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ABSTRACT 

Alpine skiing imposes substantial neuromuscular and physiological demands due to 

repeated eccentric and concentric muscle contractions under high mechanical loads. Previous 

research has examined fatigue-related changes in muscle activity during skiing, yet most studies 

have relied on short sampling durations, often analyzing only a few turns or a single run. As a 

result, little is known about changes in neuromuscular responses under cumulative physical load 

over multiple consecutive days. Therefore, the purpose of this study was to examine changes in 

muscle activation, compensatory neuromuscular strategies, and performance changes over three 

consecutive days of alpine skiing in an elite skier. Using surface electromyography (sEMG), 

heart rate (HR), and ratings of perceived exertion (RPE), this field-based single-subject case 

study aimed to explore neuromuscular responses to cumulative internal load. A 27-year-old elite 

female skier performed on-snow standardized measurement protocol across three consecutive 

days. Each day included two measurement runs and six free runs: measurement run 1, six free-

skiing runs to induce internal load, and measurement run 2. sEMG data were collected from 

seven muscles and analyzed using root mean square (RMS) amplitude. HR and RPE were 

measured post-run to monitor physiological and perceptual load. EMG data were analyzed using 

repeated-measures ANOVA with factors Time (Run 1 vs. Run 2) and Day (1–3), conducted 

separately for each muscle and leg (outside vs. inside). Significant main or interaction effects 

were followed by Tukey's post hoc tests (p < .05). Paired t-test (p < .01) was used to analyze 

performance changes. HR and RPE increased within each day, with elevated RPE at baseline on 

Day 3. EMG activation showed a decrease in outside-leg muscles but increased activation in 

inside-leg muscles, suggesting a shift in neuromuscular activity. Despite these changes, turn time 

remained consistent. This implies preserved performance via compensatory neuromuscular 

strategies. These results suggest that increased internal load may trigger flexible motor 

adaptations to maintain task performance under cumulative load. Understanding these adaptation 

patterns is critical for evaluating performance capacity and injury risk in elite athletes. 
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CHAPTER ONE 

INTRODUCTION 

Alpine skiing is a high-intensity sport characterized by continuous turning, rapid load 

transfer, and substantial concentric and eccentric muscle demands, especially under high ground 

reaction forces that can reach up to five times body weight (Babiel et al., 1997; Nakazato et al., 

2011; Supej & Holmberg, 2019). According to Babiel et al (1997), alpine ski racers experience 

ground reaction forces (GRFs) ranging from 3,000 to 6,000 N, whereas recreational skiers 

typically exhibit GRFs around 1,500 N (Nakazato et al., 2011). During intense turns, increased 

intramuscular pressure can decrease muscle blood flow, therefore reducing oxygen delivery to 

active muscle fibers (Szmedra et al., 2001). This physiological constraint shifts energy reliance 

toward anaerobic metabolism and accelerates glycogen depletion, leading to earlier onset of 

fatigue (Tesch et al., 1978). To maintain balance, speed, and control during turns, skiers rely on 

coordinated activation of multiple muscle groups, including the quadriceps, hamstrings, gluteus 

medius, and erector spinae. These muscles undergo repeated concentric and eccentric 

contractions throughout each turn, with the eccentric phase typically lasting longer than the 

concentric phase (Koller et al., 2015). Although eccentric contractions are essential for speed 

control and postural stability, restricted oxygen delivery and reduced blood flow during turns 

may lead to rapid glycogen depletion in fast-twitch fibers, resulting in early fatigue (Szmedra et 

al., 2001; Tesch et al., 1978). Those results demonstrate high biomechanical and physiological 

stresses occurring during alpine skiing. 

Eccentric fatigue resulting from repeated turns has been associated with reduced force 

production, potentially impairing technical performance and increasing injury risk (Koller et al., 
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2015; Kröll et al., 2010). While high-frequency fatigue has also been reported after short alpine 

skiing sessions, which reflects excitation–contraction impairments, such physiological strain 

does not always lead to measurable performance decline, especially in elite athletes (Tomazin et 

al., 2008).  

The impact of repeated ski turns on performance is not always straightforward. For 

instance, while some studies reported increased section time, energy dissipation, and altered 

force application under fatigue (Chollet et al., 2024), some studies found no significant 

neuromuscular alterations or performance decline after repeated runs in elite skiers (Alhammoud 

et al., 2022). These findings suggest that performance fluctuations under high physiological and 

biomechanical load may not be solely due to fatigue, but could also reflect strategic 

neuromuscular adaptations to preserve task outcomes. These adaptations may involve the 

redistribution of muscular effort, altered neuromuscular strategies, or modified coordination 

patterns. These concepts are consistent with Bernstein’s theory of “repetition without repetition,” 

which describes how skilled performers reorganize motor solutions flexibly under changing 

constraints (Ranganathan et al., 2020).  From this perspective, fatigue is not only a physiological 

limitation but also a trigger for flexible motor control strategies. 

However, most existing studies analyzed only short skiing bouts or a limited number of 

turns, which fail to adequately reflect the process of adaptation or compensatory strategies 

among muscles. Therefore, the purpose of this study was to examine (1) changes in muscle 

activation, (2) compensatory neuromuscular strategies, and (3) alterations in performance (turn 

time) over three consecutive days in an elite-level alpine skier. This study aims to investigate 

potential neuromuscular responses to accumulated physical demand in an on-snow skiing 
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environment. This study may contribute to future understanding of training and potential injury 

risk in high-level performance settings. 

Research Question 

How do muscle activation and turn performance change within and across days during prolonged 

alpine skiing in an elite-level skier? 

Hypothesis 

It was hypothesized that there would be an increase in EMG amplitude across key lower-

limb and trunk muscles, including the erector spinae, gluteus medius, rectus femoris, biceps 

femoris, vastus lateralis, vastus medialis, and peroneus longus on both inside and outside legs. It 

was further hypothesized that this fatigue would lead to measurable performance changes, 

specifically an increase in turn time. Additionally, heart rate (HR) and ratings of perceived 

exertion (RPE) were expected to increase over time as indicators of growing physiological and 

perceptual fatigue.  
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CHAPTER TWO 

LITERATURE REVIEW 

Overview of Alpine Skiing 

History of Skiing 

The origins of skiing can be traced back as early as 4000 B.C. (Rayner, 1989). In these 

ancient times, skiing was primarily employed as a practical means of transportation for purposes 

such as hunting and military operations (Rayner, 1989; Torry & Steadman, 2001). Norwegian 

culture played a particularly influential role in developing skiing for recreation and racing 

purposes. In the 18th century, the Norwegian military held ski training events with downhill 

racing and shooting (Rayner, 1989). These kinds of activities foreshadowed the modern biathlon. 

By the mid-19th century, skiing began to shift from a practical mode of transport to an organized 

sport. Pioneering Norwegian skiers such as Sondre Norheim introduced essential technical 

advancements, most notably the Telemark and Christiania turns, and redesigned ski equipment 

with innovations like flexible bindings and sidecut skis (Lund, 1996). The Christiania turn was 

first demonstrated by Sondre Norheim and his companions during a ski competition in 

Christiania (now Oslo) in 1868 (Lund, 1996). While later popularized and systematized in 

instructional methods by Hannes Schneider in the early 20th century, the original Christiania 

technique traces back to Norheim’s innovation. These developments enabled more agile and 

controlled downhill movement, transforming skiing into a dynamic recreational and competitive 

activity and laying the foundation for what would become modern alpine skiing (Lund, 1996). 
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One of the earliest known public skiing competitions took place in Tromsø, Northern 

Norway, in 1843, marking a significant shift from military to recreational use of skiing (CISM 

Europe, n.d.). These innovations formalized alpine skiing as separate from other skiing styles and 

laid the foundation for competitive racing. The sport’s structure was further solidified with the 

formation of the International Ski Federation (FIS) in 1924 and the inaugural FIS Alpine World 

Championships in 1931. According to the International Olympic Committee (IOC), alpine skiing 

was first included in the Olympics in 1936, with a combined downhill-slalom event for both men 

and women. In later years, new events such as the giant slalom (1952) and super-G (1988) were 

added to the Olympic program. The introduction of the Alpine Skiing World Cup in 1967 marked 

the professionalization and global growth of the sport (Lund, 1996).  

Although alpine skiing gained popularity in Europe during the early 20th century, it 

remained relatively unfamiliar to the North American public (Torry & Steadman, 2001). The 

1932 Winter Olympics in Lake Placid did not feature alpine skiing as an official event, but the 

games helped spark broader interest in winter sports, setting the stage for alpine skiing’s eventual 

rise in popularity in the United States. Since then, the skiing population has accelerated 

significantly, with the help of advancements in technique, instruction, equipment design, 

automated ski lifts, greater access to mountain resorts, and widespread media exposure (Torry & 

Steadman, 2001). Today, alpine skiing is not only an elite competitive sport but also a 

recreational activity enjoyed by approximately four million participants in the United States 

alone (Johnson & Pope, 1991).  
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Alpine Skiing 

Alpine skiing, also known as downhill skiing, is skiing with a fixed-heel binding and skiing 

downhill on flat or steep slopes or courses with gates. It requires high speed, agility, and joint 

control, especially in competitive settings. It is recognized worldwide as both a competitive sport 

and a popular recreational activity. It is one of the most prominent Winter Olympic sports and 

has a longstanding international appeal. Winter sports participation has risen worldwide, with 

approximately 400 million ski resort visits globally in recent seasons (Vanat, 2022). This 

highlights the massive recreational engagement in skiing. In terms of recreational participation, 

alpine skiing is a major part of the winter tourism industry. According to the National Ski Area 

Association (NSAA), in the 2022/23 season, U.S. ski resorts recorded a record 65.4 million skier 

visits, 60.5 million in 2023/24, and 61.5 million in the 2024/25 season. This reflects a strong and 

growing interest in skiing among the American public and highlights the global popularity of 

alpine skiing, both as a competitive and recreational sport. 

Beyond its recreational popularity, alpine skiing has a wide organizational reach. The 

International Ski Federation (FIS) includes over 140 member nations and sanctions thousands of 

competitions each year. Thousands of competitive alpine skiers are registered worldwide under 

the International Ski Federation (FIS).  

