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SUMMARY

Objective—Hamstring coactivation during quadriceps activation is necessary to counteract the 

quadriceps pull on the tibia, but coactivation can be elevated with symptomatic knee osteoarthritis 

(OA). To guide rehabilitation to attenuate risk for mobility limitations and falls, this study 

evaluated whether higher antagonistic open kinetic chain hamstring coactivation is associated with 

knee joint buckling (sudden loss of support) and shifting (a sensation that the knee might give 

way).

Design—At baseline, median hamstring coactivation was assessed during maximal isokinetic 

knee extensor strength testing and at baseline and 24-month follow-up, knee buckling and shifting 
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was self-reported. Associations between tertiles of co-activation and knee (1) buckling, (2) 

shifting and (3) either buckling or shifting were assessed using logistic regression, adjusted for 

age, sex, knee OA and pain.

Results—1826 participants (1089 women) were included. Mean ± SD age was 61.7 ± 7.7 years, 

BMI was 30.3 ± 5.5 kg/m2 and 38.2% of knees had OA. There were no consistent statistically 

significant associations between hamstring coactivation and ipsilateral prevalent or incident 

buckling or the combination of buckling and shifting. The odds ratios for incident shifting in the 

highest in comparison with the lowest tertile of coactivation had similar magnitudes in the 

combined and medial hamstrings, but only reached statistical significance for lateral hamstring 

coactivation, OR(95%CI) 1.53 (0.99, 2.36).

Conclusions—Hamstring coactivation during an open kinetic chain quadriceps exercise was not 

consistently associated with prevalent or incident self-reported knee buckling or shifting in older 

adults with or at risk for knee OA.

Keywords

Muscle activation; Knee; Osteoarthritis; Epidemiology

Introduction

Osteoarthritis (OA) represents joint failure, with loss of joint protective mechanisms. 

Coordination of contraction and relaxation of the agonist and antagonist muscles that bridge 

the joint become increasingly important in preventing episodes of instability during 

movement. Even before activity-related pain and mechanical instability develop, episodes of 

buckling or shifting may occur.

Buckling, episodes of sudden loss of postural support across the knee upon weight 

acceptance, contributes to significant functional limitations and increases risk for falls1. 

Factors cross-sectionally associated with buckling include quadriceps weakness, anterior 

cruciate ligament (ACL) tears, the presence and severity of radiographic tibiofemoral OA, a 

history of injury, obesity and pain in adjacent joints2–4. Buckling is a functionally significant 

impairment that can limit mobility and restrict participation in activities5. Several studies 

have indicated that independent of knee pain, age, sex, and BMI, buckling significantly 

limits physical function1,4,6,7. Shifting, a sensation that the knee joint will give way when it 

does not actually do so, is closely related and may be a symptom that precedes development 

of buckling. Shifting confers the same negative consequences as knee buckling—falls and 

fear of falls—limiting mobility and participation in activities7.

Individuals with knee OA, particularly those with knee pain, have an increased risk for falls 

and fall-related injuries and fractures8–14, and many fall during an episode of knee 

buckling1. Fear of falling has an adverse impact on quality of life and physical function 

above and beyond these injuries15,16. Falls can be prevented and balance confidence 

restored through exercise-based interventions17,18. Prevention of buckling through 

neuromuscular training is a potential focus for interventions to prevent falls and functional 
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limitations in people with, or at risk for, knee OA. However, for exercise-based 

interventions to be effective, the underlying cause of falls should be targetted15.

Coactivation of the hamstrings during quadriceps contraction is necessary for joint stability, 

even in individuals without knee OA—serving to dynamically counteract the anterior pull of 

the quadriceps on the tibia, through assisting the passive stabilizer, the ACL19–24. Older 

adults with knee OA demonstrate higher levels of muscle coactivation around the knee than 

those without OA, as well as reduced knee range of motion during gait25,26. Both 

coactivation and reduced range of motion may be compensations intended to “stiffen” the 

joint, particularly for those with a sense of instability26–28.

Normally, agonist activation and antagonist coactivation occur in distinct on/off cycles. 

However, in those with severe tibiofemoral OA, coactivation occurs throughout the stance 

phase of gait29. It is unknown whether abnormal levels of coactivation are adaptive for 

inducing a sense of joint stability or maladaptive, destabilizing the joint through reducing 

the net knee extensor torque, precipitating buckling or shifting episodes. However, there is 

evidence that coactivation may be modified with directed rehabilitation30. Additionally, 

muscle coactivation is, in part, a generalized motor control strategy that some individuals 

appear to be more prone to utilize, even when assessed using open kinetic chain strength 

testing31. This assessment of muscle coactivation during an open kinetic chain test condition 

is a relatively simple assay that could be assessed in clinical rehabilitation settings. 

Therefore, advancing understanding of coactivation patterns in those with or at risk for 

buckling or shifting may enable design of effective rehabilitative interventions.

In this study, we measured knee extensor and flexor muscle activity during isokinetic 

strength testing, using surface electro-myography (sEMG) as an indicator of knee muscle 

coactivation. We then tested the hypotheses that activation level of the hamstrings during a 

maximal voluntary quadriceps isokinetic contraction would be higher in (1) participants who 

reported prevalent knee joint buckling or shifting at baseline (cross-sectionally) and (2) 

those who developed incident buckling or shifting at 24-month follow-up (longitudinally).

Methods

Participants

The Multicenter Osteoarthritis Study (MOST), is a cohort study investigating risk factors for 

knee osteoarthritis in 3026 individuals between the ages of 50–79. Baseline for our study, 

which took place at the 60-month MOST visit, included 1826 participants who met the 

eligibility criteria (Fig. 1). Details on selection and subject exclusion have been described 

previously32. In brief, participants were recruited for MOST if they reported factors 

suggesting either preexisting knee OA (i.e., frequent knee pain) or were at elevated risk for 

knee OA (i.e., history of knee injury or surgery or BMI>25), while maintaining a 

distribution of age and sex in proportion to that of the US population. At baseline, age, sex, 

and history of injury or surgery were assessed by questionnaire and varus malalignment 

(≥2°) was measured using hip–knee–ankle axis on full-limb radiographs. Body mass index 

(BMI), Kellgren–Lawrence (KL) grade, and Western Ontario and McMaster Universities 

Osteoarthritis Index (WOMAC) pain scores were measured at baseline and follow-up clinic 
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visits33. The WOMAC pain scale was used to evaluate participants' knee pain34,35. Knee 

radiographs were obtained at baseline for all participants for assessment of OA using KL 

grading36.

