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Abstract 
 

This study explored muscle activity changes in the proximal lower limbs following fatigue during side cutting 

movements in 20 individuals with chronic ankle instability (CAI) compared to 20 healthy controls. Electromyography (EMG) 

data for the Vastus Medialis (VM), Vastus Lateralis (VL), Semitendinosus (SM), and Biceps Femoris (BF) were recorded during 

walking and running side cutting before and after inducing fatigue. Maximal voluntary contraction (MVC) tests determined 

maximal torque and EMG values. Results in walking and running side cutting showed significant increases in muscle activation 

in the VM, VL, SM, and BF muscles in individuals with CAI post-fatigue, whereas the control group exhibited nonsignificant 

changes. This increased muscle activation in the CAI group likely serves as a protective mechanism to stabilize the ankles and 

prevent further sprains, especially during fatigued states. This study for understanding these patterns highlights the importance of 

designing rehabilitation programs for individuals with chronic ankle instability (CAI). These programs should focus not only on 

the ankle but also on the proximal lower limb muscles to improve stability and reduce the risk of future injuries. 
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1. Introduction  
 

Ankle sprains, often due to sudden inversion, 

constitute about 7.3% of sports injuries, with nearly half 

occurring during sports activities (Fong, Hong, Chan, Yung, 

& Chan, 2007; Roos et al., 2017). Improperly managed, 40% 

can lead to chronic ankle instability (CAI), characterized by 

recurrent sprains, instability, pain, and swelling, increasing the 

risk of ankle osteoarthritis, thereby reducing daily activity 

movements and sports participation (Houston, Van Lunen, & 

Hoch, 2014; Wikstrom et al., 2010). Individuals with CAI 

 
frequently exhibit compensatory movement alterations in the 

proximal components of the lower limbs (Feger, Donovan, 

Hart, & Hertel, 2015; Koshino et al., 2014). However, 

physical therapy often focuses on distal lower limb muscles, 

neglecting proximal joints and lower limb muscles, potentially 

resulting in reduced functional performance and increased risk 

of recurring injuries in these patients. This effect is most 

pronounced when muscles are fatigued, leading to 

compensation (Houston et al., 2014; Powden, Hoch, & Hoch, 

2017). Muscle fatigue not only affects lower limb kinematics 

by decreasing joint range of motion but also by altering daily 

activities movements, ultimately heightening the risk of injury 

(Silva, Struber, Daniel, & Nougier, 2021; Zhang et al., 2022). 

In addition, a previous study suggested that lower limb 

kinematics during side cutting movements might reveal 
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kinematic changes associated with the risk of injury in ankle 

instability and components of daily activities, particularly 

during deceleration and rapid directional changes (Caulfield & 

Garrett, 2002; Chappell et al., 2005; Lin, Lin, & Lee, 2019). 

Nevertheless, there is currently a lack of evidence regarding 

the muscle activity of proximal lower limb muscles 

experiencing fatigue during side cutting movement, and in 

individuals with CAI this highlights the importance of 

including proximal lower limb muscles rehabilitation in 

treatment programs. Therefore, this study aimed to investigate 

proximal lower limb muscles’ (vastus medialis (VM), vastus 

lateralis (VL), semitendinosus (SM), and bicep femoris (BF)) 

activities with fatigue during walking and running side cutting 

in individuals with or without CAI. The findings may provide 

evidence to support rehabilitation strategies that promote 

stability and reduce the risk of future injuries of these 

individuals. 

 

2. Materials and Methods 
 

2.1 Participants 
 

20 participants in each group were at least 18 years 

old and engaged in competitive or recreational sports. The 

sample size was estimated using G*Power software with a 

significance level of 0.05, Zα/2 at 1.96, Zβ at 0.84, and an effect 

size of 0.40 (Xu, Song, Ming, Zhang, & Ni, 2022). 

