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Abstract 26 

27 

Objective: Muscle co-activation has been shown to be elevated in individuals with knee 28 

osteoarthritis (KOA) during gait. Comparisons of muscle co-activation across different 29 

activities of daily living such as stair negotiation have yet to be explored. The aim of the 30 

study was to explore muscle co-activation across different activities of daily living in patients 31 

with KOA. 32 

33 

Methods: Muscle co-activation was assessed in 77 symptomatic KOA participants (age 34 

62.5±8.1years; body mass index 29.4±9.0kg/m2; gender 48/29 female/male) using 35 

electromyography (EMG), during a series of walking, stair negotiation (ascent, descent) and 36 

sit-to-walk activities. EMG was recorded from 7 sites, medial/lateral gastrocnemius, biceps 37 

femoris, semitendinosus, vastus lateralis/medialis and rectus femoris and normalised to 38 

maximal voluntary isometric contraction. Correlation was used to assess the consistency of 39 

co-activation across activities. Repeated measures ANOVA assessed the muscle combination 40 

by activity differences. 41 

42 

Results: Muscle co-activation was highest during stair ascent. When comparing muscle 43 

combinations within the same activity correlations ranged from r=0.003-0.897 of which 80% 44 

of combinations were significant. Between activities muscle co-activation was significantly 45 

different (P<0.05). Medial:lateral muscle co-activation was higher than 46 

hamstrings:quadriceps across activities. 47 

48 
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Conclusion: Two muscle co-activation strategies were observed during activities of daily 49 

living in patients with KOA to maintain stability. Muscle co-activation was higher during 50 

more challenging activities, particularly when the joint is accepting load. Medial:lateral 51 

muscle co-activation was higher than hamstrings:quadriceps whereby medial:lateral co-52 

activation is thought to be a stabilisation mechanism whilst hamstrings:quadriceps responds 53 

to knee flexion moments, suggesting different muscle combinations may have different 54 

roles in responding to joint demand. 55 

56 

Keywords: osteoarthritis; co-activation; muscle; gait; stairs; activities of daily living; 57 

58 















 

11 
 

of the force plate with no obvious signs of targeting the plate. The use of handrails was 188 

permitted if required, step-over-step (alternate leg on each step) was preferred; however, 189 

when this was not possible step-by-step (both legs on the same step with test leg as lead 190 

leg) was permitted. 191 

 192 

Participants performed seven successful walking trials at a self-selected walking speed. A 193 

successful trial was defined as above and within ±10% of movement time (Brower timing 194 

system, Draper, Utah, USA).  195 

 196 

A standard armchair (height 48cm) was placed on the walkway next to the force plate. 197 

Participants sat with their back against the chair and test leg on the force plate, they were 198 

instructed to stand up, walk 3.6m before turning and returning to a seated position. The use 199 

of the chair arms was permitted if required. For the purpose of this analysis, the stance 200 

phase (onset of force to toe-off), from three sit-to-walk trials was used. 201 

 202 

For all activities, the stance phase was analysed, defined as initial contact (ground reaction 203 

force exceeded 20N) to toe-off (ground reaction force fell below 20N). During walking the 204 

stance phase was also split into four sub-phases; loading (0-14.9% of stance), early-stance 205 

(15-39.9%), mid-stance (40-59.9%) and late-stance (60-100%) with an additional pre-stance 206 

phase (-150ms to initial contact) (17). Stair ascent and descent were each split into two sub-207 

phases; walk-to-stair transition (stance on the floor force plate) and continuous (stance on 208 

the force plate embedded in the stairs). 209 

 210 
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  282 

Results 283 

 284 

A total of 77 individuals with KOA were recruited from Rheumatology Clinics (N=15), general 285 

practitioner practices (n=4) and a local newspaper advert (N=58) (Table 1), 13 (17%) people 286 

had missing data for the stairs. 287 

 288 

Gait 289 

During gait, VL:VM demonstrated higher muscle co-activation than ST:BF during pre-stance, 290 

loading, early-stance, and MG:LG during loading. During mid-stance, late-stance and overall-291 

stance MG:LG was higher than ST:BF and VL:VM. Medial:lateral co-activation was higher 292 

than Q:G, G:H during pre-stance and loading; H:Q, G:H during early-stance, mid-stance, and 293 

overall-stance; H:Q, Q:G, G:H during late-stance (waveform data in supplement A). 294 

