female elderly subjects. Schenkman and coworkers137 reported moderately 

strong correlations between the LESI and the 1) CM vertical velocity and 2) seat 

height of the lowest successful chair rise. They found only a low correlation 

between quadriceps strength and time to rise. Corrigan and Bohannon121 

detected a significant but low correlation between quadriceps strength and STS 

rise time in their study with 55 elderly female subjects. The results of this last 

study indicated there is a curvilinear relationship between quadriceps strength 

and rise time so that once a certain speed of STS is reached no additional 

strength can cause further increase in speed.  

In a companion study Bohannon and Eriksrud154 determined that the 

weight-normalized quadriceps strength can be used as a cutoff point for 

prediction of independence in STS. In their sample of 107 primarily elderly acute 

rehabilitation patients with a wide variety of medical diagnoses, subjects needed 
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nQS of 40.0% body weight to independently perform STS without hands to assist 

and nQS of 31.1% body weight to perform this task with the assist of their hands. 

Hughes and colleagues120 are in agreement with a critical level of knee extensor 

strength in the ability to rise from a chair. In their study of STS from chair heights 

varying between 0.33 m and 0.58 m in a group of functionally impaired elders 

versus a group of  healthy young adults, Hughes and associates120 found that the 

functionally impaired elders required 97% of their MVIC in order to rise from the 

lowest chair height at which they successfully performed STS (versus 39% MVIC 

knee extensor strength in the young healthy group). 

Limited Knee Range of Motion and Sit-to-Stand 

An additional impairment relatively common in the elderly is limited joint 

range of motion (ROM). The effect of limited knee flexion ROM on the 

biomechanics of STS was investigated in an experimental simulation with ten 

young, healthy male and female subjects performing STS under two initial knee 

positions: 105 degrees and 75 degrees flexion.155 Subjects rose from a 44 cm.-

high stool at self-selected speeds; they were not permitted to push down on the 

stool or their legs with their arms but they were permitted to move their arms 

forward during the task. One high-speed cine camera was used to film the 

subjects as they rose; targets were later digitized to determine kinematics and 

calculate joint moments. The results of this relatively unconstrained study 

showed that STS with less initial knee flexion requires significantly longer time to 

rise. In addition, the limited knee flexion position causes significant increases in 

peak hip flexion angles, peak hip flexion impulses and peak hip extension 
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moments and impulses. Subjects used significantly greater forward momentum 

of the trunk and upper extremities to achieve STS in the 75-degree knee flexion 

condition. Peak knee extension moments were greater in the 75-degree 

condition; however, the difference from the 105-degree condition did not reach 

statistical significance. The results of this study must be considered cautiously 

since it was an experimental simulation of limited knee ROM, subjects were 

permitted to use their upper extremities to increase their momentum, and it was a 

small sample of young, healthy subjects. However, Papa and Cappozzo148 found 

similar increases in upper body horizontal momentum prior to liftoff from the seat 

in elderly subjects beginning STS with relatively less DF of the ankles versus 

elderly subjects with greater ankle DF. A lower magnitude of ankle DF indicated 

the subjects had a smaller angle of knee flexion as well. Thirty-five male and 

female elderly subjects performed the STS task at natural and fastest possible 

speeds from an armless, backless chair adjusted to 80% knee height. Subjects 

maintained their arms folded across their chests and selected their initial ankle 

DF angle. This study found no significant difference in speed of STS; however, 

direct comparison with the study by Fleckenstein and colleagues155 is impossible 

due to differences in upper extremity constraints and uncertainty regarding the 

actual knee angular position of subjects in the study by Papa and Cappozzo.148  

Body-Mass Index: Obesity and Sit-to-Stand  

Since the basic task of STS is to raise the body from a lower to a higher 

position, it is evident that heavier persons will be required to exert greater muscle 

forces, sustain higher joint moments, and may demonstrate different movement 
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strategies than lighter individuals. The impact of obesity on the biomechanics of 

STS was examined by Sibella and colleagues156 in a cross-sectional study 

comparing forty middle-aged obese females (body mass index >30 kg/m2) to a 

control group of young, healthy males and females (body mass index < 25 

kg/m2). Kinematic data were collected with an optoelectronic motion analysis 

system utilizing reflective skin markers. One force plate beneath subjects’ feet 

gathered GRF data for kinetic analysis. Subjects performed the STS task from a 

backless, armless office chair, adjusted to achieve a 90-degree knee flexion 

angle, arms crossed over the trunk, at a self-selected speed. Sibella and 

coworkers156 developed a biomechanical model that included calculation of the 

fat mass of the obese subjects (from comparison of actual weight to ideal weight) 

with distribution of this fat mass to represent the typical distribution of fat on 

obese females (40% on the abdomen and 60% on the thighs). This model was 

used to calculate LE joint moments. Significant differences in kinematics were 

found between groups, with the obese group demonstrating less trunk flexion 

during the flexion-momentum phase of STS. In addition, the obese subjects 

moved their feet posterior during early flexion-momentum, bringing them below 

the center of gravity of their upper body. Differences were noticed in joint 

moments as well. The peak hip moments in the control group were greater than 

their knee moments. This was reversed in the obese group, with the knee 

moments of greater magnitude than the hip moments. Thus, the obese subjects 

rose from the seated position in a more upright posture, moving their feet back 

beneath them near the start of the movement. This resulted in greater forces on 
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the knee joints. The results of this study are weakened by the age and gender 

differences between the groups. However, the authors report similar findings 

when a subsample of ten subjects from the obese group with a mean age of 26.5 

years is compared to the control group (mean age 26.5 years). The control group 

was 70% male versus 100% female for the obese group. This may cause 

differences in biomechanics; however, no study to date has reported differences 

in STS due to gender when chair height is adjusted anthropomorphically. 

Knee Osteoarthritis and Sit-to-Stand 

In addition to differences in STS biomechanics due to age, strength 

deficits, limitation in joint ROM, and obesity, Janssen and colleagues124 included 

disease as a subject-related determinant of this task. Several studies 

investigating STS have been conducted with persons having neuromuscular 

disease such as hemiplegia secondary to cerebrovascular accidents and 

paraplegia secondary to spinal cord injury.157, 158, 159 Additional studies have been 

performed with subjects described as motor impaired or functionally impaired.122, 

160 The study by Bernardi and associates122 examined subjects with a wide 

variety of medical diagnoses of an orthopedic nature including total joint 

arthroplasty of the knee and hip as well as hip arthrosis. Hughes and 

coworkers160 did not specify the diseases or disorders associated with their 

subjects’ functional impairments. The impact of rheumatoid arthritis on the 

biomechanics of STS has been studied to determine LE muscle activity during 

this task161 and to compare rising from a standard versus a specially designed 

ejector chair.162 Researchers have also examined the kinematics and kinetics of 
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rising from a chair in individuals who have undergone total knee arthroplasty for 

osteoarthritis.138, 163, 164 Despite the high prevalence of knee OA and the frequent 

difficulty with STS, the biomechanics of this ADL has been only minimally studied 

in the presence of this disease.  

Pai and associates165 examined the biomechanics of STS in twelve 

subjects with bilateral knee OA in comparison to a sex- and age-matched control 

group of twelve individuals. Eight of the subjects in the OA group had severe 

bilateral OA as determined by radiographic changes. The control group was 

asymptomatic with regard to the knees and had no significant history of knee 

pain or dysfunction. Groups were similar in age and height; however, the OA 

group had a significantly greater body mass (the researchers normalized joint 

torques by body weight to control for this difference). Subjects rose from a stool 

of 45 cm. height, arms crossed in front of their trunk, from a self-selected initial 

configuration at a self-selected normal speed. A two-camera motion analysis 

system with infrared LED skin markers was used to capture kinematic data; one 

force plate was used beneath subjects’ feet to gather GRF data. An additional 

force plate was used beneath the stool to measure the time of liftoff from the 

seat. The mean pain reported by the OA group was 6.3 cm. on a 10 cm. visual 

analog scale (0 = no pain, 10 = agonizing pain). The time to complete the 

movement was significantly longer for the OA group with a mean of 2.44 sec 

versus 1.98 sec. for the control group. The normalized time to liftoff as a 

percentage of STS cycle time was similar, however. The initial self-selected 

sitting posture was significantly different between groups, with the OA subjects’ 
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mean knee flexion angle of 82.3 degrees and ankle DF angle of 9 degrees; these 

were more extended at the knee and plantarflexed at the ankle when compared 

to the control group (91 degrees knee flexion and 16.4 degrees ankle DF). The 

total excursion of the knee joint during STS was significantly less in the OA group 

although the knee joint position at standing was similar. The normalized peak 

knee extensor and hip extensor torques occurred just after liftoff of the buttocks 

in both groups. The peak knee extensor torque for the OA group was significantly 

less than the control group. The magnitude of the knee joint torque of the OA 

group remained significantly lower from 40% – 70% of the STS cycle. The 

normalized hip extensor torque of the OA group was greater than that of the 

control group after liftoff; this became significant from 60% - 80% of the STS 

cycle. No correlation was found between reported pain severity and peak joint 

torque at the knee. The strengths of the study by Pai and coworkers165 are the 

close matching of the OA and control subjects and the control of arm use. The 

rationale expressed by the researchers regarding not controlling for body mass 

was the high prevalence of obesity in persons with OA. An additional strength of 

this study is the description of self-selected joint position and self-selected speed 

of STS. These may reveal typical movement patterns of individuals with bilateral 

knee OA under normal conditions.  The findings of this study are limited by the 

single seat height used by all subjects and the difference in speed of STS. The 

former may have caused alteration in initial knee and ankle position in some 

subjects due to variation in subject height. The latter may have caused reduced 

joint torques in the slower OA group; this may actually be the factor for reduced 
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knee extensor torques in this group. If speed of ascent was controlled both the 

knee and hip extensor torques would most likely have been altered. The findings 

of Papa and Cappozzo148 are in agreement with the results of this study as they 

found a lesser amount of ankle DF in the initial self-selected position in persons 

with arthrosis as compared to those without this pathology. Papa and 

Cappozzo148 did not specify the type of arthrosis or the affected joint, however.   

The biomechanics of STS in persons with knee OA was investigated by 

Su and associates138 in a cross-sectional study comparing three groups of 

subjects: 1) 12 female and 2 male individuals with knee OA with varus deformity 

(4 unilateral and 10 bilateral involvement), 2) 8 female and 4 male subjects 2 – 6 

years after total knee arthroplasty (TKA) for knee OA with varus deformity (8 

unilateral, 4 bilateral TKA) between 57 and 75 years of age (mean 64.8 years), 

and 3) 7 female and 5 male control subjects 54 – 75 years of age (mean 61.7 

years). The researchers did not report the ages for the OA group nor body height 

and weight with the exception of the TKA group. Subjects performed STS from 

an armless, backless adjustable-height chair at their self-selected normal speeds 

under four chair height conditions: 1) 115%, 2) 100%, 3) 80%, and 4) 65% of the 

individual’s knee height. No mention is made regarding the arm position; 

however, Figure 1 in their report shows an individual rising with the arms hanging 

down by her sides. A motion analysis system utilizing six cameras, reflective skin 

markers, and two force plates (one beneath each foot) was used to gather 

kinematic and kinetic data. Su and coworkers138 divided STS into the three 

previously described phases: flexion-momentum, momentum-transfer, and 
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extension; however, they did not comment on the relative timing of these phases 

between groups or chair height conditions. The OA and TKA groups required 

longer times to perform STS as compared to the control group. The group with 

OA required significantly longer time to rise from chair heights of 100%, 80%, 

and 65% knee height versus the control group. The difference between the TKA 

and control group was only significant at the 65% knee height chair; the TKA 

group required significantly longer time to perform STS at a chair of 65% knee 

height. Anterior horizontal displacement of the CM during STS was significantly 

greater in the TKA group as compared to the control group at chair heights of 

100%, 80%, and 65% knee height. Although the anterior horizontal displacement 

of the CM was greater at all 4 chair heights in the group with OA as compared to 

the control group, no significant differences were found.  As chair height 

decreased, the control group increased upward vertical velocity of the CM to a 

greater degree as compared to the OA and TKA groups. The control group 

demonstrated significantly greater upward velocity of its CM versus both the OA 

and TKA groups for the 65% knee height chair condition. All groups increased 

peak hip flexion position as chair height decreased. The hip of the uninvolved 

side of the subjects in the TKA group flexed to a significantly greater degree as 

compared to the hips of subjects in the OA group at the 65% knee height chair 

condition. In similar fashion, all groups increased the peak knee flexion angle 

with decreasing seat height. The knees of the OA group flexed to a significantly 

lesser degree than the uninvolved side of the TKA group at the lowest seat 

height. The maximal external hip flexion moment of the uninvolved limb of the 
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subjects in the TKA group was significantly greater than the control group at the 

65% seat height; no other significant differences were found. The involved knee 

of the TKA group and the knees of the OA group both demonstrated lower 

external knee flexion moments than the control group. These differences were 

significant at the two lowest chair heights for the OA group and at the lowest 

chair height for the TKA group. This study provides valuable information 

regarding the alterations in joint angular excursions, joint moments, and CM 

trajectories in persons with knee OA and TKA as compensations for decreasing 

chair height. The findings of Su and colleagues138 are in partial agreement with 

those of Pai and associates165 regarding the longer time required to perform 

STS, smaller magnitude of knee flexion during the motion, and lower knee joint 

moments in persons with knee OA. The similar hip flexion moments in the study 

by Su and coworkers138 differs from the findings of Pai and colleagues;165 

however, this may be due to differences in trunk and arm momentum. Some 

weaknesses of Su and associates’ study138 include no apparent control for initial 

body positioning other than adjusting the seat height, uncertainty regarding upper 

extremity position and use other than disallowing pushing down with the hands, 

significant gender differences between groups, uncertainty regarding the ages of 

the OA subjects, and difference in speed of ascent between groups.  

The results of the limited research investigating the biomechanics of STS 

in persons with knee OA indicate that these individuals perform the movement at 

a slower pace than asymptomatic persons of similar age. Individuals with knee 

OA apparently limit knee flexion ROM of the involved side at the initiation of 
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rising and limit the moments on the arthritic knee after liftoff from the seat. These 

differences may only be apparent at lower seat heights. It is still unknown if upper 

body or hip compensatory movements are responsible for maintaining the ability 

to rise with limited knee moments. Although the STS cycle may still demonstrate 

the typical phases present in healthy individuals, it is unknown if the proportion of 

time spent in each phase is the same in persons with knee OA. In addition, it is 

presently unknown what impact differences in LE strength, available joint ROM, 

joint position sense, and compartment of osteoarthritic involvement have on the 

kinematics and kinetics of STS. No research to date has examined the impact of 

PFOA on STS. The extremely high joint RF exerted on the PFJ during STS 

makes this a potentially painful and difficult activity in persons with PFOA. 

Knowledge of the biomechanics of STS in persons with PFOA may be helpful in 

designing interventions to improve functional status and pain level in persons 

with this disorder.  

Clinical Measures of Function in Patellofemoral Osteoarthritis 

Physical Performance Measures 

Although instrumented motion analysis of the biomechanics of STS is the 

most sensitive method for detection of temporal and kinematic data, this 

sophisticated equipment is rarely available to the clinician. It is therefore 

important to determine which clinical measures are capable of detecting 

functional ability to perform the STS task. The Timed Up and Go (TUG) test is a 

physical performance measure of functional mobility in community-dwelling older 

adults.166 It has been shown to be reliable and valid in older adults and is a 
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measure of a person’s ability to stand from a chair, walk 3 meters, turn 180 

degrees, return to the chair and sit down.166, 167, 168, 169 It has been used as a 

measure of functional performance in persons with knee OA; however, the 

compartment of involvement was not specified.170, 171 The TUG is recommended 

by the American College of Rheumatology (ACR) as a measure of adult general 

performance.172 A similar version that included a longer walking portion, the Get 

Up and Go test, was shown to be reliable for use with patients with knee OA.173 

The TUG  is particularly appropriate for examining the impact of functional 

limitation of STS since it incorporates rising from a chair. The ability to ambulate 

in a timely fashion is an important function and time to perform a walking task 

has been used as a measure of function in persons with knee OA.117, 174 Timed 

walk tests have been shown to be reliable and valid in persons with knee OA175, 

176 and are recommended by the ACR as measures of adult general 

performance.172 It is not known whether scores on the TUG or a timed walking 

test are related to the biomechanics of STS in persons with knee OA. 

Measures of Perceived Function and Pain 

Additional measures used in the clinical setting to quantify patients’ 

function are self-report measures of perceived functional status. The Western 

Ontario and McMaster University Osteoarthritis Index (WOMAC) is a disease-

specific health status instrument for OA of the hip and knee.177 This 

multidimensional self-report instrument examines pain, stiffness, and physical 

function. Lower scores indicate less pain, less stiffness, and better function. The 

WOMAC has been demonstrated to be reliable, valid, and responsive to change 
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in persons with hip and knee OA.177, 178, 179 It is frequently used as an outcome 

measure in clinical trials for treatment of persons with knee OA.180, 181 It is 

recommended by the ACR as a measure of adult LE function182 and as an 

outcome measure in clinical trials in osteoarthritis research.183 The Visual Analog 

Scale (VAS) is a measure of pain severity.184 It is a self-report instrument that 

has been shown to be reliable and valid for use with patients with arthritis185, 186 It 

is a quick and easy method of measuring pain severity and is recommended by 

the ACR as a measure of pain in adults.187 It is not known if a relationship exists 

between these two measures of perceived functional status and pain and actual 

biomechanics of the STS movement.  

Importance of Knee Biomechanics During Sit-to-Stand in Patellofemoral 

Osteoarthritis 

Biomechanical stress on articular cartilage is recognized as one factor in 

the etiology of OA.7, 11, 17, 25 Although microtrauma or macrotrauma from sports or 

occupational duties may be a cause of degenerative changes in some persons 

with OA, many people develop debilitating knee OA without participating in such 

activities.17 It has been theorized that malalignment may cause excessive stress 

on certain portions of the patellar cartilage and eventually lead to PFOA.27, 30, 31, 32 

Activities that require strong recruitment of the quadriceps muscle with the knee 

in a flexed position, such as rising from a chair, place high forces on the PFJ.62 If 

aberrant motion of the TFJ occurs in one or more planes during this activity, the 

altered tracking of the patella may cause high stress on the PFJ surfaces.35 A 

fundamental knowledge of the biomechanics of STS in persons with PFOA is key 
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to implementing the ACR’s recommendations for nonpharmacologic 

management of this condition.23 These interventions include bracing, taping, 

therapeutic exercise, and joint protection. The importance of nonpharmacologic 

treatment is underscored by recent reports of serious side effects from some of 

the cyclooxygenase inhibitor (COX-2) class of drugs as well as other nonsteroidal 

anti-inflammatory drugs.188, 189, 190 

As Guccione191 observed, the disease of OA leads to impairment and 

disability in ADL. It is disability and impairment that cause individuals to seek 

medical intervention. Research must address the impact of disease on important 

activities, such as STS, in order to ascertain novel treatments to improve function 

in persons who have difficulty performing these tasks. Dieppe192 makes the 

simple but eloquent observation that since OA is a mechanical disease we must 

correct the biomechanics in order to treat the illness. Before aberrant 

biomechanics can be corrected they must be adequately described, including 

differences from individuals without symptomatic degenerative changes. If the 

specific aims of this study are achieved, researchers will have a foundation from 

which to design nonpharmacologic interventions for PFOA. These may include 

neuromuscular rehabilitation, strengthening exercise, proprioceptive activities, 

and supportive bracing and taping. The information gained may be useful to 

surgeons as well in the design and placement of patellar components in knee 

arthroplasty. In addition, any associations between the results of physical 

performance measures and aberrant kinematics may be useful to clinicians 

during evaluation of patients with PFOA. The results of this research study may 
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support the use of one or more of these clinical physical performance tests in 

persons with PFOA. There may also be a particular movement pattern, visible to 

the naked eye, which a clinician may use as a marker for potential problems with 

STS in persons with knee OA or to screen for those at risk of developing PFOA. 

This would be useful for preventative treatment or early intervention in those still 

asymptomatic. 

