\
“ UNIVERSITY of NICOSIA

«Effect of concentric and eccentric exercise-induced fatigue on
proprioception, motor control and performance of the upper
limb in handball players»

Stelios Hadjisavvas

A thesis submitted to the University of Nicosia in accordance with
the requirements of the degree of PhD (Doctor of Philosophy) in
Physiotherapy

SCHOOL OF LIFE AND HEALTH SCIENCES
DEPARTMENT OF HEALTH SCIENCES

PHYSIOTHERAPY PROGRAM

June 2024



Abstract

Purpose: To investigate the impact of concentric exercise-induced fatigue on proprioception,
motor control, and performance of the upper-limb in handball athletes and non-athletes (healthy
young adults). The second aim was to evaluate the impact of eccentric exercise-induced fatigue
on proprioception, motor control, and upper-limb performance in handball athletes and compare
its effects with concentric fatigue.

Methods: Forty-six and thirty-three handball players were included to study the effects of
concentric and eccentric exercise-induced fatigue respectively, on the outcome measures. In
addition, twenty healthy active males were recruited as non-athlete control subjects.
Proprioception was evaluated using joint reposition sense (JRS), the threshold to detection of
passive movement (TTDPM), motor control using the Y balance test upper quarter (YBT-UQ),
and performance using the Athletic Shoulder test (ASH) before and immediately after fatigue
intervention. Muscle onset latency (MOL) was assessed only after concentric exercise —induced
fatigue. Fatigue protocol consisted of concentric or eccentric, maximal effort, and isokinetic
contractions at 90°/sec with sets of 30 repetitions (concentric) or 15 repetitions (eccentric) of the
shoulder external and internal rotator muscles in the right arm. Fatigue was determined by a 60%
40% decline in the peak torque over three consecutive contractions despite reinforcing feedback
and encouragement.

Results: After concentrically induced fatigue in handball players, a notable increase in absolute
angular error (AAE) during joint repositioning, was found in all target angles in both external
rotation (ER) and internal rotation (IR) directions (p < 0.01). In addition, a similar increase in
TTDPM was found in internal rotation (p=0.020). Variable changes were found in YBT-UQ and
ASH tests. Specifically, statistically significant differences were found in anteromedial (AM)
(p=0.041), superolateral (SL) reach directions (p=0.005), composite score (p=0.009) in the right
exercised hand and inferolateral (IL) reach direction in the left non-exercised hand (p=0.020) in
the YBT-UQ. In addition, there was a significant reduction in isometric strength (ASH test) in the
| position of the right hand (p=0.010) and all positions of the left hand (p<0.05). Furthermore,
there was an increase of 47.37% in MOL scores after fatigue, but the increase was not significant
(p > 0.05). Concentric fatigue in healthy non-handball players, induced a significant impairment
in AAE at all target angles (p < 0.05). Moreover, there were no significant differences in
kinesthesia (TTDPM), motor control (YBT-UQ), and performance (ASH test) before and after
fatigue intervention (p > 0.05). After eccentric fatigue in handball players, a notable rise (p < 0.05)
in AAE was detected in five of the six target angles (ER15°, ER30°, ER45°, IR15°, and IR30°).
No statistically significant change in the target angle of IR45° (p = 0.967). Furthermore, there was
a significant increase in TTDPM (p = 0.011). The YBT-UQ test revealed statistically significant
differences in all reach directions of the right hand. No statistically significant differences were
found in the left hand (p > 0.05). The composite score (CS) shows a statistically significant
difference only for the right hand (p < 0.001). Furthermore, after the eccentric fatigue, there was
a decrease in the isometric strength in the ASH test for all hand positions on the right side and for
two out of three test positions on the left side (p < 0.05). No significant change (p = 0.063) was
found in the "T™ Left-hand position.



Conclusions: Concentric exercise-induced fatigue of the rotator cuff muscles induces notable
deficits in joint position awareness, kinesthesia, and motor control of the upper extremity in elite,
male, handball players. Although fatigue reduces reflex reaction time, the effect is only marginal.
In addition, concentric exercise-induced fatigue impaired proprioception but not motor control or
performance in healthy non-athlete males. Furthermore, eccentric exercise-induced fatigue of the
rotator cuff muscles can cause significant impairments in joint position awareness, kinesthesia,
and motor control of the upper extremities in elite male handball players.

Keywords: Concentric exercise-induced fatigue, eccentric exercise-induced fatigue, shoulder,

proprioception, motor control, performance, overhead athletes, handball, muscle onset latency,
reflex reaction time, risk factors, shoulder injuries, joint position sense, kinesthesia.
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1.0 Introduction

1.1 Epidemiology of shoulder pain

Disorders of the shoulder are a usual source of pain and impairment (Lucas et al., 2022). Following
low back pain and cervical pain, shoulder discomfort ranks as the third most prevalent
musculoskeletal condition (Urwini et al., 2004). The prognosis for persons experiencing
musculoskeletal shoulder discomfort exhibits significant variation among individuals. On average,
over 50% of individuals with shoulder pain continue to report symptoms six months after seeking
primary care (Kuijpers et al., 2004). Overhead athletes, such as handball players, due to the nature
of their sport, commonly experience shoulder injuries, which can be either acute or chronic
(Gomoll et al., 2006).

1.2 Handball and shoulder injuries

Handball is a sport that imposes significant physical demands on participants, primarily due to the
substantial amount of throwing required and the regular occurrence of physical contact (Aasheim
et al., 2018). Shoulder pain and related issues pose a considerable health burden in senior handball
players (Asker et al., 2018). Between nineteen to thirty-six percent of handball athletes experience
shoulder soreness (Clarsen et al., 2014). Furthermore, around twenty-eight percent of these athletes
encountere shoulder difficulties on a weekly basis (Myklebust et al., 2013; Mohseni-Bandpei et
al., 2012). Most injuries predominantly happen during the latter portion of matches or the final
part of training sessions (Langevoort et al., 2007; Junge et al., 2006; Piry et al., 2011) and fatigue

is believed to be a potential explanation for this fact (Povoas et al., 2014).

1.3 Fatigue and proprioception

A decrease in a muscle's force or power production as a result of exercise, impacted by both
peripheral and central mechanisms, is known as fatigue (Philips, 2015). This decline is correlated
with an elevation in perceived exertion during physical activity (Gandevia, 2001). Muscle fatigue
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can reduce the sensitivity of muscle receptors causing disturbances in proprioception. The reduced
sensitivity is the result of the accumulation of metabolites and inflammatory substances due to
exercise (Pedersen et al., 1997, 1999). There is extensive documentation indicating a correlation
between a diminished sense of proprioception and shoulder problems, including shoulder
instability (Smith and Brunoli, 1989; Lubiatowski et al., 2019), impingment (Jerosch and Wustner,
2002), dysfunctions of the rotator cuff (Sahin et al., 2017), and adhesive capsulitis (Anderson and
Wee, 2017; Fabis et al., 2017).

Proprioception refers to the collective neural input received by the central nervous system from
the sensory mechanoreceptors, in various anatomical structures (\Voight et al., 1996; Carpenter et
al., 1998). Proprioception is commonly categorized into three submodalities: the awarness of
tension (resistance), the awarness of movement, and the awarness of joint position (Franco et al.,
2015).

18



Chapter 2 LITERATURE REVIEW
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2.0 Literature review

2.1 Handball

Handball is a sport that presents significant physical challenges. It encompasses various motions
such as running, jumping, throwing, along with interactions, both direct and indirect, with
opponents (Aasheim et al., 2018; Asker et al., 2018).

Originally an outdoor game with two teams of eleven players, handball has evolved into an indoor
sport with a team of seven players. This transformation is a testament to the sport's adaptability
and its ability to cater to different environments. Handball is a widely embraced activity, practiced
at various levels from recreational to professional. Its roots can be traced back to Scandinavia in
the early 19th century. Today, it boasts a participation of around 19 million individuals
(International Handball Federation, 2022). It has been a part of the Olympic games for men since
1972 and for women since 1976, further solidifying its global recognition.

The repetitive act of throwing, coupled with the substantial stresses exerted on the shoulder, can
induce adaptive alterations in the dominant extremity (Sabick et al., 2005; Whiteley et al., 2006).
In elite handball players and other athletes who toss the ball overhead without any symptoms, the
angle between the abducted arm's maximum internal and maximum external rotation is known as
the dominant arm's arc of motion, and it is typically shifted posteriorly. The abducted shoulder's
enhanced external rotation and decreased internal rotation are indicative of this shift (Reagan et
al., 2002; Osbahr et al., 2002). The throwing arm's laxity and range of motion will likely undergo
alterations. Previous studies have indicated that handball players exhibit a greater total arc of
motion, encompassing internal and external rotation, than individuals who do not engage in
throwing activities. This is typically accompanied by an increase in external rotation and a decrease
in internal rotation in the throwing shoulder (Pieper, 1998). According to one hypothesis, the
observed rise in external rotation can be attributed to an adaptive augmentation in humeral

retroversion.

Consequently, any significant deficiency in internal rotation exceeding 20° is believed to be
associated with soft-tissue adaptation and pathological conditions (Pieper, 1998). Furthermore,

overhead athletes may experience an increase in bone mineral density in their throwing arms and
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the acquired retroversion of the humerus (Braun et al., 2009). The anteroinferior glenohumeral
ligament is another significant component that limits external rotation. The occurrence of repetitive
ligament strains has the potential to induce micro-tears in the collagen fascicles and subsequent
capsule laxity, hence facilitating heightened external rotation (Chambers and Altchek, 2013; Kuhn
et al., 2005). Studies have indicated a decline in the external rotational strength of the dominant
shoulders of throwers, accompanied by concurrent enhancements in the power of the internal
rotator and adductor muscles (Noffal, 2003). The observed disparity between the ER's and IR's
strength has been associated with shoulder discomfort (Wilk et al., 2002).

2.2 Physical requirements in handball

The physical requirements for a team handball player can be categorized as following (Laver et al,
2018):

e The capacity to engage in extended (2 x 30 minutes) intermittent physical activity
(endurance), while effectively recuperate from brief, high-intensity physical activities.

e The capacity to engage in high-intensity physical activity

e The capacity to engage in sprinting

e The capacity to cultivate substantial physical strength and generate high-intensity output,
as well as to effectively coordinate actions during competitive scenarios, including passing,

shooting, jJumping, altering direction, tackling, and throwing.

2.3 Epidemiology of shoulder injuries in handball

According to biomechanical research, the loads induced on the peri-articular anatomical structures
of the shoulder during ball throwing can reach up to one and half times the body weight (BW) of
a handball athlete (Pieper & Muschol, 2014; Karcher & Buchheit, 2014; Fieseler et al., 2017). As
a result of these enormous loads, the shoulder is frequently injured, with 30% of these injuries
being acute and 45% being severe, resulting in long-lasting discomfort (Doyscher et al., 2014;
Almeida et al., 2013; Pieper & Muschol, 2014). During the deceleration in throwing motion, the
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rotator cuff undergoes significant tensile pressures due to its eccentric motion, potentially resulting
in injury (Wilk et al., 2009).

Asker et al. (2020) aimed to weekly document the occurrence of shoulder problems in 341 healthy
handball athletes weekly throughout one or two seasons. The results showed that a total of 48
injuries had been caused to the shoulder and specifically to the dominant arm (26 injuries in women
and 22 injuries in men). Additionally, 42 out of 48 injuries (88%) were overuse injuries. The
incidence of shoulder injuries was 0.71 per 1000 hours of general game time in men and 0.92

injuries per 1000 hours of general game time in women.

Achenbach et al. (2020) employed online software to administer a specialized questionnaire to
handball players on five separate occasions to document instances of shoulder overuse injuries.
The findings indicated that 36 handball players, comprising of 17 boys and 19 girls, encountered
shoulder pain or signs of overuse injury in their dominant hand during the game season, accounting
for 26% of the total injuries. Fifteen players (11%) had previous shoulder injuries (dislocation,

rotator cuff injury, labrum, and clavicle injury) before participating in the study.

In the study by Clarsen et al. (2014) involving 206 professional Norwegian league handball players
in the 2011-2012 season, shoulder injuries were recorded. The results showed that 108 players
(52%) had developed a problem with the dominant shoulder during the game season while fifteen
of the 108 players had reported mild shoulder pain. In addition, 50 players reported moderate or
severe limitations in their sports activities and athletic performance due to shoulder problems.
Additionally, fifty-five players (27%) had reported a problem with the non-dominant shoulder, of

which seven experienced mild pain and forteen more severe symptoms.

Aasheim et al. (2018) aimed to record overuse injuries in handball players aged 16-18 during the
game season. A total of 145 male players participated in the study. The Oslo Sports Trauma
Research Center overuse injury questionnaire was sent to all players sixteen times to record
injuries. The results showed that the mean prevalence rate for all overuse injuries in all anatomical
regions of the body was 39% and 15% for severe injuries. The anatomical region that showed the

highest prevalence of injuries was the shoulder.

Myklebust et al. (2013) aimed to record shoulder injuries in female professional athletes from the

Norwegian league during the 2007-2008 season. Of the one hundred seventy-nine athletes who
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participated, sixty-five (36%) reported current shoulder pain and forty (22%) reported that they
never had experienced shoulder pain in the past. Female athletes who reported experiencing pain
in the past were significantly older compared to female athletes who did not report shoulder pain.
Ten players experienced bilateral pain, whereas five only reported pain in their non-dominant
shoulder. Of the players experiencing shoulder pain, almost all felt pain in their dominant arm. Of
the players (n = 65) who reported experiencing shoulder pain at the time of being asked, eleven
had complained of the pain within the four weeks prior to the test; six players had complained of
the pain for five to 26 weeks; seven players (19.4%) for twenty-seven to fifty-two weeks; and
twelve players (33.3%) for more than a year. Of the players who reported experiencing pain at the
time of being asked, , 34 individuals (52.3%) reported experiencing shoulder pain during handball.
Additionally, ten players (15.4%) experienced pain after engaging in handball activities.
Furthermore, sixteen players (24.6%) reported experiencing intermittent pain irrespective of their

handball exposure, while one player (1.5%) reported experiencing persistent pain.

The study by Moller et al. (2017) included 679 (49% female) handball players (14-18 years), and
their shoulder injuries were recorded every week. The results showed that by the 679 players, 709
new injuries were reported of which 85 shoulder injuries occurred during 73546 hours of handball

activity.

Another study (Andersson et al., 2018), reported that eighty-seven male players (52%) and sixty-
eight female players (43%) who had participated in the previous handball season reported having
shoulder pain at the follow-up. Furthermore, forty-seven male players (28%) and forty-nine female
players (31%), reported having shoulder ache at the time of being asked. In the past seven days,
eighty-two male players (49%) and seventy-four female players (46%) reported having a shoulder
issue. Of these, substantial shoulder difficulties were reported by twenty-five female players (13%)

and twenty-one male players (16%) of them.

Giroto et al. (2017), aimed to investigate the incidence for handball injuries in Brazilian elite
handball players. Over the course of a season, 339 players from 21 handball teams who competed
in the two major Brazilian championships were monitored. A total of 201 athletes reported 312
injuries. The injury incidence rate was 20.3/1000 matches and 3.7/1000 hours during training.
Traumatic injury was most common in the knee (13.5%, n = 32) and ankle (19.4%, n = 46).

Overuse injuries were most common in the knee (26.7%, n = 20) and shoulders (44.0%, n = 33).
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According to the provided data, it appears that handball players are more prone to shoulder injuries.
Moreover, the incidence of shoulder injuries is comparable between males and females. Given the
gravity of shoulder injuries, it appears that if a handball player experiences a shoulder issue, there
is a significant likelihood that it will impede the athlete's sports activities and performance.
However, more studies are necessary to investigate the correlation between shoulder pain and/or
injury on performance. Moreover, the majority of injuries were observed in the dominant hand,
with a significant proportion of these injuries being attributed to overuse. This implies that the
combination of recurrent overhead throwing actions over a period of time and fatigue in athletes

can lead to an overuse injury.

2.4 Fatigue and handball injuries

Dirx et al. (1992) reported an elevated occurrence of injuries in the latter half of matches, ascribed
to the escalating fatigue experienced by players and the heightened intensity of closely contested
bouts. According to Asembo and Wekesa (1998), most injuries (57%) were also observed during
the game's latter half. Luig et al. (2017) examined data from the initial two professional German
leagues from 2010 to 2016 in their study. Their findings revealed a comparable distribution of
injuries throughout the two halves, with a notable concentration of injuries observed during the
latter ten minutes of each half (Bere et al., 2015). The disparity in time-loss injuries between the
first and second halves was notably more significant, with 68.5 and 29.1 injuries per 1000 hours,

respectively.

2.5 Definition of Fatigue

"Fatigue" is defined as the decline in physical performance that occurs when the actual or
perceived difficulty of a task or exercise increases (Gandevia, 2001). Fatigue during muscle
activity is characterized by the incapacity to sustain the necessary level of strength (Allman and
Rice 2002). The definition above is linked to a "breakpoint,” the abrupt onset of weariness and the
incapacity to maintain physical activity (Boyas and Guevel, 2011). Nevertheless, numerous
neurophysiological pathways are disrupted before the body experiences the impact of weariness,

and these alterations might occasionally serve as a preliminary indication of fatigue (Place et al.,
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2010). In addition, exercise causes changes in the early conditions of the neuromuscular system,
such as energy stores, ion concentrations, and contractile protein arrangement. Fatigue gradually
intensifies until the muscle cannot carry out the specified task (Boyas and Guevel, 2010).
Neuromuscular fatigue refers to the decrease in force or power due to exercise, irrespective of the
ability to maintain the task (Bigland-Ritchie and Woods, 1984).

2.6 Classification of fatigue

Depending on the onset time, fatigue is divided into acute (normal/after physical activity) and
chronic (pathological) fatigue. In acute fatigue, the onset or worsening of fatigue occurs within six
weeks or less in contrast to chronic fatigue, where fatigue remains for long periods, for more than
six weeks (Piper et al., 1989). Pathological chronic fatigue is commonly associated with diseases
such as cancer, chronic obstructive pulmonary disease (Ream & Richardson, 1997), rheumatoid
arthritis, major depressive disorder (Lavidor et al., 2002), and fibromyalgia (Drayer et al., 2005).
Other data shows a possible association with diabetes mellitus (Fritschi & Quinn, 2010).

According to Phillips (2015), exercise-induced weariness is divided into central and peripheral.
Peripheral fatigue is defined as a reduction in maximal muscle strength or motor capacity due to
overexertion, from prolonged or intense physical activity and is the result of neuromuscular
dysfunction in areas outside the central nervous system (O'Connell & Stokes, 2014). It is
associated with impaired transmission of peripheral nerve impulses and impairments in muscle
contraction (Aaronson et al., 1999). Central fatigue is caused by "central” factors such as the nerve
signals responsible for muscle activation and transmission of the stimulus to the central nervous
system (Gandevia, 2001).

Fatigue can arise from various factors, including the transmission of commands from the Central
nervous system (CNS) to the motoneurons via the specific pathways, the main motor cortex being
active, the propagation of neuromuscular signals, the connection between contraction and
excitation, the blood flow, the intracellular medium condition, the metabolic substrate availability,
the contractile apparatus performance, and the contraction of the motor units (Boyas and Guevel,
2011). The mechanisms and physiological areas that can be impacted by neuromuscular fatigue

and, consequently, may be the cause of a reduction in force generation are covered below.
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2.7 Etiology of fatigue

2.7.1 Central fatigue

Historically, authors believed that central weariness originated from any disruption in the
neuromuscular transmission that impacts cross bridges. Central tiredness, however, appears to
originate in the brain, according to current studies (Zajac et al., 2015). Central fatigue refers to a
decrease in the motivational drive from the motor cortex, which leads to a reduction in performance
or even cessation of activity. This occurs when inhibitory and excitatory processes are impaired
(Ament and Verkerke, 2009). Exercise-induced extracellular serotonin accumulation, along with
other substances such as dopamine, gamma-aminobutyric acid, is one of the important elements
that leads to metabolic changes (Tornero-Aguilera et al., 2022). Dopamine's role in the exhaustion
process is associated with its extracellular space build-up brought on by dopaminergic activity,
which modifies the dopamine and serotonin balance. Furthermore, serotonergic projections
connect with the hypothalamus and the thermoregulatory center regions. Observations have shown
that when exercise intensity increases, there is an increase in serotonergic activity which leads to
a sensation of lethargy, a decrease in neural drive, and, ultimately, a decrease in motor unit

recruitment (Tornero-Aguilera et al., 2022).

Dopamine (DO) is a neurotransmitter that plays a role in central fatigue mechanisms (Tornero-
Aguilera et al., 2022). The process of delaying the development of fatigue is linked to the release
of DO. The role of DO neurotransmission in causing weariness during exercise is a possible

explanation (Cordeiro et al., 2017).

Glutamate (GL) is produced from structures obtained from carbohydrate substrates, provided that
an amino group is present (Maddock et al., 2011). The execution of GL in exercise-induced
weariness has been suggested, however, the specific mechanism remains unclear. Animal studies
(Yeh et al., 2005; Wang and Wang, 2018) seek to ascertain the pivotal role of glutamate
transporter-1 (GL-1) in regulating weariness generated by exercise. The release of GL-1 can be
reduced after exhaustion produced by exercise. Suppressing the supply of GL-1 led to a reduction
in exercise endurance, accompanied with a decline in lactate and elevation in GL levels in GL. In
addition, the presence of GL-1 in the motor region seemed to diminish following an intense

exercise regimen, followed with an elevation in glutamate concentration outside the cells. The
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decrease in extracellular lactate levels may be linked to the development of weariness (Tornero-
Aguilera et al., 2022).

GABA, a neurotransmitter crucial for maintaining the balance of neuronal activity in the CNS, is
produced by the action of glutamic acid decarboxylase. Studies have indicated that following an
intense exercise, there is a substantial rise in GABA levels inside the sensorimotor cortex. This
fact is associated with the elevation of blood lactate levels (Maddock et al., 2011; Coxon et al.,
2018).

One additional reason for central tiredness is the alterations that take place at the level of the
vertebral column regarding the sensory input from the muscular and tendon receptors (Gandevia,
2001).

CNS exhaustion affects physical performance and leads to cognitive weariness, which is linked to
behavioral and mood issues. Continuing a severe condition of the central nervous system, tiredness
can result in sleep disruptions, depression, pain, fatigue, challenges in sustaining cognitive
alertness, and difficulties in retaining mental focus (Leavitt and DeLuca, 2010; Chaudhuri and
Behan, 2000).

2.7.2 Peripheral fatigue

Peripheral fatigue refers to the decrease in the effectiveness of the connection between the nerves
and muscles due to the expansion of metabolites (Myburgh, 2004). This weariness is particularly
severe during intense exercise, as the expansion of metabolites may influence the interaction
between myosin and actin cross-bridges. Consequently, the enzyme of ATP is decreased,
maintaining a proportional correlation with the contraction rate. Fatigue occurs in a metabolic
environment characterized by decreased PH amounts and acidosis. The buildup of PO4
(phosphate) marks this environment. Both components diminish the muscle fiber's capacity to

produce force (Woodward et al., 2018).

Peripheral weariness is highly correlated with alterations in the internal environment, specifically
in maintaining homeostasis (Tornero-Aguilera et al., 2022). The fundamental changes during
exercise occur when the onset of blood lactate accumulation (OBLA) level is surpassed. The

buildup of phosphates and hydrogens in the sarcoplasm can decrease muscle contraction strength
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by inhibiting the cross-bridge interaction. Calcium intake from the sarcoplasmic reticulum may
also be influenced by changes in energy reserves, a decrease in glycogen stores, and, in severe
situations, a reduction in blood glucose levels. Even a brief decline in blood glucose levels can
significantly disrupt CNS activities (Tornero-Aguilera et al., 2022). In addition, exercise-induced
tiredness can impact the velocity of the action potential across the sarcolemma, likely due to
biochemical alterations occurring in the muscle fiber's surroundings. Another crucial element is
the increased outflow of potassium ions (K+) from muscle fibers. An elevation in potassium levels
within the T-tubules can obstruct the tubular action potential, leading to a decrease in force caused
by a decline in excitation-contraction coupling (Tornero-Aguilera et al., 2022; Whitten et al.,
2021). Moreover, research has demonstrated that the replenishment of electrolytes occurs more
rapidly than the restoration of pH levels during periods of tiredness, hence adversely impacting on
muscular contractions (Kelly et al., 2008; Deglado-Moreno et al., 2018; Chycki et al., 2018;
Whitten et al., 2021).

Additionally, there is evidence indicating the occurrence of an inflammatory response to physical
activity and the presence of peripheral weariness. Neuroinflammatory pathways are the primary
processes of fatigue (Proschinger and Freese, 2019). Muscles' local production of IL6 during
exercise is linked to managing glucose homeostasis as an energy source. This production is directly
related to the duration of the activity (Steenberg et al., 2000). Moreover, after exercising, the
highest level of IL6 and IL1Ra production in the local muscles is directly related to the intensity
of the activity. However, the synthesis of IL6 is not linked to muscle injury (Trinh et al., 2021).
Another consequence of fatigue-induced muscle injury during exercise is the release of IL6, as

shown from the beginning of the activity (Trinh et al., 2021).

Fatigue is an intricate and multifaceted phenomenon that involves multiple organic systems.
Tornero-Aguilera et al. (2022) proposed the “governor’s fatigue theory” according to which
fatigue has repercussions at various psychological and physiological levels (Tornero-Aguilera et
al., 2022).
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2.8 Other factors that contribute to fatigue

2.8.1 Rest and sleep

Sleep deprivation can alter the psychological reactions associated with weariness. Research has
shown that sleeping 7 to 8 hours is enough to support mental well-being and achieve optimal
cognitive functioning. Lock et al., (2018) in their review paper have summarized the psychological

responses linked linked to weariness as a contributor to inadequate sleep:
« Diminished alertness.
« Worse cognitive function.
« Slower cognitive processing.
e Inflexible thinking.
o Challenges in absorbing new knowledge.

o Increased difficulties in completing brief tasks.

2.8.2 Gender

Females would experience a higher subjective impression of weariness (LaSorda et al., 2020).
Furthermore, the physiological aspects specific to females (e.g menstrual cycle) significantly
influence performance, perception, and the manifestation of weariness (Shimo et al., 2021). In
addition, women exhibit lower fatigue levels than men, which can be attributed to variances in
neuromuscular, physiological, and anatomical characteristics (Bensing et al., 1999). For example,
males are more muscular in general and specific muscles exhibit a greater relative size and possess
a higher metabolic and functional speed (Porter et al., 2002; Roepstorff et al., 2002). Furthermore,
sex-specific hormones such as androgens and estrogens lead to greater strength and power in males
than in females. This results in a higher capacity for force and energy generation (Maher et al.,
2009; Wan et al., 2017).
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2.9 Assessment methods of fatigue

The two main methods used to quantify tiredness include measuring voluntary and electrically
stimulated muscular force generation, as well as evaluating low frequency fatigue. Both
approaches are conducted in a laboratory setting and necessitate meticulous processes to ensure
precise outcomes. The evaluation of force generation is unable to identify restrictions originating
from the central or peripheral regions, so it cannot ascertain the underlying mechanisms
responsible for the development of fatigue. The measurement of low frequency fatigue is
conducted on a limited amount of muscle mass, which restricts its relevance to real-world sport
and exercise scenarios (Vollestad, 1997). The torque responses to various electrical stimulation
frequencies are usually recorded in order to quantify low-frequency fatigue (large surface
electrodes are used to stimulate the muscle over the motor point of a muscle or placed near the
motor nerve) (Skurvydas et al., 2000; Keeton et al., 2006). The change in the ratio of force output
with 20 Hz stimulation to that with 50 Hz or 80 Hz stimulation is a frequently used indicator of
LFF (Jones, 1996; Keeton et al., 2006). LFF is typically defined as any decline in this ratio between
before and after exposure to a fatiguing treatment (Martin et al., 2004).Indirect techniques for
evaluating fatigue include tests measuring the time to exhaustion, electromyography, muscle
biopsies, blood collection, perceptual assessments, and magnetic resonance imaging (Rondelli et
al., 2009). Each of these measurements has both advantages and disadvantages in terms of their
capacity to provide insights into the development of fatigue during exercise (Rondelli et al., 2009).
Various factors, such as the particular research design, equipment availability, ethical and consent-
related limitations, and the researcher's informed decision on which methods will yield information
that can effectively quantify the potential causes of fatigue development during the exercise

protocol or research scenario being used, will determine which method to use (Vollestad, 1997).

2.10 Fatigue and proprioception

Muscle fatigue has been postulated to potentially hinder proprioceptive acuity through the
elevation of discharge of muscle receptors threshold and the disruption of afferent information.
The observed decline in proprioception following fatigue-induced exercise may be attributed to
increased inflammatory substances and metabolites into the muscle. These substances directly

influence the release pattern of muscle spindles and the activation of alpha-gamma receptors
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(Pedersen et al., 1997, 1999). The presence of metabolites and/or inflammatory chemicals in the
muscle during fatigue-inducing exercise modifies proprioceptive input by increasing the threshold

for muscle spindle release (Pedersen et al., 1997; Djupsjobacka et al., 1995)

On the other hand, changes in alpha/gamma co-activation or activation of alpha motoneuron
resulting from exhaustion might impact the excitability of the muscle spindle via stretching (Marks
& Quinney, 1993). Changes in the central processing of proprioceptive signals brought on by
fatigue processes in the Central Nervous System are primarily responsible for the reduction in
proprioceptive acuity during tasking activities. According to Miura et al. (2004), central tiredness
can decrease the precision of motor control and disrupt voluntary muscle-stabilizing activity to
counteract applied joint stresses. Certain writers have attributed the proprioceptive impairments
observed in their exercise programs, which incorporated eccentric contractions, to the muscular
damage generated by exercise (Torres et al., 2010; Fortier et al., 2010; Holy et al., 2019). However,
it is improbable that the observed changes were primarily caused by damage to muscle
mechanoreceptors. This is supported by research on animal models, which demonstrated that,
unlike extrafusal fibers, a sequence of eccentric contractions does not impact internal fibers of
muscle spindles (Gregory et al., 2004) or tendon organs (Gregory et al., 2002).

2.11 Definition of proprioception and categorization

The human body depends on many sensory inputs to regulate performance of daily activities. The
necessity for intagrating significant senses, which encompass our visual, vestibular, auditory,
olfaction, and tactile sensations, to prevent potentially hazardous circumstances is well
acknowledged (Ager et al., 2020). However, it is frequently overlooked that body’s "sixth sense,"
known as somatosensation, encompasses other sensory modalities such as thermoception,
nociception, equilibrioception, mechanoreception, and proprioception. Sherrington (1906) was
the first researcher to define proprioception as the capacity to perceive the spatial relationship
between the body's extremities and joints, even without visual cues (Han et al., 2016). Furthermore,
proprioception has been defined by other researchers as the conscious and unconscious evaluation
of the position and motion of a joint (Myers et al., 1999; Lephart et al., 1997). In contrast,

kinesthesia refers to the perception of joint movement and its attributes, such as whether the
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movement is accelerated or decelerated (i.e., the variation in the speed of joint movement) (Swanik
et al., 2002; Swanik et al., 2004).

Proprioception is attained by aggregating peripheral sensory data documenting the extent and
alterations in muscle length, tension, joint angle, and skin elongation (Proske & Gandevia, 2012).
Proprioception controls and regulates muscle stiffness during movements, ensuring sufficient joint
stability, coordination, and balance (Riemann & Lephart, 2002; Roijeson et al., 2015). The
perception of force exerted during joint motions results from the sensory receptors receiving
information regarding their locations, movements, and loads. Subsequently, the receptors convey
the centripetal signal to the CNS through the spinal cord. Conscious awareness of the position,
movement, and force generated at a joint is acquired through this process. This information is
essential since it is derived from the central nervous system's response via the central pathways,
enabling accurate and contextually suitable joint functionality. Conversely, the concept of
unconscious proprioception exists, which serves as the regulator of muscular action, facilitating

the attainment of reflexive stabilization simultaneously (Riemann & Lephart, 2002).

The concept of proprioception encompasses several subcategories (figure 2.1), including joint
position awarness, kinesthesia, awarness of force, sense of velocity, and the sense of vibration
(Kerr & Worringham, 2002; Arzi et al., 2014; Franco et al., 2015). For joint position sense to be
satisfactory, the human body must have the ability to sense the position of any joint at all times
during voluntary active movements and involuntary passive movements (Riemann & Lephart,
2002; Dover & Powers, 2003). To achieve a good level of kinaesthesia, it is essential to possess
the capacity to perceive both active and passive movements (Riemann & Lephart, 2002; Dover &
Powers, 2003). Force sense is the ability to estimate and recognize the force applied to a joint and
the human's ability to reproduce a force at the desired level (Myers & Lephart, 2000). The sense
of change in velocity refers to the ability to perceive and measure the speed at which a limb moves
around a joint (Soltys & Wilson, 2008).
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Figure 2.1. The multimodal sensory system. Adapted from (Ager et al, 2020).
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2.12 Mechanoreceptors

Mechanoreceptors are the primary sensory structures that provide information about mechanical
changes in the internal and external environment (French & Torkkeli, 2009). All sensory
information  of  proprioception is initially recognized and received by the
mechanoreceptors. Mechanoreceptors are found in muscles, intramuscular tissues, bursa,
ligaments, periosteum, and skin. They are responsible for detecting mechanical alterations in
tissues and transmitting the corresponding sensory data to the Central Nervous System for cerebral
analysis (Gilman, 2002). There are several types of mechanoreceptors, including Golgi tendon
organs, muscle spindles, Pacinian corpuscles, Ruffini end organs, and free nerve endings (Jha et
al., 2017).
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In joints, there are three different morphological forms of mechanoreceptors: free nerve terminals,
Meissner corpuscles, and Paccini corpuscles. These mechanoreceptors fall into one of two
categories: slow adapting, which discharges continuously as long as the stimulus is there, or quick
adapting, which stops discharging soon after the stimulus begins. Fast-adapting mechanoreceptors
in healthy joints are hypothesized to give motor sensations, both conscious and unconscious, in
response to joint movement or acceleration. Slow-adapting mechanoreceptors, on the other hand,
provide constant feedback and proprioceptive information regarding joint position sense (Roijeson
etal., 2015).

Proprioception, kinesthesia, and force perception are all influenced by the pressure and stretch
mechanoreceptors in the skin (Proske and Gandevia, 2012). The intuitive nature of their
contribution to the perception of force is evident since the compression of the skin by the fingers
and hand during object grabbing indicates the force is applied to the object. Similarly, joint
movement causes the skin at a joint to stretch and compress, thereby stimulating cutaneous
receptors and contributing to the sense of joint position and movement (Proske and Gandevia,
2012).

The muscle spindles and the organs of the Golgi tendon are the mechanoreceptors found in the
musculo-tendinous complex. In all skeletal muscles, the muscle spindles that run parallel to the
extrafusal muscle fibers are commonly thought to be the main source of proprioception (Proske
and Gandevia, 2012). These receptors are specialized fibers located inside the muscle that are
responsible for detecting alterations in muscle length, as well as the velocity of contraction. When
a muscle undergoes passive lengthening, it generates spindle afferent signals that are subsequently
interpreted as a perception of movement (Banks et al., 2021). As the velocities of the muscle
increase, there is a corresponding increase in the response. The spindle system can predict changes
in length due to its ability to detect velocity and size, with the latter exhibiting a higher rate of
change. During contractions, the muscle spindle is subject to fusimotor control, specifically the
gamma system. This control can modify the calibration or sensitivity of the receptor by adjusting
its internal length. The modulation process enables the receptors to adapt during action and
facilitates simulation without actual action (Banks et al., 2021). The role of thixotrophy, which
illustrates the connection between a muscle's characteristics and its recent history of

contracting/lengthening, is closely linked to the sensitivity of the spindle. The property of muscle,
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including muscle spindles, impacts proprioception. Specifically, proprioception, which refers to
the sensitivity of the spindle, can be modified based on whether the muscle has had recent

contractions (Macefield and Knellwolf, 2018).

The Golgi tendon organ encircles the ends of the muscle's intrafusal fibers and is situated at the
musculotendinous junction. It is responsive to the tension that is created in the muscle by either
active contraction or passive stretching (Moore, 1984). When excessive tension develops in the
muscle, the Golgi tendon organ fires, inhibiting alpha motor neuron activity and reducing muscle
tension. Details for the mechanoreceptors of the human body are presented in Table 2.1

Table 2.1 Mechanoreceptors of the human body. Adapted from (Roijeson et al, 2015).

Body Region Mechanoreceptor Stimulation
Musculo-tendinous Muscle spindle Change in muscle length
junction The rate at which muscle length
changes.
Golgi tendon

Muscular contraction

Joint Mazzoni Tension and compression loads at
. both low and high levels across the
Paccinian )
whole range of motion.
Ruffini
Golgi
Fascia Pacinian Tensile loads experienced at both
RUFfini low and high levels during joint
movement.
Skin Trichoreceptor Joint movement can result in
. superficial tissue deformation,
Pacinian . .
stretching, or compression.
Ruffini
Meissner
Merkel

35




2.13 Mechanoreceptors of the shoulder

Capsulo-ligamentous shoulder mechanoreceptors are most stimulated at extreme angles of
shoulder external rotation (Janwantanakul et al., 2001). The scapular muscles play a crucial role
in proprioceptive information via muscle spindles, and any injury to these muscles will result in
impaired proprioception in the middle angles of the glenohumeral range of motion. However, at
the extreme angles of the range of motion, the capsule-ligamentous mechanoreceptors can
compensate for this incorrect sensory information (Yang et al., 2010). According to Blasier et al.
(1994), the sensitivity of external shoulder rotation surpasses that of internal rotation,
aphenomenon which can be related to the increased transmission of nerve signals to the CNS

during external rotation, that occurs due to stretching the anterior shoulder capsule.