Hamstring coactivation

Coactivation of the hamstring muscles was assessed during isokinetic knee extensor strength 

testing on a Cybex 350 isokinetic dynamometer (CSMi, Stoughton, MA) using a 4-channel 

Bagnoli surface electromyography (sEMG) system (Delsys, Boston, MA). The isokinetic 

strength testing protocols have been described in detail previously37,38. Briefly, four 

repetitions of alternating flexion and extension maximal strength efforts were performed at 

60°/s. The chair seat and back were placed at 85° and the dynamometer tilt was 0°. Testing 

began with the knee flexed to near 90°. Three warm up repetitions were performed at 50% 

of maximal effort. Participants were instructed to fully extend the knee and then pull the leg 

back to approximately 90° flexion. Following a 5-s rest period, four extension and flexion 

repetitions were recorded at maximal effort38. Initially, sEMG was measured bilaterally, but 

reductions in clinic time allocated for the examination necessitated unilateral measurements, 

resulting in a total of 1826 right and 257 left thighs assessed.

Prior to the muscle activation and strength measurements, participants completed a warm-up 

consisting of 20-m walk and chair stand tests, as described previously32,39. Participants were 

asked to remove their shoes and wore shorts that allowed access to the thigh muscles. While 

standing, four Delsys 2.1 sEMG sensors (Ag–AgCl bar electrodes separated by 1 cm) were 

applied to the anterior and posterior thighs (Fig. 2) after being cleaned and slightly abraded 

with rubbing alcohol pads.

A disposable gel sEMG reference pad was placed over the lateral malleolus of the ankle. 

Placement of the sensors followed Surface ElectroMyoGraphy for the Non-Invasive 

Assessment of Muscles (SENIAM) recommendations, although in standing rather than lying 

down to minimize effort and time delays for participants. Specifically, hamstring sensors 

were placed mid-way between the ischial tuberosity and the lateral femoral condyle (biceps 

femoris) or the medial condyle (semitendinosus). The quadriceps sensors were placed along 

the line from anterior superior iliac spine (ASIS) to the medial collateral ligament (vastus 

medialis) or the lateral patella (vastus lateralis).

Muscle activation of the quadriceps and hamstrings was collected during the isokinetic 

strength testing. Signals were collected at 1000 Hz using a 12-bit National Instruments (NI) 

USB DAQ card, after anti-aliasing 20–450 Hz bandpass filtering (Delsys), using a custom 

LabView data collection program (NI, Austin, TX) and saved digitally for later offine 

processing. All EMG signals were post-processed using a 200 ms root mean square (RMS) 

window using a custom LabView program. The average sEMG amplitude across the 

duration of each knee extensor contraction was calculated. Each contraction window was 

defined as 1400 ms and visually applied to the center of the full contraction (1500 ms = 90 ° 

at 60 °/s). The sEMG was not able to be time locked with the iso-kinetic testing equipment. 

Coactivation of the hamstrings only during the repetition achieving maximal isokinetic knee 

extensor torque was used as the variable of interest in these analyses. An example of the raw 
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and post-processed sEMG signals obtained during isokinetic strength testing is depicted in 

Fig. 3.

Because of the reciprocal maximal activation of the quadriceps and hamstrings muscles 

during this strength testing protocol, the agonist and antagonist phases of activation are 

clearly identifiable. Agonist muscle activation is indicated by the dashed arrows in Fig. 3, 

occurring when the muscles of interest are acting for torque generation. Antagonist muscle 

coactivation is indicated by the solid arrows, occurring when the muscles of interest are 

opposing the primary torque. To compare sEMG signals across individuals, all signals were 

standardized to their maximal activation when acting as an agonist. This standardization 

controls for between-subject differences in impedance and enables assessment of each 

muscle's activation level as a percentage of maximum (%max). Baseline “noise” (not 

shown) in the sEMG signal is typically small, but if not appropriately accounted for can 

result in erroneous assessments of muscle activation40. To adjust for baseline noise, the 

square root of the difference of the squares, or the power baseline subtraction method as 

outlined in Equation (1), was used.

(1)

“Antagonist amplitude” is the mean activation of the medial (or lateral) hamstrings during 

the repetition of maximal knee extensor torque, as a percent of the maximal medial (or 

lateral) hamstring activation observed when it was acting as an agonist (during flexion 

contractions)40,41. “Baseline amplitude” is the mean baseline amplitude as a percent of the 

maximal medial (or lateral) hamstring activation obtained during quiet rest. If the “Baseline 

amplitude” was greater than “Antagonist amplitude”, which can occur with slight decreases 

in baseline noise and little to no coactivation, then hamstring antagonist coactivation was 

considered to be zero (as negative coactivation values are non-physiologic). The “combined 

hamstring” coactivation was calculated as the RMS of the medial and lateral hamstring 

coactivation levels (see Equation (2)).

(2)

Outcomes: buckling and shifting

Participants completed a self-administered questionnaire about buckling and shifting history 

at baseline and 24-month follow-up. For buckling, participants were asked “In the past 3 

months, has either of your knees buckled or given way at least once?” Those who answered 

affirmatively were considered to have experienced knee buckling and asked to provide 

details about the buckling episodes, including which knee (right and/or left) and the 

frequency of episodes. To assess whether participants experienced a sensation of shifting 

that did not involve the knee actually buckling, we also asked all participants, “In the past 3 
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months has either knee felt like it was shifting, slipping, or going to give way but didn't 

actually do so?” Those who answered affirmatively were considered to have experienced 

knee shifting. These questions were repeated at the 24-month follow-up visit and only those 

participants who reported not having the symptom at baseline, but having the symptom at 

24-month follow-up were considered to have developed the incident outcome longitudinally. 

In addition to determining associations between antagonist hamstring coactivation and each 

of the outcomes independently, we also assessed relationships with the combined outcome, 

“either buckling or shifting.” The six outcomes studied are summarized in Fig. 4.

Statistical analyses

For qualifying participants, univariate distributions (means and standard deviations or 

medians and interquartile ranges) were calculated for age, body mass index, medial, lateral 

and composite hamstring antagonist coactivation. Frequencies were calculated for sex, 

Kellgren–Lawrence grade, and all variables relating to shifting and buckling and χ2 analyses 

were used to compare differences in distributions of categorical variables between men and 

women. Univariate distributions and frequencies were compared between qualifying 

participants and non-qualifying participants (as described in Fig. 1). Generalized estimating 

equations (GEE) were used to determine whether statistically significant associations existed 

between the three hamstring antagonist coactivation variables (medial, lateral and combined 

hamstring coactivation) and age, WOMAC knee pain score, KL grade, varus alignment, 

knee surgery and knee injury history. Analyses were completed with and without adjustment 

for those variables found to be covariates, to clarify the reasons for associations detected.