The inclusion criteria for participants with CAI 

followed the recommendations from the international ankle 

consortium (Gribble et al., 2014), which included individuals 

with (1) a self-reported history of 2 or more lateral ankle 

sprains (LASs), with one of those LASs occurring within the 

12 months preceding the study; (2) history of LASs that 

required non–weight-bearing activity or immobilization for 

more than 24 hours; (3) self-reported history of the affected 

ankle giving way; or (4) a cumberland ankle instability tool 

(CAIT) score of ≤ 24. Inclusion criteria for the control group 

were no history of lower limb injuries, or of ankle joint 

instability. Exclusion criteria for both groups were (1)  

a history of surgery or fracture to either lower extremity, (2) 

any musculoskeletal injury to the lower extremity in the 3 

months before the study, or (3) diagnosis of musculoskeletal 

conditions like scoliosis, disc herniation, and pain symptom 

etc., or neurological disorders such as multiple sclerosis, etc. 

All participants provided written informed consent, and the 

study was approved by human research ethics committee Mae 

Fah Luang university ethics (Code: EC22179-25). 

 

2.2 Experimental approach and procedures 
 

After being briefed on the protocol upon arrival at 

the laboratory, the participants' characteristics were 

interviewed, and they were familiarized with both walking 

and running side cutting trials. Prior to conducting the walking 

and running side cutting trials, EMG electrodes were attached 

to the skin over the selected muscles as shown in Figure 2. 

Subsequently, participants practiced and performed maximal 

voluntary contractions (MVC) with the VM, VL, SM, and BF 

muscles (CAI side for CAI group and dominant side for 

Control group). They then performed the walking and running 

side cutting trials before and after inducing fatigue. The 

temperature of the environment was monitored during the 

experiments, which took place between 1:00 PM and 5:00 PM 

(Darendeli, Ertan, & Enoka, 2023). 

 

2.3 EMG recordings 
 

A wireless EMG system (Trigno Wireless EMG 

system, Delsys, Boston, MA, USA) was employed to record 

muscle activity for all participants in both groups (Hermens et 

al., 1999; Poitras et al., 2019). The data were sampled at 

1,000 Hz. Before attaching the electrodes, the skin was 

cleaned by rubbing it with alcohol for 5 seconds (Poitras et 

al., 2019).  

 

2.4 Maximal voluntary contractions (MVC) 
 

Each muscle was equipped with wireless sensors at 

specific insertion points and evaluated for MVC using a 5-

seconds isometric contraction to standardize MC-Level as a 

percentage (%MVC), following the electromyographer’s 

guidelines (Perotto, 2011). The signals were sampled at a 

frequency of 1,000 Hz and filtered with a band-pass of 20-450 

Hz for assessing muscle activity pattern and 10-500 Hz for 

evaluating muscle fatigue rate. Each MVC task lasted 5 

seconds, and 3 trials were performed for each muscle with 1 

minute of rest between trials (Besomi et al., 2019).  

 

2.5 Fatigue  
 

Before the fatiguing protocols, participants wore a 

fingertip oximeter to record oxygen values and heart rate. 

Subsequently, the researcher induced fatigue in the 

participants by instructing them to step up and down a wooden 

box 20 inches high for men and 18 inches high for women 

continuously and as quickly as possible and safely until the 

participants' heart rate reached 70 percent of their maximum 

heart rate (Bragada et al., 2022; Gwinn et al., 1992; Francis, 

1987), then performed the following walking or running side 

cutting (based on random order, 1-week rest period between 

movements). They were asked to step up and down the box 

continuously, alternating with side cutting movements (Figure 

2). 

 

2.6 Side cutting task 
 

Participants dynamic warm-up took around 5 

minutes. The warm-up included 2 sets of high knees, 

submaximal jogging, exaggerated gait swings, and lunges. 

Following this, they carried out the side cutting task (Koshino 

et al., 2014, 2016). 

During the walking side cutting task, the 

participants walked straight for 10 meters on a walkway at 

their usual pace without looking at the force plate. 