Furthermore, it has been suggested that shoulder joint position sense increases with increasing
torque angle, at shoulder elevation angles (Suprak et al., 2006), and with external mechanical load
(Suprak et al., 2007). This may be related to increased muscle activation and stimulation of the
muscle spindles. Additionally, previous studies have demonstrated a positive correlation between
the intensity of isometric shoulder contraction and the proprioceptive information transmitted by
mechanoreceptors (Zuckerman et al., 2003; Walsh et al., 2009). Most researchers agree that with
increasing shoulder elevation angle, the periarticular soft tissues are subjected to more tension,
resulting in greater proprioceptive information (Janwantanakul et al., 2001; Suprak et al., 2007).
This mechanism is fundamental in counteracting the forces that cause humeral head displacement
(Anderson et al., 2011). So the shoulder joint capsule, glenohumeral ligaments, and labrum present
mechanoreceptors that provide proprioceptive information for the sensorimotor system, promoting
stability and neuromuscular control in the glenohumeral joint. It has been proven that capsulo-
ligamentous structures and muscles cooperate through reflexes to prevent injury (Myers et al.,
2002). Specifically, when the capsule-ligamentous structures within the glenohumeral joint
experience tension, the mechanoreceptors relay this information to the spinal cord. Subsequently,
the rotator cuff muscles contract reflexively to mitigate the excessive tension exerted on the
capsule-ligamentous structures. This reflex is also known as the “ligamentous-muscular reflex”
(Myers et al., 2002; Myers and Oyama, 2008).
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2.14 The role of proprioception in motor control

Accurate sensory information about the body's external and internal environmental conditions is
crucial for achieving adequate motor control (Mathews, 1989; Riemann and Lephart, 2002).
During goal-directed activities (e.g picking up a box while walking), the motor program for
walking must be modified to account for changes in the internal environment (such as shifts in
center of gravity brought on by an additional weight) and the external environment (such as uneven
ground).These provisions are triggered by sensory stimuli that occur in both feedback loops
(mechanoreceptor detection of changes in the support surface) and feedforward loops (anticipating
changes in the center of gravity based on prior experiences) (Sainburg et al., 1995; Bard et al.,
1995).

Proprioceptive information, a key player in motor control, can be classified into two distinct types,
with the first involving proprioception in relation to the surrounding external environment, and the
second the planning and modulation of internally generated motor orders (Hasan and Stuart, 1988).
In addition, the first type, motor plans often need to be adjusted to accommodate unforeseen
disturbances or changes in the external environment. While visual input is commonly seen as the
primary source of this information, there are many instances where proprioceptive input proves to
be the most efficient, accurate, or both (Prentice, 2020). In the example mentioned in the previous
paragraph, adjustments to the motor program for walking were necessary due to the presence of
an uneven support surface. In addition, the motor control system must take into consideration the
present and varying positions of the joints involved both before and during a motor command, in
order to accommaodate the intricate mechanical interactions within the musculoskeletal system
(Prentice, 2020). Proprioception is often regarded as the most efficient means of supplying the
motor control system with the essential information on segmental movement and position
(Sainburg et al., 1995; Bard et al., 1995).

2.15 Assessment of proprioception

Proprioception evaluation entails conducting targeted tests to assess an individual's joint
proprioception, kinesthesia, or force perception levels (Riemann et al., 2002; Proske and Gandevia,

2012). The assessments can be carried out using either passive or active conditions (Riemann et
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al., 2002; Clark, 2015). Joint position sense (JPS) tests assess the degree of precision and accuracy
in readjusting a joint to a predetermined goal angle (Benjaminse et al., 2009). Kinesthesia
assessments measure an individual's ability to perceive joint movement. These assessments include
tests such as the threshold for detection of passive movement, movement discrimination tests, and
acuity of a tracking task (Carpenter et al., 1998). The force awareness tests assess an individual's
ability to perceive and produce a predetermined and controlled level of force that is lower than the

maximum limit (Dover and Powers, 2003; O'Leary et al., 2005; Benjaminse et al., 2009)

The awareness of joint position, the sensation of force and kinesthesia tests frequently calculate
many variables. According to Schmidt and Lee (2011), variables encompass constant error,
variable error, and absolute error. The constant error is calculated as the mean positive or negative
discrepancy between the observed and real values along a certain dimension of interest, while
variable error is determined by calculating the standard deviation. Absolute error refers to the
discrepancy between the measured or inferred value and the true value of a quantity. The purpose
of these variables is to provide descriptions of various components of JPS and force sense. The
representation of acuity in a chase or tracking task is frequently depicted as the departure from the
target or the duration of time spent on the target (Schmidt et al., 2018).

2.16 Factors that influence proprioception

2.16.1 Age

Numerous alterations in the neuromuscular system have been linked to aging (Hunter et al. 2016;
Shaffer and Harrison 2007). These changes have been accompanied by a decline in maximal force
production (Frontera et al. 1991), a reduction in control precision (Baudry et al. 2010; Tracy and
Enoka 2002), and impairments in motor control (Seidler at el., 2010). Furthermore, aging has been
associated with a decline in postural control, increasing the risk of falls (Horak 2006; Maki et al.
1994). Changes in muscle spindles and the transmission of sensory information at the supraspinal
level have also been observed in elderly individuals, causing disturbances in proprioception and
postural control (Goble et al., 2011, 2012). Regarding the muscle spindles, it has been found that
with increasing age, the diameter of them decreases (Goble et al., 2009). Additionally, Liu et al.

(2005) found a decrease in the number of intrafusal muscle fibers, which has been associated with
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increasing age. Other studies (Miwa et al., 1995; Kim et al., 2007) have found that increasing age
associates with decreased muscle spindle sensitization (difficulty in activating after a sensory
stimulus). A decrease in nerve conduction velocity of la nerve fibers has been observed with
increasing age (Kim et al., 2007), thus causing disturbances in the stretch reflex (Klass et al., 2011).
Some studies have found that with increasing age, the activation of areas of the brain responsible
for motor function increases a mechanism that is attributed to the effortof the brain, through
compensation, to increase the motor capacity in elderly individuals (Zwergal et al., 2012; Mouthon
etal., 2018).

Barrack et al. (1984) concluded that young professional ballet dancers had a significantly better
joint movement perception threshold compared to healthy, active elderly subjects. Skinner et al.
(1984) investigated the effect of age on knee proprioception during passive motion (passive motion
detection threshold and ability to perceive joint position during passive motion). The results
showed that the older participants had significantly less proprioception in both tests than the
younger participants. Similar results were found in the study by Kaplan et al. (1985), who
concluded that the elderly had significantly poorer proprioception during active movements than
the young participants. The age effect seems to be similar across different body areas. Vuillerme
et al. (2008), who aimed to investigate the effect of age on neck joint position sense, concluded
that older subjects had significantly less accuracy and perception of neck position. In addition,
Tonak et al. (2020) aimed to investigate the effect of age on hand proprioception. The results
showed that elderly subjects showed reduced hand position sense perception, increased dynamic

hand grip errors, and decreased vibration sense.

2.16.2 Osteoarthritis

There have been several studies that had concluded that osteoarthritis of the knee is associated
with a reduced ability to perceive joint position (Marks et al., 1993; Hurley et al., 1997; Garsden
& Bullock-Saxton, 1999; Hassan et al., 2001; Hortobagyi et al., 2004) and kinesthesia (Sharma et
al., 1997; Pai et al., 1997; Hewitt et al, 2002), when a total of 387 osteoarthritic knees were
evaluated and compared with healthy elderly knees (Knoop et al., 2011). However, in one study
(Lund et al., 2008), which evaluated 21 female osteoarthritic knees, a significant impairment was
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found in knee kinesthesia but not knee position sense. Furthermore, when the osteoarthritic knees
of 134 people were assessed, no substantial impairment of knee joint position sense (Hall et al.,
2006; Bayramoglu et al., 2007) and kinesthesia (Pap et al., 1998) was found. In an effort to resolve
this disagreement a more recent systematic review (van Tuden et al., 2018), in which 9825 patients
with knee osteoarthritis were evaluated, found that knee osteoarthritis was significantly associated
with decreased muscle strength and proprioceptive disorders. Nevertheless, van Tuden et al.,
(2018) in their review concluded that most studies were of low to moderate methodological quality
and the results should be interpreted with caution.

2.16.3 Trauma

According to the reputable research of Myers et al. (2008), following a shoulder injury, individuals
experience pain and tissue damage, which subsequently lead to disturbances in the sensorimotor
system, proprioception, and neuromuscular control. Their findings are further supported by studies
that have shown that reduced shoulder kinesthesia has been associated with shoulder dislocations
(Lephart et al, 1994) and shoulder instabilities (Barden et al, 2004). Additionally, patients with
rotator cuff injury were found to have significantly less shoulder proprioception compared to non-
injured subjects (Anderson & Wee, 2011). Similar results have been found in other areas and other
types of injuries. A systematic review conducted in 2014 by Relph et al. examined seven studies
on individuals with ACL tears andfound that they had a notable decrease in proprioception for the

injured leg in comparison to the non-injured one.

Conversely, a separate systematic review conducted by Fyhr et al. (2015) examined the impact of
shoulder injuries on shoulder proprioception. The review revealed limited to moderate evidence
indicating that individuals with post-traumatic shoulder instability had a decreased ability to detect
passive motion and sense the position of the shoulder joint during both active and passive shoulder

motion.
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2.16.4 Inflammation

Chemical mediators of inflammation can stimulate accessible nerve endings, thereby affecting
proprioception (Lephart et al., 1998; Xu et al., 2000). A study by Cudejko et al. (2018) aimed to
investigate whether inflammation in patients with knee osteoarthritis affects knee proprioception.
The evaluation of inflammation was carried out with blood tests detecting the increased number
of erythrocytes. The findings indicated a positive correlation between elevated erythrocyte counts,
increased knee proprioception, and muscle weakness in patients, suggesting systemic

inflammation.

2.16.5 Pain

Proprioception is disrupted when there is acute or ongoing musculoskeletal pain in the neck
(Sjolander et al., 2008; Kristjansson & Oddsdottir, 2010), lumbar spine (Lee et al., 2010;
Williamson & Marshall, 2014), upper extremities (Andersson & Wee, 2011; Juul-Kristensen et al.,
2008), and lower extremities (Sharma et al., 2003; Salahzadeh et al, 2013). Proprioception is
disrupted by pain because it alters the sensitivity and reflex activity of the muscle spindle by
activating type Il and 1V afferent nerve fibers (Johansson et al., 2003). Studies in animals have
demonstrated that intramuscular and intracapsular injections of inflammatory chemicals cause
significant effects on the muscle spindle (Thunberg et al., 2001; Djupsjobacka et al., 1995).
Humans have also shown disruption of proprioception after experimentally generated pain
(Malmstrom et al., 2013; Weerakkody et al., 2008).

Moreover, pain can have a deep impact on how the body is perceived, leading to somatosensory
cortical disarray (Moseley & Flor, 2012). Therefore, proprioception in the peripheral and central

nervous systems can be adversely affected by pain.

Sole et al. (2015) aimed to investigate whether experimentally induced pain, caused be a
hypertonic saline injection, in the subacromial space can affect shoulder proprioception. The
results showed that participants who were given hypertonic saline showed significantly less ability
to detect the direction of the movement. However, no significant correlation was found between

experimentally induced pain and shoulder joint repositioning during passive movement. Harvie et
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al. (2016) conducted a study examining neck’s pain impact on neck proprioception. The findings
revealed that individuals experiencing neck pain had a notably greater frequency of neck
kinesthesia mistakes than those without pain. In a systematic review conducted by Ager et al.
(2020), eleven studies examining individuals with shoulder pain revealed moderate evidence of

impaired kinesthesia and sense of velocity of movement in these patients.

Significant skeletal muscle function suppression and a major impact on limb proprioception can
result from intra-articular swelling, even in the absence of pain (Vaxendalle & Ferrell, 1987; Cho
etal, 2011).

2.16.6 Warm-up and cryotherapy

Performing a 5 — 10 minute warm-up positively affects proprioception and balance (Subasi, 2008).
Additionally, the Fifa 11+ and Harmo knee warm-up programs have been found to improve knee
proprioception at forty-five and sixty degrees of knee flexion and balance in soccer athletes
(Daneshjoo et al., 2012; Lopes et al., 2019). In a recent systematic review conducted by Sayyadi

etal., (2024), concluded that both absolute and relative angle inaccuracy can be decreased by warm
up.

Reduced evidence has been found that cryotherapy increases the number of repositioning errors in
the ankle, knee, and shoulder joints (Costello et al., 2010). In a randomized, double-blind study
(Torres et al., 2016), found that applying 15 minutes of ice therapy to the shoulder can significantly
reduce muscle strength, shoulder joint position sense, and passive shoulder motion detection
threshold. However, Furmanek et al. (2018) conducted a study that yielded contractive results.
Their investigation revealed that the administration of cryotherapy to the knee did not disrupt knee

proprioception among healthy volunteers.

2.16.7 Fatigue

Numerous peripheral and central alterations, such as modified metabolic state, altered muscular
activation patterns, disruption of muscle spindle and spinal reflexes, and a heightened perception

of exertion, are linked to muscle tiredness (Enoka & Stuart, 1992; Gandevia, 2002). Following
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high-intensity physical work or exercise, particularly eccentric training, it is frequently observed
that individuals may experience clumsiness and encounter challenges when attempting to execute
fine motor movements. This phenomenon has been substantiated by multiple studies that have
demonstrated a decrease in proprioception (Weerakkondy et al., 2003; Iwasa et al., 2005; Johanson
etal., 2011; Tsay et al., 2012).

2.17 Proprioceptive training and prevention of sport injuries

Postle et al. (2012) concluded that proprioceptive training was not associated with reducing ankle
injuries. However, the addition of proprioceptive training caused a significant reduction in
subjective instability and improved functionality. In addition, moderate evidence has been found
that proprioceptive training can help prevent future ankle sprains (Schiftan et al., 2015; Zech et al.,
2009) and ACL injuries (Zech et al., 2009). Also, Hubsher et al. (2010), evaluating seven high
methodological quality studies, concluded that proprioceptive training can reduce the incidence of
lower extremity injuries, especially ankle and knee injuries. The systematic review conducted by
de Vasconcelos et al. (2018) yielded positive findings, indicating that the implementation of
proprioceptive training combined with balance exercises effectively reduces the occurrence of
ankle sprains by thirty-eight percent compared to the control group. The researchers concluded
that the implementation of proprioceptive training, specifically focusing on balance exercises, can
mitigate ankle injuries, enhance neuromuscular control, minimize swing movements required for

balance maintenance, and augment joint position sensing among athletes.

There is a scarcity of evidence regarding the efficacy of shoulder injury prevention programs in
overhead athletes, particularly in terms of reducing shoulder injuries (Wright et al., 2021). Out of
all the research conducted, only three reported a positive outcome in terms of preventing injuries
(Andersson et al., 2017; Shitara et al., 2017; Osteras et al., 2015). Currently, there is insufficient
evidence to draw any definitive conclusions about the efficacy of shoulder injury prevention

programs in overhead athletes.
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2.18 Negative effects due to impairment of proprioception

Short-term sensorimotor control loss due to decreased proprioception is expected to affect
feedforward and feedback mechanisms as well as the modulation of muscle rigidity (Treleaven,
2011). This could account for clinical signs of musculoskeletal diseases such as clumsiness and
balance problems (Treleaven, 2011). Additionally, it may result in motor dysfunctions, such as an
increase in errors in particular proprioceptive tests. Reduced alpha motor neuron activity (Konishi
et al., 2002), poor joint reflex stabilization (Beard et al., 1994), increased sway in balancing
movements (Radebold et al., 2001; Treleaven et al., 2005; Roijezon et al., 2011), and increased
visual movement errors (Sandlund et al., 2008; Williamson & Marchall, 2014) are some of these
dysfunctions. Neuromuscular adaptations typically observed in painful illnesses, likely entail
altered proprioception among many other pathways (Falla & Farina, 2008; Hodges, 2011).
Disrupted neck proprioception can also result in dizziness, visual abnormalities, and poor head and
eye movement control and coordination (Treleaven, 2008; Treleaven & Takasaki, 2014).
According to Segal et al. (2010), there is a potential pathophysiological association between
impaired proprioception, reduced motor performance from the central nervous system, and
inadequate muscle protection of joint tissues. A higher incidence of injury, recurrence, and chronic
pain—including the onset and advancement of post-injury secondary osteoarthritis—may be
attributed to these variables. Osteoarthritis has been linked to reduced muscular performance as a

result of disrupted sensory input from mechanoreceptors in wounded tissues (Konishi et al., 2002).

2.19 The impact of exercise induced-muscle fatigue on shoulder proprioception,
motor control and performance.

The study conducted by Voight et al. (1996) was one of the initial investigations on the impact of
rotator cuff muscle fatigue on shoulder proprioception. Eighty individuals, 30 males and 43
females, participated in this study. The assessment encompassed the evaluation of shoulder active
joint repositioning (AJR) and passive joint repositioning (PJR) as outcome measures. The
measurement of proprioception was performed on the isokinetic dynamometer. The participants'
shoulder was initially positioned at a 90° angle of abduction, with a 90° angle of elbow flexion,
and with a neutral elbow posture (midway between supination and pronation). From this position,
the examiner passively moved the patient's shoulder to 75° of external rotation (target angle),
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remained in that position for 10 sec, and then returned to the starting position. The participant then
had to identify this specific target angle unthinkingly by performing active movement for three
trials. Subsequently, the subject would be required to ascertain the identical shoulder position using
passive movement, as imposed by the isokinetic dynamometer. Upon perceiving that the shoulder
had attained the appropriate angle, the participant would activate the switch to cease the motion.
The participants performed maximal voluntary isokinetic internal and external rotation
contractions on the isokinetic dynamometer to induce muscle fatigue. The criterion for muscle
fatigue was a 50% drop in peak isokinetic torque over three consecutive repetitions. After the
induction of muscle fatigue, the AJR and PJR were assessed in each participant. The results
showed that muscle fatigue of the shoulder rotators caused a significant disturbance in shoulder
proprioception. It was also found that there were no significant differences between dominant and

non-dominant shoulders in proprioceptive impairment after muscle fatigue.

Carpenter et al. (1998) conducted a study to investigate the potential impact of muscle fatigue of
the shoulder on the threshold to detection of passive movement direction (TTDPMD). Twenty
healthy participants (11 men and 9 women) participated in this study. Shoulder proprioception was
evaluated on the isokinetic dynamometer. Participants were placed seated with the shoulder in 90°
of abduction, 90° of external rotation and at the scapula level. The isokinetic dynamometer from
this position performed passive movement. Each participant was instructed to promptly deactivate
the switch upon perceiving passive shoulder movement from the isokinetic dynamometer. The
criterion for muscle fatigue was a 50% drop in peak isokinetic torque over three consecutive
repetitions. The results showed a significant delay in TTDPMD from 0.92° to 1.59° (73% increase)
simultaneously in both internal and external rotation. Specifically, the detection of passive internal
rotation worsened by 0.70° and the detection of passive external rotation by 0.66°.

Sterner et al. (1998) published a study in the same year that examined the impact of muscle fatigue
on shoulder proprioception. The shoulder proprioceptive outcome measures included AJR, PJR,
and TTDPMD. The isokinetic dynamometer was used for the measurements. The study involved
placing 20 participants supine while stabilizing their trunk and pelvis to restrict compensatory
movements. The initial position of the shoulder was at 90° of abduction, 90° of elbow flexion, and
a neutral shoulder rotation. Participants were instructed to determine the target angle by pressing

a switch to stop the movement and remain there for 10 seconds to assess the AJR and PJR.
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TTDPMD was performed in a neutral shoulder rotation position, and three trials were conducted
in each direction at an angular velocity of 0.5°/sec using a stop switch button. The participants
performed five maximal concentric isokinetic contractions to induce muscle fatigue with an
angular velocity of 180°/sec. From the five repetitions, the maximal voluntary contraction was
recorded. The criterion for muscle fatigue was a 50% decline in isokinetic peak torque over three
consecutive repetitions. The results showed that there were no significant differences between the
experimental group and the control group, and shoulder proprioception was not affected by muscle
fatigue.

Myers et al. (1999) also aimed to investigate whether rotator cuff muscle fatigue can affect
shoulder proprioception and dynamic stability. Thirty-two healthy participants (16 men and 16
women) participated in the study. The outcome measures were the shoulder AJR and the dynamic
shoulder stability. AJR was performed on the isokinetic dynamometer, and the dynamic shoulder
stability was assessed through the ability to remain in a push-up position with one arm support on
a force plate. During the dynamic stability test, each participant had to remain in the one-armed
push-up position for 10 seconds. In the isokinetic dynamometer, the participants were supine, with
90° shoulder abduction and 90° elbow flexion. The target angles that each participant had to
identify with eyes closed were three (30° internal rotation, 30° external rotation, and 75° external
rotation), performing three trials per target angle. To induce muscle fatigue, maximal concentric
isokinetic contractions of internal and external rotator muscles were performed with an angular
velocity of 180°/sec. The criterion for muscle fatigue was a 50% decline in maximal isokinetic
torque within three consecutive repetitions. The participants were divided into two groups:
experimental and control group. The control group did not perform the muscle fatigue protocol. In
the control group, the mean absolute angular error was 5.42° + 2.94° in the initial measurements
(pre-test values) and 5.020 + 2.59° for the post-test values. On the contrary, the mean absolute
angular ratio for the experimental group before fatigue was 4.72° + 2.43° and 5.58° + 2.23° after
fatigue. Only the experimental group presented statistically significant differences. Regarding
dynamic stability, a substantial increase in falls (inability to maintain the one-arm push-up

position) after fatigue was found in the experimental group only.

Bjorklund et al. (2000) conducted a study to investigate the effect of shoulder muscle fatigue on

joint position sense. The study involved 26 individuals, consisting of 13 males and 13 females.
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Joint position sense was measured before and immediately after the fatigue protocol. Participants
were instructed to target the horizontal shoulder adduction angles of 15 ° and 30 °, as well as
horizontal shoulder abduction angles of 60 ° and 75 °, starting from a position of 45 ° (scapula
level). To elicit fatigue, participants were positioned at a table and engaged in a repetitive activity,
including pressing pistons and buttons, utilizing a manipulator weighing 300 grams. The results
showed that the absolute error increased significantly after fatigue, and women had an overall
higher error than men. In addition, total absolute error was considerably higher in horizontal
shoulder adduction than horizontal abduction.

Lee etal. (2003) conducted a study to assess the impact of muscular fatigue of the shoulder rotators
on shoulder proprioception. The 11 participants were positioned on the isokinetic dynamometer
with their shoulders abducted by 90°, their elbows rotated 90°, their shoulders in the scapular
plane, and their elbows flexed 90°. The repositioning sensation of the shoulder joint was measured
both actively and passively (AJR and PJR) from this position. A 10-minute warm-up of push-ups
and stretching was conducted to generate muscle fatigue. The measurement of maximal voluntary
contraction was conducted over a series of five repeats. A 50% reduction in isokinetic peak torque
over three consecutive repetitions was used as a criterion for fatigue. The results showed no
significant differences in PJR in internal and external rotation and AJR in internal rotation.
However, there were substantial errors in determining the target angle in AJR in external rotation
(from 2.57 t0 4.96°).

Lida et al. (2014) aimed to examine whether muscle fatigue of the rotator cuff muscles can
significantly affect shoulder proprioception. For this purpose, 15 healthy men participated in the
study. Participants were seated on the isokinetic dynamometer with their shoulder in 90° of
abduction and 90° of elbow flexion. In order to assess muscle deactivation during PJR,
electromyography was conducted on both the internal rotators (pectoralis major and latissimus
dorsi) and external rotators (infraspinatus). The target angle for shoulder external rotation was
precisely positioned between the initial position of the shoulder and the point of maximal external
rotation. Similarly, for shoulder internal rotation, the target angle was positioned between the
initial position and the point of maximal internal rotation. In AJR, participants were required to
maintain their position at the target angle for 3 seconds. Conversely, participants were instructed
to hit the stop motion switch during PJR. Concentric maximal effort isokinetic contractions were
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performed to induce muscle fatigue with an angular velocity of 180 “/sec. The criterion for muscle
fatigue was a decrease in peak torque by 40% in 3 consecutive repetitions. The results showed a
significant constant error interaction in both AJR and PJR. After experiencing fatigue of the
shoulder's internal rotator muscles, there was a notable increase in the constant error observed
during AJR, particularly in the direction of external rotation. Furthermore, it was observed that the
constant error exhibited a substantial rise in the internal rotation direction following fatigue of the
external rotator muscles in the shoulder. After the fatigue of the internal rotator muscles of the
shoulder, the angle mislocalized from 2.68° (before fatigue) to 4.19° (after fatigue). Furthermore,
after the fatigue of the shoulder external rotator muscles, the angle mislocalized from 2.32° (before
fatigue) to 4.05° (after fatigue).

Kablan et al (2004) aimed to investigate the effect of rotator cuff muscle fatigue on shoulder
proprioception in volleyball players. A total of forty participants, consisting of twenty experienced
and twenty inexperienced volleyball players, were included in the study. Shoulder proprioception
was assessed on the isokinetic dynamometer. The initial position of the subjects was seated and
two initial positions were chosen for the shoulder: A) Ninety degrees abduction combined with
ninety degrees external rotation and ninety degrees elbow flexion B) Ninety degrees abduction
combined with neutral rotation and ninety degrees elbow flexion The target repositioning angles
of the shoulder joint which were assessed actively and passively were 10, 15 and 20°towards
external and internal rotation of the shoulder. The fatigue protocol was implemented after
determining the peak internal rotation torque. The shoulder was positioned at 90° of abduction and
90° of external rotation and the elbow at 90° of flexion. Participants were instructed to perform
maximal concentric effort. The fatigue protocol was terminated when peak shoulder internal
rotation torque was consistently reduced by 50%. Beginner volleyball players had baseline
difference at ten to twenty degrees and fifteen to twenty degrees of external rotation prior to
exhaustion. After fatigue, professional volleyball players showed reduced repositioning ability at

20°, while inexperienced players showed significant differences at 10 and 15°.

The objective of the study conducted by Weerakkody and Allen (2016) was to examine the impact
of shoulder fatigue and brace on proprioception in cricket players. The study involved a total of
14 male cricketers. Outcome measures assessed before and after the fatigue protocol were shoulder

joint position sense measured with a digital inclinometer. Target repositioning angles were 45°,
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60°, and 90° of shoulder flexion. To induce fatigue, the participants performed an exercise with a
regular cricket ball, moving the hand in a fast rotary motion. Furthermore, half of the subjects
underwent the application of a shoulder brace. In both braced and unbraced groups the
repositioning errors increased due to fatigue at all target angles. However the errors in unbraced

participants where significantly higher at 45° and 60° of shoulder flexion.

Spargoli et al. (2017) examined the impact of muscle fatigue resulting from various forms of
muscle contraction (eccentric and concentric) on shoulder proprioception. Twenty-two
individuals, fourteen males, and eight females, participated in this study. Participants were placed
in a standing position with the shoulder in 30° of abduction and 0° of external rotation at the scapula
level. From this position, the AJR was measured (from 0 degrees external rotation to 30° external
rotation (reference angle). In addition, each participant performed three maximal voluntary
contractions. Concentric muscle fatigue was assessed by subjecting the shoulder to a range of
internal rotation angles, specifically from 40° to 80°. The shoulder was manipulated to induce
eccentric muscle fatigue by transitioning from an external rotation of 80° to an internal rotation of
40° to decelerate the movement. In both instances, the angular velocity employed was 180°/sec.
In each type of muscle fatigue, sets of 15 repetitions were performed. The criterion for muscle
fatigue was a drop in maximum torque to 30% of the initial value for three consecutive repetitions.
The findings indicated no statistically significant disparities in shoulder proprioception impairment

between the two forms of muscular fatigue.

In their study, Salo and Chaconas (2017) examined how fatigue in the upper extremities affected
the performance of recreational weightlifters in the Upper Quarter Y-Balance Test. Twenty-four
participants who regularly engaged in weight training three times a week were randomly divided
into two groups: a control group and an experimental group. The experimental group underwent
testing with the YBT-UQ, followed by an upper extremity exercise exhaustion regimen, and then
underwent immediate retesting. The fatigue protocol led to a notable decrease in YBT-UQ scores
compared to the non-fatigue protocol, as observed by the analysis of the interaction between group
and individual directions, as well as the composite scores for both limbs. The tiredness group
experienced a decrease in scores ranging from 2.04 cm to 12.16 cm for both upper limbs, individual
reach distances, and composite scores. This indicates that fatigue significantly worsened the results
on the YBT-UQ.
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Bauer et al. (2020) aimed to investigate the impact of exercise-induced fatigue on YBT-UQ in

handball players. The performance in YBT-UQ was reassessed following the completion of a

fatigue protocol that involved performing numerous sets of push-ups until failure. The fatigue

protocol resulted in significant decreases in the superolateral reach direction. Specifically, the

throwing arm reach decreased by 5%, and the non-throwing arm reach decreased by 10%. The

composite score also signicantly decreased, with the decrease in the throwing arm reach being

50% less than the non-throwing arm (2% vs 4%). However, no significant decreases were observed

for the anteromedial and inferolateral reach directions.

Details of the aforementioned studies of the existing literature are illustrated in table 2.2

Table 1.2 Studies investigating the impact of exercise-induced fatigue on the proprioception
and motor control of the upper limb.

Study

Voight et al
(1996)

Carpenter et al.,
(1998)
Sterner et al
(1998)

Myers et al
(1999)

Bjorklund et al
(2000)

Lee et al (2003)

Proprioceptive and/or motor
control measurements
AJR, PJR

TTDPM

AJR, PJR, TTDPM

AJR, SADS test

AJR

AJR, PJR

50

Impact of fatigue
ARP:1 63.29% *

PRP: 1 235.03% *
1 74.72% *

ARP: | 31%
PRP: | 0.72%

TTDPM: 1 55.49%

1 18.22% *

SADS test: A significant increase in falls (inability to
maintain the one-arm push-up position) after fatigue
The absolute error increased significantly after fatigue,
and women had an overall higher error than men. Also,

total absolute error was significantly higher in
horizontal shoulder adduction than horizontal
abduction.

ARP: 1 92.99% *
Note: Only for external rotation

PRP: No significant differences



Kablan et al AJR,PJR 1 60.52% *
(2004) Note: Elite players at 20° of internal rotation target
angle

1 80% *
Note: Beginner players at 10° of internal rotation
target angle.

Lida etal (2014) AJR, PJR AJR: 1 56.34% *
Note: Angular error of internal rotation

PJR: 1 74.56%
Note: Angular error of external rotation

Weerakondy and AJR After exercise, the mean pre-exercise error increased at

Allen (2016) the 60° and 90° target angles.

Spargoli (2017) AJR 12.70%

Salo and YBT-UQ Significant decrease in YBT-UQ scores compared to

Chaconas (2017) the non-fatigue protocol, (p<.006), as well as the
composite scores for both limbs (p<.035).

Bauer et al YBT-UQ SL throwing arm reach: | 5%%*

(2020)

SL Non-throwing arm reach: | 10%*
CS throwing arm: | 2%*

CS non-throwing arm: | 4%*

Abreviations: AJR, active joint repositioning; PJR, passive joint repositioning; TTDPM, threshold
to detection of passive movement; YBT-UQ, Y-balance test upper quarter; 1, increase; |, decrease;
*, p value < 0.05; SL, superolateral; CS, composite score.

The results of some studies agree that muscle fatigue can cause significant impairments in at least
one outcome measure of shoulder proprioception, predisposing the individual to a shoulder injury
(Voight et al., 1996; Carpenter et al., 1998; Myers et al., 1999; Lee et al., 2003; Lida et al., 2014).
However, some other studies found no significant interaction between muscle fatigue and shoulder
proprioception (Sterner et al, 1998; Spargoli et al, 2017). In needs to be pointed out that most
research conducted on the shoulder joint did not include a sample population that frequently suffers

from shoulder injuries, such as handball players but included healthy non-athlete participants.
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The outcome measures assessed in the aforementioned studies were the active and passive shoulder
joint repositioning sense and the threshold to detection of passive movement. The rotator cuff
muscles' muscle onset latency (MOL) was not evaluated in any study. MOL is a significant
outcome measure that assesses the reflexive activation of the muscle immediately after an external
perturbation to the joint to prevent injury (Cavanagh & Komi, 1979). For example, suppose a
thrower's shoulder is throwing the ball when the shoulder is in a position of abduction and external
rotation of the shoulder, and the shoulder receives a blow from an opponent who will violently
move the shoulder into excessive external rotation. In that case, the internal rotator muscles must
react as quickly as possible to brake the excessive movement of the shoulder, preventing injury to
the shoulder (e.g., anterior dislocation of the shoulder, tear of the rotator cuff). Finally, there is a
scarcity of research examining the impact of shoulder muscle fatigue on the motor control of the
upper extremities. Only two studies have assessed the effects of fatigue on shoulder stability and
mobility by employing the Y-balance test upper quarter (YBT-UQ). Furthermore, performance
was not assessed in previous research after shoulder muscle fatigue.  Moreover, the majority of
research utilized a concentric exercise-induced fatigue methodology. Thus far, just a single study
(Spargoli, 2017) has assessed the impact of eccentric exercise-induced fatigue on shoulder
proprioception. Due to this factor, the available evidence is restricted on the influence of eccentric

exercise-induced fatigue on proprioception and motor control of the upper limb.

The current research aims to contribute to the knowledge of the above literature gaps. The thesis
first looks at the literature for all identified risk factors for shoulder injuries. Then the study
examines the impact of both concentric and eccentric exercise-induced shoulder fatigue on
proprioception, motor control and performance of the upper limb. In addition to joint repositioning
sense and threshold to detection passive movement, the effect of muscle fatigue on shoulder MOL
and upper extremity isometric strength performance will be evaluated for the first time.
Furthermore, professional handball athletes will participate. As previously said, there is a need for
more research that focuses on handball athletes or athletes from other overhead sports such as
volleyball, baseball, or cricket. This study, will examine the impact of concentric and eccentric
shoulder fatigue in the YBT-UQ, for the first time in handball players.
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2.20 Significance of the study

The study's results will provide valuable insights for coaches, trainers, physical therapists, and
athletes regarding the impact of muscle fatigue on proprioception, motor control and performance.
Furthermore, the study's findings will aid in the development of more effective exercise regimens
to mitigate fatigue. Moreover, the study's findings can inspire coaches and trainers to incorporate
proprioception, motor control and performance assessment tests into their training regimen. These
tests should be administered by qualified healthcare professionals with expertise in the field. These
assessment tools should be assessed during periods when the athlete is not experiencing fatigue
and reassessed during periods of fatigue. Suppose the athlete has notable impairments in
proprioception, motor control and performance during re-evaluation thenspecific interventions
should be implemented to mitigate fatigue and enhance proprioception, motor control and

performance through targeted exercises in order to reduce chances for injury.

2.21 Research questions

The following questions were formulated and guided the subsequent experimental work of this

thesis:

e Does exhaustion of the rotator cuff muscles in handball players lead to reduced
proprioception, which includes a diminished joint position sense, kinesthesia, and reflex
reaction time of the shoulder?

e Can muscular fatigue lead to decreased motor control and performance in handball
athletes?

e Do handball athletes and non-athletes differ in terms of how fatigue affects their
proprioception, motor control, and performance?

e Are there differences between two different fatigue protocols (concentric vs. eccentric) in

terms of their effect on proprioception, motor control, and performance?
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2.22 Research objectives and hypotheses

The objectives of the present thesis are as follows:

To investigate the impact of concentric exercise-induced rotator cuff fatigue on
proprioception , motor control and performance of the upper limb in professional handball
athletes.

To investigate the impact of concentric exercise-induced rotator cuff fatigue on
proprioception , motor control and performance of the upper limb in healthy non-overhead
athletes individuals.

To investigate the impact of eccentric exercise-induced rotator cuff fatigue on
proprioception motor control and performanceof the upper limb in professional handball
athletes.

The main null hypotheses of this thesis are as follows:

H,0: Concentric exercise-induced fatigue of the rotator cuff does not have a notable impact
on the proprioception of the upper extremity in elite handball athletes.

H,0: Concentric exercise-induced fatigue of the rotator cuff does not have a notable impact
on the motor control of the upper extremity in elite male handball athletes.

Hs0: Concentric exercise-induced fatigue of the rotator cuff does not have a notable impact
on the performance of the upper extremity in elite male handball athletes.

H,0: Concentric exercise-induced fatigue of the rotator cuff does not have a notable impact
on the proprioception of the upper extremity in healthy young adults.

Hs0: Concentric exercise-induced fatigue of the rotator cuff does not have a notable impact
on the motor control of the upper extremity in healthy young adults.

He0: Concentric exercise-induced fatigue of the rotator cuff does not have a notable impact
on the performance of the upper extremity in healthy young adults.

H,0: Eccentric exercise-induced fatigue of the rotator cuff does not have a notable impact
on the proprioception of the upper extremity in elite handball athletes.

Hs0: Eccentric exercise-induced fatigue of the rotator cuff does not have a notable impact

on the motor control of the upper extremity in elite male handball athletes.
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e Hs0: Eccentric exercise-induced fatigue of the rotator cuff does not have a notable impact

on the performance of the upper extremity in elite male handball athletes.

The main alternative hypotheses of the current investigation are as follows:

e Hi: Concentric exercise-induced fatigue of the rotator cuff has a significant impact on the
proprioception of the upper extremity in elite handball athletes.

e Hby: Concentric exercise-induced fatigue of the rotator cuff has a significant impact on the
motor control of the upper extremity in elite handball athletes.

e Has: Concentric exercise-induced fatigue of the rotator cuff has a significant impact on the
performance of the upper extremity in elite handball athletes.

e Ha: Concentric exercise-induced fatigue of the rotator cuff has a significant impact on the
proprioception of the upper extremity in healthy young adults.

e Hs: Concentric exercise-induced fatigue of the rotator cuff has a significant impact on the
motor control of the upper extremity in healthy young adults.

e He: Concentric exercise-induced fatigue of the rotator cuff has a significant impact on the
performance of the upper extremity in healthy young adults.

e Hy: Eccentric exercise-induced fatigue of the rotator cuff has a significant impact on the
proprioception of the upper extremity in elite handball athletes.

e Ha: Eccentric exercise-induced fatigue of the rotator cuff has a significant impact on the
motor control of the upper extremity in elite handball athletes.

e Ho: Eccentric exercise-induced fatigue of the rotator cuff has a significant impact on the
performance of the upper extremity in elite handball athletes.
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Chapter 3.0: Risk factors for shoulder injuries in handball: Systematic
review

Abstract

Background: One of the main characteristics of handball as a sport is the high rate of major injuries.
Shoulder injuries are common; prevalence rates range from 17% to 41%.

