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Prevalence of Positive Effects on Body Fat Percentage, Cardiovascular Parameters, and
Cardiorespiratory Fitness after 10-Week High-Intensity Interval Training in Adolescents
Reprinted from: Biology 2022, 11, 424, doi:10.3390/biology11030424 . . . . . . . . . . . . . . . . . 73

Raci Karayigit, Mustafa Can Eser, Fatma Nese Sahin, Cengizhan Sari, Angela
Sanchez-Gomez and Raul Dominguez et al.
The Acute Effects of Normobaric Hypoxia on Strength, Muscular Endurance and Cognitive
Function: Influence of Dose and Sex
Reprinted from: Biology 2022, 11, 309, doi:10.3390/biology11020309 . . . . . . . . . . . . . . . . . 89

Sofiene Amara, Tiago Manuel Barbosa, Oussama Gaied Chortane, Raouf Hammami, Ahmed
Attia and Sabri Gaied Chortane et al.
Effect of Concurrent Resistance Training on Lower Body Strength, Leg Kick Swimming, and
Sport-Specific Performance in Competitive Swimmers
Reprinted from: Biology 2022, 11, 299, doi:10.3390/biology11020299 . . . . . . . . . . . . . . . . . 103

v



Sonya Vasto, Alessandra Amato, Patrizia Proia and Sara Baldassano
Is the Secret in the Gut? SuperJump Activity Improves Bone Remodeling and Glucose
Homeostasis by GLP-1 and GIP Peptides in Eumenorrheic Women
Reprinted from: Biology 2022, 11, 296, doi:10.3390/biology11020296 . . . . . . . . . . . . . . . . . 113

Grzegorz Zurek, Martyna Kasper-Jedrzejewska, Iwona Dobrowolska, Agata Mroczek, Gerda
Delaunay and Kuba Ptaszkowski et al.
Vibrating Exercise Equipment in Middle-Age and Older Women with Chronic Low Back Pain
and Effects on Bioelectrical Activity, Range of Motion and Pain Intensity: A Randomized,
Single-Blinded Sham Intervention Study
Reprinted from: Biology 2022, 11, 268, doi:10.3390/biology11020268 . . . . . . . . . . . . . . . . . 125

Hadi Nobari, Elham Eyni Gandomani, Jalil Reisi, Reyhaneh Vahabidelshad, Katsuhiko
Suzuki and Stella Lucia Volpe et al.
Effects of 8 Weeks of High-Intensity Interval Training and Spirulina Supplementation on
Immunoglobin Levels, Cardio-Respiratory Fitness, and Body Composition of Overweight and
Obese Women
Reprinted from: Biology 2022, 11, 196, doi:10.3390/biology11020196 . . . . . . . . . . . . . . . . . 143
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Knowledge about Fibromyalgia in Fibromyalgia Patients and Its Relation to HRQoL and
Physical Activity
Reprinted from: Biology 2021, 10, 673, doi:10.3390/biology10070673 . . . . . . . . . . . . . . . . . 351

vii



Francesco Campa, Catarina Nunes Matias, Catarina L. Nunes, Cristina P. Monteiro, Rubén
Francisco and Filipe Jesus et al.
Specific Bioelectrical Impedance Vector Analysis Identifies Body Fat Reduction after a Lifestyle
Intervention in Former Elite Athletes
Reprinted from: Biology 2021, 10, 524, doi:10.3390/biology10060524 . . . . . . . . . . . . . . . . . 361

viii



About the Editors

Georgian Badicu

Badicu Georgian is an associate professor at Transilvania University of Brasov, Faculty of

Physical Education and Mountain Sports, Department of Physical Education and Special Motricity.

He has published about 61 papers in JCR journals and is the author or co-author of 47 papers

published by MDPI. His main interests are physical activity, fitness, education, obesity, well-being,

recreation, football, public health, quality of life, sports activities, physical education, didactics of

physical education, and sports.

Filipe Manuel Clemente

Filipe Manuel Batista Clemente has been a university professor since the 2012/2013 academic

year and is currently an assistant professor at Escola Superior de Desporto e Lazer de Melgaco

(IPVC, Portugal). As scientific merit, Filipe has had 264 articles published and/or accepted by

journals indexed with an impact factor (JCR), as well as over 105 scientific articles that have been

peer-reviewed indexed in other indexes. In addition to scientific publications in journals and

congresses, he is also the author of six international books and seven national books in the areas

of sports training and football. He has also edited various special editions subordinate to sports

training in football in journals with an impact factor and/or indexed in SCImago. Additionally, he is

a frequent reviewer for impact factor journals in quartiles 1 and 2 of the JCR.

Although he started producing research in 2011, he was included in the restricted list of the

world’s most-cited researchers in the world (where only eight other Portuguese researchers in sports

sciences appear), which was published in the journal Plos Biology in 2020. In 2021, the list was

updated, with Filipe Manuel Clemente being again included in the top 2% of the world researchers,

in which was positioned in the second place in six Portugueses included in the area of sports sciences.

Filipe M. Clemente’s SCOPUS h-index is 24 (with a total of 2605 citations), and his Google

h-index is 35 (5305 citations). In a list promoted by independent website Expert Escape, he was

ranked 40th of 14,875 researchers of football (soccer) in 2020 and in 19th of 15949 in 2021.

Eugenia Murawska-Ciałowicz

Eugenia Murawska-Cialowicz is Editor-in-Chief at the journal Human Movement and associate

professor at Wroclaw University of Health and Sport Sciences, Physiology and Biochemistry

Department, 51-612 Wroclaw, Poland. His main interests are oxidative stress, skeletal muscle exercise

physiology, physical activity, exercise, exercise biochemistry, exercise performance, exercise testing,

physiology, brain-derived neurotrophic, antioxidants, adipose tissue biology, etc.

ix





Citation: Badicu, G.; Clemente, F.M.;

Murawska-Cialowicz, E. Biological

Mechanisms Underlying Physical

Fitness and Sports Performance: An

Editorial. Biology 2022, 11, 1425.

https://doi.org/10.3390/biology

11101425

Received: 27 September 2022

Accepted: 28 September 2022

Published: 29 September 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 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/).

biology

Editorial

Biological Mechanisms Underlying Physical Fitness and Sports
Performance: An Editorial
Georgian Badicu 1,* , Filipe Manuel Clemente 2,3,4 and Eugenia Murawska-Cialowicz 5

1 Department of Physical Education and Special Motricity, Transilvania University of Brasov,
500068 Brasov, Romania

2 Escola Superior Desporto e Lazer, Instituto Politécnico de Viana do Castelo, Rua Escola Industrial e Comercial
de Nun’Álvares, 4900-347 Viana do Castelo, Portugal

3 Research Center in Sports Performance, Recreation, Innovation and Technology (SPRINT),
4960-320 Melgaço, Portugal

4 Instituto de Telecomunicacoes, Delegacao da Covilha, 1049-001 Lisboa, Portugal
5 Physiology and Biochemistry Department, Wroclaw University of Health and Sport Sciences,

51-612 Wroclaw, Poland
* Correspondence: georgian.badicu@unitbv.ro

In general, the concept of a mechanism in biology has three distinct meanings. It may
refer to a philosophical thesis about the nature of life and biology, to the internal workings
of a machine-like structure, or to the causal explanation of a particular phenomenon [1].

Understanding the biological mechanisms that justify acute and chronic physiological
responses to exercise interventions determines the development of training principles and
training methods. A strong understanding of the effects of exercise in humans may help
researchers to identify what causes specific biological changes and to properly identify the
most adequate processes for implementing a training stimulus [1].

Despite the significant body of knowledge regarding the physiological and physical
effects of different training methods (based on load dimensions), some biological causes
of those changes are still unknown. Additionally, few studies have focused on natural
biological variability in humans and how specific human properties may underlie different
responses to the same training intervention. Thus, more original research is needed to
provide plausible biological mechanisms that may explain the physiological and physical
effects of exercise and training in humans.

In this Special Issue, we discuss/demonstrate the biological mechanisms that underlie
the beneficial effects of physical fitness and sports performance, as well as their importance
and their role in/influences on physical health.

A total of 28 manuscripts are published here, of which 25 are original articles, two are
reviews, and one is a systematic review.

Two papers are on neuromuscular training programs (NMTs), training monotony
(TM), and training strain (TS) in soccer players [2,3]; five articles provide innovative
findings about testosterone and cortisol [4,5], gastrointestinal hormones [6], spirulina [7],
and concentrations of erythroferrone (ERFE) [8]; another five papers analyze fitness and
its association with other variables [7,9–12]; three papers examine body composition in
elite female soccer players [2], adolescents [6], and obese women [7]; five articles examines
the effects of high-intensity interval training (HIIT) [7,10,13–15]; one paper examines the
acute effects of different levels of hypoxia on maximal strength, muscular endurance, and
cognitive function [16]; another article evaluates the efficiency of using vibrating exercise
equipment (VEE) compared with using sham-VEE in women with CLBP (chronic low-
back pain) [17]; one article compares the effects of different exercise modes on autonomic
modulation in patients with T2D (type 2 diabetes mellitus) [14]; and another paper analyzes
the changes in ABB (acid–base balance) in the capillaries of kickboxers [18]. Other studies
evaluate: the effects of resistance training on oxidative stress and muscle damage in spinal

1



Biology 2022, 11, 1425

cord-injured rats [19]; the effects of muscle training on core muscle performance in rhythmic
gymnasts [20]; the physiological profiles of road cyclist in different age categories [21];
changes in body composition during the COVID-19 [22]; a mathematical model capable
of predicting 2000 m rowing performance using a maximum-effort 100 m indoor rowing
ergometer [23]; the effects of ibuprofen on performance and oxidative stress [24]; the
associations of vitamin D levels with various motor performance tests [12]; the level of
knowledge on FM (Fibromyalgia) [25]; and the ability of a specific BIVA (bioelectrical
impedance vector analysis) to identify changes in fat mass after a 16-week lifestyle program
in former athletes [26]. Finally, one review evaluates evidence from published systematic
reviews and meta-analyses about the efficacy of exercise on depressive symptoms in cancer
patients [27]; another review presents the current state of knowledge on satellite cell-
dependent skeletal muscle regeneration [28]; and a systematic review evaluates the effects
of exercise on depressive symptoms among women during the postpartum period [29].
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Simple Summary: Soccer performance is complex, requiring mastery of sport specific technical
and tactical skills with ideal physical fitness (i.e., includes sprints, hops, accelerations, changes of
directions, and so on) and body composition (i.e., increase lean muscle mass and decrease fat mass).
In the last decades, performance models have helped to understand the multifactorial mechanisms
involved in physical performance in sports. Hence, we tested the hypothesis that a neuromuscular
training (NMT) program has an effect on body composition parameters in elite female soccer players.
The result showed that implementation of 10-week with thrice-weekly NMT program improves body
composition in elite female soccer players.

Abstract: (1) Background: This study was conducted to investigate the effects of a 10-week neu-
romuscular training program (NMT) on the sum of six skinfolds (Σ6S) and body composition
variables in elite female soccer players. (2) Methods: Forty-four Spanish elite female soccer play-
ers (age: 24.0 ± 4.2 years; height: 164.3 ± 5.5 cm; body mass: 60.4 ± 5.5 kg; body mass index
(BMI): 22.4 ± 2.2 kg/m2) were randomly assigned to a control group (CG) or to an experimental
group (EG). Participants in the EG completed a specific NMT program of 24 min, three times per
week, which included exercises from six different categories (mobility, dynamic stability, anterior
chain strength, lumbopelvic control, posterior chain strength, and change of direction). The CG
followed their normal strength and conditioning program. Pre- and post-intervention assessments
included anthropometric measurements (weight, height, limb circumferences, and bone breadths),
and subsequently, body composition factors BMI, Σ6S, body mass, muscle mass, and lean body mass
were calculated. Nutrition was standardized by a nutritionist and also load monitored. (3) Results: A
two-way mixed analysis of variance (group × time) revealed that there was a significant (p ≤ 0.001)
group × time interaction between body mass, fat mass, and Σ6S in favor of NMT. A significant
interaction was also observed for body skeletal muscle mass and lean body mass favoring NMT.
(4) Conclusions: The application of an NMT program seems to be a useful strategy to improve body
composition in elite female soccer players.

Keywords: football; body fat; women; strength training; lean body mass; kinanthropometry

1. Introduction

Soccer is arguably the most popular team sport today, and it is played by more than
one billion people worldwide [1]. In 2020, the number of federated female soccer players in
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Spain reached 77,461 [2]. That year, FIFA’s Women’s Football Strategy set out its goals of
doubling the number of participants by 2026 [3].

Soccer performance is multifactorial and requires mastery of both sport-specific
technical–tactical skills and optimal physical fitness. As an intermittent high-intensity
sport, soccer involves activities such as sprints, jumps, accelerations, and changes of di-
rection (COD), among others [4,5]. Of note, these high-intensity actions, coupled with the
ability to repeat them without fatigue and the somatotype, also account for most actions
that cause injury [6]. In addition, the somatotype of the players has shown to be relevant
for this purpose [7]. Therefore, the link between anthropometry, muscle performance, and
soccer-specific physical performance has been studied extensively (i.e., sprint, repeated
sprint ability, vertical jump, etc.). Previous investigations found a strong link between
body composition (high levels of lean mass and low levels of fat mass) and vertical jump
performance and repeated sprint ability [8–10]. In addition, for leaner body compositions,
lower body strength measurements are closely linked to soccer players’ acceleration, sprint-
ing, and leaping performance [11,12]. Given these correlations, training methods, such as
neuromuscular training (NMT), that increase lower body strength and/or reduce body fat,
enhancing the power-to-mass ratio, should result in significant increases in the physical
performance parameters of female soccer players [13,14].

In this direction, the relationship between running performance (i.e., aerobic capac-
ity) and body composition has been evaluated in elite males [15], youths [16], and elite
females [17], showing high-speed actions and longer distances covered in players with
greater lean body mass percentages as a marker of the muscle-to-fat ratio. In addition,
previous published kinanthropometric studies in soccer showed different profiles as a
function of age, sex, and playing position, and some of them have specifically analyzed the
anthropometric profile of female soccer players [18–21].

The research working group on the body composition health and performance of
athletes states that low body fat and high lean body mass are strongly correlated with
higher levels of performance, especially in weight-sensitive sports such as soccer [22].
However, this relationship should be handled with caution because each sport has its
own body composition (i.e., somatotype) that is considered ideal for success [23], and
players with low body fat mass do not follow this general rule. A recently published review
included kinanthropometric data of elite female soccer players from 2000 to 2020, showing a
fat mass percentage between 14.5% to 22% [24]. In addition to the above, it is also important
to analyze other performance factors that affect this sport, such as adequate nutritional
intake [25] and genetics [26]. A few studies looked at the relationship between different
endocrine parameters, such as IGFBP-3, erythropoietin, or estrogen, in female athletes.
Additionally, genes related to performance and body composition, such as angiotensin-1
converting enzyme insertion/deletion (ACE I/D) polymorphism or α-actinin-3 (ACTN3)
R577X polymorphism, have been studied [11].

In the last two decades, novel training approaches have been developed aiming to
improve performance and body composition in female soccer players [17–19,22–24,27,28].
Interestingly, Myer et al. [29] suggested an integrative NMT program including mobility,
dynamic stability, core strength, plyometric, agility, and fundamental strength exercises,
showing it could improve sport-specific skills and minimize the risk of injuries.

With this rationale, some standardized neuromuscular protocols, such as FIFA11+,
SportsmetricsTM, or Harmoknee, were developed and demonstrated to reduce injury
risk [30–35] and improve performance [31,36] in female soccer players. Despite the effects of
these training protocols on performance, the effect on body composition remains unknown.
Rohmansyah et al. [37] found a reduction in body mass index (BMI), fat mass, and waist
circumference in obese young-adult females after a 6-week FIFA 11+ program. Simões
et al. analyzed the effects of NMT on body composition in volleyball athletes, finding
improvements in body composition [38]. With respect to each of the interventions included
in an NMT program, there is some research on the effects of body-weight resistance
training [39], eccentric [40], and plyometric-based programs [41] on the body composition

6



Biology 2022, 11, 1062

of female soccer players. However, the evidence is very scarce regarding the effects of a
multicomponent program that combines all of them. Due to this, in the present study we
hypothesized that an NMT program can be used to increase the lean body mass and body
skeletal muscle mass or reduce the body mass, BMI, fat mass, and skinfold measurements
in female soccer players. Thus, the main aim of this study was to evaluate the effects of an
NMT program on the body composition of elite female soccer players.

2. Materials and Methods
2.1. Participants

Forty-four Spanish, highly-trained female soccer players voluntarily participated in
the study (Table 1).

Table 1. Descriptive data of the participants.

Variable
Control Group (n = 22) Experimental Group (n = 18) p

Mean ± SD Mean ± SD

Age (years) 24.61± 4.30 23.24 ± 4 0.31
Height (cm) 162.29 ± 5.90 166.09 ± 4.65 0.07

Body Mass (kg) 59.46 ± 6.22 61.61 ± 4.43 0.23
BMI (kg/m2) 22.46 ± 2.54 22.37 ± 1.85 0.89

SD: standard deviation; BMI: body mass index.

Data collection took place during the competitive period (i.e., seventh month of the
season). All the participants played for soccer teams in the Spanish Women’s Second
Division and completed a similar weekly soccer training regarding volume and method-
ology (i.e., five 90 min sessions per week and 1 game/week). All the participants met
the following inclusion criteria: (i) at least 6 years of experience in soccer training and
competition; (ii) participation in regular soccer training and competition for 6 months
before data collection; (iii) free from injuries, and iv) refrained from other NMT programs
or diets outside this study. Furthermore, participants were excluded if: (i) they missed three
or more NMT sessions or (ii) they missed a testing day. The participants were randomly
assigned (ABBA distribution) to a control group (CG, n = 22) or to an experimental group
(EG, n = 22). Nevertheless, due to NMT attendance and testing days, the final sample
was n = 22 for CG and n = 18 for EG (Figure 1). Prior to data collection, written informed
consent was obtained from all the participants. The study was developed following the
ethical standards of the Declaration of Helsinki and was approved by the Local Ethics
Committee of Clinical Research (PI21/011, CEICA, Spain).

2.2. Measurement of Body Composition

The participants were tested according to the guidelines of the International Society
of the Advancement of Kinanthropometry (ISAK) at the beginning (i.e., 1 week before)
and the end of the intervention (i.e., 1 week after). The instruments were adjusted before
their use and data were collected in duplicate [42]. To minimize measurement variation,
the same experienced researcher examined all the subjects on the right side of the body
during the same time of the day (i.e., 08:00 a.m.–10:00 a.m.). Participants were asked to
avoid vigorous activities for at least 48 h before data collection and consumption of large
volumes of water 2 h before as well as to follow their ordinary diet. Furthermore, to avoid
any possible dietary confounding effects on body-composition assessment, in the pre- and
post-test sessions, a 24-h food recall was collected by a registered dietician to check average
macronutrient and energy intake (DAPA Measurement Toolkit, Cambridge, UK). After
obtaining the players’ data, the Spanish Food Composition Database (BEDCA) was used to
calculate kilocalories and macronutrient intake. This database includes a compilation of
nutritional data from various publications and food composition tables [43]. The results
are shown in Table 2.
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Table 2. Average macronutrient and energy intake.

Variable
Control Group (n = 22) Experimental Group (n = 18)

p1st Registration
Mean ± SD

2nd Registration
Mean ± SD

1st Registration
Mean ± SD

2nd Registration
Mean ± SD

Kilocalories (kcal/day) 2206 ± 377 2222 ± 346 2266 ± 198 2285 ± 189.1 0.48
Carbohydrates (g) 311.9 ± 56.4 315.9 ± 47.9 336.9 ± 29.7 328.8 ± 29.1 0.13

Proteins (g) 92.9 ± 18.2 89.3 ± 13.2 90.8 ± 9.07 90.5 ± 10.6 0.56
Fats (g) 65.1 ± 12.1 66.8 ± 12.8 66.1 ± 6.79 67.8 ± 7.02 0.39

SD: standard deviation; kcal: kilocalories; g: grams.

Anthropometric measurements included: body mass in kilograms (kg) using a digital
scale (BC-601, Tanita, IL, USA), height in centimeters (cm) employing a stadiometer (SECA
214, SECA, Hamburg, Germany), limb girths in cm using an anthropometric tape (Lufkin
W606PM, Lufkin, NC, USA), bone breadths in cm utilizing a bone caliper (Campbell
10, Rosscraft, CA, USA), and skinfolds in millimeters (mm) using a slim guide skinfold
caliper (Harpenden, West Sussex, UK). Specifically, 8 point skinfolds (e.g., triceps, biceps,
abdominal, iliac crest, supraspinal, subscapular, front thigh, and medial calf), 4 limb girths
(e.g., arm relaxed, arm tensed, mid-thigh, and calf), and 3 bone breadths (e.g., biepicondylar
humerus, biepicondylar femur, and bi-styloid diameter of the wrist) were measured. The
inter- and intra-observer technical error of measurement was less than 5.5% for skinfolds
and less than 1.5% for the other variables.

BMI was calculated as body mass (in kg) divided by height in meters squared
(kg/m2) [44]. The sum of six skinfolds (Σ6S) was obtained as the addition in mm of
the standardized 6 skinfolds (triceps, subscapular, supraspinal, abdominal, front thigh,
and medial calf) [21]. Body density (BD) was calculated using the equation proposed by
Withers et al. (1987) for female athletes [45] (Equation (1)). When BD was calculated, the
Siri equation [46] was used to estimate fat mass percentage (Equation (2)). Lean body
mass percentage was calculated as the difference between total body mass percentage and
fat mass percentage. The body skeletal muscle mass was estimated with the equation of
Lee et al. (2000) [47], and once this result was obtained, we converted it to a percentage
(Equation (3)).

1.17484 – {0.07229 ∗ [Log (Σ4S.triceps + subscapular + supraspinal + medial calf)]} (1)

[(4.95/BD) − 4.5) ∗ 100] (2)
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Ht ∗ (0.00744 ∗ CAG2 + 0.00088 ∗ CTG2 + 0.00441 ∗ CCG2)+(2.4 ∗ sex ) − (0.048 ∗ age ) + race + 7.8 (3)

Ht: height (m); CAG: corrected arm girth (cm); CTG: corrected thigh girth (cm);
CCG: corrected calf girth (cm); Sex (1 for male and 0 for female); Race (−2 for Asian, 1.1 for
African American and 0 for white or Hispanic)

2.3. Exercise Protocol

Participants in the EG completed a rise, activate, mobilize, and potentiate (RAMP)
system warm-up protocol [48] followed by a 24 min NMT program, three times per week,
for 10 weeks. Participants in the CG followed the same warm-up protocol. Then, they
completed their normal strength and conditioning program for 24 min (Table 3). Both
groups were exercised equally and there was no significant difference between groups.
Two weeks before the beginning of the intervention, four familiarization sessions were
executed in the EG to get to know the exercises included in the NMT program (Figure 2).

Table 3. Training intervention details.

Group Experimental
(n = 18) Control (n = 22) Sum

Training
Program

NMT
(6 Exercises)

Mobility
(3 Exercises)

Strength
(3 Exercises)

RT
(3 Exercises) 9 Exercises

Training
Details

Sets: 4
Work: 40 s
Rest: 20 s

Duration: 24 min

Sets: 2
Work: 30 s
Rest: 20 s

Duration: 5 min

Sets: 4
Work: 40 s
Rest: 20 s

Duration: 12 min

Sets: 3 (4 reps)
Work: ~10 s
Rest: ~20 s

Duration: 7 min

Sets: 2–4
Work: 10–40 s

Rest: 20 s
Duration: 24 min

Work
Intensity (RPE) 7.3 ± 0.25 7.26 ± 0.23 p = 0.45

NMT: neuromuscular training; reps: repetitions per set; s: seconds; RPE: rate of perceived exertion (0–10);
RT: running technique; SD: standard deviation.
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The intensity of the CG and EG training sessions was recorded using the modified Borg
scale (0–10 rating), which is valid to control the training intensity and is commonly used by
these players in their physical preparation [49,50]. At the end of the physical preparation,
the players individually indicated their level of perceived exertion. The average for each of
the sessions is shown in Figure 3.
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The NMT program (Figure 4) included exercises from six different categories: (1) mo-
bility, (2) dynamic stability, (3) anterior chain strength, (4) lumbopelvic control, (5) posterior
chain strength, and (6) COD and was carried out in 4 sets of the 6-exercise circuit (40 s of
work and 20 s of gentle running to change to the next exercise). Level 1 exercises were per-
formed during the first 2 weeks, whereas levels 2 and 3 were performed during weeks 3–6
and 7–10, respectively. For unilateral exercises, the working leg changed between series.
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2.4. Statistical Analysis

Data analysis of the present study was carried out as both descriptive and inferential.
Normality was inspected for all variables using a Shapiro-Wilk test. Macronutrient and
energy intake, descriptive data, and possible differences pre-training were analyzed with
independent group t-student. Within-group comparisons (Student paired t-test) were
carried out to detect significant differences between the pre-test and post-test in all variables
in both groups. A 2 (group) × 2 (time) repeated measures ANOVA with Bonferroni post
hoc analysis was calculated for each parameter. Hedges’ g effect size with a 95% confidence
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interval was also calculated to determine the magnitude of pairwise comparisons for pre-
and post-test and was defined as trivial (<0.2), small (>0.2), moderate (>0.5), and large (>0.8).
If the results of the independent sample t-test and effect sizes were similar for each group,
then the percentage changes were computed and assessed. The significance of statistical
analysis was used at the level of p < 0.05. All statistical calculations were performed using
SPSS (Version 28.0, IBM SPSS Inc., Chicago, IL, USA).

3. Results

The descriptive characteristics of the players of both groups are shown in Table 1. The
results of the analysis showed that there were no significant differences between the two
groups in these variables. The average intakes of macronutrients and energy are shown in
the Table 2. The results of the analysis showed that there were no significant differences in
diet during the intervention in either group.

Table 4 shows the mean and SD of the changes in skinfold variables. At the base-
line, there were no differences observed between groups in the above variables, except
subscapular skinfold (f = 4.91; p = 0.033) and sum of six skinfolds (Σ6S) (f = 4.43; p = 0.04).