Subsequently, they positioned their test leg on the force plate, 

pivoted to the side of the supporting leg at a 45-degree angle, 

and proceeded to walk approximately 3 meters in that 

direction. Additionally, the participants performed the same 

protocol while running side cutting as fast as possible. This 

cross-cutting motion was modeled after a movement detailed 

in a prior study (Koldenhoven, Simpson, Forsyth, Donovan, & 

Torp, 2022; Koshino et al., 2014). A total of 3 successful 

trials of the side cutting task were completed and recorded. 
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Figure 1. Participation flowchart (Abbreviations: MVC: Maximal voluntary contraction, EMG: Electromyography, CAI: chronic ankle 

instability, n: number, MHR: maximum heart rate) Note: * Maintain a heart rate of 70% MHR during trials and tests by stepping again. 

 

  
(a) (b) (c) (d) 

 

Figure 2. Illustrating the placement of the electrodes by x and depicting the original and insertion points by • in each muscle (Hermens et al., 
1999). (a) Vastus medialis (VM), (b) Vastus lateralis (VL), (c) Semitendinosus (SM), (d) Bicep femoris (BF) 

 

In the CAI group, the testing limb was identified 

based on subjective reports from the CAIT questionnaire 

indicating the limb with the affected ankle. Conversely, in the 

control group, the testing limb was selected to match the 

participant in the CAI group as closely as possible in terms of 

sex, age, height, mass, and limb dominance. The dominant 

limb was determined by asking participants. If a participant's 

entire foot did not contact the force platform during the side 

cutting task, a trial was repeated. The cumulative total of the 3 

successful trials from each participant was used in the 

statistical analysis (Koldenhoven et al., 2022; Koshino et al., 

2014). 
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2.7 Statistical analysis 
 

Demographic data were compared between the CAI 

and control groups using independent samples t-tests. Group 

comparisons were conducted with independent samples t-tests 

for normally distributed data and with Mann-Whitney tests for 

non-normally distributed data, with data distributions assessed 

using the Shapiro-Wilk test.  

Means and standard deviations of the normalized 

percentage of average peak muscle activation were used for 

analysis. Dependent variables were amplitude of the VM, VL, 

SM, and BF muscles pre-side cutting and post-side cutting. 

For each dependent variable, effect sizes were calculated 

using the Cohen d with 95% confidence intervals (CIs) and 

interpreted as small (0.2), medium (0.5), or large (0.8) 

(Sullivan & Feinn, 2012). Data were analyzed using SPSS 

(version 15.0; SPSS Inc, Chicago, IL). The level of statistical 

significance was set to a p-value below 0.05. 

 

3. Results and Discussion 
 

The CAI and control groups exhibited similar age, 

height, and body weight. However, the CAI group had a 

significantly lower CAIT score compared to the control group. 

Additionally, the CAI group exhibited a history of lateral 

ankle sprains, a characteristic absent in the control group 

(Table 1). Muscle activation levels were assessed in four 

distinct muscles in both groups before and after inducing 

fatigue. After fatigue, significant increases in the activation of 

VM, VL, SM, and BF muscles were observed in the CAI 

group (Table 2). Conversely, the control group exhibited no 

significant change in muscle activation. These results suggest 

that individuals with CAI experience notable increases in 

muscle activation as a compensatory strategy for stability. 

Moreover, the results show that neither group displayed 

significant changes in muscle activation during walking or 

side-cutting activities post-fatigue, although some trends 

towards increased activation were observed (Table 3).  

Previous studies indicated that individuals with CAI 

exhibited higher muscle activation during activities such as 

running and side cutting. This study supports a prior theory 

(Delahunt, Monaghan, & Caulfield, 2006) which proposed a 

centralized feed-forward mechanism as an adaptation 

following an ankle injury. The theory suggested that, post-

injury, the typical muscle response patterns in healthy 

individuals were insufficiently fast to prevent further injuries 

in those with CAI. As a result, the body developed a feed-

forward neural and muscle adaptation to protect the ankle 

from potential injuries, for both proximal and distal lower 

limb muscles by the injury site. While, in this study, 

participants were instructed to perform rapid running side 

cuts. It was likely to activate any protective neuromuscular 

mechanisms necessary for maintaining balance and stability, a 

scenario often associated with ankle sprains. The researchers 

believe that the muscles in the CAI group might have been 

activated more intensely to help stabilize the lower body in a 

safer position during these side cutting movements, especially 

when running side cutting while fatigued. This increased 

muscle activation could be the body's way of trying to protect 

the ankle from further injury.  