Framework of the Research 

A conceptual framework was developed to visually depict the relationship 

between subject-related, chair-related, and strategy-related determinants of the 

biomechanics of STS in persons with PFOA. Utilizing this classification of the 

factors affecting the STS movement, as proposed by Janssen and associates,124 

I have developed a visual depiction of these factors to demonstrate their impact 

on STS in the presence of PFOA. Janssen and colleagues124 list disease as one 

subject-related determinant of STS. I have expanded on this concept with 

regards to the specific disease of PFOA; refer to Figure 2 for a pictorial view of 

my conceptual framework. As can be seen, multiple factors including biochemical 

changes,7, 11 increased joint stress,7, 23, 24, 26, 30, 193 joint mobility and stability,7, 23, 

109, 112, 148, 155, 193  neuromuscular status,3, 110, 113, 115, 120, 121, 137, 150, 154, 193 pain,7, 23 

and demographics1, 2, 3, 7, 19, 23, 24, 64, 127, 128, 135, 151, 153, 156, 193, 194 interact in the 

individual with radiographic evidence of PFOA. Alterations in one or more of 

these factors will affect the biomechanics of STS. Additional factors that may 

alter the motion of a person during this task are factors related to the chair62, 126, 

143, 144, 145 and the movement strategy.62, 126, 128, 135, 136, 139, 140, 142, 143, 144, 148, 152 This 
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research study will examine the effect of the presence of OA in the PF 

compartment of the knee on the kinematics and kinetics of the hips and knees 

during STS. The conceptual framework demonstrates additional factors that may 

be studied in future research. In addition, the framework can be a basis for 

planning therapeutic interventions to improve performance of STS. 

In addition to seeking to describe the hip and knee biomechanics of STS in 

persons with PFOA, this research study will analyze the impact of this disease on 

functional ability. This will be examined utilizing two previously validated physical 

performance measures, the TUG and the FFW tests, and a previously validated 

self-report measure of function (the WOMAC). These measures are useful to the 

clinician in quantifying functional ability and designing treatment programs for 

persons with PFOA. 

Research Aims 

1) To determine typical triplanar biomechanics of the hips and knees during 

STS in persons with PFOA.  

2) To determine the impact of PFOA on physical performance of ADL as well 

as on perceived functional status and pain. 

3) To determine the relationship between knee kinematics of STS and 

physical performance of ADL. 

The long-term objective of this study is to add to the body of knowledge 

quantitative descriptions of the impact of PFOA on persons’ functional abilities, 

pain, and perception of function.
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Figure 2. Biomechanics of sit-to-stand in patellofemoral osteoarthritis. 
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Strategy-Related Factors123 
•Speed 127, 134, 150, 135, 138, 139 
•Arm Use +/-60, 125 
•L/E Joint Position135, 142, 143, 147  
•Trunk Position & Movement 

 

Subject-Related Factors123 
Factors51 

Demographics 
•Age1, 2, 18, 62, 126, 127, 134, 150, 152 

•Gender18, 22 
•Body Mass Index3, 7, 21, 22, 62, 155 
•Unilateral vs. Bilateral192 
•Comorbidities108 

 

Increased Joint Stress 
•Large Body Mass Index7, 21, 22 
•Malalignment21, 26, 28, 191 
•Trauma7, 21 
•Radiographic Changes – Knee  
Compartment Involved26, 28  

 

Biochemical 
Changes 
•Articular Cartilage7, 12 
•Subchondral Bone7, 12 Pain7, 21 

Joint Mobility/Stability 
•Range of Motion Deficits7, 21, 147, 154 
•Angular Velocity Deficits 
(Stiffness)108, 111 
•Ligamentous Stability191 

Neuromuscular 
Status 
•Quadriceps  
Weakness3, 119, 120, 136, 149, 153 

•Hamstring Weakness 112, 

147 
•ProprioceptiveDeficits154, 

191 
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Research Questions and Hypotheses 

1) What are the typical triplanar biomechanics of the hips and knees for 

persons with PFOA during STS and how do these compare to the 

biomechanics of age- and gender-matched control subjects? 

�  Hypothesis 1: Significant differences will be found between the 

PFOA group and the control group in terms of hip and knee angular 

position in one or more planes (sagittal, frontal, or transverse) 

during STS. 

�  Hypothesis 2: Significant differences will be found between the 

PFOA group and the control group in terms of hip and knee joint 

moments in one or more planes (sagittal, frontal, or transverse) 

during STS. 

2) What is the impact of PFOA on physical performance of activities of daily 

living, perceived functional status, and pain? 

�  Hypothesis 3: Significant differences will be found between the PFOA 

group and the control group for time to perform the physical 

performance tests (TUG and FFW). 

�  Hypothesis 4: Significant differences will be found between the PFOA 

group and the control group for ratings of perceived functional status 

(WOMAC) and for ratings of pain (VAS) following STS, TUG, and 

FFW. 

3) What is the relationship between knee kinematics during STS and 

physical performance of ADL in persons with knee OA? 
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�  Hypothesis 5: A significant relationship will be found between knee 

kinematics of the dominant LE in one or more planes and score on the 

TUG and/or the FFW.  
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CHAPTER 2 

TRIPLANAR BIOMECHANICS OF THE HIPS AND KNEES IN PERSONS WITH 

PATELLOFEMORAL OSTEOARTHRITIS 

Introduction 

 Osteoarthritis (OA) is prevalent in Western society, affecting 26.9 million 

adults older than 25 years of age in the USA.8, 9 The knee joint is most frequently 

impacted by the disease. OA of the patellofemoral compartment is associated 

with significant disability, to an even greater degree than the tibiofemoral (TF) 

compartments.19 Patellofemoral (PF) OA is prevalent in adults over age 55 years; 

13.6-24% of females and 11-15.4% of males demonstrated isolated radiographic 

PFOA.19, 20  

 The etiology of OA is multifactorial in nature with both biochemical and 

mechanical factors identified as significant. Recent research has shown the 

importance of biomechanical factors such as structural alignment in the presence 

of knee OA and in the progression of both TFOA and PFOA.26, 27, 28, 29, 30  Huberti 

and Hayes35 reported that an alteration in the TF alignment in the frontal plane, 

with either increased knee valgus or increased knee varus, caused increased 

patellar stress in an in vitro study. High joint stress has been implicated as one 

factor in the development and progression of PFOA.17, 30, 89  The PF joint (PFJ) 

stress is increased in forceful flexed knee activities as the PFJ reaction force 

(RF) is largest in tasks requiring forceful quadriceps contraction with the knee in 

greater flexion.61, 195 Thus, the PFJ RF for level walking is 0.5 times body weight 

(BW) while the PFJ RF during rising from a chair is 6.70 times BW.34, 62  
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The ability to perform the task of sit-to-stand (STS) is critical to maintain 

functional independence and quality of life.120, 121 The biomechanics of STS has 

been studied in different populations and conditions. Despite the high prevalence 

of difficulty with STS reported by persons with knee OA, very limited research 

has examined STS in the knee OA population, and this has been limited to the 

sagittal plane.138, 165  No studies have addressed the impact of PFOA on STS. 

The high PFJ RF during rising from a chair makes STS a potentially painful and 

difficult activity in persons with PFOA.62  

The purpose of this study was to quantitatively examine the hip and knee 

biomechanics of STS in persons with bilateral symptomatic, radiographically 

confirmed PFOA aged 40-65 years, versus an age- and gender-matched 

asymptomatic group without PFOA (i.e., control group). 

Methods 

Subjects 

Thirty-two adults participated in this study and were recruited with the assistance 

of local orthopaedic surgeons, physical therapists, and through advertisement in 

Temple University Hospital. Seventeen of these subjects were in the PFOA 

group and 15 were in the control group (Table 2). After radiographic screening, 8 

subjects remained in the PFOA group and 7 subjects remained in the control 

group (Table 3) and met all inclusion and exclusion criteria (Table 4). No 

significant differences were present between subjects who were excluded as 

compared to those included in phase 2 of the study, other than the radiographic 

findings. A significant difference did exist in terms of Body Mass Index (BMI) 
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Table 2.  Subject Demographics 
________________________________________________________________ 
     Overall  PFOA  Control  
_____________________________________________________________________________ 
Number 32 17 15 
    
Age range (years) 40-64 40-61 41-64 
 
Mean age [years (SD)] 52.6 (7.5) 51.0 (7.2) 54.4 (7.7) 
 
Race 
 White 22 9 13 
 Black 8 6 2 
 Latino 2 2 0 
 Other 0 0 0 
  
Gender 
 Male 4 3 1 
 Female 28 14 14 
 
Height, meters [mean (SD)] 1.64 (0.07) 1.65 (0.07) 1.62 (0.05)  
 
Mass, kilograms [mean (SD)] 81.5 (19.5) 85.9 (22.2) 76.6 (15.3) 
 
Body Mass Index [mean (SD)] 30.3 (6.4) 31.3 (7.0) 29.1 (5.7)  
_____________________________________________________________________________ 
PFOA = patellofemoral osteoarthritis group; SD = standard deviation 

 

between the PFOA and control groups for subjects included in phase 2 (Table 3). 

All subjects gave written informed consent. All procedures were approved by the 

Temple University Institutional Review Board in accordance with the NIH 

guidelines for medical research in humans.  

Experimental Procedures 

After giving consent to participate, subjects completed a questionnaire regarding 

medical history and the presence of knee pain, stiffness, and disability. Physical 

exam tests were performed by a single examiner (LTH) to measure knee range 

of motion, detect pain and/or crepitus with patellar glide and patellar compression 

tests, and to screen for the presence of a possible TF source of knee pain by
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Table 3.  Demographics of Subjects Included in Final Phase of Testing   Comparison is made between those 
included in the final phase of testing and those excluded after session one. 

_____________________________________________________________________________________________ 
     PFOA: Included  PFOA: Excluded Control: Included Control: Excluded 
________________________________________________________________________________________________________________ 
 
Number 8 9 7 8  
    
Age range (years) 41-61 40-60 41-64 42-61 
 
Mean age [years (SD)] 52.0 (7.5) 50.2 (7.3) 55.3 (8.7) 53.6 (7.3) 
 
Race 
 White 6 3 6 7 
 Black 1 5 1 1 
 Latino 1 1 0 0 
 Other 0 0 0 0 
  
Gender 
 Male 1 2 1 0 
 Female 7 7 6 8 
 
Height, meters [mean (SD)] 1.66 (0.08) 1.65 (0.08) 1.64 (0.04) 1.61 (0.06) 
 
Mass, kilograms [mean (SD)] 91.6 (21.5) 80.9 (22.7) 73.1 (10.0) 79.6 (18.9) 
 
Body Mass Index [mean (SD)] 33.2 (6.5)* 29.6 (7.4) 27.3 (3.1)* 30.7 (7.0) 
________________________________________________________________________________________________________________ 
PFOA = patellofemoral osteoarthritis group; SD = standard deviation 
* Significant difference between PFOA: Included and Control: Included groups, t-test, 2-tailed, p = .043 
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Table 4. Inclusion and Exclusion Criteria 
________________________________________________________________ 
Inclusion Criteria PFOA Control 
_____________________________________________________________________________ 
Age: 40-65 years + + 
 
Knee range of motion + 90 deg. flexion  + + 
 
Able to ambulate > 50 feet without  + + 
assistive device 
 
Able to stand from standard chair5 times + + 
without hand use 
          
History of knee pain on most days > 1 month + - 
 
Knee pain during past year + - 
 
Bilateral anterior knee pain + - 
 
Activity limitation 1-2 days in past year due + - 
to knee pain   
 
Pain + stiffness with flexed knee  > 3/9 < 2/9 
activities  
 
Pain + crepitus with patellar tests > 1 0 
 
Radiographic PFOA (OARSI grade 0-3) > 1 0   
_____________________________________________________________________________ 
Exclusion Criteria PFOA Control 
_____________________________________________________________________________ 
Radiographic TFOA (OARSI grade, 0-3) > 2 > 2 
    
Tenderness/enlargement of TF joint line + + 
 
Other disease of knee/extensor mechanism + + 
 
Neurologic or musculoskeletal + + 
conditions that may alter STS 
 
Pregnancy + + 
 
Corticosteroid or viscosupplement injections  + + 
of knee within past 3 months 
_____________________________________________________________________________  
PFOA = patellofemoral osteoarthritis group; OARSI = Osteoarthritis Research Society 
International 
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palpation of the TF joint line. These tests have been demonstrated to have 

adequate interobserver reliability utilizing a standardized grading system (Rc = 

0.85-0.99).97 Radiographic screening was then performed with three views of 

each knee: a supine axial (skyline) view of the PF compartment with the knee 

flexed to 45 degrees, a side-lying lateral view of the PF compartment, and an 

erect standing anteroposterior view of the TF compartments.17, 19, 66, 67, 69, 73, 76, 78, 

85, 86, 87, 88, 104, 105, 196, 197 All radiographs were reviewed and graded by one 

musculoskeletal radiologist (WRR) according to the Osteoarthritis Research 

Society International (OARSI)95, 105 ordinal scale (0 = none, 1 = mild/possible, 2 = 

moderate/definite, 3 = severe).  

Those subjects meeting all inclusion and exclusion criteria underwent a 

second session of testing. Subject knee pain, stiffness, and disability were 

measured using the Western Ontario and McMaster Universities Osteoarthritis 

Index (WOMAC) questionnaire177, 178, 179 as well as Visual Analog Scale (VAS)184, 

185, 186, 187 measures of knee pain over the past 30 days. Anthropomorphic 

measurements were taken: height, weight, and knee height at the lateral TF joint 

line. Strength was measured bilaterally for the quadriceps, gluteus medius, 

gluteus maximus, and hip external rotator muscle groups using a hand-held 

dynamometer (Lafayette Manual Muscle Tester, Model 01163, Lafayette 

Instrument, Lafayette, IN, USA).198 Three trials were performed by each subject 

with the score recorded as the average of trials 2 and 3. Lower extremity (LE) 

dominance was calculated by comparing strength measures from the tested 

muscle groups. LE dominance was defined as the stronger limb in > 3 out of 4 
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muscles. Four subjects were found to have each limb strongest in 2 of the 4 

tested muscles; in these cases the limb with the higher total strength score for all 

4 muscle groups was defined as the dominant limb. (Table 5) 

This was followed by physical performance testing and biomechanical 

testing of STS; the order was randomly determined according to a coin toss. Two 

physical performance tests were administered, the Timed Up and Go (TUG) and 

fifty-foot walk test (FFW) in which subjects were asked to walk “quickly”. Both of 

these tests were administered while barefoot. Subjects reported knee pain before 

and after the TUG and FFW with a VAS.  

Biomechanical analysis of STS was performed using a 5-camera Vicon 

460TM 3D motion capture system (Vicon, Oxford Metrics Group, Oxford, UK) at a 

sampling frequency of 120 Hz with a 6° of freedom mar ker set.199 Passive 

reflective anatomical markers were placed at the anterior and posterior superior 

iliac spines, greater trochanters, medial and lateral femoral condyles, and medial 

malleoli. Tracking markers were placed at the C7 spinous process, T10 spinous 

process, sternal notch, lateral malleoli, second metatarsal heads (MH2), and the 

posterior calcanei at the level of MH2. Additional tracking markers were affixed in 

clusters to thermoplastic shells and attached to the thighs and shanks with hook 

fasteners to Nylatex Wraps® (North Coast Medical, Morgan Hill, CA, USA). Two 

thermoplastic shells were attached to the right and left pelvis with hook fasteners 

to a SI-Loc™ pelvic band (OPTP, Minneapolis, MN, USA). Two markers each 

were placed on right and left pelvic shells, while 4 noncollinear markers were 

placed on each thigh and shank shell. A calibration trial was collected in quiet
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Table 5.  Lower Extremity Dominance 

____________________________________________________________ 
Subject ID  Group  Criteria for Dominance  Dominant LE 
_____________________________________________________________________________ 
101   PFOA   TSS    L 

103   PFOA   > 3    R 

104   PFOA   > 3    L 

105   PFOA   > 3    L 

106   PFOA   TSS    L 

107   PFOA   > 3    R 

108   C   > 3    R 

109   C   > 3    L 

112   C   > 3    L 

114   C   > 3    L 

117   C   > 3    L 

119   PFOA   TSS    L 

120   C   > 3    R 

121   C   TSS    L 

130   PFOA   > 3    R 

_____________________________________________________________________________ 
Abbreviations: ID = identification number; LE = lower extremity; PFOA = patellofemoral 
osteoarthritis; C = control; TSS = Total Strength Score (comparison between sides of sum of 
force from 4 LE muscle groups: gluteus medius, gluteus maximus, hip external rotators, 
quadriceps femoris);  > 3 = 3 out of 4 LE muscle groups stronger in 1 limb; L = Left; R = Right. 
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standing; the anatomical markers were then removed. The tracking markers 

remained in place for subsequent testing. Subjects were seated on an 

adjustable-height stool placed at 110% knee height. Subject knees were 

positioned at 90 degrees of flexion and each foot placed on a separate 

piezoelectric force plate (Kistler Instrumente AG, Winterthur, Switzerland) to 

capture ground reaction force (GRF) data for each LE. The foot and ankle 

positions were unconstrained. Two contact switches were affixed to the seat of 

the stool beneath subjects’ buttocks to capture the time of seat-off. Subjects 

performed 5 trials of STS while barefoot with arms crossed in front of the chest at 

their preferred speed (Figure 3). Knee pain was reported via VAS before and 

after the 5 trials of STS. The movement cycle was divided into 3 phases as 

described by Schenkman and associates:129  1) flexion-momentum, 2) 

momentum-transfer, and 3) extension. These phases were defined by kinematic 

events as 1) start – seat-off, 2) seat-off – maximum ankle dorsiflexion (DF) of the 

dominant (D) LE, 3) maximum ankle DF of the D LE – end of STS. The start of 

movement was defined as the time at which the sagittal trunk angle increased 

greater than or equal to 1 degree in flexion. Seat-off was defined as the moment 

when the contact switches turned off, indicating no contact between the subjects’ 

buttocks and the stool. Maximum ankle DF of the D LE was defined as the 

maximum angular position in ankle DF of the D LE after seat-off. The end of the 

movement cycle was defined as the time when the C7 marker dropped 0.5 

centimeter below its peak vertical position. Movement cycles were normalized 

with start as 0% and end as 100% of STS (Figure 4).
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Figure 3.  Subject performing sit-to-stand and motion capture image. Stool at 

110% knee height. Tracking markers in place and 2 contact switches 
on stool. Motion capture image during Sit-to-Stand from Vicon 460™ 
on the right. 
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Lower extremity joint angles and moments were calculated using Visual 

3D™ software (C-Motion, Inc., Germantown, MD, USA). This software utilizes 

Euler angles and inverse dynamics to determine kinematic and kinetic variables 

in three orthogonal planes of motion (sagittal, frontal, and transverse). Marker 

coordinates were filtered using a low-pass Butterworth filter with a cutoff 

frequency of 2.0 Hz and GRF data were low-pass Butterworth filtered with a 

cutoff frequency of 15 Hz.  

Dependent variables included: 1) maximum and minimum joint angles, 

angles at start, seat-off, and end of STS for the hip and knee joints and 2) 

maximum and minimum joint moments, moments at seat-off and end of STS for 

the hip and knee joints. Moments were normalized to body mass and expressed 

in Newton-meters/kilogram. Biomechanical variables were examined in all 3 

anatomical planes of motion. Data from both limbs were utilized and comparison 

was made between the dominant (D) and nondominant (ND) LE.  

Statistical analysis 

Statistical analyses were carried out using StatView (SAS Institute, Inc., 

Cary, NC, USA). Descriptive statistics included means and standard deviations 

(SD) for hip and knee: maximum and minimum angles and moments, angular 

position at 3 events (start, seat-off, and end), and moments at 2 events (seat-off 

and end). Data were tested for normality using Levene’s test. Differences 

between groups and limbs were investigated using a mixed model ANOVA with 

group and limb as the 2 between-subject factors and trials used as a blocking 
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Figure 4.  Phases of sit-to-stand. Three phases are described during sit-to-stand 

demarcated by 4 events (t1 – t4). Curves show the sagittal plane motion 
of the hip, knee, and ankle in degrees of flexion, extension, and 
dorsiflexion, respectively of the dominant limb during trial number 5 for 
subject number 120 (control group). Flex+ = flexion degrees positive, 
ext+ = extension degrees positive, DF+ = dorsiflexion degrees positive, 
t1 = start (increase in trunk flexion angle > 1 degree), t2 = seat-off 
(contact switches on stool turn off, i.e., no contact of buttocks with 
stool), t3 = maximum ankle DF (maximum ankle dorsiflexion of the 
dominant lower extremity), t4 = end (tracking marker on the 7th cervical 
vertebra drops 0.5 centimeter below peak vertical position), Phase I = 
flexion-momentum phase, Phase II = momentum-transfer phase, 
Phase III = extension phase.  
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factor (5 trials/subject). Due to the large number of comparisons, the level of 

statistical significance was set at p < 0.01. A post hoc power analysis was 

performed for variables approaching significance using Statmate, version 2.0 

(GraphPad, San Diego, CA, USA). 

Results 

Temporal Characteristics and Movement Pattern 

 The PFOA group required a mean of 1.84 + 0.26 seconds to perform STS 

(mean + SD). This was significantly longer than the control group’s time for STS, 

1.68 + 0.03 seconds (t-test, p = .004). The PFOA group required a significantly 

longer time to complete the flexion-momentum phase of STS (t-test, p = .006). 