Odds ratios (OR) and 95% confidence intervals (CI) were calculated using logistic 

regression GEE models, controlling for age, sex, KL grade ≥2 and WOMAC knee pain and 

the interdependence between limbs within participants to address the hypotheses that 

coactivation level of the hamstrings during an isokinetic knee extensor task is higher: in 

those who report ipsilateral knee joint shifting, buckling or the combination, (1) cross-

sectionally at baseline (the 60-month MOST visit) and (2) longitudinally at 24-month 

follow-up (the 84-month MOST visit) in those without the symptoms at baseline. The 

independent variable was tertile of median hamstring antagonist coactivation (medial, lateral 

or combined) with the lowest tertile being the reference group.

The dichotomous dependent variable was the presence of bucking, shifting, or either 

buckling or shifting. No statistically significant interactions between sex-specific tertile of 

coactivation and sex were detected (all P-value for interaction term were >0.40), and 

therefore the interaction term was dropped. A P-value for the trend of the associations across 

coactivation tertiles and the outcomes were calculated. Confirmatory analyses treated the 

independent variables (coactivation) as continuous and sensitivity analyses were conducted 

using the outcome of 2 or more episodes within the past 3 months in order to assess 

consistency of findings with a more robust outcome variable (e.g., repetitive bucklers). 

Analyses were performed using SAS 9.2 (SAS Inc, Cary, NC).
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Results

A total of 2083 limbs (830 knees from 737 men and 1253 from 1089 women) were studied. 

At baseline, participants' mean ± SD age was 67.4 ± 7.7 years and BMI was 30.7 ± 5.8 

kg/m2. Knees were KL grade 0 or 1 in 55.3% and KL ≥ 2 in 42.8% (KL grade missing for 

1.9%). The mean ± SD WOMAC Knee Pain was 2.6 ± 3.1. A history of knee injury was 

reported by 30.6% and knee surgery by 21.3% of participants. Table I describes the 

characteristics of the participants by sex. There were no statistically significant differences 

between knees and participants eligible and the 2577 knees and 504 ineligible participants 

with regard to sex or KL grade. Table I presents sex-specific cut-offs for tertiles of 

hamstring coactivation and rates of outcomes. Combined hamstring coactivation levels were 

not significantly associated with history of surgery (P = 0.408), history of knee injury (P = 

0.473) or varus malalignment (P = 0.921). However, higher hamstring coactivation levels 

were significantly associated with greater age (P = 0.003), female sex (P = <0.001), KL 

grade≥2 (P = 0.001), and higher WOMAC Pain (P = 0.002).

Prevalent buckling

At baseline, prevalent buckling was not associated with tertiles of coactivation for the 

medial, lateral, or combined hamstrings (results for combined hamstring coactivation in 

Table II). The absence of an association persisted whether buckling was defined as one 

episode or two or more episodes in the past 3 months (data not shown).

Incident buckling

At 24 months following the muscle coactivation measurements, incident buckling was 

present in 95 of the 1695 limbs (5.6%) that did not have buckling at baseline (overall for all 

analyses). Report of incident buckling was not associated with tertiles of hamstring 

coactivation after adjustment for covariates (Table II). However, the middle tertile of medial 

hamstring coactivation had a lower odds for incident buckling, OR = 0.48 (95% CI: 0.26, 

0.92) compared with the lowest tertile of coactivation (P = 0.002).

Prevalent shifting

Report of prevalent knee joint shifting did not vary in a statistically significant manner 

across tertiles of medial or combined hamstring coactivation at baseline after adjustment for 

covariates (Table III). While, in the unadjusted analyses, the middle tertile of medial 

hamstring coactivation had a decreased odds for prevalent shifting (Table IIIb) and the 

highest tertile of lateral hamstring coactivation had an increased odds of prevalent shifting 

(Table IIIc), these were no longer statistically significant after adjustment and there was not 

a statistically significant trend across the tertiles.

Incident shifting

There was a trend towards report of incident knee joint shifting being associated with tertiles 

of hamstring coactivation after adjusting for covariates. The point estimates for highest 

tertiles of combined, medial and lateral hamstring coactivation were similarly elevated with 

respect to the lowest tertile and for lateral coactivation, there was a statistically significant 
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trend across tertiles for elevated odds of incident shifting with higher coactivation (P = 

0.049).

Prevalent buckling or shifting

Overall, report of prevalent buckling or shifting was not associated with combined, medial 

or lateral hamstring coactivation level after adjustment for covariates (Table IV). While, in 

the unadjusted analyses, the highest tertile of combined hamstring coactivation had an 

increased risk for prevalent buckling or shifting in comparison with the lowest tertile, OR = 

1.34 (95% CI: 1.01, 1.79) and the middle tertile of medial hamstring coactivation had a 

decreased risk for buckling or shifting in comparison to the lowest tertile, OR = 0.70 (95% 

CI: 0.53, 0.93), these findings were no longer statistically significant after adjustment and 

there were not statistically significant trends across the tertiles.

Incident buckling or shifting

Report of incident buckling or shifting was not associated with combined, medial or lateral 

hamstring coactivation after adjustment (Table IV). However, in unadjusted analyses, the 

middle tertile of medial hamstring coactivation was associated with a decreased risk of 

incident buckling or shifting compared with the lowest tertile of coactivation (Table IVb), 

OR = 0.65 (95% CI: 0.44, 0.96).

Discussion

This study tested our hypothesis that coactivation level of the hamstrings during an 

isokinetic knee extensor task is higher in those who reported prevalent knee joint buckling 

or shifting at baseline and incident knee joint buckling or shifting at 24-month follow-up. In 

a population with or at risk for knee OA, we found that 7.9% and 15.3% reported prevalent 

buckling and shifting, respectively at baseline and 5.6% and 11.6% reported incident 

buckling and shifting, respectively, at follow-up. We did not find a consistent statistically 

significant association between coactivation and ipsilateral prevalent or incident buckling or 

shifting. Despite considering buckling in several ways (single or multiple episodes in the 

past 3 months, both at baseline and at 24-month follow-up, and treating coactivation data as 

continuous and stratified by tertile), no systematic relationships with coactivation level were 

detected.

