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1. Introduction

The second edition of the Special Issue titled “Efficiency in Kinesiology: Innovative
approaches in enhancing motor skills for Athletic Performance” has been effectively con-
cluded, significantly enriching the discourse on “efficiency in kinesiology” by presenting
a diverse array of innovative research findings and methodologies aimed at optimizing
athletic performance and motor-skill development (https://www.mdpi.com/2411-5142/8/
3/111, accessed on 28 July 2024).

Research from the last few decades has established a solid foundation for enhancing
athletic performance through various biomotor and technical training and monitoring
methodologies [1–4]. However, the ever-expanding field of sports science incessantly
proposes new methodologies and technologies, as well as their applications, aimed at
evaluating, improving, and predicting motor performance. These innovations attract
attention from academics, practitioners, and the general public alike. Yet, the adoption
of new approaches often outpaces the scientific validation process, resulting in a clash
between popular methods that may lack robust scientific support and validated techniques
which may fail to gain traction in practical settings.

Given the dynamic nature of sports science and the relentless pursuit of improved com-
petitive performance, the development and dissemination of novel scientific approaches
is crucial for both trainers and researchers. A comprehensive understanding of the ad-
vantages and limitations of these methods is essential to effectively evaluate, predict, and
model athletic performance across various levels, from amateur to elite.

The present Special Issue addresses the critical gaps in our knowledge by exploring
innovative approaches to enhancing motor skills and athletic performance. A broad
palette of experimental experiences cover a wide range of sports including weightlifting,
volleyball, sailing, soccer, running, American football, and gymnastics. Each of these
sporting activities present unique challenges, requiring specific training and performance
evaluation methodologies.

By examining multifaceted approaches, this latest collection aims to provide a deeper
understanding on how to optimize athletic training and performance. A total of fifteen
manuscripts were accepted for publication and inclusion in this Special Issue.

2. Overview of Published Articles

This collection of studies presents a comprehensive examination of several aspects of
athletic performance and biomechanics across different sports and activities, highlighting
their critical role in enhancing athletic achievements. The main components of the findings
in this new issue of Efficiency in Kinesiology are described below.

Female volleyball players showed notable adaptations in their jump mechanics when
transitioning from rigid surfaces to sand, leveraging the stretch-shortening cycle for better
performance, underscoring the importance of surface-specific training [5]. Additionally,
in physically active women, reliability in VO2max measurements was high, although
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individual variations necessitate personalized assessments, emphasizing the need for indi-
vidualized training protocols [6]. In the realm of running-related injuries, they were shown
to be more prevalent among those with higher running volumes and performance-driven
motives, indicating the necessity for tailored injury prevention strategies to ensure athletes’
long-term health and performance sustainability [7]. Moreover, high exercise cardiac loads
were found to detrimentally impact running speed and autonomic nervous system recovery
in collegiate football players, stressing the significance of balanced training and recovery
protocols to maintain optimal performance [8]. Furthermore, the cardiac loads of exercise
proved to be a reliable predictor of autonomic nervous system deterioration, aiding in
the prevention of overtraining and highlighting the value of monitoring physiological
loads [9]. Sport-specific training significantly enhanced jump performance in female vol-
leyball players [10], while fitness tests for linear speed were validated as being reliable
for monitoring pubertal soccer players, supporting their use in evaluating and improving
athletic performance [11]. In rhythmic and artistic gymnastics, specialized training con-
tributed to a superior range of motion in joints and muscle strength in prepubertal athletes,
showcasing the benefits of early targeted training on neuromuscular development [12].
The reactive strength index from drop jumps emerged as a strong predictor of weightlifting
performance [13], although unstable load back squats did not significantly improve counter-
movement jump performance, indicating the need for further research in resistance training
methodologies [14]. In addition, self-efficacy was closely linked to squat jump performance,
reflecting the importance of psychological factors in athletic achievements and suggesting
potential areas for intervention [15]. In sailing, performance variables like velocity and
maneuvers made were influenced by wind conditions, with notable gender differences in
maneuver frequency, emphasizing the need for context-specific performance analysis [16].
Dynamic stretching and proprioceptive neuromuscular facilitation were both effective in
enhancing vertical jump height and sprint performance, highlighting effective warm-up
techniques [17]. The “sticking region” in squats revealed biomechanical variations based
on sex and repetitions, crucial for optimizing training regimens. Finally, the isometric peak
torque and rate of torque development provided valuable insights into the neuromuscular
fitness of weightlifters, underscoring their predictive power for performance outcomes and
the importance of monitoring these metrics for improved training results [18]. The only
systematic review of this Special Issue is dedicated to kinesiophobia, a condition marked
by an intense fear of physical movement following an injury, presenting a significant
barrier to rehabilitation. Central to understanding this condition is the Tampa Scale of
Kinesiophobia, a tool to assess the degree of fear and its impact on daily life. These mental
factors not only amplify the fear of movement, but also perpetuate a cycle of inactivity
and psychological distress. By addressing these underlying issues, particularly through
measures that reduce anxiety, bolster self-confidence, and challenge avoidance behaviors,
more effective strategies for managing kinesiophobia and promoting physical recovery can
be developed [19].

These findings collectively highlight the intricate interplay of biomechanics, training,
psychological factors, and environmental conditions in shaping athletic performance,
stressing the significance of a holistic approach to athletic development.

3. Conclusions

Grounded in the research reported above, several potential directions for future study
can establish a proficient and novel framework for the enhancement of athletic performance.
In light of this new editorial, we propose the following directions to continue advancing
the field of sports science.

First, the application of emerging technologies, such as wearable sensors and machine
learning, is a promising avenue to enhance performance evaluation and prediction mod-
els. Wearable sensors can provide real-time data on various performance metrics, while
machine learning algorithms can analyze these data to offer insights and predict future
performance trends.
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Additionally, conducting long-term studies to assess the chronic effects of various
training methodologies and their transferability to real-world sports settings is crucial.
Longitudinal research can reveal the long-term benefits or drawbacks of specific training
regimens, helping to fine-tune practices for sustained athlete development.

Furthermore, developing personalized training regimens based on individual biome-
chanical, physiological, and psycho-cognitive profiles to optimize performance and reduce
injury risk remains essential [20–24]. Personalized programs can adapt to changes in an
athlete’s condition over time, ensuring continuous optimization and safety.

Moreover, another key direction is encouraging collaboration between sports scientists,
coaches, psychologists, and engineers to create holistic training programs that address
all facets of athletic performance. Cross-disciplinary efforts can lead to comprehensive
training solutions that incorporate physical conditioning, mental resilience, and advanced
technological support.

Finally, it is also vital to investigate the impact of early specialization versus diversified
training in young athletes to determine the best practices for long-term athletic develop-
ment. Understanding the balance between specialized and varied training in youths can
guide practices that maximize potential and minimize burnout- or overuse-related injuries.

By addressing these areas, future research can provide valuable insights and practical
applications, ultimately enhancing the effectiveness of training programs and improving
athletic performance across all levels. In particular, it may be worthwhile to promote
umbrella reviews to enhance the breadth and depth of scholarly understanding.

In conclusion, we wish to gratefully acknowledge the essential contributions from all
of the authors, reviewers, and editors toward this Special Issue. Given the great success
of this Special Issue, we have launched a third edition. We believe that this topic has the
potential to propel sports science forward by connecting cutting-edge scientific research
with practical on-field training methods and experiences.

Author Contributions: Conceptualization, methodology, formal analysis, writing—original draft
preparation review and editing, V.S. and D.M. All authors have read and agreed to the published
version of the manuscript.

Conflicts of Interest: The authors declare no conflicts of interest.
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Abstract: Athletes have a high risk of injury. Kinesiophobia is a condition in which an individual
experiences a fear of physical movement and activity after an injury occurs. Our purpose was
to systematically review the literature about Kinesiophobia in athletes. A systematic review was
conducted in February 2023 using PubMed, CINAHL, SPORTDiscus, Web of Science, Cochrane
Library, and Medline. Studies were included if they were peer-reviewed, in English, within the
last 20 years and included athletes who had been injured and tracked Kinesiophobia. Articles were
checked for quality via the modified Downs and Black checklist. Fourteen studies were included
in the review and had an average “fair” quality score. Authors examined Kinesiophobia in injured
athletes with mostly lower-extremity injuries. Kinesiophobia was associated with lower physical
and mental outcomes. Kinesiophobia exists in athletes and can affect both physical and mental
factors. The Tampa Scale of Kinesiophobia (TSK) was the most common tool used to examine Kine-
siophobia. Common mental factors associated with Kinesiophobia include anxiety, low confidence,
and fear avoidance.

Keywords: Tampa Scale of Kinesiophobia; fear of reinjury; fear of movement

1. Introduction

Approximately 8.6 million sports-related injuries occur every year [1]. Sports-related
injury can result not only in physical disability, but may also have psychological impacts [2,3].
Kinesiophobia is a psychological concept that affects the athletic population and can have
a negative impact on rehabilitation progression and return to sport [3]. Kinesiophobia is
defined as an irrational and debilitating fear of physical movement and activity resulting
from feeling vulnerable to painful injury or reinjury [4]. This fear consequently affects
the athlete both physically (e.g., decreased muscular strength, impaired proprioception,
and decreased range of motion) [5–8] and psychologically (e.g., anxiety, depression, and
decreased health-related quality of life) [7–10]. Fear of movement tends to increase pain-
related fear and can be associated with safety-seeking behaviors, such as the avoidance of
certain movements [7].

Authors have previously used the terms Kinesiophobia, fear of movement, and fear
of reinjury interchangeably in previous literature [3,4,11]. For the purpose of this article,
fear of movement and fear of injury are separately, operationally defined in regard to
Kinesiophobia. Previous authors have described a fear of movement as occurring at the
early stage post-injury in which the patient is hesitant to perform a basic movement, such
as walking [3]. Fear of reinjury is commonly used during the later stages of rehabilitation
where the patient is hesitant to participate in functional athletic movements (e.g., cutting) [3].
Fear of reinjury can be triggered in settings in which the athlete was initially injured [3].

Athletes who are experiencing Kinesiophobia are likely to experience reduced physical
function, affecting their ability to progress through rehabilitation programs and their quality
of life [9]. In some cases, Kinesiophobia is reported to negatively affect functional outcomes
because patients may be hesitant to complete triggering rehabilitation exercises, delaying
the recovery process and leading to decreased strength and range of motion [6]. However,
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Kinesiophobia may be overlooked because practitioners may not be aware of the concept
or they may assume the athlete is eager to return to play [4].

The fear avoidance model [7] explains how and why injuries can result in Kinesio-
phobia and other factors, such as chronic pain. When an athlete suffers an injury and
experiences pain, they either have high or low catastrophization, which determines their
fear levels [7]. Low fear levels allow the athlete to interpret the pain as non-threatening,
promoting normal recovery [7]. However, if an athlete perceives the pain as threatening,
likely causing a fear of movement, it can lead to Kinesiophobia [7]. Kinesiophobia can
present in many individuals either post-injury or following surgery, but the length of time
in which Kinesiophobia persists varies across individuals [11–16]. Irrespective of its onset,
Kinesiophobia complicates a full return to participation in sport [11,15,16]. Prior authors
note that less than 50% of athletes return to pre-injury activity levels [14,15,17]. Further-
more, fear of movement and/or fear of reinjury can delay the Return-to-Play (RTP) process
and may negatively impact rehabilitation outcomes. For example, a fear of movement may
lead to decreased muscular strength, increased postural sway, and impaired proprioception,
perpetuating chronic conditions that hinder an athlete’s athletic ability [5,8].

Overall, despite the existence of Kinesiophobia and the negative outcomes associated
with Kinesiophobia, relatively limited literature exists describing the presence of Kinesio-
phobia in athletes and current practices to address Kinesiophobia. This gap in the literature
is problematic because clinicians may not know how to properly rehabilitate and return
athletes who have a fear of movement or reinjury. Additionally, an awareness of Kinesio-
phobia allows the healthcare team to implement objective Kinesiophobia measures into
rehabilitation protocols and ensure the athlete possesses the confidence and psychological
readiness to return to play. Thus, the purpose of this study was to systematically review
the current literature examining Kinesiophobia in injured athletes.

2. Materials and Methods
2.1. Search Strategy and Study Selection

This review was conducted in accordance with the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) guidelines [18]. Six electronic databases
were systematically searched through 25 February 2023, including PubMed, CINAHL,
SPORTDiscus, Web of Science, Cochrane Library, and Medline. Articles were included
if they were published within the last 20 years to ensure the evidence was current and
relevant. The inclusion criteria and exclusion criteria that were applied to this review can
be seen in Table 1, and the search strategy and terms used can be found in Table 2.

Table 1. Inclusion and exclusion criteria in studies examining Kinesiophobia in injured athletes.

Inclusion Criteria Exclusion Criteria

Athletes who have been injured Reviews
Track Kinesiophobia Case studies

Peer-reviewed Conference proceedings
English articles

Published within last 20 years

Table 2. Search strategy and search terms used to examine Kinesiophobia in injured athletes.

Step Search Terms Boolean
Operator PubMed CINAHL

Plus
Sport

Discus
Web of
Science

Cochrane
Library MedLine

1 Kinesiopho * 140 925 439 1459 874 1446
2 Injur * 108,825 368,476 169,496 952,027 71,764 1,417,231
3 athlet * 9353 80,516 397,997 95,466 11,813 111,143
4 Reinjur * 172 1477 579 943 259 1207
5 Fear * 10,450 51,694 10,568 156,481 11,475 122,033
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Table 2. Cont.

Step Search Terms Boolean
Operator PubMed CINAHL

Plus
Sport

Discus
Web of
Science

Cochrane
Library MedLine

6 Moveme * 54,609 96,129 85,431 732,726 39,633 637,703
7 1, 2 AND 7 44 42 47 10 66
8 7, 4 AND 2 12 9 10 4 13
9 5, 6 AND 341 1474 685 5980 915 3695
10 7, 9 AND 2 18 17 17 2 0
11 1, 2, 4, AND, OR 32 216 0 379 144 338
12 11, 5, 6 AND, OR 23 152 0 312 89 235
13 11, 9 AND 14 99 0 229 49 146
14 1, 5, 6, AND, OR 439 2144 973 6885 1590 4697
15 1, 4, 5 AND, OR 157 1062 495 1555 907 1555
16 14, 3 AND 13 981 504 1522 887 1508
17 15, 3 AND 16 1002 471 1506 880 1504
18 1, 3, 2, 4, 9 AND, OR 13 18 17 19 2 20

The asterisk sign indicates a truncation of the word and allows a wildcard search for all the variable endings of
the root word.

2.2. Data Extraction

A two-part screening process was implemented following the initial search. First, two
investigators screened article titles and abstracts to determine whether they were relevant
to the scope of the review. Following, the full text of the articles was examined to determine
inclusion and exclusion eligibility. A third expert reviewer resolved any disagreement or
discrepancy to determine article inclusion and exclusion.

2.3. Methodological Rigor and Study Quality Assessment

The modified Downs and Black (mDB) checklist appraisal tool was used to assess
the methodological rigor and study quality for the chosen articles [19]. This appraisal
tool was designed to assess both randomized and non-randomized studies [19]. The mDB
checklist consisted of 27 questions, separated into 5 categories (reporting, external validity,
internal validity—bias, internal validity—confounding, and power), including how to score
each question [19].

3. Results
3.1. Study Selection

During the initial literature search, 41 studies were screened. A total of 14 studies fit
the inclusion criteria and are included in this review. The overall purpose of the included
articles was to examine the presence of Kinesiophobia in injured athletes or use Kinesiopho-
bia as a patient-reported outcome measure to examine the change over time (see Figure 1
depicting the PRISMA flowchart).
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Figure 1. PRISMA flowchart of studies about Kinesiophobia in injured athletes.

3.2. Methodological Rigor and Study Quality Assessment

About half of the studies in this review were of higher quality (>71.4%). The highest
scores on the MDB checklist were 27/28 and 20/28 [11,16,20–23] (see Table 3). All included
studies directly stated the objective/aim, characteristics of participants, outcome measures,
and main findings. Only two of the included studies described the intervention of inter-
est [20,21]. Most of the studies did not have a treatment or placebo and were rather simply
observing measures over time. Only one study [20] reported possible adverse events. Most
studies reported participants lost to follow-up. External validity was determined to be
overall good quality, with 11/14 studies scoring 3/3 within the category. Scores for internal
validity—bias were mixed, due to subjects and researchers not being blinded in most stud-
ies. Internal validity—confounding results were mixed as well, due to the questions about
randomization not being applicable to most of the included study designs. All but two
studies [24,25] scored 1/1 for the power category. The lowest scores on the mDB checklist
were 13/28 and 14/28 [24,25].
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Table 3. Methodological rigor of studies examining Kinesiophobia in injured athletes using the
modified Downs and Black (mDB) criteria.

Study Reporting External
Validity

Internal
Validity—Bias

Internal Validity—
Confounding Power Total %

Alshahrani 22 [5] 6 3 5 1 1 16 57.1
Bagheri 21 [25] 10 3 7 6 1 27 96.4
Fukano 20 [21] 7 1 5 1 0 14 50.0

Hart 19 [26] 7 0 5 2 1 15 53.6
Houston 14 [22] 8 3 5 3 1 20 71.4
Huang 19 [27] 7 3 3 4 1 18 64.3
Jedvaj 21 [24] 7 3 4 3 1 18 64.3
Kvist 04 [28] 6 3 5 3 1 18 64.3
Ohji 22 [29] 6 1 4 2 0 13 46.4

Paterno 18 [11] 7 3 5 4 1 20 71.4
Reinking 22 [20] 7 3 5 4 1 20 71.4
Slagers 21 [30] 7 3 5 4 1 20 71.4

Theunissen 19 [16] 7 3 5 4 1 20 71.4
Watanabe 23 [23] 6 3 4 2 1 16 57.1

3.3. Participant Characteristics

Participant characteristics are presented in Table 4. The researchers examined Kinesio-
phobia in both males (n = 561) and females (n = 423). The level of sport participation varied
in the 14 studies included in the review. In one study, the authors examined adolescent
athletes [20], three examined high-school and/or collegiate athletes [21–23], one examined
professional athletes [24], two examined recreational athletes [5,25], and seven examined
a combination of levels [11,16,26–30], such as recreational and collegiate athletes. The
athletes played diverse sports, including running [25], football and lacrosse [21], alpine
skiing [24], and various college sports, including baseball, basketball, futsal, gymnastics,
lacrosse, soccer, softball, table tennis, tennis, and track and field [23]. Most studies exam-
ined athletes who had anterior cruciate ligament or other knee injuries [16,24–29], or ankle
injuries [5,21,23,30].

Table 4. Participant characteristics in studies examining Kinesiophobia in injured athletes.

Study Year Training Level Injury Mean Age
(y) Sport Female (n) Male (n) Total (n)

Alshahrani [5] 2022 Recreational Functional Ankle
Instability 23 Not Reported 21 34 55

Bagheri [25] 2021 Recreational Patellofemoral Pain 28.35 Running 33 0 33

Fukano [21] 2020 Collegiate Functional Ankle
Instability 19.45 Football and

Lacrosse 105 79 89

Hart [26] 2019
Athletes
(Various
Levels)

Anterior Cruciate
Ligament 31 Not Reported 42 76 118

Houston [22] 2014 High School
and Collegiate

Acute
Musculoskeletal

Injury (Inability to
Fully Participate in
Sport for at Least 2

Days)

17.9 Not Reported 11 11 22

Huang [27] 2019
Athletes
(Various
Levels)

Anterior Cruciate
Ligament 32.4 Not Reported 81 141 222

Jedvaj [24] 2021 Professional Knee Injury 24 Alpine skiing 22 11 33

Kvist [28] 2004 Athletes
(Various levels)

Anterior Cruciate
Ligament 27 Not Reported 28 34 62
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Table 4. Cont.

Study Year Training Level Injury Mean Age
(y) Sport Female (n) Male (n) Total (n)

Ohji [29] 2022
Athletes
(Various
Levels)

Anterior Cruciate
Ligament 20 Not Reported 13 18 31

Paterno [11] 2018
Athletes
(Various
Levels)

Anterior Cruciate
Ligament 16.2 Not Reported Not

Reported
Not

Reported 40

Reinking [20] 2022 Adolescent Concussion 15.85 Not Reported 24 25 49

Slagers [30] 2021
Athletes
(Various
Levels)

Achilles Tendon
Rupture 42.6 Not Reported 16 34 50

Theunissen [16] 2013
Athletes
(Various
Levels)

Anterior Cruciate
Ligament 30.5 Not Reported 43 59 102

Watanabe [23] 2023 Collegiate Chronic Ankle
Instability 20.5

Badminton,
Baseball,

Basketball, Futsal,
Gymnastics,

Lacrosse, Soccer,
Softball, Table

Tennis, Tennis, and
Track and Field

5 37 42

3.4. Objective Measures of Kinesiophobia

The authors used several tests (see Table 5) and objective physical measures to as-
sess Kinesiophobia (see Table 6) including joint-position sense [5], postural control [5],
strength [11,29], joint laxity [21,29], muscle activity [29], and performance-based func-
tions [11,16,20,26,29,30]. We found that authors commonly use performance-based func-
tions, often via horizontal hops tests for distance (single leg or double leg), side to side
hops, heel raises, and/or by examining peak vertical ground reaction forces. For example,
Alshahrani et al. [5] examined how Kinesiophobia might affect ankle joint-position sense
and found a significant positive correlation with ankle joint-position sense errors both in
dorsiflexion and plantarflexion, as well as with postural control. Ohji et al. examined peak
vertical ground reaction force and found no significant correlations between the vertical
ground reaction force and TSK-11 scores. However, they found that vastus medialis muscle
activity, while landing from a jump, was positively correlated with TSK-11 scores [29].
Finally, Paterno et al. found that patients who had higher TSK-11 scores were more likely
to have a quadricep muscle strength symmetry and a hop limb symmetry lower than
90% [11]. Kinesiophobia had a high correlation with a fear of reinjury [11,21,22,28–30], fear
of movement [5,21,23,26], and confidence levels [16,23,24,26,30] in lower limb movement.
Other objective outcome measures previously used to assess Kinesiophobia include activity
level [11], injury tracking [11], and reliability and validity of the TSK [27].

3.5. Subjective Measures of Kinesiophobia

Kinesiophobia can be measured subjectively using several surveys (see Table 5), in-
cluding the Athlete Fear Avoidance Questionnaire (AFAQ) [21], the Reinjury Anxiety
Inventory (RIAI) [22], the Tampa Scale of Kinesiophobia (TSK) [5,20–22,24–28,30], the
TSK-11 [11,22,23,29], and the TSK-17 [16]. The TSK-17 is the standard scale, consisting
of a 17-item checklist that has statements regarding fear of movement, reinjury, and fear-
avoidance in which participants use a 4-point Likert scale to rate how much they agree or
disagree with each statement [31]. The TSK-11 is a shortened version the TSK-17, consisting
of 11 items rather than 17, and is used more commonly [31].

10



J. Funct. Morphol. Kinesiol. 2024, 9, 78

Table 5. Tests used to assess Kinesiophobia in injured athletes.

Study Year Test

Alshahrani [5] 2022 TSK
Bagheri [25] 2021 TSK
Fukano [21] 2020 AFAQ

Hart [26] 2019 TSK
Houston [22] 2014 TSK-11
Huang [27] 2019 TSK
Jedvaj [24] 2021 TSK
Kvist [28] 2004 TSK
Ohji [29] 2022 TSK-11

Paterno [11] 2018 TSK-11
Reinking [20] 2022 TSK
Slagers [30] 2021 TSK

Theunissen [16] 2019 TSK-17
Watanabe [23] 2023 TSK-11

TSK = Tampa Scale of Kinesiophobia; AFAQ = Athlete Fear Avoidance Questionnaire.

Table 6. Physical measures analyzed examining studies about Kinesiophobia in injured athletes.

Outcome Measure Study Specific Measure; Units

Ankle joint-position sense Alashahrani 22 [5] Dual digital inclinometer, degrees

Postural control Alashahrani 22 [5] Stabilometric force platform, mm squared

Knee symptoms and function Bagheri 21 [25] KOOS-ADLs and KOOS sports activities scale, 0–100

Joint laxity Fukano 20 [21] Ankle arthrometer, degrees

Ohji 22 [29] KT-1000, degrees

Functional instability Fukano 20 [21] Identification of functional ankle instability score, score

Performance-based function

Hart 19 [26] Hops for distance, cm; side to side hops in 30 s, number; cross-over hop
for distance, cm

Ohji 22 [29] SL hop distance, cm; SL jump landing: peak vertical ground reaction
force, N; time to peak force; s

Paterno 18 [11] SL hop for distance, cm; triple hop for distance, cm; triple cross-over
hop for distance, cm; 6 m timed hop, cm; limb symmetry index, %

Slagers 21 [30] SL heel-raise test for endurance; number; SL hop test for distance; cm,
limb symmetry index, %

Reinking 22 [20] Reaction time, ms

Theuniessen 19 [16] IKDC-2000 score, 0–100

Strength

Ohji 22 [29] Biodex system 4 (peak torque)-measured isokinetic knee strength, N

Paterno 18 [11] Biodex isokinetic dynamometer-measured isometric quadricep femoris
strength (peak torque), N

Muscle activity Ohji 22 [29] sEMG, Root Mean Square Activation (%maximum voluntary isometric
contraction)

KOOS = Knee Injury and Osteoarthritis Outcome Score, ADL = Activities of Daily Living, SL = Single Leg;
sEMG = Surface Electromyography.

Nine of the 14 articles only assessed a single measurement of Kinesiophobia using
a survey [5,11,21,23,24,26–29]. The other five articles implemented a repeated measures
design in which participants completed a survey multiple times (two to three) to examine
the change in subjective Kinesiophobia levels over time [16,20,22,25,30]. Pain was also
examined in several studies as an outcome measure, usually via a visual analog scale or
patient-reported outcome measure questionnaires [16,23,25,26,29,30].
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Ten studies examined how Kinesiophobia affected athletes psychologically, specifically
at the time of RTP and beyond [11,16,20–24,26,28,30]. Researchers assessed many differ-
ent psychological outcome measures, including Kinesiophobia [5,16,20,23,29,30], fear of
movement/reinjury [21,22,24–26,28], patient reported fear [11,21,22], coping strategies [25],
confidence [26], and anxiety [22] (see Table 7). Houston et. al, Reinking et al., Slagers et al.,
and Theunissen et al. examined how psychological symptoms of Kinesiophobia changed
over time [16,20,22,30]. Overall, these four studies found that, as the athlete’s physical
symptoms improved over time during rehabilitation, Kinesiophobia and a fear of reinjury
decreased for the majority of participants [16,20,22,30]. Individuals with mild to moderate
musculoskeletal injuries experienced a significant improvement in TSK-11 and RIAI scores
3 weeks post-injury [22]. However, in individuals with an Achilles tendon rupture that
were still psychologically impacted by Kinesiophobia 6 months post-injury, the presence of
symptoms determined the amount of physical activity they were willing to complete [30].
In contrast, post-operative ACL reconstruction (ACLR) surgery patients were found to
have a decreased level of Kinesiophobia 12 months following surgery, with the number
of ACLR patients reporting high levels of Kinesiophobia decreasing by about 61% (92 to
36 patients) [16].

Table 7. Psychological measures analyzed in studies examining Kinesiophobia in injured athletes.

Outcome Measures Study Specific Measure

Kinesiophobia/fear of
movement or reinjury

Alashahrani 22
[5] TSK score in the range of 17–68

Ohji 22 [29] TSK-11 score

Reinking 22 [20] TSK-17 score in the range of 17–68

Slagers 21 [30] TSK score in the range of 17–68

Theuniessen 19
[16] TSK-17 score in the range of 17–68

Watanabe 23 [23] TSK-11 score

Bagheri 21 [25] TSK score

Fukano 20 [21] TSK-17 score in the range of 17–80

Hart 19 [26] TSK score in the range of 17–68

Houston 14 [22] TSK-11 score

Jedvaj 21 [24] TSK-17 score

Kvist 04 [28] TSK score

Coping strategies Bagheri 21 [25] Coping strategies questionnaire—27 items,
categorized into 6 domains scored separately

Injury-related fear
avoidance

Fukano 20 [21] AFAQ score in the range of 10–50

Houston 14 [22] Fear Avoidance Beliefs Questionnaire

Knee confidence Hart 19 [26] (VAS) 0–10 and KOOS quality-of-life subscale

Psychological readiness to
return to sport

Hart 19 [26] ACL Return-to-Sport after Injury Scale, 0–100

Reinjury anxiety Houston 14 [22] Reinjury anxiety inventory, 28 items

Patient-reported fear Paterno 18 [11] TSK-11 score in the range of 11–44
TSK = Tampa Scale of Kinesiophobia; AFAQ = Athlete Fear Avoidance Questionnaire; VAS = Visual Analog Scale;
KOOS = Knee Injury and Osteoarthritis Outcome Score; ACL = Anterior Cruciate Ligament.

Huang et al. examined the validity and reliability of the TSK, specifically the Japanese
TSK (TSK-J), in patients with ACLR, and found good reliability but low validity and respon-
siveness [27]. They suggested that the TSK-J may not the best way to assess psychological
factors in patients with ACL injuries [27]. Other patient-reported outcome measures in-
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clude the visual analog scale (VAS) [32] for pain and the disablement in the physically
active scale (DPAS) [8]. The VAS is used to track patients’ pain progression or compare
pain severity between patients with similar conditions [32]. The VAS can be administered
using numerical rating scales, graphic rating scales, or curvilinear scales, and patients
mark the point on the line that they feel represents their perception of pain [32]. While
the VAS does not explicitly measure Kinesiophobia or fear, it may be a good tool to use in
combination with the TSK for clinicians to track pain alongside fear levels. The DPAS is a
tool that measures the level of disablement in physically active populations [8]. It consists
of 16 items that assesses both physical health and mental health [8]. Higher scores indicate
greater levels of disablement [8].

3.6. Other Measures of Kinesiophobia

Researchers in six studies assessed a one-time measurement of Kinesiophobia and
used those scores, along with other outcome measures, to assess for correlations between
outcome variables [11,21,23,24,26,28]. Fukano et al. compared TSK and AFAQ scores
in individuals with functional ankle instability (FAI) to individuals who had sprained
their ankle previously, but were not diagnosed with functional ankle instability (NFI) [21].
Individuals with FAI had higher TSK scores compared to those without functional ankle
instability [21]. As a result, the authors concluded that the presence of an FAI could be
associated with a higher level of fear of movement and reinjury [21].

Similarly, Watanabe et al. concluded that even a perceived instability with FAI patients
may be related to Kinesiophobia [23]. Kvist et al. reported a weak negative correlation
between the TSK and present pain, but patients who did not return to their pre-injury
activity levels following ACLR had more fear of pain or reinjury [28]. This trend of patients
not returning to their pre-injury activity levels was also observed by Paterno et al. and
Hart et al. [11,26]. Psychological readiness to RTP and knee confidence are two factors that
can determine whether an ACLR athlete is psychologically ready to return to sport or even
perform specific movements, and could contribute to an athlete’s ability to return to their
to pre-injury activity levels [26].

Bagheri et al. conducted a randomized controlled trial on female recreational runners
with patellofemoral pain syndrome (PFPS) to compare treatments of only exercise versus
a combination of exercise and mindfulness [25]. The group that completed the mindful-
ness training, consisting of breathing, meditation, yoga, and stress reduction, reported a
decreased fear of movement following the intervention [25].

4. Discussion
4.1. Primary Findings

The primary findings of this systematic review reveal that Kinesiophobia exists in
athletes both physically and psychologically. The TSK is the most common tool in the
literature to assess subjective accounts of Kinesiophobia. Psychological factors associated
with Kinesiophobia include anxiety, confidence, and fear avoidance.

4.2. Methodological Rigor and Study Quality Assessment

The average score of the studies was 65%, or 18 points, which is a “fair” score [19].
Reporting items within the studies were described in most of the studies, and external
validity was present in all but three studies. Still, given the relatively low sample sizes of
studies in this review, we believe that additional longitudinal examinations are needed
to examine the associations of Kinesiophobia with return-from-injury timelines in injured
athletes. The articles in this review include cross-sectional, prospective cohort, and a
randomized controlled trial. This finding indicates that there is an increasing interest in the
area with researchers examining Kinesiophobia in injured athletes using multiple types of
study designs.
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4.3. Characteristics of Included Studies and Participant Demographics

The range of ages of athletes included in the studies was 15~42 years old. Across
the studies, both male and female athletes were examined across many different levels of
sport. Only one of the studies suggested that females had a higher chance of reporting
higher TSK-11 scores [23], but there were only five females included in that particular study
compared to 37 males. This ratio of females to males in this study made it difficult to make
conclusive statements on the differences in Kinesiophobia levels between sexes. The ma-
jority of the researchers examined Kinesiophobia in athletes with lower-extremity injuries.
Specifically, several authors examined Kinesiophobia in athletes with knee injuries, with
anterior cruciate ligament (ACL) injury being the most common knee injury, supporting the
idea that ACL injury and reconstuction are extensively associated with Kinesiophobia [16].
Several authors also examined Kinesiophobia in athletes with ankle instability, which is
understandable given that a lateral ankle sprain is the most prevalent lower-extremity
musculoskeletal injury in physically active individuals [33].

4.4. Tests Used to Assess Kinesiophobia

The TSK survey was most consistently used to measure Kinesiophobia. Although
Huang et al. [27] indicate that the Japanese version of the TSK (TSK-J) may not the best
way to assess psychological factors for patients with ACL injuries, most other researchers
indicate the TSK as a means to objectively measure Kinesiophobia. We found that the TSK
is the most popular measurement tool to assess Kinesiophobia because it is based on the
fear avoidance model and has been found to be valid and reliable [27,34]. The TSK-11 is
suggested for use with athletes because of its high reliability and satisfactory validity [31],
but it is also a condensed version of the TSK. Thus, it does not take as much time for
completion, increasing compliance. The shortened TSK-11 is also beneficial when athletes
are completing it multiple times.

Other surveys, like the AFAQ, measure injury-related fear avoidance and can be taken
alongside the TSK to provide a comprehensive understanding of any mental barriers an
athlete is facing pertaining to fear of movement or reinjury [21]. Similar to the VAS, the
DPAS may be a useful tool to incorporate alongside the TSK as the scale does not measure
fear levels directly. By using these three surveys in conjunction with one another, clinicians
can understand how the athlete perceives their fear, ability, and pain.

4.5. Physical Measures to Assess Kinesiophobia

Kinesiophobia was found to have negative impacts on strength and postural
control [5,11,29]. Based on this information, there is a chance that an athlete who has
high levels of Kinesiophobia will have resulting functional deficits. This idea can be tied
to the fear avoidance model, where a high catastrophization of pain leading to high anxi-
ety of pain perpetuates a cycle of a fear of movement [7]. This fear causes an avoidance
of movement, which can inhibit the muscles, tendons, and ligaments around the area,
thus leading to muscle atrophy, fibrosis, and functional impairment [5]. As a result, al-
tered motor patterns occur, and can lead to decreased strength and postural control in the
affected area [5].

Kinesiophobia is also associated with diminished performance-based
function [11,16,20,26,29]. Performance-based function, or how well an athlete can per-
form an advanced set of movements, is related to the functional demands of their sport.
Performance-based function aligns with Kinesiophobia more commonly as an athlete is
closer to returning to a sport [3]. High Kinesiophobia and fear of reinjury levels can cause
an athlete to reduce their exposure to physical activities, especially those in which they
can possibly reinjure themselves, leading to a perception of limited function or an actual
decrease in performance-based function [3]. This finding supports the importance for
clinicians to track Kinesiophobia in their athletes to help address it, so that performance
and functional levels do not continue to decrease. If Kinesiophobia is left unaddressed,
everyday functional activities could be affected [9].
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4.6. Limitations and Future Recommendations

We acknowledge some study limitations. First, despite using a comprehensive search
strategy, we recognize that some relevant studies may have been excluded. For exam-
ple, we did not find studies assessing Kinesiophobia for athletes with upper-extremity
injuries, with only one study examining musculoskeletal injuries irrespective of loca-
tion [22]. Additionally, there was an inconsistency in athlete level in the reviewed articles.
Future researchers should assess athletes across levels (e.g., high school, collegiate, and
professional) to understand how Kinesiophobia affects athletes at various levels when
returning to play.

We also note the need for additional research to examine how Kinesiophobia affects
athletes across several sports, since a majority of the included studies (11) did not report
which sport was assessed. The information is needed because Kinesiophobia levels may
vary across sports and athletic activities that involve contact with other players (e.g., soccer
and wrestling) versus non-contact sports (e.g., tennis, and track and field). Therefore, the
results of this review cannot be directly generalized to all types of athletes across levels and
types of sport.

Future researchers should also examine treatment options for Kinesiophobia to identify
the options that are most effective for addressing Kinesiophobia in athletes. It is important
to note that none of the included articles described how effective repeated use over time was
when using the TSK. Furthermore, only one study stated the minimal clinically important
difference with the TSK, which was reported as a score of 4 [16]. However, this was only in
regards to patients with low back pain [16]. Therefore, future researchers should examine
minimal clinically important difference values with the TSK as well. This work can allow
clinicians the opportunity to document meaningful objective measurements during the
return-to-play process.

4.7. Clinical Implications and Applications

The primary clinical implication of the current study is that clinicians should be
aware of the potential presence of Kinesiophobia in athletes post-injury. It is important
for practitioners to monitor Kinesiophobia scores throughout the rehabilitation process
to monitor both psychological and physical recovery in athletes to prevent a decrease in
quality of life during the return-to-play process.

Furthermore, it is important to educate athletes, coaches, and the multidisciplinary
healthcare team caring for the athletes about Kinesiophobia. This education could reduce
the athletes’ anxiety [3], and if all stakeholders (athletes, parents, coaches, and healthcare
practitioners) are educated about Kinesiophobia and the anticipated symptoms, then every-
one supporting the athlete through recovery may be able to recognize and address early
signs of Kinesiophobia that could hinder the injury recovery process. If coaches know how
to recognize Kinesiophobia-related signs that are diminishing an athlete’s performance,
they can communicate that to the athletic trainers and healthcare team. The healthcare
team can then work with the athlete to overcome his/her fear. Likewise, if athletes are
able to recognize and articulate their symptoms of Kinesiophobia, they can communi-
cate their mental and physical barriers that may be inhibiting their optimal performance.
Overall, once practitioners are equipped to recognize the signs of Kinesiophobia, they
can integrate appropriate techniques into treatment strategies to proactively assess and
address Kinesiophobia.

Practitioners can use the TSK as a means to objectively measure Kinesiophobia. The
TSK is currently the only tool that specifically aims to measure Kinesiophobia [31]. The
current review findings indicate that the TSK-11 is the preferred form of the TSK to use
because it has high reliability and high validity compared to other versions [31]. The
shortened TSK-11 also allows multiple administrations to objectively measure psychological
Kinesiophobia feelings throughout the rehabilitation process.

In addition, the whole sports medicine team (e.g., athletic trainers, physical therapists,
physicians, coaches, and others) can create a plan to address Kinesiophobia. This plan can
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include mindfulness or relaxation techniques that could reduce tension and anxiety [3,25].
The team can also work with the athlete to set goals, which provides the athlete with
direction and the ability to visualize the progress that is made during rehabilitation [3].
Graded exposure may also be an effective technique to gradually expose the athlete to
fearful movements to decrease Kinesiophobia levels [3]. Furthermore, appropriate social
support may enhance the athlete’s coping strategies [3]. Implementing education, recog-
nition, assessment, and appropriate plans for athletes with Kinesiophobia will support
athletes in overcoming their fears.

Overall, Kinesiophobia levels should be considered as an essential return-to-play
criteria similar to pain, range of motion, and strength measurements. The current review
provides evidence that there is an increasing amount of interest in the topic of Kinesiophobia
in injured athletes, evidenced by the finding that, in the final included articles, almost all
(13 of 14) of them were conducted within the last 10 years. Clinicians should implement
proper education, recognition, assessment, and plan to help athletes with Kinesiophobia to
overcome the condition. This education about Kinesiophobia can help clinicians, coaches,
and athletes become aware of the condition so they know how to identify who may have
Kinesiophobia, ultimately helping athletes become less fearful and gain confidence when
recovering from an injury.

5. Conclusions

The current findings indicate that Kinesiophobia exists in athletes and can affect both
physical and mental factors. The Tampa Scale of Kinesiophobia is the most common
survey tool used to measure Kinesiophobia. Common psychological factors associated
with Kinesiophobia include anxiety, confidence, and fear avoidance.

Author Contributions: Conceptualization, J.P.A. and M.J.; methodology, J.P.A., K.R.W. and M.J.;
software, J.P.A., K.R.W. and M.J.; validation, J.P.A., K.R.W. and M.J.; formal analysis, J.P.A., M.J.,
K.R.W. and S.V.C.; investigation, J.P.A., K.R.W. and M.J.; resources, J.P.A., M.J., K.R.W. and S.V.C.; data
curation, J.P.A., K.R.W. and M.J.; writing—original draft preparation, J.P.A. and M.J.; writing—review
and editing, J.P.A., M.J., K.R.W. and S.V.C.; visualization, J.P.A. and M.J.; supervision, J.P.A.; project
administration, J.P.A. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author, J.P.A., upon reasonable request.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Sheu, Y.; Chen, L.; Hedegaard, H. Sports- and Recreation-Related Injury Episodes in the United States, 2011–2014. Natl. Health

Stat. Rep. 2016, 99, 1–12.
2. Haraldsdottir, K.; Watson, A.M. Psychosocial Impacts of Sports-Related Injuries in Adolescent Athletes. Curr. Sports Med. Rep.

2021, 20, 104. [CrossRef]
3. Hsu, C.-J.; Meierbachtol, A.; George, S.Z.; Chmielewski, T.L. Fear of Reinjury in Athletes. Sports Health 2017, 9, 162–167. [CrossRef]
4. Stiller-Ostrowski, J.; Granquist, M.D.; Flett, R. Kinesiophobia. Athl. Train. Sports Health Care 2014, 6, 248–251. [CrossRef]
5. Alshahrani, M.S.; Reddy, R.S. Relationship between Kinesiophobia and Ankle Joint Position Sense and Postural Control in

Individuals with Chronic Ankle Instability—A Cross-Sectional Study. Int. J. Environ. Res. Public Health 2022, 19, 2792. [CrossRef]
6. Brown, O.S.; Hu, L.; Demetriou, C.; Smith, T.O.; Hing, C.B. The Effects of Kinesiophobia on Outcome Following Total Knee

Replacement: A Systematic Review. Arch. Orthop. Trauma Surg. 2020, 140, 2057–2070. [CrossRef]
7. Castanho, B.; Cordeiro, N.; Pinheira, V. The-Influence-of-Kinesiophobia-on-Clinical-Practice-in-Physical-Therapy-an-Integrative-

Literature-Review. Int. J. Med. Res. Health Sci. 2021, 10, 78–94.
8. Hoch, J.M.; Druvenga, B.; Ferguson, B.A.; Houston, M.N.; Hoch, M.C. Patient-Reported Outcomes in Male and Female Collegiate

Soccer Players during an Athletic Season. J. Athl. Train. 2015, 50, 930–936. [CrossRef]

16



J. Funct. Morphol. Kinesiol. 2024, 9, 78

9. Cross, S.J.; Gill, D.L.; Brown, P.K.; Reifsteck, E.J. Prior Injury, Health-Related Quality of Life, Disablement, and Physical Activity
in Former Women’s Soccer Players. J. Athl. Train. 2021, 57, 92–98. [CrossRef]

10. Wright, S.; Snyder Valier, A. Health-Related Quality of Life in Former Division II Collegiate Athletes Using the Disablement of
the Physically Active Scale. Athl. Train. Sports Health Care 2021, 13, 85–92. [CrossRef]

11. Paterno, M.V.; Flynn, K.; Thomas, S.; Schmitt, L.C. Self-Reported Fear Predicts Functional Performance and Second ACL Injury
after ACL Reconstruction and Return to Sport: A Pilot Study. Sports Health 2018, 10, 228–233. [CrossRef] [PubMed]

12. Vascellari, A.; Ramponi, C.; Venturin, D.; Ben, G.; Coletti, N. The Relationship between Kinesiophobia and Return to Sport after
Shoulder Surgery for Recurrent Anterior Instability. Joints 2021, 7, 148–154. [CrossRef]

13. Raizah, A.; Alhefzi, A.; Alshubruqi, A.A.M.; Hoban, M.A.M.A.; Ahmad, I.; Ahmad, F. Perceived Kinesiophobia and Its
Association with Return to Sports Activity Following Anterior Cruciate Ligament Reconstruction Surgery: A Cross-Sectional Study.
Int. J. Environ. Res. Public Health 2022, 19, 10776. [CrossRef]

14. Ardern, C.L.; Taylor, N.F.; Feller, J.A.; Whitehead, T.S.; Webster, K.E. Psychological Responses Matter in Returning to Preinjury Level
of Sport after Anterior Cruciate Ligament Reconstruction Surgery. Am. J. Sports Med. 2013, 41, 1549–1558. [CrossRef] [PubMed]

15. Randsborg, P.-H.; Cepeda, N.; Adamec, D.; Rodeo, S.A.; Ranawat, A.; Pearle, A.D. Patient-Reported Outcome, Return to
Sport, and Revision Rates 7–9 Years after Anterior Cruciate Ligament Reconstruction: Results from a Cohort of 2042 Patients.
Am. J. Sports Med. 2022, 50, 423–432. [CrossRef] [PubMed]

16. Theunissen, W.W.E.S.; van der Steen, M.C.; Liu, W.Y.; Janssen, R.P.A. Timing of Anterior Cruciate Ligament Reconstruction and
Preoperative Pain Are Important Predictors for Postoperative Kinesiophobia. Knee Surg. Sports Traumatol. Arthrosc. Off. J. ESSKA
2020, 28, 2502–2510. [CrossRef] [PubMed]

17. Ardern, C.L.; Österberg, A.; Tagesson, S.; Gauffin, H.; Webster, K.E.; Kvist, J. The Impact of Psychological Readiness to Return to
Sport and Recreational Activities after Anterior Cruciate Ligament Reconstruction. Br. J. Sports Med. 2014, 48, 1613–1619. [CrossRef]

18. Page, M.; McKenzie, J.; Bossuyt, P.; Boutron, I.; Hoffmann, T.; Mulrow, C. The PRISMA 2020 Statement: An Updated Guideline
for Reporting Systematic Reviews. BMJ 2021, 1, 71. [CrossRef]

19. Downs, S.H.; Black, N. The Feasibility of Creating a Checklist for the Assessment of the Methodological Quality Both of Randomised
and Non-Randomised Studies of Health Care Interventions. J. Epidemiol. Community Health 1998, 52, 377–384. [CrossRef]

20. Reinking, S.; Seehusen, C.N.; Walker, G.A.; Wilson, J.C.; Howell, D.R. Transitory Kinesiophobia after Sport-Related Concussion
and Its Correlation with Reaction Time. J. Sci. Med. Sport 2022, 25, 20–24. [CrossRef]

21. Fukano, M.; Mineta, S.; Hirose, N. Fear Avoidance Beliefs in College Athletes with a History of Ankle Sprain. Int. J. Sports Med.
2020, 41, 128–133. [CrossRef] [PubMed]

22. Houston, M.N.; Cross, K.M.; Saliba, S.A.; Hertel, J. Injury-Related Fear in Acutely Injured Interscholastic and Intercollegiate
Athletes. Athl. Train. Sports Health Care J. Pract. Clin. 2014, 6, 15–23. [CrossRef]

23. Watanabe, K.; Koshino, Y.; Kawahara, D.; Akimoto, M.; Mishina, M.; Nakagawa, K.; Ishida, T.; Kasahara, S.; Samukawa, M.;
Tohyama, H. Kinesiophobia, Self-Reported Ankle Function, and Sex Are Associated with Perceived Ankle Instability in College
Club Sports Athletes with Chronic Ankle Instability. Phys. Ther. Sport Off. J. Assoc. Chart. Physiother. Sports Med. 2023, 61,
45–50. [CrossRef] [PubMed]

24. Jedvaj, H.; Kiseljak, D.; Olivera, P. Kinesiophobia in Skiers with Knee Injuries. Pol. J. Sport Tour. 2021, 28, 24–29. [CrossRef]
25. Bagheri, S.; Naderi, A.; Mirali, S.; Calmeiro, L.; Brewer, B.W. Adding Mindfulness Practice to Exercise Therapy for Female Recreational

Runners with Patellofemoral Pain: A Randomized Controlled Trial. J. Athl. Train. 2021, 56, 902–911. [CrossRef] [PubMed]
26. Hart, H.F.; Culvenor, A.G.; Guermazi, A.; Crossley, K.M. Worse Knee Confidence, Fear of Movement, Psychological Readiness

to Return-to-Sport and Pain Are Associated with Worse Function after ACL Reconstruction. Phys. Ther. Sport 2020, 41,
1–8. [CrossRef] [PubMed]

27. Huang, H.; Nagao, M.; Arita, H.; Shiozawa, J.; Nishio, H.; Kobayashi, Y.; Kaneko, H.; Nagayama, M.; Saita, Y.; Ishijima, M.;
et al. Reproducibility, Responsiveness and Validation of the Tampa Scale for Kinesiophobia in Patients with ACL Injuries.
Health Qual. Life Outcomes 2019, 17, 150. [CrossRef] [PubMed]

28. Kvist, J.; Ek, A.; Sporrstedt, K.; Good, L. Fear of Re-Injury: A Hindrance for Returning to Sports after Anterior Cruciate Ligament
Reconstruction. Knee Surg. Sports Traumatol. Arthrosc. 2005, 13, 393–397. [CrossRef] [PubMed]

29. Ohji, S.; Aizawa, J.; Hirohata, K.; Ohmi, T.; Mitomo, S.; Koga, H.; Yagishita, K. Association between Landing Biomechanics, Knee
Pain, and Kinesiophobia in Athletes Following Anterior Cruciate Ligament Reconstruction: A Cross-Sectional Study. PM&R 2023,
15, 552–562. [CrossRef]

30. Slagers, A.J.; Dams, O.C.; van Zalinge, S.D.; Geertzen, J.H.; Zwerver, J.; Reininga, I.H.; van den Akker-Scheek, I. Psychological
Factors Change during the Rehabilitation of an Achilles Tendon Rupture: A Multicenter Prospective Cohort Study. Phys. Ther.
2021, 101, pzab226. [CrossRef]

31. Miller, R.; Kori, S.; Todd, D. The Tampa Scale: A Measure of Kinesiophobia. Clin. J. Pain 1991, 7, 51–52. [CrossRef]
32. Delgado, D.A.; Lambert, B.S.; Boutris, N.; McCulloch, P.C.; Robbins, A.B.; Moreno, M.R.; Harris, J.D. Validation of Digital Visual

Analog Scale Pain Scoring With a Traditional Paper-Based Visual Analog Scale in Adults. J. Am. Acad. Orthop. Surg. Glob. Res. Rev.
2018, 2, e088. [CrossRef] [PubMed]

17



J. Funct. Morphol. Kinesiol. 2024, 9, 78

33. Gribble, P.A.; Bleakley, C.M.; Caulfield, B.M.; Docherty, C.L.; Fourchet, F.; Fong, D.T.-P.; Hertel, J.; Hiller, C.E.; Kaminski, T.W.;
McKeon, P.O.; et al. Evidence Review for the 2016 International Ankle Consortium Consensus Statement on the Prevalence,
Impact and Long-Term Consequences of Lateral Ankle Sprains. Br. J. Sports Med. 2016, 50, 1496–1505. [CrossRef] [PubMed]

34. Shastri, M.; Nagarajan, M.; Maheshwari, S. Reliability and Validity of Kannada Version of Tampa Scale of Kinesiophobia
(TSK-KA-11)-a Validation Study. Indian J. Physiother. Occup. Ther. 2022, 16, 15–19. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

18



Citation: Hegdahl Gundersen, A.;

Nygaard Falch, H.; Bao Fredriksen, A.;

Tillaar, R.v.d. The Effect of Sex and

Different Repetition Maximums on

Kinematics and Surface

Electromyography in the Last

Repetition of the Barbell Back Squat. J.