No significant differences were found between groups for the momentum-transfer 

or extension phases of STS (p = .434 and p = .281, respectively). The movement 

patterns of STS for both groups were similar; however, the PFOA group spent a 

slightly longer percentage of the cycle during flexion-momentum, spending 39% 

of the normalized cycle time during this phase versus 37% for the control group. 

(Figure 5) 

Kinematics 

Significant differences were found in hip joint mean angular position during 

STS based upon the main effect of group (Table 6). There were no differences 

based upon the main effect of limb or upon the interaction of group and limb for 

the hip joint. At the knee joint, differences were present based upon the effects of 

group, limb, and the interaction of group and limb (Table 7). Refer to Tables 19  
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Figure 5.  Sagittal plane angular position at the hip, knee, and ankle joints for two 
representative subjects for the PFOA and control groups.  Curves 
indicate angular position of the dominant limb during trial number 5 for 
subject number 103 (PFOA group) and number 120 (control group). 
STS movement cycle phases are indicated by event markers. 
Abbreviations: OA = patellofemoral osteoarthritis (PFOA) group, flex = 
flexion, ext = extension, DF = dorsiflexion, max = maximum. Solid line 
= PFOA subject; dotted line = control (healthy) subject. Triangle = seat-
off PFOA subject; circle = seat-off control subject; diamond = 
maximum ankle dorsiflexion angle PFOA subject (dominant lower 
extremity); square = maximum ankle dorsiflexion angle control subject 
(dominant lower extremity). Subjects with PFOA spent a slightly longer 
percentage of STS in the flexion-momentum phase versus the control 
group, 39% and 37%, respectively (start – seat-off).  
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Table 6.  Kinematic Data for the Hip Joints  Angles (in degrees) are positive for 
flexion in the sagittal plane, abduction in the frontal plane, and 
external rotation in the transverse plane. Angles expressed as group 
means (standard deviations).  

________________________________________________________________ 
Joint Event   Plane      Control (D / ND)    PFOA (D / ND) 
   Mean (SD) Mean (SD) 
_____________________________________________________________________________ 
Hip Start S 57.1(8.5) / 56.8(10.4) 58.0 (8.5) / 57.8 (8.9) 
 
  F 9.3 (6.1) / 8.4 (5.9) 9.0 (7.6) / 8.2 (8.1) 
   
  T 7.8 (4.9) / 11.6 (11.3) 11.0 (9.3) / 11.1 (7.5) 
  
 Seat-Off S 72.7 (14.5) / 72.1 (14.9) 71.9 (11.3)/ 71.3 (11.6) 
   
  F 9.2 (5.9) / 8.2 (6.3) 8.9 (8.3) / 8.3 (9.6) 
 
  T 7.5 (6.4) / 11.6 (11.2) 11.4 (8.8) / 11.9 (7.5) 
 
 End Sa 8.2 (6.4) / 8.1 (5.2) 12.7 (7.6) / 11.5 (8.3) 
 
  F 4.7 (4.1) / 4.2 (2.3) 1.8 (6.0) / 3.4 (4.4) 
 
  T 12.0 (7.2) / 16.3 (13.4) 14.3 (9.7) / 15.7 (5.6) 
 
 Max S 75.2 (14.7) / 74.6 (14.7) 74.3 (12.4)/ 73.6 (12.1) 
 
  F 10.7 (5.1) / 9.8 (5.6) 10.0 (7.9) / 10.1 (8.3) 
   
  T 13.6 (6.7) / 18.5 (13.2) 16.4 (9.9) / 17.6 (5.1) 
 
 Min Sa 8.2 (6.4) / 8.2 (5.2) 12.7 (7.6) / 11.6 (8.3) 
 
  F 3.7 (4.2) / 3.0 (3.6) 1.5 (6.1) / 1.8 (5.5) 
 
  T 6.0 (5.5) / 9.1 (10.2) 8.7 (9.2) / 9.3 (7.2) 
_____________________________________________________________________________ 
PFOA = patellofemoral osteoarthritis; D/ND = dominant/nondominant lower extremity; SD = 
standard deviation; S = sagittal; F = frontal; T = transverse; Max = maximum angular position; Min 
= minimum angular position. 
a Significant difference between the two groups at p < 0.01. 
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Table 7.  Kinematic Data for the Knee Joints   Angles (in degrees) are positive 
for extension in the sagittal plane, abduction in the frontal plane, and 
external rotation in the transverse plane. Angles expressed as group 
means (standard deviations). 

________________________________________________________________ 
Joint Event   Plane      Control (D; ND)    PFOA (D; ND) 
   Mean (SD) Mean (SD) 
_____________________________________________________________________________ 
Knee  Start S -85.6 (6.8) / -85.4 (4.6) -84.1 (8.3) / -84.1 (7.4) 
   
  Fb 3.8 (3.8) / 8.3 (10.4) 7.4 (6.7) / 9.4 (8.1) 
 
  Tb 4.9 (7.1) / 9.2 (5.9) 5.0 (6.7) / 6.4 (5.8) 
 
 Seat-Off S -83.5 (6.1) / -83.4 (5.4) -80.7 (8.8) / -80.5 (7.4) 
 
  Fb 3.1 (4.1) / 7.7 (8.7) 7.1 (5.7) / 8.7 (7.5) 
 
  T 3.2 (5.8) / 6.7 (5.9) 4.0 (7.1) / 4.6 (6.2) 
 
 End S -10.1 (6.5) / -11.2 (4.9) -9.4 (8.9) / -9.2 (7.6) 
 
  Fa, c 1.2 (3.5) / 3.2 (2.5) 7.0 (3.5) / 4.3 (2.7) 
 
  T 2.2 (1.7) / 3.5 (6.5) 2.7 (5.4) / 0.7 (6.2) 
 
 Max S -10.1 (6.5) / -11.0 (4.7) -9.4 (8.9) / -9.2 (7.6) 
 
  Fa, b, c 5.5 (3.5) / 11.5 (7.4) 10.7 (4.4) / 11.4 (7.0) 
 
  T 7.4 (4.5) / 11.2 (5.1) 7.9 (5.9) / 7.6 (5.0) 
 
 Min S -86.0 (6.8) / -85.8 (4.8) -84.4 (8.4) / -84.4 (7.4) 
 
  Fa -0.3 (3.5) / 0.5 (4.2) 3.5 (4.9) / 2.6 (3.3) 
 
  T -1.0 (3.9) / 0.4 (7.3) -1.1 (6.0) / -1.5 (5.4) 
_____________________________________________________________________________ 
PFOA = patellofemoral osteoarthritis; D/ND = dominant/nondominant lower extremity; SD = 
standard deviation; S = sagittal; F = frontal; T = transverse; Max = maximum angular position; Min 
= minimum angular position; a = significant difference between the two groups at p < 0.01; b = 
significant difference between limbs at p < 0.01; c = significant group x limb interaction at p < 0.01. 
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and 20 in Appendix B for the statistical results for the kinematics of the hip and 

knee joints. 

 In the sagittal plane, the hip joint position at the end of STS (Figure 6) and 

at its minimum (Figure 7) was significantly more flexed for the PFOA versus the 

control group. In the frontal plane, the knee joint of the PFOA group was 

significantly more abducted at the end (Figure 8), at its maximum (Figure 9), and 

at its minimum (Figure 10). There were significant differences between limbs in 

the frontal plane as well, with the knee of the ND LE more abducted versus the D 

LE at the events of start (Figure 11), seat-off (Figure 12), and at the maximum 

(Figure 9). In the transverse plane, the knee of the ND LE was significantly more 

externally rotated at the start of STS versus the D LE (Figure 13). A significant 

interaction was present at the knee joint in the frontal plane at the end of STS. 

The PFOA group demonstrated greater knee abduction of the D LE at the end of 

STS, while the control group’s ND LE had slightly greater knee abduction at the 

end of STS. Lastly, the interaction of group and limb was significant in the frontal 

plane at the maximum knee abduction (Figure 9). The PFOA group had large 

values of knee joint abduction for both LE while the control group demonstrated 

lower maximum knee abduction of the D versus the ND LE.  

Kinetics 

Significant differences in the moments about the hip joints, normalized by 

body mass, were present based upon the main effects of group and limb (Table 

8). No differences were found at the hip based upon the interaction of group by 

limb. At the knee joint, significant differences in kinetics were found based upon  
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Figure 6. Hip angle at end of sit-to-stand in the sagittal plane. A significant 
difference was present between the groups. PFOA = patellofemoral 
osteoarthritis group, C = control group, D = dominant limb, ND = 
nondominant limb, Deg = degrees, Flex = flexion.  
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Figure 7. Minimum hip angle during sit-to-stand in the sagittal plane. A 

significant difference was present between the groups. PFOA = 
patellofemoral osteoarthritis group, C = control group, D = dominant 
limb, ND = nondominant limb, Deg = degrees, Flex = flexion. 
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Figure 8. Knee angle at end of sit-to-stand in the frontal plane. A significant 
difference was present between the groups. A significant group x 
limb interaction was also present. PFOA = patellofemoral 
osteoarthritis group, C = control group, D = dominant limb, ND = 
nondominant limb, Deg = degrees, Abd = abduction. 

 
 
 
 
 

0

5

10

15

PFOA, D PFOA, ND C, D C, ND

D
eg

, 
A
bd

 +
  
 )

PFOA, D

PFOA, ND

C, D

C, ND

 
 
Figure 9. Maximum knee angle during sit-to-stand in the frontal plane. 

Significant differences were present between groups and between 
limbs. A significant group x limb interaction was also present. PFOA 
= patellofemoral osteoarthritis group, C = control group, D = 
dominant limb, ND = nondominant limb, Deg = degrees, Abd = 
abduction. 
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Figure 10. Minimum knee angle during sit-to-stand in the frontal plane. A 

significant difference was present between the groups. PFOA = 
patellofemoral osteoarthritis group, C = control group, D = dominant 
limb, ND = nondominant limb, Deg = degrees, Abd = abduction. 
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Figure 11. Knee angle at start of sit-to-stand in the frontal plane. A significant 

difference was present between the limbs. PFOA = patellofemoral 
osteoarthritis group, C = control group, D = dominant limb, ND = 
nondominant limb, Deg = degrees, Abd = abduction. 
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Figure 12. Knee angle at seat-off event of sit-to-stand in the frontal plane. A 

significant difference was present between the limbs. PFOA = 
patellofemoral osteoarthritis group, C = control group, D = dominant 
limb, ND = nondominant limb, Deg = degrees, Abd = abduction. 
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Figure 13. Knee angle at start of sit-to-stand in the transverse plane. A 

significant difference was present between the limbs. PFOA = 
patellofemoral osteoarthritis group, C = control group, D = dominant 
limb, ND = nondominant limb, Deg = degrees, ER = external rotation. 
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Table 8.  Kinetic Data for the Hip Joints   Normalized moments (in Nm/kg) are 
positive for flexion in the sagittal plane, abduction in the frontal plane, 
and external rotation in the transverse plane. Moments expressed as 
group means (standard deviations). 

________________________________________________________________ 
Joint Event   Plane      Control (D / ND)    PFOA (D / ND) 
   Mean (SD) Mean (SD) 
_____________________________________________________________________________ 
Hip Seat-Off Sa -.26 (.26) / -.17 (.30) -.34 (.21) / -.36 (.29) 
    
  F -.06 (.11) / -.06 (.11) -.09 (.15) / -.07 (.17) 

 
  Ta -.02 (.05) / -.02 (.07) .01 (.05) / .003 (.06) 
        
 End S .05 (.11) / .07 (.14) .02 (.13) / .05 (.10) 
 
  Fa, b .07 (.08) / .01 (.06) .13 (.11) / .08 (.10) 
 
  Ta .02 (.03) / .003 (.02) .03 (.04) / .03 (.03) 
 
 Max S .19 (.08) / .18 (.12) .20 (.09) / .20 (.07) 
 
  Fa, b .13 (.08) / .07 (.06) .18 (.11) / .15 (.09) 
   
  Ta, b .08 (.04) / .04 (.03) .10 (.04) / .08 (.05)  
  
 Min S  -.50 (.24) / -.37 (.24) -.49 (.16) / -.50 (.30) 
  
  F -.10 (.11) / -.09 (.10) -.11 (.14) / -.11 (.14) 
 
  Ta -.05 (.04) / -.04 (.07) -.02 (.04) / -.03 (.04) 
_____________________________________________________________________________ 
Nm/kg = Newton-meters per kilogram; PFOA = patellofemoral osteoarthritis; D/ND = 
dominant/nondominant lower extremity; SD = standard deviation; S = sagittal; F = frontal; T = 
transverse; Max = maximum moment; Min = minimum moment a = significant difference between 
the two groups at p < 0.01; b = significant difference between limbs at p < 0.01. 
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the main effect of group and the interaction of group and limb (Table 9). No 

differences were found at the knee based upon the main effect of limb. Refer to 

Tables 21 and 22 in Appendix B for the statistical results for the kinetics of the 

hip and knee joints.  

The moments about the hip joints were significantly different between 

groups in the sagittal, frontal, and transverse planes. In the sagittal plane at seat-

off, the hip joints of the PFOA group had significantly greater extension moments 

as compared to the control group (Figure 14). In the frontal plane, the PFOA 

group demonstrated significantly greater hip abduction moments at the end of 

STS (Figure 15) and at the maximum abduction moment (Figure 16). Significant 

differences in the transverse plane for moments at the hip joint were present at 

all 4 measured events (seat-off, end, maximum, and minimum) (Figures 17 – 20, 

respectively).  At the end of STS (Figure 18) and at the maximum external 

rotation (ER) moment (Figure 19), the PFOA group had significantly greater ER 

moments at the hip compared to controls. At the transverse plane moment 

minimum, the PFOA group had significantly lower internal rotation (IR) moments 

at the hip compared controls (Figure 20). And at the time of seat-off, the hips of 

the PFOA group had ER moments while the hips of the control group 

experienced IR moments (Figure 17).  

 The knee joint moments were significantly different between groups 

only at the time of seat-off. At this event the knees of the PFOA group had  

greater knee extension moments in the sagittal plane (Figure 21)and greater 

adduction (varus) moments in the frontal plane (Figure 22). 
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Table 9.  Kinetic Data for the Knee Joints   Normalized moments (in Nm/kg)  

are positive for extension in the sagittal plane, abduction (valgus) in 
the frontal plane, and external rotation in the transverse plane. 
Moments expressed as group means (standard deviations). 

________________________________________________________________ 
Joint Event   Plane      Control (D / ND)    PFOA (D / ND) 
   Mean (SD) Mean (SD) 
_____________________________________________________________________________ 
 
Knee  Seat-Off Sa .53 (.23) / .47 (.30) .64 (.17) / .63 (.23) 
 
  Fa -.05 (.05) / -.08 (.10) -.10 (.07) / -.11 (.09) 
  
  T .03 (.06) / .04 (.10)  .04 (.08) / .009 (.08) 
 
 End S .01 (.14) / .06 (.10) .05 (.12) / .04 (.11)  
  
  Fb -.02 (.04) / -.07 (.07) -.06 (.06) / -.03 (.07) 
  
  T .01 (.02) / .006 (.01) .002 (.02) / .01 (.02) 
 
 Max S .88 (.14) / .78 (.33) .81 (.10) / .82 (.19) 

 
  Fb .03 (.03) / .01 (.03)  .009 (.02) / .02 (.03) 
         
  T .05 (.06) / .06 (.09) .06 (.06) / .05 (.05) 
     
 Min S -.05 (.10) / -.01 (.04) -.02 (.09) / -.02 (.08) 
 
  F -.10 (.06) /-.15 (.09) -.15 (.08) / -.17 (.10) 
  
  T -.06 (.05) / -.03 (.04) -.05 (.04) / -.06 (.06) 
_____________________________________________________________________________ 
Nm/kg = Newton-meters per kilogram; PFOA = patellofemoral osteoarthritis; D/ND = 
dominant/nondominant lower extremity; SD = standard deviation; S = sagittal; F = frontal; T = 
transverse; Max = maximum moment; Min = minimum moment a = significant difference between 
the two groups at p < 0.01; b = significant group x limb interaction at p < 0.01. 
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Figure 14. Normalized hip moment at seat-off in the sagittal plane. A significant 
difference was present between the groups. PFOA = patellofemoral 
osteoarthritis group, C = control group, D = dominant limb, ND = 
nondominant limb, Nm/kg = Newton-meters per kilogram, Flex = 
flexion.  
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Figure 15. Normalized hip moment at end of sit-to-stand in the frontal plane. 
Significant differences were present between the groups and 
between limbs. PFOA = patellofemoral osteoarthritis group, C = 
control group, D = dominant limb, ND = nondominant limb, Nm/kg = 
Newton-meters per kilogram, Abd = abduction.  
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Figure 16. Normalized maximum hip moment during sit-to-stand in the frontal 
plane. Significant differences were present between the groups and 
between limbs. PFOA = patellofemoral osteoarthritis group, C = 
control group, D = dominant limb, ND = nondominant limb, Nm/kg = 
Newton-meters per kilogram, Abd = abduction.  
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Figure 17. Normalized hip moment at seat-off in the transverse plane. A 

significant difference was present between the groups. PFOA = 
patellofemoral osteoarthritis group, C = control group, D = dominant 
limb, ND = nondominant limb, Nm/kg = Newton-meters per kilogram, 
ER = external rotation. 
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Figure 18. Normalized hip moment at end of sit-to-stand in the transverse plane. 
A significant difference was present between the groups. PFOA = 
patellofemoral osteoarthritis group, C = control group, D = dominant 
limb, ND = nondominant limb, Nm/kg = Newton-meters per kilogram, 
ER = external rotation. 
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Figure 19. Normalized maximum hip moment during sit-to-stand in the 
transverse plane. Significant differences were present between the 
groups and between limbs. PFOA = patellofemoral osteoarthritis 
group, C = control group, D = dominant limb, ND = nondominant 
limb, Nm/kg = Newton-meters per kilogram, ER = external rotation. 
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Figure 20.  Normalized minimum hip moment during sit-to-stand in the 
transverse plane. A significant difference was present between the 
groups. PFOA = patellofemoral osteoarthritis group, C = control 
group, D = dominant limb, ND = nondominant limb, Nm/kg = Newton-
meters per kilogram, ER = external rotation. 
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Figure 21. Normalized knee moments at seat-off in the sagittal plane. A 

significant difference was present between the groups. PFOA = 
patellofemoral osteoarthritis group, C = control group, D = dominant 
limb, ND = nondominant limb, Nm/kg = Newton-meters per kilogram, 
Ext = extension. 
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Figure 22. Normalized knee moments at seat-off in the frontal plane. A 
significant difference was present between the groups. PFOA = 
patellofemoral osteoarthritis group, C = control group, D = dominant 
limb, ND = nondominant limb, Nm/kg = Newton-meters per kilogram, 
Abd = abduction.  

 

 

 Differences in hip moments between limbs were present in the frontal 

plane, with the hips of the D LE demonstrating significantly greater abduction 

moments at the end of STS as compared to the ND LE (Figure 15). In addition, 

the maximum hip abduction moment was significantly greater for the D compared 

to the ND LE (Figure 16). In the transverse plane, the D LE had a significantly 

greater hip ER moment maximum as compared to the ND LE (Figure 19). A 

significant interaction between group and limb was present for knee moments in 

the frontal plane. At the end of STS, the knees of the D LE of the PFOA group 

had greater adduction moments compared to the ND LE. In the control group, 

however, the ND LE demonstrated greater adduction moments as compared to 

the D LE (Figure 23). In the frontal plane, at the maximum knee abduction 
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Figure 23. Normalized knee moments at end of sit-to-stand in the frontal plane. 
A significant group x limb interaction was present. PFOA = 
patellofemoral osteoarthritis group, C = control group, D = dominant 
limb, ND = nondominant limb, Nm/kg = Newton-meters per kilogram, 
Abd = abduction.  

 

 

moment, the ND LE of the PFOA group had greater abduction moments than the 

D LE. The control group, however, demonstrated greater maximum abduction 

moments at the knee in the D LE as compared to the ND LE (Figure 24).   

Post Hoc Power Analysis 

 A post hoc power analysis was performed on biomechanical variables 

found to approach significance. This calculation revealed that the sample size 

required to reach a power of 80% in the majority of these variables was > 40 

subjects. However, the number of subjects necessary to reach this level of power 

for two variables was a total of 18 subjects (the interaction of group x limb for the 

maximum knee joint angle in the transverse plane and the main effect of group  
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Figure 24. Normalized maximum knee moment during sit-to-stand in the frontal 
plane. A significant group x limb interaction was present. PFOA = 
patellofemoral osteoarthritis group, C = control group, D = dominant 
limb, ND = nondominant limb, Nm/kg = Newton-meters per kilogram, 
Abd = abduction.  

