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Objective: This study aimed to determine longitudinal associations, including sex-specific
differences, between greater knee flexor antagonist coactivation and worsening cartilage
morphology in knees with or at risk for OA.

Design: Baseline measurements were collected at the 60-month visit of a longitudinal
osteoarthritis study following community-dwelling participants (MOST). Knee flexor and extensor
muscle activity were measured with surface electromyography during a maximal isokinetic knee
extension task. MRI analyzed knee cartilage morphology at baseline and 24-month follow-up.
Multivariable adjusted logistic regression models were used to assess associations between
coactivation level and cartilage morphology worsening .

Results: Analysis of 373 women (mean+SD age 67.4+7.3 years and BMI 29.7+5.0 kg/m?)

and 240 men (66.5+7.8 years and 29.9+4.5 kg/m?) revealed that women had greater medial
(p<0.001), lateral p<0.001), and combined (p<0.001) hamstring coactivation than men. In both
sexes, combined hamstring coactivation was associated with patellofemoral cartilage morphology
worsening [1.23 (1.02, 1.49)] and to a less significant degree with whole knee cartilage
morphology worsening [1.21 (0.98, 1.49)]. In men, greater combined hamstring coactivation was
associated with increased risk for whole knee [1.59 (1.06, 2.39)] and patellofemoral [1.38 (1.01,
1.88)] cartilage morphology worsening and point estimates suggested association between medial
hamstring coactivation and medial tibiofemoral cartilage morphology worsening. No significant
associations were detected between greater hamstring coactivation and cartilage morphology
worsening in women.

Conclusions: These findings suggest a longitudinal relationship between antagonist hamstring
coactivation during isokinetic knee extensor testing and worsening of cartilage morphology over
24 months in men with or at risk for knee OA.

Keywords
Muscle Activation; Knee; Osteoarthritis; Epidemiology

Introduction:

Knee osteoarthritis (OA) is a painful chronic disease affecting the entire knee joint, and
its severity impacts patients’ physical function, mental health, and quality of life. The
term, muscle coactivation, describes the simultaneous activation of an antagonist muscle
group during activation of an agonist muscle supporting a given jointl. In young healthy
individuals coactivation of the quadriceps and hamstring muscles occurs predominately
in early stance and terminal swing phase and to a lesser extent at push-off2. Physiologic
levels of coactivation are important for knee joint stability. Hamstring muscles play a key
role in knee flexion control by protecting against hyperextension in terminal swing and
early stance3. However, previous work has revealed that greater hamstring coactivation is
associated with lower knee extensor strength? and evidence suggests that higher levels of
coactivation during walking lead to increased joint loading®, which may be due to joint
laxity®, pain’, or instability 8.

Knee OA leads to structural joint degeneration which is associated with altered
biomechanical features of gait and clinical symptoms. One such biomechanical feature
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is increased muscle coactivation which occurs in moderate? 10 and severe knee OA!!

and is associated with greater progression of knee osteoarthritis!213-15, |t has been

posited that coactivation of knee antagonist muscles during walking serves as a stability
strategy16. In OA patient populations, this is evidenced by a stereotypical knee-stiffening
gait pattern to reduce knee joint motion variability”: 18, However, excessive coactivation
may be an inefficient and even a counterproductive strategy for joint stabilization and may
actually lead to a sense of joint instability!® and even disease worsening. Assessment of
muscle coactivation during strength testing provides a reproducible means of assessing
neuromuscular control, defined as the efferent motor response to sensory input from the
somatosensory system, visual system, and vestibular system, and has been shown to occur
in a generalized manner across joints and test paradigms®. Thus, as a potential risk factor
for knee joint worsening, coactivation during a controlled strength assessment may provide
a reproducible and standardized means of assessing neuromuscular control both within and
between individuals.

