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Association of Low Physical Activity Levels With Gait 
Patterns Considered at Risk for Clinical Knee Osteoarthritis 
Progression
Kerry E. Costello,1  Janie L. Astephen Wilson,2 and Cheryl L. Hubley- Kozey3

Objective. Although gait analysis provides an estimate of joint loading magnitude and patterns during a typical 
step, accelerometry provides information about loading frequency. Understanding the relationships between these 
components of loading and knee osteoarthritis (OA) progression may improve conservative management, as gait 
interventions may need to account for physical activity levels or vice versa. The primary objective was to examine 
relationships between gait patterns that have previously been associated with OA progression and accelerometer- 
derived metrics of loading frequency. The secondary objective examined the association of accelerometer- derived 
metrics and total knee arthroplasty (TKA) at a mean follow- up of 3.5 years.

Methods. Fifty- seven individuals with knee OA underwent gait analysis and 1 week of accelerometer wear. 
Spearman correlations were calculated between accelerometer- derived metrics and gait patterns. Differences across 
quartiles of step count were examined with Jonckheere- Terpstra tests. In a subsample, baseline differences between 
TKA and no TKA groups were examined with Mann- Whitney U- tests.

Results. Gait variables previously related to progression were correlated to both step count and moderate-  to 
vigorous- intensity, but not lower- intensity, physical activity. Individuals in the lowest quartile (~4000 steps/day) 
exhibited gait patterns previously related to progression. There were no differences in any baseline accelerometer- 
derived metrics between those that did and did not undergo TKA at follow- up.

Conclusion. Complex relationships exist between gait, physical activity, and OA progression. Accelerometer- 
derived metrics may contribute unique information about overall loading for individuals above a certain activity 
threshold, but for those with lower activity levels, gait may be sufficient to predict clinical progression risk, at least 
over the short term.

INTRODUCTION

Mechanical loading has been implicated as a key factor 
in osteoarthritis (OA) (1,2). Gait analysis in individuals with knee 
OA has demonstrated that baseline joint moments and electro-
myography are associated with both longitudinal structural joint 
changes (3– 11) and future total knee arthroplasty (TKA) (4,12– 14), 
which is considered the clinical endpoint for OA. These gait data 
describe time- varying features of joint loading during a typical step 
but do not provide information about how often the joint encoun-
ters these loads during daily life or whether all steps are “typical” 
(ie, the frequency components of joint loading). Understanding the 

role of joint loading frequency in OA progression has the potential 
to improve conservative OA management by concurrently opti-
mizing gait patterns and physical activity.

The combined influence of gait patterns and joint load-
ing frequency, termed “cumulative load” (15), has only recently 
been explored (5). Brisson et al used a surrogate physical activ-
ity measure derived from accelerometer data, step count, to 
examine the additional contribution of joint loading frequency 
to explain structural disease progression and found that add-
ing step count to a model containing baseline knee adduc-
tion moment (KAM) impulse did not explain more variance in 
2.5- year cartilage volume change (5). Although these results 
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suggest that joint loading frequency did not contribute valua-
ble information about progression risk, the potential contribution 
of joint loading frequency to clinical knee OA outcomes, such 
as TKA, has not been explored and may differ from structural 
outcomes given prior research showing that different baseline 
gait patterns were associated with structural versus clinical (TKA 
outcome) knee OA progression (4). Furthermore, it is unclear 
whether measures of the intensity of physical activity could con-
tribute additional value. Integrating joint loading frequency infor-
mation into a measure of cumulative load or a statistical model 
of OA progression will only be useful for predicting progression if 
these measures capture a domain that is distinct from the infor-
mation captured by gait metrics.

Physical activity has been shown to improve clinical OA 
symptoms such as pain (16) and is recommended in OA guide-
lines as a core management component (17); however, higher 
step count has also been associated with higher pain, explaining 
an additional 9% variance in pain after accounting for body mass 
index (BMI), knee extensor strength, and KAM impulse (18). 
Taken together, these results suggest a complex relationship 
between gait, joint loading frequency, and clinical OA outcomes, 
such that joint loading frequency may provide additional value. 
Furthermore, an acute bout of physical activity (20 minutes of 
treadmill walking) has been associated with increased pain and 
corresponding gait changes in some, but not all, individuals with 
knee OA (19), and baseline knee- specific gait features have been 
associated with increased pain following a 6- minute walk test 
(20). Both findings suggest that specific combinations of gait pat-
terns and physical activity may affect OA symptoms and individ-
uals may modulate their activity based on gait. Although these 
bouts likely represent moderate-  to vigorous- intensity physical 
activity (MVPA), lower- intensity physical activity and sedentary 
behavior (SED) may also be relevant to clinical outcomes, as time 
spent in light- intensity physical activity (LPA) has been associ-
ated with reduced risk of onset and progression of disability (21). 
Also, replacing sedentary time with LPA has been associated with 
reduced risk for incident slow gait speed (22) in those with or at 
risk of knee OA without baseline disability.

In order to gain insight into whether joint loading fre-
quency measures provide additional information that may be use-
ful for understanding clinical knee OA progression, the primary 
objective of this study was to examine the relationships between 
features of knee moments and electromyography patterns dur-
ing gait that have previously been associated with a clinical knee 
OA outcome (TKA) and both step count and intensity metrics 
derived from physical activity data. We hypothesized that lower 
step count would be significantly correlated with gait metrics that 
have previously been associated with TKA but that intensity met-
rics would have fewer significant correlations (ie, intensity- based 
accelerometer data, particularly LPA, would provide information 
about the overall joint loading exposure that was independent of 
that provided by gait). Our secondary objective was to compare 

baseline accelerometer metrics between those who did and 
those who did not reach a clinical OA progression outcome (TKA) 
at a mean follow- up of 3.5 years in a subsample with available 
follow- up data to further assess whether these metrics were inde-
pendently associated with TKA.

PATIENTS AND METHODS

Study overview and participants. As part of two ongo-
ing longitudinal studies of gait and knee OA progression (9,12), 
57 individuals with medial compartment knee OA participated in 
a gait data collection session between 2012 and 2015 and wore 
an accelerometer for 1 week following gait data collection. All par-
ticipants were diagnosed with knee OA by a single high- volume 
orthopedic surgeon using clinical and radiographic criteria (23) and 
had both medial knee pain and medial tibiofemoral joint space 
narrowing greater than or equal to lateral joint space narrowing 
(24). Exclusion criteria included any cardiovascular, neuromuscu-
lar, or musculoskeletal conditions other than knee OA that would 
affect gait or participant safety during testing; age under 35 years; 
and having undergone or being on a waitlist for TKA or high tib-
ial osteotomy. This research was carried out in accordance with 
the Helsinki Declaration, and all participants signed Nova Scotia 
Health Authority Research Ethics Board– approved informed con-
sent forms prior to participation.