Funct. Morphol. Kinesiol. 2024, 9, 75.

https://doi.org/10.3390/

jfmk9020075

Academic Editor: Diego Minciacchi

Received: 27 March 2024

Revised: 15 April 2024

Accepted: 15 April 2024

Published: 18 April 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of

Functional Morphology 
and Kinesiology

Article

The Effect of Sex and Different Repetition Maximums
on Kinematics and Surface Electromyography in the Last
Repetition of the Barbell Back Squat
Andreas Hegdahl Gundersen, Hallvard Nygaard Falch, Andrea Bao Fredriksen and Roland van den Tillaar *

Department of Sports Sciences, Nord University, 7600 Levanger, Norway;
andreasgundersen78@gmail.com (A.H.G.); falch7@hotmail.com (H.N.F.); andreabaof@hotmail.com (A.B.F.)
* Correspondence: roland.v.tillaar@nord.no

Abstract: During the ascent phase of a maximal barbell back squat after an initial acceleration, a
deceleration region occurs as the result of different biomechanical factors. This is known as the
sticking region. However, whether this region is similar in the last repetition of different repetition
maximums and if sex has an impact on biomechanics of this region are not known. Therefore, this
study investigated the effect of sex (men/women) and repetition maximum (1-, 3-, 6-, and 10RM) on
kinematics and surface electromyography around the sticking region. Twenty-six resistance-trained
individuals comprising 13 men (body mass: 82.2 ± 8.7; age: 23.6 ± 1.9; height: 181.1 ± 6.5) and
13 women (body mass: 63.6 ± 6.6; age: 23.9 ± 4.5; height: 166.0 ± 4.5) participated in the study. The
main findings were that women, in comparison to men, displayed larger trunk lean and lower hip
extension angles in the sticking region, possibly due to different hip/knee extensor strength ratios.
Moreover, an inverse relationship was discovered between repetition range and timing from V0 to
Vmax2, in which lower repetition ranges (1- and 3RM) were shorter in Vmax2 compared to higher
ranges (6- and 10RM). It was concluded that this occurrence is due to more moments of inertia
in lower repetition ranges. Our findings suggest that both sex and repetition range might induce
different requirements during the squat ascent.

Keywords: resistance; angular velocity; strength; sticking region

1. Introduction

The barbell back squat (squat) is a multi-joint resistance exercise incorporated into
training programmes by a wide variety of cohorts, with the aim of enhancing every-
thing from rehabilitation and health benefits to performance in sports, through increas-
ing power, strength, and hypertrophy in the lower extremities [1]. Several studies have
investigated biomechanical limiting factors in the squat among strength-trained individ-
uals [2–8]. Several of those studies have separated the squat ascent into three regions:
pre-sticking region (bottom position: V0—first peak velocity: Vmax1), sticking region
(Vmax1—minimum velocity: Vmin), and post-sticking region (Vmin—second peak velocity:
Vmax2) [5–7]. Larsen, et al. [9] observed that as loads increased, the sticking region occurred
at lower barbell heights with lower hip and knee extension angles. The authors speculated
that the lower sticking region observed with increased barbell load resulted in a disad-
vantageous internal moment arm position for the hip and knee extensors, as the gluteus
maximus and vasti muscles have been reported to decrease their internal moment arm with
increased flexion angles [10,11]. Moreover, two studies also reported a greater forward
trunk lean when sets were taken within 80% of one repetition maximum (1RM), creating a
larger moment arm and therefore increased rotational work at the hip [4,9].

The measurement of 1RM is a popular way of testing maximal strength among multiple
different athletic cohorts because maximum external barbell load lifted for one repetition is
representative of an athlete’s ability to exert force [12]. Strength and hypertrophic responses
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are known to occur at multiple different repetition intervals [13]. The current consensus
is that strength adaptions are maximised when training with heavier loads and lower
per-set repetitions, while hypertrophic adaptions transpire on a larger spectrum of per-set
repetitions but require proximity to muscular failure [13]. Therefore, training both strength
and hypertrophic specifically should result in a sticking region in the final repetitions, as
the literature suggests a sticking region to occur in lifts corresponding to >80% of 1RM [5,6].
However, none of the aforementioned studies have compared biomechanics around the
sticking region directly between different RMs in the squat. In bench press, in the last
repetition of 1-, 3-, 6-, and 10RM, kinematics and surface electromyography (sEMG) were
compared [14], finding mostly similar sEMG and joint kinematics between the conditions,
but higher barbell velocity across two events in 10RM compared to 1RM. The extension
of these findings to the squat is currently unknown, as the squat engages larger muscle
groups, which is known to impose heightened metabolic demands [15]. However, based
upon Henneman’s size principle, muscular excitation should remain similar across different
RMs considering their proximity to failure is equal, as the principle relates the basis for
size-ordered activation of motor units [16].

Biomechanical variations may be complicated further when accounting for differences
between the sexes. Men are found to produce more force per unit of mass, which is on a
populational average due to more muscle mass and less fat mass, thus expressing greater
absolute and relative strength [17–19]. Additionally, greater sex differences in lean upper
body mass compared to lean lower body mass were found [17–19]. When normalised
for body mass, studies consistently find men to generate greater knee extensor torque
than women during maximal effort contractions [20–23], which also seems to apply for
the hip extensors [24–26]. In addition, women possess a knee/hip strength ratio close
to 1, suggesting equal strength in knee and hip extensors [24]. Conversely, men had a
ratio <1, which implies the hip extensors to be stronger relative to the knee extensors [24].
Furthermore, women have been shown to possess heightened strength endurance capacities
at given relative loads [17,27,28]. This occurrence is postulated to arise from an augmented
proportion of type 1 muscle fibres [17], better reliance on fat oxidation [27], lower oxygen
demands attributable to lower muscle mass [27], and reduced work per repetition due to
shorter limbs [29]. The precise mechanistic underpinnings of the observed disparities in
strength endurance remain uncertain, with speculation that such variations may be reliant
upon the specific strength task performed, as sEMG has been found to be similar between
the sexes when normalised for strength [30]. Although several mechanisms could cause
exercise form breakdown [9], similar sEMG and kinematics when comparing men and
women in squats of different RM could indicate similar requirements for lifting through
the sticking region and completing the squat ascent.

Therefore, the purpose of this study was to investigate the impact of four repetition
maximums (1-, 3-, 6-, and 10RM) and sex on kinematics and sEMG amplitude of the
last repetition in the squat. When viewed synergistically, this could provide insight on
form breakdown as sets of different loads reach maximum. Such information could offer
useful inputs in terms of training specificity when individualising training programs for
strength and/or hypertrophy in the squat. Based on Larsen, Kristiansen, Nygaard Falch,
Estifanos Haugen, Fimland and van den Tillaar [9], the Henneman’s size principle, and
Nimphius, et al. [30], it was hypothesised that no difference in sEMG would occur between
neither RM nor sex [16]. Lastly, no kinematic differences were hypothesised between sexes,
but based on Larsen, Kristiansen, Nygaard Falch, Estifanos Haugen, Fimland and van den
Tillaar [9], the timing of different events was expected to be longer in the higher load (1-
and 3RM) sets compared to lower load (6- and 10RM) sets.
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2. Materials and Methods
2.1. Participants

A total of 26 recreationally strength-trained participants comprising both men (n = 13)
and women (n = 13) volunteered to partake in the study (Table 1). Inclusion criteria
stipulated that participants had to manage a squat equivalent to 1.2 × body mass (men)
and 1 × body mass (women), adhering to the technique requirements established by the
International Powerlifting Federation, which requires the femur to be parallel to the floor at
bottom position. Additionally, participants had to declare absence of any injury or illness
which could impede maximum effort. Furthermore, participants were instructed not to
engage in any lower limb exercise and refrain from alcohol >48 h prior to testing. The
risk and benefits of participation were explained both in writing and orally, and written
consent had to be signed before participation. The study was approved by the local ethics
committee and the Norwegian Centre for Research Data (project no. 701688), in conjunction
with the latest alteration of the Helsinki Declaration.

Table 1. Mean age (years), height (cm), and body mass (kg) for men and women.

Sex Age (Years) Height (cm) Body Mass (kg)

Men 23.6 ± 1.9 181.1 ± 6.5 82.2 ± 8.7
Women 23.9 ± 4.5 166.0 ± 4.5 63.6 ± 6.6

2.2. Procedure

To investigate the potential impact of sex and RM (1-, 3-, 6-, and 10RM) on kinematics
and sEMG amplitude around the sticking region in the final repetition, a randomised mixed
repeated-measures design was assessed.

The familiarisation test mirrored the same test protocol as the experimental test,
serving to establish the appropriate load for each repetition range, whereas kinematic and
sEMG data were collected solely during the experimental test session. To enhance ecological
validity and reliability, stance width was standardised to the personal preference of each
participant. The use of lifting aids (e.g., knee sleeves, lifting belt) was prohibited, with the
exception of lifting shoes. Both sessions commenced with a standardised warm-up protocol
squatting at incrementally higher percentages of estimated 1RM (40-, 60, 70, and 80%),
before squatting 1-, 3-, 6-, and 10RM in a randomised order (Figure 1) decided by an online
randomiser (https://www.random.org, accessed on 26 March 2024). The subjects were
not restricted in lifting tempo and used their self-selected tempo, but were not allowed to
remain at lockout for longer than 2 s. To minimise the risk of fatigue-induced performance,
each participant was required to rest for a minimum of five minutes between each set for
both test sessions. The familiarisation test started by acquiring the participant’s preferred
stance width and body height using a measuring tape, before body mass was measured
with a standing scale (Soehnle Professional 7830, standing scale). Squatting depth at the
bottom of the descending phase was defined in accordance with the technique regulations
set by the International Powerlifting Federation, which necessitates the trochanter major to
be inferior to the patella. To ensure reliability, appropriate squatting depth was monitored
using a three-dimensional motion capture system.

For analysis, the squat ascent was separated into four events (bottom position: V0, first
peak velocity: Vmax1, minimum velocity: Vmin, and second peak velocity: Vmax2), which
divided the ascent into three different phases (V0–Vmax1: pre-sticking region, Vmax1–Vmin:
sticking region, and Vmin–Vmax2: post-sticking region, Figure 1) [6].

sEMG data were recorded and analysed using Musclelab v.10.200.90.5095 (Ergotest
Technology, Langesund, Norway). Electrodes sampling at 1000 Hz (Zynex Neurodiag-
nostics, Lone Tree, CO, USA) were lubricated and affixed lengthwise in the presumed
direction of the underlying muscle fibre to the dominant side of 10 different muscles (erec-
tor spinae iliocostalis, gluteus maximus, gluteus medius, semitendinosus, bicep femoris,
vastus lateralis, vastus medialis, rectus femoris, gastrocnemius, and soleus). The placement
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of the different electrodes was conducted according to SENIAM recommendations [31].
Prior to attachment, each participant underwent appropriate shaving and cleansing with
alcohol to reduce interference from hair and dead skin. The root mean square of the un-
processed sEMG signal during the three regions (pre-sticking, sticking, and post-sticking)
was computed by a hardware circuit network (frequency response 20–500 Hz, with a mov-
ing average filter of 100 ms width, securing an overall error rate of ±0.5%). sEMG was
normalised by each individual peak sEMG amplitude during one of the regions of the
last repetition of a repetition maximum and defined as 100%. A linear encoder sampling
at 200 Hz (ET-Enc-02, Ergotest Technology AS, Langesund, Norway) was attached to the
barbell and used to synchronise sEMG data and kinematics data to events and regions.
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Figure 1. Test protocol.

Eight three-dimensional motion capture cameras (Qualisys, Gothenburg, Sweden)
operating at a frequency of 500 Hz were used to track reflective markers for events V0, Vmax1,
Vmin, and Vmax2. The reflective markers (14 mm) were placed on anatomical landmarks
on both sides of the body (acromion, pelvis, iliac crest, posterior superior iliac spine,
trochanter major, the medial and lateral condyle of the knee, medial and lateral malleolus,
sternum, tuber calcanei, and 1st and 5th proximal phalanx), creating a three-dimensional
measurement of each participant. This facilitated the determination of sagittal-plane
kinematics for the hip, knee, and ankle joints, which in an erect standing position were
defined as 180◦ for hip and knee, 90◦ for the ankle, and 0◦ for the trunk. Timing of the
different events and peak joint angular velocities was calculated during the ascending phase.
All kinematic data were transported via C3D files to Visual3D (C-motion, Germantown,
MD, USA) for segment building and subsequent analysis. All joint angles were defined
as the proximal segment relative to the distal segment, except the trunk angle which was
defined as the trunk relative to the laboratory floor.

2.3. Statistical Analysis

Data were expressed as means and standard deviations (SD) per sex and normality
of data were assessed and confirmed using the Shapiro–Wilk test. Differences in anthro-
pometrics and lifted load at the different repetition maximums between the sexes were
assessed with independent sample t-tests. To compare sex differences in joint kinematics,
peak/minimum angular velocity, and timing across different repetition ranges (1-, 3-, 6-,
and 10RM), a 2 (sex: men/women; independent measures) by 4 (event: V0, Vmax1, Vmin,
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and Vmax2; repeated measures) analysis of variance (ANOVA) was assessed. To compare
sEMG amplitude between sexes, a mixed 2 (sex: men/women) by 4 (repetition range: 1-, 3-,
6-, and 10RM) by 3 (region: pre-sticking, sticking, and post-sticking) with repeated mea-
sures was assessed to compare each muscle. Post hoc comparison with a Holm–Bonferroni
correction was conducted when significant differences were observed. The assumption of
sphericity was controlled with Mauchly´s test of sphericity. If the assumption of sphericity
was violated, the Greenhouse–Geisser adjusted p-value was reported. The level of signifi-
cance was set at p < 0.05. Data are reported as means ± standard deviations. Effect size was
evaluated as eta partial squared (ηp

2), whereby 0.01 to 0.06 ηp
2 constitutes a small effect,

0.06 to 0.14 was defined as a medium effect, and 0.14 > ηp
2 was defined as a large effect [32].

The statistical analysis was conducted in IBM SPSS Statistics 27.0 (IBM, Armonk, NY, USA).

3. Results

Women were significantly lighter, shorter, and had a lower absolute and relative
strength across all repetition ranges (Tables 1 and 2).

Table 2. Mean weights (kg) lifted for the different repetition ranges and mean relative strength for
men and women.

Sex 1RM (kg) 3RM (kg) 6RM (kg) 10RM (kg) Relative Strength

Men 100.3 ± 26.9 90.2 ± 25.0 81.8 ± 22.4 74.4 ± 21.4 1.3 ± 0.2
Women 77.8 ± 11.9 69.1 ± 11.3 62.5 ± 8.2 56.6 ± 8.2 1.2 ± 0.1

Significant sex differences were observed in hip extension angles at Vmin and Vmax2,
and in trunk lean at Vmax1, Vmin, and Vmax2 (F ≥ 5.834; p ≤ 0.026; η2 ≥ 0.235). Post hoc
testing revealed that the hip extension angle in men was significantly greater across all
repetition ranges in Vmin and Vmax2 when compared to women. Trunk lean angle in women
was significantly higher across all repetition ranges at Vmax1 and Vmin in comparison to
men (Figure 2A). No significant sex differences were found in knee extension angle and
ankle plantar flexion angle (F ≤ 2.355; p ≥ 0.14; η2 ≤ 0.101, Figure 2C,D).

A significant effect of repetition ranges (men and women together) was observed in
both knee extension angle and ankle plantar flexion angle at Vmin (F ≥ 3.689; p ≤ 0.041;
η2 ≥ 0.154). Post hoc tests revealed that the knee extension angle and ankle plantar flexion
were significantly greater in 6RM compared to 1RM at Vmin (Figure 2C,D). No significant
effect of repetition ranges was found in hip extension angle and trunk lean angle (F ≤ 1.614;
p ≥ 0.196; η2 ≤ 0.078, Figure 2A,B). Furthermore, a significant interaction between repetition
range and sex was observed in the knee extension angle at Vmax2 (F ≥ 5.415; p ≤ 0.021;
η2 ≥ 0.253, Figure 2C).

A significant effect of repetition range on peak knee angular velocity was found
(F = 3.38; p = 0.025; η2 = 0.158). The post hoc test revealed the peak knee angular velocity to
be significantly higher in 3- and 6RM compared to 10RM (Figure 3). No other significant
effect of repetition range on peak angular velocity was observed in any of the other joints
(F ≤ 2.044; p ≥ 0.119; η2 ≤ 0.107). Moreover, no significant differences between sexes
(F ≤ 0.37; p ≥ 0.08; η2 ≤ 0.13, Figure 3) or interaction effects for peak angular velocity were
discovered (F ≤ 1.41; p ≥ 0.247; η2 ≤ 0.06, Figure 3).

A significant effect of repetition range was found on the timing of Vmax2 (F = 9.243;
p < 0.001; η2 = 0.327), in which the timing of Vmax2 in 10RM was significantly shorter
compared to 1- and 3RM. In addition, the timing of Vmax2 in 6RM was shorter in comparison
to 1RM. No significant effects of repetition range were observed in the timing of Vmax1 and
Vmin (F ≤ 3.176; p ≥ 0.07; η2 ≤ 0.137). Lastly, no significant sex differences were discovered
(F ≤ 1.085; p ≥ 0.311; η2 ≤ 0.054, Figure 4).
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A significant effect of repetition range was observed in sEMG amplitude for the vastus
medialis, vastus lateralis, soleus, and gastrocnemius in the post-sticking region, and for the
vastus lateralis in the sticking region (F ≥ 4.019; p ≤ 0.011; η2 ≥ 0.041, Figure 5D). Post hoc
analysis revealed significantly higher sEMG amplitude when comparing 1RM with 10RM at
the post-sticking region in the vastus medialis, vastus lateralis, soleus, and gastrocnemius.
Additionally, the vastus lateralis showed higher sEMG amplitude when comparing 3RM
with 6- and 10RM in the sticking region, and when comparing 3RM with 10RM at the
post-sticking region. No significant effect of repetition range was observed in any of the
other muscles (F ≤ 2.484; p ≥ 0.071; η2 ≤ 0.020, Figure 5). Also, a significant effect of region
was discovered in all muscles (F ≥ 6.382; p ≤ 0.012; η2 ≥ 0.148), except at the erector spinae
(F = 2.676; p = 0.083; η2 = 0024, Figure 5B). In addition, significant interactions between
sex and repetition range were found in the vastus lateralis and gluteus medius (F ≥ 3.168;
p ≤ 0.049; η2 ≥ 0.023, Figure 5B,E). Moreover, significant interactions between sex and
region were discovered at the soleus (F ≥ 3.980; p ≤ 0.0027; η2 ≥ 0.030, Figure 5I). Lastly,
a significant interaction between region, repetition range, and sex was observed for both
the gluteus medius and gluteus maximus (F ≥ 2.341; p ≤ 0.036; η2 ≥ 0.005, Figure 5E,F).
No significant interactions were found in any of the other muscles (F ≤ 2.748; p ≥ 0.078;
η2 ≤ 0.020, Figure 5).
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4. Discussion

The aim of this study was to investigate the effect of different RM ranges (1-, 3-, 6-,
and 10RM) and sex on kinematics and sEMG amplitude around the sticking region in the
final repetition of the squat. The main findings were that in all repetition ranges, women
displayed a larger trunk lean and lower hip extension angle in the sticking region when
compared to men. Furthermore, an inverse relationship between repetition range and
timing from V0 to Vmax2 was found, such that timing was shorter at 6- and 10RM compared
to 1RM, and shorter at 10RM compared to 3RM. Lastly, the lower repetition range (1- and
3RM) displayed higher sEMG amplitude than the higher repetition range (6- and 10RM).

An inverse relationship between repetition range and timing from V0 to Vmax2 was
discovered, in that such timing was shorter for the higher repetition range (6- and 10RM)
compared to the lower repetition range (1- and 3RM). From a biomechanical perspective,
this was expected, as per-set repetitions and barbell load are inversely related; hence, lower
per-set repetition ranges should be influenced by more moments of inertia, resulting in a
slower ascent phase. This was in accordance with what was reported in bench press activity:
significantly higher peak barbell velocities in the sticking region of 10RM compared to
1RM [14]. Conveniently, we observed a difference in timing to Vmax2, which is the event
subsequent to the sticking region. As such, when seen together with the findings from
Larsen, Haugen and van den Tillaar [14], a tendency of velocity discrepancy between loads
might exist in the sticking region. This is logical, as more inertia adds torque to the already
heightened rotational work at the hip during the sticking region [3], which slows down the
hip extension to keep the net hip moment similar.

Women displayed a larger trunk lean and lower hip extension angle in the sticking
region in all repetition ranges when compared to men, which indicates technique differences
between the sexes (Figures 2 and 6).

When normalised for body mass, studies consistently find men to generate greater
knee and hip extensor torque than women during maximal effort contractions [20–26].
Stearns, Keim and Powers [24] found that the hip extensors of men were 44% stronger
than the hip extensors of women, whereas the knee extensors of men were only 28%
stronger than those of women (24). Additionally, women were found to possess a hip/knee
extensor strength ratio close to 1, indicating parity in strength across knee and hip extensors.
Conversely, men demonstrated a ratio <1, signifying a relative strength dominance in hip
extensors compared to the knee extensors [24]. As reported by Larsen, Kristiansen and van
den Tillaar [7], the knee moment contribution decreases in the sticking region, while hip
moment arm and hip moment contribution increase. Also, the gluteus maximus has been
found to be at a mechanical disadvantage to exert force in the sticking region [33]. Thus,
when hip moment contribution increases in the sticking region, hip extensors have been
viewed as a bottleneck in maximal squats [3]. Accordingly, the biomechanical requirements
of the sticking region might disproportionally increase difficulty for lifters with weaker
hip extensors relative to knee extensors. Therefore, as the hip joint is responsible for
extending the hip, and thereby the trunk, slower extension of the hips in the sticking region
could explain why the women of this study squat with increased hip extension angles and
trunk lean in the sticking region. Even with higher peak angular hip and trunk extension
velocities (Figure 2) of women (no significant moderate effect size), due to lower angles
during the sticking region compared to men, these could only partly compensate for this
later in the lift, as shown by similar trunk lean at Vmax2 (Figure 2A). The hip extension
angle is still significantly higher in men, probably because the peak hip extension occurs at
around Vmax2 [34]. However, more research regarding kinematic discrepancies between
the sexes in maximal squats must be conducted in order to draw more concise conclusions.
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There were no significant sEMG findings supporting these kinematic sex differences,
as both hip and knee extensors showed similar sEMG. However, the study used a mixed
design, so sEMG was normalised, with each individual’s peak sEMG amplitude defined
as 100%. As such, comparing peak values between groups is not possible. Consequently,
comparable sEMG only indicates that the timing of excitation is similar between sexes in
the different regions.

It was hypothesised, likewise, that no differences would be found in sEMG activity
between the repetition ranges, as the recruitment of motor units is size ordered. Hence, the
highest threshold motor units would be recruited when the sets reached failure, creating
similar sEMG amplitudes [16]. However, knee extensors (medial and lateral vastus) and
plantar flexors displayed a lower sEMG amplitude at the post-sticking region in 10RM
compared to 1 RM, with the vastus lateralis also reporting a lower sEMG amplitude in 6-
and 10RM compared to 3RM at the sticking and post-sticking regions. Using a fatigue-
inducing protocol, Tesch, et al. [35] found a parallel reduction in sEMG amplitude and
maximum force in the knee extensors as the accumulation of lactic acid increased, possibly
due to changes in action potential in the most acid-labile motor units. Exercise on multiple
large muscle groups is known to increase acute metabolic demands [15], such that when
combined with longer work duration in 10RM (>15 s) compared to 1 RM (<5 s), this may
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have caused higher threshold motor units to fail due to acidosis, which, in turn, reduced
sEMG amplitude in 10RM. Additionally, previous research has observed reduced knee
flexion and increased hip flexion as a high-repetition squat nears failure, making the lift
increasingly hip dominant [36]. As such, knee extensors and ankle plantar flexors may have
experienced heightened ATP depletion during initial repetitions in 10RM conditions [37], as
the squat can be performed with a more knee-dominant technique when perceived effort is
low (which also augments ankle dorsal flexion) [38]. Hence, recruitment of motor units and
therefore sEMG amplitude in 10RM may be modulated by locally fatiguing factors, including
ATP depletion and decreased oxidation associated with longer set duration [39–41].

This study has limitations that should be addressed. Firstly, despite the participants
engaging in sets with varying loads, the consideration of body mass above the knees
was omitted, which holds significance because it contributes to the absolute weight lifted.
Secondly, bar placement was not standardised among participants, so we cannot exclude
the possible influence of high-bar vs. low-bar technique. Thirdly, lifting tempo was not
controlled for, which could influence the results. However, to avoid extra constraints on
the subjects, which would make this study less ecological, it was decided that the lifting
tempo and barbell placement between subjects was not standardised.

5. Conclusions

This study revealed notable variations in squatting technique between the sexes across
all RMs (1-, 3-, 6-, and 10RM), with women exhibiting greater trunk lean and reduced hip
extension angles compared to men in and around the sticking region, possibly due to differ-
ences in hip/knee extensor strength ratios. Additionally, an inverse relationship between
timing to Vmax2 and repetition range was discovered, where timing was lower for lower
repetition ranges (1–3RM) compared to higher repetition ranges (6–10RM), which might
occur as heavier loads are influenced by more moments of inertia. Therefore, based upon
the principle of specificity, sex and repetition range might induce different requirements
during the ascent phase when squatting to volitional failure.
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Abstract: Participating in sports has been shown to promote overall wellness and, at the same time,
reduce health risks. As more people are participating in sports, competitions have increased, and
every aspect of the game has been focused by coaches and athletes in order to improve performance.
One of these aspects is the warm-up session. The purpose of this study was to investigate the
acute effect of a dynamic warm-up versus a proprioceptive neuromuscular facilitation (PNF) warm-
up on the sprint and jump performance of recreationally active men. Thirty (n = 30) males were
randomly assigned to undergo three sessions of different warm-up types, 72 h apart, involving
either proprioceptive neuromuscular facilitation (PNF), dynamic stretching (DS), or no stretching
session (control). The PNF and dynamic modes of stretching improved vertical jump performance,
F (2.58) = 5.49, p = 0.046, to a certain extent (mean + 3.32% vs. control, p = 0.002 for dynamic and
mean + 1.53% vs. control, p = 0.048 for PNF stretching). Dynamic stretching is best used to get a
better vertical jump height. Sprint performance was also increased to a greater extent following the
stretching session, F (2.58) = 5.60, p = 0.01. Sprint time was +1.05% faster vs. the control, with a value of
p = 0.002 after dynamic stretching, while PNF stretching demonstrated a sprint time of +0.35% vs. the
control, with a value of p = 0.049. Dynamic stretching showed a better sprint performance and also
vertical jump height performance in this study. PNF and dynamic stretching prove to be equally
efficacious in flexibility conditioning depending on the type of movement involved. This type of
stretching should be utilized to help preserve or improve the performance output of physical activity,
especially in sprinting and jumping events.

Keywords: stretching; warm-up; strength and conditioning; training protocol

1. Introduction

Stretching prior to exercise is a norm among all athletes and the recreational population.
It is a way for us to prepare our body for physical activity, training, or any sporting event by
improving joint range of motion and muscle elasticity. Doing so can improve physical activ-
ity in terms of performance output and also reduce the chances of injury [1]. Consequently,
it may also result in increased body core temperature in preparation for activities [1,2].
Coaches and athletes often include stretching exercises as a part of their training program
or as a pre-event warm-up activity [3]. Stretching falls under the physical health compo-
nents of flexibility. Flexibility, on the other hand, affects muscular performance [4]. It is
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recommended to do a stretching exercise for a healthy recreational population or athletes
to prevent injury, for rehabilitation, and to increase athletic performance [5]. It was also
suggested that the development of performance in the long term is related to an increase in
stretching ability during activity and the tendency of a muscle to move in a flexible and
less stiff way, which is an ideal condition for a resistance exercise to take place [6].

However, despite all the benefits, certain articles have speculated about the other
proposed benefits stretching has to offer concerning the widespread acceptance and use of
stretching [7–9]. Stretching, especially static or passive stretching, has been found in several
studies to cause a considerable acute decline in various maximal muscle performances,
such as force or power output [2,10–13], vertical jump performance [14,15], and sprinting
performance [16]. These effects have ramifications for athletes who participate in power-
based sports activities that demand strength and power generation, such as gymnastics,
football, and sprinting, prompting some studies to advise avoiding static stretching before
such events.

To overcome this issue, fitness enthusiasts, strength and conditioning coaches, and
sports scientists have turned their attention to forming a combination form of stretching
that could be utilized without a significant decrease in performance output. Various forms
of active or dynamic warm-ups that incorporate movement while stretching have been
designed and applied to prepare athletes during warm-up sessions [17]. Previous studies
have shown that engaging in dynamic stretching exercises can lead to enhancements in
physical activity performance, specifically in areas such as vertical jump performance and
leg extension power [18,19]. Numerous studies also demonstrated an acute increase in
power, sprint, or jump performance after dynamic stretches [20–24]. However, some studies
contradict the idea that dynamic stretching is effective for performance development, such
as by Nelson et al. [13], who found that dynamic stretching reduces the performance output
of knee strength. This shows that a clear verdict on the effect of dynamic stretching has not
been achieved.

Another type of stretching that is commonly used is proprioceptive neuromuscular
facilitation (PNF) stretching. Static stimulation of the stretched muscle is used in PNF to
produce optimal muscular relaxation [25]. Although studies on PNF are limited, there
are interesting studies that have been obtained on the benefits of PNF stretching. PNF
stretching is found to result in faster agility time because PNF has been shown to produce an
increase in musculotendinous unit (MTU) stiffness [26]. An increase in muscular strength
is also observed when PNF is done before sports practice with enough duration and
consistency [27,28], and it also showed positive feedback on vertical jump performance [29].
Regardless, a study also indicated that PNF is shown to decrease performance before
exercise with maximum effort [30–32] and it was also demonstrated to result in a negative
effect when doing an isometric strength test [33].

Despite the acute effect of stretching on sports performance differing between types of
stretching and movement, the PNF technique is considered to be one of the better methods
to be utilized when compared with other stretching techniques, and studies not approving
PNF are very few [34]. Furthermore, a significant portion of prior research has been focused
on static stretching, with limited investigations conducted on the effects of two or more
forms of stretching and their comparative outcomes.

This research endeavor is conducted with the aim of mitigating the persistent variabil-
ity observed in various stretching protocols. This study also aims to add to the literature
a comparison between techniques of stretching and their effects on physical activity per-
formance. So, the purpose of this study is to see the immediate effect of PNF stretching
and dynamic stretching on sprint and vertical jump performance among recreationally
active individuals.
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2. Materials and Methods
2.1. Participants

A total of thirty (n = 30) physically fit and active male individuals were recruited on a
voluntary basis. The participants had an average age of 23.30 ± 3.33 years, a body height of
171.70 ± 2.84 cm, and a body mass of 76.43 ± 6.34 kg. Participants in this study involved
male university students who had various sports backgrounds, whether recreational or
competitive; they are also engaged in leisure-time physical activity at least three times per
week. However, the requirement to be involved in this study does require participants to be
experienced in jumping or sprinting [35,36]. In order to determine the required sample size
for this study, a power analysis was conducted using G*Power software (version 3.1.9.4) for
ANOVA repeated measures, within factors (small to medium effect size of 0.30, p-value of
0.05 and power of 0.80); the analysis revealed that a total sample size of n = 21 was adequate.
Thus, n = 30 participants were recruited in this study, taking into account if any drop out
occurred. They were randomly assigned to one of three experimental conditions, which
included proprioceptive neuromuscular facilitation (PNF), dynamic stretching, and no
stretching protocols. Prior to their involvement in this study, all participants were required
to complete a Physical Activity Readiness Questionnaire (PAR-Q) and provide written
informed permission. All individuals involved in the study were recreational sports players
who engaged in physical activity three times per week. However, none of the participants
had undergone any structured flexibility or strength training. The participants were devoid
of any physical injuries during the assessment period and were given instructions to abstain
from engaging in physically demanding activities for a duration of 24 h before the testing.
The research study was carried out in adherence to the principles outlined in the Declaration
of Helsinki, and the assessment methods were granted approval by the Ethics Committee
for Human Testing at Sultan Idris Education University (Code: 2021-0442-01).

2.2. Study Design

Indicate methods and the purpose of their use: Participants were ready to be tested
on 3 separate days, with at least 72 h between testing days to allow for a full recovery.
Based on previous studies [37,38], duration of 48 to 72 h was recommended recovery
time between sessions that involve plyometric and strength training exercise. Since this
study does not involve heavy exercise, 72 h between testing days should be adequate.
In the first session, the participant was familiarized with all the procedures. During the
familiarization, the participants performed 3 sprint trials and 3 vertical jump trials to reduce
the likelihood of a learning effect during the study [29,39]. On each data collection day,
all the participants are required to complete a 10 min aerobic warm-up at 50 W using
a stationary cycle ergometer [39]. Two (2) minutes of rest were given after the aerobic
warm-up session. Each subject was then randomly assigned to perform 1 of 2 stretching
protocols (i.e., dynamic or PNF) or a no-stretch control condition. The orders of the stretch
protocol conditions were systematically varied for the 30 subjects. This modification was
implemented to mitigate the impact of order effects, enabling every participant to complete
both stretching procedures (Protocol A and Protocol B) as well as the control condition
during the designated testing sessions. After the stretching session, the participant is
required to undergo the vertical jump test and sprint test to measure their performance.
The time period between the vertical jump test and sprint test was 5 min. Figure 1 shows
flowchart for experiment protocol.
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2.3. Experimental Protocols
2.3.1. PNF Stretching Protocols

The PNF stretching technique employed a “contract-relax-agonist-contraction”
approach [40] necessitating the involvement of two individuals and requiring the subject to
assume a supine position. The limb of choice was gradually and passively extended towards
the maximum range of motion. The proprioceptive neuromuscular facilitation (PNF) stretch
is commonly performed on the hamstring, gastrocnemius, gluteus, quadriceps, and hip
flexor muscles. Subsequently, the participant endeavored to elicit maximal activation of
the antagonist muscle groups associated with the favored limb, maintaining the leg in a
fixed position for approximately 10 s. Following a brief 5 s period of rest, the participant
is required to exert maximal activation of the agonist muscle groups. With the aid of the
administrator, the limb is then maneuvered to achieve an enhanced range of motion (ROM)
endpoint. The duration of this posture is 10 s [41,42]. This process is repeated another 2 times
with 30 s of rest given between repetitions. PNF stretching involved in this study is shown in
Table 1, consisting of (1) hamstring stretch, (2) quadricep stretch, (3) groin (butterfly) stretch,
and (4) glute stretch. PNF implementation technique was based on studies from [43].

Table 1. PNF stretching protocol.

Muscle Description

Hamstring stretch

Subject lies on their back with one leg extended and the other
raised towards the ceiling. Assistant supports the raised leg and
provides resistance by gently pushing the raised leg towards the
subject’s face as the subject pushes against the resistance.

Quadricep stretch

Subject in prone position with one leg bent at the knee, bringing
the heel towards the buttocks. Assistant supports the raised foot
and provides resistance by gently pushing the foot towards the
buttocks as the subject pushes against the resistance.

Groin (butterfly) stretch

Subject sits on the floor with the soles of their feet together, knees
bent out to the sides. Assistant provides resistance by gently
pushing the knees towards the ground as the subject pushes
against the resistance.

Glute stretch

Subject in supine position. Assistant assists by gently pushing the
knee of the leg being stretched towards the opposite shoulder
while the other person contracts the glute by pushing the knee
away from the shoulder against the resistance.

2.3.2. Dynamic Stretching Protocol

The dynamic stretch encompasses the engagement and activation of muscles through
the execution of rhythmic movements. The procedure involved the execution of a butt-
kick exercise, wherein the participant repetitively and alternately brought the heel of
each foot towards the buttocks while moving forward, with the objective of performing
the exercise as swiftly as feasible. The procedure also involved the walking heel touch,
where participants walk forward and touch their heel with both hands. The walking squat
exercise involves the individual performing a squat at each stopping point while moving
forward. The proposed exercise regimen includes walking lunges with a rotation, wherein
the participant executes a substantial forward step while simultaneously performing a
horizontal arm rotation. Additionally, the regimen incorporates a stretching exercise known
as the hurdles leg raise, wherein participants ambulate with both hands extended anteriorly,
palms facing downward, and proceed to elevate their extended leg towards the palm. The
aforementioned technique was executed for a duration of 30 s on each occasion, with a total
of 3 repetitions. Additionally, 20 s rest intervals between repetitions were given.
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2.4. Measures

Vertical Jump Test. Participants stand with feet at shoulder width. Start in a standing
position under the vertical jump equipment (Vertec, Sports Imports, Hilliard, OH, USA).
Participants bend their knees and then jump vertically as high as possible, using both
arms and legs to assist in projecting the body upwards. Participants try to reach the
highest point possible on the Vertec equipment. The best of three attempts is recorded. The
reliability of measurements obtained from the Vertec jumping equipment for vertical jump
(VJ) height was assessed using intraclass correlation coefficients (ICCs). The ICC estimates
and their corresponding 95% confidence intervals were calculated for three trials of VJ.
The ICC estimates were as follows: ICC = 0.87, 95% CI = [0.43–0.87] for trial 1; ICC = 0.90,
95% CI = [0.85–0.95] for trial 2; and ICC = 0.92, 95% CI = [0.52–0.79] for trial 3. These results
suggest good-to-excellent reliability [44] of the Vertec jumping equipment for measuring
VJ height across multiple trials.

The 20 m Sprint Test. The experimental procedure entails the execution of a solitary
maximal sprint covering a distance of 20 m, while employing a timing gate (Microgate,
Bolzano, Italy) to accurately measure the duration of the sprint. The height of the timing
gate was set at 1 m from ground due to the fact that the average height of adult male hip is
at that height [45]. The participant assumes a standing split-stance start posture on the start
line, with one foot positioned in front of the other. The position of the front foot is required
to be situated posterior to the starting line. The initial position should be maintained for
a duration of two seconds before commencing, and any swaying motions are prohibited.
On the ‘Go’ signal, the participant must accelerate maximally to the finishing line. The
reliability of sprint timing data obtained from timing gates was assessed using intraclass
correlation coefficients (ICCs). Participants completed three sprint trials, and the timing
data (in seconds) for each trial were recorded. The ICC estimates and standard errors of
measurement (SEM) were calculated. Result of ICC = 0.92, SEM = 0.05 indicates excellent
reliability [44] of the timing gates for measuring sprint times across the three trials.

2.5. Statistical Analysis

Data are reported as means and standard deviations. The assumption of normality was
verified using the Shapiro–Wilk test. A repeated-measure analysis of variance (ANOVA)
was used to compare the effects of different stretching types on sprint and vertical jump
performance. A Bonferonni post-hoc test was applied to make a pairwise comparison
between the data obtained when there was a significant effect detected. The statistical
significance level for analyses was set at p < 0.05.

3. Results

Table 2 shows a test of the within-subject effect for vertical jumps. There is a significant
effect in vertical jump performance among the three types of stretching protocol applied,
F (2.58) = 5.49; p = 0.046, partial eta squared (η2) = 0.05. Table 3 shows the pairwise
comparison for vertical jumps between the three protocols.

In the vertical jump, performance was shown to be better after dynamic stretching
compared to the PNF (p = 0.046) and control (no stretching) group (p = 0.002). PNF
stretching was also shown to be significantly better compared to the control (no stretching)
group (p = 0.048) (Table 4, Figure 2).

Table 2. Test of within-subject effect for vertical jump.

Source Type III Sum of
Square df Mean

Square F Sig. Observed Power

Test Sphericity
Assumed 25.400

2
12.700 5.49 0.046 0.253

Error (test) 58
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Table 3. Pairwise comparison for vertical jump (cm).

(I) Variable (J) Variable Mean
Difference (I–J)

Std.
Error Sig. 95%CI Lower

Bound

95%CI
Upper
Bound

Dynamic PNF 0.700 0.990 0.046 −1.815 3.215

Dynamic Control 1.300 1.009 0.002 −1.265 3.865

PNF Control 0.600 0.338 0.048 −3.215 1.815

Table 4. Acute effects of different stretching conditions on vertical jump performance.

Group Vertical Jump Test (cm)

Dynamic Stretching 40.40 ± 8.89 bc

PNF Stretching 39.70 ± 8.82 c

Control 39.10 ± 8.78 ab

PNF: a significant difference from dynamic stretching; b significant difference from PNF stretching; c significant
difference from control; p < 0.05.
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Figure 2. Acute effects of different stretching conditions on Vertical Jump Performance.

Table 5 shows the test of the within-subject effect for the 20 m sprint. There is a
significant effect in sprint performance among the three types of stretching protocol applied,
F (2.58) = 5.60; p = 0.002, partial eta squared (η2) = 0.06. Table 6 shows the pairwise
comparison for the 20 m sprint between the three protocols.

In the 20 m sprint, performance was shown to be significantly faster after dynamic
stretching compared to PNF (p = 0.002) and no stretching (p = 0.002). On the other hand, PNF
stretching was shown to be better compared to no stretching (p = 0.049). (Table 7, Figure 3).

Table 5. Test of within-subject effect for 20 m sprint (s).

Source Type III Sum of Square df Mean
Square F Sig. Observed

Power

Test Sphericity
Assumed 0.017

2
0.009 5.60 0.002 0.217

Error (test) 58
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Table 6. Pairwise comparison of 20 m sprint.

(I) Variable (J) Variable Mean
Difference (I–J)

Std.
Error Sig.

95%CI
Lower
Bound

95%CI Upper
Bound

Dynamic PNF −0.170 0.016 0.002 −0.057 0.023

Dynamic Control −0.034 0.025 0.002 −0.098 0.030

PNF Control −0.016 0.028 0.049 −0.088 0.056

Table 7. Acute effects of different stretching conditions on 20 m sprint performance.

Group 20 m Sprint Performance (s)

Dynamic Stretching 2.82 ± 0.22 bc

PNF Stretching 2.84 ± 0.23 c

Control 2.85 ± 0.23 ab

PNF: a significant difference from dynamic stretching; b significant difference from PNF stretching; c significant
difference from control; p < 0.05.
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4. Discussion

The adverse effect of static stretching has been reported by several studies; thus,
the implementation of dynamic and other types of stretching should be considered. The
objective of this study was to examine the immediate impact of dynamic stretching, PNF
stretching, and a control condition on the sprint and jump performance of recreational male
individuals. Specifically, the aim was to ascertain whether there are any notable disparities
in performance output and performance comparison when different types of stretching are
employed prior to exercise.

The main findings of the current study were that dynamic stretching and PNF stretch-
ing lead to significant increases in sprint time and also vertical jump height compared to
no stretching. This is in support of previous findings that determined these two types of
stretching help in increasing the performance output of an exercise [1,2] when compared
with no stretching.

When comparing the dynamic and PNF stretch protocols in this study, it is discov-
ered that the dynamic stretching protocols showed a better performance in sprinting time
(p = 0.002) with a difference of 0.71% faster timing than the PNF stretching protocols group.
In sprinting time, 0.02 s is a big difference. Vertical jump showed a 4.40% difference
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(p = 0.046) in height, whereas the group with the dynamic warm-up protocols jumped
higher than those in the PNF group. There is a difference of about 0.7 cm in height. Dy-
namic stretching gives an edge to the dynamic stretching group over the PNF stretching
group. This result is backed by the data from numerous studies, which demonstrated
an acute increase in power, sprint, or jump performance after dynamic stretches [20,24].
Dynamic stretching includes varieties of movements that are then combined with stretch
movement. This type of movement, which incorporated more dynamic movement com-
pared to PNF, can be considered as a warm-up movement by itself, thus bringing together
the positive effect of a warm-up, which impacts core temperature and other temperature-
related changes. Research has demonstrated that elevating muscle temperature leads to
enhanced performance in activities requiring dynamic exertion over short durations [46].

PNF stretching by itself is developed to be a rehabilitation type of stretching and it is
intended to be done on a person recovering from injury; thus, it requires less movement
in its stretching protocol. It is somewhat similar to static stretching, but with assistance
to increase flexibility. More movement protocols in dynamic stretching somewhat have
a two-in-one function, promoting flexibility and elevating muscle temperature through
active movement. An elevated muscle temperature usually occurs from the friction of
intramuscular movement that occurs during exercise. When the muscle temperature is
higher, it results in the increased transmission rate of an impulse, which is responsible for
all our movement in exercise, and this will positively affect the force–velocity relationship,
which is the core of performance output [46,47].

In contrast with the PNF stretching, the isometric contraction of the agonist muscle
during PNF stretching serves as a key mechanism for enhancing flexibility and ROM, which
may help to improve performance [48]. During proprioceptive neuromuscular facilitation
(PNF) stretching, sustained isometric contraction of the stretched agonist muscle stimulates
the neuromuscular spindle, leading to heightened muscle activation. This activation trig-
gers impulses that directly influence the spinal motor neurons innervating the same muscle,
intensifying the isometric contraction. Concurrently, inhibition of the antagonist muscle
occurs, followed by a facilitation of the antagonist’s concentric contraction. The “reversal
of antagonists” method in PNF stretching entails an extended isometric contraction of the
prelengthened agonist, which is believed to release fascia tension, enhancing the muscle’s
capacity to lengthen during subsequent antagonist concentric contractions. If the antagonist
cannot further increase limb displacement, light pressure assists in augmenting the range of
motion. Adjustment of both fascia and spindle to the new lengthened position occurs, with
impulses inhibiting motor neurons to the agonist transmitted via branches. Additionally,
tension elevation triggers impulses from the Golgi tendon organ (GTO), overriding neuro-
muscular spindle impulses, facilitating reflexive muscle relaxation (autogenic inhibition)
and consequent muscle lengthening.

Even though the warm-up session is done before stretching, which resulted in a core
temperature elevation, a study by Alemdaroğlu et al. [43] and Bradley et al. [29] showed that
the sprint time and vertical jump height will return to normal levels after certain minutes
of warming-up due to core temperature decrement. In the PNF condition, 20 m sprint
performance returned to normal levels at 15 min post stretching, while 10 m performance
took 20 min to recover. Bradley et al. [29] also showed a similar result, where the vertical
jump performance returned to control values 15 min after stretching. Taking this into
account, it can be said that the core temperature will gradually go down and this will
affect performance during exercise. With this, dynamic stretching with more movement
is deemed to be more useful in stretching while maintaining the core temperature at an
optimum level for an exercise to produce a better performance output.

A better vertical jump height and faster sprint time when dynamic stretching is used
could probably result from the effect of post-activation potentiation, which is produced
from dynamic stretching [49–51]. The observed outcome is attributed to a temporary en-
hancement in muscular contractile ability subsequent to a deliberate voluntary contraction
performed during the stretching process. In their study, Yamaguchi et al. [18] observed
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a reduction in the time required to reach peak torque and an augmentation in the rate of
torque development subsequent to the implementation of dynamic stretching exercises.
Based on the findings, it was determined that the occurrence of PAP is a possibility.

However, the literature also contains findings regarding compromised performance
subsequent to engaging in dynamic stretching exercises [52–54]. However, it seems that
the effect of the stretch is related and could be attributed to several factors, such as muscle
group, stretching duration, stretching intensity or contraction type, and velocity. Further
research on this needs to be done to add to the literature about all these determinants.

The strengths of the study were the following: comparative analysis of three groups
of subjects, analysis of the impact of dynamic stretching vs. PNF on sprint and vertical
jump performances; and the conception and implementation of two types of preparation
protocols specific to the two types of stretching in the warm-up part. The limitations of the
study were the following: the relatively small number of subjects included in the study, the
non-inclusion of female subjects in the study, and the relatively short duration of the imple-
mentation of the two warm-up stretching protocols. In addition, neither core temperature
nor joint range of motion was measured in this study, which is likely to be a mechanism of
influencing factors on the improvement of jumping and sprinting performance.

5. Conclusions

Based on the aforementioned findings and the present outcomes, it can be concluded
that dynamic stretches exhibit more efficacy compared to PNF stretches when employed
in pre-activity warm-up routines to optimize sprint time and vertical jump height perfor-
mance. There is a suggestion that including dynamic stretching into a pre-event warm-up
routine may provide greater performance advantages compared to proprioceptive neuro-
muscular facilitation (PNF) stretching. Engaging in a brief session of dynamic stretching
can lead to enhanced power output in activities such as vertical jumps and sprinting. This
improvement in muscular power is notably more substantial compared to the effects of
PNF stretching or the absence of stretching altogether. This knowledge may prove particu-
larly valuable for players and coaches engaged in power-oriented sports, such as football
and weightlifting.
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43. Alemdaroğlu, U.; Köklü, Y.; Koz, M. The acute effect of different stretching methods on sprint performance in taekwondo
practitioners. J. Sports Med. Phys. Fit. 2016, 57, 1104–1110. [CrossRef] [PubMed]

44. Koo, T.K.; Li, M.Y. A guideline of selecting and reporting intraclass correlation coefficients for reliability research. J. Chiropr. Med.
2016, 15, 155–163. [CrossRef] [PubMed]

45. Reinhardt, L.; Schwesig, R.; Lauenroth, A.; Schulze, S.; Kurz, E. Enhanced sprint performance analysis in soccer: New insights
from a GPS-based tracking system. PLoS ONE 2019, 14, e0217782. [CrossRef] [PubMed]

46. Bishop, D. Warm up I: Potential mechanisms and the effects of passive warm up on exercise performance. Sports Med. 2003, 33,
439–454. [CrossRef] [PubMed]

47. Badau, D.; Bacarea, A.; Ungur, R.N.; Badau, A.; Martoma, A.M. Biochemical and functional modifications in biathlon athletes at
medium altitude training. Rev. Romana Med. Lab. 2016, 24, 327–335. [CrossRef]

48. Burke, D.G.; Holt, L.E.; Rasmussen, R.; MacKinnon, N.C.; Vossen, J.F.; Pelham, T.W. Effects of hot or cold water immersion and
modified proprioceptive neuromuscular facilitation flexibility exercise on hamstring length. J. Athl. Train. 2001, 36, 16.

49. Hough, P.A.; Ross, E.Z.; Howatson, G. Effects of dynamic and static stretching on vertical jump performance and electromyo-
graphic activity. J. Strength Cond. Res. 2009, 23, 507–512. [CrossRef]

50. Matsuo, S.; Iwata, M.; Miyazaki, M.; Fukaya, T.; Yamanaka, E.; Nagata, K.; Tsuchida, W.; Asai, Y.; Suzuki, S. Acute and Prolonged
Effects of 300 sec of Static, Dynamic, and Combined Stretching on Flexibility and Muscle Force. J. Sports Sci. Med. 2023, 22,
626–636. [CrossRef]

51. Mariscal, S.L.; Garcia, V.S.; Fernández-García, J.C.; de Villarreal, E.S. Acute effects of ballistic vs. passive static stretching involved in a
prematch warm-up on vertical jump and linear sprint performance in soccer players. J. Strength Cond. Res. 2021, 35, 147–153. [CrossRef]

52. Paradisis, G.P.; Pappas, P.T.; Theodorou, A.S.; Zacharogiannis, E.G.; Skordilis, E.K.; Smirniotou, A.S. Effects of static and dynamic
stretching on sprint and jump performance in boys and girls. J. Strength Cond. Res. 2014, 28, 154–160. [CrossRef]

53. Hernandez-Martinez, J.; Ramirez-Campillo, R.; Vera-Assaoka, T.; Castillo-Cerda, M.; Carter-Truillier, B.; Herrera-Valenzuela, T.;
López-Fuenzalida, A.; Nobari, H.; Valdés-Badilla, P. Warm-up stretching exercises and physical performance of youth soccer
players. Front. Physiol. 2023, 14, 1127669. [CrossRef]

54. Sá, M.A.; Neto, G.R.; Costa, P.B.; Gomes, T.M.; Bentes, C.M.; Brown, A.F.; Novaes, J.S. Acute effects of different stretching techniques on
the number of repetitions in a single lower body resistance training session. J. Hum. Kinet. 2015, 45, 177–185. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

42



Citation: Cudicio, A.; Agosti, V.

Beyond Belief: Exploring the

Alignment of Self-Efficacy,

Self-Prediction, Self-Perception, and

Actual Performance Measurement in a

Squat Jump Performance—A Pilot

Study. J. Funct. Morphol. Kinesiol.

2024, 9, 16. https://doi.org/10.3390/

jfmk9010016

Academic Editor: Giuseppe

Musumeci

Received: 10 October 2023

Revised: 21 December 2023

Accepted: 28 December 2023

Published: 3 January 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of

Functional Morphology 
and Kinesiology

Article

Beyond Belief: Exploring the Alignment of Self-Efficacy,
Self-Prediction, Self-Perception, and Actual Performance
Measurement in a Squat Jump Performance—A Pilot Study
Alessandro Cudicio 1,* and Valeria Agosti 2

1 Department of Human and Social Sciences, University of Bergamo, 24129 Bergamo, Italy
2 Department of Humanities, Philosophy and Education, University of Salerno, 84084 Fisciano, Italy;

vaagosti@unisa.it
* Correspondence: alessandro.cudicio@unibs.it; Tel.: +39-030-371-7457

Abstract: It is widely accepted that athletic performance emerges from a complex interaction between
physical and cognitive features. Several studies highlighted self-efficacy (SE) in the cognitive domain
of athletic performance, but no studies have correlated SE with sport-specific tasks. According to
Bandura, this study explored SE and its relationship with self-prediction (SP), self-perception (PSJ),
and actual performance in a squat jump (SJ). Thirty-nine healthy collegiate students were assessed
using an SE questionnaire, an SP measurement tool, and a validated optical system for actual SJ
performance. An SE score and an SE esteem index (SEE) were determined. The alignment between an
individual’s SP of their SJ performance and their SE beliefs was also examined. The data revealed a
significant correlation between SE score and both SJ (r = 0.432; p = 0.006) and SP (r = 0.441; p = 0.005).
Furthermore, disparities among the actual SJ, SP, and SEE were statistically non-significant, implying
a congruence between self-belief and performance. With a deeper understanding of the interaction
between SE, SP, and sport-specific tasks, sports professionals could develop targeted interventions
to enhance athletes’ overall athletic achievements and apply SE as a feature linking physical and
cognitive athletic performance.