Obijective: To identify the most prominent risk variables linked to shoulder injuries in handball.

Methods: A thorough search was performed on multiple databases, such as PubMed, MEDLINE,
CINAHL, Proquest, SPORTDiscus, Web of Science, EMBASE, and Scopus.. Methodological
quality of each study was assessed using the Downs and Black Checklist. The Best Evidence
Synthesis (BES) methodology was utilized to interpret the findings.

Results: Eight studies were included. The factors contributing to shoulder injuries in handball are
strength imbalances (n=6), glenohumeral range of motion (ROM) imbalances (n=5), scapular
dyskinesis (n=5), inappropriate dosage of training load (n=2), previous injury (n=1), sex (n=2),
player's position, school grade, playing level (n=1), and changed shoulder joint position sense
(n=1).

Conclusion: In summary, there is strong proof indicating that the weakness of the shoulder external
rotator muscles and being a female significantly raise the likelihood of shoulder injury in handball
players. However, the evidence supporting the other risk variables was only of moderate strength,
mostly due to the methodological quality of the studies and the low number of research conducted.

Keywords: shoulder pain, sports injuries, Odds Ratios, Relative Risk, Risk of Injury

3.1 Background

Handball is one of the most popular team sports worldwide, particularly in Europe. In comparison
to other sports, it ranks on the top five in terms of the number and significance of total injuries
(Junge et al., 2009; Engebretsen et al., 2013; Seil et al., 2018). Matches are characterized by
repeated bouts of high-intensity activity with frequent contact and collision between players.
During a complete season, handball players perform at least 48,000 throwing motions, with the
ball weighing 425 to 475 g and a median speed of 130 km/h (Fieseler et al., 2017). Biomechanical
studies have reported that the forces imposed on a throwing shoulder during the throwing motion
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can be up to 1.5 times the individual’s body weight (Fleisig, 1995; Michalsik et al., 2015; Povoas
et al., 2017). Due to these excessive demands, the shoulder is one of the most commonly injured
joints, with up to 30% of these injuries occurring acutely and 45% causing persistent symptoms
(Doyscher et al., 2014; Almeida et al., 2013; Aasheim et al., 2018). Moreover, other studies
reported a point prevalence of shoulder pain between 19% and 36% at game season start and an
average weekly prevalence of around 28% during the season (Myklebust et al., 2013; Clarsen et
al., 2014). In addition, 48% of handball players that report substantial shoulder problems are
unable to participate in matches or training due to severe pain (Asker et al., 2018).

Due to these high rates of shoulder injuries, prospective cohort and cross-sectional studies
investigated several potential risk factors for shoulder injuries in handball. These studies provide
important information that may guide the development of prevention programs. So far, several risk
factors for shoulder injuries in handball have been identified such as the training load (Asker et
al., 2018; Moller et al., 2017; Giroto et al., 2017; Forthomme et al., 2011), scapular dyskinesis
(Clarsen et al., 2014; Andersson et al., 2018; Asker et al., 2020), muscular imbalance (Clarsen et
al., 2014; Andesson et al., 2018; Asker et al., 2020; Edouard et al., 2013), age, and player position
(Asker et al., 2018; Tabben et al., 2019), previous injury (Giroto et al., 2017), joint position sense
(Asker et al., 2020), sex differences (Asker et al., 2018), glenohumeral rotational deficits (Almeida
et al., 2013; Clarsen et al., 2014; Andersson et al., 2018; Lubiatowski et al., 2018). However, no
systematic reviews have investigated the risk factors for shoulder injuries and the methodological
quality of the associated studies specifically in handball players. Previous systematic reviews
related to this topic (Hickey et al., 2018; Asker et al., 2018; Keller et al., 2018; Johnosn et al.,
2018; Kraan et al., 2019; Pozzi et al., 2020; Feijen et al., 2020; Hogan et al., 2021; Salamh et al.,
2020) investigated only one risk factor for shoulder injuries, such as scapular dyskinesis (Hickey
et al., 2018; Hogan et al., 2021) training volume (Feijen et al., 2020), glenohumeral internal and
external rotation deficit (GIRD) (Keller et al., 2018; Johnson et al., 2018; Pozzi et al., 2020) in
various overhead athletes. Therefore, there is a need for a systematic review dealing with the whole

spectrum of potential risk factors for shoulder injuries in handball.

The main objectives of this study were to identify the most significant risk factors related to
shoulder injuries in handball, recognize which of these are modifiable, assess the risk of bias in

the relevant studies, and evaluate the evidence of the identified factors. The secondary aim is to
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propose recommendations based on the available evidence concerning potential injury prevention

strategies.

3.2 Methods

This systematic review was conducted according to the Preferred Reporting Items for Systematic
reviews and Meta-Analyses (PRISMA) guidelines (Liberati et al., 2009). The PRISMA statement
includes a 27-item checklist designed to improve reporting of systematic reviews and meta-
analyses (Moher et al, 2009). The study protocol was prospectively registered (PROSPERO ID:
CRD4202013138233).

3.2.1 Literature Search

A systematic review of peer-reviewed English-language literature evaluating risk factors for
shoulder injuries in handball was performed using PRISMA guidelines and checklists. The
following electronic international databases were searched: Pubmed, Medline complete, Cinahl,
Proquest, Sport Discus, Web of Science, EMBASE, and Scopus. All databases were searched from
15 July 1995 to 15 July 2019, using the keywords (shoulder injur* or shoulder pain*) and (risk
factor™ or predispose* factor or contributing factor* or predict* or determin* or cause* or etiology)
and (handball* or overhead athletes) using the Boolean ‘AND/OR’ operators. Both MESH terms
and free text words were included in this search. The words overhead and handball were tested
with the # option to test if alternative ways of writing these words existed and the results were the
same. The results were inserted in a reference manager for removal of duplicates, screening, and
selection. The reference list of the included studies were reviewed for other studies not identified
in the original search. The studies ought to be in English and be published after 1995 and before
the date the search commenced. The search was repeated on 24 April 2022 just before the final
preparation of the publication in case further studies were published during the period. Grey
literature was also searched via OpenGrey.eu, as well as clinical trial registries via the EU Clinical
trials Register, Clinical Trials.gov, WHO International Clinical Trials Registry Platform, and the

Australian New Zealand Clinical trials registry.
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3.2.2 Eligibility criteria

The study selection criteria specifically referring to PICO are shown in table 3.1. Prospective
cohort studies that were published from July 1995 until July 2019, written in English language and
published in a journal with a peer-review process that aimed to investigate at least one modifiable
or/and a non-modifiable potential risk factor for shoulder injuries specifically in handball players
were considered for inclusion in the study. The participants or population of the included studies
should have had the following characteristics: 1) Athletic population, 2) No medical restrictions
to participating in handball training or competition, 3) More than 8 hours of training per week, 4)
Free from any musculoskeletal upper extremity pain or injury during the period of initial testing,
5) No any history of fracture or surgery to either upper extremity. Moreover, handball players were
regarded as all the participants that trained at least 8hrs/week (training time and competitive game
time per week during the competitive period). All levels of competition were accepted (1% division,
2" division, etc). Comparison with other overhead athletes, comparison with other throwers, other
athletes in general, and comparison with non-athletes or the general population were acceptable.
The main outcome measures were the odds ratios (OR) or relative risk ratios (RR) or prevalence
risk ratios (PR) or hazard rate ratios (HR) to correlate the risk factors with shoulder injuries in

handball players.

Table 2.1 Inclusion and exclusion criteria.

Inclusion Criteria Exclusion Criteria
Studies e No prospective cohort
e Prospective Cohort Studies study
e Peer-reviewed, English language e Previous  shoulder
e 1995-2019 surgery
e Assess at least one modifiable or/and a non-modifiable e Previous
risk factor for shoulder injuries in handball players glenohumeral
Popu|ati0n dislocation

e Glenoid labrum tear

e Rotator cuff tear

e Fracture in the
shoulder region in the
last 6 months

o Handball players of all sexes and ages

e No medical restrictions

e Free from any musculoskeletal upper extremity pain or
injury before being enrolled in the study
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Exposure
e Handball exposure at least 8 hours/week (training time
and competitive game time per week during the
competitive period)
e All levels of competition are accepted (1 division, 2"
division, etc)
Comparator
e Other overhead athletes or throwers
e Other overhead athletes in general
e Non-athletes
e General population
Outcome measures

Odds Ratios (OR)

Relative Risk Ratios (RR)
Prevalence Risk Ratios (PR)
Hazard Rare Ratios (HR)

3.2.4 Quality Assessment

The same two authors (SH and MS) independently scored the methodological quality of each
included study using a modified version of the Downs and Black Checklist (Downs and Black,
1998). The Downs and Black Checklist is recommended in the Cochrane Handbook for the
appraisal of non-randomised studies and was selected as it is one of the most widely used and well-
validated tools for the assessment of both randomized and non-randomized studies (Morton et al.,
2014). The checklist has been shown to have good intra-rater and inter-rater reliability (Downs
and Black., 1998; Hootman et al., 2011). The original Checklist consists of 27 questions, but for
this review, only the most relevant questions were used. Questions 4, 8, 9, 13, 14, 15, 17, 19, 23,
24, 26 and 27 are specific to intervention studies and were excluded. Of the remaining items,
questions 1, 2, 3, 5, 6, 7, and 10 are specific for the reporting of aims, methods, data, and results.
Questions 11 and 12 concern the external validity of the studies, while questions 16, 18, 20, 21,
22, and 25 assess the internal validity and bias. The same modifications have been used previously
in a systematic review of factors associated with heel pain (Irving et al., 2006). Quality assessment
scores were presented as a percentage of the criteria satisfied. During the assessment of

methodological quality, disagreements between the two authors were first discussed and if no
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agreement was reached, a third reviewer (ICT) made the final decision. No case of unresolved

disagreement existed but the third reviewer confirmed the final decision of all the included studies.

3.2.5 Data Extraction and Analyses

Briefly, the titles and/or abstracts of studies retrieved using the search strategy and those from
additional sources were screened independently by two reviewers based on the inclusion and
exclusion criteria outlined above. The full text of the potentially eligible studies was retrieved and
independently assessed for eligibility by the two reviewers. Any case of disagreement was resolved

through discussion.

A standardized form was used to extract data from the included studies for the assessment of the
risk of bias and evidence synthesis. Extracted information included study setting; study population
and participant demographics, baseline characteristics; details of the exposure and control
conditions; study methodology; recruitment and study completion rates; outcomes and times of
measurement; any other information for the assessment of the risk of bias. Two reviewers (SH and
MS) extracted the data independently, and discrepancies were identified and resolved through

discussion.

3.2.6 Strategy for data synthesis

The heterogeneity (different factors, different cut-off values, different assessment tools, etc) of the
studies and the data (lack of 2x2 table in most studies, ORs calculated via logistic regression
models with different inputs) did not allow for a metanalysis. A graphical representation of the
results as presented in the study is shown wherever possible but without any attempt to calculate
summary statistics. Instead, a qualitative assessment using the best evidence synthesis (BES) was
used to formulate conclusions (Table 3.2). This method has been used in the past in other
systematic reviews (Hickey et al., 2018; Asker et al., 2018) and consists of five levels of scientific
evidence (Ezzo et al., 2000; van Tulder et al., 2003). Consistency was defined at priori as over

75% of studies agreeing on the same direction of results.
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Table 3.2 Classification of evidence-based on best-evidence synthesis approach.

Best-evidence synthesis approach

1. Strong evidence: evidence provided by two or more high-quality studies and by generally
consistent findings across these studies (=75% of the studies reported consistent findings).

2. Moderate evidence: evidence provided by one high-quality study and/or multiple studies of
acceptable quality and by generally consistent findings (>75% of the studies reported
consistent findings).

3. Limited evidence: evidence provided by one study of acceptable quality and/or one or more
studies of borderline quality.

4. Conflicting evidence: inconsistent findings in multiple studies (<75% of the studies reported
consistent findings).

5. No evidence: no admissible studies were found.

3.3 Results

3.3.1 Search Results and Selection

The initial search identified 1849 studies (figure 3.1). Removal of duplicates eliminated 540
studies while the title and abstract screening removed another 1254 studies. Fifty-five studies were
reviewed in full text and eight of them were in accordance with the inclusion and exclusion criteria

and therefore were included.

62



Figure 3.1. Flow chart of the included studies.
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Quality assessment scores for the included studies ranged between 12 and 14 (Table 3.3).

Percentage scores ranged between 75% and 88% (82% + 6.4%). Four of the eight studies (Clarsen
et al., 2014; Asker et al., 2018; Giroto et al., 2017; Achenbach et al., 2020) were rated of high
methodological quality (> 85%) while the rest of the studies (Moller et al., 2017; Andersson et al.,
2018; Asker et al., 2020; Edouard et al., 2013) were rated of moderate methodological quality (50-

85%). Three studies (Clarsen et al., 2014; Asker et al., 2020; Edouard et al., 2013) did not clearly

report the hypothesis/aim/objective of the study - four studies did not report the distribution of

principal confounders (Moller et al., 2017; Giroto et al., 2017; Andersson et al., 2018; Edouard et

al., 2013) - three studies (Asker et al., 2018; Andersson et al., 2018; Edouard et al., 2013) did not

report the actual probability values in the main outcome measures. Three studies (Moller et al.,
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2017; Asker et al., 2020; Achenbach et al., 2020) did not report the adequate adjustment for
confounding in the analyses and one study (Andersson et al., 2018) did not use accurate main

outcome measures.

Table 3.3 Quality assessment scores for the included studies.

Questions

Study 1 2 3 5 6 7 10 11 12 16 18 20 21 22 25 Total %
Edouard et

al (2013) 0110111 0 1 1 1 1 1 1 1 1 12 75
Clarsen et
al(2014)0111111111111111488
Giroto et
a|(2017)1110111111111111488
Moller et

2

al(2017)1110111111111 0 12 75
Andersson

et al 1110121212 1 1 1 1 1 O 1 1 1 13 181
(2018)

Asker et al

(2018) 111111 0 1 1 1 1 1 1 1 1 14 88
Achenbach

et al 111111 1 1 1 1 1 1 1 1 O 14 88
(2020)

Asker et al

(2020) 011111 01 1 1 1 1 1 1 0 12 75

Abbreviations: 0, no; 1, yes

3.3.3 Study and Participant Characteristics

The demographic charcteristics of the studies are presented in table 3.4. Table 3.5 summarizes the
most important findings of this review, while table 8 contains the full details of the studies
included. A total of 2536 (males=1354, females=1182) participants of which 2522 handball

athletes were included in this review. One study (Edouard et al., 2013) had the smallest sample of
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handball players while the sample of the other studies ranged from 138 to 679 handball players
[mean (x) = 317 (201), median (IQR) = 334 (187)] (Table 3.4). Two studies investigated only male
(Clarsen et al., 2014) or female athletes (Edouard et al., 2013). The age of the participants ranged
between 14 and 24 years old. Four studies included adolescent athletes (Asker ey al., 2018; Moller
etal., 2017; Asker et al., 2020; Achenbach et al., 2020). Two studies did not report dropouts during
the follow-up period (Edouard et al., 2013; Achenbach et al., 2020). The handball experience of
the athletes in four studies ranged between 8.2 and 14 years while four studies did not report on
the experience of their subjects (Moller et al., 2017; Giroto et al., 2017; Andersson et al., 2018;
Edouard et al., 2013). Two studies (Giroto et al., 2017; Achenbach et al., 2020) did not report the

player’s position.

Table 3.4. Demographic characteristics of the studies.

Study ID Sample (N) Females Males Handball players
Edouard et al (2013) 30 30 0 16
Clarsen et al (2014) 206 0 206 206

Giroto et al (2017) 339 183 156 339
Moller et al (2017) 679 304 375 679
Andersson et al (2017) 329 161 168 329

Asker et al (2018) 471 256 215 471
Achenbach et al (2020) 138 68 70 138

Asker et al (2020) 344 180 164 344

Mean (&) 317 (201) 148 (107) 169 (110) 315 (204)

Abbreviations: N, number of the participants; +, standard deviation

The studies used different definitions for shoulder injuries except for two studies (Clarsen et al.,
2014; Andersson et al., 2018). Moller et al (2017) assessed any new shoulder injury in the
dominant arm, «defined as any handball-related shoulder problem irrespective of the need for time
loss or medical attention». In the study by Edouard et al (2013) the shoulder injury was registered
when the player consulted the National team physician and «was unable to take full part in handball
activity or match play at least one day beyond the day of injury». All acute, traumatic, and overuse
injuries were analyzed. One study (Andersson et al., 2018) assessed only overuse shoulder
problems in the dominant arm, defined as any pain, ache, stiffness, instability, looseness, or other
symptoms related to the shoulder, affecting the player’s participation, training volume and

performance, as well as the presence of pain over the previous 7 days. Importantly they excluded
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acute injuries. The same group in a previous study (Clarsen et al., 2014) calculated the prevalence
of shoulder pain in both arms using the same operational definition and included in the analysis
only those with moderate to severe restrictions in training, performance, or participation. In the
study by Asker et al., (2018) shoulder problems were categorized into two types, any shoulder
problems, and substantial shoulder problems. If a problem was reported in any of the four questions
in the modified Swedish Oslo Sports Trauma Research Centre overuse injury (OSTRC) overuse
injury questionnaire was categorized as any shoulder problem. For substantial shoulder problems,
the authors used the same definition as Clarsen et al., (2014), namely «problems leading to
moderate or severe reductions in training volume, or sports performance, or complete inability to
participate in sport». Giroto et al., (2017) used different definitions for new injuries, previous
injuries, overuse injuries, contact injuries, injuries without contact, injury severity and recurrent
injuries. Importantly in their analysis, they compared three groups: non-injured athletes (reference
group), athletes reporting a new traumatic injury, and athletes reporting a new overuse injury. In
the study by Achenbach et al., (2020), the overuse shoulder injuries and re-injuries were used in
the analysis and were defined as injuries with no identifiable traumatic event and injuries sustained
at the same body site within 2 months after the first injury respectively. Asker et al., (2020) defined
shoulder injury as reporting a score of 40 or more (OSTRC questionnaire) from the dominant
shoulder at some point during the season. Furthermore, the OSTRC overuse injury questionnaire
was modified to collect information about shoulder problems during the past two months and the
past season (the original questionnaire focuses on shoulder problems during the past week).

The risk factors for shoulder injuries in handball identified in the included studies were: strength
imbalances (Clarsen et al., 2014; Moller et al., 2017; Andersson et al., 2018; Asker et al., 2020;
Edouard et al., 2013; Achenbach et al., 2020), glenohumeral ROM imbalances (Clarsen et al.,
2014; Moller et al., 2017; Andersson et al., 2018; Achenbach et al., 2020), scapular dyskinesis
(Clarsen et al., 2014; Moller et al., 2017; Andersson et al., 2018; Asker et al., 2020; Achenbach et
al., 2020), incorrect dosage of training load (Moller et al., 2017; Giroto et al., 2017), previous
injury (Giroto et al., 2017), sex (Asker et al., 2018; Giroto et al., 2017), player’s position, school
grade, playing level (Asker et al., 2018) and altered shoulder joint position sense (Asker et al.,
2020).
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Four of the eight studies used the OSRTC overuse injury questionnaire (Clarsen et al., 2014; Asker
etal., 2018; Andersson et al., 2018; Asker et al., 2020) to record shoulder injuries in handball. One
study (Achenbach et al., 2020) used an online questionnaire that addressed any overuse injuries
during a handball training session or match and the Western Ontario Shoulder Index (WQOSI). One
study (Giroto et al., 2017) used a weekly injury questionnaire that collected the date/situation of
injury, and the injury in match/training. The Sports Injury Surveillance (SPEX) system was used
in the study of Moller et al (2017). Finally, in the study of Edouard et al (2013), all new shoulder
injuries in youth handball players were reported by the national team physician when a player
consulted him/her for pain or injury or by medical interview by the physician every month. In the
assessment of risk factors, four studies (Clarsen et al., 2014; Giroto et al., 2017; Andersson et al.,
2018; Achenbach et al., 2020) used the odds ratios (O.R), two studies (Moller et al., 2017; Asker
et al., 2020) the hazard rate ratios (H.R), one study (Edouard et al., 2013) the relative risk ratio
(R.R) and one study (Asker et al., 2018) the prevalence rate ratios (P.R).

3.3.4 Synthesis of Results

3.3.4.1Muscle strength imbalances

Muscle strength imbalances as a risk factor for shoulder injuries in handball players were examined
in two high-quality studies (Clarsen et al., 2014; Achenbach et al., 2020) and four moderate-quality
studies (Moller et al., 2017; Andersson et al., 2018; Asker et al., 2020; Edouard et al., 2013). One
moderate quality study (limited evidence) (Edouard et al., 2013) found that female handball
players with low ratios of concentric ER to concentric IR strength at 240°/s, and high ratios of
eccentric IR to concentric ER strength at 60°/s had a 2.5 times higher risk of overuse and acute
shoulder injury. Three out of four high-quality studies (strong evidence) agree there is an
association between decreased ER isometric strength and overuse shoulder injuries in males
(Clarsen et al., 2014; Achenbach et al., 2020) and females (Asker et al., 2020; Achenbach et al.,
2020). Only one study (Andersson et al., 2018) found no significant association between external
rotation strength and overuse shoulder injury (Figure 3.2). There was limited evidence (one

moderate quality study) that reduced external rotation strength exacerbated the association
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between increased (increase between 20% and 60% per week) handball training load and overuse

or acute shoulder injury among elite youth handball players (Moller et al., 2017).

Figure 3.2.Graphical representation of the results for isometric ER strength as presented in the
studies. (Note: Asker et al. calculated Hazard ratios instead of ORs).

External Rotation

Study ID OR (95% C1)
Asker et al 2020 (Males) —b 1.02 (0.44 - 2.36)
Asker et al 2020 (Females) ° 2.37 (1.03 - 5.44)
Achenbach et al 2020 . 1.20 (1.00 - 1.40)
Andersson et al 2018 - 1.05 (0.92 - 1.20)
Clarsen et al 2014 e 0.71 (0.44 - 0.99)

3.3.4.2 Glenohumeral ROM imbalances

The association between various glenohumeral ROM imbalances and shoulder injuries was
examined by two high-quality studies (Clarsen et al., 2014; Achenbach et al., 2020) and three
medium-quality studies (Moller et al., 2017; Andersson et al., 2018; Asker et al., 2020). There was
moderate evidence that glenohumeral ROM imbalances and total range of motion (TROM) were
not significantly associated with shoulder injuries (Moller et al., 2017; Andersson et al., 2018;
Asker et al., 2020). There was limited evidence that absolute TROM values rather than TROM
differences (Figure 3.3) were significantly associated with overuse shoulder problems in elite male
players only (Clarsen et al., 2014). There was limited evidence that greater internal rotation ROM
was associated with overuse shoulder injury (Andersson et al., 2018). There was moderate
evidence that an increased external rotation motion of more than 7.5° and a GIRD of more than
7.5° were risk factors for an overuse shoulder injury in youth female players (Achenbach et al.,
2020).
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Figure 3.3. Graphical representation of the results for the TROM as presented in the studies.
(Note: Asker et al. calculated Hazard ratios instead of ORs).

Study ID OR (95% ClI)
Asker et al 2020 (Males) 0.77 (0.33-1.81)
Asker et al 2020 (Females) 0.70 (0.32- 1.53)
e 1.05 (0.98 - 1.13)
Andersson et al 2018
] 0.77 (0.56 - 1.00)
Clarsen et al 2014

3.3.4.3 Scapular dyskinesis

Scapular dyskinesis was examined in two high-quality studies (Clarsen et al., 2014; Achenbach et
al., 2020) and three moderate-quality studies (Moller et al., 2017; Andersson et al., 2018; Asker et
al., 2020). Overall 60% (3/5) of the studies pointed toward the direction of a significant association
between shoulder injuries and scapular dyskinesis (Figure 3.4 ). Three studies found that obvious
scapular dyskinesis was a risk factor for overuse (Clarsen et al., 2014; Andersson et al., 2018;
Asker et al., 2020) and acute shoulder injuries (Andersson et al., 2018). Two studies found no
significant association between scapular dyskinesis and overuse shoulder injury (Andersson et al.,
2018; Achenbach et al., 2020). Overall there was conflicting evidence regarding the role of
scapular dyskinesis in shoulder injuries in handball. There was limited evidence that scapular
dyskinesis exacerbated the association between increased handball load and overuse or acute

shoulder injury among elite youth handball players (Andersson et al., 2018).
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Figure 3.4. Graphical representation of the results for the TROM as presented in the studies.
(Note: Asker et al. and Moller et al. calculated Hazard ratios instead of ORs).

Scapular dyskinesis

Study ID OR (95% CI)
Asker et al 2020 (Flx/Male) o 1.53(0.93-2.41)
Asker et al 2020 (Flx/Fem) ° 0.49 (0.32 - 0.95)
Asker et al 2020 (Abd/Male) [ — 3.43 (1.94 - 4.49)
Asker et al 2020 (Abd/Fem) R 1.53(1.17-4.99)
Andersson et al 2018 » 1.23 (0.35-0.5)
Moller et al 2017 e 4.80(3.5-13.5)
Achenbach et al 2020 > 1.10 (0.98 - 4.76)
Clarsen et al 2014 8.41 (6.94 - 39.69)

3.3.4.4 Shoulder joint position sense

The association between shoulder joint position sense and shoulder injury was examined in one
medium-quality study (Asker et al., 2020). There was limited evidence that there was no

association between joint position sense and overuse shoulder injuries in female or male players.

3.3.4.5 Training and match load

Excessive handball training and match loads were examined in one high-quality study (Giroto et
al., 2017) and one medium-quality study (Moller et al., 2017). There was moderate evidence that
an increase in handball load with an additional match per week was associated with overuse
shoulder injury (Giroto et al., 2017). Moreover, there was limited evidence that an increase in
handball load by >60% was associated with a greater shoulder injury rate and this association was
stronger in players with reduced external rotation strength. Smaller increases in handball load
between 20% and 60% were relevant only among players with reduced external rotational strength

or scapular dyskinesis (Moller et al., 2017).
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3.3.4.6 History of injury

The association between the history of injury and current shoulder injuries in handball players was
examined in one high-quality study (Giroto et al., 2017). There was moderate evidence that the

previous injury was associated with a higher risk of an overuse shoulder injury.

3.3.4.7 Sex

The association between sex and shoulder injuries was examined in two high-quality studies
(Giroto et al 2017; Asker et al, 2018). There was strong evidence that the female sex has higher

odds of traumatic shoulder injuries and a higher prevalence of shoulder injuries.

3.3.4.8 Player’s position, school grade, playing level

The player's position, school grade, and playing level were examined in one high-quality study
(Asker et al., 2018). There was moderate evidence that the prevalence of shoulder injuries was
significantly higher in backcourt players, but no differences were found for school grade or playing

level.
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Independent
Factors

Muscle
imbalances

ROM
imbalances

Scapula
Dyskinesis

Joint position
sense

Workload

History of
injury

Category

Isokinetic Ratios

Isometric ER
strength
ER-IR ROM
imbalance

TROM

Greater IR

ER> 7.5° and
GIRD> 7.5°
Obvious scapula
dyskinesis

Joint position error

1 additional
match/week
>60% increase in
training load

Table 3.5. Summary of the main results.

Injury type

Acute and overuse

Overuse

Any shoulder
injury

Any shoulder
injury and overuse
injuries

Overuse

Overuse

Acute and overuse
Any shoulder
injury

Overuse

Overuse

Overuse

Evidence of
support

1 moderate quality
study

4 high-quality
studies

2 moderate-quality
studies

3 moderate-quality
studies

1 moderate quality
study

1 high-quality
study

2 high-quality and
3 moderate-quality
studies

1 moderate quality
study

1 high-quality
study

1 moderate quality
study

1 high-quality
study
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Grade of
evidence
Limited

evidence

Strong
evidence
Moderate
evidence

Moderate
evidence

Limited
evidence
Moderate
evidence
Conflicting
evidence

Limited
evidence
Moderate
evidence
Limited
evidence

Moderate
evidence

Details

Low conER/conIR strength at
240 °/s and high ecclR/conER
strength at 60 °/s had a 2.5
times higher risk

Decreased ER strength
increases the risk

No association with shoulder
injuries

No association with shoulder
injuries

16% increased risk per 5
degrees change

Higher risk in youth female
players

3 out of 5 studies found a
positive association

No association with shoulder
injuries

On average 31% increased
risk for injury

Increased risk of injury
compared to those with <20%
increase in training load



Sex

Player’s
position
School grade

Playing level

Interaction of
Factors

ER strength
and increased
workload

Obvious
scapular
dyskinesis and
increased
workload

Females

Backcourt

1st, 2nd, or 3rd
year student

Regional vs
national

Injury type

Acute and overuse

Acute and overuse

Acute

Any shoulder
injury
Any shoulder
injury
Any shoulder
injury

Evidence of
support

1 moderate quality

study

2 moderate quality

studies

Table 3.5 (continued)

2 high-quality
studies

1 high-quality
study
1 high-quality
study
1 high-quality
study

Grade of evidence

Limited evidence

Limited evidence
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Strong
evidence

Moderate
evidence

Moderate
evidence

Moderate
evidence

Details

Higher prevalence of shoulder
injuries and higher odds of
traumatic injuries

Higher prevalence compared
to 6m players

No association with shoulder
injuries

No association with shoulder
injuries

Decreased ER strength increases the rate
of shoulder injuries when load increases
20-60%/week or >60%/week

Obvious scapula dyskinesis increases the
rate of shoulder injuries when load
increases 20-60%/week



Table 3.6. Characteristics of the included studies.

Authors  Study  Follow Recruited Population Dropouts  Risk factors (Method Method of shoulder Association  of  risk
- , injury reporting factors with shoulder
type up characteristics of evaluation) PR
injuries
duration
Edouard  Prospec Season 16 Felite Age(18+1yrs) NR Rotator muscle strength  All new shoulder ERcon/IRcon at 240 °/s
et al tive 2009 — handball Height (174 £ 6 imbalances (Isokinetic  injuries were recorded and IRecc/ERcon at 60 °/s
(2013) Cohort 2010 players cm) dynamometer) by the national team (RR 2.57, 95 % CI: 1.60—
Study and Weight (70 £ 9 physician and/or by 3.54; P <0.05).
14 healthy  kg) monthly physician's
F non- BMI (23£2 medical interview.
athletes kg.m)
(Control Right-handed
group) (n=11)
Clarsenet Prospec Season 206 M Age (24 £4yrs) N=42 1) TROM (digital OSTRC (email every  Obvious scapular
al (2014) tive 2011 - elite Height (189 cm) inclinometer) 2 weeks). dyskinesis (OR 8.41, 95%
Cohort 2012 handball Weight (89 kg) 2) Isometric IR, ER, Cl11.47 to 48.1, p<0.05),
Study  (Septemb players Handball and abduction strength total rotational ROM (OR
er2011to experience (14 (digital handheld 0.77 per 5° change, 95%
May years and 4 years dynamometer) C10.56 to 0.995, p<0.05)
2012) in elite series) 3) Scapular control (. and ER strength (OR 0.71
normal scapular per 10 Nm change, 95%
control, slight scapular C10.44 to 0.99, p<0.05)
dyskinesis, or obvious
dyskinesis.
Giroto et Prospec One 339 elite  Age (234 + 4.6 N=27 1) Sex Weekly exposure History of injury (OR:
al (2017) tive season handball yrs) 2) Age questionnaire 2.42,
Cohort athletes Weight (76.7 kg) 3) BMI 95% CI: 1.51-3.89), and
Study (156 M Height (1.77 m) 4) Previous injuries an additional match per
and 183 F) BMI (24.2 week (OR: 1.31, 95% ClI:
kg/m?) 1.05-1.62).Female
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Moller et

al (2017)

Andersso

n et
(2018)

al

Prospec
tive
Cohort
Study

Prospec
tive
Cohort
Study

One
season
(2013-
2014)

One
season
(2014-
2015)

679
youth
handball
players
(304 F and
375 M)

elite

329
handball
players
(168 M
and 161 F)

Right-handed
(84.9%)

Left-h

anded

(15.1%)
Previous injuries

last

6 months

(46.6%)

Age (16 = 2 yrs)
History of
shoulder injury
(n=43)

Right-handed

(78%)

Table 3.6 (continued)

N=8

elite Age(14+£5yrs) N=39
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5) Weekly exposure to

strength

(hours/week)

training

6) Number of matches

per week

1) Handball load
2)Scapular control
(normal or obvious
scapular dyskinesia)
3)Rotational isometric
strength (" hand-held

dynamometer)

4)Glenohumeral ROM
side to side differences
in TROM, IR, and ER

1) Glenohumeral IR and

ER

ROM
inclinometer)

(digital

2) Isometric IR and ER

rotation
(handheld

dynamometer)
3) Scapular dyskinesis (

strength

normal scapular
control, slight scapular
dyskinesis or obvious

dyskinesis)

Injury and

participation

information was

collected every week
by SMS messaging.

OSTRC

(six

times

during the season)

athletes (OR: 1.56, 95%
Cl: 1.08-2.25), and an
additional hour of training
per week (OR: 1.09, 95%
Cl: 1.02-1.15)

>60% increase in load
(HR 1.91; 95% CI 1.00 to
3.70) andreduced ER
strength(HR 4.2; 95% CI
1.4t0 12.8). 20% - 60%
increase in load with
reduced ER strength (HR
4.0; 95% Cl 1.1 to0 15.2)
or with scapular
dyskinesis (HR 4.8; 95%
Cl 1.3t018.3).

Increased IR (OR 1.16 per
5° change, 95% CI 1.00 to
1.34)



Asker et
al (2018)

Achenba
ch et al
(2020)

Asker et
al (2020)

Prospec
tive
Cohort
Study

Prospec
tive
Cohort
Study

Prospec
tive
Cohort
Study

One
season
(2014 -
2015 or
2015 —

Season
2017 -
2018 (7
months)

One or
two
seasons
(2014-
2015

471 elite
adolescent
handball
players
(215 M
and 256 F)

138 (70 M
and 68 F)
elite youth
handball
players

344
students
handball
players

Table 3.6 (continued)

Age (16.4 = 0.85 N=26
yrs)
Height
cm)
Weight
kg)
BMI (23.8)

Year of playing
handball (9.1
years)

(176.8

(74.15

Age (14.1+ 08 NR
yrs)

Height (175.2 +

8.2 cm)

Weight (64.0 =

9.6 kg)

BMI (21.1 + 2.0)
Team handball
experience (8.2 £

2.2 years)

Age (16,55 £ N=127
0.85 years, )

Height (176.6

cm)

Weight (74.7 kg)

1)Sex

2)Player’s position
3)School Grade
4)Playing level

1) GIRD, TROM, ER

gain (manual
goniometer)
2) IR strength, ER

isometric and eccentric
strength, ERecc/IRecc,
and ER isometric/IR
isometric (hand-held

dynamometer)

3) Scapular movement
present or absent and
absent, moderate or

severe scapular
dyskinesis

4) Maximum throwing
velocity (stationary

radar gun)
1) Shoulder
(isometric  ER,
abduction)

eccentric ER (handheld

dynamometer)

OSTRC (every week)

A standardized
questionnaire was
emailed to all study
participants at five
time points

strength OSTRC (every week)

Female (PR 1.46, 95%
1.04-2.06) and backcourt
players (PR 1.58, 95% CI
1.08-2.32). School grade
(PR 1.21 95% CI 0.88—
1.67) or playing level (PR
1.09 95% CI 0.76-1.56)

| isometric ER strength.
eccentric ER  strength
were  significant  risk
factors for overuse injury.
ER gain of >7.5° and
GIRD of >7.5° were
significant risk factors for
an overuse injury in girls.
Scapular dyskinesis and
maximum throwing
velocity were not different
among players with or
without overuse injury.

ER strength (F): 2.37
(95% CI 1.03- 5.44)
ER strength (M): 1.02
(95% C1 0.44-2.36).
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and/or (180 Fand Handball 2) Shoulder ROM Isometric IR strength (F):
2015- 164 M) experience (9.35 (digital inclinometer) 2.44 (95% CI 1.06-5.61)
2016) years) 3)  Shoulder  joint Isometric IR (M) 0.74

position sense

(95% C1 0.31-1.75) .

Scapular dyskinesia (F):

1.53 (95% CI 0.36-6.52)
Scapular dyskinesia (M):
3.43 (95% CI 1.49-7.92)

4) Scapular dyskinesia
(video recording)

F, females; M, males; n, number of participants; NR, not reported; ER, external rotation; IR, internal rotation; ROM, range of motion;
°/s, degrees per second; Ecc, eccentric; Con, concentric; TROM, total range of motion; GIRD, glenohumeral internal rotation deficit;
BMI, body mass index; OSTRC, Oslo Sports Trauma Research Center; SPEX, Sports Injury Surveillance; OR, odds ratios; PR,

prevalence ratios; RR, risk ratios; HR, hazard ratios P, probability value; CI, confidence intervals; £, standard deviation.
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3.4 Discussion

The purpose of this systematic review was to investigate risk factors for shoulder injuries in
handball players. In comparison to other overhead sports (e.g baseball, volleyball, softball, tennis),
there is a small number of studies having looked at handball. Overall, 8 prospective cohort studies
were analyzed in this review (Edouard et al., 2013; Clarsen et al., 2014; Giroto et al., 2017; Moller
etal., 2017; Andersson et al., 2018; Asker et al., 2018; Asker et al., 2020; Achenbach et al., 2020).
Several potential risk factors were investigated in these studies. However, strong evidence was
found only for the weakness of the external rotator cuff muscles and the female Sex that they

increase the probability of shoulder injury in handball athletes.

