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Abstract

The purpose of this study was to determine the presence and prevalence of asymmetry in lower 

extremity joint moments within and across healthy populations during overground walking. 

Bilateral gait data from several studies performed at two institutions were pooled from 182 

healthy, pain-free subjects. Four distinct populations were identified based on age, activity level 

and body mass index. Mean peak external joint moments were calculated from three to six trials of 

level overground walking at self-selected speed for each subject. Right and left limb moments 

were reclassified as “greater” or “lesser” moment for each subject to prevent obscuring absolute 

asymmetry due to averaging over positive and negative asymmetries across subjects. A clinically 

relevant asymmetry measure was calculated from the peak joint moments with an initial chosen 

cutoff value of 10%. Confidence intervals for the proportion of subjects with greater than 10% 

asymmetry between limbs were estimated based on the binomial distribution. We found a high 

amount of asymmetry between the limbs in healthy populations. More than half of our overall 

population exceeded 10% asymmetry in peak hip and knee flexion and adduction moments. Group 

medians exceeded 10% asymmetry for all variables in all populations. This may have important 

implications on gait evaluations, particularly clinical evaluations or research studies where 

asymmetry is used as an outcome. Additional research is necessary to determine acceptable levels 
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of joint moment asymmetry during gait and to determine whether asymmetrical joint moments 

influence the development of symptomatic pathology or success of lower extremity rehabilitation.
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Introduction

Lower limb symmetry is often assumed in healthy individuals, and deviations from this 

standard are thought to be due to the presence of pathology [1,2]. In a clinical setting, 

muscle strength and functional symmetry are often used to define goals during rehabilitation 

[3] and to evaluate treatment efficacy [4].

The use of clinical gait analysis to calculate joint moments is growing and is of particular 

interest for pathologies such as hip and knee osteoarthritis. At the knee, adduction moments 

can be used as a surrogate measure of medial-lateral load distribution within the joint [5], 

while knee flexion moments are related to quadriceps demand [6]. High joint moments have 

been associated with the severity and progression of osteoarthritis [7,8], and subjects with 

symptomatic unilateral pathology have been shown to exhibit statistically significant 

asymmetries in lower extremity moments during walking [9]. However, before we can 

determine whether symmetry of joint moments during walking would be an appropriate 

standard for health and rehabilitation for individuals with unilateral pathology, we must first 

determine whether joint moments are symmetric in healthy individuals.

Although symmetry during walking is generally assumed, previous research has led to 

mixed conclusions [10]. Some studies have provided support for symmetry in 

spatiotemporal parameters [11], joint kinematics [12] and ground reaction forces [13] in 

healthy individuals, while others have reported the presence of asymmetry in these same 

parameters [14,15]. Previous work in populations of healthy individuals, has investigated 

joint moment symmetry with conflicting results [9,16–18]. Studies which identified 

symmetry in peak joint moments grouped data based on limb dominance or by randomly 

assigned “study” and “non-study” limbs which led to signed (positive and negative) values 

of calculated asymmetry and may have obscured absolute symmetry when grouped for 

statistical analysis [9,17].

Additionally, some populations of healthy individuals are known to be at higher risk for 

developing osteoarthritis than the general population. Obesity, age, and participation in 

high-intensity athletics such as football have all been associated with increased risk for 

developing osteoarthritis [19], but joint moment symmetry in such at-risk populations of 

healthy individuals has not yet been explored. There remains a need to further investigate 

symmetry in joint moments during walking in healthy individuals, and to do so without the 

potential for obscuring asymmetry by averaging over positive and negative values of 

asymmetry that may result from side-dependent grouping. Therefore, the purpose of this 

research was to determine the presence and prevalence of asymmetry in lower extremity 
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joint moments during walking within and across four distinct populations of healthy subjects 

that span a range of age, body mass index, and participation in sport.

Methods

Study Population

Data were pooled from several studies performed at The Ohio State University and Stanford 

University. All studies were approved by their respective university IRB and all subjects 

provided IRB-approved informed consent prior to data collection. All identifiable 

information was removed from the data prior to institutional collaboration; only subject age, 

gender, body mass index (BMI), self-selected walking speed, and joint kinetics were shared 

between institutions.

All subjects whose data were analyzed were healthy at the time of data collection. 

Volunteers were excluded from participation if they had a history of previous lower 

extremity surgery or lower extremity injury, consistent or current lower extremity pain, or 

previous diagnosis of any orthopaedic or neurological conditions affecting their gait. All 

subjects were independent community walkers and did not use assistive walking devices. 