Keywords: athletic performance; self-efficacy; self-prediction; self-perception; squat jump

1. Introduction

Athletic performance is the result of a perfect balance among physical, cognitive,
technical, and tactical elements that allow the athlete to achieve successful outcomes [1–3].
In athletic performance and in sport activities, cognitive functions and skills were iden-
tified as features useful to recognize information from the environment and link this to
our background knowledge to better plan, organize, and execute the appropriate motor
behavior [4,5]. An especially interesting and important cognitive feature in organizing
athletic and sport performance is self-efficacy (SE), which refers to an individual’s belief
in their ability to effectively plan and carry out the necessary actions to achieve specific
goals [6]. Indeed, SE is emerging as a psychological skill training tool to influence an
athlete’s performance [7] and sustain and ameliorate sport-specific performance over
time [8,9]. Over the years, several studies have shown a positive correlation between SE
and sport performance where, across various sporting and athletic endeavors, higher SE
tends to be associated with enhanced performance outcomes [10–16]. On the other hand,
Moritz et al. [10] outlined the limitations and perspectives of this relationship contrary to
Bandura’s idea of sport performance, referred to as an achievement that needs specific and
objective (quantitative outcomes) descriptive criteria [6]. In this vein, for SE to be effective
in athletic and sport performance, it should be considered as a qualitative skill that requires
a quantitative outcome [6,10,17]. However, even if the quantitative component of the SE
covers a significant importance in the realm of sport performance, it is also fundamental
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to not consider SE only as the actual performance (outcome) but rather as the judgment
regarding what the individual can accomplish during the actual performance (goal). In
this way, SE could be considered a cognitive feature useful to build subjective performance
consistent with the environmental information and the sport-specific requirements [4,5,18].
To reduce discrepancies between goals and outcomes, Bandura outlined that it is crucial to
introduce the athlete’s own objective self-prediction (SP) of performance in the assessment
measure [6]. Furthermore, to ensure valid and reliable outcomes, SE should be assessed in
a task-specific manner; more specifically, the measures of SE and performance should be
concordant [10]. To ensure this concordance, we chose the squat jump (SJ) as a useful task-
specific performance for our study because it operates as a straightforward and effective
test unaffected by physiological confounders [19].

SJ is a technique of the vertical jump beginning from a static, semi-squatting position
useful in harnessing and releasing the elastic energy stored within the musculotendon
complex, which sheds light on leg power capabilities [20]. SJ is a complex motor skill that
requires complex motor coordination involving multiple joints but also requires perfect
organization of motor behavior between the upper and lower body; no cognitive abilities
are required. The height achieved in the SJ, both for inactive individuals and elite athletes,
is indicative of explosive muscle strength and correlates with performance attributes like
speed, agility, and power [21].

We assumed that shedding light on the intricate interplay between SE, SP, and actual
SJ performance, also using a perceived SJ height (PSJ), could have potential implications
for optimizing training and coaching cognitive strategies in sport science. To the best of
our knowledge, no study has yet explored the nature of the relationship between SE and
sport performance in a task-specific movement.

Designed as a pilot study, the aim of our research was to objectively assess the nature
of the relationship between SE and sport performance in a task-specific movement and to
identify the role of SE as a cognitive feature in sport performance.

2. Materials and Methods
2.1. Participants

A total of 39 healthy college students (27 M; 12 F), without any ongoing or history of
neurological, orthopedic, and cardiac or systemic diseases that could interfere with physical
performance, voluntarily participated during their curricular educational activities. All
participants were assessed by anthropometric measurements with an electronic scale 872TM
and a stadiometer 214TM (SECA, Hamburg, Germany) and physical activity level [22–25]
(see Table 1). To ensure standardization within the group, only physically active individuals
were included in the research. For this purpose, we utilized the IPAQ results to exclude
individuals with a score below 700 MET/min/week [26]. Data were collected in adherence
to all privacy policy procedures, and written informed consent was obtained from all
participants in accordance with the Declaration of Helsinki [27].

Table 1. Demographic and descriptive data (yrs: years; m: male; f: female; kg: kilogram; cm:
centimeters; BMI: body mass index; IPAQ: International Physical Activity Questionnaire; MET-
min/wk: metabolic equivalent task minutes per week; SD: standard deviation).

Subjects
Number

Sex
(f/m)

Age (yrs)
(Mean ±SD)

Weight (kg)
(Mean ± SD)

Height (cm)
(Mean ± SD)

BMI
(Mean ± SD)

IPAQ (MET-min/wk)
(Mean ± SD)

39 12/27 21.7 ± 1.8 70.2 ± 11.2 176 ± 9 22.6 ± 2.7 3797 ± 1979

The sample size for Pearson’s correlation was determined using power analysis con-
ducted in G-POWER (ver. 3.1.9.7, Düsseldorf, Germany) using an alpha of 0.05, a power of
0.90, and a medium effect size (rho = 0.5) for a two-tailed test. Based on the assumptions,
the required minimum sample size was determined to be thirty-seven [28].
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2.2. Experimental Procedure

Before starting, all participants were informed of the study’s objectives and procedures.
Subsequently, all participants underwent an SE, SP, SJ, and PSJ assessment conducted as
follows (study timeline shown in Figure 1):
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Figure 1. Study timeline. Self-efficacy (SE); self-prediction (SP); squat jump (SJ); perceived SJ (PSJ).

SE was assessed, according to Bandura [29], by an 8-item questionnaire using a five-
level Likert scale (Q1–Q8), which was individually administered through Google Forms by
means of their personal devices. The questionnaire was split into two sections. The first
provided a graphic depiction of the correct technique for executing an SJ, consisting of a
6-item five-level Likert scale (Q1–Q6) graded from “not at all confident-1” to “extremely
confident-5”. This aimed to gauge the participants’ confidence in performing an SJ at
a specific height and confidence in their answers (height ranges were sex-specific). The
second consisted of a 2-item five-level Likert scale (Q7), graded from “not good at all
(below the 20th percentile)-1” to “extremely good (above the 80th percentile)-5”, aimed to
grade performance compared to their peers within the study group. The final item (Q8),
a five-level Likert scale graded from “not at all confident-1” to “extremely confident-5”,
aimed to inquire about the participants’ confidence in all their previous responses. To
evaluate questionnaire results, two original SE scores were calculated, as explained in the
subsequent statistical analysis section.

SP and PSJ were assessed by means of a custom-made vertical graduated rod, measured
in centimeters (cm). SP, defined as the participants’ subjective expectancy in jump height
measure, was assessed only before the first jump, asking each participant to predict the
maximum height they could achieve in an SJ by marking it on. PSJ, defined as the participant’s
self-perception in the height measure of the SJ performed, was assessed after each SJ trial,
hence having experienced the execution, asking each participant to evaluate the perceived
SJ height achieved in each performance. For both measurements, participants were asked
to physically mark their predicted and perceived SJ height on the vertical graduated rod,
illustrated in Figure 2, by simply pointing at it, transforming their SP and PSJ in a measurable
(cm) outcome. To ensure both unbiased data collection and an uninfluenced response by
external feedback, only the investigator had access to the gradations on the rod.

SJ performance was measured by means of a validated optical system (Optojump
Microgate, Bolzano, Italy) [30]. After a warm-up that did not involve SJ, each participant
completed three SJ trials, observing a rest period of 5 min between each trial to prevent
fatigue from impacting muscle activation [31]. The protocol for executing the SJ was carried
out following standardized procedures [32]. The height of each SJ trial and the average SJ
height were used for the subsequent statistical analysis.
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the squat jump. On the left, the rod has been graduated to allow the operator to take the measurement;
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2.3. Statistical Analysis

Descriptive and inferential statistical analyses were conducted using the Jamovi for
Windows statistical package (ver. 2.3.23, Sydney, Australia). A type I error rate of 0.05 to
establish statistical significance was applied.

The Shapiro–Wilk test was employed to assess the normality of the distributions of key
variables. The test indicated that the distribution of weight and BMI does not significantly
deviate from normality (p = 0.288 and p = 0.090, respectively). In contrast, height showed
a slight but significant deviation from normality (p = 0.046). Age and IPAQ scores both
exhibited significant departures from a normal distribution (p < 0.001 for both). Data are
shown in Table 1. We applied parametric hypothesis tests even if the population is not
normally distributed. Indeed, it was established that if the sample size is large enough
(n = 30), the central limit theorem comes into effect and creates sampling distributions that
are close to normal [33].

To evaluate the internal consistency of the SE questionnaire, Cronbach’s α and Mc-
Donald’s ω were assessed.

Before conducting repeated measures ANOVA and Pearson’s statistical analysis, we
calculate two SE values and two values showing the discrepancies between SP and SJ and
between PSJ and SJ:

(1) The SE questionnaire score (SE score) was calculated to obtain a unique and compre-
hensive individual SE value. We calculated the value employing the following expression:

SE score = (((t − (Q1 + Q2 + Q3 + Q4 + Q5) + r − Q6 + r − Q7 + r − Q8 + |Q6 −
Q8|) − y)/y) × 100

(1)
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where (t) is a constant representing the maximum obtainable value; (r) is a constant corre-
sponding to the maximum value of an answer; and Q1 to Q5 are questions related to an
individual’s confidence in performing a specific height jump; Q6 reflects the respondent’s
confidence in their answers from Q1 to Q5; Q7 assesses their self-evaluation compared to
peers in the study group (self-reported percentile); Q8 pertains to their overall confidence in
their previous responses; the absolute value of the difference between Q6 and Q8 represents
the distance between the respondent’s confidence in their answers from Q1 to Q5 and their
overall confidence in their previous responses; (y) represents the highest achievable value.
According to this equation, a higher value obtained in the SE score corresponds to subjects
with higher SE.

(2) The SE esteem measure (SEE) was calculated to esteem the SJ height based on
participants’ confidence in performing an SJ at a specific height. We calculated the value
employing the following expression:

SEE = (Q1 + Q2 + Q3 + Q4 + Q5) × (c/r), (2)

where (c) is a constant denoting the maximum value within the range defined by the
answer; (r) is a constant corresponding to the maximum value of an answer; and Q1 to Q5
are questions related to an individual’s confidence in performing a specific height jump.

SEE allows the questionnaire data to be switched to measurable data in cm. A higher
SEE corresponds to subjects with a higher SE jump-specific belief expressed in cm.

(3) The delta total error (DTE) was calculated to identify the error entity between SP
and SJ or between PSJ and SJ. We calculated the value employing the following expression:

DTE = (SP or PSJ) − SJ, (3)

(4) The delta absolute error (DAE) was calculated to identify the absolute error en-
tity between SP and SJ or between PSJ and SJ. We calculated the value employing the
following expression:

DAE = |(SP or PSJ) − SJ|, (4)

The equations and delta values were used in the statistical analysis as follows.
A repeated measures ANOVA was performed to evaluate variations in SJ, SEE, and

SP and variations in SP and PSJ errors among repetitions.
Pearson’s r correlation was performed to investigate the associations between the SE

score and both SP and actual SJ height, between SEE and SJ, between SEE and SP, and to
compare the correlation between the self-reported percentile (Q7) and the SJ percentile.

3. Results

The 8-item SE questionnaire showed sufficient internal consistency and fit (Cronbach’s
α = 0.885; McDonald’s ω = 0.895) for all the items.

The group results of the tests and questionnaires are reported in Table 2.

Table 2. Mean value and standard deviation for squat jump (SJ), self-efficacy score (SE score), self-
efficacy esteem (SEE), self-prediction (SP), self-reported percentile (Q7), squat jump percentile (SJ
percentile), and perceived squat jump (PSJ).

SJ
(cm)

SE Score
(%)

SEE
(cm)

SP
(cm)

Q7
(a.u.)

SJ Percentile
(a.u.)

PSJ
(cm)

36.5 ± 7.23 58.1 ± 10.55 37.5 ± 8.58 36.3 ± 9.7 3.1 ± 0.72 49.34 ± 29.8 36.28 ± 9.87

ANOVA repeated measure analysis showed no statistical differences (p = 0.666;
F (2.76) = 0.409) in the measured values for SJ height, SP, and SEE, as illustrated in Figure 3.
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ANOVA repeated measure analysis showed no significant changes in DTE across
different time points (p = 0.869; F (3.114) = 0.239), as depicted in Figure 4. The DTE
measurements after each SJ exhibited a consistent trend, showing a decrease from the
pre-assessment (PRE) to the first post-assessment (POST 1), further declining to the second
post-assessment (POST 2), and ultimately stabilizing at the last post-assessment (POST 3).
Moreover, when examining DAE values (p = 0.075; F (3.114) = 2.36), illustrated in Figure 5,
a similar pattern emerged. DAE decreased from PRE to POST 1, followed by a further
decline to POST 2, and eventually reaching the lowest point at POST 3. DTE and DAE
means are reported in Table 3.

Table 3. Mean value and standard deviation for delta total error (DTE), delta absolute error (DAE),
and pre-assessment (PRE) and after the first (POST 1), the second (POST 2), and the third (POST 3)
squat jump.
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The coefficient of variation of DAE exhibited a gradual and consistent decrease across
the four evaluations conducted (0.82, 0.71, 0.78, and 0.68).

Pearson’s analysis showed a positive correlation between the self-reported percentile
(Q7) and SJ percentile (r = 0.427; p = 0.007). The SE score exhibited significant correlations
with both the SJ (r = 0.432; p = 0.006) (see Figure 6) and the SP (r = 0.441; p = 0.005) (see
Figure 7). The SEE exhibited significant correlations with both the SJ (r = 0.440; p = 0.005)
and the SP (r = 0.463; p = 0.002).
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4. Discussion

As a pilot study, we presented preliminary findings in studying SE as a cognitive
feature of sport performance. We started from Bandura’s assumptions defining sport
performance as “an objective outcome that must be specified by precise and objective
descriptive indicators and measures that are generally quantitative and typically more
based on results” and SE in sport performance as “a performer’s belief that he or she
can execute a behavior required to produce a certain outcome successfully” [6]. Due to
the quantitative nature of sport performance, SE in sport fields must be contextualized in
coherence and in its relationship with specific skills or tasks [10]. In this line, our study did
not aim to investigate the trainability of SE or SJ but to objectively assess the nature of the
relationship between SE and sport performance in a task-specific movement skill using
original measures, scores, and procedures.

SJ is a fundamental athletic skill employed across a wide array of sports ranging from
individual disciplines to team sports [34]. SJ has been widely shown to be an important
tool in evaluating lower limb power, peripheral fatigue, elastic component compliance,
and biomechanical domains to improve athletic performance. In our study, we used SJ
measurements as an outcome to compare SE, SP, and PSJ.

SE is a cognitive feature widely investigated in sport and training contexts. However,
previous studies highlighted the need for sports research employing the SE construct in
relation to specific self-expectancy outcomes [35–38]. Previous studies also highlighted the
need, in this area of the literature, for a univocal nomenclature required in assuming not
only terminologies but also in defining original indices, measures, and procedures [39].

From these needs, as highlighted in previous studies, in our study, we explored
SE using original scores and procedures in data collection. In detail, SP, PSJ, SE score,
and SEE are values that we linked with actual performance in an SJ in order to better
investigate the link between the motor task and the SE of the motor task. Furthermore,
to obtain these values, we investigated the subjective perception of the motor task using
two original methods of data collection: the first was organizing an 8-item five-level Likert
scale SE questionnaire. We managed the questionnaire in two sections: one aimed to
gauge the participants’ confidence in performing an SJ at a specific height and confidence
in their answers, the subsequent aimed to grade performance compared to their peers
within the study group and also to inquire about the participants’ confidence in all their
previous responses; the second, using a custom-made vertical graduated rod transforming
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subjective SP and PSJ in a measurable (cm) outcome. This method, providing a tangible and
standardized measure, we hypothesized that it might be useful to allow for a more in-depth
understanding of participants’ subjective experiences during the SJ performance and also
ensure consistency in the participants’ responses. This direct involvement of participants
not only added a qualitative dimension to the data but also allowed for a more in-depth
understanding of their subjective experiences during the jumping task. The use of a vertical
graduated rod provided a tangible and standardized measure, ensuring consistency in the
participants’ responses. This detailed method not only captured the participants’ objective
performance but also delved into their perceptions, offering valuable insights into their
self-assessment and confidence levels during the jumping trials.

An intriguing initial finding is that the SJ height, SP, and SEE results have shown
an interesting interplay. As can be seen in Figure 3, these three parameters exhibited
minimal differences. Contrary to expectations, these disparities were revealed to be not
statistically significant, highlighting a compelling aspect of the study’s findings (p = 0.666;
F (2,76) = 0.409). This result suggested that participants’ SJ performance was remarkably
aligned with both their SEE and the SP. This congruence indicated a fascinating harmony
between participants’ beliefs in their abilities (as reflected in SEE) and the objective mea-
surements of their performance. Such coherence between perception and reality not only
underscores the participants’ accurate self-assessment but also raises intriguing questions
about the psychological factors influencing their confidence levels and performance out-
comes. Moreover, this outcome supports the reliability of the method employed in this
and in past [40] experimental setups. Then, it could serve as an encouraging revelation
to include the evaluation of SE and SP during training, thereby enhancing athletes’ self-
awareness of their skills and, consequently, their overall performance.

Then, this study explored the alignment between individuals’ DTA and DAE through-
out multiple repetitions, objectively measured by an optical system, of an SJ execution.
The results of the study did not uncover any significant disparities in DTE or DAE values
over the various sampling times. However, an intriguing trend emerged as the coeffi-
cient of variation of DAE values decreased from the initial assessment to the final one.
This decline in error suggests that with repeated attempts, individuals may enhance the
accuracy of their SPJ assessments, indicating a potential alignment between SPJ and SE
that develops over time. It is conceivable that the extended practice of SPJ over time
could contribute to athletes improving their cognitive perception of their performance.
Moreover, as outlined in previous studies [41,42], implementing a specialized training
protocol like goal-plus-feedback has been proven effective in enhancing SE. This highlights
the importance of urging trainers and professionals in sport and motor sciences to adopt
tailored training practices from an educational point of view [43,44]. Emphasizing the
significance of dedicated attention to improving SE can significantly enhance the overall
training experience and outcomes. There are new needs in sport and skill learning directly
linked with post-cognitive approaches [45]. The study of SE thus understood, which tran-
scends the boundaries of a mechanistic view of the human organism and its movement
organization and aligns with complex systems theory [46,47], allows us to view athletic
and sport performance as an emergent property from the complex interaction between
organism and a variable environment [48,49]. Therefore, the human body plays a central
role in the realm of movement, and the individual is not merely a means of motion but
rather the very essence of the movement itself. In this perspective, the person is not just a
passive entity but an active protagonist, shaping and driving the entire process of physical
activity. As highlighted by Balague and colleagues [50], “The emergence of self-organizing
coordinated movement patterns occurring at all scales and in all types of situations in sport
dilutes the extant boundaries between technique and tactics”.

Furthermore, participants demonstrated the capability to gauge their performance
level within the group. This observation remarked that participants’ self-assessments were
in line with their actual SJ performance, suggesting that they had a realistic understand-
ing of their capabilities compared to peers. This aligns with the observations made by

51



J. Funct. Morphol. Kinesiol. 2024, 9, 16

Bandura [6] and Moritz [10], who emphasize the group’s impact on SE assessment. This
factor could have a significant role in shaping specific training regimens. Athletes looking
to enhance their SE might find it more advantageous to engage in group training or regular
competitive activities rather than pursuing solitary or isolated training methods.

The significant correlations observed between the SE score (as well as SEE) and both
the SJ height and SP height indicate that SE plays a role in an individual’s SJ performance.
Although, in some cases, these interplays could be considered not extremely strong in terms
of correlation strength, p-value < 0.01 and sample power stronger than 90% suggests that
the found relationships are statistically significant and could be considered robust. This
finding aligns with previous research that has demonstrated the influence of SE on various
aspects of performance and achievement [10,11,16]. Athletes with higher SE tend to set
more ambitious goals and exhibit greater determination to persist through rigorous training
regimens. This confidence in their abilities translates into tangible improvements in athletic
performance, as athletes approach competitions with a winning mindset and a belief in their
capacity to excel [51–53]. The present study adds to this body of knowledge by highlighting
the association between SE, SP, and SJ performance, providing further evidence of the
transformative potential of SE in sport settings. The observed correlations between SE and
SJ performance suggest that SE beliefs may serve as a predictor of an individual’s jump
height. To our opinion, this could play a crucial role in sport environments, especially in
competitive and situational sports. This finding is consistent with Bandura’s SE theory,
which posits that individuals with stronger SE beliefs are more likely to engage in activities
that lead to successful outcomes [10,11]. Therefore, assessing and enhancing SE beliefs
could be a valuable strategy for coaches and sport professionals to optimize training
programs and promote better performance outcomes.

The limitations of this study should be acknowledged. The study sample consisted of
healthy young adults who were sport science students, which may limit the generalizability
of the findings to other populations. Future research could include diverse samples with
different age groups and athletic backgrounds to further explore the relationship between
SE, SP, SPJ, and physical performance. Future studies could consider incorporating objective
measures or observational assessments to complement self-report data. Additionally,
the study focused on the SJ as the specific movement of interest. Including other jump
techniques or different movements or skills could offer a more comprehensive and nuanced
understanding of the subject matter.

However, to our knowledge, this is the first study exploring the intricate interplay
between a specific movement, such as SJ, and individuals’ SE, SP, and PSJ throughout
multiple repetitions of SJ execution. Far from the aim to investigate the trainability of SE
or SJ, our study aimed to respond to previous studies’ requests to objectively assess the
nature of the relationship between SE and sport performance in a task-specific movement
skill using original measures, scores, and procedures.

5. Conclusions

As a pilot study, our research was conducted to test the practicality of methods
and procedures for future application in larger-scale studies and to identify potential
effects and associations that merit further exploration in a more extensive subsequent
study [54]. SE was investigated as a cognitive feature useful to recognize information from
the environment and link this to our background knowledge to better plan, organize, and
execute the appropriate motor behavior.

In response to evolving requirements in sports and skill acquisition, it is essential to
shift our focus to measuring and analyzing variables. Traditional methods often concentrate
solely on either the individual or the external environment [55]. However, a more holistic
approach is needed, one that considers the interaction between the athlete and their envi-
ronment. Such a research approach aligns with the principles of post-cognitive theories [45].
These theories emphasize the importance of self-organization in addressing the challenges
and problems encountered in performance tasks. Incorporating these concepts into sports
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training programs can lead to more effective learning designs that enhance the cognitive
abilities of athletes.

Improving the knowledge of athletes’ SE could hold the potential to greatly benefit
training and coaching strategies, ultimately leading to improved performance outcomes.
Additionally, the study’s findings indicate that SP may benefit from repeated assessments
and further training sessions, as evidenced by a decreasing coefficient of variation in error
among the analyzed group. By gaining a deeper understanding of the relationship between
SE, SP, PSJ, and physical performance, coaches and sport professionals could develop
targeted interventions to enhance athletes’ overall athletic achievements and also apply SE
as a feature linking physical and cognitive athletic performance.
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Abstract: The aim of this study was to analyse the variables that determine the performance of the
Optimist class during a regatta in different wind conditions. A total of 203 elite sailors of the Optimist
class (121 boys and 82 girls) participated in the study. According to their ranking in the regatta, the
sample was divided into four performance groups. In a regatta with 11 races, the velocity made good
(VMG), the distance and the manoeuvres were evaluated by means of GNSS equipment in three
different courses. The boys performed a greater number of upwind and running manoeuvres than
the girls. The very-low-level sailors obtained a lower VMG in all the courses analysed compared with
the rest of the groups of sailors of higher levels. Upwind manoeuvres, broad reach and running VMG
were significant variables for establishing differences in performance level when the wind speed
was in a range of 5 to ≤8 knots. When the wind speed was in the >8 to ≤12 knot range, upwind
distance was the key variable in determining performance differences. VMG, upwind and broad
reach distance and broad reach manoeuvres were the most important variables when the wind speed
was in the >12 to 15 knots range. The boys performed more manoeuvres than the girls in the upwind
and running courses.

Keywords: GPS; sailors; sport performance; tactics; elite; GNSS

1. Introduction

Among the different dinghy sailing classes, the Optimist class is part of the monohull
category and is crewed by a single sailor. This class is governed by the class rules and
uses a boat with a weight of 35 kg, a length of 2.36 m, a beam of 1.12 m and a main sail
area of 3.32 m2. In the Optimist class, boys and girls up to the age of 15 years compete
together [1]. This class has been proposed by the International Sailing Federation and
has its own organisation at the international level: The International Optimist Dinghy
Association. In the course racing discipline, the sailors must complete a race in the shortest
time possible, sailing upwind, on a broad reach and running in a course marked by buoys.

Dinghy sailing is a multifaceted sport where performance is determined by numerous
factors, such as morphology, psychological and physical fitness, and technical and tactical
skills [2,3]. Moreover, performance is also influenced by the characteristics of the boat
and the weather conditions [4,5]. The factors that determine performance in a regatta are
technique (speed) and tactics (distance and manoeuvres) [6,7]. The most important variable
in a regatta is the speed of the boat and the velocity made good (VMG) on the windward
and leeward courses [8]. Other studies have shown that elite sailors complete the course
using a shorter distance [9,10]. Where manoeuvres are concerned, studies have shown that
the most successful sailors perform fewer upwind manoeuvres [11,12].
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Regarding performance, several studies have analysed the relationship between per-
formance and technical and tactical skills in the windsurfing [6,11], Laser class [8,13],
2.4mR class [7] and Formula Kite class [14,15]. However, to our knowledge, not all aspects
of technical and tactical performance have been thoroughly examined in the Optimist
class. Therefore, the aim of our study was to identify the variables that determine sport
performance in Optimist class sailors under different wind conditions.

2. Materials and Methods
2.1. Participants

The study sample consisted of 203 international elite sailors (82 girls) of the Optimist
class, with an age range of 9 to 15 years, who competed in an international regatta. The
data were collected from World-Sailing, and they were obtained from a publicly accessible
website [16]. Thus, ethical approval and written/informed consent from all participants
were not necessary. To perform the analysis based on wind speed, the total sample of
203 sailors was divided into four performance groups according to the ranking of the
sailors in the regatta: high-level sailors (P25), medium-level sailors (P50), low-level sailors
(P75) and very-low-level sailors (P99). The percentile values in the ranking (25th, 50th
and 75th) were used to divide the sample into P25 (n = 51; 18 girls), P50 (n = 51; 22 girls),
P75 (n = 51; 16 girls) and P99 (n = 50; 26 girls).

2.2. Regatta

The analysed regatta was the Travemünder Woche 2017. This regatta was an inter-
national competition and it was a qualifying competition for the World Cup, although
only the results obtained in the ranking of this regatta were used. The average values of
the velocity made good (knots), distance (km) and manoeuvres (number of manoeuvres)
variables during the upwind, broad reach and running courses were obtained through
a SAP-Sailing application [17]. This application uses a global navigation satellite system
device (GNSS) placed on the sailor’s boat. From this device, data are transmitted and
processed in real time by the application, obtaining information about those variables. The
average values of variables during each course were obtained from the regatta and the
races. Furthermore, wind speed was analysed in all races of the regatta. The ranking in
the regatta and a single race was used to determine the performance of the sailors, which
allowed classifying the athletes in the different performance groups. A total of 11 races
were analysed. The race course consisted of four legs: two upwind, one broad reach and
one running (Figure 1). The wind speed in the regatta ranged between 2.8 and 16.4 knots.
Wind speed was categorised in each race according to the Royal Yachting Association [18]:
5 to ≤8 knots (light wind), >8 to ≤12 knots (medium wind) and >12 to 15 knots (strong
wind). Wind speed was measured continuously and the maximum and minimum values
were used to calculate the average for each race.
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2.3. Statistical Analysis

The data are presented as mean and standard deviations (SD). The level of significance
was set at p < 0.05. SPSS v20.0 software (SPSS Lead Technologies Inc., Chicago, IL, USA)
was used for the statistical analyses. The data were subjected to a descriptive analysis and
inferences. The normality of all variables was verified using the Kolmogorov–Smirnov test
and the Levene´s test was used to evaluate the homogeneity of variance. ANOVA was used
to determine the possible differences, based on sex (males and females) and performance
level (P25, P50, P75 and P99). Under the assumption of equal variances, a Bonferroni post hoc
test was used when statistically significant differences were detected and a Games–Howell
post hoc was applied to establish differences for variables with unequal variances. The
effect size was calculated using partial eta-squared (η2

p), considering <0.25, 0.26–0.63, and
>0.63 as small, medium, and large effect size, respectively [19,20]. The ranges in wind
speed in each of the races were analysed to study the effect of the interaction between the
performance level and wind speed on performance.

3. Results

Table 1 shows the descriptive statistics of the variables for the total sample and by sex in
the regatta. It was observed that the boys performed a larger number of manoeuvres in the
upwind and running courses compared to the girls. No statistically significant differences
were observed in the variables age, upwind VMG, upwind distance, broad reach VMG,
broad reach distance, broad reach manoeuvres, running VMG, running distance, or ranking.

Table 1. Mean ± SD of the variables analysed in all sailors and in girls and boys.

Variable Total Sample
(n = 203)

Girls
(n = 82)

Boys
(n = 121)

ANOVA

p-Value E2
R

Age (years) 13.1 ± 1.2 13.2 ± 1 13 ± 1.3 0.229 0.00
Upwind VMG (knots) 1.6 ± 0.3 1.6 ± 0.2 1.6 ± 0.3 0.334 0.04
Upwind distance (km) 1.2 ± 0.1 1.2 ± 0.1 1.3 ± 0.1 0.942 0.00
Upwind manoeuvres (number) 9.3 ± 2.1 8.7 ± 2.1 9.5 ± 1.9 * 0.005 0.03
Broad reach VMG (knots) 3.5 ± 0.4 3.5 ± 0.4 3.5 ± 0.4 0.194 0.01
Broad reach distance (km) 0.9 ± 0.1 0.9 ± 0.1 0.9 ± 0.1 0.690 0.00
Broad reach manoeuvres (number) 0.4 ± 0.3 0.4 ± 0.4 0.4 ± 0.3 0.962 0.00
Running VMG (knots) 3.4 ± 0.4 3.4 ± 0.4 3.4 ± 0.3 0.157 0.01
Running distance (km) 0.8 ± 0.1 0.7 ± 0.1 0.8 ± 0.1 0.103 0.01
Running manoeuvres (number) 3.5 ± 1 3.3 ± 1.1 3.6 ± 0.1 * 0.022 0.02
Ranking 102 ± 58.7 107.8 ± 60.2 98.1 ± 57.6 0.247 0.00

Note: VMG: Velocity Made Good; E2
R = effect size. *: Statistically significant difference between boys and girls

(p < 0.05).

Figure 2 shows the analysis for each of the groups of sailors according to their
level of performance in the regatta. It was observed that, in the upwind (1.7 ± 0.2 vs.
1.5 ± 0.2 knots; p < 0.01), broad reach (3.7 ± 0.4 vs. 3.2 ± 0.4 knots; p < 0.01) and running
(3.6 ± 0.3 vs. 3.2 ± 0.4 knots; p < 0.01) courses, the high-level sailors obtained greater VMG
compared to the very-low-level sailors. Medium-level sailors had a greater VMG compared
to the very-low-level sailors in the upwind (1.6 ± 0.1 vs. 1.5 ± 0.2 knots; p < 0.05), broad
reach (3.6 ± 0.3 vs. 3.2 ± 0.4 knots; p < 0.01) and running (3.5 ± 0.3 vs. 3.2 ± 0.4 knots;
p < 0.01). Similarly, the VMG was higher in the low-level sailors compared to the very-
low-level group in the upwind (1.6 ± 0.2 vs. 1.5 ± 0.2 knots; p < 0.01) and broad reach
(3.54 ± 0.4 vs. 3.2 ± 0.4 knots; p < 0.05). With regard to the broad reach distance in the
regatta, the very-low-level sailors travelled a shorter distance compared to the high-level
sailors (0.9 ± 0.1 vs. 0.8 ± 0.1 km; p < 0.05). No statistically significant differences were
observed in the other variables.
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Figure 2. Comparison between the groups of sailors with different performance levels in upwind,
broad reach and running courses for velocity made good. Note: A: statistically significant difference
between high-level and very-low-level sailors; B: statistically significant difference between medium-
level and very-low-level sailors; C: statistically significant difference between low-level and very-low-
level sailors; D: statistically significant difference between high-level and low-level and very-low-level
sailors; statistical significance level: p < 0.05.

When the races were assessed, the results showed that the high-level sailors had
a greater VMG in the broad reach (3.3 ± 0.9 vs. 2.9 ± 1.3 knots; p < 0.01) and run-
ning (3.1 ± 0.8 vs. 2.7 ± 1.2 knots; p < 0.01) courses compared to the very-low-level
sailors in a light wind (Table 2). Regarding strong wind conditions, the high-level sailors
presented a higher value of upwind VMG compared to the medium-level (1.9 ± 0.3 vs.
1.8 ± 0.3 knots; p < 0.05), low-level (1.9 ± 0.3 vs. 1.7 ± 0.4 knots; p < 0.01) and very-low-
level (1.9 ± 0.3 vs. 1.6 ± 0.4 knots; p < 0.01) sailors. In all the wind conditions analysed,
higher VMG values were achieved. When analysing the distances travelled in the differ-
ent wind speed conditions, it was observed that the high-level sailors travelled a shorter
upwind distance than the very-low-level (1.3 ± 0.3 vs. 1.4 ± 0.3 km; p < 0.05) sailors in a
medium wind. In strong wind conditions, the results showed that the upwind distance was
shorter in the high-level sailors (1.3 ± 0.2 vs. 1.4 ± 0.3 km; p < 0.05) compared to the very-
low-level sailors. However, the high-level sailors travelled a longer broad reach distance
in strong wind conditions compared to the low-level (1.1 ± 0.2 vs. 1 ± 0.2 km; p < 0.01)
and very-low-level sailors (1.1 ± 0.2 vs. 1 ± 0.2 km; p < 0.01). With respect to the number
of manoeuvres, compared to the very-low-level sailors, the high-level sailors presented
a larger number of upwind manoeuvres in a light wind (14.3 ± 7.6 vs. 12.2 ± 9.1 number;
p < 0.05). Nevertheless, when the number of manoeuvres was analysed in strong wind
conditions, it was observed that the high-level sailors had a greater value of broad reach
manoeuvres compared to the medium-level (0.6 ± 0.8 vs. 0.3 ± 0.7 manoeuvres; p < 0.01)
and low-level (0.6 ± 0.8 vs. 0.3 ± 0.8 manoeuvres; p < 0.01) sailors.
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Table 2. Mean ± SD of the variables analysed in the percentile groups according to wind speed
in races.

Wind
Speed Variable P25

(n = 51)
P50

(n = 51)
P75

(n = 51)
P99

(n = 50)

ANOVA

p-Value E2
R

Upwind VMG (knots) 1.6 ± 0.5 1.6 ± 0.4 1.6 ± 2.5 1.3 ± 0.6 0.083 0.01
Upwind distance (km) 1 ± 0.3 1 ± 0.3 1.1 ± 0.4 1.1 ± 0.4 0.190 0.00
Upwind manoeuvres (number) 14.3 ± 7.6 E 14 ± 7.4 12.8 ± 7.9 12.2 ± 9.1 0.021 0.01
Broad reach VMG (knots) 3.3 ± 0.9 E 3.2 ± 0.8 G 3.2 ± 1.1 2.9 ± 1.3 0.001 0.02

5 to ≤8 Broad reach distance (km) 0.8 ± 0.2 0.8 ± 0.2 F 0.8 ± 0.3 0.7 ± 0.3 0.011 0.01
(knots) Broad reach manoeuvres (number) 0.4 ± 0.9 0.5 ± 1.9 0.5 ± 1.5 0.5 ± 2 0.697 0.00

Running VMG (knots) 3.1 ± 0.8 E 3 ± 0.8 G 2.9 ± 1 2.7 ± 1.2 0.000 0.02
Running distance (km) 0.6 ± 0.3 0.6 ± 0.3 0.5 ± 0.3 0.5 ± 0.3 0.069 0.01
Running manoeuvres (number) 2.7 ± 2.8 2.7 ± 3 2.5 ± 3.1 2.6 ± 3.1 0.857 0.00

Upwind VMG (knots) 1.6 ± 0.4 1.6 ± 0.3 1.6 ± 0.3 1.5 ± 0.4 0.297 0.00
Upwind distance (km) 1.3 ± 0.3 E 1.4 ± 0.3 1.4 ± 0.2 1.4 ± 0.3 0.027 0.01
Upwind manoeuvres (number) 21 ± 8.1 22 ± 8.1 21.2 ± 8.9 21.2 ± 9 0.620 0.00
Broad reach VMG (knots) 3.8 ± 0.9 3.8 ±0.9 3.8 ± 0.8 3.7 ± 1 0.470 0.00

>8 to ≤12 Broad reach distance (km) 0.8 ± 0.2 0.8 ± 0.1 0.8 ± 0.1 0.8 ± 0.2 0.764 0.00
(knots) Broad reach manoeuvres (number) 0.2 ± 0.5 0.1 ± 0.4 0.2 ± 0.7 0.3 ± 1.7 0.270 0.00

Running VMG (knots) 3.4 ± 0.9 3.4 ± 0.8 3.5 ± 0.7 3.3 ± 0.9 0.588 0.00
Running distance (km) 0.8 ± 0.2 0.8 ± 0.2 0.9 ± 0.1 0.8 ± 0.2 0.561 0.00
Running manoeuvres (number) 4.4 ± 3.3 4.1 ± 2.7 F 5.1 ± 3.1 4.7 ± 3.1 0.029 0.01

Upwind VMG (knots) 1.9 ± 0.3 A 1.8 ± 0.3 G 1.7 ± 0.4 1.6 ± 0.4 0.000 0.02
Upwind distance (km) 1.3 ± 0.2 E 1.4 ± 0.2 1.4 ± 0.3 1.4 ± 0.3 0.021 0.01
Upwind manoeuvres (number) 20.8 ± 7.7 20.7 ± 8.1 21.2 ± 7.9 22.3 ± 8 0.178 0.00

>12 to 15 Broad reach VMG (knots) 4 ± 0.7 C 3.9 ± 0.8 H 3.6 ± 1.1 I 3.3 ± 1.2 0.000 0.07
(knots) Broad reach distance (km) 1.1 ± 0.2 C 1 ± 0.2 1 ± 0.2 1 ± 0.2 0.00 0.02

Broad reach manoeuvres (number) 0.6 ± 0.8 B 0.3 ± 0.7 0.3 ± 0.8 0.5 ± 1.1 0.01 0.01
Running VMG (knots) 4 ± 0.7 C 3.9 ± 0.8 H 3.9 ± 0.9 3.6 ± 1.2 0.00 0.06
Running distance (km) 0.9 ± 0.1 0.9 ± 0.2 0.9 ± 0.2 0.9 ± 0.2 0.170 0.00
Running manoeuvres (number) 3.3 ± 2.2 3.7 ± 2.4 3.6 ± 2.7 3.5 ± 2.5 0.369 0.00

Note: VMG: Velocity Made Good: A: statistically significant difference between P25 vs. P50, P75 and P99;
B: statistically significant difference between P25 vs. P50 and P75; C statistically significant difference
between P25 vs. P75 and P99; E: statistically significant difference between P25 and P99; F: statistically signifi-
cant difference between P50 and P75; G: statistically significant difference between P50 and P99; H: statistically
significant difference between P50 vs. P75 and P90; I: statistically significant difference between P75 and P99; P25:
high-level sailors; P50: medium-level sailors; P75: low-level sailors; P99: very-low-level sailors; E2

R = effect size;
statistical significance level: p < 0.05.

4. Discussion

The aim of this study was to identify the variables that determine a sailor’s perfor-
mance in different wind conditions.

The results of our study showed that the boys performed a larger number of upwind
manoeuvres and running manoeuvres in comparison to the girls. VMG is the variable that
differentiates sailors according to their level of performance on the three courses analysed.
In terms of wind speed, statistical differences in upwind manoeuvres, broad reach VMG
and running VMG were reported between the high-level and low-level sailors in light wind
conditions (5 to ≤8 knots). In medium wind conditions (>8 to ≤12 knots), it was observed
that the high-level sailors covered a shorter upwind distance than the very-low- level
sailors. When the wind was strong (>12 to15 knots), the results showed that the high-level
sailors achieved a higher VMG on all courses, travelled a shorter distance upwind, covered
a shorter distance in broad reach, and performed fewer broad reach manoeuvres.

Regarding sex, statistically significant differences were only found in the number of
manoeuvres in upwind and running, with the boys performing more manoeuvres than the
girls. Although it has been observed that the larger the number of manoeuvres that were
performed, the greater was the effort required by the sailor [12], with this action reducing
the velocity of the boat [21], the larger the number of manoeuvres that were performed,
the better was the orientation of the boat to reach the buoy [13,22]. This could explain the
larger number of manoeuvres in the upwind and running courses performed by the boys
compared to the girls. In this regatta, both boys and girls sailed the same course; thus, they
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were exposed to the same wind speed and wave conditions. Therefore, these results could
be relevant to coaches when planning the training of sailors based on sex. To the best of
our knowledge, this is the first study to compare the technical and tactical variables of elite
Optimist sailors by sex during a regatta.

The data obtained from our sailors in the regatta showed that the high-level sailors
achieved the highest VMG in each of the courses (upwind, broad reach and running)
compared to the very-low-level sailors. Similarly, the higher-level groups of sailors sailed
faster (VMG) in the upwind, broad reach and running courses compared to the lower-level
sailors. VMG as a performance factor in the courses of upwind, broad reach and running,
in terms of average VMG, has also been confirmed in other classes, such as Formula Kite,
Windsurfing and Laser [8–10,14]. This could suggest that the most successful group of
sailors have a better technical level, which would allow them to reach higher speeds in
each of the courses [23]. Therefore, and based on our results, we would assert that, in our
Optimist class sailors, the higher the level of the sailor is, the greater is the VMG achieved
in the upwind, broad reach and running courses. The results of our study could be very
interesting for coaches and sailors, since they indicate that the VMG of the elite sailor is not
affected by a specific course. Thus, improving the VMG in each of the courses might be the
target of the training sessions.

Analysing the wind speed in each of the races, it was found that the variables that
determine performance in dinghy sailing would be different depending on the wind
speed in the regatta. In light winds (5 to ≤8 knots), our results suggest that upwind
manoeuvres, broad reach VMG and running VMG may be the variables that determine
sailor performance. The high-level and medium-level sailors had a higher VMG than the
very-low-level sailors. This may also mean that the most successful sailors handle the
boat more efficiently [24]. With regard to the number of manoeuvres, in the Laser class,
it has been observed that the number of manoeuvres performed by the sailor in upwind
increases in light wind conditions [22]. In these wind conditions, the sailor must make a
larger number of tacks to find the most favourable wind zones that will allow him/her
to advance until he/she reaches the windward buoy. Moreover, it has been shown that
the angle between the wind and the bow must be approximately 40◦ in order to reduce
the distance travelled by the board against the wind [24]. In medium wind conditions
(>8 to ≤12 knots), it was observed that the most successful sailors sailed a shorter distance
upwind compared to the less successful sailors. Our results are in line with those of sailors
in the windsurfing class [9,10]. Our data showed no statistically significant differences
in VMG or manoeuvres. We can thereby confirm that, in these wind conditions, it is the
upwind distance which determines performance in the Optimist class. The most successful
sailors would use better tactics to complete the course in a shorter distance [8,25]. Therefore,
our results suggest that training for the Optimist class could be focused on improving
upwind distance when the wind speed is between >8 and ≤12 knots. When the wind speed
was between >12 and 15 knots, our results showed that the most successful sailors had a
higher VMG in all courses, although it should be noted that the high-level sailors had a
higher upwind speed compared to the other three groups. Previous studies have also shown
that VMG is considered an important variable in regattas, with more successful sailors
having a higher VMG in both upwind and running legs [26]. Thus, our findings suggest
that VMG in the upwind course could be a variable that determines the performance of the
sailor in the Optimist class in strong wind speeds. As with >8 to ≤12 knot winds, the high-
level sailors covered a shorter distance upwind, although they covered a longer distance in
broad reach compared to the low-level sailors. In a similar way to the windsurfing class, it
can be assumed that the longer distance travelled by the top sailors is compensated for by
their higher speed, which allows them to reach their destination in a shorter time [11]. In
broad reach, to achieve a better planning of the boat and thus a higher speed, the sailor can
change the orientation of the boat in relation to the wind, although this increased angle
may also increase the distance travelled. Regarding manoeuvres, it was observed that the
high-level sailors performed a greater number of manoeuvres in broad reach compared
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to the rest of the sailors. In Laser class sailors, it has been observed that the number of
downwind manoeuvres increased with the increase in wind speed [13]. Our results could
be explained by the fact that, in strong winds, the technical action of hiking puts pressure
on the abdominal and quadriceps muscles, restricting blood flow and increasing muscle
fatigue. When the sailor performs manoeuvres, he/she changes position, reducing the
pressure on the muscles and increasing blood flow [27,28]. This reduces muscle fatigue by
increasing oxygen consumption in the abdominal and quadriceps muscles. Therefore, and
considering that the manoeuvres reduce the speed of the boat and can also lead to greater
fatigue in the sailor [11,22], the latter must train to increase efficiency in the manoeuvres
and thus reduce the loss of speed of the boat in strong wind conditions [24]. Our results
are consistent with those obtained by Chun et al. [6], and we can therefore confirm that
the technical and tactical variables played an important role when starting in strong wind
conditions.

5. Strengths and Limitations

Our study is not exempt from limitations. Firstly, the anthropometric characteristics
of the sailors were not collected. It is possible that the performance of the sailor may be
influenced by the variables in weight and height. Unfortunately, it was not possible to
include such data in this study, although it would have been interesting to analyse these
variables, which could provide additional information to better explain results. Secondly,
it would be interesting to assess some of the relevant aspects involved in the physical
performance and physiological demands of Optimist course racing. In addition, future
studies could focus on analysing these variables in different wind conditions and specifically
analyse each of the races that make up the regatta.

To our knowledge, this is the first study to evaluate VMG, distance and manoeuvres
in a real regatta situation as a function of the performance of the sailors, specifically in
Optimist class sailors, and it is also the first study to analyse the three types of courses
developed during a regatta (upwind, broad reach and running).

6. Conclusions

In the Optimist class, sailor performance is determined by upwind, broad reach and
running VMG in all types of wind speed conditions. Performance in the Optimist class is
determined by the distance travelled upwind in winds between 8 and 12 knots.
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Abstract: The purpose of the present study was to examine the effects of a back squat exercise with
unstable load (UN) and traditional free-weight resistance (FWR) on subsequent countermovement
jump (CMJ) performance. After familiarisation, thirteen physically active males with experience in
resistance training visited the laboratory on two occasions during either experimental (UN) or control
(FWR) conditions separated by at least 72 h. In both sessions, participants completed a task-specific
warm-up routine followed by three maximum CMJs (pre-intervention; baseline) and a set of three
repetitions of either UN or FWR back squat exercise at 85% 1-RM. During the UN condition, the
unstable load was suspended from the bar with elastic bands and accounted for 15% of the total
load. Post-intervention, three maximum CMJs were performed at 30 s, 4 min, 8 min and 12 min
after the last repetition of the intervention. The highest CMJ for each participant was identified for
each timepoint. No significant increases (p > 0.05) in jump height, peak concentric power, or peak
rate of force development (RFD) were found after the FWR or UN conditions at any timepoint. The
lack of improvements following both FWR and UN conditions may be a consequence of the low
percentage of unstable load and the inclusion of a comprehensive task-specific warm-up. Further
research is required to explore higher UN load percentages (>15%) and the chronic effects following
the implementation of a resistance training programme.

Keywords: conditioning contractions; explosive strength; elastic bands; vertical jump; warm-up;
post-activation performance enhancement (PAPE)

1. Introduction

Warm-up protocols can precondition the neuromuscular system by manipulating dif-
ferent loading strategies to reduce the risk of injury and enhance performance in subsequent
high-intensity activities [1–3]. Performing maximal or sub-maximal contractions can acutely
increase force production and athletic performance as well as enhance mechanical power
above previous voluntary performance, which is usually referred to as post-activation
potentiation (PAP) although not synonymous with “classic” PAP (i.e., electrically elicited
twitch contraction [4]). The term PAP and its associated mechanisms (including increased
muscle temperature [5], myofilament calcium sensitivity [6], and neural drive [7]) have been
misinterpreted in the literature and often used to describe an enhancement in voluntary
muscle function instead of increases in electrically induced twitch force. However, acute
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enhancement in performance has been more recently reported as post-activation perfor-
mance enhancement (PAPE) [8] following high-intensity voluntary muscular contractions
and, importantly, can be incorporated in the design of warm-up strategies [9].

Whilst classical PAP is apparent for <3 min following the conditioning contraction [10],
peak voluntary contraction (PAPE) occurs 6–10 min following the conditioning contrac-
tion [11]. Therefore, acute enhancements in voluntary performance are unlikely to be
associated with classical PAP but rather the PAPE phenomenon. The mechanisms un-
derpinning the PAPE phenomenon include (a) rapid increases in muscle temperature in
response to a brief intense conditioning activity, which is associated with a greater rate
of force development (RFD) and contraction velocity [12]; (b) a high-intensity stimulus
(i.e., heavy-load exercise) increases H-reflex potentiation, the excitability of alpha motor
neurons and the recruitment of higher-order motor units [13] to increase the efficiency
of the neuromuscular system [14]; (c) increases in muscle blood flow and muscle fibre
water content may also consequently increase Ca2+ sensitivity and thus enhance muscle
force output and contraction velocity [15]; however, increases in motivation and acute
improvements in motor control strategies cannot be discounted [9].

Warm-up is the process of physical preparation before sporting participation [16]
and is considered to enhance subsequent performance [17]. Different limited warm-up
strategies have been explored to acutely augment athletic performance ranging from
no warm-up at all [4] to stretching, cycling, running, and sub-maximal repetitions of
the task [3,18]. Jo et al. [3] found that recovery duration (5–20 min) failed to influence
performance after a heavy-load back squat exercise with limited warm-up consisting of
cycling for 10 min followed by a Wingate Test. Duthie et al. [18] implemented a standardised
warm-up including cycling followed by static stretching and found a significant difference
in power performance in jump squats using contrast training methods in athletes with
higher strength levels compared to complex training methods. However, Hamada et al. [4]
used no warm-up and found a greater potentiation response in Type I muscle fibres
following a twitch maximum voluntary contraction. A “comprehensive task-specific”
warm-up (including progressively intense task-specific conditioning contractions) has
not been commonly used prior to a specific activity being tested [2]. Consequently, as
warm-up strategies have been implemented to potentiate muscular force production to
enhance subsequent performance following a conditioning activity, it is unclear whether
any acute enhancements in performance are due to the warm-up or the conditioning activity
itself [19].

The modalities necessary to elicit a PAPE effect remain relatively unexplored: par-
ticularly, varying repetitions and sets (volume), exercise intensity and rest periods [20].
Dynamic [21] and isometric voluntary contractions (MVCs) [22] have been used as condi-
tioning contractions to elicit a PAPE response. The volume of conditioning contractions
plays a key role in the onset and magnitude of PAPE for strength and conditioning prac-
titioners on improving subsequent jump performance [23]. Rixon et al. [24] compared
isometric vs. dynamic conditioning contractions and found an increase in CMJ height and
peak power 3 min following three isometric MVC back squats; although 3 min after the
3RM dynamic back squats, there was no increase in CMJ height, and an increase in peak
power was observed. However, the two conditioning activities were not identical in terms
of volume to allow a direct comparison. Gourgoulis et al. [25] observed a significantly
increased vertical jump performance following half squats with sub-maximal loads. In
contrast, Hanson et al. [26] observed no significant increase in vertical jump performance
following light (40%) and heavy (80%) load. Lower conditioning volumes may induce less
fatigue and an earlier PAPE effect, although higher volumes may cause excessive fatigue
and may delay the onset of PAPE or negate its presence [27,28]. The varied methodologies
across studies, intensities and duration, as well as the equivocal findings in the litera-
ture, highlight the difficulty of comparing findings to determine an effective protocol to
elicit PAPE.
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Generating instability during a back squat exercise by suspending part of the total load
from the barbell using elastic bands allows a higher activation of the stabilising muscles,
as the lifter is likely to put greater effort into stabilising and controlling the bar [29]. The
unstable load can negatively affect the range and speed of motion when compared to stable
conditions to reduce force and power output [30]. However, Lawrence and Carlson [31]
investigated the changes in force output and muscle activation during a back squat exercise
at 60% of their 1-RM using unstable (i.e., elastic bands) and stable (i.e., free-weight) load and
found a significant increase in muscle activity of the stabilising muscles (rectus abdominis,
external obliques, and soleus). Therefore, the unstable load during the squat exercise
incorporated as part of a warm-up can allow a greater activation of the stabilising muscles
that may possibly contribute to subsequent performance enhancement.