 
Table 1. Characteristics of the chronic ankle instability group and the control group 
 

Group Leg test (Rt./Lt.) Gender (n) (Male/Female) Age (years) * Height (cm) * Mass (kg) * CAIT score* 

       

CAI 17/3 15/5 20.10 ± 1.03 171.63 ± 5.16 65.88 ± 10.49 21.13 ± 1.63 
Control 15/5a 14/6 20.25 ± 0.86 171.50 ± 6.70 66.69 ± 8.55 26.56 ± 2.16 

       

 

Abbreviations: The data are presented using n: number, cm: centimeters, kg: kilogram, mean ± SD, CAIT: Cumberland ankle instability Tool, 

CAI: chronic ankle instability, Rt.: right side, Lt.: left side 
Note: a The superscripts presented are for dominant side leg, * The superscripts indicate significant differences with a p-value < 0.001 when 

comparing the characteristics data analyzed using the independent samples t-test. 

 
Table 2. Muscle activation in running side-cutting interaction results 

 

Muscle Group 

Muscle activation %, mean ± SD 

p-value 
Mean difference 

(95% Confidence interval) 
Pre-fatigue Post-fatigue 

      

Vastus medialis (VM) CAI 30.42 ± 17.29 33.38 ± 19.57 0.04* -2.63 (-3.01 - 10.04) 

Control 30.74 ± 15.08 31.90 ± 18.35 0.68 -0.09 (-0.04 - 0.51) 

Vastus lateralis (VL) CAI 33.48 ± 15.29 37.22 ± 19.48 0.01* -3.14 (-4.67 - 10.04) b 
Control 30.75 ± 8.55 32.66 ± 4.40 0.74 -0.99 (-0.07 - 0.97) 

Semitendinosus (SM) CAI 46.28 ± 15.89 50.14 ±20.13 0.03* -3.42 (-7.59 - 5.74) b 
Control 48.48 ± 15.44 51.66± 17.58 0.05* -2.09 (-4.24 - 0.51) 

Bicep femoris (BF) CAI 51.63 ± 19.32 57.23 ± 24.52 0.02* -5.35 (-8.11 - 5.86) a 

Control 50.88 ± 16.44 53.12 ± 20.66 0.09 -3.03 (-0.08 - 0.11) b 
      

 

Abbreviation: CAI: chronic ankle instability 

Note: a Indicates strong effect size, b Indicates moderate effect size  
* The superscripts indicate significant differences with a p-value < 0.05 for the data analyzed using the dependent samples t-test. 
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Table 3. Muscle activation in walking side-cutting interaction results 

 

Muscle Group 

Muscle activation %, mean ± SD 

p-value 
Mean Difference 

(95% Confidence Interval) 
Pre-fatigue Post-fatigue 

      

Vastus medialis (VM) CAI 30.42 ± 17.29 31.11 ± 12.88 0.69 -0.84 (-0.48 - 2.01) 
Control 30.74 ± 15.08 29.99 ± 18.49 0.24 0.05 (-0.03 - 0.04) 

Vastus lateralis (VL) CAI 33.48 ± 15.29 32.66± 19.52 0.62 1.23 (-2.16 - 1.15) 

Control 30.75 ± 8.55 30.99± 15.22 0.32 -0.04 (2.42 - 4.41) 
Semitendinosus (SM) CAI 46.28 ± 15.89 48.11± 13.36 0.07 -1.23 (1.77 - 5.24) 

Control 48.48 ± 15.44 50.08 ± 14.53 0.09 -1.27 (-0.92 - 2.74) 

Bicep femoris (BF) CAI 51.63 ± 19.32 52.42± 21.52 0.41 -1.04 (-0.98 - 4.62) 
Control 50.88 ± 16.44 52.33± 23.44 0.08 -1.28 (-0.75 - 5.66) 

      

 

Abbreviation: CAI: chronic ankle instability 

Note: a Indicates strong effect size, b Indicates moderate effect size  
* The superscripts indicate significant differences with a p-value < 0.05 for the data analyzed using the dependent samples t-test. 

