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Abstract

Objective—To compare ground reaction force patterns (GRF) during walking among legs 

defined by presence or absence of knee pain and/or radiographic knee osteoarthritis (ROA).

Method—Principal component analysis extracted major modes of variation (PCs) in GRF data 

from the Multicenter Osteoarthritis Study during self-paced walking. Legs were categorized as 

pain+ROA (n=168), ROA only (n=303), pain only (n=476), or control (n=1877). Relationships 

between group and GRF PCs were examined using Generalized Estimating Equations, adjusted for 

age, sex, body mass index, race, and clinic site with and without additional adjustment for gait 

speed.
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Results—With or without speed adjustment, pain+ROA had flatter vertical GRF waveforms than 

control (speed adjusted PC2 difference [95%CI]: −66 [−113,−20]), pain+ROA and ROA only had 

higher lateral GRF at impact and greater mid-stance medial GRF than control (speed adjusted PC3 

difference: 9 [3,16] and 6 [2,10], respectively), and ROA only had higher early versus late medial 

GRF than control (speed adjusted PC2 difference: 7 [2,13]). Pain only had flatter vertical GRF 

waveforms and a smaller difference between anterior and posterior GRF than control only without 

speed adjustment.

Conclusion—In this large sample, sustained mid-stance loading and higher impact loads were 

identified in legs with ROA or ROA and pain, even when adjusting for differences in gait speed 

and other confounders. While it remains to be seen whether these features precede or result from 

ROA and pain, the presence of these patterns in the speed-adjusted models could have implications 

on gait interventions aimed to change joint loading.
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Introduction

Mechanical loading has been implicated in knee osteoarthritis (OA) pathogenesis, 

suggesting that interventions aimed at changing joint loading may be key to reducing the 

burden of knee OA1. Knee OA is characterized by radiographic damage and clinical 

symptoms, particularly knee pain, however, individuals may have knee pain without 

radiographic damage or vice versa2. Prior research suggests that risk factors may differ for 

these clinical phenotypes3, however, their association with joint loading, specifically gait 

patterns during walking, is not well understood.

Traditionally, gait differences among individuals with and without knee OA have been 

compared using specific, discrete metrics extracted from gait waveforms, such as a peak or 

impulse. While between group differences have been identified with these approaches (e.g., 

peak knee angle and moment differences across OA severities4), differences in the patterns 

of loading have also been noted5, 6. These patterns are challenging to capture with discrete 

metrics but may better describe the overall loading environment experienced by the joint. 

For example, the so-called “stiff gait” pattern – used to describe gait features including 

reduced sagittal plane range of motion, reduced peak to peak sagittal plane moments, 

prolonged muscle activation in mid-stance, and/or the absence of a characteristic bimodal 

(“double-hump”) pattern in the knee adduction moment (KAM) and frontal plane ground 

reaction force (GRF) – has been associated with greater knee OA severity7 and future 

disease progression8. Investigating these dynamic loading patterns, rather than merely 

discrete metrics, may provide better understanding of the relationships among gait, pain, and 

radiographic disease (ROA).

Assessment of the relationships among gait, pain, and ROA can be confounded by factors 

such as age9, body mass index (BMI)10, sex11, and race12, which are risk factors for knee 

OA and can affect gait independent of OA. Furthermore, gait speed presents a challenge in 

analyses as it is associated with both gait metrics and OA outcomes but its role in the causal 

Costello et al. Page 2

Osteoarthritis Cartilage. Author manuscript; available in PMC 2022 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



pathway is unclear13. Adjusting for gait speed may remove confounding effects if it is 

indeed a confounder (affecting both gait and OA outcomes), however, OA outcomes, such as 

pain, may drive changes in gait speed rather than vice versa. Thus, bias could be introduced 

by adjusting for gait speed, leading to inappropriate conclusions about the relationships 

between gait and OA outcomes. To account for confounders and explore the effect of 

adjusting for speed on the relationships among gait, pain, and ROA, larger sample sizes than 

those of prior studies (approximately 20 to 200 participants or legs14) are required. While 

collection of joint moment data is resource and time-intensive, GRFs can be collected with 

relative ease in large cohorts, are a main component used to calculate knee joint moments, 

and follow similar patterns of variation during gait as joint moments (e.g., the bimodal 

pattern seen in both the frontal plane GRF and KAM)15. Examining differences in GRFs in a 

large cohort could further clarify the role of abnormal mechanics in knee OA pathogenesis.