The back squat exercise is commonly used to improve jump performance with Mina
et al. [2] reporting that variable resistance (i.e., elastic bands attached equidistant to the sides
of the bar and anchored to the floor) during a back squat exercise improved subsequent
countermovement jump (CMJ) performance at 30 s, 4 min, 8 min, and 12 min compared to
free-weight resistance alone. The increased muscle activation of vastus lateralis observed
by Mina et al. [2] may have contributed to the increase in jump height, given the variation in
muscle force requirements imposed by the use of variable resistance influenced the muscle
recruitment patterns [2,9]. Therefore, the manipulation of different loading strategies
during warm-up exercises may alter muscle recruitment amplitude, allowing increases in
performance compared to traditional free-weight resistance alone [31,32].

It is of great importance for strength and conditioning practitioners to examine dif-
ferent variable resistance techniques as part of a warm-up routine to potentiate acute
performance, enhance mechanical stimulus and muscle activity. However, no study to
date has investigated the potential of suspending part of the total load from the barbell
using elastic bands (i.e., unstable but constant load) in performance enhancement pro-
grammes. Therefore, the purpose of this study was to compare the influence of two back
squat conditions; free-weight resistance (FWR) and unstable load (UN) suspended from the
bar using elastic bands, following a comprehensive task-specific warm-up on subsequent
CMJ performance. Given the improvements in performance previously reported after
warm-up and conditioning contractions [1,2,31,32], it was hypothesised that (a) FWR and
UN load would significantly improve subsequent CMJ performance (jump height, peak
concentric power and RFD), and (b) the UN condition would provide significantly greater
improvements than FWR condition.

2. Materials and Methods
2.1. Participants

Thirteen physically active men with more than two years’ resistance training experi-
ence (mean ± SD: age = 23.6 ± 1.6 years, height = 179.0 ± 9.2 cm, mass = 86.5 ± 10.0 kg)
volunteered to take part in the current study. Inclusion criteria for participation were
actively engaged with resistance training with experience in squat exercise and optimal
training volume of 3–5 times per week but with no experience of using unstable load as
part of their training program. The participants had to report no recent illness or lower
limb injuries and refrained from engaging in strenuous activities and using stimulants for
at least 48 h before the initial commencement of testing until completion of all testing ses-
sions. Prior to the commencement of testing, all participants provided a written informed
consent and completed a pre-medical questionnaire. Across all sessions, participants were
instructed to wear the same footwear and were prohibited from using any supportive
equipment. The study received ethical approval from the ethics committee at the University
of Derby, United Kingdom, with approval reference ETH2122-0282.

To ensure an adequate population to reach statistical power (set at 0.8) was recruited,
effect sizes were calculated for jump height (ES = 1.5), peak power (ES = 1.5) and RFD
(ES = 1.3) using similar previous studies [2,33,34] with the measure with the smallest ES
(i.e., RFD [ES = 1.3]) used to calculate sample size. The total sample size was estimated
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through a priori power analysis, using the G power V 3.1.9.7 software (Heinrich-Heine-
Universität, Düsseldorf, Germany). The following input parameters were applied using a
repeated-measure design: effect size f ≈ 1.34, α = 0.05, power = 0.80. The analysis revealed
that the initial sample size required for statistical power was 10; therefore, considering the
possibility of participant withdrawal and data loss, 15 participants were recruited with 13
participants completing the study.

2.2. Protocol Overview

To examine the acute effects of two different back squat conditions, control (FWR) or
experimental (UN), a randomised crossover design was used on three separate occasions.
Participants visited the laboratory for the familiarisation session and then either the FWR
and UN conditions with a minimum separation of 72 h between each visit. Prior to all
sessions, a comprehensive task-specific warm up was performed. During the familiarisation
session, anthropometric data were collected, participants were familiarised with the testing
protocols, and their one-repetition maximum (1-RM) back squat was assessed (please see
below). In the experimental conditions, a prescribed warm-up routine was performed
followed by three pre-intervention CMJs and then a set of three repetitions of back squat at
85% 1-RM (FWR and UN) followed by three post-intervention CMJs at 30 s, 4 min, 8 min,
and 12 min.

2.3. Familiarisation Session and One Repetition Maximum (1-RM) Back Squat Assessment

During the familiarisation session, the participant’s 1-RM was assessed following a
previously validated protocol designed by Sheppard and Tripplet [35]. Participants warmed
up 5 min on a cycle ergometer (Monark 874E, Varberg, Sweden) at 65 rpm with a 1 kg load
followed by 2 min rest and then performed two sets of 10 repetitions of unloaded back
squat with a 20 kg Olympic bar with 2 min rest between sets. Participants then performed 8
to 10 repetitions at 50% of their previously determined 1-RM, and after a further 2 min rest,
the load was increased by 10–20% for one set of 3 to 5 repetitions. Following a further 2 min
rest, participants increased the load by 10–20% and performed one set of 2 to 3 repetitions.
After 2–4 min rest, the load was increased by 10% and loads ~5% were added for each
consecutive set of one repetition until failure to complete a lift. Their last successful lift was
recorded as their 1-RM (144.23 ± 6.17 kg).

2.4. Comprehensive Warm-Up and Countermovement Jump Trials

In the FWR and UN conditions, a comprehensive task-specific warm-up was adopted
from Mina et al. [2]. Participants performed a 5-min warm-up on a cycle ergometer at
60 rpm with a 1 kg load followed by 5 continuous body weight squats at 2:2 s tempo (eccen-
tric/concentric). Following a 30 s rest period, participants performed another 5 continuous
body weight squats at a 1:1 s tempo (eccentric/concentric). After a 20 s rest, 5 continuous
CMJs at 70% of their perceived maximum were performed, and after a further 30 s rest,
maximal CMJs were performed every 30 s until three consecutive jumps were performed
within 3% of jump height. All participants completed 4–7 jumps in all trials. The CMJ was
initiated from an upright position (keeping the hands on the hips at all times) and squatted
downwards with the knees and hips flexed and jumped as high as possible, trying to reach
maximal height [36]. To establish baseline (i.e., after warm-up) performance, data were
collected 2 min later from three maximal pre-intervention CMJs. The procedures described
above were followed by one of the conditioning contractions (described later), and a series
of three maximum CMJ trials was performed at 30 s, 4 min, 8 min, and 12 min after the
intervention with active recovery (i.e., walking) between each timepoint (see Table 1).
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Table 1. Timeline of the study design.

Task Intensity/Effort Time [min]

5-min cycling 60 rpm 0–5.0
5 BW squats 2:2 s tempo 5.0–5.5
5 BW squats 1:1 s tempo 6.0–6.5

5 CMJs 70% perceived maximum 7.0–7.5
Single CMJs every 30 s Maximum (100%) 8.0–8.5

CMJs (pre-intervention test) Maximum (100%) 10.5–11.5
FWR or UN squats 85% 1-RM 12.5–13.0

CMJs (post-intervention test) Maximum (100%) 13.5, 17.5, 21.5, 25.5
BW = body weight; CMJ = countermovement jump; FWR = free-weight resistance; UN = unstable load; 1-RM—one
repetition maximum.

2.5. Intervention

In the FWR and UN conditions, participants performed one set of 3 repetitions of the
back squat with the load set at 85% 1-RM. In the FWR condition, traditional load was added
to the Olympic bar (20 kg) using weight plates set at 85% 1-RM ((0.85 × 1-RM load) − 20 kg)
to determine the load on the bar. In the UN condition, the unstable load was set at 15%
(0.15 × 0.85 × 1-RM load) and the remaining 85% load ((0.85 × 0.85 × 1-RM load) − 20 kg)
was added using the traditional loading pattern (i.e., Olympic bar and weight plates). For
example, where 1-RM is 100 kg load, in the FWR condition, this would equate to 85% 1-RM
(85 kg) subtracting 20 kg (bar weight), leaving 65 kg on the bar. In the UN condition, the
unstable load (15%) will require 13 kg of unstable load and the remaining 85% will be
72 kg, subtracting the 20 kg bar leaving 52 kg weight on the bar. The unstable load was
suspended from the bar with the elastic bands placed next to the lifting collar with small
diameter Eleiko plates hanging from the bar so that the load during the back squat exercise
was not in contact with the floor. A super mini Pullum elastic band with ranging resistance
of 10–50 lb resistance, 19 mm wide, 1041 mm long and with approximate distance from the
bar at 60 cm on either side of the bar was used in this study (see Figure 1). Total loads in
both experimental conditions were equal for each individual.
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2.6. Force Platform Analyses

The kinetic data analyses were similar to Mina et al. [2]. During all CMJ trials, body
mass was initially calculated with the participants standing stationary on the platform
(Bertec, FP4060-10-2000, Bertec Corporation, Columbus, OH, USA) with ground reaction
forces collected at a sampling frequency of 1000 Hz. Data processing initially included
the participant’s weighting phase (i.e., body weight) [37], which was identified prior to
the execution of each CMJ trial when the participants were stationary. The body weight
was calculated by averaging the vertical ground reaction forces (GRFs) from each platform
over a 2 s period and was divided by 9.81 to obtain each participant’s body mass. The net
vertical force was calculated by subtracting the average body weight value from the vertical
GRF value at each timepoint. Initiation of the jump (i.e., the beginning of the eccentric
phase) was determined using the point when net vertical GRF decreased by two standard
deviations (SD) below the mean baseline force (i.e., participant’s weight at rest) [2]. Vertical
GRF was integrated during the eccentric and concentric phases of the jump using the
trapezoid method. Impulse, which is equivalent to the change in momentum of the body,
was then directly quantified by integrating the applied force over time using the following
equation [38]:

J =
∫

Fdt = ∆p, (1)

where J = impulse, F = force, t = time and ∆p = change in momentum.
Take-off velocity was then determined from impulse data by dividing by body mass,

with jump height calculated from take-off velocity using standard equations for motion [39].
Since the force, mass, and initial velocity conditions were known, instantaneous velocity
could be calculated. The instantaneous power was calculated as force × velocity, and the
peak values were determined for the propulsive phase of the CMJ [2,38]:

V(0) = 0, (2)

F(i)t = m(v(i+1) − v(i)), (3)

∆v = (F(i)t)/m, (4)

P(i) = F(i) × V(i), (5)

where F = force, t = 1/sampling frequency, m = mass of body, load, v = velocity, i = index
value of the time series, and P = power.

The normalised (to body weight) peak RFD was calculated (eccentric and concentric
phase) using a moving 20 ms time window from the first rise in force during the eccentric
phase (2). The highest CMJ for each participant was identified at each of the five timepoints
and the corresponding kinetic data were used for statistical analyses.

2.7. Statistical Analysis

The data obtained from the study were analysed using the SPSS statistical software
(version 27.0; IBM, Armonk, NY, USA). All data are reported as mean ± standard error
(SE) with eta squared (ηp

2) and Cohen’s d used to calculate effect sizes (ES) for the analysis
of variance (ANOVA) and post hoc t-tests, respectively. Boundary intervals for ηp

2 effect
sizes were <0.10 (negligible), 0.10–0.24 (small), 0.25–0.40 (medium), and ≥0.40 (large) for
Cohen’s d boundary intervals were <0.2 (negligible), 0.2–0.49 (small), 0.5–0.79 (medium),
and ≥0.8 (large) [40]. The Shapiro–Wilk test was used to assess normal distribution;
no significant difference (p > 0.05) was observed in any variable indicating a normal
distribution across all data sets. Mauchley’s tests were used to assess homogeneity of
variance and where sphericity was violated, Greenhouse–Geisser (Epsilon ≤ 0.75) or
Huynh–Feldt (Epsilon > 0.75) correction factors were used [40]. To determine differences in
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(a) jump height, (b) peak concentric power, and (c) RFD 20 ms, separate two-way repeated
measures ANOVAs (time × condition) were performed. Where significant differences were
detected, post hoc analyses with Bonferroni and Sidak corrections proved too conservative
(i.e., masked the location of the difference); thus Tukey’s, LSD correction was used to
determine the location of the differences. Statistical significance was set at p < 0.05 for
all tests.

3. Results
3.1. Reliability

Within-session reliability for all measures was determined during pre-intervention
(baseline) CMJ measures. No significant differences (p > 0.05) were detected in any data
set with interclass correlation coefficients (ICCs) calculated for jump height (0.93), peak
concentric power (0.89) and peak RFD (0.76) indicating good-to-excellent reliability with
low coefficients of variance (CV) calculated for jump height (4.2%), peak concentric power
(2.0%) and peak RFD (4.7%).

3.2. Jump Height

The two-way repeated measures ANOVA revealed no significant interaction effect
(F2.06, 24.74 = 0.368, p = 0.702, ηp

2 = 0.030) for jump height, while a significant main effect of
time (F2.22, 26.63 = 3.493, p = 0.041, ηp

2 = 0.225) but not of condition (F1, 12 = 1.873, p = 0.196,
ηp

2 = 0.135) was detected. Post hoc pairwise comparisons revealed that Bonferroni and
Sidak corrections were too conservative, as no significant difference at any timepoint was
detected.

Tukey’s LSD revealed no significant difference at any timepoint (30 s, 4 min, 8 min, or
12 min) compared to pre-intervention (data collapsed across conditions: mean range = −1.7
to 3.2% (d = −0.35 to 0.36); FWR condition: mean range = −1.0 to 4.1% (d = −0.26 to 0.46);
UN condition: mean range = −1.2 to 2.3% (d = 0.00 to 0.79)) (see Figure 2). However, pair-
wise comparisons revealed jump height was significantly higher at 30 s than at 8 min (data
collapsed across conditions = 2.0 ± 1.2% (d = 0.35); FWR condition = 3.0 ± 2.0% (d = 0.48);
UN condition = 1.0 ± 1.4% (d = 0.20)) and 12 min (data collapsed across conditions =
3.2 ± 1.2% (d = 0.58); FWR condition = 4.4 ± 2.0% (d = 0.68); UN condition = 2.1 ± 1.3%
(d = 0.47)).
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Figure 2. Measures of countermovement jump performance pre-intervention (PRE) and across all
timepoints following the free weight resistance (FWR) and unstable (UN) conditioning interventions
(collapsed data also shown). Values are presented as mean ± SE; * p < 0.05.

3.3. Peak Power

No significant interaction effect (F4, 48 = 0.510, p = 0.729, ηp
2 = 0.041) was revealed for

peak power, while a significant main effect of time (F4, 48 = 3.126, p = 0.023, ηp
2 = 0.207)

but not of condition (F1, 12 = 3.400, p = 0.090, ηp
2 = 0.221) was detected. Post hoc pairwise

70



J. Funct. Morphol. Kinesiol. 2023, 8, 167

comparisons revealed that Bonferroni and Sidak corrections were too conservative, as no
significant difference at any timepoint was detected. Tukey’s LSD revealed no significant
difference at any timepoint (30 s, 4 min, 8 min, or 12 min) compared to pre-intervention
(data collapsed across conditions: mean range = −2.1 to 2.4% (d = −0.39 to 0.32); FWR
condition: mean range = −0.3 to 3.6% (d = 0.06 to 0.36); UN condition: mean range = −4.0
to 1.3% (d = 0.12 to 0.74)) (see Figure 3). However, pairwise comparisons revealed peak
power was significantly greater at 4 min (data collapsed across conditions = 4.2 ± 1.4%
(d = 0.80); FWR condition = 3.3 ± 1.4% (d = 0.64); UN condition = 5.1 ± 1.4% (d = 0.94)) and
8 min (data collapsed across conditions = 2.3 ± 0.9% (d = 0.52); FWR condition = 0.9 ± 0.8%
(d = 0.35); UN condition = 3.7 ± 1.6% (d = 0.67)) than at 12 min.
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3.4. Peak RFD

No significant interaction effect (F4, 48 = 1.447, p = 0.233, ηp
2 = 0.108) or main effects of

time (F4, 48 = 0.294, p = 0.881, ηp
2 = 0.024) or condition (F1, 4 = 0.252, p = 0.625, ηp

2 = 0.021)
were detected for peak RFD (see Figure 4).
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Figure 4. Measure of peak rate of force development (RFD) pre-intervention (PRE) and across
all timepoints in the free weight resistance (FWR) and unstable (UN) conditioning interventions
(collapsed data also shown). Values are presented as mean ± SE.

4. Discussion

The current study investigated the magnitude and time-course of changes in counter-
movement jump (CMJ) performance after free-weight resistance (FWR) and unstable load
(UN) back squat exercise performed following a comprehensive task-specific warm-up
routine. In the FWR and UN conditions, no significant interaction or differences between
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conditions were detected at any timepoint. Using collapsed data (main effects analyses),
compared to baseline, no significant changes were found in CMJ height, peak concentric
power, or peak RFD at any timepoint (30 s, 4 min, 8 min, and 12 min), which is indicative
of no potentiating effects of either intervention on CMJ performance. Thus, the hypothe-
ses were rejected as neither the stable load during FWR or the unstable load during UN
back squat exercise interventions enhanced CMJ performance. However, jump height at
12 min and 8 min was significantly lower compared to 30 s with peak power at 12 min also
significantly lower compared to 4 min and 8 min. These reductions at 8 min and 12 min
cannot be explained by fatigue, as no reduction was apparent at any earlier timepoint
compared with baseline, and thus they are likely attributable to the participants losing
motivation at 8 min and 12 min to perform numerous maximal CMJs at several timepoints.
Regardless, the hypotheses were rejected, as neither the stable load during FWR or the
unstable load during UN back squat exercise interventions enhanced CMJ performance.
The lack of improvement compared to baseline in any measure following the FWR and
UN condition after a comprehensive task-specific warm-up suggests that no additional
benefit (i.e., PAP/PAPE effect) was derived from the inclusion of intense loading, which is
consistent with previous research where an absence of change in CMJ performance was
found when dynamic warm-up exercise (10 m lunge walks × 2, 10 body-squats × 2) was
performed following high-intensity free weight contractions [41]. However, inconsisten-
cies in PAPE responses [25,36,41] may depend on fatigue potentiation or perseveration
potentiation interactions on subsequent performance.

Since this was the first PAPE study examining the impact of implementing unstable
loads during the back squat exercise on jump performance, certain methodological ap-
proaches in this study could possibly explain the lack of significant changes following the
UN condition. In the present study, the percentage of unstable loading was 15% of the
85% total load during the UN condition, which may be too low to sufficiently amplify
potentiation and improve subsequent CMJ performance. Lawrence and Carlson [31] com-
pared stable squats (traditional free-weights) and unstable squats (load suspended from
the bar) with a load set at 60% of 1-RM and found an increased muscle activation of the
torso (i.e., stabilising muscles), and during the pilot, >60% of 1-RM of five repetitions was
perceived challenging for subjects to complete. Similarly, Ostrowski et al. [42] investigated
stable and unstable bench press at two different intensities (60% and 80%) with greater
muscle activation at 80% load in the concentric phase. This suggests that unstable loading
techniques may vary across different exercises. However, previous research has exten-
sively investigated variable resistance (i.e., chains and elastic bands) ranging 10–30% of the
overall load [43,44]. Ebben and Jensen (2002) investigated elastic band and chain-loaded
resistance set at 10% and found no significant effect on EMG or lifting kinetics [43]. Further,
Stevenson et al. (2010) examined elastic band resistance set at 15% or 30% and failed to
find a significant increase in power compared to FWR alone [44]. In contrast, which in
combination with free-weights, they found no significant differences, although variable
resistance set at higher percentages (35% load) has shown potentiating effects on squat
performance [1,2,45,46]. In the present study, the amount of unstable load used was set at
15% of the total 85% given the challenging tolerance of using unstable loads alone at higher
percentages [31,42], and the low proportion of unstable load failed to amplify potentiation.

Although the use of unstable load may require a greater muscle activation by the
stabilising muscles, it can be more challenging for those who lack regular free-weight
resistance training. In the present study, we used experienced weight-trained individuals,
which could have allowed more control over the unstable load; hence, they may not have
been unstable enough to elicit a potentiation response [47–49]. Therefore, the combination
of unstable load with free-weight resistance can foster stability and reduce the degree of
difficulty compared to unstable loads alone. Possible factors for this lack of difference
could be the level of instability, intensity, elasticity of the bands suspending the load,
movement tempo and the proportion of stable/unstable load. While power analysis was
conducted, further study needs to be conducted with a larger sample size to confirm
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these data. Another limitation is that the participants had no previous experience with
unstable load; thus, future investigations should allow a longer familiarisation period
with unstable load. In addition, research is required to examine the electromyographic
(EMG) activity of the stabilising muscles during stable and unstable load of the back squat
exercise and how these may yield acute improvements in subsequent performance. In
addition, considerations ought to include the type of conditioning contractions, including
bench press, deadlift, etc. as well as participant characteristics (i.e., experienced versus
novice lifters) to confirm the effectiveness of unstable load as a performance enhancement
technique.

5. Conclusions

The use of FWR and UN load during the back squat exercise following a comprehen-
sive task-specific warm-up failed to alter CMJ height and force/power production. These
findings are suggestive that the proportion of unstable load used in the present study in
combination with free-weights was insufficient to augment subsequent CMJ performance.
Given the individuals that took part in the present study had over 2 years’ experience in
weight training may have allowed a greater control over the unstable load; thus, the amount
of unstable load may have been low to elicit a potentiation response. Further research is
required to clearly understand how a higher proportion of unstable load in combination
with free-weights during the back squat exercise can sufficiently challenge the musculature,
the level of difficulty emanating from the unstable load, and the ability to maintain balance
during the execution of the exercise to possibly increase subsequent performance.
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Abstract: The purpose of this study was to investigate the correlation between the reactive strength in-
dex (RSI) using the drop jump (DJ) and the isometric rate of torque development (RTD) with weightlift-
ing performance in national-level weightlifters. Seven male weightlifters (age: 28.3 ± 5.7 years, body
mass: 80.5 ± 6.7 kg, body height: 1.73 ± 0.07 m) participated in this study. Measurements were
performed 2 weeks prior to the national championship and included the countermovement jump
(CMJ), the squat jump (SJ), the DJ from three different drop heights (20, 30, and 40 cm), and the
isometric peak torque (IPT) and RTD. Performance in CMJ and SJ was significantly correlated with
weightlifting performance (r ranging from 0.756 to 0.892). Significant correlations were found between
weightlifting performance with DJ contact time (r ranging from −0.759 to −0.899) and RSI (r ranging
from 0.790 to 0.922). Moreover, the best RSI was significantly correlated with the snatch (r = 0.921,
p = 0.003) and total performance (r = 0.832, p = 0.020). Small to very large correlations were found
between IPT and RTD with weightlifting performance (r ranging from 0.254 to 0.796). These results
suggest that RSI and contact time variables from DJ may predict weightlifting performance in well-
trained weightlifters. Additionally, IPT and RTD may provide useful insights into the neuromuscular
fitness condition of the weightlifter.

Keywords: snatch; clean and jerk; contact time; power

1. Introduction

Olympic weightlifting is a power-demanding sport consisting of two lifts: the snatch
and the clean and jerk. During the snatch, the athlete is required to lift the barbell from
the ground and overhead in one consecutive movement [1]. In addition, the clean and
jerk consists of two different movements: the clean, which requires the athlete to lift the
barbell from the ground to the shoulders, and the jerk, which requires the athlete to bring
the barbell from the shoulders to overhead [2]. Both the snatch and clean and jerk lifts
are highly technical multi-joint movements where the entire neuromuscular system of the
weightlifter must be simultaneously activated for a successful lifting attempt [3].

In Olympic weightlifting training, athletes routinely utilize heavy loads (≥80% of
1 repetition maximum (RM)), with an intentionally fast movement of lifting velocity [4],
to attempt to enhance performance during main competitions. This strategy is not only
applied in the snatch and the clean and jerk but also in other weightlifting derivatives
(back squat, front squat, pulls, etc.). This type of training may lead to a significant increase
in power (i.e., vertical jumps) and in the rate of force development (RFD) [5–7]. Several
studies, for example, have shown that vertical jumps such as the countermovement jump
(CMJ), the deep squat CMJ, and the squat jump (SJ) may significantly predict performance
in the snatch and clean and jerk. Indeed, a significant correlation was observed between
weightlifting performance and CMJ variables [6–11], whereas deep CMJ and SJ may also be
valid predictors of weightlifting performance [8,12,13]. Furthermore, a recent meta-analysis
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revealed that CMJ and SJ power production had a significant correlation magnitude to
weightlifting performance, reaching nearly perfect values (r = 0.92) [14]. Although the
link between CMJ and SJ with weightlifting performance has been extensively researched,
the correlation between drop jump (DJ) capability and weightlifting performance remains
largely unexplored. The DJ is considered a fast stretch–shortening cycle movement that
produces a rapid eccentric phase and a faster transition to the concentric phase [15], which
is similar to the weightlifting movements. A crucial variable derived from the DJ analysis
is the reactive strength index (RSI), which can be calculated as the quotient of DJ height and
ground contact time [16,17]. A previous study on male NCAA Division I basketball players
showed that the RSI was correlated with the vertical stiffness of the lower musculoskeletal
system during various DJ heights [17]. Although data are scarce for weightlifters, it could
be hypothesized that the DJ may be a useful test to predict weightlifting performance, even
though such a premise needs further investigation.

Performance in weightlifting requires a high RFD in short time frames ranging from
0 to 250 milliseconds [18–20]. The RFD is a parameter that shows how quickly an athlete
can apply his/her maximum force, and it is calculated by the force–time curve [7,21,22].
Significant correlations have been found between weightlifting performance with RFD
measured through mid-thigh pull [9,13,21] and isometric leg press [7,10,11]. In addition,
a recent meta-analysis showed that the RFD calculated from mid-thigh pulls may have
a significant correlation magnitude to weightlifting performance, reaching large values
(r ranging from 0.51 to 0.60) [14]. Although these tests are multi-joint and sports-specific,
several laboratories are equipped with isokinetic machines that can measure angular ve-
locities in single-joint movements with high accuracy [23]. Additionally, it is a common
strategy to evaluate athletes’ preparedness before competitions through isokinetic measure-
ments. However, data are scarce regarding the correlation between single-joint movements,
like the isometric knee extension and weightlifting performance. A study of sixty-seven
adolescent weightlifters showed significant correlations between weightlifting performance
and isokinetic knee extension force at 60, 90, and 180 deg/sec (r = 0.597, 0.693, and 0.725,
respectively) [23], but no correlation was presented between the rate of torque development
(RTD) and weightlifting performance. Consequently, whether a correlation exists between
the knee extension isometric peak torque (IPT) and the RTD with weightlifting performance
remains unexplored.

The aim of the present study was to investigate the correlation (a) between RSI and
weightlifting performance and (b) between knee extension IPT and RTD with weightlifting
performance. It was hypothesized that the RSI and knee extension IPT and RTD might be
valid predictors of weightlifting performance.

2. Materials and Methods
2.1. Participants

Seven male weightlifters (N = 7, age: 28.3 ± 5.7 years, body mass: 80.5 ± 6.7 kg, body
height: 1.72 ± 0.07 m, personal best in snatch: 105.6 ± 14.2 kg, personal best in clean and
jerk: 131.5 ± 19.6 kg) with 4.6 ± 2.2 years of competitive experience participated in the
study. Three of the athletes were members of the national weightlifting team and holders
of the national records in their individual bodyweight categories. All athletes participated
in national and international weightlifting competitions. Inclusion criteria were as follows:
(a) absence of any cardiovascular, orthopedic, and neuromuscular issues; (b) systematic
weightlifting training and regular participation in competitions; (c) absence of any illegal
drug use. Athletes were fully informed of the risks and benefits of the study prior to entry,
and they signed an institutionally approved informed consent. All procedures were in
accordance with the 1975 Declaration of Helsinki as revised in 2000 and were approved by
the national ethics committee of Cyprus (project number EEBK/EΠ/2020/55).
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2.2. Design

This study focused on the investigation of correlations between the DJ, the knee exten-
sion IPT, and RTD with weightlifting performance. Seven well-trained male weightlifters
visited the laboratory on two different occasions within a week. During the first visit,
anthropometric characteristics and a familiarization session of the vertical jumps and the
knee extension isometric test were performed. During the second visit, measurements
of the CMJ, the SJ, the DJ, and the knee extension isometric test were performed. On a
different day, all athletes performed the 1-RM test in the snatch and clean and jerk in their
training facilities. A correlation analysis was performed to investigate the relationships
between variables.

2.3. Olympic Weightlifting Performance

Performance in weightlifting (snatch and clean and jerk) was measured at the training
facilities of the athletes during the afternoon hours at a standard temperature of ~24 ◦C [24].
Athletes performed the 1-RM test in the snatch and clean and jerk according to the interna-
tional regulations of the International Weightlifting Federation. Specifically, the 1-RM test
started with the snatch. After a self-selected warm-up with static and dynamic stretching
exercises, athletes performed 3–4 sets of 5–6 repetitions with an empty barbell. Then, the
athletes performed 2 sets of 5 repetitions with 50% of the predicted 1-RM and 1 set of
2–3 repetitions at 65%, 75%, and 85% of the predicted 1-RM. Then, single repetitions were
performed at 90% and 95% of the predicted 1-RM. Three maximum attempts were given to
athletes after 95% of their individual predicted 1RM for achieving their maximum effort.
Fifteen minutes after the snatch, the 1-RM test in the clean and jerk was performed, similarly
to 1-RM snatch test, as described above. During the 1-RM attempts, a certified weightlifting
coach was present to provide feedback to the athletes. The best performance in the snatch
and in the clean and jerk was used for the statistical analysis. Total performance was
expressed as the sum of the snatch and the clean and jerk in kilograms.

2.4. Countermovement Jumps

Laboratory measurements began with the CMJs. Briefly, after 5 min warm-up on a
stationary bicycle and following several dynamic stretching exercises, athletes performed
3 sub-maximal intensity CMJs. Following 3 min of rest, the athletes performed 4 maximal
CMJs (Optojump Modular System, Warwickshire, UK) with 2 min rest between each
attempt. More specifically, the athletes remained in a standing position with arms akimbo;
from this position, the athletes performed an individual self-selected semi-squat and
jumped as high as possible. Data were recorded and analyzed to calculate the maximum
vertical jump height, the power output [Power = (51.9·CMJ height in cm) + (48.9·Body
Mass in kg) − 2007], and the power per body mass [25]. The highest jump height was used
in the statistical analysis. The intra-class correlation coefficients (ICC) for the CMJ height,
the power production, and the power per body mass were 0.989 [95% Confident intervals
(CI): Lower = 0.957, Upper = 0.997], 0.980 (95% CI: Lower = 0.985, Upper = 0.990), and 0.981
(95% CI: Lower = 0.978, Upper = 0.991), respectively.

2.5. Squat Jumps

Following the CMJs, athletes performed the SJs. Similarly to the CMJs test, athletes
performed 3 SJs attempts with sub-maximal intensity followed by 4 SJs attempts with maximal
intensity. More specifically, the athletes remained in a standing position with arms akimbo;
then, the athletes performed an individual self-selected semi-squat and remained motionless
until the researcher gave them the instruction to jump. No countermovement was allowed.
The highest jump height was used in the statistical analysis. Data were recorded and analyzed
(Optojump Next, Warwickshire, UK) for calculating the maximum vertical jump height, the
power output [Power = (60.7·SJ height in cm) + (45.3·Body Mass in kg) − 2055], and the power
per body mass [25]. The ICC for the SJ height, the power production, and the power per
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body mass were 0.979 (95% CI: Lower = 0.962, Upper = 0.998), 0.985 (95% CI: Lower = 0.989,
Upper = 0.991), and 0.989 (95% CI: Lower = 0.968, Upper = 0.995), respectively.

2.6. Drop Jumps

Ten minutes after the SJ test, the athletes performed the DJ test. Three different drop
heights were used: 20, 30, and 40 cm. All athletes were familiar with the technique of
the DJ since they had performed it before, in previous similar measurements, in the same
laboratory. For warming-up purposes, two DJ attempts with sub-maximal intensity were
allowed from 20 cm drop height for all athletes, and after 3 min, the athletes performed 3 DJ
attempts with maximal intensity with arms akimbo from all drop heights with a randomized
order (Optojump Modular System, Warwickshire, UK). Two minutes of rest were allowed
between each attempt. Athletes stepped on the box with arms akimbo and projected their
limb of choice in front of them and outside the box. Then, they were instructed to let their
body fall down with both their feet touching the ground simultaneously. Researchers also
instructed the athletes to minimize the ground contact time as much as possible (floor is
lava) and then to jump as high as possible. Data were recorded and analyzed to calculate
the time flight, the contact time, the jump height, the RSI, and the reactive strength ratio
(RSR) [26]. The DJ with the best RSI was used for the statistical analysis [27]. The ICCs for
the time flight, the contact time, the jump height, the RSI, and the RSR were 0.987 (95% CI:
Lower = 0.934, Upper = 0.998), 0.961 (95% CI: Lower = 0.795, Upper = 0.993), 0.987 (95%
CI: Lower = 0.934, Upper = 0.998), 0.995 (95% CI: Lower = 0.971, Upper = 0.999), and 0.996
(95% CI: Lower = 0.980, Upper = 0.999), respectively.

2.7. Isokinetic Knee Extension Peak Torque and Rate of Torque Development

Fifteen minutes after the DJs, athletes performed the isometric knee extension mea-
surement on an isokinetic dynamometer (HUMAC NORM isokinetic extremity system,
Massachusetts, USA) for the evaluation of the quadriceps maximum IPT and RTD. The
athletes were seated on the isokinetic dynamometer chair, and straps were used to ensure
the stable position of the shoulders, the hips, and the non-tested leg. The tested leg was
determined during the familiarization session [28]. Additionally, both hips were at 110◦

flexion while the knee angle was set at 60◦ flexion (0◦ = full extension) [29,30]. Three
submaximal effort trials were performed with progressively increasing force, and then
3 maximal effort trials were performed. Athletes were instructed to apply their maximum
force as fast as possible and to sustain it for 3 s. Real-time visual feedback of the torque ap-
plied was provided for each effort via a computer monitor placed just in front of the athlete,
while athletes received verbal encouragement to apply their maximum force. Data from the
isometric measurement were recorded and analyzed from the isometric torque–time curve.
Maximum IPT was calculated as the greater torque generated from the torque–time curve,
while RTD was calculated as the mean tangential slope of the torque–time curve in specific
windows of 0–20, 0–40, 0–60, 0–80, 0–100, 0–120, 0–150, 0–200, and 0–250 milliseconds. The
ICC for the IPT was 0.990 (95% CI: Lower = 0.964, Upper = 0.998), and for the RTD, it was
0.893 (95% CI: Lower = 0.649, Upper = 0.972).

2.8. Statistical Analysis

All data are presented as means ± SD. Performance in the snatch, the clean and jerk,
and the total were collected as absolute values and transformed according to the Sinclair for-
mula, which is a polynomial equation for weightlifters and is used as a method of obviating
body mass differences in weightlifting total [13,31]. Pearson’s r product-moment correlation
coefficient was used to explore the relationships between the weightlifting performance
(Sinclair values) with the CMJ, the SQJ, the DJ, the IPT, and the RTD. In addition, Hopkins
scales were used to investigate the magnitude of effect for the correlations: trivial < 0.10;
small < 0.10–0.29; moderate ≤ 0.30–0.49; large ≤ 0.50–0.69; very large ≤ 0.70–0.89; and
nearly perfect ≥ 0.9 [32]. A three-way analysis of variance for repeated measures was used
to examine differences between the DJ heights (20, 30 40 cm) with a Bonferroni correction.
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Due to the small sample size, the Hedges g effect size was calculated. Reliability for all mea-
surements was performed using a two-way random effect ICC with 95% CI. Significance
was accepted at p ≤ 0.05.

3. Results

All weightlifters completed all performance tests without experiencing any injury.
Table 1 presents the results from the snatch, the clean and jerk, and the total expressed both
with absolute and Sinclair values, as well as the variables calculated from the CMJ, the SJ,
the IPT, and the RTD.

Table 1. Weightlifting performance expressed both in absolute (kg) and Sinclair values: countermove-
ment jump, squat jump, lower body isometric peak torque, and rate of torque development results.

Snatch (kg) 100.1 ± 11.2
Clean and Jerk (kg) 124.0 ± 16.0

Total (kg) 224.1 ± 26.1
Snatch (Sinclair) 122.3 ± 12.0

Clean and Jerk (Sinclair) 151.6 ± 18.0
Total (Sinclair) 274.0 ± 28.6

CMJ height (cm) 48.6 ± 9.9
CMJ power (W) 4448.2 ± 659.1

CMJ power/body mass (W/kg) 55.2 ± 6.2
SJ height (cm) 44.3 ± 10.0
SJ power (W) 4278.7 ± 744.0

SJ power per body mass (W/kg) 53.1 ± 7.3
IPT (N·m−1) 331.4 ± 51.7

RTD40 (N·m−1·s−1) 1873.1 ± 444.6
RTD60 (N·m−1·s−1) 1946.6 ± 439.8
RTD80 (N·m−1·s−1) 1978.3 ± 397.3

RTD100 (N·m−1·s−1) 1848.4 ± 331.8
RTD120 (N·m−1·s−1) 1770.6 ± 342.0
RTD150 (N·m−1·s−1) 1651.2 ± 314.4
RTD200 (N·m−1·s−1) 1403.6 ± 255.6
RTD250 (N·m−1·s−1) 1173.3 ± 215.6

SJ = squat jump, CMJ = countermovement jump, IPT = isometric peak torque, RTD = rate of torque development.

Results from the DJ are presented in Figure 1. Specifically, the flight time was signifi-
cantly longer for the 40 cm condition compared with 20 cm (p = 0.013, g = 0.888), but not
when compared with the 30 cm drop height (p = 0.065, g = 0.436). No significant difference
was found for contact time between conditions (p = 0.058). Jump height was significantly
greater for the 40 cm compared with the 20 cm condition (p = 0.015, g = 0.848), but not
when compared with the 30 cm drop height (p = 0.072, g = 0.428). No significant difference
was found for the RSI (p = 0.128) and the RSR (p = 0.102) between all conditions. Almost all
athletes achieved their best RSI and RSR from the 40 cm drop height, except for one who
achieved his best RSI and RSR from the 20 cm drop height. Consequently, the optimum
average drop height for the best RSI for all athletes was 37.1 ± 7.6 cm.

All variables from the CMJ and the SJ were significantly positively correlated with
weightlifting performance (Table 2). In addition, the contact time, the RSI, and the RSR
from the DJs were largely correlated with weightlifting performance (Table 3). Trivial to
small correlations were found between the flight time and the jump height from the DJs
with weightlifting performance (r ranging from −0.037 to 0.258). In addition, significant
positive correlations were found between the snatch and the total with the best individual
RSI (Figure 2), while the correlation between the clean and jerk with the RSI was almost
significant (r = 0.736, p = 0.059, very large). Similarly, significant positive correlations were
found between the RSR with the snatch (r = 0.923, p = 0.003, nearly perfect), with the total
(r = 0.844, p = 0.017, very large), and almost with the clean and jerk (r = 0.731, p = 0.062,
very large).
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Table 2. Correlation coefficients between the squat jump and the countermovement jump with
weightlifting performance, expressed with Sinclair formula.

Squat Jump Countermovement Jump

Jump Height Power Power per Body Mass Jump Height Power Power per Body Mass

Snatch 0.885 **# 0.753 # 0.890 **# 0.797 *# 0.661 ‡ 0.794 *#
Clean and Jerk 0.765 *# 0.634 ‡ 0.780 *# 0.754 # 0.602 ‡ 0.762 *#

Total 0.852 *# 0.715 # 0.864 *# 0.808 *# 0.656 ‡ 0.813 *#

* p < 0.05, ** p < 0.01, ‡ large ≤ 0.50–0.69; # very large ≤ 0.70–0.89.

Table 3. Correlation coefficients between the drop jump from three different drop heights (20, 30, and
40 cm) with weightlifting performance, expressed with Sinclair formula.

Drop Jump 20 cm Drop Jump 30 cm Drop Jump 40 cm

Contact Time RSI RSR Contact Time RSI RSR Contact Time RSI RSR

Snatch −0.885 **# 0.866 *# 0.892 **# −0.899 **# 0.875 **# 0.912 **# −0.879 **# 0.922 **§ 0.920 **#
Clean

and Jerk −0.617 ‡ 0.704 # 0.684 ‡ −0.599 ‡ 0.673 ‡ 0.665 ‡ −0.610 ‡ 0.710 # 0.689 ‡

Total −0.759 *# 0.806 *# 0.804 *# −0.754 # 0.790 *# 0.801 *# −0.753 # 0.833 *# 0.819 *#

RSI = Reactive strength index, RSR = reactive strength ratio, * p < 0.05, ** p < 0.01; ‡ large ≤ 0.50–0.69; # very
large ≤ 0.70–0.89; and § nearly perfect ≥ 0.9.
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4. Discussion

The purpose of the present study was to investigate the relationship between the RSI
during the DJs and the knee extension IPT and RTD with weightlifting performance. The
main findings of the study were as follows: (a) the RSI and the contact time calculated from
the DJs were significantly correlated with weightlifting performance, (b) individual RSI was
significantly positively correlated with the total and the snatch weightlifting performance, and
(c) the knee extension IPT and the RTD were moderately to largely correlated with weightlifting
performance. These results suggest that the RSI, similar to the CMJ and the SJ, may be a reliable
predictor of weightlifting performance, while coaches may consider using the best individual
RSI result for predicting weightlifting performance in well-trained male weightlifters. Based
also on the current results, a single-joint test, such as the isometric knee extension, may be a
moderate predictor of weightlifting performance in well-trained weightlifters.

As expected, weightlifting performance was significantly correlated with all variables
of the CMJ and the SJ. Previous studies have shown that performance in the CMJ and the
SJ were significantly correlated with weightlifting performance in both male and female
weightlifters [6–11,13]. Additionally, a recent meta-analysis showed that performance
in the CMJ and the SJ are the best predictors for weightlifting performance [14]. These
strong correlations are derived from the biomechanical similarities, and mainly of the lower
body triple extension (hip, knee, and ankle extensors), which may be observed in both
weightlifting movements and vertical jumping attempts [8,19]. However, whether RSI
from the DJ may be correlated with weightlifting performance was unclear. The findings
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of the present study showed that the contact time, the RSI, and the RSR were the main
variables from all DJ heights that were strongly correlated with weightlifting performance.
The DJ is a technical demanding vertical jump, in comparison to the CMJ and the SJ, which
requires producing a short-time eccentric contraction phase followed by a rapid concentric
vertical jump effort [15]. Similarly, during the end of the second pull, in both the snatch
and the clean movements, weightlifters drive their bodies under the barbell, emphasizing
the strong placement of their lower bodies on the ground. Then, the weightlifters move the
barbell overhead (snatch) or on their shoulders (clean), generating a strong whole-body
eccentric muscle contraction followed by an abrupt concentric muscle contraction in an
attempt to overcome the lifting load and recover in the standing position. Due to these
similarities, it might be hypothesized that the RSI and the RSR, as calculated from the DJ,
might be strong predictors of weightlifting performance. Therefore, coaches and strength
and conditioning professionals may consider using the DJs during training or prior to
main competitions for evaluating the athlete’s preparedness before the major competitions.
Interestingly, lower correlations were found between the RSI and the clean and jerk, which
might be attributed to the presence of the jerk in the movement pattern, masking perhaps
a stronger correlation outcome. Although the 1-RM strength in the back squat and the
front squat or/and in the power snatch and the power clean may be better predictors for
competitive performance [14], coaches may consider using a simple, easily executed and
practical field test, like the DJ, which provides an index of explosiveness (RSI, RSR) and
is also a good predictor of weightlifting performance. However, these results should be
viewed with caution since, according to the authors’ knowledge, this is the first study that
investigated the correlation between the RSI and the RSR with weightlifting performance.
More research is required to reach certain conclusions.

Comparison between the different DJ heights showed that the flight time and the
jumping height were greater for the 40 cm drop height compared to the 20 cm drop height
but not when compared with the 30 cm drop height. In addition, no significant difference
was observed for the contact time, the RSI, and the RSR between all conditions evaluated.
Therefore, both jumping heights from 30 and 40 cm may be optimal to calculate the RSI
and the RSR, although an individual drop height should be preferred. These results are in
line with a previous study of 45 college athletes from various sports, which showed that
stronger athletes can maintain their reactive strength ability during the DJ compared to their
weaker counterparts [33]. Weightlifters who participated in the current study were among
the strongest athletes in their body mass category in their country. Moreover, the athletes
achieved their best RSI and RSR scores from an optimum drop height of approximately
37 cm. A previous study of 17 national-level power and team sport athletes showed that the
optimum drop height was 29.4 ± 16.0 cm, although this was calculated from four different
drop heights of 20, 40, 60 and 80 cm [27]. Since, in the current study, six out of seven
athletes achieved their best RSI and RSR scores from the 40 cm height, it can be speculated
that a 40 cm drop height might be a piece of practical and valuable training information for
coaches and strength and conditioning professionals for attempting to increase the power
performance of their weightlifters. Still, future studies should focus on the investigation of
even higher DJ heights in well-trained weightlifters.

A very large correlation was found between the IPT with the snatch and the total,
while the clean and jerk was largely positively correlated with the IPT. Similar to the present
findings, a study of sixty-seven male weightlifters under the age of 17 showed significant
correlations between the isokinetic knee extension strength at 60, 90, and 180 deg/sec
and weightlifting performance (r = 0.597, 0.693, and 0.725, respectively) [23]. However,
several studies have shown stronger correlations between weightlifting performance and
multi-joint isometric tests such as the isometric mid-thigh pull [6,9,13,21] and the isometric
leg press [7,10,11]. The knee extension IPT is a single-joint movement involving only the
quadriceps muscles. Consequently, coaches may consider using this particular laboratory
test with caution for predicting weightlifting future performance. Additionally, large to
very large correlations (ranging from 0.581 to 0.766) were found between the knee extension
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RTD in time windows from 0–60 ms to 0–250 ms with the weightlifting performance.
Similar results were found in previous studies using the isometric mid-thigh pull and the
isometric leg press in trained (r ranging from 0.62 to 0.76) [13], sub-elite (r ranging from
0.580 to 0.767) [21], well-trained (r ranging from 0.446 to 0.655) [10], and elite weightlifters
(females; r ranging from 0.69 to 0.80; males; r ranging from 0.660 to 0.733) [7,9]. Thus,
the isometric knee extension RTD may also be a valid test for the evaluation of fast force
production and for assessing the preparedness of the neuromuscular system in well-trained
weightlifters. However, more studies are required to reach safe, relevant conclusions.

This study describes the correlation between the RSI, the knee extension IPT, and
the RTD with weightlifting performance in well-trained male weightlifters. The small
sample size and the different weight mass categories of the athletes may partially limit the
generalization of the results. This particular limitation might be partly counterbalanced
by the high level of athletic performance and the long-term training experience of the
athletes. Still, weightlifting is an explosive sporting event, where muscle fiber types and
neural factors may contribute to performance results; neither fiber type composition nor
electromyographic activity were examined in the present study, which might have provided
a better understanding of the current results. Further studies should examine the role of
the DJ from different drop heights (including heights above 40 cm) as well as the knee
extension IPT and the RTD in larger groups of weightlifters and in female weightlifters.

5. Conclusions

The contact time, the RSI and the RSR from the DJ may be strong predictors of
weightlifting performance in well-trained weightlifters. These results suggest that coaches
may regularly include DJs in their training programs in order to increase lower body
power and predict the weightlifting performance of their athletes. Moreover, when athletes
approach the competition period and the training load-volume is reduced, then coaches
may use DJ scores as an index of the muscular explosiveness and readiness of their ath-
letes before main competitions. Although both the 30 and the 40 cm drop heights may
effectively be used for all athletes during training, coaches should regularly estimate the
optimal individual drop height of each athlete in an attempt to maximize the RSI and
the RSR. Additionally, when access to the isometric mid-thigh pull or the isometric leg
press performance tests is limited, then the knee extension RTD may be used to predict
weightlifting performance and the status of the neuromuscular system of the weightlifter.
Therefore, it is suggested that, in line with the CMJ and the SJ power tests, coaches may
also effectively use the DJ, the knee extension IPT, and the RTD to predict weightlifting
performance in well-trained weightlifters.
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Abstract: The purpose of this study was to investigate and compare the passive joint range of motion
(PROM) and muscle strength in prepubertal rhythmic gymnasts (RGs), artistic gymnasts (AGs),
and a control group (CG) of the same age. A total of 54 prepubertal girls were divided into three
groups: 18 RGs (age 11.14 ± 0.7, height 142.6 ± 5.81, and body mass 31.2 ± 3.63); 18 AGs (age
11.27 ± 0.99, height 139.6 ± 5.85, and body mass 31.7 ± 3.21), and 18 school girls who are defined
as CG (age 10.55 ± 0.42, height 145.33 ± 6.95, and body mass 42.1 ± 8.21) participated in the study.
All athletes were elites and participated in national competitions. The CG participated only in their
school physical education program. Isokinetic peak torques were measured using an isokinetic
dynamometer (Cybex II) at 60, 180, and 300◦·sec−1. Body mass index was greater in the CG compared
to RGs and AGs (p < 0.001). PROM in cervical extension in RG was significantly higher compared to
the AG and CG (p < 0.001). The athlete groups, RG and AG, showed significantly greater PROM in
knee flexion (p < 0.001), hip flexion (p < 0.001), and hip abduction (p < 0.05) compared to CG. PROM
in hip flexion was different between the left and right leg in RGs. The relative muscle strength of
the quadriceps in the RG and AG was significantly greater compared to CG (p < 0.001 and p < 0.01
respectively). Gymnastics training in prepubertal ages can improve neuromuscular function and
increase the relative muscle strength. Therefore, it is essential to note that when evaluating children
within the developmental ages, especially those involved in sports, the type of muscle strength to be
assessed should be specified.

Keywords: rhythmic gymnastics; artistic gymnastics; muscle strength; range of motion; back;
lower extremities

1. Introduction

Children’s physical activity is increasingly characterized by the specialization in a
specific sport. Furthermore, the sport requirements and competition have been increased
significantly as suggested by the high intensity of the workouts and the frequency of the
competitions. With respect to rhythmic gymnastics and artistic gymnastics, the selection
of the girls is made from a very young age. Age is an important factor for the selection
of athletes in these sports, which require muscle strength, large range of motion, and
the combination of these, in order to achieve maximal performance [1,2]. The long and
intense training of female athletes can cause, among other things, qualitative changes in the
neuromuscular function with favorable conditions for explosive power and vitality [3,4].
At this age the skeleton is soft, and the endurance of the tendons and ligaments is greater
than the endurance of the skeleton [5]. As a consequence of improved neuromuscular
adaptations, the functional training in rhythmic gymnasts (RGs) and artistic gymnasts
(AGs) leads to the correct technique of their particular sports, because, even at these ages,
there are changes in the muscle architecture (penal angle), increased coordination, and
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balance between prime mover or agonist and antagonist muscles [6,7]. The aforementioned
are sine qua non to achieve great performances, but, at the same time, they expose the
athletes to a great risk of possible repetitive strain injury [8,9].