Alpine skiing demands complex physical, technical, and tactical skills from racers.  At 

the elite level (e.g., World Cup), winning margins are often extremely narrow, and podium 

positions are often decided by fractions of a second (Hébert-Losier et al., 2014). This sport 

features four individual events sanctioned by the International Ski Federation (FIS): slalom (SL), 

giant slalom (GS), super-G, and downhill (DH). Each event differs in speed demands, gate 



8 

 

spacing, and technical complexity (Alejo et al., 2021). According to FIS, downhill (DH) is the 

longest course with the highest speeds, characterized by steep terrain and few turns. Athletes 

make one run in which they routinely reach speeds of 100–160 km/h, lasting approximately 2 to 

2.5 minutes. Super-G (super giant slalom) is also a single-run “speed” event that combines 

downhill’s emphasis on speed with more frequent and precise turning, as gates are set a bit closer 

than in downhill. Its duration ranges from approximately 55 seconds to 2 minutes. Racers can 

reach speeds from 105 to 120 km/h. In contrast, giant slalom (GS) and slalom are classified as 

“technical” disciplines. They have tighter gate sets that require rapid turning. Slalom uses the 

shortest course and requires quick, short-radius turns through closely spaced gates (45-75 gates). 

The course is typically completed in 50 seconds to 1 minute and 15 seconds by elite racers, with 

speeds averaging 50-80km/h. GS features a longer course with a larger radius and wider turns 

(35-60 gates). Speeds average 60-100km/h and typically last between 50 seconds and 1 minute 

and 20 seconds. Both slalom and GS are raced over two runs on different courses. Combined 

times determine the winner.  

In alpine skiing, turns are performed using either skidding or carving techniques. Each 

has distinct biomechanical and physiological characteristics. Skidding is commonly used by 

recreational skiers. It involves a controlled lateral slip of the skis, allowing easy speed control 

but resulting in greater energy dissipation due to friction. It is typically performed with lower 

edge angles and has uneven pressure distribution on the skier’s feet and fluctuating ground 

reaction forces (Müller et al., 1998). In contrast, carving is the technique preferred by elite 

athletes. This technique allows skiers to carve the skis purely along their edges, minimizing 

lateral slip and preserving kinetic energy throughout the turn (Müller et al., 1998; Müller & 
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Schwameder, 2003). Carving requires higher edge angles and precise timing, which enables 

cleaner force application and greater stability (Müller et al., 1998). While carving allows for 

superior speed and directional precision, it also demands greater technical skill and 

neuromuscular control. Ultimately, the choice of technique reflects a trade-off between control, 

balance, and performance. Recreational skiers prioritize stability and adaptability through 

skidding, whereas competitive athletes favor carving to maximize efficiency and race outcomes. 

Physiological Demands of Alpine Skiing 

Recreational skiers 

Recreational skiing is usually performed at lower intensities than competitive racing. 

However, it still places significant cardiovascular and metabolic demands during prolonged 

sessions. During recreational skiing, thousands of repeated contractions occur throughout the 

day. As a result, some level of fatigue is inevitable (Seifert et al., 2009). Recreational skiers 

sustain around 82% of their maximal heart rate during extended skiing, reflecting a substantial 

aerobic load even in non-competitive settings (Seifert et al., 2009). Unlike competitive runs that 

are short but intense, recreational skiing often consists of repeated runs interspersed with rest 

over several hours, which can still lead to cumulative fatigue despite the lower intensity.  

Blood lactate accumulation remains considerably lower in recreational skiers compared 

to racers, consistent with their reduced reliance on anaerobic glycolysis; however, over hours of 

skiing, modest lactate buildup can still occur and contribute to fatigue (Seifert et al., 2009). 

Small but significant increases in physiological stress markers such as cortisol and creatine 

kinase have been observed after recreational skiing sessions, suggesting that even moderate-
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intensity skiing can induce notable strain on both muscular and metabolic systems (Seifert et al., 

2009). 

Muscle activity during recreational skiing relies heavily on eccentric contractions. The 

knee extensors, especially the quadriceps, act as brakes and shock absorbers during turns and 

deceleration (Kröll et al., 2010). Although contractions are typically lower in intensity compared 

to competitive skiing, the repetitive turns over prolonged periods can lead to eccentric muscle 

fatigue. Koller et al. (2015) demonstrated that four hours of recreational skiing significantly 

reduced eccentric quadriceps and hamstring strength, with impairments persisting for up to 24 

hours post-exercise. This highlights the prolonged recovery required after repeated eccentric 

loading, which is less responsive to traditional endurance training (Koller et al., 2015). 

Additionally, delayed-onset muscle soreness is common among recreational skiers, particularly 

those unaccustomed to the mechanical stress of skiing, underscoring the physiological impact of 

eccentric muscle contractions even in non-competitive contexts (Koller et al., 2015).  

In addition, recreational skiers exhibit around 1500 N of Ground Reaction Force (GRF) 

during ski turns (Nakazato et al., 2011). When skiers exhibit these high GRFs, there is first a 

decrease in muscle blood flow which decreases oxygen delivery accordingly, and then the body 

relies on glycogen utilization, accelerating fatigue (Szmedra et al., 2001; Tesch et al., 1978).  

Competitive skiers 

Competitive alpine skiing demands greater intensity than recreational skiing. Athletes 

must complete short, extremely demanding runs that maximally engage both anaerobic and 

aerobic metabolic systems. In slalom and giant slalom, each run typically lasts 50 seconds to 1 

minute and 20 seconds. Heart rates often reach near-maximal levels, with skiers approaching 200 
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bpm by the end of a run (Polat, 2016). During these high-intensity efforts, skiers sustain 

approximately 75% or more of their maximal oxygen uptake (VO₂max), reflecting a profound 

aerobic component even during brief runs (Polat, 2016).  

Despite this significant aerobic contribution, competitive skiing places an even greater 

reliance on anaerobic glycolysis. Approximately 40–60% of the energy required for slalom and 

giant slalom runs is supplied by anaerobic pathways, as evidenced by high post-run blood lactate 

concentrations averaging 9–14 mmol/L (Bottollier et al., 2020; Tesch et al., 1978).  Polat (2016) 

reported similar findings in giant slalom racers, with blood lactate levels averaging around 10 

mmol/L after a single run. This combination of high heart rates and elevated lactate highlights 

the simultaneous heavy engagement of both aerobic and anaerobic energy systems in competitive 

skiing. 

Elite skiers exhibit muscular adaptations that enable them to better tolerate and perform 

under these extreme demands. Frequent and intense eccentric contractions of the quadriceps 

dominate the movement pattern in competitive alpine skiing, particularly during long radius 

giant slalom type turns. During these turns, the eccentric phase of knee extension lasts nearly 

twice as long as the concentric phase and elicits EMG activity levels approaching those observed 

during maximal voluntary contractions (Berg et al., 1995). These adaptations enhance eccentric 

strength and endurance, allowing elite skiers to resist the large centrifugal and ground reaction 

forces experienced during aggressive carving turns (Müller & Schwameder, 2003). 

Racers exhibit 3000-6000 N of GRF when turning (Babiel et al., 1997). As seen in 

recreational skiers, high ground reaction forces lead to hypoxia and ischemia, resulting in a 

greater rate of glycogen depletion, which accelerates fatigue. (Szmedra et al., 2001; Tesch et al., 
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1978). Tesch et al (1995) noted that repeated runs or intense training days can markedly reduce 

muscle glycogen, with studies showing decreases of approximately 32 mmol/kg in a single day 

(Andersen & Montgomery, 1988). This depletion, combined with cumulative eccentric muscle 

damage, underlies the performance decline and increased risk of injury observed toward the end 

of prolonged competitive sessions (Tesch et al., 1978). In summary, these findings emphasize 

that competitive skiing places physiological demands on the neuromuscular and metabolic 

systems, requiring exceptional strength, endurance, and recovery capacity to maintain 

performance at the elite level. 

Biomechanical demand 

Recreational skiers 

Recreational skiers typically ski at slower speeds, using longer turn radii and more 

skidding-based techniques to control their ski turns. Also, they often exhibit more extended joint 

angles, ranging from 110 to 150 degrees, sometimes even more. These strategies result in lower 

ground reaction forces (GRFs) compared to competitive skiing, reducing the overall muscular 

and joint stress experienced during each turn (Scheiber et al., 2012; Supej & Holmberg, 2019). 

Although precise GRF measurements vary with slope conditions and skier skill, recreational 

skiing generally produces smaller peak forces per turn (Scheiber et al., 2012).  

Terrain selection also differs for recreational skiers, who often choose moderate slopes 

where they can self-regulate speed and difficulty. While this environment imposes lower 

biomechanical demands than racing courses, irregular snow surfaces or icy patches can still 

challenge stability, requiring active engagement of the core and lower-limb muscles to maintain 

balance. 
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Competitive skiers 

Competitive alpine skiing places exceptional biomechanical demands on athletes due to 

higher speeds, tighter turn radii, and the need to ski down steep, icy, and technically challenging 

courses marked with gates. When turning, competitive racers typically ski with deep joint 

flexion, about 90 to 120 degrees in the knee joint, to absorb force and maximize performance. In 

addition, during aggressive carved turns, elite skiers can experience peak ground reaction forces 

of 2 to 5 times their body weight, particularly in tight turns at high speeds (Supej & Holmberg, 

2019). These extreme forces require the quadriceps and other lower-limb muscles to perform 

intense eccentric contractions to decelerate and control the skier’s trajectory (Berg et al., 1995).  

Terrain plays a central role in shaping the biomechanical demands faced by competitive 

skiers. Courses for slalom and giant slalom events often feature steep gradients, variable snow 

conditions, and rapidly changing terrain undulations, which increase the neuromuscular and 

postural control requirements compared to recreational skiing (Supej et al., 2018). Muscle 

activation nearly doubles when skiers move from flat to steep terrain, highlighting the amplifying 

effect of slope gradient on intensity (Kröll et al., 2010). The need to rapidly adapt to gate 

placement, icy surfaces, and sudden terrain changes requires an athlete’s coordination, balance, 

and muscular endurance. 