Kinematics, kinetics, and electromyography. Stand-
ardized protocols were employed to capture three- dimensional 
(3D) limb motion, ground reaction force data, and electromy-
ography (25,26) during self- selected speed over- ground walk-
ing for the OA leg. Briefly, 3D motion data were collected at 
100 Hz (Optotrack, Northern Digital) and synchronized with 3D 
ground reaction forces from a force platform embedded in the 
floor (model BP400600; Advanced Medical Technology) and 
electromyography (EMG) from seven muscle sites surround-
ing the knee joint (AMT- 8 EMG; Bortec) digitized at 2000 Hz. 
Muscle sites included lateral gastrocnemius (LG) and medial 
gastrocnemius (MG), vastus lateralis (VL), vastus medialis (VM), 
rectus femoris (RF), biceps femoris (lateral hamstrings [LH]), and 
semimembranosus (medial hamstrings [MH]). Four to seven tri-
als were retained for analysis.

Kinematics and kinetics were calculated using custom- written 
MATLAB programs (Mathworks) (25). In brief, 3D joint angles were 
calculated from 3D diode positions using a least- squares optimi-
zation routine (27) and expressed in the joint coordinate system 
(28). The 3D net external joint moments were calculated using 
inverse dynamics, time normalized to the stance phase of the gait 
cycle, and amplitude- normalized to body mass (29– 32). EMG 
data were processed in MATLAB according to standardized pro-
tocols (26), where raw signals were corrected for bias, converted 
to μV, full- wave rectified, low pass filtered at 6 Hz using a Butter-
worth filter, and then time- normalized to the full gait cycle.
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Muscle strength and EMG amplitude normalization. 
Following gait data collection, eight maximum voluntary isometric 
contractions (MVICs) were performed using standardized proto-
cols (26,33) for the purposes of EMG amplitude normalization and 
strength assessment. In brief, the eight exercises were the follow-
ing: 1) plantar flexion in long sitting position, 2) single leg standing 
heel raise with manual resistance applied to the shoulders, 3) knee 
extension in sitting position (knee at 45° flexion), 4) knee extension 
in sitting position (knee at 45° flexion) with simultaneous hip flex-
ion (hip at approximately 90° flexion), 5) knee extension in supine 
position (knee at 15° flexion), 6) knee flexion in sitting position 
(knee at 55° flexion), 7) knee flexion in supine position (knee at 15° 
flexion), and 8) knee flexion in prone position (knee at 55° flexion). 
EMG waveforms for each muscle were amplitude- normalized to 
the highest activation amplitude (based on a 0.1- second mov-
ing window) of the same muscle during the MVICs (%MVIC) (26). 
A Cybex dynamometer (Lumex) was used to record torque data 
simultaneously with EMG data. For each muscle group, the high-
est amplitude steady- state 0.5- second window was identified (26) 
and normalized to body mass to calculate strength for each mus-
cle group (Nm/kg).

Waveform feature extraction. Principal component 
analysis was used to extract major patterns of variation in 
the moment and EMG waveforms (principal components 
[PCs]) (26,34) from a larger dataset from individuals with and 
without knee OA in the Dynamics of Human Motion laboratory 
database (n = 428; 48% female; age: 55.2 ± 9.4 years; mass: 
84.3 ± 18.3 kg; BMI: 28.8 ± 5.3 kg/m2; gait speed: 1.29 ± 0.20; 
Western Ontario and McMaster Universities Osteoarthritis Index 
[WOMAC] total: 17.5 ± 18.8; Kellgren- Lawrence [KL] grade: 25 
KL grade 1, 138 KL grade 2, 101 KL grade 3, and 46 KL grade 
4). PCs extracted from a larger dataset are considered more 
robust and generalizable (35). In this larger dataset, two to 
four PCs cumulatively explained 90% of the variability among 
waveforms. This list was narrowed to only those PCs previously 
related to clinical OA progression, including overall KAM mag-
nitude (PC1) (12); the difference between early- and midstance 
KAM (PC2) (12); early- stance knee flexion moment (KFM) mag-
nitude (PC1) (12); the difference between early- stance KFM 
and late- stance knee extension moment (KEM) (PC2) (12); the 
difference between early- stance internal and late- stance exter-
nal KRM (PC1) (9); internal KRM magnitude through midstance 

Table 1. Sample characteristics for full study sample and across quartiles of step count

Full sample, 
n = 57

Quartile 1, 
n = 15

Quartile 2, 
n = 14

Quartile 3 
(n = 14)

Quartile 4, 
n = 14 P Valuea

Pairwise 
Differences

Sex, female: male, n (% female) 20:37 (35) 8:7 (53) 7:8 (50) 3:11 (21) 2:12 (14) 0.06
Age, mean ± SD, y 62.1 ± 6.9 66.5 ± 8.0 58.1 ± 4.9 60.5 ± 6.6 63.1 ± 4.7 0.64
Mass, mean ± SD, kg 89.9 ± 17.1 96.3 ± 19.7 81.2 ± 18.9 91.0 ± 12.8 90.8 ± 13.8 0.81
BMI, mean ± SD, kg/m2 31.0 ± 5.5 34.8 ± 7.0 28.0 ± 4.3 30.9 ± 4.2 30.3 ± 3.6 0.35
Gait speed, mean ± SD, m/s 1.26 ± 0.20 1.18 ± 0.15 1.29 ± 0.24 1.22 ± 0.19 1.35 ± 0.17 0.07
Radiographic scores, nb

KL grade (1, 2, 3, 4) 0, 10, 28, 16 0, 0, 8, 6 0, 3, 4, 6 0, 3, 8, 3 0, 4, 8, 1 0.01* 1 v 3,4
mJSN (0, 1, 2, 3) 1, 11, 28, 14 0, 1, 8, 5 1, 2, 4, 6 0, 4, 8, 2 0, 4, 8, 1 0.03* 1 v 3,4
latJSN (0, 1, 2, 3) 23, 22, 7, 2 3, 8, 3, 0 8, 3, 0, 2 5, 7, 2, 0 7, 4, 2, 0 0.27
PF JSN (0, 1, 2, 3) 4, 30, 16, 4 0, 8, 5, 1 3, 5, 3, 2 0, 8, 6, 0 1, 9, 2, 1 0.41

WOMAC scores, mean ± SD
Pain (/20) 3.7 ± 3.7 4.3 ± 3.6 4.8 ± 4.4 4.3 ± 3.8 1.5 ± 1.7 0.05* 1,2,3 v 4
Stiffness (/8) 1.8 ± 1.6 1.7 ± 1.4 2.3 ± 1.9 1.8 ± 1.6 1.4 ± 1.3 0.39
Function (/68) 12.3 ± 11.4 13.1 ± 9.6 15.2 ± 16.4 13.1 ± 11.2 7.6 ± 5.6 0.24

Strength, mean ± SD, Nm/kgc

Knee extensor 1.29 ± 0.37 0.99 ± 0.29 1.35 ± 0.28 1.38 ± 0.33 1.44 ± 0.41 <0.01* 1 v 2,3,4
Knee flexor 0.69 ± 0.22 0.55 ± 0.17 0.78 ± 0.17 0.65 ± 0.21 0.78 ± 0.24 0.08
Plantar flexor 0.96 ± 0.33 0.73 ± 0.28 1.10 ± 0.32 1.02 ± 0.33 0.97 ± 0.31 0.12