Four distinct populations were identified within the data based on subject age, activity level 

and BMI. These populations were defined as 1) young healthy: 20–39 years, BMI<30 

kg/m2; 2) older healthy: 40–60 years, BMI<30 kg/m2; 3) obese: 20–60 years, BMI>30 

kg/m2; and 4) collegiate football linemen: 18–22 years, BMI>30 kg/m2. Physical activity 

was not controlled for in any population except the collegiate football linemen who were 

included only if they were active members of a collegiate football team. Additional 

information for each population can be seen in Table 1.

Data Collection

Height, weight and additional anthropometric data were recorded. Reflective markers were 

placed on each subject according to the point cluster technique (PCT) convention (Figure 1). 

PCT is a bone pose estimation method and associated marker set for estimating lower 

extremity kinematics which eliminates excess noise due to soft tissue movement [20] that 

has been used in healthy and pathological populations over a range of BMI [21,22]. All 

subjects wore their own shoes during data collection and were instructed to walk at a 

comfortable pace in a straight line over level ground while marker and force data were 

collected. Walking paths were approximately 10m long with force plates located in the 

middle of the path. Both laboratories were equipped with at least eight high-speed motion 

capture cameras and at least one force plate embedded in the floor. Left and right leg data 

were collected from consecutive foot strikes on adjacent force plates within the same trial 

for subjects tested at The Ohio State University; separate walking trials were performed for 

the left and right legs for subjects whose data were collected at Stanford University. Data 

from at least three trials with clean footstrikes from each foot were used per subject. Knee 

joint centers were defined as the midpoint between the markers placed on the femoral 

condyles. Hip joint centers were calculated with either a Bell’s regression equation [23] 

(Stanford University) or functionally using the star-arc approach [24] (The Ohio State 

University). Because each subject acted as his or her own control for comparison between 
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limbs, and within-subject methods were consistent, the differences in data collection and 

analysis between institutions would have minimal influence on the results of this study.

Calculation of Dependent Variables

Inverse dynamics techniques were used to calculate the peak three-dimensional external hip, 

knee and ankle joint moments that occurred during the stance phase of gait for each trial. 

Peak moments were calculated for the left and right limb for each trial, and were averaged 

over three to six trials for each subject. Moments were normalized via division by 

bodyweight and height for each subject and presented as a percentage of bodyweight times 

height (%BW*H). The average moments for the right and left sides of each subject were 

then reclassified as “greater” or “lesser” based on the magnitude of the variable of interest in 

order to avoid any underrepresentation of absolute asymmetry due to averaging over 

positive and negative values when calculating group means.

A “clinical asymmetry” measure was calculated for each variable for each subject using the 

following formula:

This formula, based on a previously defined limb symmetry index [25], indicates the relative 

difference between limbs for each moment. Using this formula, if the greater moment is 

twice that of the lesser moment there will be 50% asymmetry between limbs, and if the 

moments are identical there will be zero asymmetry. Descriptive statistics of the percentage 

of asymmetry between limbs were calculated for each variable of interest for each group.

A clinically relevant value of asymmetry has not yet been established for joint moments 

produced during walking. Based on the use of 10% as a cutoff value signifying clinically 

relevant differences in muscle strength and performance based testing [3,26] we chose 10% 

as an initial cutoff value for determining symmetric vs. asymmetric joint moments in this 

study.

Statistical Analysis

The 95% confidence interval for the proportion of subjects in each population exhibiting 

greater than 10% asymmetry was estimated based on the binomial distribution using the 

Clopper-Pearson method (MATLAB, Mathworks, Natick, MA) [27]. Differences among the 

four populations were tested using a Kruskal-Wallis test (non-parametric procedure as 

ANOVA) for asymmetry, and Chi-square test for the proportion of subjects with >10% 

asymmetry. Differences between male and female subjects were also tested using a Mann-

Whitney test and the association of speed and the magnitude of asymmetry for each moment 

were examined using a test of the Spearman correlation coefficient.
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Results

Population Characteristics

Data from 182 subjects were included in the analysis. Eight subjects were excluded from the 

original pool of 190; five due to a lack of at least three valid trials, two from the “Collegiate 

Lineman” group due to BMI below the group criteria threshold, and one due to missing age 

data. Descriptive statistics from each population can be found in Table 1.

Calculated Joint Moments

Distributions of the magnitude of external adduction and flexion moments at the knee and 

hip from all subjects included in this study are shown in Figure 2a. The distribution of the 

difference between the “greater” and “lesser” moments for all subjects is shown in Figure 

2b. Knee adduction moment (KAM), knee flexion moment (KFM), hip adduction moment 

(HAM) and hip flexion moment (HFM) results are discussed here due to the suggested 

relationships between these moments and joint degeneration [7,28] (Supplemental Figures 

1–3 provide results from additional joint moments).