There were significant main effects of time (p ≤ 0.001, f = 24.52, ηp
2 = 0.39; p ≤ 0.001,

f = 25.46, ηp
2 = 0.40; p ≤ 0.001, f = 19.81, ηp

2 = 0.34; p = 0.009, f = 7.49, ηp
2 = 0.16; p = 0.007,

f = 8.00, ηp
2 = 0.17; p ≤ 0.001, f = 24.98, ηp

2 = 0.39) and a group by time interaction
(p ≤ 0.001, f = 29.73, ηp

2 = 0.44; p ≤ 0.001, f = 47.25, ηp
2 = 0.55; p ≤ 0.001, f = 41.72,

ηp
2 = 0.52; p ≤ 0.001, f = 51.08, ηp

2 = 0.57; p ≤ 0.001, f = 25.22, ηp
2 = 0.41; p ≤ 0.001,

f = 68.87, ηp
2 = 0.64) for front thigh, medial calf, subscapular, iliac crest, abdominal, and

Σ6S, respectively. The post hoc analysis indicated that front thigh (EG, p ≤ 0.01, g = −0.09),
medial calf (EG, p ≤ 0.001, f = 24.99, ηp

2 = 0.40), subscapular (EG, p ≤ 0.01, g = −0.12), iliac
crest (CG, p = 0.02, g = 0.02, EG, p ≤ 0.01, g = −0.04), abdominal (EG, p ≤ 0.01, g = −0.06)
and Σ6S (CG, p = 0.019, g = 0.01 and EG, p ≤ 0.01, g = −0.09) skinfolds were significantly
reduced. Percent changes of skinfold variables between pre- and post-test are shown in
Table 4 and Figure 5.

Table 5 shows the mean and standard deviation in body mass, BMI, fat mass, body
skeletal muscle mass, and lean body mass. At the baseline, there were no differences
observed between groups in the above variables, except the body skeletal muscle mass
Lee (f = 16.71; p ≤ 0.001). There were significant (p = 0.071, f = 8.17, ηp

2 = 0.18; p = 0.006,
f = 8.50, ηp

2 = 0.18; p ≤ 0.001, f = 16.39, ηp
2 = 0.30; p ≤ 0.001, f = 32.85, ηp

2 = 0.46; p ≤ 0.001,
f = 16.39, ηp

2 = 0.30) main effects of time and a group by time interaction (p≤ 0.001, f = 14.77,
ηp

2 = 0.28; p≤ 0.001, f = 14.72, ηp
2 = 0.28; p≤ 0.001, f = 50.19, ηp

2 = 0.57; p≤ 0.001, f = 50.61,
ηp

2 = 0.57; p ≤ 0.001, f = 50.19, ηp
2 = 0.56) for the body mass, BMI, fat mass Withers, body

skeletal muscle Lee, and lean body mass, respectively. Post hoc analysis found that the
body mass (EG, p ≤ 0.001, g = −0.04), the BMI (EG, p ≤ 0.001, g = −0.04), fat mass Withers
(CG, p = 0.029, g = 0.02, EG, p ≤ 0.01, g = −0.10), the body skeletal muscle mass Lee (EG,
p ≤ 0.001, g = 0.23), and lean body mass (CG, p = 0.03, g = −0.02, EG, p ≤ 0.001, g = 0.45)
were significantly reduced post-test vs. pre-test. Percent changes of all body composition
variables between pre- and post-test, as shown in Table 5 and Figures 6 and 7.
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Figure 7. Change in body composition variables assessment for each group and assessment stage.
* Represents a statistically significant difference compared to the pre-test with the superiority of the
EG (p < 0.05). # Represents a statistically significant difference compared to the pre-test with the
superiority of the CG (p < 0.05). EG: experimental group; CG: control group.

The average intensity registered using the modified Borg’s scale (0–10) was recorded
over the 30 sessions for both groups (Figure 3). Small magnitudes of differences were found
between the average of intensities (g = 0.20) between CG and EG.

4. Discussion

The aim of the study was to investigate the effects of a 10-week NMT program on
skinfold and body composition variables in highly trained female soccer players. We
hypothesized that GE would reduce skinfold values, fat mass, and body mass and increase
muscle mass and lean body mass, improving overall body composition.

The main findings of the current work were that 10 weeks of NMT significantly
reduced body mass (−0.34%, g = −0.04), fat mass (−1.94%, g = −0.10), and Σ6S (−1.79%,
g = −0.09) compared with the CG (0.05%, g = 0.01, 0.52%, g = 0.02 and 0.4%, g = 0.01,
respectively). EG and CG were exercised equally, and no significant work intensity was
observed between the groups. In addition, body skeletal muscle mass and lean body mass
increased in the EG (body skeletal muscle mass: 1.10%, g = 0.23; lean body mass: 1.53%,
g = 0.45) and slightly decreased in the CG (body skeletal muscle mass: −0.10%, p = 0.3, lean
body mass: −0.10%, g = 0.02, respectively).

Previous research in soccer players reported changes in body composition after dif-
ferent resistance training programs [38,40,51–59]. However, no study has been conducted
regarding the effects of an NMT program. Of note, the NMT battery applied in the current
work includes exercises from six categories: (1) mobility, (2) dynamic stability, (3) anterior
chain strength, (4) lumbopelvic control, (5) posterior chain strength, and (6) the ability
to COD in this regard, and the effectiveness of each or a combination of these training
methods to improve body composition has been considered as a reference for comparing
the results of the present study.

Arguably, strength exercises are an effective way to stimulate muscle hypertrophy
along with improvements in body composition [60]. Particularly, Falces et al. [55] applied a
16-week strength training program with calisthenics and observed a significant decrease in
body mass (ES = −0.08) and fat mass (ES = −0.41) and a significant increase in lean mass
(ES = 0.17) in a group of male U17 soccer players. Furthermore, Sánchez-Pérez et al. [54]
studied the effects of an 8-week high intensity interval training (i.e., a Tabata workout
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including calisthenics, plyometrics, and COD ability) in a similar population, showing
a reduction in body fat (−1.38%, ES = 0.42) and an increase in lean body mass (1.38%,
ES = 0.44), and Suárez-Arrones [40,56] also found differences in the body composition
(body fat: ES = −0.99 ± 0.54 and lean body mass percentage: ES = 0.25 ± 0.10) of young
male soccer players during a 24-week intervention that included circuit training with some
exercises comparable to ours (i.e., posterior chain eccentrics, core stability, and plyometrics).
It should be noted that in these last two studies the CG slightly worsened their body
composition, just as in the present research.

On the contrary, several studies [58,59,61] assessed training programs that include
at least one of the exercise categories applied in the current study in adult soccer players
showing no differences in changes in body fat percentage (ES = −0.10) and fat-free mass
percentage (ES = 0.09) after 8 weeks or less of intervention. Unfortunately, female soccer
players were not included in these works, preventing an accurate comparison with the
current data.

Focusing on female soccer players, the study from Polman [52] analyzed the effect of a
12-week physical conditioning program on physical fitness and anthropometric parameters
of adult highly trained female soccer players. After the intervention, decreases in body mass
(ES =−0.24), BMI (ES =−0.28) and fat mass (ES =−0.16) were found. Although the exercise
program in Polman’s study is similar to the one included in our study (e.g., balance, jumps,
and COD ability), their athletes showed greater improvements than the athletes in the
present study. A possible explanation for this little discrepancy could be the longer duration
of their intervention and/or the higher body fat percentage of their players at baseline.
Remarkably, the mean values for body mass and fat percentage at baseline in the current
work fall within the values reported in a review of international female soccer players
(56.8–64.9 kg and 14.6–20.1%, respectively) [5], whereas those from the aforementioned
study do not.

In contrast, to the best of our knowledge, this is one of the first studies to assess
the effects of 12-week plyometric training on body composition, explosive strength, and
kicking speed of 20 female soccer players [53]. The results showed an improvement in
performance variables but no significant changes in body composition However, changes
in muscle strength through plyometric training produce adaptations of the neuromuscular
system rather than muscle hypertrophy [62]. Therefore, with unique plyometric training,
body composition can be expected to remain unchanged.

Of note, one study [38] analyzed the effects of a 12-week NMT program on the body
composition of female volleyball athletes. Though the sports have different metabolic
requirements, (football and volleyball), Simões et al. showed an increase in body mass
(ES = 0.08) and lean body mass (ES = 0.36) and a reduction in fat mass (ES = −0.50) [38]).
In the same direction, the study by Sudha and Dharuman, which evaluated the effects
of a 12-week circuit training program combined with different neuromuscular activities
in schoolgirls, observed a decrease in BMI (ES = −0.49) [51]. This data, although from a
different sample, contribute to reinforcing the results obtained in the present research and
highlight that the assessment of body composition is closely related to performance and
helps to confirm the training effect [62,63].

Some limitations need to be acknowledged for a correct interpretation of the results.
Firstly, it should be mentioned that the sample used is small and the data is limited to
a certain group of soccer players, so it would be interesting to carry out further studies
to confirm the present results. Female soccer players have characteristics that do not
allow us to extrapolate our results directly to other sports. This study did not take into
account variables related to the genotype of the female athletes and protein intake above
the recommended dietary allowance was not controlled. We recommend that future
research examines the relationship between different endocrine parameters (i.e., IGFBP-3,
erythropoietin, or estrogen for female athletes) and genes related to performance and
body composition, such as angiotensin-1 converting enzyme insertion/deletion (ACE
I/D) polymorphism or α-actinin-3 (ACTN3) R577X polymorphism. Future studies should
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extend these observations to other age groups, competitive levels, and larger samples in
order to analyze whether the results are similar. Furthermore, it would be beneficial to
observe different intensities and volumes in the NMT program to determine the optimal
regimen for this training method as well as observing whether this program can improve
body composition in female soccer players.

5. Conclusions

The present study suggests that the implementation of a 10-week NMT program
of just 24 min, three times a week improves body composition in highly trained female
soccer players compared to a regular physical preparation training. In this regard, the
soccer-specific NMT protocol proposed in this study improved female soccer players´
body composition by reducing fat mass and increasing muscle mass. Therefore, female
soccer coaches and physical trainers should be aware that combining strength, mobility,
lumbopelvic control, dynamic stability, and change of direction exercises based on soccer-
specific requirements may also improve the body composition of their female players.
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5 Department of Sport Didactics, Faculty of Physical Education and Sport, Wroclaw University of Health and
Sport Sciences, 51-612 Wroclaw, Poland; tadeusz.stefaniak@awf.wroc.pl

* Correspondence: natalia.danek@awf.wroc.pl

Simple Summary: Exercise is a powerful stimulus to the endocrine system, modifying plasma con-
centrations of many hormones, including testosterone and cortisol, which are often used to describe
fatigue in sport. In our investigation, we wanted to explore the hormonal response (testosterone and
cortisol) in saliva after acute exercises in men who perform endurance-training and strength-training
exercises compared to a non-training group. Participants performed sprint interval exercise. During
the whole exercise, the participants’ heart rates were measured, and a rating of perceived exertion
was assessed immediately after each bout. The study showed that there were no differences in
testosterone and cortisol changes in the endurance-training, strength-training, and non-training
groups after the sprint interval exercise. We suppose that one session of the sprint interval training
should have more volume (more or longer duration of sprints) to provoke testosterone and cortisol
reaction in endurance-training and strength-training individuals. However, the heart rates after acute
exercise in the endurance-training and strength-training groups were lower than in participants from
the non-training group.

Abstract: The aim of the study was to investigate the response of testosterone and cortisol to sprint
interval exercises (SIEs) and to determine the role of dominance. The experiment was conducted
in a group of 96 men, divided into endurance-training, strength-training, and non-training groups.
Participants performed SIEs consisting of 5 × 10-s all-out bouts with a 50-s active recovery. Using the
passive drool method, testosterone and cortisol concentrations were measured in saliva samples at
rest at 10 min pre and 12 min post exercise. Participants’ heart rate (HR) was measured during the
whole exercise. Dominance was assessed by the participants before the study; the rating of perceived
exertion (RPE) was measured immediately after each bout. The study showed that those who trained
in endurance and strength sports had significantly lower mean HRs after five acute 10-s interval bouts
than those in the non-training group (p = 0.006 and p = 0.041, respectively). Dominance has an inverse
relation to changes in HR; however, it has no relation to hormone response. No significant differences
were observed in testosterone and cortisol changes in the endurance-training, strength-training, and
non-training groups after SIE (p > 0.05), which may indicate that the exercise volume was too low.

Keywords: acute exercise; hormonal response; saliva
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1. Introduction

Different exercise modalities and prior training experience (i.e., endurance training,
resistance training, interval training), and variables within the modality (i.e., intensity,
volume, duration), can result in different hormonal responses [1]. Knowing the hormonal
responses after performing a single exercise session can indicate the direction of selecting
an appropriate training strategy, which is important because of the great interest in en-
docrine responses due to the use of training modulation determining the level of changes
in testosterone or cortisol concentrations [2]. Previous multifaceted analyses of current
responses in a single interval exercise (SIE) session have focused primarily on determining
changes in cardiorespiratory parameters that determine physical performance [3]. As
reported by Riachy et al. [4], data on the effects of exercise on serum testosterone levels in
men show considerable inter-individual and inter-study variability. This variability can be
explained by (a) the use of different types of exercise (e.g., endurance, resistance, or interval
training), (b) the intensity and duration of the exercise session, and (c) the fitness status of
the participants. Testosterone is the main anabolic hormone, important for skeletal muscle
growth and maintenance, as well as for neural function [5]. Cortisol, on the other hand,
has catabolic effects [6]. Thus, the testosterone/cortisol (T/C) ratio is used as an indicator
of the balance between anabolic and catabolic processes [7]. It is identified as an indicator
of fatigue (decreased performance, psychological changes, and neuroendocrine disorders
after some physical training) [8].

Additionally, changes in testosterone and cortisol concentrations interact to regulate
dominance. In a study by Meht and Joseph [9], T was shown to be associated with
dominance under conditions of threat or excessive challenge such as extreme physical
exertion. Analyses by Batrinos [10] also showed that testosterone levels increase during the
aggressive phases of sports games, which is determined by the level of dominance among
athletes, while Carré and McCormick [11] indicated that there was no relationship between
changes in T concentrations and dominance in the context of competition. Since dominance
is associated with acquisition and a high sense of agency, these findings suggest that higher
testosterone levels should only support a higher status when cortisol levels are low. When
cortisol is high, higher testosterone levels may actually reduce dominance and, in turn,
reduce the degree of competition or engagement in extremely hard efforts such as sprint
interval exercise (SIE). However, this requires further analysis.

One of the most popular types of interval training is sprint interval training (SIT),
which involves performing work at maximal intensity (generating the highest possible
power, known as “all-out”) [2,12]. To understand the multiple mechanisms that regulate the
state of physical adaptation, it is important to determine the hormonal responses to a single
SIT session. The single session of SIT (sprint interval exercise—SIE) typically consists of two
to six bouts lasting between 10 to 30 s, with recovery of a longer duration (e.g., up to several
minutes), and a total duration of one session interval (SIE) of typically 10 to 30 min [13].
However, the 30-s maximal bouts used have been criticized due to negative affective
reactions and reluctance to undertake subsequent interval sessions, despite their benefits in
overall health improvement [14,15]. Thus, SIT with 10-s repetitions has recently received
more interesting consideration given its effectiveness in cardiovascular and respiratory
adaptations (increasing maximal VO2) and in skeletal muscle metabolism [16,17]. As
was presented by Islam et al. [18], shorter sprints with more repetitions are perceived
as more enjoyable and lead to a greater desire to get involved in SIT. Affect, intention,
self-efficacy, pleasure, rating of perceived exertion (RPE), and preference were rated in
favour of the shortest 5:40 protocol (24 × 5-s bouts, 40-s rest) versus (A) 30:240 (4 × 30-s
bouts, 240-s rest); (B) 15:120 (8 × 15-s bouts, 120-s rest) [18]. However, they did not measure
hormonal changes. According to Martinez-Diaz and Carrasco [19], among active male
college students, a single interval session composed of 10 × 1-min sets of VO2 peak power
output induced acute changes in mood states that seem to be associated with hypothalamic–
pituitary–adrenal axis activation, as the magnitude of the cortisol response in the study
reached 37% immediately after the interval session and as high as 77% 30 min after. In
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contrast, Beaven et al. [20], during maximal single repetition (1-RM) at intensities of 85, 70,
55, and 40% RM, showed no change in testosterone and cortisol.

Given the myriad of possible variants of SIE protocols and the small amount of
research on their psychological perception, we chose the 10-s bout protocol and asked
whether ratings of perceived exertion would differ depending on the type of activity being
practiced (endurance, strength, or no activity in the control group) and questioned the role
of domination. We also hypothesized that ratings of perceived exertion after SIE will be
greater in the non-training group. In this way, factors capable of producing less-acute SIE
protocols could be characterized. Therefore, the present study evaluated preference after an
experimental 10:50 (5 × 10-s bouts, 50-s rest) SIE session protocol. The effect of SIE session
on T and C levels during the rapid recovery phase in non-training, endurance-training, or
strength-training individuals still remains unclear and requires further study. Therefore,
the purpose of our study was to determine changes in T and C concentrations after a single
SIE session in non-training, endurance-training, or strength-training participants. Analysis
of C and T levels can provide valuable information about the physiological stress response
and adaptation to one session of sprint interval training. Our initial hypothesis was that
the level of T and C will be different depending on the characteristics of the exercise. In the
group of non-training participants, the release of C will be higher; however, in the group of
endurance- and strength-training participants, higher levels of T will be observed.

2. Materials and Methods
2.1. Participants

Ninety-six healthy men (aged 19–25 years; mean age (x) = 21.25; SD = 1.79 years)
participated in the study. Information about the project was posted on social media, and
participants were also recruited through flyers and direct invitations from researchers
during physical activity courses. The main criteria for inclusion in the study were generally
good physical fitness and a lack of qualification to the risk group of cardiopulmonary and
metabolic diseases; a lack of supplementation and/or hormone treatment; no injuries to the
mouth and no dental orthodontic treatment during the experiment; and no consumption
of alcohol and tobacco or other stimulants 24 h before the experiment. All participants
were advised to brush their teeth at least 2 h prior to the study to minimize the impact
on the hormonal assessment of saliva [21]. All participants were familiarized with the
study procedure and gave written, informed consent to participate in the study. The ethical
approval of the study protocol was provided by the Ethical Committee of the Institute of
Psychology of the University of Wroclaw (date of the decision: 16 November 2020, decision
number: 2020/ARDK), in accordance with the Helsinki Declaration.

None of the participants practiced sports at a professional level, while 30 partici-
pants declared the use of regular strength training (bodybuilding, CrossFit, resistant or
“resistance” training), and 35 participants declared regular endurance training as a kind
of basic training (running, swimming, soccer). Each participant exercised at least 3 times
a week. Thirty-one non-training participants declared to perform 2–2.5 h of recreational
irregular physical exercise (walking, cycling) twice a week—this made up the control
group in our study. The groups were compared in terms of somatic parameters, that
is, age (F(2.90) = 2.34, p = 0.103), body height (F(2.90) = 2.92, p = 0.059), and body mass
(F(2.90) = 2.19, p = 0.117). Detailed characteristics of the participants are shown in Table 1.
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Table 1. Participants’ characteristics.

Variables
Endurance
Training
(N = 35)

Strength
Training
(N = 30)

Control
(N = 31)

Age 20.71 (1.62) 21.53 (1.69) 21.58 (1.96)
Body height (cm) 180.77 (5.55) 183.72 (7.51) 174.45 (5.57)
Body mass (kg) 75.59 (11.34) 80.77 (10.21) 79.81 (9.05)
BMI (kg·m−2) 23.11 (3.16) 24.08 (3.75) 24.89 (3.55)
Physical activity
(h per week) 6.60 (3.61) 5.25 (2.81) 4.48 (2.29)

HRrest (beats·min–1) 68.36 (10.80) 68.03 (11.81) 69.41 (9.43)
HRmean (beats·min–1) 152.82 (10.76) 155.83 (13.59) 160.75 (12.12)
Testosterone (pre)
Testosterone change (post–pre)

135.46 (62.15)
9.79 (31.07)

129.88 (54.21)
20.02 (47.17)

135.17 (49.05)
18.37 (50.79)

Cortisol (pre)
Cortisol change (post–pre)

7.62 (1.75)
−0.08 (1.33)

8.07 (1.56)
0.28 (1.73)

8.47 (1.72)
−0.57 (1.60)

T/C (pre)
T/C change (post–pre)

18.02 (7.46)
49.14 (118.69)

16.32 (6.70)
37.33 (165.49)

16.37 (6.28)
−18.58 (126.41)

RPE 5.16 (1.83) 5.60 (2.50) 5.36 (2.19)
Self-reported dominance 3.34 (0.75) 3.31 (0.71) 3.23 (0.63)

Note. Numbers represent means and standard deviations (in brackets). BMI—body mass index (body mass
(kg·m−2); HR—heart rate. RPE—ratings of perceived exertion (Borg’s scale), T/C—ratios of testosterone to cortisol.

2.2. Study Design

The testing session was conducted between 7.00 AM and 11.00 AM in order to avoid
daily hormone fluctuations. Participants were instructed to maintain a sleeping pattern and
dietary habits and to refrain from undertaking physical activity for 24 h before the testing
session in the laboratory in order to reduce any bias in salivary T and C [21]. Before the
testing session, participants filled out a questionnaire, reporting their age, how often they
exercised, and the type of that activity, as well as the average duration of their trainings.
Their body masses (kg) and heights (cm) were measured using a WPT 200 medical scale
(RADWAG, Radom, Poland) before the physical exertion. BMI was calculated based on
the participants’ weights and heights (body mass (kg) (height (m))−2). Heart rate (HR)
was measured with the Polar S810 sport-tester (Polar Electro, Kempele, Finland) during all
exercises. The HR measurement started two minutes before the warm-up and continued
until one minute after the SIE. HRmean is the average HR values from the start of the first
repetition until the end of the fifth repetition, including recoveries. HRrest is the averaged
HR value of one minute of restitution after SIE.

The flowchart and study protocol is presented in Figure 1.
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2.3. Salivary Hormone Analysis

Participants provided unstimulated saliva samples at rest 10 min before and 12 min
after exercise [22]. T and C concentrations were measured in saliva samples, which were
collected by participants using the passive drool method. Participants’ identification
numbers and the words “pre” or “post” (exercise) were written on every collection tube.
The samples were stored using standard procedures (−80 ◦C) until analysis [23]. Salivary
measures of C and T were determined by competitive enzyme-linked immunosorbent
assay (ELISA method). Before the analyses, samples were thawed and centrifuged for
10 min at 10,000 RPM. Clear supernatant was used for the quantitative determination of T
and C by the commercial ELISA kit (DES6622 and DES6611, DEMEDITEC). The intra- and
inter-assay variations for C were: intra: <6.8%; <9.4% with assay sensitivity 0.014 ng·mL−1

for C, and for T <9.7%; <9.9% with assay sensitivity 2.2 pg·mL−1. The calculation of the
results was performed by constructing a standard curve (plotting the absorbance value
of the standards (y-axis) against their concentration (x-axis)). Hormone concentrations in
saliva samples were calculated in relation to a standard curve and expressed in ng for C
and pg/mL for T.

2.4. Sprint Interval Exercise Sessions (SIE)

All participants performed one protocol of sprint interval exercise (Figure 2) on the
cycle ergometer (Ergomedic Monark 894, Vansbro, Sweden), which followed the same
scientific criteria as tools used in previous studies [24,25]. The physical exertion consisted
of a 5 min warm up with a 2 kg load, 1 min of rest, 5 repeated “all-out” bouts of exercise
(10 s each) with a Wingtate load—7.5% of the participant’s body mass (followed by 50 s of
slow-cycling without a load between bouts), and 1 min of slow-cycling without a load at
the end. Figure 2 displays the SIE protocol.
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2.5. Scales Used
2.5.1. Borg Ratings of Perceived Exertion (RPE) Scale

The RPE is a tool for the subjective assessment of exercise intensity, that is, the de-
gree of fatigue in particular bouts. This scale allows respondents to relate the degree of
fatigue during exercise to the fatigue experienced during everyday activities. In general,
a score > 18 indicates that a maximal bout was made, and values > 15–16 indicate that the
anaerobic threshold was exceeded. Ratings on this scale are related to HR. The principle of
the scale is to divide the predicted heart rate for a given exertion by 10; hence, the exertion
causing an increase in heart rate to 190 beats·min–1 is scored 19 points, and the total rest
in which the heart rate oscillates between 60–70 beats·min–1 is scored 6–7 points. In the
experiment, we used a shortened, 10-point version of the scale, where a score of 9–10 shows
the almost maximal or maximal level of exertion [26].

2.5.2. Dominance Scale

Dominance was measured with a 5-item questionnaire previously used in studies by
Kowal et al. [27]. This scale has not yet been published. However, the aim of our previous
investigations was to construct a reliable and validated scale to measure an individual’s
dominance. The scale was found to be highly reliable (Cronbach’s alpha: 0.78), similar
to the present study (Cronbach’s alpha: 0.753). The questionnaire included the following
items: (1) ‘I often persuade others to behave as I suggest’; (2) ‘Everything usually turns
out to be as I want’; (3) ‘I usually make decisions for myself and others’; (4) ‘It is rather
me who influences others, and not the other way around’; (5) ‘I am dominant towards
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others’. Participants responded to each item on a 5-point Likert scale (range: 1—‘I definitely
disagree’, 2—‘I disagree, 3—‘I don’t have an opinion’, 4—‘I agree’, and 5—‘I definitely
agree’). In all subsequent analyses, we used a mean value of the dominance scale.

2.6. Statistical Analysis

In the first step, we computed participants’ BMI (body mass index (kg)/(height (m))2),
HRmean (a composite score of a mean of five measures of heart rate after five 10-s in-
terval exercises), typical weekly physical activity (the number of trainings in a typical
week × a typical length of training), and a mean score of self-reported dominance for each
of the participants. Next, we subtracted pre-test testosterone and cortisol from post-test
testosterone and cortisol to create testosterone and cortisol change indexes (respectively).
In the next step, we calculated the Mahalanobis distance to screen for potential outliers
(relying on the usually recommended criteria of p < 0.001) [28,29].

We then proceeded with the linear regression models. In the first model, we regressed
HRmean on the testosterone change, cortisol change, a mean score of dominance, and a type
of physical activity performed by a given participant (i.e., endurance, strength, or other). In
the subsequent models, we introduced (2) age, (3) typical weekly physical activity (number
of trainings in a typical week × a typical length of training), and (4) BMI, and compared
the models’ fit. We repeated the above steps, regressing both the cortisol and testosterone
change on a type of physical activity performed by a given participant (i.e., endurance,
strength, or other) and a mean score of dominance. All analyses were performed in Jamovi
(1.8.1) and SPSS (Inc., Chicago, IL, USA).

3. Results

Detailed descriptive characteristics of the participants are shown in Table 1. Analysis
of the Mahalanobis distance revealed four potential outliers, which we excluded from all
subsequent analyses. When we compared the regression models, the first one showed
a superior fit to the other models (p > 0.05). Thus, here, we report the results of the
first model (see Tables 2–4). Results showed that individuals who trained endurance and
strength sports had lower heart rate means following five acute 10-s interval exercises
than individuals in the control group (while there were no differences between individuals
who trained endurance and strength sports; see Figure 3). Moreover, dominance was
negatively related, while the cortisol changes were positively associated with mean heart
rates, meaning that those who reported being more dominant had a lower mean heart rate
compared to those who reported being less dominant; also, the more acute the cortisol
response, the higher the mean heart rate. Furthermore, the control group experienced a
larger change in cortisol than the strength-training group, but there were no differences
in the cortisol change between the endurance-training and strength-training and control
groups (see Figure 4). Dominance was unrelated to the cortisol change, and the type of
discipline and dominance were unrelated to the testosterone change.