Physical activity data, mean ± SD
Step count, steps/d 6697 ± 2367 3915 ± 668 5641 ± 641 7646 ± 383 9784 ± 1316 <0.01* 1 v 2 v 3 v 4
MVPA, % daily wear time 2.8 ± 1.8 1.1 ± 0.7 2.6 ± 0.9 2.7 ± 1.2 4.8 ± 1.9 <0.01* 1 v 2,3 v 4

MVPA, min/d 24 ± 16 9 ± 6 21 ± 7 25 ± 11 41 ± 16
LPA, % daily wear time 33.2 ± 8.9 26.8 ± 6.7 30.4 ± 5.9 36.6 ± 7.8 39.5 ± 9.2 <0.01* 1,2 v 3,4

LPA, min/d 283 ± 78 221 ± 49 254 ± 55 324 ± 52 337 ± 86
SED, % daily wear time 64.0 ± 9.3 72.1 ± 6.5 67.0 ± 5.7 60.7 ± 6.9 55.7 ± 8.5 <0.01* 1 v 2 v 3 v 4

SED, min/d 547 ± 98 606 ± 106 560 ± 77 546 ± 92 473 ± 70
Abbreviation: BMI, body mass index; KL, Kellgren- Lawrence; latJSN, lateral joint space narrowing; LPA, light- intensity physical activity; mJSN, medial 
joint space narrowing; MVPA, moderate-  to vigorous- intensity physical activity; PF JSN, patellofemoral joint space narrowing; SED, sedentary 
behavior; WOMAC, Western Ontario and McMaster Universities Osteoarthritis Index.
a Jonckheere- Terpstra test for ordered alternatives used to compare across quartiles, except for sex, for which a χ2 test was used. 
b Radiographic data were unavailable for n = 1 in Quartile 1, n = 1 in Quartile 2, and n = 1 in Quartile 4. 
c Strength data were unavailable for n = 2 in Quartile 1, n = 2 in Quartile 3, and n = 1 in Quartile 4. 
* Significant at P < 0.05. 
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(PC2) (36); overall activation of gastrocnemii, quadriceps, and 
hamstrings (PC1) (13); and prolonged quadriceps and ham-
strings activation (PC2) (13). The retained moment and EMG 
PCs had intraclass correlation coefficients ranging from 0.70 to 
0.94 (37) and from 0.73 to 0.98 (38), respectively. PC scores 
for all participants in the current study were calculated for each 
ensemble average waveform (across trials) by multiplying the 
waveform by each retained PC.

Accelerometer data collection and analysis. For 7 
days following gait data collection, participants wore an Acti-
Graph GT3X+ tri- axial accelerometer (ActiGraph) on a waist belt 
approximately over the anterior superior iliac spine of the OA 
leg (39). Participants were instructed to wear the accelerometer 
during all waking hours except during water- based activities. A 
demonstration, a diagram, and written instructions of appropriate 
accelerometer placement were provided at the time of gait testing. 
Participants also kept daily written logs to record hours of acceler-
ometer wear and activity participation.

Accelerometer data were resampled from 30 Hz to 1- minute 
epochs within ActiLife (ActiGraph) and transformed into units of 
counts/minute (CPM), a composite metric describing the fre-
quency and intensity of acceleration. Wear time validation was 
performed using nonwear criteria of 90 minutes of zero activity with 

a 2- minute nonzero spike tolerance (40) in line with recommenda-
tions for individuals with knee OA (41). This analysis was compared 
with written activity logs to assess validity. Data for two participants 
(one female and one male), who reported wearing the accelerom-
eter but engaging in mostly SED, were reprocessed without the 
wear time criteria to include these data as valid wear (visual data 
inspection confirmed some activity during the reported times). All 
participants in the current study wore the accelerometer for at least 
4 days with at least 10 hours/day of valid wear time (40).

The average daily step count (steps/day) over the week 
of accelerometer wear was calculated with ActiLife’s proprie-
tary formulas. Each minute of valid data was categorized by 
intensity level using the following standardized cut- points (42): 
MVPA (1952+ CPM), LPA (100- 1951 CPM), and SED (0- 99 
CPM). Daily MVPA, LPA, and SED were averaged over the 
week of accelerometer wear and expressed as a percentage of 
total wear time to account for the variability in wear time among 
participants and provide estimates of habitual physical activity 
levels (43,44).

Follow- up regarding surgical status. Participants were 
contacted by phone or email between 2015 and 2017 if they 
were at a minimum of 2.5 years past their gait testing session, 
and participants were asked whether they had undergone or were 

Table 2. Spearman correlations (ρ) between physical activity and gait variables in individuals with medial 
knee OA

PCs Interpretation
Step 

Count
SED 
(%)

LPA 
(%)

MVPA 
(%)

Moment (n = 57)
KAM 1 Overall shape and greater magnitude 0.01 0.14 −0.15 0.10

2 Greater early- stance, midstance difference 0.31* −0.09 0.04 0.33*
KFM 1 Greater early- stance flexion moment 

magnitude
0.27* 0.02 −0.06 0.28*

2 Greater early- stance flexion, late- stance 
extension difference

0.42* −0.22 0.14 0.42*

KRM 1 Greater external, internal rotation moment 
difference

0.33* 0.01 −0.05 0.36*

2 Greater midstance internal rotation 
moment magnitude

−0.02 0.08 −0.10 0.03

EMG (n = 52)
LG 1 Overall shape and greater magnitude −0.06 0.13 −0.13 −0.01
MG 1 Overall shape and greater magnitude 0.02 0.00 0.03 −0.10
VL 1 Overall shape and greater magnitude −0.19 −0.07 0.11 −0.13
VM 1 Overall shape and greater magnitude −0.21 −0.08 0.15 −0.25
RF 1 Overall shape and greater magnitude −0.23 −0.15 0.23 −0.23
LH 1 Overall shape and greater magnitude −0.19 0.08 −0.04 −0.11
MH 1 Overall shape and greater magnitude −0.30* 0.10 −0.01 −0.36*
VL 2 Prolonged midstance activation −0.33* 0.05 0.05 −0.25
VM 2 Prolonged midstance activation −0.35* 0.07 0.00 −0.20
RF 2 Prolonged midstance activation −0.36* 0.13 −0.06 −0.26
LH 2 Prolonged midstance activation −0.42* 0.25 −0.17 −0.28*
MH 2 Prolonged midstance activation −0.22 0.12 −0.06 −0.19

Abbreviation: EMG, electromyography; KAM, knee adduction moment; KFM, knee flexion moment; KRM, 
knee rotation moment; LG, lateral gastrocnemius; LH, lateral hamstrings; LPA, light- intensity physical 
activity; MG, medial gastrocnemius; MH, medial hamstrings; MVPA, moderate-  to vigorous- intensity physical 
activity; OA, osteoarthritis; PC, principal component; RF, rectus femoris; SED, sedentary behavior; VL, vastus 
lateralis; VM, vastus medialis.
* Significant at P < 0.05.
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scheduled for any lower- extremity surgeries since their previous 
testing sessions. Three were not yet past the 2.5- year minimum 
follow- up time, two did not respond to contact attempts, two had 
contact information that was no longer valid, one was deceased, 
and the remaining 49 provided follow- up data. Two participants 
had undergone contralateral TKA, and one had undergone ipsi-
lateral total hip arthroplasty. Ten participants had undergone or 
were on a waitlist for TKA of the tested OA knee, and 36 had not 
had surgery. For those reporting TKA, time to TKA was used as 
time to follow- up. For all others, time to follow- up contact by the 
study team was used. This resulted in a mean time to follow- up 
of 3.5 ± 0.9 years.