The greater joint moment was not consistently seen in either right or left limbs throughout 

any population. In the population of all subjects, the greater knee adduction and flexion 

moments occurred in the right leg in 48.90% and 38.46% of subjects, respectively, and the 

greater hip adduction and flexion moments in 57.69% and 52.75%, respectively. No 

statistical differences were seen between male and female subjects for any joint moments (p 

value = 0.33 KAM, 0.76 KFM, 0.37 HAM, and 0.10 HFM).

Asymmetry

The median of the calculated percentage of asymmetry between limbs exceeded 10% for all 

hip and knee joint moments in all groups (Figure 3). More than 50% of our overall 

population exceeded 10% asymmetry in adduction and flexion moments at the knee and hip 

(percentage of overall population exceeding 10% asymmetry in each moment: 62.1% KAM, 

78.6% KFM, 52.7% HAM, and 61.0% HFM, Figure 4). Subjects were most likely to have 

asymmetry in the KFM (78.6%); the 95% confidence interval suggests that 72 to 84% of the 

overall population would exceed 10% asymmetry of the KFM. Asymmetry measures were 

not statistically different among the four populations based on Kruskal-Wallis tests (p value 

= 0.67 KAM, 0.30 KFM, 0.32 HAM, and 0.59 HFM). No population has a statistically 

higher or lower proportion of individuals exhibiting greater than 10% asymmetry based on 

Chi-square tests (p value = 0.74 KAM, 0.57 KFM, 0.97 HAM, and 0.85 HFM). There was 

no significant association between walking speed and the magnitude of asymmetry (p value 

= 0.83 KAM, 0.65 KFM, 0.13 HAM and 0.94 HFM); however, it should be noted that 

walking speed was significantly faster in the population of collegiate linemen than in the 

other three populations (p value <0.001).

Discussion

The percentage of asymmetry between lower extremity joint moments during walking was 

greater than expected in all of our populations, for all variables. More than half of our 
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overall population had greater than 10% asymmetry in hip and knee flexion and adduction 

moments with the greatest likelihood of asymmetry occurring in the KFM (78.6%).

Our results complement previous studies suggesting asymmetry in lower extremity joint 

moments of healthy populations during gait [16,18], but appear to contradict others which 

suggest symmetry between limbs [9,17]. Studies by Teichtahl et al. and Creaby et al. found 

no statistical differences in peak KAMs between the limbs of healthy individuals when data 

were grouped based on limb dominance [17] or by randomly assigned “study” and “non-

study” limbs [9]. In both of these investigations, assignment of limbs dominant/non-

dominant or study/non-study prior to the calculation of asymmetry resulted in some subjects 

having positive and some subjects having negative values of asymmetry within each group, 

which may have led to an underrepresentation of the magnitude of absolute asymmetry 

between limbs through averaging within each group. By grouping data based on joint 

moment magnitude rather than by preassignment, our calculated asymmetries were always 

greater than or equal to zero, thus giving a clear indication of the absolute asymmetry 

between limbs without the risk of underrepresenting the magnitude during group analyses.

Relying on predefined assignment of the limbs can potentially underrepresent limb 

asymmetry. We used a symmetry index similar to that used by Teichtahl and colleagues 

(SI(%) = 100*[LimbA−LimbB]/[0.5*(LimbA+LimbB)], where SI=0% represents perfect 

symmetry) to explore the effects of pre-assigning groups on the resulting symmetry. Using 

this equation, we pre-assigned our data into groups based on limb side (LimbA=right, 

LimbB=left), and calculated an SI of 0.94% between right and left KAMs. This low SI 

suggests high symmetry between limbs. However, when we grouped our data by the 

magnitude of the KAM, we calculated an SI of 17.31% between the “greater” and “lesser” 

limb moments, demonstrating that a great deal of absolute asymmetry can be obscured if 

pre-assignment of the limbs to categorical groups results in positive and negative 

asymmetries within a single group.

One of the strengths of the present investigation is our identification of similar asymmetry in 

four diverse populations whose data were collected at two institutions with slight differences 

in data collection and analysis. It is natural to question whether the results of this study may 

have been influenced by the differences in data collection or analysis between institutions. 

Our population of younger healthy subjects was comprised of data collected and analyzed at 

both institutions (42% of subjects at The Ohio State University, 58% of subjects at Stanford 

University); therefore we can use this population to explore the potential effects of 

institutional differences with few confounding factors. Within this population, the median 

asymmetry of KAM, HAM, and HFM differed by less than 4% between institutions with 

similar interquartile ranges (Supplemental Figure 4). The KFM exhibited greater variability 

(14% asymmetry difference between institutions); however, asymmetry of the KFM also 

demonstrated greater variability than the other joint moments within each subject population 

(Figure 3).