The objective of this descriptive study was to quantify cross-sectional differences in 

dynamic GRF patterns during walking between groups of knees defined by presence or 

absence of both knee pain during walking and radiographic knee OA while accounting for 

multiple confounders.

Method

Study sample

The data used in this study are from the Multicenter Osteoarthritis Study (MOST)16. MOST 

is a prospective, NIH-funded cohort study of risk factors for the incidence and progression 

of OA and includes two clinic sites in the United States: The University of Alabama at 

Birmingham and The University of Iowa. The original cohort (age = 50–79, with or at 

increased risk for developing knee OA) was enrolled in 2003–2005 and followed for 80 

months. At 144-months, surviving participants from the original cohort were invited to 

return for a clinic visit. Concurrently, a new cohort (age 45–69, with or without knee pain, 

and with Kellgren-Lawrence radiographic grades ≤ 2) was enrolled, such that the baseline 

visit for the new cohort corresponded with the 144-month visit of the original cohort. 

Participants with inflammatory disease or stroke were not included in either cohort. The 

MOST study received institutional review board approval from the two clinical centers as 

well as the coordinating center at the University of California San Francisco and the analysis 

center at Boston University. In accordance with the Helsinki Declaration, all participants 

provided informed consent prior to participating in the study.

We utilized GRF data from both cohorts (original cohort at 144-month, new cohort at 

baseline) for the current analyses (Figure 1). Participants with a history of knee or hip 

replacement or steroid or hyaluronic acid injection in either knee during the past 6 months 

were excluded. This combined sample included individuals with and without knee OA and 

knee pain.

Categorization of legs using knee pain and radiographic knee OA

Posterior-anterior and lateral weight bearing radiographs taken at the 144-month/baseline 

timepoint were read for Kellgren-Lawrence grade (KLG) of the tibiofemoral joint at the 
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MOST analysis center. Knees with KLG ≥ 2 were considered to have radiographic 

tibiofemoral knee OA (ROA). For each knee, presence of knee pain was defined by 

participants’ self-report of at least mild pain during walking over the past 30 days using 

question 1 of the Western Ontario and McMaster Universities Osteoarthritis: “How much 

pain do you have in your left/right knee while walking on a flat surface?” We then 

categorized each knee into one of four groups: (1) pain+ROA, (2) ROA only, (3) pain only, 

or (4) control (i.e., no pain and no ROA).

Ground reaction force data collection

Three-dimensional GRF data were recorded at 1000 Hz using a portable force platform and 

AccuGait walkway (AMTI Inc., Watertown, MA, USA). Participants walked along the 5.3-

meter walkway at self-selected speed wearing their own typical footwear. Approximately 

five trials of GRF data were acquired from each leg of each participant. The first trial for 

each leg was considered an acclimatization trial and excluded.

Legs with at least three remaining trials where the foot landed completely on the force plate 

and a corresponding gait speed measurement was available were retained for analysis. For 

each leg, raw, unfiltered GRF waveforms were time-normalized to the stance phase of the 

gait cycle and ensemble averaged across three randomly selected remaining trials.

