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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. sSEMG 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; Kroll 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 Tromseg, 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).



Alpine Skiing
Alpine skiing, also known as downbhill 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
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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 (Miiller 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 (Miiller et al., 1998; Miiller &
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Schwameder, 2003). Carving requires higher edge angles and precise timing, which enables
cleaner force application and greater stability (Miiller 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 (Kroll 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 (VO:max), 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 (Miiller & 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 (Kroll 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 (Sporri 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 (Miiller 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-Lopez 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 (Maclntosh et al., 2012). Fatigue also slows muscle conduction velocity and
alters contraction kinetics, as demonstrated by reduced median EMG frequency during prolonged
skiing (Kroll 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 Kroll 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 (Kroll 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 (Gonzalez-1zal 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 aresult, 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; Gonzélez-1zal
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 (Kroll 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 (Krol