3.4.1 Muscle strength imbalances and shoulder injuries

Three out of four high methodological quality studies agree that the decreased isometric strength
of the shoulder external rotator muscles is significantly associated with overuse shoulder injuries
in handball athletes (Clarsen et al., 2014; Andersson et al., 2018; Asker et al., 2020; Achenbach et
al., 2020). The result seems to be independent of the method used to assess it and the variation in
the sample among the positive studies. For example, there are differences in the mean ages of the
participants. The average age of handball players in the studies was 24 years (Clarsen et al., 2014),
14 years (Achenbach et al., 2020), and 17 years (Asker et al., 2020). In addition, there are
differences in the initial position of assessing muscle strength. In the study of Clarsen et al (2014)
the participants were placed in a supine position, with the shoulder in a neutral position and with
the elbow flexed in 90°. Instead, in the study of Asker et al (2020) the seated position was preferred
with the shoulder abducted in 30°. On the other hand, Achenbach et al (2020) did not mention the
initial position of the participants. Furthermore, in the study by Andersson et al (2018), although
ER strength was not confirmed as a significant risk factor, male athletes were stronger than their
female counterparts and showed a lower percentage of shoulder injuries and substantial shoulder
injuries despite having a significantly higher exposure to handball training. Taken together these
results suggest that isometric external rotation strength is an important variable to monitor both

pre-season and during the season.



Studies have found that the strength of the rotator cuff muscles of the shoulder may be affected by
the initial position of the shoulder due to the length-tension relationship of the muscles and the
tension of the ligaments and the joint capsule (Forthomme et al., 2011; Greenfield et al., 1990;
Edouard et al., 2011; Lin et al., 2015). Forthomme et al. (2011) reported that the ability of the
rotator cuff muscle to produce power was greater at the 90° of shoulder abduction compared to the
45° of abduction. In the study of Lin et al. (2015) when the ratios of internal and external rotator
muscle strength were evaluated at different abduction angles, rotational power was greater at the
70° of shoulder abduction (Lin et al., 2015). Several studies choose to evaluate the rotator cuff
muscle strength in shoulder positions below 90°, however, ball throwing most often takes place
around 90° of abduction. Therefore, it is suggested that the evaluation of rotator cuff strength is

more sport specific at 90° of abduction.

Biomechanically, the shoulder external rotator muscles play an important role in stabilizing the
shoulder during the cocking phase of ball throwing. If there is a weakness in the shoulder external
rotator muscles, the humeral head is believed to slide upwards especially during ball throwing, due
to the action of the deltoid muscle. This reduces the subacromial space, potentially leading to
compression of the supraspinatus tendon (Leong et al., 2016; Bigliani and Levine, 1997).
However, this traditional view of subacromial compression causing the pathophysiology of
shoulder problems is not supported by evidence (Papadonikolakis et al., 2011). Specifically,
humeral migration seems to be the result of rotator cuff deficiency not the cause of it (Keener et
al., 2009) , bilateral full-thickness tears often cause unilateral problems (Yamagoochi et al., 2006),
and contact between the rotator cuff and the coracoacromial arch is common in asymptomatic
subjects (Yamamoto et al., 2010; del Grande et al., 2016), there is no correlation between
acromiohumeral distance and pain and function in patients with RC disease (Navarro-Ledesma et
al., 2017) and the most common side of partial tears is the articular not the bursal (Weber, 1997;
Itoi and Tabata, 1992) aspect of the tendon.

A more plausible explanation for shoulder pain in overhead athletes is overload. During ball
throwing, the deceleration of the internal rotation of the shoulder after the ball leaves the hand
depends largely on the shoulder's external rotator muscles (Seil et al., 2018). Strength deficits of
the external rotators will result in RC overload and reduced ability to decelerate the movement.

There are also reports of a decrease in the strength of the external rotators in the dominant shoulder
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with a simultaneous increase in the strength of the internal rotator and the adductor muscles
(Noffal, 2003). This results in muscle imbalance between the shoulder's internal and external
rotator muscles and the possibility of shoulder injury (Wilk et al., 2002). In the study of Edouard
et al (2013), it was found that the lower ratios of muscle strength between concentric external
rotation and concentric internal rotation and the higher ratios between eccentric internal rotation
and concentric external rotation were associated with a 2.5 times higher risk of overuse injury and
acute shoulder injuries in women. A similar result was found in the study of Achenbach et al
(2020), where the lower ratios of muscle strength between shoulder internal and external rotator

muscles were associated with a higher risk of shoulder overuse injury in male handball players.

Up to 15% differences in internal rotation strength between the dominant and non-dominant sides
as found in the study by Edouard et al. (2013), are considered a normal adaptation to sport
(Edouard et al., 2011; Ellenbecker and Davies, 2000). The strength difference between internal
and external rotators in the dominant arm is possibly the result of resistance training emphasizing
the internal rotator muscles (pectoralis major, latissimus dorsi, teres major) due to the need to
produce high internal rotation power during throwing. In addition, repeated throws of the ball can
lead to an adaptive increase in the strength of the shoulder's internal rotator muscles. This increase
of the internal rotation strength helps the athlete achieve faster ball speed, resulting in higher ball
throwing efficiency (Bayios et al., 2001; Zapartidis et al., 2007) but can increase the risk of injury
when not sufficiently balanced with the decelerating ability of the external rotators. Studies by
Andrade et al. (2010) in handball players and Wang and Cochrane (2001) in volleyball players
suggest that functional ratios (ERecc/IRcon), should be greater than 1. This reference value can be
useful in developing fitness and rehabilitation programs, especially because it was associated with
fewer shoulder injuries at least in volleyball players (Wang and Cochrane, 2001). Although
Edouard et al (2013) did not confirm this suggestion in handball players, since they found reduced
functional ratios in handball players and controls, it might still be valid due to the methodological
differences between the two studies such as different isokinetic velocities, different Sex of the

participants and different functional ratios in the non-dominant arm.
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3.4.2 Glenohumeral ROM imbalances and Shoulder injuries

Handball players like other throwing athletes have a greater ER ROM to the dominant shoulder
compared to the non-dominant shoulder (Almeida et al., 2013; Myklebust et al., 2013; Clarsen et
al., 2014; Shanley et al., 2015; Winkelmann et al., 2021; Wilk et al., 2011; Manske et al., 2013).
This greater range of motion during the cocking and acceleration phases is potentially related to
faster ball throwing (Tillar and Ettema, 2006). However, increased external rotation of the shoulder
is believed to cause retroversion of the humeral head due to the rotational loads, particularly when
these occur in an immature skeleton (Borsa et al., 2008; Pieper, 1998). Consequently, most
overhead athletes present with increased external rotation and reduced internal rotation ROM in
the dominant arm (Glenohumeral Internal Rotation Deficit — GIRD) (Winkelmann et al., 2021).
This deficit in the internal rotation often results in a reduction in overall shoulder rotation TROM
and this is believed to increase the risk of shoulder injury in overhead athletes (Wilk et al., 2011).
An alternative explanation for the reduced TROM is considered the posterior capsular and
muscular tightness of the glenohumeral joint (Borsa et al., 2008; Thomas et al., 2011; Takenaga et
al., 2015).

The glenohumeral ROM imbalances as a possible risk factor for shoulder injuries in handball
players were investigated in 5 studies (Clarsen et al., 2014; Moller et al., 2017; Andersson et al.,
2018; Asker et al., 2020; Achenbach et al., 2020). In general, the role of ROM imbalances and
TROM in shoulder injuries was not supported by the studies included in this review. Clarsen et al.
(2014) suggested that absolute TROM values rather than TROM differences were significantly
associated with overuse shoulder problems in elite male players but a subsequent study by the
same group, with the same methodology, in a larger sample of male and female players, failed to
confirm this finding and suggested that only greater internal rotation ROM was associated with
overuse shoulder injuries (Andersson et al., 2018). Only the study by Achenbach et al. (2020)
found a significant correlation between increased external rotation and GIRD in the dominant
shoulder with overuse shoulder injuries in female athletes. An explanation for the discrepancy with
other overhead athletes might be that ball throwing in handball is performed with various
techniques (e.g overarm and sidearm throw) compared to other throwing sports, and the shoulders

of handball players are often exposed to contact and blockage while in an elevated position.
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3.4.3 Scapular Dyskinesis and Shoulder injuries

Scapular dyskinesis is a common finding among people with shoulder pain and a variety of
shoulder pathologies such as impingement syndrome, rotator cuff tears, glenoid labrum tears, and
instability (Laudner et al., 2006; Cools et al., 2007; Struyf et al., 2014; Ludewig and Reynolds,
2009). It has also been shown to be common among athletes from a variety of overhead sports,
such as baseball, swimming, and tennis (Laudner et al., 2010; Maor et al., 2017; Saini et al., 2020).
However, it is common among symptom-free athletes (Struyf et al., 2014; Sciascia et al., 2010;
Tate et al., 2009; Myers et al., 2013) as well as those with pain, and evidence of an association
between scapular dyskinesis and shoulder symptoms among overhead athletes is lacking (Clarsen
et al., 2014; Struyf et al., 2014; Myers et al., 2013). No clear evidence was found in the present
study regarding the association between scapular dyskinesis and shoulder injuries in handball due
to the conflicting results, the limited number of studies, and the methodological differences
between studies. In contrast, Hickey et al. (2018) in the systematic review that they conducted,
concluded that overhead athletes who present scapular dyskinesis have a 43% higher risk of
causing shoulder pain compared to athletes who do not have scapular dyskinesis. However, only
one study with handball players was included in that systematic review. In another, more recent
systematic review Hogan et al. (2021) found that scapular dyskinesis was not a significant risk

factor for a shoulder injury in throwing athletes from different sports (e.g baseball, rugby).

In the present review, 3 out of 5 studies showed that scapular dyskinesis was a significant risk
factor for a shoulder injury in handball players (Clarsen et al., 2014; Moller et al., 2017; Asker et
al., 2020). Perhaps the conflicting results arise due to the lack of consensus in assessing scapular
dyskinesis. In the study by Clarsen et al. (2014) external weight (5 kg) was used for the assessment
of scapular dyskinesis and participants performed 5 repetitions. In contrast, in the study by Asker
et al. (Asker et al., 2020) a smaller external weight (2 kg for men and 1 kg for women) for 2
repetitions was used. Other studies did not provide sufficient information on how to assess scapular
dyskinesis. Another source of variation is the categorization of dyskinesis with some studies using
a binary classification (present or not) (Asker et al., 2020) and others using grades of severity
(normal / mild dyskinesia / obvious dyskinesia) (Clarsen et al., 2014). It has been suggested that

the evaluation of two options (normal or abnormal) is more reliable (Uhl et al., 2009). Furthermore,
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some studies used video while others did not (Achenbach et al., 2020) to assess scapular
dyskinesia. Until these methodological issues are resolved, the relationship between scapular

dyskinesis and shoulder injuries will probably produce conflicting results.

3.4.4 Training Load and Shoulder injuries

Research on the training load and its relationship to injuries in throwing athletes is in its early
stages and most of the research was done on baseball, cricket, football, rugby, and volleyball (Bahr
et al., 2014; Drew and Fitch, 2016; Colby et al., 2017; Orchard et al., 2015; Lyman et al., 2002).
In the present review, only two included studies evaluated the effect of training load on shoulder
injuries in handball players (Moller et al., 2017; Giroto et al., 2017). In the study by Giroto et al.
(2017), it is apparent that the addition of an official match per week is significantly associated with
overuse shoulder injuries. In the study of Moller et al. (2017) players who increased their weekly
handball training load by 60% or more were twice more likely to suffer an overuse injury compared
to players that increased their training load by 20%.

Another significant finding of the study by Moller et al. (2017) was the interaction of training load
with other potential risk factors such as obvious scapular dyskinesis and reduced external rotation
strength. These moderators seem to exacerbate the association between increased training loads
and overuse injuries. These findings emphasize the multifactorial nature of athletic injuries and
the importance of complex, nonlinear interaction between different factors which require a more
dynamic system approach in injury prevention research (Bittencourt et al., 2016; Bekker and Clark,
2016).

3.4.5 Shoulder joint position sense and shoulder injuries

The association of reduced shoulder proprioception with shoulder injuries in handball athletes was
investigated in only one moderate methodological quality study (Asker et al., 2020). However, no
significant association was found between shoulder proprioception and shoulder injuries. One
limitation of this study is that only one subcategory of proprioception was assessed (joint position
sense). As it is well known, proprioception is divided into more subcategories, such as the sense
of movement (kinesthesia), the sense of force, the sense of change in velocity, and the sense of
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vibration (Arzi et al., 2014; Franco et al., 2015). Further research is required to determine the effect
of reduced proprioception in shoulder injuries in handball. This is especially important after an
injury that is generally believed to disrupt proprioception (Jerosch and Wustner, 2002; Sahin et
al., 2017).

3.4.6 History of previous injury and Shoulder injuries

A history of a previous injury is arguably one of the most important non-modifiable risk factors
associated with various sports injuries. Examples of sports injuries that have been significantly
correlated with a history of a previous injury are hamstring strains (Freckleton and Pizzari, 2013;
van Beijsterveldt et al., 2013; Green et al., 2020), ankle sprains (Delahunt and Remus, 2019),
shoulder dislocations (Hutchinson and McCormack, 2015) [95], and groin injuries (Whittaker et
al., 2015). In the present review, only one high-quality study investigated the history of a previous
injury as a possible risk factor for a future shoulder injury in handball athletes (Giroto et al., 2017).
Aligned with the results in other injuries, professional handball players are 2.5 times more likely
to sustain a new shoulder injury when they have a history of a previous injury. The study by Moller
et al. (2017) also reported that a history of 2 or more previous injuries is a significant risk factor
for future injury in 16-year-old handball players. However, all previous injuries (locations and
types) were included in the analysis, and this makes it difficult to isolate the results for the
shoulder. Some studies showed that a previous injury, such as an ankle sprain, increased the risk
of developing a new and more serious injury in the same area (Wedderkopp et al., 1997; van
Mechelen et al., 1996). Inadequate recovery from previous injuries could explain the reason that a

previous injury is a significant risk factor for causing future injuries.

3.4.7 Sex and Shoulder injuries

Another non-modifiable risk factor that is commonly associated with sports injuries is Sex.
Women athletes have been found to have higher rates of concussion (O’ Connor et al., 2017) and
ACL injuries (Myklebust et al.,1997; Walden et al., 2011) than men. In the present study, two high
methodological quality studies (Asker et al., 2018; Giroto et al., 2017) agree that adolescent and

84



mature female handball players have a greater risk of shoulder injuries than male players.
Michalsik & Aagard (2015) found that female handball athletes perform higher training loads
compared to men. In addition, kinematic differences in ball throwing have been found between
men and women. Men perform ball throwing with a greater rotational speed of the trunk and with
a greater range of motion of horizontal shoulder abduction during the cocking phase (Serrien et
al., 2015). In addition, male handball players have a higher ball throwing speed on the wrist and
hand compared to women (van den Tillar and Cabri, 2012). Perhaps these factors and (Maier et
al., 2022) affect the risk of injury between the sexes.

3.4.8 Player’s position and Shoulder injuries

In one high methodological quality study (Asker et al., 2018), a significant correlation between
backcourt handball players and shoulder injuries was found. Other studies suggest the same finding
concerning other injuries such as ACL injuries (Myklebust et al., 2003; 1998). This is perhaps
because backcourt players had the highest overall incidence of injuries and the highest number of
acute, non-contact, lower limb injuries compared to other player positions as Wedderkopp et al.
(1997) showed. One possible explanation is that the majority of the ball moves in the attack are
performed by defensive players who therefore perform a significant amount of cutting moves as
well as jumping shoots (Seil et al., 2018). In addition, they engage in more aggressive contact

compared to players in other positions (Seil et al., 2018).

3.4.9 Limitations

The present study has some limitations. First, only published studies that were written in English
were used. Second, the small number of included studies, the differences in the risk factors
assessed, and the considerable variability in methods and sample characteristics made it difficult
to combine them in a meta-analysis. The heterogeneity of the studies also provided considerable
difficulty in the interpretation of the results and the derivation of solid suggestions for injury

prevention.

The studies included in this review suffer from several limitations. The operational definition of
shoulder injury was not universal. In addition, several studies looked at only overuse and not at all
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shoulder injuries. Even the studies that looked at all shoulder injuries did not provide adequate
separation between overuse and acute injuries as risk factors might be different for these types of
injuries. There was very limited or no information on the specific diagnosis of the injuries included
in each study. There was no universally agreed method to record new shoulder injuries between
studies and this creates a challenge to compare the results. Some studies suffer from a considerable
loss of data (e.g on a weekly basis) and therefore the number of injuries might be lower than the
true one. Most studies evaluated individual risk factors but as already mentioned and confirmed
by the study of Moller et al. (2017) the cause of athletic injury is usually multifactorial. Therefore,

the results should be interpreted with caution.

3.4.10 Directions for future research

More studies are necessary to specifically investigate the risk factors for a shoulder injury in
handball players. In addition, more studies should be conducted on younger handball players to
understand the potentially modifiable risk factors to prevent shoulder injuries and extent the
athletic career. Future studies should also include both female and male handball players so that
differences in risk between sexes can be determined. There should be a consensus regarding
technical (e.g position of measurements) and methodological issues (e.g definition of injury,
assessment of scapular dyskinesis, method of injury surveillance) to produce solid results and

avoid confusion.

3.4.11 Clinical suggestions and practical applications

Based on the results of this systematic review the following are suggested for the prevention of

shoulder injuries in handball players:

1) Athletes should be evaluated with reliable measuring tools (e.g isokinetic dynamometer or
handheld dynamometer) during the pre-season period to identify any strength deficits or
imbalances and intervention should be applied to correct them.

2) The functional ratios between ERecc/IRcon above 1.0 can be a preliminary reference value
for handball players and can be useful in developing fitness and rehabilitation programs,
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although future studies are required to confirm its clinical utility. If lower functional ratios
are present, a strengthening program for the ER muscles in eccentric contraction should be
implemented.

3) The average weekly increase in training load should be monitored to avoid overuse.
Important moderators such as scapular dyskinesia or weakness of the external rotators
should be corrected as they make the athlete vulnerable to injury even with lower increases
in training load.

4) 1t is recommended for handball athletes who have suffered a serious shoulder injury to
perform a complete and correct recovery to enhance the mechanical strength of injured
tissues at pre-injury levels. In addition, injured athletes need to have reliable and
measurable assessment tools (e.g. isokinetic dynamometer) before returning to their sport
after injury.

5) All of the recommendations are probably more important for backcourt and female players

3.5 Conclusions

Overall, from all risk factors evaluated in the existing studies, there was strong evidence that the
weakness of the external rotator cuff muscles and the female Sex increase the probability of
shoulder injury in handball athletes. Nevertheless, the evidence for the other risk factors was

moderate to limited due to the lower methodological quality and the limited number of studies
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Chapter 4.0: Effect of concentric exercise-induced fatigue on
proprioception, motor control and performance of the upper limb in
handball players

Abstract

Background: The last phases of a competitive game are when shoulder injuries most commonly happen,
and fatigue is thought to be a major contributing factor, perhaps because of reduced proprioception and
motor control. The purpose of this study was to investigate the effect of concentric fatigue on
proprioception, motor control, and performance of the upper limb in handball players.

Methods: Forty-six right-handed handball players (all males, age 26.1 + 5.54 years) were included in this
test-retest laboratory experiment. Proprioception was assessed using joint reposition sense (JRS), threshold
to detection of passive movement (TTDPM), muscle onset latency (MOL), motor control using Y balance
test upper quarter (YBT-UQ) and performance using the athletic shoulder test (ASH) before and
immediately after fatigue intervention. The fatigue protocol consisted of concentric, maximal effort,
isokinetic contractions at 90%sec with sets of 30 repetitions of the right shoulder external and internal rotator
muscles. Fatigue was determined by a 60% decline in the peak torque over three consecutive contractions
despite reinforcing feedback and encouragement.

Results: A significant increase in absolute angular error (AAE) was observed in all target angles in both
external rotation (ER) and internal rotation (IR) directions (p < 0.01). A similar significant increase in
relative angular error (RAE) was observed in five out of six target angles after muscle fatigue. In addition,
there was a significant increase in TTDPM in internal rotation after fatigue intervention (p=0.020). Variable
changes were found in YBT-UQ and ASH tests. Specifically, statistically significant differences were found
in anteromedial (AM) (p=0.041), superolateral (SL) reach directions (p=0.005), composite score (p=0.009)
in the right hand and inferolateral (I1L) reach direction in the left hand (p=0.020) in the YBT-UQ. In addition,
there was a significant reduction in isometric strength (ASH test) in the I position of the right hand
(p=0.010) and all positions of the left hand (p<0.05). Furthermore, there was an increase in MOL scores by
46.36 % and 48.33% for the posterior deltoid and infraspinatus muscle correspondingly after fatigue but
the increase was not significant (p > 0.05).

Conclusions: Concentric fatigue of the rotator cuff muscles induces notable deficits in joint position
awareness, kinesthesia, motor control, and performance of the upper extremity in elite male handball
players. Although fatigue considerably reduces reflex reaction time the effect is not statistically significant.

Key words: Muscle fatigue, proprioception, handball, motor control, neuromuscular control
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4.1 Introduction

Shoulder pain ranks as the third most common musculoskeletal problem observed in general
medical practice, following low back pain and knee pain (Luime et al., 2004), and it is even more
prevalent in athletic populations. For instance, the prevalence of shoulder pain in handball players
is estimated to be between 19% to 36% before the start of the season, and 28% during the season
(Clarsen et al., 2014; Myklebust et al., 2013). Furthermore, a significant proportion of handball
players (48%) experiencing ongoing shoulder pain are unable to engage in games or training due
to increased pain intensity (Asker et al., 2018). Dirx et al. (1992) reported an elevated occurrence
of handball injuries in the latter half of matches. In addition, according to Asembo and Wekesa
(1998), a majority of handball injuries (57%), happen during the final third of the game. The
observed increase in injury occurrence during the final third of both practice sessions and games
is postulated to be linked to alterations in neuromuscular control and proprioception due to fatigue
(Brito et al., 2012; Hiemstra et al., 2001; Steib et al., 2013).

The impairment of proprioception resulting from muscle fatigue is thought to be linked to
alterations in the release patterns of muscle afferents caused by the accumulation of metabolites,
which can potentially disrupt the transmission of information through muscle spindles (Forestier
et al., 2002). Additionally, there may be changes in the central processing of proprioception
through group 111 and IV afferents (Taylor et al., 2000), as well as effects on the efferent pathways
(Caron, 2003).

Neuromuscular control is the unconscious motor efferent response to sensory information received
from proprioceptive sources (Myers and Lephart, 2000). The neuromuscular control of the
shoulder joint involves the synchronized activation of muscles during functional activities, the
simultaneous activation of shoulder muscles, the response of muscles to reflexes, and the
modulation of muscle tone and stiffness (Myers and Lephart, 2002). Muscle forces play a crucial
role in aligning the humeral head with the glenoid, while also maintaining a significant range of
motion (Myers et al., 2006). Proprioception is a fundamental aspect of neuromuscular control
Myers and Lephart, 2000) and it has a significant impact on muscular coordination, enabling
precise movement and stability of the joints (Boerboom et al., 2008). Proprioception refers to the
sensory input originating from peripheral regions of the body, such as the mechanical and dynamic

89



constraints around the shoulder. This input plays a role in maintaining joint stability, controlling

posture, and regulating motor function (Riemann and Lephart, 2002a, 2002b).

Patient populations with shoulder instability (Lephart et al., 1994; Rokito et al., 2010; Smith and
Brunoli, 1989), impingement syndrome (Jerosch and Wustner, 2002), osteoarthritis (Cuomo et al.,
2005), rotator cuff dysfunctions (Sahin et al., 2017), and adhesive capsulitis (Fabis et al., 2016)
have been found to exhibit deficiencies in both the incoming proprioceptive input and outgoing

motor responses.

Muscle fatigue refers to the gradual decline in the maximum force and power that muscles can
generate (Abd-Elfattah et al., 2015). Fatigue is commonly categorized as either central or
peripheral (McKenna & Hargreaves, 2008). Central fatigue refers to a decline in the intentional
activation of muscles, which is caused by a decrease in the frequency and coordination of
motoneurons, as well as diminished stimulation from the motor cortex. Peripheral fatigue refers to
the reduction in the ability of muscle fibers to contract due to impaired transmission of muscle

action potentials (Zajac et al., 2015)

Previous studies show contrasting results with some demonstrating impaired joint position sense
(lida et al., 2014; Kablan et al., 2004; Lee et al., 2003; Myers et al., 1999), kinesthesia (Carpenter
et al., 1998), and dynamic shoulder stability (Lee et al., 2003) due to fatigue, while others failed
to observe a substantial disparity in shoulder proprioception pre and post- muscle fatigue (Spargoli,
2017; Sterner et al., 1998; Voight et al., 1996). The outcome measures that have been assessed in
the above studies were the shoulder joint repositioning sense (JRS), the threshold to detection of
passive movement (TTDPM) and the shoulder joint stability. It is not known if fatigue affects
muscle onset latency (MOL) and motor control of the shoulder. Furthermore, none of the
aforementioned investigations included handball athletes who are in a high-risk population for
shoulder inuries (Hadjisavvas et al., 2024). The primary objective of this study was to examine the
impact of concentric fatigue on the proprioception motor control and performance of the upper

limb in handball players.
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4.2 Methods

4.2.1 Hypotheses

The research and null hypotheses of the first experiment were as following:

H1: Concentric exercise-induced fatigue of the rotator cuff has a significant impact on the
proprioception of the upper limb in handball players.

H10: Concentric exercise-induced fatigue of the rotator cuff does not have a significant
impact on the proprioception of the upper limb in handball players.

H>: Concentric exercise-induced fatigue of the rotator cuff has a significant impact on the
kinesthesia of the upper limb in handball players.

H20: Concentric exercise-induced fatigue of the rotator cuff does not have a significant
impact on the kinesthesia of the upper limb in handball players.

Hz: Concentric exercise-induced fatigue of the rotator cuff has a significant impact on the
MOL of the upper limb in handball players.

Hz0: Concentric exercise-induced fatigue of the rotator cuff does not have a significant
impact on the MOL of the upper limb in handball players.

Ha: Concentric exercise-induced fatigue of the rotator cuff has a significant impact on the
performance of the upper limb in handball players.

H40: Concentric exercise-induced fatigue of the rotator cuff does not have a significant
impact on the performance of the upper limb in handball players.

Hs: Concentric exercise-induced fatigue of the rotator cuff has a significant impact on the
motor control of the upper limb in handball players.

HsO: Concentric exercise-induced fatigue of the rotator cuff does not have a significant
impact on the motor control of the upper limb in handball players.

4.2.2 Type of research and sampling method

A quantitative research was used for the completion of the study. Utilizing the techniques of the

natural sciences, quantitative research generates hard facts and numerical data. It uses statistical,

computational, and mathematical techniques to establish a cause-and-effect relationship between
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two variables. Because the research can be precisely and accurately measured, it is also known as
empirical research. The information gathered by the researcher can be categorized, ranked, or
measured using different units of measurement. With the aid of quantitative research, raw data can
be created into graphs and tables that facilitate the researcher's analysis of the findings (Ahmad et
al., 2019).

The participants who took part in the study were selected through the convenience sampling
method. Convenience sampling describes the data collection process from a research population
that is effortlessly reachable to the researcher (Rahi, 2017). Convenience sampling yields various
benefits. First, the researchers can consume less effort to select the participants compared to other
non-random sampling techniques. Second, convenience sampling requires the researcher to select
participants at a very low cost. Third, the researchers invest less time since the sample taken from
the target population is readily accessible. Finally, they do not need to prepare a list of all the
population elements (Alvi, 2016). This kind of sampling, however, is susceptible to systematic
errors and sampling biases. In this sense, convenience samples were tainted by bias from both self-
selection and non-coverage. If empirical studies employ non-probability convenience samples,
even though they are successful in avoiding non-coverage and obtaining a sampling frame that
includes a random pool of subjects, the researchers are typically unable to conduct self-selection
because individuals choose whether or not to participate in the interview or complete the survey.
Furthermore, it is impossible to interpret the p-value in a meaningful way (Hirschauer et al., 2020).
Alvi (2016) also argued that target population categories are comprehensive enough to be divided
into an unlimited number of categories within themselves that are comparatively dissimilar from
each other and cannot be representative of one another. Moreover, the variability of the participants
in the sample can be controlled or measured. Since the population under study is quite familiar,
the researcher may be enticed to generalize. However, the research findings cannot be generalized
beyond the sample when using this technique (Acharya et al., 2013). Because of the above
drawbacks, researchers often consider convenience sampling as a research limitation (Koerber &
McMichael, 2008).

The study’s target population consisted of handball players. This particular sample was selected
because, in contrast to other throwing sports (e.g baseball, volleyball, cricket), there was a larger

gap in the literature regarding the effect of rotator cuff muscle fatigue on proprioception, motor
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control, and performance of the upper extremity. Initially, the main researcher (S.H) contacted the
sports coordinator of the University of Nicosia (A.P) by telephone in order to obtain contact
numbers of various handball coaches. After this, the main researcher called each coach. Each coach
received an explanation of the study’s goal and methodology. Each coach provided a list of phone
numbers for all of the handball players. After then, the primary investigator got in touch with every
handball player that was accessible. The procedure, purpose, and benefits of the study were
explained to each one. A specified date and time to visit the study site was provided to handball
players who verbally consented to participate. The investigation was conducted in a calm setting

in a specially created laboratory of the University of Nicosia's Physiotherapy Program.

4.2.1 Subjects

Forty-six right-handed male handball players from the first and second division participated in this
study. The optimal number of participants was determined using specialized software (G*power
1.3.9.4). With a significance coefficient of 0.05 and a moderate correlation between repeated
measures (before and after fatigue) with an effect size of 0.3, a sample size of 30 individuals yields
a power of 82% or 0.82. Therefore, even accounting for a 10% attrition rate of participants during
the study, the number of 46 individuals is deemed sufficient. The participants in the study were
physically active professional handball athletes who engaged in a minimum of three training
sessions per week and regularly competed in official matches. The exclusion criteria (table 4.1)
encompassed those with a recent shoulder injury within the past six months, previous shoulder
surgery, neurological disorders, congenital stiffness, cervical radiculopathy, shoulder dislocation,
intra-articular fracture, rotator cuff tear, and labral tear. In addition, every individual who reported
discomfort in more than 2 clinical tests or isometric contractions during the initial evaluation was
eliminated from the study and instructed to consult a physician for a definitive musculoskeletal
diagnosis. The study received ethics approval by the National Bioethics Committee of Cyprus
(EEBK/EI1/2020/40).
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Table 4.1. The inclusion and exclusion criteria.

Inclusion criteria Exclusion criteria
e Professional male handball players e Recent shoulder injury within the past
e At least three training sessions per six months
week e Previous shoulder surgery
e Participation in official matches e Neurological disorders

e Congenital stiffness

e Cervical radiculopathy

e Shoulder dislocation

e Intra-articular fracture

e Rotator cuff tear and labral tear

e Discomfort in more than 2 clinical tests
or isometric contractions during the

initial evaluation

4.2.2 Experimental protocol

The present investigation utilized a pre-test and post-test design. Handball players were initially
approached via telephone following the authorization of the team coach and management, who
supplied the players' information. After receiving verbal consent, they were invited to the
laboratory of the Physiotherapy Program at the University of Nicosia, where the testing occurred.
Initially, the main researcher assessed the participants to determine if they met the specific criteria
for inclusion in the study. If subjects met the study participation criteria, they were provided with
the specific consent form to read and sign. Anthropometric measures were conducted with an
electronic scale (Tanita WB 3000) to evaluate weight, and a statiometer (Seca, Hamburg,
Germany) to determine height. Participants were instructed to wear minimal attire, excluding
socks and shoes. Subsequently, the main investigator, who is an expert in Sports and
Musculoskeletal Physiotherapy, conducted a screening assessment to verify the participants'

shoulder health to carry out the tests and fatigue protocol. The screening examination included
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assessment of active and passive shoulder movements, manual isometric muscle tests and
orthopedic special tests (Neer’s test, Hawkins-kennedy test, infraspinatus test, belly press test, lift
off test, speed’s test, Yergason’s test, Load and shift test, apprehension test, sulcus sign, Crank
test, anterior slide test) (Magee, 2014). The active and passive shoulder movements (flexion,
extension, abduction, adduction, external rotation, internal rotation, horizontal adduction,
horizontal abduction) were performed while each participant was in a standing position. In
addition, all shoulder movements were assessed with manual isometric muscle test (5sec duration,

‘break’ test). Each orthopedic special test was performed as following:

e Neer’s test: The patient's arm was passively and firmly raised fully in the scapular plane
while the examiner medially rotated it. Shoulder pain with this maneuver indicates a
positive test.

e Hawkins-kennedy test: As the subject stands with the arm flexed to 90°, the examiner
passively rotate the shoulder medially. Shoulder pain indicates a positive test.

e Infraspinatus test: The participants had their arms in side, with the elbows flexed to a 90°
angle. Against the examiner's resistance, the participant was instructed to externally rotated
both forearms. If the subject experienced shoulder pain with this movement, the test was
considered positive.

e Belly press test: The participants were instructed to placed the palm of their hand on their
upper abdomen, just below the xyphoid process, while standing with their elbow flexed to
a 90" angle. The participants were instructed to internally rotated them shoulder with as
much force as possible to press the palm of the hand against the abdomen. If the participant
experienced shoulder pain, the test was considered positive.

e Lift-off test: The participant was instructed to placed the dorsum of the hand, in the region
of the mid-lumbar spine. The participant lifts their hand off their back and performs internal
rotation as the examiner applies pressure to their hand as part of the testing movement. If
the participant was unable to resist lifting the hand off their back or experienced shoulder
pain, the test was considered positive.

e Speed’s test: The participant's arm was placed in shoulder flexion, external rotation, with

full elbow extension, and forearm supination by the examiner. From this position, the

95



examiner applied manual resistance to the participant’s arm downward. If pain in the
bicipital tendon or groove is replicated, the test was deemed positive.

Yergason’s test: The participant was in a standing position, with 90° of elbow flexion and
with the forearm in full pronation. From this position, the participant was instructed to
externally rotate and supinate their arm against the manual resistance. If a pain was
replicated in the bicipital groove, the test was deemed positive.

Load and shift test: With one hand, the examiner secures the scapula to the thorax, and
with the other, grasps the humeral head. The anterior glenohumeral joint line was covered
by the index finger. A "load and shift" of the humeral head across the stabilized scapula
was applied by the examiner in two directions: anteromedially to evaluate anterior stability
and posterolaterally to evaluate posterior instability. Excessive translation of the humeral
head with this movement is regarded as an indication of glenohumeral joint laxity and was
considered positive.

Apprehension test: The individual was placed in a supine position. The examiner
maintained neutral rotation while flexing the patient's elbow to 90° and abducting the
participant's shoulder to 180° in the frontal plane and 90° in the sagittal plane. While closely
observing the participant, the examiner then gradually applied an external rotation force to
the arm until it reached 90°. A positive test result is defined as participant apprehension
from this maneuver rather than pain. A pathology other than instability, like posterior
impingement of the rotator cuff, may be indicated by pain during the maneuver but no
apprehension.

Sulcus sign: The participant stood for the test with their shoulder in a neutral position (0
degrees rotation). The distal portion of the humerus is then pulled caudally by the examiner.
When the sulcus appears in the subacromial space more than 1 cm while the humeral head
translates inferiorly, the test was deemed positive.

Crank test: The participant's arm was 90° flexed. The examiner holds the flexed elbow or
forearm while standing next to the affected shoulder forearm. One hand applied joint load
along the humerus' axis, and the other hand rotated the humerus while the shoulder was

raised in the scapular plane. If symptoms (usually pain) were reproduced during the
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maneuver (usually external rotation) with or without a click, the test was considered
positive.

e Anterior slide test: With the thumbs pointing posteriorly, the participant stood with their
hands on their hips. In order for the final segment of the index finger to cross the anterior
aspect of the acromion at the glenohumeral joint, one hand was placed on top of the
participant’s shoulder. A force that is directed forward and slightly upward was applied to
the arm while the other hand is positioned behind the participant's elbow. If the participant
experienced pain at the anterior aspect of the shoulder beneath the examiner's hand, or if
they experienced a popping or clicking sensation in the same location, or if they replicated
their familiar symptoms that arise during their overhead activities, the test was deemed

positive.

An isokinetic dynamometer (Humac Norm, CSMI solutions, USA) was utilized to measure joint
repositioning sense (JRS), threshold to detection of passive movement (TTDPM), and muscle
onset latency (MOL). Moreover, the isokinetic dynamometer was used to induce and quantify
muscle fatigue. The isokinetic dynamometer had shown good to excellent reliability with
intraclass-correlation coefficient (ICC) of 0.72-0.94 for shoulder tests (Habets et al., 2018). The
Y balance — upper quarter (YBT-UQ) test and the athletic shoulder (ASH) test were used for the
assessment of motor control and performance respectively (Ashworth et al., 2018; Westrick et al.,
2012). All outcome measures were assessed before and immediately after the acute fatigue
intervention. Furthermore, the same tests were used in second (see chapter 5) and third
experimental study (see chapter 6) except the MOL that was used only in the first experimental

study (chapter 4).