 

 

for the minimum knee joint moment in the frontal plane). In addition, the required 

sample size was 26 subjects for the kinetic variable group x limb interaction for 

minimum knee joint moment in the transverse plane. Refer to Table 23 in 

Appendix C for the results of the post hoc power analysis.  

Discussion 

 Differences were seen in the time to perform STS between middle-aged 

adults with PFOA and middle-aged healthy, normal (control) adults. The PFOA 

group required a significantly longer time to complete the movement. This 

appeared to be due to the significantly longer time these subjects required to 

complete the flexion-momentum phase of STS. The total time required by the 

PFOA group was shorter than the group of subjects with bilateral knee OA 
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studied by Pai and colleagues;165 however, the time required by the control group 

was also shorter than the control group in the study by Pai and associates.165  

The difference may be due to differences in the height of the stool. The stool 

used by Pai and colleagues165 was a single height of 0.45 m, whereas the stool 

height used in our study was set at 110% of a subject’s knee height in order to 

control for differences in body height and lower limb length. The faster speed to 

complete STS in our study may have been due to the higher stool height, as the 

mean height of the stool used was 0.49 + .02 meters (mean + SD). The faster 

pace in the current study may have also been due to less severe knee OA. The 

subjects with knee OA in the study by Pai and colleagues165 were reported to 

have moderate-severe knee OA with 8 out of 12 subjects reported as severe 

radiographic knee OA. The PFOA group in this study demonstrated primarily mild 

(Grade 1) radiographic PFOA, with only 1 out of 8 subjects found to have 

moderate (Grade 2) radiographic PFOA and none with severe (Grade 3) PFOA. 

The faster pace of STS for subjects in both groups of our study may have been 

due to the younger age of our subjects as compared to the subjects in the study 

by Pai and associates.165 The mean age for subjects in their study was 69.6 + 4.6 

years (mean + SD, range = 64-78 yrs) for the OA group and 70.7 + 5.4 years 

(range = 65-80) for the control group. Older age has been shown to be 

associated with longer time to complete STS.135 

 Differences between groups were also found for the biomechanics of STS. 

These differences were observed in all 3 planes of motion and at both the hip 

and knee joints. The subjects with PFOA flexed their hips to a greater degree 
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during STS as compared to the control group. However, this difference was only 

present at the end of the movement cycle, which roughly corresponded to the 

event of minimum sagittal plane motion, i.e., least hip flexion. This indicates that 

the PFOA group maintained their hips in slightly greater flexion after standing up 

from sitting. This position would cause the trunk center of mass (CM) to be 

positioned slightly more anterior to the center of rotation of the knee joint than if 

the hip was in a neutral position. This could potentially decrease the force that 

must be generated by the quadriceps muscles to maintain knee extension, thus 

decreasing the reaction force (RF) on the PF joint. The lack of differences 

between groups in hip flexion angle at seat-off is consistent with the findings of 

Su and associates138 as these researchers only found differences in hip flexion 

when the chair height was at 65% knee height. The current study utilized a seat 

height of 110% knee height which has been shown to require less hip and knee 

flexion during STS.126 No differences in kinematics were found between groups 

in the sagittal plane at the knee for any event. This is in contrast to the findings of 

Pai and colleagues165 who found decreased knee flexion angles at the start of 

STS and decreased total knee range of motion in subjects with bilateral knee OA. 

The difference between the findings of this study and that by Pai and 

associates165 may be due to the use of a self-selected initial sitting position in the 

latter’s procedure and the use of a single stool height of 0.45 m. The differences 

also may be due to the small sample size in this study as the difference between 

groups in knee angular position at the event of seat-off was found to approach 

significance (p = .0150). Although it did not reach the required significance level, 
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the PFOA group demonstrated less knee flexion as compared to the control 

group at seat-off (mean knee flexion position 83.5 degrees and 80.6 degrees for 

the PFOA and control groups, respectively). The post hoc power analysis 

revealed that a sample size of 50 subjects would be needed to ascertain if this 

difference was significant. If so, our results would be in agreement with the 

findings of Pai and colleagues165 with respect to decreased knee flexion position 

in persons with knee OA during STS. 

 Significant differences were detected between groups for the knee angular 

position in the frontal plane. The PFOA group was found to have greater knee 

abduction, i.e., valgus, at the end of STS, and at both the maximal and minimal 

abduction positions of the movement cycle. In addition, the knees of the PFOA 

group were in greater abduction at the event of seat-off, although it did not reach 

statistical significance (p = 0.0224). The post hoc power analysis revealed that a 

sample size of 40 subjects would be necessary to determine if this difference 

was significant. The greater knee joint abduction in the PFOA group could 

potentially increase the valgus vector of the quadriceps muscle, i.e., cause an 

increase in the laterally directed component of the quadriceps muscle force. 

Alteration in the orientation of the quadriceps muscle in the frontal plane has 

been demonstrated to increase the JRF on the lateral portion of the PF joint, 

increasing the stress on the cartilage of the lateral facet of the patella.35 

Increased joint stress has been implicated as one factor in the development and 

progression of OA.28, 30, 58, 59, 63, 64, 73 It is consistent with the findings of Elahi and 

coworkers27 who found that increased knee valgus angle is associated with the 
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presence of PFOA. It is also consistent with the findings of Cahue and 

associates30 who found that increased knee valgus angle is associated with the 

progression of PFOA. Although it did not reach statistical significance, the hip 

joints of the PFOA group were found to be less abducted than the control group’s 

hips (p = .0111). This alteration in hip alignment also has the potential to increase 

the valgus vector of the quadriceps, thus increase the stress on the lateral 

patellar facet cartilage. The post hoc power analysis revealed that a sample size 

of 50 subjects would be necessary to determine if this difference was significant 

(Table 23). The significant differences found between limbs in the frontal plane at 

start, seat-off, and at the maximum may indicate that the ND LE sustains higher 

lateral PF joint stress as compared to the D LE. The increased stress on the 

lateral patellar facet may be particularly harmful to the patellar cartilage at the 

time of seat-off as this position requires exertion of strong quadriceps force. The 

ND LE was also found to be in significantly greater tibial external rotation (ER) as 

compared to the D LE at the start of STS. Although this difference was not 

present throughout the movement cycle, its occurrence at the start of STS 

indicates that the ND LE was in greater tibial ER while the knees were in a high 

degree of flexion. This may cause increased lateral PF joint stress when the 

quadriceps contracts forcefully as increased tibial ER has been shown to 

produce increased PF stress in vitro.56 Increased tibial ER has also been 

associated with the presence of PFOA.79 The altered position of the ND knee 

joint in the frontal and transverse planes during STS, coupled with the weaker hip 

muscle and quadriceps strength,200, 201 may indicate that the ND LE is more 
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susceptible to the development of PFOA. Future research should study these 

relationships as possible predictors of the development of PFOA. Maintenance of 

the knee joint in less abduction and less tibial ER during STS should also be 

investigated to determine if this will decrease moments on the knee joint as well 

as stress on the PF joint. 

The interaction found between group and limb for frontal plane knee 

position at the events of end and maximum abduction indicates that the relative 

amount of knee abduction is dynamic in nature, with the PFOA group 

demonstrating a fluctuation between D and ND limbs for greater knee abduction 

during STS. Future research should address the relationship between knee joint 

position and the severity of knee pain. A longitudinal study examining knee joint 

position at various events of STS as possible predictors of the development or 

progression of PFOA would be useful in the design of conservative therapies.  

 The difference in moments about the hips and knees between groups 

provides insight into the altered JRF in persons with PFOA. The greater hip 

extension moments at seat-off in the PFOA group as compared to the control 

group is in partial agreement with the findings of Pai and associates,165 who 

reported increased hip extension joint torque in persons with bilateral knee OA, 

but only at 60-80% of the STS cycle. The current study found significantly greater 

hip extension moments at seat-off, at approximately 38% of STS. The difference 

may be due to differences in seat height. The study by Pai and colleagues165 

used a stool height of 0.45 m while the stool height in the current study varied 

between 0.45 m and 0.53 m (mean 0.49 m, SD 0.02 m). In addition, in the study 
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by Pai and coworkers,165 the subjects with knee OA began STS with their knees 

in significantly greater knee extension as compared to the control subjects (97.7 

+ 8.3 degrees for the OA group versus 89.0 + 4.4 degrees for the control group, 

mean + SD, 180 degrees = full extension). All subjects in the current study were 

initially positioned with their knees at 90 degrees from full extension; however, 

this varied slightly according to subjects’ movement patterns as subjects were 

not repositioned after completion of the practice trials. No significant difference 

was found between groups for sagittal knee position at start, with the knees of 

both groups at approximately 85 degrees from full extension (Table 7).  

This is the first study to report kinetics in the frontal or transverse planes in 

STS for subjects with PFOA. The significantly greater hip abduction moments 

found at the end of STS and at maximum abduction position in the PFOA group 

indicate that persons with this condition may be required to exert greater 

muscular forces in the frontal plane to resist adduction of the thighs and 

associated increased abduction of the knees while standing up from the seated 

position. This may be due to the previously described increased knee joint 

abduction position present in the PFOA group versus the control group. In the 

transverse plane the PFOA group was found to have increased hip ER moments 

at seat-off, end, and maximum ER. In addition, the PFOA group had significantly 

lower hip IR moments at the minimum moment in the transverse plane. This 

indicates that the PFOA group required hip ER muscle forces to resist hip IR. 

This may be necessary to resist “collapse” of the LE into IR as reported by 

Powers202 in persons with patellofemoral pain syndrome. 
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At the knee joint, the greater knee extension moment in the PFOA group 

found at the event of seat-off was contrary to the findings of Pai and 

associates165 who reported significantly lower knee joint extension torques in 

their group of bilateral knee OA subjects as compared to control subjects. 

Similarly, Su and colleagues138 reported significantly lower external knee flexion 

moments (lower internal knee extension moments) in persons with knee OA 

versus normal subjects at chairs of 65% and 80% knee-heel height. Su and 

associates138 did not find differences between their groups for chair heights of 

100% and 115% knee-heel height. The differences between these earlier studies 

and the current study may be due to different stool heights, different initial knee 

joint position, and different trunk motions. Su and colleagues138 did report 

increased trunk flexion in the knee OA group during STS, a potentially 

compensatory motion to decrease knee joint moments by moving the trunk 

center of mass anterior, thus decreasing the quadriceps force required to rise. 

This was not the case in the current study, however, as post-hoc t-tests of trunk 

angle in the sagittal plane revealed no significant differences at any of the 5 

events (p > .01).  

The knee joint was also found to have significantly greater adduction (i.e., 

varus) moment at seat-off in the PFOA group as compared to the control group. 

This moment may be a compensation to resist greater external abduction 

moments on the knees.202, 203 Although the difference in knee position in the 

frontal plane at seat-off was not significantly different between groups, it 

approached significance (p=0.0224); if the sample size had been 40 subjects, the 
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difference may have been significant (Table 23). The mean frontal plane position 

of the knees of the PFOA group was more abducted, i.e., valgus, versus the 

control group (Table 7). This position could cause increased adduction moments 

from alteration of the orientation of the ground reaction forces relative to the 

center of the knee joint and due to alteration of quadriceps muscle forces in the 

frontal plane.202 This may result in increased stress on the patellar cartilage.35 

This increased stress may be present throughout the STS movement cycle, as a 

strong trend towards greater knee adduction moments in the PFOA group as 

compared to the control group at the minimum abduction moment was found, i.e., 

maximum adduction moment, (p = .0128, Table 9). The post hoc power analysis 

demonstrated that a sample size of 18 subjects would be required to reach a 

power of 80% for this variable (Table 23). 

Significant differences between limbs in joint moments were found at the 

hips in the frontal and transverse planes. In the frontal plane at the hip, the D LE 

was found to have greater abduction moments versus the ND LE at the 

maximum and at the end of STS. In the transverse plane, the hips of the D LE 

were found to have greater ER moments as compared to the ND LE at the 

maximum. Since LE dominance was based primarily upon the strength of hip 

musculature (Table 5) the difference between limbs in hip moments may be due 

to increased force exerted by the D LE muscles during STS. This appears to be 

the most likely explanation, as the knee joint of the D LE was actually less 

abducted versus the ND LE, which would decrease the hip abduction moment 

required to resist hip adduction. Interestingly, a trend toward greater knee 
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adduction moments in the ND LE versus the D LE was found at the minimum 

moment (p = .0203, Table 22). This may indicate that greater JRF are present on 

the knee joint of the ND LE, however, the power analysis indicated that a sample 

size of 70 subjects would be necessary for the difference to reach a power of 

80% (Table 23). 

The significant interactions between group and limb in joint moments were 

only present at the knees in the frontal plane. At the maximum abduction 

moment, the PFOA group demonstrated a greater moment in the ND LE while 

the control group demonstrated greater abduction moments in the D LE. At the 

end of STS, i.e., in the upright standing position, the PFOA group had a greater 

adduction moment of the knee of the D LE while the control group had a greater 

knee adduction moment in the ND LE. These differences may be due to the 

position of the knees in the frontal plane, as increased abduction of the knees 

would require increased knee adduction moments to resist further abduction 

angulation (Table 7). Two group-by-limb interactions approached significance in 

the transverse plane, the external rotation knee moment at end of STS and at the 

minimum (Table 22). Both events revealed that the ND LE of the PFOA group 

had greater moments in the transverse plane versus the D LE while the control 

group demonstrated greater transverse plane moments in the D knee (Table 9). 

The post hoc power analysis, however, revealed that sample sizes of 26 and 50 

subjects, respectively, would be required to reach a power of 80% for the 

detected difference (Table 23). Future research should examine the effect of 
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alteration of knee joint position on joint moments to determine its usefulness in 

the conservative management of PFOA.  

Conclusion 

 Differences were found in the biomechanics of the hips and knees during 

STS between the PFOA and the control groups. Middle-aged adults with PFOA 

were found to have greater hip flexion and greater knee abduction angular 

position at one or more points during the movement cycle. The moments about 

the hip joints were found to be greater in the PFOA group for extension, 

abduction, and ER while the moments about the knee joints in the PFOA group 

were greater in extension and adduction. These differences may indicate that 

persons with PFOA sustain greater stress on the hip and knee joint cartilage, 

potentially leading to the progression of OA. Differences found between D and 

ND limbs as well as interactions between group and limb may indicate that LE 

strength may be a modifying factor in joint stress. Future research should 

investigate alteration of knee joint position as a potential conservative treatment 

for PFOA. 
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CHAPTER 3 

THE IMPACT OF PATELLOFEMORAL OSTEOARTHRITIS ON PHYSICAL 

FUNCTION AND PAIN 

Introduction 

Arthritis is common in Western society with reported prevalence in adults 

in the United States between 23% and 33%.1, 2, 3, 4, 5, 6 Arthritis is the leading 

cause of disability among older adults in the United States and is the primary 

cause of activity limitation in people over the age of 55 years. 7, 13, 14 

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

commonly affected joint. 8, 9 Estimates based upon results of the population 

census of 2005 indicate that more than 9 million adults in the USA have knee 

OA.8 The risk of disability due to symptomatic knee OA is greater than that due to 

any other medical condition, including cardiovascular disease.16 

The patellofemoral (PF) compartment of the knee is frequently impacted 

by OA. Davies and associates20 reported that PFOA is present in isolation or in 

combination with OA of one or more of the tibiofemoral (TF) compartments in 

32.7% of males and 36.1% of females with knee pain 60 years of age or older. 

McAlindon and associates19 found that the presence of PFOA is significantly 

associated with disability as compared to asymptomatic subjects with 

radiographically normal knees. There is a stronger association between disability 

and the presence of PFOA as compared to disability and the presence of 

TFOA.19  
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Persons with PFOA may experience greatest disability during activities of 

daily living (ADL) that require forceful exertion of the quadriceps muscle while the 

knee is in a high degree of flexion due to the high joint reaction forces (JRF) on 

the PF joint. Ellis and associates62 reported JRF of 6.70 times body weight for the 

PF joint during rising from a low chair. Walking on level surfaces, in contrast, 

results in a PF JRF of only 0.5 times body weight.34, 60 It is currently unknown if 

persons with PFOA have greater disability in ADL requiring strong quadriceps 

exertion with the knee in a highly flexed position, such as the sit-to-stand transfer 

(STS), as compared to ADL requiring minimal knee flexion, as occurs during 

level ambulation. 

Function is frequently assessed through self-report instruments that may 

be generic or disease-specific. These measures may capture perceived function 

in ADL; however, persons may over- or under-estimate their function as they 

must recall past ADL. Physical performance tests (PPT) have been 

recommended as quantitative measures of a person’s function. A wide variety of 

PPT exist that purport to measure various ADL. As differences in knee 

compartment biomechanics and disability have been reported, differences in 

functional limitation are also likely to be present. It is not known whether PPT that 

incorporate ADL such as STS will be a more accurate measure of function in a 

person with PFOA. It is important for clinicians to use appropriate tests when 

measuring a patient’s level of function. This will enable better assessment of 

disability and enable clinicians to more accurately measure patient response to 

interventions.204  
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The aim of this research was to examine the impact of PFOA on physical 

performance of ADL and perceived functional and pain status. It was 

hypothesized that significant differences would be found between the PFOA 

group and the control group for time to perform two PPT: the Timed-Up-and-Go 

(TUG) and the Fifty-Foot-Walk (FFW). It was also hypothesized that significant 

differences would be found between the PFOA group and the control group for 

ratings of perceived functional status, stiffness, and pain (Western Ontario and 

McMaster Universities Arthritis Index, i.e., WOMAC) and for ratings of pain during 

STS, TUG, and FFW (Visual Analog Scale, i.e., VAS). 

Methods 

Subjects 

Thirty-two adults participated in this study; subjects were recruited with the 

assistance of local orthopaedic surgeons, physical therapists, and through 

advertisement in Temple University Hospital. Seventeen subjects were in the 

PFOA group and 15 were in the C group (Table 2). After radiographic screening, 

8 subjects remained in the PFOA group and 7 subjects remained in the control 

group (Table 3) and met all inclusion and exclusion criteria (Table 4). No 

significant differences were present between subjects who were excluded as 

compared to those included in phase 2 of the study, other than the radiographic 

findings. A significant difference did exist in terms of Body Mass Index (BMI) 

between the PFOA and control groups for subjects included in phase 2 (Table 3). 

All subjects gave written informed consent. All procedures were approved by the 
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Temple University Institutional Review Board in accordance with the NIH 

guidelines for medical research in humans. 

Experimental Procedures 

After giving consent to participate, subjects completed a questionnaire 

regarding medical history and the presence of knee pain, stiffness, and disability. 

Physical exam tests were performed by a single examiner (LTH) to measure 

knee range of motion, detect pain and/or crepitus with patellar glide and patellar 

compression tests, and to screen for the presence of a possible TF source of 

knee pain by palpation of the TF joint line. These tests have been demonstrated 

to have adequate interobserver reliability utilizing a standardized grading system 

(Rc = 0.85-0.99).97 Radiographic screening was then performed with three views 

of each knee: a supine axial (skyline) view of the PF compartment with the knee 

flexed to 45 degrees, a side-lying lateral view of the PF compartment, and an 

erect standing anteroposterior view of the TF compartments.17, 19, 66, 67, 69, 73, 76, 78, 

85, 86, 87, 88, 104, 105, 196, 197 All radiographs were reviewed and graded by one 

musculoskeletal radiologist (WRR) according to the Osteoarthritis Research 

Society International (OARSI)95, 105 ordinal scale (0 = none, 1 = mild/possible, 2 = 

moderate/definite, 3 = severe).  

Those subjects meeting all inclusion and exclusion criteria underwent a 

second session of testing. Subject knee pain, stiffness, and physical function 

during the previous 48 hours were measured using the WOMAC self-report 

questionnaire version VA3.1 (Nicholas Bellamy, Queensland, Australia).177 The 

WOMAC is a 24-item disease-specific health status instrument for OA of the hip 



 116 

and knee that has been demonstrated to be reliable, valid, and responsive to 

change. 177, 178, 179 Lower scores indicate less pain, less stiffness, and greater 

physical function. It is recommended by the American College of Rheumatology 

(ACR) as a measure of adult lower extremity function182 and as an outcome 

measure in clinical trials in osteoarthritis research.183 Knee pain severity was 

measured over the past 30 days with VAS measures of knee pain on an average 

day, the least painful day, and the most painful day.184 The VAS is a self-report 

instrument that has been shown to be reliable and valid for use with patients with 

arthritis.185, 186 It is a quick and easy method of measuring pain severity and is 

recommended by the ACR as a measure of pain in adults.187 

Two physical performance tests were administered, the Timed Up and Go 

(TUG) and fifty-foot walk (FFW). The TUG is a physical performance measure of 

functional mobility shown to be reliable and valid in community-dwelling older 

adults.166, 167, 168, 169 It is a timed measure of a person’s ability to stand from a 

chair, walk 3 meters, turn 180 degrees, return to the chair and sit down. 166 It has 

been used as a measure of functional performance in persons with knee OA170, 

171 and is recommended by the ACR as a measure of adult general 

performance.172 The FFW is a timed test of a person’s ability to walk 50 feet. The 

ability to ambulate in a timely fashion is an important function and time to perform 

a walking task has been used as a measure of function in persons with knee 

OA.117, 174 Timed walk tests have been shown to be reliable and valid in persons 

with knee OA175, 176 and are recommended by the ACR as measures of adult 

general performance.172 During the FFW subjects were instructed to walk 
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“quickly”. Subjects performed one practice trial each of TUG and FFW at a 

moderate pace followed by one timed trial. The tests were administered while 

barefoot and without any knee braces, sleeves, or tape. Subjects reported knee 

pain severity with a VAS before and after the TUG and FFW.  