Although there was a reduced odds for incident buckling, shifting or the combination in the 

middle tertile of coactivation in comparison with both the high and low tertiles of 

coactivation, this finding did not reach statistical significance. While no linear dose effect is 

apparent, this consistent U-shaped relationship may suggest that a certain degree of 

coactivation of the hamstrings is protective against these symptoms and that having 

excessive or insufficient hamstring coactivation could confer elevated risk for these 

symptoms. In several cases, after controlling for the presence of knee OA (KL grade ≥2) and 

WOMAC knee pain, relationships between coactivation and shifting, as well as the 

combination of shifting and buckling were attenuated (Tables III and IV). This suggests that 

baseline pain score and the presence of knee OA may contribute to both coactivation as well 

as to buckling and shifting, confounding the association.
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Knee pain is a prominent symptom in individuals with knee OA5,42,43. Many individuals 

with knee OA and knee pain also experience knee instability, including buckling1,4. One 

study by Felson et al. found that 14.1% of knees with pain experienced buckling while only 

2.1% of knees with no pain experienced buckling1. That study also found that the prevalence 

of buckling increases with the severity of pain. Our study confirms these previous findings 

regarding pain, while adding information regarding the strength of the associations. An early 

study of the MOST cohort that assessed potential risk factors for buckling found male sex, 

knee injury history, and knee pain intensity to be associated with a greater risk for buckling5. 

Hamstring coactivation was found to be associated with female sex and to have no 

significant association with knee injury history in the current study, consistent with the lack 

of association between hamstring coactivation and knee buckling. However, knee pain again 

was closely associated with buckling in the current study of this same cohort 5 years later, 

even after controlling for age, sex, hamstring coactivation level and the presence of knee OA 

(KL grade ≥2).

To evaluate the significance of the correlation between coactivation and shifting, it is 

important to realize that buckling and shifting are related and can co-exist7. When a joint 

begins to shift, people may compensate for the perceived loss of stability by redistributing 

weight to the contralateral leg, grasping a railing, or sitting. Joints can buckle when 

compensatory mechanisms are unavailable or when shifting occurs too rapidly for the 

patient to compensate.

To our knowledge, the current study is the first to examine associations between antagonist 

hamstring coactivation and buckling. However, buckling has been previously assessed in 

several other settings. A study of individuals from a community setting found that 12% (278 

out of 2351) had experienced at least one episode of buckling in the past 3 months and 13% 

fell during that episode1. We also know that knee buckling plays a significant role in falls in 

older adults, as a recent study found that the recovery limb during a fall shows a significant 

amount of knee buckling44. These studies have revealed that buckling is common and it is 

associated with mobility safety and functional limitations. Our study found a very similar 

prevalence of buckling, while also evaluating a new outcome, shifting.

While we hypothesized that understanding how coactivation affects knee joint buckling or 

shifting could potentially be useful for designing rehabilitation programs, we did not detect a 

relationship between coactivation and risk for buckling. The finding that moderate 

coactivation potentially confers protection against incident knee joint shifting in comparison 

with lower or higher coactivation levels could be examined in future studies aimed at 

clarifying levels of coactivation that are beneficial. However, our data do not support that 

hamstring coactivation during an isokinetic knee extensor task is an indicator of either a 

compensatory mechanism in response to more frequent buckling or a motor control strategy 

that precipitates shifting or buckling. In addition, as coactivation levels were measured in 

MOST only at the 60-month visit, whether buckling and shifting preceded coactivation 

could not be assessed.

Accordingly, the interpretation of how or whether coactivation strategies should be modified 

remains unclear. Some researchers have concluded that the increased coactivation in 
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individuals with knee OA could be a stabilizing mechanism in response to laxity on the 

medial side of the joint26. That same study suggested that the coactivation, though 

stabilizing, should be altered because it could amplify joint destruction by increasing joint 

compression. Other investigators have proposed that altering coactivation could destabilize 

the knee, limiting walking27. Furthermore, coactivation could have a negative impact in 

those with knee joint buckling and shifting. Hamstring coactivation reduces net knee 

extensor moment, possibly resulting in a lower threshold for the knee to give way, i.e., less 

quadriceps extensor torque to resist a sudden knee flexion moment. Thus, while coactivation 

during gait often increases with knee OA severity, it remains unclear whether coactivation 

adversely contributes to, or is a positive compensation for, joint pathology. To reconcile 

these issues, it will be necessary to assess the patterns of coactivation over time—determine 

ranges of coactivation during functional activities in older adults without knee OA as well as 

levels in those with knee OA that are associated with buckling/shifting episodes and levels 

that precede worsening of joint morphology.

Buckling and/or shifting were assessed through self-report and participants may not 

accurately recall events. However, since participants are unlikely to be aware of their 

coactivation status, inaccurate recall is unlikely to be systematically associated with 

coactivation and thus unlikely to introduce bias. In addition, recall relies on our older 

population of participants remembering specific events which may or may not have had 

memorable outcomes and may have been precipitated by obstacle navigation or changes in 

surface conditions. Also, coactivation was assessed during an isolated open kinetic chain 

strength assessment, which allowed normalization to maximal activation and was feasible in 

this wired sEMG study, but may not translate to coactivation strategies used during 

functional activities, particularly closed kinetic chain activities. Although evidence of a 

tendency to use coactivation as a generalized motor control strategy in open kinetic chain 

tasks has been demonstrated31, this does not rule out the possibility that coactivation during 

functional tasks may differ from open kinetic chain coactivation assessment.

Despite limitations, the large sample size permitted useful assessment of potential 

associations, while providing sufficient statistical power to control for multiple covariates, 

including age, pain, sex, and KL grade. Few, if any cohorts of this size have ever examined 

muscle coactivation using objective measures, such as sEMG. While muscle activation was 

not assessed during walking, it provides some insight into motor control strategies used 

during an open kinetic chain task in which the knee may be perceived as unstable. In 

conclusion, patient recall of knee buckling and shifting was not associated with hamstring 

coactivation during an open kinetic chain quadriceps strength test. This study advanced 

understanding of the inter-relatedness of pain, knee OA and coactivation strategies and 

demonstrated the absence of an association between hamstring coactivation and knee 

buckling or shifting.

Acknowledgments

The study sponsor had no involvement in the study design, collection, analysis and interpretation of data, writing of 
the manuscript and decision to submit the manuscript for publication. This study was supported by NIH grants to: 
Boston University (David Felson, MD – AG18820); The University of Iowa (James Torner, PhD – AG18832, 

Segal et al. Page 10

Osteoarthritis Cartilage. Author manuscript; available in PMC 2016 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Laura Frey Law, PhD – AR056134, Neil A. Segal T35HL007485); University of Alabama at Birmingham (Cora E. 
Lewis, MD MSPH –AG18947); University of California San Francisco (Michael Nevitt, PhD – AG19069).