4.2.3 Proprioception Tests

4.2.3.1 Joint repositioning sense (JRS)

The JRS was assessed while each participant was in a standing position on the isokinetic
dynamometer. The most accurate method for assessing shoulder proprioception, according to

weighted average (WA) ICC calculations, is the isokinetic dynamometer (ICC of 0.92 + 0.08)
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(Ager et al., 2017). The shoulder was positioned at 30° of abduction, with 0° of external rotation,
in the plane of the scapula (30° anterior to the frontal plane). The elbow was flexed at 90°, in a
neutral position, and secured to the arm device (figure 4.1). The height of the dynamometer and
the length of the arm device were personalized to each subject in order to align the axis of rotation
of the dynamometer with the axis of rotation of the shoulder joint (reference point the acromion).
The personalized test position was recorded and reproduced in the post-fatigue measurements.
This setup allowed movement at the shoulder joint to be isolated to internal and external rotation
along the shaft of the humerus. In order to minimize visual and auditory stimuli, the participants
wore night masks and earplugs. Prior to each measurement, every participant completed two sets
of 15 repetitions of shoulder internal and external rotation exercises using the dynamometer at an
angular speed of 90 degrees per second as a warm-up activity. Subsequently, six shoulder
repositioning angles were measured for each participant, comprising three angles in internal
rotation and three angles in external rotation of the shoulder. The strongest WA ICCs for
intrasession and intersession reliabilities are supported by IR (ICC of 0.88 = 0.01) and ER (ICC of
0.83 £ 0.04) protocols (Ager et al., 2017). The six target angles that were chosen for all participants
were as follows: 1) 15° external rotation, 2) 30° external rotation, 3) 45° external rotation, 4) 15°
internal rotation, 5) 30° internal rotation, 6) 45° internal rotation. Shoulder rotation was not
combined with shoulder abduction, as well as the most extreme angles (e.g 90° of ER and IR) were
not selected because the isokinetic dynamometer did not allow it. The examiner positioned the
shoulder at each target angle, maintaining this posture for 3 seconds, and then restored the
participant's shoulder to its initial position in a passive manner. The subject was instructed to
accurately reproduce the desired angle (active manner) and sustain it for a duration of 3 seconds
before reverting to the initial position. Each participant conducted three trials for each target angle,
and the average value was recorded. The passive/active method of the JRS assessment was chosen
for two reasons. First, the majority of the studies used this method (Ramsay and Riddoch, 2001;
Herrington et al., 2008; Kaya et al., 2012; Morgan and Herrington, 2014; Fabis et al., 2016).
Second, this method has excellent reliability (ICC of 0.92 £ 0.1) (Ager et al., 2017) The JRS was
assessed using two types of errors: the absolute angular error (AAE), which is the absolute

difference between the test position and the position reproduced by the subject, and the relative
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angular error (RAE), which is the signed arithmetic difference between the test and response

position.

4.2.3.2 Threshold to detection of passive movement (TTDPM)

Ager et al., (2017), in their systematic review, concluded that the TTDPM is the most reliable
method for the assessment of shoulder kinesthesia (0.92 + 0.04). With the subject positioned in the
exact same position as in the JRS on the isokinetic dynamometer, the visual and auditory stimuli
were removed. The participant's shoulder was passively moved into internal rotation by the
isokinetic dynamometer at an angular velocity of 0.5°/s. The selection of this speed is based on the
belief that it optimally activates slow-adapting joint mechanoreceptors while minimizing the
activation of muscle receptors (Lephart et al., 1994; Lee et al., 2003)). Participants were directed
to press a button to halt the movement when they perceived the initiation of shoulder internal
rotation (see figure 4.1). Every participant conducted three trials and the average value was
recorded.

Figure 4.1 (a): Initial assessment position of the participant on the isokinetic dynamometer;
(b): Assessment of TTDPM on the isokinetic dynamometer.




4.2.3.3 Muscle Onset Latency (MOL)

The infraspinatus and posterior deltoid MOLs were assessed using surface electromyographic
(EMG) electrodes during a sudden free fall of the forearm/isokinetic arm unit. Two Delsys Trigno
lab EMG sensors were used to measure the EMG activity. Another Delsys Trigno Lab sensor with
a built-in triaxial accelerometer that was firmly attached to the dynamometer was used to detect
the movement of the dynameter's arm. To ensure optimal contact of the EMG sensors and maximal
signal-to-noise ratio, the skin was shaved with a razor and was cleaned with alcohol. The sensors
contain bipolar, gel-free electrodes with a diameter of 10 mm and communicate wirelessly with
the computer using Delsys software (DELSYS EMGworks Analysis). The infraspinatus sensor
(figure 4.2) was placed two fingertips below the scapular spine and the posterior deltoid sensor
(figure 4.2) was placed 2 fingertips below the rear corner of the acromion as descripted by Cram
(Criswell and Cram, 2011). Both sensors were stabilized in place using double sided adhesive tape
(Criswell and Cram, 2011). Then the EMG signal of the examined muscles at rest and in maximum
contraction was assessed, to identify any errors in the placement of the electrodes. Subsequently,
each participant was placed on the isokinetic dynamometer, with eyes closed and ears shut,at 30°
of shoulder abduction, 60° of external rotation, in the plane of the scapula (30° anterior to the
frontal plane), with the elbow flexed at 90°, in mid-pronation and was strapped to the arm device.
While recording for a random number of seconds between 3-5, the arm of the dynamometer was
dropped passively, while measuring the start of the movement with the accelerometer and the
muscle reaction with the EMG. The MOL was calculated as the difference between the onset of
movement of the isokinetic arm and the onset of muscle activation (figure 4.3). Muscle activation
was considered to begin when the SEMG amplitude increased 3 standard deviations above the
mean of the resting amplitude (figure 4.3). The assessment of the infraspinatus and posterior
deltoid MOL was performed before and after fatigue intervention.
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Figure 4.2. The EMG electrodes placement for the INF muscle and PD muscle.

o

Figure 4.3. Method of meausurement of MOL. EMG of the posterior deltoid (top graphs) and
infraspinatus (middle graphs). Movement of the isokinetic arm (bottom graphs) was marked
with an orange vertical line. The onset of muscle activation was marked with a purple vertical
line. The time difference between these lines represents MOL. (DELSYS EMGworks
Analysis).
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4.2.4 Motor control and performance tests

4.2.4.1 Y Balance test — Upper Quarter (YBT-UQ)

The YBT-UQ is a comprehensive assessment that necessitates physical strength, flexibility,
neuromuscular coordination, balance, stability, and range of motion. The experiment utilized a
YBT kit™, comprising of three interconnected tubular plastic bars that were labeled with markings
at half centimeter intervals. Each bar had a moveable indicator plate, which the subject moved by
pushing with their hand/fingers. The test was conducted by initiating the subject in a push-up
stance with their feet positioned at a distance equal to the breadth of their shoulders. The objective
of the test was for the participant to maintain a push-up position on the central platform of the YBT
device and move the indicator plate in the anteromedial (AM), superolateral (SL), and inferomedial
(IL) directions (figure 4.4 ) using the other hand. Following a warm-up test consisting of three
attempts in each direction, three additional attempts were conducted in each direction. The
maximum reach distances in each direction were added together to obtain a composite reach
distance (sum of the lengths of all three reach directions, divided by the length of the upper
extremity limb, and multiplied by 100), which was then adjusted to account for the length of the
upper limb. This facilitated an analysis of the overall proficiency demonstrated in the assessment.
Prior to the test, the length of the subject's upper limb, from the 7th cervical vertebrae to the tip of
the middle finger, was measured using a tape measure. In cases where the subject made more than
four unsuccessful attempts, a score of zero was documented for that particular trial. A participant's
attempt was deemed a failure if they engaged in any of the following actions: throwing instead of
pushing the box, returning to the beginning push-up posture without maintaining control, making
contact with the floor using their hand prior to pushing the box, or having their feet lose contact
with the ground. All individuals successfully completed the trials during the test without any
failures. The YBT-UQ test (Gorman et al., 2012; Westrick et al., 2012) demonstrated high
reliability (ICC 0.80 — 1.0) and showed no disparity in performance between the dominant and
non-dominant limbs. These findings suggest that the YBT-UQ is a dependable instrument for
evaluating sports performance during the recovery process of shoulder, upper extremity, and spine

injuries.
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4.2.4.2 The Athletic Shoulder test (ASH test)

The ASH test was developed to evaluate the isometric strength of the shoulder. The test was
conducted according to the methodology outlined by Ashworth et al. (2018). Before commencing
the initial data collection, participants were presented with the placements of both arms and
instructed on the correct application of force. The participants were given instructions to exert
force into the force plate with maximum speed and intensity. Prior to data collection, participants
attempted two warm-up rounds at a level of exertion below their maximum capacity, in order to
develop a sense of body alignment. In each of the three positions, the palm of the hand was fully
supported by the force plate, with the forearm in a pronated posture and the elbow fully extended
(figure 4.4). Upon receiving a cue to exert force, the participant proceeded to elevate their fingers
off the force plate and exerted downward pressure solely through the heel of their hand. A valid
trial was considered when the isometric contraction was executed without any rotation of the trunk
and lower body towards the side of examination. The test was conducted in the sequential order of
I, Y, and T, with each measurement lasting three seconds and a twenty-second interval between
each measurement (Ashworth et al., 2018). For each test position, the ASH test showed excellent
reliability (ICC of 0.94-0.98), confirming its use as a trustworthy instrument to measure force
production and transfer across the shoulder girdle (Ashworth et al., 2018). The measurement of
each arm position was conducted three consecutive times before transitioning to the subsequent
position. The body position was assessed at each position in order to avoid any potential
compensation. The duration of the tests conducted at each arm position was roughly 69 seconds,
whereas the total duration of the data collection session, including repositioning, was around 8
minutes. Upon the participant's assumption of the measurement posture, a verbal cue indicating
readiness was provided to initiate the collection process and commence the seven-second
collection period of the force plate. Upon the force plate detecting activity for a duration of two
seconds, participants were provided with a verbal "go" signal and initiated a rapid and forceful
push into the force platform for a period of three seconds. Following a duration of 3 seconds, a
verbal "stop” signal was provided to indicate the conclusion of the trial and the commencement of
the twenty-second period of rest. Every participant was directed to exert maximum force and speed
on the force plate. The ASH Test consists of three positions in which the body assumes a prone

position and utilizes the arm to make an I, Y, and T formation. The "I" position involves the
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participant with their shoulder raised 180 degrees above their head, the ™Y position raised 135
degrees above their head, and the "T" position raised 90 degrees to their side. When in the "I"
position, the arm is positioned at the side, with the palm facing upwards and the forearm in a
supinated position. In the "Y" and "T" postures, the arm on the opposite side was positioned behind
the back, with the elbow bent, the forearm raised, and the palm facing upwards. The selection of
the opposite arm's location was made in order to limit contralateral compensatory attempts aimed
at generating greater force. In order to establish a consistent neck posture, a 4 cm bolster was
employed. In each position, participants placed their forehead on the bolster. Repetitions were not
included if the participant executed a countermovement or compensation on the other side. As an
illustration, in the event that the subject elevated one or both feet from the ground while performing

the isometric hold, the repeat was deemed non valid.

Figure 4.4. The YBT-UQ (a to ¢) and the ASH test (figures d to f); (a): anteromedial (AM)
reach; (b): the inferolateral (IL) reach; (c): the superolateral (SL) reach; (d): the “I” position;
(e) the “Y” position; (f) the “T” position.
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4.2.5 Exercise-induced fatigue protocol

Each subject was placed in the standing position on the isokinetic dynamometer. The right shoulder
was placed at 30° of abduction, 0° of external rotation, in the plane of the scapula (30° anterior to
the frontal plane), with the elbow flexed at 90°, in mid-pronation and was strapped to the arm of
the device. Each participant actively performed maximal voluntary, concentric, isokinetic
contractions from 60° of shoulder internal rotation to 60° of shoulder external rotation to induce
concentric muscle fatigue of the shoulder external and internal rotator muscles. This test was
performed in the same position as the one used to induce fatigue. Initially the examiner instructed
each participant to perform 10 submaximal (20% of maximal voluntary contraction) concentric
contractions with an angular speed of 90 degrees per second to familiarize themselves with the
specific movement. Next, peak isokinetic torque of internal and external rotators was recorded by
asking the subject to perform 10 repetitions with maximal effort. This value was the reference
value for the induction of fatigue. After a 5 minutes rest, each participant performed sets of 30
maximal effort concentric isokinetic contractions with 90 degrees per second angular speed of the
external and internal rotator muscles. The criterion to consider muscle fatigue was the drop of the
isokinetic peak torque to 40% of the reference value (60% reduction) and remained below this
value, irrespective of positive reinforcement, for 3 consecutive repetitions. If the subject exceeded
the reference value of peak torque in the first set, then the reference value was instantly updated,
and the same rule was used for the induction of fatigue. The sets needed to induce fatigue varied
between one and five, most commonly three. The same protocol was used in a previous study
(Spargoli, 2017). After the test, muscle fatigue was assessed by the percentage decrease in peak
torque between the first ten and the last ten repetitions (mean peak torque of first ten repetitions -
mean peak torque of last ten repetitions / mean peak torque of first ten repetitions) during the thirty
repetitions sets of isokinetic exercise at 90 deg/sec.

4.2.6 Statistical analysis

Jamovi (Version 2.3.26) was used for statistical analysis. Descriptive statistics were used to
calculate means and standard deviations (SDs) of the collected variables. The mean is a
straightforward arithmetic average of the specified set of numbers or values. The standard
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deviation quantifies how much a variable's values deviate from its mean. Shapiro-Wilk test was
used to assess data for normality prior to the analysis. Originally, the Shapiro-Wilk (1965) test was
limited to samples with fewer than fifty. This test was the first to identify deviations from normality
brought on by kurtosis, skewness, or both (Althouse et al. , 1998). Its strong power characteristics
have made it the test of choice (Mendes and Pala, 2003). The paired samples t-test was used to
compare the mean differences before and immediately after the fatigue intervention for the
absolute angle error (AAE), the relative angle error (RAE), the threshold to detect passive
movement (TTDPM), the MOL, the YBT-UQ and the ASH test scores. For the non-normally
distributed variables, the Wilcoxon test was used for pre-post fatigue intervention comparisons.
Statistical significance was set at p <0.05 and the 95% CI was calculated for all mean differences.
A statistical test's p value is a numerical value that indicates the likelihood of discovering a specific
set of observations in the event that the null hypothesis were correct. In hypothesis testing, P values
are used to assist in determining whether to reject the null hypothesis. The likelihood of rejecting
the null hypothesis increases with a smaller p value. A confidence interval is the likelihood that a
population parameter will fall between a range of values for a specific percentage of the time.
Confidence intervals with 95% or 99% of expected observations are frequently used by analysts.
Therefore, if a statistical model yields a point estimate of 10.00 with a 9.50 to 10.50 95%
confidence interval, it indicates that there is a 95% chance that the true value falls within that
range. The same statistical analysis was used in the second and third experimental study (see
chapter 5 and 6)

4.3 Results

All handball players (n=46) completed all measurements without dropping out. The demographic
characteristics of the participants are presented in table 4.2.
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Table 4.2. Demographic characteristics of the participants.

N Gender Age (years) Height Weight (kg) BMI Experience
(cm) (kg/m?) (years)
46 Male 26.1+£554 180+553 849+133 26.2+3.95 11.8%+4.79

Abbreviations: N, number of participants; %, standard deviation.

The peak torque of shoulder internal rotation and shoulder external rotation decreased by 61.90%
(figure 4.5) and 60.92% (figure 4.5) correspondingly after muscle fatigue, as indicated by the
fatigue index. The mean value of external rotation peak torque during the initial ten and final ten
repetitions was recorded as 33.4 N (£ 5.65) and 15.9 N (x 3.27), respectively. The mean internal
rotation peak torque during the initial and final 10 repetitions was 54.3 N (£ 7.32) and 30.3 N (z
5.16) respectively.

Figure 4.5. The shoulder external rotation (ER) and internal rotation (IR) before and after
fatigue intervention.

_ 40 A I
€
é l Fatigue
v I g Before
o
o E3  After
=20 A l

107

n —
ER IR

Angle



Moreover, following fatigue intervention, a significant increase in absolute angular error was

observed in all target angles in both ER and IR directions (p<0.01) (Table 4.3). A similar

significant increase in relative angular error was observed in five out of six target angles after

muscle fatigue (p<0.01). No significant difference was observed in IR45° (p=0.101) (Table 4.3).

Table 4.3. Joint reposition sense AAE and RAE scores pre- and post- fatigue intervention.

Type of Mean Difference (95%
error Target angles Pre-Fatigue Post Fatigue p value Cl)

AAE ER15° 1.91 £ 0.957 472 £1.976 <.001 -2.81 (-3.500, -2.122)
AAE ER30° 2.64 +1.208 5.35 +2.487 <.001 -2.71 (-3.440, -1.979)
AAE ER45° 2.69 + 1.360 5.91 + 3.327 <.001 -3.22 (-4.250, -2.187)
AAE IR15° 1.97 +£1.006 3.11+1481 <.001 -1.15 (-1.580, -0.707)
AAE IR30° 2.60 £ 1.254 4.69 £+ 2.429 <.001 -2.09 (-2.750, -1.426)
AAE IR45° 2.17 £0.902 3.51+2.028 <.001 -1.50 (-2.340, -0.670)
RAE ER15° -0.06 £ 1.230 3.68 + 3.230 <.001 -3.76 (-4.720, -2.794)
RAE ER30° 1.20 £ 2.130 3.59 +4.340 <.001 -2.39 (-3.600, -1.185)
RAE ER45° 0.05+1.990 4.56 £ 4.600 <.001 -4.51 (-5.810, -3.205)

108



RAE IR15° -0.09 +1.430 1.85+2.390 <.001 -1.95 (-2.700, -1.197)

RAE IR30° 0.34 + 2.480 3.33 +3.760 <.001 -2.99 (-4.080, -1.900)

RAE IR45° -0.15+1.750 0.86 +£3.770 0.101 -1.03 (-2.270, 0.210)

Abbreviations: JRS, joint repositioning sense; AAE, absolute angular error; RAE, relative angular
error; ER,external rotation; IR, internal rotation; +, standard deviation; Cl, confidence interval

In addition, there was a significant increase in TTDPM in internal rotation after fatigue
intervention (p=0.020) (Table 4.4).

Table 4.4. TTDPM scores pre- and post- fatigue intervention.

Movement Pre-Fatigue Post Fatigue  p value Mean Difference (95% CI)

IR 5.91 +3.640 7.39+£6.290 0.020 -1.50 (-2.500, -8.630)

Abbreviations: TTDPM, threshold to detection of passive movement; IR, internal rotation; %,
standard deviation; CI, confidence interval

Regarding the YBT-UQ, statistically significant differences were found in anteromedial (AM)
(p=0.041) and superolateral (SL) reach directions (p=0.005) in the right hand and in inferolateral
(IL) reach direction in the left hand (p=0.020) (Table 4.5). Furthermore, the composite score
demonstrated a statistically significant difference only in the right hand (p=0.009) (Table 4.5).
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Table 4.5. The YBT-UQ scores pre and post- fatigue intervention.

Hand Position  Pre Fatigue Post Fatigue p value Mean Difference (95% CI)
AM Right 94.5+10.950 92.8 +11.050 0.041 2.50 (1.190, 4.500)
IL Right 83.4 +12.590 80.9 +12.280 0.073 2.47 (-0.240, 5.200)
SL Right 65.1 + 10.530 62.2 +12.870 0.005 2.93(0.942, 4.930)
AM Left 92.6 £11.130 93.2+£10.800 0.428 -0.50 (-2.500, 1.00)
IL Left 83.5+9.640 80.8 +11.160 0.020 2.73 (0.462, 5.020)
SL Left 67.0 +11.040 65.6 + 11.700 0.114 1.43 (-0.356, 3.230)
CS right 87.3+11.400 84.7 +11.600 0.009 2.56 (0.681, 4.440)
CS left 87.3 +10.600 86.0 = 10.800 0.110 1.28 (-0.301, 2.870)

Abbreviations: YBT-UQ, Y balance test upper quarter; AM, anteromedial; IL, inferolateral; SL,
superolateral; Cl, confidence interval; CS, composite score; *, standard deviation.

There was a significant reduction of isometric strength in the | position of the right hand (p=0.010)

and to all positions of the left hand (p<0.05) in the ASH test (Table 4.6).

Table 4.6. ASH test scores pre and post- fatigue intervention.

Variable Pre Fatigue Post Fatigue p value Mean Difference (95% CI)
| Right 13.02+3.490 11.86+3.330 0.010 1.15 (0.287, 2.023)
Y Right 10.59+2.450 10.10+2.480 0.107 0.49 (-0.110, 1.100)
T Right 942+2.010 9.05%2.030 0.103 0.37 (-0.078, 0.828)
| Left 1270 +£3.320 11.27+3.040 <.001 1.54 (1.095, 1.975)
Y Left 9.85+2.270  9.07 +2.280 0.002 0.77 (0.304, 1.238)
T Left 9.21+1.970 8.47 %2130 0.005 0.73 (0.238, 1.234)

Abbreviations: ASH, the Athletic Shoulder Test; +, standard deviation; Cl, confidence interval;
1Y and T, hand positions during the ASH test.
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Moreover, following muscular fatigue, there was an elevation in the reaction time (MOL) of the
posterior deltoid and infraspinatus muscle (Table 4.7). Nevertheless, this rise was not statistically
significant (p>0.05).

Table 4.7. MOL scores pre and post- fatigue intervention.

Variable Pre Fatigue Post Fatigue p value Mean Difference (95% CI)
PD MOL 0.179+0.137 0.262+£0.218 0.088 -0.0391 (-0.1018, 0.00780)
INF MOL 0.180£0.138 0.267 £0.220  0.092 -0.0392 (-0.0960, 0.00586)

Abbreviations: MOL, muscle onset latency; +, standard deviation; Cl, confidence interval; PD, posterior deltoid; INF,
infraspinatus.

Figure 4.6 illustrates a case where there was a rise in the reflex reaction time of the posterior

deltoid and infraspinatus muscle after fatigue.
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Figure 4.6. MOL before (left panel) and after fatigue (right panel) from one subject. EMG of
the posterior deltoid (top graphs) and infraspinatus (middle graphs) and movement of the
isokinetic arm (bottom graphs) (DELSYS EMGworks Analysis).
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4.4 Discussion

The objective of this study was to examine the impact of concentric muscle fatigue on the
proprioception, motor control and performance of the upper limb in handball players. The null
hypotheses were rejected. The major findings of the present study indicate that concentric fatigue
of the rotator cuff muscles induces notable deficits in proprioception motor control, and

performance. Moreover, fatigue leads to a minor reduction of neuromuscular control.

Multiple studies provide evidence that proprioceptive training is effective in preventing sports
injuries, particularly ankle sprains (Hubscher et al., 2010; Schiftan et al., 2015) and anterior
cruciate ligament injuries (Zech et al., 2012) but no evidence exists that proprioception is a risk

factor for shoulder injury (Asker et al., 2020; Hadjisavvas et al., 2022). In addition, systematic
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reviews have found that an excessive amount of training can lead to shoulder problems in overhead
athletes (Hadjisavvas et al., 2022; McKenzie et al., 2023; Tooth et al., 2020).

The peak incidence of injury is observed during the last third of training and matches in soccer
(Ekstrand et al., 2011) and handball (Asembo and Weseka, 1998; Dirx et al., 1992). These changes
are believed to be associated with alterations in proprioception and neuromuscular control as a
result of fatigue (Hiemstra et al., 2001; Steib et al., 2013). Furthermore, research has demonstrated
that fatigue can have a detrimental impact on athletes' performance in several functional
assessments, including proprioception tests (Jahjah et al., 2018; Webster et al., 2017; Wright and
Arnold, 2012), balance tests (Johnston et al., 2018; Zech et al., 2012) and muscle strength tests
(Scanlan et al., 2018) making athletes more susceptible to injury.

The results of the present study show that after the induction of fatigue, JRS is significantly
reduced. These findings provide evidence for the "dysfunctional mechanoreceptor" idea, which
suggests that muscular fatigue might decrease the sensitivity of the muscle spindle, leading to
notable disruptions in proprioception (Voight et al., 1996). This notion has received support from
other investigations (lida et al., 2014; Lee et al., 2003; Myers et al., 1999). The cause of this
malfunction is not completely understood. Fatigue-induced alterations in local muscle metabolism
may be a potential explanation for this impairment (Pedersen et al., 1997). Pedersen et al. (1997)
found that elevated levels of lactic acid, creatine-kinase, bradykinin, arachidonic acid, and
serotonin inside the muscles during muscle fatigue can potentially disrupt the proper functioning
of muscle spindles and, consequently, affect proprioception. Due to the greater intensity of local
blood flow and metabolic changes, muscle mechanoreceptors are more susceptible compared to

articular receptors (Pedersen et al., 1997).

The current study's findings somewhat align with the results of previous research (Bjorklund et al.,
2000; lida et al., 2014; Kablan et al., 2004; Lee et al., 2003; Myers et al., 1999). Lee et al. (2003)
discovered that with the onset of muscular fatigue, there was a notable and statistically significant
rise in position errors for shoulder external rotation, but not internal rotation. On the contrary, the
study by Kablan et al. (2004) found that novice volleyball players made considerably more position
errors in internal rotation compared to external rotation after experiencing shoulder muscular

fatigue. On the other hand, Lida et al. (lida et al., 2014) discovered that the position inaccuracy
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considerably increased in both internal and external shoulder rotation following the fatigue
intervention. Similar results were found by Myers et al. (1999), who discovered a significant
impairment of shoulder joint repositioning sense in both directions of shoulder rotation after
fatigue. Furthermore, Voight et al. (1996), found that shoulder muscle fatigue can significantly
affect the shoulder joint repositioning sense in the direction of external rotation although only in

the target angle of 75° that was the only one assessed.

However, some studies did not find any significant differences in the JRS before and after fatigue
intervention (Spargoli, 2017; Sterner et al., 1998). Spargoli (2017) expected that eccentric exercise
would have a stronger impact on shoulder proprioception compared to concentric exercise.
However, there were no significant differences seen neither between the eccentric and concentric
groups nor before and after the fatigue intervention. Furthermore, there was no statistically
significant difference (p> 0.05) observed in the absolute angular inaccuracy comparing the pre-
and post-fatigue measurements in either of the groups. In addition, Sterner et al (1998) failed to
verify that fatigue in the shoulder muscles can have a significant negative impact on JRS during
both active and passive movements. Certain methodological differences might account for the

variation in the results.

The present study evaluated the impact of muscular fatigue on shoulder kinesthesia using the
TTDPM,and found that it had a negative effect. One potential reason is because muscle fatigue
leads to decreased sensitivity of muscle receptors, which are primarily responsible for kinesthetic
information (Proske and Gandevia, 2012). Prior research has verified that muscle spindles serve
as the principal receptors in kinesthesia (Clark et al., 1979; Grigg et al., 1973; Landgren and
Silfvenius, 1969). The findings of the current investigation are consistent with the results of
Carpenter et al (1998), who found that the mean TTDPM (both internal and external rotation
combined) increased by 73% after the fatigue intervention. Carpenter et al (1998), employed a
distinct evaluation posture for the subjects (seated) and a higher angular velocity of 1 deg/sec on
the isokinetic dynamometer, which was greater than the current study's velocity of 0.5 deg/sec. In
addition, the current study exclusively employed male handball players, whereas Carpenter et al.
employed healthy non-athlete volunteers (Carpenter et al., 1998). Despite the methodological
differences between the current study and the Carpenter et al. study, results were identical, which

suggests a higher level of generalizability of the finding. On the other hand, Sterner et al. (1998)
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did not verify that fatigue in the shoulder muscles had a substantial impact on TTDPM. The
variation in the initial assessment position (supine) and the selection of a distinct sample (healthy
non-athletes) in the Sterner et al. study (1998) may account for the disparity observed in the

outcomes.

Muscle fatigue not only impairs proprioception, but also leads to a decrease in shoulder stability
and mobility. Following the muscular fatigue intervention, the YBT-UQ test showed a greater
impact on the right hand (SL, AM, CS), which was the limb that was exercised, compared to the
left hand. One potential reason is that exhaustion may impact the mechanoreceptors in the stability
muscle group, leading to a reduced ability of the shoulder to co-contract in the closed kinetic chain
position. This, in turn, can limit the individual's performance in the single- arm push-up position
(Myers et al., 1999). In the current investigation, fatigue was induced in the right upper limb
therefore the right side was more affected than the left side. The negative impact of the unilateral
fatigue protocol on motor control in the exercised limb is in agreement with other studies in which
they had used bilateral fatigue protocols and found significant impairments of motor control in
both upper limbs (Bauer et al., 2020; Salo and Chaconas, 2017).

Salo and Chaconas (2017) observed a significant decrease in YBT-UQ scores for all reaching
directions in both limbs after performing bilateral exercises like shoulder press, machine row,
prone push-up, and pull-up exercises. Nevertheless, this study employed a distinct exhaustion
methodology for weightlifters as opposed to handball players. In a more recent study conducted
by Bauer et al (Bauer et al., 2020), it was shown that handball players experienced significantly
decreased YBT-UQ scores, specifically in the SL reach direction for both upper limbs after
undergoing a fatigue protocol involving push-up activities. In contrast, Bauer et al. (Bauer et al.,
2020) induced fatigue by using push up exercises. Myers et colleagues (1999), conducted a study
to investigate the impact of shoulder muscular fatigue on shoulder stability using the single-arm
dynamic stability (SADST) test. The results showed that there were no significant differences in
sway velocity between the pre-test and post-test measurements. However, there was a notable rise
in the occurrence of falls following the fatigue intervention. This led to the conclusion that fatigue
can impair the co-contraction ability of the shoulder while in the closed kinetic chain position.
However, the study conducted by Myers et al. (1999), utilized a different assessment tool (SAD)

to evaluate shoulder stability, whereas the current study used the YBT-UQ.
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Another significant finding from the current study was that shoulder muscular fatigue resulted in
a decrease in shoulder isometric strength. Specifically, the ASH test showed a significant decrease
in muscle strength at the "I" position of the right hand and in all positions of the left hand.
Currently, there has been no research undertaken to examine the impact of rotator cuff muscle
fatigue on the ASH test. Muscle fatigue did not have a substantial impact on the other assessment
positions of the right hand ("T", "Y"). One potential reason is that the ASH test was the final
assessment conducted following the exhaustion regimen, and it is plausible that there was a
restoration of muscle strength. Chang et al. (2006) supported this idea, concluding that the
restoration of shoulder muscular strength occurred at a faster rate compared to the recovery of
shoulder joint position sense following fatigue (Chan et al., 2006). The reduction in the force
production of the left, non-fatigued side is difficult to interpreter. Perhaps it has to do with reduced
stabilization from the opposite side (right) during the test post fatigue. This is purely speculatively

thought, as no studies exist which support this claim.

The study suggests that fatigue in the rotator cuff muscles increases the delay in the reflex response
time of the shoulder external rotator muscles (infraspinatus and posterior deltoid) in response to
external disruptions. Specifically, the percentage delay of MOL for the posterior deltoid muscle
was 46.36% and 48.33% for the infraspinatus muscle after fatigue intervention. Fatigue is thought
to decrease muscle reflex responses via affecting intrafusal characteristics, presynaptic inhibition
of la afferents, and intrinsic features of motoneurons (Granata et al., 2004; Behrens et al., 2013).
Although the result was not statistically significant there is no way to judge if it is clinically
significant as no reference value exists for the delay of muscle onset. No research has been
conducted to investigate how rotator cuff muscle fatigue affects reflex reaction time. However, the
present study revealed higher percentage values of delay in MOL compared to previews studies
(Granata et al., 2004; Chang et al., 2006; Behrens et al., 2013; Melnyk and Gollhofer, 2007; Sun
et al., 2021) despite the lack of statistical significance. Prior research has investigated how lower
limb muscle fatigue affects the reflex reaction time after tibial translation of the hamstring muscles.
Behrens et al (Behrens et al., 2013) found that due to fatigue the percentage delay of the biceps
femoris and semitendinosus reflex reaction time was 4.29% and 4.69% respectively in women. On
the other hand, other researchers (Melnyk & Gollhofer, 2007), found that the percentage delay of

the biceps femoris muscle was 12.05%. Sun et al (Sun et al., 2021), investigated the impact of
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fatigue (90 minutes of soccer game) on MOL of the peroneal muscle The results showed that the
percentage delay of the peroneal muscle reflex activation time was 21.06%. Other researchers
(Fong et al., 2020) revealed a 14.06% delay in reflex reaction time of tibialis anterior muscle after
90 minutes of soccer game. The erector spinae, is another muscle group that the reflex reaction
time was investigated after fatigue. Zuriaga et al (2010), demonstrated 14.51% and 7.04% delay
in the reflex reaction time of the erector spinae muscle at the L3 spinal level. Granata and Slota
(Granata et al., 2004), investigated the effect of fatigue on MOL of internal obligue and rectus
abdominis muscle. In this case, the internal obliqgue muscle showed 9.75% faster reflex reaction
time compared to the pre fatigue value. Nevertheless, the rectus abdominus muscle demonstrated
a 46.05% delay. These results suggest that the outcome of the current study, although statistically

not significant, shows a clear effect of fatigue in muscle reaction time.

The current investigation needs to acknoweledge several limitations. Initially, the study
exclusively involved adult male handball players, leaving the impact of muscle fatigue on
proprioception in female and juvenile handball players unexplored. Furthermore, muscle fatigue
was induced within a controlled laboratory setting using an isokinetic dynamometer. The muscle
fatigue encountered by handball players during real-life conditions, such as repetitive throwing
motions, sprinting, and jumping, differs from that observed in laboratory settings. These

limitations need to be considered when using the results of the study.

4.5 Conclusions

Concentric fatigue of the rotator cuff muscles can lead to notable deficits in joint position
awareness, Kinesthesia, and motor control of the upper extremity in elite male handball players.
Moreover, fatigue might lead to a large but not statistically significant reduction in reflex reaction
time. Further research is required to solidify the adverse impact of fatigue on proprioception and

neuromuscular control of the upper limb.
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Chapter 5.0: Concentric exercise-induced fatigue of the shoulder
impairs proprioception but not motor control or performance in healthy
young adults

Abstract

Background: Most shoulder injuries occur during the latest stages of a competitive game and fatigue is
believed to be a critical factor possibly due to impaired motor control and proprioception. Proprioception
is the perceptual ability of the position and movement of the body segments without the need for visual
input. Muscle fatigue is believed to reduce proprioceptive acuity by raising the muscle spindle discharge
threshold and interfering with afferent signals therefore affecting motor control. The purpose of this study
was to investigate the effect of concentric fatigue on proprioception and motor control of the shoulder in
healthy young adults.

Methods: Twenty right-handed male students, aged 18 to 40 yrs, were included in the present investigation.
Proprioception, motor control and performance tests were conducted before and immediately after fatigue
intervention, including joint repositioning sense (JRS), threshold to detection of passive movement
(TTDPM), Y-balance Upper Quarter test (YBT-UQ), and Athletic shoulder test (ASH test). The protocol
of fatigue involved performing concentric maximal effort isokinetic contractions with sets of 30 repetitions
for the shoulder external and internal rotator muscles. The participants were subjected to exercise until a
60% decrease of the peak torque of the subject's maximal voluntary contraction was reached throughout
three consecutive muscular contractions.

Results: A significant impairment in absolute angular error (AAE): ER15°: Mean diff = -3.12 (95% CI: -
4.33,-1.904), p < 0.001; ER30°: mean diff = -2.47 (95% CI: -3.44, -1.497), p < 0.001; ER45°: mean diff =
-2.65 (95% CI: -4.31, -0.985), p = 0.004; IR15°: mean diff = -1.37 (95% ClI: -1.91, -0.819), p < 0.001,
IR30°: mean diff = -1.93 (95% CI: -2.98, -0.885), p = 0.001; IR45°: meanDiff = -1.63 (95% CI. -2.73, -
0.540), p = 0.006. A significant increase was also observed in relative angular error (RAE) was observed
in five out of six target angles after muscle fatigue: ER15°: mean diff = -3.417 (95% ClI: -5.05, -1.7861), p
<0.001; ER30°: mean diff = -1.833 (95% CI: -3.61, -0.0578), p = 0.044; ER45°: ES=-2.983 (95% CI: -
5.22, -0.7468), p = 0.012; IR15": mean diff = -1.633 (95% CI: -2.73, -0.5327), p = 0.006; IR30°: mean
diff =-2.317 (95% CI: -4.06, -0.5688), p = 0.012. No significant difference was observed in IR45°: mean
diff = 0.217 (95% CI: -2.01, 2.4473), p = 0.841. Moreover, there was no significant differences in
kinesthesia (TTDPM) and motor control (YBT-UQ) and performance (ASH Test) before and after fatigue
intervention (p > 0.05).

Conclusions: Concentric fatigue of the shoulder rotator cuff muscles can negatively affect joint position
sense in healthy young males. Kinesthesia, motor control, and performance seem to be unaffected by muscle
fatigue.

Key words: Muscle fatigue, proprioception, shoulder, motor control, neuromuscular control
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5.1 Introduction

Proprioception is a sensorimotor perception that our body depends for safe and intentional
movements when traversing our environment (Li and Wu, 2014). Proprioceptive information is
processed at both conscious (cerebral) and unconscious (peripheral and cerebellar) levels.
Conscious proprioception plays a role in activating muscles during voluntary movements, whereas
unconscious proprioception allows us to subconsciously monitor our body's location (Johnson et
al., 2008). Proprioception is typically categorized into the sub modalities of sense of tension
(resistance), movement sense (kinesthesia), and joint position sense (Ager et al., 2020). Shoulder
proprioception deficit might result in a heightened vulnerability to shoulder injuries (Zanca et al.,
2015). Numerous variables have been suggested as potential factors contributing to proprioception
impairment, with muscular fatigue being identified as a significant contributor (Proske, 2019)

Muscle fatigue can be defined as the decline in physical performance when activity becomes more
challenging, and the muscles are unable to maintain the required force output (Elfattah et al., 2015)
Fatigue can arise from several levels of the motor pathway and is typically categorized into central
and peripheral components. Peripheral fatigue occurs as a result of alterations that take place at or
beyond the neuromuscular junction. Central fatigue arises from the central nervous system, leading
to a reduction in the neural drive to the muscle (Gandevia, 2001). Muscle fatigue is believed to
reduce proprioceptive sensitivity by raising the muscle spindle discharge threshold and interfering
with afferent signals (Proske, 2019)

Previous research has demonstrated that muscle fatigue in the upper limb can notably reduce JRS
(Lee et al., 2003; Lida et al., 2014) as well as increase the TTDPM (Carpenter et al., 1998).
Conversely, other research has shown that muscle fatigue has no significant impact on shoulder
proprioception and kinesthesia (Lee et al., 2003; Sterner et al., 1998; Spargoli, 2017). Studies on
the impact of upper limb fatigue on motor control are scarce (Myers et al., 1999; Salo and
Chaconas, 2017; Bauer et al., 2020). Myers and colleagues suggested that there was no notable
reduction in neuromuscular control during the single arm dynamic stability test before and after
the fatigue intervention. In contrast two other studies (Salo and Chaconas, 2017; Bauer et al., 2020)
found reduced stability and mobility of the upper limbs in the YBT-UQ after fatigue.
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In summary, there is no definitive consensus regarding the impact of muscular fatigue on
proprioception of the upper limb due to contradictory results and methodological variations
between studies. Furthermore, there were few studies that utilized motor control and performance
testing. The Athletic Shoulder test evaluated in the current study has not been utilized in any
previous investigations. If the research hypothesis of the current study is confirmed, the results
will assist health professionals in implementing preventive interventions aimed at minimizing the
deleterious effects of muscular fatigue on proprioception motor control, and performance. The
primary objective of this study was to examine how concentric fatigue impacts proprioception,

motor control, and performance of the upper limb in healthy male volunteers.