Biomechanical testing of the sit-to-stand transfer (STS) was also 

performed. The order of PPT and STS testing was randomly determined 

according to a coin toss. Biomechanical testing involved collection of kinematic 

and kinetic data from the lower extremities while subjects performed 5 repetitions 

of STS from a backless, armless stool adjusted to 110% knee height. 

Biomechanical results and details of the methodology were previously reported in 

Chapter 2. Subjects reported knee pain severity with a VAS before and after the 

STS trials. 

Dependent variables included: 1) WOMAC-Pain score (total for 5 items), 

2) WOMAC-Stiffness score (total for 2 items), 3) WOMAC-Physical Function 

score (total for 17 items, 4) VAS score after TUG, 5) VAS score after FFW, 6) 

VAS score after STS, 7) time to perform the TUG, and 8) time to perform the 

FFW.  

Statistical Analysis 

Statistical analysis was performed using SPSS version 16.0 (SPSS, Inc., 

Chicago, Illinois, USA). Descriptive statistics included means and standard 

deviations (SD) of the mean for all variables. WOMAC and VAS data were 

transformed to ranks and then analyzed with Mann-Whitney U-tests due to non-

normal distribution. Independent samples t-tests were used to analyze 
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differences between groups for the TUG and FFW. The level of statistical 

significance was set at p < .05, 2-tailed for nonparametric and parametric tests. 

Results 

The PFOA group reported greater knee pain severity during the previous 

30-day period as compared to the control group. The aggregate score on the 30-

day VAS for the PFOA group was 121 millimeters (mm) + 49 mm versus the 

control group’s score of 1 + 3 mm (mean + SD, 0 – 300 mm possible score). This 

was found to be significantly different utilizing a Mann-Whitney U-test, p = .001. 

Despite the reported level of knee pain severity, no subject reported use of 

analgesic or anti-inflammatory medication during the 48-hour time period prior to 

session 2, as questioned by the examiner (LTH). 

Perceived Physical Function and Pain Tests 
  
 The PFOA group reported significantly greater knee pain and stiffness and 

significantly less physical function during the previous 48 hours as compared to 

the control group (Table 10). Significant differences were also found for post-test 

VAS scores for the TUG, FFW, and STS tests. The PFOA group reported greater 

knee pain severity versus the control group after each of these physical 

performance and biomechanical tests (Table 10).  

 Due to the significantly greater pain severity reports of the PFOA group on 

the 30-day VAS and WOMAC-Pain measures, post-hoc analysis was performed 

on the pretest-posttest change of knee pain severity for the TUG, FFW, and STS. 

The PFOA group was found to have significantly greater increases in knee pain 

severity immediately following the FFW and STS tests (Table 11). 
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Table 10.  Perceived Knee Pain, Stiffness, and Physical Function   Score in 
millimeters, mean + standard deviation. Critical value of Mann-
Whitney U test = 10.000. 

_____________________________________________________________________________ 
Measure    PFOA  Control  U-value  Sig (2-tailed) 
_____________________________________________________________________________ 
WOMAC-P 162 + 103 4 + 6 <.001 <.001* 
 
WOMAC-S 63 + 44 3 + 4 .5000 <.001* 
 
WOMAC-PF 594 + 317 15 + 19 3.000 .002* 
 
TUG post-test VAS** 24 + 16 0.4 + 0.5 5.000 .006* 
 
FFW post-test VAS** 22 + 17 0.3 +0.5 <.001 <.001* 
 
STS post-test VAS** 30 + 27 0 + 0 3.500 .002* 
_____________________________________________________________________________ 
PFOA = patellofemoral osteoarthritis group; Sig = significance; WOMAC-P = WOMAC - Pain 
Subscale, possible score 0-500 mm; WOMAC-S = WOMAC – Stiffness Subscale, possible score 
0 – 200 mm; WOMAC-PF = WOMAC – Physical Function Subscale, possible score 0 – 1700 mm; 
TUG = Timed Up and Go; FFW = Fifty-Foot Walk; STS = Sit-to-Stand; VAS = Visual Analog 
Score; * significant difference between groups; **possible score 0 – 100 mm 
 
 
 
 
 
Table 11.  Knee Pain Severity, Pretest-Posttest Change  Score in millimeters 

(mm), mean + standard deviation. Possible score for all tests = 0 – 
100 mm. Critical value of Mann-Whitney U test = 10.000. 

________________________________________________________________ 
Measure    PFOA  Control  U-value  Sig (2-tailed) 
_____________________________________________________________________________ 
Timed-Up-and Go (TUG) 7 + 7 0.1 + 0.4 11.000 .054  
 
Fifty-Foot-Walk (FFW) 7 + 10 -0.3 + 0.8* 3.000 .002** 
 
Sit-to-Stand (STS) 14 + 22 -0.3 + 0.5* 9.500 .029** 
_____________________________________________________________________________ 
PFOA = patellofemoral osteoarthritis group; Sig = significance; * mean posttest score lower than 
pretest score; ** significant difference between groups 
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Physical Performance Tests 
 
 The PFOA group required a mean of 7.6 + 1.2 seconds to perform the 

TUG (mean + SD). This was significantly longer than the time required by the 

control group (6.3 + 0.6 seconds, mean + SD), p = .021 (Figure 25). No 

significant difference was found between groups for time to complete the FFW (p 

= .074). The PFOA group required 9.7 + 2.0 seconds and the control group 

required 8.1 + 1.1 seconds (mean + SD) to perform the FFW (Figure 26).  

Discussion 

The aim of this research was to examine the impact of PFOA on physical 

performance of ADL and perceived functional and pain status in a group of 

middle-aged adults with PFOA versus a gender-, age-, and BMI-matched control 

group. Recruitment initially began with the PFOA group followed by recruitment 

of persons for the control group. A prescreening questionnaire was used prior 
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Figure 25. Timed-Up-and-Go (TUG) score. The time in seconds to perform the 
TUG; group mean score + standard deviation. PFOA = patellofemoral 
osteoarthritis; C = control. A significant difference between groups 
was present. 
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Figure 26. Fifty-Foot-Walk (FFW) score. The time in seconds to perform the 

FFW; group mean score + standard deviation. PFOA = 
patellofemoral osteoarthritis; C = control. No significant difference 
between groups was present. 

 
 
 
 
to enrollment in the study in order to determine if subjects were likely to meet 

inclusion and exclusion criteria and to facilitate group matching. A decision was 

made to eliminate BMI-matching due to the extreme difficulty of locating middle-

aged adults who were overweight or obese and yet did not complain of knee pain 

over the past year. Despite initial attempts at selecting control subjects with BMI 

greater than 25, the PFOA group had a significantly greater mean BMI as 

compared to the control group (Table 3). This finding is in agreement with the 

findings of Cooper and associates17 who reported an increased risk of PFOA due 

to obesity, with adults in the highest tertile for BMI having an odds ratio of PFOA 

of 1.6 versus the adults in the lowest tertile. The study by Cooper and 

coworkers17 limited cases to subjects with moderate-severe radiographic OA 

changes. Our findings are also in agreement with those of Cicuttini and 

colleagues,89 who found a stronger association between obesity and PFOA in 
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middle-aged women. In this population based study, women in the highest tertile 

of BMI had an odds ratio of PFOA of 2.60. The study by Cicuttini and 

associates89 may demonstrate greater odds of PFOA due to increased BMI 

versus the study by Cooper and colleagues17 as the former included mild 

radiographic degenerative changes in their definition of OA. More recently, a 

longitudinal study by Teichtahl and associates205 utilizing magnetic resonance 

imaging (MRI) found increased BMI at baseline to be associated with an 

increased risk of the presence of patellar cartilage defects in men and women at 

a 10 year follow-up. In women, increased BMI at baseline was also associated 

with an increased risk of reduction in patellar cartilage volume on MRI at the 10 

year follow-up. 205 

The larger proportion of females in our study was due to the matching of 

groups by gender. The majority of subjects in the PFOA group were female, thus 

the control group was matched to this. This is in agreement with the majority of 

epidemiologic studies investigating the impact of gender on knee OA. A recent 

meta-analysis examining sex differences in the prevalence, incidence, and 

severity of OA206 found that males had significantly reduced risk of knee OA 

prevalence, incidence, and severity of symptoms. This finding may explain the 

small number of male subjects responding to advertisements or referred by 

health care practitioners. 

In our study, subjects with PFOA reported significantly greater knee pain 

and stiffness, and significantly less physical function as compared to control 

subjects during the 48 hours prior to visit 2 of the study. These findings are 
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consistent with those of Thomas and colleagues170 who found significantly higher 

scores for all 3 subscales on the WOMAC in their comparison of patients with 

end-stage knee OA as compared to an asymptomatic control group. This study 

did not specify involvement of the PF joint, however, nor did it require control 

subjects to be free from radiographic changes of knee OA. Our study findings are 

also consistent with the findings of Toivanen and associates207 who found that 

patients diagnosed with knee OA by either clinical or radiographic criteria had 

significantly greater knee pain, greater stiffness, and less physical function than a 

control group. This study differed from ours; however, in that radiographic knee 

OA was defined as moderate-severe OA changes demonstrated on a weight-

bearing anteroposterior radiographic view of the knee. This would limit diagnosis 

of knee OA to the TF compartments of the knee. Our study excluded persons 

with evidence of moderate-severe TFOA and required radiographic evidence of 

at least minimal OA of the PF joint on lateral and skyline views. The decreased 

perceived physical function in our PFOA group is also consistent with the findings 

of McAlindon and associates19 who reported a positive association between 

radiographic PFOA and reported disability. The stronger knee pain reported by 

the PFOA group is also consistent with the findings of Cicuttini and colleagues208 

who found the odds of having knee pain if radiographic changes of knee OA 

were present to be particularly strong in the PF joint. These researchers found 

OR of 2.69 and 5.84 for knee pain when radiographic OA was found on a lateral 

view and a skyline view of the PF joint respectively. Our study’s use of the 

presence of any radiographic evidence of PFOA as an exclusion factor for the 
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control group may have contributed to the significant differences with regard to 

knee pain.  

The subjects in the PFOA group reported significantly greater post-test 

knee pain versus the control group following the STS, TUG, and FFW tests. 

Similar studies examining STS in subjects with knee OA did not measure post-

test pain severity.138, 165 Our findings for knee pain severity are consistent with 

those reported by Thomas and associates170 in their study of physical 

performance in persons with end-stage knee OA. The knee OA group in the 

study by Thomas and coworkers170 reported greater pain after the TUG, with 

males reporting a mean of 3.1 + 0.3 centimeters (cm) and females 4.0 + 0.3 cm 

on a 0-10 VAS scale (mean + standard error). This is in comparison to post-test 

pain scores of 0.0 + 0.4 cm and 0.0 + 0.2 cm for control males and females 

respectively. The pain severity reported by subjects with knee OA in the study by 

Thomas and colleagues170 is somewhat greater than that reported by the PFOA 

group in our study. This may be due to Thomas and associates’170 restriction of 

their knee OA group to persons with end-stage knee OA who were awaiting total 

knee replacement (TKR) surgery.  

The pretest-posttest change in pain score was significantly different 

between groups for the FFW and for the STS tests, with the PFOA group 

reporting a greater change. It approached significance for the TUG (p = 0.054). 

The post hoc power analysis indicated that the study was sufficiently powered to 

detect significance for the difference between groups, as a sample size for 80% 

power was found to be 10 subjects (Statmate, version 2.0, GraphPad, San 
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Diego, CA, USA). There are several factors that may explain the lack of 

significant difference for pretest-posttest pain change for the TUG as compared 

to the FFW and STS tests. Some subjects in the control group indicated a small 

amount of knee pain prior to the FFW and STS and then a lesser amount of knee 

pain on the post-test measure. This yielded a negative change score for the 

control group for these two tests and a consequent increase in the difference 

between groups. The larger difference in pretest-posttest change in pain score 

for the STS test as compared to the TUG may be due to the greater number of 

repetitions for the STS transfer in the former test, thus a larger increase in knee 

pain due to the strong quadriceps force and increased PF JRF. The STS test 

may also have produced greater change in knee pain versus the TUG as the 

subjects were permitted to use their arms to assist with rising from sitting in the 

latter; the TUG involves rising from a chair with arms and subjects may push 

down on the arms of the chair while rising.166 

Our study found that the PFOA group required a significantly longer time 

to complete the TUG as compared to the control group. This is consistent with 

the findings of Thomas and colleagues;170 however, the time necessary for their 

subjects to perform the TUG differed from ours. The control group in our study 

performed the TUG slightly quicker than the control group in Thomas and 

associates’170 study (7.4 + 0.5 seconds for males and 7.6 + 0.3 seconds for 

females, mean + standard error). Their subjects with knee OA, however, required 

a much longer time to complete this test, particularly the females (10.0 + 0.5 

seconds for males and 13.8 + 0.4 seconds for females). The greater differences 
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between the groups in the study by Thomas and colleagues170 may be due to 

their knee OA inclusion criterion of end-stage knee OA awaiting TKR. 

Significantly increased pain and decreased function are reported as primary 

indications for TKR.209  

Our study did not find a significant between-group difference for time to 

complete the FFW. This is in contrast to the findings of Thomas and 

associates.170 This group of researchers reported significant differences between 

groups in meters/second (m/sec) during the middle 80 meters of a 160-meter 

walk test. Upon conversion of our scores to m/sec, both groups in our study 

walked faster than both groups in the study by Thomas and coworkers.170 The 

PFOA group in our study walked at a pace of 1.63 + 0.3 m/sec while the control 

group walked at a pace of 1.92 + 0.3 m/sec (t-test, p = .09). This is in comparison 

to Thomas and colleagues’170 findings of 1.42 + 0.05 m/sec and 1.03 + 0.04 

m/sec for the knee OA group, males and females, respectively, and 1.78 + 0.05 

m/sec and 1.70 + 0.03 m/sec for the control group males and females. Thomas 

and associates170 did not report post-test pain scores for their self-paced walk 

test. The slower pace in the study by Thomas and associates170 may be due to 

several factors. The sample size in our study was too small to detect significance 

for the difference in score between the groups; a post hoc power analysis 

indicated that a sample size of 32 would be necessary to detect significance at 

the alpha level of .05 and a power of 80% (Statmate, version 2.0, GraphPad, San 

Diego, CA, USA). The subject pace in both their groups may have been slower 

due to a combination of fatigue from walking a longer distance and variation in 
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test instructions. The difference may also be due to different compartments of the 

knee affected by OA and the difference in joint reaction force (JRF) during 

ambulation in these compartments. The JRF in the TF compartments of the knee 

have been reported to be 3 times body weight (BW) during level walking while 

the PF JRF is only 0.5 times BW during this ADL.58 Since the subjects in our 

study had at most mild TFOA and the subjects in the study by Thomas and 

colleagues170 had end-stage knee OA, they were likely to have severe TFOA. 

The high TF JRF and low PF JRF during ambulation may have caused subjects 

in the latter study to walk at a slower pace due to increased pain. 

It has been stated that self-report measures of perceived physical function 

and physical performance tests (PPT) measure different aspects of mobility.210, 

211 The WOMAC-PF purports to measure functional limitation in persons with 

knee OA as distinct from pain and stiffness. But as Maly and colleagues211 report 

that pain is the greatest determinant of score on the WOMAC-PF, it may not be a 

true representation of a person’s function. It has been recommended that 

clinicians recognize that a patient’s perceived physical function may be more a 

reflection of his or her severity of pain. To more completely measure function, it is 

recommended to include PPT, however, scores on the TUG as well as other PPT 

are largely determined by a person’s self-efficacy.212 Stratford and colleagues210 

recommend adding ratings of pain following PPT to scores of time to complete 

the test to gain further information regarding a patient’s impairments and 

functional limitations.  
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With the typical time constraints faced by clinicians and the need to 

provide evidence to third-party payers justifying decisions to continue treatment 

versus discontinuation, it is important that the best tests be used for 

quantification of a patient’s impairments and functional limitations. These tests 

may be condition-specific or general. This study has demonstrated the 

usefulness of the WOMAC questionnaire for perceived functional status and 

perceived pain and stiffness. Patients with decreased pain, however, may 

overestimate their physical function.211 Clinicians are advised to include a PPT as 

a measure of function, to have a more accurate test of a patient’s function in 

ADL. The results of this study indicate that the TUG is a better PPT to use with 

persons with PFOA versus the FFW. This may be due to the inclusion of the task 

of STS in the TUG, in which high PF JRF occur. It is recommended that clinicians 

use a disease-specific measure of perceived physical function and pain, such as 

the WOMAC, the TUG as a PPT, and a pain rating following the TUG in order to 

fully measure a patient’s pain and physical function. 

A limitation of this study is the small sample size. Significant differences in 

physical performance and perceived physical function and pain were found 

nonetheless. The small sample size was due to the tight inclusion and exclusion 

criteria of the study, the aim of which was to examine function in persons with 

exclusively PFOA versus age- and gender-matched adults without radiographic 

or symptomatic PFOA. These criteria led to high exclusion rates in both groups; 

however, they maximized the differences between groups. This may be the 

reason that significant differences were found despite the small sample. The 
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limitation of symptomatic subjects to those with PFOA rather than knee OA 

affecting additional compartments of the knee may affect the generalizability of 

the findings. However, the goal of the study was to examine the impact of OA 

changes in the PF compartment on function in ADL as previous research has 

primarily examined OA of the TF compartments.204 Thus the findings of this study 

provide information to aid clinicians and researchers in treatment and evaluation 

of patients with primarily PFOA, a compartment of the knee commonly affected 

by OA. 204  

Subjects in this study were primarily female, thus the results may not be 

as reflective of males with PFOA. This may have been due to the sample of 

convenience, as middle-aged females may have had more time available to 

participate in the study. It also may be due to the higher reported prevalence of 

PFOA in females versus males19, 20, 30, 66, 68, 69, 71, 213, 214 as well as the greater 

disability reported by females with knee OA.4 In addition, the difference in gender 

may be due to a higher prevalence of patellofemoral pain syndrome in 

females,213, 215 a possible precursor of PFOA. Thus the study findings may be 

reflective of the patients with PFOA that clinicians are most likely to encounter.  