 295 

Within the same phase of walking, correlations between muscle co-activation combinations 296 

ranged from no-association to strong positive associations (Figure 1; Supplement B). Pre-297 

stance ranged from r=0.264 (P=0.025, ST:BF-VL:VM) to r=0.897 (P<0.001, H:G-Q:G), loading 298 

range from r=0.070 (P=0.557, H:G-VL:VM) to r=0.682 (P<0.001, H:Q-ST:BF) of which 87% of 299 

combinations were significant, for early-stance r=0.296 (P=0.011, H:Q-MG:LG) to r=0.739 300 

(P<0.001, H:G-H:Q), mid-stance ranged r=0.105 (P=0.374, MG:LG-VL:VM) to r=0.759 301 

(P<0.001, Q:G-VL:VM) of which 73% of combinations were significant, late-stance ranged 302 

from r=0.073 (P=0.547, H:Q-MG:LG) to r=0.708 (P<0.001, Q:G-VL:VM) of which 87% of 303 

combinations were significant, and overall-stance ranged from r=0.159 (P=0.191, H:Q-304 

MG:LG) to r=0.721 (P<0.001, H:Q-H:G and H:Q-ST:BF) of which 93% of combinations were 305 
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significant. The strength of the associations decreased when controlling for age and muscle 306 

strength. 307 

 308 

Muscle co-activation was significantly higher for VL:VM than H:Q for loading (P=0.008), 309 

early-stance (P<0.001), mid-stance (P<0.001), late-stance (P<0.001) overall-stance 310 

(P<0.001), there was no difference for pre-stance (P=0.319, Figure 2). 311 

 312 

Stair negotiation 313 

Medial:lateral gastrocnemius co-activation was higher than VL:VM during stair ascent 314 

transition (SUT), and continuous stair descent (SDC), while MG:LG and VL:VM were similar 315 

and higher than ST:BF during continuous stair ascent (SUC) and decent transition (SDT). 316 

Medial-lateral co-activation was higher than H:Q, H:G during SUT, SUC, and SDC; Q:G during 317 

SUT and SDT. During SDC Q:G was similar to H:G; M:L, and higher than H:Q. 318 

 319 

Within the same phase of stair negotiation, correlations across muscle co-activation ranged 320 

from no association to strong positive associations (Figure 1, supplement B). Stair ascent 321 

transition ranged from r=-0.004 (P=0.976, MG:LG-VL:VM) to r=0.850 (P<0.001, H:G-ST:BF) of 322 

which 60% of combinations were significant, SUC ranged from r=0.079 (P=0.548, Q:G-323 

MG:LG) to r=0.784 (P<0.001, H:G-H:Q) of which 60% of combinations were significant. 324 

During SDC correlations ranged from r=-0.006 (P=0.984, H:Q-MG:LG) to r=0.816 (P<0.001 325 

H:Q-ST:BF) with 60% of combinations significant, whilst SDT ranged from r=0.003 (P=0.984, 326 

ST;BF-MG:LG) to r=0.722 (P<0.001, H:Q-ST:BF) of which 60% of combinations were 327 

significant. The strength of the associations decreased when controlling for age and muscle 328 

strength. 329 
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 330 

Muscle co-activation was significantly higher for VL:VM than H;Q across all phases of stair 331 

negotiation (P<0.001; Figure 2). 332 

 333 

Sit-to-walk 334 

During sit-to-walk VL:VM demonstrated higher muscle co-activation than ST:BF and MG:LG, 335 

whilst M:L was higher than H:Q, Q:G and H:G. Sit-to-walk demonstrated a weak (r=0.251, 336 

P=0.032, H:Q-MG:LG) to strong associations (r=0.727, P<0.001, H:Q-H:G; Figure 1; 337 

Supplement B). Muscle co-activation was higher in VL:VM than H:Q (P<0.001) during sit-to-338 

walk (Figure 2). 339 

 340 

Muscle co-activation across activities 341 

Muscle co-activation was significantly different within the same muscle co-activation 342 

combination across activities and phases (P<0.001) for all muscle co-activation combinations 343 

(Figure 3). Muscle co-activation was significantly (P<0.05) different across 65.5% (H:Q); 344 