Statistical analysis. Spearman correlation coefficients 
were calculated between accelerometer- derived variables (step 
count, MVPA, LPA, and SED) and PC scores for gait variables 
associated with progression using data from the full sample 
(n = 57). To further examine the relationship between physical 
activity and gait, the sample was divided into four quartiles by 
step count, and Jonckheere- Terpstra tests for ordered alterna-
tives were used to compare demographics, clinical data, gait, and 
physical activity across quartiles.

Data from the subsample of individuals with follow- up surgical 
status available (with no surgeries to other lower- limb joints) were 
used to investigate baseline differences related to clinical progres-
sion (TKA). Further inspection of individuals meeting the above 
criteria revealed that all who had undergone/were on a waitlist 
for TKA had a baseline KL grade greater than 2, whereas those 
who had not undergone/were not on a waitlist for TKA included 
10 participants with a KL grade of 2 and three participants with-
out radiographic data available. To reduce potential confounding 
effects of baseline radiographic differences between groups, the 
no TKA group was limited to individuals with KL grades greater 
than 2, although a sensitivity analysis including all individuals 
was also performed. χ2 tests and Mann- Whitney U- tests exam-
ined between- group differences in sex and ordinal radiographic 
scores, respectively. Because of the small groups and skewed 
distributions of some variables (eg, MVPA because of bounding 
at zero combined with low activity in that intensity), nonparametric 
Mann- Whitney U- tests examined between- group differences in 
group characteristics, gait, and physical activity variables.

All statistical analyses were performed in SPSS (IBM) with 
α = 0.05. Post hoc adjustments for multiple comparisons were 
not performed (45), as all examined associations were biolog-
ically plausible, given that any difference in step count levels in 
this population could indicate differences in overall joint loading 
exposure.

RESULTS

The full sample (Table 1) consisted of 20 women and 37 men 
with KL grades of 2 or higher. The average daily wear time was 

854 ± 79 minutes for the full sample and did not differ across step 
count quartiles (P = 0.51) or between TKA and no TKA groups 
(P = 0.11).

Significant positive correlations (P < 0.05) indicated that lower 
step count and lower MVPA were associated with less midstance 

Figure 1. Moment waveforms across quartiles (Qs) of step count 
(Q1: 3915 ± 668 steps/day, n = 15; Q2: 5641 ± 641 steps/day, n 
= 14; Q3: 7646 ± 383, n = 14; Q4: 9784 ± 1316 steps/day, n = 
14), normalized to body mass. A, Knee adduction moment (KAM). 
B, Knee flexion moment (KFM). C, Knee internal rotation moment 
(KRM). Abbreviation: Q, quartile.
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KAM unloading (KAM PC2), lower overall KFM amplitude in early 
stance (KFM PC1), a smaller difference between early- stance 
KFM and late- stance extension moment (KFM PC2), and a smaller 
difference between external and internal knee rotation moment 
(KRM PC1) (Table 2). Significant negative correlations (P < 0.05) 
indicated that lower step count was associated with higher MH 
activity (PC1) and prolonged activity in midstance (PC2) for all 
three quadriceps and LH (Table 2). Similarly, significant negative 
correlations indicated lower MVPA was associated with higher MH 
activity (PC1) and prolonged midstance LH activity (PC2) (Table 2). 
There were no significant correlations between SED or LPA and 
any gait PC (P > 0.05 for all) (Table 2).

When the sample was divided into quartiles by step count, 
there were trends toward increasing LPA and MVPA and decreas-
ing SED across step count quartiles, but the differences between 
consecutive quartiles were not all significant (Table 1). There were 
differences in radiographic severity, WOMAC pain, and knee 
extensor strength among quartiles and trends towards differences 
in sex (P = 0.06) and gait speed (P = 0.07) (Table 1). The two 
lowest quartiles had a smaller difference between early- stance 
and midstance KAM (KAM PC2; Figure 1A) and prolonged mid-
stance RF activation (RF PC2; Figure 2C) when compared with 
the highest quartile (Table 3). Additionally, the lowest quartile had 
a smaller difference between early- stance flexion and late- stance 
extension moments (KFM PC2; Figure 1B) and prolonged mid-
stance VM activation (VM PC2; Figure 2B) when compared with 
all other quartiles, a smaller external to internal rotation moment 
difference (KRM PC1; Figure 1C) when compared with the 
highest quartile, and prolonged midstance VL activation (VL 
PC2; Figure 2A) when compared with the two highest quartiles 
(Table 3). Prolonged midstance LH activation was found in the 
lowest quartile relative to the two highest quartiles and in the 
second lowest quartile relative to the highest quartile (LH PC2; 
Table 3; Figure 3A). Last, the highest quartile had a greater early- 
stance flexion moment magnitude (KFM PC1; Figure 1B) relative 
to all other quartiles (Table 3).

Individuals excluded from the longitudinal analysis repre-
sented a less severe group than those included, with lower radi-
ographic scores, WOMAC scores, higher knee flexor strength, 
lower BMI, and higher gait speed (Table 4). At baseline, the TKA 
and no TKA groups were similar in terms of sex, age, mass, BMI, 
radiographic scores, and muscle strength, but the TKA group had 
higher WOMAC scores (Table 4) and baseline gait differences con-
sistent with prior work (Supplementary Material). There were no 
differences in baseline physical activity metrics between groups 
(Table 5; Figure 4). The results of the sensitivity analysis including 
individuals with a KL grade of 2 were similar.

DISCUSSION

Our primary hypothesis that step count, but not intensity- 
based metrics, would be related to gait patterns was partially 

supported, with significant correlations between gait patterns 
associated with clinical OA progression and both step count and 
MVPA. Further analyses examining trends across the quartiles of 
step count showed that these relationships were not consistent 
across the range of step counts seen in the current sample, with 

Figure 2. Quadriceps electromyography waveforms across 
quartiles (Qs) of step count (Q1: 3915 ± 668 steps/day, n = 15; 
Q2: 5641 ± 641 steps/day, n = 14; Q3: 7646 ± 383, n = 14; Q4: 
9784 ± 1316 steps/day, n = 14], presented as percentage maximum 
voluntary isometric contraction (%MVIC). A, Vastus lateralis (VL). B, 
Vastus medialis (VM). C, Rectus femoris (RF).
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few gait pattern differences seen among the higher step count 
quartiles. In our secondary analysis, individual baseline physical 
activity measures were not different between individuals who did 
or did not reach a TKA endpoint at a mean of 3.5- year follow- up. 
Collectively, these findings suggest that any potential added value 
that physical activity metrics may provide for understanding clin-
ical OA progression is likely not an independent linear predictor 
of progression. Furthermore, the relationship between “at- risk” 
gait patterns and low physical activity levels could have implica-
tions on conservative management for individuals exhibiting these 
patterns.