Table 2. Summary of the linear regression results with the mean heart rate after five bouts as a
dependent variable.

Outcome Variable: Mean Heart Rate r2 = 0.124, F(5.84) = 3.513, p = 0.006

Predictor β 95% CI SE p

Discipline
Endurance–Control −0.698 [−1.191, −0.204] 3.127 0.006 **
Strength–Control −0.531 [−1.041, −0.021] 3.229 0.041 *
Testosterone change 0.075 [−0.128, 0.278] 0.030 0.466
Cortisol change 0.233 [0.023, 0.442] 0.883 0.030 *
Self-reported dominance −0.221 [−0.420, −0.022] 1.817 0.030 *

Note. * p < 0.05, ** p < 0.01.
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Table 3. Summary of the linear regression results with the cortisol change after five bouts as a
dependent variable.

Outcome Variable: Cortisol Change r2 = 0.080, F(3.86) = 2.503, p = 0.065

Predictor β 95% CI SE p

Discipline
Endurance–Control 0.436 [−0.067, 0.939] 0.380 0.089
Strength–Control 0.689 [0.179, 1.199] 0.385 0.009 **
Self-reported dominance 0.028 [−0.178, 0.234] 0.224 0.790

Note. ** p < 0.01.

Table 4. Summary of the linear regression results with the testosterone change after five bouts as a
dependent variable.

Outcome Variable: Testosterone Change r2 = 0.156, F(3.86) = 0.711, p = 0.548

Predictor β 95% CI SE p

Discipline
Endurance–Control −0.174 [−0.692, 0.344] 11.281 0.506
Strength–Control 0.065 [−0.461, 0.59] 11.443 0.807
Self-reported dominance 0.120 [−0.092, 0.332] 6.657 0.264
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4. Discussion

The purpose of this study was to determine the effect of a sprint interval exercise
on changes in testosterone and cortisol levels and the T/C marker among non-training,
endurance-training, and strength-training participants. The main results indicate that
the SIE protocol performed by the endurance-training and strength-training participants
does not cause significant differences in hormonal conditions compared to the control
group, in which a linear relationship was demonstrated between the increase in cortisol
concentration and the achievement of higher HR values. We also found that after SIE,
there were statistically significant differences in changes of cortisol levels between the
strength-training and non-training groups. Dominance has an inverse relation to changes
in HR; however, it has no relation to hormone response.

Physical exercise is a particular form of activation of the hypothalamic–pituitary–
adrenal (HPA) axis, providing an increase in cortisol levels [30]. The response of the HPA
axis to exercise varies with the duration and intensity of exercise [31]. In contrast, the
change in cortisol concentration is independent of individuals’ fitness status when exercise
is performed at similar relative intensities among non-training and trained individuals [32].
Nevertheless, it is also accepted that endurance athletes have a reduced sensitivity to
cortisol to protect muscle tissue during and after exercise. Endurance-training individuals
show an adaptation of the HPA axis activity to repeated exercise due to reduced tissue
sensitivity to glucocorticoids [32]. In their study, Luger et al. [30] indicated that highly
trained runners had statistically significantly lower cortisol concentrations compared to
sedentary people after prolonged exercise above 60% of maximal oxygen uptake (VO2max).
In contrast, as reported by Dote-Montero et al. [4] in their meta-analysis, repeated-sprint
training and sprint interval training, despite high intensity, may not be long enough to
induce a strong increase in C levels in contrast to interval training bouts ≥ 60 s. This may
explain the significant increases in the change of salivary C concentration in all groups
after SIE (Table 1). This suggests that the particular exercise was not intense enough to
elicit a hormonal response, making it advisable to measure, in future studies, the lactate
concentration to determine, among other things, the intensity of the exercise. The value
of such a study was shown in an article by Lu et al. [33], who noted that the surge in
testosterone immediately following interval exercise is highly correlated with an increase
in lactate concentration. Tanner et al. [34], in contrast to our study, showed a significant
increase in C levels and obtained HR values close to maximal after a single interval session
in trained individuals. However, as indicated by that study’s participants themselves,
the exercise test was exhausting (six intervals of 3.5 min at a treadmill speed equivalent
to 90% VO2max, interspersed by recovery periods of 2 min = at the speed equivalent to
30% VO2max), which could also affect the higher RPE values. In contrast to the results
observed in that study, this difference with our findings can be explained by the exercise
characteristics and the total duration of the protocol used: 5 × 10-s sprint interval exercise
with 50-s recovery versus 6 × 3.5 min with 2-min recovery.

Endurance-training individuals have lower testosterone levels, which may be due
to weight loss from this training [35] as opposed to strength-training peoples [36]. Ad-
ditionally, Kreamer et al. [37] indicated that participants with 2 years of weightlifting
training experience showed a significant exercise-induced increase in testosterone, while
participants with training experience of less than or equal to 2 years showed no significant
differences in testosterone change. Interestingly, Cadore et al. [38] observed lower reac-
tivity of anabolic and catabolic hormonal responses in long-term strength-training men,
indicating that higher training volume/intensity is required to induce significant hormonal
changes. Statistically significant differences in C change observed between the non-training
and strength-training groups can confirm the above-presented research (Figure 4).

The T/C is an appropriate indicator of an organism’s anabolic environment [8]. The
role of testosterone in the body is to maintain anabolism through the process of protein
synthesis. In contrast, cortisol has a catabolic function and is involved in the stress response.
Most athletes aim to increase the T/C, thereby enhancing protein synthesis and tissue
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recovery after physical exercise [37]. However, in this study, we observed no significant
differences in T/C after performing SIE in any of the study groups, suggesting that the
exercise applied was not sufficient to increase the body’s anabolic environment. Similarly,
individuals who trained both strength and endurance showed greater resistance to phys-
iological stress by achieving a lower mean heart rate value after five repetitions of 10-s
“all-out” exercise (Figure 3). Psychological reinforcement for this thesis is the fact that the
dominance scale has an inverse relationship to changes in heart rate—the lower the HR,
the higher the level of dominance (Table 1).

An explanation for the results obtained may be found in environmental psychology.
Already, Seligman [39] has shown the importance of dominance as a feeling of control
related to health and behavior. The adaptation to environmental demands expressed in
the lower physiological parameters of our participants favors the increase of the psycho-
logical variable of dominance as expressing an internal control of one’s own behavior and
health. According to Rivers and Josephs [40], dominance is as legitimate an environmental
descriptor as pleasure and arousal.

Furthermore, results of Jiménez et al. [41] provided explanations for the lack of SIE
effect in T, C, and T/C levels in our participants. After winning a league game, higher testos-
terone levels were observed in professional soccer players, compared to semi-professional
or amateur athletes. In contrast, this temporary hormonal fluctuation was not observed
after winning a friendly match or during a normal training day. In the same match, cortisol
levels were lower in professional and semi-professional athletes compared to levels in
amateur athletes. This means, in soccer players, the increase in testosterone was only
noticeable when the team faced the real challenge of a league match. It follows that the
desire to achieve a goal (and maintain social status) may be one of the key reasons why
testosterone increases rapidly. Conversely, testosterone did not change after friendly games,
suggesting that these situations are not true goals in which players do not perceive a real
threat (in the sense of dominance) any more than they perceive the preparation for the next
game in their daily training, or even in a friendly game. Thus, we speculate that the SIE
we conducted did not present a real challenge to our participants in the sense of increased
testosterone or dominance, nor did it trigger a stress response in the form of cortisol release.
In our study, similar to Jiménez et al. [41], there was an adaptation to the exercise situation
in the absence of both T and C output. Results of Jiménez et al. [41] show that cortisol levels
were lower in professional and semi-professional athletes compared to those in amateur
athletes. Again, similar to Jimenez et al. [41], we observed C changes after SIE between the
non-training and strength-training groups. This allows us to suppose that the perception of
SIE in groups of professional and amateur athletes depends not only on the type of activity
performed, and that the changes in C concentration in amateur athletes are influenced by
the intensity and volume of the exercise sessions undertaken.

Finally, some authors [14,15] have shown that SIE can elicit negative affective reactions
during exercise, which is responsible for the withdrawal and avoidance of exercise in the
future. Most importantly, however, the SIE exercise protocol appears to be perceived as
too difficult and demanding in terms of the effort put into it, especially for individuals
with sedentary lifestyles [15]. Our experiment did not involve assessing affect, intention,
self-efficacy, enjoyment, and preference. However, we used the Borg scale to assess the
intensity of rating of perceived exertion after SIE. We found no statistically significant
differences in perceived exertion between the endurance, strength, and non-exercise groups
(endurance 5.16 RPE; strength 5.60 RPE; control 5.36 RPE); thus, we did not confirm the
hypothesis that the non-exercising lifestyle group had a significantly higher perceived
exertion. Thus, following Islam et al. [18], a short 10-s sprint with 50-s of rest is perceived
as enjoyable and leads to a greater desire to engage in SIE. We can speculate that SIE in our
formulation may safeguard the physical activity of a healthy, non-exercising population of
young people.

Our results should be interpreted with caution because lactate concentration was not
measured in this study, which could enrich the interpretations regarding hormonal changes
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due to a single interval session. There is also no measurement of peak power output (PPO),
work (W), or oxygen uptake (VO2), which could explain the mechanisms of C changes and
the change in the physiological cost of the participants. For a better characterization of
the participants, a more detailed analysis of the training experience should be conducted,
especially regarding the volume and intensity of physical activity undertaken per week.
The dominance scale has been validated, but not published to date, so we see this as a
limitation in our study.

5. Conclusions

Sprint interval exercise consisting of 5 × 10-s “all-out” bouts performed by non-
training individuals resulted in significant differences in cortisol changes concentrations
compared to strength-training individuals. The lack of significant changes in T and C
hormone concentrations among strength-training and endurance-training participants may
indicate that the exercise volume was too low.

Non-training participants had higher HR after SIE than those from endurance- and
strength-training groups; however, there were no differences in the ratings of perceived
exertion. This suggests that it may be used by non-professional individuals.
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Simple Summary: The aim of this study was to investigate whether it is possible to use infrared
thermography to assess cardiovascular fitness and aerobic capacity. Changes in temporal temperature
during and after a single bout of high-intensity exercise were measured from subjects with varying
levels of physical activity. Significant correlation between the temporal temperature measured during
recovery time with cardiovascular fitness parameters (HRR and HRV) and maximum oxygen con-
sumption confirm the usefulness of thermal imagining in aerobic capacity evaluation. These results
could foster the employment of infrared thermography to monitor athletic/athletes’ performance.

Abstract: The aim of this study was to determine whether there are associations between cardiovascu-
lar fitness (and aerobic capacity) and changes in temporal skin temperature during and after a single
bout of high-intensity exercise. Twenty-three men with varying levels of physical activity (VO2max:
59.03 ± 11.19 (mL/kg/min), body mass 71.5 ± 10.4 (kg), body height 179 ± 8 (cm)) participated
in the study. Each subject performed an incremental test and, after a 48-h interval, a 110%Pmax
power test combined with an analysis of the thermal parameters, heart rate recovery and heart rate
variability. Thermal radiation density from the body surface (temple) was measured using a Sonel
KT384 thermal imaging camera immediately after warm-up (Tb), immediately after exercise (Te) and
120 sec after the end of exercise (Tr). The differences between measurements were then calculated.
The correlation analysis between the thermal and cardiovascular function parameters during the
recovery period showed strong positive associations between the Tr-Te difference and measures of
cardiovascular fitness (50 < r < 69, p < 0.05). For example, the correlation coefficient between Tr-Te
and VO2max reached 0.55 and between Tr-Te and Pmax reached 0.68. The results obtained indicate
that the measurement of temporal temperature during and after an intense 3-min bout of exercise can
be used to assess aerobic physical capacity and cardiovascular fitness.

Keywords: cardiovascular fitness; aerobic capacity; skin surface temperature; high-intensity exercise;
thermal imaging; recovery

1. Introduction

The evaluation of cardiovascular fitness during exercise has been the subject of numer-
ous research papers [1–9]. In exercise testing, the measurement of maximal oxygen uptake
(VO2max) [1–4], assessment of heart rate recovery (HRR) [5–7] and heart rate variability
(HRV) [8,9] are popular methods used in its assessment.

The efficiency of the cardiovascular system (especially the cardiac minute volume)
and the blood volume [10] influence the regulation of blood distribution to the muscles
and skin during exercise [11]. Regulation of blood flow is largely an adrenergic response.
During intense exercise, the concentration of norepinephrine in blood increases [12,13].
Norepinephrine acts on the postsynaptic receptors (alpha1 and alpha2) of the sympathetic
adrenergic system, causing vasoconstriction of the cutaneous circulation vessels [11,14].
As a result, at the onset of intense exercise, there are changes in blood flow, consisting of
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an increase in flow in the limbs loaded with exercise and a decrease in flow to inactive
limbs and skin microcirculation [14–16]. Through the described reactions, the muscles are
better supplied with oxygen during intense work and the convection of flowing blood
is more effective [16–21]. However, when exercise is performed over a long period of
time, the internal body temperature increases and the heat removal mechanisms must
be activated [22]. These include the vasodilation of the skin vessels and an increase
in the intensity of cutaneous blood flow, intended to increase the heat release to the
atmosphere [22]. The magnitude of the increase in cutaneous blood flow during exercise
depends on aerobic capacity [11] and increased adaptation to training and heat stress [23].
This adaptation lowers the internal temperature threshold at which vasodilation of the
skin vessels occurs [23]. Exercise-induced changes in blood flow affect body surface
temperature [16,24].

The previous study by Hebisz et al. (2019) [25] showed that the level of maximal
oxygen uptake correlates strongly with the change in the temporal temperature observed
during recovery. At the same time, no similar correlations (with maximal oxygen uptake)
by measuring exercise and recovery changes in arm temperature were established. It is sur-
mised that those effects may be related to the degree of the vascularisation of the inspected
skin region, which is large in the temporal area (compared with the vascularisation of the
arm), due to a branch of the external carotid artery (superficial temporal artery) [26].

The exercise protocol used in the aforementioned study consisted of 4 sprints of 30 s
each, separated by 90 s rest periods [25]. Repeated sprint efforts (similar to Wingate tests)
lead to a severe disturbance of acid-base homeostasis [27] and high levels of subjective
fatigue [28]. For these reasons, there are people who avoid such efforts [28]. An alternative
protocol for testing thermal parameters on the temporal surface could be based on a single
effort of a few minutes, typical for HIIT-type training or tests aimed at verifying maximal
oxygen uptake. Such efforts are also very intensive as they achieve an oxygen uptake close
to the maximum [29], but at the same time, the level of subjective fatigue may be lower
afterwards [28].

The aim of this study was to determine whether there are associations between cardio-
vascular fitness (and aerobic capacity) and changes in temporal skin temperature during
and after a single bout of high-intensity exercise. It was assumed that, among other things,
the rate of maximal oxygen uptake (as well as the rate of heart rate recovery) would
positively correlate with the change in temporal temperature post-exercise.

2. Material and Methods
2.1. Participants

A group of 23 men with varying levels of physical activity participated in the study.
The participants were free of any known neuromusculoskeletal, cardiovascular and res-
piratory systems impairment. A total of 6 participants led a sedentary lifestyle, 10 were
classified as a physically active (exercise duration 3 to 5 h per week: 5—runners, 3—cross-fit,
2—swimming, 1—racket games;) and 7 were classified as athletes (regularly participating
in sport competitions; exercise duration 9 to 15 h per week: 3—runners, 2—cross-country
skiing, 2—team games). Table 1 shows the values of parameters characterising the physical
capacity and physique of the study group.

Table 1. Physiological and anthropometric characteristics of the group.

VO2max Pmax Age (y) BM (kg) LBM (kg) BH (cm)

59.03 ± 11.19 332.5 ± 48.4 22.8 ± 5.4 71.5 ± 10.4 64.3 ± 8.6 179 ± 8.1
VO2max—maximum oxygen consumption; Pmax—maximum power in graded exercise test; BM—body mass;
LBM—lean body mass; BH—body height.

The study was approved by the University Ethics Committee and conducted in accor-
dance with the ethical standards established by the Declaration of Helsinki. Participants
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were made aware of the experimental protocol and gave written consent to participate
prior to the study.

2.2. Study Design

The subjects had not performed heavy physical exercise in the 48 h prior to the exercise
tests. Each subject performed an incremental test for cardiovascular fitness and aerobic
efficiency assessment as well to determine the power of the verification test equal to 110%
of Pmax obtained in GXT. After a 48-h interval, a 110%Pmax power test combined with
an analysis of the thermal parameters, heart rate recovery and heart rate variability were
carried out (Figure 1).
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2.2.1. Body Composition

Before the test, body composition was measured using a near-infrared device NIR
(6100/XL, Futrex, Hagerstown, MD, USA). The device measures the optical density of body
tissues on the biceps brachii of the dominant hand to estimate the body fat expressed as
kilograms and percentages of body weight, lean body mass (LBM) and body water content
in liters and as a percentage of the body mass. It is a commonly used method for body
composition measurements [30,31].

2.2.2. Graded Exercise Test (GXT)

A graded exercise test (GXT) was performed to determine aerobic power [25,32]. The
test was conducted on a Lode Excalibur Sport cycloergometer (Lode B.V., Groningen,
The Netherlands), which was calibrated before the start of the study. The seat height
was adjusted individually so that the angle of deflection was no greater than 5◦ when the
leg was fully extended. The effort started at a load of 50 W; every 3 min, the load was
increased by 50 W until the subject refused to continue. If during the last load of the test
the subject failed to exert for 3 min, then for each missing second, 0.28 W was subtracted
from the current power value [33]. In this way, the maximal aerobic power (Pmax) value
was obtained.

During testing, subjects breathed through a mask as their expired air was sampled
breath by breath and analysed by a Quark CPET gas analyser (Cosmed, Milan, Italy). The
apparatus was calibrated with atmospheric air and a gas mixture composed of the following
elements: CO2—5%, O2—16% and N2—79%. The respiratory parameters (oxygen uptake
(VO2), exhaled carbon dioxide (VCO2), and minute pulmonary ventilation (VE)) were
measured. The analysis of the data was carried out with the results averaged every 30 s.
The highest VO2 recorded in GXT defines VO2peak1. Heart rate (HR) was recorded with
the V800 cardiofrequencimeter (Polar, Oy, Kempele, Finland).
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The first ventilatory threshold (VT1), at the point before the first non-linear increase
in VE·VO2

−1 equivalent without a concomitant increase in VE·VCO2
−1, was determined

from the recorded respiratory data from the GXT test; the second ventilation threshold
(VT2) was determined at the point preceding the second non-linear increase in VE·VO2

−1

or VE·VCO2
−1 equivalent, following the methodology described by Beaver et al. (1986) [34]

and Davis et al. (1980) [35].

2.2.3. Test at 110% of Pmax

A Lode Excalibur Sport cycloergometer and a Quark ergospirometer were used to
perform the test. The test was preceded by a 15-min warm-up, consisting of exercising for
5 min at an intensity corresponding to the power achieved at the VT1, followed by 10 min
at a power corresponding to halfway between the VT1 and the VT2. The warm-up was
followed by a 10-min passive break. The verification test lasted 3 min and was performed
at an intensity of 110% of the Pmax achieved in the GXT test performed two days earlier.
Recording of the respiratory parameters began 1 min before the verification test and ended
5 min after the test. The analysis of the data was carried out using the results averaged every
30 s. The highest recorded oxygen uptake value (from 30 sec averaging) was considered to
be the peak oxygen uptake in a verification test performed on a separate day (VO2peak2).
Maximal oxygen uptake (VO2max) was considered to be the higher than VO2peak1 and
VO2peak2, as in earlier work [32]. The power and oxygen uptake parameters analysed in
this study were recalculated in relation to body mass (VO2peak1, VO2peak2 and VO2max)
and lean body mass (Pmax·LBM−1, VO2max·LBM−1). Each exercise test was performed
under controlled thermal conditions. The air temperature was 21 ◦C and the humidity was
between 40–45%.

During the test at power 110%Pmax, the density of thermal radiation from the body
surface was measured using a thermal imaging camera Sonel KT384 (Sonel S.A., Świdnica,
Poland). The thermal imaging camera was used in accordance with the manufacturer’s
guidelines. The camera features IR resolution of 384 × 288; spectral range of 8–14 µm;
thermal sensitivity of 0.08 ◦C. The software provided by the manufacturer (Sonel Thermo-
Analyze ver. 1.0) converted radiation density into body surface temperature expressed in
◦C. During playback of the recorded video, individual frames were analysed and the mean
temperature was recorded within a square box (with a side length of 10 pixels), individually
marked on the temple (Figure 2), as in an earlier publication [25]. Baseline temperature was
determined after warm-up (Tb), immediately before the start of the exercise at 110%Pmax.
Further temperature determinations were made immediately after exercise (Te), and 120 s
after exercise (Tr). The difference between Te and Tb (T1 = Te − Tb), the difference be-
tween Tr and Tb (T2 = Tr − Tb) and the difference between Tr and Te (T3 = Tr − Te) were
then calculated.

During the warm-up and a 10-min passive break before the 110%Pmax power test,
the time interval between heartbeats (RR) was recorded using a V800 cardiofrequency
meter (Polar, Oy, Kempele, Finland). Heart rate values were averaged for 59–61” (HRR1’),
119–121” (HRR2’), 179–181” (HRR3’), 239–241” (HRR4’) and 299–301” (HRR5’) recovery
after warm-up, as recovery RR interval measurements have a high variability. The RR
intervals allowed for the analysis of consciously selected sections for HRR analysis. A
simpler method, such as HR recording, would result in a random entry segment for the
HRR analysis, as the cardiofrequencymeter’s software calculates the HR based on the
averaging data at 3 s intervals. The conversion of RR to HR was performed automatically
by PolarFlow (www.flow.polar.com accessed on 22 October 2021) in a precisely marked
part of the saved data. The changes in heart rate during recovery after warm-up were
then calculated as the difference between the heart rate measured at the end of warm-up
and HRR1’ (∆HRR1’), HHR2’ (∆HRR2’), HRR3’ (∆HRR3’), HRR4 (∆HRR4’) and HRR5’
(∆HRR5’), respectively, similar to Suzic Lazic et al. (2017) [6].
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For the temporal HRV parameters, the square-root of the mean squared difference
between successive normal-to-normal RR intervals (RMSSD3–5′ ) and standard deviation
of normal-to-normal RR intervals (SDNN3–5′ ) were calculated from the data recorded by
the cardiofrequencimeter during recovery after the warm-up. For the frequency domain, a
spectral analysis was performed using fast Fourier transformation to obtain low-frequency
spectral power (LFP3–5′ ) and high-frequency spectral power (HFP3–5′ ). For this purpose, the
Kubios HRV Standard software (KubiosOy, Kuopio, Finland) was used. HRV parameters
were calculated for the portion of the recording covering the third, fourth and fifth minutes
of recovery, similar to the methodology previously used by Buchheit et al. (2009) [36].
Medium threshold data filtering was applied in the calculation of the above variables.

For the analyses of HRV, HRR and ∆HRR, we used data collected in post-warm-up
recovery as these data allow analyses to be performed after standardised moderate-intensity
exercise, similar to the procedures used by other authors [36,37].

2.3. Statistical Analysis

The Shapiro–Wilk test was used to assess the distribution of the parameters studied.
Analysis of variance with repeated measurements was used to compare the parameters that
were measured several times during the study. Pearson’s simple correlation was used to
determine the strength of the relationships between the changes in temporal temperature
and measurements of cardiovascular fitness (and physical capacity). The scale modified
by Hopkins et al. (2009) [38] was used to interpret the correlation coefficient, which is as
follows: 0.1–0.29 = trivial, 0.30–0.49 = moderate, 0.50–0.69 = strong, 0.70 to 0.89 = very
strong, 0.90–0.99 = nearly perfect, and 1 = perfect.

Using the formula for the critical value of the correlation coefficient, the minimum
group size was calculated assuming that the acceptable level of statistical significance
(alpha) is 0.05 and that the strength of the correlation should be high, r > 0.5. The following
formula was used:

r =

√
t2
α

n− 2 + t2
α

(1)

On this basis, we determined that the minimum number of study participants was 16
at t ≈ 2.15.

3. Results

Using the analysis of variance, a statistically significant effect of the repeated measure-
ments was demonstrated for Tempb,e,r (F = 39.95; p = 0.000; η2 = 0.645). Using a post-hoc
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test, significant differences were shown between Tempe and Tempb and between Tempr
and Tempe (Table 2).

Table 2. Thermal parameters and baseline measurements of the physical capacity of the study participants.

Items X ± SD Lower 95%CI Upper 95%CI

Tempb (◦C) 33.0 ± 2.5 31.9 34.0
Tempe (◦C) 30.8 ± 2.5 * 29.7 31.9
Tempr (◦C) 32.6 ± 2.6 ** 31.5 33.7

T1 (◦C) −2.2 ± 1.1 −2.7 −1.7
T2 (◦C) −0.6 ± 1.3 −1.2 0.0
T3 (◦C) 1.7 ± 1.0 1.3 2.1

Pmax (W) 332.5 ± 48.4 311.6 353.5
Pmax·LBM−1 (W·kg−1) 5.27 ± 1.04 4.82 5.72

VO2peak1 (mL·min−1·kg−1) 55.56 ± 13.02 49.93 61.19
VO2peak2 (mL·min−1·kg−1) 58.25 ± 10.82 53.57 62.93
VO2max (mL·min−1·kg−1) 59.03 ± 11.19 54.19 63.87

VO2max·LBM−1

(mL·min−1·kg−1)
65.35 ± 11.21 60.50 70.20

Tempb—baseline temporal temperature; Tempe—temporal temperature measured immediately after the exercise
at 110%Pmax; Tempr—temporal temperature measured during recovery—120 sec after the exercise at 110%Pmax;
T1—difference between Tempe and Tempb; T2—difference between Tempr and Tempb; T3—difference between
Tempr and Tempe; Pmax—maximum aerobic power; LBM—lean body mass; VO2peak1—peak oxygen uptake
determined in GXT test; VO2peak2—peak oxygen uptake determined in exercise with 110%Pmax; VO2max—
maximum oxygen uptake; CI—confidence interval; *—p < 0.000 vs. Tempb; **—p < 0.000 vs. Tempe.

The simple correlation coefficient indicated moderate statistically significant relation-
ships of T1 with VO2peak2, VO2max, VO2max·LBM−1 (0.30 < r < 0.49) and strong relation-
ships of T3 with Pmax, Pmax·LBM−1, VO2peak1, VO2peak2, VO2max, VO2max·LBM−1

(Table 3) (0.50 < r < 0.69).