Rhythmic gymnastics as an artistic sport is highly demanding in the complexity of
skills. Exercise in this sport involves coordinating different body parts with the apparatus:
the ball, hoop, club, ribbon, and rope. A gymnast might achieve excellent performance
when she is able to execute the specific exercises indicating her physical abilities at the
best level and showing mastery of the special apparatus movements required by the
international Code of Points [10]. Artistic gymnastics is a complex sport consisting of
technical skills in the events of floor exercise, the uneven bars, the balance beam, and
the vault. Training in both rhythmic and artistic gymnastics requires repetitive and long-
lasting workouts in the fundamental elements and the basic positions [11,12] demanding
the coordination of handling various apparatus. Muscle strength and power, muscle
endurance, as well as large range of motion are required to attain positions not seen very
often in sports. Other studies have associated the risk of developing lower back complaints
with the specific sports that demand repetitive or high velocity twisting or repetitive
bending flexibility, particularly in extension [13,14]. Athletes participating in sports such as
rhythmic and artistic gymnastics have been shown to be at increased risk of developing
lower back complaints [14–19]. The kind of movements of RGs and AGs require high
muscle strength of lower extremities, abdominals, and back muscles. Sufficient muscle
strength of the hamstrings and quadriceps is a prerequisite for female athletes to learn
proper movement technique and meet the demands of the sport. Conversely, insufficient
(decreased) muscle strength can lead to incorrect technique which can negatively affect
performance and increase the risk of injury [20]. Furthermore, when there is an imbalance
in the relationship between joint range of motion and muscle power, the optimal movement
pattern is disrupted and the posture of the spine will be affected, thereby increasing the risk
of injury [20,21]. To the best of our knowledge there are few studies examining isokinetic
torque and joint passive range of motion (PROM) including RGs compared to AGs and non-
exercisers (untrained girls). Thus, the purpose of this study was to examine and compare
the joint mobility and muscle strength of the spine and lower extremities in prepubertal
elite athletes in rhythmic gymnastics, artistic gymnastics, and untrained participants.

2. Materials and Methods
2.1. Participants

The power analysis was conducted prior to the study being performed, based on
previous studies of similar research design [22,23]. An effect size of >0.6, a probability
error of 0.05, and a power of 0.95 were used for the 3 groups. Those indicated that
48 participants was the smallest acceptable number of participants to analyze the interaction.
The calculations for effect size (ES) and statistical power were performed using G*Power
software: Statistical Power Analyzes for Windows, Version 3.1.9.7 according to Cohen’s
f criteria [24]. This study involved 54 girls, divided into 3 groups: 18 RGs, 18 AGs, and
18 school girls who are defined as the control group (CG) participated in the study. All
athletes participated in national competitions. CG participated only in their school’s
physical education program (2 to 3 40 min weekly classes), which consisted of mainly
ball-games, stretching exercises, some calisthenics, and did not take part in any other sport
activities in organized form. Basic anthropometric data of the groups are shown in Table 1.

Participants visited the laboratory on two occasions one day apart. The first visit was
an orientation session that included anthropometric assessments, measurements of the joint
PROM, and also a questionnaire that included their relevant physical and medical profile.
In the second visit the participants were tested on the isokinetic dynamometer. After 5 min
rest in the supine position, the heart rate (HR) using a monitor (Polar Electro, Sweden) and
the blood pressure (BP) using a cuff on the left arm were recorded.
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Table 1. Physical characteristics of the participants (means ± SD).

Rhythmic Gymnasts
(RG)

(n = 18)

Artistic Gymnasts
(AG)

(n = 18)

Control Group
(CG)

(n = 18)

Age (years) 11.14 ± 0.70 11.27 ± 0.99 + 10.55 ± 0.42
Height (cm) 142.6 ± 5.81 139.6 ± 5.85 145.33 ± 6.95 ++

Body mass (kg) 31.2 ± 3.63 31.7 ± 3.21 42.1 ± 8.21 ###
+++

Body mass index
(Kg/m2) 15.22 ± 1.76 16.67 ± 1.85 20.06 ± 2.90 ###

+++
Years in training (years) 4.03 ± 0.8 4.40 ± 0.5 0
Hours of daily training

(hours) 3.83 ± 0.65 * 3.42 ± 0.28 0

* p < 0.05 comparison between RGs and AGs, + p < 0.05 comparison between the CG and AGs, ++ p < 0.01
comparison between the CG and AGs, +++ p < 0.001 comparison between the CG and AGs, and ### p < 0.001
comparison between the CG and RGs.

Participants reported no musculoskeletal injuries of the lower limbs that would pre-
vent them from performing maximal isokinetic contractions. None of the participants had
been doing progressive resistive exercise the previous day before the testing. Participants
underwent a though-knee examination before the test. All participants and their parents
were informed of the nature, purpose, procedures, potential discomfort, risks, and benefits
involved in the study before giving their voluntary written consent for participation. All
participants completed a questionnaire that included their relevant medical and physical
history. No participant was taking any medication prior to the study that might affect
the results of the experiment. This study has been approved by the Institutional Review
Board of the Exercise Physiology and Sport Rehabilitation Laboratory, Thessaloniki, Greece
(No. 02/2021) and was in accordance with the Declaration of Helsinki.

2.2. Testing Procedures—Measurements of the Joint PROM

Standing height was measured without shoes to the nearest 1.0 cm, using a stadiometer
(model 220, Seca, Hamburg, Germany). Body mass was measured to the nearest 0.1 kg
using an electronic digital scale (model 770, Seca), with the participants wearing only
training shorts. The body mass index (BMI) was calculated as the ratio of body mass in kg
to the square of the standing body height in m (kg/m2).

Joint PROM was tested by two experienced physical therapists that paid special
attention in the way the movement began, its stability, as well as the direction of the
movement. No warm-up exercises were performed prior to the testing procedures. Both
legs were measured and the PROM was recorded. The measurements were taken in a
quiet room and all groups were measured for standing height, body mass, and mobility
of the spine, hip, and knee joints. Testing procedures were conducted between 11 a.m.
and 2 p.m., and the environment temperature was around 22 ◦C. Participants performed a
5 min warm-up only before muscle strength measurement.

Hip abduction was measured using a Lafayette Gollehon extendable goniometer [25,26],
and the rest of the movements were conducted using the Myrin goniometer (Lic Rehab, 17183
Solna, Sweden), which has shown advantages in clinical trials [27] and is reliable [28]. The
position of the goniometer was standardized in relation to the anatomical landmarks. All
measurements were made on an adjustable bench and were evaluated passively without
causing pain at the same time of the day. Three repetitions of the test were carried out for each
joint and the highest value was recorded. Joint mobility of the lower extremity was tested
in the hip flexion, knee flexion, and hip abduction. In the spine the PROM of the cervical,
thoracic, and lumbar spine were examined. Before measuring the articular mobility of the
spine in each participant, all the spinous processes from the seventh cervical vertebra (C7) to
the first sacral vertebrae (S1) were marked with a red pen. In addition, a straight line in the
posterior superior iliac spines and the anterior superior iliac crests was also drawn.
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2.2.1. Knee Flexion (Test of the Quadriceps Femoris)

The participant was laid in the prone position on the examination bench. The ankle
joint was in plantar flexion just outside the bench. The pelvis was immobilized with a
Velcro band to be in constant with the examination bench. The Myrin goniometer was
placed 5 cm above the lateral malleolus and adjusted to zero. The examiner used his hand
to apply straight equal pressure to the participant’s ankle so as to avoid an inward turn
of the hip (if the direction of the movement is wrong, the leg extremity that is the ankle
joint and the foot would move to the other side of the gluteus maximus muscle). The
examiner’s pressure was such as to lead the joint through its largest possible orbit without
causing pain [29,30]. The other test leader read and took note of the passive joint flexibility,
otherwise known as the personal PROM. There were three separate measurements for each
participant with small breaks in between. The largest orbit was then recorded.

2.2.2. Hip Flexion—Straight Leg Raising Test (SLR) (Test of the Hamstring Muscles)

The participant was laid in the supine position on the examination bench; the go-
niometer was strapped to the lateral side of the thigh 5 cm above the patella and was
adjusted to zero. Velcro bands immobilized the pelvis and the opposite leg. The examiner
moved one of the participant’s legs to his shoulder and asked the participant to relax. The
examiner, with one hand, stabilized the ankle joint not allowing the internal rotation of
the hip and placed the other hand on the participant’s straight knee [30,31]. The second
examiner recorded the results of any passive movement. Both examiners measured the
final orbit of motion.

2.2.3. Hip Abduction (Test of the Adductor Muscles)

With the participant supine on a bench, the Lafayette Gollehon extendable goniometer
was placed on a transverse line connecting the anterior superior iliac spines. The fulcrum
was adjusted over the iliac spine and the movable arms were strapped to the thighs above
the patella. The pelvis was stabilized with a special belt when measuring to keep it still.
The hips were in full abduction and knees straight [30].

2.3. Testing Procedures—Mobility of the Spine
2.3.1. Trunk flexion (Stibor Test)

The participant was in the upright position. The identification of the spinous process
of the C7 was made after palpation of the 6th and 7th cervical vertebrae. When the head
was extended the spinous process of the 6th cervical vertebra could no longer be palpated,
whereas the C7 could be palpated. The one end of the metering was placed in the spinous
process of C7 and the other on the spinous process of S1. The participant, with stretched
knees, hands free, and head relaxed, bends the trunk forward [30,32,33]. In full flexion of
the trunk the increased difference was measured (Figure 1).

2.3.2. Cervical Spine

The measurements were performed in 3 planes of movement: flexion—extension,
lateral flexion, and axial rotation to both right and left side.

2.3.3. Flexion and Extension of the Cervical Spine

The participant was in a seated position with trunk and head in a straight position.
A solid ribbon with Myrin goniometer attached was placed around the head at the point
just above the ear. The index of the goniometer pointed to zero. The examiner, giving
instructions for the proper movement of the head, stabilized the trunk with once hand
while the other hand lightly pressed the participant’s head forward. The extension of the
head was made from the same starting point, with the trunk stabilized in a similar manner
and the goniometer mounted at the same point [27,34].
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2.3.4. Lateral Flexion of the Cervical Spine

The participant sat with a straight trunk and head. The stabilizing ribbon was tied
around the head, while the Myrin goniometer was placed on the forehead. The index of
the goniometer pointed to zero. The examiner stabilized the shoulder with one hand while
the other hand lightly pressed the participant’s head in the extreme left position (left lateral
bending) and then right (right lateral bending). During the lateral bending the participant
was instructed to avoid turning the head [27,34].
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Figure 1. Measurement of the trunk flexion from the upright position (Stibor test). The identification
of the seventh cervical vertebra (C7) to the first sacral vertebra (S1).

2.3.5. Rotation of the Cervical Spine

The participant was either seated with a straight trunk and head in the supine position
or lying down. The measurement was performed from both starting positions and no differ-
ences were found. The adhesive ribbon was placed around the head and the goniometer at
the top of it. The index of the goniometer pointed to zero. The examiner stabilized the trunk
of the participant and pushed the head slightly to the extreme rotating position [27,34]. The
assistant recorded the cervical rotating (left and right) mobility.

2.3.6. Lateral Flexion of the Trunk

The participant was in the upright position with the legs slightly stretched. From this
position with the arms stretched and attached to the body, the contact point of the middle
finger on the thigh (left and right) was recorded with a pen. After left and right trunk
flexion, the contact point of the middle finger on the thigh was re-registered. The distance
difference between the two points was measured. During bending the examiner controlled
the movement of the participant so as to avoid rotating the torso and pelvis [35,36]. This
measurement was performed for the mobility of the thoraco–lumbar junction (Figure 2).

2.3.7. Lumbar Spine (Shober Test)

The participant was in the standing position. The examiner, who was standing behind
the participant, identified the posterior superior iliac spines using palpation and marked a
straight line corresponding to the height of the spinous process of the 4th sacral vertebra.
To secure the neutral position of the pelvis, the upper anterior iliac spines in the anterior
part of the body were also marked by the examiner. Then, from the spinous process of
the S1 was measured 10 cm upwards, i.e., to the level of the 1st and 2nd lumbar vertebrae
(L1–L2). In trunk flexion with knees stretched, the difference will be increased by about
4–5 cm (Figure 3) [30,32,33,37].
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the distance from the S1 to 10 cm upwards was measured. In trunk flexion in this distance was
increased by 4–5 cm.

2.3.8. Thoracic Spine (Ott Test)

The participant was in the standing position. The mobility of the thoracic spine was
measured from the spinous process of the C7 and 30 cm downwards. Then, the same
distance was measured with the participant in a bending position, where the difference in
flexion between positions will be increased by about 3 cm [30,32,38] (Figure 4).

92



J. Funct. Morphol. Kinesiol. 2023, 8, 153

J. Funct. Morphol. Kinesiol. 2023, 8, x FOR PEER REVIEW 7 of 15 
 

2.3.8. Thoracic Spine (Ott Test) 
The participant was in the standing position. The mobility of the thoracic spine was 

measured from the spinous process of the C7 and 30 cm downwards. Then, the same dis-
tance was measured with the participant in a bending position, where the difference in 
flexion between positions will be increased by about 3 cm [30,32,38] (Figure 4). 

 
Figure 4. Measurement of the flexion of the thoracic spine (Ott test). The mobility of the thoracic 
spine was measured from C7 and 30 cm downwards in standing and bending positions. The differ-
ence between positions was increased by about 3 cm. 

2.4. Concentric Isokinetic Muscle Strength Measurements 
Peak torque was measured using a speed controlled isokinetic dynamometer (Cybex 

II, Lumex Inc., Ronkonkoma, NY, USA), with a specially designed program which in-
cluded torque comparison adjusted to the weight of the leg. Prior to the testing session, 
participants followed a standardized warm-up on a cycle ergometer (Monark 839, Var-
berg, Sweden) for 5 min with low resistance at 60 rev/min, prior to all strength measure-
ments. This exercise was followed by a 5 min partial passive stretching of the knee flexors 
and extensors according to Mandroukas et al. [22] and the unilateral concentric muscle 
strength of the dominant leg was measured. The leg used most frequently for kicking the 
ball was identified as the dominant leg. The factors for the evaluation of strength perfor-
mance were the absolute peak torque (APT) and the relative peak torque (RPT). APT is 
defined as the best value from all repetitions and RPT in relative to body mass values, for 
every type of movement and velocity. 

Testing Protocol 
For each angular velocity peak isokinetic torque was recorded simultaneously and 

the torque generated by the limb weight and the dynamometer arm was extracted from 
the obtained data. The participants were sitting on the chair of the dynamometer with 
stabilization straps at the trunk, thigh, and tibia to prevent extraneous joint movement. 
The knee to be tested was positioned at 90° of flexion (0° corresponding to fully extended 
knee) to align the axis of the dynamometer lever arm with the distal point of the lateral 
femoral condyle. The length of the lever arm was individually determined, and the re-
sistance pad was placed at 5 cm above the malleoli. The non-tested leg was hanging freely. 
Knee extension started when the knee was positioned at 90° of flexion, while the knee 
flexion started when the knee was in full extension (0°). Alignment with an electronic go-
niometer (Lafayette Instrument Company, Indiana) was used for accuracy of the knee an-
gle positioning and alignment of the joint prior to and during testing sessions. All partic-
ipants, prior to the commencement of the testing, were familiarized with the isokinetic 

Figure 4. Measurement of the flexion of the thoracic spine (Ott test). The mobility of the thoracic spine
was measured from C7 and 30 cm downwards in standing and bending positions. The difference
between positions was increased by about 3 cm.

2.4. Concentric Isokinetic Muscle Strength Measurements

Peak torque was measured using a speed controlled isokinetic dynamometer (Cybex
II, Lumex Inc., Ronkonkoma, NY, USA), with a specially designed program which included
torque comparison adjusted to the weight of the leg. Prior to the testing session, participants
followed a standardized warm-up on a cycle ergometer (Monark 839, Varberg, Sweden)
for 5 min with low resistance at 60 rev/min, prior to all strength measurements. This
exercise was followed by a 5 min partial passive stretching of the knee flexors and extensors
according to Mandroukas et al. [22] and the unilateral concentric muscle strength of the
dominant leg was measured. The leg used most frequently for kicking the ball was
identified as the dominant leg. The factors for the evaluation of strength performance were
the absolute peak torque (APT) and the relative peak torque (RPT). APT is defined as the
best value from all repetitions and RPT in relative to body mass values, for every type of
movement and velocity.

Testing Protocol

For each angular velocity peak isokinetic torque was recorded simultaneously and
the torque generated by the limb weight and the dynamometer arm was extracted from
the obtained data. The participants were sitting on the chair of the dynamometer with
stabilization straps at the trunk, thigh, and tibia to prevent extraneous joint movement.
The knee to be tested was positioned at 90◦ of flexion (0◦ corresponding to fully extended
knee) to align the axis of the dynamometer lever arm with the distal point of the lateral
femoral condyle. The length of the lever arm was individually determined, and the
resistance pad was placed at 5 cm above the malleoli. The non-tested leg was hanging
freely. Knee extension started when the knee was positioned at 90◦ of flexion, while
the knee flexion started when the knee was in full extension (0◦). Alignment with an
electronic goniometer (Lafayette Instrument Company, Indiana) was used for accuracy of
the knee angle positioning and alignment of the joint prior to and during testing sessions.
All participants, prior to the commencement of the testing, were familiarized with the
isokinetic movements by performing several submaximal contractions under the guidance
of the investigators. Participants were instructed to kick the leg as hard and as fast as
they could through a complete ROM. Verbal encouragement was given during every trial.
Participants were instructed to hold their arms comfortably across their chest to further
isolate knee flexion and extension movements. Three repetitions were carried out at each
angular velocity, and the best torque value was used. The trial proceeded from the high
angular velocity to the low angular velocity. A 30 s rest period between each velocity
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was given and 60 sec rest period between each velocity measurement. Maximal isokinetic
strength was recorded as the torque of the quadriceps and hamstring muscles throughout
the whole ROM, at angular velocities of 60, 180, and 300◦·s−1. The concentric strength ratio
between the knee flexors and the knee extensors (H:Q ratio) was expressed as the ratio
between the peak values at each velocity. The conventional H:Q ratio was calculated by
dividing each participant’s highest concentric PT leg flexion by the highest concentric PT
leg extension.

2.5. Statistical Analysis

Statistical analysis was undertaken using SPSS V.26.0 (SPSS Inc., Chicago, IL, USA).
Initially, descriptive statistics were used to calculate means and standard deviations for
the testing sessions, for all groups. One-way analysis of variance (ANOVA) and post hoc
analysis (Scheffé test) were used to determine which groups in the ANOVA differed from
each other. Effect sizes for variance analyses were given as partial eta squared (ηp

2) with
values ≥0.01, ≥0.06, and ≥0.14 indicating small, moderate, or large effects, respectively [24].
Also, Cohen’s d was evaluated for the t-test as following: d = 0.2 small; d = 0.5 medium;
d = 0.8 large; and d = 1.3 very large [24]. The level of statistical significance was set at
p < 0.05.

3. Results

The RG athletes had a significantly greater ROM in head extension compared to the
AG athletes and CG participants (p < 0.001, ηp

2 = 0.454). However, no differences were
found among the three groups in left (ηp

2 = 0.050) and right (ηp
2 = 0.065) lateral flexion,

forward flexion (ηp
2 = 0.011), and rotation (ηp

2 = 0.072) (Figure 5).
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Figure 5. Cervical joint range of motion (means ± SD) during left and right lateral flexion, forward
flexion, and extension. RG = rhythmic gymnasts, AG = artistic gymnasts, and CG = control group;
*** p < 0.001.

The ROM at the lumbar spine was significantly greater (p < 0.01, ηp
2 = 0.437) in the

RG athletes compared with AG athletes. No significant differences were found among the
three groups in the ROM of the thoracic spine (ηp

2 = 0.064); the flexion of the trunk from
the standing position, from C7 to S1 (ηp

2 = 0.055); and the lateral bending of the trunk
(left–right lateral flexion, ηp

2 = 0.058) (Figure 6).
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Figure 6. Thoracic and lumbar spine range of motion (means ± SD). RG = rhythmic gymnasts,
AG = artistic gymnasts, and CG = control group; ** p < 0.01.

The RG group showed significantly greater ROM in knee flexion (p < 0.001; right
leg: ηp

2 = 0.344, left leg: ηp
2 = 0.320), hip flexion (p < 0.001; right leg: ηp

2 = 0.913, left
leg: ηp

2 = 0.902), and hip abduction (p < 0.05, right leg: ηp
2 = 0.194, left leg: ηp

2 = 0.196)
compared to the CG. Also, the ROM was greater in hip flexion (p < 0.001) and hip abduction
(p < 0.05) in the AG group in comparison to the CG. However, no significant differences
were found between the RG and AG groups. These results were similar for both the right
and left leg (Figure 7).
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Figure 7. Range of motion (means ± SD) of the knee flexion, hip flexion, and hip abduction of the
right leg (A) and left leg (B). RG = rhythmic gymnasts, AG = artistic gymnasts, and CG = control
group; * p < 0.05 and *** p < 0.001.

Surprisingly, a significant difference was observed in the ROM of hip flexion in the
RG group, where the right leg was significantly higher, compared to the left leg (p < 0.01,
d = 0.5). No significant differences were observed between the left and right leg in hip
flexion for the AGs (d = 0.1) and CG (d = 0.1) (Figure 8).

The results of the absolute and relative isokinetic muscle strength between the RGs,
AGs, and CG are shown in Table 2. In the absolute isokinetic concentric muscle strength
of the quadriceps, the CG had significantly greater strength at 180◦·s−1 (ηp

2 = 0.221) and
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300◦·s−1 (ηp
2 = 0.238), compared to the RGs (p < 0.01 and p < 0.05) and AGs (p < 0.05,

respectively) groups. No significant differences were found among the three groups, at
the slow angular velocity (60◦·s−1, ηp

2 = 0.058). However, the relative muscle strength of
the quadriceps in the RG and AG groups was significantly greater at 60◦·s−1 compared
to the CG (p <0.001 and p <0.01, respectively; ηp

2 = 0.221) and between the AGs and CG
at 180◦·s−1 (p < 0.05, ηp

2 = 0.153). Nevertheless, no significant differences were shown
between the RG and CG groups. In knee flexion there were no significant differences in
absolute muscle strength between the groups (60◦·s−1: ηp

2 = 0.019, 180◦·s−1: ηp
2 = 0.032,

300◦·s−1: ηp
2 = 0.093) as well as in the H:Q ratio (60◦·s−1: ηp

2 = 0.026, 180◦·s−1: ηp
2 = 0.169,

300◦·s−1: ηp
2 = 0.028). However, a significant difference was observed in the relative

muscle strength at 60◦·s−1 between RGs and the CG (p < 0.05, ηp
2 = 0.184).
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Table 2. Quadriceps and Hamstring peak torque values (Nm) and relative body mass values
(Nm·kg−1BW) at angular velocities of 60, 180, and 300◦·s−1. Comparison between RGs, AGs, and
CG (mean ± SD).

RG AG CG

Quadriceps absolute
values (Nm)

60◦·s−1 82.33 ± 13.3 79.85 ± 11.7 89.89 ± 25.0
180◦·s−1 48.28 ± 8.9 ++ 53.92 ± 7.9 # 63.11 ± 16.6
300◦·s−1 34.28 ± 6.1 + 34.85 ± 4.7 # 44.17 ± 12.2

Hamstring absolute
values (Nm)

60◦·s−1 41.22 ± 7.0 41.31 ± 9.1 44.00 ± 11.7
180◦·s−1 26.78 ± 5.1 27.31 ± 7.7 29.56 ± 7.0
300◦·s−1 18.00 ± 3.7 17.54 ± 5.9 21.56 ± 7.1

Quadriceps relative to
body mass values

(Nm·kg−1BW)

60◦·s−1 2.63 ± 0.25 +++ 2.51 ± 0.26 ## 2.14 ± 0.40
180◦·s−1 1.55 ± 0.19 1.69 ± 0.14 # 1.50 ± 0.24
300◦·s−1 1.09 ± 0.14 1.09 ± 0.66 105 ± 0.19

Hamstring relative to
body mass values

(Nm·kg−1BW)

60◦·s−1 1.32 ± 0.19 + 1.29 ± 0.22 1.07 ± 0.30
180◦·s−1 0.86 ± 0.19 0.85 ± 0.20 0.71 ± 0.18
300◦·s−1 0.58 ± 0.20 0.54 ± 0.16 0.51 ± 0.14

Hamstings:Quadriceps
ratio

60◦·s−1 50.07 ± 5.3 51.73 ± 8.3 48.95 ± 7.5
180◦·s−1 55.34 ± 5.7 50.65 ± 9.7 46.84 ± 7.8
300◦·s−1 52.51 ± 6.1 50.33 ± 12.5 48.81 ± 7.3

# p < 0.05 comparison between AGs and CG, ## p < 0.01 comparison between AGs and CG, + p < 0.05 comparison
between RGs and CG, ++ p < 0.01 comparison between RGs and CG, and +++ p < 0.001 comparison between RGs
and CG.

96



J. Funct. Morphol. Kinesiol. 2023, 8, 153

4. Discussion

The purpose of this study was to examine and compare the joint mobility and muscle
strength of the spine and lower extremities in prepubertal elite athletes in rhythmic gym-
nastics, artistic gymnastics, and untrained subjects of the same age. The results of the study
showed that the PROM in cervical extension was notably higher in the RG compared to the
AGs and CG. Moreover, both athlete groups, RG and AG, exhibited significantly greater
PROM in knee flexion, hip flexion, and hip abduction in comparison to the CG. Addition-
ally, the relative muscle strength of the quadriceps in the RGs and AGs was significantly
higher than in the CG.

In agreement with previous studies, the RGs are thinner than average [39] and they
have lower BMI than untrained peers [40,41], while the AGs have a mean height score below
the 50th percentile [42]. In addition, young AGs appear to have some lower anthropometric
characteristics compared to other athletes (e.g., swimmers) and non-athletes [43]. Anthropo-
metric characteristics are significant predictors to performance in rhythmic gymnastics [44]
and artistic gymnastics [45].

Generally, the torque–velocity relationship in young populations indicates a similar,
adult-like pattern: as the angular velocity increased the peak torque decreased. Quadriceps
muscle strength is greater than hamstrings at all angular velocities and in all groups.
Several authors have mentioned that in these ages there are no differences between boys
and girls. Basa et al. [46] suggested that long-term gymnastic training in prepubertal boys
was associated with increased torque of the knee extensors but not of the knee flexors,
which is consistent with the findings of our study. Thus, training in gymnastics, artistic and
rhythmic, in prepubescent ages may not be associated with increased torque of the knee
flexors. Several points of this finding should be taken under consideration. First, muscle
strength can be influenced by body size [47] and participants in the CG were taller and
heavier than athletes. It is known that individuals with higher body mass have greater
absolute strength. This study showed that RGs had greater relative muscle strength because
of their lower body mass. There is the possibility that the participants of the three groups
under observation were in different levels of sexual maturity (Tanner stage); for example,
athletes could be in stage I, whereas the participants of the CG could be in stage II. Moreover,
it is well known that elite RGs have an observed delay in pubertal development [48] and
skeletal maturation [49]. Second, at this age, physical activities are part of the child’s
everyday-life activity and so participants in the CG cannot be considered fully sedentary,
as is mentioned in another study [50]. All children have taken part in physical education
classes at school, which can increase their strength [51]. Finally, in rhythmic gymnastics
the high scores in strength tests do not seem to be related to success, as elite RGs do not
produce especially high scores in the above tests [52].

RGs were more flexible than both the AGs and the CG. In rhythmic gymnastics,
lean body mass and composite measures of joint mobility are significant correlates of
attainment [41] and flexibility correlates significantly to performance [53,54]. Some studies
have shown that AGs are characterized by a special physical characteristic in comparison
to their non-athletic peers or athletes of other sports [55,56]. The selection of the athletes
performed by the coaches relates to the demands of the sports (i.e., muscle strength and
power and muscle endurance), in order to present mechanical advantages in performing
the exercises. Most body exercises in rhythmic gymnastics are based on ballet and are
performed by an “en de hors” (turn-out) turn of joints [57]; so, from their early training
years they practice performing joints turn-outs, unlike the artistic gymnastics. Probably, in
artistic gymnastics a turn-out joint mobility does not help the execution of specific elements.
Based on the code, artistic gymnastic elements use less “en de hors” turn of joints in hip
abduction. This could be the reason why, in assessing right hip abduction, AGs have higher
joint mobility. Spinal mobility was significantly higher for RGs. According to the code
in every body group (jumps, balances, turns, and flexibility), elements with back bends
obtain a higher evaluation [58]. Back extensions and split leaps with back extensions are
common elements in this type of gymnastics, so this emphasis on flexibility and repetitive
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demand of back extensions places the lumbar spine of the athletes at risk [15]. Increased
lumbar lordosis can result in anterior pelvic tilt, which due to repeated loads may lead
to spondylolysis [59]. The close relationship between spondylolysis and increased pelvic
tilt (i.e., increased lumbosacral angle) has been observed in competitive gymnasts [60].
Therefore, it would be preferable to pay attention to the whole spine or better to its
coordination, rather than to the hypermobility of one segment.

Exercises and training programs guided by the rules of evaluation increase mobility
in the bending angle of the part of the spine which is already flexible enough and not in
the part which shows limited mobility. This refers to the limited mobility of the thoracic
spine and the excessive mobility of the lumbar spine. Repetitive hyperextensions in the
lumbar spine contribute to overloading the spine. However, it must be pointed out that the
spine consists of layers of muscles, some of which have the ability to shorten and others to
lengthen [61]. Hence, in terms of muscle strength and mobility, it is hard to find the right
way to treat it.

Limitations and Future Directions

This study had several limitations. The biological age was not examined; therefore,
there is a possibility that the participants of the three groups under observation were in
different levels of sexual maturity (Tanner stage), where the results of the study may have
been affected. Also, the participants were prepubertal girls; therefore, the extrapolation of
our finding into a general gymnastic should be performed with caution, and care should
be taken when applying the study results. Another limitation is that the muscle strength
was measured using an isokinetic dynamometer, in the muscle groups of quadriceps and
hamstring, and in concentric knee flexion/extension. Therefore, further research should
focus on other muscle groups, as well as eccentric strength measurements. Also, future
research should include functional strength tests that are related to the sport and important
for success in specific gymnastic performance.

5. Conclusions

The present study examined the muscle strength and joint range of motion of the
back and lower extremities in prepubertal female RGs, AGs, and a CG. The results of the
present study have shown that RGs were more flexible than AGs, which could be a result
of their specific sport training and the requirements of the sport. Significant differences
were found between left and right leg hip flexion in RGs. This study has also shown
that gymnastics training in prepubertal ages, both rhythmic and artistic, can improve
neuromuscular function, i.e., technique, and increase relative muscle strength. Therefore, it
is essential to note that when evaluating children within the developmental ages, especially
those involved in sports, the type of muscle strength to be assessed should be specified.
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Abstract: Reliable fitness tests with low day-to-day and trial-to-trial variation are a prerequisite for
tracking a player’s performance or for identifying meaningful changes in training interventions. The
present study examined the inter- and intra-session reliability of 30 m linear speed with and without
ball possession as well as the reliability of a specific performance index of pubertal soccer players. A
total of 40 pubertal (14.87 ± 1.23 years old) male soccer players performed two testing sessions (test–
retest) separated by 72 h. Both testing sessions included a protocol consisting of two maximal trials of
30 m linear speed with and without ball possession. A performance index, indicating the difference
between the two speed tests, was also calculated using two different equations (delta value and
percentage value). The relative and absolute inter-session reliabilities were good/high for all testing
variables (ICC = 0.957–0.995; SEM% = 0.62–8.83). There were also good/high relative and absolute
intra-session reliabilities observed for all testing variables (ICC = 0.974–0.987; SEM% = 1.26–6.70%).
According to the Bland–Altman plots, the differences between test–retest and trials for all observations
were within the defined 95% limits of agreement. The reliable testing protocols and performance
index for the evaluation of linear speed with and without ball possession, observed in this study, may
be used in speed monitoring and training planning of pubertal soccer players.

Keywords: test–retest reproducibility; evaluation; sprint; performance index; dribbling speed; team
sports; developmental years

1. Introduction

Soccer is, mainly, a sport that depends on aerobic metabolism because of its 90 min
match duration, but the most crucial actions in a soccer game (i.e., sprinting, jumping,
change of direction, and kicking and dribbling a ball) involve the anaerobic metabolic
system [1–6]. One of the most important technical skills is sprinting while keeping control
of the ball (dribbling the ball), which is considered a hallmark of gifted soccer players [7,8]
and decides the outcome of the game [9,10]. According to the official data, each player
covers 10,627–12,027 m in a soccer game of which 119–286 m is covered with a ball in
possession, depending on the tactical position role of each player [11]. There is also
evidence that elite soccer players cover 215–446 m at a top speed of >23 km/h in a soccer
game [11]. Therefore, the reliable and valid evaluation of speed with and without a ball
in possession in soccer players may be used for physical fitness monitoring (depicting the
current physical strengths and weaknesses) and training planning of young soccer players.

Several studies in the scientific literature have examined the validity and the reliability
of linear sprint test, using different distances (mainly 5–40 m), in young adults [12] as
well as in pre-pubertal and pubertal soccer players [13]. Furthermore, linear sprint tests
have shown moderate-to-high intra-session reliability (reliability between trials at the same
testing occasion) and inter-session reliability (reliability between the first and the second
testing occasions, i.e., test–retest) with ICC values that ranged from 0.57 to 0.98 in young
soccer players (using different age groups from U11 to U18) [14–22]. Different factors
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such as the distance of the sprint, the measured system, the testing protocol, and the time
interval between test–retest measurements may affect the reliability of sprint test [16,23–29];
however, future studies are needed to strengthen these findings. Other factors that could
affect the reliability of measurement during the developmental years are the age and the
maturation stage. Buchheit et al. [14] demonstrated that the age or the maturation stage
did not seem to clearly affect the test–retest reliability of linear sprint test in young soccer
players from U13 to U18 (although ICC values were different among age groups, the
effect size of differences was small). In the same context, Dugdale et al. [17] examined the
reliability of 10 m and 20 m linear sprint tests in different age groups of soccer players
(U11–U17) and reported lower ICC values in U12 and U17 vs. other age groups; however,
the effect size differences were small.

Regarding the reliability of dribbling tests, the greater proportion of studies have ex-
amined the reliability of different dribbling agility tests (i.e., Illinois dribbling test, 505 CoD
test, UGhent dribbling test, zigzag dribbling test, Bangsbo and Mohr short dribble test,
and slalom dribble test) in young soccer players, reporting moderate-to-high reliabil-
ity [7,9,13,18,20,22,30–32], while few studies have assessed the reliability of the linear
dribbling speed [18,22,32]. However, the linear sprint is of crucial importance in soccer
because it supports the player in creating a chance to score [33]. This notion has been
strengthened by a previous study which determined that scoring players (n = 161) per-
formed linear sprints prior to 45% of all analyzed goals [34]. Previous study [22], which
examined the intra-session reliability of linear dribbling speed during a 30 m sprint in
25 young male soccer players aged 15–18 years, reported a high reliability among trials
(ICC = 0.88). Similarly, another study [18] that examined the reliability of 20 m linear drib-
bling speed in young soccer players (10–12 years old) also found a high reliability among
trials (Cronbach a = 0.85).

Except for the measurement and evaluation of linear speed with ball possession, which
is affected by the level of the player’s dribbling technique, a reliable calculation of a specific
performance index, which demonstrates the difference between linear speed with and
without ball possession, is important especially after the age of 13–14 years, as at that
instance the technique is automated. Moreover, the reliable calculation of the difference
between the two tests (linear speed with and without ball possession) may be used to
provide important information about how much the ball handling technique reduces
the soccer player’s time required for a sprint, helping soccer coaches to plan training
appropriately to eliminate this difference. To the best of our knowledge, no previous study
has examined the intra-session and inter-session reliability of such an indicator in pubertal
soccer players.

Considering all the above facts, the main objectives of this study were as follows:

(a) To examine the inter-session reliability (reliability between the first and the second
testing occasions, i.e., test–retest) as well as the intra-session reliability (reliability
between trials at the same testing occasion) of 30 m linear speed with and without
ball possession;

(b) To calculate (using two different equations: delta value and percentage value) and
examine the intra-session reliability and inter-session reliability of a specific perfor-
mance index that indicates the difference between the two speed tests (linear speed
with and without ball possession) in pubertal soccer players.

2. Materials and Methods
2.1. Participants

Forty pubertal male soccer players (age: 14.87 ± 1.23 years; tanner stage: 3.3 ± 0.46;
body height: 169.19 ± 0.38 cm; body mass: 60.61 ± 11.42 kg) who were members of
different soccer academies and played at different positions (14 defenders, 16 midfielders,
and 10 forwards) volunteered to participate in the current study. All the participants were
soccer players from different soccer academies of the region of Thessaly and participated in
national soccer championships in the under 16 category. It should be mentioned that the
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sample of the study was selected through the “Union of Trikala Soccer Academies” from
different soccer academies where the soccer players met the appropriate inclusion criteria.
The inclusion criteria were that participants should be males, of pubertal age (13.5–16 years
old), i.e., in the under 16 category, and healthy with no injury in the upper and lower limbs
for at least 6 months before the commencement of the study. The participants should also
have more than five years of experience in playing soccer, and they should be training three
times per week and should have played at least one official match. Before the testing, the
participants and their parents were informed about the evaluation procedure, and they
provided their written consent. The study was conducted according to the Declaration of
Helsinki and approved by the Ethics Committee of the University of Thessaly.

2.2. Measures

All speed-testing procedures were performed on a natural soccer turf, and the partici-
pants wore their soccer footwear during the test. During both testing occasions (test and
retest), the participants performed a standardized 25 min warm-up. The first 15 min of the
warm-up included 8 min of running exercises (running straight ahead, running with hip
out and hip in, running with circling partner, and running with shoulder contact) and 7 min
of neuromuscular exercises and sub-maximal speed trials (i.e., skipping, butt kicks, carioca
drill, forward and backward running, and submaximal sprints of 20 m). The other 10 min
included technical exercises with a ball (running with a ball, team passing, pass and move,
and dribble–pass–move) and dynamic stretching (straight leg march, high knees, lunges
with torso twists, front swings, side cross swings, and hip in, hip out, and lateral lunges).

Afterward, the participants’ 30 m linear speed with and without ball possession was
evaluated using a photocell timing system (Newtest 300 series Powertimer, 2000, Oulu,
Finland) [35]. The photocell timing system (Newtest) that we used in the present study is
widely used in scientific literature to evaluate the speed ability in different populations [36].
According to the manufacturer, the Newtest Powertimer photocell system exhibits a 0.001 s
error over a 5 m sprint at a speed of 10.0 m/s [37]. Furthermore, previous studies showed
that the Newtest Powertimer photocell system is a reliable instrument for speed measure-
ment [36,37], since it did not show any marked systematic bias, and the random error
associated with it was negligible [37].

During the linear speed test without a ball, the participants started from a standing
position of 0.3 m behind the starting line. Photocells were positioned at 0 and 30 m along
the soccer field. The testing protocol consisted of two maximal trials with a rest period
of 3 min between trials. The best recorded sprint time (in seconds) was used for analysis.
During the linear speed test with a ball, the ball was placed 0.3 m behind the starting
line, and photocells were positioned at 0 and 30 m along the field. The participants were
instructed to maintain contact with the ball in every step or every two steps; otherwise, the
trial was considered invalid. The testing protocol consisted of two maximal trials with a
rest period of 3 min between trials. The best recorded sprint time (in seconds) was used
for analysis.

For both testing occasions (test and retest), the performance index was calculated as
the difference between the two tests (linear speed without a ball and linear speed with a
ball) using two different equations: (a) delta score = (best sprint time with a ball − best
sprint time without a ball) and (b) % difference = [(best sprint time with a ball − best sprint
time without a ball) ÷ best sprint time without a ball] × 100.

2.3. Design and Procedures

The testing procedures were performed at the start of the competitive season and lasted
three days for each participant. During the first day, the participants were familiarized with
the testing procedures. Moreover, assessments regarding biological age and anthropometric
characteristics (body height and body mass) and the completion of a medical history form
were completed on the first day. The assessment of biological age was performed with
self-estimation using Tanner’s sexual maturation stages and was determined according to
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pubic hair development [38]. The body mass was also measured to the nearest 0.1 kg using
a calibrated physician’s scale (Seca model 755; Seca, Hamburg, Germany), while the body
height was determined to the nearest 0.1 cm using a telescopic height rod (Seca model 220;
Seca, Hamburg, Germany). During the second (test) and third (retest) days, participants’
30 m linear speed with and without ball possession was assessed, with 5 min rest interval
between the two tests. The order of testing linear speed with and without ball possession
was randomized; however, each participant performed the tests in the same order at both
test and retest testing occasions. A computer-generated list of random numbers was used
for the allocation of sequence during testing occasions. Both tests (test and retest) were
performed in a soccer field, by the same investigator who was also an experienced soccer
coach in the developmental ages, at the same time of the day (3–5 p.m.) and under similar
environmental conditions (26–28 ◦C), while the duration between the two tests was 72 h.
Participants were asked to follow their normal diet for two days before the study, abstain
from intense exercise activity for 48 h before the study, and to have sufficient rest the night
before the study.

2.4. Statistical Analysis

All data are presented as mean ± SD and were analyzed using IBM SPSS Statistics
v.26 software (IBM Corporation, Armonk, NY, USA). A statistical power analysis (software
package GPower 3.0) before the initiation of the study indicated that a total number of
30 participants would yield adequate power (>0.85) and level of significance (<0.05). In
the present study, the final sample comprised 40 pubertal soccer players. The normality of
data was examined using the Shapiro–Wilk test (all the data followed normal distribution).
The inter-session reliability was used to evaluate the reliability between the first and the
second testing occasions (test–retest reliability) using the best of the two testing trials, while
intra-session reliability was used to examine the reliability between trials on the same
testing occasion.

The inter-session and intra-session reliabilities were examined using indicators of
both relative (intraclass correlation coefficient—ICC) and absolute reliabilities (standard
error of measurement in absolute terms, i.e., SEM, and relative terms, i.e., SEM% and 95%
limits of agreement - 95% LOA). We calculated ICC for single measures using a two-way
random effect model for absolute agreement for the computation of ICC. The ICC value
varies between 0 (indicating no reliability) and 1 (indicating perfect reliability). An ICC
value of (a) below 0.5 indicates poor reliability, (b) between 0.5 and 0.75 indicates moderate
reliability, (c) between 0.75 and 0.90 indicates good reliability, and (d) above 0.9 indicates
high reliability [39]. The SEM quantifies the precision of individual scores on a test and is
expressed in the actual units of the original measurement. Furthermore, the SEM may be
presented as a percentage value (SEM%) by dividing the mean of the two measurements
(test and retest) and multiplying by 100 [40]. A SEM value of (a) below 5% indicates high
reliability, (b) above 5% and below 10% generally denotes good reliability, (c) equal to
10% indicates moderate reliability, and (d) above 10% indicates low reliability. The 95%
LOA represents the 95% likely range for the difference between the subject’s scores in two
tests [41]. The range defined by the LOA (upper and lower limits) is regarded as a reference
range for changes between pairs of measurements (when the differences between values
range within the defined limits of agreement, this generally denotes a good agreement) [41].
The intertrial agreement was also examined graphically by plotting the difference between
test and retest as well as the difference between trials on the same testing occasion against
their mean, according to the Bland and Altman approach [42]. The Bland–Altman graph
expresses good agreement between two measurements, when the differences between
measurements for all observations lie within 1.96 SD [42]. The Bland–Altman plots show
the measurement error schematically and help to identify the presence of heteroscedasticity
(a positive relationship between the degree of measurement error and the magnitude of
the measured value). Heteroscedasticity was also tested using a Pearson correlation test to
examine whether the absolute intertrial difference (systematic bias) is associated with the
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magnitude of the measurement. The systematic bias was also calculated as the intertrial
difference between test and retest values as well as the difference between trials on the same
testing occasion. Finally, paired t-tests were also used to determine possible significant
differences in linear speed with and without ball possession between test and retest as well
as between trials on the same testing occasion. The level of significance was set at p < 0.05.

3. Results
3.1. Inter-Session Reliability

Test and retest values (mean ± SD), as well as relative and absolute reliability indices
(ICC, SEM, SEM%, 95% LOA), are presented in Table 1. Non-significant differences between
test and retest values were observed (p > 0.05). The relative reliability between the test
and retest values was high for all testing variables (linear speed with and without ball
possession and performance index) with ICC values that ranged from 0.957 to 0.995.

Table 1. Inter-session (test–retest) reliability indices of linear speed with and without ball possession
in pubertal soccer players.

Variables Test Retest ICC (95% CI) SEM SEM%
95% LOA

Lower Upper

Linear speed without ball 4.85 ± 0.43 s 4.89 ± 0.42 s 0.995 (0.960–0.998) 0.03 s 0.62 −0.045 0.13
Linear speed with ball 6.24 ± 0.79 s 6.28 ± 0.78 s 0.982 (0.965–0.990) 0.11 s 1.69 −0.37 0.45

Performance Index
Delta score 1.39 ± 0.60 s 1.39 ± 0.59 s 0.965 (0.934–0.981) 0.11 s 8.10 −0.43 0.43

Percent value 28.67 ± 12.22% 28.33 ± 12.05% 0.957 (0.919–0.977) 2.52% 8.83 −7 8.45

ICC: intraclass correlation coefficient, 95% CI: 95% confidence interval, 95% LOA: 95% limits of agreement, SEM:
standard error of measurement, SEM%: standard error of measurement expressed as a percentage value.

The SEM% values denoted a high reliability for linear speed without ball (SEM% = 0.62)
and linear speed with ball (SEM% = 1.69), and the performance index demonstrated higher
SEM% values (8.10% expressed as a delta score and 8.83% expressed as a percentage),
thereby reporting a good reliability.

Furthermore, the systematic bias was 0.04 s for linear speed with and without ball
possession, −0.004 s for the performance index expressed as a delta score, and −0.34%
for the performance index expressed as a percentage value. However, it should be men-
tioned that no presence of heteroscedasticity was observed since the absolute intertrial
difference (systematic bias) was not associated with the magnitude of the measurement
according to Pearson correlation test (p = 0.380–0.989). Thus, all variables were found to be
homoscedastic. The Bland–Altman plots graphically present the reliability patterns for the
assessment of linear speed with and without ball possession as well as of performance index
(Figure 1). According to Bland–Altman plots, the differences between test–retest values
for all observations were within the defined 95% LOA in all tested variables. However, it
should be noted that the observations in linear speed without ball demonstrated the least
dispersion in the Bland–Altman plot (Figure 1A), while the performance index expressed
as a percentage value demonstrated the greatest dispersion (Figure 1D).
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3.2. Intra-Session Reliability

Test and retest values (mean ± SD), as well as relative and absolute reliability indices
(ICC, SEM, SEM%), are presented in Table 2. Non-significant differences between trials
for all testing variables were observed (p > 0.05). The relative reliability among trials,
according to ICC values (ICC = 0.974–0.987), was high for all testing variables. The SEM%
values were also denoted a high reliability for linear speed without ball (SEM% = 1.26) and
linear speed with ball (SEM% = 1.45), while the performance index demonstrated higher
SEM% values (6.17% expressed as a delta score and 6.70% expressed as a percentage),
thereby reporting good reliability. Furthermore, the systematic bias was 0.04 s for linear
speed without ball, 0.05 s for linear speed with ball possession, 0.02 s for the performance
index expressed as a delta score, and 0.21% for the performance index expressed as a
percentage value. However, it should be mentioned that no presence of heteroscedasticity
was observed since the absolute intertrial difference (systematic bias) was not associated
with the magnitude of the measurement according to Pearson correlation test (p = 0.28–0.40).
Thus, all variables were found to be homoscedastic. The Bland–Altman plots graphically
present the intra-session reliability patterns for the assessment of linear speed with and
without ball possession as well as of performance index (Figure 2). According to Bland–
Altman plots, the differences between trials for all observations were within the defined
95% LOA in all tested variables. However, it should be noted that the observations in linear
speed without ball demonstrated the least dispersion in the Bland–Altman plot (Figure 2A),
while the performance index expressed as a percentage value demonstrated the greatest
dispersion (Figure 2D).

Table 2. Intra-session reliability indices of linear speed linear speed with and without ball possession
in pubertal soccer players.

Variables Trial 1 Trial 2 ICC (95% CI) SEM SEM%
95% LOA

Lower Upper

Linear speed without ball 4.87 ± 0.44 s 4.90 ± 0.43 s 0.98 (0.957–0.990) 0.06 s 1.26 −0.14 0.20
Linear speed with ball 6.26 ± 0.83 s 6.32 ± 0.77 s 0.987 (0.970–0.993) 0.09 s 1.45 −0.28 0.29

Performance Index
Delta score 1.40 ± 0.63 s 1.42 ± 0.57 s 0.979 (0.961–0.989) 0.09 s 6.17 −0.24 0.25

Percent value 28.74 ± 12.47% 28.95 ± 11.48% 0.974 (0.951–0.986) 1.93% 6.70 −5.22 5.64

ICC: intraclass correlation coefficient, 95% CI: 95% confidence interval, 95% LOA: 95% limits of agreement, SEM:
standard error of measurement, SEM%: standard error of measurement expressed as a percentage value.
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4. Discussion

This study examined the inter-session reliability (reliability between the first and the
second testing occasions, i.e., test–retest) as well as the intra-session reliability (reliability
between trials on the same testing occasion) of linear speed with and without ball possession
using different relative and absolute reliability indices (ICC-95% CI, SEM, SEM%, 95%
LOA). However, the most important aspect of this study is that it calculated and tested
the reliability of a specific performance index, indicating the difference between the two
tests (linear speed without and linear speed with ball possession). The main finding is that
there are high inter-session and intra-session reliabilities obtained for both linear speed
with and without ball possession. Additionally, there are also good/high inter-session and
intra-session reliabilities obtained for both performance index methods (delta score and
percentage value) used for the calculation of the difference between the two tests. However,
it should be mentioned that the relative reliability of the calculated performance index is
lower (with greater SEM% values, although acceptably reliable) compared to that observed
for absolute scores of linear speed with and without ball possession.

Our results demonstrated a high reliability of the 30 m linear speed test without
ball in pubertal soccer players, where the ICC values were 0.98 and 0.995 and the SEM%
values were 1.26 and 0.62 for the intra-session reliability and the inter-session reliability,
respectively. Previous studies that examined the reliability of linear speed test in young
soccer players reported moderate-to-high reliability with a wide range of ICC values that
ranged from 0.57 to 0.98 in young soccer players [14–22]. There is evidence that the distance
of sprint test may affect the intra-session and inter-session reliabilities (higher reliability
with increasing sprinting distance), although further studies are needed to draw more
reliable conclusions on this topic. For example, in a previous study, ICC values of 0.87 and
0.97 have been reported for 5 and 20 m, respectively [16]. The testing protocol used could
also be an additional factor that could affect the reliability of linear speed. Previous studies
that demonstrated a lower reliability of linear speed integrated linear speed testing into
complex tests [23] or match simulation protocols [26,28] or required the players to adopt a
defined running velocity at the start line [27]. Additionally, previous studies, demonstrating
a lower reliability, inferred that the time interval between test–retest measurements (the
reliability decreases with the increasing time interval between measurements) [24] as well
as the measured system (more consistent results were obtained for timing lights and radar
guns compared to global positioning systems where the results vary [25,29]) could affect
the reliability of linear speed. In our study, we chose the Newtest Powertimer photocell
system that is a reliable instrument for speed measurement [36,37] as well as a small
time interval between test and retest measurements (72 h) to strengthen the reliability of
the measurement.

Several studies, in the scientific literature, have used different agility tests to evalu-
ate dribbling performance in young soccer players and have reported moderate-to-high
reliability [7,9,13,18,20,22,30–32]. On the other hand, limited studies have focused on
the reliability of linear speed with ball possession, reporting good-to-high reliability
(ICC–r = 0.85–0.98 [18,22,32]; this finding is in agreement with the results of the present
study, where the ICC (0.987 for intra-session and 0.982 for intersession) and SEM% (1.45
for intra-session and 1.69 for intersession) values were high. Additionally, in the present
study, we observed high ICC values for both intra-session reliability (ICC = 0.974–0.979)
and inter-session reliability (ICC = 0.957–0.965) of the performance index that we calcu-
lated to indicate the difference between the two tests (linear speed and dribbling speed).
However, the SEM% values that we observed for the performance index were higher
(SEM% = 6.17–8.83; reporting good reliability) compared to those observed for the absolute
values of linear speed with and without ball possession (SEM% = 0.62–1.69; reporting high
reliability). Furthermore, the performance index (especially which is expressed as a per-
centage value) demonstrated the greatest dispersion in the Bland–Altman plots compared
to the absolute values of linear speed with and without ball possession. The lower absolute
reliability (greater SEM% values) and the greater dispersion in the Bland–Altman plots
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for the assessment of this parameter may be attributed to the fact that the performance
index is a composite of two absolute scores (linear speed with and without ball possession),
each possibly varying in the same or a different direction with reassessment, resulting
maybe in error propagation. It should be also mentioned that both methods used for the
calculation of specific performance index were almost equally reliable (similar ICC and
SEM% values), although the performance index expressed as a percentage value showed
greater dispersion in the Bland–Altman plots compared to the performance index expressed
as a delta value. In the scientific literature, there are no similar references that assessed
the reliability of this performance index in young soccer players to compare our results.
Nevertheless, the results of this study are in line with previous studies that calculated and
examined the reliability of other speed performance indices such as change of direction
deficit (CoDD), reporting lower reliability compared to absolute scores of different agility
and linear sprint tests [43,44]. However, it should be mentioned that the performance index
of our study in more reliable than the CoDD index of previous studies in young soccer
players. Thus, the results of this study and previous studies demonstrate that the calculated
speed performance indices should be interpreted and used with more caution.