Ground reaction force data processing

Principal component analysis (PCA) was applied to extract the main modes of variation 

(principal components, PCs) among GRF waveforms in each dimension: vertical, anterior-

posterior, and medial-lateral17. For each dimension, the data were arranged into a matrix (X 

= [n x 101]), with each row representing the ensemble average GRF across trials of an 

individual leg. To preserve the assumption of independence of observations, data from only 

one randomly selected leg per person was used to extract PCs, thus only one leg per person 

was included in this matrix. After subtracting the mean of X from each row, an eigenvector 

decomposition was performed on the covariance matrix of X to extract the eigenvectors 

(PCs). PCs that cumulatively explained 90% of the variation among the waveforms for each 

dimension were retained for analysis. For all legs, including those not used to extract the 

PCs, eigenvalues (PC scores) for each dimension were calculated as: PC scores = 

(GRFEns. Avg. – mean(X)) * PCs. The PC scores for each leg describe how closely the 

waveforms matched each retained PC. To aid in interpretation, the percent variance 

explained at every percent of the gait cycle by each PC was plotted. In addition, single PC 

reconstructions were created for the 5th, 33rd, 50th, 67th, and 95th percentile PC scores 

among waveforms included in the extraction of eigenvectors by multiplying the PC by the 

PC score, respectively, and adding this product to the mean of X18.

Statistical analysis

We examined the relationships between group (pain+ROA, ROA only, pain only, and 

control) and GRF PC scores in separate models for each PC using Generalized Estimating 

Equations (GEEs) to account for correlations between two legs within an individual. 

Analyses were performed adjusted for sex, age, BMI, race, and clinic site, both with and 

without additional adjustment for gait speed. All models were first constructed including an 
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interaction term between group and leg. If this interaction term was not significant, it was 

removed from the model. A significant effect of group in the model was assessed using a 

Wald Chi Square test. Estimated marginal means were calculated for each group. Post-hoc, 

Wald Chi Square tests were performed for all pairwise comparisons among groups for any 

PC that had a significant omnibus test for group. All analyses were performed in SPSS 

(version 26.0.0.1, IBM, Armonk, NY, USA) with significance set at α = 0.05. No adjustment 

for multiple comparisons was performed because all examined associations were 

biologically plausible and adjustment for multiple comparisons in exploratory analyses may 

eliminate meaningful associations19.

Results

Data from 2824 legs contributed by 1576 individuals were included in these analyses (Table 

1). This sample included 168 legs with pain and ROA (pain+ROA), 303 legs with ROA but 

no pain (ROA only), 476 legs with pain but not ROA (pain only), and 1877 control legs 

without pain or ROA. Individual leg waveforms are presented in Supplementary Figure S1 to 

show the variety of waveform patterns within the sample.

Across the three GRF dimensions, 11 PCs were retained in total (Table 2). The interaction 

term between group and leg was not significant for any of the analyses and thus was 

removed from the models. In the models that did not adjust for gait speed, significant group 

differences were found for four PCs across the three GRF dimensions: vertical GRF PC2 (p 

= 0.001), anterior-posterior GRF PC1 (p = 0.025), medial-lateral GRF PC2 (p = 0.015), and 

medial-lateral GRF PC3 (p = 0.002). In the analyses that additionally adjusted for gait speed, 

a significant group effect remained for vertical GRF PC2 (p = 0.041), medial-lateral GRF 

PC2 (p = 0.025), and medial-lateral GRF PC3 (p = 0.002), but not anterior-posterior GRF 

PC1 (p = 0.239). Estimated marginal mean PC scores (both adjusted and unadjusted for gait 

speed) for all four groups are presented in Supplementary Table S1.

Vertical Ground Reaction Force

While the differences among groups in the unadjusted vertical GRF waveforms (Figure 2A) 

are small, in the analyses that adjusted for confounders (but did not adjust for speed), legs 

with pain (pain+ROA and pain only) had flatter vertical GRF waveforms with lower peaks 

and higher mid-stance force (i.e., lower vertical PC2 scores, Figure 2B,2D) than legs without 

pain (ROA only and control). When we additionally adjusted for gait speed, legs with pain

+ROA had lower scores (i.e., flatter waveforms) than all other groups (Figure 2C,2D) but 

there were no other differences in vertical PC2 scores among groups.