Role of funding source

This study was supported by NIH grants to Boston University (David Felson, MD – AG18820); University of Iowa 
(James Torner, PhD – AG18832); University of Alabama at Birmingham (Cora E. Lewis, MD MSPH – AG18947); 
University of California San Francisco (Michael Nevitt, PhD – AG19069) and a Carver College of Medicine 
Summer Research Fellowship (T35HL007485-34). The funding organizations had no role in the data collection, 
analysis, interpretation or decision to publish this study.

References

1. Felson DT, Niu J, McClennan C, Sack B, Aliabadi P, Hunter DJ, et al. Knee buckling: prevalence, 
risk factors, and associated limitations in function. Ann Intern Med. 2007; 147:534–40. [PubMed: 
17938391] 

2. Cummings JR, Pedowitz RA. Knee instability: the orthopedic approach. Semin Musculoskelet 
Radiol. 2005; 9:5–16. [PubMed: 15812708] 

3. Fitzgerald GK, Axe MJ, Snyder-Mackler L. The efficacy of perturbation training in nonoperative 
anterior cruciate ligament rehabilitation programs for physical active individuals. Phys Ther. 2000; 
80:128–40. [PubMed: 10654060] 

4. Fitzgerald GK, Piva SR, Irrgang JJ. Reports of joint instability in knee osteoarthritis: its prevalence 
and relationship to physical function. Arthritis Rheum. 2004; 51:941–6. [PubMed: 15593258] 

5. Sharma L, Felson D, Dunlop D, Nevitt M, Buckwalter J, Hietpas J, et al. Knee buckling and its 
relationship with physical function in knee osteoarthritis (OA). Arthritis Rheum. 2005; 52:S396.

6. van der Esch M, Knoop J, van der Leeden M, Voorneman R, Gerritsen M, Reiding D, et al. Self-
reported knee instability and activity limitations in patients with knee osteoarthritis: results of the 
Amsterdam osteoarthritis cohort. Clin Rheumatol. 2012; 31:1505–10. [PubMed: 22729472] 

7. Nguyen US, Felson DT, Niu J, White DK, Segal NA, Lewis CE, et al. The impact of knee instability 
with and without buckling on balance confidence, fear of falling and physical function: the 
Multicenter Osteoarthritis Study. Osteoarthritis Cartilage. 2014; 22:527–34. [PubMed: 24508777] 

8. Jones G, Nguyen T, Sambrook PN, Lord SR, Kelly PJ, Eisman JA. Osteoarthritis, bone density, 
postural stability, and osteoporotic fractures: a population based study. J Rheumatol. 1995; 22:921–
5. [PubMed: 8587083] 

9. Campbell AJ, Borrie MJ, Spears GF. Risk factors for falls in a community-based prospective study 
of people 70 years and older. J Gerontol. 1989; 44:M112–7. [PubMed: 2738307] 

10. Sturnieks DL, Tiedemann A, Chapman K, Munro B, Murray SM, Lord SR. Physiological risk 
factors for falls in older people with lower limb arthritis. J Rheumatol. 2004; 31:2272–9. 
[PubMed: 15517643] 

11. Foley SJ, Lord SR, Srikanth V, Cooley H, Jones G. Falls risk is associated with pain and 
dysfunction but not radiographic osteoarthritis in older adults: Tasmanian Older Adult Cohort 
study. Osteoarthritis Cartilage. 2006; 14:533–9. [PubMed: 16460970] 

12. Arden NK, Crozier S, Smith H, Anderson F, Edwards C, Raphael H, et al. Knee pain, knee 
osteoarthritis, and the risk of fracture. Arthritis Rheum. 2006; 55:610–5. [PubMed: 16874784] 

13. Hart DJ, Cronin C, Daniels M, Worthy T, Doyle DV, Spector TD. The relationship of bone density 
and fracture to incident and progressive radiographic osteoarthritis of the knee: the Chingford 
Study. Arthritis Rheum. 2002; 46:92–9. [PubMed: 11817613] 

14. Bergink AP, van der Klift M, Hofman A, Verhaar JA, van Leeuwen JP, Uitterlinden AG, et al. 
Osteoarthritis of the knee is associated with vertebral and nonvertebral fractures in the elderly: the 
Rotterdam Study. Arthritis Rheum. 2003; 49:648–57. [PubMed: 14558050] 

15. The prevention of falls in later life. A report of the Kellogg International Work Group on the 
Prevention of Falls by the Elderly. Dan Med Bull. 1987; 34(Suppl 4):1–24.

16. Fife D, Barancik JI, Chatterjee BF. Northeastern Ohio Trauma Study: II. Injury rates by age, sex, 
and cause. Am J Public Health. 1984; 74:473–8. [PubMed: 6711722] 

Segal et al. Page 11

Osteoarthritis Cartilage. Author manuscript; available in PMC 2016 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



17. Gillespie LD, Gillespie WJ, Robertson MC, Lamb SE, Cumming RG, Rowe BH. Interventions for 
preventing falls in elderly people. Cochrane Database Syst Rev. 2003:CD000340. [PubMed: 
14583918] 

18. Chang JT, Morton SC, Rubenstein LZ, Mojica WA, Maglione M, Suttorp MJ, et al. Interventions 
for the prevention of falls in older adults: systematic review and meta-analysis of randomised 
clinical trials. BMJ (Clin Res ed). 2004; 328:680.

