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Objective: The objective was to compare muscle activation and knee mechanics during gait between
participants with non-traumatic knee osteoarthritis (OA), post-traumatic knee OA, and healthy adults.
Design: Participants with non-traumatic knee OA (n = 22), post-traumatic knee OA (n = 19), and healthy
adults (n = 22) completed gait trials for this observational, cross-sectional study. Post-traumatic OA
group had a history of traumatic anterior cruciate ligament (ACL) rupture. Surface electromyography
(EMG) measured activation of seven lower extremity muscles. Motion capture cameras and force plates
measured motion and force data. Principal component analysis (PCA) determined waveform character-
istics (principal components) from EMG, knee angle, and knee external moment waveforms. Analysis of
variance (ANOVA) examined group differences in principal component scores (PC-scores). Regression
analyses examined if a variable that coded for OA group could predict PC-scores after accounting for
disease severity, alignment, and lateral OA.
Results: There was lower gastrocnemius EMG amplitudes (P < 0.01; ANOVA) in the post-traumatic OA
group compared to healthy group. Non-traumatic OA group had higher vastus lateralis, vastus medialis,
and rectus femoris EMG compared to post-traumatic OA group (P = 0.01 to 0.04) in regression analyses.
Also, non-traumatic OA group had higher and prolonged lateral hamstring EMG compared to healthy
(P = 0.03; ANOVA) and post-traumatic OA (P = 0.04; regression) groups respectively. The non-traumatic
OA group had lower knee extension (P < 0.05) and medial rotation (P < 0.05) moments than post-
traumatic and healthy groups.
Conclusions: Muscle activation and knee mechanics differed between participants with non-traumatic
and post-traumatic knee OA and healthy adults. These OA subtypes had differences in disease charac-
teristics that may impact disease progression.

© 2019 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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People that sustain a traumatic knee injury are 3.8 times more
likely to develop knee osteoarthritis (OA)'. Further evidence that
trauma leads to OA is supported by the fact that 51% of women
developed radiographic knee OA 12 years after sustaining an
anterior cruciate ligament (ACL) injury?. Knee OA can be classified
as non-traumatic or post-traumatic. OA that develops in patients
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without a history of trauma is classified as non-traumatic, while OA
that develops following trauma is classified as post-traumatic.

Disease characteristics differ between non-traumatic and post-
traumatic knee OA subtypes’. Radiographic OA-related structural
changes (e.g., osteophytes) are more equally distributed between
medial and lateral knee compartments in patients with post-
traumatic knee OA>. Medial compartment changes are more
prominent in patients with non-traumatic knee OA>. In contrast,
magnetic resonance imaging (MRI) demonstrated that cartilage
volume was similar between medial and lateral compartments in
patients with knee OA or with combined knee OA and ACL
rupture®>, However, this latter group had more frequent lateral
compartment bone marrow lesions and meniscal derangements®.
Thus, structural changes vary between OA subtypes but findings
depend on the tissue type.

Gait metrics have been studied extensively in knee OAS’.
However, only one study has compared gait between non-
traumatic and post-traumatic OAS. Patients with non-traumatic
knee OA had greater knee adduction angles and moments dur-
ing gait than patients with post-traumatic knee OA that had a
previous ACL injury®. Other gait variables have not been
compared. Specifically, muscle activation during gait differs in
both patients with non-traumatic knee OA and patients that
recently sustained an ACL rupture compared to healthy adults®'°,
It is not clear if changes in muscle activation remain in patients
that sustained an ACL rupture and then develop knee OA.
Muscular co-contraction during gait is related to OA progression
and changes in muscle activation can modify knee contact
forces'"'?. If we are to increase our understanding of how OA
develops and progresses differently between non-traumatic and
post-traumatic knee OA, a comparison of muscle function between
these subtypes is required. This would help predict OA progression
and potentially aid in developing interventions based on OA
subtyping.

The objective was to compare muscle activation, knee angles,
and external knee moments during gait between participants with
symptomatic non-traumatic knee OA, symptomatic post-traumatic
knee OA, and healthy controls. Consistent with previous non-
traumatic knee OA research’, it was hypothesized that partici-
pants with non-traumatic and post-traumatic knee OA would have
higher vastus lateralis and lateral hamstring activation, but
decreased medial gastrocnemius activation compared to healthy
controls. The non-traumatic OA group would have higher knee
adduction angles and moments compared to post-traumatic OA
and healthy groups.

S.M. Robbins et al. / Osteoarthritis and Cartilage 27 (2019) 1033—1042

Method
Participants

This observational, cross-sectional study recruited participants
diagnosed with symptomatic knee OA, according to clinical criteria
from the American College of Rheumatology, using convenience
sampling'>. Participants were recruited from three tertiary hospi-
tals in Montreal, Canada and the local community from January
2015 to March 2017. Participants were between 35 and 75 years of
age. The lower age range was included because teenagers and
young adults frequently injury their ACL and approximately 50%
develop radiographic knee OA within 15 years”. Potential partici-
pants were excluded due to previous lower extremity joint
arthroplasty, trauma or surgery within 1 year, inflammatory
arthritis, or neurological conditions (e.g., Parkinson's Disease). A
healthy group was also recruited from the local community. They
had the same exclusion criteria. In addition, they had not been
diagnosed with lower extremity OA and reported no knee pain on
screening. Participants were part of an ongoing longitudinal study
(unpublished), and all available participants were analysed for the
current study. Participants provided written, informed consent
prior to enrollment. Procedures followed were in accordance with
the ethical standards of the responsible committee on human
experimentation (Jewish General Hospital) and with the Helsinki
Declaration of 1975, as revised in 2000.

Participants with knee OA were classified as non-traumatic or
post-traumatic. Participants that reported no previous knee trauma
resulting in an ACL rupture were classified as non-traumatic OA.
Participants that reported a previous traumatic ACL rupture were
classified as post-traumatic OA. Other traumatic injuries (e.g.,
posterior cruciate ligament tear) were excluded from the study in
order to ensure homogeneity within the post-traumatic OA group.
ACL status for all participants (injured, normal, and/or recon-
structed) was confirmed on MRI by a fellowship trained, muscu-
loskeletal radiologist with 8 years of experience (MB). Participants
provided an estimate of when the ACL tear occurred. In patients
with bilateral knee OA, the side with the most severe symptoms
was selected based on participants’ reporting of pain intensity. The
study limb was randomly selected for healthy participants.