Importantly, the current study identified that individuals with 
lower step counts had prolonged muscle activity and less dynamic 
loading patterns (smaller difference between early-  and midstance/
late- stance joint moments) compared with those with higher step 
counts. These differences could be related to severity (ie, greater 
KL grades in the lowest quartile and lower WOMAC pain scores 
in the highest quartile); however, the lower knee extensor strength 
observed in the lowest quartile combined with prolonged mus-
cle activation could indicate greater potential for fatigue. These 
findings align with previous research that found a greater risk of 
incident functional limitation in individuals with knee OA who walk 
less than 6000 steps/day (46), as all the participants in the lowest 
quartile of the current study and half of those in the second lowest 
quartile were below this threshold. Patient symptoms, including 
functional disability, factor into TKA decisions (47), supporting 

the current finding of an association between low step count and 
gait patterns that are predictive of future clinical progression. It is 
not clear from the current data whether these less dynamic gait 
patterns lead to low levels of step count or vice versa; however, 
the lack of differences in gait patterns among the higher quartiles 
(with the exceptions of KFM PC1 and RF PC2) implies that joint 
loading frequency may contribute unique information to under-
standing OA progression only for those with a step count above 
a certain threshold. Thus, for those above a threshold of approxi-
mately 4000 to 6000 steps/day, joint loading frequency may pro-
vide additional information about progression risk beyond that 
provided by gait data. Further investigation is needed to explore 
the combined influence of gait and physical activity on clinical OA 
progression for those above this threshold.

Step count can be considered a surrogate metric of joint 
loading frequency and is easily understandable; however, explor-
ing the relationships between gait and physical activity intensity 
could provide further insight into how joint loading accumulation in 
daily life is related to OA progression. With a few exceptions, simi-
lar correlations were found between MVPA and gait as those seen 
between step count and gait. The less dynamic joint moments 
and prolonged muscle activation associated with MVPA could 
indicate a higher risk of clinical progression (12) in individuals 
who do not engage in MVPA and should be explored further in 
longitudinal analyses. In contrast, SED and LPA were not corre-
lated with any gait PCs. These results may indicate that MVPA 

Table 3. Gait data across quartiles of step count

PCs
Quartile 1   

(n = 15)
Quartile 2 

(n = 14)
Quartile 3   

(n = 14)
Quartile 4   

(n = 14) P Valuea
Pairwise 

Differences
Moment PCs, mean ± SD

KAM 1 0.20 ± 0.91 0.73 ± 1.22 0.23 ± 1.12 0.29 ± 1.14 0.86
2 −0.19 ± 0.50 −0.30 ± 0.52 0.09 ± 0.62 0.09 ± 0.49 0.04* 1,2 v 4

KFM 1 −0.01 ± 0.79 −0.09 ± 1.63 0.07 ± 1.45 1.10 ± 1.45 0.04* 1,2,3 v 4
2 −1.19 ± 1.00 0.07 ± 1.11 0.08 ± 0.96 0.22 ± 1.10 <0.01* 1 v 2,3,4

KRM 1 −0.13 ± 0.40 0.02 ± 0.39 −0.01 ± 0.39 0.29 ± 0.42 0.01* 1 v 4
2 −0.16 ± 0.38 0.13 ± 0.35 −0.13 ± 0.29 −0.05 ± 0.33 0.84

EMG PCs, mean ± SDb

LG 1 244.1 ± 99.6 225.0 ± 82.5 235.9 ± 125.1 232.4 ± 86.0 0.93
MG 1 212.3 ± 66.2 213.5 ± 142.5 211.1 ± 71.3 223.7 ± 84.8 0.65
VL 1 232.9 ± 151.8 128.8 ± 45.7 137.0 ± 55.3 162.0 ± 100.6 0.14
VM 1 216.6 ± 126.2 147.3 ± 60.3 166.6 ± 86.0 157.9 ± 83.4 0.27
RF 1 131.4 ± 73.8 90.1 ± 34.4 92.9 ± 53.2 84.5 ± 53.1 0.07
LH 1 180.6 ± 92.8 144.1 ± 80.8 158.4 ± 81.7 119.0 ± 62.5 0.10
MH 1 171.8 ± 122.6 93.6 ± 27.1 116.2 ± 48.0 104.1 ± 71.5 0.14
VL 2 9.8 ± 46.5 −1.8 ± 36.0 −22.7 ± 27.0 −28.2 ± 42.9 0.02* 1 v 3,4
VM 2 15.0 ± 38.8 −7.2 ± 41.3 −28.9 ± 31.4 −23.4 ± 27.6 0.01* 1 v 2,3,4
RF 2 32.6 ± 39.0 19.6 ± 25.8 13.2 ± 34.9 1.7 ± 21.9 0.01* 1,2 v 4
LH 2 21.0 ± 56.3 16.3 ± 60.7 −14.3 ± 44.2 −23.5 ± 23.3 <0.01* 1 v 3,4; 2 v 4
MH 2 −17.7 ± 65.9 −23.3 ± 28.6 −28.1 ± 21.4 −34.5 ± 24.5 0.05

Abbreviation: EMG, electromyography; LG, lateral gastrocnemius; LH, lateral hamstring; LPA, light- intensity physical activity; 
KAM, knee adduction moment; KFM, knee flexion moment; KRM, knee rotation moment; MG, medial gastrocnemius; MH, 
medial hamstring; MVPA, moderate-  to vigorous- intensity physical activity; PC, principal component; RF, rectus femoris; VL, 
vastus lateralis; VM, vastus medialis
Note, 1 = lowest to 4 = highest step count.
a Jonckheere- Terpstra test for ordered alternatives. 
b EMG data were unavailable for n = 2 in Quartile 1, n = 2 in Quartile 3, and n = 1 in Quartile 4. 
* Significant at P < 0.05. 
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is more challenging or painful to perform for those who walk with 
less dynamic moments and prolonged muscle activation patterns 
and could be indicative of muscle fatigue and greater metabolic 

demand in those with these patterns. Prior work has shown higher 
LPA, regardless of MVPA, is inversely associated with incident dis-
ability (21), and it has been suggested that replacing SED with 

Figure 3. Hamstrings and gastrocnemius electromyography waveforms across quartiles (Qs) of step count [Q1: 3915 ± 668 steps/day,   
n = 15; Q2: 5641 ± 641 steps/day, n = 14; Q3: 7646 ± 383, n = 14; Q4: 9784 ± 1316 steps/day, n = 14], presented as percent maximum 
voluntary isometric contraction (%MVIC). A, Lateral hamstrings (LH). B, Medial hamstrings (MH). C, Lateral gastrocnemius (LG). D, Medial 
gastrocnemius (MG).
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Table 4. Sample characteristics for groups that did or did not reach the clinical TKA outcome at mean 3.5- year follow- up 
and those excluded from the analysis

Excluded   
(n = 24)

Included   
(n = 33) P Valuea

TKA   
(n = 10)