Historically, in people with knee OA, gait biomechanics have been used to model joint
loading and assess joint function. However, these studies are often confounded by variables
such as walking speed?0, obesity?1, and pain’ which have the potential to mask relationships
with structural changes. Additionally, women have a higher incidence of knee OA and
demonstrate greater pain sensitivity than males 22, Thus, this study investigated one of the
hypotheses of the Multicenter Osteoarthritis Study (MOST), that greater coactivation of the
knee flexor muscles during a knee maximal extension task is associated with worsening of
ipsicompartmental cartilage morphology . To inform therapies, targeted at modifiable risk
factors for worsening of knee OA, this study characterized the extent to which sex-specific
muscle coactivation was associated with knee cartilage damage.

and Characteristics

MOST is a longitudinal cohort study of community-dwelling adults with or at elevated

risk for knee OA, who were between the ages of 55 and 84 years at the baseline visit for

this study (60-month visit for MOST). Enrollment in MOST was described previously23.

In brief, participants volunteered for the study through responding to mass mailings

or advertisements. After volunteering, participants were screened via telephone for risk
factors including age, sex, previous knee injury or surgery or overweight/obese status.
Framingham Heart Study cohort percentiles were used for determining overweight/obese
status?3. Participants in this cohort were eligible for the current study if they had usable
SEMG measurements, coactivation data and a readable MRI for the corresponding knee with
SEMG. If they did not meet these requirements, they were excluded from analysis.

Assessments

Body mass index (BMI) was calculated from body mass and body height as previously
described?3. Varus alignment was measured using hip-knee-ankle axis on full-limb coronal
radiographs. Coronal malalignment was defined as a >2° difference from neutrall®.
Radiographic Kellgren-Lawrence (KL) grades were used for assessing OA severity24,
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The Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC) Pain sub-
score25 26 which uses a 0-20 scale with O representing no pain and 20 representing the
worst self-reported knee-related pain, was used to measure pain.

As previously described,* we measured strength in the right lower limb except in
participants who had total knee replacement on the right, in which case the left side was
measured. Participants completed four repetitions of alternating maximal knee flexion and
extension at 60°/second on an isokinetic dynamometer (Cybex 350, CSMi, Stoughton, MA).
Strength measurements were excluded if the maximal extensor strength was measured to

be less than 20Nm, as all participants were independently ambulatory, indicating greater
strength than this nominal value. Therefore, a measurement this low indicated that the
participant did not give adequate effort for strength and co-activation testing. Further

details of the testing protocol and strength testing exclusion criteria have been described
previously?7: 28,

Muscle Activation

Quadriceps and hamstring muscle activation levels were measured using a 4-channel surface
electromyography (SEMG) system (Delsys, Boston, MA). Measurements were made during
the isokinetic knee extensor strength test and normalized to the maximal extensor or flexor
activation level, for quadriceps and hamstring muscles, respectively.

The protocol for SEMG followed internationally developed standards?®. First, the skin over
the mid-bellies of the medial and lateral quadriceps muscles: vastus medialis and vastus
lateralis; and the medial and lateral hamstrings muscles: biceps femoris and semitendinosus
muscles, were cleaned with isopropol alcohol. The small surface electrodes (41x20x5mm)
were applied to the skin over each muscle using medical-grade double-sided adhesive
strips provided by the SEMG manufacturer. The electrodes were positioned in line with the
muscle fibers, so that the 1 cm Ag-AgCl recording bars were perpendicular to the muscle
fibers. The lateral hamstring SEMG electrode (biceps femoris) was placed along the lateral
posterior thigh, halfway between the ischial tuberosity and the lateral femoral condyle. The
medial hamstring (semimembranosis) electrode was applied mid-way down the posterior
thigh, between the ischial tuberosity and the medial femoral condyle, consistent with prior
methods3C. For more details and a photo, see Segal et al (2015)19. A reference electrode was
placed over the bony prominence of the opposite ankle.

The differential bar electrodes had a fixed inter-electrode spacing of 1 cm and were pre-
amplified by a gain of 10. Variable post-amplification gains ranged from 100 to 10,000
and the signal was bandpass filtered between 20-450 Hz. The signals were collected at

a sampling frequency of 1000Hz, sufficiently high to detect mean activation amplitude
over time while minimizing data storage requirements, using a 12-bit data acquisition

card (National Instruments, Austin, TX). The rectified SEMG signals were averaged across
200ms moving windows, acting as a low-pass filter. The mean activation of each muscle
was assessed over a 1400ms period centered on the 1500 ms contractions (90 degrees

at 60 degrees/sec) performed during the maximal knee extension and flexion efforts.
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Medial and lateral hamstring SEMG during extension efforts were standardized to the peak
SEMG value obtained during flexion efforts (i.e., % of voluntary maximum activation).