Demographic variables (e.g., age, sex) were self-reported from
participants. Height was measured with a measuring tape and mass
using a force plate. Participants completed the Intermittent and
Constant Osteoarthritis Pain Scale (ICOAP)'*. This pain scale (11-
items, 5 point scale) includes subscales for intermittent and

Table I
Means (standard deviations) for group demographics. Frequencies are provided for the KL-scores
Variables Non-traumatic OA Group Post-traumatic OA Group Healthy Group P valuef
(n =22, 16 women) (n =19, 8 women) (n =22, 16 women)
Age (y) 60 (7) 56 (9) 59 (7) 0.35
Height (m) 1.66 (0.07) 1.70 (0.10) 1.65 (0.09) 0.13
Mass (kg) 80.9 (17.6) 75.8 (15.9) 727 (12.1) 0.21
Body mass index (kg/m?) 29.63 (7.5) 26.0 (3.2) 27.0 (4.6) 0.09
ICOAP-Constant pain (/100) 18 (24) 17 (19) 0(0) <0.01
ICOAP- Intermittent pain 31(21) 28 (20) 3(8) <0.01
(/100)
MAA (°)* —0.93 (6.59) —2.48 (4.68) - 0.40
Gait speed (m/s) 1.14 (0.14) 1.23 (0.15) 1.25 (0.17) 0.37
KL-scores* Score Medial Lateral Medial Lateral
0 0 9 0 7 - >0.79
1 2 2 1 3 -
2 12 4 11 7 —
3 4 4 5 1 —
4 3 2 2 1 —

" One participant from the non-traumatic OA group was missing MAA and KL-scores.
! Statistical determination performed by ANOVA (P values form the omnibus F-tests are provided), independent t-test (MAA) or Mann—Whitney U test (KL-scores).
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Table II
Regression coefficients (B) with 95% confidence intervals and associated p values for the osteoarthritis (OA) group variable for the regression analyses
Dependent Variable* PC OA group coefficient 95% Confidence interval P value
Lateral gastrocs (n = 40) 1 —35.61 —81.80, 10.59 0.13
2 -5.74 —36.54, 25.06 0.71
3 14.88 —9.59, 39.36 0.23
Medial gastrocs (n = 38) 1 —24.00 —76.81, 28.82 0.36
2 -13.28 —48.55, 22.00 0.45
3 8.90 —17.25, 35.06 0.49
Vastus lateralis (n = 40) 1 —-75.21 —131.50, -18.92 0.01
2 —-4.30 —27.03, 18.44 0.70
3 12.01 -3.51, 27.53 0.13
Vastus medialis (n = 38) 1 —81.80 —159.71, -3.89 0.04
2 -1.30 —23.18, 20.58 0.91
3 13.11 —8.60, 34.82 0.23
Rectus femoris (n = 40) 1 —49.89 —91.79, -7.99 0.02
2 —5.69 -16.57,5.19 0.30
3 -1.55 -10.32,7.22 0.72
Lateral hamstring (n = 39) 1 -50.54 -104.39, 3.30 0.06
2 —36.74 —71.81, -1.67 0.04
3 19.97 —2.54,42.48 0.08
Medial hamstring (n = 40) 1 -18.37 —63.41, 26.67 0.41
2 -14.10 —39.34, 11.15 0.26
3 16.56 0.17, 32.95 0.05
Knee flexion angle (n = 40) 1 -15.74 —4345,11.97 0.26
2 4.14 —15.67, 23.95 0.67
3 -6.70 —-21.59, 8.18 0.37
Knee adduction angle (n = 40) 1 3.76 —18.04, 25.55 0.73
2 -833 —23.11,6.44 0.26
3 431 —2.30,10.93 0.20
Knee medial rotation angle (n = 40) 1 —44.40 -119.92, 31.13 0.24
2 —5.06 —-19.71, 9.58 0.49
3 -6.38 -17.83,5.08 0.27
Knee flexion moment (n = 40) 1 —0.65 —1.31, 0.01 0.05
2 0.26 -0.11, 0.63 0.16
3 0.19 —0.05, 0.42 0.12
Knee adduction moment (n = 40) 1 —-0.02 —0.45, 0.42 0.94
2 0.05 -0.22,0.31 0.71
3 0.07 -0.09, 0.23 0.36
Knee lateral rotation moment (n = 40) 1 —-0.12 —0.25, 0.001 0.05
2 0.001 —0.06, 0.06 0.98
3 -0.01 —0.08, 0.05 0.70

Note: The dependent variables were principal component (PC) scores from EMG, knee angles, and knee external moment waveforms. OA group was coded as: non-traumatic

OA = 0 and post-traumatic OA = 1. Statistically significant differences are bolded.

* Some data were not available due to data collection errors (i.e., poor contact between skin and electrode). The sample size (n) for each analysis is provided.

P values were from the t-statistic for the associated regression coefficient.

constant pain with each subscale converted to a 0—100 score
(higher scores = greater pain).

Radiographs

Participants in OA groups only underwent hip to ankle, anterior-
posterior radiographs. They stood barefoot, with feet and toes
facing forward, and patellae centered on the femoral condyles'.
Radiographic  disease  severity was determined using
Kellgren—Lawrence disease severity scores (KL-scores) (0 = no OA
to 4 = severe)'®. Scores were completed for medial and lateral knee
compartments separately. Participants were further classified as
having predominantly lateral compartment knee OA if KL-scores
were greater in the lateral than medial compartment. Mechanical
axis angle (MAA) was calculated as a measure of knee alignment as
previously described'”. Valgus and varus alignment were repre-
sented by positive and negative MAA values respectively. Mea-
surements were performed on Image]J software (National Institutes
of Health).