61.8% (H:G); 63.6% (Q:G); 70.9% (M:L); 74.5% (VL:VM); 47.2% (ST:BF); 72.7% (MG:LG) of 345 

activity combinations. Pre-stance was significantly different to loading; early-stance; overall-346 

stance; sit-to-walk and stair negotiation across all muscle combinations except ST:BF. Pre-347 

stance was significantly different to loading; mid-stance and late-stance for ST:BF. Mid-348 

stance and late-stance were different to loading; overall-stance; sit-to-walk for all muscle 349 

combinations. Overall-stance was different to sit-to-walk (H:G) and SUC (all combinations 350 

except H:G; ST:BF); sit-to-walk was different to SUC (all combinations except ST:BF) and stair 351 

ascent and descent phases were also different to each other for all combinations except 352 

ST:BF. 353 
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354 

Discussion 355 

356 

The results indicate that muscle co-activation was positively correlated across different 357 

muscle combinations within the same activity. Medio-lateral co-activation within the 358 

quadriceps was higher than anterior-posterior co-activation across all activities in KOA. 359 

Muscle co-activation was higher during more challenging activities (stair negotiation) than 360 

less challenging activities (gait). 361 

362 

Investigations into muscle co-activation in KOA typically focus on walking. This study aimed 363 

to explore muscle co-activation across different ADL, during which different muscle co-364 

activation strategies were observed. Overall muscle co-activation was deployed when the 365 

limb is preparing to, and accepts weight and starts to transition towards single limb support. 366 

It appears that overall muscle co-activation is a strategy adopted when the limb is least 367 

stable, in more vulnerable positions requiring all muscles to activate simultaneously to 368 

stabilise the joint. During transitions from single-to-double limb support and when increased 369 

muscle force is required to propel the body from a flexed position into extension (mid-370 

stance and late-stance; sit-to-walk; stair ascent) selective muscle co-activation was utilised. 371 

Specifically high muscle co-activation in MG:LG and VL:VM which are thought to act as joint 372 

stabilisers, contribute towards rotational moments or increase compressive loads to 373 

facilitate moment generation needed to direct ground reaction forces, and potentially 374 

increase medial joint stability (11,26,27,44,45). Our results demonstrated neither overall nor 375 

selective muscle co-activation was prominent, with a combination of both strategies 376 

utilised. Mills et al. (11) a systematic review of 14 papers, highlighted that during walking 377 
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specific muscle co-activation is believed to play a role in distributing loads, whilst Lloyd and 378 

Buchanan (18) found in their modelling study that specific muscle co-activation (H:Q) 379 

contributed to muscular support in response to static valgus-varus loads. These results 380 

suggest that both muscle co-activation strategies are modulated throughout different 381 

phases of walking or other activities to increase joint stability; distribute joint loads and 382 

support joint moments at the potential cost of increased compressive loads. 383 

 384 

Within the same activity, the same patients demonstrated high or low muscle co-activity 385 

across all muscle combinations. With increasing age and the addition of joint space 386 

narrowing associated with KOA, the passive restraints (e.g. ligaments) become increasingly 387 

lax (39,44). To prevent lateral joint opening and the transfer of load medially higher 388 

antagonist muscle force is required (46). Higher antagonist muscle activation is thought to 389 

increase joint stiffness (46), however, the ability to adopt movement strategies which 390 

remain normal is lost with muscle weakness (39). Alterations in muscle co-activation 391 

strategies may, therefore, try and accommodate this lack of joint stability. Individuals with 392 

selective high muscle co-activation may be at an increased risk of disease progression as a 393 

result of high joint loads combined with high joint pressures associated with high muscle co-394 

activation. 395 

 396 

VL:VM co-activation was higher than H:Q in individuals with KOA across all activities except 397 

pre-stance. H:Q co-activation increases joint stiffness to counteract joint instability (2). 398 

Hamstrings activation is thought to increase joint stiffness and reduce loads on the anterior 399 

cruciate ligament by reversing the shear force on the tibia counterbalancing the main knee 400 

flexion moment, at the expense of increased patellofemoral and tibiofemoral load (28). 401 
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higher during stair negotiation than overall-stance and sit-to-walk, where overall-stance was 426 

higher than sit-to-walk. This is potentially due to a combination of greater joint instability 427 

and muscle force required to perform more challenging activities, whereby knee joint 428 

stability is required to propel the body up each step or control the lowering of the body 429 

down each step. During pre-stance the results demonstrated higher Q:G, and similar Q:H 430 

activity to Schmitt and Rudolph (1), where Q:G, G:H, and MG:LG are low whilst Q:G, M:L, 431 