Anterior-Posterior Ground Reaction Force

Between-group differences in anterior-posterior GRFs were barely visible on the unadjusted 

group waveforms (Figure 3A) but when adjusted for confounders (but not speed), pain only 

legs had a smaller difference between early and late stance anterior-posterior GRF (i.e., 

lower anterior-posterior PC1 scores Figure 3B,3D) than ROA only legs (p = 0.009) and 

control legs (p = 0.016). This difference in anterior-posterior PC1 among groups was only 

present when not adjusting for speed (Figure 3C,3D).
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Medial-Lateral Ground Reaction Force

Again, between group differences in the unadjusted medial-lateral GRF waveforms appeared 

small (Figure 4A), however, ROA only legs had higher early relative to late stance medial 

GRF (i.e., higher medial-lateral PC2 scores, Figure 4B–4D) compared to pain only or 

control legs, when adjusted for confounders both with additional adjustment for speed (p = 

0.012 and p = 0.005, respectively) and without (p = 0.002 and p = 0.007, respectively). 

Additionally, both groups of legs with ROA (pain+ROA and ROA only) had higher 

magnitude lateral peak force in early and late stance with higher medial force in mid-stance 

(i.e., higher medial-lateral PC3 scores, Figure 4E–4G) compared to groups of legs without 

ROA (pain only and control) when adjusted for confounders. This relationship was present 

regardless of whether speed was included in the analysis (p ≤ 0.01 for all described 

comparisons).

Discussion

By utilizing the large MOST cohort, the objective of this study was to examine the 

relationships among GRF patterns, knee pain, and ROA while accounting for confounding 

due to sex, age, BMI, and race, both with and without additional adjustment for gait speed. 

We identified multiple pattern differences in three-dimensional GRFs among groups, 

including sustained and higher impact loading patterns. Both sustained and higher loads 

could result in poor outcomes over the long-term and have implications on interventions.

Differences among groups in vertical PC2, describing a less dynamic vertical GRF pattern 

with flattening through mid-stance in those with lower scores, were identified in both the 

models that did and did not adjust for speed. As cyclic loading and unloading during 

dynamic weight-bearing activities is critical for maintaining articular tissue health20, a 

sustained, constant loading pattern could indicate potentially detrimental overload of 

articular tissues. Without adjustment for gait speed, painful legs (pain+ROA and pain only) 

had less dynamic vertical GRF than legs without pain (ROA only and control), in agreement 

with previous work showing less dynamic loading patterns in individuals with painful OA 

compared to pain-free individuals7 and in healthy individuals after induction of knee pain21. 

Prior work has also identified this flattened vertical GRF pattern in midstance in females 

with painful knee OA compared to controls without OA22, 23. With adjustment for gait 

speed, however, legs with pain+ROA had a less dynamic vertical GRF than all other groups. 

Prior work by Boyer et al. has suggested joint inflammation in those with painful ROA, 

rather than pain alone, may drive gait changes. In this cross-over study of individuals with 

knee OA, vertical GRF increased following treatment with nonsteroidal anti-inflammatory 

drugs (NSAID) when compared to placebo, but did not increase following treatment with 

opioids, suggesting the anti-inflammatory component of NSAIDs rather than the analgesic 

component of both drugs was the reason for GRF changes24. Thus, the presence of this 

flattened GRF pattern in the pain+ROA group but not the pain only group in the speed-

adjusted model could potentially be explained by differences in inflammation between the 

groups.

While it is unclear from the current cross-sectional study design whether these gait patterns 

precede or result from the development of painful ROA, these results suggest potentially 
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detrimental loading in knees with pain+ROA. The vertical ground reaction force is a main 

component of the KAM25 and sustained loading in KAM during mid-stance has been 

associated with future total knee arthroplasty8. Further, these findings suggest that this less 

dynamic vertical GRF pattern in the pain+ROA group could not be altered with 

interventions that target gait speed, as it remained after adjusting for speed.

