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Abstract

Coexisting patellofemoral osteoarthritis (PFOA) is a common finding in patients with tibiofemoral 

osteoarthritis (TFOA). The purpose of this study was to elucidate whether severity of coexisting 

PFOA in patients with TFOA is correlated with altered sagittal-plane gait biomechanics and 

greater knee-specific impairments. One hundred and six patients with radiographic TFOA were 

stratified into three groups of no PFOA, mild PFOA, and severe PFOA. All patients completed 

instrumented gait analysis, quantitative quadriceps strength testing and knee range of motion 

assessment. Compared to patients with no PFOA, those with severe PFOA exhibited reduced 

loading-response knee flexion excursions (p=0.002) and increased peak single-leg stance external 

knee flexion moments (p<0.05). The severe PFOA group also demonstrated lower quadriceps 

strength compared to the no PFOA and mild PFOA groups (p<0.001). Regression analysis further 

revealed that quadriceps strength and knee extension range of motion were independently 

associated with altered sagittal-plane knee biomechanics during gait (p<0.03). Reduced loading 

response knee flexion excursion during gait may be an attempt to decrease patellofemoral joint 
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loading by patients with severe PFOA but it may increase impact loading of their arthritic 

tibiofemoral joint. Additionally, the greater external knee flexion moments observed during the 

single-leg stance phase of gait can lead to an overall increase in patellofemoral joint loading and 

symptoms in patients with more severe PFOA. Given the association between knee-specific 

impairments and altered gait biomechanics in our study, addressing quadriceps muscle weakness 

and limited knee extension range of motion may be indicated in patients with TFOA and severe 

coexisting PFOA.
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1. INTRODUCTION

Osteoarthritis (OA) impacts approximately 27 million adults in the United States, with the 

knee as one of the most commonly affected joints with 50% lifetime risk of developing 

symptoms [1, 2]. Although the majority of the mechanistic, prognostic and intervention 

studies of knee OA have focused on the disease of the tibiofemoral (TF) joint, the 

patellofemoral (PF) joint appears to be the most prevalent site of pathology, with 40–69% of 

adults with complaints of chronic knee pain having isolated or combined radiographic 

evidence of PFOA [3, 4]. Additionally, PFOA has been found to be independently 

associated with quadriceps muscle weakness, limited knee range of motion, increased pain, 

as well as significant functional limitations and disability [5–7]. Despite its high prevalence 

and clinical implications, PFOA remains an understudied aspect of chronic knee pain and an 

area in need of continued research.

It has been recently speculated that chronic PF pain in younger patients may be a precursor 

to PFOA later in life [8, 9]. Chronic PF pain in middle-aged adults has also been associated 

with radiographic signs of PFOA [4]. Given the plausible mechanistic link between chronic 

PF pain and PFOA, it stands to reason that biomechanical examination of gait patterns in 

patients with PF pain may provide valuable information regarding potential deviations and 

compensations adopted by patients with PFOA. To this end, a recent gait study revealed no 

differences in frontal or transverse plane gait biomechanics between individuals with mild to 

moderate PFOA and an age-matched control group, despite previous evidence of such 

alterations in younger patients with PF pain [10]. The authors suggested that normal gait 

may not be demanding enough to cause frontal or transverse plane gait deviation in this 

patient population. However, whether patients with PFOA exhibit deviations in the sagittal-

plane, where the gait demands are the greatest, was not examined and has yet to be 

determined.

It has been previously proposed that the PF discomfort associated with high sagittal-plane 

demands of the gait cycle during level and ramped walking can result in compensation 

strategies geared towards reducing PF joint loading and pain in young patients with PF pain 

[11–14]. As compressive forces of the PF joint are the vector summation of the quadriceps 

and patellar ligament forces, the high sagittal-plane external knee flexion moments during 

the loading response phase of gait, which increase the force production requirements of the 
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quadriceps, have been linked with large PF joint compressive forces [15]. Therefore, it has 

been hypothesized that patients with PF pain often limit their loading response knee flexion 

excursion as an attempt to reduce pain by limiting the external knee flexion moments and 

compressive loading of the PF joint [11, 12]. Although such compensatory strategy is a 

logical approach to decrease PF joint compression and pain, it also reduces the normal active 

shock absorption of the knee and may lead to deleterious impulse loading and degenerative 

changes of the TF joint [13, 16].