The mean activation of the hamstring muscles across the 4 contractions was used as the
measure of muscle coactivation!®. Specifically, the SEMG signals were standardized to their
maximal activation when acting as an agonist, which allowed control for between-subject
differences in impedance, allowing each muscle’s activation to be assessed as a percent

of its maximum activation® 31. While there are multiple indices of coactivation in the
literature, this approach was chosen as it is not confounded by choice of agonist muscle (e.g.
medial vs lateral quadriceps muscles) which is necessary when assessing coactivation during
submaximal tasks to account for reduced overall muscle activation. The square root of the
difference between the squares was used to adjust for baseline noise, as outlined in Equation
(1)19_

Hamstring Antagonist Coactivation
= \/ { (Antagonist Amplitude)2 — (Mean Baseline Amplitude)z}

Equation 1

Antagonist amplitude is the mean activation of the medial or lateral hamstrings during
repetition of maximal quadriceps torque, as a percent of the maximal medial or lateral
hamstring activation during agonistic (flexion) contraction. Baseline amplitude is the mean
baseline amplitude as a percent of the maximal activation of the medial or lateral hamstring
during rest. If recorded baseline amplitude was greater than recorded antagonist amplitude,
hamstring coactivation was considered to be zero. Combined hamstring coactivation was
calculated as the root mean square of the medial and lateral hamstring coactivation levels
(see Equation (2))1°.

Combined Hamstring Coactivation
\/ {(Medial Hamstring Coactivation)2 + (Lateral Hamstring Coactivation)z} Equation 2
- 2

The magnetic resonance imaging (MRI) protocol, including pulse sequences, has been
previously described32. The MRIs were read by radiologists for cartilage morphology
using Whole-Organ Magnetic Resonance Imaging Score (WORMS)33. There were five
medial and five lateral tibiofemoral joint regions: central and posterior femoral subregions,
and anterior, central, and posterior tibial subregions. These subregions were grouped

into medial tibiofemoral cartilage morphology (MTF) and lateral tibiofemoral cartilage
morphology (LTF) by combining femoral and tibial subregions in the medial and lateral
compartments.34 There were four patellofemoral joint subregions: medial and lateral
anterior femoral and medial and lateral patellar subregions. These regions were grouped
as patellofemoral cartilage morphology (PF). Cartilage morphology was graded from grade
0-6, with increasing grades indicating greater damage. Knees with a readable pair of 60-
and 84-month MRIs were selected for reading based on the quality and suitability of the
paired images for assessing change in cartilage, menisci, bone marrow lesions and other
OA features. In cases in which a participant had a readable MRI for both knees, one knee
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was randomly selected for reading. Only participants with MRI available for the knee with
SEMG were included.

Definition of Knee Worsening

Whole knee cartilage morphology (WK) worsening was defined as worsening in any
subregion: LTF, MTF, or PF between the 60- and 84-month visits, other than development of
non-specific signal (change from grade 0 to grade 1).

Statistical Analyses

Results:

Sex-specific univariate distributions were calculated for age, BMI and hamstring
coactivation and frequencies were calculated for sex and KL grade. To determine if greater
coactivation of knee flexor muscles during a maximal knee extension task increases the

risk of cartilage morphology worsening in the ipsilateral knee, we constructed crude and
sex-specific logistic regression models with the dichotomous dependent variable being
worsening over the 24-month period and the continuous independent variable being
coactivation, adjusted for age, study site, BMI, history of knee injury or surgery, side
assessed and KL grade to reduce the chances of bias in interpretation of the study

findings. Specifically, to pair cartilage regions with the muscle groups thought to have

the greatest impact on them, models tested relationships between medial hamstring
coactivation and MTF cartilage morphology, lateral hamstring coactivation and LTF
cartilage morphology, combined hamstring coactivation and WK cartilage morphology, and
combined hamstring coactivation and PF cartilage morphology. Odds ratio estimates per one
standard deviation unit and 95% confidence limits were calculated and tests for linearity
between coactivation and risk for cartilage worsening were completed. Confirmatory
analyses employed generalised estimating equations to assess worsening of cartilage in each
individual WORMS subregion to expand the number of worsening outcomes. All analyses
were completed using SAS Version 9.4 (SAS Inc, Cary, NC).