Moreover, competitive skiers must endure high-frequency vibrations during high-speed 

carving on hard-packed or icy snow, which impose significant loads on the lumbar spine and 

core stabilizers. These vibrations are associated with increased risk of low-back pain and 

cumulative spinal stress in elite athletes (Spörri et al., 2017; Supej et al., 2018). Unlike 

recreational skiers, competitive athletes cannot self-regulate speed or terrain difficulty and are 

instead required to maintain technique through these vibrations and variable conditions. 
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Competitive skiers also rely heavily on efficient movement patterns to maximize speed 

and minimize energy loss. Carving techniques, which emphasize precise edge engagement and 

minimal skidding, allow racers to preserve speed and control trajectory while reducing 

unnecessary deceleration (Müller et al., 1998). In contrast, technique breakdown or 

compensatory errors under fatigue can result in wider trajectories and increased skidding, which 

dissipate energy and slow the skier down (Chollet et al., 2024). Therefore, elite athletes train to 

sustain optimal movement mechanics even under high fatigue, demonstrating refined 

neuromuscular control that distinguishes them from less experienced skiers. 

Fatigue and Performance in Skiing 

Muscle fatigue plays a critical role in alpine skiing performance by compromising force 

production, coordination, and balance (Koller et al., 2015; Riscart-López et al., 2025). Fatigue 

develops through multiple mechanisms, including central fatigue (reduced neural drive), 

peripheral fatigue (impairments within the muscle fibers), and eccentric-induced muscle damage 

(Ferguson, 2010). Alpine skiing’s unique stretch-shortening cycles and frequent eccentric 

contractions of the quadriceps make eccentric-specific fatigue particularly prominent, even 

among recreational skiers (Koller et al., 2015). Koller et al. (2015) found that four hours of 

recreational skiing significantly reduced eccentric quadriceps and hamstring strength, with 

decrements persisting 24 hours post-exercise, highlighting the need for prolonged recovery 

following eccentric muscle damage. 

Sustained muscular contractions during turns can impede muscle perfusion, creating 

localized ischemia and hypoxia that contribute to fatigue during skiing (Szmedra et al., 2001). 

This leads to greater anaerobic energy reliance and metabolite accumulation (e.g., free protons 
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[H⁺], inorganic phosphate [Pi], and lactate), which impair calcium handling and excitation–

contraction coupling (MacIntosh et al., 2012). Fatigue also slows muscle conduction velocity and 

alters contraction kinetics, as demonstrated by reduced median EMG frequency during prolonged 

skiing (Kröll et al., 2011). Moreover, muscle glycogen depletion, driven by intensive recruitment 

of both slow and fast twitch fibers, reduces force-generating capacity. (Tesch et al., 1978). 

The effects of fatigue manifest as degraded skiing performance across multiple domains. 

Chollet et al. (2024) observed that fatigued skiers had ~19% reductions in maximal voluntary 

knee extensor force and longer section times over just four giant slalom turns and increased 

trajectory deviation. Fatigue responses differ markedly with skill level. Recreational skiers who 

often have lower aerobic capacity and neuromuscular coordination experience earlier and more 

pronounced fatigue. Koller et al. (2015) showed that after a single session of recreational skiing, 

these skiers demonstrated significant eccentric strength reductions, and Kröll et al. (2011) found 

they unconsciously compensated by shifting weight toward the inside ski and delaying weight 

transfer during turns. These adaptations resulted in increased skidding, reduced turn precision, 

and slower speeds, compensatory strategies that helped manage fatigued muscles but degraded 

performance (Kröll et al., 2011).   

Recreational intermediate skiers also tend to rely on maladaptive compensations, such as 

excessive co-contraction of the quadriceps and hamstrings, leading to increased joint stiffness 

and reduced energy efficiency (Kiryu et al., 2011). In contrast, elite skiers demonstrate greater 

resistance to fatigue, maintaining consistent turn times, muscle activation patterns, and 

kinematics across repeated intense runs (Alhammoud et al., 2022). When elite skiers experience 
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fatigue, they employ refined strategies, such as lengthening turn radii or modulating edge 

engagement timing, to preserve control and minimize performance loss (Chollet et al., 2024). 

Overall, fatigue in alpine skiing, whether central, peripheral, or eccentric, leads to 

deteriorations in force production, trajectory control, muscle activation timing, and postural 

stability, increasing the risk of technical errors or injury. Skill level strongly influences the 

degree of impairment, with elite skiers exhibiting superior fatigue resistance and compensatory 

strategies. 

Compensatory Strategies Under Fatigue  

In dynamic sports like skiing, internal physiological stress does not always lead to 

external performance decline, particularly in elite athletes. Motor adaptations under internal 

loads are crucial for maintaining optimal performance. Rather than resulting in abrupt 

performance failure, fatigue often initiates a cascade of neuromuscular compensatory 

mechanisms that preserve performance despite internal physiological decline (Enoka & 

Duchateau, 2016). These adaptations include modifications in motor unit recruitment, firing rate 

modulation, and reorganization of intermuscular coordination patterns. 

One well-documented response to peripheral fatigue is the progressive recruitment of 

additional or higher-threshold motor units as lower-threshold units become fatigued (Enoka et 

al., 2011). In surface electromyography (sEMG), this recruitment compensation is typically 

reflected in increased root mean square (RMS) amplitude and altered signal frequency content 

(Cifrek et al., 2009). While early fatigue may elevate EMG amplitude due to increased motor 

unit recruitment, later stages often involve reductions in amplitude or increased variability, 
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reflecting both motor unit drop-out and complex compensatory activity (González-Izal et al., 

2012).   

In addition, compensatory strategies often emerge at the level of movement coordination 

across multiple muscles. Ranganathan et al. (2020) described this as an expression of “motor 

degeneracy,” wherein the central nervous system (CNS) flexibly reorganizes motor solutions 

using structurally different combinations of muscles to achieve the same task goal. In this 

perspective, compensatory motor patterns are not anomalies but rather essential expressions of a 

skilled system responding to internal or external constraints, such as fatigue. These adjustments 

may involve the redistribution of effort between agonist and synergist muscles or between limbs. 

As a result, it allows the skier to maintain consistent performance (e.g., turn timing) despite 

altered physiological conditions. 

The CNS's ability to adapt in this way is supported by the concept of “repetition without 

repetition,” which posits that skilled performance is maintained not by repeating identical 

movements, but by achieving consistent outcomes through variable, flexible coordination 

(Ranganathan et al., 2020). In high-level sports performance, such flexibility is critical, as it 

enables the athlete to respond dynamically to fatigue or perturbation without loss of control or 

precision.  

Notably, while EMG is commonly used to infer fatigue, changes in EMG amplitude or 

frequency alone do not directly equate to loss of performance. Rather, these changes may reflect 

underlying compensatory processes aiming to maintain output (Cifrek et al., 2009; González-Izal 

et al., 2012). Accordingly, interpreting EMG data in fatigue contexts requires consideration of 

both physiological impairment and the adaptive strategies employed to counteract it. 
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Together, these findings highlight that neuromuscular compensation is a central feature of 

fatigue response in skilled movement. EMG alterations may not only serve as indicators of 

physiological strain but also reflect the flexible and redundant control strategies deployed to 

preserve performance under load. 

Electromyography 

Surface electromyography (sEMG) is a non-invasive method to record the electrical 

signals produced by active muscles using electrodes on the skin (Maxwell & Hull, 1989). Key 

domains of the EMG signal include its amplitude, frequency content, and time. The amplitude 

(often quantified as the root-mean-square, RMS, of the signal) reflects the intensity of muscle 

activation. Greater EMG amplitude indicates more motor units recruited and/or greater firing 

rates (Kröll et al., 2011). The frequency content of the EMG signal, often represented by mean or 

median frequency, reflects the conduction velocity of muscle fiber action potentials and 

recruitment patterns of different motor units (Kröll et al., 2011). Lastly, the timing aspect of 

EMG refers to when muscles turn on and off or peak in activity relative to movement phases, 

revealing coordination patterns across muscles (Kröll et al., 2011). Together, these EMG 

parameters provide insight into neuromuscular function, which is particularly useful in dynamic 

sports like alpine skiing, where muscle activation is complex and high in intensity. 

Muscle fatigue, defined as the exercise-induced reduction in the muscle’s ability to 

generate force, manifests in characteristic ways in EMG signals (Enoka & Duchateau, 2016; 

Kröll et al., 2010). As fatigue progresses, EMG amplitude tends to change. During sustained 

submaximal contractions, the RMS amplitude often increases as additional motor units are 

recruited to compensate for fatigued fibers and maintain force output (Kröll et al., 2011; 
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Petrofsky & Phillips, 1985). EMG frequency content usually shifts to lower frequencies with 

fatigue. This effect is linked to slowed muscle fiber conduction velocity due to metabolite 

buildup (e.g. protons) and the preferential fatigue of fast, high-frequency motor units (Kröll et 

al., 2011). A declining mean or median frequency in the EMG power spectrum is therefore a 

hallmark of local muscle fatigue (Enoka et al., 2011; Kröll et al., 2010). Finally, EMG timing can 

be disrupted by fatigue. Fatigue often delays the onset of muscle activation or alters the 

sequencing of muscle firing, as the nervous system compensates for weaker muscles (Kröll et al., 

2011; Millet et al., 2011).   

Research Gaps 

Although existing research has provided important insights into neuromuscular responses 

during alpine skiing, several gaps remain in understanding how athletes adapt under prolonged 

internal load. The majority of studies rely on brief sampling durations, often analyzing only a 

few turns or a single run, which limits understanding of how muscle activity and performance 

change over multiple consecutive days of skiing. 