Gait data collection
A16-channel electromyography (EMG) system (Trigno, Delsys)

sampled at 2000 Hz measured muscle activation (band-width
20—450 Hz, signal amplification 1000). Bipolar surface electrodes

were placed bilaterally over the following muscles according to
guidelines'”'®: medial and lateral gastrocnemius, vastus lateralis
and medialis, rectus femoris, and medial and lateral hamstrings.
The skin was shaved and cleaned with alcohol prior to electrode
placement. Muscle palpation and isometric contractions validated
electrode placement.

Motion capture data were collected with an eight camera, three-
dimensional optical motion capture system (OQUS 300+, Qualisys)
sampled at 100 Hz. Ground reaction forces were collected with two
force plates (BP400600, AMTI) sampled at 2000 Hz. Reflective
markers (12.7 mm diameter) were attached to participants over
boney landmarks bilaterally according to guidelines including:
lateral malleolus, first and fifth metatarsal heads, calcaneus, lateral
femoral epicondyle, greater trochanter, anterior superior iliac
spines, posterior superior iliac spines, and acromial processes'®.
Marker clusters (four markers attached to a base) were secured to
mid-shank and mid-thigh bilaterally on lateral aspects of those
segments using Velcro straps. Reflective markers were also
attached to the third metatarsal head, medial malleolus, and medial
femoral epicondyle during a static trial to identify joint centers but
were removed during gait trials. Data were collected with Qualisys
Track Manager (version 2.16).

Participants then completed a static standing trial on a force
plate that identified knee and ankle joint centres and measured
body mass. Next, they completed trials to identify functional hip
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Fig. 1. Lateral gastrocnemius (A), medial gastrocnemius (B), lateral hamstring (C), and medial hamstring (D) EMG during gait normalized to MVIC for the non-traumatic OA (red,
dashed lines), post-traumatic OA (black, solid lines), and healthy (grey, solid lines) groups.

joint centers. Participants were required to flex/extend and abduct/
adduct their hip, and one trial was performed for each side. They
then performed at least four practice gait trials to acclimatize to the
environment. Testing required them to ambulate barefoot, at self-
selected speeds, over eight metres. Seven successful gait trials,
based on adequate force place contact, were acquired. Only five
trials were processed and additional trials were collected to ac-
count for potential errors.

Participants then completed a series of maximum voluntary iso-
metric contractions (MVIC) that were used to amplitude normalize
gait EMG waveforms'®. This series included two contractions for each
muscle group to ensure maximum contractions were obtained'®. A
similar protocol has demonstrated good test-retest reliability when
used to normalize gait EMG waveforms in patients with knee OA"”.
Exercises (with targeted muscle) included: 1) knee extension in sitting
with the knee in 45° of flexion (quadriceps); 2) knee flexion in sitting
with the knee in 55° of flexion (hamstrings); 3) knee extension in
supine with the knee in 15° of flexion (quadriceps); 4) knee flexion in
prone with the knee in 55° of flexion (hamstrings); 5) ankle plantar-
flexion in long sitting with the ankle in neutral (gastrocnemius); 6)
unilateral heel raise (gastrocnemius). Exercises 1—5 were performed
on an isokinetic dynamometer (Cybex Norm). Participants performed
one submaximal and one maximal practice trial. Two collection trials
for each exercise were performed, with each trial lasting 5 s. They
rested 60 s between trials.

Gait data processing

EMG processing of gait trials included band-pass (20—500 Hz)
filtering with a fourth order recursive Butterworth filter, wave

rectification, and applying a low-pass, fourth order recursive But-
terworth filter at 6 Hz to create a linear envelope. From MVIC trials,
the maximum EMG signal was determined from rectified data us-
ing a moving-average window (100 ms) and the peak value from
these windows was extracted. These values were used to amplitude
normalize gait EMG.

Recursive, low-pass, fourth order Butterworth filters with fre-
quency cuts offs of 8 Hz and 20 Hz were used to filter reflective
marker and force plate data respectively. Ankle joint centers were
identified as the midpoint between medial and lateral malleolus
markers. Knee joint centers were the midpoint between medial and
lateral femoral epicondyle markers. Functional hip joint centers
were identified using published methods?’. Three-dimensional
knee angles were calculated using previously described joint co-
ordinate systems”'. Three-dimensional, net external knee moments
were calculated using inverse dynamics, published inertial prop-
erties, described in joint coordinate systems, and amplitude
normalized to body mass?2. Gait speed was determined by tracking
the speed of posterior superior iliac spine makers. EMG, angle, and
external moment waveforms were time normalized to 100% of the
gait cycle (i.e., heel strike to subsequent heel strike of the same
side) and ensemble averages created from five trials for each
participant. Processing of gait data were performed with Visual3D
(version 5.02, C-motion). Similar procedures for collecting and
processing gait data have demonstrated reliability'”?3.

Statistical analysis

Descriptive statistics were determined for demographic vari-
ables, ICOAP and gait speed. One-way analysis of variance (ANOVA)
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compared these variables between groups. MAA and KL-scores
were compared between OA groups with a Student's t-test or
Mann—Whitney U test respectively.

Principal Component Analysis (PCA) was used to identify
important waveform characteristics from EMG, joint angles, and
external moments. PCA reduces waveform dimensionality but still
considers temporal information and retains pattern structure®”. In
comparison, selecting discrete parameters (e.g., peak value) ig-
nores temporal information and subjective decisions must be
made about which discrete parameters to analyse’*. For PCA,
ensemble waveforms from EMG for each muscle group (gastroc-
nemius, quadriceps, hamstrings), angle, and external moment
were entered into separate PCAs. From this data matrix (X), cross-
product matrices were determined for EMG waveforms while
covariance matrices were determined for angle and moment
waveforms. An eigenvector decomposition of cross-product and
covariance matrices produced eigenvectors (U) also called prin-
cipal components (PC). The PCs represent unique waveform char-
acteristics (e.g., shape, timing) and they vary for each analysis. The
first three PCs were maintained for each variable because they
often account for greater than 80% of the variance in gait wave-
forms'”?>, Participant ensemble waveforms were scored against
PCs producing principal component scores (PC-score; EMG PC-
scores = X*U; angle/moment PC-scores=(X-X-)*U). PC-scores are
indicative of how closely a participant's waveform matches the
specific waveform characteristic (i.e., PC). PC-scores were used in
further analyses.