19. Li G, DeFrate LE, Zayontz S, Park SE, Gill TJ. The effect of tibiofemoral joint kinematics on 
patellofemoral contact pressures under simulated muscle loads. J Orthop Res. 2004; 22:801–6. 
[PubMed: 15183437] 

20. Li G, Kawamura K, Barrance P, Chao EY, Kaufman K. Prediction of muscle recruitment and its 
effect on joint reaction forces during knee exercises. Ann Biomed Eng. 1998; 26:725–33. 
[PubMed: 9662164] 

21. Aagaard P, Simonsen EB, Andersen JL, Magnusson SP, Bojsen-Moller F, Dyhre-Poulsen P. 
Antagonist muscle coactivation during isokinetic knee extension. Scand J Med Sci Sports. 2000; 
10:58–67. [PubMed: 10755275] 

22. Baratta R, Solomonow M, Zhou BH, Letson D, Chuinard R, D'Ambrosia R. Muscular coactivation. 
The role of the antagonist musculature in maintaining knee stability. Am J Sports Med. 1988; 
16:113–22. [PubMed: 3377094] 

23. Draganich LF, Jaeger RJ, Kralj AR. Coactivation of the hamstrings and quadriceps during 
extension of the knee. J Bone Joint Surg Am. 1989; 71:1075–81. [PubMed: 2760083] 

24. Bernardi M, Solomonow M, Sanchez JH, Baratta RV, Nguyen G. Motor unit recruitment strategy 
of knee antagonist muscles in a step-wise, increasing isometric contraction. Eur J Appl Physiol 
Occup Physiol. 1995; 70:493–501. [PubMed: 7556121] 

25. Hsu M-J, Wei S-H, Yu Y-H, Chang Y-J. Leg stiffness and electromyography of knee extensors/
flexors: comparison between older and younger adults during stair descent. J Rehabil Res Dev. 
2007; 44:429. [PubMed: 18247239] 

26. Lewek MD, Ramsey DK, Snyder-Mackler L, Rudolph KS. Knee stabilization in patients with 
medial compartment knee osteoarthritis. Arthritis Rheum. 2005; 52:2845–53. [PubMed: 
16142714] 

27. Steultjens M, Dekker J. The pros and cons of muscle co-contraction in osteoarthritis of the knee: 
comment on the article by Lewek et al. Arthritis Rheum. 2006; 54:1354. author reply-5. [PubMed: 
16575865] 

28. Childs JD, Sparto PJ, Fitzgerald GK, Bizzini M, Irrgang JJ. Alterations in lower extremity 
movement and muscle activation patterns in individuals with knee osteoarthritis. Clin Biomech. 
2004; 19:44–9.

29. Hubley-Kozey C, Deluzio K, Dunbar M. Muscle co-activation patterns during walking in those 
with severe knee osteoarthritis. Clin Biomech (Bristol, Avon). 2008; 23:71–80.

30. Chmielewski TL, Hurd WJ, Rudolph KS, Axe MJ, Snyder-Mackler L. Perturbation training 
improves knee kinematics and reduces muscle co-contraction after complete unilateral anterior 
cruciate ligament rupture. Phys Ther. 2005; 85:740–9. discussion 50–4. [PubMed: 16048422] 

31. Frey-Law LA, Avin KG. Muscle coactivation: a generalized or localized motor control strategy? 
Muscle Nerve. 2013; 48:578–85. [PubMed: 24037745] 

32. Segal NA, Nevitt MC, Gross KD, Hietpas J, Glass NA, Lewis CE, et al. The Multicenter 
Osteoarthritis Study: opportunities for rehabilitation research. PM R. 2013; 5:647–54. [PubMed: 
23953013] 

33. Glass NA, Torner JC, Frey Law LA, Wang K, Yang T, Nevitt MC, et al. The relationship between 
quadriceps muscle weakness and worsening of knee pain in the MOST cohort: a 5-year 
longitudinal study. Osteoarthritis Cartilage. 2013; 21:1154–9. [PubMed: 23973125] 

34. Bellamy N, Buchanan WW, Goldsmith CH, Campbell J, Stitt LW. Validation study of WOMAC: a 
health status instrument for measuring clinically important patient relevant outcomes to 
antirheumatic drug therapy in patients with osteoarthritis of the hip or knee. J Rheumatol. 1988; 
15:1833–40. [PubMed: 3068365] 

Segal et al. Page 12

Osteoarthritis Cartilage. Author manuscript; available in PMC 2016 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



35. Marsh JD, Bryant DM, Macdonald SJ, Naudie DD. Patients respond similarly to paper and 
electronic versions of the WOMAC and SF-12 following total joint arthroplasty. J Arthroplasty. 
2014 Apr; 29(4):670–3. [PubMed: 23953392] 

36. Felson DT, Nevitt MC, Yang M, Clancy M, Niu J, Torner JC, et al. A new approach yields high 
rates of radiographic progression in knee osteoarthritis. J Rheumatol. 2008; 35:2047–54. [PubMed: 
18793000] 

37. Segal NA, Torner JC, Felson DT, Niu J, Sharma L, Lewis CE, et al. Knee extensor strength does 
not protect against incident knee symptoms at 30 months in the multicenter knee osteoarthritis 
(MOST) cohort. PM R. 2009; 1:459–65. [PubMed: 19627933] 

38. Segal NA, Glass NA, Felson DT, Hurley M, Yang M, Nevitt M, et al. Effect of quadriceps strength 
and proprioception on risk for knee osteoarthritis. Med Sci Sports Exerc. 2010; 42:2081–8. 
[PubMed: 20351594] 

39. Segal NA, Boyer ER, Wallace R, Torner JC, Yack HJ. Association between chair stand strategy 
and mobility limitations in older adults with symptomatic knee osteoarthritis. Arch Phys Med 
Rehabil. 2013; 94(2):375–83. [PubMed: 23063791] 

40. Law LF, Krishnan C, Avin K. Modeling nonlinear errors in surface electromyography due to 
baseline noise: a new methodology. J Biomech. 2011; 44:202–5. [PubMed: 20869716] 

41. Law LF, Krishnan C, Avin K. Response to letter of the editor. J Biomech. 2011; 44:1637–8. 
[PubMed: 21457986] 

42. Maly MR, Costigan PA, Olney SJ. Mechanical factors relate to pain in knee osteoarthritis. Clin 
Biomech (Bristol, Avon). 2008; 23:796–805.

43. Maly MR, Costigan PA, Olney SJ. Determinants of self-report outcome measures in people with 
knee osteoarthritis. Arch Phys Med Rehabil. 2006; 87:96–104. [PubMed: 16401446] 

44. Pavol MJ, Owings TM, Foley KT, Grabiner MD. Mechanisms leading to a fall from an induced 
trip in healthy older adults. J Gerontol Ser A, Biol Sci Med Sci. 2001; 56(7):M428–37. [PubMed: 
11445602] 