Conclusion 

While alpine skiing presents significant neuromuscular, physiological, and biomechanical 

demands due to repetitive high-load turns and prolonged eccentric contractions, elite skiers often 

maintain stable performance even under fatigue. This performance consistency may not indicate 

the absence of fatigue but rather the presence of compensatory neuromuscular strategies that 

preserve performance. Surface EMG provides insight into these internal adaptations by capturing 

changes in muscle activation amplitude and patterns. However, previous studies have been 
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limited by short observation periods and few turns, making it difficult to examine the changes in 

muscle activation during prolonged alpine skiing over multiple days. Therefore, this study aims 

to uncover subtle shifts in neuromuscular coordination that reflect fatigue responses and 

compensatory strategies. 
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Abstract 

Alpine skiing imposes substantial neuromuscular and physiological demands due to 

repeated eccentric and concentric muscle contractions under high mechanical loads. Previous 

research has examined fatigue-related changes in muscle activity during skiing, yet most studies 

have relied on short sampling durations, often analyzing only a few turns or a single run. As a 

result, little is known about changes in neuromuscular responses under cumulative physical load 

over multiple consecutive days. Therefore, the purpose of this study was to examine changes in 

muscle activation, compensatory neuromuscular strategies, and performance changes over three 

consecutive days of alpine skiing in an elite skier. Using surface electromyography (sEMG), 

heart rate (HR), and ratings of perceived exertion (RPE), this field-based single-subject case 

study aimed to explore neuromuscular responses to cumulative internal load. A 27-year-old elite 

female skier performed on-snow standardized measurement protocol across three consecutive 

days. Each day included two measurement runs and six free runs: measurement run 1, six free-

skiing runs to induce internal load, and measurement run 2. sEMG data were collected from 

seven muscles and analyzed using root mean square (RMS) amplitude. HR and RPE were 

measured post-run to monitor physiological and perceptual load. EMG data were analyzed using 

repeated-measures ANOVA with factors Time (Run 1 vs. Run 2) and Day (1–3), conducted 

separately for each muscle and leg (outside vs. inside). Significant main or interaction effects 

were followed by Tukey's post hoc tests (p < 0.05). Paired t-test (p < 0.01) was used to analyze 

performance changes. HR and RPE increased within each day, with elevated RPE at baseline on 

Day 3. EMG activation showed a decrease in outside-leg muscles but increased activation in 

inside-leg muscles, suggesting a shift in neuromuscular activity. Despite these changes, turn time 
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remained consistent. This implies preserved performance via compensatory neuromuscular 

strategies. These results suggest that increased internal load may trigger flexible motor 

adaptations to maintain task performance under cumulative load. Understanding these adaptation 

patterns is critical for evaluating performance capacity and injury risk in elite athletes. 

Introduction 

Alpine skiing is a high-intensity sport characterized by continuous turning, rapid load 

transfer, and substantial concentric and eccentric muscle demands, especially under high ground 

reaction forces that can reach up to five times body weight (Babiel et al., 1997; Nakazato et al., 

2011; Supej & Holmberg, 2019). According to Babiel et al (1997), alpine ski racers experience 

ground reaction forces (GRFs) ranging from 3,000 to 6,000 N, whereas recreational skiers 

typically exhibit GRFs around 1,500 N (Nakazato et al., 2011). During intense turns, increased 

intramuscular pressure can decrease muscle blood flow, therefore reducing oxygen delivery to 

active muscle fibers (Szmedra et al., 2001). This physiological constraint shifts energy reliance 

toward anaerobic metabolism and accelerates glycogen depletion, leading to earlier onset of 

fatigue (Tesch et al., 1978). To maintain balance, speed, and control during turns, skiers rely on 

coordinated activation of multiple muscle groups, including the quadriceps, hamstrings, gluteus 

medius, and erector spinae. These muscles undergo repeated concentric and eccentric 

contractions throughout each turn, with the eccentric phase typically lasting longer than the 

concentric phase (Koller et al., 2015). Although eccentric contractions are essential for speed 

control and postural stability, restricted oxygen delivery and reduced blood flow during turns 

may lead to rapid glycogen depletion in fast-twitch fibers, resulting in early fatigue (Szmedra et 
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al., 2001; Tesch et al., 1978). Those results demonstrate high biomechanical and physiological 

stresses occurring during alpine skiing. 

Eccentric fatigue resulting from repeated turns has been associated with reduced force 

production, potentially impairing technical performance and increasing injury risk (Koller et al., 

2015; Kröll et al., 2010). While high-frequency fatigue has also been reported after short alpine 

skiing sessions which reflects excitation–contraction impairments, such physiological strain does 

not always lead to measurable performance decline, especially in elite athletes (Tomazin et al., 

2008).   

The impact of repeated ski turns on performance is not always straightforward. For 

instance, while some studies reported increased section time, energy dissipation, and altered 

force application under fatigue (Chollet et al., 2024), some studies found no significant 

neuromuscular alterations or performance decline after repeated runs in elite skiers (Alhammoud 

et al., 2022). These findings suggest that performance fluctuations under high physiological and 

biomechanical load may not be solely due to fatigue but could also reflect strategic 

neuromuscular adaptations to preserve task outcomes. These adaptations may involve the 

redistribution of muscular effort, altered neuromuscular strategies, or modified coordination 

patterns. These concepts are consistent with Bernstein’s theory of “repetition without repetition,” 

which describes how skilled performers reorganize motor solutions flexibly under changing 

constraints (Bernstein, 1967; Ranganathan et al., 2020). From this perspective, fatigue is not only 

a physiological limitation but also a trigger for flexible motor control strategies. 

However, most existing studies analyzed only short skiing bouts or a limited number of 

turns, which fail to adequately reflect the process of adaptation or compensatory strategies 
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among muscles. Therefore, the purpose of this study was to examine (1) changes in muscle 

activation, (2) compensatory neuromuscular strategies, and (3) alterations in performance (turn 

time) over three consecutive days in an elite-level alpine skier. This study aims to investigate 

potential neuromuscular responses to accumulated physical demand in an on-snow skiing 

environment. This study may contribute to future understanding of training and potential injury 

risk in high-level performance settings. 

Methods 

Participant 

A single elite skier (female; age: 27 yrs; height: 1.62 m; mass: 50 kg) participated in this 

case study. The participant had more than 10 years of competitive alpine skiing experience at the 

national level, with International Ski Federation (FIS) points in the 70s, indicating high-level 

competitive performance. Inclusion criteria were: a minimum of five years of alpine skiing 

experience, current participation in competitive skiing, and the ability to complete multiple 

consecutive runs with consistent technique. The participant had no history of lower extremity 

injury or neurological disorder in the past two years and was free from any musculoskeletal 

conditions that could affect performance or electromyography (EMG) measurements. Written 

informed consent was obtained prior to participation, and the study protocols were approved by 

the Montana State University Institutional Review Board under protocol number 1239.  
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Experimental Design 

The study was designed as a field-based single-subject study conducted over three 

consecutive days on a standardized measured course at Bridger Bowl Ski Area, Bozeman, MT. It 

aimed to replicate alpine skiing conditions and induce progressive fatigue in an elite skier. 

There was no restriction on usual life patterns. However, the participant was asked not to 

exercise 24 hours before this study. The participant was informed of the testing protocol, 

procedures, and safety considerations prior to data collection.  

Each testing day included two measurement runs, Measurement Run 1 and Measurement 

Run 2, to assess muscle activity before and after inducing fatigue. The measurement course was 

set with 27 brush gates, set at 20m diagonal and 5 meters offset. Data from the first two and the 

last turn of the course were deleted from data analysis to allow the skier to get up to a consistent 

speed and the last turn would not be a complete turn. Between these measurement runs, the 

participant completed six free skiing runs designed to induce fatigue. Each free skiing run 

consisted of an average of 48 turns, a corridor width of approximately 8 meters, and a slope was 

280 vertical meters. The participant was instructed to ski each run at high intensity as would be 

practiced in training runs. Also, the participant was asked to maintain technically consistent turns 

throughout the study.  

Prior to testing, the participant’s skin at electrode placement sites was shaved, lightly 

abraded, and cleaned with alcohol wipes to minimize impedance before attaching the EMG 

sensor. One warm-up run was completed, light skiing at comfortable speeds. After the warm-up 

run, the participant performed Measurement Run 1.  

During Measurement Runs 1, electromyography (sEMG) data were collected from seven 

muscles of the right lower limb and trunk (Erector spinae, Gluteus medius, Rectus femoris, 
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Biceps femoris, Vastus lateralis, Vastus medialis, Peroneus longus) using wireless surface EMG 

sensors (Delsys Trigno, Delsys Inc., Natick, MA, USA). EMG signals were synchronized with 

video recordings for later identification of crossover moments. 

Following Measurement Run 1, six free skiing runs were performed to induce fatigue. 

Each free skiing run consisted of an average of 48 turns on the same run. After completing the 

free runs, Measurement Run 2 was conducted using the same standardized course and 

measurement procedures as Measurement Run 1.  

Between runs, equipment was checked to ensure sensors remained secured. After each 

run, Ratings of Perceived Exertion (RPE; Borg scale 6–20) were recorded immediately after each 

free skiing run and measurement run to monitor fatigue progression. Heart rate was continuously 

monitored throughout each session using a chest-strap heart rate monitor (Wahoo TICKR, Wahoo 

Fitness, Atlanta, GA, USA) to ensure consistent exercise intensity, and the peak heart rate was 

recorded. A cooldown of light skiing and stretching was completed at the end of each day. The 

order of runs (Measurement Run 1, free skiing runs, Measurement Run 2) was kept consistent 

across all three days.  

Environmental Conditions 

The weather conditions, snow surface quality, and slope gradient were documented daily 

to account for potential external influences on performance. Temperatures ranged from 1°C to 

6°C, reflecting typical mid-spring weather. The course was groomed nightly, and soft spring 

snow conditions persisted throughout the three-day period. The measurement runs took place on 

an intermediate slope with an inclination of approximately 18 degrees. 
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Instrumentation 

All skiing was performed using the participant’s own skiing equipment (Rossignol HERO 

athlete 155cm length, 12m radius), which was kept consistent throughout the three days to 

minimize equipment-related variability. Surface electromyography (sEMG) data were collected 

using a wireless EMG. The raw EMG signals were recorded at 1,926 Hz with a gain of 300 using 

a portable datalogger (Trigno Personal Monitor, Delsys, Boston, MA, USA). EMG electrodes 

were placed on seven muscles on the right side: Erector spinae (ES), Gluteus medius (GM), 

Rectus femoris (RF), Biceps femoris (BF), Vastus lateralis (VL), Vastus medialis (VM), and 

Peroneus longus (PL). Prior to electrode placement, the skin was shaved, lightly abraded, and 

cleaned with alcohol wipes to reduce impedance. Electrodes were secured using double-sided 

tape according to SENIAM guidelines (Hermens et al., 1999), with placement landmarks for 

reproducibility across days. EMG signals were synchronized with video recordings for later 

identification of turn phases. Heart rate was continuously monitored throughout each session 

using a chest-strap heart rate monitor. Videos were recorded at 60 Hz to identify crossovers 

during analysis. To synchronize video and EMG data, the participant performed a brief, quick, 

and strong hip flexion movement prior to each run, which served as a synchronization marker. 