It also stands to reason that potential sagittal-plane gait deviations in patients with coexisting 

PFOA and TFOA may exist due to the previously reported increases in severity of knee-

specific impairments such as quadriceps muscle weakness and limited knee extension range 

of motion [6]. For example, reduced knee flexion excursions during the loading response 

phase of gait have been previously reported in patients with significant quadriceps weakness 

following anterior cruciate ligament reconstruction and total knee arthroplasty as a strategy 

to limit the demands placed on weak quadriceps [17, 18]. Similar reductions in knee flexion 

excursion could be expected in patients with coexisting PFOA and TFOA due to their 

previously reported quadriceps muscle weakness [6]. Limited loading response knee flexion 

excursion during gait may also be caused by greater knee flexion angles at heel contact due 

to reduced knee extension range of motion and the patients’ inability to fully extend their 

knees [19]. Limited knee extension range of motion can also lead to increased knee flexion 

angles and greater knee flexion moments during the single-leg stance phase of gait when the 

knee should be fully extended to reduce the need for quadriceps muscle activity. As a flexed 

knee joint during the single-leg stance phase of gait creates an external flexion moment 

about the knee and requires increased quadriceps force to provide lower limb stability, 

limitations of knee extension range of motion will likely lead to an overall increase in 

patellofemoral joint loading during this phase of gait.

The purpose of this study was to elucidate whether severity of coexisting PFOA in patients 

with TFOA is associated with altered sagittal-plane gait biomechanics and increased knee-

specific impairments. It was hypothesized that compared to patients with no PFOA, those 

with increased severity of PFOA will demonstrate decreased loading response knee flexion 

excursions and increased single-leg stance peak external knee flexion moments. It was also 

hypothesized that the alterations in knee joint biomechanics during gait will be associated 

with quadriceps muscle weakness and limited knee extension range of motion.

2. METHODS

2.1. Subjects

Biomechanical data from a subsample of 106 participants recruited as part of a randomized 

clinical trial of exercise therapy for knee OA [20] were utilized in this study. Individuals 

were included in the current study if they met the 1986 American College of Rheumatology 

clinical criteria for knee OA [21] and had primarily medial compartment disease of grade II 

or greater on the Kellgren and Lawrence (KL) radiographic disease severity scale [22]. All 

data reported in this study were collected at baseline and prior to the participants receiving 

any intervention. All subjects provided written informed consent approved by the 

institutional review board.
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2.2. Radiographic views and scoring

Radiographs of the painful knee in those with unilateral symptoms and the most painful 

knee in patients with bilateral involvement were analyzed. Three radiographic views of the 

index knee were obtained for each subject as follows: 1) a semiflexed, weight-bearing, 

anteroposterior view, 2) a lateral view, and 3) a skyline view. The KL radiographic OA 

grades for each knee compartment were obtained based on the following criteria: grade 0 = 

no osteophytes; grade I = doubtful osteophytes (1 mm); grade II = minimal osteophytes, 

possibly with joint space narrowing, cysts, and sclerosis; grade III = moderate or definite 

osteophytes and/or moderate joint space narrowing; and grade IV = large osteophytes and/or 

severe joint space narrowing. TFOA was defined by a KL score of grade ≥ II on the 

anteroposterior view. Subjects with TFOA were then stratified into three groups of no PFOA 

(KL grade ≤ I), mild PFOA (KL grade = II), or severe PFOA (KL grade ≥ III) based on the 

severity of their PF disease assessed on the skyline and/or the lateral radiographic views. To 

determine whether reliable radiographic data could be obtained, scoring was repeated for a 

subset of 15 knees on 2 different days at least 7 days apart. Unweighted kappa coefficients 

and exact percentage agreement were calculated. Intrarater reliability scores were excellent 

for the medial and lateral TF compartments (κ= 0.86, agreement=93.3%) and the PF 

compartment (κ=0.80, agreement=86.7%).