VL:VM, ST:BF appear to be increasing in preparation to accept load (1,3) and slow the 432 

acceleration of the joint. During loading our results were higher compared to the literature, 433 

and higher than pre-stance except for MG:LG which is in keeping with the literature showing 434 

a peak in quadriceps activity (3,6). Additionally, high medial:lateral co-activation during 435 

loading was found which is similar to Heiden et al (17). During early-stance all combinations 436 

were lower than loading in line with Schmitt and Rudolph (1), whilst M:L remained higher 437 

than other combinations (17). During mid- and late-stance there were no studies using the 438 

same equation MG:LG which increased, peaking during late-stance. Muscle co-activation 439 

was higher during sit-to-walk across all combinations compared to gait except for loading 440 

and overall-stance, stair ascent was higher than sit-to-walk and gait except for loading and 441 

overall stance. During continuous stair ascent muscle co-activation was higher than ascent 442 

transition for ST:BF and MG:LG. Muscle co-activation during stair descent was generally 443 

higher than gait and lower than continuous ascent and ascent. During more biomechanically 444 

challenging activities requiring greater muscle activation elevated co-activation is expected. 445 

This was shown in KOA patients in this study. 446 

 447 

This study has a number of strengths and limitations. Firstly it is a relatively large 448 

convenience sample (N=77) with substantial sensitivity analysis performed prior to and 449 
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mechanism to maintain joint stability it may also increase the susceptibility of cartilage 474 

damage and risk of incidence and progression of KOA.   475 
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Figure 3 685 
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Tables 689 

Table 1: Patient demographics and activities of daily living data presented 

as means (SD) 

Characteristic KOA (n = 77) 

Age, years 62.5 (8.1) 

Females, % 48 (62%) 

Height, m 1.66 (0.11) 

Body mass, kg 81.5 (19.4) 

BMI, kg/m2 29.4 (6.0) 

Duration of symptoms, yrs 9.3 (9.2) 

KOOS pain 56.8 (17.6) 

KOOS symptoms 54.7 (19.4) 

KOOS activities of daily living 65.2 (20.1) 

KOOS sports and recreation 33.8 (24.9) 

KOOS quality of life 39.1 (21.3) 

  

Activities of daily living  

Walking Speed, m/s 1.05 (0.15) 

Walking stick used, Yes (%) 2 (3%) 

Chair arm used, Yes (%) 53 (69%) 

Stairs walking styles (KOA=64 C=16)  

Ascent, SOS (%) 60 (94%) 

             SBS (%) 4 (6%) 



38 

Descent, SOS (%) 56 (88%) 

 SBS (%) 8 (12%) 

Handrail used, Yes (%) 26 (41%) 

KOA = knee osteoarthritis; BMI = bodymass index; SOS = step-over-step; SBS = 

step-by-step; KOOS = knee injury and osteoarthritis outcome survey 

690 

691 
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SUPPLEMENTARY MATERIAL 692 
  693 
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Pre-stance Loading Early-stance Mid-stance Late-stance 

Supplement A. Waveform data for individual muscles, muscle groups, and muscle co-694 
activation during gait 695 

696 

697 

 698 

Figure S1. Mean (solid line) and standard deviation (shaded cloud) for individual quadriceps 699 
muscles A) vastus lateralis B) vastus medalis C) rectus femoris during gait 700 

A 

C 
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Pre-stance Loading Early-stance Mid-stance Late-stance 

701 

702 

703 
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704 
Figure S2. Mean (solid line) and standard deviation (shaded cloud) for individual hamstrings 705 
and gastrocnemius muscles A) biceps femors B) semitendinosus C) lateral gastrocnemius D) 706 
medial gastrocnemius during gait 707 
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Pre-stance Loading Early-stance Mid-stance Late-stance 

708 

709 

 710 

Figure S3. Mean (solid line) and standard deviation (shaded cloud) for A) quadriceps B) 711 
hamstrings C) gastrocnemius muscle groups during gait. 712 

A 

C 
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Pre-stance Loading Early-stance Mid-stance Late-stance 

713 

 714 

 715 
Figure S4. Mean (solid line) and standard deviation (shaded cloud) for A) medial B) lateral 716 
muscle groups during gait. 717 
  718 

A 

B 


