Data Analysis 

All EMG signals were visually inspected and analyzed offline using EMGworks software 

(Delsys Inc., Natick, MA, USA). A second-order Butterworth bandpass filter (20–400 Hz) was 

applied to reduce noise. Root mean square (RMS) amplitude was calculated using a 0.300-

second epoch with a 0.0625-second overlap. To account for variability in turn duration, RMS 

values were time-normalized by dividing by the corresponding turn time (RMS/turn time), 



34 

 

providing a consistent measure of muscle activation. EMG signals were synchronized with video 

recordings using hip flexion at the start of each measurement run as a synchronization marker. 

Percentage changes in RMS between pre- and post-fatigue conditions were used descriptively to 

evaluate alterations in muscle activity. 

For each measurement run, 12 turns from the outside leg and 12 from the inside leg were 

selected for analysis. The outside leg was defined as the leading leg, which bears more load and 

is positioned farther from the center of the turn (e.g., during a turn to the left, the right leg is the 

outside leg, and the left is the inside leg). 

To evaluate changes in muscle activation across measurement runs and days, both 

absolute and relative EMG values were used. Absolute values were calculated as root mean 

square (RMS) amplitudes from the filtered EMG signals. To normalize the data, relative EMG 

(%) values were calculated using the following equation: 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝐸𝑀𝐺 (%) =  
𝑀𝑒𝑎𝑛 − 𝑀𝑖𝑛

𝑀𝑎𝑥 − 𝑀𝑖𝑛
 ×  100 

This calculation was used to determine how muscle activation changed as a percentage of the 

overall activation range across days. This normalization helped account for between-day 

variability due to potential differences in electrode placement or snow conditions.  

EMG signals were synchronized with video recordings using a brief hip flexion 

performed at the start of each run. The GM signal aligned consistently with the video, serving as 

a synchronization marker. Crossover (CO) points were identified using both EMG and video 

data. Specifically, the CO point was defined as the moment when both skis were flat on the snow, 

which consistently corresponded with a sharp drop in VL activity and a characteristic pattern in 

GM activation. 
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Statistical Analysis 

All statistical analyses were performed using R software (version 4.3.1; R Core Team, 

Vienna, Austria). EMG data from the outside and inside legs were analyzed separately. Since 

EMG sensors were placed on the right leg, muscle activation was analyzed separately depending 

on whether the right leg served as the outside or inside leg during each turn, as muscle activation 

patterns are known to differ based on leg function and loading demands.  

To assess changes in muscle activity, a 2 (Time: Measurement Run 1 vs. Run 2) × 3 (Day: 

Day 1, 2, 3) repeated-measures ANOVA was conducted for each muscle using both absolute and 

% relative EMG values. Analyses were performed separately for the outside and inside legs to 

examine interaction effects (Time × Day) and main effects of Time and Day. When significant 

interactive effects were observed, Tukey’s post hoc tests were applied. Statistical significance for 

ANOVA was set at p < 0.05. Turn time was analyzed separately using paired t-tests to compare 

Run 1 and Run 2 within each day. To control for Type I error due to multiple comparisons, the 

significance level for these tests was set at p < 0.01.  

Results 

Heart Rate (HR) and Ratings of Perceived Exertion (RPE) 

Heart rate (HR) and ratings of perceived exertion (RPE) increased consistently from 

Measurement Run 1 to Measurement Run 2 across all three days (see Table 1). On Day 1, heart 

rate increased from 168 bpm to 175 bpm (87% to 91% HRmax), with RPE rising from 11 to 17 

immediately following each respective run. On Day 2, HR increased from 170 bpm to 180 bpm 

(88% to 93% HRmax), while RPE remained the same at 11 and 17. On Day 3, HR showed a 
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smaller increase (170 to 178 bpm; 88% to 92% HRmax), but RPE was elevated even before the 

session began (13 vs 11), increasing further to 18 after the second measurement run.  

Table 1. Heart rate (bpm) and ratings of perceived exertion (RPE) measured immediately after 

Measurement Run 1 and Run 2 across three days. 

Day Run 1 Run 2 

 HR (bpm) RPE HR (bpm) RPE 

1 168 11 175 17 

2 170 11 180 17 

3 170 13 178 18 

EMG Interaction Effect – Time × Day. 

Significant Time × Day interaction effects were observed in the GM, RF, BF, VM, and PL 

on the outside leg, indicating that the change in EMG activity from Run 1 to Run 2 varied 

depending on the day (see Table 2). As seen in Figure 2, GM showed decreased EMG from Run 

1 to Run 2 on both Day 1 (p < 0.0001) and Day 2 (p = 0.031). Figure 3 demonstrates significant 

decreases in RF from Run 1 to Run 2 on both Day 1 (p < 0.0001) and Day 2 (p = 0.003). The BF, 

seen in Figure 4, exhibited a significant decrease only on Day 1 (p < 0.0001). The VM (see 

Figure 6) showed a significant increase on Day 1 (p < 0.0001) and decreased on Day 2 (p = 

0.027). Lastly, the PL in Figure 7 showed a significant decrease on all the days (Day 1: p < 

0.0001, Day 2: p = 0.003, Day 3: p < 0.0001). No significant interactions were found in the ES 

and VL, indicating that their Run 1 to Run 2 changes did not vary across days.  

Table 2. Interaction Effects of Time × Day on EMG Activity in the Outside Leg 

Muscle F-value p-value ges Post hoc (Tukey's HSD) 

ES 0.24 0.789 0.004 - 

GM 15.97 < 0.001 *** 0.187 Day1(< 0.0001 ***), Day2(0.031 *) 

RF 6.58 0.006 ** 0.142 Day1(< 0.0001 ***), Day2(0.003 **) 

BF 10.11 0.001 ** 0.203 Day1(< 0.0001 ***) 

VL 0.09 0.914 0.002 - 
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VM 11.86 < 0.001 *** 0.201 Day1(< 0.0001 ***), Day2(0.027 *) 

PL 15.56 < 0.001 *** 0.214 Day1(< 0.0001 ***), Day2(0.003 **), 

Day3 (< 0.0001 ***) 

Note. p < 0.05 (*), p < 0.01 (**), p < 0.001 (***). 

Figure 1. Erector spinae activity for the outside leg across three days  

 

 

 

 

 

 

 

 

 

 

Table 2. Continued 
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Figure 2.  Gluteus medius activity for the outside leg across three days 

 

Note. Asterisks indicate significant interaction effects (*p < 0.05, **p < 0.01, ***p < 0.001). 

Figure 3. Rectus femoris activity for the outside leg across three days 

 
Note. Asterisks indicate significant interaction effects (*p < 0.05, **p < 0.01, ***p < 0.001). 
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Figure 4. Biceps femoris activity for the outside leg across three days 

 
Note. Asterisks indicate significant interaction effects (*p < 0.05, **p < 0.01, ***p < 0.001). 

Figure 5. Vastus lateralis activity for the outside leg across three days 
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Figure 6. Vastus medialis activity for the outside leg across three days 

 
Note. Asterisks indicate significant interaction effects (*p < 0.05, **p < 0.01, ***p < 0.001). 

Figure 7. Peroneus longus activity for the outside leg across three days 

 
Note. Asterisks indicate significant interaction effects (*p < 0.05, **p < 0.01, ***p < 0.001). 
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All seven muscles of the inside leg demonstrated significant Time × Day interaction 

effects (see Table 3). In contrast to the outside leg, most of the muscles on the inside leg showed 

a significant increase in muscle activity from Run 1 to Run 2, except VL and VM which showed 

a significant decrease (see Figure 8-14). The ES demonstrated a significant interaction (p = 

0.003), with increased Run 2 (post-fatigue) activity observed on Day 1 (p = 0.002) and Day 2 (p 

= 0.041). The GM showed strong interaction (p < 0.000001), with significant EMG increase 

from Run 1 to Run 2 on Day 1 (p < 0.0001) and Day 2 (p = 0.037). The RF showed a significant 

increase from Run 1 to Run 2 on all three days, including Day 1 (p < 0.01), Day 2 (p < 0.0001), 

and Day 3 (p < 0.01). BF also exhibited highly significant interactions (p < 0.000001), with an 

increase from Run 1 to Run 2 on all three days, including Day 1 (p < 0.0001), Day 2 (p < 0.01) 

and Day 3 (p < 0.001). However, in the VM, EMG activity significantly decreased from Run 1 to 

Run 2 on Day 1(p = 0.0001) and Day 2 (p = 0.004). Similar to VL, EMG activity of the VM 

significantly increased from Run 1 to Run 2 on Day 1 (p < 0.0001), but decreased on Day 2 (p < 

0.001). Lastly, the PL showed an increase in EMG across all three days (p < 0.0001), including 

Day 1(p < 0.001), Day 2 (p < 0.001), and Day 3 (p = 0.048).  

Table 3. Interaction Effects of Time × Day on EMG Activity in the Inside Leg 

Muscle F-value p-value ges Post hoc (Tukey's HSD) 

ES 8 0.003 ** 0.124 Day1(0.002 **), Day2(0.041 *) 

GM 45.74 < 0.0001 *** 0.557 Day1(< 0.0001 ***), Day2(0.037 *) 

RF 40.21 < 0.0001 *** 0.291 Day1(< 0.01 **), Day2(< 0.0001 ***), 

Day3(< 0.01 **) 

BF 43.24 < 0.0001 *** 0.401 Day1(< 0.0001 ***), Day2(< 0.01 **), 

Day3(< 0.001 ***) 

VL 8.6 0.002 ** 0.088 Day1(< 0.0001 ***), Day2(0.004 **) 

VM 13.54 < 0.001 *** 0.171 Day1(< 0.0001 ***), Day2(< 0.001 ***) 

PL 16.04 < 0.0001 *** 0.264 Day1(< 0.001 ***), Day2(< 0.001 ***), 

Day3(0.048 *) 

Note. p < 0.05 (*), p < 0.01 (**), p < 0.001 (***) 



42 

 

Figure 8. Erector spinae activity for the inside leg across three days 

 

Note. Asterisks indicate significant interaction effects (*p < 0.05, **p < 0.01, ***p < 0.001). 

Figure 9. Gluteus medius activity for the inside leg across three days 

 

Note. Asterisks indicate significant interaction effects (*p < 0.05, **p < 0.01, ***p < 0.001). 
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Figure 10. Rectus femoris activity for the inside leg across three days 

 

Note. Asterisks indicate significant interaction effects (*p < 0.05, **p < 0.01, ***p < 0.001). 