Both uncontrolled and controlled analyses that adjusted for
potential confounders were completed to compare EMG, knee an-
gles, and external knee moments between groups. Firstly, uncon-
trolled analyses included mixed model, two-way ANOVAs to
compare EMG PC-scores between groups (non-traumatic OA, post-
traumatic OA, healthy) and between muscles within a muscle group
(e.g., medial and lateral gastrocnemius). Likewise, one-way
ANOVAs compared knee angle and external moment PC-scores
between groups®’. Effect sizes (Cohen' d) were calculated for sta-
tistically significant pairwise comparisons to present the magni-
tude of the difference and were interpreted as small (d = 0.20),
moderate (d = 0.50), and large (d = 0.80)%°. Secondly, forward
linear regression analyses examined if OA subtype classification
(non-traumatic vs post-traumatic OA) was related to gait PC-scores
(dependent variable) after accounting for confounders including
KL-scores (highest value from medial or lateral compartment),
MAA, and lateral OA classification. These confounders were
selected a priori and assumed to impact gait PC-scores since pre-
vious studies have found KL-scores, MAA, and lateral OA classifi-
cation relate to either EMG or joint mechanics in patients with knee
0A?"3% These confounders were not assumed to be colliders and
thus unlikely to be impacted by unconsidered factors. Thus, to
determine if differences between non-traumatic and post-
traumatic OA groups truly existed and were not due other factors,
these confounders needed to be included in analyses. Confounder
variables did not exist in the healthy group or were unavailable, and
the healthy group was not considered in regression analyses. For
the regression analyses, confounder variables were entered in the
first step. OA group was entered in the final step and knee OA
groups were coded as 0 = non-traumatic OA and 1 = post-trau-
matic OA. The regression coefficients with 95% confidence intervals
and associated significance from the t-statistic were reported for
the OA group variable. Separate regression analyses were per-
formed for each PC-score. Statistical assumptions were examined to
ensure analyses were appropriate including normality, sphericity,
linearity, homoscedasticity, and collinearity. A p value of 0.05 was
used to determine statistical significance. Analyses were completed
with SPSS version 20.0 (IBM).

Vastus Lateralis

0 20 40 60 80 100

Vastus Medialis

Rectus Femoris

0 20 40 60 80 100
% Gait Cycle

Fig. 2. Vastus lateralis (A), vastus medialis (B), and rectus femoris (C) EMG during gait
normalized to MVIC for the non-traumatic OA (red, dashed lines), post-traumatic OA
(black, solid lines), and healthy (grey, solid lines) groups.

Results

A flow diagram demonstrating exclusions at each stage is pro-
vided in the Supplemental. The final sample included 22 partici-
pants in both the non-traumatic OA (16 women) and healthy (16
women) groups. Nineteen participants (8 women) in the post-
traumatic OA group were analyzed and ten of these participants
had a previous ACL reconstruction. The mean time from initial ACL
injury was 24 years (standard deviation 12 years). Six participants
in the non-traumatic OA group and no participants in the post-
traumatic OA group had lateral knee OA (i.e., greater KL-scores in
lateral vs medial compartment). There were no statistically signif-
icant differences in group demographics, gait speed, MAA or KL-
scores (Table I). There were statistically significant differences in
ICOAP scores (P < 0.01), and pairwise comparisons revealed both
OA groups had statistically significant (P < 0.01) higher scores than
the healthy group (Table I).

For ANOVA EMG comparisons, statistically significant group
effects and muscle—group interactions are described since they
address study objectives. Muscle effects were not described in
detail, but are similar to previous studies®. Statistically significant
findings are reported in the text, while additional details are pro-
vided in Table II (regression coefficients with 95% confidence in-
tervals) and in the Supplemental (ANOVA results) for significant
and nonsignificant findings. Interpretations of the PCs are available
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in the Supplemental. One participant from the non-traumatic OA
group refused to undergo radiographs and was excluded from
regression analyses since confounder variables were not available.
Some participants had missing EMG data for a muscle due to
collection errors (i.e., poor electrode contact) and their data were
excluded from the relevant analysis. The number of participants in
ANOVA (Supplemental) and regression analyses (Table II) are pro-
vided. All statistical assumptions were met and analyses deemed
appropriate.

Gastrocnemius EMG

For the ANOVA, there were statistically significant group
(P < 0.01) and muscle (P = 0.03) effects for gastrocnemius PC1-
scores. The interaction (P = 0.13) effect was not statistically signif-
icant. PC1 captured overall magnitude and shape. Pairwise com-
parisons revealed post-traumatic OA group (P < 0.01) had lower
PC1-scores than the healthy group indicating lower lateral
(d = 0.74) and medial (d = 1.05) gastrocnemius EMG (Fig. 1), which
represented moderate to large effect sizes. There were no statisti-
cally significant findings for regression analyses.

Quadriceps EMG

For ANOVAs, there were no statistically significant group or
interaction effects for any quadriceps PC-scores (Fig. 2). For the
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regression analyses that accounted for confounders, the relation-
ship between OA group and PC1-scores for vastus lateralis, vastus
medialis, and rectus femoris was statistically significant. For each
muscle, non-traumatic OA group was associated with higher PC1-
scores, indicating greater overall quadriceps EMG amplitudes,
than the post-traumatic OA group (Fig. 2).

Hamstring EMG

For ANOVAs, there was a statistically significant interaction
(P = 0.03) for hamstring PC1-scores. Pairwise comparisons revealed
lateral hamstring PC1-scores from the non-traumatic OA group
were statistically significantly higher compared to the healthy
(P = 0.03; d = 0.62) and post-traumatic OA (P = 0.04; d = 0.58)
groups, which represented moderate effect sizes. PC1 captured
overall magnitude and shape and the non-traumatic group had
higher lateral hamstring EMG amplitudes (Fig. 1).