 Future research should be conducted with a larger sample to confirm 

these findings. In addition, studies investigating the responsiveness to change of 

the TUG, WOMAC, and VAS for pain in persons with PFOA would provide 

additional information guiding a clinician in selection of appropriate measures of 

function and pain. 
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Conclusion 
 
 The findings of this research indicate that middle-aged adults with PFOA 

are significantly limited in function in ADL, have greater knee stiffness, and 

greater knee pain as compared to middle-aged adults free from symptoms or 

signs of PFOA. This was confirmed by significant differences in perceived 

physical function, knee stiffness, and knee pain as measured by the WOMAC as 

well as significant differences in knee pain severity. Differences in physical 

performance were demonstrated by significantly slower time to complete the 

TUG. The TUG was found to be a more sensitive measure of physical 

performance in this group of patients as compared to the FFW. Knee pain 

following the TUG, FFW, and STS tests was found to be greater in the PFOA 

group as compared to the control group. 
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CHAPTER 4 

THE RELATIONSHIP BETWEEN KNEE KINEMATICS DURING SIT-TO-STAND 

AND PHYSICAL PERFORMANCE IN PERSONS WITH PATELLOFEMORAL 

OSTEOARTHRITIS 

Introduction 

Osteoarthritis (OA) is a common problem for adults in Western society, 

affecting nearly 27 million US adults 25 years of age or older.8, 9 The economic 

impact of OA is enormous with an estimated $47 billion in lost earnings attributed 

to OA and $80.8 billion spent on direct medical care in 2003.12 The knee is the 

most frequently affected joint and symptomatic knee OA carries the highest risk 

of disability of medical conditions in older adults, even greater than the risk due 

to cardiovascular disease.16 The patellofemoral (PF) compartment of the knee is 

frequently affected by OA in persons over the age of 55 years. 19, 20 The 

association between presence of OA and disability is greatest for the PF 

compartment of the knee.19  

The exact etiology of OA is still uncertain, however, biomechanical factors 

have been implicated as significant. The alignment of the knees has been shown 

to be an important factor for both the presence of and progression of OA of the 

PF and tibiofemoral (TF) compartments of the knee. 26, 27, 28, 29, 30 Altered 

alignment of the TF joint in the frontal plane produced increased stress on the 

patellar cartilage in an in vitro experiment.35 Increased stress on cartilage is 

reported to be a factor in both the development and progression of PFOA.17, 30, 89 

The PF joint stress is increased when the quadriceps muscle contracts while the 
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knee is in a highly flexed position. Activities requiring strong quadriceps muscle 

use with the knee in a high degree of flexion cause the greatest joint stress and 

joint reaction force (JRF). 61, 195  Since the PF JRF when a person stands up from 

a low chair is 6.70 times body weight (BW) and the PF JRF for walking on level 

surfaces is only 0.5 times BW, it is likely that a person with PF OA may have 

greater pain and disability with rising from sitting. 34, 62  

Studies to date investigating the association between the incidence and 

progression of PFOA and TF alignment have been conducted utilizing semi-

flexed, weight-bearing anteroposterior radiographs of bilateral lower extremities 

(LE). This is a static measure of TF alignment in a position demonstrated to place 

minimal stress on the PF joint surfaces. A dynamic measure of TF alignment, the 

detection of a varus “thrust,” i.e., a visible increase in TF varus during 

weightbearing, has been shown to be associated with the progression of medial 

TFOA.216 The progression of medial TFOA may be due to increased stress on the 

medial TF cartilage throughout the stance phase of gait. Chang and 

associates216 also found increased odds of decreased function in a repeated 

chair rise test in subjects with varus thrust of the TF joint. 

  The position of the patella is significantly impacted by the position of the 

TF joint. Dynamic malalignment of the TF joint has been shown to be present in 

persons with PFOA in Chapter 2. This was found during examination of the 

common activity of daily living (ADL) of rising from the seated position, i.e., sit-to-

stand (STS). Subjects with PFOA were found to have increased knee valgus, i.e., 

abduction, in the frontal plane as compared to age- and gender-matched healthy, 
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control subjects. It is not known if there is a relationship between angular knee 

position and physical performance in ADL involving LE use. If such a relationship 

exists, it may be a possible marker to indicate individuals with knee pain likely to 

have PFOA. 

The purpose of this study was to examine the relationship between knee 

kinematics during STS and physical performance of ADL. It was hypothesized 

that a significant relationship would be found between knee kinematics in the 

frontal plane and score on the Timed-Up-And-Go (TUG) and fifty-foot-walk (FFW) 

physical performance measures. 

Methods 

Subjects 

Thirty-two adults participated in this study; subjects were recruited with the 

assistance of local orthopaedic surgeons, physical therapists, and through 

advertisement in Temple University Hospital. Seventeen subjects were in the 

PFOA group and 15 were in the control group (Table 2). After radiographic 

screening, 8 subjects remained in the PFOA group and 7 subjects remained in 

the control group (Table 3). No significant differences were present between 

subjects who were excluded as compared to those included in phase 2 of the 

study, other than the radiographic findings. A significant difference did exist in 

terms of Body Mass Index (BMI) between the PFOA and control groups for 

subjects included in phase 2 (Table 3). All subjects gave written informed 

consent. All procedures were approved by the Temple University Institutional 
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Review Board in accordance with the NIH guidelines for medical research in 

humans.  

Experimental Procedures 

After giving consent to participate, subjects completed a questionnaire 

regarding medical history and the presence of knee pain, stiffness, and disability. 

Physical exam tests were performed by a single examiner (LTH) to measure 

knee range of motion, detect pain and/or crepitus with patellar glide and patellar 

compression tests, and to screen for the presence of a possible TF source of 

knee pain by palpation of the TF joint line. These tests have been demonstrated 

to have adequate interobserver reliability utilizing a standardized grading system 

(Rc = 0.85-0.99). 97 Radiographic screening was then performed with three views 

of each knee: a supine axial (skyline) view of the PF compartment with the knee 

flexed to 45 degrees, a side-lying lateral view of the PF compartment, and an 

erect standing anteroposterior view of the TF compartments.17, 19, 66, 67, 69, 73, 76, 78, 

85, 86, 87, 88, 104, 105, 196, 197 All radiographs were reviewed and graded by one 

musculoskeletal radiologist (WRR) according to the Osteoarthritis Research 

Society International (OARSI) 95, 105 ordinal scale (0 = none, 1 = mild/possible, 2 = 

moderate/definite, 3 = severe).  

Those subjects meeting all inclusion and exclusion criteria (Table 4) 

underwent a second session of testing. Subject knee pain, stiffness, and physical 

function during the previous 48 hours were measured using the WOMAC self-

report questionnaire version VA3.1 (Nicholas Bellamy, Queensland, Australia).177 

The WOMAC is a 24-item disease-specific health status instrument for OA of the 
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hip and knee that has been demonstrated to be reliable, valid, and responsive to 

change. 177, 178, 179 Lower scores indicate less pain, less stiffness, and greater 

physical function. It is recommended by the American College of Rheumatology 

(ACR) as a measure of adult lower extremity function182 and as an outcome 

measure in clinical trials in osteoarthritis research.183 Knee pain severity was 

measured over the past 30 days with VAS measures of knee pain on an average 

day, the least painful day, and the most painful day.184 The VAS is a self-report 

instrument that has been shown to be reliable and valid for use with patients with 

arthritis.185, 186 It is a quick and easy method of measuring pain severity and is 

recommended by the ACR as a measure of pain in adults.187  

Two physical performance tests were administered, the Timed Up and Go 

(TUG) and fifty-foot walk (FFW). The TUG is a physical performance measure of 

functional mobility shown to be reliable and valid in community-dwelling older 

adults.166, 167, 168, 169 It is a timed measure of a person’s ability to stand from a 

chair, walk 3 meters, turn 180 degrees, return to the chair and sit down. 166 It has 

been used as a measure of functional performance in persons with knee OA170, 

171 and is recommended by the ACR as a measure of adult general 

performance.172 The FFW is a timed test of a person’s ability to walk 50 feet. The 

ability to ambulate in a timely fashion is an important function and time to perform 

a walking task has been used as a measure of function in persons with knee 

OA.117, 174 Timed walk tests have been shown to be reliable and valid in persons 

with knee OA175, 176 and are recommended by the ACR as measures of adult 

general performance.172 During the FFW subjects were instructed to walk 
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“quickly.” Subjects performed one practice trial each of TUG and FFW at a 

moderate pace followed by one timed trial. The tests were administered while 

barefoot and without any knee braces, sleeves, or tape. Subjects reported knee 

pain severity with a VAS before and after the TUG and FFW.  

Biomechanical testing of STS was also performed. The order of PPT and 

STS testing was randomly determined according to a coin toss. Biomechanical 

testing involved collection of kinematic and kinetic data from the LE while 

subjects performed 5 repetitions of STS from a backless, armless stool adjusted 

to 110% knee height. Biomechanical results and details of the methodology were 

previously reported in Chapter 2. Subjects reported knee pain severity with a 

VAS before and after the STS trials.  

Dependent variables included:, 1) Mean knee angles in the sagittal, 

frontal, and transverse planes of the dominant LE at the time of start, seat-off, 

and end of the movement, 2) Mean maximum and minimum knee angles in the 

sagittal, frontal, and transverse planes of the dominant LE, 3) time to perform the 

TUG, and 4) time to perform the FFW.  

Statistical analysis 
 
 Statistical analysis was performed using SPSS version 16.0 (SPSS, Inc., 

Chicago, Illinois, USA). Data were tested for normality using the Shapiro-Wilks 

test and histograms. Mean knee angles, TUG, and FFW data were non-normally 

distributed, thus their relationships were analyzed using nonparametric statistics. 

Data were transformed to ranks and the relationship between variables was 



 137 

measured with the Spearman rank correlation coefficient. The level of statistical 

significance was set at p < .05, 2-tailed. 

Results 
 
 No significant associations were found between any mean knee angle and 

the score on the TUG (Table 12). No significant associations were found 

between any mean knee angle and the score on the FFW (Table 12). A 

significant association was found between the subject score on the TUG and the 

score on the FFW (Spearman’s rho = 6.00, p = .018, 2-tailed).  

Discussion 
 
 The hypothesis that a significant relationship would be present between 

one or more knee angular positions and score on the TUG and/or FFW was not 

supported. This was in contrast to the results of the study by Chang and 

colleagues216 who found a significant relationship between varus thrust and 

function in a chair-rise test in persons with TFOA. The difference between their 

results and ours may be due to our investigation of persons with OA of the PF 

compartment of the knee. It may also be due to differences in methodology. Our 

study compared angular position of the knee at several instants in time as 

collected by a video-based motion analysis system to score on the TUG and the 

FFW tests. The methodology used by Chang and associates216 was a 

comparison of the results of a visual gait observation to detect the presence of a 

varus thrust of the knee versus a timed repeated-chair rise test and the score on 

the physical function subscale of the WOMAC. The difference may also be due to 

different severity of disease between subjects. 
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Table 12.  Association Between Dominant Lower Extremity Knee Angles, 
Timed-Up-and-Go, and Fifty-Foot-Walk   Association tested with the 
Spearman rank correlation coefficient, 2-tailed; significance level set 
at p < .05. 

________________________________________________________________ 
Knee Angle  TUG: rho value p-value FFW: rho value    p-value 
_____________________________________________________________________________ 
At end   

 Sagittal  .186 .508 -.068 .810 

 Frontal  .250 .369  .129 .648 

 Transverse .286 .302  .014 .960 

At seat-off 

 Sagittal  .121 .666  .168 .550  

 Frontal  .086 .761  .118 .676 

 Transverse  .136 .630 -.282 .308 

At start  

 Sagittal -.014 .960 -.004 .990 

 Frontal  .054 .850  .121 .666 

 Transverse -.025 .930 -.439 .101 

Maximum  

 Sagittal  .186 .508 -.068 .810 

 Frontal  .164 .558  .157 .576 

 Transverse  .157 .576 -.325 .237 

Minimum  

 Sagittal  .029 .919  .061 .830 

 Frontal  .050 .860 -.118 .676 

 Transverse -.032 .909 -.479 .071 

_____________________________________________________________________________ 
TUG = Timed Up and Go; FFW = Fifty-Foot Walk; rho value = Spearman rho value  
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We were particularly interested in any alteration in the frontal or transverse 

plane, as research has demonstrated significantly increased knee abduction, i.e., 

valgus, and tibial external rotation in persons with PFOA.27, 79 In addition, 

increased femoral internal rotation has been reported in persons with 

patellofemoral pain syndrome, a possible precursor to PFOA.202, 203 But as a 

“thrust” of the knee in the frontal plane may be better detected by analyzing 

velocity or acceleration of the knee, future research should determine if any 

relationship exists between knee and/or hip angular velocity and/or acceleration 

during sit-to-stand and scores on physical performance tests. In addition, studies 

investigating the ability of a clinician to visually detect an alteration in knee 

angular position, velocity, or acceleration should be performed to determine if this 

can be a useful clinical indicator of possible PFOA in persons with anterior knee 

pain. 

Conclusion 
 
 No significant relationship was found between any knee angular position 

of the dominant LE during sit-to-stand and score on the TUG or on the FFW. This 

indicates that factors other than LE kinematics may determine a person’s 

function during ADL of rising from a chair and walking.  
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CHAPTER 5 

SENSITIVITY AND SPECIFICITY OF SYMPTOMS AND PHYSICAL EXAM 

SIGNS IN THE DETECTION OF RADIOGRAPHIC PATELLOFEMORAL 

OSTEOARTHRITIS 

Introduction 

Arthritis is common in Western society with prevalence of self-reported 

physician-diagnosed arthritis in adults in the United States reported to be 21.6% 

in 2008.6 The number of individuals affected is 46.4 million; this number is 

projected to increase to nearly 67 million by the year 2030.15 The chief cause of 

activity limitation in adults 55 years and older in the US is arthritis. 7, 13, 14 It is 

projected that by the year 2030 approximately 25 million US adults will have 

activity limitation attributed to arthritis, i.e., an estimated 9.3% of the population.15 

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

most frequently involved.8 Lawrence and associates8 reported that nearly 9.3 

million adults in the US have symptomatic knee OA based upon the most recent 

population census of 2005.  

The patellofemoral (PF) compartment of the knee is frequently affected by 

OA. Prevalence of isolated radiographic PFOA have been reported to be 13.6 – 

24% in females and 11 -15.4% in males in the United Kingdom.19, 20 Estimates of 

prevalence that include cases of either isolated PFOA or PFOA in combination 

with OA of the tibiofemoral (TF) compartments have been reported as 32.7% of 

males and 36.1% of females with knee pain > 60 years of age.20 The prevalence 

of PFOA has been reported to be even greater in Saudi Arabia, with 80.8% of 
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females and 87.8% of males with radiographic OA demonstrating osteophytes on 

the patella (mean age 49.01 + 14.87 years, range 20-93 years).21 The presence 

of PFOA is significantly associated with disability, to a greater degree than the 

presence of TFOA.19 

Disagreement exists concerning the diagnosis of knee OA. There is 

controversy regarding if diagnosis should be based upon clinical criteria or upon 

radiographic findings.98 The American College of Rheumatology (ACR) 

developed clinical criteria for diagnosis of knee OA, both including and without 

results of radiographs.10 The ACR’s criteria for diagnosis of knee OA based upon 

clinical examination only are the presence of knee pain plus at least 3 of the 

following exam findings: age > 50 yrs, morning stiffness < 30 minutes, crepitus 

with active knee motion, tenderness of the knee joint margins, bony enlargement, 

and the absence of palpable warmth of the knee.10 Classification of knee OA by 

the ACR’s clinical criteria is reported to have a sensitivity of 95% and specificity 

of 69%. The ACR’s recommended criteria for diagnosis of knee OA based upon 

clinical exam findings and radiography are the presence of knee pain, 

osteophytes on radiography (Figures 27 and 28), and at least 1 of the following: 

age > 50 yrs, morning stiffness < 30 minutes, or crepitus with active knee 

motion.10 Altman and associates10 reported that classification of knee OA by the 

clinical and radiographic criteria had a sensitivity of 91% and specificity of 86%. 

Large community-based epidemiologic studies of knee OA, however, rely 

primarily on radiographic findings for the diagnosis,21 sometimes including one or 

more questions regarding the presence of knee pain.20, 92, 104, 217 At least part of 
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Figure 27. Axial view radiographs of the patellofemoral joint. The image on the 
left demonstrates Grade 0 patellar osteophytes and Grade 0 
patellofemoral joint (PFJ) space narrowing (JSN) in a right knee. The 
image on the right demonstrates Grade 2 lateral patellar osteophyte, 
Grade 1 medial patellar osteophyte, and Grade 2 PFJ JSN in a left 
knee. 

 
 

 

Figure 28.  Lateral view radiographs of the patellofemoral joint. The image on the 
left demonstrates no patellar osteophytes in a left knee. The image 
on the right demonstrates superior and inferior patellar osteophytes 
in a left knee. 

 

 

the cause of the controversy surrounding the diagnosis of knee OA is the 

frequently reported poor-fair association between symptoms and radiographic 

findings of this disease.92, 207, 217, 218 

The ACR’s clinical classification criteria for diagnosis of knee OA do not 

specify the compartment of the knee involved. There are no known standardized 
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criteria for the diagnosis of PFOA versus TFOA. Activities that load the knee in a 

flexed position have been described as producing anterior knee pain in persons 

with PFOA. These include ascending and descending stairs and hills, squatting, 

running, cycling, hiking, rising from sitting, toilet and car transfers, during or after 

prolonged sitting with the knees flexed.67, 68, 69, 70, 73, 83, 85, 92, 204, 219 In addition 

persons with PFOA are reported to complain of stiffness after sitting > 30 

minutes, morning stiffness < 30 minutes, crepitus during knee motion, and a 

possible history of patellar subluxation or dislocation.69, 73, 219 Physical exam tests 

reported to be useful in the diagnosis of PFOA are the patellar compression test 

and patellar grind test.69, 70, 73, 84, 219 The patellar compression test is considered 

positive with reproduction of anterior knee pain when the patella is compressed 

against the trochlea at various degrees of TF flexion.69, 70, 73, 84, 219 The patellar 

grinding test is considered positive if pain and/or crepitus are produced by 

superior-inferior and/or medial-lateral patellar translation against the trochlea.69  

No studies to date have been published examining the sensitivity or 

specificity of specific symptoms or physical exam signs of PFOA. As PFOA is 

recognized as having different clinical features as compared to TFOA204 it would 

be useful to identify the best clinical criteria to diagnose this common and 

disabling subgroup of knee OA. This would assist in the examination of the 

effectiveness of interventions to address PFOA and enable clinicians to 

customize treatment of this condition, as recommended by the ACR and the 

European League Against Rheumatism (EULAR).23, 220  
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 This study was part of a larger study examining the impact of PFOA on 

function and on the biomechanics of the lower extremities during rising from a 

chair. The aim of this portion of the research was to examine the sensitivity and 

specificity of commonly reported symptoms and physical exam signs of PFOA as 

compared to the “gold standard” of radiographic evidence of PFOA.  

Methods 
 

Subjects 
 
 Eighty-two potential subjects with and without possible PFOA were 

recruited with the assistance of local orthopaedic surgeons, physical therapists, 

and through advertisement in Temple University Hospital and the Temple 

University College of Health Professions faculty listserv. Nineteen of these 

potential subjects were not reached by telephone or electronic mail, leaving 63 

potential subjects for a response rate of 77%. Of the remaining 63 subjects, 10 

declined to participate and 21 subjects were excluded prior to admission to the 

study based upon responses to prescreening questions. These exclusions were 

due to the presence of additional neuromusculoskeletal conditions such as hip 

arthritis/arthroplasty, unilateral or non-anterior knee pain, having received 

viscosupplementation or corticosteroid injections to the knees within the previous 

3 months, or age younger than 40 years. This yielded a group of 32 subjects who 

underwent clinical and radiographic examination for the presence of PFOA. Full 

details of the inclusion and exclusion criteria can be found in Table 4. 
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Experimental Procedures 
 

After giving consent to participate, subjects completed a questionnaire 

regarding medical history and the presence of knee pain, stiffness, and disability. 

Physical exam tests were performed by a single examiner (LTH) to detect pain 

and/or crepitus with patellar grind and patellar compression tests, and to screen 

for the presence of a possible TF source of knee pain by palpation of the TF joint 

line. These tests have been demonstrated to have adequate interobserver 

reliability utilizing a standardized grading system (Rc = 0.85-0.99). 97 

Radiographic screening was then performed with three views of each knee: a 

supine axial (skyline) view of the PF compartment with the knee flexed to 45 

degrees, a side-lying lateral view of the PF compartment, and an erect standing 

anteroposterior (AP) view of the TF compartments.17, 19, 66, 67, 69, 73, 76, 78, 85, 86, 87, 88, 

104, 105, 196, 197 All radiographs were reviewed and graded by one musculoskeletal 

radiologist (WRR) according to the Osteoarthritis Research Society International 

(OARSI) 95, 105 ordinal scale for the AP and axial views (0 = none, 1 = 

mild/possible, 2 = moderate/definite, 3 = severe) (Figure 27). Since the OARSI 

atlas does not include lateral views of the knee, the classification of superior and 

inferior PF osteophytes visible on the lateral view was graded present or absent 

based upon the radiographic scale by Hart and Spector (Figure 28).95  

For the purposes of this study, the presence of patellar osteophytes and/or 

joint space narrowing of the PF joint of grade 1-3 was considered positive for the 

presence of radiographic PFOA. The definition of clinical PFOA was based upon 

the following: 1) positive response to both parts of the question: a) “Have you 
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ever had pain in or around the knee on most days for at least a month? b) If so, 

have you experienced any pain during the last year?,”19 2) bilateral anterior knee 

pain within the past year requiring limitation of activities for more than 1 – 2 days 

during the past year, 3) “Yes” answers to at least 3 of the following: pain with 

ascending stairs, pain with descending stairs, pain with prolonged knee flexion 

[sitting with knees flexed, sitting in a movie theater (“movie theater” sign), sitting 

in cars], pain with STS from a chair and/or a toilet, pain with squatting, pain with 

increased activity (hiking, cycling, running), morning stiffness < 30 minutes, 

stiffness after sitting for 30 minutes, history of patellar subluxation or dislocation 

in the past,69, 73, 219 and 4) at least one of the following in both knees: pain 

produced by the patellar compression test (PC), pain produced by the patellar 

grind test (PG-P), or crepitation produced by the patellar grind test (PG-C). 69, 73, 

84, 219 Comparison was made between results of clinical exam and radiographic 

results to determine the sensitivity and specificity of the clinical exam in diagnosis 

of PFOA.  