Figure 11. Biceps femoris activity for the inside leg across three days 

 

Note. Asterisks indicate significant interaction effects (*p < 0.05, **p < 0.01, ***p < 0.001). 
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Figure 12. Vastus lateralis activity for the inside leg across three days 

 

Note. Asterisks indicate significant interaction effects (*p < 0.05, **p < 0.01, ***p < 0.001). 

Figure 13. Vastus medialis activity for the inside leg across three days 

 

Note. Asterisks indicate significant interaction effects (*p < 0.05, **p < 0.01, ***p < 0.001). 
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Figure 14. Peroneus longus activity for the inside leg across three days 

 

Note. Asterisks indicate significant interaction effects (*p < 0.05, **p < 0.01, ***p < 0.001). 

EMG Main Effect – Time and Days 

In muscles without significant interaction, such as ES and VL on the outside leg, a main 

effect of time (Run 1 vs Run 2) was observed, as seen in Table 4. See Appendix A for detailed 

statistical results. The ES and VL showed a significant main effect in EMG activity from Run 1 

to Run 2 (p = 0.004, p < 0.001). Among the inside leg muscles shown in Table 4, significant 

main effects of time were observed in the GM (p = 0.009), VL (p = 0.001), and VM (p < 0.001), 

indicating that EMG activity differed between Run 1 and Run 2 regardless of day.  

Table 4. Main Effects of Time on EMG Activity (Run 1 vs Run 2) 

 Outside Leg Inside Leg 

 Run 1(V) 

 

Run 2(V) p–value Run 1(V) Run 2(V) p-value 

ES 0.024978 ± 

0.001 

0.021749 ± 

0.001 
0.004 ** 0.021062 ± 

0.003 

0.023109 ± 

0.004 
0.354 
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GM 0.045741 ± 

0.006 

0.035803 ± 

0.009 
< 0.001 *** 0.024941 ± 

0.003 

0.039273 ± 

0.007 
0.009 ** 

RF 0.026373 ± 

0.001 

0.021482 ± 

0.002 
< 0.001 *** 0.023898 ± 

0.001 

0.028164 ± 

0.002 
0.069 

BF 0.015834 ± 

0.002 

0.01331 ± 

0.001 
< 0.01 ** 0.012771 ± 

0.002 

0.016358 ± 

0.002 
0.424 

VL 0.024285 ± 

0.001 

0.022372 ± 

0.001 
0.001 ** 0.027675 ± 

0.005 

0.021498 ± 

0.001 
0.001 ** 

VM 0.056391 ± 

0.017 

0.060069 ± 

0.006 
0.036 * 0.0642 ± 

0.004 

0.047518 ± 

0.012 
< 0.001 *** 

PL 0.031903 ± 

0.001 

0.025356 ± 

0.004 
< 0.001 *** 0.0223 ± 

0.004 

0.026633 ± 

0.005 
0.166 

Note. p < 0.05 (*), p < 0.01 (**), p < 0.001 (***) 

 As shown in Table 5, Significant main effects of day (Day 1 vs Day 2 vs Day 3) were 

found in the outside leg of GM, VM, and PL, indicating that EMG activity changed across the 

three skiing days regardless of measurement runs (Run 1, Run 2). The GM showed decreased 

activation on Day 3 compared to Day 1 (p = 0.0007) and a small increase on Day 2 (p = 0.009). 

The VM demonstrated the most robust effect, with higher activation on Day 2 and Day 3 

compared to Day 1 (p < 0.0001 and p = 0.0014, respectively), and a decline from Day 2 to Day 3 

(p = 0.0012). The PL also showed increased EMG activity from Day 1 to Day 2 (p = 0.0009) and 

from Day 1 to Day 3 (p = 0.0259). No significant day effects were observed in the ES, RF, BF, or 

VL. See Appendix B for detailed statistical results.  

For the inside leg, no significant main effects of time were found in the ES, RF, BF, and 

PL. See Appendix A for detailed statistical results. According to Table 5, Significant main effects 

of day were observed in six out of the seven muscles on the inside leg, including the ES (p < 

0.001), GM (p < 0.001), RF (p = 0.0024), BF (p < 0.001), VL (p = 0.0365), and PL (p < 0.001). 

This indicates differences in EMG activity across Days 1, 2, and 3, regardless of Runs. Post hoc 

comparisons revealed significant pairwise differences among days for these muscles, with the 

Table 4. Continued 
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GM and BF showing significant differences across all three-day pairs. No significant day effect 

was observed in the VM. ES showed a decrease in activation from Day 1 to Day 3 (p < 0.0001) 

and from Day 2 to Day 3 (p < 0.0001). GM showed a decrease in EMG activity from Day 1 to 

Day 2 (p < 0.0001) and from Day 1 to Day 3 (p < 0.0001), but increased from Day 2 to Day 3 (p 

= 0.028). RF showed a decrease in activity from Day 1 to Day 3 (p = 0.002). Muscle activity of 

BF decreased from Day 1 to Day 2 (p = 0.0004), Day 1 to Day 3 (p < 0.0001), and Day 2 to Day 

3 (p = 0.005).VL showed a significant decrease from Day 1 to Day 3 (p = 0.03). Lastly, a 

significant decrease was observed in PL from Day 1 to Day 3 (p < 0.0001), and from Day 2 to 

Day 3 (p = 0.001). See Appendix B for detailed statistical results. 

Table 5. Main Effects of Day on EMG Activity (Day 1 vs Day 2 vs Day 3) 

 Outside Leg Inside Leg 

 

 

Day 1 Day 2 Day 3 p-value Day 1 Day 2 Day 3 p-value 

ES 0.024608 

± 0.002 

0.022684 

± 0.003 

0.022799 

± 0.002 
0.261 0.024138 

± 0.003 

0.024442 

± 0.001 

0.017676 

± 0.000 
< 0.001 

*** 

GM 0.037057 

± 0.014 

0.047963 

± 0.004 

0.037297 

± 0.003 
< 0.001 

*** 

0.03592 

± 0.015 

0.029989 

± 0.004 

0.030413 

± 0.012 
< 0.001 

*** 

RF 0.02369 

± 0.006 

0.024256 

± 0.003 

0.023837 

± 0.002 
0.816 0.025659 

± 0.003 

0.028131 

± 0.004 

0.024302 

± 0.002 
0.002 ** 

BF 0.01553 

± 0.004 

0.014292 

± 0.001 

0.013894 

± 0.000 
0.11 0.015757 

± 0.003 

0.015304 

± 0.002 

0.012634 

± 0.002 
< .0001 

*** 

VL 0.023894 

± 0.001 

0.022141 

± 0.001 

0.02395 

± 0.002 
0.08 0.027924 

± 0.008 

0.024054 

± 0.004 

0.021782 

± 0.001 
0.037 * 

VM 0.046917 

± 0.011 

0.06961 

± 0.005 

0.058162 

± 0.002 
< 0.001 

*** 

0.051214 

± 0.021 

0.056445 

± 0.014 

0.059919 

± 0.000 
0.217 

PL 0.025962 

± 0.008 

0.030777 

± 0.003 

0.029149 

± 0.003 
0.001 ** 0.02566 

± 0.003 

0.027881 

± 0.003 

0.019859 

± 0.002 
< 0.001 

*** 

Note. EMG amplitude is expressed in volts (V). p < 0.05 (*), p < 0.01 (**), p < 0.001 (***) 

Relative %EMG 

There was no significant interaction effect observed in the muscles with relative %EMG. 

However, the main effect of time on the outside leg was observed in BF (p = 0.031). Also, the 
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significant main effects of day were observed in some muscles. The ES and PL on the outside leg 

showed significant changes across days. Changes were observed from Day 1 to Day 2 in ES (p < 

0.05). PL showed muscle activation changes from Day 1 to Day 2 (p < 0.05), and from Day 2 to 

Day 3 (p < 0.01). Lastly, VM on the inside leg showed significant changes from Day 1 to Day 3 

(p = 0.011). See Appendix B and C for detailed statistical results. 

Performance Changes 

Performance (turn times) was compared between Run 1 and Run 2 for each of the three 

days using paired t-tests. No statistically significant differences were observed on any day (Day 

1: p = 0.856, Day 2: p = 0.317, Day 3: p = 0.965). The mean differences were minimal, ranging 

within ± 0.03 seconds (see Table 6). 

Table 6. Paired t-test results comparing average turn time between Run 1 and Run 2 across three 

consecutive days. 

Day Run 1 (s) Run 2 (s) Mean Difference (s) p-value 

1 1.22 ± 0.23 1.21 ± 0.14 0.01 0.856 

2 1.06 ± 0.11 1.08 ± 0.16 0.03 0.317 

3 1.13 ± 0.13 1.13 ± 0.17 0.00 0.965 

Discussion 

The purpose of this study was to examine changes in muscle activity over multiple 

consecutive days of alpine skiing. HR and RPE increased both within and across days, indicating 

greater physiological and perceptual demand. EMG amplitude generally decreased from Run 1 to 

Run 2 each day on the outside leg. However, the EMG amplitude of most of the muscles on the 

inside leg increased from Run 1 to Run 2. Notably, turn time remained stable despite these 
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physiological and neuromuscular shifts. This dissociation suggests that the skier may have 

employed adaptive motor strategies to preserve external performance under increasing internal 

load. These results highlight the potential for compensatory neuromuscular adaptation in 

response to repeated high-intensity turns. 

Heart Rate (HR) and Rating of Perceived Exertion (RPE) 

Both Heart rate (HR) and ratings of perceived exertion (RPE) increased from 

Measurement Run 1 to Run 2 each day, with the highest overall RPE observed on Day 3. This 

trend, seen in Table 1, indicates a cumulative increase in both physiological and perceptual 

internal load across the skiing sessions. Recreational skiing induces significant physiological 

load (Kröll et al., 2011), creating residual neuromuscular fatigue that can persist for more than 24 

hours (Koller et al., 2015). The consistent rise in HR and RPE observed in this study supports the 

idea of progressive internal physiological stress. The elevated RPE at the beginning of Day 3 

further implies incomplete recovery between sessions. These findings emphasize the importance 

of monitoring physiological load over consecutive days, as it may relate to increased injury risk 

or altered movement patterns (Koller et al., 2015).  