From the MOST 60-month follow-up visit, 613 participants were included in analyses. The
meanSD age and BMI of the 373 women and 240 men included in addition to other
participant characteristics are presented in Table 1.

Of those excluded from analyses, as depicted in Figure 1, 27% of participants were
ineligible due to not completing SEMG assessment or having unusable coactivation data
while 55.3% of participants did not have cartilage morphology readings. Of those without
cartilage morphology data, the majority were due to SEMG having been collected on the side
contralateral to that of the cartilage morphology readings for MOST and 573 or 20.5%, had
undergone total knee replacement by the 84-month visit.

In the full sample of participants, multivariable adjusted logistic regression results

[odds ratio estimate per one standard deviation (95% confidence limits)] did not reveal
relationships between medial hamstring coactivation and MTF cartilage morphology
worsening [1.06 (0.87-1.29), p = 0.558] or lateral hamstring coactivation and LTF cartilage
morphology worsening [0.93 (0.75, 1.17), p = 0.539]. However, a relationship was evident

Osteoarthritis Cartilage. Author manuscript; available in PMC 2022 September 07.
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between combined hamstring coactivation and PF cartilage morphology worsening with an
effect size of [1.23 (1.02, 1.49), p = 0.035]. A smaller magnitude of association was found
between combined hamstring coactivation and WK cartilage morphology worsening [1.21
(0.98, 1.49), p = 0.076].

Results for sex-specific multivariable adjusted logistic regression, presented in Table 2,
demonstrated a significant relationship in men between combined hamstring coactivation
and WK cartilage morphology worsening with an effect size indicated by odds ratios of 1.59
(95%CI 1.06, 2.39) and for combined hamstring coactivation and PF cartilage morphology
worsening, OR of 1.38 (1.01, 1.88). Additionally, point estimates suggested an association
between medial hamstring coactivation and MTF cartilage morphology worsening in men.
A histogram of coactivation levels for the full study sample and by sex is presented in
Supplementary Figures 1-6. Sex-specific unadjusted logistic regression results are available
in Supplementary Table 1. Unadjusted and adjusted sex-specific multivariable generalized
estimating equation (GEE) analyses were performed and closely mirrored logistic regression
results (Supplementary Tables 2 and 3).

Discussion:

This study characterized the extent to which greater knee flexor muscle coactivation during
a maximal knee extension task was longitudinally associated with worsening compartment-
specific cartilage morphology over a 24-month period in community-dwelling adults with
or at risk for knee OA. By controlling for age, study site, BMI, history of knee injury or
surgery, side assessed and KL grade, this study also allowed investigation of additional risk
factors potentially associated with antagonist coactivation and knee cartilage worsening.

Muscle co-activation is associated with knee OA severity3® 36, Quadriceps muscle weakness
is a known risk factor for the development of symptomatic knee OA as well as worsening of
joint space narrowing23: 28, and increased hamstring loading has been shown to contribute to
patellar malalignment by increasing lateral shift and tilt of the patella, thus contributing to
overloading of the lateral cartilage3”. Furthermore, a prior MOST analysis demonstrated that
net quadriceps strength was attenuated by hamstring coactivation in women but not men?.
Thus, we hypothesized that greater hamstring coactivation would be associated with knee
OA worsening, likely with a female predominance.

Our results demonstrated no significant relationships between medial hamstring and lateral
hamstring coactivation and MTF and LTF cartilage worsening, respectively, but did show
associations between combined hamstring coactivation and PF cartilage worsening and

WK cartilage worsening, respectively. Based on the effect sizes reflected by the point
estimates and confidence intervals for the odds ratios, sex-specific analyses revealed
significant associations between hamstring coactivation and worsening cartilage morphology
in men despite women having greater medial, lateral, and combined hamstring coactivation.
Specifically, men with greater antagonist knee flexor coactivation demonstrated a higher
magnitude of association with WK and PF cartilage worsening.