Results 
 

Thirty-two subjects completed the questionnaire regarding symptoms of 

knee pain and stiffness followed by physical exam tests of the PF joints (64 

knees). The prevalence of radiographic PFOA was 39 out of 64 knees, i.e., 60%. 

Symptoms 
 
 The presence of knee pain on most days for at least 1 month was found to 

have a sensitivity of 67% and a specificity of 64% for the presence of PFOA. The 

positive likelihood ratio (LR+) for this question was found to be 1.9 and the 
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negative likelihood ratio (LR-) was found to be 0.5. The positive predictive value 

(PPV) was 78% and the negative predictive value (NPV) was 50%. Results for 

the question regarding the presence of pain during the past year were similar 

with sensitivity of 62%, specificity of 64%, LR+ of 1.7, LR- of 0.6, PPV of 76%, 

and NPV of 47%. The results for the presence of bilateral anterior knee pain and 

for the need to limit activity due to knee pain were exactly the same as for the 

question regarding pain during the past year. 

The results for the nine symptoms and past history questions were 

analyzed separately and are reported in Table 13. No subjects reported a past 

history of patellar subluxation or dislocation. The remainder of symptoms had 

sensitivities ranging from 48-62% and specificities ranging from 64-82% (Table 

13). Multilevel likelihood ratios (MLR) were calculated for these nine symptoms 

(Table 14) as well as for responses to all 4 pain questions and 9 symptoms 

(Table 15). 

Physical Examination Tests 
 
The patellar compression test (PC) was found to have a sensitivity of 38% 

and specificity of 76%. The positive likelihood ratio for the PC was 1.6 and the 

negative likelihood ratio was 0.82. The positive predictive value (PPV) of the PC 

was 71% and the negative predictive value (NPV) was 44%. 

The patellar grind test is considered positive with the production of 

retropatellar pain or crepitus. The PG-P was found to have a sensitivity of 46% 

and specificity of 72%. The LR+ of the PG-P was 1.6 while the LR- was 0.75. The 

PPV of the PG-P was 72% and the NPV was 46%. The PG-C had a sensitivity
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Table 13.  Sensitivity, Specificity, Likelihood Ratios, and Predictive Values for 
Symptoms  

________________________________________________________________ 
Symptom Sens. (%)   Spec. (%)  LR+ LR- PPV(%)   NPV(%) 

_____________________________________________________________________________ 
Pain up stairs 57 64 1.6 0.7 75 44 
 
Pain down stairs 48 73 1.8 0.7 77 42 
 
Pain pro. sitting 52 64 1.4 0.8 73 41 
 
Pain STS 62 73 2.3 0.5 81 50 
 
AM stiffness 48 82 2.7 0.6 83 45 
 
Stiff after pro. sit 62 64 1.7 0.6 76 47 
 
Pain with squatting 62 73 2.3 0.5 81 50 
 
Pain with inc. act. 48 73 1.8 0.7 77 42  
 
H/o pat. sub/dis 0 0 0 0 0 0 
________________________________________________________________ 
Sens. = sensitivity; Spec. = specificity; LR+ =  positive likelihood ratio; LR- = negative likelihood 
ratio; PPV =  positive predictive value; NPV = negative predictive value; % = percentage; pro = 
prolonged; STS = sit-to-stand; AM = morning; inc. = increased; act. = activity; H/o = history of; 
pat. = patellar; sub/dis = subluxation/dislocation. 
 

 
 

 
 
Table 14.  Multilevel Likelihood Ratios for Nine Symptom and History Items 
________________________________________________________________ 
Number positive items Descriptor  Likelihood ratio 
_____________________________________________________________________________ 
 8-9 (very +) 1.6 
 
 6-7  (moderately +) 2.4 
 
 4-5 (neutral) 0.6 
 
 2-3 (moderately -) 0* 
 
 0-1 (very -) 0.6 
 
 > 6 2.1 
_____________________________________________________________________________ 
* No subjects with this quantity of positive items. 
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Table 15.  Multilevel Likelihood Ratios for all Pain Questions, Symptoms and 
History Items. 

________________________________________________________________ 
Number positive items Descriptor Likelihood ratio 
_____________________________________________________________________________ 
 12-14 (very +) 1.6 
 
 9-11  (moderately +) 2.6 
 
 6-8 (neutral) 0* 
 
 3-5 (moderately -) 0* 
 
 0-2 (very -) 0.5 
 
 > 9 2.3 
_____________________________________________________________________________ 
* No subjects with this quantity of positive items. 
 
 
 
 
of 51% and a specificity of 84%. The PG-C was found to have a LR+ of 3.2 and a 

LR- of 0.6. The PPV of the PG-C was 83% and the NPV was 53%. MLR were 

calculated for results of the 3 physical examination tests performed on bilateral 

knees for a total of 6 physical examination tests (Table 16). 

Cluster of Symptoms and Physical Examination Tests 
 
 The cluster of symptoms and physical exam tests required for inclusion in 

the PFOA or control (i.e, healthy, normal) group was examined as a whole to 

determine its sensitivity and specificity. The cluster of symptoms and signs of 

PFOA had a sensitivity of 62% and a specificity of 64%. The LR+ of this cluster 

was 1.7 and the LR- was 0.59. The PPV of the cluster of symptoms and signs 

was 76% and the NPV was 47%. MLR for the symptoms and signs cluster were 

calculated as well (Table 17). 
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Table 16.  Multilevel Likelihood Ratios for Physical Examination Tests   Results 

reported for bilateral knees (3 tests per knee – 6 tests total). 
________________________________________________________________ 
Number positive items Descriptor Likelihood ratio 
_____________________________________________________________________________ 
 6 (very +) 0* 
 
 4-5  (moderately +) 1.6 
 
 2-3 (moderately -) 0.7 
 
 0-1 (very -) 0.7 
 
 > 4 2.4 
_____________________________________________________________________________ 
* No subjects with this quantity of positive items. 
 

 
 
 
 
 
 
Table 17.  Multilevel Likelihood Ratios for Cluster of Symptoms and Physical 

Examination Tests 
________________________________________________________________ 
Number positive items Descriptor  Likelihood ratio 
_____________________________________________________________________________ 
 15-19 (very +) 2.6 
 
 12-15  (moderately +) 1.8 
 
 8-11 (neutral) 0.5 
 
 4-7 (moderately -) 0* 
 
 0-3 (very -) 0.5 
 
 > 12 2.1 
_____________________________________________________________________________ 
* No subjects with this quantity of positive items. 
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Discussion 

PFOA is a prevalent condition that is frequently overlooked due to the 

common reliance upon solely the anteroposterior (AP) view in radiographic 

assessment of the knee. Our research found a high prevalence of PFOA in 

persons aged 40-65 years. A limitation of this study is that the sample was 

designed to recruit subjects either very likely to have PFOA or those very likely to 

be free from this disease. Our results of a prevalence of 60% are greater than 

those reported by McAlindon and colleagues;9 however, their study utilized only 

AP and lateral views of the knee. Our findings also differed from the prevalence 

of PFOA reported by Davies and associates20 who did use AP, lateral, and axial 

radiographic views of the knee. The difference in findings may be due to the 

definition of PFOA as Davies and colleagues20 defined a positive test as joint 

space narrowing of < 3 millimeters while our definition was based upon both joint 

space narrowing and osteophytosis. The high prevalence of radiographic PFOA 

in our study is consistent with the findings of a community-based study of knee 

OA by Szebenyi and associates217 These researchers found a prevalence of 

65% for PFOA which was greater than the prevalence of TFOA (55%).217 Our 

findings are also similar to those of Al-Arfaj and colleagues21. These researchers 

found a prevalence of 53% for females and 43% of males for PFOA in a study of 

patients attending a primary care clinic for a variety of reasons.21   

To assist the clinician in deciding whether to order lateral and axial view 

radiographs of the knees, particular questions may be useful. A history of knee 

pain on most days of the month for at least 1 month was found to be best at 
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detecting the presence of radiographic PFOA with 78% of persons responding 

affirmatively found to have radiographic PFOA. The individual symptoms 

associated with PFOA found to be the most predictive of its presence were 

morning stiffness (LR+ = 2.7), pain with sit-to-stand (LR+ = 2.3), and pain with 

squatting (LR+ = 2.3). These findings indicate that including these questions in a 

clinical exam will increase the likelihood of detecting cases of radiographic, 

symptomatic PFOA. As these 3 items had the highest specificities, their PPV 

were high as well. Positive responses to these 3 items resulted in 81-83% 

probability of a subject testing positive for radiographic PFOA. 

Multilevel likelihood ratios (MLR) can be useful to determine the odds of a 

disease based upon test results that are ordinal in nature rather than 

dichotomous.221 When considering a cluster of symptoms, it is important to 

determine a cut-off point for detection of cases likely to have a condition. The 

presence of at least 6 of the 9 symptoms associated with PFOA was found to be 

such a cut-off point, with a LR+ of 2.1. This indicates that persons responding 

positively to at least 6 of the tested symptoms are likely to demonstrate 

radiographic PFOA. Including results of the 4 pain questions with results of the 9 

symptoms of PFOA yielded a useful cut-off point of 9 out of 14 positive 

responses for a MLR of 2.3. 

To confirm the likely presence of disease it is common to perform physical 

examination tests. Neither the patellar compression nor the patellar grind tests 

were found to have high sensitivity. The PG-C test was found to have the highest 

specificity, thus yielding a high LR+. Therefore the presence of crepitus during 
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the PG test indicates that a patient is highly likely to demonstrate radiographic 

PFOA. These findings are consistent with those of Iwano and associates69 who 

found low sensitivities for pain with PC and PG-P tests but a sensitivity of 100% 

for PG-C. Our findings are in contrast to the recommendations of several reviews 

that indicate the best physical exam test for diagnosis of PFOA to be the PC 

test.84, 219 Positive responses to at least 4 of these 6 tests yielded a MLR of 2.4 (3 

physical examination tests per knee, 6 tests total). Adding the results of the pain 

and symptom questions to the physical exam test results yielded a MLR of 2.1 for 

positive response to at least 12 out of 19 items.  

An additional finding from our study was confirmation of the poor 

agreement between radiographic and clinical findings in the diagnosis of knee 

OA. This is in agreement with several earlier studies.92, 222 Utilizing all clinical 

exam criteria, symptoms and physical exam signs, our study found a PPV of 76% 

for the presence of radiographic PFOA. Thus there was a 24% false positive rate 

based upon results of the clinical exam. An even more striking finding was the 

high rate of false negatives for radiographic PFOA, with 53% of subjects who 

were clinically negative for PFOA found to have radiographic evidence of the 

disease. Due to the cross-sectional design of this study, it is unknown whether 

subjects will develop radiographic or clinical PFOA in the future. Longitudinal 

studies should be conducted to determine if any symptoms or physical exam 

tests may predict the development of radiographic PFOA. 
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Conclusion 
 
 The prevalence of PFOA among adults aged 40-65 years was found to be 

60%. There was only poor-fair agreement between clinical symptoms and signs 

of the disease and radiographic evidence of PFOA. The best indicators from the 

history and clinical exam for detection of radiographic PFOA were found to be 

crepitus on the patellar glide test, the presence of morning stiffness, pain during 

sit-to-stand and/or squatting, and a cluster of symptoms and physical exam tests. 

Limited agreement between the clinical and radiographic exam indicates that 

radiographs are still necessary if definite confirmation of radiographic PFOA is 

necessary. As PFOA has been shown to cause significant pain, disability, and is 

clinically different from TFOA, it is important to utilize symptoms, clinical exam 

tests, and radiographs to confirm its presence.   



 155 

CHAPTER 6 
 

DISCUSSION 

Review of Aims 

The long-term objective of this study was to add to the body of knowledge 

quantitative descriptions of the impact of patellofemoral (PF) osteoarthritis (OA) 

on persons’ biomechanics, functional abilities, pain, and perception of function. 

The knowledge gained will be useful to design nonpharmacologic interventions 

for treatment of PFOA, to measure the effectiveness of treatment, and as a 

possible screening tool to detect the presence of early PFOA. 

 

The specific aims for this study were: 

Aim 1: To determine the typical triplanar biomechanics of the hips and knees for 

persons with PFOA during sit-to-stand (STS) and to compare these measures to 

the biomechanics of age- and gender-matched control subjects. 

Hypotheses: 

1.1: Significant differences will be found between the PFOA and control groups in 

terms of hip and knee angular position in one or more planes (sagittal, frontal, or 

transverse) during the STS task. 

1.2: Significant differences will be found between the PFOA group and the 

control group in terms of hip and knee joint moments in one or more planes 

(sagittal, frontal, or transverse) during the STS task. 
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Aim 2: To determine the impact of PFOA on physical performance of ADL and 

perceived functional status and pain. 

Hypotheses: 

2.1: Significant differences will be found between the PFOA group and the 

control group for time to perform the physical performance tests (PPT), the 

Timed Up &Go, i.e., TUG and the 50-foot walk, i.e., FFW.  

2.2: Significant differences will be found between the PFOA group and the 

control group for ratings of perceived functional status (Western Ontario and 

McMaster University Osteoarthritis Index, i.e., WOMAC) and for ratings of pain 

following STS, TUG, and FFW (Visual Analog Scale, i.e., VAS). 

 

Aim 3: To determine the relationship between knee kinematics during STS and 

physical performance of ADL. 

Hypothesis: 

3.1: A significant relationship will be found between knee kinematics of the 

dominant (D) lower extremity (LE) in one or more planes and score on the TUG 

and/or the FFW. 

Summary of Results 

This study showed that there were differences in the biomechanics of the 

hips and knees during STS between the PFOA and control groups. In addition, it 

was found that middle-aged adults with PFOA are significantly limited in function 

in ADL, have greater knee stiffness, and greater knee pain as compared to 
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middle-aged adults without PFOA. No significant relationship was found between 

D knee angular position during STS and score on the TUG or on the FFW.   

Aim 1 

The first aim examined the biomechanics of STS in middle-aged adults 

with PFOA as compared to age- and gender-matched healthy, normal (control) 

adults. The PFOA group was found to require a significantly longer time to 

perform STS. This difference was primarily due to the longer time to complete the 

flexion-momentum phase of STS in the PFOA group. The movement patterns of 

STS for both groups were similar; however, the PFOA group spent a slightly 

longer percentage of the cycle during the flexion-momentum phase. No 

significant differences were found between groups for the momentum-transfer or 

extension phases of STS.  

Differences between groups were also found for the kinematics of STS. 

The subjects with PFOA flexed their hips to a greater degree during STS at the 

end of the movement cycle. Interestingly, no differences in sagittal plane knee 

kinematics were found between groups for any event. This is in contrast to the 

findings of Pai and colleagues165 who found decreased knee flexion angles at the 

start of STS and decreased total knee range of motion in subjects with bilateral 

knee OA. Significant differences were detected between groups for the knee 

angular position in the frontal plane. The knees of subjects in the PFOA group 

were significantly more abducted at the end of STS, at its maximum abduction, 

and at its minimum abduction. There were significant differences between limbs 

in the frontal plane as well, with the knee of the nondominant (ND) LE more 



 158 

abducted versus the D LE at the events of start, seat-off, and at maximal 

abduction. In the transverse plane, the knee of the ND LE was significantly more 

externally rotated (ER) at the start of STS versus the D LE.  A significant 

interaction was present at the knee joint in the frontal plane at the end of STS, 

indicating that the PFOA group demonstrated greater knee abduction of the D LE 

versus the ND LE at the end of STS while the control group’s ND LE had only 

slightly greater abduction of the knee at the end of STS. Lastly, the interaction of 

group and limb was significant in the frontal plane at the maximal point of 

abduction in the frontal plane. At this event, the PFOA group had large values of 

knee joint abduction for both LE while the control group demonstrated lower 

maximal knee abduction of the D versus the ND LE.  Greater knee joint 

abduction and tibial ER both increase the valgus vector of the quadriceps 

muscle, i.e., cause an increase in the laterally directed component of the 

quadriceps muscle force. This has been shown to increase the joint RF on the 

lateral portion of the PF joint, increasing stress on the cartilage of the lateral facet 

of the patella.35 Increased joint stress has been implicated as one factor in the 

development and progression of PFOA 17, 30, 89  

Significant differences between groups were also found for kinetics of the 

hip and knee during STS. The moments about the hip joints were significantly 

different between groups in the sagittal, frontal, and transverse planes. The hip 

joints of the PFOA group had significantly greater extension moments at seat-off, 

greater hip abduction moments at the end of STS and at its maximum, greater 

ER moments at the end of STS and at the maximum, lower internal rotation (IR) 
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moments at the minimum, and a hip ER moment at the time of seat-off versus an 

IR moment for subjects in the control group. The greater hip extension moments 

at seat-off in the PFOA group as compared to the control group is in partial 

agreement with the findings of Pai and associates165 who reported increased hip 

extension joint torque in persons with bilateral knee OA. The significant 

difference in the study by Pai and associates,165 however, was only present at 

60-80% of the STS cycle. The current study found significantly greater hip 

extension moments at seat-off, at approximately 38% of STS. The significantly 

greater hip abduction and ER moments in the PFOA group indicate that persons 

with this condition may be required to exert greater muscular forces to resist 

adduction and IR of the thighs during STS. The knee joint moments were 

significantly different between groups only at the seat-off event. At seat-off the 

knees of the PFOA group demonstrated greater extension moments and greater 

adduction moments. Interestingly, this was different from the findings of Pai and 

associates165 and Su and colleagues138 who both found decreased knee joint 

extension moments during STS with persons with knee OA. The differing findings 

may be due to differences in stool height, different initial knee positions, and 

differences in trunk motion. Differences between limbs were present at the hip 

joints, with the hips of the D LE noted to have greater abduction moments at the 

end of STS, greater maximum abduction moments, and greater maximum ER 

moments versus the ND LE. Since the definition of the D LE was based upon hip 

and knee muscle strength, this finding may reflect the greater hip muscle 

strength in the D versus the ND LE. A significant interaction between group and 
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limb was present at the knee joint in the frontal plane. At the end of STS the 

knees of the D LE of the PFOA group had greater adduction moments versus the 

ND LE. In the control group, however, the ND LE demonstrated greater 

adduction moments as compared to the D LE. A significant interaction between 

group and limb was also present for knee maximal abduction moment in the 

frontal plane. The ND LE of the PFOA group was found to experience greater 

maximum knee abduction moments versus the D LE. The control group, 

however, demonstrated greater knee maximum abduction moments in the D LE 

as compared to the ND LE.  These differences may be due to the angular 

position of the knees in the frontal plane. For example, the LE with greater knee 

abduction angular position would require greater knee adduction moments to 

resist further knee abduction motion. Future research should examine the effect 

of alteration of TF joint position on joint moments to assess its usefulness in the 

conservative management of PFOA. 

Aim 2 

The second aim investigated the impact of PFOA on physical performance 

tests (PPT) of ADL and perceived functional status and pain. The PFOA group 

required a significantly longer time to complete the TUG as compared to the 

control group. These findings are consistent with the findings of Thomas and 

associates170 in their study of subjects with end-stage knee OA awaiting total 

knee arthroplasty (TKA) versus healthy control subjects. Although the PFOA 

group required a longer time to complete the FFW, the difference was not found 

to be significant. These findings are in contrast to those of Thomas and 
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associates170 who found subjects with end-stage knee OA required significantly 

longer time to complete a self-paced walk test as compared to their control 

group. The differences between studies may be due to the longer distance 

subjects were required to ambulate in the study by Thomas and colleagues.170 

Fatigue from ambulating a distance of 160 meters (approximately 525 feet) may 

account for the slower pace in both groups of their study as compared to our 

study which utilized a 50 foot distance. An additional factor may be due to 

differences in the compartment of the knee joint affected by OA and the 

difference in joint reaction force (JRF) during ambulation in these compartments. 