Table 3. Pearson correlation between thermal parameters and baseline measurements of physical capacity.

Items T1 (◦C) T2 (◦C) T3 (◦C)

Pmax (W) −0.33 0.11 0.63 *
Pmax·LBM−1 (W·kg−1) −0.32 0.06 0.68 *

VO2peak1 (mL·min−1·kg−1) −0.37 −0.07 0.46 *
VO2peak2 (mL·min−1·kg−1) −0.42 * −0.01 0.51 *
VO2max (mL·min−1·kg−1) −0.43 * −0.05 0.51 *

VO2max·LBM−1

(mL·min−1·kg−1)
−0.42 * −0.02 0.55 *

T1—difference between Tempe and Tempb; T2—difference between Tempr and Tempb; T3—difference between
Tempr and Tempe; Pmax—maximum aerobic power; LBM—lean body mass; VO2peak1—peak oxygen uptake
determined in GXT test; VO2peak2—peak oxygen uptake determined in exercise with 110%Pmax; VO2max—
maximum oxygen uptake; *—p < 0.05.

Using the analysis of variance, statistically significant effects of the repeated measure-
ments were demonstrated for HRR (F = 15.24; p = 0.000; η2 = 0.409) and ∆HRR (F = 15.57;
p = 0.000; η2 = 0.414). Using post-hoc tests, it was shown that HRR and ∆HRR measure-
ments performed in the first minute of recovery were significantly different from those
performed in the second, third, fourth and fifth minutes of recovery (Table 4).

Using the simple correlation coefficient, strong (0.50 < r < 0.69), statistically significant
relationships of T1 with ∆HRR2’, ∆HRR3’ and T3 with HRR1’, HRR2’ HRR4’, HRR5’,
∆HRR1’ ∆HRR2’ ∆HRR4’ ∆HRR5’ were demonstrated (Table 5).

Using the simple correlation coefficient, moderate (0.30 < r < 0.49), statistically signifi-
cant associations (p < 0.05) of T2 with SDNN1 and strong (0.50 < r < 0.69) of T3 with all
HRV parameters analysed in recovery were demonstrated (Table 6).

38



Biology 2022, 11, 948

Table 4. Recovery heart rate and recovery heart rate variability among study participants.

Items 1′ 2′ 3′ 4′ 5′

HRR (bpm)
95%CI L–U

99.2 ± 17.1
91.8–106.6

90.5 ± 18.6 *
43.7–54.6

88.4 ± 16.8 *
81.2–95.7

86.7 ± 14.8 *
80.3–93.1

86.2 ± 12.5 *
80.8–91.6

∆HRR (bpm)
95%CI L–U

49.1 ± 12.6
43.7–54.6

58.1 ± 13.9 *
52.1–64.2

60.2 ± 13.3 *
54.4–65.9

62.0 ± 11.2 *
57.1–66.8

62.4 ± 11.0 *
57.7–67.2

SDNN3–5′ (ms)
95%CI L–U — — 43.10 ± 22.46

33.39–52.81
RMSSD3–5′ (ms)

95%CI L–U — — 31.17 ± 19.72
22.65–39.70

HFP3–5′ (ms2)
95%CI L–U

— — 657.1 ± 1005.7
222.2–1092.0

LFP3–5′ (ms2)
95%CI L–U

— — 1488.2 ± 1541.9
821.5–2155.0

HRR—heart rate recovery; ∆HRR—difference between heart rate measured at the end of the warm-up and the
heart rate measured at the end if 1′, 2′, 3′, 4′, 5′ minute of recovery; SDNN3–5′—the standard deviation of NN
intervals; RMSSD3–5′—the root mean square of successive differences between normal heart beats HFP3–5′—high-
frequency power; LFP3–5′—low-frequency power; CI L–U—confidence interval for lower – upper value; 1′, 2′ 3′,
4′, 5′—1′, 2′ 3′, 4′, 5′—measurements taken in the next minutes of recovery after the warm-up; *—p < 0.05 vs. 1′.

Table 5. Pearson correlation between thermal parameters and recovery heart rate.

Items T1 (◦C) T2 (◦C) T3 (◦C)

HRR1′ (bpm) 0.09 −0.28 −0.53 *

∆HRR1′ (bpm) −0.34 0.11 0.63 *

HRR2′ (bpm) 0.20 −0.18 −0.50 *

∆HRR2′ (bpm) −0.48 * −0.02 0.57 *

HRR3′ (bpm) 0.17 −0.16 −0.36

∆HRR3′ (bpm) −0.44 * −0.07 0.35

HRR4′ (bpm) 0.10 −0.3 −0.58 *

∆HRR4′ (bpm) −0.40 0.07 0.64 *

HRR5′ (bpm) 0.12 −0.48 * −0.62 *

∆HRR5′ (bpm) −0.41 0.22 0.57 *
T1—difference between Tempe and Tempb; T2—difference Tempr and Tempb; T3—difference Tempr and Tempe;
HRR—heart rate recovery; ∆HRR—difference between heart rate measured at the end of the warm-up and the
heart rate measured at the end if 1′, 2′, 3′, 4′, 5′ minute of recovery; 1′, 2′, 3′, 4′, 5′—measurements taken in the
next minutes of recovery after the warm-up; *—p < 0.05.

Table 6. Pearson correlation between thermal parameters and recovery heart rate variability parameters.

Items T1 (◦C) T2 (◦C) T3 (◦C)

SDNN3–5′ −0.18 0.43 * 0.65 *

RMSSD3–5′ −0.29 0.36 0.67 *

HFP3–5′ −0.22 0.29 0.53 *

LFP3–5′ −0.17 0.31 0.50 *
T1—difference between Tempe and Tempb; T2—difference between Tempr and Tempb; T3—difference between
Tempr and Tempe; SDNN—the standard deviation of NN intervals; RMSSD—the root mean square of successive
differences between normal heart beats HFP—high-frequency power; LFP—low-frequency power; 1′, 2′ 3′, 4′,
5′—measurements taken in the next minutes of recovery after the warm-up; *—p < 0.05.

4. Discussion

The results of the study presented in this paper confirm the previous findings that
during a few minutes of intense physical exercise, the body surface temperature de-
creases [24,39,40], which is linked to vasoconstriction of the vessels of cutaneous circulation
and consequently to a decrease in blood flow in cutaneous circulation [24,39]. Furthermore,
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the results presented herein indicate that the level of cardiovascular fitness is related to the
magnitude of the decrease in temporal temperature during an effort of 110%Pmax lasting
a few minutes. This is evidenced by the results of the Pearson analyses, which showed
a negative correlation of moderate strength between T1 and VO2max and ∆HRR2’ and
∆HRR3’. The presence of the above correlations may be due to the fact that individuals
with higher VO2max [41] and greater HRR [42] are able to achieve greater power output
in incremental tests and, therefore, also in the 110%Pmax intensity test. During the ini-
tial phase of high-power exercise, oxygen deficit and muscle oxygen demand increase
rapidly [43], resulting in vasoconstriction in the inactive tissues (including the skin) and
redirection of blood towards the active tissues [21]. Hence, the magnitude of the decrease
in exercise body surface temperature is dependent on the intensity of the exercise [24]. The
mechanism described above may also explain the correlations that relate T1 and VO2max,
as well as T1 (Table 3) and ∆HRR, in our study (Table 2). Thus, the magnitude of the drop
in temporal temperature can be used as an indicator of the level of cardiovascular fitness
alongside generally accepted indicators such as maximal oxygen uptake [44] and heart rate
recovery [7–9].

The mechanical efficiency of muscles is only 20–30% [45,46]. When exercise is con-
tinued over a long period of time, the internal body temperature increases [47] because
the energy created by the skeletal muscle metabolism is largely converted into thermal en-
ergy [48]. Maintaining a balance between heat production and heat removal during exercise
ensures that you can continue exercising, preventing the development of thermal shock [49].
Thermal energy is most effectively removed from the muscles by blood convection [50].
At the same time, vasodilatation of the vessels of cutaneous circulation takes place, which
enables an increase in cutaneous blood flow, an increase in body surface temperature and
the release of thermal energy through radiation and sweat evaporation [21]. In the pro-
cess of training, vascular endothelial function improves [16]. This has been demonstrated
by administering acetylcholine and sodium nitroprusside by iontophoresis [51,52]. In
conjunction with improved vascular endothelial function, it was observed that endurance-
trained individuals had higher cutaneous blood flow during exercise at intensities up to
90% VO2max, compared to non-trained individuals [53]. In addition, endurance-trained
athletes have a higher blood volume and a higher cardiac stroke volume than non-trained
athletes [54,55]. High cutaneous blood flow, high cardiac stroke volume and high plasma
volume are factors that determine VO2max levels [2,55] and enable efficient thermal energy
removal during exercise [56,57]. Therefore, it can be assumed that high cardiovascular
fitness should favour a higher increase in body surface temperature, which is confirmed by
the strong correlation between T3 and VO2max (0.50 < r < 0.69) (Table 3). The direction of
the correlation of T3 with VO2max is opposite to the correlation between T1 and VO2max
probably because for short high-intensity efforts, the increase in body surface temperature
occurs only after the end of the effort [58].

The relationship between T3 and VO2max (Table 3) that we observed in recovery is
similar to the observations described in our earlier publication [25], in which we showed
a correlation between VO2max and recovery temporal temperature change after sprint
interval training (4 all-out sprints of 30 s each, interspersed with breaks of 90 s). However,
the exercise test protocol used in previous studies [25] is not commonly used in the diagnosis
of performance capacity. Efforts lasting several minutes at 110% Pmax are more commonly
performed in tests to verify VO2max [32,59–61]. Similar efforts are also used during
training [29]. For this reason, the correlation described in this study, with an exercise
protocol lasting 3 min at 110%Pmax, seems to be of greater applicative importance.

In the current study, HRV recovery and ∆HRR were measured after a moderate-
intensity warm-up, and T3 was measured during the high-intensity exercise that followed
the warm-up. Nevertheless, our results show strong correlations of T3 with ∆HRR and
with HRV (Table 6) parameters in each of the five recovery minutes analysed (Table 5).
As mentioned above, HRR is a measure of cardiovascular fitness [8,9] as well as fitness
level in endurance disciplines [6]. During recovery, the heart rate is reduced by a decrease
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in sympathetic, and an increase in parasympathetic, nervous system activity [6,62]. HRV
parameters measured during recovery are also a measure of sympathovagal balance [8].
This balance depends, among other things, on the level of heat stress [63,64]. It is, therefore,
possible that T3 correlates with ∆HRR and HRV recovery because it is a measure of the
ability to reduce heat stress. The significance of this relationship appears to be high, as the
coefficient of determination (R2) between T3 and recovery HRV parameters reached 45% in
our analyses (T3 and RMSSD3–5′ ).

Maximal oxygen uptake is the parameter that determines the possible amount of
energy obtained through aerobic metabolism [65]. In incremental tests, aerobic metabolism
is responsible for the vast majority of the work carried out and even in the final phase
of these tests, it is the dominant energy source [66]. Moreover, the correlation between
maximal power in incremental tests and VO2max level is very strong [67]. In view of this,
the relationship of T3 and VO2max should allow a correlation of T3 with Pmax to exist and
the current results shows this correlation, which was strongest (r = 0.68) when Pmax was
expressed as Pmax·LBM−1 (Table 3). This is a significant outcome of the current study, as it
allows us to conclude that physical capacity (ability to perform intense aerobic work) can
be assessed on the basis of changes in post-exercise body surface temperature.

The results of the research presented in this paper indicate that the temperature
of the temples’ surface increases in recovery after intense aerobic exercise, especially in
people with high physical capacity. Such results confirm the thesis from the studies by
Hebisz et al. [25] that blood flow increases in the temporal region as a result of intensive
work. At the same time, already at an intensity above 60% VO2max, the cerebral blood flow
decreases, which protects the brain from excessive thermal stress [68]. It is possible that the
reduction in cerebral blood flow additionally increases the blood flow in the branches of
the external carotid artery. Thus, a decrease in cerebral blood flow may result in a greater
increase in the temples’ surface temperature following exercise. However, this statement
requires empirical confirmation.

5. Conclusions

As hypothesised, the recovery changes in temporal temperature (after a 3-min bout
of intense exercise) were positively correlated with the measurements of cardiovascular
fitness applied. It is also possible to assess the level of aerobic capacity (ability to per-
form intense aerobic work) on the basis of recovery changes in temporal temperature.
Furthermore, exercise-induced changes in temporal temperature correlated with the mea-
surements of cardiovascular fitness, although in this case, the relationship was negative.
The results obtained indicate that the measurements of temporal temperature during and
after an intense 3-min bout of exercise can be used to assess aerobic physical capacity and
cardiovascular fitness.
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Simple Summary: Cancer patients need to overcome several issues, leaving them more vulnerable
to depressive symptoms. Exercise is recognised as a practice that helps to deal with depressive symp-
toms. This study is an umbrella review of meta-analyses about the effect of exercise on depressive
symptoms among cancer patients. Six studies were included. A significant reduction in depressive
symptoms was observed because of exercise. However, the studies varied in methodological terms,
making a broad generalisation difficult. We can conclude that exercise is a good alternative to deal
with depressive symptoms among cancer patients. Still, more studies are needed to clarify some
aspects that are not answered yet.

Abstract: Background: Cancer patients must deal with several health challenges, including emotional
distress and depressive symptoms. This study aimed to evaluate evidence from published systematic
reviews and meta-analyses about the efficacy of exercise on depressive symptoms in cancer patients.
Methods: We searched for previous meta-analyses of randomised controlled trials on PubMed, Web of
Science and Scopus, with data inception to 30 December 2021. Two independent researchers assessed
the methodological quality using the Assessment of Multiple Systematic Reviews 2 (AMSTAR2)
instrument. Six meta-analyses were integrated. All included middle-aged and older adults. Five
presented moderate quality, and one presented low quality. Results: Overall, a significant reduction
in depressive symptoms was observed among the included studies. However, the heterogeneity
between studies was high, and high-quality evidence for the efficacy of exercise on depressive
symptoms was limited. Conclusions: Exercise could be a possibility in the treatment of depressive
symptoms in cancer patients, especially when supervised and outside the home. The better dose of
exercise needs to be clarified. More high-quality evidence is needed to better prescribe exercise to
this vulnerable population.

Keywords: tumour; exercise; depression; mental health; cancer survivorship
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1. Introduction

Cancer is a global public health issue, with 19.3 million new cases of cancer diagnosed
in 2020 and 10 million individuals dying from the disease [1]. Cancer occurs mostly with
older age and in the United States of America, and 90% of cancers are diagnosed in those
aged >50 years [2]. Female breast cancer is the most commonly diagnosed cancer (11.7%),
followed by lung (11.4%), colorectal (10.0%), prostate (7.3%), and stomach (5.6%) cancers [1].
Despite the lethality of different types of cancer, many cancer patients survive. However,
cancer patients are in a vulnerable situation since they go through several health challenges,
as cancer diagnosis and treatment have a serious impact on their physical and mental
well-being [3]. Cancer patients experience several emotional disruptions, such as fear of
death, interruption of life plans, decreased body image and self-esteem, and changes in
social role and lifestyle [4]. One of the most common impacts is depression, which affects up
to 20% of patients with cancer [5], however, the prevalence rate of depression among cancer
patients is heterogeneous, according to clinical setting [6], the stage of the disease [5,7] and
type of cancer [8], ranging between 5% and 49% [9]. Aggravating this issue, depression in
cancer patients is associated with low chemotherapy compliance [10] and an increased risk
of death [11]. Therefore, the treatment of depression among cancer patients should be a
priority. However, there is still the notion that depression is inevitable and untreatable [12].
In addition, there is limited trial data on depressive symptoms’ treatment efficacy in cancer
patients [13]. Pharmacological therapy, consisting of antidepressant medications, is usually
considered for the treatment of moderate to severe major depression; also, a combined
modality approach, including psychosocial and pharmacologic interventions, is a feasible
alternative [14].

Alongside pharmacological and psychosocial therapy, exercise can have a positive
impact on depressive symptoms [15]. Several mechanisms are involved in the association
between exercise and depression, from neurobiological to behavioural mechanisms [16].
One is the inflammation-related factors (IRFs) [17], where studies have shown an associa-
tion between inflammatory markers and depressive symptoms, including fatigue, impaired
sleep and cognitive dysfunction [18,19]. Exercise could create an anti-inflammatory en-
vironment and reduce the serum level of leptin and fibroblast growth factors (FGF) [20].
IL-10, produced by exercise, acted as an anti-inflammatory cytokine and is stimulated by
the release of adrenaline and cortisol from the adrenal gland, which reduces the release of
pro-inflammatory cytokines in the hippocampus [21]. Regarding behavioural mechanisms,
exercise can promote several behavioural changes. Engagement in exercise programs and
learning new movements skills or completing physically challenging exercises may lead
to gaining a sense of mastery [22]. The activity-based perception of physical strength and
flexibility is associated with increased physical self-esteem and consequently, an increase in
global self-esteem [23].

Regular exercise after diagnosis increases survivorship by 50–60%, with strong evi-
dence for breast and colorectal cancers [15]. In addition to improving depressive symptoms,
exercise positively impacts other depression- and cancer-related outcomes, such as anxiety,
fatigue, physical functioning, and health-related quality of life [3]. Although the efficacy of
exercise interventions in reducing depressive symptoms among cancer patients was already
established by previous systematic reviews and meta-analyses [24–29], previous studies
substantially vary in scope, quality and methodology, which can cause considerable confu-
sion and misdirect efforts in the implementation of exercise interventions. An umbrella
review of previous research is warranted to better inform future trials needs, as well as
establish a consistent message for health policies targeting this vulnerable population. The
specific questions that we should answer with this study are: (1) regarding some aspects
of exercise intervention, such as the type of exercise, the dose of exercise, the difference
between home-based exercise and other locations, which are the most effective to deal
with depressive symptoms? (2) Regarding the difference between the type of cancer, the
moment of the exercise intervention, before, during or after cancer treatment, are there any
differences? Therefore, this study aimed to present an umbrella review of an exercise inter-
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vention on depressive symptoms among cancer patients, appraising hints of uncertainty
and bias in the body of literature and providing recommendations for future research.

2. Materials and Methods
2.1. Literature Search

The protocol of this umbrella review was registered under PROSPERO (CRD42021254843)
and followed the Preferred Reporting Items for Systematic reviews and Meta-Analyses
(PRISMA) 2020 guidelines [30]. Two researchers performed the literature search in PubMed,
Web of Science, and Scopus, focusing on meta-analyses published until 30 December 2021 to
investigate the efficacy of exercise in reducing depressive symptoms among cancer patients.
In cases of disagreement, a third researcher was asked to arbitrate. The search terms were:
(“physical activ*” OR “physical inactiv” OR exercise OR training OR sport* OR fitness
OR “movement behavio*” OR walking OR running OR yoga OR jogging OR swimming
OR cycl*) AND (depress* OR “mental health” OR mood OR “psychological health” OR
“psychological function*” OR “mental function*” OR worries OR worry OR “depressive
disorder*” OR “baby blues”) AND (cancer OR neoplas* OR tumor OR chemo* OR radiat*
OR malign* OR carciniom*) NOT Rats. No language limitation was established. Records
previously known to the authors were also identified.

2.2. Eligibility Criteria

Included articles in the systematic review met the PICOS (participants, intervention,
comparison, outcome, study design) criteria [31]. The criteria included characteristics of
participants (cancer patients); intervention (any type of exercise); comparison: regular care
or physical activity; outcome (depressive symptoms diagnosed using a structured clinical
interview, screened for probable depression using a validated assessment, or diagnosed
according to the judgement of a health professional); study design (meta-analyses of parallel
designs, controlled trials. Meta-analyses were excluded if the studies involved animals.

2.3. Quality Assessment

Two authors assessed the methodological quality of the included meta-analyses using
the Assessment of Multiple Systematic Reviews (AMSTAR 2) checklist. Scores range from
0 to 11, with higher scores indicating greater quality [25]. The AMSTAR checklist involves
the dichotomous scoring (0 or 1) of 11 items related to the rigour of systematic reviews and
meta-analyses (e.g., comprehensive search strategy, publication bias assessment). AMSTAR
scores are graded as high (8–11), medium (4–7), and low (0–3) quality [32]. The authors
discussed grading discrepancies and reached a consensus.

2.4. Data Extraction

Study characteristics were extracted from full texts, including the number of ran-
domised controlled trials (RCTs) and participants; participants’ characteristics; exercise
intervention’s characteristics; comparisons; and outcomes measures. Data on the standard-
ised mean difference (SMD) and heterogeneity (I2 statistic) in meta-analytic comparisons
were also extracted. The SMD was classified as trivial (<0.20), small (0.20 to 0.49), medium
(0.50 to 0.79) or large (≥0.80) [33]. I2 statistic values were considered to be representa-
tive of low (0 to 25%), moderate (25 to 50%), large (50 to 75%) or a very large (>75%)
inconsistency [34].

3. Results
3.1. Literature Search

The study selection process is summarised in Figure 1. A total of 54 records were
identified in the literature search, 53 from the databases and 1 from other sources, i.e.,
previously known to the authors. After removing the duplicates (n = 32), two researchers
reviewed the remaining 22 records’ titles and abstracts. Ten records were excluded at this
stage. The remaining 12 records’ full text were assessed for eligibility. From this analysis,
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six records were excluded for the following reasons: another type of intervention (n = 1);
without meta-analysis (n = 3); without data on depressive symptoms (n = 2). Therefore, six
records were included in this study [24–29].

Figure 1. PRISMA flow diagram of study selection.

3.2. Study Characteristics

The characteristics of the meta-analyses included in this umbrella review are presented
in Table 1.
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3.3. Number of RCTs and Participants

The number of participants included in each meta-analysis varied according to the
number of included RCTs. The Brown et al. research had the largest sample, including
37 RCTs and 2929 participants [24], while Vashistha et al. presented the smallest sample,
with three RCTs and 196 participants [28]. Considering all the included meta-analyses, this
study undertook 100 RCTs and 8125 participants. The overlap of single studies within the
six included meta-analyses was low (27%), leading to a final number of 79 RCTs.

3.4. Participants’ Characteristics

The mean age of the participants ranged between 45 [29] and 73 years [28]. The mean
age of five [24–27,29] out of the six included studies is above 50 years, that is, patients of
older age. Two meta-analyses only included women [27,29], the other two meta-analyses
included men and women [24,26], and one meta-analysis only included men [28]. One
meta-analysis did not present participants’ gender information [25]. Two meta-analyses
were focused on breast cancer [27,29]. In three other meta-analyses, most RCTs were
focused on breast cancer (24 out of 37 [24], 60% of participants [25], and 18 out of 26 [26]).
One meta-analysis was focused on prostate cancer [28].

3.5. Exercise Intervention Characteristics

Different types of exercise interventions were included, such as aerobic training
(e.g., walking, cycling) [24,25,27,28], resistance training (e.g., weight machines, resistance
bands) [24,25,27,28], yoga [24,26,27] and qigong [28]. The duration and session frequency
were also different for each intervention. For instance, the mean duration of the inter-
vention in the three meta-analyses that reported this information was 13 weeks [24], 4 to
14 weeks [25], and 9 weeks [26].

3.6. Comparison of Experimental Conditions

Exercise interventions were compared with different control conditions, including: no
exercise program [24], usual care [25–29], educational print material [25], psychosocial or
educational interventions [26], and stretching [27,28].

3.7. Outcome Measures

Depressive symptoms were assessed by different instruments, such as the Center for
Epidemiological Studies—Depression [24,26–29], the Profile of Mood States [24,26,29], the
Beck Depression Inventory [24,26,29], the Hospital Anxiety Depression Scale [24,26,27,29],
the Symptoms Assessment Scale [24], the Patient Health Questionnaire [26], the Brief
Symptom Inventory [28], and the Self-rating Depression Scale [29].

3.8. Quality Assessment of Studies

All included meta-analyses conducted a risk of bias analysis regarding single studies.
Three of them used the PEDro scale. The mean PEDro score was 7.0 ± 1.0 in Brown’s
study [24], representing high quality. In the Craft’s study, all with the exception of three
studies attained high quality [25]. Additionally, in Patsou’s study, the mean PEDro score
indicated high quality (6.1 ± 2.0) [27]. The other three studies used the Cochrane risk of
bias tool, assessing six aspects of the trial methodology. Under each domain, studies were
classified as low, high or unclear risk of bias. More details about each domain for each
study analysed can be seen in the original paper [26,28,29].

3.9. Quality Assessment

Table 2 presents the results obtained with the AMSTAR 2 checklist regarding the
methodological quality of the meta-analyses. All meta-analyses, except one, presented
a moderate-quality review. Vashistha et al. [28] had a low-quality review, mostly be-
cause it did not account for the risk of bias in individual studies when interpreting the
review results.
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3.10. Synthesis of Results
3.10.1. Main Results

The main results of each included meta-analysis are summarised in Table 3. Dif-
ferent methods were used to present aggregate effects, including Cohen’s d, Hedges’ g
statistic, and the standardised mean difference (SMD) using a random-effects model. In
four out of the six included meta-analyses, the authors observed a significant reduction in
depressive symptoms favouring the exercise group. In studies from Patsou et al. [20] and
Vashistha et al. [21], no statistically significant decrease in depressive symptoms for the
exercise group was observed. Three meta-analyses, Brown et al. [17], Craft et al. [18] and Pat-
sou et al. [20] observed small effect sizes, whereas two meta-analyses, Gonzalez et al. [19]
and Yi et al. [22], reported moderate effect size. All the included meta-analyses presented a
large or very large heterogeneity (I2 from 55% to 84%).

Table 3. Results of the meta-analyses included in the study.

Reference Effect on Depressive
Symptoms (95% CI) I2 (%) Conclusions

Brown et al. [24] d = −0.13 (−0.26, −0.01) 55%
Significant small reduction in depressive
symptoms compared to usual care among
all types of cancer.

Craft et al. [25] d = −0.22 (−0.43, −0.009) The test for heterogeneity
was significant (p < 0.001).

Significant small reduction in depressive
symptoms when comparing exercise
interventions to control groups.

Gonzalez et al. [26] g = −0.55 (−0.78, −0.32) 77%

Significant medium effect size in favour of
yoga interventions for reducing depression
symptoms in comparison to
control conditions.

Patsou et al. [27] g = −0.38 (−0.89, 0.13) 77% Non-significant reduction in depressive
symptoms for the exercise group.

Vashistha et al. [28] SMD = −3.02 (−7.83, 1.79) 78% Non-significant reduction in depressive
symptoms for the exercise group.

Yi et al. [29] SMD = −0.56 (−1.05, −0.07) 84% Significant improvement in depressive
symptoms for yoga interventions.

Abbreviations: d, mean change scores (Cohen’s d); g, Hedges’ g statistic to estimated effect size; I2, I-squared
statistic for heterogeneity; SMD, standardised mean difference.