This study has some limitations that could affect its outcomes, and, as a result, their
generalization. Firstly, the results of this study are clearly limited to pubertal male soccer
players (13.5–16 years old) with previous experience of playing soccer of least five years.
Whether these results can be generalized to other age groups (i.e., younger or older age
groups), sex (females where the scientific literature is limited), or training status individuals
(i.e., soccer players with less training experience in soccer) is unknown and could be
examined in future studies. Moreover, the results of the present study are limited to
the testing protocol (30 m linear speed with and without ball possession) as well as to
the measured system (photocell timing system) used. We did not measure intermediate
distances (i.e., 5, 10, 15, and 20 m) or other speed/agility test categories (i.e., change in
direction and repeated sprint) with and without ball possession in order to examine their
intra-session and inter-session reliabilities. Future studies could also examine and compare
the reliability of these measurements using different measured systems (i.e., photocell
timing system vs. radar guns vs. global positioning systems). The sample size (although
it yielded adequate power as mentioned in the methods section) may be an additional
limitation of this study. A larger sample could further strengthen the results of the present
study. Finally, the main objective of this study was to examine the reliability of a new
variable (performance index) in pubertal soccer players; however, this study did not assess
other metrics, such as sensitivity, homogeneity, validity, etc. Future studies could examine,
apart from reliability, and the other metrics associated with this variable (performance
index) in different groups of soccer players.

5. Conclusions

In conclusion, both 30 m linear speed tests with and without ball possession showed
high intra-session and inter-session reliabilities in pubertal male soccer players. Further-
more, the performance index (difference between the two tests), which we calculated
using two different equations (delta score and percentage value), is also reliable for the
evaluation of pubertal male soccer players. Reliable testing protocols for the evaluation
of linear speed with and without ball possession may be used, by coaches and physical
conditioning trainers, in speed monitoring and training planning of pubertal soccer players.
The performance index, which we calculated in the present study (using two different
equations), may be used to provide significant information about how much the ball han-
dling technique reduces the soccer player’s time required for a sprint. Therefore, in this
way, soccer coaches can design, implement, and guide appropriate training programs to
eliminate this difference (sprint time of linear speed test with and without ball possession),
aiming to improve dribbling technique using specialized soccer exercises.
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Abstract: Current metrics like baseline heart rate (HR) and HR recovery fail in predicting overtraining
(OT), a syndrome manifesting from a deteriorating autonomic nervous system (ANS). Preventing OT
requires tracking the influence of internal physiological loads induced by exercise training programs
on the ANS. Therefore, this study evaluated the predictability of a novel, exercise cardiac load metric
on the deterioration of the ANS. Twenty male American football players, with an average age of
21.3 years and body mass indices ranging from 23.7 to 39.2 kg/m2 were included in this study.
Subjects participated in 40 strength- and power-focused exercise sessions over 8 weeks and wore
armband monitors (Warfighter Monitor, Tiger Tech Solutions) equipped with electrocardiography
capabilities. Exercise cardiac load was the product of average training HR and duration. Baseline HR,
HR variability (HRV), average HR, and peak HR were also measured. HR recovery was measured on
the following day. HRV indices assessed included the standard deviation of NN intervals (SDNN) and
root mean square of successive RR interval differences (rMSSD) Linear regression models assessed the
relationships between each cardiac metric and HR recovery, with statistical significance set at α < 0.05.
Subjects were predominantly non-Hispanic black (70%) and aged 21.3 (±1.4) years. Adjusted models
showed that exercise cardiac load elicited the strongest negative association with HR recovery for
previous day (β = −0.18 ± 0.03; p < 0.0000), one-week (β = −0.20 ± 0.03; p < 0.0000) and two-week
(β = −0.26 ± 0.03; p < 0.0000) training periods compared to average HR (βetas: −0.09 to −0.02;
p < 0.0000) and peak HR (βetas: −0.13 to −0.23; p < 0.0000). Statistically significant relationships
were also found for baseline HR (p < 0.0000), SDNN (p < 0.0000) and rMSSD (p < 0.0000). Exercise
cardiac load appears to best predict ANS deterioration across one- to two-week training periods,
showing a capability for tracking an athlete’s physiological tolerance and ANS response. Importantly,
this information may increase the effectiveness of exercise training programs, enhance performance,
and prevent OT.

Keywords: exercise training; overtraining; sports; strength and conditioning; autonomic nervous
system; football players
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1. Introduction

Overtraining (OT) manifests from a deteriorating autonomic nervous system (ANS)
due to an imbalance between training load and recovery [1]. Among its many functions,
the ANS regulates the activity of the cardiac system in response to changes in physiolog-
ical stimuli (e.g., O2 demand during exercise) [2,3]. Thus, any deficiencies in the ANS
may impair cardiac function, subsequently reducing exercise capacity and sports perfor-
mance [4]. The absence of observable, external warning signs specific to OT presents
significant challenges. Upon reaching OT, an athlete requires an extensive period of rest
for full recovery [5]. Therefore, identifying metrics that accurately assess the physiological
tolerance of athletes is critical for optimizing exercise training, enhancing performance, and
avoiding OT.

Currently, the measures of cardiac function like baseline heart rate (HR) and heart rate
variability (HRV) are used as reliable indicators of OT, as athletes often exhibit abnormal
values when in OT [5,6]. A significant limitation of these metrics is their inability to predict
early ANS deterioration, leaving athletes and coaches no opportunities for avoiding OT.
Moreover, a large proportion of studies previously narrowed their focus to evaluating HR
recovery, a metric representing the ANS response, to a single bout of high intense exercise
training [7]. HR recovery responses were typically monitored in the acute period up to
72 h post-exercise [8]. OT, however, occurs consequent to repeated bouts of high intensity
exercise training coupled with inadequate recovery [1]. Thus, these studies provided
limited information about tracking the ANS response to chronic high intensity exercise
training and the potential prevention of OT. Another significant limitation of current
research is the absence of metrics accurately quantifying the physiological load endured by
cardiac muscles during exercise training. Current metrics merely quantify the intensity of
an exercise training session, providing an incomplete estimation of the total physiological
load [9]. Additionally, determining the level of intensity relies on using maximum HR and
HR-reserve. These methods are highly variable and falsely imply a universal maximum
HR of 220 beats per min and equivalent age-related declines in cardiac function across all
populations [10]. Consequently, these measures likely provide inaccurate, indirect estimates
of the physiological load.

Lastly, an increasing number of studies use HRV metrics. HRV is a systemic metric that
constantly measures the interplay between the parasympathetic and sympathetic nervous
systems [11]. HRV, defined as the time variation between each heartbeat, is sensitive
to many non-specific changes in physiological stimuli including respiration, hormonal
reactions, metabolic processes, stress, and recovery [11] Thus, fluctuations in HRV are
difficult to discern, leading to inconclusive evidence on the direction and magnitude of its
response and adaptation to exercise training [12]. These significant limitations highlight the
need for a metric that accurately measures the physiological load on the cardiac muscles and
physiological tolerance of each athlete. With this metric, coaches may be able to monitor the
physiological impact of short- and long-term exposures to high intensity exercise training
and determine the appropriate amount of recovery time. This information may lead to
more effectively designed exercise training programs, specific to each athlete, enhancing
their performance and preventing OT.

Therefore, the purpose of this study was to evaluate a novel metric that directly
quantified the physiological load placed on the cardiac muscle (“exercise cardiac load”
herein) during daily and weekly strength- and power-focused exercise training in Division
I collegiate football athletes. Existing exercise cardiac metrics including baseline HR,
average HR, peak HR, and select HRV indices (SDNN and rMSSD) were analyzed for
comparative purposes. We hypothesized that the exercise cardiac load quantified for both
daily and weekly training sessions would better predict ANS deterioration than existing
cardiac metrics. Specifically, we anticipated that exercise cardiac load would exhibit a
strong, positive association with baseline HR and HR recovery 24 h post-exercise training,
reflecting reduced ANS recovery and function, respectively. Additionally, we hypothesized
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a stronger association for cumulative exposures to high exercise cardiac loads compared to
acute exposures.

2. Materials and Methods
2.1. Study Design

This study employed a prospective study design among sample of Division I collegiate
male American football players. All cardiac measures including exercise cardiac load,
average training heart rate, average peak training HR, baseline HR, HRV, and specifically
SDNN and rMSSD were measured on all study subjects throughout the 8-week summer
football training program. The training cardiac metrics represented the physiological load
placed on the cardiac muscles during “active” training. Baseline HR and HRV metrics
presented the 24 h recovery of the ANS. HR recovery reflected the function of the ANS 24 h
post training.

2.2. Subjects

Subjects were recruited from a Division I collegiate football team located in the south-
eastern state of Florida, United States. The athletes were participating in an 8-week, summer
football training program. The prospective participants were recruited from a pre-selected
group of athletes the coaches identified as “starters”, which were athletes that competed
in nearly every regulation game and for most of its duration. Importantly, no exclusion
criteria for study participation were imposed. The athletes were, on average, 21.3 years
of age, classified as obese with body mass indices ranging from 23.7 to 39.2 kg/m2. The
sample was predominantly non-Hispanic black. Prior to any measurements, the athletes
were informed of the benefits and risks of the study and conflicts of interests of all the
authors. All athletes participating voluntarily consented to the study. All study protocols
followed the ethical principles defined in the declaration of Helsinki and were approved by
the university’s Institutional Review Board (IRB #20191223).

2.3. Methodology
2.3.1. Summer Football Training Program

The summer training program ran from the beginning of May to the end of June 2022.
This program lasted 9 total weeks with two, 4-week training blocks separated by 1 week
of rest. All exercise sessions occurred in the morning between 0600 and 0900. Athletes
completed 40 total sessions: 5 consecutive sessions per week. The duration of the sessions
averaged 163.5 (±30.8) min and ranged from 90.0 to 240.9 min (~1.5 to 4.0 h). The training
load varied daily and between each athlete. All athletes, regardless of position, were
exposed to the same strength and power-focused resistance training, speed training (i.e.,
short-distance sprints), and agility training regimens. Given the prospective nature of this
study, no changes in the training programs were made.

2.3.2. Cardiac Measurement

Participants were fitted with armband monitors equipped with temperature, electro-
cardiography (ECG), photoplethysmography (PPG), and inertial measurement unit (IMU)
capabilities (Warfighter MonitorTM (WFM), Tiger Tech Solutions Inc., Miami, FL, USA). The
WFM armbands were previously validated in several diverse subpopulations [13]. Moni-
tors were placed on the posterior aspect of the left upper arm, secured with an elastic band,
and worn at the start and throughout each training session. Although the WFM device
collected several biometric parameters, only HR and HRV-related variables were analyzed.

2.3.3. Physiological Load Metrics of All Training Sessions

The physiological load of each training session was estimated using several cardiac
metrics including exercise cardiac load, average HR, and peak HR.
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Exercise Cardiac Load

Exercise cardiac load quantified the physiological load endured by the cardiac mus-
cle while “actively training”. An “active training” state was defined as a sustained
HR ≥ 85 beats per min (bpm). Thus, exercise cardiac load was the product of the ath-
lete’s average HR and duration (min) of each session and was calculated as follows:

Exercise Cardiac Load(total heartbeats) = Average HR(bpm) ∗ Session Duration(min)

The exercise cardiac load was normalized with the largest exercise cardiac load mea-
sured from any athlete during the 8-week training program and multiplied by 100.

Average and Peak HR during Training

Average training HR was calculated by averaging all the HR values measuring above
85 bpm collected during each training session. Periods where HR values ≤ 85 bpm were
defined as “non-active” and represented periods when athletes were not actively training.
Peak training HR was defined as the highest HR value achieved during each training session.

2.3.4. The Measures of 24 h ANS Recovery and Function

Several cardiac metrics that measured 24 h post training were used as indicators of
ANS recovery and function including baseline HR, HRV indices, and HR recovery. Baseline
HR and HR recovery are considered the “gold standard” measure of ANS recovery and
response, respectively. HRV is shown to correlate well with baseline HR and HR recovery.

24 h Baseline HR

A 24 h baseline HR represented ANS recovery. Baseline HR was measured in the
early morning and followed at least four min of inactivity, per established protocols [14].
Specifically, baseline HR was measured prior to the start (0600–0700) of the following day’s
exercise training session. Each athlete was required to remain nearly motionless in a seated
position for a period of 5 min to collect a “resting” baseline HR.

24 h Heart Rate Variability

HRV is defined as the time variation between heartbeats [15]. The metrics used to
evaluate HRV included the standard deviation of NN intervals (SDNN) and the root mean
square of successive differences (rMSSD), described in detail elsewhere [16]. These metrics
were calculated during a 5 min interval where the athletes were seated nearly motionless
prior to the start of each training session.

24 h HR Recovery

HR recovery was measured during the next-day’s exercise training session to track
ANS function following acute bouts of exercise. HR recovery was defined as the reduction
in HR during 30 s rest intervals representing localized parasympathetic activation. HR
recovery was measured within the first 30 s of rest as, during this period, HR exhibits the
greatest rate of change [17]. HR recovery was quantified for all rest intervals occurring
throughout the training session and then averaged.

Importantly, baseline HR and HR recovery were measured 24 h following a training
session. As such, baseline HR and HR recovery were not measured following one or
more rest days. Including rest days would likely dilute the association and not accurately
represent the acute and chronic influence of the physiological training load on ANS recovery
and function (see Figure 1).
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2.4. Statistical Analyses

This study sought to understand the associations between the cardiac metrics of daily
and weekly training sessions and the ANS recovery and function. For daily sessions,
the cardiac metrics, representing physiological load, were averaged across the 8 training
weeks. Exercise cardiac load, average training HR, and peak training HR served as the
independent variables. For weekly sessions, one- and two-week averages of exercise cardiac
load, average training HR and peak HR served as the independent variables. The one- and
two-week averages represented the physiological loads of the previous 5 and 10 training
sessions, respectively. Similar calculations were performed for baseline HR, SDNN, and
rMSSD, and these metrics also served as independent variables. Next-day HR recovery
served as the primary outcome variable. Associations were quantified using two-tailed,
linear regression models and were performed separately for each metric. For all models, β
coefficients and standard errors were estimated, and the a priori threshold for statistical
significance was set at α = 0.05. Statistical analyses were performed in MATLAB, version
2021b (MathWorks, Natick, MA, USA).

3. Results

Table 1 displays the cardiac and ANS recovery of the athletes during the 8-week
summer training program. The average number and duration of the sessions completed
were 40 and 163.5 (±30.6) min, respectfully. The athletes, on average, elicited a baseline HR
of 62.6 (±6.9) bpm, ranging between 46.3 and 80.5 bpm. During the conditioning sessions,
athletes exhibited an average HR of 133.3 (±8.4) bpm, ranging between 111.4 and 164.1 bpm
and a peak HR of 167.1 (±9.7) bpm, ranging between 140.3 and 194.4 bpm. The average
exercise cardiac load to which the athletes were exposed was 19,776.6 (±3837.8) heartbeats,
ranging between 10,016.1 and 30,507.8 heartbeats per session. HR recovery following the
exercise cardiac load of the previous conditioning session was, on average, 27.7 (±6.2) bpm,
ranging between 11.2 and 47.4 bpm. Lastly, the SDNN and rMSSD indices of athlete HRV
were on average, 80.5 (±18.9) milliseconds, ranging between 40.0 and 119.9 milliseconds;
and 62.6 (±17.3) milliseconds, ranging between 18.0 and 102.2 milliseconds, respectively.

Adjusted linear regression and correlation coefficients representing the associations
between several cardiac metrics and next-day HR recovery are presented in Table 2. For
baseline HR, a statistically significant negative association with next-day recovery was
observed with an increasing magnitude (β range: −0.42 to −0.23; p < 0.0000) in the slope
of this relationship for both daily and weekly exposures to exercise training. Statistically
significant negative associations were also observed for average HR (β range: −0.09 to
−0.02; p < 0.0000) and peak HR (β range: −0.23 to −0.13; p < 0.0000) and next-day HR
recovery, albeit lower in magnitude compared to baseline HR. These associations were
shown across both daily and weekly exposures to training sessions with a progressive
increase in magnitude of the slope observed only for peak HR. Interestingly, exercise
cardiac load (total heart beats occurring during a single training session) exhibited the
strongest, statistically significant negative association with next-day HR recovery following
a 2-week exposure to training sessions, with longer exposures resulting in greater decreases
in next-day HR recovery. Like peak HR, the magnitude of the relationship between exercise
cardiac load and next-day HR recovery progressively increased across both daily and
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weekly exposures to exercise training (β range: −0.26 to −0.28; p < 0.0000). Graphical
representations of these relationships appear in Figure 2A–D.

Table 1. Cardiac Metrics and ANS Recovery During a Summer 8-Week Football Training Program in
Division I Collegiate Athletes.

Summer Football Training Program

8 Weeks 1st Week 4th Week 8th Week 1st, 4-Week Block 2nd, 4-Week Block

Cardiac Metrics

Average HR (bpm) 133.3 (8.4) 132.8 (5.7) 133.6 (11.1) 129.9 (6.9) 134.6 (8.8) 132.0 (7.6)

Peak HR (bpm) 167.1 (9.7) 167.3 (7.3) 165.4 (11.0) 164.9 (9.8) 167.6 (9.6) 166.6 (9.7)

Cardiac Load
(total heart beats)

19,776.6
(3837.8)

19,358.7
(2840.9)

19,322.1
(4372.2)

18,067.5
(3756.2)

19,550.9
(3476.6)

20,008.4
(4170.7)

SDNN (ms) 80.5 (18.9) 84.5 (14.2) 72.3 (15.8) 77.5 (17.4) 76.5 (17.4) 84.7 (17.4)

rMSSD (ms) 62.6 (17.3) 68.3 (15.5) 51.1 (12.6) 53.3 (15.5) 58.3 (15.5) 64.3 (15.5)

ANS Recovery

HR Recovery (bpm) 27.7 (6.2) 28.4 (4.8) 26.0 (6.3) 28.4 (6.6) 27.2 (5.7) 28.2 (6.7)

Baseline HR (bpm) 62.6 (6.9) 64.6 (6.6) 62.6 (7.1) 61.3 (5.9) 63.5 (6.7) 61.8 (6.9)

Table 2. Adjusted Linear Associations Between Cardiac Metrics and ANS Deterioration in Division I
Collegiate Football Athletes.

Slope (β) SE Adjusted R2 p-Value

Cardiac Metrics

Baseline HR (bpm)

Previous Day −0.23 0.04 0.43 <0.0000

1-Week −0.34 0.05 0.55 <0.0000

2-Week −0.42 0.05 0.62 <0.0000

Average HR (bpm)

Previous Day −0.09 0.04 0.23 <0.0000

1-Week −0.09 0.05 0.23 <0.0000

2-Week −0.02 0.06 0.13 <0.0000

Peak HR (bpm)

Previous Day −0.13 0.03 0.35 <0.0000

1-Week −0.20 0.04 0.46 <0.0000

2-Week −0.23 0.04 0.49 <0.0000

Cardiac Load (total heart beats)

Previous Day −0.18 0.03 0.61 <0.0000

1-Week −0.20 0.03 0.69 <0.0000

2-Week −0.26 0.03 0.71 <0.0000

SDNN (ms)

Previous Day 0.06 0.01 0.38 <0.0000

1-Week 0.09 0.01 0.51 <0.0000

2-Week 0.09 0.01 0.61 <0.0000

rMSSD (ms)

Previous Day 0.04 0.01 0.30 <0.0000

1-Week 0.07 0.01 0.46 <0.0000

2-Week 0.09 0.01 0.53 <0.0000
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The associations between HRV, represented by SDNN and rMSSD indices, and next-
day HR recovery are also shown in Table 2. Statistically significant positive associations
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between both the indices of HRV and next-day HR recovery were observed. Additionally,
increasing magnitudes in the slopes were observed across both daily and weekly exposures
to training (β = 0.06, 0.09, 0.10 and 0.04, 0.07, 0.09; p < 0.0000, respectively). Interestingly,
compared to baseline HR, peak HR, and cardiac load, the magnitudes of the slopes for
SDNN and rMSSD were smaller and in opposing directions. Graphical representations of
these associations are displayed in Figure 3.
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4. Discussion

The purpose of this study was to evaluate the associations between daily and weekly
exposures to high intensity, training sessions and the response of the ANS in a sample of
Division I football athletes. The major findings of this study were (1) the exercise cardiac
load metric exhibited stronger, negative relationships with next-day HR recovery compared
to average and peak training HRs, (2) progressive increases in the relationships for exercise
cardiac load and peak HR were observed across both daily and weekly exposures to
training sessions, and (3) positive associations were observed for HRV metrics; although
statistically significant, the strengths of the relationships for SDNN and rMSSD were smaller
in comparison to all cardiac metrics.

A novel aspect of this study was that the exercise cardiac load metric introduced in this
study exhibited stronger relationships with next-day HR recovery than the other cardiac
training metrics. This finding suggests that for high intensity training sessions, exercise
cardiac load best predicts ANS deterioration. The exercise cardiac load metric differs con-
siderably from other cardiac training metrics used in this study and others [18,19]. Exercise
cardiac load measures the total number of heartbeats occurring in an “active state”, directly
quantifying the physiological load endured by the cardiac muscle. Conversely, other met-
rics like average training HR, peak training HR, HR reserve, etc., simply quantify exercise
intensity at a glimpse, which identifies the level of effort at which an athlete is actively
working [9,20]. Consequently, these metrics only partially quantify the physiological load
endured by the cardiac muscle during exercise training [21]. Moreover, exercise intensity,
usually expressed as a percentage of cardiac capacity (e.g., %HR maximum, % peak HR,
%HR reserve) is calculated using flawed equations and assumptions. For example, without
consistent empirical support, these equations assume that all individuals elicit a 220-bpm
maximum cardiac rate that linearly declines with age and that resting HR is accurately
approximated in a non-rested state [10]. These significant limitations likely explain the
lower magnitudes observed in this study for the average HR and peak HR associations
with next-day HR recovery. Interestingly, in this study, exercise cardiac load elicited a
lower magnitude of the association with next-day HR recovery compared to baseline HR.
Importantly, this observation does not suggest that baseline HR is a better metric for pre-
dicting ANS deterioration. Unlike exercise cardiac load, baseline HR is primarily used for
determining, at a given point in time, whether an athlete reached an OT state. As such,
baseline HR is not capable of predicting ANS deterioration but rather serves as a useful
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criterion for diagnosing OT [20]. Taken together, the exercise cardiac load directly assesses
the physiological load induced on cardiac muscles, potentially providing the accurate
tracking of each athlete’s physiological tolerance and predictions of ANS deterioration
and OT.

Another unique finding of this study was the observation of progressively increasing
strength of the relationships between exercise cardiac load and next-day HR recovery
across longer-term exposures to high intensity training sessions. This finding supports the
existing literature that consistently shows that ANS deterioration occurs consequent to
repeated exposures of high intensity exercise training followed by inadequate recovery [22].
In this study, the football athletes participated in 5 consecutive days of high intensity
sessions of considerably long duration (90.0 to 240.9 min). At the end of each week,
athletes were given a 48 h recovery period. Interestingly, in additional analyses (data
not shown), the relationship between exercise cardiac load and next-day HR recovery
weakened when comparing the HR recovery on Monday of the following week to the
cardiac load of the previous Friday’s session. This observation might suggest that a 48
h period allows for, in this sample of athletes, sufficient recovery time. However, the
increased strength of the negative association between exercise cardiac load and next-day
HR recovery from the one-week to two-week cumulative exposure contradicts this notion.
In fact, the latter observation highlights the exacerbated ANS deterioration consequent
to insufficient recovery. Moreover, this observation emphasizes the utility of tracking
the physiological load endured by the cardiac muscle and the response of the ANS. For
coaches, this information may identify the athlete’s physiological tolerance, subsequently
indicating requisite modifications to their training program to potentially avert further
ANS deterioration and prevent OT.

Notably, this study observed statistically significant, positive associations between
HRV indices and next-day HR recovery. This finding suggests that increases in HRV indices
following daily and/or weekly exposures to high intense training loads may indicate a
sufficient recovery of the ANS. While this finding is supported by some scientific studies,
others refute the ability of HRV indices to accurately reflect the ANS response [6,12]. In
support, studies previously showed that increases in HRV indices were positively associated
with ANS recovery following acute and chronic bouts of endurance exercise training.
Conversely, others reported that these same trends led to functional overreaching [23], a
state immediately preceding overtraining. Another study demonstrated that declines in
HRV, a suggested indicator of ANS deterioration, found among functionally overreaching
athletes were associated with improved performance [24]. The inconclusive evidence is
likely attributable to the increased complexity of HRV in addition to its high sensitivity to
non-specific changes in physiological stimuli. Thus, until a more concrete understanding of
the responses and adaptations of HRV to exercise training is reached, its use in tracking and
predicting ANS deterioration may be inappropriate. Of interest, compared to the exercise
cardiac load metric evaluated in this study, the magnitudes of the associations for SDNN
and rMSSD appeared smaller (β range: −0.26 to −0.18 vs. 0.04 to 0.09, respectively). This
finding may further support the use of the exercise cardiac load metric for tracking and
predicting ANS deterioration in athletes.

Strengths and Limitations

This study possesses a few strengths and weaknesses warranting attention. First and
foremost, this study introduced a novel metric that directly assessed the physiological
load placed on the cardiac muscles, which was strongly associated with ANS deterioration.
As such, the exercise cardiac load metric may provide sport coaches with an accurate
and practical tool for identifying each athlete’s physiological tolerance, predicting ANS
deterioration, and potentially preventing OT. Second, this study employed a prospective
study design in a natural sport setting, likely allowing for a better translation of these
findings to similar types of sports. Third, this study assessed the physiological loads of
high intensity training, which are scarcely evaluated in the current literature, with a large

122



J. Funct. Morphol. Kinesiol. 2023, 8, 143

proportion of studies focusing on endurance exercise training. Given that many contact
sports implement training programs, these findings significantly contribute to the scientific
literature, as it reaches an understudied area in sports. Fourth, this study evaluated the
influence of daily and weekly exposures of high intensity training, providing important
information on the longitudinal impact of this type of training on ANS deterioration.
The current study is not without its limitations. First, the study sample only included
20 university-aged, adult males competing on a singular football team, potentially reducing
the generalizability of the findings. Second, this study did not include female athletes,
further restricting the generalizability of this study. Lastly, extraneous factors potentially
affecting the ANS including nutritional status and sleep were not measured.

5. Conclusions

Collectively, the observations of this study demonstrated several concepts regarding
the physiological load of exercise and the response of the ANS, specifically for sports imple-
menting training programs. First, our study introduces a novel metric that strongly predicts
the potential deterioration of the ANS induced by exercise training and outperforms exist-
ing cardiac metrics like baseline HR and HR recovery. Second, repeated exposures to high
intensity training with minimal recovery exacerbates the deterioration of ANS, highlighting
the need for a longitudinal tracking of the cardiac loads in exercise training programs.
Additionally, our study suggests a potential misuse of HRV consequent to its increased
complexity and sensitive nature. For future studies aiming to further understand the
influence of exercise training on the response of the ANS, the use of exercise cardiac load
as described in this study or similarly designed metrics in addition to including several
longitudinal timepoints are strongly encouraged. Moreover, future studies should include
samples of female athletes and athletes of similar sports.

6. Practical Implications

The ECL metric is a novel, practical, and simple measure of an athlete’s physiological
tolerance to exercise training. This metric allows coaches to track the influence of acute and
cumulative exercise training on the ANS of each athlete to (1) prevent declines in sport
performance, functional overreaching, and overtraining; (2) individualize programs that
train athletes within their physiological reserve; and (3) optimize training programs and
sport performance.
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Abstract: The purpose of this investigation was to examine changes in countermovement vertical
jump performance after a single sport-specific training session in a sample of collegiate female
volleyball athletes. Eleven NCAA Division I volleyball athletes performed countermovement vertical
jumps with and without an arm swing prior to and immediately after a sport-specific training session.
Each participant completed two jumps in each condition using a portable force platform. Paired
samples t-tests were performed within each jump condition. When using an arm swing, mean braking
force was the only variable to display a statistically significant change (p < 0.05). In the no-arm-swing
condition, mean propulsive force, propulsive net impulse, jump height and reactive strength index
modified all statistically increased (p < 0.05). Time to takeoff was statistically reduced (p < 0.05).
Additionally, a single-subject analysis was performed across all eleven participants resulting in
general trends seen in the no-arm-swing condition, whereas the arm-swing condition displayed
inconsistent findings across participants.

Keywords: countermovement jump; athlete monitoring; force–time curve

1. Introduction

The sport of volleyball emphasizes having a strong ability to jump as it is a critical
component of the technical skills needed to compete (blocking and hitting) [1–3]. Verti-
cal jump testing has become a common assessment of neuromuscular fatigue in athletic
populations [4,5]. This is in part due to the ease of testing protocols and insight obtained
from specific variables that relate directly to neuromuscular function. Jump assessments
have been performed using a multitude of methodologies making jump height and peak
power common variables of interest [6]. This has created conflicting findings throughout
the literature regarding changes in jump performance in states of neuromuscular fatigue
for a variety of reasons.

First, several protocols have been used when performing vertical jump assessments.
The most common difference between these protocols is the utilization of an arm swing
(AS) movement. Previous investigations have shown that, when using an arm swing,
jump performance will typically be greater, as evidenced by larger jump heights being
achieved [7–11]. It was been proposed that, when using an AS during vertical jump
assessments, individuals may use a different movement strategy [7]. While the AS may
provide a level of ecological validity to the testing, any fatigue an individual may be
experiencing can be masked by changing the relative usage of the arms to create upward
momentum. Second, the device being used to assess jump performance can have a large
impact on our ability to determine the level of fatigue. When using traditional field-testing
devices (Vertec), jump height is the only variable that can be collected. As mentioned
previously, the usage of an AS can mask changes in jump strategy to maintain jump height.
When using these traditional devices, an AS jump is required to determine jump height.
Similarly, when using jump mats, only jump height can be assessed. Though either an AS
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or no arm swing (NAS) methodology can be used, underlying strategies that determine
jump height and offer a more thorough analysis cannot be assessed.

Cormack et al. reported [12] reductions in jump performance immediately post-match
that were maintained for 24 post-match from pre-match in Australian rules football athletes.
Specifically, flight time was reduced by approximately 3%, and relative mean force was
reduced by approximately 2%. In contrast, Hoffman et al. [13] found peak power and force
were maintained pre- to post-match in soccer athletes. Interestingly, Johnston et al. [14]
reported no changes in peak force while reductions in peak power were present over a
competition period. This reduction in power with no reduction in force points to a change
in movement velocity rather than force outputs in a fatigued state [14]. More recently
it has been reported that no changes were seen in male volleyball athletes from pre- to
post-sport-specific training sessions [15]. Thus, this investigation sought to examine the
changes in vertical jump assessments using both AS and NAS conditions in a sample of
female collegiate volleyball athletes with pre- and post-sport-specific training.

2. Materials and Methods

This investigation employed a cross-sectional study design to assess changes in CMJ
performance before and after a sport-specific volleyball training session. Testing took place
during the spring training period and was a part of the regular athlete monitoring program
that all athletes participated in as a part of their sports participation. The training session
was approximately 2 h in duration. During the training session, six participants wore
inertial sensors (Vert, Mayfonk Athletic, Fort Lauderdale, FL, USA) to measure jump counts.
The average jump count for the six participants during the session was 103.66 with a range
of 81 to 165 jumps.

2.1. Subjects

Eleven NCAA Division I female indoor volleyball athletes (age: 19.77 ± 1.09 years;
height: 178.56 ± 7.81 cm; body mass: 72.42 ± 7.81 kg) participated in this study. A post-
hoc power analysis was performed using G*Power (version 3.1.9.7). This calculation was
completed using the jump height from the no-arm-swing condition (NAS) with an effect
size of 1.76. Observed power was calculated as 0.99. All participants were cleared to
partake in team-related activities by the sports medicine staff and were free of injury at
the time of testing and during the 4 weeks before testing taking place. This study was
conducted according to the guidelines of the Declaration of Helsinki and was approved by
the University of Southern Mississippi institutional review board (20-478). Each participant
provided informed written consent prior to testing.

2.2. Procedures

Participants performed all jumping trials after performing a warm-up directed by the
team’s strength and conditioning staff. Warm-ups took approximately 10 min to complete
and consisted of dynamic lower body movements as well as submaximal vertical jumps.
All trials were completed using a self-selected countermovement depth and foot position.
Verbal instructions were given before initiation of each trial to “jump as high as possible”.

During the NAS trials, a dowel (polyvinyl chloride, <1.0 kg) was placed across the up-
per back in a manner similar to the position of a barbell during the back squat exercise [1,2].
Participants were instructed to maintain contact between the dowel and the upper back
during the duration of the trial. During arm swing (AS) trials, participants were instructed
to begin each trial with both arms raised above their head. They were then allowed to
swing their arms in any manner they desired to obtain the greatest jump height. All trials
were collected using a portable force platform (AMTI, Accupower, Watertown, MA, USA)
sampling at 1000 Hz. Each trial began with participants having one second of quiet stand-
ing before being given a “3, 2, 1, Go” countdown. During the quiet standing phase, body
mass was calculated from the vertical ground reaction force. A 30-s rest period was given
between trials. NAS trials were performed before AS trials during both testing sessions.
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2.3. Data Analysis

Raw vertical ground reaction force data was then exported and analyzed using a
customized Excel spreadsheet (v.2308, Microsoft, Redmond, WA, USA) [1,2,16]. The spread-
sheet was modeled using methods previously reported by Chavda et al. [17]. CMJ phase
definitions followed those suggested by McMahon et al. [18]. Briefly, the phases of interest
for this investigation were defined as the braking and propulsive phases. Braking was
defined as the point at which vertical ground reaction force surpassed the calculated body
mass during one second of quiet stance prior to the trial initiation until the instant the
center of mass velocity reaches zero. The propulsive phase was defined as the end of the
braking phase to the point of takeoff. The center of mass velocity was calculated by finding
the center of mass acceleration for each sample by subtracting the calculated body mass
from the vertical force data. Then, integration of acceleration data with respect to time
using the trapezoidal rule, beginning 30 ms before movement initiation as recommended
by Owen et al. [19], provided the center of mass velocity. Integration of the center of
mass velocity data with respect to time provided the center of mass displacement. As
for variable calculations, time to takeoff was calculated as the duration from movement
initiation to the point of takeoff. Reactive strength index modified was calculated as jump
height divided by time to takeoff [20]. Finally, all force variables are presented as net force
(measured force – body mass).

2.4. Statistical Analysis

Mean data for the two trials in each condition were used in the statistical analysis.
Reliability analysis for each variable used both intraclass correlation coefficient (ICC) and
coefficient of variation (CV) from the pre-testing data. ICC was calculated using a two-way
random approach. Reliability was deemed acceptable with ICC values greater than 0.80 and
CV values of less than 10%. To compare conditions, a paired samples t-test was conducted
for each variable. Significance for all tests was a priori set at p < 0.05. Effect sizes were
calculated as Hedge’s g and interpreted using the criteria of trivial (<0.2), small (0.2–0.6),
moderate (0.61–1.20), large (1.21–2.0), very large (2.0–4.0) and nearly perfect (≥4.0) [21]. All
statistical analyses were performed using SPSS (v28.0, SPSS Inc., Chicago, IL, USA).

Additionally, single-subject analyses were performed on each variable of interest to
determine if the changes seen were outside the individual variability exhibited during the
pretest. Variability was assessed using pretest CV values [22].

3. Results

All variables demonstrated acceptable levels of reliability (Table 1). Data are reported
as means ± SD and displayed in Table 2. In the AS condition, only mean braking force
displayed a significant increase from pre to post (p = 0.047, g = 0.66). In the NAS condition,
mean propulsive force increased from pre to post (p = 0.002, g = 1.18) coinciding with an
increase in propulsive net impulse (p = 0.038, g = 0.70). Jump height significantly improved
pre to post (p = 0.001, g = 1.70). Additionally, time to takeoff was significantly reduced
(p = 0.015, g = 0.85). Finally, RSIm was significantly improved (p = 0.001, g = 1.47).

When using the single subject analysis, each variable displayed an individual response,
where both positive and negative changes were seen as well as no change. In the AS
condition, seven participants showed an increase in mean braking force with two having
a reduction and two with no change. Three participants showed a reduction in braking
duration, while two had an increase in duration and six had no change. Braking net
impulse was increased in six individuals, with decreases in two individuals and no change
was shown in three. Propulsive mean force was increased in four, reduced in four, and
showed no change in three. Propulsive duration increased in four, reduced in three, and
no change was seen in four. Propulsive net impulse was increased in four participants,
reduced in four, and showed no change in three. Five participants displayed an increase
in countermovement depth, with one reducing depth and five having no change. Jump
height was increased in six, decreased in four, and no change was seen in one participant.

127



J. Funct. Morphol. Kinesiol. 2023, 8, 137

Time to takeoff was reduced in five individuals, increased in four and no change was seen
in two. Lastly, RSIm was increased in five participants, reduced in two individuals and no
change was seen in four.

Table 1. Intraclass Correlation Coefficient (ICC) and Coefficient of Variations (CV).

ICC (95% CI) CV (95% CI)

Arm Swing

Braking Mean Force 0.91 (0.77–0.96) 3.71 (1.49–5.93)
Braking Duration 0.94 (0.86–0.97) 5.22 (2.01–8.42)
Braking Impulse 0.84 (0.61–0.93) 5.77 (2.75–8.79)
Propulsive Mean Force 0.99 (0.97–0.99) 1.81 (0.76–2.86)
Propulsive Duration 0.86 (0.64–0.95) 2.12 (1.03–3.22)
Propulsive Net Impulse 0.97 (0.89–0.99) 1.84 (0.37–3.30)
Countermovement Depth 0.88 (0.61–0.96) 3.26 (2.09–4.42)
Time To Takeoff 0.94 (0.87–0.98) 1.08 (0.55–1.61)
Jump Height 0.97 (0.93–0.99) 1.97 (1.14–2.80)
RSIm 0.95 (0.90–0.98) 2.39 (1.30–3.48)

No Arm Swing

Braking Mean Force 0.91 (0.78–0.96) 6.38 (2.92–9.81)
Braking Duration 0.93 (0.86–0.97) 5.89 (3.22–8.56)
Braking Impulse 0.84 (0.61–0.93) 4.16 (3.03–9.76)
Propulsive Mean Force 0.91 (0.80–0.96) 2.79 (1.53–4.05)
Propulsive Duration 0.88 (0.80–0.95) 2.90 (1.66–4.14)
Propulsive Net Impulse 0.93 (0.85–0.97) 1.62 (0.44–2.80)
Countermovement Depth 0.88 (0.61–0.96) 3.56 (2.03–5.08)
Time To Takeoff 0.94 (0.87–0.98) 2.17 (1.03–3.30)
Jump Height 0.97 (0.93–0.99) 2.74 (0.87–4.61)
RSIm 0.95 (0.90–0.98) 4.10 (2.16–6.04)

Table 2. Changes from Pre to Post Testing (mean ± SD).

Arm Swing Condition

Pre Post p g %∆

Mean Braking Force (N) 496.93 ± 145.62 536.29 ± 170.51 0.047 0.656 7.9
Braking Duration (ms) 201.41 ± 39.39 196.86 ± 56.70 0.704 0.114 2.6
Braking Net Impulse (N*s) 96.46 ± 24.03 100.31 ± 28.52 0.386 0.263 4.0
Mean Propulsive Force (N) 624.42 ± 119.76 630.52 ± 119.91 0.413 0.248 1.0
Propulsive Duration (ms) 336.59 ± 23.21 339.91 ± 35.86 0.573 0.169 1.0
Propulsive Net Impulse (N*s) 210.27 ± 35.16 213.19 ± 28.73 0.554 0.178 1.4
Countermovement Depth (cm) 39.51 ± 5.66 41.08 ± 7.11 0.103 0.521 4.0
Jump Height (cm) 33.84 ± 4.74 34.19 ± 4.46 0.545 0.182 1.0
Time to Takeoff (ms) 992.13 ± 99.26 971.95 ± 89.05 0.321 0.303 2.0
RSImod 0.34 ± 0.05 0.35 ± 0.05 0.133 0.475 2.9

No Arm Swing Condition

Pre Post p g %∆

Mean Braking Force (N) 527.45 ± 155.94 570.61 ± 149.25 0.097 0.551 8.2
Braking Duration (ms) 189.23 ± 34.28 170.73 ± 42.92 0.099 0.527 9.8
Braking Net Impulse (N*s) 95.89 ± 20.73 92.54 ± 19.63 0.548 0.188 3.5
Mean Propulsive Force (N) 619.03 ± 100.74 668.30 ± 116.16 0.002 1.179 8.0
Propulsive Duration (ms) 319.23 ± 36.23 317.41 ± 24.14 0.764 0.089 0.6
Propulsive Net Impulse (N*s) 197.81 ± 33.04 213.19 ± 38.67 0.038 0.695 7.8
Countermovement Depth (cm) 35.90 ± 6.39 35.58 ± 6.16 0.421 0.244 0.9
Jump Height (cm) 28.95 ± 4.97 31.27 ± 5.00 0.001 1.700 8.0
Time to Takeoff (ms) 873.09 ± 103.28 831.95 ± 99.83 0.015 0.852 4.7
RSImod 0.33 ± 0.06 0.38 ± 0.07 0.001 1.466 15.2

Bold values represent statistically significant differences between time points. RSImod = reactive strength
index modified.
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During the NAS condition, six participants showed an increase in mean braking force.
Two displayed a reduction and three had no change during post-testing. Five individuals
displayed a reduction in braking duration. One increased duration and five had no change.
Five participants saw an increase in braking impulse, four had a reduction and two had
no change. Nine participants increased propulsive mean force with two experiencing
no change (Figure 1). Six individuals saw a reduction in propulsive duration with three
increasing duration. Two participants had no change in propulsive duration (Figure 2).
Propulsive net impulse was increased in 10 participants and no change was seen in one
(Figure 3). Countermovement depth was reduced in three participants, increased in two,
and had no change in six. Jump height increased in ten participants and one had no
change. Time to takeoff was reduced in seven individuals, increased in two individuals,
and showed no change in two individuals. Lastly, RSIm was increased in nine individuals
and no change was seen in two.
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4. Discussion

The main findings of this investigation were that, in the NAS condition, jump perfor-
mance saw more changes from pre- to post-practice than the number of changes seen in
the AS condition. These findings both support previous investigations, where no change
was seen in the CMJ performance of volleyball athletes after fatiguing tasks, and are in
contrast to the greater body of literature on changes in CMJ performance as a result of fa-
tigue [12,14,23,24]. In a review of changes in physical performance testing post-competition,
CMJ jump height was reduced between 1.6 and 6 cm [23]. Within this review, a variety of
sports were used, and testing occurred at a variety of time intervals post-competition. While
the general trend of a reduction in jump height was seen, no controls for the type of CMJ or
how the CMJ was measured were used in the review [23]. Thus, a wide range of reductions
in jump height and effect sizes (0.22–1.22) were seen [23]. Gathercole et al. [4] previously
displayed that different forms of vertical jump testing in a fatigued state provided different
results. Under the same fatigue conditions, countermovement jump performance displayed
different findings than squat jumps in terms of fatigue sensitivity [4]. This illustrates similar
findings to the present investigation where the NAS condition displayed changes in jump
height that were not seen in the AS condition. Not only is it important to select which
vertical jump assessment is used, but other methodological considerations, such as arm
swing utilization, also need to be accounted for.

Previous investigations have used either the AS or NAS jump test based on a variety
of factors. If using the Vertec device to assess jump performance then an AS has to be
employed, whereas if using linear transducers, force plates, or jump mats, either methodol-
ogy can be used. This creates potential issues in the literature as it has been shown that
within-subject outputs and jump strategies can shift based on the use of an AS [7–9,25].
Hoffman et al. found [13] there to be no differences pre- and post-competition when
completing a NAS testing protocol in collegiate female soccer athletes, whereas McLellan
et al. [26] found there to be a decrease in peak force in post-match testing of rugby league
athletes using an AS. This lack of consistency in findings throughout the literature can
be explained through a variety of factors concerning methodologies. The findings in the
current study point to the need for consistency in the literature as a change from pre- to
post-testing differed based on the jump condition used. This is the first investigation, to the
author’s knowledge, that used both AS and NAS conditions to assess the changes to jump
performance in a fatigued state. Previous investigations that have used multiple forms
of vertical jump have manipulated the countermovement itself by using the squat jump
(SJ) or depth jumps [4]. Gathercole et al. [4] found that the CMJ task was best in assessing
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immediate and prolonged neuromuscular fatigue in the jumping task used. Interestingly,
CMJ performance was diminished during the immediate post-exercise condition using a
NAS methodology where performance was improved in the current study [4]. The results
of the current study, however, support the findings of Moreno-Perez et al. [27] who found
an increase in jump height post competition in semi-professional basketball athletes. This
coincided with an increase in the dorsiflexion range of motion. Additionally, in a sample
of snowboard athletes, a small increase in jump height post excise was observed [28].
This increase in jump height occurred with a decrease in propulsive mean force and an
increase in propulsive time as well as time to takeoff [28]. This is in line with the current
study, where an increase in propulsive mean force increased and time to takeoff decreased,
suggesting a change in movement strategy during the immediate fatigued state.

As has been stated in many of the previous investigations centered on jump testing to
assess neuromuscular fatigue, the source of the fatigue (exercise, sport-specific training,
competition) and the athletes themselves, play a critical role in the findings of this study.
Cooper et al. [24] found there to be a significant reduction in jump height, force, and power
in a sample of recreationally trained individuals after completing a fatiguing task of contin-
uous vertical jumps. However, Robineau et al. [29] found there to be no statistical reduction
in CMJ height after a simulated soccer game in eight amateur soccer athletes. Moreover,
Cortis et al. [30] found an increase non-statistically significant increase in jump height in
a sample of 10 senior male soccer athletes after a match. This demonstrates that sample
demographics and the method by which fatigue is induced can impact findings related the
vertical jump performance. In a similar study to the current investigation, professional male
volleyball athletes displayed no differences in any CMJ metric after a sport-specific training
session [15]. However, the authors failed to report whether individuals were allowed to
use an AS. Though the exact methods used were not disclosed, the results are similar to the
present investigation. As volleyball is a sport that relies heavily on vertical jump ability,
changes in jump performance may be limited. With volleyball athletes needing to complete
the vertical jump task in fatigued states during training and competition, post-testing
may not produce significant changes. Based on the previous findings and those of the
current investigation, future investigations should examine the changes in CMJ metrics
over consecutive days of training and competition [15].

The use of the single-subject analysis in this study provides additional valuable
information that has not previously been reported. A general trend was seen across all
participants during the NAS that was not seen during the AS condition. An example
of this can be seen in the increase in propulsive mean force, where nine of the eleven
subjects saw an increase in the NAS condition. During the AS condition, propulsive mean
force increased in four participants, reduced in four, and had no change in three. This
is important for several reasons. First, of the four individuals displaying an increase in
AS propulsive mean force, two had an increase in propulsive net impulse during the AS
condition; both of these individuals also showed increased propulsive duration. The other
two participants that saw an increase in propulsive mean force and had reductions in
propulsive duration resulting either in no change or a reduction in propulsive net impulse.
This indicates a potential change in the strategy being used that is masked at the group level
by individuals having the opposite strategy shift occur (reduce force and increase duration).
Thus, practitioners interested in changes in performance as a result of competition and
practice should use single-subject analysis rather than group means, as individuals can
respond to similar exercises and stresses differently.

This study is not without limitations. First, the sample size used for this investigation
is small. This is due to the roster size during the spring training period (offseason) in which
new members of the team and injured athletes were not taking part in training as they
would during the competitive season. However, though the sample size is small, previous
investigations have used similar sample sizes [15,29–31] Secondly, this investigation was
conducted using a cross-sectional design and results from this study may not be transferable
across all training sessions. The training load based on individual jump counts is similar to
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what has been previously reported in professional volleyball athletes [32]. Based on the
previous investigations that have examined pre- and post-changes based on a fatiguing
exercise session or game scenario, we feel that the outcomes of this investigation provide
a unique examination of jump performance change on both the group and individual
levels [13,15,26].

5. Conclusions

In conclusion, CMJ performance post-sport-specific training appears to be influenced
by the jump testing methodology used. This is important for practitioners to consider when
selecting a methodology to assess neuromuscular fatigue in their athletes. As both the
NAS and AS conditions displayed changes on the individual level, practitioners using both
methodologies appear suited for assessing neuromuscular fatigue. Practitioners should
also consider examining individual changes in addition to group changes as every variable
in the current study is subject to a level of individual change.

Author Contributions: Conceptualization, P.T.D. and A.K.M.; methodology, P.T.D., M.K.W. and
J.W.; investigation, P.T.D., M.K.W. and J.W.; writing—original draft preparation, P.T.D. and A.K.M.
writing—review and editing, P.T.D. and A.K.M. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Review Board (or Ethics Committee) of University of
Southern Mississippi (21–256 and 07/27/2021) for studies involving humans.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: Authors declare no conflict of interest.

References
1. Legg, L.; Rush, M.; Rush, J.; McCoy, S.; Garner, J.C.; Donahue, P.T. Association Between Body Composition and Vertical Jump

Performance in Female Collegiate Volleyball Athletes. Int. J. Kinesiol. Sports Sci. 2021, 9, 43–48. [CrossRef]
2. Rush, M.E.; Littlefield, T.; McInnis, A.K.; Donahue, P.T. Positional Comparison of Jump Performance in NCAA Division I Female

Volleyball Athletes. Int. J. Kinesiol. Sports Sci. 2022, 10, 1–6. [CrossRef]
3. Marques, M.C.; Van Den Tillaar, R.; Vescovi, J.D.; González-Badillo, J.J. Changes in Strength and Power Performance in Elite

Senior Female Professional Volleyball Players during the In-Season: A Case Study. J. Strength Cond. Res. 2008, 22. [CrossRef]
4. Gathercole, R.J.; Sporer, B.C.; Stellingwerff, T.; Sleivert, G.G. Comparison of the Capacity of Different Jump and Sprint Field Tests

to Detect Neuromuscular Fatigue. J. Strength Cond. Res. 2015, 29, 2522–2531. [CrossRef]
5. Claudino, J.G.; Cronin, J.; Mezêncio, B.; McMaster, D.T.; McGuigan, M.; Tricoli, V.; Amadio, A.C.; Serrão, J.C. The Countermove-

ment Jump to Monitor Neuromuscular Status: A Meta-Analysis. J. Sci. Med. Sport 2017, 20, 397–402. [CrossRef]
6. Gathercole, R.; Sporer, B.; Stellingwerff, T.; Sleivert, G. Alternative Countermovement-Jump Analysis to Quantify Acute

Neuromuscular Fatigue. Int. J. Sports Physiol. Perform. 2015, 10, 84–92. [CrossRef]
7. Heishman, A.; Brown, B.; Daub, B.; Miller, R.; Freitas, E.; Bemben, M. The Influence of Countermovement Jump Protocol

on Reactive Strength Index Modified and Flight Time: Contraction Time in Collegiate Basketball Players. Sports 2019, 7, 37.
[CrossRef]

8. Hara, M.; Shibayama, A.; Takeshita, D.; Hay, D.C.; Fukashiro, S. A Comparison of the Mechanical Effect of Arm Swing and
Countermovement on the Lower Extremities in Vertical Jumping. Hum. Mov. Sci. 2008, 27, 636–648. [CrossRef]

9. Harman, E.A.; Rosenstein, M.T.; Frykman, P.N.; Rosenstein, R.M. The Effects of Arms and Countermovement on Vertical Jumping.
Med. Sci. Sports Exerc. 1990, 22, 825. [CrossRef]

10. Lees, A.; Vanrenterghem, J.; Clercq, D.D. Understanding How an Arm Swing Enhances Performance in the Vertical Jump. Biomech.
2004, 37, 1929–1940. [CrossRef]

11. Feltner, M.E.; Bishop, E.J.; Perez, C.M. Segmental and Kinetic Contributions in Vertical Jumps Performed with and without an
Arm Swing. Res. Q. Exerc. Sport 2004, 75, 216–230. [CrossRef]

12. Cormack, S.J.; Newton, R.U.; McGuigan, M.R. Neuromuscular and Endocrine Responses of Elite Players to an Australian Rules
Football Match. Int. J. Sports Physiol. Perform. 2008, 3, 359–374. [CrossRef] [PubMed]

132



J. Funct. Morphol. Kinesiol. 2023, 8, 137

13. Hoffman, J.R.; Nusse, V.; Kang, J. The Effect of an Intercollegiate Soccer Game on Maximal Power Performance. Can. J. Appl.
Physiol. 2003, 28, 807–817. [CrossRef]

14. Johnston, R.D.; Gibson, N.V.; Twist, C.; Gabbett, T.J.; MacNay, S.A.; MacFarlane, N.G. Physiological Responses to an Intensified
Period of Rugby League Competition. J. Strength Cond. Res. 2013, 27, 643. [CrossRef]

15. Cabarkapa, D.V.; Cabarkapa, D.; Whiting, S.M.; Fry, A.C. Fatigue-Induced Neuromuscular Performance Changes in Professional
Male Volleyball Players. Sports 2023, 11, 120. [CrossRef]

16. Donahue, P.T.; Rush, M.; McInnis, A.K.; Littlefield, T. Phase Specific Comparisons of High and Low Vertical Jump Performance in
Collegiate Female Athletes. J. Sci. Sport Exerc. 2022. [CrossRef]

17. Chavda, S.; Bromley, T.; Jarvis, P.; Williams, S.; Bishop, C.; Turner, A.N.; Lake, J.P.; Mundy, P.D. Force-Time Characteristics of the
Countermovement Jump: Analyzing the Curve in Excel. Strength Cond. J. 2018, 20, 67–77. [CrossRef]

18. McMahon, J.J.; Suchomel, T.J.; Lake, J.P.; Comfort, P. Understanding the Key Phases of the Countermovement Jump Force-Time
Curve. Strength Cond. J. 2018, 40, 96–106. [CrossRef]

19. Owen, N.J.; Watkins, J.; Kilduff, L.P.; Bevan, H.R.; Bennett, M.A. Development of a Criterion Method to Determine Peak
Mechanical Power Output in a Countermovement. J. Strength Cond. Res. 2014, 28, 1552–1558. [CrossRef]

20. Ebben, W.P.; Petushek, E.J. Using the Reactive Strength Index Modified to Evaluate Plyometric Performance. J. Strength Cond. Res.
2010, 24, 1983–1987. [CrossRef]

21. Hopkins, W.G. A Scale of Magnitudes for Effect Statistics. Available online: http://www.sportsci.org/resource/stats/effectmag.
html (accessed on 8 January 2019).