No TKA   
(n = 23) P Valuea

Sex, female:male, n (% female) 6:18 (25) 14:19 (42) 0.17 4:6 (40) 10:13 (43) 0.85
Age, mean ± SD, y 61.9 ± 7.8 62.3 ± 6.3 0.46 61.7 ± 5.5 62.6 ± 6.6 0.71
Mass, mean ± SD, kg 86.5 ± 14.0 92.4 ± 18.9 0.19 86.9 ± 20.0 94.8 ± 18.3 0.31
BMI, mean ± SD, kg/m2 29.3 ± 3.5 32.3 ± 6.3 0.08 31.9 ± 7.2 32.5 ± 6.0 0.77
Gait speed, mean ± SD, m/s 1.31 ± 0.20 1.22 ± 0.19 0.08 1.18 ± 0.21 1.24 ± 0.18 0.55
Radiographic scoresb

Kellgren- Lawrence grade (1, 2, 3, 4) 0, 10, 9, 2 0, 0, 19, 14 <0.01 0, 0, 4, 6 0, 0, 15, 8 0.27
Medial JSN (0, 1, 2, 3) 1, 10, 9, 1 0, 1, 19, 13 <0.01 0, 0, 4, 6 0, 1, 15, 7 0.17
Lateral JSN (0, 1, 2, 3) 12, 7, 1, 1 11, 15, 6, 1 0.09 5, 4, 1, 0 6, 11, 5, 1 0.18
Patellofemoral JSN (0, 1, 2, 3) 3, 13, 4, 1 1, 17, 12, 3 0.06 0, 4, 6, 0 1, 13, 6, 3 0.52

WOMAC, mean ± SD
Pain (/20) 2.3 ± 2.9 4.8 ± 3.8 0.01 7.9 ± 3.0 3.5 ± 3.4 <0.01
Stiffness (/8) 1.0 ± 1.3 2.4 ± 1.5 <0.01 4.0 ± 0.7 1.7 ± 1.3 <0.01
Function (/68) 7.2 ± 6.4 15.9 ± 12.9 0.02 24.8 ± 13.0 12.1 ± 11.0 0.01

Strength, mean ± SDc
Knee extensor, Nm/kg 1.36 ± 0.38 1.24 ± 0.36 0.23 1.22 ± 0.26 1.26 ± 0.40 0.89
Knee flexor, Nm/kg 0.78 ± 0.24 0.64 ± 0.19 0.03 0.65 ± 0.19 0.63 ± 0.19 0.37
Plantar flexor, Nm/kg 1.08 ± 0.38 0.88 ± 0.28 0.06 0.92 ± 0.32 0.86 ± 0.27 0.56

Time to follow- up, mean ± SD, y - - - 3.5 ± 1.1 3.6 ± 0.9 0.92
Abbreviation: BMI, body mass index; JSN, joint space narrowing; TKA, total knee arthroplasty; WOMAC, Western Ontario and 
McMaster Universities Osteoarthritis Index.
a From Mann- Whitney U- test except for sex (χ2 test). 
b Radiographic scores missing for n = 3 excluded individuals. 
c Strength scores missing for n = 4 excluded individuals and n = 1 included individual in the no TKA group. 
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LPA may be a suitable alternative for those who are not able to 
engage in MVPA (22). The lack of correlation between LPA or SED 
and gait PCs that have previously been associated with clinical 
progression indirectly supports this hypothesis of LPA as a suit-
able alternative and suggests that these intensity- based physical 
activity metrics provide information about loading exposure that 
is independent of gait mechanics. High SED, for example, could 
represent suboptimal levels of joint loading necessary for tissue 
health or muscle strength decline associated with atrophy.

In our subsample with longitudinal data, baseline 
accelerometer- derived metrics were not associated with knee OA 
clinical progression (TKA). The lack of association between physi-
cal activity metrics and clinical progression agrees with prior work 
showing that step count did not improve prediction of structural 
OA progression over a similar time frame (5). This result may indi-
cate that this secondary analysis was underpowered, particularly 

given the large variability among individuals within each group 
(Figure 4); however, this may also indicate that joint loading fre-
quency is less important to progression than joint loading magni-
tude over shorter time frames. As the current analysis shows joint 
loading frequency contributes unique information only above a 
certain threshold, the overall low step counts (~6000 steps/day) in 
both groups of this subsample may be another reason that there 
were no differences in joint loading frequency between those who 
progressed and those who did not. Joint loading frequency may 
be more relevant in an earlier OA cohort with higher physical activ-
ity levels. It should also be noted that the TKA group had higher 
WOMAC scores at baseline, and, although there were no statisti-
cally significant differences in radiographic scores, the median KL 
grade, and medial tibiofemoral joint space narrowing scores were 
higher in this group, suggesting severity differences at baseline 
could also have played a role in progression.

Table 5. Baseline physical activity differences between groups that did or did not reach the clinical TKA 
outcome at mean 3.5- year follow- up

TKA (n = 10), 
Mean ± SD

No TKA (n = 23), 
Mean ± SD

Mean Difference 
(95% CI) P Valuea

Step count, steps/d 6551 ± 2573 6324 ± 2414 −227 (−2128 to 1675) 0.95
MVPA, % daily wear time 3.2 ± 2.2 2.5 ± 1.7 −0.6 (−2.0 to 0.8) 0.48

MVPA, min/d 26 ± 20 22 ± 15
LPA, % daily wear time 34.2 ± 9.4 32.5 ± 10.5 −1.7 (−9.6 to 6.1) 0.60

LPA, min/d 279 ± 80 279 ± 90
SED, % daily wear time 62.7 ± 9.5 65.0 ± 10.9 2.3 (−5.8 to 10.5) 0.50

SED, min/d 513 ± 92 563 ± 115
Abbreviation: CI, confidence interval; LPA, light- intensity physical activity; MVPA, moderate-  to vigorous- intensity 
physical activity; SED, sedentary behavior; TKA, total knee arthroplasty.
a Mann- Whitney U- test between TKA and no TKA groups. 

Figure 4. Baseline step count (A), moderate to vigorous physical activity (MVPA) (B), light physical activity (LPA) (C), and sedentary behavior 
(D) for groups that did (n = 10) or did not (n = 23) reach the clinical total knee arthroplasty (TKA) outcome at a mean follow- up of 3.5 years. Each 
circle represents data from an individual participant.
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A limitation of the current study is that we did not have the 
sample size to create large multivariate models and therefore did 
not account for all potential confounders. In particular, both gait 
(48,49) and physical activity (50) differ by sex in those with knee 
OA, thus the relationship between joint loading magnitude and 
frequency, and its effects on OA outcomes, could differ by sex. 
Although there was a trend (P = 0.06) toward a higher proportion 
of women in the two lowest compared with the two highest step 
count quartiles, there was no significant difference in sex between 
TKA and no TKA groups in our secondary analysis. As sex and 
other confounders (eg, radiographic or pain severity) could affect 
both gait and physical activity, future work in larger samples should 
explore how these factors modify the relationships identified here. 
Furthermore, although our secondary analysis looked at baseline 
differences in physical activity between groups, given the complex 
relationships identified in the main analysis, future work examining 
how the interaction of gait and physical activity affects outcomes 
is warranted.