3.10.2. Sensitivity and Subgroup Analyses

Four of the six included meta-analyses presented sensitivity or subgroup analyses.
Regarding the type of cancer, the Brown et al. [17] subgroup analysis revealed significant
reductions in depressive symptoms among breast cancer patients (d= −0.17; 95% CI: −0.32,
−0.02), but non-significant differences for prostate, leukaemia, lymphoma and colorectal
cancer patients. Gonzalez et al. [19] proceeded with a subgroup analysis of only breast
cancer patients and presented a significant moderate reduction in depressive symptoms
favouring exercise (g = −0.41; 95% CI: −0.59, −0.23).

A subgroup analysis compared supervised vs. non-supervised exercise. Brown
et al. [17] showed that supervised exercise was the most effective in reducing depressive
symptoms (ß = −0.26, p = 0.01). Moreover Craft et al. [18] founded that supervised exercise
presented a greater reduction in depressive symptoms (ES = −0.67; 95% CI: −1.11, −0.23)
than non-supervised exercise (ES = 0.25; 95% CI: −0.01, 0.50).

Another aspect observed in the subgroup analyses was the exercise dose. Craft
et al. [18] founded that exercise bout durations >30 min had larger effects (ES = −0.57; 95%
CI: −0.91, −0.23) on depression than exercise bouts ≤30 min (ES = 0.01; 95% CI: −0.20, 0.22).
Lastly, Patsou et al. [20] demonstrated that exercising ≤135 min/week yielded a moderate
to a large effect (g = −0.82; 95% CI: −1.54, −0.10; I2 = 35%) and exercising ≥135 min/week
presented no significant effect. Moreover, exercise up to 12 weeks yielded a moderate to
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a large effect (g = −1.69; 95% CI: −2.66, −0.73; I2 = 32%), while exercise duration over
12 weeks presented no significant effect.

Regarding participants’ age, only Brown et al. [17] explored this subgroup analy-
sis and showed that exercise was the most effective when cancer patients were between
47 and 62 years (ß = −0.27, p = 0.01). Among older adults, the effect of exercise on depres-
sive symptoms was not significant.

Craft et al. [18] also analysed potential moderators of effect, including exercise location,
observing that home-based exercise was associated with increased depressive symptoms
(ES = 0.16; 95% CI: −0.15, 0.47), while other exercise locations presented a reduction in
depressive symptoms (ES = −0.45; 95% CI: −0.77, −0.14).

The Gonzalez et al. [19] sensitivity analysis showed that removing one study greatly
reduced heterogeneity (I2 = 36.9%) but also reduced the effect size to the small-medium
range (g = −0.41; 95% CI: −0.55, −0.28). Additionally, comparing studies that used active
and inactive control interventions did not find differences; both had a significant, medium
to small effect size post-intervention.

Lastly, Patsou et al. [20] performed several subgroup analyses showing that: aerobic
exercise interventions yield a large and significant effect on depression (g = −1.23; 95%
CI: −1.97, −0.49; I2 = 0%), no significant effect was found regarding resistance exercise
interventions, combined aerobic and resistance exercise and Yoga interventions. Exercise
during treatment yielded a moderate effect (g = −0.54; 95% CI: −1.16, 0.08; I2 = 25%), while
exercise post-treatment yielded no significant effect.

4. Discussion

This umbrella review included six meta-analyses that comprised 100 individual studies
with little overlap that investigated the effect of exercise on depressive symptoms among
cancer survivors. Overall, a small significant reduction in depressive symptoms in this
vulnerable population was observed in the studies. However, high-quality evidence for
the efficacy of exercise on depressive symptoms is limited. For a more detailed analysis,
some points need to be considered, such as the type of cancer, the specificity of exercise
prescription, the time of interventions, and during or after cancer.

In our umbrella review, participants had mainly breast cancer in the included meta-
analysis and were mostly women. Only one study did not include breast cancer [27] and
was with prostate cancer patients, and it was the one that did not observe a significant
effect of exercise on depressive symptoms. In a subgroup analysis, Brown et al. found a
significant reduction in depressive symptoms among breast cancer survivors but did not
find the same in prostate, leukaemia, lymphoma and colorectal cancer [17]. The prevalence
of depression among breast cancer survivors is higher than in other cancers and can achieve
32.8% [35]. Moreover, depression is more prevalent in women than men [36], and breast
cancer is prevalent in women. Evidence suggests that depression in breast cancer patients
decreases over time and is more common throughout the disease and in the recurrent
phase of breast cancer [37]. The occurrence of depression among patients with breast
cancer is due to several factors, such as treatment-related distress, worries regarding fear of
death and disease recurrence, and altered body image, sexuality and attractiveness [38–40].
In addition, a study exposes the association between depression and tumour levels of
estrogen receptors and progesterone receptors [41]. A study found that fatigue and pain
are significant risk factors for developing depression among breast cancer survivors [37].
Fatigue is also a recognised barrier to exercise [42]; however, exercise can reduce fatigue
among women with breast cancer [43]. The benefits of exercise can be extended to improve
physical functioning and multiple aspects of quality of life among cancer patients [44].
Moreover, exercise is a feasible alternative to control symptoms burden and improve
well-being among breast cancer patients [39].

Another sample characteristic that must be highlighted is that most patients were older
adults (>50 years old). In the general population, the prevalence of depression symptoms
rises with increasing age, 10% to 15% of older adults have clinically significant depressive
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symptoms [45]. Older patients with cancer often experience depression, fatigue, pain,
and sleep disturbance [46]. Only one included meta-analysis directly explored the role of
age in the effectiveness of exercise on depression symptoms and found that the efficacy
seems to disappear among old age patients [24]. However, an RCT with older cancer
patients receiving chemotherapy found that after the six-week structure exercise program,
participants’ anxiety and mood improved [47]. Besides the effects of exercise on mental
health, physically active old age patients improve general health, such as physical fitness
outcomes, quality of life and increased life expectancy [48].

When considering the effects of exercise on depressive symptoms, it is necessary to
consider the characteristics of the exercise we are referring to. Many dimensions of exercise
exist, which are captured in part by the principle (frequency, intensity, time and type of
exercise), as well as the way of practising, whether accompanied or not and if exercise
occurs indoors or outdoors. However, the included systematic meta-analyses showed
great variance concerning exercise. Except for Gonzalez et al. and Yi et al. [26,29], which
analysed the effects of yoga intervention, the others included meta-analyses that examined a
variety of exercises, such as aerobic (e.g., walking, cycling), resistance (e.g., weight machine,
resistance bands) and qigong. Only the Patsou et al. study explored the difference between
the types of exercise and found that aerobic intervention yields a large significant effect on
depressive symptoms. At the same time, resistance training presents a small significant
effect, and combined aerobic and resistance training yielded a moderate effect [27]. This
statement is in accordance with the American College of Sports Medicine (ACSM), which
describes that resistance training alone does not seem effective for depression [3]. Aerobic
activities are cost-effective and should be popularised in clinical practice.

Regarding yoga, both included meta-analyses that analysed only intervention found
significant and medium effects on depressive symptoms [26,29]. However, in the Patsou
et al. study, which included aerobic exercise, resistance exercise and yoga intervention,
when a subgroup analysis proceeded and considered only yoga intervention, no significant
difference in depression symptoms was observed [27]. The contradictory results found in
the three studies can be explained by the fact that yoga combines breathing (pranayama)
and meditative techniques during a series of postures (asanas), but different types of yoga
were being practised, which made it difficult to understand the effects of this practice [49].

Two included meta-analyses found that supervised exercise is more efficient than
non-supervised exercise [32,38], which also appears in the ACSM recommendation [3].
Craft et al.’s study [25] explored the effects of exercise session durations and found that
more than 30 min had larger effects compared with less than 30 min of the exercise session.
In Patsou et al. [27] ≤135 min/week yielded a moderate to large effect and no effect with
≥135 min/week of exercise. The ACSM describes that aerobic training performed three
times per week and for at least 12 weeks or twice weekly with combined aerobic plus
resistance training lasting 6 to 12 weeks, can significantly reduce depressive symptoms
in cancer survivors during and after treatment. However, the exact exercise duration per
week has not yet been established by the ACSM. Gonzalez et al.’s study [26] explored the
frequency and found no differences between one class per week and two or more classes
per week. In contrast, Patsou et al. [27] explored the exercise intervention program duration
and found that exercise for up to 12 weeks yielded a moderate to large effect compared with
a small effect of over 12 weeks. Aside from the efficacy of depressive symptoms, exercise
has other benefits in health outcomes among cancer survivors that must be considered such
as improving cardiorespiratory fitness [50], and muscle strength [51,52].

Another important aspect of the efficacy of exercise on depressive symptoms among
cancer survivors is the time of intervention, before the diagnosis, during treatment or in a
recovering phase. This aspect was explored, and no difference was found between patients
receiving cancer treatment, following treatment or mixed treatment status [26]. On the
other hand, patients under treatment yielded a moderate effect, and patients post-treatment
yielded a small effect [27]. Exercise increases the chemotherapy completion rate during
treatment without causing lymphedema or significant adverse events [53]. In addition,
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exercise appears to reduce chemotherapy-induced peripheral neuropathy symptoms in
patients receiving taxane-, platinum-, or vinca alkaloid-based chemotherapy [54].

Concerning the methodological quality, the AMSTAR 2 scores show that the majority
were of moderate methodological quality. Nevertheless, as for item #10, “Did the review
authors report on the sources of funding for the studies included in the review”, no study
reported the source of funding which can entail a risk of bias.

Strengths and Limitation

The strength of our study is that we included two recent meta-analyses, one from
2020 [19] and one from 2021 [22], and compiled current data regarding the effectiveness of
exercise in depressive symptoms among cancer patients. However, some limitations should
be exposed. The prevalence of breast cancer was substantial, which prevented us from
generalising the findings to other types of cancer. Two studies did not perform subgroup
analysis, and those who performed subgroup analysis did not analyse the same constructs,
specifically in relation to the FITT principles of exercise. Future research is required to
clarify the effectiveness of different intervention modalities (frequency, intensity, time and
type) for depressive symptoms among cancer survivors to allow determination of exercise
dose-response. Moreover, additional studies are needed to evaluate the cost-analysis and
adverse events of exercise, and there is an urgent need for innovative methods to generate
high-quality evidence.

5. Conclusions

Our critical review contributed to the evidence of the effects of exercise on depressive
symptoms among cancer patients. Four in six studies found a significant effect of exercise.
Some aspects should be highlighted and should be used for future interventions. Super-
vised exercise is better than non-supervised. The dose of exercise seems to be important,
however, the finding did not present a specific dose-response relation. Exercise outside of
the home is better than home-based exercise. Aerobic exercise is the most effective type
of exercise. The effect of exercise on depression seems to be more effective among breast
cancer patients. Future studies should explore other types of cancer.
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Simple Summary: In this study, we analyse the relationship of the in-season variations of external,
internal and well-being measures across different periods of a semi-professional soccer season (early-,
mid- and end-season) and describe TM and TS for the entire period of the analysis. The main findings
of our study revealed that increasing the training intensity affects the well-being of the players and
consequently the training intensity management. Coaches and their staff should consider the results
of this study, because despite the relationship between external and internal intensity, each has a
unique effect on the perception of the player’s training intensity management.

Abstract: The purpose of this study was two-fold: (a) to describe and analyse the relationship of
the in-season variations of external and internal intensity metrics as well as well-being measures
across different periods of a semi-professional soccer season (early-, mid- and end-season); and
(b) to describe training monotony (TM) and training strain (TS) for 20 weeks in a semi-professional
soccer season. Eighteen semi-professional players (age: 29 ± 4.1) from the Asian First League team
participated in this study. The players were monitored for 20 consecutive weeks during in-season for
external training intensity, internal training intensity and well-being parameters. The in-season was
organized into three periods: early-season (weeks 1–7); mid-season (weeks 8–13); and end-season
(weeks 14–20). Total distance (TD), high-speed running distance (HSRD), sprint distance, rate of
perceived exertion (RPE), session-RPE (s-RPE), TM, TS, heart rate average and maximum, as well
as sleep quality, stress and muscle soreness were collected. Results revealed that TD, HSRD and
sprint distance (total values) were meaningfully greater during end-season than in the early-season.
RPE showed a significantly highest value during the end-season (4.27 AU) than in early- (3.68 AU)
and mid-season (3.65 AU), p < 0.01. TS showed significant differences between early-season with
mid-season (p = 0.011) and end-season (p < 0.01), and the highest value occurred in week 17 during
end-season (6656.51 AU), while the lowest value occurred in week 4 during early-season (797.17 AU).
The average TD periods showed a moderate to large correlation with RPE, sleep and s-RPE at early-,
mid- and end-season. Increasing the training intensity without considering the well-being of the
players affects the performance of the team. Examining processes of the relationship between training
intensity and other psychological indicators among players will probably be effective in training
planning. Sports coaches and fitness professionals should be wary of changes in TM and TS that
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affect players performance. Therefore, to better control the training, more consideration should be
given by the coaches.

Keywords: load; heart rate; high-speed running; monotony; muscle soreness; sprint; sleep; strain; stress

1. Introduction

Nowadays, it is almost mandatory to monitor intensity and well-being to know the
effects of exercise training programs on soccer players, and to individualize the training
process in semi-professional soccer teams [1]. Through the season, there are several varia-
tions on training and well-being measures, and their monitoring is essential to apply the
most successful strategy for recovery and competition [2].

In a recent study by Impellizzeri et al. [3], intensity monitoring definition was updated
and defined in two dimensions: external (the physical demands imposed by the design
and mode of exercise), and internal (the psychophysiological impact of external intensity).
Usually, distances of different speed thresholds and accelerometry-based variables are the
main measures reported as external intensity, while heart rate and rated perceived exertion
(RPE) are the main measures reported as internal intensity [4].

Furthermore, well-being monitoring also represents a non-invasive valid and quick
tool for collecting information associated with the status and readiness of the players to
the training process and competition [5,6]. One example of an instrument that allows this
monitoring process is the Hooper questionnaire [5], which include four categories: delayed
onset muscle soreness (DOMS), fatigue, sleep, and stress.

Monitoring external, internal and well-being measures is part of daily strategies used
to quantify the training session effects [6], but it can also allow the identification of intensity
variations across the season [7]. In this sense, additional analyses can be performed to
specific data obtained. For instance, two traditional indexes known as training monotony
(TM) and training strain (TS) have been used to analyse such week variations. TM is
used to analyse the intensity variability within the week, while TS is used to analyse
the intensity variability multiplied by the accumulated intensity of the week [8]. The
relationship between both indexes is supported by their formulas where TM is calculated
by dividing the daily mean load by the standard deviation while TS is calculated through
the product of weekly load by TM [8]. Usually, both indexes are based on the training
duration multiplied by RPE (s-RPE) [8].

However, despite such a diversity of intensity measures, few studies have anal-
ysed the relationship between external, internal and well-being measures [9–11]. For
instance, Haddad et al. [10] did not observe any relationship between the Hooper In-
dex (HI) categories and RPE through submaximal exercises in junior soccer players, but
Clemente et al. [9] showed negative correlations between s-RPE with DOMS, sleep, fatigue,
and stress in weeks with two matches across training data from a full professional soccer
season [10]. Moreover, Oliveira et al. [11] analysed associations in 10 in-season mesocycles
(full-season) between all external, internal and wellbeing measures, and found negative
correlations between stress and total distance [11]. In addition, the same authors found
positive correlations between fatigue and s-RPE, between DOMS and s-RPE, and between
HI total score and total distance [11].

The above-mentioned results were obtained in small sample sizes (n ranged between
17–35), which is common for soccer studies, and thus more research is needed to analyse
the relationship between external, internal and well-being measures simultaneously, since
there were multiple occasions where such analysis was not presented. Therefore, this study
aims: (a) to describe and analyse the relationship of the in-season variations of external,
internal and well-being measures across different periods of a semi-professional soccer
season (early-, mid- and end-season); and (b) to describe TM and TS for the entire period of
the analysis in a semi-professional soccer season.
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2. Materials and Methods
2.1. Participants

In this study, eighteen male semi-professional soccer players from Iran’s First League
were examined and monitored (age, 29 ± 4.1 years; height, 179.6 ± 4.7 cm; body mass,
74.9 ± 3.9 kg). All players participated in the in-season (>80%) [9].

The exclusion criteria were adopted from a previous study, namely, players with injury
or that did not participate in training for at least two consecutive weeks and non-field
positions such as the goalkeepers due to differences in intensity in training and matches [12].
All participants were familiarised with the training protocols prior to investigation. The
Ardabil University of Medical Sciences’ ethical committee code IR.ARUMS.REC.1399.545
was authorized for this study, which followed the Declaration of Helsinki’s guidelines.

2.2. Experimental Design

A descriptive longitudinal approach of 20 in-season consecutive weeks was used.
Specifically, for the present study, all players participated in 47 training sessions and
20 matches. Only data from regular training sessions was considered for analysis which
means that data from resistance training, competitions, rehabilitation and/or recuperation
sessions was excluded. All session were planned by the coach and staff, and the researchers
only controlled the initial and final 30 min of the sessions. The analysed period ranged
from early season (30 October 2017) until the end of the season (18 March 2018). The
present in-season was organized into three periods: early-season (weeks 1–7); mid-season
(weeks 8–13); and end-season (weeks 14–20) (Figure 1). Players’ weekly averages and
accumulated values were used for analysis.
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Figure 1 shows the distributions of weeks per periods of the season, as well as the
number of training sessions and matches.

2.3. External Intensity Monitoring

All training sessions were monitored using GPS (GPSPORTS systems Pty Ltd., Model:
SPI HPU; Canberra, Australia). The GPS included 15 Hz position GPS and a tri-axial
accelerometer, and this device has previously shown high validity and reliability [13]. For
data collection, belts were placed on the players’ shoulders and chests. At the end of the
sessions, belts were collected and checked by the team’s GPS manager. Then, devices
entered the dock system to download the information to the Team AMS software. After
this procedure and before next session, all belts were recharged. The SPI IQ Absolutes were
adjusted for GPS default zone throughout the season.
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The measures used for analysis were: TD; HSRD covered between 18 to 23 km/h−1;
and sprint distance covered above >23 km/h−1. Data were considered in daily average
values and the total of each period analysed, respectively.

2.4. Internal Intensity Monitoring

Players were monitored daily using a Borg’s CR10 scale [14], adapted by Foster et al. [15].
This scale showed validity and reliability for quantifying session intensity [16].

Thirty minutes after each session, players individually provided their RPE value using
a tablet to avoid non-valid scores. The RPE values provided were also multiplied by the
training duration, to obtain the s-RPE [15,17]. Previously, all players were familiarized with
the RPE scale.

Through s-RPE, TM (mean of training load during the seven days of the week divided
by the SD of the training load of the seven days) [12,18,19] and TS (sum of the training load
for all training sessions during a week multiplied by TM) [12,18,19] were calculated.

A flashing RED light was used to track HR. We placed each unit perpendicular to
the bag, the logo on the unit was facing backwards and the RED light was on. HPUs are
designed to automatically collect athlete’s HR data in one session. In addition to the GPS
receiver, the SPI Pro X unit consists of a tri-axial accelerometer for estimating the forces on
the player, and an integrated HR monitor. The following variable was selected: HR average
(HRavg). Then, weekly HRavg was calculated by the average value for the entire week for
each period, respectively. The way this information was recorded was similar to previous
studies [12,20,21]. Daily average data were used for RPE, s-RPE and HRavg.

2.5. Well-Being Monitoring

Approximately thirty minutes before sessions, players provided the HI scores [5] with
the same procedures of the RPE. HI is a questionnaire that includes fatigue, stress, DOMS
(scale of 1–7, in which 1 is very, very low and 7 is very, very high), and quality of sleep of
the night that preceded the evaluation (scale of 1–7, in which 1 is very, very bad and 7 is
very, very good). However, due to the purposes of the coach, fatigue was not considered in
the present study. Daily average data was used for each category.

2.6. Statistical Analysis

Descriptive statistics were used to characterize the sample. Shapiro–Wilk was used to
test normality of results. Results were presented as mean ± SD. The relationship between
all variables at the different periods was verified using bivariate correlations [22] (Pear-
son’s product–moment correlation coefficient (r)). The correlations’ effect size (ES) were
calculated using the following criteria: <0.1, (trivial); 0.1–0.3, (small); >0.3–0.5, (moderate);
>0.5–0.7, (large); >0.7–0.9, (very large); and >0.9, (virtually perfect)

All variables obtained a normal distribution (Shapiro–Wilk, p > 0.05), a repeated mea-
sures ANOVA test was used with the Bonferroni post hoc test was used to compare variables
for periods throughout the in-season. Statistical significance was set at p ≤ 0.05. Hedge’s g
ES was also calculated to determine the magnitude of pairwise comparisons through the
following formula: (mean 1–mean 2)/SD * pooled [23]. Then, the Hopkins threshold was
applied: g ≤ 0.2, (trivial); 0.2 to ≤0.6, (small); 0.6 to ≤1.2, (moderate); 1.2 to ≤2.0, (large);
2.0 to ≤4.0, (very large); and >4.0, (nearly perfect) [24,25]. All data were analysed using IBM
SPSS Statistics (version 22, IBM Corporation (SPSS Inc., Chicago, IL, USA).

3. Results

Table 1 shows the differences between the early-, mid- and end-season for all measures.
To organize the results section, five sub-sections will address external, internal and

well-being monitoring, correlations, monotony, and strain descriptions, respectively. To
simplify the results description, only moderate to nearly perfect ES’s will be described here.

62



Biology 2022, 11, 467

Table 1. Descriptive statistics (mean ± standard deviation (SD)) of the external, and internal and
well-being measures in the early-, mid- and end-season.

Measure EarS
(Mean ± SD)

MidS
(Mean ± SD)

EndS
(Mean ± SD) p Hedges’ g (95% CI)

RPE (AU) 3.68 ± 0.62 3.65 ± 0.61 4.27 ± 0.60
EarS vs. MidS: 1.000 -
EarS vs. EndS: 0.009 −1.75 [−2.56, −0.99] large
MidS vs. EndS: 0.002 −1.87 [−2.70, −1.11] large

Avg TDur (Min) 58.91 ± 7.62 71.99 ± 3.72 77.44 ± 3.67
EarS vs. MidS: <0.01 −2.13 [−3.00, −1.34] very large
EarS vs. EndS: <0.01 −3.03 [−4.07, −2.11] very large
MidS vs. EndS: <0.01 −1.44 [−2.21, −0.73] large

Total TDur (Min) 989.61 ± 136.89 1180.22 ± 136.96 1846.77 ± 177.11
EarS vs. MidS: 0.001 −1.36 [−2.12, −0.65] large
EarS vs. EndS: <0.01 −5.29 [−6.84, −3.96] nearly perfect
MidS vs. EndS: <0.01 −4.11 [−5.39, −3.01] nearly perfect

s-RPE (AU) 235.89 ± 35.19 285.87 ± 26.96 333.27 ± 58.41
EarS vs. MidS: <0.01 −1.56 [−2.34, −0.83] large
EarS vs. EndS: <0.01 −1.97 [−2.82, −1.20] large
MidS vs. EndS: 0.028 −1.02 [−1.73, −0.34] moderate

Sleep 2.30 ± 0.75 2.13 ± 0.38 2.18 ± 0.44
EarS vs. MidS: 1.000 -
EarS vs. EndS: 1.000 -
MidS vs. EndS: 1.000 -

Stress 1.81 ± 0.49 1.50 ± 0.27 1.39 ± 0.29
EarS vs. MidS: 0.086 -
EarS vs. EndS: 0.032 0.77 [0.09, 1.46] small
MidS vs. EndS: 0.489 -

DOMS 2.18 ± 0.71 2.12 ± 0.31 2.18 ± 0.36
EarS vs. MidS: 1.000 -
EarS vs. EndS: 1.000 -
MidS vs. EndS: 1.000 -

TM (AU) 3.88 ± 2.44 6.14 ± 3.86 3.93 ± 0.69
EarS vs. MidS: 0.120 -
EarS vs. EndS: 1.000 -
MidS vs. EndS: 0.087 -

TS (AU) 1988.93 ± 1210.84 4405.95 ± 2935.36 3948.96 ± 647.78
EarS vs. MidS: 0.011 −1.05 [−1.78, −0.37] moderate
EarS vs. EndS: <0.01 −1.97 [−2.82, −1.20] large
MidS vs. EndS: 1.000 -

Avg TD (Km) 5.62 ± 0.86 5.24 ± 0.86 5.14 ± 0.51
EarS vs. MidS: 0.165 -
EarS vs. EndS: 0.039 0.66 [0.001, 1.35] moderate
MidS vs. EndS: 1.000 -

Total TD (Km) 108.30 ± 29.52 99.82 ± 0.86 133.86 ± 39.43
EarS vs. MidS: 0.493 -
EarS vs. EndS: 0.022 −0.71 [−1.40, −0,05] moderate
MidS vs. EndS: 0.003 −1.19 [−1.93, −0.49] moderate

Avg HSRD (Km) 0.72 ± 0.23 1.53 ± 0.29 3.07 ± 0.48
EarS vs. MidS: <0.01 −3.03 [−4.07, −2.10] very large
EarS vs. EndS: <0.01 −6.11 [−7.85, −4.62] nearly perfect
MidS vs. EndS: <0.01 −3.79 [−5.00, −2.75] very large

Total HSRD (Km) 14.06 ± 5.52 28.20 ± 9.47 77.95 ± 21.90
EarS vs. MidS: <0.01 −1.78 [−2.59, −1.03] large
EarS vs. EndS: <0.01 −3.91 [−5.14, −2.84] very large
MidS vs. EndS: <0.01 −2.88 [−3.89, −1.98] very large

Avg SD (Km) 0.61 ± 0.05 0.51 ± 0.03 0.56 ± 0.04
EarS vs. MidS: 0.079 -
EarS vs. EndS: 1.000 -
MidS vs. EndS: 0.638 -

Total SD (Km) 11.63 ± 4.14 9.55 ± 4.07 14.01 ± 4.00
EarS vs. MidS: 0.061 -
EarS vs. EndS: 0.202 -
MidS vs. EndS:0.002 −1.08 [−1.80, −0.39] moderate

HRavg (bpm) 137 ± 2 140 ± 9 135 ± 2
EarS vs. MidS: 1.000 -
EarS vs. EndS: 1.000 -
MidS vs. EndS: 1.000 -

Abbreviations: EarS, early-season; MidS, mid-season; EndS, end-season; AU, arbitrary units; RPE, rate of perceived
exertion; Avg, average; TDur, Training duration; Min, minutes; s-RPE, session rate of perceived exertion; DOMS,
delayed onset muscle soreness; TM, training monotony; TS, training strain; TD, total distance; Km, kilometres;
HSRD, high-speed running distance; SD, speed distance; HRavg, heart rate average; Bpm, beats per minute.