22. Donahue, P.T.; Peel, S.A.; McInnis, A.K.; Littlefield, T.; Calci, C.; Gabriel, M.; Rush, M. Changes in Strength and Jump Performance
over a 10 Week Competitive Period in Male Collegiate Golfers. J. Trainology 2022, 11, 22–27. [CrossRef]

23. Doeven, S.H.; Brink, M.S.; Kosse, S.J.; Lemmink, K.A.P.M. Postmatch Recovery of Physical Performance and Biochemical Markers
in Team Ball Sports: A Systematic Review. BMJ Open Sport Exerc. Med. 2018, 4, e000264. [CrossRef] [PubMed]

24. Cooper, C.N.; Dabbs, N.C.; Davis, J.; Sauls, N.M. Effects of Lower-Body Muscular Fatigue on Vertical Jump and Balance
Performance. J. Strength Cond. Res. 2020, 34, 2903. [CrossRef] [PubMed]
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Abstract: Fully restoring autonomic nervous system (ANS) function is paramount for peak sports
performance. Training programs failing to provide sufficient recovery, especially during the in-season,
may negatively affect performance. This study aimed to evaluate the influence of the physiological
workload of collegiate football training on ANS recovery and function during the in-season. Football
athletes recruited from a D1 college in the southeastern US were prospectively followed during their
13-week “in-season”. Athletes wore armband monitors equipped with ECG and inertial movement
capabilities that measured exercise cardiac load (ECL; total heartbeats) and maximum running
speed during and baseline heart rate (HR), HR variability (HRV) 24 h post-training. These metrics
represented physiological load (ECL = HR·Duration), ANS function, and recovery, respectively.
Linear regression models evaluated the associations between ECL, baseline HR, HRV, and maximum
running speed. Athletes (n = 30) were 20.2 ± 1.5 years, mostly non-Hispanic Black (80.0%). Negative
associations were observed between acute and cumulative exposures of ECLs and running speed
(β = −0.11 ± 0.00, p < 0.0000 and β = −0.15 ± 0.04, p < 0.0000, respectively). Similarly, negative
associations were found between baseline HR and running speed (β = −0.45 ± 0.12, 95% CI: −0.70,
−0.19; p = 0.001). HRV metrics were positively associated with running speed: (SDNN: β = 0.32 ± 0.09,
p < 0.03 and rMSSD: β = 0.35 ± 0.11, p < 0.02). Our study demonstrated that exposure to high ECLs,
both acutely and cumulatively, may negatively influence maximum running speed, which may
manifest in a deteriorating ANS. Further research should continue identifying optimal training:
recovery ratios during off-, pre-, and in-season phases.

Keywords: exercise training; overtraining; sports; strength and conditioning; collegiate

1. Introduction

Optimal sports performance requires complete recovery of the autonomic nervous
system (ANS) [1]. The ANS regulates many physiological processes involved in athletic
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performance such as skeletal muscle contraction, cardiac function, and vascular compli-
ance [2]. As such, the functionality of the ANS affects performance metrics such as speed,
agility, reaction time, force production, and power output [3,4]. For sports such as collegiate
football, the repeated powerful movements profoundly impact the ANS, often leading
to prolonged sympathetic nervous system dominance [5,6]. Full recovery of the ANS
is paramount for peak sports performance during competitions [5]. Failing to provide
adequate recovery, especially during in-season, invites negative consequences such as non-
functional overtraining, and decrements in sports performance, all signs of a deteriorating
ANS [7,8].

The window of recovery following competitions varies for each sport and depends on
its duration, intensity, etc. For contact sports such as collegiate football, athletes endure,
for nearly four hours, heightened levels of adrenaline, maximal force production, and
power output [5]. These prolonged competitions result in augmented physical and mental
fatigue, skeletal muscle damage, energy depletion, and muscular soreness. As such, football
athletes may require at least 72 h for full recovery [5,9–13]. Sport performance researchers
recommend markedly reducing training volume and limiting high-intensity training during
the in-season allowing for sufficient post-competition recovery [14]. While strong evidence
supports the necessity of recovery, reports suggest that many coaches fear reducing training
volume as it may detrain athletes, resulting in poor performance [6]. Interestingly, studies
show detraining occurs during the in-season however, most significantly among “reserve”
or “bench” players, the athletes who are minimally exposed to competitive play [6]. The
trepidation of detraining likely leads to coaches training athletes at higher volumes and
intensities. Consequently, studies also show that higher training loads during the in-season
predispose athletes to injury (e.g., ligament tears or muscle strains), likely a result of a
deteriorating ANS [15].

A significant limitation of the former research, however, is the limited number of
studies on collegiate football, a sport played by nearly 25% of all NCAA athletes [16].
Studies examining the influence of training volume during the in-season in contact sports
primarily focused on soccer and rugby athletes [17,18]. Comparatively, collegiate football
differs considerably as competitions are 50 to 60% longer and pose a greater risk for
severe injuries. This risk is likely exacerbated if training regimens do not account for
supramaximal efforts performed during football competitions, however, this remains
unclear [6]. Therefore, this study aimed to evaluate the influence of the physiological
demand imposed upon collegiate football athletes during the in-season and the recovery
and function of the ANS. Specifically, we examined the association between the exercise
cardiac load (total heartbeats) endured during the preceding week’s training sessions and
ANS recovery and function among collegiate football athletes. We hypothesized that the
sustained, hyperbolic cardiac load endured among competing athletes would compound
the impact of the weekly training sessions on the ANS throughout the in-season. Specifically,
we anticipated observing a negative association between 24-h baseline heart rate (HR) and
maximum running speed and a positive association between heart rate variability (HRV)
and maximum speed, each representing ANS recovery and function, respectively.

2. Materials and Methods
2.1. Study Design

The current study employed a 13-week, prospective study design among a sample of
Division I collegiate male football athletes during their “in-season” training. The physio-
logical load of weekly training was estimated using an exercise cardiac load metric. ANS
recovery was measured using baseline HR and HRV and ANS function was estimated via
the athletes’ top speed reached during weekly trainings.

2.2. Subjects

Subjects were recruited from a Division I collegiate football team located in the south-
eastern region of the State of Florida. The athletes were participating in their routine
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13-week “in-season” training program. Practice sessions included aerobic, speed, strength,
agility, and power-focused exercises. While each training session varied daily and weekly,
the athletes consistently engaged in moderate-vigorous intensity exercise lasting between
120 to 180 min every, Tuesday, Wednesday, Thursday, Friday, and Sunday (Figure 1). The
prospective participants were recruited from a pre-selected group of athletes the coaches
identified as “starters”, which were athletes that competed in nearly every regulation game
and for most of its duration. Starters were recruited as they endured a greater physiological
load during a given week consequent to participating in weekly competitions. Additionally,
due to the wide variability in movement patterns across player positions, only starting
athletes playing “heavy running” positions including cornerback, running back, tight end,
and wide receiver were included in the primary analyses. Prior to any measurements, the
athletes were informed of the benefits and risks of the study and the conflicts of interest
of all authors. All athletes participating voluntarily consented to the study. All study
protocols followed the ethical principles defined in the Declaration of Helsinki and were
approved by the university’s Institutional Review Board (IRB #20191223).
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Figure 1. Schematic of 13-week In-Season Collegiate Football Training Program.

2.3. Methodology
2.3.1. Cardiac and ANS Measurement

Thirty participants were fitted with armband monitors equipped with temperature,
electrocardiography (ECG), photoplethysmography (PPG), and inertial measurement unit
(IMU) capabilities (Warfighter Monitor (WFM), Tiger Tech Solutions Inc., Miami, FL, USA).
The WFM armbands were previously validated in several diverse subpopulations [19].
Monitors were placed on the posterior aspect of the left upper arm, secured with an elastic
band, and worn at the start and throughout each training session (n = 128). Although the
WFM device collected several biometric parameters, only cardiac function and IMU data
were analyzed.

2.3.2. Exercise Cardiac Load during In-Season Weekly Training

Exercise cardiac load (ECL) represented the physiological load athletes endured during
each training session. ECL was the product of the athlete’s average HR (bpm) and duration
(minutes) of weekly training sessions. Both HR and duration are strong contributors to
physiological load during exercise [14]. Only HRs sustained at ≥85 bpm were calculated
for average HR as this threshold was considered “active training”. ECL was normalized
with the largest ECL measured, from any athlete, during the in-season and multiplied by
100 for purposes of correlation.

ECL (total heartbeats) = Average HR(bpm)× Session Duration (minutes)

2.3.3. ANS Recovery

Next-day baseline HR represented ANS recovery. Baseline HR was measured in the
early morning and following at least 4 min of inactivity, per established protocols [20].
Specifically, baseline HR was measured prior to the start (0600–0700) of the following day’s
exercise training session. Each athlete was required to remain nearly motionless in a seated
position for a period of 5 min to collect a “resting” baseline HR.

The HRV metrics used included the standard deviation of NN intervals (SDNN)
and the root mean square of successive differences (rMSSD). HRV was measured during
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the same 5-min interval as baseline HR. Further details on these metrics are described
elsewhere [21].

2.3.4. Maximum Running Speed

Maximum running speed served as the outcome variable and was defined as the
fastest recorded speed in miles per hour (mph) by an athlete during a single training
session. Speed was calculated using a nine-degree-of-freedom inertial measurement unit
(9-DOF IMU) on the WFM. The 9-DOF IMU provides a three-axis accelerometer, gyroscope,
and magnetometer. Utilizing the magnetometer and the accelerometer the normal vector
(z-axis) was identified and gravity was removed to give us the remaining accelerometer
data which contains the two-dimensional, x- and y-plane of accelerations. Utilizing the
gyroscope, the x and y accelerometer values were forced to zero during non-movement
periods. Further, with the gyroscope, the dominant movement direction within the x and
y planes was identified. We then, integrated the accelerometer data with a starting value
of zero along the dominant direction in the x-y plane to quantify velocity. To calculate
absolute speed, the directional component was removed [22,23].

2.4. Statistical Analyses

The current study evaluated the associations between ECL, HRV, baseline HR of both
acute and cumulative exposures to in-season training, and its influence on maximum
running speed. For acute training, (e.g., daily sessions) ECLs, HRV, and baseline HR values
were averaged across daily sessions for each of the 13 weeks of in-season training. For
the cumulative exposures, ECL was averaged over one training week. Maximum running
speed served as the primary outcome variable. Associations were quantified using linear
regression models and were performed separately for each metric. The normality of the
conditional distributions was assessed via the Kolmogorov-Smirnov test and was deemed
normally distributed. For all models, β coefficients and standard errors were estimated,
and the a priori threshold for statistical significance was set at α = 0.05. Statistical analyses
were performed in MATLAB, version 2021b (MathWorks, Natick, MA, USA).

3. Results

The descriptive characteristics of the sample of D1 collegiate football athletes are
presented in Table 1. Of all the starters (n = 30), 16.7%, 23.3%, 13.3%, and 20.0% were
cornerbacks, running backs, tight ends, and wide receivers, respectively. Athletes were,
on average, 20.2 ± 1.5 years of age, predominantly non-Hispanic Black 80.0%, and had an
average body mass index of 27.6 ± 2.3 kg/m2 and ranging from 23.7 to 32.5 kg/m2.

Table 1. Descriptive Characteristics of Starting Football Athletes (n = 30).

Mean (SD) Median (Min, Max)

Age (years) 20.2 (1.5) 20.0 (18.0, 23.0)
Anthropometrics

Weight (kg) 94.38 (9.7) 92.97 (77.1, 112.5)
Height (m) 1.85 (0.06) 1.84 (1.75, 1.86)

Body Mass Index (kg/m2) 27.6 (2.3) 27.5 (23.7, 32.5)
Race/Ethnicity (%)

NH White 6.7
NH Black 80.0

Other 0.0
Hispanic 13.3

Football Position (%)
Cornerback 16.7

Defensive Back 3.3
Linebacker 16.7

Running Back 23.3
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Table 1. Cont.

Mean (SD) Median (Min, Max)

Safety 6.7
Tight End 13.3

Wide Receiver 20.0
NH = non-Hispanic; SD = standard deviation; min = minimum; max = maximum; kg = kilogram; m = meter.

Table 2 shows the weekly average and 50th percentiles for the average exercise car-
diac load of in-season training sessions and the recovery and function of the athletes’
ANS. The acute and cumulative ECL of in-season training were 21,800.0 ± 4600.0 and
108,700.0 ± 22,800.0 total heartbeats, respectively. On average, the next-day baseline HR
was 60.9 ± 8.6 bpm and ranged from 48.8 to 112.2 bpm. The average maximum running
speed achieved across 25 weeks of in-season training was 17.3 ± 1.4 mph and ranged from
15.0 to 22.0 mph.

Table 2. Average Training Load, ANS Recovery and ANS Function Among Starting Football Athletes.

Mean (SD) Median (Min, Max)

Exercise Cardiac Load *
Daily (acute exposure) 21.8 (4.6) 23.7 (8.4, 34.8)

Weekly (cumulative exposure) 108.7 (22.8) 114.9 (43.9, 159.8)
ANS Recovery

Baseline HR (bpm) 60.9 (8.6) 59.8 (48.8, 112.2)
SDNN (bpm) 81.3 (2.0) 81.2 (77.4, 84.2)
rMSSD (bpm) 70.1 (1.7) 70.1 (66.2, 73.4)
ANS Function

Maximum Running Speed
(mph) 17.3 (1.4) 17.2 (15.0, 22.0)

Expressed in the total number of heartbeats; bpm = beats per minute. * average training HR·session duration.

The correlation coefficients for the associations between exercise cardiac load, ANS
recovery, and maximum running speed during in-season training are presented in Table 3.
Statistically significant, negative associations between both acute and cumulative exposure
to exercise cardiac loads and maximum running speed achieved during in-season training
(acute: β = −0.11 ± 0.00, 95% CI: −0.12, −0.10; p < 0.0000; cumulative: β = −0.15 ± 0.04,
95% CI: 0.00, 0.72; p < 0.0000). Strong statistically significant correlations were also found
between ANS recovery metrics and maximum running speed. Specifically, baseline HR
was negatively associated with maximum speed (β = −0.45 ± 0.12, 95% CI: −0.70, −0.19;
p = 0.001). Both metrics of HRV, rMSSD and SDNN, were significantly and positively
associated with maximum running speed: (β = 0.32 ± 0.09, 95% CI: 0.14, 0.50; p < 0.03 and
β = 0.35 ± 0.11, 95% CI: 0.13, 0.57; p < 0.02).

Table 3. Adjusted Regression Coefficients for the Association Between ECL and ANS Recovery and
Function (Maximum Running Speed [mph]).

β (SE) 95% CI Adjusted
R2 p-Value

Exercise Cardiac Load *
Daily (acute exposure) −0.11 (0.00) [−0.12, −0.10] 0.64 0.0000

Weekly (cumulative exposure) −0.15 (0.04) [−0.00, 0.72] 0.73 0.0000
ANS Recovery

Baseline HR (bpm) −0.45 (0.12) [−0.70, −0.19] 0.56 0.0011
SDNN (ms) 0.32 (0.09) [0.14, 0.50] 0.55 0.0287
rMSSD (ms) 0.35 (0.11) [0.13, 0.57] 0.52 0.0151

CI = confidence intervals; bpm = beats per min; ms = milliseconds; mph = miles per hour. * average training
HR·session duration.
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4. Discussion

The purpose of this study was to examine the association between ECL endured across
13 weeks of in-season training and ANS recovery and function among D1 football players.
We hypothesized that higher ECLs endured across weekly in-season training would elicit
a negative influence on maximum running speed. The major findings of this study were
that among “starters”, (1) both acute and cumulative exposures to high exercise cardiac
loads were negatively associated with maximum running speed achieved during in-season
training, (2) deteriorating maximum running speed was strongly associated with higher
baseline HRs, and (3) HRV (rMSSD and SDNN) were positively associated with maximum
running speed.

One novel aspect of this study was the strong, negative associations observed between
both acute and cumulative exposures to high ECLs and maximum running speed during
13 weeks of in-season training. Specifically, for athletes in “heavy-running” positions
(e.g., wide receiver and tight end), acute and cumulative exposures to high ECLs during in-
season training negatively impacted their performance with linear, progressive reductions
in maximum running speed. In collegiate football, short sprints at near maximal or maximal
speed are critical to a team’s offense and defense, significantly influencing their overall
game performance and outcome. Similar to the current study, several studies previously
documented decrements in sports performance consequent to excessive acute and chronic
exercise training loads. However, most were reported among adult rugby and soccer
players in European countries. These sports represent a small fraction of collegiate athletes
in the United States as opposed to collegiate football, which accounts for 25% of all NCAA
athletes [16]. Moreover, the outcomes of these studies were more focused on soft-tissue
injuries, training, and game absenteeism, and less so on performance-based outcomes
(e.g., speed, power) [18]. The negative impact on performance-based outcomes is critical
to detect as it likely precedes an injury that significantly disrupts physical movement
(e.g., muscle strain/tear, ligament strain), requiring passive recovery and rehabilitation [24].
With that, the strong relationship between ECL and maximum running speed observed
in this study highlights the potential utility of ECL as a monitoring tool for optimizing
performance. ECL quantifies the physiological tolerance of each athlete, using the total
exercise load endured by the cardiac muscle during training (HR x duration). Using that
physiological feedback provides coaches with a non-invasive measure to program more
effective pre- and in-season training regimens and possibly prevent significant decrements
in sports performance, non-functional overreaching, and overtraining.

Interestingly, the current study also demonstrated a strong negative association be-
tween next-day baseline HR and maximum running speed. That is, athletes exhibiting
higher next-day baseline HRs, on average, showed larger decrements in their maximum
running speed. This observation possibly suggests that deteriorating speed may manifest
from insufficient recovery of the ANS. Given the paralleling negative association between
ECL and maximum running speed reported in the current study, the suboptimal recovery of
the ANS could be consequent to acute and cumulative exposures to high ECLs. Established
evidence demonstrates the negative neurophysiological consequences of high training
loads and insufficient recovery. For example, studies show excessive training partially
impairs neural signaling (e.g., firing rate) [12], mitochondrial function [13], glucose toler-
ance [10], skeletal muscle repair [11], etc., all of which require at least 48–72 h or more for
full recovery [9]. Without sufficient recovery, ANS function may begin deteriorating and
negatively affect the contractile properties of skeletal muscle (e.g., shortening velocity) and
performance outcomes such as maximum running speed. Monitoring the relationships
between ECL, ANS recovery/function, and performance is likely most critical during the
in-season as in addition to exercise training, athletes perform supraphysiological efforts
during 3- to 4-h-long competitions. The reductions in maximum running speed observed
in this study are the antithetical outcome to the primary goal of in-season training, which
is achieving peak athletic performance. For this purpose, sports performance experts
recommend substantially decreasing volume and intensity variation in weekly training to
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focus on maintaining the athletes’ level of fitness and refining sport-specific movement
patterns [6,25]. The decrements in performance in this study may highlight the suboptimal
translation of recommendations to the real-world sports realm.

Analogous to our baseline HR finding, rMSSD and SDNN were positively associated
with maximum running speed. That is, on average, athletes running at lower maximum
speeds likely exhibited lower HRV, an indication of insufficient ANS recovery 24 h post-
training. Several studies previously documented lower HRV, including rMSSD and SDNN,
immediate and short-term post-intense exercise (0–12 h). However, HRV typically returned
to baseline values within 24 h [26–28]. The discrepancies between the current study and
others are potentially attributed to different types of sports (e.g., running and cycling vs.
strength and power), duration and frequency of high-intensity training, and sufficient rest
intervals between and within sessions. The lower HRV observed in tandem with lower
maximum running speeds observed in this study aligns with the nature of the off-, pre-,
and in-season training programs and the negative association found between baseline HR
and maximum running speed. Football practices, across all seasons, were typically long in
duration (~2 to 4 h), occurred 5 to 6 times per week, and included several high-intensity
training sessions. As such, the nature of these sessions, specifically during the in-season,
likely explains our HRV findings. Additionally, the negative association between next-day
baseline HR and maximum running speed further confirms this observation. In healthy
populations, baseline HR is inversely associated with HRV such that higher baseline HRs
correlate with lower HRV. In the current study, this relationship is also observed [29]. For
example, in Figures 2 and 3, at the same maximum running speed (e.g., 12.0 mph), higher
baseline HRs and lower HRV values are observed, both indicating some degree of ANS
dysfunction.
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It should be acknowledged, however, that although the metrics referenced in this
paper (speed, baseline HR, etc.) correlate, they should not be viewed as surrogates for one
another. For instance, while the findings for both metrics of ANS recovery (RMSSD, SDNN,
baseline HR) were consistent, each metric provides different physiological information [30].
This is important as athletes exhibit high inter-individual variability in their physiological
response and tolerance to training [31]. As such, it is strongly recommended that coaches
utilize a holistic approach to monitoring and evaluating their athletes in an effort to prevent
deterioration and maximize performance.

4.1. Strengths and Limitations

There are several strengths of the current study. First, this study employed a prospec-
tive design in a natural setting, which allowed for stronger evidential conclusions and
unique insight into collegiate football training and its potential consequences on athletic
performance. Second, the ECL metric more accurately measured the total physiological
(internal) workload endured by athletes during training as opposed to other methods quan-
tifying workload using sets, repetitions resistance loads, etc. As such, ECL may be a more
effective tool for monitoring athletic performance and preventing ANS deterioration. Third,
maximum running speed was measured objectively using a device measuring inertial
movement. This likely provided a more accurate measure of maximum speed compared
to other metrics such as field-based testing and global positioning systems. This study
also has a few limitations. First, our sample only included collegiate football players from
one D1 university in a single geographical location, limiting the generalizability of our
findings. Second, maximum running speed, ECL, baseline HR, and HRV were not collected
during regulation games which did not allow us to fully quantify the physiological load
endured by the athletes during a given in-season training week. As such, it is unclear as to
whether the physiological load of the game influenced the ECL of the subsequent week’s
training sessions and vice versa. However, the game-day physiological load was indirectly
measured as the data were collected during “in-season” training. Third, the small sample
size precluded our ability to analyze the correlations between ECL, HR recovery, and
maximum speed by football position. However, the inter-position variability in movement
patterns was reduced as only positions with “heavy running” were included in the analyses.
Lastly, other factors potentially affecting ANS activity were not accounted for such as sleep,
ergogenic aids, and psychological stress.

4.2. Practical Implications

This study highlights the importance of coaches appropriately designing exercise
training programs during the in-season. Because the in-season includes many regulation
games, athletes endure significantly greater physiological loads nearly every week. As such,
strength, and conditioning coaches, as recommended by sports performance experts, must
dramatically modify their training programs to provide sufficient rest following games,
yet simultaneously provide sufficient physiological stimulus to maintain fitness levels. By
optimizing training programs throughout the year, sports performance outcomes, such as
maximum running speed, can be improved.

5. Conclusions

In conclusion, the current study demonstrated that exposure to both high acute,
and more importantly, cumulative ECLs, may negatively influence sports performance,
specifically maximum running speed. Additionally, the observed decrement in running
speed may be a manifestation of a deteriorating ANS, an early warning sign of overtraining.
As such, it is imperative that coaches account for the increased physiological load of games
thus, optimizing in-season training programs that improve sports performance. Further
research is needed to continue identifying optimal training: recovery ratios during off-,
pre-, and in-season phases for many sports. We recommend that future investigations
monitor, year-round, the physiological loads of training programs to inform coaches of the
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best practices for preparing for off-, pre-, and in-season training, and providing adequate
recovery. Importantly, researchers should also identify ineffective sports training programs
that lead to declines in performance.
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Abstract: This study aimed to characterize running-related injuries (RRIs), explore their relationship
with run and resistance training (RT) parameters, and identify perceived prevention measures among
adult recreational runners. An anonymous online survey was designed and distributed via social
media and email. Data were analyzed with chi-square, t-test, or analysis of variance (ANOVA),
with significance accepted at p ≤ 0.05. Data from 616 participants (76.8% female, age: 42.3 ± 10.5 y)
were analyzed. Most runners (84.4%) had an injury history, with 44.6% experiencing one in the past
year. The most common RRI sites included the foot/ankle (30.9%) and knee (22.2%). RRI prevalence
was higher in those running >19 miles weekly (48.4%, p = 0.05), but there were no differences
based on RT participation status. Among those using RT, relatively more RRIs were observed in
runners who trained the hip musculature (50.3%, p = 0.005) and did not include the upper body
(61.6%, p < 0.001). A disproportionately high RRI prevalence was found for several of the other
risk-reduction strategies. RRIs remain a substantial problem, particularly around the ankle/foot
and knee. Higher run volume and performance motives were positively associated with RRIs. Most
runners incorporated RRI risk-reduction techniques, with over half using RT. The current study did
not determine whether preventative strategies were implemented before or after injury; therefore,
prospective studies controlling for previous injuries are required to evaluate the effectiveness of RT
in preventing future RRIs.

Keywords: running-related injury prevalence; recreational runners; resistance training; injury
prevention

1. Introduction

Practical, efficient, and accessible, running is one of the most popular exercise modes
worldwide, with involvement continuing to rise [1,2]. Along with higher participation rates,
runner characteristics have evolved over the decades to include more female participants,
a slower average pace, a higher average age [1], and those with health versus performance
motives [1,3]. The current runner demographics exemplify the more casual, social, or
recreational runner [4], who falls between novice and sub-elite or elite and ostensibly
represents most of the running populace.

Recreational athletes may indeed reap the countless health benefits associated with
running, including weight loss, cardiorespiratory fitness, lipoprotein profiles, mental health,
and increased lifespan [5–7], but these rewards are concomitant with a high running-related
injury (RRI) risk—defined herein as “running-related (training or competition) muscu-
loskeletal pain in the lower limbs that causes a restriction or stoppage of running (distance,
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speed, duration, or training) for at least 7 days or 3 consecutive scheduled training sessions,
or that requires the runners to consult a physician or other health professional” [8] (p. 375).
RRIs are associated with direct and indirect costs (i.e., healthcare, time away from work)
and represent a considerable economic burden [9,10]. Additionally, a history of an RRI is
the main determinant of future RRIs and the primary reason people quit running [11,12].
Due to heterogeneous reporting methods and inconsistent definitions [8,13], RRI prevalence
varies widely from 10 to 90%, with an average of 42.7% of runners experiencing an RRI
annually [14,15]. Notably, these prevalence data were an amalgamation of novice to elite
runners, triathletes, and orienteers and did not provide a unifying definition of RRI or
delineate between the different athlete types, sex, age, or run distance.

The popularity of running, its indisputable benefits, and the high likelihood of nefari-
ous outcomes highlight the necessity of incorporating RRI risk-reduction strategies. Efforts
to reduce RRIs are not novel, but evidence of effective strategies remains elusive, likely due
to the complexity of RRIs’ etiologies. Nonetheless, RRIs are universally characterized as a
load–capacity imbalance [16], and while reducing RRIs requires a multifaceted approach,
focusing on modifiable factors to improve runners’ capacity is imperative. Salient modifi-
able factors include strength and neuromuscular insufficiencies [17–21] and posture control
or balance deficits [19,22,23]. Resistance training (RT), sometimes referred to as “weight”
or “strength” training and described herein as requiring the body to resist an external force
or load, can elicit positive neuromusculoskeletal adaptations, improving intrinsic capacity.
For example, various RT modalities, from body weight to heavy load exercises, can correct
strength imbalances; increase bone density; and improve overall strength, speed, power,
balance, coordination, and posture control [24,25].

RT is posited to reduce injury prevalence in team sports [26]; however, the relation-
ship between RT participation status and RRIs is equivocal among recreational runners.
Two studies aimed to investigate the relationship between RT participation and RRIs in
recreational runners [27,28], both reporting no benefit or association. However, Toresdahl
et al. [27] did not account for RT participation in their observational group and reported
poor compliance in the RT group. Voight et al. [28] found no association between RRIs
and cross-training, but cycling was the most common cross-training modality, with RT
representing only a small percentage. Moreover, no studies have investigated the specific
RT programming parameters as they relate to RRIs, and little is known about the proportion
of recreational runners who use RT to reduce RRIs or what other measures are perceived to
achieve this goal. Thus, this study aimed to characterize overuse running-related injuries
(RRIs), explore their relationship with specific run and resistance training (RT) parameters,
and identify perceived prevention strategies among adult recreational runners. Uniquely,
the current study: (a) used Yamato et al.’s [8] consensus definition of RRIs to assess overuse
injuries, which are the most common RRI among distance runners [15]; (b) explicitly tar-
geted recreational runners, defined as running an average of at least 2 times per week for
at least a year, and considering running their primary exercise mode; (c) examined RRI’s
association with RT participation and specific program parameters for all participants and
by sex, age, and run distance; and (d) identified perceived prevention strategies currently
in use.

2. Materials and Methods
2.1. Participants

Following institutional review board (IRB) approval, volunteers were recruited using a
combination of non-probability purposeful convenience and snowball sampling. Inclusion
criteria included recreational runners aged 18–65 who considered running their primary
exercise mode and averaged at least 2 weekly runs for at least 1 year. Familiarity with the
English language and internet access were requisite for study participation.
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2.2. Procedures

This study used a quantitative, cross-sectional, online survey design. A 4-part survey
was created with influence from related surveys [29–38] to reduce bias in question creation
and promote consistency within the field. Each section (running history, RT characteristics,
injury history, and standard demographics) had 2–11 questions, depending on the answers
selected. The running-specific questions asked about years of experience, frequency, weekly
distance, duration, and reasons for running. RT questions addressed participation status,
experience, frequency, duration, workout parameters (i.e., sets, repetitions, effort level,
type of RT, and targeted muscles), and reasons for participation. The RRI segment began
with a definition of an overuse RRI that was adapted from other researchers [8]. Questions
were asked about RRI history, the RRI prevalence in the past year, and the RRI location and
severity if one was present. This section also assessed the use of perceived injury-prevention
strategies.

The survey underwent unbiased peer review and was piloted with a small subset of
the population for feedback and readability. A web-based Flesch–Kincaid readability test
indicated a 7th–8th grade reading level, which is considered adequate for those 18 years
and older. A brief study overview, an invitation to participate, and the Qualtrics (Provo, UT,
USA) survey link were distributed broadly via Facebook (Menlo Park, CA, USA) and email
lists with encouragement to share among other recreational runners. Survey questions
were available only after agreeing to informed consent and eligibility criteria.

2.3. Statistical Analysis

All data were analyzed with IMB SPSS Statistics version 28 (Chicago, IL, USA).
G*power’s (Aichach, Germany) minimum sample size for chi-square with a medium
effect (Cohen’s W = 0.3), powered at 80%, and 5 degrees of freedom, was 143. Descriptive
statistics are presented as mean and standard deviation (continuous variables) or frequency
with percentage (categorical data). The survey questions yielded predominantly ordinal
and nominal data. Cross-tabulation with chi-square analysis determined associations be-
tween the categorical variables. Independent t-tests or analysis of variance (ANOVA) were
used for continuous data (e.g., years of experience). Significance was accepted at p ≤ 0.05
for all, and a post hoc Bonferroni correction was applied when omnibus significance was
determined from the cross-tabulated chi-square analyses. Missing values were excluded
from the analysis.

3. Results
3.1. Participants

Data from 616 eligible volunteers (76.8% female, M ± SD, age: 42.3 ± 10.5 y, body mass
index (BMI) = 23.6 ± 3.6 kg·m−2) were included in the analyses. On average, participants
had about 13 years of experience and ran approximately four times per week, totaling
3–6 h. There were slight but statistically significant sex differences: men had a higher BMI
and ran more frequently, while women had more running experience (Table 1).

Table 1. Participant characteristics.

Variable All Female Male

Total 616 (100%) 473 (76.8%) 143 (23.2%)
Age (y) 42.3 ± 10.5 42.3 ± 10.1 42.3 ± 11.8
BMI (kg·m−2) 23.6 ± 3.6 23.3 ± 3.7 24.9 ± 3.2 ***

Education
High school or equivalent 29 (4.7%) 14 (3%) 15 (10.5%) **
Trade/technical 20 (3.2%) 15 (3.2%) 5 (3.5%)
Associates 22 (3.6%) 14 (3%) 8 (5.6%)
Bachelors 202 (32.8%) 155 (32.8%) 47 (32.9%)
Masters/doctorate 342 (55.5%) 275 (58.1%) 67 (46.9%)
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Table 1. Cont.

Variable All Female Male

Community
Urban 130 (21.1%) 97 (20.5%) 33 (23.1%)
Suburban 374 (60.7%) 295 (62.4%) 79 (55.2%)
Rural 111 (18%) 81 (17.1%) 30 (21%)

Race
Asian/Pacific Islander 12 (1.9%) 7 (1.5%) 5 (3.5%)
Black/African American 5 (0.8%) 5 (1.1%) -
Native American/Alaskan 1 (0.2%) - 1 (0.7%)
White/Caucasian 565 (91.7%) 436 (92.2%) 129 (90.2%)
Bi- or multi-racial 13 (2.1%) 10 (2.1%) 3 (2.1%)
Other 19 (3.1%) 14 (3.0%) 5 (3.5%)

Run experience (y) 12.8 ± 9.6 13.3 ± 9.6 * 11.3 ± 9.7
Frequency (d/wk) 3.95 ± 1.3 3.9 ± 1.2 4.3 ± 1.4 **
Weekly distance (miles)
≤19 298 (48.4%) 242 (51.2%) 56 (39.2%)
>19 318 (51.6%) 231 (48.8%) 87 (60.8%) *

Weekly duration (h)
1–2 79 (12.8%) 60 (12.7%) 19 (13.3%)
3–4 22 8 (37%) 186 (39.3%) 42 (29.4%)
5–6 18 1 (29.4%) 136 (28.8%) 45 (31.5%)
7+ 128 (20.8%) 91 (19.2%) 37 (25.9%)

Note. Continuous data are presented as M ± SD. Categorical data are presented as frequency (n) and percentage.
BMI = body mass index. * p < 0.05, ** p < 0.01, *** p < 0.001.

3.2. Injury Prevalence and Characteristics

RRI prevalence for all runners and by sex, age, and run-distance categories are pre-
sented in Table 2. Nearly 85% of participants had a history of RRI, and about 45% reported
one in the past year, with similar proportions across sex and age categories. RRI prevalence
in the past year was higher than expected among those who ran >19 miles per week (48.4%),
χ2(1) = 3.81, p = 0.05, and for those that selected “performance” as a dominant reason for
running (51.3%), χ2(1) = 4.87, p = 0.03. Runners in the 51–65 age category were more likely
than expected to experience an injury requiring moderate (vs. mild or major) training
modifications (50%), χ2(1) = 10.86, p = 0.03.

Table 2. Injury characteristics by frequency and percentage.

Variable Category (n) History of RRI RRI in the Past Year

Total (n = 616) 520 (84.4%) 275 (44.6%)

Sex
F (n = 473) 398 (84.1%) 202 (42.7%)
M (n = 143) 122 (85.3%) 73 (51.0%)

p 0.74 0.08

Age
18–34 (n = 144) 120 (83.3%) 71 (49.3%)
35–50 (n = 327) 277 (84.7%) 140 (42.8%)
51–65 (n = 145) 123 (84.8%) 64 (44.1%)

p 0.92 0.42

Run (miles/wk)
<19 (n = 298) 250 (83.9%) 121 (40.6%)
19+ (n = 318) 270 (84.9%) 154 (48.4%) *

p 0.73 0.05
Note. RRI = running-related injury. F = female, M = male. * p ≤ 0.05.

RRIs occurred most frequently at the foot/ankle (30.9%), knee (22.2%), hip/groin
(17.5%), and calf/Achilles (16.4%), as presented in Figure 1. The proportion of RRIs at
the calf/Achilles was higher than expected for men versus women (26.0% and 12.9%,
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respectively), χ2(6) = 14.32, p = 0.03. No other significant differences in injury location were
determined across sex, age, and run-distance categories.
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3.3. Relationships with Resistance Training Characteristics

No differences (p > 0.05) in RRI prevalence were observed between those who used RT
and those who did not, which was consistent across sex, age, and run-distance categories
(Table 3). Regarding RRI severity, sub-analysis showed that among those in the 35–50 age
category who did not participate in RT, there was a lower proportion (14.3%) than expected
of moderate RRI-related training modifications (p = 0.03).

Table 3. Running-related injuries and resistance-training status across sex, age, and run-distance
categories.

RRI in Past Year p RRI Severity p

Yes No Mild Moderate Major

All 0.49 0.13
Yes 195 (45.6%) 233 (54.4%) 57 (29.2%) 73 (37.4%) 65 (33.3%)
No 80 (42.6%) 108 (57.4%) 30 (37.5%) 20 (25.0%) 30 (37.5%)

Sex
Female 0.08 0.37

Yes 156 (45.1%) 190 (54.9%) 47 (30.1%) 61 (39.1%) 48 (30.8%)
No 46 (36.2%) 81 (63.8%) 15 (32.6%) 13 (28.3%) 18 (39.1%)

Male 0.33 0.24
Yes 39 (47.6%) 43 (52.4%) 10 (25.6%) 12 (30.8%) 17 (43.6%)
No 34 (55.7%) 27 (44.3%) 15 (44.1%) 7 (20.6%) 12 (35.3%)

Age
18–34

Yes 51 (50.0%) 51 (50.0%) 0.80 14 (27.5%) 14 (27.5%) 23 (45.1%) 0.33
No 20 (47.6%) 22 (52.4%) 9 (45.0%) 5 (25.0%) 6 (30.0%)

35–50
Yes 98 (43.2%) 129 (56.8%) 0.84 32 (32.7%) 36 (36.7%) 30 (30.6%) 0.03
No 42 (42.0%) 58 (58.0%) 18 (42.9%) 6 (14.3%) * 18 (42.9%)

51–65
Yes 46 (46.5%) 53 (53.5%) 0.41 11 (23.9%) 23 (50.0%) 12 (26.1%) 0.76
No 18 (39.1%) 28 (60.9%) 3 (16.7%) 9 (50.0%) 6 (33.3%)
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Table 3. Cont.

RRI in Past Year p RRI Severity p

Yes No Mild Moderate Major

Run Distance (miles)
≤19
Yes 89 (41.8%) 124 (58.2%) 0.51 31 (34.8%) 36 (40.4%) 22 (24.7%) 0.06
No 32 (37.6%) 53 (62.4%) 9 (28.1%) 8 (25.0%) 15 (46.9%)

>19 miles
Yes 106 (57.3%) 79 (42.7%) 0.65 26 (24.5%) 37 (34.9%) 43 (40.6%) 0.06
No 48 (49.3%) 55 (53.4%) 21 (43.8%) 12 (25.0%) 15 (31.3%)

Note. RT = resistance training. RRI = running-related injury. RRI severity reflects the extent to which training
was altered. Data are presented as frequency (n) and percentage. In the case of omnibus significance, a post hoc
Bonferroni adjustment was applied. * p < 0.001 after Bonferroni adjustment.

A disproportionately high number of RRIs was observed in runners that included hip
musculature in their RT (50.3%), χ2(1) = 7.97, p = 0.005, and in those that did not include the
upper body musculature in their RT (61.6%), χ2(1) = 13.25, p < 0.001. Runners who selected
“general health” as a reason for using RT were less likely than expected to have an RRI
(42.1%), χ2(1) = 8.98, p = 0.003, while those using RT for performance gains were more likely
to have an RRI (50.2%), χ2(1) = 4.23, p = 0.04. The 40.4% of runners following a personalized
RT program—developed by an exercise professional such as a personal trainer, strength
coach, or physical therapist—had a relatively higher RRI prevalence (52%), χ2(1) = 4.89,
p = 0.03. Significant differences in RRI prevalence and severity were not observed (p > 0.05)
across RT years of experience, duration of sessions, sets, repetitions, effort, and type of
modality used (Table 4).

Table 4. Resistance-training characteristics by running-related injury status.

Characteristics
RRI in Past Year

p
Yes (n = 195) No (n = 233)

RT experience (y) 8.6 ± 9.1 9.5 ± 9.0 0.32
RT frequency (d/wk) 2.6 ± 1.2 2.5 ± 1.1 0.44

RT min/session 30–44 (72, 44.7%) 30–44 (89, 55.3%) 0.62
Repetition range 7–12 (128, 46.4%) 7–12 (148, 53.6%) 0.99
Effort level (0–10) 6.2 ± 1.4 6.2 ± 1.4 0.66

Note. RT = resistance training. RRI = running-related injury. Data are presented as M ± SD or as mode with
frequency (n) and percentage.

3.4. Strategies for Reducing Injury Risk

Runners identified various strategies for injury prevention, with the most frequently
reported methods including resistance training, passive stretching, foam rolling, and
dynamic stretching (Figure 2). About 90% of all runners engaged with one or more
strategies they perceived to help reduce injury risk. Runners using no risk-reduction
measures had a disproportionately low RRI prevalence (21.2%), χ2(1) = 12.68, p < 0.001.
There was a higher proportion of RRIs than expected among runners that used percussive
devices (56.1%), χ2(1) = 9.56, p = 0.002, massage (51.3%), χ2(1) = 6.39, p = 0.01, dynamics
(48.4%), χ2(1) = 3.95, p = 0.047, and who altered their run training (59.5%), χ2(1) = 24.45,
p < 0.001. Sub-analyses revealed that those running >19 miles per week were more likely to
use percussive devices (29.2%), χ2(1) = 16.79, p < 0.001, while those running fewer miles
were more likely to include passive stretching (64.8%), χ2(1) = 13.13, p < 0.001. Males were
also more likely to include passive stretching (67.8%), χ2(1) = 8.44, p = 0.004, and used
run-training modifications more than expected (37.8%), χ2(1) = 4.18, p = 0.04. Whereas
a higher proportion of females than males indicated using RT to reduce RRIs (60.7%),
χ2(1) = 4.19, p = 0.04.
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4. Discussion

The purpose of the current study was to characterize overuse RRIs, explore their
relationship with specific run and RT parameters, and identify the perceived prevention
strategies used by adult recreational runners. The investigation incorporated a consensus
definition of RRIs with a focus on overuse injuries and is the first study to delineate
RRI characteristics and the use of prevention methods, including RT and the specific RT
parameters, across sex, age, and run-distance categories.

4.1. Injury Prevalence and Location

A major finding of our study is the alarmingly high likelihood of sustaining an RRI,
with 85% of runners reporting a history of injury. Moreover, nearly half (44.6%) of the
participants had incurred an injury within the past year. These results are consistent with
other research with mixed populations that identified broad RRI prevalence ranges from
about 19 to 80% [39] or 10 to 90%, averaging about 43% [14]. There were no differences in
injury prevalence by sex, despite the finding that proportionally more males ran >19 miles
per week, and there was a higher injury prevalence among those averaging greater distances
(48.4%) versus those running ≤19 weekly miles (40.6%). This finding suggests that weekly
running distance may be a more salient factor in RRIs than sex. Injury proportion by sex
is somewhat mixed in the literature, with some reporting that females have a higher RRI
risk relative to males [40] and others reporting the opposite [41,42]. There is supporting
evidence that higher mileage is positively associated with RRIs [30,43]. Concomitantly,
our results showed a higher proportion of RRIs than expected (51.3%) among recreational
runners with event-performance motives, which aligns with studies reporting a high injury
rate (67.4%) among competitive runners [30] and a positive relationship between running
mileage and competition level [44].

The most common anatomical locations of RRIs were the foot/ankle and knee, which
is consistent with findings from a recent systematic review [14], with the exception that
in our study, foot/ankle injuries (30.9%) were more common than knee injuries (22.2%),
rather than the reverse, as shown in the review. Earlier studies have also reported higher
injury incidence at the knee (30.7%) compared to the ankle (8.3%) or foot (14.6%) [42].
As exemplified in our study, it is plausible that foot injuries may be on the rise, which,
while still speculative, may be related to the growing popularity of carbon-plated super
shoes [45].
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4.2. Injury Associations with Resistance Training

No associations were found between RT participation status (yes or no) and RRI preva-
lence among all participants and within sex, age, and run-distance categories, nor were
differences determined for RRI prevalence and severity across RT experience, session dura-
tion, sets, repetitions, effort, and type of modality used. Our overall prevalence results agree
with other research also depicting no relationships between RT status and injuries [27,28].
Somewhat counterintuitively, a recent study of competitive runners determined that only a
small percentage of those without RRIs had participated in RT activities [30], which aligns
with the disproportionately high RRI prevalence revealed in the current study among those
using hip muscles during RT. However, given the numerous beneficial neuromusculoskele-
tal adaptations that RT can stimulate [24,25,46] and the strong evidence of its efficacy in
reducing injury risk in team sports [26,47,48], it is very likely that our and other’s [28]
findings of no association or a positive association [30] between RT and RRI are the product
of study design. Importantly, the current study design did not allow for a temporal deter-
mination of RT relative to sustaining an RRI; thus, it is unclear if RT use was preemptive or
rehabilitative.

4.3. Strategies for Reducing Injury Risk

About 10% of runners in this study do not use RRI-prevention strategies, while other
studies have found that nearly 20% do not use injury-reduction strategies [31]. RT, passive
stretching, foam rolling, and dynamic stretching were most frequently used to reduce
injury risk, with each selected by just over 50% of runners. Many competitive runners
also use RT, stretching, and foam rolling (62.5%, 86.2%, and 54.7%, respectively) [30].
Interestingly, the current study found that several of the perceived prevention strategies
were associated with a high proportion of RRIs. However, as with RT participation, the time
frame for commencing injury-prevention measures was not determined, and sustaining an
injury is likely to facilitate the incorporation of risk-reducing strategies [31]. Nonetheless,
understanding prevention preferences for the sub-populations (sex, age, and distance
categories) can inform exercise and healthcare professionals about preferences among these
runners—with the caveat that conclusive evidence about the efficacy of each strategy for
reducing RRIs is scarce.

4.4. Limitations

Important limitations exist for this study aside from the design not allowing for
the elucidation of the timeline for RRIs and RT use or other prevention measures, thus
precluding causal inferences. The study results were subject to recall bias as the survey was
self-administered and self-reported. Survey questions were predominantly closed-ended,
and more nuanced responses may have been generated by including open-ended questions.
Though inclusion criteria were intentionally broad to approximate the larger population of
recreational runners, convenience sampling led to a disproportionally high percentage of
female, well-educated, and Caucasian runners, thus reducing external validity and limiting
applicability to the current study population. However, considering the traditionally
male-dominated nature of research, the high representation of females in this study is
simultaneously a strength.

5. Conclusions

Recreational runners’ risk of RRI is high, with an overall prevalence of about 85%
and an annual prevalence of nearly 50%. While completely eradicating RRIs is unreal-
istic, coaches and practitioners should educate recreational runners about the high RRI
prevalence and encourage proactive risk-reducing measures, particularly for those running
higher distances and with performance motives. Injury-prevention measures, including
RT, were not associated with lower RRIs in this study, but these results were substantially
confounded by participation timing considerations, which were not determined herein.
Nonetheless, RT can improve runners’ capacity to tolerate training load and, thus, should
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be recommended. Lastly, cross-sectional retrospective studies are not adequate to elucidate
the effect of RT on reducing future RRIs—prospective studies that control for previous
injuries while tracking the use and timing of RT and other prevention measures relative to
the RRI are necessary.
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Abstract: This study aimed to investigate the test–retest reliability, mean, and individual responses
in the measurement of maximal oxygen consumption (

.
VO2max) during a cardiopulmonary ex-

ercise test (CPET) and the verification phase during cycle ergometry in women. Nine women
(22 ± 2 yrs, 166.0 ± 4.5 cm, 58.6 ± 7.7 kg) completed a CPET, passively rested for 5 min, and then
completed a verification phase at 90% of peak power output to determine the highest

.
VO2 from

the CPET (
.

VO2CPET) and verification phase (
.

VO2verification) on 2 separate days. Analyses included
a two-way repeated measures ANOVA, intraclass correlation coefficients (ICC2,1), standard errors
of the measurement (SEM), minimal differences (MD), and coefficients of variation (CoV). There
was no test (test 1 versus test 2) ×method (CPET vs. verification phase) interaction (p = 0.896) and
no main effect for method (p = 0.459). However, test 1 (39.2 mL·kg−1·min−1) was significantly
higher than test 2 (38.3 mL·kg−1·min−1) (p = 0.043). The

.
VO2CPET (ICC = 0.984; CoV = 1.98%;

SEM = 0.77 mL·kg−1·min−1; MD = 2.14 mL·kg−1·min−1) and
.

VO2verification (ICC = 0.964;
CoV = 3.30%; SEM = 1.27 mL·kg−1·min−1; MD = 3.52 mL·kg−1·min−1) demonstrated “excellent”
reliability. Two subjects demonstrated a test 1

.
VO2CPET that exceeded the test 2

.
VO2CPET, and

one subject demonstrated a test 1
.

VO2verification that exceeded the test 2
.

VO2verification by more
than the respective CPET and verification phase MD. One subject demonstrated a

.
VO2CPET that

exceeded the
.

VO2verification, and one subject demonstrated a
.

VO2verification that exceeded the
.

VO2CPET by more than the MD. These results demonstrate the importance of examining the
individual responses in the measurement of the

.
VO2max and suggest that the MD may be a useful

threshold to quantify real individual changes in
.

VO2.

Keywords: exercise test; women; verification phase; oxygen consumption

1. Introduction

The examination of individual responses to an exercise or nutritional intervention has
gained increasing interest with the development of individualized exercise prescription,
medicine, and genetic testing [1–4]. Despite this increased focus on individual responses,
most primary research continues to base conclusions on group or mean effects. For exam-
ple, training interventions that have examined changes in the volume of maximal oxygen
consumption (

.
VO2max) utilized the mean response alone as justification for or against the ef-

ficacy of the given training protocol, despite high variability in the individual responses [4].
Therefore, the main effect and overall conclusion about the efficacy of the intervention may
be driven by a few individuals that demonstrated exaggerated responses [5]. The misstep
of drawing conclusions based primarily on the mean responses has also been observed in
the examination of the methodologies used for the determination of the primary outcomes
such as the

.
VO2max. Specifically, the call to perform a verification phase upon completion

of an initial cardiopulmonary exercise test (CPET) to verify that the
.

VO2max was achieved
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has been made primarily based on the mean responses [6–11]. However, the determination
of the

.
VO2max should be made using individual thresholds, since the mean responses do

not identify those who have or have not attained a ‘true’
.

VO2max. The few studies that have
examined the individual responses have used a threshold based solely on the measurement
error of the respective metabolic analyzer used, corresponding to a 2–3% difference, to
determine significance among the individual responses [4,7,12–14]. Thus, there is a need
for a method to compare individual responses that is based on the combined biological
variability in addition to the error of the measurement being examined.