The results of the current study provide novel information on 
the complex relationships between joint loading magnitude, joint 
loading frequency, and clinical knee OA progression. Although 
joint loading metrics that have previously been associated with 
progression were correlated with step count and MVPA in our 
cross- sectional analysis, we were unable to show baseline dif-
ferences in step count or MVPA between individuals who did or 
did not reach a TKA outcome at a mean follow- up of 3.5 years. 
Further research using cohorts at an earlier stage of OA that have 
higher overall activity levels may help identify potentially nonlinear 
interactions between gait and physical activity and their combined 
impact on clinical progression. It also remains to be seen whether 
increasing step count in individuals with lower overall activity could 
improve gait patterns or, alternatively, whether improving gait pat-
terns would lead to increased step count in these individuals. 
Patient- specific interventions targeting gait, physical activity, or 
both may be needed for different individuals. In conclusion, these 
findings provide some of the first evidence of the complex rela-
tionships among gait, joint loading frequency, and OA progres-
sion, and suggest that joint loading frequency metrics derived 
from accelerometer data contribute unique information about the 
overall loading environment for individuals falling above a certain 
threshold.

ACKNOWLEDGMENTS

The authors thank the study participants for their contributions, the 
staff and students of the Dynamics of Human Motion laboratory for their 
assistance in data collection, and Drs. William Stanish and Michael Dunbar 
for their role in participant recruitment and radiographic grading.

AUTHOR CONTRIBUTIONS

All authors were involved in drafting the article or revising it critically 
for important intellectual content, and all authors approved the final version 
to be published. Dr. Costello had full access to all of the data in the study 
and takes responsibility for the integrity of the data and the accuracy of 
the data analysis.

Study conception and design. Costello, Astephen Wilson, Hubley- Kozey.
Acquisition of data. Costello.
Analysis and interpretation of data. Costello, Astephen Wilson, Hubley- 
Kozey.

REFERENCES
 1. Guilak F. Biomechanical factors in osteoarthritis. Best Pract Res Clin 

Rheumatol 2011;25:815– 23.

 2. Brandt KD, Dieppe P, Radin EL. Etiopathogenesis of osteoarthritis. 
Rheum Dis Clin North Am 2008;34:531– 59.

 3. Bennell KL, Bowles KA, Wang Y, Cicuttini F, Davies- Tuck M, Hinman 
RS. Higher dynamic medial knee load predicts greater cartilage 
loss over 12 months in medial knee osteoarthritis. Ann Rheum Dis 
2011;70:1770– 4.

 4. Costello KE, Wilson JL, Stanish WD, Urquhart N, Hubley- Kozey 
CL. Differences in baseline joint moments and muscle activa-
tion patterns associated with knee osteoarthritis progression 
when defined using a clinical versus a structural outcome. J Appl 
Biomech 2020:1– 13.

 5. Brisson NM, Wiebenga EG, Stratford PW, Beattie KA, Totterman 
S, Tamez- Pena JG, et al. Baseline knee adduction moment inter-
acts with body mass index to predict loss of medial tibial car-
tilage volume over 2.5 years in knee Osteoarthritis. J Orthop Res 
2017;35:2476– 83.

 6. Chang A, Hurwitz D, Dunlop D, Song J, Cahue S, Hayes K, et al. 
The relationship between toe- out angle during gait and progres-
sion of medial tibiofemoral osteoarthritis. Ann Rheum Dis 2007;66:  
1271– 5.

 7. Chang AH, Moisio KC, Chmiel JS, Eckstein F, Guermazi A, Prasad 
PV, et al. External knee adduction and flexion moments during gait 
and medial tibiofemoral disease progression in knee osteoarthritis. 
Osteoarthritis Cartilage 2015;23:1099– 106.

 8. Chehab EF, Favre J, Erhart- Hledik JC, Andriacchi TP. Baseline knee 
adduction and flexion moments during walking are both associated 
with 5 year cartilage changes in patients with medial knee osteoar-
thritis. Osteoarthritis Cartilage 2014;22:1833– 9.

 9. Davis E, Hubley- Kozey CL, Landry SC, Ikeda DM, Stanish WD, 
Astephen Wilson JL. Longitudinal evidence links joint level mechan-
ics and muscle activation patterns to 3- year radiographic progres-
sion of knee osteoarthritis. Clin Biomech 2018;61:233– 9.

 10. Miyazaki T, Wada M, Kawahara H, Sato M, Baba H, Shimada S. 
Dynamic load at baseline can predict radiographic disease progres-
sion in medial compartment knee osteoarthritis. Ann Rheum Dis 
2002;61:617– 22.

 11. Woollard JD, Gil AB, Sparto P, Kwoh CK, Piva SR, Farrokhi S, et al. 
Change in knee cartilage volume in individuals completing a ther-
apeutic exercise program for knee osteoarthritis. J Orthop Sports 
Phys Ther 2011;41:708– 22.

 12. Hatfield GL, Stanish WD, Hubley- Kozey CL. Three- dimensional 
biomechanical gait characteristics at baseline are associated with 
progression to total knee arthroplasty. Arthritis Care Res 2015;67:  
1004– 14.

 13. Hatfield GL, Costello KE, Wilson JL, Stanish WD, Hubley- Kozey 
CL. Baseline gait muscle activation patterns differ for osteoarthritis 
patients who undergo total knee arthroplasty five to eight years later 
and those who do not. Arthritis Care Res 2021;73:549– 58.

 14. Hatfield GL, Stanish WD, Hubley- Kozey CL. Relationship between 
knee adduction moment patterns extracted using principal compo-
nent analysis and discrete measures with different amplitude normal-
izations: implications for knee osteoarthritis progression studies. Clin 
Biomech 2015;30:1146– 52.

 15. Maly MR. Abnormal and cumulative loading in knee osteoarthritis. 
Curr Opin Rheumatol 2008;20:547– 52.



OSTEOARTHRITIS, PHYSICAL ACTIVITY, AND GAIT |      763

 16. Fransen M, McConnell S, Harmer AR, van der Esch M, Simic M, 
Bennell KL. Exercise for osteoarthritis of the knee: a Cochrane 
Database of systematic review. Br J Sports Med 2015;49:1554– 7.

 17. Bannuru RR, Osani MC, Vaysbrot EE, Arden NK, Bennell K, Bierma- 
Zeinstra SMA, et al. OARSI guidelines for the non- surgical manage-
ment of knee, hip, and polyarticular osteoarthritis. Osteoarthritis 
Cartilage 2019;27:1578– 89.

 18. Robbins SM, Birmingham TB, Callaghan JP, Jones GR, Chesworth 
BM, Maly MR. Association of pain with frequency and magnitude of 
knee loading in knee osteoarthritis. Arthritis Care Res 2011;63:991– 7.

 19. Boyer KA, Hafer JF. Gait mechanics contribute to exercise induced pain 
flares in knee osteoarthritis. BMC Musculoskelet Disord 2019;20:107.