Although a large proportion of subjects included in the present study demonstrated greater 

than 10% asymmetry, it is important to keep in mind that the clinical relevance of our 

chosen cutoff value of 10% asymmetry in lower extremity joint moments has not yet been 
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well defined. The value of 10% asymmetry used throughout this paper is based on measures 

of strength and functional performance [3,26], but clinical significance in joint moments 

may be different. For instance, high KAMs have been associated with thicker cartilage in a 

healthy population [29], but have also been associated with progression and severity of 

osteoarthritis [7,8]. Our results suggest that between 55–69% of individuals in our overall 

population exhibit greater than 10% asymmetry in KAMs during walking; however, the 

prevalence of osteoarthritis in the general population is estimated to be only 14%, even in 

individuals over the age of 60 [30]. Therefore, it would seem that asymmetry exceeding 

10% may not be an indicator of pathology or precursor to unilateral osteoarthritis.

This study had several limitations, the greatest of which is that joint moments were 

calculated from skin-based optical motion capture data. The data, therefore, are dependent 

upon marker placement and may be influenced by soft-tissue movement, which is expected 

to be even higher in our high-BMI groups. However, given that these techniques are 

commonly used within the laboratory setting to examine lower extremity moments and 

within clinical settings to make treatment decisions, the results are relevant for future 

research and clinical applications. Moreover, each subject acts as his/her own control 

because the comparisons performed were all between legs of individuals, so it is assumed 

that the effects of soft-tissue movement would be similar in both limbs and would minimally 

affect the results. It should also be noted that between-limb asymmetries were calculated 

from separate walking trials for the right and left limbs for data collected at Stanford 

University. However, walking speeds for right and left limb trials for each subject were very 

similar, differing by an average of only 0.10±0.08 m/s. Data collected at both institutions 

were also averaged over at least three trials per subject for both the right and left limbs in 

order to minimize any small differences which may have occurred during individual walking 

trials. Additionally, differences in asymmetries between institutions were small, as indicated 

previously.

Differences in the sample size of the populations that were compared may also be a 

limitation of the present study. Our populations ranged in size from 12 to 93 subjects. 

Despite these differences in sample size, the distribution of asymmetry of each joint moment 

was similar across populations (Figure 3); however, including additional subjects in the 

smaller populations, particularly the population of collegiate linemen may have produced 

slightly different results. Additionally, we acknowledge that our investigation did not 

include a population of high-level female athletes. As noted in the results, the effects of 

gender on joint moment asymmetry were not statistically significant, and within groups 

(except the linemen), the distributions of male and female subjects were also similar 

(distributions can be seen in Supplemental Figure 5). However, inclusion of a population of 

high-level female athletes would have provided additional results and perhaps may have led 

to different or additional conclusions.

Lastly, it should be noted that limb length discrepancy, strength, mechanical axis alignment 

and radiographic joint health may also influence joint moment symmetry; however these 

parameters were not included in our analysis. Although we cannot rule out their influence, 

we assume that subjects who participated in this study were no more or less likely than other 
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individuals in their greater populations to have asymptomatic limb length discrepancies, 

strength deficiencies, malalignment or preclinical osteoarthritis.

Conclusions

Clinically, contralateral limb measures are often used for comparison when determining the 

level of impairment and as a standard for rehabilitation when unilateral limb pathologies are 

present. In this cross-sectional research study, we found a high amount of asymmetry in hip 

and knee adduction and flexion moments between the limbs in healthy populations. 

Knowledge of expected or baseline asymmetry within and across various populations of 

healthy adults is valuable for interpretation of gait evaluations, particularly if symmetry is to 

be used as a measure of success for intervention or rehabilitation strategies or for diagnosis 

of pathology. Longitudinal studies are necessary to determine acceptable levels of 

asymmetry in healthy individuals and the implications of asymmetrical joint moments on the 

risk for development of symptomatic pathology.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Representative subject from data collected at The Ohio State University (a.) and Stanford 

University (b.) with markers placed according to the Point Cluster Technique (PCT) marker 

convention
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Figure 2. 
Boxplots of the peak joint moments (a.) and the difference between the “greater” and 

“lesser” moments (b.) for all subjects. Boxes include the interquartile range of the data, 

medians are indicated by the horizontal line and whiskers represent the upper and lower 

25% of the distribution
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Figure 3. 
Boxplot for the percentage of asymmetry in knee and hip joint moments between the lower 

limbs during walking. Boxes include the interquartile range of the data, medians are 

indicated by the horizontal line and whiskers represent the upper and lower 25% of the 

distribution.
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Figure 4. 
Confidence intervals for the proportion of subjects in each population with greater than 10% 

asymmetry. From these intervals, we can be 95% certain that the percentage of each 

population exhibiting greater than 10% asymmetry will fall within the confidence interval 

shown.
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