Gait speed interventions also appear unlikely to change medial-lateral GRF patterns as the 

same between-group differences were present in both the speed-adjusted and unadjusted 

analyses. These included a higher ratio of early to late medial force (medial-lateral PC2) in 

ROA only legs compared to legs without ROA (pain only or control) and higher lateral peaks 

in early and late stance with higher mid-stance medial force (medial-lateral PC3) in legs 

with ROA (both pain+ROA and ROA only) compared to legs without ROA (pain only or 

control). Along with the vertical ground reaction force and lever arm of the knee, the medial-

lateral ground reaction force is a key component of the KAM25. Thus, a higher ratio of early 

to late medial-lateral force could result in higher KAM in early stance, which has been 

associated with both future structural OA progression26–29 and future total knee 

arthroplasty30. High impact load has been shown to result in bone and/or cartilage changes 

indicative of osteoarthritis development in both animal models31 and tissue explants32, thus 

the lateral impact force captured by medial-lateral PC3 could also indicate potentially 

harmful loading on ROA compared to no ROA legs. Again, the cross-sectional nature of the 

current study does not indicate whether these impact loading patterns precede or result from 

the development of structural damage but their presence in both the speed-adjusted and 

unadjusted models suggests interventions other than altering gait speed would be needed to 

change these potentially detrimental loading patterns. Furthermore, the higher medial loads 

through mid-stance (captured by medial-lateral PC3) could again be indicative of potentially 

detrimental, sustained loading in mid-stance.

In contrast, differences among groups in anterior-posterior GRFs appeared to be driven by 

speed as there was no effect of group in the models that adjusted for speed. The smaller 

difference between anterior and posterior GRF (PC1) in legs with pain compared to legs 

without pain (control or ROA only) may reflect an attempt to reduce pain by walking at a 

slower speed. It should also be noted that despite greater variability in the pain+ROA legs in 

this measure, the mean difference between pain+ROA and control legs in anterior-posterior 

PC1 was similar to the difference between pain and control legs (Figure 3B), again 

suggesting pain may be driving this gait pattern.

The appropriateness of adjusting for speed has been debated13, as decreasing speed is 

associated with the disease process and thus adjusting for speed may remove some of the 

effects of the disease and introduce bias due to conditioning on an intermediate. However, 

GRF magnitude can be affected by gait speed. While an examination of causal relationships 

was not part of the current study design, the differences in GRF patterns that remained after 

adjusting for speed indicates there are some aspects of gait patterns in knee OA that are 

unaffected by gait speed. If these aspects are related to longitudinal OA outcomes, they 

would likely require gait interventions other than merely addressing slow gait speeds. 

Further research could investigate modifiable factors that may be related with these patterns 
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(e.g., muscle power, inter-joint coordination) which could be targeted with interventions 

such as neuromuscular training.

Strengths of the current study include the use of a large dataset from a well characterized 

cohort, which, unlike prior, smaller gait studies, allowed us to control for a number of 

confounding factors, and the use of three-dimensional GRFs and principal component 

analysis to explore multi-dimensional loading patterns. A number of limitations of the 

current analyses should also be acknowledged. While it has been demonstrated that gait 

patterns vary across severities of both ROA and pain33, we utilized dichotomous definitions 

of ROA and pain to categorize legs, which did not allow for an examination of differences in 

GRFs related to severity of ROA and/or pain. Second, our analyses did not consider 

presence of predominantly medial, lateral, or patellofemoral radiographic OA or pain. 

Hence, these findings, particularly those related to medial-lateral GRFs, should be 

interpreted with caution as GRF patterns may differ between those with radiographic disease 

or pain in different compartments. It should also be noted that while the GEEs allowed us to 

account for correlation between legs in the analyses, the analysis approach does not allow 

investigation of how unilateral versus bilateral ROA or pain affects GRF patterns. Prior work 

has previously reported gait differences in those with unilateral versus bilateral OA34, 

however, the specific GRF patterns in a leg with ROA only and contralateral ROA+pain 

versus a contralateral control leg, for example, are still unclear and will be relevant to 

understanding progression trajectories in the two legs of a person. Participants in the current 

study wore their own, typical footwear, which may have increased inter-subject variability in 

GRF waveforms, however, as individuals will likely wear their own footwear during daily 

life, we believe this represents a more clinically relevant measure of GRF data. Last, while 

PCA allows examination of GRF patterns, it can also result in retained PCs that describe 

variability among waveforms due to factors other than the factor of interest (e.g., vertical 

PC1 likely captures magnitude differences related to body mass). Features explaining a 

small amount of variance may be useful in discriminating among groups35, however, it 

remains to be seen whether these features which describe only a small portion of the 

variance among waveforms in the current study are related to longitudinal OA outcomes. A 

minimal clinically important difference in these PC scores has yet to be determined.