5.2 Methods

5.2.1 Hypotheses
The research and null hypotheses of the second experiment were as following:

e Hi: Concentric exercise-induced fatigue of the rotator cuff has a significant impact on the
proprioception of the upper limb in healthy young adults.
H10: Concentric exercise-induced fatigue of the rotator cuff does not have a significant
impact on the proprioception of the upper limb in healthy young adults.

e Ha: Concentric exercise-induced fatigue of the rotator cuff has a significant impact on the
kinesthesia of the upper limb in healthy young adults.
H20: Concentric exercise-induced fatigue of the rotator cuff does not have a significant
impact on the kinesthesia of the upper limb in healthy young adults.

e Has: Concentric exercise-induced fatigue of the rotator cuff has a significant impact on the
performance of the upper limb in healthy young adults.
H30: Concentric exercise-induced fatigue of the rotator cuff does not have a significant
impact on the performance of the upper limb in healthy young adults.

e Ha: Concentric exercise-induced fatigue of the rotator cuff has a significant impact on the
motor control of the upper limb in healthy young adults.
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H4O: Concentric exercise-induced fatigue of the rotator cuff does not have a significant

impact on the motor control of the upper limb in healthy young adults.

5.2.2 Type of research and sampling method

A quantitative research was used for the completion of the study (more details about the type of

research is described in chapter 4, subchapter 4.2.2)

The participants who took part in the study were selected through the convenience sampling

method (more details about the sampling methdod is described in chapter 4, subchapter 4.22).

The study’s target population consisted of healthy young adults students from the university of
nicosia. The main researcher (SH) is an adjunct faculty member of the University of Nicosia in the
bachelor degree Physiotherapy program. It was therefore simple to reach in this population. The
primary researcher communicated with each student in real time, speaking with them face-to-face
to explain the study's methodology and obtain their verbal agreement to participate. After orally
consenting to the study, the participants were assigned a specified time and date to visit the study
location. The investigation was conducted in a calm setting in a specially created laboratory of the

University of Nicosia's Physiotherapy Program.

5.2.3 Subjects

Twenty males right-handed healthy volunteersparticipated in the study. All participants were
University of Nicosia students. Participants who signed the consent form were included in the
study unless there were specific exclusion criteria. The research had been approved by the National
Bioethics Committee of Cyprus under reference number EEBK/EI1/2020/40.

5.2.4 Inclusion and exclusion criteria

Eligible participants should had been healthy adults males aged between 18 and 40 years old (table

5.1). The exclusion criteria comprised a participation in an overhead sport, history of shoulder
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injury within the past six months, shoulder surgery, neurological issues, congenital stiffness,

cervical radiculopathy, shoulder dislocation, intra-articular fracture, rotator cuff tear, and labral

tear. Subjects who experienced discomfort in more than 2 clinical tests or isometric contractions

during the initial evaluation were excluded from the study and recommended to consult a physician

for a definitive musculoskeletal diagnosis.

5.2.5 Experimental protocol

Table 5.1. The inclusion and exclusion criteria

Inclusion criteria
Healthy male adults
18 to 40 yrs

Exclusion criteria
Participation in an overhead sport
History of shoulder injury in the past six months
Shoulder surgery, neurological issues, congenital
stiffness,  cervical  radiculopathy,  shoulder
dislocation, intra-articular fracture, rotator cuff tear,
and labral tear
> 2 positive clinical tests or isometric contractions

during follow-up.

The present investigation utilized a pre-test and post-test design trial. An advertisement with a

leaflet was used to recruit the sample. Students that volunteered, were contacted face to face by

the lead investigator that provided further information on the study's process, purpose, and

benefits. The investigation was conducted in a laboratory at the Physiotherapy Program of the

University of Nicosia. The principal researcher and his team evaluated participants initially to

determine their suitability for the study based on the specific inclusion and exclusion criteria. Each

person who formally participated in the study was provided with a specific consent form (EEBK

03) to read and sign. Subsequently, the anthropometric traits (weight, height, and body mass index)

of each participant were assessed with an electronic scale (Tanita WB 3000) and a stadiometer
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(Seca, Hamburg, Germany). A screening examination was conducted on each subject, which
involved evaluating active and passive shoulder movements, isometric muscle tests, and various
orthopedic special tests such as Neer’s test, Hawkins-Kennedy test, infraspinatus test, belly press
test, lift-off test, speed test, Yergason test, Load and shift test, apprehension test, sulcus sign, Crank
test, and anterior slide test. The examinations were conducted in accordance with the guidelines
outlined in a well-accepted orthopedic physical evaluation manual (Magee, 2014). If the subject
experienced pain in more than two clinical tests or isometric contractions, they were excluded from
the study (more details about the screening examination are described in chapter 4, subchapter
4.2.2).

An isokinetic dynamometer (Humac Norm, CSMI solutions, USA) was utilized to quantify joint
repositioning sense (JRS) with an active reproduction, threshold to detection of passive movement
(TTDPM), and fatigue intervention. The Y balance test —upper quarter (YBT-UQ) and the athletic
shoulder test (ASH) were utilized to assess motor control and performance respectively. All

outcome measures were evaluated before and immediately after the fatigue intervention.

5.2.6 Measurements process

The shoulder internal and external rotation JRS was evaluated using an isokinetic dynamometer.
JRS was evaluated through active reproduction of position, following the method used in a prior
study (Spargoli, 2017). The right shoulder was placed at 30°, externally rotated at 0° in the scapular
plane (30° anterior to the frontal plane), with the elbow flexed at 90° and with the forearm in mid-
pronation, secured to the arm device of the isokinetic dynamometer. The height of the
dynamometer and the length of the arm device were customized for each individual for comfort.
Subjects were blinded to eliminate visual cues. Before each measurement, all participants
performed two sets of 15 repetitions of shoulder internal and external rotation exercises using the
dynamometer at an angular speed of 90 degrees per second as a warm-up. Afterward, six shoulder
reference angles were assessed for each participant, including three angles in internal rotation (15,
30, and 45 degrees) and three angles in external rotation (15, 30, and 45 degrees). The examiner
placed the shoulder at each specific angle, held it for 3 seconds, and then gently returned the

participant's shoulder to its starting position. The participant was directed to precisely replicate the
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specified angle and maintain it for 3 seconds before returning to the starting position. Each
participant performed three trials for each target angle, and the mean value was recorded. To
performed statistical analysis for the JRS two types of errors were calculated: the absolute angular
error (AAE), which is the absolute difference between the test position and the position reproduced
by the subject, and the relative angular error (RAE), which is the signed arithmetic difference

between a test and response position.

The TTDPM was assessed with the same initial position on the isokinetic dynamometer. The
shoulder was placed in 60° of shoulder external rotation and passive motion in the direction of
internal rotation was started in this position . The angular velocity of the passive movement was
0.5°/s. Previews studies, support that with this angular velocity, the slow adapting
mechanoreceptors (capsulo-ligamentous) maximally stimulated, while the fast-adapting
mechanoreceptors (muscle spindles) minimally stimulated (Lee et al., 2003; Lephart, 1994). A
stop-movement button (of the isokinetic dynamometer) was given to each participant during the
test to push when they detected the onset of the passive motion. Each participant performed three

trials, and the mean value was recorded.

In order to assess the motor control of the upper limb, the YBT-UQ was used. Two published
studies (Gorman et al., 2012; Westrick & Carow, 2012) found the YBT-UQ to be reliable (ICC
0.80—1.0). Before the test, the participant’s upper limb length (distance between 7th cervical spine
process and edge of the middle finger) was measured with a tape measure. After that, the examiner
explained and performed the test to the participants. Each participant was placed initially in a push-
up position with feet shoulder-width apart. Then, they remained in this position with one hand on
the central platform of the YBT device and with the other hand push the indicator plate as far as
possible in 3 directions. The three reach directions were the anteromedial (AM), inferolateral (IL)
and superolateral (SL). For familiarization and warm up, the subjects performed the test one time
with the right and left arm. After the warmup, three trials were performed in each direction and
the best effort was recorded. Also, the greatest reach distances for each of the directions were
summed to yield a composite reach distance, which was normalized to upper limb length for
analysis of the overall performance on the test. If the participant had more than four failed attempts,
then a score of zero was recorded for that trial. An attempt was considered a failure if the

participant did the following: pushed suddenly the box, return to the initial push up position
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without control, touched the floor with their hand before pushing the box, their feet were not in

contact with the ground. During the test, the same instructions were given to all participants.

The isometric strength performance of the upper limb was assessed with the ASH test. The ASH
test is a functional test, which aims to assess the isometric strength of the upper limb in three
different postures (“I”, “Y”, “T”). This test was found to be reliable with intra-class correlation
coefficients of 0.86 to 0.97 (Tooth et al., 2022). Each participant was placed in a prone position
with the forehead and palm of the hand resting on a 4-centimeter high pad and a portable force
plate respectively. To record the isometric strength during the test, participants were asked to push
their palm on the portable force plate (K-Force Plates, Kinvent, Montpellier, France) with as much
force as possible for three seconds and the peak force for each testing position was extracted and

normalized to bodyweight. In the "I"" position, the shoulder was placed in full abduction (in line
with the body), the forearm in pronation, and the "heel" of the hand acted as the main point of
contact with the force platform. In the “Y” position and “T” position, the arm was placed in 135°
and 90° abduction, respectively. In all tests, the elbow had to be fully extended. The contralateral
arm was placed behind the back so that the elbow could not be fixed to the floor and provide
stability against trunk rotation for the “Y” and “T” tests, while in the “I” test the arm remained at

the participant's side due to the lower torsional forces of the trunk.

5.2.7 Exercise-induced fatigue protocol

The participants were positioned upright on the isokinetic dynamometer. The right shoulder was
positioned at 30° of abduction, 0° of external rotation, in the scapular plane (30° anterior to the
frontal plane), with the elbow flexed at 90°, with the forearm in mid-pronation, and secured to the
arm device. Each participant engaged in maximal voluntary concentric isokinetic contractions
from 60° of shoulder internal rotation to 60° of shoulder external rotation and back to elicit muscle
exhaustion in the shoulder external and internal rotator muscles. The test was conducted in the
same position as the fatigue protocol. The examiner first directed each participant to do 10
submaximal concentric contractions at 20% of their maximal voluntary contraction, at an angular
speed of 90 degrees per second, to become familiar with the specific exercise. The highest
isokinetic torque of the internal and external rotators was measured by instructing the patient to
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complete 10 repetitions with maximum force. This figure served as the benchmark for inducing
fatigue. After a 5-minute rest period, each participant completed sets of 30 maximal effort
concentric isokinetic contractions at an angular speed of 90 degrees per second for the external
and internal rotator muscles. Muscle fatigue was determined by a decrease in isokinetic peak
torque to 40% of the reference value (a 60% reduction) and staying below this value for 3
consecutive repetitions, regardless of positive reinforcement. If the subject surpassed the peak
torque reference value in the first set, the reference value was immediately adjusted, and the same
approach was applied for inducing fatigue. The number of sets required to cause exhaustion ranged
from one to five, with three being the most common. This protocol was utilized in previous
research (Lida et al., 2014). Muscle fatigue was also evaluated post-test by calculating the
percentage decrease in peak torque between the first and last ten repetitions during the thirty-
repetition sets of isokinetic exercise at 90 deg/sec.

5.2.8 Statistical analysis

Statistical analysis was conducted using Jamovi version 2.3.26. Descriptive statistics were utilized
to compute the means and standard deviations of the gathered variables. The Shapiro-Wilk test
was utilized to evaluate the normality of the data before doing the study. A paired t-test was
employed to analyze the mean differences before and after the fatigue intervention for various
measures including absolute angle error (AAE), relative angle error (RAE), threshold to detection
of passive movement (TTDPM), YBT-UQ, and the ASH test. The Wilcoxon test was utilized for
comparing pre-post fatigue intervention results in variables that were not regularly distributed. A
significance level of p <0.05 was established, and the 95% confidence interval was computed for

all mean differences.

5.3 Results

The participants had an average age of 26.8 (+ 5.53) years, height of 181 (+ 4.06) cm, weight of
86.3 (+ 13.9) kg, and body mass index of 26.3 (+ 4.2) kg/m2
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The peak torque of shoulder internal rotation and shoulder external rotation decreased by 61.11%

(figure 5.1) and 59.14% (figure 5.1) correspondingly after muscle fatigue, comparing the first ten
repetitions to the last ten repetitions.

Figure 5.1. The torque of the shoulder's external rotation (ER) and internal rotation (IR)

pre and post fatigue intervention.
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Following the fatigue intervention, there was a statistically significant increase (p<0.05) in AAE
at all target angles [ER15°: Mean diff =-3.12 (95% CI: -4.33, -1.904), p < 0.001]; [ER30°: mean
diff = -2.47 (95% CI: -3.44, -1.497), p < 0.001]; [ER45°: mean diff = -2.65 (95% CI: -4.31, -
0.985), p = 0.004]; [IR15°: mean diff = -1.37 (95% CI: -1.91, -0.819), p < 0.001]; [IR30°: mean
diff = -1.93 (95% CI: -2.98, -0.885), p = 0.001]; [IR45°: mean Diff = -1.63 (95% ClI: -2.73, -0.540),
p =0.006] as shown infigure 5.2 In addition, following fatigue, there was a statistically significant
rise (p < 0.05) in the RAE at five out of six target angles (ER 15°, ER 30°, ER 45°, IR 15°, IR 30°),
except for IR 45° (p=0.841) (figure 5.2).
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Figure 5.2. The absolute angular error and relative angular error scores of six target angles
before and after fatigue intervention. The asterisk indicate statistical significant difference (p

< 0.05).
Absolute angular error Relative angular error
5] * * * *
* 41 *
* *
i *
T | | ;
44 * —_ *
Fatigue e
[1h]
-I_ Before o
After bl
21 a1 Iﬁ
J+ L0 O
04 U L L e e 1
ER15° ER30° ER45° IR15 IR30° IR45° ER15° ER30° ER45 IR15° IR30° IR45°
Angle Angle

Futhermore, there was an increase in mean values for TTDM after experiencing fatigue (figure
5.3). However, the increase observed was not statistically significant [mean (SD) pre = 6.90 (4.45),

mean (SD) post = 9.60 (8.77), mean difference = -2.00 (95% CI: -6.00, 5.55), p=0.070].

Figure 5.3. The threshold to detection of passive motion score before and after fatigue
intervention.
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There were no statistically significant differences (p > 0.05) in the mean values of all hand

positions in the YBT-UQ before and after fatigue (table 5.2).

Table 5.2. The YBT-UQ scores before and after fatigue intervention.

Hand Mean difference (95%
position Before fatigue (cm) | After fatigue (cm) | p value Cl)

AM Right 90.9+10.78 89.5+12.01 0.511 1.350 (-2.864, 5.56)
IL Right 81.8+13.44 79.1+13.15 0.202 2.750 (-1.600, 7.10)
SL Right 61.2 £ 10.72 58.5+14.34 0.297 2.500 (-1.50, 8.00)
AM Left 89.5+10.44 89.3+10.04 0.956 0.100 (-3.613, 3.81)
IL Left 81.8 £9.29 78.9+11.92 0.197 2.900 (-1.637, 7.44)
SL Left 63.3+12.63 61.9+11.94 0.336 1.400 (-1.565, 4.37)
CS Right 83.6+11.2 81.3+12.8 0.129 2.36 (-0.754, 5.48)

CS Left 83.9+10.5 823+11.2 0.324 1.57 (-1.670, 4.80)

Abreviations: AM, anteromedial; IL, inferolateral; SL, superolateral; Cl, confidence interval; CS,

composite score; *, standard deviation

Moreover, following fatigue there was a significant reduction (p=0.044) in isometric strength
specifically in position "I" of the left arm. No statistically significant differences (p < 0.05) were
seen between the mean values before and after fatigue in the remaining hand evaluation positions
(table 5.3).
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Table 5.3. The ASH test scores before and after fatioue

Hand position | Before fatigue (N) | After fatigue (N) | P value | Mean difference (95% CI)
| Right 12.70 £ 3.34 11.82 £ 2.24 0.238 | 0.8820 (-0.6339, 2.398)

Y Right 10.35+2.24 10.12 + 2.07 0.664 0.520 (-0.65500, 2.495)

T Right 9.37+1.89 945+201 0.818 0.312 (-0.7270, 0.581)

| Left 12.30 £ 2.72 11.25+2.41 0.044* | 0.488 (0.0326, 2.075)

Y Left 9.80+1.99 8.93+211 0.057 0.430 (-0.0305, 1.768)

T Left 9.38+1.95 8.74 £ 2.60 0.159 0.438 (-0.2750, 1.557)

Abreviations: 1, Y and T, starting hand positions during the ASH test; N, newton; SL; CI,
confidence interval; +, standard deviation; asterisk indicates significant differences due to fatigue

5.4 Discussion

The study aimed to examine how concentric muscle fatigue in the shoulder rotator cuff affects
proprioception and motor function in male healthy students. The null hypothesis (H:10) was
rejected. However, the remaining null hypotheses (H-0, Hz0, H40) were not rejected. The primary
findings of the current investigation indicate that concentric fatigue has a detrimental effect on the
perception of joint repositioning and, to a lesser degree, kinesthesia in a group of healthy male
non-athlete participants. Furthermore, it was shown that fatigue did not have a significant impact
on the motor control and isometric strength performance of the upper limb. Proprioception
encompasses all submodalities such as joint position sense, kinesthesia, and sensation of force,
playing a crucial role in regulating movement, balance, and joint stability (Riemann and Lephart,
2002).

Muscle fatigue can impact proprioception by reducing the sensitivity of muscle spindles, leading
to a disruption in afferent signals (Ribeiro & Oliveira, 2007). Furthermore, the decline in

proprioceptive sensitivity following exhausting physical activity may be attributed, in part, to
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alterations in the central processing of proprioceptive signals due to Central Nervous System
fatigue mechanisms. Central fatigue can decrease the precision of motor control and disrupt
voluntary muscle-stabilizing activity needed to counteract applied joint stresses (Miura et al.,
2004). Additionally, it has been proposed that the increased amount of injuries occurring towards
the end of practice sessions or matches may be linked to changes in lower limb neuromuscular
control and joint dynamic stability caused by fatigue-induced modifications in joint proprioception
(Hiemstra et al., 2001).

5.4.1 The effect of fatigue on shoulder JPS

The joint position sense appeared to be negatively affected by muscle fatigue. Following fatigue,
both the AAE (all target angles) and RAE (five out of six target angles) showed a considerable
increase. One potential explanation for this finding is that muscular fatigue can elevate the
activation threshold of the muscle spindle, due to the increase of intramuscular concentrations of
lactic acid, creatine-kinase, bradykinin, arachidonic acid, and serotonin. Previous investigations
have also partly corroborated this notion (Kablan et al., 2004; Lee et al., 2003). Lee et al (2003)
found a substantial increase in position inaccuracy during the JRS test for shoulder external
rotation when muscular fatigue set in, but no such increase was seen for shoulder internal rotation.
On the contrary, the study by Kablan et al. (Kablan et al., 2004) found that novice volleyball
players made considerably more position errors in internal rotation compared to external rotation
after experiencing shoulder muscular fatigue. The current investigation verified that muscle fatigue
can affect joint position awareness in both external and internal rotation. The methodological
differences between the present study and the previous two studies may explain this result. Firstly,
the standing position was selected in the current investigation to generate muscular fatigue and
evaluate proprioception. In contrast, the other studies used the supine position (Lee et al., 2003)
and the sitting position (Kablan et al., 2004). Additionally, variations existed in the target angles
for the shoulder joint repositioning sense. The current study utilized three specific target angles
(15°,30°, and 45°) for shoulder internal and external rotation. Lee et al (2003) employed two target
angles: 45° of internal rotation and 90° of external rotation. Kablan et al (2004) utilized three target

angles: 10°, 15°, and 20° in both external and internal rotation. Furthermore, there were variations
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in the fatigue procedure, including the angular speed of the isokinetic dynamometer and the criteria
used to determine muscle fatigue. The angular velocity selected for the current study's fatigue
procedure was 90 degrees per second. On the other hand, the other studies utilized angular speeds
of 180 deg/sec (Lee et al., 2003) and 60 deg/sec (Kablan et al., 2004). Also, the percentage decrease
of peak torque for the fatigue confirmation was higher (60%) in the present study compared to the
other investigations (50%) (Kablan et al., 2004; Lee et al., 2003).

Further investigations (lida et al., 2014; Myers et al., 1999) supported the results of the current
study, that muscle fatigue can affect the joint repositioning sense equally in shoulder internal and
external rotation. However, there were methodological differences between these studies and the
current study, including the initial shoulder assessment position, the target angles during the active
joint repositioning sense test, the fatigue protocol suggesting the result is robust and independent
of methodology. In a study conducted by Voight et al. (1996), the effects of shoulder muscular
exhaustion on active and passive joint repositioning sensation were investigated at a specific target

angle of 75° of external rotation, resulting in considerable impairment in both tests.

Some studies revealed no significant differences before and after fatigue interventions, despite the
JRS (Spargoli, 2017; Sterner et al., 1998). Spargoli (2017) hypothesized that eccentric exercise
would have a more pronounced effect on shoulder proprioception than concentric exercise.
However, no significant changes were seen in either group before and after the fatigue intervention.
Additionally, Sterner et al (1998) did not confirm that fatigue in the shoulder muscles can
significantly reduce the joint repositioning sense in both active and passive reproduction. The
researchers explained that changes were noticed in both the articular and muscular

mechanoreceptors, not simply the muscular receptors (Sterner et al., 1998).

5.4.2 The effect of fatigue on shoulder TTDPM

Following fatigue intervention, the mean TTDPM demonstrate a 39.13% (x 8.77°) increase.
However, this increase, was not statistically significant. A possible explanation for this finding as
suggested by Skinner et al (1986), was that the reduced sensitivity of muscle mechanoreceptors
due to fatigue resulted in adaptive increased activation of articular mechanoreceptors to retain the

kinesthetic sense unchanged. When intramuscular receptors are unable to detect passive
132



movement, some of the remaining kinaesthetic sensibility is likely facilitated by slowly adapting
receptors within the joint capsule around the shoulder joint (Ferrell et al., 1987). Furthermore, the
slow passive motion (0.5 °/sec) selected for the TTDPM test is thought to effectively activate slow
adapting joint mechanoreceptors while minimizing muscle receptor stimulation (Lee et al., 2003;
Lephart et al., 1994).

The current study's findings are consistent with previous research by Sterner et al. (1998), who
also did not find significant differences in TTDPM before and after a fatigue intervention. The
study by Carpenter et al (1998) reported contrasting results, showing that the mean TTDPM
(internal and external rotation combined) increased to 1.59° (+ 0.59°), a 73% increase following
the fatigue intervention. However, it is crucial to recognize that there were methodological
differences between the current study and the research conducted by Carpenter et al. (1998),
making it difficult to compare the results. Carpenter et al (1998) used a different evaluation
position (sitting) and a higher angular velocity of 1 deg/sec on the isokinetic dynamometer, which
was higher than the current study's velocity of 0.5 °/sec. Furthermore, the current study included

male only volunteers, while Carpenter et al. (1998) included both males and females.

5.4.3 The effect of fatigue on ASH test

In this study, muscle fatigue in the rotator cuff muscles did not have a significant impact on
isometric strength of the upper extremities during the ASH test. The ASH test was the last
assessment done after the fatigue program, and it is possible that there was a recovery of muscle
strength. Chang et al. (2006) found that shoulder muscle strength recovered faster than shoulder
joint position sensation after exhaustion. Researchers suggest that muscular fatigue might cause a
decrease in energy levels inside muscle tissue, leading to a rapid fall in muscle strength (Chang et
al., 2006). After a short rest, biochemical metabolism restored bioenergy reserves. Sterner et al
(1998) also validated this observation, reporting a rapid restoration of peak torque after the fatigue

intervention.
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5.4.4 The effect of fatigue on YBT-UQ

The assessment of stability and mobility of the upper limb through the YBT-UQ appears to be
unaffected by muscle fatigue. The quick recovery of shoulder muscle strength prior to doing this
test may account for this observation. Myers and colleagues (1999) conducted a study to examine
how shoulder muscular fatigue affects shoulder stability through the single-arm dynamic stability
(SADST) test. The data indicated a significant increase in falls after the fatigue intervention.
Researchers suggest that tiredness could affect the mechanoreceptors in the stability muscle group,
resulting in a decreased capacity of the shoulder to cocontract in the closed kinetic chain position.
This discovery aligns with the results of Salo and Chaconas (2017), who noted a notable reduction
in YBT-UQ scores for all reaching orientations in both limbs following shoulder press, machine
row, prone push-up, and pull-up exercises. A recent study by Bauer et al. (2020) demonstrated that
handball players showed a significant drop in YBT-UQ scores, particularly in the SL reach
direction for both upper limbs, after completing a fatigue protocol that included push-up activities.
Fatigue was induced in the upper right limb during the experiment. Bauer et al (2020) caused
tiredness by employing the push-up activity. The push-up exercise causes fatigue in both arms at
the same time. The researchers explained that the SL reach direction was the last one examined in
the sequence of the three reach directions. This led to an extended duration in maintaining the
weight-bearing one-arm push-up position, potentially hindering the recovery process.
Additionally, the SL reach orientation closely mirrors the technique employed in overhead

throwing.

5.4.5 Limitations

The present study had some limitations. Firstly, no control group was used to compared the
outcome measures between the fatigued and non-fatigue group. Secondly, only male adult
participants were included in the study and the effect of muscle fatigue on proprioception in
females and adolescents is still unknown. Thirdly, muscle fatigue was performed in laboratory
environment (isokinetic dynamometer). It is known that the induction of muscle fatigue in real
conditions is different to laboratory conditions. This could be a confounding factor in the results.
Furthermore, there was a time gap of around fifteen minutes between the muscle fatigue
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intervention and the final two tests (ASH test, YBT-UQ), perhaps allowing for muscle strength

recovery.

5.5 Conclusions

Fatigue of the shoulder rotator cuff muscles might impair joint position awareness due to
concentric contractions. However, muscle fatigue did not seem to have a significant impact on
kinesthesia, motor control, and performance. Further research is needed to study the effects of the
upper limb fatigue on all aspects of proprioception (joint position sensation, kinesthesia, sense of

force or tension) and motor control using upper limb functional performance assessments.
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Chapter 6.0: Effect of eccentric exercise-induced fatigue on
proprioception, motor control and performance of the upper limb in
handball players

Abstract

Background: During the deceleration phase in throwing, the rotator cuff undergoes significant tensile
forces as a result of its eccentric action, potentially resulting in injury. It is widely thought that fatigue,
particularly during eccentric exercise, has a detrimental effect on proprioception. The purpose of this study
was to investigate the effect of eccentric exercise-induced fatigue on proprioception and motor control of
the upper limb in handball players.

Methods: A total of thirty-three male professional handball players participated in the recruitment process.
The testing procedure comprised of four components: the evaluation of shoulder joint repositioning sense
(JRS), the threshold to detection of passive movement (TTDPM), the Y-balance upper quarter test (YBT-
UQ) and the athletic shoulder test (ASH). Prior to and immediately following the fatigue intervention, all
outcome measures were evaluated. The fatigue protocol consisted of eccentric maximal effort isokinetic
contractions with sets of 15 repetitions of the shoulder external and internal rotator muscles. Fatigue was
determined by a 60% decline of the peak torque over three consecutive contractions.

Results: Following fatigue, a notable rise (p < 0.05) in absolute angular error (AAE) was detected in five
of the six target angles (ER15°, ER30°, ER45°, IR15°, and IR30"). Nevertheless, there was no statistically
significant disparity in the absolute angular inaccuracy between the pre and after fatigue intervention when
considering the target angle IR45° (p = 0.967). Furthermore, there was a significant increase in TTDPM (p
=0.011). The YBT-UQ test revealed statistically significant disparities in all reach directions towards the
right hand. Nevertheless, there were no statistically significant differences observed in any of the reach
orientations of the left hand (p > 0.05). In addition, the composite score (CS) showed a statistically
significant difference only for the right hand (p < 0.001). Furthermore, after the fatigue intervention, there
was a notable decrease in the isometric strength in the ASH test average scores for all hand positions on the
right side and for two locations on the left side (p < 0.05). There were no significant differences (p = 0.063)
in the "T" Left hand position.

Conclusions: Eccentric exercise-induced fatigue of the rotator cuff muscles can cause significant
impairments in joint position awareness, kinesthesia, motor control, and performance of the upper extremity
in elite male handball players.

Key words: Eccentric exercise-induced fatigue, proprioception, handball, motor control.
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6.1 Introduction

Research in the field of biomechanics has shown that the forces exerted on the anatomical tissues
surrounding the shoulder joint during throwing a ball can be as high as 1.5 times the weight of a
handball athlete (Fieseler et al., 2017; Karcher & Buchheit, 2014). Due to the substantial load, the
shoulder often sustains injuries, with 30% of these injuries being acute and 45% being severe,
leading to persistent pain (Almeida et al., 2013; Doyscher et al., 2014). During the time of
deceleration in throwing motion, the rotator cuff undergoes significant tensile forces as a result of

its eccentric action, potentially resulting in injury (Dugas and Andrews, 2003).

An eccentric contraction occurs when the internal force exerted on the muscle is insufficient to
counterbalance the external force applied to the muscle (Douglas et al., 2017; Lindstedt et al.,
2001). This leads to the active elongation of the muscle fibers when subjected to a certain load
(Vogt and Hoppeler, 1985). There is data indicating that eccentric exercise disrupts proprioception

including the perception of tension and awareness of limb position (Brockett et al., 1997).

The term proprioception pertains to the conscious perceptions linked to the movements of our
bodies as we navigate our environment (Riemann and Lephart, 2002). Proprioception encompasses
the perception of the body's position and movement, which are sometimes grouped together as the
kinaesthetic sense (Ager et al., 2020). Additionally, there are the sensations of effort and heaviness
experienced when we raise objects, as well as the perception of muscular force (Prochazka, 2021)
all of which are submodalities of proprioception. Research has demonstrated that muscle fatigue
has a negative impact on joint proprioception and hinders neuromuscular control in the lower limbs
(Shokri et al., 2018; Vila-Cha et al., 2011) and upper limbs (Lee et al, 2003; Lida et al 2014).

Fatigue is characterized as the incapacity of the muscle to sustain the necessary degree of strength
throughout physical activities (Abd-Elfattah et al., 2015). Alternatively, it can be described as a
decrease in the ability of muscles to produce force under voluntary command (Edwards, 1981).
Boyas et al. (2013) have proposed a set of principles to describe muscular exhaustion resulting
from physical activity, specifically referred to as "exercise induced fatigue." These ideas
emphasize that exhaustion is not caused by a single process, but rather by a combination of
complicated mechanisms such as anomalies in the central nervous system (central fatigue),
malfunction in the peripheral neural system, or diseases of the skeletal muscles (Zajac et al., 2015).
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It is widely thought that fatigue, particularly during eccentric exercise, has a detrimental effect on
proprioception (Brockett et al., 1997; Proske, 2019). This observation can be attributed to the
reduced sensitivity of muscle spindles resulting from the damage inflicted upon the muscle fibers
during eccentric activity (Proske, 2019).

Previous research has examined the impact of eccentric exercise-induced fatigue on
proprioception. Brockett et al. (1997) examined the impact of exercise on position sense by
employing a novel 'arm curl' apparatus. The study revealed that the arm that was exercised
eccentrically consistently positioned itself in the direction of extension compared to the arm that
was exercised concentrically. Walsh et al. (2004) conducted a study to examine the effects of
eccentric fatigue on the biceps brachii. On the subsequent day, the eccentric exercise resulted in a
decrease of -15% in maximum voluntary muscular torque. The unsupported matching task
experienced a notable rise in matching mistakes. However, this increase was not observed in
counterweighted matching or horizontal matching. On the other hand, Semmler et al (2007),
conducted a study which revealed that engaging in eccentric exercise of the elbow flexor muscles
led to a twofold augmentation in the coactivation of the triceps brachii muscle during all
submaximal contractions. The data presented in this study revealed that engaging in eccentric
exercise leads to a decline in motor control and changes in neural activity in the elbow flexor
muscles. In a study conducted by Spargoli (2017), there was no significant difference in absolute
angular error between the concentric and eccentric groups after conducting sets of fifteen
consecutive external rotator muscle contractions in either the concentric or eccentric action.
Furthermore, there was no statistically significant difference observed in the absolute angular
inaccuracy comparing the pre- and post-fatigue measurements in either of the groups. In their
study, Givoni et al. (2007) conducted eccentric fatigue on the knee. Participants were instructed to
descend six flights of stairs, taking two steps at a time, until they completed 11 circuits, which
accounted for a total of 792 steps. The researchers observed that immediately following the
exercise, the participants exhibited a tendency to align their indicator leg with the reference
position by moving it further in the direction of flexion. Da Silva et al. (2023) conducted two
submaximal bouts of unilateral eccentric contractions of the knee flexors until they reached a 20%
decrease in maximal voluntary isometric contraction force. They observed a significant increase

in position-matching errors in a seated posture of 40°. Twenty-four hours after exercise, despite
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the recovery of knee flexors neuromuscular function, there was a significant increase in position
matching errors in the prone position at 40°, along with the presence of muscle soreness. Shokri et
al (2018) compared the effect of concentric and eccentric fatigue of the quadriceps muscle on the
force sense and joint position sense of the knee. After the exercise intervention, there was a
significant increase in force sense error and position sense error following eccentric contractions.
However, concentric contractions only affected position sense (Shokri et al., 2018). Position sense
improved after concentric contractions, while it deteriorated following concentric contractions. In
a study conducted by Vila Cha et al. (2011), the absolute error in the non-weight bearing matching
task at 120 degrees of knee extension was significantly higher immediately after eccentric exercise
and 24 hours after exercise compared to the baseline. This finding occured following four sets of
25 maximum voluntary eccentric knee extension contractions at a speed of 60°/sec between 170
and 90° of knee extension. In the non-weight bearing repositioning task at 120°, the absolute error
was found to be higher both immediately and 24 hours after exercise compared to the baseline.
Hence, in both activities that did not involve bearing weight, the participants exhibited a tendency
to align the limb that was exercised in a more extended position following eccentric exercise. On
the contrary, the repositioning errors in the weight bearing task were not influenced by eccentric
exercise (Vila Cha et al., 2011). The impact of eccentric exercise, specifically Nordic hamstring
curls and lunges, on the lower quarter Y-balance test was examined by Singh et al. (2023). The
researchers observed that eccentric exercise did not have a significant impact on the dynamic

balance.

Based on a comprehensive analysis of the current literature, only a limited number of studies have
examined the impact of eccentric exercise-induced fatigue on shoulder proprioception (Spargoli,
2017). In addition, there has been no research conducted to examine the impact of eccentric
exercise-induced fatigue on the motor control of upper extremities. Hence, it is imperative to do
this investigation. The results of the current study will aid coaches and trainers in comprehending
the harmful consequences of muscle fatigue on shoulder proprioception and motor control, hence

heightening an athlete's susceptibility to injury.

The main objective of this study was to investigate the effects of eccentric exercise-induced fatigue
exerted on the shoulder rotator muscles on the proprioception, motor control, and performance of

male handball players.
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6.2 Methods and materials

6.2.1 Hypotheses

The research and null hypotheses of the first experiment were as following:

H1: Eccentric exercise-induced fatigue of the rotator cuff has a significant impact on the
proprioception of the upper limb in handball players.

H10: Eccentric exercise-induced fatigue of the rotator cuff does not have a significant
impact on the proprioception of the upper limb in handball players.

H>: Eccentric exercise-induced fatigue of the rotator cuff has a significant impact on the
kinesthesia of the upper limb in handball players.

H20: Eccentric exercise-induced fatigue of the rotator cuff does not have a significant
impact on the kinesthesia of the upper limb in handball players.

Hs: Eccentric exercise-induced fatigue of the rotator cuff has a significant impact on the
performance of the upper limb in handball players.

H30: Eccentric exercise-induced fatigue of the rotator cuff does not have a significant
impact on the performance of the upper limb in handball players.

Ha: Eccentric exercise-induced fatigue of the rotator cuff has a significant impact on the
motor control of the upper limb in handball players.

H4O: Eccentric exercise-induced fatigue of the rotator cuff does not have a significant
impact on the motor control of the upper limb in handball players.

6.2.2 Type of research and sampling method

A quantitative research was used for the completion of the study (more details about the type of

research is described in chapter 4, subchapter 4.2.2)

The participants who took part in the study were selected through the convenience sampling

method (more details about the sampling methdod is described in chapter 4, subchapter 4.2.2). All

handball players who had participated in the first experimental study (see chapter 4), they asked if

can also participated in the third experimental study (present chapter). The 20 out of 44 handball
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players had positively answered that can particicipate and finally they included in the experimental
process. Due to the smaller sample size (n=20) compared to the first experimental study (n=44),
an effort was made to find at least 10 more participants. Thirty participants is the ideal number for
the recruitment process (see subchapter 6.2.1). In order to find the 10 additional participants, the
main researcher (SH) he asked the 20 available handball players, if they known other handball
players who can participated in the present study. After this the main researcher recorded all
contact numbers from prospective participants. Then, via telephone contact, another 13 handball
athletes agreed to participate in the present study. The participants who verbally agreed to
participate in the study were given a specific date and time to come to the study site. The study
location was in a quiet environment in a specially designed laboratory of the Physiotherapy

Program of the University of Nicosia.