 

Koldenhoven et al. (2022) investigated lower limb 

joint kinetics during a side cutting task in participants with 

CAI compared to those without CAI. The study found a 

statistically significant 3-16% increase in the plantarflexion 

angle and a significant rise in hip joint angle among 

individuals with CAI. These changes likely indicate increased 

activation of proximal lower limb muscles to compensate for 

the ankle muscles. Additionally, this study showed 

significantly higher muscle engagement during running side 

cuts in the CAI group, supporting the theory that disruptions 

in muscle spindle activity post-injury contribute to 

neuromuscular control deficits in CAI (Khin-Myo-Hla, Ishii, 

Sakane, & Hayashi, 1999; Lephart, Riemann, & Fu, 2000). 

This theory suggests that fatigue raises the muscle spindle 

discharge threshold, disrupting afferent feedback and altering 

joint proprioception. Previous research observed impaired 

ankle muscle control in CAI individuals after induced fatigue 

(Hiemstra, Lo, & Fowler, 2001; Miura et al., 2004). 

Furthermore, another study found that fatigue affecting knee 

and hip muscles significantly increased center-of-pressure 

velocity scores. It concluded that maintaining balance in a 

fatigued state relies more on proximal neuromuscular control 

rather than the traditional distal muscle recruitment strategy 

for postural control in younger individuals (Winter, Prince, 

Frank, Powell, & Zabjek, 1996). Moreover, the theory of 

anatomy trains, which explores the interconnection of muscles 

and fascia within the human body, has been instrumental in 

the comprehension of muscle fatigue (Myers, 2020; Ostiak, 

Kaczmarek-Maciejewska, & Kasprzak, 2011). Studies have 

indicated that the coordination of muscle activity is influenced 

by both anatomical and functional connections among 

muscles, with the modular structure of functional networks 

largely influenced by anatomical constraints of the 

musculoskeletal system. Moreover, muscle synergies aid in 

simplifying the control issue of the musculoskeletal system 

through network theory analysis, demonstrating extensive 

connectivity between muscles at various frequency bands and 

unique network structures across different conditions 

(Kerkman, Daffertshofer, Gollo, Breakspear, & Boonstra, 

2018; Myers, 2020). Consequently, this aligns with the results 

of this study (Tables 2 and 3), which identified heightened 

muscle activation in the proximal lower limb muscles during 

both running and walking side cutting among individuals with 

CAI, compared to those without CAI. Moreover, notable 

statistically significant changes were observed with the onset 

of fatigue. 

Nevertheless, this study has some limitations. The 

broad inclusion criteria did not differentiate between various 

sports, potentially overlooking sport-specific factors 

influencing lower limb muscle function in individuals with 

CAI during fatigue. Additionally, the study did not compare 

results between genders and groups. The cross-sectional 

design also limits the ability to infer long-term effects and 

treatment outcomes. Future research should differentiate 

between sport types and include gender and group 

comparisons to enhance generalizability. Longitudinal studies 

are needed to evaluate the effectiveness of training programs 

targeting CAI under fatigue conditions, focusing on treatment 

outcomes. 

 

4. Conclusions 
 

This study confirms that understanding these 

patterns highlights the importance of designing rehabilitation 

programs for individuals with chronic ankle instability (CAI). 

These programs should focus not only on the ankle but also on 

the proximal lower limb muscles to improve stability and 

reduce the risk of future injuries. 
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