For regression analyses, the relationship between OA group and
lateral hamstring PC2-scores was statistically significant. Hamstring
PC2 represented prolonged activity during mid-stance (Fig. 3).
Higher PC2-scores were associated with non-traumatic OA indi-
cating this group had prolonged and increased lateral hamstring
EMG during mid-stance (Fig. 1). In addition, the relationship be-
tween OA group and medial hamstring PC3-scores was statistically
significant. Hamstring PC3 was a difference operator and repre-
sented the difference in hamstring EMG during early stance/late
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Fig. 3. Principal components (PC) for hamstring EMG. Hamstring PC2 (A) represents activity during mid-stance. A subset of participants with high and low hamstring PC2-scores (B)
demonstrates that higher scores represent prolonged and increased hamstring activation during mid-stance. Hamstring PC3 (C) represents the difference in hamstring EMG during
early stance/late swing with mid-/late stance. A subset of participants with high and low hamstring PC3-scores (D) demonstrates that higher scores represent a greater difference in
hamstring activation between these times.
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swing vs mid-/late stance (Fig. 3). Non-traumatic OA group was
associated with lower PC3-scores indicating they had smaller dif-
ferences in medial hamstring EMG between those times (Fig. 1).

Knee angles

ANOVAs and regression analyses were not statistically signifi-
cant for knee angles (Supplemental and Table 2).

External knee moments

For ANOVAs, there was a statistically significant group effect
(P = 0.01) for knee flexion moment PC2-scores. Pairwise compari-
sons revealed the non-traumatic OA group had statistically signif-
icant (P < 0.01) lower PC2-scores, indicating a smaller difference
between early stance knee flexion moment and late stance knee
extension moment, than the healthy group (Figs. 4 and 5). This
resulted in a large effect size (d = 0.87). When only OA groups were
considered in regression analyses that accounted for confounders, a
statistically significant relationship existed between OA group and
knee flexion moment PC1-scores. Non-traumatic OA was associated
with higher PC1-scores which indicated a greater flexion moment
compared to the post-traumatic OA group (Fig. 4). This occurred
mainly during mid- and late stance when knee extension moments
were lower for the non-traumatic OA group (Fig. 4).

There was a statistically significant (P = 0.03) group effect for
knee lateral rotation moment PCI-scores. Pairwise comparisons
revealed the non-traumatic OA group had statistically significant
higher PC1-scores than post-traumatic OA (P = 0.01; d = 0.78) and
healthy (P = 0.04; d = 0.66) groups, which were moderate to large
effect sizes. This indicated that the non-traumatic OA group had
lower medial rotation moments throughout stance (Fig. 4). Simi-
larly, the relationship between OA group and knee lateral rotation
moment PCI-scores was statistically significant in the regression
analysis.

Discussion

This is one of the first studies to compare muscle activation
during gait between knee OA subtypes, specifically non-traumatic
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Fig. 5. Principal components (PC) for external knee flexion moment. Knee flexion moment PC2 (A) represents the difference between early stance knee flexion moment and late
stance knee extension moment. A subset of participants with high and low hamstring PC2-scores (B) demonstrates that higher scores represent a greater difference in the flexion

and extension moment.
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and post-traumatic OA. The non-traumatic OA group had higher
quadriceps EMG than the post-traumatic OA group. Also, higher
and prolonged lateral hamstring activation was found in the non-
traumatic OA group. Differences remained between OA subtypes
after accounting for disease characteristics (e.g., severity).
Furthermore, the non-traumatic OA group had lower knee exten-
sion moments during mid- and late stance, and lower knee medial
rotation moments during stance. Thus, gait differences exist be-
tween OA subtypes and history of ACL injury impacts joint and
muscle function in patients with knee OA.

Muscle activation varied between knee OA subtypes. For
gastrocnemius, findings were: 1) medial and lateral gastrocnemius
EMG were lower in the post-traumatic OA compared to the healthy
group; 2) medial gastrocnemius EMG were lower in the non-
traumatic OA compared to the healthy group, although results
were not statistically significant; and 3) there were no differences
between OA subtypes. For hamstring and quadriceps EMG, gener-
ally the post-traumatic OA group more closely resembled the
healthy group than the non-traumatic OA group. There was
increased quadriceps EMG in the non-traumatic compared to the
post-traumatic OA group in regression analyses (Fig. 2). This is
supported by previous studies that have found increased quadri-
ceps EMG during gait in patients with non-traumatic knee OA
compared to healthy controls®. Furthermore, the non-traumatic OA
group had increased and prolonged lateral hamstring EMG
compared to healthy and post-traumatic OA groups respectively
(Fig. 1). Likewise, previous studies found increased and prolonged
lateral hamstring EMG in patients with non-traumatic knee OA
compared to healthy adults®. Therefore, results indicate altered
muscle activation during gait between non-traumatic and post-
traumatic OA subtypes, and both groups demonstrated differ-
ences with healthy adults.

Several hypotheses could account for the more divergent EMG
waveforms in the non-traumatic OA group compared to healthy
adults. Higher lateral muscle EMG in patients with non-traumatic
knee OA, especially lateral hamstrings, could off-load the medial
compartment’. However, this hypothesis has been challenged'’.
Alternatively, considering knee moment and EMG waveforms in
the non-traumatic OA group deviated more from normal values,
perhaps these abnormalities play a role in disease initiation or
progression in this OA subtype. In other words, knee OA partially
developed and progressed due these gait abnormalities. This is
supported by a study that found that knee muscular co-contraction
was related to OA progression'?. In patients with post-traumatic
knee OA, the initial trauma and subsequent tissue damage might
have played a greater role in the disease process and gait abnor-
malities could have played a diminished role. Regardless, differ-
ences in gait exist between these OA subtypes, and these gait
metrics relate to OA progression'>.. This might indicate that dis-
ease processes differ between non-traumatic and post-traumatic
OA, and perhaps interventions for these knee OA subtypes should
also differ. Additional experimental and longitudinal research is
required to evaluate these hypotheses.