2.3. Quadriceps Strength & Range of Motion

The maximum voluntary isometric torque output for the quadriceps was measured using a 

Biodex System 3 dynamometer. All tests were performed with the subject seated and the 

knee flexed to 60 degrees. A minimum of three trials and a maximum of six trials were 

performed. After three trials, when a trial had a maximum torque output less than the 

previous trial, the strength testing was concluded. The highest maximum torque output from 

all trials was recorded as the quadriceps strength score and was normalized to the subject’s 

body weight. To verify the reliability of quadriceps strength measurements, testing was 

repeated for 40 subjects on two different days which yielded a reliability intraclass 

correlation coefficient (ICC2,3) of 0.97. Due to its relevance to gait biomechanics, knee 

extension range of motion was also measured in degrees using standard goniometric 

procedures. Excellent ICCs of between 0.84 and 0.93 have been reported for goniometric 

measurements of knee joint range of motion [23].

2.4. Self-reported symptoms and functional status

The 24-item Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC) 

was used to gather knee-specific information on symptoms and functional limitations. The 

WOMAC is a valid and reliable disease-specific measure of pain, stiffness, and physical 

function in patients with knee OA [24, 25]. Higher scores on the WOMAC subscales 

indicate increased severity of symptoms or functional limitations.

2.5. Gait Analysis

Subjects walked along an 8.5m long vinyl-tiled walkway at a self-selected pace. An eight-

camera Vicon® 612 motion measurement system (Vicon Peak-UK) was used to capture 

three-dimensional motion data at a sampling rate of 120 Hz using a Plug-In-Gait marker set. 
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Two Bertec® force platforms (Bertec Corporation, OH, USA) were used to obtain ground 

reaction forces at a rate of 1080Hz, which were then synchronized with the motion data. 

Five gait trials were collected for each subject and averaged for analysis. Gait data was 

processed using a custom-written code (MatLab TM version7.0 The Mathworks, Inc, 

Natick, MA, USA). For each trial, loading response was defined as the time period between 

initial contact to the peak knee flexion angle during the mid-stance phase of gait and the 

single-leg stance as the time period starting with maximum knee flexion angle in mid-stance 

to the peak knee extension angle during the terminal stance phase of gait. Joint angle 

trajectories from the reflective markers and ground reaction forces were low-pass filtered 

(Butterworth fourth order, zero phase lag) at 6 and 40 Hz, respectively. The joint trajectory 

data combined with the ground reaction forces were used to calculate the peak external net 

knee joint moments using inverse dynamics equations and were normalized by body mass.

2.6. Statistical Analysis

Analysis of variance (ANOVA) and chi-square tests were used to determine group 

differences in demographics and radiographic knee OA severity. Comparisons of the group 

differences in WOMAC scores, knee-specific impairments, and gait characteristics were 

performed using Analysis of Covariance (ANCOVA), adjusting for gender, body mass index 

(BMI) and radiographic TFOA disease severity. ANCOVA analyses of the knee joint 

kinematics and kinetic variables were also adjusted for the effects of gait velocity. When 

differences were detected, post-hoc t-tests with Tukey corrections were performed to 

compare group differences. Additionally, multiple regression analyses were performed to 

evaluate the strength of associations between knee-specific impairments and gait 

biomechanics for the entire cohort after adjusting for age, gender, BMI, gait speed, and 

radiographic TFOA and PFOA disease severity.

3. RESULTS

Patients with severe PFOA had significantly greater body weight (p=0.04) and BMI 

(p=0.01) compared to the no PFOA group (Table 1). The severe PFOA group also had the 

highest proportion of patients with grade IV TFOA, while the mild PFOA group had the 

highest proportion of patients with grade III TFOA, and the no PFOA group had the highest 

proportion of patients with grade II TFOA (Table 1; p=0.03). Additionally, severe PFOA 

was associated with lower quadriceps strength compared to no PFOA and mild PFOA 

groups (p<0.001; Table 2).