3.1. External Intensity Monitoring

In relation to TD (average values), a significant difference was found between early- vs.
end-season, while TD in total values showed two significant differences, early- vs. end-
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season (p = 0.022), and mid- vs. end-season (p = 0.003), both with moderate ES. The HSRD
(in average and total values) showed significant differences between all periods of the
in-season. The sprint distance shows a significant difference between mid- vs. end-season.

3.2. Internal Intensity Monitoring

The RPE showed the highest values in the end-season (4.27 AU), with significant
differences between the early- and mid-season. Average and total training duration showed
the lower values in the early-season (58.91 and 989.61 min, respectively). They both showed
significant differences with mid- and end-season. Regarding to s-RPE, it showed higher
values in end-season (333.27 AU) compared to early- and mid-season. TS showed significant
differences between early-season with mid- and end-season.

3.3. Well-Being Monitoring

There were no meaningful differences for quality of sleep, stress, or DOMS.

3.4. Correlations of All Measures for Each Period

Tables 2–5 show the correlation coefficient of all measures in the study on the early-,
mid-, end-season, and full-season, respectively.

3.5. Training Monotony and Training Strain Descriptions

Figure 2 shows an overall view of the weekly average for TM and TS calculated
through the s-RPE across 20 weeks. Overall, Figure 2 shows that the highest TM occurred
in week 12 during mid-season (9.60 AU), while the lowest value occurred in week 4
during early-season (1.92 AU). The highest TS occurred in week 17 during end-season
(6656.51 AU), while the lowest value occurred in week 4 during early-season (797.17 AU).
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4. Discussion

The aim of the present study was to quantify and analyse the relationship of the external
and internal training intensity metrics as well as the well-being measures in different periods
of a semi-professional soccer season (early-, mid- and end-season); and to describe TM and
TS for the entire period of the analysis in a semi-professional soccer season.

In the case of external training intensity metrics, it was observed that the total HSRD
and sprint distance in comparison to the early and mid-season increased at the end-season.
Previous studies had used various methods to examine these factors. According to the
coaches, there could be variances in training and performance depending on the degree of
play that led to differences in the values reported in different periods [26]. The number of
training sessions and team competitions at the end-season was higher than the previous
periods, which in turn can affect the high total HSRD and TD. The average HSRD showed
a positive correlation with RPE changes. In many studies, changes in internal intensity
exhibit high correlation with low speeds and low-intensity distance, but not with high
speeds. Possible reasons include GPS error at high speeds, individual ability/requirement
to reach high speeds, and the nonlinear relationship between speeds and internal intensity.
One aspect that internal intensity does not take into account is moving at higher speeds
(>14 km·h−1) and high accelerations (>2 m·s−2) [27,28]. According to previous results, RPE
also showed the highest values in the end-season (4.27 AU), which shows a significant
difference between the early and mid-season, and follows the same line of external intensity.

Analysis of internal intensity measured by psychological variables such as RPE is
highly preferred because of its potential for integrating different types of stimuli and ease of
use [8]. Various factors may affect RPE. As an example, situations such as scoring, scoring
opportunities, ball control, tackle, good play on set, winning turnover, increasing ball
possession or ability to block the attack, or even non-technical/tactical training can have an
impact the perceived exertion of a player [29]. Therefore, given the team’s matches and
training seasons at the end-season compared to previous periods, a higher RPE value can
be justified. Furthermore, s-RPE was considered an important global indicator of training
intensity and intensity in team sports [29,30]. However, Haddad et al. suggested that s-RPE
is not sufficient to identify health indicators such as subjective fatigue, DOMS, stress, and
sleep level of young soccer players [10]. In this case, Hooper and Mackinnon [5] suggested
a self-assessment-based psychometric questionnaire, which includes well-being related
to sleep, stress, fatigue, and DOMS. It is considered one of the best questionnaires for
estimating well-being and monitoring the perceived health of soccer players [6,19].

In the present study, no significant difference was observed in well-being measures
between the periods of the season. Evaluating RPE was found very important instrument in
correlating overtraining of athletes with physical demands on the body. However, changes
in TM and TS were also not significant during the season. It is not clear why it fluctuates,
exhibiting a W-shaped diagram, during the season. Several factors such as match position,
match result, opponent quality, tactics system, and training program can affect these results.
Contextual factors such as tactical formation and suspension of a match can affect the
overall workload during a match, and further into the previous or next training session [21].
This result may have been a strategy of the coach to prepare the team for the next period to
achieve better results. On the other hand, the rise in TS had led to a decline in TM in the
coming weeks, which can be seen in the indicators of well-being (considering not being
meaningful). The degree of sleep quality gradually decreased compared to the early-season,
and the quality of sleep also improved with the increase in TS and decrease in TM in the
last weeks of the end-season. Additionally, DOMS and stress were higher than the end-
season. Past studies had also shown that increasing the training intensity and competitions
impairs sleep quality [31,32]. On the other hand, the changes were consistent with previous
literature, where the high diversity of TM and TS in the mid-season reflected that players
prefer greater training intensity for motivation [33].

The average of TD showed a moderate to high correlation with RPE, sleep and s-RPE
at early-, mid- and end-seasons. In a similar study, the daily intensity over the course
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of a week revealed a high and moderate correlation with peak power and change of
direction at different periods of the seasons in elite youth soccer players [34]. Another study
examined the daily training intensity and perceived wellness characteristics and showed
that the amount of training intensity was linked to sleep perceived by elite football players.
This condition was also reported in our study [6].

In the other part of results, there was a large association between TD and sprint
distance and between TD and HSRD in the early-, mid- and end-season. It can be inferred
that this high level of correlation indicates the effect of external training intensity indices
on each other. Numerous studies have reported a negative correlation between training
intensity and strength indices. However, the methods of measuring internal training
intensity were different from the present study [35], which reinforces the need for more
studies to confirm the present results. Additionally, a review article assessed the symptoms
of perceived stress and it showed that both categories were sensitive to acute changes [36].
On the other hand, increasing HRavg is associated with increasing TM and TS, which
indicates that increasing external intensity increases HRavg. On the other hand, the
increase in TM leads to overtraining based on a previous study [37], which is one of the
consequences of overtraining, and consequently increases the heart rate during training
and competition.

In the early-, mid-, and end-season, there was a large and negative relationship
between Avg TD and DOMS, as well as between sleep and Avg HSRD. Similar to the results
of this study, previous research has linked perceived sleep, stress, fatigue, and DOMS to
daily perceived intensity at the professional level [38].

Meanwhile, there are limitations to this study that need to be considered. First, we can
point to the lack of pre-season information, which affects the overall results. Second, the
number of athletes participating in this study was relatively small, which makes it difficult
to generalize the results. Third, in future studies, changes in acute and chronic training can
also be considered along with external and internal training intensity to obtain complete
information. Fourth, stress from HI questionnaire was not considered in the present study
which could present more details on data analysis. The final limitation of this study was
the lack of internal and external load monitoring in resistance training and competitions
sessions which should be considered in future studies.

5. Conclusions

Coaches and their staff should consider the results of this study. Despite the rela-
tionship between external and internal intensity, each metric had a unique effect on the
perception of the player’s training intensity management, and special attention should be
paid to each player when monitoring a training session.

Sport coaches and fitness professionals should be wary of changes in TM and TS that
affect players’ good responses, because based on the results, increasing these metrics can
have a negative effect on indicators such as DOMS and sleep.

This study shows the relationship between training intensity and other psychological
indicators among players. Examining these processes will probably be effective in training
planning. Therefore, in order to better control the training, more consideration should be
given by the coaches, so that the team performance can be maximized, and better results
can be obtained. The results serve as a useful tool for providing coaches and their staff
information on determining perception factors.
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Simple Summary: In this study, we aimed to analyze the prevalence of positive effects of high-
intensity interval training (HIIT) on body composition, cardiovascular parameters, and cardiores-
piratory fitness among adolescents. We investigated 52 boys and 89 girls from a secondary school,
separated into an experimental group (EG) with HIIT intervention and a control group (CG). The
measured parameters were body fat % (BFP), resting systolic blood pressure (SBP), diastolic blood
pressure (DBP), and fitness index (FI). The results indicate that positive HIIT-induced changes in SBP,
DBP, and FI were most common among boys, especially those with low body mass index. Our study
also revealed relationships between changes in FI and BFP and BP parameters. The effectiveness of
HIIT was confirmed concerning the prevalence of the positive changes in measured parameters. We
suggest that HIIT should be implemented in PE lessons, although there is a need to look for a more
efficient method for girls.

Abstract: Analysis of the interventions on cardiovascular disease risk factors focuses on quantitative
changes, omitting assessment of positive effect frequency in individuals. The aim of this study
was to assess the prevalence of positive effects of high-intensity interval training (HIIT) on body
composition, cardiovascular parameters, and cardiorespiratory fitness among adolescents. A total
of 52 boys and 89 girls from a secondary school were separated into an experimental group (EG)
with HIIT and a control group (CG). Body fat % (BFP), resting systolic blood pressure (SBP), diastolic
blood pressure (DBP), and fitness index (FI) changes were calculated. We assessed the influence and
interaction of three factors: intervention (INT), sex (SEX), and body mass index (BMIstatus) on the
ratio of individuals with and without positive changes. We used log-linear models for interactions
and multivariate correspondence analysis (MCA). The results indicate that HIIT affects the prevalence
of positive changes in SBP, DBP, and FI. Interactions between factors suggest boys with low BMI get
more benefit from the intervention than girls. The MCA indicates a relationship between FI and BFP
and between BP parameters. The effectiveness of HIIT was confirmed concerning the prevalence of
the positive changes in measured parameters. We suggest that HIIT should be implemented in PE
lessons, although there is a need to look for a more efficient method for girls.

Keywords: adolescent; Tabata training; high-intensity interval training; body fat; blood pressure;
cardiorespiratory fitness; physical education lessons; log-linear analysis; multivariate correspon-
dence analysis

1. Introduction

Obesity, high blood pressure (BP), and low cardiorespiratory fitness (CRF) in youth are
associated the premature cardiovascular diseases and all-cause mortality in adulthood [1,2].
The literature has reported the prevalence of obesity in almost every fourth child and
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youth in the Western world; elevated BP (reflected in pre- and hypertension) in 11.2% of
adolescents from developing countries; and low levels of CRF, which has declined over the
past six decades [3–5].

There are strong associations between a high level of obesity, elevated BP, and lack of
physical activity (PA) in children [6]. Epidemiological surveys demonstrated an increasing
number of hypertension cases in youth linked to overweight/obesity in adolescents, partic-
ularly those who are not physically active [7]. A global growth in the prevalence of physical
inactivity can be observed. About 80% of young people do not perform the minimum
physical activity level recommended by the World Health Organization [8,9]. The same
trend is observed in Poland [10]. One of the greatest global challenges is to improve the
prevention and treatment of non-communicable diseases [11].

The effectiveness of the PA has been demonstrated in the regulation of body mass,
resting blood pressure, also confirming its effectiveness in the prevention of obesity and
hypertension [12,13]. The relevant setting to introduce PA seems to be physical education
lessons [14]. Increasing the intensity of exercises in regular PE lessons at school seems to
be the most accessible method [15]. Evidence suggests that implementing high-intensity
exercises into physical education (PE) lessons positively correlates with improved blood
pressure and body mass index [16–19]. High-intensity interval training (HIIT) seems to be
the most appropriate method to increase exercise intensity in PE lessons. Its advantage
is short intervention time with very intensive effort, which saves time but is enough
to improve maximum oxygen uptake and affect cardiovascular parameters and body
mass composition in adolescence [20–25]. As mentioned above, positive effects of HIIT
intervention were observed in BP, body composition, and CRF [18,20–25]. However, some
differences were observed in the relevant effects of sex and initial BMI [22–25]. This suggests
differing effectiveness of HIIT intervention in various groups of adolescents. It remains
unclear how the effectiveness of this type of intervention could differ due to sex and BMI,
as well as the prevalence of positive effects on BP, body fat, and CRF.

Current studies on the effects of different interventions, including HIIT, on several
aspects of biological condition and health of adolescents are primarily limited to the
assessment of differences in measured variables (usually showing statistical significance
of the difference in mean values) [26–28]. All studied groups included individuals who
responded to experimental factors and individuals who did not respond. The question
arises, what proportion of individuals experienced positive changes compared to those
who experienced no such changes? The second question is: what factors moderate the
mentioned relationship, and do these moderators interact with each other? The next
question is: is there (and what type if yes) any correspondence between frequencies of
individuals separated into different categories of factors (e.g., sex and body mass index)?
To date, to our knowledge, there is a lack of an in-depth review of the effects of HIIT
intervention on the prevalence of positive changes in adolescents, and there are, as yet, no
answers to the questions posed above.

Therefore, the purpose of the present study was to assess the prevalence of positive
changes in adolescents following high-intensity interval training (HIIT) implemented in
physical education (PE) lessons in terms of body composition, cardiovascular parameters,
and cardiorespiratory fitness according to sex and body mass index. Specifically, we aimed
to (1) examine the potential interactions between factors that could affect positive changes
in the mentioned parameters, (2) provide an overview of co-occurrences associated with the
prevalence of positive changes in individuals following HIIT intervention, and (3) assess
the structure and strength of similarities between categories.

2. Materials and Methods
2.1. Participants

The participants all participated in the same standard physical education program. The
participants comprised six separate classes, of which three were randomly assigned to the
experimental group (EG) and three to the control group (CG). Among 187 pupils from a sec-
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ondary school, 141 subjects completed the study, comprising 52 boys (EG N = 31; CG N = 21;
age, 16.24 (±0.34) years; body height, 176.74 (±6.07) cm; body mass, 65.42 (±12.51) kg) and
89 girls (EC N = 42; CG N = 47; age, 16.12 (±0.42) years; body height 164.38 (±6.54) cm; body
mass 56.71 (±10.23) kg). Among the 46 excluded subjects, 10 were excluded due to medical
contradiction, 17 were excluded from participating in additional sports training, and 19
were excluded during the intervention due to absence in physical education classes. There
were no adverse effects observed. All participants were volunteers. A detailed description
of the participants is presented in Table 1.

Table 1. Descriptive statistics of dependent variables (body fat percentage (BFP), resting systolic and
diastolic blood pressure (SBP, DBP), and fitness index (FI)) in categories of factors (intervention (INT),
sex (SEX), and body mass index intervals (BMIstatus).

Factors Outcomes

INT SEX

BMIstatus BFP SBP DBP FI

Category Mean ± SD
95%CI

Mean ± SD
95%CI

Mean ± SD
95%CI

Mean ± SD
95%CI

Mean ± SD
95%CI

EG

M

L 18.36 ± 1.35
17.61–19.11

11.53 ± 2.93
9.90–13.15

121.40 ± 14.96
113.11–129.68

76.46 ± 5.93
73.17–79.75

44.81 ± 4.30
42.43–47.19

M 21.00 ± 0.98
20.33–21.66

15.87 ± 4.60
12.77–18.96

123.63 ± 13.33
114.67–132.59

69.90 ± 6.93
65.25–74.56

45.14 ± 2.30
43.59–46.69

H 28.26 ± 3.80
23.53–32.98

27.62 ± 6.67
19.32–35.91

128.40 ± 4.21
123.16–133.63

76.20 ± 9.49
64.40–87.99

42.65 ± 2.80
39.16–46.14

F

L 18.62 ± 1.01
18.08–19.16

23.90 ± 2.88
22.37–25.44

116.87 ± 10.06
111.51–122.23

73.43 ± 8.81
68.73–78.13

42.28 ± 2.60
40.90–43.67

M 21.47 ± 0.96
21.06–21.89

28.12 ± 5.32
25.82–30.43

116.69 ± 7.87
113.28–120.10

70.26 ± 6.46
67.46–73.05

44.32 ± 5.35
42.01–46.64

H 23.97 ± 0.81
21.95–25.99

30.96 ± 3.00
23.51–38.42

117.01 ± 6.24
101.48–132.51

73.00 ± 6.08
57.88–88.11

42.64 ± 7.19
24.77–60.51

CG

M

L 18.43 ± 0.98
17.67–19.19

11.75 ± 3.17
9.31–14.19

116.00 ± 8.30
109.61–122.38

74.77 ± 5.51
70.53–79.01

43.21 ± 2.89
40.99–45.43

M 21.30 ± 0.86
20.58–22.02

13.43 ± 3.14
10.80–16.06

122.25 ± 11.20
112.87–131.62

77.12 ± 5.74
72.32–81.92

45.36 ± 3.59
42.35–48.36

H 25.55 ± 2.58
21.43–29.66

24.27 ± 10.00
8.34–40.20

128.75 ± 3.30
123.49–134.00

79.25 ± 10.71
62.19–96.30

41.93 ± 2.96
37.21–46.66

F

L 18.41 ± 0.95
17.97–18.84

24.55 ± 3.86
22.79–26.31

113.28 ± 6.39
110.37–116.19

70.19 ± 5.52
67.67–72.70

44.08 ± 3.63
42.43–45.73

M 21.57 ± 1.05
20.98–22.15

29.40 ± 3.31
27.56–31.24

116.46 ± 9.22
111.35–121.57

68.60 ± 7.64
64.36–72.83

44.44 ± 3.49
42.50–46.37

H 26.21 ± 4.45
23.22–29.20

35.93 ± 5.83
32.01–39.85

117.72 ± 9.76
111.16–124.28

72.27 ± 9.33
65.99–78.54

45.79 ± 5.13
42.34–49.24

INT-intervention factor, categories: EG-experimental group, CG-control group; SEX-sex factor, categories: M-male,
F-female; BMIstatus-BMI factor, categories: L-low, M-medium, H-high; BFP-percentage of body fat; SBP-systolic
blood pressure, DBP-diastolic blood pressure, FI-fitness index.

2.2. Procedures

The measurements were taken before and after the 10-week intervention on one
day from 8:00 a.m. to 1:00 p.m. Participants were asked to excrete, avoid physical ac-
tivity and excessive drinking of liquids, and keep their typical morning patterns directly
before measurement.
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2.3. Anthropometric Measurements

Body height was measured with an accuracy of 0.1 cm using anthropometers (GPM
Anthropological Instruments, DKSH Ltd., Zurich, Switzerland). Bodyweight and body fat
percentage (BF%) were measured using an InBody230 body composition analyzer (InBody
Co. Ltd., Cerritos, CA, USA). This tool is characterized by very high reliability in men
and women, as indicated by high intraclass correlation coefficients for BF% (≥0.98), FM
(≥0.98), and FFM (≥0.99) and low standard error of measurement [29]. BMI was calculated
based on received body height and weight values. Obtained results were used to divide
participants into three groups based on the following intervals: low category of BMIstatus
(BMI < 20), medium category of BMIstatus (19.99 < BMI < 23.00), and high category of
BMIstatus (BMI > 22.99). Intervals were arbitrarily assumed regarding small numbers of
individuals with very low or very high body mass index.

2.4. Fitness Index (FI) (Harvard Step Test)—Cardiorespiratory Fitness

The Harvard Step Test (HST) was used to evaluate aerobic capacity. The HST results
of subjects allowed for calculation of the fitness index (FI) according to the following
formula [30]: PEI = (100 × L)/(5.5 × p), where L = duration of the test in seconds, L < 300 s,
and p = heart rate within 1.5 min after the subject stopped the test. The reliability of the
HST is acceptable at an intraclass correlations coefficient (ICC) of 0.63 [31].

The subjects had to step up and down on a stool with a height of 41.3 cm with a
constant pace determined by a metronome. The process starts with the subjects stepping
onto and off the step box at 30 cycles per minute. The test duration is a maximum of
300 s, or when the subject rejects the test due to fatigue. Resting heart rate and changes in
pulse during exercise and recovery were measured (Polar H1 heart rate monitors, Polar
Electro; Kempele, Finland). Heart rate monitors recorded pulse at 5 s intervals, which was
transmitted to a smartwatch.

2.5. Resting Blood Pressure Measurements

Blood pressure was measured by an Omron BP710 automatic blood pressure mon-
itor. The subjects had to sit quietly for 10 min. Next, the measurements were taken
three times, separated into 10 min intervals. The analyzed results are the means of the
three measurements.

2.6. Intervention

The intervention lasted 10 weeks. Participants followed the HIIT intervention during
the one PE lesson (45 min) per week. First, a 10 min warmup with jogging and stretching
exercises conducted. Next, the HIIT intervention was performed and lasted 14 min, divided
into three sessions based on Tabata protocol (20 s work/10 s rest) separated by a 1 min
break. In the first session, participants performed: pushups, high knees; in the second
session: dynamic lunges, spider crawling; in the third session: plank-to-pushups and side
squeezes. All exercises were played on a screen to ensure that workout and rest were
implemented accurately. After the HIIT intervention, stretching and breathing exercises
were performed to calm down. The control group participated in a standard physical
education program.

The participants’ heart rate was measured with a Polar H1 (Polar Electro, Kempele,
Finland) and established the range of 75–80% HRmax (145–157 heartbeats/min) when
performing HIIT. The Tanaka formula, HRmax = 208 − 0.7 × “age” (age = 16 years in this
study), was used to verify the intensity of the workout. The subjects achieved an HR of
156.2 ± 17.8 bpm (CI 95%: 123.0–184.0).

2.7. Statistical Analysis

Descriptive statistics for continuous measurements (BMI, BFP, SBP, DBP, and FI) are
presented as means and SDs, with a 95% CI, and were calculated for boys and girls from
experimental and control groups separated into BMIstatus intervals.
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The associations between the free factors and four outcomes were assessed in subse-
quent steps. The following categories of the elements were accepted: intervention (INT):
experimental group (EG) with HIIT program vs. control group (CG) with standard PE
lessons; sex (SEX): boys (M) vs. girls (F); BMI level (BMIstatus): low category vs. medium
category vs. high category. The outcomes were changes between post- and preintervention
results, coded as positive (1) or lack of positive (0) changes). The changes were calculated
as post- and preintervention differences. Positive change was defined as any change con-
sistent with the direction defined as pro-health, including reducing body fat and blood
pressure (lower postintervention result than preintervention measurement), as well as
incrementing cardiorespiratory fitness (higher value of the postintervention development
than preintervention measurement). A lack of positive change was defined as no difference
or results opposite to abovementioned changes.

First, log-linear analysis was conducted to find the simplest model that fits the data
concerning outcome. Log-linear analysis is a method for studying structural relationships
between variables in a contingency table [32]. This method examines which variables
interact and impact outcomes [33]. Considering the log-linear model, we assumed that
the natural logarithm of the value of an expected quantity in the table of independence is
a linear function of factors. In a two-way case, the unrestricted log-linear model has the
following form [34]:

log πij = constant + u1(i) + u2(j) + u12(ij)

where πij denotes the probability for cell (i, j), and {u} has to be constrained to identify
the model.

An optimally designed log-linear model allows for the best quantitative prediction
considering the smallest possible number of interactions. Pearson’s χ2 and χ2 maximum
likelihood statistics assess whether the expected quantities are significantly different from
the observed quantities [35] in order to determine the order of interactions that must be
included in the model. To consider which interactions of a given order should be included
in the model, it is necessary to analyze partial and marginal dependence. Partial support
informs the significance of the degree of interactions, assuming that all other effects of
the same degree are included in the model. Marginal dependence reflects the influence of
the exchange, provided that the model does not have any interactions in the same order.
Marginal dependence can be verified using the χ2 test of marginal interdependence [35].
Finally, we used Pearson’s χ2 to assess the model’s fit to the data. To examine the nature
of effects (main and interactions), marginal quantity tables were calculated to observe
quantity [36].

Next, multiple correspondence analysis (MCA) was performed to examine co-occurrences
between categories of factors and variables. The analysis base was a matrix of individual
results in the Burt table. Correspondence analysis is an exploratory technique often used
to take an in-depth look at the results obtained from chi-square or log-linear analysis.
Correspondence analysis applies to a two-way (or more) crosstabulation that summarizes
the distribution of perceived categories of obtained variables in different groups (factors).
MCA aims to reduce multidimensional space to more diminutive synthetic dimensions
(mainly two main dimensions), which represent original data in the best way [37]. The
measurement of dimensions is inertia, which can be compared to variance in ANOVA. It is
possible to indicate variables (categories) strongly correlated with each dimension using
squared cosine (cos2) to identify the nature of the synthetic dimension [38]. The result is a
graph that plots data, visually showing the outcome of two or more data points.

The last step was to use cluster analysis (CIA) to graphically present the structure
and similarities between categories linked together. In cluster analysis, we used Ward’s
method of linkage and Euclidean distances. The raw data were coordinates (row and
column profiles) obtained from MCA. Grouping a set of objects in ClA can be conducted so
that items in the same group are more similar than those in other groups [35]. The result is
a dendrogram that visually presents similarities and dissimilarities between associations.
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The significance level was set at α = 0.05. Statistica V.13.0 statistical package (Tibco,
2020, Cracow, Poland) was used to analyze the study data.

3. Results

Descriptive statistics of the baseline values of measured parameters of the individuals
in factor categories are presented in Table 1. Given that this work focused on qualita-
tive rather than quantitative measured parameters, there was no calculation of statistics
assessing differences between groups of adolescents.

The numbers of individuals who experienced positive or no positive changes (post-
pre) in outcome after intervention are presented in Table 2. These frequencies were the
starting point for building the Burt table used in correspondence analysis.

Table 2. Numbers and frequencies of individuals in categories of each factor (INT, SEX, and BMIstatus)
with positive (+) and no positive (−) changes after intervention in measured parameters (BFP, SBP,
DBP, and FI).

FA
C

T
O

R

DV

BFP SBP DBP FI

− + − +o − + − +

N (%) N (%) N (%) N (%) N (%) N (%) N (%) N (%)

IN
T EG 29 (39.73) 44 (60.27) 12 (16.44) 61 (83.56) 26 (35.62) 47 (64.38) 19 (26.03) 54 (73.97)

CG 20 (29.41) 48 (70.59) 42 (61.76) 26 (38.24) 20 (29.41) 48 (70.59) 32 (47.06) 36 (52.94)

SE
X M 18 (34.62) 31 (65.38) 18 (34.62) 34 (65.38) 21 (40.38) 31 (59.62) 16 (30.77) 36 (69.23)

F 31 (34.83) 58 (65.17) 36 (40.45) 53 (59.55) 42 (47.19) 47 (52.81) 35 (39.33) 54 (60.67)

BM
I s

ta
tu

s L 23 (37.70) 38 (62.30) 24 (39.34) 37 (60.66) 22 (36.07) 39 (63.93) 20 (32.79) 41 (67.21)

M 20 (35.09) 37 (64.91) 19 (33.33) 38 (66.67) 32 (56.14) 25 (43.86) 21 (36.84) 36 (63.16)

H 6 (26.09) 17 (73.91) 11 (47.83) 12 (52.17) 9 (39.13) 14 (60.87) 10 (43.48) 13 (56.52)

− lack of positive changes; + positive changes; INT-intervention factor, categories: EG-experimental group,
CG-control group; SEX-sex factor, categories: M-male, F-female; BMIstatus-BMI factor, categories: L-low,
M-medium, H-high; BFP-percentage of body fat; SBP-systolic blood pressure; DBP-diastolic blood pressure;
FI-fitness index.