Level walking has been shown to cause JRF on the PF compartment of only 0.5 

times body weight (BW), while the TF compartments are subjected to JRF of 3 

times BW.34, 58, 60 The subjects in both groups of our study had at most minimal 

radiographic TFOA. The knee OA subjects in the study by Thomas and 

colleagues170 were likely to have severe TFOA as they were classified as “end-

stage” and were awaiting TKA. The results of our study indicate that the TUG is a 

more sensitive measure of physical performance for persons with PFOA versus 

the FFW. This may be due to the inclusion of the task of STS in the TUG, in 

which high PF JRF occur. PPT such as the TUG are useful for evaluation and 

quantification of a patient’s functional limitations as well as measures of patient 

response to intervention. Since it is critical to both researchers and clinicians to 

have sensitive measures of functional limitation, the results of this study indicate 

that the TUG should be used in evaluation of persons with PFOA. 
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The PFOA group reported significantly greater knee pain severity, as 

compared to the control group, following both the TUG and the FFW. The PFOA 

group also reported significantly greater knee pain following the STS 

biomechanical testing. The results of the WOMAC knee pain and stiffness 

subscales were significantly greater for the PFOA group. The PFOA group also 

reported significantly less physical function on the WOMAC physical function 

subscale. These findings are consistent with those of earlier studies of knee pain 

and function in subjects with end-stage knee OA170 as well as subjects with either 

clinical or radiographic knee OA.207 Our study adds to the literature by examining 

perceived function and pain in persons with PFOA as earlier studies examined 

these factors in persons with primarily TFOA.170, 207 The significantly decreased 

function of the PFOA group is in agreement with the findings of McAlindon and 

associates.19 These researchers reported a positive association between 

radiographic PFOA and reported disability as measured by the LE components of 

the Health Assessment Questionnaire. Our finding of significantly greater knee 

pain in persons with PFOA as compared to middle-aged adults without 

radiographic evidence of PFOA is in agreement with the findings of Cicuttini and 

colleagues.208 These researchers found increased odds of knee pain in persons 

with radiographic evidence of knee OA. The odds of knee pain in their study were 

particularly great for persons with radiographic evidence of PFOA as compared 

to TFOA.  

 

 



 163 

Aim 3 

The third aim of this research was to examine the relationship between D 

LE knee kinematics during STS and physical performance of ADL. It was 

hypothesized that a significant relationship would be found between knee 

kinematics of the D LE in one or more planes and score on the TUG and/or the 

FFW. This hypothesis was not supported, as no significant associations were 

found between any D LE knee angle during STS and subject score on either the 

TUG or the FFW. This was not in agreement with the findings of Chang and 

associates216 in their study of persons with medial compartment TFOA. This 

group of researchers found a positive association between increased knee varus 

malalignment during ambulation and reduced function on a timed repeated chair-

rise test in persons with medial TFOA. The difference in results may be due to 

the different compartment of the knee affected by OA, differing severity of 

disease, or differing methodology. The study by Chang and colleagues216 used a 

visual gait analysis to detect the presence of increased varus malalignment 

rather than instrumented motion analysis. Future research should be performed 

to determine if the presence of increased knee malalignment in the frontal or 

transverse planes in persons with PFOA may be detected during a visual 

observation of STS. This may serve as a useful clinical indicator of possible 

PFOA in persons with anterior knee pain. 

Summary 

 The overall results of this study demonstrated that the hip and knee 

biomechanics of STS are altered in middle-aged adults with symptomatic, 
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radiographic PFOA. In addition, persons with PFOA have significantly decreased 

function in ADL as well as significantly greater knee pain and stiffness. This study 

did not find a significant relationship between knee kinematics and function on 

standardized PPT. The overall movement pattern for STS in persons with PFOA 

was similar to that of healthy, normal middle-aged adults. Both groups 

demonstrated a similar division of STS into flexion-momentum, momentum-

transfer, and extension phases, with a similar percentage of the movement cycle 

spent in each phase.  

This research was the first biomechanical examination of STS in a group 

of persons with specifically bilateral PFOA. It is also the first known study to 

report the biomechanics of STS in all three orthogonal planes of movement for 

persons with knee OA. The results support previous reports of altered knee 

kinematics and kinetics in the sagittal plane for persons with knee OA138, 165 and 

demonstrate that altered movement patterns are present even in persons with 

mild radiographic signs of PFOA. An important finding of this research is that 

there are significant alterations in knee and hip biomechanics during STS in this 

patient population, a result not previously reported. The aberrant movement of 

the TF joint during STS in persons with bilateral PFOA is an important addition to 

the scientific literature. This dynamic malalignment in the frontal and transverse 

planes alters the position of the femoral trochlea and is likely to cause increased 

stress on the patellar cartilage within the trochlea, a biomechanical factor 

reported to cause the development or progression of OA. Our findings of 

dynamic malalignment of the TF joint in the frontal and transverse planes builds 
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on the findings of Elahi and associates27 and Cahue and colleagues.30 These 

researchers reported positive associations between static TF malalignment in the 

frontal plane and the presence of PFOA27 as well as the progression of PFOA.30 

The impact of the biomechanics of the TF joint on the presence of PFOA is now 

demonstrated for those who may not show static malalignment on weightbearing 

semi-flexed radiographs but may utilize aberrant movement patterns during 

dynamic activities. 

This research also demonstrates the need to consider the compartment of 

the knee affected by OA when considering an appropriate PPT for clinical or 

research use. Upon considering the difference in JRF of the PF joint during 

ambulation and STS, it is evident that a PPT that incorporates STS will be a 

more challenging and potentially more painful task in persons with PFOA. This is 

likely due to the high PF JRF during activities that require forceful knee extension 

with the knee in a highly flexed position. This position of the TF joint in the 

sagittal plane causes greater stress on patellar cartilage and potentially greater 

pain when this joint stress is applied to portions of the patella with exposed 

subchondral bone. The portions of the patella that are most severely impacted by 

degenerative changes are those parts that articulate with the femoral trochlea 

from 40 to 80 degrees of TF joint flexion.73 As the knee does not flex to this 

degree during the stance phase of gait, ambulation on level surfaces does not 

cause as great PF JRF or patellar cartilage stress as does STS. This may 

explain the lack of a significant difference between groups in our study for time to 
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perform the FFW. It may also be the reason for the significant difference that was 

found between groups for time to complete the TUG, which includes STS. 

The lack of a significant relationship between knee kinematics during STS 

and performance on the TUG and/or the FFW was unexpected. It was 

anticipated that a greater degree of aberrant movement of the knees would 

significantly impede an individual’s performance. Due to the greater PF JRF 

during STS it was considered particularly likely to find a significant relationship 

between knee kinematics and performance on the TUG. It may be that the 

decision to examine the relationship between knee angular position during STS 

and time to perform the two PPT was not the most appropriate comparison. It 

may be that comparison of the velocity and/or acceleration of the knees in the 

frontal or transverse planes during STS with performance on PPT may be a more 

accurate test of this relationship. A change in velocity or acceleration of the knee 

in the frontal plane may be the cause for visual detection of a varus “thrust” of the 

knee during ambulation in a study of persons with medial TFOA.216 It may also 

be that a visual examination of STS from an anterior view may reveal a “valgus 

thrust” of the knees in persons with PFOA. If present, this would be a useful 

clinical test to determine the presence and impact of PFOA on function. 

One large challenge in conducting this research was the poor agreement 

between the results of the clinical and radiographic examinations. Even though 

an attempt was made to screen for the likelihood of the presence of radiographic 

PFOA, multiple subjects were excluded from participation in the biomechanical 

and physical performance testing due to the results of radiography. Twenty-four 
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percent of subjects admitted to the PFOA group were excluded due to the 

absence of radiographic evidence of PFOA. The control group had an even 

greater exclusion rate, with 53% admitted based upon symptoms and clinical 

exam results excluded due to the presence of asymptomatic radiographic PFOA. 

Due to the cross-sectional design of this study, it is unknown whether subjects 

will develop radiographic or clinical PFOA in the future. Longitudinal studies 

should be conducted to determine if any symptoms or physical exam tests may 

predict the development of radiographic PFOA. 

Some useful findings were made from analysis of the sensitivity and 

specificity of symptoms and physical exam tests to detect the presence of 

radiographic PFOA. The best indicators from the history and clinical exam for 

detection of radiographic PFOA were found to be crepitus on the patellar glide 

test, the presence of morning stiffness, pain during sit-to-stand and/or squatting, 

and a cluster of symptoms and physical exam tests. These findings will be useful 

to researchers and clinicians in the detection of symptomatic, radiographic 

PFOA.  

Future Studies 

The conceptual framework that was developed for this study was not 

changed based upon the results; however, it has raised some interesting 

questions for future research. The results of the biomechanical portion of this 

research indicate that dynamic malalignment of the hip and TF joints during STS 

are present in persons with bilateral, symptomatic PFOA. This aberrant 

movement was found in the frontal as well as sagittal planes; greater moments 
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were found at the hip and knee in the PFOA group as well. As this is the first 

known study to report the triplanar biomechanics of STS in subjects with knee 

OA, it is not known if aberrant kinematics and kinetics are present in persons with 

TFOA. Future research should be conducted to examine the differences in the 

biomechanics of STS between groups with OA affecting different compartments 

of the knee. Studies comparing persons with symptomatic, radiographic PFOA 

versus persons with only symptoms and physical exam signs of PFOA, 

essentially a condition known as patellofemoral pain syndrome, should be 

performed. This may shed light on whether it is the presence of patellofemoral 

pain or symptomatic PFOA that may be the causative mechanism for alterations 

in the movement pattern of STS. Likewise, the biomechanics of STS between 

persons with symptomatic versus asymptomatic radiographic PFOA should be 

examined. It may be that aberrant movement is present before the presence of 

pain and may be a useful indicator of those likely to develop symptomatic PFOA. 

Longitudinal studies examining subjects’ biomechanics during STS, symptoms, 

and radiographic exam results of the knee would be useful to determine if altered 

biomechanics during this common ADL are associated with the development of 

or progression of PFOA.  

This research demonstrated that persons with PFOA report greater 

stiffness of the knees in the morning and during ADL. Studies should be made 

examining if alterations in velocity and acceleration of the LEs are present in 

persons with PFOA during STS. This should be examined in all 3 planes of 

movement.  The results may demonstrate slower knee movement in the sagittal 
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plane consistent with the perception of stiffness; they may also show increased 

velocity or acceleration in knee abduction, a possible “valgus thrust” of the knee 

during STS in persons with PFOA. An examination of visual observation of 

persons performing STS should be conducted to determine if trained examiners 

can detect the presence of aberrant movement during this ADL. If so, this would 

be a useful clinical test to aid in the detection of the presence of symptomatic, 

radiographic PFOA.  

The conceptual framework developed to guide this research can be useful 

to plan and examine interventions to decrease pain, improve function, and 

prevent the development or progression of PFOA. Conservative interventions 

that alter the static or dynamic alignment of the LE of persons with PFOA may 

alter the biomechanics of STS, thus possibly decrease the stress on patellar 

cartilage during this ADL. The finding of greater TF joint abduction and external 

rotation position of the nondominant (ND) LE as compared to the dominant (D) 

LE and greater maximum abduction moment of the knees of the ND LE indicates 

a possible mechanism of LE muscular weakness or altered proprioception for the 

development of PFOA. Future research should examine the impact of 

interventions to improve strength of hip and knee muscles as well as 

interventions to improve proprioception of the LE in alterations in pain and 

function of persons with PFOA. Utilization of the results of intervention studies 

such as these may be useful to clinicians in management of patients with PFOA. 

It may also be useful to clinicians working with patients who have patellofemoral 

pain syndrome, to prevent the development of PFOA.  
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APPENDIX A 
RADIOGRAPHIC DIAGNOSIS OF PATELLOFEMORAL OSTEOARTHRITIS 

 
Table 18.  Radiographic Diagnosis of Patellofemoral Osteoarthritis 
_____________________________________________________________________________________________ 
Source Sample Size Radiographic Views Grading Scale Additional Information 
________________________________________________________________________________________________________________ 
Al-Arfaj21 n=300 AP, lateral K-L  

Altman 198610 n=237 standing AP, lateral, N/A     

  axial 

Altman 1995105 n=130 knees AP/AP in semiflexion/PA, OARSI 

  Lateral, axial in 45 deg 

Baker91 n=2472 standing semiflexed axial, TFJ: K-L; PFJ: B-W 

  AP/semiflexed PA 

Cahue30 n=237 standing semiflexed AP, TFJ: K-L;   

 (397 knees) standing axial (30 deg) PFJ: OARSI 

Chaisson104 n=389 standing AP/PA, supine/ PFJ: OARSI; AP + skyline and AP + lateral 

 (872 knees) standing axial (skyline), TFJ and lateral: equal sensitivity for OA; sky- 

  standing lateral (30 deg) Framingham line more technically difficult 

Cicuttini 199688  n=252 standing lateral (30 deg), N/A Skyline view better sensitivity 

 (504 knees) supine (skyline) (45 deg)  and specificity than lateral for 
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Table 18. (continued) 
_____________________________________________________________________________________________ 
Source Sample Size Radiographic Views Grading Scale Additional Information 
________________________________________________________________________________________________________________ 
    predicting knee pain;  

    OR = 7.66 for knee pain in those 

    with osteophyte visible on 

    skyline view 

Cicuttini 199789 n=300 standing AP, standing Burnett 

  lateral (30 deg) 

Cicuttini 200290 n=110 standing lateral (30 deg), Burnett 

  supine axial (45 deg) 

Cooper17  n=2101 standing AP, lateral Spector 

  recumbent 

Davies20 n=174 standing PA, lateral Ahlback; JSN <  Lateral radiograph inadequate 

 (206 knees) recumbent, axial 3 mm for PF assessment 

  (25 deg) 

Elahi27 n=300 standing semiflexed AP, OARSI 

  standing axial (30 deg) 

Iwano69  n=66 (108 knees) supine axial (45 deg) JSN < 3 mm 



 210 

Table 18. (continued) 
_____________________________________________________________________________________________ 
Source Sample Size Radiographic Views Grading Scale Additional Information 
________________________________________________________________________________________________________________

Jones87  n=30 (60 knees) standing AP, lateral N/A Skyline (axial) more reprodu- 

  (30 deg), axial (30 deg)  cible and more sensitive than 

    lateral but technically more  

    difficult 

Lanyon86  n=452 standing AP, axial  OARSI 

  (Laurin – midflexion) 

Laskin70  n=53 axial (Merchant) N/A  

Mäenpää76  n=85 AP, lateral, axial JSN < 3 mm 

  (Merchant – 45 deg) 

McAlindon19  n=513 standing AP, recumbent K-L 

  lateral 

Merchant67  n=15 standing AP, standing  N/A 

  semiflexed PA (45 deg), 

  lateral, axial (45 deg)   

Mont66 n=27 (30 knees) standing AP, lateral, Ahlback 
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Table 18. (continued) 
_____________________________________________________________________________________________ 
Source Sample Size Radiographic Views Grading Scale Additional Information 
________________________________________________________________________________________________________________ 
  axial (Merchant – 45 deg), 

  AP and lateral fluoro- 

  scopic views 

Nagaosa106  n=216 standing AP, axial OARSI 

Parvizi71 n=24 (31 knees) complete set of radio- N/A 

  graphs including axial 

  (Merchant) 

Quilty72 n=87 AP, lateral, skyline K-L; presence/ 

   absence of PF 

   osteophytes 

Zeichen107  n=36 AP, lateral, skyline N/A 

________________________________________________________________________________________________________________ 
AP=anteroposterior; K-L=Kellgren-Lawrence; PA=posteroanterior; OARSI=Osteoarthritis Research Society International; TFJ=tibiofemoral 
joint; PFJ=patellofemoral joint; B-W=Buckland-Wright; OA=osteoarthritis; OR=odds ratio; N/A=not applicable; JSN=joint space narrowing 
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APPENDIX B 
P VALUES FOR KINEMATIC AND KINETIC DATA 

 
Table 19.  Statistical Results (p values) for Kinematic Data for the Hip Joints     

A mixed model ANOVA with group and limb as the 2 between-
subject factors was used. Significance for p values was set at  

 p < .01.  
________________________________________________________________ 
Joint Event Plane Group Limb Group x Limb  
_____________________________________________________________________________ 
Hip Start S .5097 .8402 .9738 
 
  F .8521 .4726 .9490 
   
  T .3226 .1744 .1805 
   
 Seat-Off S .7028 .7867 .9893 
  
  F .9286 .5336 .8738   
 
  T .1482 .1062 .2030 
 
 End S .0008* .6132 .6236 
 
  F .0111 .4372 .1670  
 
  T .5869 .0681 .3459 
 
 Max S .6626 .7746 .9865  
 
  F .8459 .7413 .6606 
 
  T .5398 .0476 .2191 
 
 Min S .0009* .6113 .6264 
 
  F .0400 .7922 .5928 
 
  T .2704 .1751 .3599 
________________________________________________________________ 
S = sagittal; F = frontal; T = transverse; Max = maximum angular position; Min = minimum 
angular position. 
*Significant difference at p < 0.01. 
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Table 20.  Statistical Results (p values) for Kinematic Data for the Knee Joints     
A mixed model ANOVA with group and limb as the 2 between-
subject factors was used. Significance for p values was set at  

 p < .01.  
________________________________________________________________ 
Joint Event Plane Group Limb Group x Limb  
_____________________________________________________________________________ 
 
Knee Start S .2206 .9657 .9138 
 
  F .0666 .0096* .3291 
 
  T .2029 .0075* .1491 
 
 Seat-Off S .0150 .8518 .9574 
 
  F .0224 .0054* .1730 
 
  T .5088 .0464 .1744 
 
 End S .2462 .7126 .5850 
 
  F <.0001* .5496 <.0001* 
 
  T .2012 .6884 .0557 
 
 Max S .2720 .7724 .6363 
 
  F .0083* .0006* .0064*  
 
  T .0610 .0439 .0157 
 
 Min S .1874 .9440 .9226 
 
  F <.0001* .9431 .1786 
 
  T .2705 .6018 .3556 
_____________________________________________________________________________ 
S = sagittal; F = frontal; T = transverse; Max = maximum angular position; Min = minimum 
angular position. 
*Significant difference at p < 0.01. 
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Table 21.  Statistical Results (p values) for Kinetic Data for the Hip Joints     A 
mixed model ANOVA with group and limb as the 2 between-subject 
factors was used. Significance for p values was set at p < .01.  

________________________________________________________________ 
Joint Event Plane Group Limb Group x Limb  
_____________________________________________________________________________ 
Hip Seat-Off S .0037* .4577 .2103  
 
  F .4376 .6489 .6562  
   
  T .0059* .7013 .4390  
   
 End S .2090 .3066 .8632  
 
  F <.0001* .0009* .5707  
 
  T .0006* .0492 .4338 
       
 Max S .5620 .7041 .6812  
 
  F <.0001* .0037* .1820 
 
  T .0002* <.0001* .0800 
 
 Min S .1228 .1238 .0735 
 
  F .4206 .9204 .9250 
 
  T .0070* .6480 .2192 
_____________________________________________________________________________ 
S = sagittal; F = frontal; T = transverse; Max = maximum angular position; Min = minimum 
angular position. 
*Significant difference at p < 0.01. 



 215 

Table 22.  Statistical Results (p values) for Kinetic Data for the Knee Joints     A 
mixed model ANOVA with group and limb as the 2 between-subject 
factors was used. Significance for p values was set at p < .01. 

________________________________________________________________ 
Joint Event Plane Group Limb Group x Limb  
_____________________________________________________________________________ 
Knee Seat-Off S .0005* .2845 .4696 
 
  F .0029* .2170 .4593 
 
  T .2891 .4751 .2188 
 
 End S .7591 .4356 .1963 
 
  F .7863 .1873 .0003* 

 
  T .4153 .4442 .0108 
 
 Max S .6895 .1780 .1144 
 
  F .2641 .5045 .0050*  
 
  T .6790 .7898 .2847 
 
 Min S .3522 .2097 .2001 
 
  F .0128 .0203 .4217 
 
  T .1194 .1268 .0145 
_____________________________________________________________________________ 
S = sagittal; F = frontal; T = transverse; Max = maximum angular position; Min = minimum 
angular position. 
*Significant difference at p < 0.01. 
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APPENDIX C 
POST HOC POWER ANALYSIS FOR BIOMECHANICAL DATA 

 
Table 23.  Post Hoc Power Analysis for Biomechanical Data Approaching 

Significance     A calculation of the sample size necessary to achieve 
a power of 80% for each variable. Data analyzed was from a mixed 
model ANOVA, with group and limb as the 2 main factors and group 
x limb as the interaction factor. P values are reported from the results 
of this 2-factor mixed model ANOVA, with significance set at p < .01. 
Sample size is the total number of subjects required to reach a power 
of 80%. 

________________________________________________________________ 
Data Type Joint Event Plane Factor p Value Sample Size  
_____________________________________________________________________________ 
Kinematic Hip End F G .0111 50 

 Knee Seat-Off S G .0150 50 

 Knee Seat-Off F G .0224 40 

 Knee Max T G x L .0157 18 

Kinetic Knee End T G x L .0108 50 

 Knee Min F G .0128 18 

 Knee Min F L .0203 70 

 Knee Min T G x L .0145 26 
_____________________________________________________________________________ 
Max = maximum angular position; Min = minimum angular position; S = sagittal; F = frontal; T = 
transverse; G = group; L = limb; G x L = group x limb interaction. 
 
 

 