Differences in external knee moments existed. Lower extension
moments during mid- and late stance, and lower medial rotation
moments during stance were found in the non-traumatic OA group.
A previous study comparing patients with moderate and severe
knee OA to healthy adults supported these findings®®. Alterations in
transverse plane joint motion has been hypothesized to be involved
in cartilage loss, thus potentially impacting patients with non-
traumatic knee OA>'. There were no differences in knee adduction
angles and moments between OA subtypes, contrary to the hy-
pothesis. Only one study has compared knee angles and moments
during gait between OA subtypes, and found patients with non-
traumatic knee OA had higher knee adduction angles and

adduction moments with similar flexion moments compared to
patients with post-traumatic knee OA®, Differences between study
samples likely account for these discrepancies including the pre-
vious study only enrolled patients with medial compartment knee
OA, patients were being assessed for knee osteotomy, and they had
greater knee varus alignment®,

This study had several limitations. The post-traumatic OA group
included both participants that were ACL deficient or had a
reconstructed ACL. The impact on the findings is not clear, although
gait changes in patients with an ACL deficiency persist up to 3 years
after ACL reconstruction and longer term data are not available®?.
Findings cannot be generalized to other injuries. Healthy adults did
not undergo radiographs to rule out radiographic OA. The cost was
prohibitive and they reported no pain at screening. Disease char-
acteristics that impact knee OA gait were considered in regression
analyses such as lateral compartment knee OA. However, additional
research in larger samples is still required to determine how lateral
compartment knee OA specifically impacts muscle activation dur-
ing gait as there is limited research on this topic. Other disease
impairments (e.g., knee range of motion, swelling) were not
considered although they might affect gait. Although there were
significant differences between groups that represented moderate
to large effect sizes, the clinical impact of these findings requires
further investigation including if these differences affect disease
progression.

In conclusion, differences in muscle activation and knee mo-
ments existed between OA subtypes. The non-traumatic OA group
had increased quadriceps and lateral hamstring EMG, and
decreased knee extension and medial rotation moments. Most gait
waveforms were similar between post-traumatic OA and healthy
groups, except for gastrocnemius EMG. Considering increased
muscle activation leads to higher joint loads, these neuromuscular
adaptions might play a role in disease progression in patients with
non-traumatic knee OA'"'?. Longitudinal studies are needed to
confirm this hypothesis and determine if gait difference between
these OA subtypes impact disease progression.

Author contributions

All authors made substantial contributions. Shawn Robbins was
responsible for conception and design, obtaining funding, collec-
tion and assembly of data, analysis and interpretation of the data,
drafting of the article, and final approval of the article. Moreno
Morelli, Paul Martineau, Ron Dimentberg, and John Antoniou were
responsible for provision of patients, critical revision of the article
for important intellectual content, and final approval of the article.
Mathieu Boily was responsible analysis and interpretation of the
data, critical revision of the article for important intellectual con-
tent, and final approval of the article. Nancy St-Onge was respon-
sible for conception and design, critical revision of the article for
important intellectual content, and final approval of the article.
Shawn Robbins (shawn.robbins@mcgill) takes responsibility for the
integrity of the work as a whole, from inception to finished article.

Competing interest statement
There are no conflicts of interest to report.

Role of funding source

This work was supported by the Canadian Foundation for Innova-
tion [Robbins, grant #31903], the Canadian Institutes of Health
Research [grant number ONM 137376], and the Arthritis Society
[grant number YIO-14-096]. Shawn Robbins is supported by the
Arthritis Society [grant number YIS-14-065] and the Fonds de
Recherche du Québec — Santé [grant number 33107]. The funding
sources had no role in this research.


mailto:shawn.robbins@mcgill

S.M. Robbins et al. / Osteoarthritis and Cartilage 27 (2019) 1033—1042 1041

Acknowledgements

The authors would like to thank Larissa Fedorowich, Mohan
Patel, and Antonys Melek for assistance with data collection.

Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.joca.2019.02.798.

References

1. Richmond SA, Fukuchi RK, Ezzat A, Schneider K, Schneider G,
Emery CA. Are joint injury, sport activity, physical activity,
obesity, or occupational activities predictors for osteoarthritis?
A systematic review. ] Orthop Sports Phys Ther 2013;43,
https://doi.org/10.2519/jospt.2013.4796. 515-b19.

2. Lohmander LS, Ostenberg A, Englund M, Roos H. High preva-
lence of knee osteoarthritis, pain, and functional limitations in
female soccer players twelve years after anterior cruciate lig-
ament injury. Arthritis Rheum 2004;50:3145-52, https://
doi.org/10.1002/art.20589.

3. Sward P, Kostogiannis I, Neuman P, Von Porat A, Boegard T,
Roos H. Differences in the radiological characteristics between
post-traumatic and non-traumatic knee osteoarthritis. Scand ]
Med Sci Sports 2010;20:731-9, https://doi.org/10.1111/
j-1600-0838.2009.01000.x.

4. Stein V, Li L, Lo G, Guermazi A, Zhang Y, Kent Kwoh C, et al.
Pattern of joint damage in persons with knee osteoarthritis
and concomitant ACL tears. Rheumatol Int 2012;32:1197—208,
https://doi.org/10.1007/s00296-010-1749-y.

5. Johnson VL, Guermazi A, Roemer FW, Hunter DJ. Comparison
in knee osteoarthritis joint damage patterns among in-
dividuals with an intact, complete and partial anterior cruciate
ligament rupture. Int ] Rheum Dis 2017;20:1361—-71, https://
doi.org/10.1111/1756-185x.13003.

6. Mills K, Hunt MA, Leigh R, Ferber R. A systematic review and
meta-analysis of lower limb neuromuscular alterations associ-
ated with knee osteoarthritis during level walking. Clin Biomech
2013;28:713—24,  https://doi.org/10.1016/j.clinbiomech.2013.
07.008.

7. 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, https://doi.org/10.1136/
ard.2010.147082.

8. Robbins SM, Birmingham TB, Jones IC, Sischek EL, Dietzsch M,
Giffin JR. Comparison of gait characteristics between patients
with nontraumatic and posttraumatic medial knee osteoar-
thritis. Arthritis Care Res 2016;68:1215—23, https://doi.org/
10.1002/acr.22822.