However, while HR and RPE provide valuable insight into overall physiological stress, 

they do not offer information about the distribution or coordination of muscular activity. Rather, 

they provide context for interpreting subsequent changes in muscle activation across time. When 

considered alongside preliminary indications of stable turn times and shifts in EMG amplitude, 

the increased HR and RPE suggest that the skier faced increasing physiological demands but 

maintained performance, possibly through neuromuscular adaptation (Ranganathan et al., 2020). 
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Compensatory Strategies and Performance 

This study revealed a compensatory strategy with a decline in muscle activation on the 

outside leg. Across all three days, EMG amplitude generally decreased from Day 1 to Day 2 in 

the outside legs. This change was consistent across most of the muscles (see Figure 1-7). This 

reflects the neuromuscular changes that occur throughout each skiing session. One possible 

explanation is a strategic shift in motor unit recruitment or firing patterns in response to the 

repeated high-intensity turns. Alternatively, the reduction may be indicative of muscle fatigue, as 

prolonged activity is known to result in decreased EMG amplitude under certain conditions 

(Cifrek et al., 2009; González-Izal et al., 2012). However, in complex and dynamic activities 

such as alpine skiing, a decrease in EMG amplitude alone does not necessarily indicate a 

reduction in muscular output or impaired performance.  

Previous studies have noted that surface EMG is influenced not only by muscular 

demand but also by factors such as movement efficiency, coordination, and motor strategy 

(Cifrek et al., 2009; Enoka & Duchateau, 2016; González-Izal et al., 2012). As skiers repeat 

similar turn patterns within a session, the nervous system may reorganize recruitment strategies 

to optimize movement under evolving internal conditions. Such adaptations may lead to reduced 

EMG activity while still maintaining task performance. 

Most muscles showed a decrease in activity from Measurement Run 1 to Run 2. 

However, the VM on the outside leg showed increased activation as seen in Figure 6. This 

potentially represents a last effort to stabilize the knee as overall quadriceps (RF, VL) function 

declined. Although increased activation of the VM may reflect an effort to stabilize the knee, this 

knee stabilization may be limited without adequate co-contraction from the VL and RF. Without 
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this coordinated activation, patellofemoral alignment can become compromised. This could 

potentially place greater strain on the anterior cruciate ligament (ACL). 

In contrast, an increase in muscle activity was observed on the inside leg, particularly in 

the ES, GM, RF, BF, and PL (see Figures 8-11 and 14). Despite this overall increase, both VL 

and VM on the inside leg showed decreased activation from Run 1 to Run 2 on each day (see 

Figures 12, 13). This likely caused the stabilization demand to shift toward the trunk (ES), ankle 

(PL), and hamstring (BF) muscles, reflecting a compensatory strategy. When primary stabilizers 

underperform, secondary systems such as trunk and ankle muscles can take over to maintain task 

performance. However, not all compensatory motor strategies are optimal. Some may help 

maintain task performance but increase mechanical stress or injury risk (Enoka & Duchateau, 

2016; Ranganathan et al., 2020). In the present study, despite increased activation in other 

muscles, the observed decrease in VM activity on the inside leg may reflect such a suboptimal 

adaptation.  Given VM’s critical role in patellofemoral alignment and medial knee stability, its 

decline in activity may elevate the risk of anterior cruciate ligament (ACL) strain, particularly in 

the absence of sufficient co-contraction from the VL or hamstrings, such as BF. 

Given that the outside leg typically bears the greater and majority of the mechanical load 

during alpine ski turns (Babiel et al., 1997), an increase in inside-leg activation likely reflects a 

compensatory redistribution of muscular effort (Enoka & Duchateau, 2016). In other words, the 

body may have shifted some of the mechanical demand toward the inside leg in order to sustain 

overall performance under cumulative internal load. This type of compensation illustrates how 

skilled athletes preserve their output by reorganizing motor control strategies. In addition, this 

increase in EMG activity observed in the inside leg may reflect a local fatigue accumulation due 



52 

 

to overuse. As muscle fatigue is commonly associated with increased EMG amplitude (Cifrek et 

al., 2009), both explanations are plausible and may have co-occurred. 

Importantly, despite these changes in EMG amplitude, turn time remained consistent 

across measurement runs. Rather than reflecting a simple decline in neuromuscular output, the 

observed reductions in EMG amplitude may represent adaptive motor control strategies to 

maintain task performance under increasing internal load. This aligns with the idea that high-

level athletes can achieve the same task outcome through multiple internal solutions 

(Ranganathan et al., 2020), a phenomenon often described as “repetition without repetition.” 

Although such compensatory activation may help maintain performance (e.g., turn time), 

it may reduce technical efficiency and increase the risk of a valgus collapse or a loss in ski-to-

snow contact since the skier loses their control over the outside ski. Previous studies have 

associated excessive inside-edge loading with higher fall risk and diminished control, 

particularly in cases where outside ski contact is lost during turns, resulting in abrupt 

reengagement and valgus loading, otherwise known as the slip-catch mechanism (Bere et al., 

2011). Furthermore, increased medial offset of ground reaction forces due to wide-waist skis has 

been linked to altered knee kinematics and valgus posture under repeated turning loads, 

suggesting elevated injury risk when control over the outside ski is reduced (Zorko et al., 2020). 

This compensatory strategy may help preserve performance; however, it may also increase the 

risk of falls or injury by compromising control of the outside leg, which serves as the primary leg 

during turning.  

Finally, this neuromuscular reorganization aligns with Bernstein’s theory of motor 

redundancy: the nervous system can achieve movement goals through multiple combinations of 
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muscle activations. These adaptations point to a flexible neuromuscular control system that 

redistributes effort across limbs and muscles to stabilize performance (Enoka & Duchateau, 

2016; Ranganathan et al., 2020). Yet under fatigue, repetition-without-repetition exploration may 

result in suboptimal or risky solutions. Thus, while performance may be preserved, the long-term 

cost may include elevated risk of structural overload or injury. 

There was a significant change in muscle activation on both the inside and outside leg. 

However, the mean differences in turn time were minimal, ranging within ±0.03 seconds from 

Run 1 to Run 2. This showed that there were no significant changes in performance. Turn time 

may not simply reflect mechanical inefficiencies due to fatigue but may instead indicate 

fundamental neuromuscular adaptations. As fatigue progresses, skiers may adopt alternative 

motor strategies to maintain performance, leading to increased variability in EMG patterns. This 

phenomenon aligns with Bernstein’s theory of redundant degrees of freedom, which posits that 

the central nervous system continuously explores and refines new solutions to achieve a task 

under changing constraints. The observed changes in turn time and muscle activity in this study 

may therefore reflect compensatory responses rather than mere functional decline.  

This dissociation between EMG variability and performance stability may reflect a high 

level of motor adaptability. In complex, repeated tasks such as alpine skiing turning, skilled 

performers often utilize multiple neuromuscular solutions to achieve consistent movement 

outcomes (Ranganathan et al., 2020). From this perspective, changes in EMG amplitude itself do 

not necessarily indicate fatigue or loss of function, but rather indicate adjustments in how the 

task is executed under high internal loads. 
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The ability to maintain performance despite shifts in muscle activity highlights the 

importance of interpreting EMG data within the context of whole-body coordination and task 

demands. It is important to understand this as part of a flexible control system that supports 

stable performance under dynamic and repeated loading (Enoka & Duchateau, 2016). The use of 

an elite-level skier allowed for more reliable identification of these patterns, given their high 

technical consistency across runs. 

Limitation 

This study was conducted as a single-subject case study, which limits the generalizability 

of the findings to a broader population. Individual variability in neuromuscular strategy, fatigue 

resistance, and skiing technique may lead to different EMG responses under similar conditions. 

Despite this limitation, the dataset that was collected was robust, including a large number of ski 

turns across three consecutive days. The single-subject design also allowed for a detailed, 

individualized analysis of fatigue progression and compensatory motor strategies without the 

averaging effects that often mask meaningful trends in group studies. Due to the athlete’s elite 

performance level, this case provides valuable insight into elite-level fatigue adaptation. The 

single-subject design and repeated-measure structure provided a detailed characterization of 

individual fatigue progression and compensatory activation patterns.  

 Second, there was a mismatch in sampling frequencies between the EMG data (1926 Hz) 

and the video data (60 Hz), which may have introduced minor misalignment during 

synchronization and defining crossovers.   
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Conclusion 

This study was conducted as a field-based study to examine changes in muscle activation 

during prolonged alpine skiing. The results suggest a significant decrease in muscle activation 

for most muscles during outside leg turns over three consecutive days. However, there was a 

significant increase in muscle activation during inside leg turns across three days. Despite these 

changes in muscle activation, there was no significant difference in the skier’s performance. This 

suggests that as fatigue progresses, skiers may adopt alternative motor strategies to maintain 

performance, leading to increased variability in EMG patterns. This supports Bernstein’s theory 

that the central nervous system continuously explores and refines new solutions to achieve a task 

under changing constraints. However, this strategy cannot rule out the possibility of contributing 

to injury, particularly if maintained over repeated exposures. Therefore, to build on these 

findings, future research should focus on distinguishing adaptive versus maladaptive motor 

responses under fatigue and prolonged skiing sessions. Including larger sample sizes and 

additional biomechanical and biochemical markers would further enhance generalizability and 

expand understanding of adaptations to cumulative neuromuscular and physiological load in 

alpine skiing.  
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CHAPTER FOUR 

CONCLUSION AND FUTURE DIRECTION 

Alpine skiing, also known as downhill skiing, is a globally popular sport enjoyed both 

recreationally and competitively. It continues to grow in participation, with 61.5 million skier 

visits recorded during the 2024/25 season in the United States alone (NSAA, 2025), and 

approximately 400 million ski resort visits worldwide in recent seasons (Vanat, 2022). Not only 

with recreational popularity, there are over 140 member nations registered in the International 

Ski Federation (FIS). 

Despite its popularity, alpine skiing imposes substantial physiological and biomechanical 

demands. Rapid and repetitive turns are performed under high ground reaction forces, ranging 

from approximately 1500 N in recreational skiers to over 6000 N in elite athletes (Babiel et al., 

1997; Nakazato et al., 2011). These forces restrict local blood flow, reduce oxygen delivery, and 

therefore, increase glycogen depletion (Szmedra et al., 2001; Tesch et al., 1978), leading to 

physiological and metabolic stress. Additionally, continuous concentric and eccentric muscle 

contractions during skiing may induce ischemia and hypoxia, again, accelerating glycogen 

depletion (Szmedra et al., 2001; Tesch et al., 1978). 