Osteoarthritis Cartilage. Author manuscript; available in PMC 2022 September 07.
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Previous studies have found that women not only have greater hamstring coactivation 1 38
but also are at elevated risk for cartilage loss3°. Our findings partially diverge from these
studies suggesting that muscle strength differences between men and women may play
arole in OA progression. Sistante et a/. reported that in addition to greater quadriceps
strength, men had significantly greater prevalence of knee injury and knee surgery®. Even
after controlling for knee injury and knee surgery in the present study, men with greater
coactivation exhibited a significant association with worsening knee cartilage morphology.
Increased joint loading is a known risk factor for knee OA progression!: 811 and men have
been shown to have greater baseline quadriceps strength®. Importantly, although beyond the
scope of the current study, additional analyses stratifying by strength suggest that while
there is some collinearity between co-activation and strength, the effect of coactivation
was largely independent of quadriceps strength (Appendix 1). Thus, it is plausible that
greater quadriceps strength combined with greater hamstring coactivation could increase
joint loading, facilitating disease progression. However, muscle strength differences alone
likely do not fully explain the findings in the present study.

Women have been found to have less prominent anterior medial and lateral femoral
condyles, greater Q-angles, and reduced medial-lateral:anterior-posterior aspect ratios3%-41,
Despite the presence of these anatomical differences, no casual link between them and
knee OA has been established. Nevertheless, the possibility that sex-specific anatomical
differences play an adaptive or maladaptive role in knee OA persists. Future studies need to
examine these differences in relation to the development of knee OA.

In addition to anatomical variations, gender differences may be influenced by other factors
such as knee pain and knee instability?2. Knee pain is commonly associated with knee
OAL 42,43 ‘and women have been found to have significantly greater WOMAC knee pain
scores and knee OA severity based on KL grade in comparison to men#4. Additionally,
greater pain sensitization has been associated with greater overall and medial hamstring
co-contraction during knee extension®®. While we did not investigate associations between
knee pain and coactivation, by controlling for KL grade, our findings do provide additional
support to Fitzgerald et a/. who suggest that knee OA (KL>2) and knee pain contitrubute
to both coactivation as well as knee instability4. It appears likely that a complex

interplay between peripheral and central nervous system processes and alterations in pain
sensitization, motor pathways (i.e. hamstring coactivation)!, and knee OA severity exists.
Additional research is needed to better understand the reasons for these differences between
men and women.

To our knowledge, the current study is the first to examine associations between antagonist
hamstring coactivation and worsening of knee cartilage morphology. It has previously

been posited that elevated levels or greater duration of coactivation serve as protective
mechanisms in response to pain (or anticipated pain) or to stabilize a potentially unstable
joint in those with knee OA#’. It also has been suggested that elevated levels of coactivation
may concurrently contribute to disease progression through increased joint loading®: -11. 13,
Alternatively, having excessive or insufficient hamstring coactivation could confer elevated
risk. Our findings in conjunction with the aforementioned studies provide evidence that
certain risk factors for knee OA worsening, namely strength differences, anatomical
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variations, and pain perception, may be sex-specific. Given that these associations were
detected in an observational study, further assessment should be considered in interventional
studies to better determine the effect of modifying antagonist hamstring coactivation on risk
for cartilage worsening as well as potentially the mechanism for the effects detected.

Study Strengths

This study had several strengths, including clinical relevance and generalizability. MOST is
the largest and most comprehensive epidemiological study of knee OA completed to date
that included measures of muscle coactivation. The focus on symptomatic disease in MOST
in addition to radiographic evidence of disease contrasted with prior epidemiologic studies
and enhanced the relevance to adults who present for clinical care. Additionally, recruitment
in MOST maintained a distribution of age and sex in proportion to the U.S. population by
selecting a community-acquired sample of men and women aged 55-89 at the baseline visit
for the current study, rather than a clinic-based sample, who had or were at elevated risk for
knee OAZ3, This, coupled with the fact that MOST was conducted in two different regions of
the United States, enhances the relevance and generalizability of the study findings.