9. Hubley-Kozey CL, Deluzio K], Landry SC, McNutt ]S,
Stanish WD. Neuromuscular alterations during walking in
persons with moderate knee osteoarthritis. ] Electromyogr
Kinesiol 2006;16:365—78, https://doi.org/10.1016/
j-jelekin.2005.07.014.

10. Shanbehzadeh S, Mohseni Bandpei MA, Ehsani F. Knee muscle
activity during gait in patients with anterior cruciate ligament
injury: a systematic review of electromyographic studies. Knee
Surg Sports Traumatol Arthrosc 2017;25:1432—42, https://
doi.org/10.1007/s00167-015-3925-9.

11. Brandon SC, Miller RH, Thelen DG, Deluzio K]. Selective lateral
muscle activation in moderate medial knee osteoarthritis
subjects does not unload medial knee condyle. ] Biomech

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

2014;47:1409—-15, https://doi.org/10.1016/j.jbiomech.2014.
01.038.

Hodges PW, van den Hoorn W, Wrigley TV, Hinman RS,
Bowles KA, CicuttiniF, et al. Increased duration of co-contraction
of medial knee muscles is associated with greater progression of
knee osteoarthritis. Man Ther 2016;21:151—8, https://doi.org/
10.1016/j.math.2015.07.004.

Altman R, Asch E, Bloch D, Bole G, Borenstein D, Brandt K, et al.
Development of criteria for the classification and reporting of
osteoarthritis. Classification of osteoarthritis of the knee.
Diagnostic and Therapeutic Criteria Committee of the Amer-
ican Rheumatism Association. Arthritis Rheum 1986;29:
1039—49.

Robbins SM, Rastogi R, Howard ], Rosedale R. Comparison of
measurement properties of the P4 pain scale and disease
specific pain measures in patients with knee osteoarthritis.
Osteoarthritis Cartilage 2014;22:805—12, https://doi.org/
10.1016/j.joca.2014.03.018.

Specogna AV, Birmingham TB, DaSilva J], Milner ]S, Kerr ],
Hunt MA, et al. Reliability of lower limb frontal plane align-
ment measurements using plain radiographs and digitized
images. ] Knee Surg 2004;17:203—10.

Kellgren JH, Lawrence JS. Radiological assessment of osteo-
arthrosis. Ann Rheum Dis 1957;16:494—502.

Hubley-Kozey CL, Robbins SM, Rutherford DJ, Stanish WD.
Reliability of surface electromyographic recordings during
walking in individuals with knee osteoarthritis. ] Electromyogr
Kinesiol 2013;23:334—41, https://doi.org/10.1016/j.jelekin.
2012.12.002.

Rutherford DJ, Hubley-Kozey CL, Stanish WD. Maximal
voluntary isometric contraction exercises: a methodological
investigation in moderate knee osteoarthritis. ] Electromyogr
Kinesiol 2011;21:154—60, https://doi.org/10.1016/j.jelekin.
2010.09.004.

Collins TD, Ghoussayni SN, Ewins DJ, Kent JA. A six degrees-of-
freedom marker set for gait analysis: repeatability and com-
parison with a modified Helen Hayes set. Gait Posture 2009;30:
173—-80, https://doi.org/10.1016/j.gaitpost.2009.04.004.
Schwartz MH, Rozumalski A. A new method for estimating
joint parameters from motion data. ] Biomech 2005;38:
107—-16, https://doi.org/10.1016/j.jbiomech.2004.03.009.
Grood ES, Suntay W]J. A joint coordinate system for the clinical
description of three-dimensional motions: application to the
knee. ] Biomech Eng 1983;105:136—44.

Winter DA. Biomechanics and Motor Control of Human
Movement. Toronto: John Wiley and Sons, Inc.; 1990.
Robbins SM, Astephen 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 osteoarthritis. Gait Posture 2013;38:421-7,
https://doi.org/10.1016/j.gaitpost.2013.01.001.

Deluzio K], Astephen JL. Biomechanical features of gait wave-
form data associated with knee osteoarthritis: an application
of principal component analysis. Gait Posture 2007;25:86—93,
https://doi.org/10.1016/j.gaitpost.2006.01.007.

Bender R, Lange S. Adjusting for multiple testing — when and
how? ] Clin Epidemiol 2001;54:343-9.

Portney LG, Watkins MP. Foundations of Clinical Research:
Applications to Practice. 3rd edn. Upper Saddle River, N].:
Pearson/Prentice Hall; 2009.

Hubley-Kozey CL, Hill NA, Rutherford DJ, Dunbar MJ, Stanish WD.
Co-activation differences in lower limb muscles between
asymptomatic controls and those with varying degrees of knee
osteoarthritis during walking. Clin Biomech 2009;24:407—14,
https://doi.org/10.1016/j.clinbiomech.2009.02.005.