6.2.3 Subjects

During the period of June to August 2023, a total of thirty-three male professional handball players
participated in the study. The ideal number of participants was determined using specialized
software (G*power 1.3.9.4). Given a significant coefficient of 0.05 and a moderate correlation
between repeated measures (before and after tiredness) with an effect size of 0.3, a sample size of
30 persons results in a power of 82% or 0.82. Hence, taking into consideration a 10% attrition rate
of participants during the study, the total of 33 individuals was considered adequate. The exclusion
criteria (table 6.1) for participation encompassed individuals having a recent shoulder injury within
the past six months, previous shoulder surgery, neurological disorders, congenital stiffness,
cervical radiculopathy, shoulder dislocation, intra-articular fracture, rotator cuff tear, labral tear,
and two or more positive orthopedic clinical test during the initial assessment (more details about
the screening examination are described in chapter 4, subchapter 4.2.2). The researchers gained
ethical permission from the Cyprus Ethics Committee (EEBK/ET1/2020/40). The study exclusively
conducted proprioceptive tests on the dominant shoulder, specifically the right shoulder. The
testing procedure comprised of four components: the evaluation of shoulder ARS, the TTDPM,
the YBT-UQ and the ASH test. To assess the JRS and the TTDPMD, an isokinetic dynamometer
was used. Furthermore, the fatigue protocol was also performed on the isokinetic dynamometer.

The assessment of motor control and performance involved the utilization of the YBT-UQ and the
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ASH test respectively. Prior to and immediately following the fatigue intervention, all outcome

measures were evaluated.

Table 6.1. The inclusion and exclusion criteria.

Inclusion criteria Exclusion criteria

e Shoulder injury within the past six months

e Professional male handball .
e Previous shoulder surgery

athletes
¢ Neurological disorders
e Congenital stiffness
e Cervical radiculopathy
e Shoulder dislocation
e Intra-articular fracture
e Rotator cuff tear or labral tear
e Two or more positive orthopedic clinical test

during the initial assessment.

6.2.4 Meausurement of JRS

On the isokinetic dynamometer, each participant was placed in standing position with 30° of
shoulder abduction, 0° of external shoulder rotation in the plane of the scapula. In addition the
elbow was positioned at 90° of flexion, between pronation and supination of the forearm (neutral
position). The arm device was used to strap the participant’s arm. The length and height of the
isokinetic dynamometer was adjusted separately for each participant. In order to facilitate the
assessment procedure, the axis of rotation of the isokinetic dynamometer was positioned in line
with the acromion. This alignment allowed for the isolation of shoulder internal and external
rotation motions. In order to minimize visual and auditory stimuli, the participants donned a mask
and inserted earplugs. Each participant performed submaximal eccentric isokinetic contractions
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in both external and internal rotation (2 sets of 15 repetitions, 90 degrees/second) as a warm up. In
both shoulder external and internal rotation three target angles (total six) were assessed: 1) 15°
external rotation, 2) 30° external rotation, 3) 45° external rotation, 4) 15° internal rotation, 5) 30°
internal rotation, 6) 45° internal rotation. From 0° of shoulder rotation (starting position), the
assessor positioned the shoulder at one target angle and maintaining in this position for three
seconds. During the three seconds, each participant had to memorize the repositioning angle. After
this period, the examiner moved the shoulder to the starting position. The participant thereafter
engaged in deliberate external rotation of the shoulder, transitioning from the initial angle to the
target angle, and consistently maintaining the target angle for a duration of 3 seconds. This process
was repeated in the same manner for all target angles. Three trials were performed in each target

angle and the mean value was used in the analysis.

6.2.5 Meausurement of TTDPM

The experimental conditions employed for the TTDPM test closely resembled those utilized for
the repositioning test. During the test, the participant was also equipped with earmuffs and mask
in order to mitigate auditory stimuli. At first, the arm was positioned in a 60-degree angle of
external rotation of the shoulder. The researcher activated the lever arm of the dynamometer at a
random time interval ranging from 1 to 10 seconds which indicated the commencement of the
testing procedure. The equipment facilitated the passive movement of the arm in the direction of
internal rotation, maintaining a constant speed of 0.5 degrees per second. The participant was
directed to push the stop button to halt the movement of the lever arm once he perceived the
movement of the arm. Each individual performed three trials, and the mean duration, measured in

seconds, of the perception of initiation of movement was recorded.

6.2.6 Meausurement of YBT-UQ

The YBT-UQ is a comprehensive assessment that necessitates physical strength, flexibility,
neuromuscular coordination, balance, stability, and range of motion. The experiment utilized a

YBT kit™, comprising of three interconnected cylindrical tubular plastic bars that were labeled
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with markings at half centimeter intervals. Each bar has a moveable indicator plate, which the
subject moves by pushing with their hand/fingers. The test was conducted by initiating the subject
in a push-up stance with their feet positioned at a distance equal to the breadth of their shoulders.
The objective of the test was to maintain a push-up position on the central platform of the YBT
device and exert maximum force on the indicator plate in the anteromedial (AM), superolateral
(SL), and inferomedial (IL) directions using the other hand. Following a warm-up test consisting
of three attempts in each direction, three additional attempts were conducted in each direction.
The maximum reach distances in each direction were added together to obtain a composite reach
distance, which was then adjusted to account for the length of the upper limb. This facilitated an
analysis of the overall proficiency demonstrated in the assessment. Prior to the test, the length of
the subject's upper limb, from the seventh cervical vertebrae to the tip of the middle finger, was
measured using a tape measure. In cases when the subject made more than four unsuccessful
attempts, a score of zero was documented for that particular trial. A participant's attempt was
deemed a failure if they engaged in any of the following actions: exerting force on the box,
returning to the beginning push-up posture without maintaining control, contacting the floor using
their hand prior to pushing the box, or having their feet in lose contact with the ground. All
individuals successfully completed the trials during the test without any failures. The YBT-UQ
test demonstrated high reliability (ICC 0.80 — 1.0) and showed no disparity in performance
between the dominant and non-dominant limbs (Gorman et al., 2012; Westrick and Carow, 2012).

6.2.7 Meausurement of ASH test

The ASH test was developed to evaluate the isometric strength performance of the shoulder. The
test was conducted according to the methodology outlined by Ashworth et al. (2018), with
participants lying face down on the floor and their foreheads touching a 4 cm elevated cushion.
The hand's palm was positioned atop a force plate. The participant's hand in this test was positioned
in three configurations ("I", "Y", and "T"). When in the "I" position, the shoulder is fully abducted
(aligned with the body), the forearm is in pronation, and the "heel” of the hand serves as the
primary point of contact with the force platform. The arm was positioned at an abduction angle of

135° in the "Y™ position and 90° in the "T" position. The elbow was required to be fully extended
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in all tests. The arm on the other side was positioned behind the back to prevent the elbow from
being anchored to the floor and to offer support against trunk rotation during the "Y" and "T" tests.
However, during the "I" test, the arm was kept at the participant's side because the trunk
experienced lesser twisting forces. Subjects were instructed to exert maximum force on a portable
uniaxial force plate (K-Force Plates, Kinvent, Montpellier, France) for a duration of three seconds
at each test position. Data on force was gathered at a frequency of 300 Hz. The maximum force

was obtained for each test and adjusted to bodyweight.

6.2.8 Eccentric exercise-induced fatigue protocol

Each subject was placed in the standing position on the isokinetic dynamometer. The shoulder was
placed at 30° of abduction, 0° of external rotation, in the plane of the scapula (30° anterior to the
frontal plane), with the elbow flexed at 90°, in mid-pronation and was strapped to the arm device.
Each participant actively performed maximal voluntary eccentric isokinetic contractions from 60°
of shoulder internal rotation to 60° of shoulder external rotation and back to induce eccentric
muscle fatigue of the shoulder external and internal rotator muscles. Initially the examiner
instructed each participant to perform 10 submaximal (20% of maximal voluntary contraction)
eccentric contractions with angular speed 90 degrees per second to familiarize themselves with the
specific movement. Next, peak isokinetic torque of internal and external rotators was recorded by
asking the subject to perform 10 repetitions with maximal effort. This value was the reference
value for induction of fatigue. After a 5 minutes rest period each participant performed sets of 15
maximal effort eccentric isokinetic contractions with 90 degrees per second angular speed of the
external and internal rotator muscles. During the eccentric exercise for shoulder external rotation,
participants were advised to resist a forced internal rotation caused by the dynamometer. They
were asked to exert maximum effort from 60° of external rotation to 60° of internal rotation.
Furthermore, during the eccentric exercise for shoulder internal rotation, participants were advised
to resist a forced external rotation caused by the dynamometer. They were instructed to perform

this resistance exercise strongly, moving from 60° of external rotation to 60° of internal rotation.

The criterion to consider muscle fatigue was the drop of the isokinetic peak torque to 40% of the

reference value (60% reduction) and remain below this value, irrespective of positive
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reinforcement, for 3 consecutive repetitions. If the subject exceeded the reference value of peak
torque in the first set, then the reference value was instantly updated and the same rule was used
for the induction of fatigue. The sets needed to induced fatigue varied between one and five most
commonly three. After the test, muscle fatigue was assessed by the percentage decrease in peak
torque between the first ten and the last ten repetitions (mean peak torque of first ten repetition -
mean peak torque of last ten repetition / mean peak torque of first ten repetition) during the 15

repetitions sets of isokinetic exercise at 90 deg/sec.

6.2.9 Statistical analysis

Jamovi (Version 2.3.26) was used for statistical analysis. Descriptive statistics were used to
calculate means and standard deviations (x) of the collected variables. Shapiro-Wilk test was used
to assess data for normality prior to the analysis. The paired samples t-test was used to compare
the mean differences before and immediately after the fatigue intervention for the absolute angle
error (AAE), the relative angle error (RAE), the threshold to detect of passive movement direction
(TTDPMD), YBT-UQ and the ASH test scores. For the non-normally distributed variables, the
Wilcoxon test was used for pre-post fatigue comparisons. Statistical significance was set at p <0.05
and the 95% CI was calculated for all mean differences.

6.3 Results

A total of 33 professional male handball players (age= 25.7 + 5.38 years; height= 179 + 5.30 cm;
weight= 83.5 + 13.0 kg; body mass index= 26.0 + 4.02 kg/m?) from the first and second division
of the Cypriot handball federation participated in the recruitment process. There were no drop-

outs.

Following fatigue, the shoulder's internal rotation torque decreased by 66.53%, while the external
rotation decreased by 68.85% (figure 6.1).
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Figure 6.1. The torque of the shoulder's external rotation (ER) and internal rotation (IR)

before and after the fatigue intervention
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Every participant performed four to six sets, with each set consisting of fifteen repetitions (figure
6.2).
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Figure 6.2. lllustration of muscle fatigue in a participant. The orange peaks in the diagram
represent the torques exerted by the internal (high peaks) and external rotators (low peaks)
throughout each repetition cycle. The subject completed a total of six sets, with each set
consisting of 15 repetitions. The maximum torque was measured in each repetition.
Confirmation of fatigue is apparent by comparing the highest points in the initial set to those
in the last set.The scale of the y axis for all graphs is the same for quick visual comparison of
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After fatigue, a significant increase (p < 0.05) in absolute angular error (table 6.2) was observed
in five out of six target angles (ER15°, ER30°, ER45°, IR15°, and IR30"). However there was no
statistically significant difference in absolute angular error between pre and post fatigue

intervention in the target angle IR45° (p = 0.967).
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Table 6.2. AAE scores before and after fatigue intervention.

Variable | Target Pre Fatigue Post Fatigue | pvalue | Effect Size (95% CI)

AAE Zrliligllg(s) 1.95+0.979 409+1.801 <.001 -1.225 (-1.673, -0.7659)
AAE ER30° 2.78+1.381 541+£2261 <.001 -1.251 (-1.703, -0.7878)
AAE ER45° 2.53+1.137 4,74 +£2.142 <.001 -1.020 (-1.437, -0.5921)
AAE IR15° 2.22+1.023 3401724 | 0.001 -0.617 (-0.986, -2401)

AAE IR30° 3.08 £ 1.099 414 +235 | 0.017 -0.438 (-0.792, -0.0771)
AAE IR45° 2.69 +1.481 2.80+1.747 0.967 -0.0108 (-0.833, 0.667)

AAE, absolute angular error; TTDPM, threshold to detection of passive movement; ER, external
rotation; IR, internal rotation; +, standard deviation; CI, confidence interval.

In addition, there was a significant increase in TTDPM (table 6.3) in internal rotation [mean (SD)
pre = 5.18 (4.03), mean (SD) post = 6.70 (5.82), effect size = -1.50 (95% CI: -3.00, -0.500),
p=0.011].

Table 6.3. TTDPM scores before and after fatigue intervention.

Variable | Pre Fatigue Post Fatigue | p value Effect Size (95% CI)

TTDPM | 5.18 + 4.03 670582 | 0011 -1.50 (-3.00, -0.500)

Abbreviations: TTDPM, threshold to detection of passive movement; +, standard deviation; ClI,

confidence interval.

YBT-UQ test (table 6.4) demonstated statististically significant differences in all reach directions
to the right hand. However there were no statistically significantly differences in all reach
directions to the left hand (p > 0.05). Furthermore, composite score (table 6.4) demonstrated a

statistically significant difference only for the right hand (p < 0.001).
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Table 6.4. YBT-UQ scores before and after fatigue intervention.

Variable Pre Fatigue Post Fatigue p value Effect Size (95% CI)

AM Right | 90.6 + 8.28 87.8+8.80 0.005 0.519 (0.1514, 0.879)
IL Right 845+11.55 | 785+10.67 | <.001 0.728 (0.3387, 1.108)
SL Right 649+1056  60.8+12.02 | <.001 0.779 (0.3838, 1.165)
AM Left 90.1+7.43 89.3 + 9.64 0.578 0.118 (-1.500, 3.00)
IL Left 83.0+11.25 | 79.9+1049  0.071 0.415 (-5.27, 6.00)

SL Left 64.6+11.40 | 623+11.63  0.120 0.327 (-0.500, 4.00)
CS Right 86.2 + 9.69 81.5+9.93 <.001 4.28 (2.645, 6.54)

CS Left 85.4 +9.93 83.1+9.63 0.231 1.15 (-0.585,3.52)

AM, anteromedial; IL, inferolateral; SL, superolateral; CS, composite score; +, standard deviation;
Cl, confidence interval

Moreover, following fatigue intervention, there was a significant reduction of the isometric
strength in the ASH test mean scores (table 6.5) to all hand positions of the right side and at two
positions of the left side (p < 0.05). There were no statistically significant differences (p = 0.063)
to the “T” Left hand position.

Table 6.5. ASH test scores before and after fatigue intervention.

Variable Pre Fatigue | Post Fatigue | p value Effect Size (95% ClI)

| Right 11.89+3.05 | 10.52+2.28 | 0.010 0.480 (0.1158, 0.837)
Y Right 10.72+2.15 | 9.29 +2.00 <.001 0.924 (0.5100, 1.328)
T Right 9.81 + 1.62 8.79+1.74 <.001 0.841 (0.4377, 1.234)
| Left 11.48+237 | 1061+231 | 0.002 0.573 (0.2009, 0.938)
Y Left 9.90 + 2.18 9.08 + 2.36 0.037 0.379 (0.0225, 0.729)
T Left 9.04 + 1.65 8.58 + 2.39 0.063 0.373 (-0.0400, 1.03)
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I, Y and T, initial hand positions during the ASH test; +, standard deviation; CI, confidence
interval.

6.4 Discussion

The main objective of this study was to investigate the effects of eccentric exercise-induced fatigue
of the shoulder rotator muscles on the proprioception, performance and motor control of male
handball players. The null hypotheses were rejected. The current investigation substantiated the
notion that eccentric exercise-induced fatigue has a significant adverse effect in upper limb
proprioception (as measured by JRS and TTDPM) performance (ASH test) and motor control (as
assessed by YBT-UQ).

The primary cause of shoulder disorders is attributed to rotator cuff muscle fatigue, which directly
affects the kinematics of the humerus and scapula (Teyhen et al., 2008). Muscle fatigue, which
arises from engaging in repetitive tasks, has a tendency to build up over time, leading to the
development of musculoskeletal problems (Antony & Keir, 2010).

Exercise has the potential to disrupt proprioception, as seen by the heightened exertion experienced
during periods of fatigue (Proske, 2019). Furthermore, there is data indicating that fatigue resulting
from exercise can modify a person’s perception of limb position. This is significant because the
misalignment of limbs during physical activity and sports, caused by the impact of fatigue on the

ability to perceive surroundings, might potentially lead to sports-related injuries (Proske, 2019).

6.4.1 Eccentric exercise-induced fatigue and Joint repositioning sense

The study's findings indicate that eccentric fatigue has a considerable negative impact on the
shoulder joint repositioning sense in both external and internal rotation directions. After fatigue,
the angular errors of the external rotation and internal rotation movements exhibited a mean
percentage increase of 97.13% and 31.66% correspondingly. The higher percentage increase in
angular errors during external rotation compared to internal rotation may be attributed to the longer
fatigue resistance of internal rotator muscles in comparison to external rotator muscles

(Ellenbecker and Roetert, 1999; Lee et al., 2003). The internal rotator muscle group is comprised
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of large muscles (e.g. latsissimus dorsi, pectoralis major). These muscles can produce greater
forces than external rotator muscles resulting in greater fatigue resistance. The desensitization of
the rotator cuff may have a greater impact on shoulder proprioception during external rotation
compared to internal rotation. The observed disparity in active repositioning during external
rotation between pre- and post-fatigue can be attributed to the heightened malfunctioning of
mechanoreceptors in the external rotator muscle (Lee et al., 2003). The contribution of muscle
spindles to the perception of joint position in various body segments is widely acknowledged
(Proske, 2015). Nevertheless, it is plausible that the detrimental effects of eccentric exercise extend
beyond the typical muscle fibers (Torres et al., 2010). The reduction in JPS can be conceptualized
as a consequence of diminished muscle receptor input resulting from injury in the intrafusal fibers
of spindle muscles (Proske & Allen, 2005). Brockett et al. (1997) found that both extrafusal and
intrafusal fibers are affected by eccentric contractions, despite the fact that compliant connections
may decrease intrafusal fiber strain (Brockett et al., 1997). In the event that the injured fibers
undergo complete death or rupture, there would be a substantial decrease in spindle discharge

levels.

However, conflicting results have been found in the study by Spargoli (2017). According to the
researcher, neither eccentric nor concentric fatigue had a significant effect on shoulder
proprioception. Furthermore, no significant differences were found between the 2 fatigue
protocols. The non-significant finding may be attributed to the methodological disparities between
the current study and Spargoli's investigation. The observed variations in methodology pertain to
the sample size, the specific angles of repositioning, and the angular velocity. The study conducted
by Spargoli encompassed both male and female individuals who were not athletes, whereas the
current study exclusively focused on male handball athletes. Furthermore, the Spargoli study
solely assessed a single specific angle of relocation, specifically 30 degrees of external rotation. In
contrast, the current study assessed a total of six specific repositioning angles (15°, 30°, and 45°)
in both internal and external rotation, with equal emphasis placed on each angle. In addition,
Spargoli employed a 180° angular velocity to generate fatigue, whereas the current work utilized

a 90" angular velocity which is more likely to induce fatigue.
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6.4.2 Eccentric exercise-induced fatigue and threshold to detection of passive
motion

The current study assessed the influence of muscle fatigue on shoulder kinesthesia using the
TTDPM and determined that it had an adverse impact. One possible explanation is that muscular
tiredness causes a reduction in the sensitivity of muscle receptors, which play a major role in
providing kinesthetic information (Proske and Gandevia, 2012).

Thus far, there has been a lack of research examining the impact of eccentric exercise-induced
fatigue on the TTDPM at the shoulder. The majority of research examining the impact of eccentric
exercise-induced fatigue focused on other aspects of proprioception, such as the sensation of joint
repositioning and the sense of force reproduction. Hence, additional investigation is required to
confirm the findings of the current study.

6.4.3 Eccentric exercise-induced fatigue and Y balance upper quarter test

The present study provided confirmation of the diminished motor control of the upper limb
resulting from eccentric exercise-induced fatigue of the rotator cuff muscles. The right limb had a
more pronounced deficit in all directions (AM, AL, IL) and in the composite score when compared
to the left limb. Afferent proprioceptive feedback from peripheral mechanoreceptors is a crucial
component of neuromuscular regulation (Myers and Lephart, 2000). The information from the
visual and vestibular systems is combined with afferent proprioceptive feedback at the CNSto
generate spinal reflexes, cognitive programming, and balance (Lephart & Henry, 1996). These
factors collectively influence muscle movement through efferent responses (Akay & Murray,
2021). The co-contraction response of the force-couple musculature is induced by the stimulation
of the articular mechanoreceptors, which occurs as a result of the compression of the humeral head
in the glenoid fossa with the closed kinetic chain posture (Wilk et al., 1993; Tippett, 1992). The
fatigue experienced by the mechanoreceptors located in the force-couple musculature has a direct
impact on the shoulder's capacity to retract in the closed kinetic chain position. Consequently, this
fatigue has implications for the individual's ability to sustain the single arm push-up position
(Myers et al., 1999).
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So far there is limited research examining the impact of eccentric exercise-induced upper limb
fatigue on YBT-UQ. Nevertheless, Singh et al (2023) conducted a study which aimed to
investigated the immediate impact of eccentric knee exercises on dynamic balance in both athletes
and nonathletes, utilizing the YBT-LQ test. The primary finding of this study indicated that there
was no statistically significant reduction in CS following a brief period of physical activity among
the participants. Moreover, no statistically significant disparity in CS was seen between athletes
and non-athletes on the left side. However, a notable disparity was observed on the right side
between athletes and non-athletes following a brief period of eccentric knee exercises. Athletes
had a marginal decline in left CS and a marginal rise in right CS. In those who were not athletes,
there was a marginal reduction in CS on both sides. The disparity in performance between
nonathletes and athletes may be attributed to the fact that trained athletes had superior muscle
strength, which perhaps mitigated the tiredness experienced by the athletic population. Given the
scarcity of studies, additional research is required to ascertain the impact of eccentric fatigue of

the rotator cuff on motor control in the current study.

6.4.4 Eccentric exercise-induced fatigue and ASH test

The results of this study demonstrate that eccentric exercise-induced fatigue can lead to a
substantial decrease in isometric strength of the upper limb during the ASH test. The right limb
(exercised limb) exhibited a higher average percentage decline (11.74%) in isometric strength
compared to the left side (6.96%). Prior research has shown that strength is typically diminished
immediately after eccentric exercise, followed by a gradual recovery over a period of hours
(Journal et al., 1981; Newham et al., 1983), days (Byrne & Eston, 2002; Golden and Dudley, 1992;
Hortoba et al., 1998), or even weeks (Clarkson et al., 1992; Cleak & Dpe, 1992) . Nevertheless, in
the aforementioned studies, the decrease in strength can be attributed to eccentric exercise-induced
muscle damage. In the current study, it seems plausible that the decrease in isometric strength can
be attributed to muscle fiber injury due to eccentric exercise. However, confirmation is not possible

as hematological markers of muscle injury have not been evaluated.

One feature of skeletal muscle fatigue is a decrease in isometric force output (Westerblad et al.,

1998). During fatigue, the loss in force can be separated into two parts: an early decrease in the
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ability of cross-bridges to generate force, and a late decrease in the release of calcium ions from
the sarcoplasmic reticulum (Westerblad et al., 1998). Lactic acid accumulation leading to
acidification has been identified as a significant factor contributing to the decrease in cross-bridge
force production (Cairns, 2006). The incapacity to produce an initial increase in force and strength
is contingent upon factors that transpire at or beyond the neuro-muscular junction (peripheral

fatigue) and a lack of voluntary muscle activation (central fatigue) (Westerblad et al., 1998).

6.4.5 Limitations

The impact of eccentric exercise induced-fatigue on females is uncertain as the current study only
included male participants. Ultimately, the process of inducing tiredness was conducted using the
isokinetic dynamometer. The muscle exhaustion experienced by handball players in real-life
situations, such as repetitive throwing actions, sprinting, and jumping, is distinct from the tiredness

reported in controlled laboratory environments.

6.5 Conclusions

Eccentric exercise-induced fatigue of the rotator cuff in the shoulder can result in a notable
disruption in shoulder’s joint position sense and kinesthesia. In addition, this fatigue can also lead
to reduced stability and mobility of the upper limb, as well as a protracted decline in isometric
strength. Further research is required to examine the impact of eccentric exercise-induced fatigue
on the shoulder joint across all subcategories of proprioception, as well as the motor control of the

upper limb.
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Chapter 7.0: General discussion

Handball players due to the nature of the sport have a high incidence of shoulder injuries (Clarsen
et al., 2014). A significant proportion of these injuries result in athletes being unable to participate
in their sports activities, hence diminishing their sports performance (Asker et al., 2018). This
thesis aims to contribute in the understanding of shoulder injuries in handball and specifically the
influence on muscle fatigue on known risk factors for those injuries. Injury reduction strategies
and preventive interventions require understanding of the various risk factors for shoulder injuries
(Achenbach et al., 2020) in handball. So far, no systematic review summarizing the known risk
factors for shoulder injuries in handball existed. As part of this thesis project, a systematic review
was conducted to investigate risk factors for shoulder injury in handball athletes (Hadjisavvas et
al., 2022). Various risk factors have been identified among which were the strength and ROM
imbalances, inappropriate increase in training load, motor control of the scapula, player’s position
and level and altered joint position sense. Muscle fatigue is closely linked to several ,if not all, of
these factors (Anderson et al., 2003; Piggott et al., 2009; Gabbett, 2016). Previous studies
suggested that fatigue can cause disturbances in the neuromuscular system, increasing the risk of
injury (Myers et al., 1999; Lee et al., 2003) and that most of the injuries happen towards the end
of the game (Hiemstra et al., 2001; Steib et al., 2013) where fatigue is already induced.

The shoulder joint repositioning sense in handball athletes was significantly reduced by both
concentric and eccentric exercise-induced fatigue, as evidenced by the increased repositioning
errors after fatigue. Concentric exercise-induced fatigue had a more pronounced negative impact
on joint position sense than eccentric exercise-induced fatigue as shown by the larger effect sizes
of concentric fatigue on AAEs. Thus far, only a solitary study has compared the impact of eccentric
and concentric exercise-induced fatigue on shoulder joint position sense (Spargoli, 2017).
However, in Spargoli's study, shoulder joint position sense was not significantly affected in both
fatigue protocols (Spargoli, 2017). The more repositioning examination angles (three versus one),
the larger sample, and different sample (male handball athletes versus male and female healthy
adults) may explain the statistically significant result found in the present thesis in contrast to
Spargoli's (2017) study. Although inconclusive evidence was found regarding the effect of joint

position sense on injury risk (Hadjisavvas et al., 2022), mainly due to the lack of sufficient number
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of investigations, the laboratory results of this thesis suggest that there is need for further
prospective studies looking at the mediation of altered joint position sense in shoulder injuries in

handball players.

A notable discovery in the current study was that the perception of shoulder repositioning at the
desired angles was significantly influenced by the direction of rotation of the shoulder.
Specifically, the average percentage increase of the inaccurate detection of joint angle was
115.14% in the external rotation direction and 58.3% in the internal rotation direction. The higher
percentage increase in angular errors during external rotation compared to internal rotation may
be attributed to the longer fatigue resistance of internal rotator muscles compared to external
rotator muscles (Ellenbecher and Roetert, 1999) and/or to the heightened malfunctioning of
mechanoreceptors in the external rotator muscles (Lee et al., 2003). When designing an exercise
program to strengthen the rotator cuff, it is essential to note that the external rotator cuff exercises
should be performed with a different volume and intensity than the internal rotator cuff exercises,
especially in the novice stage. The increased tiredness in the external rotators will have a more
significant negative impact on the shoulder's proprioception.

Shoulder kinesthesia was also reduced as evident from the delay to detect passive movement onset
after muscle fatigue. Concentric and eccentric exercise-induced fatigue had a similar percentage
increase in TTDPM, recording 25.04% and 29.34% increases, respectively. This result suggests
that all forms of vigorous athletic activity that involve either eccentric or concentric contractions

or a combination are capable of causing kinesthetic impairment.

Impaired shoulder joint proprioception and kinesthesia, along with concentric and eccentric
fatigue, seem to result in reduced motor control of the upper limb, as evaluated by the Y balancing
test upper quarter. Prior research examining the correlation between YBT-UQ performance and
injury occurrence during the competitive season had demonstrated that if the Superolateral reach
distance score is below 80.1% of the length of the upper limb, then there is an elevated risk of
injury (Teyhen et al., 2014). In addition, if the composite score of the right upper limb falls between
77% to 88.9% of the limb's entire length, there is an elevated risk of injury (Cosio-Lima, 2016).
However, these two studies (Teyhen et al., 2014; Cosio-Lima, 2016) pertain only to military and

naval security response team members rather than handball players. Considering these reference
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values, in the present study, after applying concentric exercise-induced fatigue, the composite
score in the right upper extremity was on average 91% of the total length of the upper extremity.
On the contrary, after the application of eccentric exercise-induced fatigue, there was a more
significant reduction in the composite score (87.6% of the total length of the upper limb).
Furthermore, in the superolateral reach distance in the exercised hand, the results showed 66.83%
and 65.51% scores of the total length of the upper limb after applying concentric and eccentric
exercise-induced fatigue, respectively. The results suggest that fatigue can substantially decline
YBT-UQ performance, heightening the likelihood of upper extremity injury. Nevertheless,
conducting comparable research with a sample of throwing athletes is essential to accurately
extrapolate reference values to such athletes. Based on the present findings, it is recommended that
handball athletes assess the stability and mobility of their upper extremities before and after
experiencing fatigue, whether in a controlled laboratory setting or during a real match. If a
significant decline in performance is observed immediately after fatigue during the Y Balance
Test-Upper Quarter (YBT-UQ), a tailored workout program that specifically targets the

improvement of motor control in the upper extremities might be warranted to reduce risk of injury.

The findings of this study reveal that only eccentric exercise-induced fatigue in the shoulder rotator
muscles can significantly reduce the isometric strength performance of the upper limb during the
ASH test in handball athletes. Eccentric exercise-induced fatigue results in a more significant
reduction in shoulder isometric strength than concentric exercise-induced fatigue due to the
accompanied microtrauma within the contractile elements of the muscle, resulting in a more

significant reduction in force production (Proske, 2019).

Another notable discovery from the current study was that concentric exercise-induced fatigue
resulted in a more significant decrease in isometric strength in the non-fatigued left upper
extremity. The lack of statistical significance in the right upper extremity, where fatigue was
applied, may be attributed to the ASH test being the final test analyzed in the series following the
fatigue protocol. Due to this time interval between the fatigue protocol and the ASH test, it is
possible that there was a recovery of strength. Alternatively, the significant results of eccentric
fatigue suggest that muscle damage and not fatigue might be the crucial factor in reducing

performance. Chang et al. (2006) supported this idea, concluding that the restoration of shoulder
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muscular strength occurred faster than the recovery of shoulder joint position sense following
fatigue. There was only one direction of the left non-exercised arm affected by concentric fatigue.
This can be due to chance. Alternatively, the dominant arm (fatigued right arm) in handball athletes
is likely to be more resistant to the ability to produce maximal isometric force even under fatigued
conditions compared to the non-dominant arm due to neuromuscular adaptations (Escamilla et al.,
2018). The reduction in the force production of the left, non-fatigued side might also be due to
reduced stabilization from the opposite side (right) during the test post-fatigue. Although plausible,
due to the way the test was performed this is unlikely, as the opposite hand was positioned behind
the back to reduce the effect of stabilization. In addition, this is purely speculatively, as no studies

exist to support this claim.

Upon comparing the mean effect of concentric fatigue across each testing location, there was an
obvious decline from the first position (1) to the last position (T) in handball players. Multiple

factors may have contributed to these disparities. The initial position, the "I"" position, was the first
to be measured and potentially the most prone to tiredness. The "I position is an elevated position
that offers the highest level of stability and involves the activation of significant muscles,
specifically the latissimus dorsi, in comparison to the "Y" and "T" positions, which primarily
engage the pectoral muscles. According to Donohue et al. (2017), the "Y" and "T" postures were
used to imitate the participant's throwing technique. Interestingly, eccentric fatigue induced larger
reductions in Y and T positions which suggest muscle damage might have different impact than

fatigue in handball players.

Decreased shoulder isometric strength is considered a risk factor for shoulder injuries in throwing
athletes (Hadjisavvas et al., 2022). This is a novel contribution to the field, if further research
establishes a causal relationship between the decline in isometric strength shown in the ASH test
and upper extremity injuries in handball. This new understanding can potentially revolutionize the

way we approach injury prevention in throwing athletes.

The ASH test is quick, easy, and reliable; for this reason, it should be applied to throwing athletes
during the pre-competition period to detect any imbalances in the maximal isometric strength
capacity. If the athlete exhibits a notable decline in isometric strength in particular arm positions,
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it is advisable to implement strengthening workouts targeting the specific angle of the joint. This
will rectify the imbalance and mitigate the risk of injuries resulting from diminished isometric

strength.

The findings of this thesis indicate that non-athletes experience a more significant disruption in
their ability to feel the location of their shoulder joint after exercise-induced fatigue compared to
handball athletes. The non-athletes exhibited a 103.35% increase in the mean percentage value of
the absolute angular inaccuracy of both ER and IR angles compared to handball players. Handball
athletes showed an increase in absolute angular error of 64.44% and 94.91% after corresponding
eccentric and concentric exercise-induced fatigue despite similar fatigue as demonstrated by
fatigue index. The more extraordinary ability of athletes in the ability to detect the angle of
repositioning compared to non-athletes was also demonstrated in previous studies (Shafipour &
Shojaedin, 2014; Nodeghi-Moghadam et al., 2013; Morraveji et al., 2017; Niespodzinski et al.,
2022). One potential reason for the reduced negative impact of fatigue on shoulder joint position
sense in handball athletes, as opposed to non-athletes, could be attributed to the superior
neuromuscular adaptations resulting from regular sport-specific training and the nature of the
sport. Also, athletes can adapt better to fatigue than non-athletes. Another finding from this thesis
is that exercise-induced fatigue in the rotator cuff of the shoulder can decrease the reflex reaction
time of the external rotators following a rapid and unforeseen external disturbance in shoulder
movement. After fatigue, although there was a significant percentage increase (47.34%) in the
reflex reaction time, this increase was not statistically significant. The average timing of the
overarm throw in team handball was estimated to be 0.174 sec during the cocking phase, 0.024 sec
during the acceleration phase and 0.01 sec during the deceleration phase (Van den Tillar and
Ettema, 2007). If during the cocking phase there is a delay in the activation of the internal rotator
muscles then there will be a risk of injury to the anterior capsuloligamentous structures of the
shoulder due to excessive accumulation of tensile loads and in later stages anterior instability
(Meister, 2000). The capsuloligamentous structures will experience laxity as a result of the tensile
loads. This laxity will result in a decrease in the sensitization of capsuloligamentous
mechanoreceptors disrupting shoulder proprioception. Also, due to laxity there will be a delay in
ligament-muscular reflexes creating a vicious cycle and the risk of shoulder injury. Furthermore,
if the internal rotators are delayed, there will not be enough eccentric contraction to decelerate
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external rotation adequately. This will cause uncontrolled and excessive external rotation of the
shoulder causing an accumulation of compressive loads on its posterior surface with the possibility
of causing internal impingement syndrome (Wilk et al., 2009). However, if there is a delay in
activating the external rotators during the deceleration phase, excessive tensile loads will be
applied to these muscles. This is because there is not enough eccentric torque to decelerate the
internal rotation of the shoulder, which can lead to tendinopathy in the external rotator muscles
(Wilk et al., 2009). Although the results were not statistically significant, there is no way to judge
if they are clinically significant as no reference value exists for the delay of muscle contaction in
shoulder external rotators. No research has been conducted to investigate how rotator cuff muscle
fatigue affects reflex reaction time. However, the present study revealed higher delay in MOL
compared to previous studies (Granata et al., 2004; Chang et al., 2006; Behrens et al., 2013; Sun
etal., 2021).

Due to this dysfunction of neuromuscular control because of fatigue, athletes should include
various exercises in their training program to improve reflex neuromuscular control (Prentice,
2020). According to McComas (1994), strength training enhances the transmission of signals from
the brain to the motor neurons and muscle spindles in skeletal muscles. This phenomenon is known
as alpha-gamma coactivation. Enhancing both the level of muscular tension and the efferent drive
to muscle spindles leads to an increased sensitivity to stretch, hence shortening the time it takes
for reflexes to occur. Ihara and Nakayama (1986) substantially decreased the time it takes for
muscles to react by subjecting patients to disturbances on unstable platforms over three weeks
(lhara and Nakayama, 1986). Subsequent researchers further validated this discovery by
implementing rehabilitation programs to enhance reflex muscle activation; according to Beard et
al. (1994) and Woijtys et al. (1996), agility-type training in the lower extremities results in more
favorable muscle reaction times than strength training (Beard et al., 1994; Wojtys et al., 1996). In
addition, Caraffa et al. (1995) effectively decreased knee injuries in soccer players who engaged
in reactive-type training (Caraffa et al., 1995). Reactive neuromuscular training centers on
activating the reflex circuits that connect the joints, tendons, and muscles. While preprogrammed
muscle stiffness can improve the responsiveness of muscles by decreasing the time it takes for

reflexes to occur, the goal is to create unexpected joint disturbances that promote reflex stability.
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Consistent utilization of these reflex pathways can reduce the time it takes to respond and cultivate

adaptive solutions for unforeseen joint perturpations.