Peak loading response knee flexion angle was significantly reduced for the severe PFOA 

group compared to the mild PFOA group (p=0.045; Table 3; Figure 1). Knee flexion 

excursion during the loading response phase of gait was also significantly reduced for the 

severe PFOA group compared to the no PFOA group (p=0.002; Table 3; Figure 1). 

Additionally, a significant difference in the peak external knee moment was observed during 

the single-leg stance phase of gait, with the severe PFOA group exhibiting a peak flexion 

moment, as opposed to the no PFOA group who exhibited an external knee extension 

moment (p= 0.046; Table 3; Figure 1).
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Regression analyses further revealed that for every 1 Nm/kg increase in quadriceps strength 

there was a 2.89° increase in loading response knee flexion excursion, a 0.32 Nm/kg 

increase in peak loading response external knee flexion moment, and a 0.18 Nm/kg increase 

in the peak single-leg stance external knee flexion moment after adjusting for age, gender, 

BMI, gait speed, TFOA and PFOA severity (Table 4). Additionally, for every one degree 

reduction in knee extension range of motion there was a 0.44° increase in knee flexion angle 

at heel contact, a 0.34° increase in peak loading response knee flexion angle, a 0.66° 

increase in peak single-leg stance knee flexion angle, and a 0.13 Nm/kg increase in peak 

single-leg stance external knee flexion moment, after adjusting for age, gender, BMI, gait 

speed, TFOA and PFOA severity (Table 4).

4. DISCUSSION

The hypothesis that patients with TFOA and more severe coexisting PFOA exhibit reduced 

loading response knee flexion angles compared to those with less severe PFOA was 

supported by the data and is consistent with previous findings in younger patients with PF 

pain [11, 12]. Given that greater loading response knee flexion angles have been associated 

with higher PF joint compressive forces [15], the observed reduction in knee flexion angle 

may be a compensatory strategy to limit the deleterious effects of increased PF joint loading 

and pain during gait in patients with more severe PFOA. This notion is supported by 

previous reports of increased loading response knee flexion angles during gait in younger 

patients with PF pain immediately after pain alleviating strategies such as patellar taping 

[26] or bracing [27].

It is also plausible that reduced loading response knee flexion angles in patients with more 

severe PFOA may be partially due to knee-specific impairments of quadriceps weakness and 

limited knee extension range of motion [19]. To this end, the results of our regression 

analysis revealed that quadriceps weakness was independently associated with reduced 

loading response knee flexion excursion. Additionally, reduced knee flexion angle at heel 

contact, which can lead to reduced knee flexion excursion during loading response, was also 

associated with limited knee extension range of motion. Therefore, it stands to reason that 

strategies to improve quadriceps strength and knee extension range of motion may be 

beneficial in mitigating the observed loading response gait deviations in knee OA patients 

with more severe PFOA.

Despite having similar peak external knee flexion moments during the loading response 

phase of gait, patients with more severe PFOA exhibited greater external knee flexion 

moments during the single-leg stance phase of gait compared to patients with no PFOA. 

During the single-leg stance phase of normal gait, as the center of mass moves forward and 

the ground reaction force passes anterior to the knee center of rotation, the knee extends 

passively which diminishes the need for quadriceps activity and minimizes PF joint loading. 

Whereas this was the case for our patients with no PFOA, patients with more severe PFOA 

walked with much higher levels of external knee flexion moment throughout the single-leg 

stance phase of gait. Increased external knee flexion moments, in turn, require greater 

quadriceps force production which elevates the PF joint compressive forces. Considering 

that the PF joint contact area is reduced when the knee is near full extension during the 
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single-leg stance phase of gait, the greater external knee flexion moments and the resulting 

PF joint compressive forces during this phase of gait will most likely lead to significantly 

higher PF joint compressive stresses in patients with more severe PFOA.