Previous work [15–17] has called for a test–retest approach to the quantification of
individual responses. In particular, Weir [17] advocated for the use of the minimal difference
(MD) to be considered real, which represents a 95% confidence interval around the standard
error of the measurement (SEM), as a more statistically grounded threshold to determine
‘real’ individual differences test–retest. The MD is derived from test and subsequent retest
values of the measure of interest, each with a true component and an error component [17].
By using the test and retest values, the MD thereby contains the error from the biological
variability in addition to the measurement error of the given test [17]. Thus, the MD can
be used to examine whether an individual difference from one test to another is the result
of a ‘real’ difference, or if it is just the result of the day-to-day variability associated with
the measure [17]. By quantifying the MD in a given population for the measurement of a
primary outcome, such as the

.
VO2max, future researchers may be able to use the MD as a

threshold to examine individual differences during a training or interventional study.
The measurement of the

.
VO2max is a prevalent primary outcome in the examination

of endurance exercise; yet, debate exists surrounding its measurement [18]. Traditional
definitions of the

.
VO2max use the presence of a plateau in the

.
VO2 (<150 mL·min−1) with

increasing work rate as the primary criterion or secondary criteria, such as the attainment
of a percentage of the age-predicted maximal heart rate (HR), a respiratory exchange ratio
(RER) of 1.1 or greater, and a rating of perceived exertion (RPE) greater than or equal
to 17 [18–21]. These criteria have come under criticism [18] due to the low incidence
of a plateau in

.
VO2, and the inability of the secondary criteria to distinguish between

the individual variation in responses for those who truly did attain a
.

VO2 and those
who did not [18,21,22]. To address these criticisms, there has been an increased call to
perform a verification phase upon the completion of a CPET to verify the attainment of
the

.
VO2max [18]. However, there is no consensus for a universal methodology for the

administration of a verification phase to confirm the attainment of
.

VO2max. A recent
review and meta-analysis with 54 studies found no difference between the highest

.
VO2max

attained in the CPET and that from the verification phase [23]. While the authors concluded
the verification phase appears to be a robust procedure to confirm a ‘true’

.
VO2max has

been attained, they also questioned its necessity in all populations based on the lack
of mean differences between the

.
VO2max from the CPET (

.
VO2CPET) and the verification

phase (
.

VO2verification). The purpose of a verification phase is to, on an individual basis,
examine the

.
VO2 responses to verify the individual attainment of the

.
VO2max [24]. Thus, to

fully examine the necessity of the verification phase in the measurement of
.

VO2max, the
individual

.
VO2 responses should be examined during the CPET and verification phase.

Similar to the lack of consensus on the verification phase methodology, there is a
lack of consensus on the specific magnitude of the difference between the

.
VO2CPET and

.
VO2verification needed to detect a real change or indicate whether the result is a conse-
quence of measurement error or biological variability [17]. To compound this issue, the
specific number of subjects in a given sample that demonstrate a difference in the

.
VO2

responses is often not reported [10,11]. Previous works that have attempted to examine
individual differences have used a 2–3% threshold to define an individual difference as
real [4,7,12,14]. Using this threshold, Weatherwax et al. [4] demonstrated 2.6% of subjects
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(4 out of 156 tests) demonstrated a 3% difference between the
.

VO2CPET and
.

VO2verification.
Other more recent work [25] has extrapolated the

.
VO2 versus work rate relationship to

predict the
.

VO2verification and used the predicted value as a method to confirm the indi-
vidual attainment of the

.
VO2max following the recommendation of Midgley et al. [26].

These authors [25] demonstrated that the
.

VO2verification was on average 5% lower than the
.

VO2CPET, but that on an individual basis, the
.

VO2max was ‘confirmed’ in all participants
since the difference between the predicted and actual

.
VO2max was less than half the regres-

sion slope [25,26]. While this method represents an improvement upon the 3% threshold,
this may not serve as a threshold for future studies to use to examine individual responses.
Thus, the need still exists for a threshold that encapsulates the biological variability and
the error associated with the measurement that can be potentially used as a threshold for
future studies.

Previous work [27–29] has used the MD to examine the individual differences in the
.

VO2CPET and
.

VO2verification in treadmill running in men and women and in cycle ergometry
in men. These works, in addition to others [4,25,30], demonstrated that young healthy
subjects accustomed to exhaustive exercise seldom demonstrate differences between the
.

VO2CPET and
.

VO2verification, and in some cases, they demonstrate no differences at all. The
lack of individual subjects who demonstrate

.
VO2verification values that are either equivalent

or are significantly less than the
.

VO2CPET [4,25,27–29] support previous work [23] that has
questioned the need for the verification phase in measuring the

.
VO2max in all populations

and settings. The additional benefit of the quantification of the MD in specific populations
and in different modalities is that future works, such as training or nutritional interventions,
are able to use the MD as a threshold by which individual responses can be examined
without the need to perform verification phases. However, no study has quantified the MD
during cycle ergometry in women. Thus, the purpose of this study was to use a test–retest
approach to examine the reliability, mean, and individual differences between the

.
VO2CPET

and
.

VO2verification in healthy, recreationally trained, and well-motivated women during
cycle ergometry. Based on previous examinations of the verification phase using similar
methodologies [27–29], it was hypothesized that (1) both the

.
VO2CPET and

.
VO2verification

would have ‘excellent’ test–retest reliabilities; (2) there would be no mean differences be-
tween the

.
VO2CPET and

.
VO2verification; (3) no individual would exceed the MD between the

test and retest difference for the
.

VO2CPET or
.

VO2verification; and (4) based on the previously
reported incidence of individual differences [4,13], two or fewer subjects would exhibit a
difference between the

.
VO2CPET and

.
VO2verification that exceeded the MD.

2. Materials and Methods
2.1. Experimental Approach

This study used a test–retest design to determine the reliability and validity of the
determination of

.
VO2max with a verification phase. The study consisted of 3 visits total

with each visit being separated by at least 48 h. The first visit consisted of a familiarization
trial where subjects performed a cardiopulmonary exercise test (CPET) followed by a
verification phase on an electronically braked cycle ergometer to familiarize themselves
with the protocol and the effort required to determine the

.
VO2CPET and

.
VO2verification. The

second and third visits followed the same procedures as the familiarization visit and were
used to determine the mean and individual differences in the measurement of the

.
VO2CPET

and the
.

VO2verification.

2.2. Subjects

Ten moderately trained recreationally active women were recruited from university
students and from the general public in the surrounding area. One subject withdrew due
to scheduling conflicts. Therefore, 9 women were included in the analyses (mean ± SD,
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22 ± 2 years, 166.0 ± 4.5 cm, 58.6 ± 7.7 kg). The subjects’ physical activities included
a combination of running (n = 7), cycling (n = 2), resistance training (n = 5), and yoga
(n = 2). Individuals were eligible for inclusion if they had been endurance training 30 min a
day, 5 days a week, for the past 6 months and had no known cardiovascular, metabolic, or
musculoskeletal diseases or disorders. The subjects were asked to maintain their current
level of physical activity, but to abstain from high intensity exercise at least 24 h prior to their
testing session and abstain from caffeine consumption 4 h before their testing session. All
subjects completed a health history form and signed a written informed consent document
approved by the University Institutional Review Board for Human Subjects (IRB#64999)
prior to beginning the study.

2.3. Graded Exercise Test with Verification Phase

Each subject performed 3 CPET’s on a calibrated cycle ergometer (Lode, Corival,
Groningen, The Netherlands) on different days each separated by at least 48 h. The first
visit served as a familiarization trial so that subjects understood the effort required for
each visit. The second and third trials were used for the test–retest determination of the.
VO2CPET and

.
VO2verification. Each subject was fitted with a nose clip, mouthpiece mounted

to a headset (Hans Rudolph 2700 breathing valve, Kansas City, MO, USA), and heart rate
monitor (Polar Heart Watch system, Polar Electro Inc., Lake Success, NY, USA) during
all visits. Expired gas samples were collected and analyzed using a calibrated TrueMax
2400 metabolic cart (Parvo Medics, Sandy, UT, USA). Prior to testing, the gas analyzers
were calibrated to room air and gases of known concentrations, and the flow meter was
calibrated using a 3L syringe. The oxygen (

.
VO2) and carbon dioxide (

.
VCO2) parameters

were expressed as 20 s averages [31]. Each subject performed a 4-min warmup at 50 W at
70 rev·min−1 cadence, followed by one minute of passive rest. The CPET started at 50 W,
and the power output was increased 30 W every two minutes until the subjects could no
longer maintain the 70 rev·min−1 cadence despite strong verbal encouragement. After the
subject signaled for exhaustion, the subject was given 5 min of passive recovery, then the
power output was increased to 90% of their peak power from the CPET. This intensity was
maintained until the subject could no longer maintain the 70 rev·min−1 cadence despite
strong verbal encouragement. The protocol for the current study was based on the work
of Sawyer et al. [11], which indicated that a 90% verification phase was the ideal intensity
to elicit the highest

.
VO2verification values compared to 80, 100, and 105% of peak power in

moderately trained individuals. The greater
.

VO2 response at 90% peak power, relative to
the other submaximal, maximal, or supramaximal intensities, likely resulted because there
was sufficient time for the development of the

.
VO2 slow component phenomenon causing

the
.

VO2 to increase to the
.

VO2max [32]. The
.

VO2CPET and
.

VO2verificaiton were defined as
the highest 20 s

.
VO2 value obtained from the step protocol and the verification phase,

respectively. The rating of perceived exertion (RPE) was recorded using the Borg 6–20 scale
at the end of each stage during the CPET and after each minute during the verification
phase [33]. The respiratory exchange ratio (RER) was defined as the highest 20 s value
obtained from the step protocol and verification phase, respectively.

2.4. Statistical Analyses

Separate, 2 (Test [Test 1 vs. Test 2]) × 2 (Method [CPET vs Verification]) repeated
measures analyses of variance (ANOVA) were used to examine the interaction and main
effects for the mean responses for the highest

.
VO2 demonstrated from the CPET and

verification phase (
.

VO2CPET and
.

VO2verification), as well as for the time to exhaustion (TLim),
heart rate (HR), respiratory exchange ratio (RER), rating of perceived exertion (RPE), and
power output for the CPET and the verification phase with appropriate follow-up pairwise
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comparisons. The test–retest reliability of each variable was calculated using an intraclass
correlation coefficient (ICC, relative reliability) (2,1) model [17,34–36] using the equation:

ICC2,1 =
MSS −MSE

MSS + (k− 1)MSE +
(

k(MST−MSE
n

) , (1)

where the MSS is the mean square error of the between-subjects effects, MSE is the mean
square error of the within-subjects effects, and MST is the mean square factor of the within-
subjects effects from separate one-way repeated measures ANOVA for each method (CPET,
verification phase). Additionally, k is the number of tests (k = 2), and n represents the
sample size. A 2,1 ICC model was selected so that the ICC values could be generalized to
outside testers [17,34–36]. The ICC values were classified as “excellent” (0.80–1.0), “good”
(0.60–0.80), or “poor” (<0.60) [37]. A 95% confidence interval (CI) was calculated around
each ICC value to confirm the rejection of the null hypothesis that each ICC was statistically
different from zero. The standard error of the measurement (SEM, absolute reliability) was
calculated using the equation:

SEM =
√

MSE. (2)

Additionally, the minimal difference to be considered real (MD) was calculated using
the equation:

MD = SEM ∗ 1.96 ∗
√

2 (3)

to examine the individual differences for each variable from test 1 to test 2. The coefficient
of variation (CoV) was also calculated to display a normalized measure of the SEM using
the equation:

CoV =
SEM

GrandMean
∗ 100. (4)

Based on previous recommendations [38], a CoV of <10% was used as an indication
of sufficient absolute reliability. However, the overall reliability of the measures was
characterized by taking into account the ICC value, in conjunction with the CoV, SEM, and
the MD. The effect size for each variable of the ANOVAs was expressed as the partial eta
squared (pn2). An a priori alpha level was set at 0.05, and all of the data were analyzed
using IBM SPSS Statistical Software Version 28 (IBM SPSS Inc., Chicago, IL, USA).

3. Results

The individual responses and the mean ± SD for each variable (test 1
.

VO2CPET,
test 2

.
VO2CPET, test 1

.
VO2verification, and test 2

.
VO2verification) are listed in Table 1 and

shown in Figures 1 and 2. The results of the two-way repeated measures ANOVA for
peak

.
VO2 demonstrated no significant test x method interaction (F = 0.018, p = 0.896,

pη2 = 0.002) and no main effect for the method (F = 0.605, p = 0.459, pη2 = 0.070), but
there was a significant main effect for the test (F = 8.465, p = 0.043, pη2 = 0.419). Followup
comparisons indicated that collapsed across the method (i.e., the average of both the
CPET and verification phase), test 1 (39.2 ± 7.2 mL·kg−1·min−1) was significantly higher
than test 2 (38.3 ± 7.7 mL·kg−1·min−1). The mean ± SD TLim for test 1 and test 2 for the
CPET and verification phase, as well as the peak power output (PPO) from the CPET, the
verification phase power output, and the maximal HR, RER, and RPE for the CPET and
verification phase are listed in Table 2. There were no significant interactions, but there
was a main effect for the method that indicated the TLim for the CPET was longer than the
verification phase (p < 0.001), and the peak power output (p < 0.001) and RER (p < 0.001)
during the CPET were greater than the verification phase. There were no interactions or
main effects for the test or method for the maximal HR or RPE (p = 0.062–0.512).
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Table 1. Mean ± SD and individual responses for the highest
.

VO2 values from the cardiopulmonary
exercise test (

.
VO2CPET) and the verification phase (

.
VO2erification) for test 1 (T1) and test 2 (T2).

Subject T1
.

VO2CPET T2
.

VO2CPET T1
.

VO2verification T2
.

VO2verification

1 45.5 * 43.1 44.1 43.9
2 31.0 30.5 31.9 30.6
3 40.6 39.5 ‡ 41.7 † 36.8
4 40.8 40.1 41.1 41.9
5 35.1 * 32.8 35.4 34.0
6 35.6 34.0 38.0 ‡ 35.4
7 56.4 57.3 55.5 56.2
8 33.6 33.6 34.6 34.3
9 39.5 38.8 38.4 38.5

Mean 39.8 38.9 40.1 39.1
SD 7.6 8.1 6.9 7.6

* indicates test 1 versus test 2 for the CPET exceeded the minimal difference to be considered real (MD)
(2.14 mL·kg−1·min−1). † indicates test 1 versus test 2 for the verification phase exceeded the MD
(3.52 mL·kg−1·min−1). ‡ indicates the CPET versus the verification phase exceeded the MD (2.14 mL·kg−1·min−1).

Figure 1. Individual (solid line and closed circles) and mean (dashed line)
.

VO2 responses from
the cardiopulmonary exercise test (CPET) and the verification phase for test 1 (A) and test 2 (B).
* indicates an individual (solid line open circles) exceeded the minimal difference to be considered
real (2.14 mL·kg−1·min−1) between the CPET and verification phase.
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Figure 2. Individual (solid line and closed circles) and mean (dashed line)
.

VO2 responses from
the cardiopulmonary exercise test (CPET) 1 compared to test 2 (A), and the verification phase
test 1 compared to test 2 (B). * indicates an individual (solid line and open circles) exceeded the
minimal difference to be considered real for the CPET (2.14 mL·kg−1·min−1) or the verification phase
(3.52 mL·kg−1·min−1).

Table 2. Mean ± SD for time to exhaustion (TLim), peak power output, heart rate (HR), respira-
tory exchange ratio (RER), and rating of perceived exertion (RPE) for test 1 (T1) and test 2 (T2)
cardiopulmonary exercise test (CPET) and verification phase.

T1 CPET T2 CPET T1 Verification T2 Verification

TLim (min) * 11.25 ± 1.27 11.43 ± 1.23 3.01 ± 0.98 3.14 ± 0.88
Power Output (W) * 203 ± 23 203 ± 23 183 ± 21 183 ± 21

HR (b·min−1) 182 ± 6 180 ± 8 181 ± 8 180 ± 8
RER * 1.18 ± 0.05 1.20 ± 0.06 1.08 ± 0.07 1.11 ± 0.05
RPE 19 ± 1 19 ± 1 19 ± 1 19 ± 1

Power output for the CPET represents the peak power output (PPO), and for the verification phase represents
90% of the peak power output from the CPET. * TLim, power output, and RER during the CPET was greater than
verification phase, collapsed across test (p < 0.001).

The reliability statistics are presented in Table 3. The test 1
.

VO2CPET was significantly
higher than the test 2

.
VO2CPET (F = 6.563, p = 0.034, pη2 = 0.451), but there was no dif-

ference between the test 1
.

VO2verification and the test 2 (F = 2.833, p = 0.131, pη2 = 0.261).
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The ICC values of the
.

VO2CPET (R = 0.984) and the
.

VO2verification (R = 0.964) indicated both
methods demonstrated ‘excellent’ test–retest reliabilities [37]. The CoV for the

.
VO2CPET

(1.98%) and
.

VO2verification (3.30%) were both below the 10% threshold used to be consid-
ered reliable [38]. Two subjects exceeded the MD (2.14 mL·kg−1·min−1; 0.12 L·min−1) for
the

.
VO2CPET test–retest. In addition, one subject exceeded the MD (3.30 mL·kg−1·min−1;

0.22 L·min−1) for the
.

VO2verification test–retest. Lastly, one subject demonstrated a
.

VO2CPET

that was greater than the
.

VO2verification by a value that exceeded the MD (2.14 mL·kg−1·min−1),
and one subject demonstrated a

.
VO2verification that was greater than the

.
VO2CPET by a value

that was greater than the MD (Table 1).

Table 3. Reliability analyses including the mean ± SD, intraclass correlation coefficient (ICC), stan-
dard error of the measure (SEM), minimal difference (MD) to be considered real, and the coefficient
of variation (CoV) for the

.
VO2 from the cardiopulmonary exercise test (

.
VO2CPET) and the verification

phase (
.

VO2verification).

.
VO2 (Mean ± SD) Test 1 Test 2 p ICC

(95% CI)
SEM

(mL·kg−1·min−1)
MD

(mL·kg−1·min−1) CoV (%)

.
VO2CPET 39.8 ± 7.6 38.9 ± 8.1 0.034 0.984

(0.879–0.997) 0.77 2.14 1.98

.
VO2verification 40.1 ± 6.9 39.1 ± 7.6 0.131 0.964

(0.841–0.992) 1.27 3.53 3.30

4. Discussion

The purpose of this study was to use a test–retest approach to examine the reliability,
mean, and individual differences between the

.
VO2CPET and

.
VO2verification in healthy, recre-

ationally trained, and well-motivated women during cycle ergometry. The recommendation
for researchers to perform verification phase testing when determining the

.
VO2max in all

populations has become more prevalent [18]. It is of note that the verification phase may be
necessary in novice, unmotivated, older, or especially diseased populations [39]. However,
it has been suggested that the verification phase may not be necessary in young healthy
subjects that are accustomed to exhaustive exercise [18]. In addition, previous studies in
this population have demonstrated highly reproducible

.
VO2max values based on the group

mean responses [18,23,27–29]. The findings of the current study provide additional support
to this notion as both the

.
VO2CPET and

.
VO2verification demonstrated “excellent” reliabilities

based on the ICC along with the MD, SEM, and CoV (Table 3). Although the test–retest
mean responses for the

.
VO2CPET indicated systematic variability (test 1 > test 2), this mean

difference reflected a real difference, based on the MD, for only two of the nine subjects.
The use of several indices of reliability allows for the determination of the absolute and
relative reliability, which enables an individual to compare across studies [17,40]. The ICC,
MD, SEM, and CoV for the

.
VO2CPET and

.
VO2verification in this study were consistent with

previous work examining the CPET and verification phase protocols (ICCs = 0.89–0.99,
MDs = 0.17–0.21 L·min−1, SEMs = 0.06–0.16 L·min−1, and CoVs = 2.1–3.8%) [6,11,12,27–29].
Thus, the current findings further supported that the

.
VO2CPET and

.
VO2verification can be

reliably determined in younger, healthy, and well-motivated subjects.
Previous work investigating the need for a verification phase in the determination

of the
.

VO2max has examined the mean responses of the
.

VO2 determined from the CPET
compared to the

.
VO2 determined from the verification phase. Other works have demon-

strated no mean difference in the
.

VO2max between the CPET and verification phase, yet
still recommend its use in all populations [8,25]. However, as has been previously pointed
out [23,24], the examination of the individual responses is more important than the mean
responses in regard to the attainment of the highest

.
VO2 (

.
VO2max). In the current study,

there was no main effect for method (i.e., no difference for the
.

VO2 determined from the
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CPET vs. the verification phase). This lack of difference between the CPET and the verifi-
cation phase is consistent with previous studies [4,6–8,11] but is also in contrast to other
works [27–29,41] that demonstrated that the CPET

.
VO2max was significantly greater than

the verification phase. However, in contrast to other works [4,6–8,11,12,27–29], the
.

VO2
from test 1 in this study was significantly greater than test 2, collapsed across the
CPET and verification phase. It is important to note that the mean difference be-
tween test 1 (39.2 ± 7.2 mL·kg−1·min−1) and test 2 (38.3 ± 7.7 mL·kg−1·min−1) was
0.9 ± 1.2 mL·kg−1·min−1 (~2.2%), and there were no differences in the time to exhaus-
tion, power output, or maximal HR between test 1 and test 2. On an individual basis,
only two of the nine subjects for the CPET and one of the nine subjects for the verifi-
cation phase test–retest exceeded the MD for the test–retest responses. These findings
demonstrate a potential pitfall of using the mean responses alone to evaluate the changes
in the

.
VO2max across time or as the result of a training or dietary intervention. That

is, evaluation of the mean response alone would suggest a significant change across
time; however, this reflected a real difference for only three out eighteen total test–retest
responses. Thus, these findings illustrate that using the mean responses may not be
sufficient to fully examine the proper methodology for the measurement of the

.
VO2max

and highlight the potential usefulness in examining changes across time and the need
for the examination of individual responses.

The utility of the verification phase is to determine on an individual basis whether
the

.
VO2 obtained from the CPET is truly the maximal

.
VO2 that an individual is capable of

producing. However, in past works, the threshold that has been used to determine whether
there were individual differences was set at 2–3% between measures [4,7,12,14]. Using
this threshold presents a flawed approach as it does not consider the standard error of
the measurement of the

.
VO2 in addition to the biological variability associated with the

measurement. The use of the minimal difference (MD) to be considered real provides a
threshold with increased statistical backing to determine whether the differences between
the CPET and the verification phase are real differences or are just due to the error of the
measure [17]. The MD for the measurement of the

.
VO2 from the CPET and verification

phase has previously been quantified in men and women during treadmill running [27,28]
and in men during cycle ergometry [29], but it has yet to be determined for women during
cycle ergometry. Therefore, the quantification of the MD in women during cycle ergometry
(2.14 mL·kg−1·min−1) may allow future researchers to examine the individual responses
in the

.
VO2max to potential changes in interventional studies. Using this approach, one

individual demonstrated a
.

VO2verification that exceeded the
.

VO2CPET by more than the MD,
while one individual demonstrated a

.
VO2CPET that was greater than the

.
VO2verification by

more than the MD. These data suggest that a verification phase is not necessary in the
measurement of the

.
VO2max in healthy well-motivated women on a cycle ergometer. In

addition, the MD may provide a valuable tool to examine individual differences in the
.

VO2max across time or as the result of an intervention.

Limitations

The variation in the
.

VO2max for those subjects who exceeded the MD for the test–retest
responses may be a result of the increased variation in the

.
VO2 due to biological factors

and may highlight ‘responders’ vs. ‘non-responders’ [42] due to factors that may influence
the maximal performance, such as the time of day [43] or the menstrual cycle phase [44],
in addition to other factors such as diet, hydration, or sleep [42]. However, additional
work is needed to explore the magnitude of the effect that these factors may have on
individual performance measures. While the time of day of testing was kept consistent
in the current study (±2 h), Knaier et al. [43] demonstrated that individual

.
VO2 values

can vary even when there are minor variations (<3 h) in the time of day that the testing is
repeated. Furthermore, Lebrun et al. [44] demonstrated that the

.
VO2max can vary across
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the menstrual cycle phases. The individual menstrual cycle phase was not tracked in the
current study; however, all test–retest responses were recorded within 48–72 h. Although it
is possible that menstrual cycle phase transitions introduced sufficient variability to alter
the

.
VO2max, based on the timing of the testing protocol and the lack of effect for these same

subjects on the verification phase
.

VO2 responses, this seems unlikely to be the primary
driver of the variations in the

.
VO2max. Future researchers should examine factors that may

impact maximal day-to-day performance to determine the possible magnitude of these
effects. In addition, future studies should quantify the MD using a larger sample size.

5. Conclusions

The results of the current study suggested that its use in healthy well-motivated
women who are accustomed to maximal exhaustive exercise may not be necessary. The
performance of additional maximal tests increases the demand on subjects to push
themselves to their limit more than may be necessary and increases the burden on
researchers to perform these additional tests. Day et al. [30], and more recently Poole
and Jones [18] have previously made this claim; however, there were no specific data
as support. The current study has shown that there were no mean differences between
the

.
VO2CPET and

.
VO2verification, and both measures demonstrated ‘excellent’ test–retest

reliabilities. Therefore, these data support the claims made in previous work [18,30],
which suggested young, healthy, and well-motivated subjects may not need to perform
additional tests in the measurement of the

.
VO2max. In addition, this study has added to

the quantification of the MD that has previously been determined for men in running
and cycling and in women in running but had not been derived for women in cycling.
There were two individuals who demonstrated differences in the

.
VO2CPET test–retest

and one individual who demonstrated differences in the
.

VO2verification test–retest. Thus,
the few individual differences in combination with the lack of mean difference between
the CPET and verification phase responses, suggested that the verification phase may
not be necessary in healthy motivated women. The MD allows for the examination of
individual responses with a threshold that is based on the standard error of the measure
and presents an improvement on the 2–3% threshold, which has previously been used.
Thus, the MD may prove useful for other researchers to examine the individual

.
VO2max

responses to potential training or nutritional intervention studies.
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Abstract: Little is known about the differences in vertical jump biomechanics executed on rigid
(RJS) and sand (SJS) surfaces in female indoor and beach volleyball players. Eleven young fe-
male beach volleyball players with a combined indoor and beach volleyball sport background
performed squat jumps, countermovement jumps with and without an arm swing, and drop jumps
from 40 cm on a RJS (force plate) and SJS (sand pit attached to the force plate). The results of the
2 (surface) × 4 (vertical jump test) repeated-measure ANOVA revealed a significant (p < 0.05) main
effect of the surface and the vertical jump test on the jump height and time to achieve peak vertical
body center of mass velocity. A significant (p < 0.05) main effect of the test, but not of the surface
(p > 0.05), was observed for the other examined biomechanical parameters. The only significant
(p < 0.05) jump height gain difference between RJS and SJS was observed for the utilization of the
stretch-shortening cycle, which was higher in SJS (15.4%) compared to RJS (7.5%). In conclusion,
as the testing was conducted during the beach volleyball competitive season, the examined female
players showed adaptations relating the effective utilization of the pre-stretch and enhanced stability
during the execution of the vertical jump tests on a SJS compared to RJS.

Keywords: biomechanical analysis; kinetics; kinematics; stretch-shortening cycle; vertical jumping;
surface stability; gender differences; drop jump

1. Introduction

Vertical jump tests are widely considered diagnostic conditioning tests for volleyball
and beach volleyball (BV) players [1–5] since most jumps performed in both sports are
executed with countermovement and an arm swing [6]. In specific, the countermovement
jump (CMJ) is observed during the execution of blocks, standing jump float serve and
special counterattack actions [7].

The most common diagnostic vertical jump tests are the squat jump (SQJ), CMJ and
drop jump (DJ), providing different information about physical fitness. Kinetic parameters,
such as force, power and work, among others, as well as their respective time curves
in each jump test, evaluate specific strength and conditioning capabilities. For example,
a SQJ is considered an appropriate evaluation tool of the concentric muscular strength
application capability [8]. As for the CMJ without an arm swing (CMJA), the effectiveness
of the pre-stretch that occurs during the stretch-shortening cycle (SCC) is evaluated [9],
while a CMJ with an arm swing (CMJF) tests the ability to utilize the proximal-to-distal
energy flow generated from the work produced at the shoulders [10]. Finally, a DJ is
used to check the ability to effectively use the SSC in a pre-stretch of great extent [11].
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In addition, the difference in jump height (hJUMP) between a SQJ and CMJA is widely
considered to represent the gain resulted from the SSC [9], and the respective gain between
CMJA and CMJF is suggested to represent the upper and lower limb intra-segmental
neuromuscular coordination [10,12,13]. Finally, the gain in hJUMP between SQJ and DJ
evaluates the effect of a greater pre-stretch on jumping ability [14]. The examination of the
kinetic and temporal parameters among the different vertical jump tests is considered to
provide useful insight into the neuromuscular mechanisms responsible for the optimization
of jumping performance [10,12–14].

A vast amount of information on the decreased hJUMP on sand (SJS) compared to a
rigid (RJS) jumping surface exists in the literature for BV players [2,15–21]. The decreased
hJUMP on a SJS compared to RJS is associated with a lower force and power outputs [2,17–19]
due to the less stiff surface and larger friction compared to indoor sport surfaces [15]. This
deprives practitioners of applying force fast during the jumping tests, resulting in a lower
power output and eventually poor jumping performance [17–19]. However, volleyball-
specific training on a SJS during the indoor volleyball off-season resulted in higher physical
fitness, such as higher endurance of quadriceps and calf muscles [22], as well as in higher
jump height in SQJ and CMJ on both surfaces [22], and in the spike jump on a RJS [23].
Furthermore, there is evidence that CMJs on a RJS are not only useful to gain information
regarding performance on a SJS, but also in relation to diagnosing neuromuscular imbal-
ances in players with a mixed indoor volleyball and BV sport background for the spike
jump on a SJS [16].

Previous literature has shown that game patterns [24] are gender-specific, whereby
female players have slower attack tempos, but use more placed attacks and play longer
rallies. Furthermore, men jump higher than women in the spike jump [25], which probably
results from a combination of higher strength and power generation capabilities [26–28].
Furthermore, it can be also a result of different movement characteristics such as approach
speed, torso incline, use of arm swing [25,28], plant angle of the dominant limb and
neuromuscular activation in spike [25]. Differences in power generation capabilities could
be the reason for higher kinetic parameters in CMJ despite the fact that the maximal rate
of force development was even for both genders [29,30]; however, it does not explain the
higher loss of jump height on a SJS compared to a RJS for women (−13%) compared to men
(−9.4%) [31]. As such, it is worth noting that, although vertical jump biomechanics on a
SJS have been extensively reported for male BV players, such information is missing for
female BV players. With respect to the SJS, to the best of our knowledge, the only available
information is that vertical jump performance in female BV players is rather constant,
regardless of the sand surface [32,33], but the hJUMP of the spike jump on a SJS was lower
compared to a RJS [33,34].

To conclude, the respective literature lacks evidence about the modification of the
jumping kinetics of female BV players when executing diagnostic vertical jump tests on a
SJS, since they might have different movement characteristics than male players. The aim of
the study was to investigate the possible differences in the performance and biomechanical
parameters of common diagnostic vertical jump tests executed on a RJS and SJS in young
female volleyball players. It was hypothesized that vertical jumps on a SJS will result in
a decreased hJUMP and performance gains, as well as a lower force and power outputs
compared to those on a RJS.

2. Materials and Methods
2.1. Participants

The research was conducted following the requirements of the Declaration of Helsinki
and the Research Ethics Code of the Aristotle University of Thessaloniki after obtaining
ethical approval from the Institutional Ethics Committee (approval no.: 87/2021). A con-
venience sample comprising 13 young female BV players (20.2 ± 3.2 years, 1.72 ± 0.05 m,
62.9 ± 3.9 kg) was selected for examination. The participants needed to have experience on
both the RJS and SJS. Participation was voluntary and was granted after obtaining a signed
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consent form. Of the recruited players, seven were members of the national team, with four
of them having participated in major international competitions, four being national-level
players and two varsity-level players.

At the time of testing, all players were participating in the competitive BV season. The
inclusion criteria were participation in official BV tournaments within the previous five
years, systematic participation in their training and competition BV schedule, and having
been systematically (>10 h/wk) trained in indoor volleyball during the past winter. The
exclusion criterion was having sustained an injury that prevented them from competition
within the 6 months before the study.

2.2. Procedure

Basic anthropometric measures (body height, body mass) were acquired using a
SECA 220 (Seca Deutschland, Hamburg, Germany) stadiometer and a Delmac PS400L
(Delmac Instrumetns S.A., Athens, Greece) electronic scale. An 817E Monark Exercise Cycle
(Monark-Crescent AB, Varberg, Sweden) was used for warm up, followed by dynamic
stretching exercises and six sub-maximal vertical jumps, with a progressive increase in
countermovement and intensity.

The examined vertical jump tests included an SQJ, CMJA, CMJF and a DJ from 40 cm
(DJ40). Three trials were allowed for each jumping test. The intra- and inter-test resting
period was 1 min and 4 min, respectively. All jumps were executed barefooted, employing
procedures implemented in previous studies [17–19]. The surface of the force plate was
considered a RJS. The vertical jump tests on a SJS were conducted on sand weighing
112.12 kg, that was contained in a wooden sand pit (Figure 1) and the depth of the sand was
0.31 m. The top-side dimensions of the wooden pit were 0.59 × 0.63 m. The bottom-side
dimensions of the wooden pit were 0.46 × 0.50 m. This size was selected so that the sand
pit was firmly attached to the force plate. In terms of safety, soft materials covered the edges
of the wooden pit. In addition, a safety platform (1.16 × 1.50 × 0.31 m, length, width and
height, respectively) surrounded the wooden pit. According to the results of a series of tests
performed following the American Society for Testing and Materials (ASTM) [18], it was
established that the physical properties of the sand and its grain size distribution satisfied
the Federation International de Volleyball (FIVB) requirements. To avoid the compaction
of sand particles during the vertical jump tests on a SJS, a tool with a 0.31 m length was
used to mix and spread the sand in its entire volume within the sand pit before each trial.
During data acquisition, the equality of participants’ body masses between the force plate
recordings with and without the sand pit was checked.

The order of the jumping tests and the jumping surface was randomized using Matlab
R2021 (The MathWorks Inc., Natick, MA, USA) scripts. In all tests, the instruction was
to “jump as high as you can with the shortest push-off time”. The SQJ test initiated
from a knee angle of 90◦ and with full foot contact on the jumping surface. If the force
recordings indicated a downward movement, the trial was cancelled [17]. For the CMJ
test, no restrictions were set concerning the depth of the countermovement [18]. A one-
dimensional force plate (1-Dynami, ©: Biomechanics Lab AUTh, Thessaloniki, Greece) was
used as the drop platform [19]. In the case of the DJ40 on the SJS, the drop force plate was
fixed and adjusted within the safety platform at a height of 0.71 m. The instruction was to
execute the drop with a “roll-off”, while no specific requirements were set about the depth
of the countermovement during the ground contact [19].

The foot–SJS interaction was recorded with a Redlake Motionscope PCI 1S camera
(Redlake Imaging Corporation, Morgan Hill, CA, USA; sampling frequency: 250 fps) to
ensure that no excessive plunging into the sand occurred. This was established after the
visual review of the recorded contact phase by an experienced researcher.
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2.3. Data Acquisition and Analysis

Only the best jump in each test using the hJUMP as a criterion was selected for further
analysis. The criterion parameter was calculated from the vertical body center of mass
(CoM) take-off velocity, which was extracted as the first-time integral of the net vertical
ground reaction force (GRF) using the trapezoid rule [18]. The vertical GRF was acquired
with an AMTI OR6-5-1 force plate (AMTI, Newton, MA, USA; sampling frequency: 500 Hz).
GRF data recording and analysis were completed with the modules of the K-Dynami
2018 (©: Iraklis A. Kollias, Biomechanics Laboratory, Aristotle University of Thessaloniki,
Thessaloniki, Greece) software. The following vertical jump biomechanical parameters
were calculated using the procedures described previously [17–19]:

1. Temporal parameters: total push-off time (tC), time to achieve a maximum vertical
GRF (tFz), time to achieve peak vertical CoM velocity (tUz) and time to achieve peak
power (tPMax);

2. Spatial/kinematic parameters: hJUMP, actual drop take-off height (hDROP), peak
CoM vertical velocity (UzMAX) and maximum downward vertical CoM displace-
ment (SDOWN);

3. Kinetic parameters: peak vertical GRF (FzMAX), peak rate of force development (RFD)
and peak power (PMAX).

The temporal parameters were extracted from the time curves of the respective kinetic
parameters. As for hDROP, it was calculated with an integration of the vertical CoM velocity
that was recorded from the drop force plate [19]. In turn, SDOWN was extracted after
integration of the vertical CoM velocity [18]. The first-time derivative of the recorded
vertical GRF defined RFD, while PMAX was the peak value of the multiplication product of
the vertical GRF by the vertical CoM velocity during the propulsive phase [17]. Based on
hJUMP, the following vertical jump performance parameters were also calculated [35,36]:
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1. SSC gain (Equation (1)):

SSC gain =

(
hJUMP(CMJA) − hJUMP(SQJ)

hJUMP(SQJ)

)
× 100 (1)

2. Arm swing gain (Equation (2)):

Arm Swing gain =

(
hJUMP(CMJF) − hJUMP(CMJA)

hJUMP(CMJA)

)
× 100 (2)

3. Drop jump gain (Equation (3)):

Drop Jump gain =

(
hJUMP(DJ40) − hJUMP(SQJ)

hJUMP(SQJ)

)
× 100 (3)

2.4. Statistical Analyses

The Shapiro–Wilk (p > 0.05) and the Levene tests (p < 0.05) were used to establish
the existence of a normal distribution and equality of variance of the data, respectively.
Based on the results of the above-mentioned tests, a 2 (surface: RJS vs. SJS) × 4 (jump tests:
SQJ, CMJA, CMJF, DJ40) repeated-measure ANOVA with the Bonferroni adjustment was
run to investigate the main effects and interaction of surface and jump modality on the
biomechanical parameters of the examined vertical jumps. Significant differences were
followed up with pairwise comparisons. The partial eta-squared (ηp

2) statistic was used
for the determination of the effect sizes as follows: small (>0.01), medium (>0.06), and large
(>0.14).

The paired sample t-test was used for the search of possible significant differences
between the RJS and SJS relating the hDROP and hJUMP gain due to the SSC, the arm
swing and the drop. Effect sizes were estimated based on Cohen’s d (≤0.49 = small,
0.50–0.79 = medium, and ≥0.80 = large effect sizes, respectively).

All statistical analyses were conducted with the level of significance set at a = 0.05. The
IBM SPSS Statistics v.29 software (International Business Machines Corp., Armonk, NY, USA)
was used for the execution of the statistical analyses.

3. Results

Due to the imposed inclusion and exclusion criteria, only 11 players (21.2 ± 2.3 years,
1.74 ± 0.04 m, 64.1 ± 3.5 kg) were examined. In order to reach a power of 0.8 at a = 0.05 with
a sample size of 11 participants and 2 (surfaces) × 4 (jump types) testing, high effect sizes
(0.75) are required to obtain a statistically relevant result according to the estimation made
using the G*power v.3.1.9.6 software (©Franz Faul, University of Kiel, Kiel, Germany).

The results for the vertical jump biomechanical parameters are presented in Table 1.
Significant (p < 0.05) main effects for hJUMP and tUz were found between the surfaces. For
both parameters, the values for the SJS condition were lower than the RJS.

In most spatio-temporal and kinetic parameters, significant (p < 0.05) differences
among jumps, but not between surfaces, were observed. The DJ40 test was significantly
different (p < 0.05) from the no-arm swing vertical jump tests relating the examined force
parameters and power output.

Finally, no significant surface × jumping test interaction was revealed (p > 0.05).
No significant differences (p > 0.05) were revealed concerning the examined vertical

jump performance parameters, except for the SSC utilization ratio, which was significantly
(p < 0.05) higher (two-fold) on a SJS compared to RJS (Table 2). Finally, hDROP was not
different (t = 2.043, p = 0.068, d = 0.60) between the examined surfaces (34.5 ± 4.5 cm and
37.0 ± 3.8 cm for the RJS and SJS, respectively).
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Table 1. Mean (standard deviation) of the biomechanical vertical jump parameters on rigid (RJS) and
sand (SJS) jumping surfaces (n = 11).

Surface RJS SJS F p ηp
2

Parameter SQJ CMJA CMJF DJ40 SQJ CMJA CMJF DJ40
Test Test Test

Surface Surface Surface

Body center of mass displacement

hJUMP (cm) 17.8 18.8 21.5 a 13.3 abc 15.1 * 17.5 20.8 ab 11.8 abc 40.292 <0.001 0.599
(2.2) (2.6) (3.2) (2.9) (1.2) (2.6) (3.2) (2.7) 7.566 0.007 0.085

SDOWN (cm) - −30.9 −30.8 −36.3 - −31.2 −30.4 −39.6 bc 369.864 <0.001 0.302
(4.2) (4.6) (7.0) (2.7) (4.1) (7.7) 0.615 0.436 0.010

Temporal parameters

tC (ms)
492.3 504.7 550.1 425.3 c 451.9 505.8 533.7 470.9 6.843 <0.001 0.202
(63.9) (57.4) (100.2) (80.4) (78.8) (39.8) (53.1) (92.5) 0.026 0.872 0.000

tFz (%tC)
62.2 65.7 62.4 73.1 57.9 66.7 62.5 74.5 a 3.964 0.011 0.128
(17.2) (4.7) (17.7) (11.5) (17.3) (6.5) (17.8) (15.4) 0.023 0.881 0.000

tUz (%tC)
75.5 75.9 76.6 71.9 abc 72.8 74.9 75.9 a 68.9 abc 20.608 <0.001 0.433
(1.7) (1.9) (2.5) (3.2) (1.2) (2.0) (3.4) (4.3) 10.720 0.002 0.117

tPMAX (%tC)
74.4 75.3 76.0 71.1 71.6 75.4 78.0 70.5 2.896 0.040 0.097
(3.6) (3.0) (4.9) (15.2) (4.4) (2.1) (8.6) (8.7) 0.052 0.821 0.001

Kinematic parameters

UzMAX (m/s)
2.46 2.52 2.67 a 2.23 abc 2.36 2.46 2.65 ab 2.19 abc 40.550 <0.001 0.600
(0.12) (0.12) (0.14) (0.18) (0.09) (0.13) (0.14) (0.16) 3.840 0.053 0.045

Kinetic parameters

FzMAX (N/kg) 2.06 2.27 2.28 3.27 abc 2.06 2.26 2.30 2.97 abc 34.827 <0.001 0.566
(0.12) (0.16) (0.14) (0.75) (0.16) (0.13) (0.18) (0.64) 0.820 0.368 0.010

RFD (kN/s)
5.1 8.5 7.3 31.5 abc 5.9 9.0 7.0 38.1 *abc 108.053 <0.001 0.800

(1.5) (5.6) (4.1) (9.8) (1.7) (4.2) (3.0) (12.0) 2.033 0.158 0.158

PMAX (W/kg) 21.4 21.5 25.6 28.7 b 20.2 20.7 26.7 ab 26.9 ab 14.564 <0.001 0.350
(2.7) (3.2) (4.3) (8.1) (3.2) (3.7) (4.3) (3.4) 0.530 0.469 0.006

*: p < 0.05 vs. RJS surface; a: p < 0.05 vs. SQJ; b: p < 0.05 vs. CMJA; c: p < 0.05 vs. CMJF. Abbreviations: hJUMP:
jump height; SDOWN: maximum vertical downward body center of mass (CoM) displacement; tC: total push-off
time; tFz: time to achieve maximum vertical ground reaction force (GRF); tUz: time to achieve maximum vertical
CoM velocity; tPMAX: time to achieve maximum power during the upward phase; UzMAX: peak vertical CoM
velocity; FzMAX: peak vertical GRF; RFD: peak rate of force development; PMAX: peak power.

Table 2. Mean (standard deviation) of the vertical jump performance ratios on rigid (RJS) and sand
(SJS) jumping surfaces (n = 11).

Parameter RJS SJS MD SE t p d

SSC gain (%) 7.5 (8.4) 15.4 (8.6) 7.9 3.6 2.516 0.031 * 0.93
Arm swing gain (%) 14.9 (9.2) 18.9 (10.7) 4.0 4.3 0.748 0.471 0.40
Drop jump gain (%) −23.7 (12.9) −22.3 (15.2) 1.4 6.0 0.260 0.800 0.10

*: p < 0.05; Abbreviations: SSC: stretch-shortening cycle: MD: mean difference; SE: standard error of the mean;
d: Cohen’s d.

4. Discussion

The purpose of the present research was to examine the possible differences in vertical
jump tests executed on RJS and SJS surfaces in young female volleyball players. The results
revealed that jumping performance was lower on a SJS than RJS, but there was no difference
in the examined kinetic parameters. In addition, tUz values were reached faster on a SJS
compared to RJS. Furthermore, SSC gain was higher on a SJS than RJS.

In agreement with past reports [2,15–21,37,38], hJUMP was higher on a RJS compared
to SJS. Although this is not statistically relevant for all jump results yet, it is attributed to
the low sample size, since only large effect sizes and not small or moderate effect sizes
in a small population lead to a statically relevant result. In respect to the vertical jump
tests, only hJUMP on an SQJ was significantly different between the tested surfaces. This
might be explained by the reported differences in the SSC gain, which could be the result
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of regular CMJF variation use in BV [6], such as block jumps, standing jump float serve
and special counterattack actions [7], leading to better inter-segmental coordination. These
adaptations have already been reported [22,39–41]. Since the participants were at the peak
of the BV competitive period, such adaptations were most likely to occur. Biomechanical
variables, such as power output, confirm the hJUMP height, because no differences were
observed. Similar results were reported in the past [18], but are contradictory to other
previous findings [2,17].

The SJS also influenced tUz (ηp
2 = 0.433), as participants reached their peak vertical

CoM velocity earlier compared to the vertical jump tests executed on a RJS. It has been
suggested [14] that the generation of vertical CoM velocity is the result of the capacity of
neural recruitment. A possible mechanism for this finding could be the effect of plyometric
activities conducted by the players on sand that has been shown to increase the motor unit
recruitment [42]. Other possible factors are the instability of the SJS, which increases the
need to maintain balance. This eventually results in increased work expenditure due to
the larger amount of energy absorbed [2,15,18,20,21,43,44] and decreased ability to reuse
stored elastic energy during the SCC [45].

Another finding was that there was no difference in UzMAX between a SJS and RJS
(p = 0.053). It is suggested that the UzMAX is a determinant factor for the performance
differences between men and women [46]. Even though it shall not be connected with
the eccentric phase of vertical jump tests [47], it is proposed that it is beneficial to achieve
a higher CoM velocity during the eccentric phase [48]. This is related to increased force
and power outputs at the initiation and through the entire concentric phase [49,50] that
eventually result in a higher hJUMP [51].

The only difference revealed for the vertical jump performance parameters was the
SSC gain. The SCC gain in the present study was in reasonable agreement with past
research reports [30,52]. However, our findings derived from the examined young female
BV players is not in agreement with past research, suggesting that the effectiveness of SSC
movements on sand rely more on the concentric rather than eccentric muscle action. This
can be a result of the degradation of elastic energy resulting from the sand instability [45,53],
since tC was not changed between RJS and SJS, indicating an efficient SSC function [23].
The larger SSC gain can be attributed to the fact that, as training on sand improves postural
control [54], the examined young female players might have been more stable on a SJS and,
thus, they optimized their jumping mechanics. This can be further supported by the fact
that jump training on a SJS results in an increased CMJ jump height compared to jump
training on a RJS [39].

Regarding DJ40, no drop jump gain was obtained, but rather an approximate 23%
reduction in hJUMP. This can be attributed to a possible reduced capacity of the participants
to efficiently use the SSC, since previous research on male athletes on a RJS and SJS has
shown that peak angular velocity in the ankle joint when landing in a SJS is significantly
lower, thus reducing the stretch mechanism [19,55]. The results for hDROP confirm the above
rationale, as hDROP was almost two-fold from the hJUMP achieved, with recommendation
for the optimum hDROP being in the range of 50–100% of the hJUMP in CMJA for male
volleyball players [56]. In contrast to previous studies on elite male BV players [19] and
despite the larger RFD compared to RJS, there were no indications that the SJS led to an
unstable execution of DJ40, since tFz was not different between the examined jumping
surfaces. Nevertheless, it is worth noting that increased differences between a RJS and SJS
compared to the other jumps were observed in DJ40 in regard to the hJUMP, tUz, and force
parameters, especially in the RFD (+18% on SJS).

As depicted in Figure 1, the examined female BV players performed the CMJ with a
full-arm swing, which is typical for volleyball players [57]. Nevertheless, a lower hJUMP
arm swing gain was observed in the present study when compared to professional male BV
players [18], confirming previous evidence that the arm swing provides a larger hJUMP gain
to males than females [28]. Contrarily to the previously mentioned research, no surface
effect was revealed. Past research revealed a larger range of motion in the ankle and hip
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joints in the CMJF compared to the CMJA on a SJS than RJS [18]. In the same study, the
arm swing on a SJS was associated with a larger forward inclination of the body at the
lowest position of the CoM. In general, the arm swing generates mechanical work from the
musculature of the shoulder that is transferred to the lower limb muscles and eventually
results in an augmented energy production for the propulsion for the jump [10,12,13]. It
has been suggested that the greater upper body strength production capability in men
enhances the effectiveness of this mechanism more than in women [28].

Regarding the inter-test comparison, the present study reveals that an excessive pre-
stretch tension imposed by the DJ resulted in a higher force, RFD and power outcomes
compared to the other jumping tests, especially those without the use of an arm swing. It
has been suggested that the reflex potentiation provides additional enhancement in jumping
performance [14]. This can also be attributed to the fact that SSC exercises executed on a
SJS increase motor unit recruitment [42]. The comparison of the examined biomechanical
parameters in vertical jump tests led to the conclusion that plyometric training aiming
for a fast force application seem to improve explosiveness more effectively. However, the
largest UzMAX was observed in the CMJF compared to the other jumping tests. This can be
attributed to the fact that most sport-specific jumps are conducted with counter-movements
and arm swings [6]. This also seems to be related to the higher PMAX in the CMJF on a SJS.
Nevertheless, the absence of an inter-test difference regarding tPMAX can be attributed to
the fact that young female volleyball players were found to rely less on fast time-depended
parameters in order to maximize vertical squat jump performance [51].

We want to acknowledge some limitations of this study. First, the small sample
size and homogeneity of the playing level might prevent a broad generalization of the
present findings, since there are contradictory findings regarding playing level and vertical
jump test performance [58–60], which might also be jump-specific [61]. There are some
findings [60], particularly in DJ40, which show that performance is not associated with
a sport-specific background rather than the ability to execute the jumping task with an
optimized utilization of its kinetic factors. Second, we assumed that kinematical differences
might be present between the surfaces, since the subjects did not get any instructions on the
depth of the countermovement; therefore, they could self-select their movement strategy to
enhance CMJ performance. Thus, a kinematical analysis would have been useful to detect
such changes [50].

Future research should not only emphasize on the kinetic, but also on kinematic and
electromyographic differences when jumping on rigid and sand surfaces, to examine the
loading imposed on the lower limb joints and the possible modifications in the function of
the neuromuscular system. The retrieved information from such studies could be applied
to both performance enhancement and injury prevention. This is because in contrast to
current beliefs, sand training does not necessarily involve lower kinetic parameters such
as the FzMAX and PMAX, at least for double-legged jumps in young female players. This
information might be especially important for physiotherapists working with athletes
and chronic knee pain, since it likely leads to similar tendon loading compared to jumps
on a RJS.

5. Conclusions

Young female players with a combined indoor and beach volleyball sport background
performed the common diagnostic vertical jump tests on rigid and sand surfaces with no
between-surface differences concerning the examined kinetic parameters. Jumping on sand
resulted in: (1) a decreased jump height, especially on an SQJ; (2) a shorter time to achieve
peak vertical body center of mass vertical velocity; and (3) a higher jump height gain when
the countermovement was applied on the sand compared to application on a rigid surface.

The observed alterations when jumping on sand may lead to an enhanced utilization
of the pre-stretch and therefore might enhance stability during the execution of the vertical
jump tests. Also, the inclusion of plyometric jump training on a sand surface could stimulate
the neuromuscular mechanisms that enhance jumping performance. In conclusion, the
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jumps performed on sand with a countermovement and arm swing or excessive pre-stretch
loads imposed by drop jumps comprise jumping activities that involve favorable patterns
for greater power outputs.
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