Due to the small number of respondents in relation to the total number of categories
of three factors (seven categories), too many empty classes were created, and a complete
analysis of the interactions between all factors was impossible. Therefore, we decided to
conduct analyses for two-factor designs (two factors included in the model simultaneously).
The following models were tested: INT*SEX→DV and INT*BMIstatus →DV. Considering
that the dependent variables are changes involving HIIT intervention, the SEX*BMI→DV
model was omitted in case individuals from the experimental group and control group
would be mixed up in categories of SEX and BMIstatus factors, which would not make sense
in terms of the purposes of this paper.

At the onset of the log-linear analysis, we determined the specification of the models,
specifically the order of interactions. The test results of interactions are presented in Table 3.

Regarding the information contained in Table 3, in both models (INT*SEX and HIIT*
BMIstatus), apart from the main components, second-order interactions (at most) should
be included. Third-order and higher interactions were not statistically significant. Partial
and marginal tests were used to assess which interactions should be included in the model
(Table 4).

The essence of the method is the assessment of the relevance of the interactions, which
confirms that the effect of one causal variable on an outcome depends on the state of
a second causal variable. An optimally designed log-linear model allows for the best
quantitative prediction considering the smallest possible number of interactions.
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Table 3. Test results of interactions between factors (1–2) and dependent variables (BFP, SBP, DBP,
and FI).

k-Factors
INT(1)*SEX(2) INT(1)*BMIstatus(2)

df χ2 p df χ2 p

1 6 53.30 0.0000 7 66.28 0.0000

2 15 43.00 0.0002 20 48.21 0.0004

BFP 20 22.39 0.3197 30 17.47 0.9666

SBP 15 10.60 0.7807 25 16.32 0.9049

DBP 6 3.12 0.7952 11 6.84 0.8116

FI 1 0.94 0.3317 2 0.26 0.8777
INT-intervention factor, BMIstatus-BMI factor, SEX-sex, BFP-percentage of body fat, SBP-systolic blood pressure,
DBP-diastolic blood pressure, FI-fitness index.

Focusing only on interactions, the results of partial and marginal tests (Table 4) indi-
cated the need to include two second-order interactions in the INT*SEX model: 41 and 61.
Therefore, the strongest and most statistically significant influence of the HIIT intervention
on SBP and FI was confirmed. In particular, there were more often positive changes in
SBP and FI in the intervention group than in the control group. There was no interaction
between INT and SEX. The impact of HIIT intervention on the prevalence of positive and
lack of positive changes in SBP and FI was equal in boys and girls.

The same partial and marginal tests for the INT*BMIstatus model indicated the need to
include three interactions apart from main components: 41, 61, and 52. Interpretation of the
results is similar to that of INT and SEX factors, with a small difference. We observed an
interaction between BMIstatus and DBP 52 The role of body-mass-to-height proportions was
significant and induced positive changes in SBP. Detailed inspection of the marginal results
indicated the highest rate of change in the low BMIstatus category (the ratio of positive-to-
lack of changes was 1.5 to 1), whereas the lowest for the high BMIstatus category (the ratio
of positive-to-lack of changes was 1 to 1).

The values of maximum likelihood statistics (L2), Pearson’s chi-squared statistics (χ2),
and statistical non-significant p-values for both models (L2 = 46.64, p = 0.809, χ2= 45.47,
p = 0.841; L2 = 53.52, p = 0.996, χ2 = 53.57, p = 0.996; respectively) confirmed models were
well designed for the empirical data.

Implementation of the log-linear analysis allowed for a more detailed description of
the interactions between the categories of factors and the amount of the positive and lack
of positive changes after the intervention. Log-linear analysis was performed with a simple
independence chi-squared test, which represents a more powerful tool to study dependence
between qualitative data than an assessment based only on probability value [39].

The results of MCA, shown in Figures 1 and 2, present a 13-dimensional space of
relationships reduced to two dimensions, the quality of presentation of which is acceptable.
A projection of all variable associations in two-dimensional space describes over 40% of the
total inertia (a measure of dispersion in categorical data that can be compared to variance for
quantitative data) in the experimental group (first dimension showed 20,54% inertia, and
the second dimension showed 18,95% inertia) and over 36% in the control group (19.20%
and 17.12, respectively) (Figures 1 and 2). Table 5 shows marginal quantities concerning
observed quantities in both models for effects of interactions.
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Table 4. Results of the partial (χ2 part) and marginal (χ2 marg) tests between the factors (1*2) and
dependent variables (BFP, SBP, DBP, and FI): main effects and interactions (only selected interactions
are presented).

Effect
INT(1)*SEX(2) INT(1)*BMIstatus(2)

df χ2
part p χ2

marg p df χ2
part p χ2

marg p

1 1 0.14 0.7038 1 0.13 0.7160

2 1 7.97 0.0047 2 15.01 0.0006

3 (BFP) 1 10.80 0.0010 1 9.87 0.0017

4 (SBP) 1 6.33 0.0118 1 5.79 0.0161

5 (DBP) 1 1.30 0.2538 1 1.19 0.2750

6 (FI) 1 8.87 0.0029 1 8.11 0.0044

12 1 0.97 0.3240 1.57 0.2103 2 2.19 0.3341 2.81 0.2456

13 1 1.73 0.1888 1.25 0.2628 1 1.54 0.2144 1.12 0.2904

14 1 22.86 0.0000 25.27 0.0000 1 19.72 0.0000 22.94 0.0000

15 1 2.01 0.1561 4.13 0.0422 1 2.59 0.1075 3.78 0.0518

16 1 4.57 0.0324 5.47 0.0194 1 4.15 0.0416 4.99 0.0255

23 1 0.01 0.9345 0.02 0.8848 2 0.24 0.8862 0.21 0.8994

24 1 0.00 0.9840 0.23 0.6306 2 0.61 0.7388 1.44 0.4863

25 1 0.19 0.6599 0.41 0.5210 2 4.83 0.0894 3.91 0.1417

26 1 0.28 0.5971 0.56 0.4545 2 0.83 0.6610 1.03 0.5975

34 1 0.13 0.7204 0.01 0.9235 1 0.12 0.7284 0.00 0.9695

35 1 0.01 0.9210 0.05 0.8298 1 0.00 0.9568 0.03 0.8564

36 1 1.29 0.2560 0.83 0.3634 1 1.31 0.2530 0.85 0.3554

45 1 0.76 0.3829 2.45 0.1174 1 0.97 0.3254 2.28 0.1309

46 1 0.00 0.9882 0.84 0.3588 1 0.01 0.9293 0.85 0.3579

56 1 0.15 0.6955 0.57 0.4514 1 0.14 0.7073 0.55 0.4603
INT-intervention factor, BMIstatus-BMI factor, SEX-sex, BFP-percentage of body fat, SBP-systolic blood pressure,
DBP-diastolic blood pressure, FI-fitness index.
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Figure 1. Results of intervention effects on the co-occurrence of changes in independent variables
concerning sex and BMIstatus. Taxonomical dendrogram illustrates similarities and distances (strength)
of linkages.
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Table 5. Table of marginal quantity concerning observed quantity in INT*SEX and INT-BMIstatus
models for dependence: INT effect in SBP and INT effect in FI in the first model and INT effect in
SBP, INT effect in FI, and BMIstatus effect in DBP in the second model.

INT*SEX INT*BMIstatus

INT*SBP INT*FI INT*SBP INT*FI BMIstatus*DBP

EG CG E CG EG CG EG CG L M H

0 20 50 27 40 24 54 31 44 30 40 17

1 69 34 62 44 73 38 66 48 47 33 22

all 89 84 89 84 97 92 97 92 77 73 39

INT-intervention factor, categories: EG-experimental group, CG-control group; SEX-sex factor, categories: B-boys,
G-girls; BMIstatus-BMI factor, categories: L-low, M-medium, H-high; BFP-percentage of body fat; SBP-systolic
blood pressure; DBP-diastolic blood pressure; FI-fitness index.

A comparison of marginal quantity to observed quantity in the INT*SEX model for
SBP and FI confirmed more frequent positive changes in the experimental group compared
to the control group (in proportions of 3.5:1 for SBP and 2.5:1 for FI). In the case of the
HIIT*BMIstatus model, proportions of positive changes in SBP and FI in EG compared to CG
were similar to those mentioned above. In the case of BMIstatus, which interacts with DBP,
for low-BMIstatus and high-BMIstatus categories of individuals, the ratio of positive changes
to lack of positive changes was 1.5:1, whereas in medium-BMIstatus, the opposite was true.

Figures 1 and 2 (EG and CG, respectively) present a clear separation between boys and
girls (in both EG and CG) in the co-occurrence of changes in measured parameters. This
indicates that SEX differentiation corresponds between categories of factors and variables
independently of the intervention program. However, the picture of associations is quite
different between EG and CG. In EG, the HIIT intervention response was higher in the
male group. Girls more often exhibited a lack of changes in FI and BFP. Those categories
of variables were very closely related. Boys from the low category of BMIstatus more often
exhibited positive changes in cardiovascular parameters. The structure and strength of
similarities (based on distances between categories) are shown in dendrogram drawn using
Ward’s method and Euclidean linkage distances. The FI and BFP categories were strongly
linked, with the closest connection among all variables. This confirms that improvement in
cardiorespiratory fitness went side by side with improvement (decrease) in the percentage
of body fat. Distances between categories in a male cluster were larger than those in
female clusters.
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In CG, there were no clear connections, although categories of changes in boys and
girls were similarly separated (Figure 2). Associations in the boy group were stronger,
with closer correspondences than those in the girl group. Girls more often noted positive
changes in SBP and BFP, which were closely connected with to a lack of changes in FI.
Girls from the medium category of BMIstatus more often noted a lack of DBP changes. Boys
from the high category of BMIstatus more often exhibited positive changes in DBP. Boys in
the low category of BMIstatus exhibited positive changes in FI, which corresponded with a
lack of changes in SBP. The taxonomical dendrogram shows a more tight but less coherent
structure than that of EG. Distances between categories of the variables in boys were shorter
than those in girls. The closest linkage was noted for positive changes in boys from the high
category of BMIstatus and in boys from the low category of BMIstatus for the interrelationship
between lack of changes in SBP and positive changes in FI.

4. Discussion

The main findings were that 10-week HIIT implemented in PE lessons improved
resting blood pressure and cardiorespiratory fitness and slightly reduced body fat, which
was reflected in the prevalence of positive changes in EG compared to CG. Sex moderated
the impact of HIIT in such a way that positive changes were more often noted in boys than
in girls. The factor of BMIstatus interacted with HIIT differently in boys and girls. The most
positive changes were observed in boys from the low category of BMIstatus. In contrast,
girls from the medium category of BMIstatus exhibited the least positive changes. Secondly,
a co-occurrence between some categories of variables was observed. Positive changes in
FI were strongly related to positive changes in BFP, although mainly in boys, whereas the
same co-occurrence related to FI and BFP but regarding a lack of positive changes was
observed in girls.

Log-linear analysis allowed us to look deeper into the relationship between two factors
potentially moderating INT effects. This is a unique approach compared to the use of simple
independence chi-squared tests, which is mostly presented in the literature. Therefore, it is
difficult to compare own results with those reported by others.

HIIT intervention has a broad influence on body composition and physical fitness.
Our previous study [23] reported a significant decrease in mean values of body weight
and BFP in response to HIIT implemented in physical education lessons. This effect was
observed only in overweight subjects. Moreover, improvement in aerobic capacity was also
observed. However, this effect was observed only among boys, which suggests sex as a
factor differentiating HIIT effects. These results are convergent with the observations of
other authors. In similar settings (PE lessons), Bogataj et al. [40] reported a positive impact
of HIIT concerning body composition, with simultaneous improvement in physical fitness
among obese girls. However, this effect was supported by additional nutrition intervention.

On the other hand, HIIT intervention effectively reduced waist and abdominal circum-
ference directly associated with body fat [41]. Additionally, HIIT intervention is effective in
cardiovascular improvement due to observation concern reduction of endothelial damage,
which precedes atherosclerosis. A similar observation was noted by Tjonna et al. [42] inde-
pendent of sex. Moreover, these authors noted improvement in blood pressure supported
by improvement in metabolic parameters and body composition. In terms of cardiovascular
status, a positive change in blood pressure was also observed in a study by Farah et al. [43].

Similarly to a previously cited study, a decrease in body weight was observed, with a
simultaneous reduction in systolic and diastolic blood pressure among adolescents after
HIIT. Sex is a factor that may affect HIIT effects. The literature often meets the approach with
no respect to this factor, which may cause differentiative HIIT effects, as our observation
confirms. This is supported by the results presented by Martinez-Vizcaino et al. [44].
Among boys, decreased body fat with free fat mass was noted. Reduce body fat was
reported in girls, as well as a reduction in cardiometabolic risk through improvement in
the blood lipid profile.
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The observation mentioned above indicates simultaneous changes in body compo-
sition, cardiovascular parameters, and physical fitness in response to HIIT contributes
evidence for interactions between these factors concerning sex and BMIstatus. Moreover,
accessed studies analyze the changes quantitatively. There is no analysis concerning the
prevalence of HIIT effects in studied subjects. To our knowledge, our current research is
the first with to employ this approach.

Contrary to log-linear analysis, conducted to identify interactions between factors
affecting a single outcome, MCA was used to assess multidimensional associations between
all categories of characteristics and outcomes. A clear pattern of correspondence between
categories was discovered in EG. HIIT involved parallel changes in FI and BFP, but SEX
moderated that co-occurrence. Boys were closely related to positive changes, but girls
lacked positive changes. An interaction effect of INT and BMIstatus was discovered as close
a relationship between positive changes in SBP and DBP in boys from the low BMIstatus
category. Other interaction effects were associations of the lack of positive changes in
resting BP parameters in girls, mainly from the medium of BMIstatus category. There was
no clear pattern in the control group participating in a standard PE program. Changes were
multidirectional and independent of SEX and BMIstatus factors.

The literature presents results of the exercise training influence on the cardiovascu-
lar risk factor and cardiorespiratory fitness [45–47]. Many results revealed changes in
body fat, cardiovascular parameters, or cardiorespiratory fitness separately and didn’t
link associations in changes. Delgado-Floody et al. [28] first evaluated blood pressure
changes and cardiorespiratory fitness improvements. No relationships were observed
when testing the association between potential improvements in cardiorespiratory fitness
and blood pressure improvements after the intervention. The same study showed decreases
in percentage body fat (∆−1.38%) in the experimental group, as well as SBP decreases
(∆−8.70 mmHg). Our results are slightly different, showing parallel changes in FI and BFP
(similar to observations by Delgado-Floody [28]) but no relationship between BFP and BP
(nor SBP and DBP). In our study, the relationship between changes in SBP and DBP was
quite different in boys and girls.

Interestingly, boys from the low category of BMIstatus benefited more from the inter-
vention than others. It is worth noting that a reduction in systolic BP is related to a 7%
decrease in cardiovascular disease risk [48]. Similarly, positive changes in CRF linked to
BFP can be associated with health and a decrement of 15% in risk of cardiovascular disease
in healthy boys, as documented by Kodama et al. [49].

Sex differences in positive changes between males and females in BP and CRF were
observed in previous studies. Burgomaster et al. [50] revealed no change in VO2 max
after HIIT, similar to earlier data [51] in men completing sprint training for eight weeks.
In contrast, females exhibited changes in cardiorespiratory fitness [52]. Our results are
contrary in the case of a frequency of girls compared to boys exhibiting no positive changes
in either CRF or BFP and in both cardiovascular functions. Related results were obtained
by Astorino et al. [53] concerning CRF and BP

The mechanism explaining positive changes in CRF, together with BFP in boys and
opposed results in girls, as well as changes in resting blood pressure, is beyond the scope of
this study. However, such a mechanism could be supposed to be associations with cardiac
functions or O2 pulse, different in both sexes. It is difficult to compare our own results with
those of others because no studies, to our best knowledge, have examined differences in
proportions of individuals with positive or a lack of positive changes after HIIT intervention.
What’s more, in our work, we presented co-occurrences between categories of factors
and outcomes compared to multidimensional associations in quantitative data. No such
analyses have been conducted until now.

Practical application refers to the recommendation to implement HIIT in PE lessons.
We reported that regular 14 min intensive exercises (i.e., Tabata protocol) reduce health risk,
particularly in boys (more prevalent changes), improving fitness and decreasing body fat
and resting blood pressure. Measures related to the program were collected once a week.
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A limitation of this study is the lack of prepubertal and peripubertal groups. Although
studied groups of boys and girls were homogeneous in terms of age, adolescents who
have finished their pubertal period could be at an advantage. Sexual maturation can
significantly affect metabolic outcomes, so considering the effect of puberty on metabolism
is vital for the validity of the results [19]. Controlling for sexual maturation (e.g., calculating
maturity offset) would be a good solution. The second limitation was the lack of nutritional
aspects, including investigating the effectiveness of interval protocols included in PE classes.
Our study was limited to a once per week for a 10-week intervention during the school
term. These conditions were forced by a need to simultaneously implement a standard PE
program. Moreover, some limitations could be identified in a duration (14-min) intervention
for one 45 min lesson. There was a need to conduct a warmup before HIIT and a cooldown
after. On the other hand, due to possible side effects associated with the high-intensity
effort with a higher volume of intervention, such an intervention could increase the risk
of some side effects adolescents’ aversion to participating in the study. There is a need for
follow-up studies to assess the durability of changes. Cardiorespiratory fitness maximal
oxygen uptake (VO2 max) should be measured more objectively than can be achieved with
the Harvard step-test, which has some limitations and does not assess CRF very precisely.

5. Conclusions

Our results bolster the importance of screening the effects of intervention in PE lessons
in terms of percent of body fat, cardiovascular parameters, and cardiorespiratory fitness
(which all are cardiovascular disease risk factors) not only as quantitative changes but also
as the frequency of adolescents who benefit greatly from HIIT intervention comparing to
peers participating in a standard PE program.

Positive changes are dependent on sex. Boys more often gained from intervention
programs than girls, suggesting boys are more sensitive to HIIT influence. Interaction
between BMIstatus factor and intervention was observed within the male group. Boys with
low BMI may benefit the most from HIIT intervention. Close associations were also revealed
between positive changes in measured parameters: FI, BFP, and BP. This confirms the broad
effect of HIIT as a valuable and effective tool to implement in PE lessons. However, there is
a need to look for more efficient methods for girls, among whom fewer positive changes
were noted.

The usefulness of multidimensional methods was confirmed. Log-linear models
were efficient in investigating interactions between factors and outcomes. After apply-
ing MCA, the multidimensional space of categorical data may be efficiently reduced to
less-dimensional space (mostly two-dimensional). Moreover, it is possible to study multidi-
mensional relationships, called co-occurrence between categories of factors. Calculating
distances using cluster analysis allowed us to assess the structure of linkages and simi-
larities between groups of factors and dependent variable categories. The information
obtained in this way might be a valuable clue to take practical action to decrease or increase
the severity of the studied phenomena.

The conclusions mentioned above could be helpful for scientists studying the effects of
interventions on cardiovascular disease risk factors. Interpreting the results from a public
health point of view, inherent associations between the investigated variables can be a road
map for authorities to plan their policies more efficiently.

Subsequent studies should focus on the prevalence of responders and non-responders
in terms of body fat, blood pressure, and cardiorespiratory fitness after high-intensity
interval training in adolescents.
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3 Department of Nursing Pharmacology and Physiotherapy, Faculty of Medicine and Nursing,

University of Córdoba, 14000 Córdoba, Spain; asgomez@uco.es
4 Departamento de Motricidad Humana y Rendimiento Deportivo, Universidad de Sevilla, 41013 Sevilla, Spain;

rdherrera@us.es
5 Physiotherapy and Rehabilitation Department, Faculty of Health Sciences, Eastern Mediterranean University,

North Cyprus, Mersin, Famagusta 99628, Turkey; mitat.koz@emu.edu.tr
* Correspondence: rkarayigit@ankara.edu.tr; Tel.: +90-312-600-0100

Simple Summary: Hypoxic training is a novel method to increase resistance training adaptations.
There is some evidence that resistance exercise performed in systemic hypoxia can lead to structural
and functional adaptations of skeletal muscle. Studies have also demonstrated that normobaric
hypoxia (i.e., normal pressure, low oxygen) increases intramuscular metabolic stress and type two
(fast twitch) fiber recruitment, which leads to a greater morphological adaptations over time. However,
to date, there is no research that has investigated the effects of different doses of acute normobaric
hypoxia on strength and muscular endurance performance, nor has there been research investigating
potential sex-based differences.

Abstract: The aim of this study was to examine the acute effects of different levels of hypoxia
on maximal strength, muscular endurance, and cognitive function in males and females. In total,
13 males (mean ± SD: age, 23.6 ± 2.8 years; height, 176.6 ± 3.9 cm; body mass, 76.6 ± 2.1 kg) and
13 females (mean ± SD: age, 22.8 ± 1.4 years; height, 166.4 ± 1.9 cm; body mass, 61.6 ± 3.4 kg)
volunteered for a randomized, double-blind, crossover study. Participants completed a one repetition
strength and muscular endurance test (60% of one repetition maximum to failure) for squat and
bench press following four conditions; (i) normoxia (900 m altitude; FiO2: 21%); (ii) low dose hypoxia
(2000 m altitude; FiO2: 16%); (iii) moderate dose hypoxia (3000 m altitude; FiO2: 14%); and (iv) high
dose hypoxia (4000 m altitude; FiO2: 12%). Heart rate, blood lactate, rating of perceived exertion,
and cognitive function was also determined during each condition. The one repetition maximum
squat (p = 0.33) and bench press (p = 0.68) did not differ between conditions or sexes. Furthermore,
squat endurance did not differ between conditions (p = 0.34). There was a significant decrease in
bench press endurance following moderate (p = 0.02; p = 0.04) and high (p = 0.01; p = 0.01) doses
of hypoxia in both males and females compared to normoxia and low dose hypoxia, respectively.
Cognitive function, ratings of perceived exertion, and lactate were also significantly different in high
and moderate dose hypoxia conditions compared to normoxia (p < 0.05). Heart rate was not different
between the conditions (p = 0.30). In conclusion, high and moderate doses of acute normobaric
hypoxia decrease upper body muscular endurance and cognitive performance regardless of sex;
however, lower body muscular endurance and maximal strength are not altered.

Keywords: hypoxic dose; resistance training; muscular endurance; sex difference; flanker
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1. Introduction

Coaches and athletes are always looking for innovative training methods to gain an
advantage. Since the 1968 Mexico Olympic games, hypoxic training has become pop-
ular especially among endurance athletes using Live High/Train Low (LHTL) or Live
High/Train High (LHTH) strategies [1]. Beyond traditional LHTL or LHTH paradigms,
a novel method of simulated altitude training entitled Live Low/Train High (LLTH) is
becoming more popular for athletes [2]. Such an approach has been used to increase sea
level exercise performance [3]. Recently, LLTH has been shown to augment physiological
adaptations following resistance exercise, possibly via alterations in metabolic stress and
greater intramuscular responses [4,5]. However, it is important to note that there is limited
research examining responses to hypoxia following resistance exercise compared to aerobic
or high intensity interval training.

Acute exposure to hypoxia may negatively alter resistance exercise performance.
Mechanistically, these negative effects may be associated with diminished muscular and
arterial oxygenation, electromyographic activity [6], neuromuscular activation [7], peak
velocity [8], and increased expiratory parameters [8]. However, from a physiological per-
spective, the acute metabolic and neuromuscular stressors may augment hypertrophy over
time [4,9–12]. Gains in muscle mass appear to be due to an enhancement in the recruitment
of type II fibers, since type I fibers fatigue more quickly in a hypoxic environment [11].
Further, hypoxia-inducible factor-1 (HIF-1), a transcription factor, is upregulated, and is
important to promote a slow to fast fiber-type transition in skeletal muscle [13]. However,
the most probable mechanism by which hypoxia augments resistance training responses is
due to elevated metabolic stress [4,9], leading to increases in motor unit recruitment [4].
The accumulation of metabolites [14,15] increases plasma growth hormone [16] and muscle
cell swelling [10], which may be associated with elevated muscle protein synthesis.

In theory, the altered physiological and metabolic responses and acute performance
changes may vary according to the dose of hypoxia. Presently, there is a lack of re-
search investigating the optimal hypoxic dose required during strength training [17].
Campo et al. [18,19] reported that peak-mean power, RPE, and blood lactate during a
resistance circuit training was significantly different in high hypoxia (FiO2 = 0.13; ~3.800)
compared to moderate hypoxia (FiO2 = 0.16; ~2.100 m) and normoxia. In contrast, two
studies [4,20] did not observe differences in force and muscular power during resistance
exercise between high hypoxia (FiO2 = 0.13), moderate hypoxia (FiO2 = 0.16), and normoxia.
Nonetheless, effort during resistance exercise could be greater in normobaric hypoxia than
normoxia [21], which would influence performance. However, fixed number of repetitions
was used in the test protocols of the aforementioned studies which hinder participants from
reaching muscular failure. Further, resistance training to muscle failure could potentially
increase hypertrophic adaptations by enhancing exercise-induced metabolic stress [22]. To
date, only a few studies have investigated the effects of acute high and moderate hypoxia
on leg extension [23], bench press [24], and biceps curl [25] exercise to failure. However,
results were equivocal with studies showing either a negative impact of hypoxia [25] or no
effect [23,24]. Further, these studies were only conducted on males [23–25] and untrained
subjects [24].

Although relatively little is known about the acute responses to resistance exercise
between sexes, females were reported to be more resistant to fatigue and faster to recover
from fatiguing exercise than males in tasks utilizing low intensity loads and a slow repeti-
tion velocity in both concentric and eccentric phases [26]. Presently, there is no research
examining sex-based responses to resistance exercise in hypoxia, which is warranted due
to performance differences [27]. Females, compared to males, have greater fatigue resis-
tance during training, and enhanced recovery, despite higher cardiovascular strain and
RPE [28,29]. Females were also found to have lower lactate levels during hypoxic exercise
(FiO2: 0.13), as well as higher glucose levels during recovery [30]. As such, the effect of
hypoxia may differ in males and females.
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Cerebral oxygen desaturation was significantly associated with impaired cognitive
function (CF) [31]. As the severity of hypoxia increases, the level of deoxygenation increases.
Moreover, two recent meta-analyses reported that attention, a parameter of complex cogni-
tive processes, moderates acute muscular endurance [32] and strength [33] performance.
However, currently there are no studies that have investigated CF before and after resistance
exercise during hypoxia.

Therefore, the aim was to examine the acute effects of different doses of normobaric
hypoxia (i.e., low [2000 m], moderate [3000 m], and high [4000 m]) on maximal strength,
muscular endurance, and CF according to sex utilizing resistance exercise performed
over multiple sets and to failure. We hypothesized that as the dose of hypoxia increased,
maximal strength, muscular endurance, and CF will concomitantly decrease, while blood
lactate and RPE will increase.