The results of our regression analysis further revealed that higher peak external knee flexion 

moments during the single-leg stance phase of gait may be partially due to limited knee 

extension range of motion. The inability of the patients to fully extend their knees leads to 

the need for increased quadriceps force production for stabilizing the knee joint during 

weightbearing, which in turn, increases the PF joint reaction forces and stress. Therefore, 

strategies to improve knee extension range of motion may be indicated for reducing the 

external knee flexion moments during the single-leg stance phase of gait in knee OA 

patients with more severe PFOA.

An important implication of the findings of this study is that the specific gait deviations 

observed in knee OA patients with more severe PFOA may increase the risk of disease 

progression for both PF and TF joints. For instance, reduced loading response knee flexion 

excursion can limit the contact areas over which the large sagittal-plane loads of the gait 

cycle could be distributed for both TF and PF joints, potentially leading to more focal areas 

of contact stress and increased cartilage damage. To this end, reduced loading response knee 

flexion angles have been previously associated with lower patellar cartilage volume in 

healthy women [28]. Reduced loading response knee flexion angles in both healthy subjects 

and patients with TFOA have also been linked with a more rapid increase in the ground 

reaction forces and greater rates of lower limb loading, which make the TF joint especially 

susceptible to disease progression through increased axial compression and impulse loading 

[16, 29, 30]. Additionally, the increased single-leg stance peak external knee flexion 

moment can also increase compressive stresses of PF [15] and TF [31] joints, which can 

increase the risk of disease progression.

The findings of our study should be interpreted with a number of limitations in mind. The 

cross-sectional nature of this study precludes predicting if progression of PF joint disease is 

associated with alteration in gait biomechanics or changes in knee-specific impairments. 

Additionally, whether severity of PFOA is associated with altered frontal or transverse plane 

knee biomechanics was not examined in our study and should be evaluated in future 

research. As disorders of the patellofemoral joint in younger patients have been associated 

with impairments of the hip, foot and ankle joints, the influence of other lower extremity 

joints on alterations in gait biomechanics in patients with coexisting PFOA and TFOA 

should also be evaluated in future research.

In summary, patients with TFOA and more severe PFOA exhibited reduced loading 

response knee flexion angles and greater single-leg stance external knee flexion moments 

during gait compared to their counterparts with less severe PFOA. Additionally, the 

observed alteration in sagittal-plane gait biomechanics appeared to be partially related to 

knee-specific impairments of quadriceps weakness and limited knee extension range of 

motion. Future research is warranted to elucidate whether mitigation of knee-specific 

impairments will lead to improved gait biomechanics in patients with TFOA and co-existing 

PFOA.
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Highlights

• Gait analysis was completed in 106 patients with knee osteoarthritis (OA).

• Severe patellofemoral (PF) OA was associated with reduced knee shock 

absorption.

• Severity of PFOA was also associated with higher single-leg stance knee joint 

loads.

• Altered gait was related to quadriceps weakness and limited knee extension 

motion.
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FIGURE 1. 
Ensemble average knee flexion angle (A) and external knee moment (B) profiles of patients 

with no patellofemoral osteoarthritis (PFOA), mild PFOA, and severe PFOA during the 

stance phase of gait.
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Table 1

Mean subject demographics and frequency of tibiofemoral compartmental radiographic score.

Demographics No PFOA (N = 24) Mild PFOA (N = 38) Severe PFOA (N = 44)

Age (years) 61.4 (7.1) 64.3 (10.2) 65.3 (8.6)

Female (%) 15 (62.5) 20 (52.6) 34 (77.3)

Height (cm) 169.0 (8.7) 170.0 (9.7) 167.7 (7.5)

Weight (kg) 78.6 (13.0) 89.1 (21.3) 90.3 (18.2)*

BMI (kg/m2) 27.5 (4.3) 30.9 (7.2) 32.1 (6.5)*

Tibiofemoral Joint Radiographic Severity1

Grade II (%) 8 (33.3) 5 (13.2) 4 (9.1)

Grade III (%) 13 (54.2) 23 (60.5) 21 (47.7)

Grade IV (%) 3 (12.5) 10 (26.3) 19 (43.2)

PFOA = Patellofemoral osteoarthritis; BMI = body mass index; Values are mean (SD) or N (%).