In this large sample of legs with and without radiographic knee OA and pain, after adjusting 

for confounders, a number of differences in GRF patterns were identified that suggest 

altered loading in legs with ROA or ROA and pain. While it remains to be seen whether 

these features precede or result from ROA and pain, the sustained mid-stance loading and 

higher peak lateral forces seen in these groups could indicate potentially detrimental loading 

at the knee. Importantly, these pattern differences are present even in the speed-adjusted 

models, which could have implications on intervention strategies aimed at changing joint 

loading.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Study sample selection and groups (MOST: Multicenter Osteoarthritis Study; OA: 

osteoarthritis; GRF: ground reaction force; WOMAC: Western Ontario and McMaster 

Universities Osteoarthritis Index; ROA: radiographic knee osteoarthritis).
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Figure 2. 
Vertical (V) ground reaction force (GRF): [A] unadjusted V GRF for groups of legs defined 

by defined by presence or absence of knee pain during walking and radiographic knee 

osteoarthritis (ROA); [B-C] mean difference and 95% confidence intervals in estimated 

marginal mean V PC2 scores for groups of legs with pain and ROA, ROA only, and pain 

only relative to controls, adjusted for age, sex, body mass index, clinic site, race, [B] without 

or [C] with additional adjustment for speed; [D] waveforms reconstructed using the 5th, 33rd, 

50th, 67th, or 95th percentile V PC2 score (blue lines), demonstrating how the waveform 

shape changes across a range of PC scores, and percent variance explained by V PC2 

(shaded gray), indicating where in the stance phase the PC is capturing variance among 

waveforms.
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Figure 3. 
Anterior-posterior (AP) ground reaction force (GRF): [A] unadjusted AP GRF for groups of 

legs defined by defined by presence or absence of knee pain during walking and 

radiographic knee osteoarthritis (ROA); [B-C] mean difference and 95% confidence intervals 

in estimated marginal mean AP PC1 scores for groups of legs with pain and ROA, ROA 

only, and pain only relative to controls, adjusted for age, sex, body mass index, clinic site, 

race, [B] without or [C] with additional adjustment for speed; [D] waveforms reconstructed 

using the 5th, 33rd, 50th, 67th, or 95th percentile AP PC1 score (blue lines), demonstrating 

how the waveform shape changes across a range of PC scores, and percent variance 

explained by AP PC1 (shaded gray), indicating where in the stance phase the PC is 

capturing variance among waveforms.
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Figure 4. 
Medial-lateral (ML) ground reaction force (GRF): [A] unadjusted ML GRF for groups of 

legs defined by defined by presence or absence of knee pain during walking and 

radiographic knee osteoarthritis (ROA); [B-C] mean difference and 95% confidence intervals 

in estimated marginal mean ML PC2 scores for groups of legs with pain and ROA, ROA 

only, and pain only relative to controls, adjusted for age, sex, body mass index, clinic site, 

race, [B] without or [C] with additional adjustment for speed; [D] waveforms reconstructed 

using the 5th, 33rd, 50th, 67th, or 95th percentile ML PC2 score (blue lines), demonstrating 

how the waveform shape changes across a range of PC scores, and percent variance 

explained by ML PC2 (shaded gray), indicating where in the stance phase the PC is 

capturing variance among waveforms; [E-F] mean difference and 95% confidence intervals 

in estimated marginal mean ML PC3 scores for groups of legs with pain and ROA, ROA 

only, and pain only relative to controls, adjusted for age, sex, body mass index, clinic site, 

race, [E] without or [F] with additional adjustment for speed; [D] waveforms reconstructed 
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using the 5th, 33rd, 50th, 67th, or 95th percentile ML PC3 score (blue lines) and percent 

variance explained by ML PC3 (shaded gray), across the stance phase.
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Table 1.