Study Limitations

Limitations of this study included potential technical complications with SEMG, muscle
activation data collection during a seated isokinetic task, rather than a more functional
strength test, and incomplete data collection. Knee extensor and flexor muscle activation
during attempted maximal concentric isokinetic contractions while seated may not represent
how these muscle groups are used during functional activities, such as ambulation. However,
coactivation measurements during both seated and dynamic activities have been reported
previously in several populations with associated merits and drawbacks®: 31: 4849 While a
more functional test would be of interest, the use of a very standardized test in this cohort of
thousands of individuals allowed reproducible measurements on a large scale. Additionally,
due to an inability to time lock the EMG with the isokinetic testing equipment, the

center of each contraction was chosen. If able, future studies should investigate hamstring
co-activation during the initial acceleration and final deceleration phases. Conversely, in
some participants, the EMG sensors may have caused discomfort during testing, potentially
impacting coactivation responses; however pain at the electrode sites was not reported

by participants, who were queried about pain during the strength test immediately after
completing it. Future studies comparing co-activation assessed during standardized testing
and functional tasks may better delineate this relationship.

Although the protocol for SEMG followed internationally developed standards, extraneous
electrical noise is an inherent problem for accurate assessment of SEMG. Challenges

such as electrode-skin contact, extraneous electrical signals, and cross-talk due to

volume conduction can reduce signal-to-noise characteristics. For example, greater thigh
subcutaneous adipose tissue, which is more characteristic in women,3° could contribute

to poorer quality SEMG signals and thus prevented detection of significance in women.
However, SEMG signal quality was manually evaluated on a 3-point scale as good, moderate
or poor. Only those with moderate or good quality signals were considered. While most
point estimates for effect sizes are relatively small (close to 1.0), confidence intervals
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include what could be clinically important effects, particularly in men. Statistical power for
the study was limited, due to 27% of MOST participants could not be included due to failure
to complete SEMG assessment or having unusable coactivation data and approximately half
of participants had MRI measurements on the side contralateral to SEMG measurements,
resulting in inability to include those participants. Since the side of MRI reading was
randomly selected for most of these participants, the data were missing at random.

This study provided evidence for associations between antagonist hamstring coactivation
and cartilage worsening in men, but not in women. While it remains unclear whether
hamstring coactivation serves an adaptive or maladaptive role in knee OA, the associations
observed in this study suggest a sex-specific relationship.

This study demonstrated longitudinal associations between greater levels of antagonist
hamstring coactivation and worsening of cartilage morphology over 24 months in men. This
supports the premise that sex-specific differences, possibly attributable to neuromuscular
activation, anatomical factors and peripheral and central pain mechanisms, exist and confer
variable protective and/or deleterious effects on individuals in the development or worsening
of knee OA. Future investigations should explore these differences and their influence on
hamstring coactivation in individuals at risk for worsening knee CM.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Appendix 1:

Given that 1) muscle co-activation was found to be associated with worsening cartilage
morphology, 2) quadriceps muscle weakness is a known risk factor for worsening of
tibiofemoral joint space narrowing, 3) net quadriceps strength is attenuated by hamstring
coactivation in women but not men, and 4) in men, greater hamstring coactivation is
associated with elevated risk of cartilage loss, a set of follow-up analyses were completed
to assess the extent to which the findings of the current study (i.e. that greater coactivation
is associated with cartilage loss in men but not in women) relates to the presence of both
higher strength and coactivation. To evaluate the extent to which the effect of hamstring
muscle co-activation on cartilage loss is independent of quadriceps muscle strength, sex-
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stratified and strength-stratified (upper and lower halves) logistic regression models (GEE)
were constructed. Longitudinal associations between baseline hamstring coactivation level
(per 1SD) and the presence of cartilage worsening in the whole knee over 24-month follow-
up was modeled while adjusting for maximal quadriceps strength, age, BMI, clinic site and
history of knee injury or surgery and odds ratios (OR) and 95% confidence intervals (CI)
were calculated per 1 standard deviation of the predictor variables.

In men, both greater coactivation and lower strength were associated with whole knee
cartilage worsening after adjustment for each other and there was no significant interaction.
In both men and women, lower strength was associated with elevated risk for worsening
cartilage damage. In fully adjusted models, subgroup analyses revealed that, in men in

the higher half of the distribution of strength, antagonistic hamstring coactivation was
associated with whole knee cartilage worsening as detailed in the table below. This provided
confirmatory evidence that greater hamstring coactivation is associated with cartilage
worsening in men, while clarifying that this effect persists even after adjusting for the
significant association between lower quadriceps strength and cartilage worsening.