Segal et al. Page 13

Osteoarthritis Cartilage. Author manuscript; available in PMC 2016 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. 
Participant enrollment and eligibility criteria.
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Fig. 2. Placement of sEMG Electrodes
Lateral posterior thigh (biceps femoris): The first sensor was applied halfway down the 

posterior thigh, between the ischial tuberosity and the lateral femoral condyle, oriented 

vertically in line with muscle. Medial posterior thigh (semimembranosis): The second 

sensor was applied vertically, mid-way down the posterior thigh, between the ischial 

tuberosity and the medial condyle. Lateral anterior thigh (vastus lateralis): The third sensor 

was placed on the lateral anterior thigh, approximately one-third of the distance between the 

lateral patella and the anterior superior iliac spine (ASIS), in line with the vastus medialis 

muscle. Medial anterior thigh (vastus medialis): The fourth sensor was placed on the 

anterior medial thigh, approximately one-quarter of the distance between the medial 

collateral ligament and the ASIS. The sensor was placed at an angle of approximately 30° to 

the line of the femur, in line with the vastus medialis muscle.
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Fig. 3. Example of sEMG Data for Hamstring Coactivation During Extensor Strength Testing
The arrows indicate examples of hamstring muscle coactivation during periods of 

quadriceps activation.
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Fig. 4. 
Study outcome measurements.
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Table I

Baseline coactivation levels for combined, medial, and lateral hamstrings. Sex specific tertiles of median % 

coactivation for combined, medial, and lateral hamstring coactivation. Prevalence of buckling and shifting at 

baseline and follow-up

Participant characteristics

Labels All Participants 2083 limbs from 1826 participants

Baseline mean combined hamstring coactivation 14.4 ± 10.8%
{Men, 10.9 ± 9.3%; Women, 16.9 ± 11.1%; P < 0.001}

Baseline mean medial hamstring coactivation 8.8 ± 10.3%
{Men, 6.4 ± 8.8%; Women, 10.3 ± 10.9%; P < 0.001}

Baseline mean lateral hamstring coactivation 17.1 ± 13.8%
{Men, 12.6 ± 11.7%; Women, 20.2 ± 14.3%; P < 0.001}

Tertile Cut points in men Cut points in women

Combined hamstring tertiles of coactivation (% coactivation) 1 0.00–6.30% 0–11.44%

2 6.32–12.22% 11.46–19.26%

3 12.27–82.80% 19.28–79.80%

Medial hamstring tertiles of coactivation (% coactivation) 1 0.00–0.00% 0.00–4.11%

2 0.94–7.64% 4.14–12.85%

3 7.69–92.96% 12.88–99.07%

Lateral hamstring tertiles of coactivation (% coactivation) 1 0.00–6.91% 0.00–13.63%

2 6.93–14.02% 13.64–23.51%

3 14.02–99.76% 23.54–99.55%

Baseline Follow-up for those without the symptom 
at baseline

Ipsilateral knee buckling at least once in the past 3 months? (%) 7.9% (164/2082) 5.6% (95/1695)

Ipsilateral knee shifted at least once in the past 3 months? (%) 15.3% (318/2082) 11.6% (181/1565)

Ipsilateral knee buckled or shifted at least once in the past 3 months? (%) 19.8% (412/2082) 13.7% (203/1480)
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Table IIa

Association between knee buckling and combined hamstring coactivation

Tertiles of coactivation Buckling (%)* Crude OR (95% CI) Adjusted OR†,‡ (95% CI)

Prevalent buckling at baseline 1 (n = 626) 44 (7.0) 1 1

2 (n = 627) 54 (8.6) 1.25 (0.83, 1.88) 1.47 (0.92, 2.35)

3 (n = 628) 52 (8.3) 1.20 (0.80, 1.81) 1.11 (0.68, 1.80)

Incident buckling at 24-month follow-up 1 (n = 517) 29 (5.6) 1 1

2 (n = 509) 22 (4.3) 0.76 (0.43, 1.34) 0.70 (0.38, 1.27)

3 (n = 503) 36 (7.2) 1.30 (0.78, 2.15) 1.14 (0.67, 1.96)

*
Median antagonist coactivation averaged 12.9 ± 8.9% in participants who reported prevalent buckling and 12.3 ± 10.9% in participants who did 

not report buckling at baseline.

†
Models adjusted for age, sex, TF ROA (KL grade ≥2 vs <2), WOMAC knee pain.

‡
Linear trend from adjusted model P = 0.8367 for prevalent buckling, P = 0.4199 for incident buckling.
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Table IIb

Association between knee buckling and medial hamstring coactivation

Tertiles of coactivation Buckling (%)* Crude OR (95% CI) Adjusted OR†,‡ (95% CI)

Prevalent buckling at baseline 1 (n = 706) 67 (9.5) 1 1

2 (n = 623) 46 (7.4) 0.78 (0.52, 1.15) 1.12 (0.71, 1.77)

3 (n = 666) 46 (6.9) 0.74 (0.50, 1.09) 0.97 (0.61, 1.52)

Incident buckling at 24-month follow-up 1 (n = 556) 38 (6.8) 1 1

2 (n = 520) 14 (2.7) 0.38 (0.2, 0.7) 0.48 (0.26, 0.92)

3 (n = 549) 41 (7.5) 1.10 (0.7, 1.74) 1.29 (0.79, 2.09)

*
Median antagonist coactivation averaged 5.80 ± 8.63% in participants who reported prevalent buckling and 6.83 ± 10.4% in participants who did 

not report buckling at baseline.

†
Models adjusted for age, sex, TF ROA (KL grade ≥2 vs <2), WOMAC knee pain.

‡
Linear trend from adjusted model P = 0.9965 for prevalent buckling, P = 0.1345 for incident buckling.
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Table IIc

Association between knee buckling and lateral hamstring coactivation

Tertiles of coactivation Buckling (%)* Crude OR (95% CI) Adjusted OR†,‡ (95% CI)

Prevalent buckling at baseline 1 (n = 655) 47 (7.2) 1 1

2 (n = 656) 57 (8.7) 1.28 (0.85, 1.92) 1.32 (0.84, 2.07)

3 (n = 657) 51 (7.8) 1.12 (0.75, 1.68) 0.87 (0.54, 1.41)

Incident buckling at 24-month follow-up 1 (n = 537) 29 (5.4) 1 1

2 (n = 535) 27 (5.1) 0.93 (0.54, 1.60) 0.87 (0.50, 1.53)

3 (n = 527) 33 (6.3) 1.17 (0.70, 1.95) 0.94 (0.54, 1.62)

*
Median antagonist coactivation averaged 15.0 ± 12.3% in participants who reported prevalent buckling and 14.6 ± 13.9% in participants who did 

not report buckling at baseline.

†
Models adjusted for age, sex, TF ROA (KL grade ≥2 vs <2), WOMAC knee pain.