Sample Characteristics

Full sample characteristics Group characteristics*

Pain + ROA ROA only Pain only Control

Sample size, n participants [n legs] 1576 [2824] 140 [168] 252 [303] 372 [476] 1192 [1877]

Sex, n participants (%)

 Female 910 (57.7%) 89 (63.6%) 155 (61.5%) 227 (61.0%) 676 (56.7%)

 Male 666 (42.3%) 51 (36.4%) 97 (38.5%) 145 (39.0%) 516 (43.3%)

Site, n participants (%)

 University of Alabama at Birmingham 669 (42.4%) 66 (47.1%) 77 (30.6%) 194 (52.2%) 487 (40.9%)

 University of Iowa 907 (57.6%) 74 (52.9%) 175 (69.4%) 178 (47.8%) 705 (59.1%)

Race, n participants (%)

 Black or African-American 226 (14.3%) 26 (18.6%) 29 (11.5%) 79 (21.2%) 148 (12.4%)

 White or Caucasian 1297 (82.3%) 111 (79.3%) 221 (87.7%) 284 (76.3%) 998 (83.7%)

 Other
† 53 (3.4%) 3 (2.1%) 2 (0.8%) 9 (2.4%) 46 (3.9%)

Age (years), mean ± stdev of all participants 60.1 ± 9.1 64.9 ± 9.9 65.2 ± 9.3 58.6 ± 8.1 59.4 ± 8.9

Body mass index (kg/m2), mean ± stdev of all 
participants

28.4 ± 5.2 31.1 ± 5.4 29.8 ± 5.2 28.8 ± 5.5 28.0 ± 4.9

Gait speed (m/s), mean ± stdev of all legs 1.3 ± 0.2 1.2 ± 0.2 1.3 ± 0.2 1.3 ± 0.2 1.4 ± 0.2

*
Group characteristic data presented for informational purposes only to aid in interpretation of analyses that were adjusted for a number of these 

factors. Note: because groups are defined by leg, a person could be included in more than one group. Analyses were adjusted for correlation 
between legs.

†
Includes: American Indian or Alaskan Native, Asian, Hawaiian or other Pacific Islander, other race, more than one race, don’t know/refused
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Table 2.

Principal components (PCs) extracted from vertical (V), anterior-posterior (AP), and medial-lateral (ML) 

ground reaction forces (GRF), suggested interpretations of each PC, and variance explained by each PC.

GRF Principal Components Var. Exp.

V1 Overall shape/magnitude (higher score indicates greater overall magnitude throughout stance) 80%

V2 Difference between mid-stance and early/late stance (higher score indicates more dynamic pattern with higher peaks in 
early and late stance and a lower mid-stance valley)

12%

AP1 Difference between early (braking phase) and late (propulsive phase) stance magnitude (higher score indicates greater 
difference between early and late stance magnitude)

74%

AP2 Phase shift (higher score indicates the waveform is shifted to later in stance) 8%

AP3 Magnitude difference in early, mid, and especially late stance (higher score indicates smaller early stance magnitude, 
higher mid-stance magnitude, and higher, earlier late stance magnitude)

5%

AP4 Waveform timing (higher score indicates a “wider” waveform with earlier/steeper early stance force and later, steeper, late 
stance force)

4%

ML1 Overall magnitude (higher score indicates more medial GRF through stance) 69%

ML2 Difference between early/late stance (higher score indicates higher medial peak in early relative to late stance) 8%

ML3 Magnitude of initial and final contact peaks and mid-stance (higher score indicates a higher magnitude lateral peak force 
just after foot strike and higher magnitude lateral peak force just before foot off with higher medial mid-stance magnitude)

6%

ML4 Timing of initial contact peaks (higher score indicates earlier lateral force after foot strike with earlier subsequent medial 
force with phase shift continuing through mid-stance resulting in lower medial magnitude in mid-stance)

5%

ML5 Shape of early medial peak and timing of unloading in late stance (higher score indicates later, higher, and distinct early 
medial peak as well as greater unloading in mid-stance and a phase shift of the late stance waveform to later in stance)

4%
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