Outcome N/Total N OR (95% CI) p-value
Stronger Men 217/436 1.55(1.11, 2.16) | 0.0109
Weaker Men 94/168 1.14 (0.83,1.57) | 0.4057
Stronger Women 189/392 1.04 (0.81,1.34) | 0.7500
Weaker Women 148/254 0.99 (0.76,1.28) | 0.9112

Abbreviations:

BMI body mass index

CM cartilage morphology

GLM general linear model

KL grade Kellgren-Lawrence grade
LTF lateral tibiofemoral

MOST Multicenter Osteoarthritis Study
MRI magnetic resonance imaging
MTF medial tibiofemoral

OA osteoarthritis

PF patellofemoral

SEMG surface electromyography
WK whole knee
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Figure 1.
Sample Available for Analysis
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Table 1.

Participant Characteristics

Women (n=373) | Men (n=240)
Age, years 67.4+7.3 66.5+7.8
BMI, kg/m? 29.7+5.0 29945
WOMAC Pain Sub-Score (median, IQR) 1(0,4) 1(0, 2.5)
History of Surgery, % 7% 13%
History of Injury, % 24% 33%
KL grade, %
0 35% 46%
1 17% 20%
2 25% 13%
3 21% 16%
4 2% 5%
Medial Hamstring Coactivation, % max 10.0 10.2¢ 6.2+7.7
Lateral Hamstring Coactivation, % max 188 + 13.3¢ 10.9+10.5
Combined Hamstring Coactivation, % max 16.0 + 10.6¢ 9.7+8.3
M TE Wor sening (n=593) 84 (23%) 58 (25%)
LTF Worsening (n=608) 67 (18%) 38 (16%)
PF Wor sening (n=529) 87 (27%) 53 (23%)
WK Wor sening (n=546) 171 (51%) 177 (55%)

Values presented as mean + standard deviation, median (IQR), or percent (%);

7 b <0.001:

BMI = body mass index; WOMAC Pain Sub-score: where O represents no pain and 20 represents the worst self-reported knee-related pain;

KL = Kellgren Lawrence grade; Medial hamstring coactivation = root mean square of SEMG signal of medial hamstring coactivation during
maximal isokinetic knee extension task; Lateral hamstring coactivation = root mean square of SEMG signal of lateral hamstring coactivation during
maximal isokinetic knee extension task; Combined hamstring coactivation = root mean square of SEMG signal of medial and lateral hamstring
coactivation during maximal isokinetic knee extension task; MTF worsening = distribution of medial tibiofemoral cartilage morphology worsening;
LTF worsening = distribution of lateral tibiofemoral cartilage morphology worsening; PF worsening = distribution of patellofemoral cartilage
morphology worsening; WK worsening = distribution of whole knee cartilage morphology worsening
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Overall and Sex-specific Associations between Hamstring Coactivation and Cartilage Morphology

Women (n=373)

Men (n=240)

Overall

Medial Hamstring vs. Medial Cartilage M or phology Wor sening

0.96 (0.74, 1.24)

1.20 (0.88, 1.65)

1.06 (0.87, 1.29)

Lateral Hamstring vs. Lateral Cartilage M or phology Wor sening

0.91 (0.68, 1.21)

0.97 (0.66, 1.41)

0.93 (0.75, 1.17)

Combined Hamstring vs. Whole Knee Cartilage M or phology Wor sening

1.06 (0.82, 1.37)

159 (1.06, 2.39) |

1.21 (0.98, 1.49)

Combined Hamstring vs Patellofemoral Cartilage M orphology Wor sening

1.15 (0.89, 1.49)

138(L01,1.88)

123 (102, 1.49) 7

Sex-specific, multivariable adjusted associations (logistic regression model adjusted for age, study site, BMI, history of knee injury or surgery, side
assessed and KL grade); odds ratio estimates per one standard deviation (95% confidence limits);

fp <0.05
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