‡
Linear trend from adjusted model P = 0.4517 for prevalent buckling, P = 0.9483 for incident buckling.
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Table IIIa

Association between knee shifting and combined hamstring coactivation

Tertiles of coactivation Shifting (%) Crude OR (95% CI) Adjusted OR*,† (95% CI)

Prevalent shifting at baseline 1 (n = 626) 84 (13.4) 1 1

2 (n = 627) 97 (15.5) 1.20 (0.88, 1.65) 1.21 (0.85, 1.74)

3 (n = 628) 105 (16.7) 1.31 (0.95, 1.80) 1.28 (0.89, 1.84)

Incident shifting at 24-month follow-up 1 (n = 484) 51 (10.5) 1 1

2 (n = 473) 47 (9.9) 0.93 (0.61, 1.40) 1.05 (0.67, 1.64)

3 (n = 454) 70 (15.4) 1.53 (1.03, 2.25) 1.44 (0.93, 2.26)

*
Models adjusted for age, sex, TF ROA (KL grade ≥2 vs <2), WOMAC knee pain.

†
Linear trend from adjusted model P = 0.1804 for prevalent shifting, P = 0.0845 for incident shifting.
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Table IIIb

Association between knee shifting and medial hamstring coactivation

Tertiles of coactivation Shifting (%) Crude OR (95% CI) Adjusted OR*,† (95% CI)

Prevalent shifting at baseline 1 (n = 706) 117 (16.6) 1 1

2 (n = 623) 76 (12.2) 0.69 (0.50, 0.95) 0.80 (0.56, 1.15)

3 (n = 666) 107 (16.1) 0.96 (0.72, 1.28) 1.18 (0.85, 1.64)

Incident shifting at 24-month follow-up 1 (n = 513) 60 (11.7) 1 1

2 (n = 497) 46 (9.3) 0.78 (0.52, 1.16) 0.97 (0.62, 1.51)

3 (n = 493) 69 (14.0) 1.21 (0.84, 1.75) 1.42 (0.93, 2.16)

*
Models adjusted for age, sex, TF ROA (KL grade ≥2 vs <2), WOMAC knee pain.

‡
Linear trend from adjusted model P = 0.2467 for prevalent shifting, P = 0.0748 for incident shifting.
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Table IIIc

Association between knee shifting and lateral hamstring coactivation

Tertiles of coactivation Shifting (%) Crude OR (95% CI) Adjusted OR*,† (95% CI)

Prevalent shifting at baseline 1 (n = 655) 87 (13.3) 1 1

2 (n = 656) 103 (15.7) 1.24 (0.91, 1.69) 1.08 (0.76, 1.55)

3 (n = 657) 114 (17.4) 1.39 (1.02, 1.89) 1.31 (0.92, 1.86)

Incident shifting at 24-month follow-up 1 (n = 505) 50 (9.9) 1 1

2 (n = 498) 51 (10.2) 1.04 (0.69, 1.56) 1.05 (0.67, 1.64)

3 (n = 470) 73 (15.5) 1.67 (1.13, 2.46) 1.53 (0.99, 2.36)

*
Models adjusted for age, sex, TF ROA (KL grade ≥2 vs <2), WOMAC knee pain.

†
Linear trend from adjusted model P = 0.1334 for prevalent shifting, P = 0.0486 for incident shifting.
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Table IVa

Association between knee buckling or shifting and combined hamstring coactivation

Tertiles of coactivation Buckling or 
shifting (%)

Crude OR (95% CI) Adjusted OR*,† (95% 
CI)

Prevalent buckling or shifting at baseline 1 (n = 626) 108 (17.25) 1 1

2 (n = 627) 126 (20.10) 1.24 (0.93, 1.64) 1.33 (0.96, 1.86)

3 (n = 628) 136 (21.66) 1.34 (1.01, 1.79) 1.34 (0.96, 1.88)

Incident buckling or shifting at 24-month 
follow-up

1 (n = 461) 62 (13.5) 1 1

2 (n = 447) 49 (11.0) 0.79 (0.53, 1.17) 0.85 (0.56, 1.30)

3 (n = 428) 76 (17.8) 1.38 (0.96, 1.98) 1.29 (0.85, 1.94)

*
Models adjusted for age, sex, TF ROA (KL grade ≥2 vs <2), WOMAC knee pain.

†
Linear trend from adjusted model P = 0.1414 for prevalent buckling or shifting, P = 0.1614 for incident buckling or shifting.
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Table IVb

Association between knee buckling or shifting and medial hamstring coactivation

Tertiles of coactivation Buckling or 
shifting (%)

Crude OR (95% CI) Adjusted OR*,† (95% 
CI)

Prevalent buckling or shifting at baseline 1 (n = 706) 154 (21.8) 1 1

2 (n = 623) 102 (16.4) 0.70 (0.53, 0.93) 0.88 (0.64, 1.22)

3 (n = 666) 134 (20.1) 0.91 (0.70, 1.18) 1.14 (0.84, 1.56)

Incident buckling or shifting at 24-month 
follow-up

1 (n = 483) 71 (14.7) 1 1

2 (n = 471) 47 (10.0) 0.65 (0.44, 0.96) 0.79 (0.52, 1.21)

3 (n = 468) 79 (16.9) 1.17 (0.83, 1.65) 1.36 (0.92, 2.02)

*
Models adjusted for age, sex, TF ROA (KL grade ≥2 vs <2), WOMAC knee pain.

†
Linear trend from adjusted model P = 0.3677 for prevalent buckling or shifting, P = 0.0503 for incident buckling or shifting.
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Table IVc

Association between knee buckling or shifting and lateral hamstring coactivation

Tertiles of coactivation Buckling or 
shifting (%)

Crude OR (95% CI) Adjusted OR*,† (95% 
CI)

Prevalent buckling or shifting at baseline 1 (n = 655) 116 (17.7) 1 1

2 (n = 656) 134 (20.4) 1.23 (0.93, 1.63) 1.15 (0.83, 1.59)

3 (n = 657) 142 (21.6) 1.31 (0.99, 1.73) 1.20 (0.87, 1.66)

Incident buckling or shifting at 24-month 
follow-up

1 (n = 478) 60 (12.6) 1 1

2 (n = 469) 57 (12.2) 0.97 (0.66, 1.42) 0.98 (0.64, 1.48)

3 (n = 447) 76 (17.0) 1.43 (0.99, 2.06) 1.28 (0.85, 1.92)

*
Models adjusted for age, sex, TF ROA (KL grade ≥2 vs <2), WOMAC knee pain.

†
Linear trend from adjusted model P = 0.3485 for prevalent buckling or shifting, P = 0.1891 for incident buckling or shifting.
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