https://doi.org/10.1016/j.joca.2019.02.798
https://doi.org/10.2519/jospt.2013.4796
https://doi.org/10.1002/art.20589
https://doi.org/10.1002/art.20589
https://doi.org/10.1111/j.1600-0838.2009.01000.x
https://doi.org/10.1111/j.1600-0838.2009.01000.x
https://doi.org/10.1007/s00296-010-1749-y
https://doi.org/10.1111/1756-185x.13003
https://doi.org/10.1111/1756-185x.13003
https://doi.org/10.1016/j.clinbiomech.2013.<?show [?tjl=20mm]&tjlpc;[?tjl]?>07.008
https://doi.org/10.1016/j.clinbiomech.2013.<?show [?tjl=20mm]&tjlpc;[?tjl]?>07.008
https://doi.org/10.1136/ard.2010.147082
https://doi.org/10.1136/ard.2010.147082
https://doi.org/10.1002/acr.22822
https://doi.org/10.1002/acr.22822
https://doi.org/10.1016/j.jelekin.2005.07.014
https://doi.org/10.1016/j.jelekin.2005.07.014
https://doi.org/10.1007/s00167-015-3925-9
https://doi.org/10.1007/s00167-015-3925-9
https://doi.org/10.1016/j.jbiomech.2014.<?show [?tjl=20mm]&tjlpc;[?tjl]?>01.038
https://doi.org/10.1016/j.jbiomech.2014.<?show [?tjl=20mm]&tjlpc;[?tjl]?>01.038
https://doi.org/10.1016/j.math.2015.07.004
https://doi.org/10.1016/j.math.2015.07.004
http://refhub.elsevier.com/S1063-4584(19)30895-7/sref13
http://refhub.elsevier.com/S1063-4584(19)30895-7/sref13
http://refhub.elsevier.com/S1063-4584(19)30895-7/sref13
http://refhub.elsevier.com/S1063-4584(19)30895-7/sref13
http://refhub.elsevier.com/S1063-4584(19)30895-7/sref13
http://refhub.elsevier.com/S1063-4584(19)30895-7/sref13
http://refhub.elsevier.com/S1063-4584(19)30895-7/sref13
https://doi.org/10.1016/j.joca.2014.03.018
https://doi.org/10.1016/j.joca.2014.03.018
http://refhub.elsevier.com/S1063-4584(19)30895-7/sref15
http://refhub.elsevier.com/S1063-4584(19)30895-7/sref15
http://refhub.elsevier.com/S1063-4584(19)30895-7/sref15
http://refhub.elsevier.com/S1063-4584(19)30895-7/sref15
http://refhub.elsevier.com/S1063-4584(19)30895-7/sref15
http://refhub.elsevier.com/S1063-4584(19)30895-7/sref16
http://refhub.elsevier.com/S1063-4584(19)30895-7/sref16
http://refhub.elsevier.com/S1063-4584(19)30895-7/sref16
https://doi.org/10.1016/j.jelekin.<?show [?tjl=20mm]&tjlpc;[?tjl]?>2010.09.004
https://doi.org/10.1016/j.jelekin.<?show [?tjl=20mm]&tjlpc;[?tjl]?>2010.09.004
https://doi.org/10.1016/j.jelekin.<?show [?tjl=20mm]&tjlpc;[?tjl]?>2010.09.004
https://doi.org/10.1016/j.jelekin.<?show [?tjl=20mm]&tjlpc;[?tjl]?>2010.09.004
https://doi.org/10.1016/j.gaitpost.2009.04.004
https://doi.org/10.1016/j.jbiomech.2004.03.009
http://refhub.elsevier.com/S1063-4584(19)30895-7/sref21
http://refhub.elsevier.com/S1063-4584(19)30895-7/sref21
http://refhub.elsevier.com/S1063-4584(19)30895-7/sref21
http://refhub.elsevier.com/S1063-4584(19)30895-7/sref21
http://refhub.elsevier.com/S1063-4584(19)30895-7/sref22
http://refhub.elsevier.com/S1063-4584(19)30895-7/sref22
https://doi.org/10.1016/j.gaitpost.2013.01.001
https://doi.org/10.1016/j.gaitpost.2006.01.007
http://refhub.elsevier.com/S1063-4584(19)30895-7/sref25
http://refhub.elsevier.com/S1063-4584(19)30895-7/sref25
http://refhub.elsevier.com/S1063-4584(19)30895-7/sref25
http://refhub.elsevier.com/S1063-4584(19)30895-7/sref25
http://refhub.elsevier.com/S1063-4584(19)30895-7/sref26
http://refhub.elsevier.com/S1063-4584(19)30895-7/sref26
http://refhub.elsevier.com/S1063-4584(19)30895-7/sref26
https://doi.org/10.1016/j.clinbiomech.2009.02.005

1042

28.

29.

30.

S.M. Robbins et al. / Osteoarthritis and Cartilage 27 (2019) 1033—1042

Astephen JL, Deluzio K], Caldwell GE, Dunbar M]J, Hubley-
Kozey CL. Gait and neuromuscular pattern changes are asso-
ciated with differences in knee osteoarthritis severity levels.
] Biomech  2008;41:868—76, https://doi.org/10.1016/
j-jbiomech.2007.10.016.

Leitch KM, Birmingham TB, Dunning CE, Giffin JR. Changes in
valgus and varus alignment neutralize aberrant frontal plane
knee moments in patients with unicompartmental knee
osteoarthritis. ] Biomech 2013;46:1408—12, https://doi.org/
10.1016/j.jbiomech.2013.01.024.

Butler R], Barrios JA, Royer T, Davis IS. Frontal-plane gait me-
chanics in people with medial knee osteoarthritis are different

31.

32.

from those in people with lateral knee osteoarthritis. Phys
Ther 2011;91:1235—43, https://doi.org/10.2522/ptj.20100324.
Andriacchi TP, Koo S, Scanlan SF. Gait mechanics influence
healthy cartilage morphology and osteoarthritis of the knee.
] Bone Joint Surg Am 2009;91:95—-101, https://doi.org/
10.2106/JBJS.H.01408.

Slater LV, Hart JM, Kelly AR, Kuenze CM. Progressive changes
in walking kinematics and kinetics after anterior cruciate lig-
ament injury and reconstruction: a review and meta-analysis.
J Athl Train 2017;52:847—60, https://doi.org/10.4085/1062-
6050-52.6.06.


https://doi.org/10.1016/j.jbiomech.2007.10.016
https://doi.org/10.1016/j.jbiomech.2007.10.016
https://doi.org/10.1016/j.jbiomech.2013.01.024
https://doi.org/10.1016/j.jbiomech.2013.01.024
https://doi.org/10.2522/ptj.20100324
https://doi.org/10.2106/JBJS.H.01408
https://doi.org/10.2106/JBJS.H.01408
https://doi.org/10.4085/1062-6050-52.6.06
https://doi.org/10.4085/1062-6050-52.6.06

	A comparison of muscle activation and knee mechanics during gait between patients with non-traumatic and post-traumatic kne ...
	Introduction
	Method
	Participants
	Radiographs
	Gait data collection
	Gait data processing
	Statistical analysis

	Results
	Gastrocnemius EMG
	Quadriceps EMG
	Hamstring EMG
	Knee angles
	External knee moments

	Discussion
	Author contributions
	Competing interest statement
	Role of funding source
	Acknowledgements
	Appendix A. Supplementary data
	References