According to Prentice (2020), to improve the neuromuscular reflex response of the upper limbs,

the following exercises are recommended:

« Shoulder stabilization exercises utilizing unstable surfaces to enhance dynamic stability.

e Three closed-chain exercises that promote coactivation in the shoulder are push-ups,
horizontal abduction on a slide board, and circular motions on a slide board using both the
dominant and nondominant arms.

« Plyometric workouts that involve different ball weights and distances are highly effective
for conditioning and activating muscles in preparation and response.

o Manually disturbing the upper extremity as the patient tries to maintain a stable position

enhances reactive neuromuscular properties.

Based on the significant findings of this study, it is strongly recommended to incorporate reflex
neuromuscular control training even when the athlete is fatigued. This training can increase the
sensitivity of the receptors involved in reflex arc formation, thereby reducing the detrimental
impact of fatigue on neuromuscular control. This is a crucial step in improving the athlete's

performance and reducing the risk of injury.

7.1 Strengths and limitations

One of the strengths of this thesis was the innovation of the topic. Based on the literature
assessment, there was a need for more research that specifically examines the impact of tiredness
on shoulder proprioception. Therefore, the implementation of the current study became more
imperative. In addition, in the present research, the effect of fatigue on the reflex reaction time of
the shoulder was evaluated for the first time, as well as the stability/mobility of the shoulder
through the YBT-UQ test. One unique aspect of the current research was using eccentric exercise
to create fatigue in one of the three experimental investigations. The ASH test was also used to

evaluate the upper limb's isometric strength. Currently, a limited amount of research has assessed
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the fatigue of the shoulder muscles during eccentric contractions, specifically in relation to the
proprioception of the upper extremity. Finally, the participation of handball athletes in the study

enhances the specificity of the results in a population with the high prevalence of shoulder injuries.

Only adult male handball athletes and male non-athletes were included in the three experimental
investigations. In the sport of handball, both males and females participate extensively.
Furthermore, adolescent athletes also exhibit significant involvement. Consequently, the findings
of this thesis can only be applied to adult male handball players, which is a limitation. In addition,
the induction of fatigue was carried out on the isokinetic dynamometer. While the isokinetic
dynamometer is a reliable tool for measuring tiredness, the fatigue experienced by athletes in real
settings may differ due to the excessive accumulation of training loads and the high number of ball
throws. Furthermore, the reflex reaction time, a novel assessment method for this subject, was
exclusively employed in the study involving the application of concentric fatigue to handball
athletes. Currently, the impact of eccentric rotator cuff muscle exhaustion on reflex reaction time

is still uncertain.

In the future, it is imperative to carry out research that possess the following methodological

attributes:

e Prospective studies examining the correlation between risk variables and shoulder injuries
in handball athletes.

e Studies examining the impact of a preventative intervention (designed to address risk
factors) on decreasing the occurrence of shoulder injuries.

e Studies investigating the effect of concentric and eccentric fatigue in female handball
players as well as adolescent handball players.

e Studies examining the correlation between proprioception/kinaesthesia of the upper
extremities with motor control and performance.

e Studies examining the process by which the decline in proprioception, motor control, and

performance occurs.
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e Studies that will evaluate the effect of shoulder muscle fatigue on other subcategories of

proprioception (e.g. sense of force reproduction).
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amdéeacT) yio Ty aimon wov vrofiibnxe

H Emrpomi xard T onupspwvi] cuvsdpiaoi] tng nuepopnviag 24/09/2020,
apoyparonoinee ™ fronbuci alwliynon Tov npicberav ii/xm avabzopnpivav
eyypapov wov xaratébnkav ong 02/09/2020, oz ocvvigzix anépacns TG
Emzpomic nuepopyviag 23/07/2020.

Ta oyélaa ™ Emrpomis xatd ™ onpepivii cuvvedpiacn mepovcrilovran pe
£vrova pavpa YpappoTae.

Zyéhao nuepopnviag 23/07/2020:

H Emwpomi katd tw  onuepivii  ovvedpiaon e nuepounvias 23/07/2020,
7z ATOTOIHOE 1onthirh allodd Vi 7 IOV KOTO, i6nke
oric 03/07/2020 ka1 axopdoioe opdpava mwe eyxpiver TV epevvyTIKy TpOTOOT DIG
tov_0po ot Ba_xararefei emxon IMuEVo Eviumo a EEBK 03 gro onvio

Oa emeyeitar o dpoc e «idiodsxaxdomacy ot GrAr] Kal KETavoNT YAOeoa £101 (OO Va

givar minpwce xaravontoc orovc e0slovréc mov Ba ovuustiyouy Koy dev efval yvaoTec g
ayenikic opoloyiac. Amavrijbnke

Znueidverar ta Jiwopbow / emraiporomuéva évrome Ha apémel va arootalony
10_OUVIOUGTEpe Suvard kai and v Hapaoxevrt 04 iov 2020
are va diaopaliotel i 1oyoe me eCaopaiioteioac £yxpionc. Anavrijbnxe
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Zvpminpdveror end myy Exvrpom) Bronfuaic Afwoddynong

Zrowyein OX1

Buoypagikd EZtowyyeic OAQN 1ov gpeovi@v kel TGV SUVEPYATOV
Toug

AfL@or pn cLYKPOVOUEVEY CUUPEPOVTOV
Ieprypagm tov £idovg Tov Tlpoypappatog

Teprypagn tov ainBocpod mov Ba peietnfel
0 1pémog pe 1ov onoio Ba orpatoroynfoiv dropa v to Hpdypappa
Melemnbnrav mpocextixd ta éviona cvykatabeonc (EEBK03);

ool 2

g
=
=

Ta évruna mov Ba yproiporomBoiv yia T oTpaToAdYToT] ATOU®Y
OLoKApo o Ipwtdkordo tov [poypdupatog

AatoAdynom Yo Ty ¥pricT) EKOVIKIC QOPUAKEVTIKIG CYRYTiG
YretOuvm dfhoon and dlovg Tovg EPEVVIITEG KL GUVEPYATEG TOUG
om ta évruna TANPoEdpnoT)C Kot cuvaiveoT Tovg deopedouv
Awopdiwon e npoostaciag tav dedoptvav tov apopoiv Ta dtopa
mov Ba Aafovv pépog oto [pdypappa

e <= < < |2

Aemtopgpetes yia v ypnpatodotmen tov Hpoypappatog

‘Eyovuv exboBei s1dkd copfolma o oygon pe apoific ;
®a didoviar apoPéc ota dropa mwov Oo ocvppetrdoyovv GTO v
Hpéypayipa ;

Bu vrdapEouv OROECHOTE OIKOVORIKESG EMPapivosis 1o 1o GTop. y
mov Ba coppetdoyovy oto Ipdypappua ;

On gpeuvmtic 1/xm cuvepydtss Toug Oa maipvouy apolPés ; y
‘Exovv meprypagei ta avapevopeva 0gEhn tov [poypappatog ; v

‘Eyxer dwpavel 6T mpoxkimrovy OROWHHTOTE O0QEAN WPOC TOV
xpﬂ’uumﬁém, TOUG EPEDVITEG KOL TOVG CUVEPYATEC TOUS Gmd TO
Lpéypappa ;

Edv mo mévo sivon NAIL va eEnymPOei: Anpooedosig

‘Exovv texpunpuabei 6ieg o1 Srevbetniosig mov éyvav oe oxéon pe nig
vimpecies mov Tx6v Ba Tapacyeboty ya o Lipbypappa ;

Oa vapyer cuveylc evuépmoT Yo TV AoPdALI0 TOV ATOUMY OV
B AapBavovy pépog oo [pdypapja ;

Yrapyovv Sundikacieg yua tv vrofodi mapandévev/xatayyshubv;

AacpaAiloviol enapkdc T SIKCUDPOTE TOV EPELVIITAV Y TG
SMUOTIEVCELS TOV ATMOTEAECHATOV |

‘Eyer deopevbei om Emotnpovikig Yzedbuvog 6m dev Ba yivouv
onoeodnnote adlayés oto Ilpdypappo and v nuépa mov Oa
eykpibei and v Emtponm Bionbikig ;

< LlL] LAl 2

* Amotelei svBovn g EmTpomic Biombunjc Afwidynenc va orabpioce dia T
orogeic mov &£yovv Gob:el, va ddozr v amapaitnTy PopiTiTre ExEl mov
ypevaleron kor va Lafer ambéeaon @ mpog To Kard mésov £rovv dobei
wavoromTIKES ensEnyosig o oo pe o wpotwvopeve Ipoaypappa.
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Aflwon o «un  ovykpovdpeve cvpeépoviay amd v Emrpomi Bionbucig
A&wléymong

Epsic o péln mg Emrtpomric Bionbucig ASwrémong mov AdPaps pépog omg
ovvedpieg oe oxfon pe mv mapodoa aitnon, VROYPaPovrag mo KT Snhdvovpe
vrevBuva 6T dev Exovpe OMOWSTROTE GUECE 1) £PIECT CVYKPODOUEVE COPPEPOVIA OF
oygon pe 7o Ilpoypappa mov pedsticaps kai exddonye oxETIKT amOPAoT).

Ovopatendvouo ; Ymoypagni ' Huspopnvia
Ko Avidvia Zopuavo J ff ;ﬂu.fgwb]{l;( 24/09/2020
Ap Agpodim Ehooaion %ﬁ—- 24/09/2020

Ap Baovuax) I'kpéron 24/09/2020

]
o=c
|
¥

ke ‘Eieva Kxolob ﬁ/q‘g&\) 24/09/2020

ko EAévn ABavacoihw /bé\@é{,( aﬁ%%#&‘— - 24/09/2020

xo¢ Kvpidixog Avepéon %5' 24/09/2020

Ap Maopia Zéviov ATTOYZA 24/09/2020
/
Ap Tipov Makdc JL -/A = - 24/09/2020
7
Ap Ztédda Nikohdov AN 24/09/2020
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Tithog LIpoypappatog

H ewidpoon T OUYKEVIPOGIC Kol EKKEVIPNS MPVIKIG KOTOGNG oty
wrodekTkéTNTE TOV OPOY ot ablnric yavrpmol

ApiBpoc Hpatoxdiiov Ebvikiic Emrpomic Bronbuic Kizpov

EEBK/EI/2020/40

Anbépaon g Emtponig Bionikig Afwohdymong
(Eyxpivera 1) Znrotvror emupdobeto. cToyeia ) Anoppintetar)

Eykpiverar

1. N(?:Ei‘t[ll OTL TIV VOIKT) Et}'B’lIVI] ™G smmquommg s*rmpﬁrr]n’xg, mfu]rml.ét:qmgd
TANPOTITAG KOl T1)G GUVOAKNG EMGTNHOVIKTG abiag T1G TPOTEWOREVIG EPEVVAG EXOVV
o1 emotnpovikoi vrevBuvol e £pevvog kot 0 Popéag Tov emoTuoviKoD vrevBuvov.
‘0ot ov mo mhve Eyovv exiong v vopkr| evbovn g diebaywync g £psuvag ps
déovoa smoTnpovikt] empédsa Kal povTido.

2.And 01/08/2012 i E6vic] Emtponr) Bionbwrig Kompov devepyei derypatolnanko
Eheyyo oe epevvrmikég mpotdoeg mov AapPavouvv Eyxpor.  Ilepiocirepeg
lemtopépeleg sivan daBiowes omv wrtoocekida g Emipomic o oyetia)
avaKoivooT).

3.To mapdv évromo andpaong KOWOTOEITOL Kol OTOV YPTHATOdOTI TG EPEUVIITIKTG
TpdTasTC.

4. Or gpevvntég voypeotivral va vrofdiiovv mpog v Emtpomn ava sEapnvo and
onuepa éxfeon nia v sEElEn g épevvag péoa tov svivmov EEBKOS.

5. Me 10 mépag g £psvvag, oL EpEuVNTEG vroypeobvial Onwg vrofdlovy oty
Emtpomn avapopa péca tov Evtomov EEBK06.

6. TovilgTar oToUg EPEVVITEG T) VAOYPEWDOT] TOVG VI TIPOVV TIg EKACTOTE VIOYPEDCELS
tovg pe faon v keipevn vopoBecio Ko KavoVIopovg Kol WWTEPMS 1] DIOYPEDOT
TOVG VO EVUEp@VOVV duece v Emtpom) yux omowodimote £ktakto cupfav 1
onowdTmote Tpomomoinotn oty mpdtuon ¢ eykpibnke, pe TV vmofoli twv
TPOVOOUUEVEOV EVTUTDV,

Méin mov frav mopdvra o Afqyn andeacns/Arotédeopa Fneogopiag

(¢ avapépetar ot oehida 4 aveTEP® Kal 1} andQaoT fTav opopawvT.

Husepounvia éxdoong andpaonc EBA:
Hpspopnvia: ...... 24...... Mivag: ......Zertepfpiov...... ‘Etog: ...... 2020......

Ymoypage: o Tpbedpog kot o Avampbedpog g Emrpomic Bionucic AEwoddymone

Atiopo ‘Ovoua Emnifeto

Yroypgen
Tpdedpog Zipov Mg !f ///:"

/

Avnapéedpoc | Kupidkoc | AvBpéov ,.%A




Appendix B - Consent form

ENTYIIA LYITKATAGEXIHX
Y10 GUULETOYN] GE EPEVVITIKO TPOYpUNPT

(To &vtumo amwoTeEA0HVTIAL GUVOMKA OO ... ... GeMiOEC)

Tithog Tov Hpoypannutos 6To 0010 KUAEIGTE VU GUUNETAGYETE

H emidpuct TS GUYKEVTPIS KOTGGI]S GTI[V 10100 EKTIKOTI|TU KU1 KIVI[TIKO ELEYY0 TOL

ave AKPOL GE VYIELS CUPNETEYOVTELS.

Zto éviumo autd Ofvovtot eSNyN|Oels 08 OmAY KOl KOTOVON T YAOCCH GYETIKA HE TO Ti
{nreitar ond =odg 1f/xor 11 8o ovpPei o £0dc, eGv CUUPEVIOETE VO CUUUETACYETE OTO
mpoOypLLL:

1.

L

10.

11.

[eprypagovrot omolownmote kivovvol propsei va vrdplovv 1) talammpia wov Toydv Ba
VTOGTEITE GO TNV GUUUETOYT| OUG OTO TPOYPULLLLL.

Enelnyeiton pe xdbe hentopépeio morog 1) mowor Ba Eyovv npdcPuct ota dsdoEVH TOD
UG a@opovv kol o mpokdyouy amd To mpdypaupa mov Bu coppetdoyete kol dhlo
viikd/oedopéva mov eBeloviid Bu SGOGETE Yo TO TPOYPULLLL.

Aivetor 1 ypovikr] mepiodog yia TNV omoie o1 vrevBuvol Tov mpoypdupatos Ba Exouv
1pocPacn otig mAnpopopiss /o vikd cug apopd.

Emelnyeiton 10 11 svedmotovv voa pdbouv or vmsbfuvor Tou mpoypdUNOTOS GOV
OTMOTEAEGLE KOt TG O1KTS O0S CUUUETOYTS.

Aiveton pio extiunon yo o 6@Qelog mOL PTopel vo VIAPEEL VIO TOLS EPELVITES 1)/Kal
FPNUUTOOOTES CUTOD TOL TPOYPAUUUTOC.

Aev TPEMEL VO GUUPETAGYETE, £dv Oev emBUNEITE 1] €Gv £YETE OMOLOVGHNTOTE
EVHOLUGLOVS TOV UPOPOVY TI] GUUNETOYI] GUS GTO TPOYPUNL.

Edv amogooicete vo CUMUETAC)ETE, MPEMEL VO UVUPEPETE GV EIYOTE GUUNETACYEL GE
OMOL00NOTE GALO TPOYPUIpa EPEVVIS LECU GTOVS TEAEVTRIONS 12 pijves.

Edv anmoguoicete va pnv cuppetdoyete ko eiote aobeviic, 1 Bepaneio cag dsv Bo
EMNPEAGTEL GO TNV UTOPUCT] GUS.

Eicte eievBepor va amocipete omowwdnmore oTiypn £6eig emBopeite )
oUYKaTaBz01] Y1g TI)V GUUNETOYI| GUS GTO TPOYPUNLT.

Edv siote aobevig, 1 and@aot] cog vo amochpete TV cuykatdbeon cag, dev Ba Eyst
OMOIEGONTOTE EMITMCELS 0T Bepansia cag.

[Ipémer Gheg o1 GEAIOES TOV EVIUT®OV CUYKATABECTC VUL PEPOVY TO OVOUUTETMVLLO Kol
TV LITOYPUPT] TUS.

Emotnuovikog vrevBovog tov Ipoypappatog 6To omoio KAALIOTE VU CUUUETAGYETE

Yrehog Xatinoappoc
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ENTYIOA EYTKATAGEXHX
Y1d GUULPETOYN] GE EPEVVITIKO TPOYPUNLU
(To &viuno amwoTeA0vVTAL GUVOAMKA OO ........ oelidec)

H exidpucy) T1)S CUYKEVIPIS KOTMGTS GTIV 19106 EKTIKOTI| TE KU1 KIVI|TIKO EAEY0 TOU
aVE® GKPOV GE VYIELS CUHNETEYOVTEG.

1 ypovog

Aidete ovykatdbeon yw Tov eovtd cog M Yo kdmoto dilo
ATOLO;

Edv mo méve amavinouts yio K@mowov Ghlo, T0TE OOGETE AETTOUEPEIES KOl TO OVOLLE TOD.

Epomon NAIM OXI

ZouUTANPOCATE To EVIVTO CUYKUTADESTG EGELS TPOCOTIKG;

Tovg tehevtaiovg 12 unvec £ysTe GLUUETACYEL CE OMOWONTOTE GAAO
EPEVVI|TIKO TPOYPUILLL;

Aaféoate kot kateldPate Tig TANpoopis Vo acbeveis 1)/xon eBeloviis:

Eiyate v sukopic vo poTicEts ep@INOES KOl vo oulntfoste 1o
[poypoppa:

AdBM KoV 1KoVOTOMTIKES AMAVTHGEL; Kot EENYNOELS OTA TUYOV EPOTILOTE GOg:

KotalaPaivete 6T pmopeite vo amocvpbzite amd 1o mpdypoupa, omote Bélets;

KatohoPaivete om, edv amocvpBeite. Oev eivol ovaykaio va 0GCEeTe
OTOIEGONTOTE EENYIOELS Y10 TNV AIOQUGCT] TTOV T PUTE:

(To oobeveic) xoatalaPaivete 6T, edv amocvpbeite, dev Ba vmaplouv
EMATOOELS OTIV Tuyov Bepomeic mov Toipvere 1) MOV WUMOPElL VO TAPETE
uehhovrd:

Lup@@VELTE VU GUNIETAGYETE GTO TPOYPUNNA;

Me mo16v vevbuvo wAncate:
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ZOVTOUN TEPLYPUPT] TOV TPOYPANNIATOS (O1001KUCisS Kul GKOTOG).

Ta¢ kahovUps va Adafete pEpoc otnv EpEuva TIOU TIPAYUATOMOLEITOL QIO TOV
urioido dubaktopa tou Mpoypapparog Quowkobepansiag tou MNavemotnpiou
Nevkwoiag Itehog XatinodpPfac. To mapov éyypado amotsAel [ TpwTn
EVIUEPWON Yl TNV EPEUVA, WOTE VO EYXETE TANPN EMYVWON TWV EPEUVNTIKWVY
duadikaouwwy mou Ba akohouvBnBouv, yia mow Adyo MpayUaTOTOLETAL I EPEUVA Kal
TL mpoonaBoupse va Bpoupe. Eav emBupeite pmopeite va cupPfouvAeuteite Kol va
oulnTrioeTe pE 4Gl\ouc Kal META va  JUag AMAvinoete edav emBbupeite va
CUMUETACYETE N O)XL otnv gpeuva. Na omowdrmote amopia i dlevkpivion elpaoTe
otnv dLaBeon cac ylwa va ooc SwooU e MEPLOCOTEPEC AN podopiec.

H Epeuva €xel oav OKOTO va dlEpeuvhioel TNV eMIGpacoT TTou €XEL I CUYKEVTPN UUIKNA
KOTtwaon Twv otpodéwv puwv Tou otpodikol Tetdlou ToOUu  wWUOU  OTNV
LOLOSEKTIKOTNTA TOU WOV O UYL GTopd. Zuykekpluéva Ba diepeuvnBel n emidpaon
TNC CUYKEVIPNC WUIKAC KOTIWONC TwV oTpodEwv HUwv ToU wpou otnv aiobnon
EMavaTomobeTnong otnv IKAVOTATA Tou KatwdAou aviyveuonc Tng madntiknc
KIVNOTC KL OTOV KWVITLIKO EAEYY0 TOU GV GKpou.

Aentopépeieg tov T Bo (pmmbei fxor T Ba couPsi otovg cuvuustEyovies o©TO
mpoypouud

Edv Ttelkd amodaciosTe va CUNMETEXETE oOTnv Epeuva, Ba ocac Inmnlsi va
npooeABete o éva epyacTtnpLako Ywpo tou Mavemotnpiov Asvkwolac. ApYLlKd oTav
npooceABete Ba kataypadouv ol cwpatopeTplkéc cag petpriosw (Uioc, Papoc,
beiktne palac cwpatoc). AkohovBwe Ba cac dobel va cupmAnpwoete éva elbIKO
EpwTnuatoloylo to omoio Ba afohoyel TNV TOLWOTIKG Kl TOCOTIKN Ekdpoch)
LUoOKEAETIKOU TIOVOU 1) GAAWY CUNMTWUATWY oTa dvw dkpa. Adol cupmAnpuwoete
TO EpwTnpatoAdyio Ba akohouBroel MPOCUUNMTWNATIKOC EAEYYOC ATIO TOV EPEUVITH
mou eival etdikoc ABANTIkOC kot MuookeAeTikoe duoikoBepameuThc. Ze auTov Tov
gheyyo Ba afohoynBouv o e0dC OAEC OL KWWAOEL Tou wuou (JE KAl ywpic
avTiotacn) wote va Pefawwbel 6T n dpBpwon elval a-CUPMTWUATIKR Kl To EUpoc
¢ Kivnong o duowhoyikd opla. EmmAéov Ba efetaoteite pe ebikéc opbomedikéc
KAWIKEC DSoKILOolEc oTov wpo yua va dwadavel edv 0 wWPoC Mapouolalel KAMoLo
nmovo. Edv oac mapouolaoTel Movog 0 MEPLOCOTEPEC amd 2 opbomedikéc KAWIKEC
bokpaoiec TOTE bV PUMOPEITE VO CUUIETACYETE OTNV Epeuva Kal Ba cupfoulevseots
VO ETIOKEDTEITE EVA YIATPO YLO ETILON N LUOOKEAETIKN SLayvwan.

Metad amod autoe Ba ocac IntnBel va koabicete o éva ebKO Unyavnpo ToU
OVOUAIETOL LOOKIVNTIKO SduvapopeTpo omou Ba eKTEAECETE KIWVHOELC OTOV WO OOC
Kot To dvvapduetpo Bo kotaypdest kamoleg yovieg oto gvpog kivinons. AkoholBuwc,
Ba petpnBel n WWOGEKTIKOTATA Twv 4GVw GKPWY OdC TIAVW OTO0 LOOKIWNTIKO
HSUVAUETPO. ITO LOOKWVNTIKO SuvapopeTpo adol mpwTta PeTpnBel To eUpoc KIvhOnCg
Tou wpou PeTd Ba aflohoynBeite we mpog TNV IKAVOTNTA ooac va avThappAaveoTte e
KAELOTO PATIA i CUYKEKPLUEVH ywvia TomoBétnong tne dpbpwonc Tou wpou, TV

(Evrvmo EEBKO03)




LKOVOTNTA O0¢ OTO Mogo ypryopa oawobdaveote Tnv évapin plac mabnuikic kivnoncg
TOU WHOU Kl OTo TOo0 ypnyopd avilbpouv Kol EVEPYOTIOWOUVTAL OL JUEC TOU WioU
oac yww vo gpevdpouv pia cuykekplpevrn kivnon mou Ba sival amotédecpa
madnTiknc Kivnonc amd To 0OoKWNTIKO Suvapodpetpo. Autéc ol petprioslc Ba
npayuatonownBouvy g eodg  Svo  dopec. OL mpwiec  peTpnoslg  Ba
npaypartonownfouv edocov elo0oTE EEKOUPOOTOC KoL OL OEUTEPEC WUETPNOELC
OUECWE UETA Ao Wi doknon movu Oa KAVETE OTO IGOKIWVITIKO duvapopeTpo mou Ba
EXEL WC OTOYO VI TIPOKAAECEL KOTIW O O EMAEYEVOUC HUUEC Tou wpou. O Adyoc mou
YIVETAL auTO ilval ya va peletnfel Katd mooo n KOMwaon EMAESYUEVWY LUWV ToU
WHoU pmopel va emnpedcel v Wbodektkétnta tou wpou. H doknon mou Ba
EKTEAECETE OTO LOOKWITIKO duvaMOpeTpo Ba mpayuaTtomolnBel oTto pYn EMIKPUTES
dvw 4akpo AOyw EUKOAOTEPNC MPOKANONC MUIKAC Komwonc. Apyikd Ba coac doBouv
obnyilec va ekteAécete ywn 10 Asmtd mpoBéppavon (push ups kol duvapukig
SaTaoelc Tou dvw akpou) PE okomo Tnv mpoAndin omolwudnMoTE TPAUUATIOLOU
katd tn dudpkela tne napépfacnc. Metd ano tnv mpoBéppavon Ba kabiocete fava
OTO LOOKWITIKO duvapopetpo Ba cac dobouv obnyiec oyetka pe v opbotepn
EKTEAECT TNC AOKNONC.

Asnropépeieg NG ¥PNUATOOOTNGNS TOV EPEVVITIKOD TPOYPAUNATOS

To apov EPEUVNTLKO TIpOYpapa v ¥pnuatodoTeital.

Asmtopépeieg omotovonmote kivovvay mov mbuvév va vrdpovv 1) Talommpia Tov
TUyOV B VTOGTOVV 01 GUUUETEYOVTES GTO TPOYPULLLLLL.

Katd tnv Sudpkela twv petprioswv dev Ba umdplel kamown TaAdumwpld yuo 0ac.
Aoyw Tne doknorng mou Ba kAnOsite va ekTEAECETE OTO LOOKWVITIKO UTIGpPYEL Ml
pikpr mBavotnTa LETA Vo VIWOETE PUIKO TIOVO QUECTWE JLETA 1 LETA amo Alyec wpeg
o omoloc eival duowloykd emakohouBo Aoyw TNC QOKNONG KOl £Vl JLKPRC
duapkelac kol efadaviletal peTd amo Aiyo ywpic va dnovpyel 1blaitepn evoyAnon
otov ackoupevo. Emiong umdpyel mbavotnta va viwoete eva dhldo siboc puikou
movou mou ovoudletal kaBuotepnuévoc PUIKOC Tovoc o omoiog yapaktnpiletal ano
TOVO KOL TILACLUO TWV AOKOUPEVIV PUWY META amo 24 — 72 wpeg PeTd To TEAOC TG
doknong. Emeldn opwce Ba vmapysl éva meplBwplo 2 efbopddwv pexpl va £pbete
favd va petpnBeite auTog 0 HUIKOC TTOVOC AVOPEVETAL Vil EEQdOVIOTEL ETA amo 5-7




NHEPEG.

Asmropépeisg yuo To mOES TANpOoYOpiss ko T1 vAKS Ba cuAleyei oTo TAaiclo TOL
mpoypdunatog, mowog/moor Bo Eyovv mpocPoctn cE ovTd kol Yo WOGO YPovikd

oo TN,

OvmAnpodopiec mou Oa cuAAéCou e HETA amo Tnv cuykataBeon ooc Ba adopouv to
dbuho, Pdapoc, Ulog oac, n ASITOUPYIKOTNTA TOU WHOU PETW ELSIKOU
EpwTNUatoloyiov Kal Ta anmoTeAéopata Twv dtadopwy petpriocewy mou Ba adopovv
TIC YWVIEC KIVNONC Tou wpou, TNV BodEKTIKOTNTA TOU WOU KL TNV doknorn mou Ba
EKTEAECETE TMOU Ba £xEL W OTOXO TNV TIPOKANGCH TNC LUIKAC KOTIWON G

DAec autec ot mAnpodopiec Ba elval ywwoTeg povo os eodg kal Toug 4 umeuBuvouc.
EPEUVNTEC TNC CUYKEKPLUEVNC Epeuvac. Ot mAnpodopiec autéc Ba kpatnbouv yia éva
XPOVIKO HLGOTNUO TPLWV YPOoviov yiId okomoug avaiuonc twv dedopévwy Kal petd Ba
KATOOTpEdoVTaL
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OIIOY IZXYEIL MEAAONTIKH AITOOHKEYXH KAI XPHYXH BIOAOIT'TKQN
AEITMATON KAI ITPOZQIITKON AEAOMENQN:

[Mopokohobe CUEDOTE KU1 VIIOYPAWTE EITE APLOTEPQ EITE OECIA

Extog oamdé tovg okomoug Tov mapdviog | Extog amd Tovg okomovs TG MUpoLcHs
MPOYPANNATOS oV Do O1opKECEL .. Ypdvia | nehETng mov Ba OwpKEGEL . ypoVId
Amodéyopar [ | dnoc: Agv amodéyopm [ | odmoc:
Ymoypogn: Ymoypogn:

ta Proioyixd pov deiyuata (mapeiaxd emypicpotd 1] odito | DNA) kot yevenikd 6edopéva

LLov oL B QuAdooovVTo oTO
va pmopouvy v
Kpotnovv TEPUY TOV .. YPOVEOV KU1 v yprciuomoibovy 62 nehloviiKeS NEAETES

apod TphTe eykpifel kdn tétoto and v Ebvik) Emtpomy Bionbikrg Kimpov (EEBK)
HETG omd oyeTkd aitnue avovémnong npog v EEBK amd tov vasvbuovo gpsvuvnmy tov
mapovrog mpoypaupotos. KotohoPaive 6m B2note spmotevtikdémrog Ba woyvovv
MAVIOTE.

L& mepintmon mov avaxoivebovv véeg mAnpogopiss Tov empealovy Gueca TV vYEiD oag
Ba BElate va mhnpogopn beite;

NAI OXI AEN MIIOPQ NA ATIOPAZIZEQ TQPA, NA FPQTHOLQ EFK
NEOY E©QOZON YTIAPEEI ANATKH

]

Aentopépeiec o o mowx dedouéva Bo mpokhyoLy Yio CUS OTH MAUICIE TOU MPOYPAUNATOS
Ko morog/motot Ba Eyovv mpdécfacn o ovTd Kut Yo TGO Ypovikd SdoTnua.

Ta &dsdopéva mou Ba mpokUlouv amo TNV CUYKEKPLUEVN £peuva Ba elval kAT TMOGo n
MPOKANGH KOTIWGNEC 0ToV WO emnpedlst v 1608 eKTIKGTNTH ToU wou. Movo eosic koL oL 4
umtevBuvol gpeuvnTéc Ba éyouv Mpoofacn OTo AMOTEAECUATO TWV UETPRCEWY yia Wia
mneplodo TpLUWY ¥POVWwY OTIOU PETH A0 AUTO TO XpovIKo dudotnua Ba kataoTpedovTal.
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Avouevopuevo 6QeLOS VIOl TOVS CUUUETEOVTES

Me mv oloxAfpoon tev petprceev o vrevbovog epevvitie Ttehog Xatlnodppoeg bo cug
EVIIEPAGCEL VIOl TN OTUOVTIKOTNTA TNS 1000EKTIKOTNTOS KOl TS CYETILETHL auTh pE TNV
mpoéxAnon abinnkdy tpovpaticpudy. Emmiéov Boa cag Osiler O1Gpopes 0OKNGES OTOV GO
OV GTOYEvOLY OTNY evioyvon TG wodektikdémTag. Emiong fo cog evnuepdost oyeTikd pe
™V puikh k0neon kol Tog aut oyetiletor pe TV TPoxANcn afANTIKOV TPULLATIGHGV.
‘Oocov agopd 11 poikt] kémwmon o vrevbovog epsvvntig Ba cog ddoer cupfovies yia TpdTOLS
OVTILETOMGNS TS KOTOONS Y10 VU AToPUYETE HEALOVTIKODS 0OANTIKOVS TPRVUUTIGLOVS.

Avouevopuevo GQelog Yo EPELVITES /Kot ¥PNIATO0OTES

H cuyvkekpllevh gpeuva £xel WBLaiTepn KAWLK onpaoia adol Ba dwadavel edv n mpokinon
HUiKAC KOTIWoNG atov wpo ennpedlel v bodekTIKOTNT Tow wpovu. Ta amoteréoparta Ba
pmopouv va Bonfnoouv oTo CWOTOTEPD OXESLAGUD MPOANTITLKWY MPOYPUUUATWY GGKNTNC
(m.x mepwooTepe; aOKfOel, oL omoleg Ba svioyUouv TNV WOIOOEKTIKOTNTA) Kol oTov
TaKTIKOTEPO £Aeyyo Twv abintwy dcov adopd tnv mMpokAnon puiknc konmwaonc. Emiong, Ba
katavonBel kaAUTEpa n eMIMTWON TLOU EXEL N LUK KOTwWwan ot Aetoupyia pice dpBpwonc.

Aemtopgpeieg cuvBnkoV TEPLATIONOD T TPO®PTS O1UKOTIS TOV EPELVI|TIKOD TPOYPALUUTOC.

Xopog kol ypoviky] Owdpkewr @Oiolng oOsdouévev Mkl Poloyikédv osyndrov mov Ho
AnoBovv oto Thoiclo Tov TPOYPALHATOS

Emibeto: Ovopa:

Y moypapn: Hpepopnvia:
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Appendix C - Assessment form
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N
u UNIVERSITY of NICOSIA

DAZIH 1

Kdpta guppeTE oVTa

OVOLLOTETIWIVU LLO? tuevererserssnssarasssrsers e sssessassns e srassssas sessne s ves saesessas snsaes sns snssas snnses srs e snssenann sas

[ TS10 (o o P

ElfIkéC EpwTACELS

Epwtnon NAI/OXI
EiyoTe KGMOLo TPAULATICNG OTOV W0 Toug TEAEUTaioUC 6 UAVES;

Kdvarte kdrmow Xewpoupyeio oTov WO,

Aappavete autd To S1AoTNUO OTIOWS TMOTE avakynTK aywyr;

NapouoldieTe MOV OTOV WO,

Exete kammowo veupohoyiko mpofinpo;

EXETE KATTOLO KapSloavamveUoTiKo mpopAnua;

Eixate mdBel oto napeABov efapBpnpa wpou/kdtaypa
wpou/prién otpodikol metdhou/priEn emxeiliov xovbpou;

Exete kamowo mpoPAnpo otov auvyeva (m.y auyevikr puondaBewa);




Pre-Fatigue tests

1)Upper Quarter Y balance test

MAKOE dvis AKPOU [CM): v

Left Right Difference

Medial

Inferolateral

Superolateral

Absolute reach
distance (cm)

Relative reach
distance (%)

Composite
reach distance
(%3)

Absolute reach distance = (reach 1 + reach 2 +reach 3) / 3
Relative reach distance = Absolute reach distance / limb length * 100

Composite reach distance = Sum of the 3 reach directions / 3 times the limb length * 100

2) Athletic Shoulder performance test

ASH test
Right Left
| Position (N)
Y Position (N)
T Position (N)
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PUBpLon lookwvnTikoU AuvapdpeTpou

Scale or Position

Setting

Right

Left

Chair rotation scale

Chair-Back angle

Chair-Seat position

Dyna Tilt Scale

70°

Dyna Height Scale

Black

Teal

Dyna Rotation Scale

30°

Bripara oto LooKwnTIKG SUVOHOUETPO:

1) Patient, new Kal KaTaywpw cToLyEla

2) Test: Shoulder standing IR:ER

3) Single set: Inuswwvw Dyna tilt, Dyna rotation kot Dyna Height kol peta nataw ok

4) PuBpilw To avartopiko pndév

5) Metpdw ROM
6) Set ROM

7) Mechanical stops
8) Lock yia weight limb

Assessment of Range of Motion

Movement

Total ROM

25%

50%

75%

Internal Rotation

External Rotation

3) Joint Position Sense

Movement

25%

50%

75%

‘Ecw otpodn

‘E€w otpodn

4) movement detection threshold

Kivhon

Nadnuka

‘Ecw otpodn

‘E€w otpodn




5) AvtavakAaoTiKog ypovog avtibpaong twv é€w otpodwv

TonoBstnon EMG

EMG 1 - OnicBiog S=Atosidnc: Mpnvric B2an, 90° amaywyr wpou pe kapbn aykwva. 2
oaktuda kdtw amo tnv omicBua ywvia Tou akpwpiou

EMG 2 - YnakavBiog: 2 Sdaktuda Katw oomod tnv wpomAatiala akavBa

EMG 3 — 1o Ppaylova TOU LOOKIVATIKOD SUVAUOUETpOU

DELTOID, POSTERIOR

INFRASPINATUS
H - 2 X\““"ﬂ*_ -

(LR LR RTRIATRTEE TN T

e Test
¢ Shoulder mode standing
« Ok

* PRightor Left

+ Single set

Ok

* Anatomical Zero and lock

e Mechanical stops

s Weightlimb

e Resistance band

e [Mardw ok kol psiyeL Bpayiovag
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Post Fatigue tests

Exktédson 10 emavali ewv cUYKEVTPRG CUCSTOANS e PEYLOTH Mpoonabsia

Kivnon

Max Torque

40% of max torque

‘Ecw otpodn

'E€w otpodn

Post Fatigue tests

Left

Right

Difference

Medial

Inferolateral

Superolateral

Absolute reach
distance (cm)

Relative reach
distance (%)

Composite
reach distance
(%)

Athletic shoulder test

Right

Left

| Position (N)

Y Position (N)

T Position (N)

Joint position sense

Movement

25%

50%

75%

‘Eocw otpodn

‘Efw otpodn




Threshold to Detection of Passive Movement

Kivnon Nabnrka

‘Ecw otpodn
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