1
All patients had to have at least a grade II tibiofemoral OA to be included in the study.

*
Significantly different than “No PFOA” group
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Table 2

Mean Western Ontario and McMaster Universities (WOMAC) OA Index scores, knee-specific impairments, 

and gait characteristics.

No PFOA (N = 24) Mild PFOA (N = 38) Severe PFOA (N = 44)

WOMAC Total Score 26.5 (15.0) 30.3 (15.2) 32.5 (18.4)

WOMAC Physical Function Score 17.8 (11.3) 21.7 (11.5) 22.3 (13.5)

WOMAC Pain Score 5.6 (2.9) 5.6 (3.2) 6.8 (4.2)

WOMAC Stiffness Score 3.1 (1.7) 3.1 (1.4) 3.4 (1.8)

Quadriceps Strength (Nm/kg) 1.9 (0.4) 1.7 (0.5) 1.4 (0.4)*†

Knee Extension Range of Motion (degrees) −2.1 (5.0) −5.4 (6.1) −5.9 (5.8)

Gait Velocity (m/s) 1.3 (0.1) 1.3 (0.2) 1.2 (0.2)

Step Length (m) 0.70 (0.08) 0.68 (0.08) 0.65 (0.08)

PFOA = Patellofemoral Osteoarthritis; Values are mean (SD).

All analyses were adjusted for gender, BMI and radiographic tibiofemoral joint disease severity.

*
Significantly different than “No PFOA” group

†
Significantly different than “Mild PFOA” group
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Table 3

Gait characteristics for groups during walking.

No PFOA (N = 24) Mild PFOA (N = 
38)

Severe PFOA (N = 
44)

Knee flexion angle at heel contact (degrees) 3.5 (5.8) 6.1 (6.5) 5.0 (6.6)

Peak loading response knee flexion angle (degrees) 17.5 (6.0) 18.3 (6.9) 14.9 (5.6)†

Loading response knee flexion excursion (degrees) 14.0 (4.7) 12.2 (5.3) 10.0 (4.8)*

Peak single leg stance knee flexion (+)/extension (−) angle 
(degrees) 4.0 (5.9) 7.4 (8.0) 5.8 (5.7)

Peak loading response external knee flexion (+)/extension (−) 
moment (Nm/kg) 0.6 (0.4) 0.6 (0.4) 0.6 (0.4)

Peak single leg stance external knee flexion (+)/extension (−) 
moment (Nm/kg) −0.06 (0.4) 0.08 (0.3) 0.1 (0.3)*

PFOA = Patellofemoral Osteoarthritis; Values are mean (SD).

All analyses were adjusted for gender, BMI and radiographic tibiofemoral joint disease severity.

*
Significantly different than “No PFOA” group

†
Significantly different than “Mild PFOA” group
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Table 4

Strength of association between quadriceps strength and knee extension range of motion with sagittal plane 

knee joint biomechanics during gait in patients with knee osteoarthritis.

Quadriceps Strength Knee Extension Range of Motion

β Coefficient p-value β Coefficient p-value

Knee flexion angle at heel contact (degrees) −0.58 0.75 −0.44 <0.001*

Peak loading response knee flexion angle (degrees) 2.32 0.19 −0.34 0.002*

Loading response knee flexion excursion (degrees) 2.89 0.03* 0.10 0.24

Peak single leg stance knee flexion (+)/extension (−) angle (degrees) −1.35 0.47 −0.66 <0.001*

Peak loading response external knee flexion (+)/extension (−) moment 
(Nm/kg) 0.32 0.002* −0.002 0.70

Peak single leg stance external knee flexion (+)/extension (−) moment 
(Nm/kg) 0.18 0.03* −0.13 0.01*

All multiple regression analyses were adjusted for age, gender, BMI, radiographic tibiofemoral and patellofemoral joint disease severity and gait 
speed.

*
Denotes significant association (P < 0.05) between variables within the multiple regression model.
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