In this study, we aimed to investigate how muscle activation changes as internal load 

accumulates over multiple days of skiing. While markers of physiological load and perceptual 

load such as heart rate (HR) and ratings of perceived exertion (RPE) increased across days, 

surface electromyography (sEMG) patterns also changed. EMG amplitude showed both 

increases and decreases depending on the leg and muscle. Notably, muscle activation in the 

outside leg tended to decrease both within and between days, while inside leg activation 



59 

 

increased across days, reflecting complex neuromuscular responses. Interestingly, despite these 

changes, performance (turn time) remained stable. This may indicate potential neuromuscular 

adaptation and compensatory strategy in muscle activation to maintain task performance.  

In dynamic sports like skiing, internal physiological stress does not always lead to 

external performance decline, particularly in elite athletes. Unlike beginner-level recreational 

skiers, skilled athletes can demonstrate a remarkable ability to maintain consistent task 

performance under fatigue by employing compensatory strategies. This flexibility is often 

referred to as motor redundancy or "repetition without repetition" (Ranganathan et al., 2020). 

This allows the body to achieve the same outcome through variable internal configurations. 

Therefore, changes in EMG signals may not directly reflect fatigue alone, but rather reflect 

adaptive solutions that stabilize performance under changing internal constraints. However, this 

strategy cannot rule out the possibility of contributing to injury, particularly if maintained over 

repeated exposures (Enoka & Duchateau, 2016; Ranganathan et al., 2020).  

This study was conducted as a single-subject case study, which limits the generalizability 

of the findings. Individual variability in fatigue response, motor strategy, and skiing technique 

may lead to different outcomes under similar conditions. In addition, a difference in sampling 

frequency between the EMG data (1926 Hz) and the video data (60 Hz) may have introduced 

minor timing inaccuracies during synchronization between EMG and Video. However, the 

single-subject design also offers unique advantages. The in-depth, high-resolution data from an 

elite skier across three consecutive days allowed for a detailed examination of fatigue 

progression and motor adaptation. In group studies, such nuanced compensatory patterns may be 

masked by averaging. Rather than viewing this approach purely as a limitation, single-subject 
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case designs may serve as a valuable complement to large-cohort studies, particularly in elite 

sport contexts where individual adaptation is critical. 

Therefore, future studies should build upon this work by focusing on distinguishing 

adaptive versus maladaptive motor responses under fatigue and prolonged skiing sessions to 

better identify neuromuscular and motor strategies that support performance while minimizing 

injury risk. 

Including larger sample sizes to account for individual differences and general trends, 

while also continuing to use longitudinal, high-resolution designs that allow for tracking within-

subject adaptation over time. Field-based, high-volume data collection is essential for capturing 

the complex compensatory mechanisms that occur during prolonged skiing sessions. In addition, 

incorporating biomechanical (e.g., ground reaction force, joint kinematics) and biochemical (e.g., 

Creatine kinase) stress markers may enhance interpretation. Additionally, capturing EMG 

frequency and analyzing it can further strengthen the interpretations. Shifts in EMG frequency 

may reflect not only fatigue, but also changes in motor coordination (Kröll et al., 2011). By 

analyzing both amplitude and frequency, researchers could better differentiate between or 

understand muscular fatigue and compensatory neuromuscular adaptations. This may offer a 

more comprehensive understanding of compensatory strategy and adaptation during elite alpine 

skiing. 

Ultimately, this study provides insight into how elite athletes maintain performance under 

cumulative physiological and neuromuscular load. These findings, particularly the compensatory 

strategies observed in EMG patterns, may serve as a foundation for designing training and 

recovery programs that support effective motor coordination as internal load accumulates, even 
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in the absence of observable performance decline. These findings are especially relevant for 

athletic trainers, coaches, and physical therapists working with elite-level athletes. While the 

present study does not directly define indicators of motor strategy shifts or return-to-sport 

criteria, it demonstrates how a subject’s neuromuscular monitoring can reveal meaningful 

changes even in the absence of performance decline. These insights may support future 

applications in training intensity management, recovery planning, or injury prevention, 

particularly in elite sport settings where individual adaptation plays a critical role. More broadly, 

this approach may be extended to other elite-level sports.  
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MAIN EFFECT OF TIME - ABSOLUTE 
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Table A1. Main Effect of Time (Run 1 vs Run 2) - Absolute 

 Outside Leg Inside Leg 

 F-value 

 

p-value ges F-value p-value ges 

ES 13.38 0.004 ** 0.135 0.945 0.354 0.01 

GM 39.63 < 0.0001 

*** 

0.291 10.62 0.009 ** 0.139 

RF 48.82 < 0.0001 

*** 

0.372 4.14 0.069 0.051 

BF 20.09 < 0.0001 

*** 

0.21 0.696 0.424 0.011 

VL 9.7 0.01 * 0.086 19.02 0.001 ** 0.221 

VM 5.7 0.036 * 0.037 28.98 < 0.001 *** 0.274 

PL 78.65 < 0.0001 

*** 

0.508 2.24 0.166 0.02 

Note. ges = generalized eta squared. Effect sizes are reported using generalized eta squared (ges). 

*** = p < 0.001, ** = p < 0.01, * = p < 0.05. 
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APPENDIX B 

MAIN EFFECT OF DAY - ABSOLUTE 
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Table A2. Main Effect of Day – Outside Leg 

Muscle F-value p-value ges Post hoc (Tukey's HSD) 

ES 1.43 0.261 0.044 - 

GM 12.38 < 0.001 

*** 

0.3 1-3 (0.0007 ***), 2-3 (0.009 **) 

RF 0.2 0.816 0.006 - 

BF 2.44 0.11 0.075 - 

VL 2.84 0.08 0.068 - 

VM 33.77 < 0.001 

*** 

0.496 1-2(< 0.0001 ***), 1-3(0.0014 **), 2-3(0.0012 **) 

PL 9.4 0.0011 ** 0.278 1-2(0.0009 ***), 1-3(0.0259 *) 

Note. ges = generalized eta squared. Effect sizes are reported using generalized eta squared (ges). 

Post hoc comparisons (1–2, 1–3, 2–3) indicate significant differences between Day 1, Day 2, and 

Day 3. *** = p < 0.001, ** = p < 0.01, * = p < 0.05. 

Table A3. Main Effect of Day – Inside Leg 

Muscle F-value p-value ges Post hoc (Tukey's HSD) 

ES 31.47 < 0.001 

*** 

0.370 1-3(< 0.0001 ***), 2-3(< 0.0001 ***) 

GM 48.11 < 0.001 

*** 

0.592 1-2(< 0.0001 ***), 1-3(< 0.0001 ***), 2-3(0.0275 *) 

RF 8.27 0.002 ** 0.301 1-3(0.0017 **) 

BF 34.68 < 0.001 

*** 

0.618 1-2(0.0004 *), 1-3(< 0.0001 ***), 2-3(0.0046 *) 

VL 3.92 0.037 * 0.161 1-3(0.0304 *) 

VM 1.65 0.217 0.065 - 

PL 19.39 < 0.001 

*** 

0.525 1-3(< 0.0001 ***), 2-3(0.0013 **) 

Note. ges = generalized eta squared. Effect sizes are reported using generalized eta squared (ges). 

Post hoc comparisons (1–2, 1–3, 2–3) indicate significant differences between Day 1, Day 2, and 

Day 3. *** = p < 0.001, ** = p < 0.01, * = p < 0.05. 
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APPENDIX C 

MAIN EFFECT OF TIME - RELATIVE 
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Table A4. Main Effect of Time (Run 1 vs Run 2) - Relative 

 Outside Leg Inside Leg 

 F-value 

 

p-value ges F-value p-value ges 

ES 2.517 0.141 0.052 0.647 0.44 0.013 

GM 0.044 0.839 0.001 1.171 0.305 0.02 

RF 0.287 0.603 0.006 0.713 0.418 0.009 

BF 6.134    0.031 * 0.056 0.283 0.606 0.005 

VL 4.247 0.064 0.017 1.121 0.315 0.008 

VM 2.667 0.131 0.046 0.052 0.824 0.001 

PL 0.015 0.904 0 0.304 0.594 0.004 

Note. ges = generalized eta squared. Effect sizes are reported using generalized eta squared (ges). 

*** = p < 0.001, ** = p < 0.01, * = p < 0.05. 
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APPENDIX D 

MAIN EFFECT OF DAY - RELATIVE 
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Table A5. Main Effect of Day – Outside Leg 

Muscle F-value p-value ges Post hoc (Tukey's HSD) 

ES 5.201 0.0141 * 0.167 1-2 (p < 0.05 *) 

GM 1.135 0.34 0.0039 - 

RF 2.805 0.082 0.068 - 

BF 0.929 0.41 0.036 - 

VL 0.922 0.413 0.026 - 

VM 2.004 0.159 0.053 - 

PL 6.305 0.007 ** 0.118 1-2 (p < 0.05 *), 2-3 (p < 0.01 **) 

Note. ges = generalized eta squared. Effect sizes are reported using generalized eta squared (ges). 

Post hoc comparisons (1–2, 1–3, 2–3) indicate significant differences between Day 1, Day 2, and 

Day 3. *** = p < 0.001, ** = p < 0.01, * = p < 0.05. 

Table A6. Main Effect of Day – Inside Leg 

Muscle F-value p-value ges Post hoc (Tukey's HSD) 

ES 0.18 0.836 0.006 - 

GM 2.359 0.12 0.091 - 

RF 1.195 0.323 0.035 - 

BF 0.299 0.745 0.011 - 

VL 0.638 0.539 0.022 - 

VM 5.421 0.013 * 0.147 1-3 (p = 0.011 *) 

PL 0.355 0.705 0.017 - 

Note. ges = generalized eta squared. Effect sizes are reported using generalized eta squared (ges). 

Post hoc comparisons (1–2, 1–3, 2–3) indicate significant differences between Day 1, Day 2, and 

Day 3. *** = p < 0.001, ** = p < 0.01, * = p < 0.05. 
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