 20. Marriott KA, Birmingham TB, Leitch KM, Pinto R, Giffin JR. Strong 
independent associations between gait biomechanics and pain in 
patients with knee osteoarthritis. J Biomech 2019;94:123– 9.

 21. Dunlop DD, Song J, Semanik PA, Sharma L, Bathon JM, Eaton CB, 
et al. Relation of physical activity time to incident disability in commu-
nity dwelling adults with or at risk of knee arthritis: prospective cohort 
study. BMJ 2014;348:g2472.

 22. White DK, Lee J, Song J, Chang RW, Dunlop D. Potential functional 
benefit from light intensity physical activity in knee osteoarthritis. Am 
J Prev Med 2017;53:689– 96.

 23. Altman R, Asch E, Bloch D, Bole G, Borenstein D, Brandt K, et al. 
Development of criteria for the classification and reporting of oste-
oarthritis: classification of osteoarthritis of the knee. Arthritis Rheum 
1986;29:1039– 49.

 24. Scott WW, Lethbridge- Cejku M, Reichle R, Wigley FM, Tobin JD, 
Hochberg MC. Reliability of grading scales for individual radiographic 
features of osteoarthritis of the knee. The Baltimore longitudinal study 
of aging atlas of knee osteoarthritis. Invest Radiol 1993;28:497– 501.

 25. Landry SC, McKean KA, Hubley- Kozey CL, Stanish WD, Deluzio 
KJ. Knee biomechanics of moderate OA patients measured dur-
ing gait at a self- selected and fast walking speed. J Biomech 
2007;40:1754– 61.

 26. Hubley- Kozey CL, Deluzio KJ, Landry SC, McNutt JS, Stanish WD. 
Neuromuscular alterations during walking in persons with moderate 
knee osteoarthritis. J Electromyogr Kinesiol 2006;16:365– 78.

 27. Challis JH. An examination of procedures for determining body seg-
ment attitude and position from noisy biomechanical data. Med Eng 
Phys 1995;17:83– 90.

 28. Grood ES, Suntay WJ. A joint coordinate system for the clinical 
description of three- dimensional motions: application to the knee. J 
Biomech Eng 1983;105:136– 44.

 29. Costigan PA, Wyss UP, Deluzio KJ, Li J. Semiautomatic three- 
dimensional knee motion assessment system. Med Biol Eng Comput 
1992;30:343– 50.

 30. DeLuzio KJ, Wyss UP, Li J, Costigan PA. A procedure to vali-
date three- dimensional motion assessment systems. J Biomech 
1993;26:753– 9.

 31. Li J, Wyss UP, Costigan PA, Deluzio KJ. An integrated procedure 
to assess knee- joint kinematics and kinetics during gait using 
an optoelectric system and standardized X- rays. J Biomed Eng 
1993;15:392– 400.

 32. Vaughan CL, Hay JG, Andrews JG. Closed loop problems in 
biomechanics. Part II– an optimization approach. J Biomech 
1982;15:201– 10.

 33. Rutherford DJ, Hubley- Kozey CL, Stanish WD. Maximal voluntary iso-
metric contraction exercises: a methodological investigation in mod-
erate knee osteoarthritis. J Electromyogr Kinesiol 2011;21:154– 60.

 34. Deluzio KJ, Astephen JL. Biomechanical features of gait waveform 
data associated with knee osteoarthritis: an application of principal 
component analysis. Gait Posture 2007;25:86– 93.

 35. Osborne JW, Costello AB. Sample size and subject to item ratio in 
principal components analysis. PARE 2004;9.

 36. Costello KE, Wilson JL, Stanish WD, Urquhart N, Hubley- Kozey 
CL. Differences in baseline joint moments and muscle activation 
patterns associated with knee osteoarthritis progression when 
defined using a clinical versus a structural outcome. J Appl Biomech 
2020;36:39– 51.

 37. Robbins SM, Wilson JL, Rutherford DJ, Hubley- Kozey CL. Reliability 
of principal components and discrete parameters of knee angle and 
moment gait waveforms in individuals with moderate knee osteoar-
thritis. Gait Posture 2013;38:421– 7.

 38. Hubley- Kozey CL, Robbins SM, Rutherford DJ, Stanish WD. 
Reliability of surface electromyographic recordings during walk-
ing in individuals with knee osteoarthritis. J Electromyogr Kinesiol 
2013;23:334– 41.

 39. Freedson PS, Lyden K, Kozey- Keadle S, Staudenmayer J. Evaluation 
of artificial neural network algorithms for predicting METs and activity 
type from accelerometer data: validation on an independent sample. 
J Appl Physiol 2011;111:1804– 12.

 40. Choi L, Liu Z, Matthews CE, Buchowski MS. Validation of accel-
erometer wear and nonwear time classification algorithm. Med Sci 
Sports Exerc 2011;43:357– 64.

 41. Song J, Semanik P, Sharma L, Chang RW, Hochberg MC, Mysiw 
WJ, et al. Assessing physical activity in persons with knee osteo-
arthritis using accelerometers: data from the osteoarthritis initiative. 
Arthritis Care Res 2010;62:1724– 32.

 42. Freedson PS, Melanson E, Sirard J. Calibration of the computer sci-
ence and applications, inc. accelerometer. Med Sci Sports Exerc 
1998;30:777– 81.

 43. Aadland E, Ylvisåker E. Reliability of objectively measured sedentary 
time and physical activity in adults. PLoS One 2015;10:e0133296.

 44. Costello KE, Wilson JL, Hubley- Kozey CL. Single versus multiple 
monitoring periods for accelerometer- measured physical activity in 
medial knee osteoarthritis and asymptomatic controls. Journal for 
the Measurement of Physical Behaviour 2019;3:29– 38.

 45. Rothman KJ. No adjustments are needed for multiple comparisons. 
Epidemiology 1990;1:43– 6.

 46. White DK, Tudor- Locke C, Zhang Y, Fielding R, LaValley M, Felson 
DT, et al. Daily walking and the risk of incident functional limitation 
in knee osteoarthritis: an observational study. Arthritis Care Res 
2014;66:1328– 36.

 47. Gossec L, Paternotte S, Maillefert JF, Combescure C, Conaghan 
PG, Davis AM, et al. The role of pain and functional impairment in the 
decision to recommend total joint replacement in hip and knee oste-
oarthritis: an international cross- sectional study of 1909 patients: 
report of the OARSI- OMERACT Task Force on total joint replace-
ment. Osteoarthritis Cartilage 2011;19:147– 54.

 48. McKean KA, Landry SC, Hubley- Kozey CL, Dunbar MJ, Stanish 
WD, Deluzio KJ. Gender differences exist in osteoarthritic gait. Clin 
Biomech 2007;22:400– 9.

 49. Wilson JLA, Dunbar MJ, Hubley- Kozey CL. Knee joint biomechanics 
and neuromuscular control during gait before and after total knee 
arthroplasty are sex- specific. J Arthroplasty 2015;30:118– 25.

 50. Dunlop DD, Song J, Semanik PA, Chang RW, Sharma L, Bathon JM, 
et al. Objective physical activity measurement in the osteoarthritis ini-
tiative: are guidelines being met? Arthritis Rheum 2011;63:3372– 82.