2. Materials and Methods
2.1. Participants

For this study, 13 males (mean ± SD: age, 23.6 ± 2.8 years; height, 176.6 ± 3.9 cm;
body mass, 76.6 ± 2.1 kg) and 13 females (mean ± SD: age, 22.8 ± 1.4 years; height,
166.4 ± 1.9 cm; body mass, 61.6 ± 3.4 kg) who were healthy and were non-smokers
volunteered to participate. The inclusion criteria included: (a) free from neuromuscular
and musculoskeletal disorders, aged 18–30 years; and (b) able to perform a successful back
squat and bench press exercise with load corresponding to 125% and 100% of their current
body mass, respectively. Furthermore, participants had at least three years of resistance
training experience, underwent training four times per week (which included squat and
bench press in their routines), and were considered intermediately resistance trained [34].
All participants reported no previous exposure to an altitude of greater than 900 m within
the last eight months, and were taking no substances that could affect the muscular and
cognitive performance (i.e., creatine, anabolic steroids). Participants were requested to
refrain from exercise, alcohol, and caffeine intake for 24 h before each session in order to
maintain their customary sleep, to complete a 24 h dietary record before the first session,
and to replicate this diet for 24 h before each subsequent session to standardize energy
intake. Adherence to these instruction was verbally confirmed at the beginning of each
session. This study was approved by Muş Alparslan University Scientific Research Ethics
Committee (Approval no: 10776-6/31) and conducted in accordance with the Helsinki
Declaration. Written informed consent was obtained from all participants prior to beginning
the study.

2.2. Study Design

To investigate whether the degree of acute normobaric hypoxia affects strength (1RM),
muscular endurance (repetitions to failure with 60% of 1RM), and cognitive function
(Flanker Task; reaction time and response accuracy) in males and females, each participant
performed the test protocol under four conditions with different O2 availability: (1) nor-
moxia (NORM; 900 m altitude; FiO2: 21%); (2) low hypoxia (LowH; 2000 m altitude; FiO2:
16%); (3) moderate hypoxia (ModH; 3000 m altitude; FiO2: 14%); and (4) high hypoxia
(HighH; 4000 m altitude; FiO2: 12%). The study used a randomized, double-blind crossover
research design. During each experimental testing session, participants wore a face mask
that was connected to a hypoxic generator (Everest Summit II, Hypoxico, New York, NY,
USA), which controlled the oxygen availability. Level of altitude was observed on the
hypoxic generator’s screen, which was hidden from participants to maintain blindness.
To verify that hypoxic and normoxic conditions were provided, peripheral oxygen sat-
uration (SpO2) was measured by a pulse oximeter (Hypoxico Oxycon, New York, NY,
USA) attached to the participants’ finger. For this study, two familiarization sessions were
conducted to ensure that the participants were able to squat and bench press with proper
technique with the hypoxic generator mask. The testing sessions were well tolerated, and
there were no reported side effects. In total, participants came to the laboratory on six occa-
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sions, which were separated by 72 h to allow for complete recovery. The first two sessions
were familiarization sessions, which were similar to the experimental sessions, during
which the participant’s performed the back squat on a smith machine (Esjim, Eskişehir,
Turkey) and the bench press exercise on a rack with safety bar. All sessions were supervised
by a certified personal trainer. During the familiarization and warm-up, the personal
trainer provided technical feedback, then participants completed a 1RM testing protocol
and three sets with 60% of 1RM to failure for both back squat and bench press, respectively,
while wearing the hypoxic generator’s face mask. Bar grip position was recorded and
replicated for subsequent sessions. These exercises were chosen to test lower and upper
body’s major muscle groups and their common inclusion in resistance training programs.
Participants were also familiarized with and practiced the cognitive function (CF) test until
they achieved consistent scores. Additionally, participants were also introduced to the
6–20 Borg scale [35] for measuring their ratings of perceived exertion (RPE). All sessions
took place in the afternoon (14.00–17.00) in order to minimize the diurnal influence on
muscle strength. On arrival at the laboratory, resting measures of heart rate (HR) (Polar
Team 2, telemetric system, Kempele, Finland), capillary lactate concentration (LAC) (lactate
scout, USA), and CF measurements were taken. After 5 min passive rest while wearing
hypoxic generator’s face mask for familiarization and 5 min warming-up on a treadmill,
squat 1RM strength and 3 sets of 60% of 1RM muscular endurance tests were performed,
respectively. Following 5 min passive rest, the same procedures were replicated for bench
press. Immediately after the muscular test protocols, CF was measured again. HR, LA,
RPE, and SpO2 were recorded at different time points during the testing protocol (Figure 1).
Total hypoxia exposure duration was ~40 min.
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Figure 1. Schematic representation of the experimental sessions.

RM Strength and 60% of 1RM Muscular Endurance Test Protocol

1RM strength performance was identified in three to five steps according to Baechle
and Earle protocol [34]. After 10 repetitions with 20 kg weights was completed, participants
then rested passively for 1 min, which was followed by a further three to five repetitions
with an added 10% and 20% more weight for the bench press and squat exercises, respec-
tively. Following a 2 min passive rest period, a weight near to their predicted 1RM was used,
and participants performed two to three repetitions. Following another 3 min of passive
rest, the weight was further increased by another 10–20% for the squat and 5–10% for the
bench press if the participant successfully lifted the weight. If the lift was unsuccessful,
the weight was decreased by 5–10% for the squat and 2.5–5.0% for the bench press for
another 1RM attempt. Further, 3 min was given after 1RM establishment and the weight
was lowered to 60% of 1RM; thereafter, three sets of muscular endurance tests with 60% of
1RM with a two minutes passive rest period was carried out by the participants. Move-
ment tempo during muscular endurance test was standardized to two seconds for both
concentric and eccentric phases via a metronome. Total repetition number to failure was
used as a muscular endurance performance. The test protocol was terminated according to
three criteria: (1) voluntarily completion the repetition; (2) unable to perform repetitions
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synchronously with the metronome for three consecutive repetitions; and (3) unable to lift
with proper technique and posture.

2.3. Cognitive Function

A modified version of Flanker task was used to measure cognitive performance and
run on a Dell Computer via appropriate software (InqusitLab 5.0, Milliseconds) [36]. A
yellow fixation star appeared in the center of the screen, followed by five black arrowheads
in a line which appeared for 200 milliseconds on a white screen background with a response
window of 1000 milliseconds. For this, two congruent (< < < < <) and two incongruent
(< < > < < or > > < > >) tasks were provided in equal probability and participants were
instructed to react as fast and accurately as possible to the direction of the target arrow
(in the middle) by pressing corresponding response buttons with their left or right index
fingers. The interstimulus time gap varied from 1000 to 1500 ms, and the trial order
was random for each participant. Following 20 practice trials, participants performed
100 trials while wearing earplugs. The total duration of the cognitive performance test was
approximately three minutes. Mean response accuracy (%) and reaction time (ms) were
recorded to measure cognitive performance.

2.4. Statistical Analysis

All analyses were conducted with IBM SPSS statistics for Windows, version 22.0 (IBM
Corp., Armonk, NY, USA). Normal distribution was confirmed by the Shapiro–Wilk test. A
three-way repeated measures analysis of variance (ANOVA) was performed to investigate
the main effects for (1) condition, (2) sex, and (3) time or sets. Furthermore, three-way
ANOVA examined the interaction effect of condition × sex × time or set. A Mauchly’s
test was used to assess sphericity followed by the Greenhouse–Geisser adjustment, where
appropriate. Relevant significant main or interaction effects were further examined in a
Bonferroni post-hoc analysis. A 95% confidence interval (CI) was calculated, and partial
eta squared (η2) were reported with significant ANOVA main effects as a measure of effect
size as trivial (<0.10), moderate (0.25–0.39) or large (≥0.40) [37]. A two-way mixed model
in consistency type of intraclass correlation coefficients (ICC) was calculated to determine
the consistency of the four trials. Data is provided as mean ± SD and statistical significance
was set at p < 0.05.

3. Results
3.1. Maximum Strength (1RM) and 60% of 1RM Muscular Endurance Performance

Hypoxia did not affect the 1RM squat (p = 0.33, η2 = 0.09) or bench press strength
(p = 0.68, η2 = 0.04) (Figure 2). Although there was no main effect for condition in 60%
of 1RM squat endurance (p = 0.34, η2 = 0.09), it was detected that there was a statisti-
cal trend in the third set between HighH and NORM in males (p = 0.059) and females
(p = 0.085), and between ModH and NORM in females (p = 0.087). Furthermore, repeated
measures with ANOVA detected significant main effect for bench press 60% of 1RM en-
durance performance (p = 0.01, η2 = 0.28). The Bonferroni post hoc test revealed that
HighH (p = 0.01, 95% CI = −0.67–0.07; p = 0.01, 95% CI = −0.74–0.10) and ModH (p = 0.04,
95% CI = −0.75–0.02; p = 0.02, 95% CI = −0.81–0.06) had significantly lower repetition
numbers during 60% of 1RM endurance test compared to LowH and NORM. Lastly, no sig-
nificant condition × sex × set interaction was detected in the squat (p = 0.69, η2 = 0.05) and
bench press (p = 0.96, η2 = 0.01) with 60% of 1RM endurance performance (Figures 3 and 4).
ICC values during three sets of 60% of 1RM squat endurance performance were 0.96 and
0.97 for males and females, respectively. In the bench press with 60% of 1RM endurance,
ICC were 0.96 and 0.97 for males and females, respectively.
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Figure 2. Mean (SD) bench press and squat strength (1-RM) performance. NORM: Normoxia (900 m);
LowH: Low dose of hypoxia (2000 m); ModH: moderate dose of hypoxia (3000 m); HighH: high dose
of hypoxia (4000 m).
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Figure 3. Mean (SD) squat 60% of 1RM endurance performance of males and females. NORM:
Normoxia (900 m); LowH: Low dose of hypoxia (2000 m); ModH: moderate dose of hypoxia (3000 m);
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Figure 4. Mean (SD) bench press 60% of 1RM endurance performance of males and females. NORM:
Normoxia (900 m); LowH: Low dose of hypoxia (2000 m); ModH: moderate dose of hypoxia (3000 m);
HighH: high dose of hypoxia (4000 m). * ModH and HighH were significantly different than NORM
and LowH.
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3.2. Cognitive Function

Response accuracy for the congruent condition was not significantly different between
conditions (p = 0.56, η2 = 0.05). Further, no significant condition × sex × time interaction
(p = 0.07, η2 = 0.18) was found. However, hypoxia affected reaction time for the congruent
condition (p = 0.03, η2 = 0.21). Post-hoc analysis revealed that NORM was significantly faster
than ModH (p = 0.04, 95% CI = −15.63–0.35) and HighH (p = 0.01, 95% CI = −0.67–0.07).

Response accuracy for the incongruent condition was not significantly different be-
tween conditions (p = 0.09, η2 = 0.17). However, hypoxia affected reaction time for the
incongruent condition (p = 0.01, η2 = 0.43). The Bonferroni analysis demonstrated that
NORM was significantly lower than ModH (p = 0.01, 95% CI =−22.77–3.86) and HighH
(p = 0.01, 95% CI = −36.14–10.77). Furthermore, LH was also significantly different than
HighH (p = 0.01, 95% CI = −29.26–4.85) (Table 1).

Table 1. Cognitive function parameters.

Males Females

Pre Test Post Test Pre Test Post Test

M SD M SD M SD M SD

Response Accuracy [%]-Congruent Task
NORM 96.41 1.4 95.83 1.6 96.58 1.7 96.66 1.3
LowH 96.16 2.3 95.83 2.0 96.41 2.1 97.08 1.3
ModH 96.83 2.3 96.50 1.7 97.16 2.0 96.25 1.9
HighH 96.00 1.8 96.33 1.6 97.33 1.2 95.16 1.6

Response Accuracy [%]-Incongruent Task
NORM 93.25 2.8 93.33 2.0 94.58 2.4 95.50 1.7
LowH 92.91 1.9 93.16 2.2 95.08 1.3 94.83 1.4
ModH 93.00 3.1 92.33 2.6 94.50 1.7 94.91 1.2
HighH 93.41 1.8 91.16 2.0 94.50 1.5 94.83 1.8

Reaction Time [ms]-Congruent Task
NORM 493.45 42.2 480.77 46.2 533.40 44.3 517.70 47.7
LowH 496.80 38.9 485.53 46.9 541.04 39.1 518.55 30.3
ModH 497.90 42.8 494.21 * 42.6 530.83 42.4 534.35 * 34.8
HighH 491.95 40.0 502.68 * 35.9 531.91 32.7 542.35 * 38.2

Reaction Time [ms]-Incongruent Task
NORM 531.81 31.5 516.94 25.3 608.10 49.9 596.34 55.1
LowH 546.70 31.4 528.46 # 34.2 615.10 44.5 588.52 # 45.0
ModH 541.22 27.3 535.80 * 36.6 603.97 51.4 625.48 * 59.1
HighH 542.53 29.7 567.42 * 25.0 607.01 40.3 630.07 * 34.2

NORM: Normoxia (900 m); LowH: Low dose of hypoxia (2000 m); ModH: Moderate dose of hypoxia (3000 m);
HighH: High dose of hypoxia (4000 m). *: significantly different than NORM; #: significantly different than HighH.

3.3. Heart Rate, RPE, Lactate and Oxygen Saturation

There was no difference between conditions (p = 0.30, η2 = 0.10) in heart rate. How-
ever, RPE values were significantly different between conditions (p = 0.01, η2 = 0.33).
Post-hoc analysis showed that ModH (p = 0.02, 95% CI = 0.10–0.98) and HighH (p = 0.01,
95% CI = 0.31–1.51) were significantly higher than NORM. HighH was also significantly
higher than LowH (p = 0.03, 95% CI = 0.05–1.44). There was a significant main effect on lac-
tate between conditions (p = 0.01, η2 = 0.57). Post-hoc analysis showed that, after the bench
press exercise, HighH was significantly higher than NORM (p = 0.01, 95% CI = 0.17–0.45)
and LowH (p = 0.01, 95% CI = 0.17–0.38). ModH was also significantly higher than NORM
(p = 0.01, 95% CI = 0.12–0.33) and LowH (p = 0.01, 95% CI = 0.11–0.27). Lastly, as ex-
pected, oxygen saturation values were significantly different between conditions (p = 0.01,
η2 = 0.97): as hypoxic dose increases, in turn, oxygen saturation decreases (Table 2).
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Table 2. Lactate, heart rate, ratings of perceived exertion, and oxygen saturation values.

NORM LowH ModH HighH

Lactate (mmol/L)

M SD M SD M SD M SD

Males
Pretest 1.2 0.1 1.23 0.2 1.14 0.1 1.15 0.1

Postsquat 6.56 1.1 6.45 1.0 6.54 1.1 6.61 1.0
Postbench 7.11 1.2 7.23 # 1.0 7.98 * 1.2 7.94 * 0.9

Females
Pretest 1.26 0.1 1.2 0.1 1.11 0.1 1.13 0.1

Postsquat 5.66 0.7 5.7 0.4 5.83 0.4 5.91 0.7
Postbench 6.01 0.7 6.13 # 0.8 6.58 * 0.5 6.91 * 0.8

Heart Rate (beat/min)

Males
Pretest 64.75 4.9 63.50 5.31 64.33 3.6 64.58 4.8

Postsquat 173.25 8.6 171.33 5.39 172.33 4.7 171.33 7.4
Postbench 176.08 8.4 175.08 10.4 175.33 8.1 176.08 7.6

Females
Pretest 64.75 3.5 60.50 3.3 62.66 4.0 64.16 3.2

Postsquat 159.83 8.7 157.75 8.4 158.41 9.0 157.91 6.4
Postbench 162.33 7.8 163.50 8.8 160.83 9.7 160.58 9.2

Ratings of Perceived Exertion (6–20)

Males
Postsquat 13.41 1.2 13.66 # 1.0 13.58 * 1.1 14.00 * 1.2
Postbench 15.91 1.9 16.33 # 1.6 17.00 * 2.3 17.66 * 2.1

Females
Postsquat 13.50 1.7 13.83 # 1.5 14.08 * 1.6 13.91 * 1.6
Postbench 17.41 1.9 17.08 # 2.1 17.75 * 1.9 18.33 * 1.7

Oxygen Saturation (%)

Males
Postsquat 94.83 1.9 90.75 3.2 85.16 3.7 80.91 2.3
Postbench 94.33 1.8 89.58 2.9 83.91 3.8 79.83 2.5

Females
Postsquat 95.08 1.5 90.16 2.7 86.41 2.6 81.83 2.4
Postbench 94.16 2.2 90.08 2.6 85.75 3.9 80.66 2.2

NORM: Normoxia (900 m); LowH: Low dose of hypoxia (2000 m); ModH: Moderate dose of hypoxia (3000 m);
HighH: High dose of hypoxia (4000 m). Pretest: before test protocol; Postsquat: Immediately after three sets of
squat endurance; Postbench: Immediately after three sets of bench press endurance *: significantly different than
NORM; #: significantly different than HH.

4. Discussion

To our knowledge, no study to date has examined the relationship between the effect
of hypoxia dose and sex on acute resistance training performance. As such, the purpose of
this study was to examine the acute effects of different doses of normobaric hypoxia on
strength, muscular endurance, and cognitive function according to sex. The main findings
demonstrate that moderating effects of hypoxia on strength, muscular endurance, and
cognitive function did not differ between sex. Further, high (4000 m) and moderate (3000 m)
doses of hypoxia significantly altered bench press endurance performance, cognitive func-
tion, RPE, and blood lactate levels. However, 1RM strength (both squat and bench press)
and squat endurance performance was not influenced by hypoxia.

4.1. Strength (1RM) Performance

Our data indicate that 1RM squat and bench press strength performance was not dif-
ferent between conditions. This finding is consistent with Smith et al. [23], who concluded
that moderate (FiO2 = 15.4%) and severe (FiO2 = 12.9%) hypoxia did not affect 1RM leg
extension strength. Another study by Feriche et al. [38] reported that 1RM bench press
strength did not show a difference between normobaric hypoxia (FiO2 = 15.7%) and nor-
moxia. It seems that hypoxia has no influence on 1RM strength. Moreover, Girard et al. [25]
alleged that, at higher training loads, the effects of hypoxia on muscular performance tends
to be smaller. On the other hand, the method of strength measurement (1RM) in the current
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and previous [23,38] studies may be disputable due to not being sensitive enough to detect
subtle effects of hypoxia on 1RM strength. It may be asserted that potential negative effects
of hypoxia on 1RM strength can be lost in large inter-day 1RM strength variations [39].
In the present study, the ICC values during 1RM strength measurements showed high
consistency (0.97–0.99) between conditions. Further studies are needed to examine the
influence of hypoxia on strength performance measured via more sensitive devices, such
as an isokinetic dynamometer or gauge.

4.2. Muscular Endurance (60% of 1RM) Performance

In the current study, high (FiO2 = 12%) and moderate (FiO2 = 14%) doses of hypoxia
had a negative impact on 60% of 1RM bench press repetition to failure performance.
However, low (FiO2 = 16%) dose hypoxia did not change neither squat nor bench press
muscular endurance performance compared to normoxia. Hence, resistance exercise with
high or moderate doses of hypoxia might develop more fatigue due to the increase in
metabolic stress than the fatigue that develops in low hypoxia or normoxia (Table 2). This
fact might be explained by exacerbated perturbations of cellular homeostasis in active
skeletal muscles [19]. In this respect, high (FiO2 = 13%), but not low (FiO2 = 16%), doses
of hypoxia increased lactate and diminished blood HCO3-, causing a reduction in blood
pH [19]. This indicates that a high dose of hypoxia relies more on non-oxidative ATP
phosphorylation [40] and increases intracellular acidosis, which are known to contribute to
muscular fatigue [41].

Decrement in bench press performance with hypoxia in a dose-dependent manner
was also shown by Campo et al. [18], who reported that peak and mean force were signifi-
cantly lower in high dose hypoxia (FiO2 = 13%) when compared with low dose hypoxia
(FiO2 = 16%) and normoxia. However, in the same study [18], a dose effect was not ob-
served in the half squat exercise. Further, dose of hypoxia was previously shown as a
moderating factor on muscular performance during high intensity resistance circuit train-
ing [19]. In support, a meta-analysis concluded that repetition to failure performance occurs
earlier during resistance exercise with high but not low hypoxia [42]. Conversely, high
(FiO2 = 13%) or moderate (FiO2 = 16%) hypoxic stimulus did not alter back squat and
deadlift force or power variables [20]. Discrepancies in the type of test protocols (circuit
training vs. one/two exercise; at an intensity between 60 vs. 85% 1RM) may vary the
influence of various doses of hypoxia on resistance exercise performance.

The repetition to failure test protocol required participants to use maximum effort,
thus, level of effort could be greater than protocols which use a fixed number of repeti-
tions [4,18–20,38]. There are only a few studies that have used repetition to failure at a
given percentage of 1RM to measure muscular endurance performance in hypoxia. For
example, three sets of 70% 1RM leg extension to failure performance did not change be-
tween normoxia, moderate (FiO2 = 15.4%), and high (FiO2 = 12.9%) hypoxia [23]. Secondly,
three sets of 75% 1RM to bench press failure performance was not different between nor-
moxia and high hypoxia (FiO2 = 13%) [24]. In contrast, in their very well-designed study,
Girard et al. [25] demonstrated that hypoxia (FiO2 = 12.9%) negatively impacts resistance
exercise to failure performance at light (30% of 1RM) loads. The reason for the contrasting
results can be elucidated by hypoxia exposure duration. The ergolytic effect of hypoxia was
proposed to be dependent on exposure duration [43]. In addition, exposure duration, as a
moderating factor, was also found to be significant by a meta-analysis [44] that quantifies
the effect of acute hypoxia on exercise performance. They concluded that the negative
effect of hypoxia increases in parallel with the prolongation of the exercise protocol [44].
In this regard, we can speculate that studies which found no ergolytic effect on repeti-
tion to failure performance may not have had enough hypoxia exposure duration during
their exercise protocols (~12–15 min) [23,24]. Therefore, it appears that relatively short
durations (~20 min) in hypoxia during squat endurance likely influenced the results in
our test protocol. Further, bench press endurance test was performed after squat exercise
and was negatively affected by hypoxia, during which exposure time was nearly 40 min.
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This finding may not only be due to the morphological and neuromuscular differences
between the lower (squat) and upper (bench press) extremities [18]; it may be due to the
prolonged exposure to total hypoxia due to the bench press test being performed after the
squat test. Contrary to our argument, Walden et al. [45] reported that various exposure
durations (20 min vs. 30 min) to hypoxia (FiO2 = 13%) had no influence on the bench press
and shoulder press endurance. More research is required in this topic to make confirm
our speculation.

Females have a greater resistance to hypoxia [46] and recover faster from fatiguing
exercise, in contrast to their male counterparts [26]. Latella et al. [47] found that the
mechanism in which corticospinal excitability is modulated appears to be sex-specific
during resistance training. Lastly, apparent differences between sexes in terms of hormonal
status and lean body mass might alter the results for the resistance exercise performance
during hypoxia. For this reason, it is difficult to generalize the recommendations from
hypoxia studies, all of which were conducted on men [4,18–20,23–25,38,45]. To the best of
our knowledge, this is the first study investigating the effects of hypoxia during resistance
exercise in females. In contrast to the aforementioned hypothesis, our results showed that
men and women respond similarly to the different doses of hypoxia. In support, previously
from our laboratory, sprint interval training performance was not different between sexes
both at moderate (2500 m) and high (3500 m) hypoxia [48]. However, in another study,
despite similar oxygen desaturation levels, men exhibited higher sympathetic responses
to very high hypoxia (FiO2 = 9.6%) compared to women [49]. Direct comparisons in this
regard are not possible, as there is no study directly comparing sexes in a hypoxic resistance
exercise setting. However, RPE values in our study were approximately 17–18 at the end of
test protocol. We can speculate that near maximal RPE values, in turn, high intensity nature
of our test protocol may create a “ceiling effect” that makes any appreciable differences
between sexes extremely hard to distinguish, especially during hypoxia.

4.3. Cognitive Performance

In our study, cognitive performance was found to be lower in high and moderate
hypoxia than low hypoxia and normoxia. These findings are in line with some [50,51], but
not all, studies [52,53]. A recent meta-analysis [54] concluded that various characteristics
(e.g., cognitive task type, exercise type/intensity, and hypoxia level) moderated the effects
of hypoxia and exercise on cognitive function. Similar to our results, acute exposure
to severe hypoxia decreased cognitive function compared to moderate and low hypoxic
conditions in a dose-dependent manner [55]. Additionally, cognitive function has various
domains, such as information processing, executive function, and memory [50–55]. The
Flanker task which was used in the current study measures executive function that enable
an individual to focus attention [36]. Since attentional focus is already reported to moderate
acute muscle performance [32,33], decrements in bench press endurance performance
during high and moderate hypoxia may be associated with equivalent impairment in
cognitive function.

Women have greater resistance to hypoxia and higher SpO2 levels than men [30].
In addition, women have greater basal cerebral blood flow than men during hypoxia,
possibly associated with estrogen [56]. However, in the current study, we did not ob-
serve any sex differences in cognitive performance. This result is consistent with Lefferts
et al. [50] suggesting that cognitive performance of the Flanker task was lower in hypoxia
(FiO2 = 12.5%) during 55% HRmax aerobic exercise in both men and women. In contrast,
short term (~20 min) severe hypoxia (FiO2 = 12%) improved the cognitive performance of
the Go/NoGo task during exercise, with 45% peak power output in women [57]. Discor-
dance between the previous studies [52,53,57] and ours are related to exercise type (aerobic
vs. resistance) and measurement time of cognitive performance (during vs. after) [54].
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4.4. Heart Rate, RPE, Lactate

Our results demonstrated that high and moderate hypoxia significantly increased RPE
and capillary lactate after bench press exercise, but not after squat exercise. Further, heart
rate values were not different between conditions. This mechanism can be explained by the
following: just as the repetition number of bench press decreases as exposure duration to
hypoxia increases, blood lactate responses may also increase due to prolonged exposure
to hypoxia.

Our RPE and lactate outcomes are in support of others [4,18,24,45]. In support, RPE
and blood lactate were higher in high hypoxia (FiO2 = 13%) than in moderate hypoxia
(FiO2 = 16%) and normoxia [19]. However, Scott et al. [20] demonstrated no differences
in RPE during 5 × 5 repetitions at 80% 1RM during high (FiO2 = 13%) hypoxia. These
conflicting results can be explained by the type of test protocol (circuit vs. traditional
vs. repetition to failure). Nevertheless, RPE is a useful tool to determine the intensity of
hypoxic resistance exercise, as demonstrated by the current study.

4.5. Strengths and Limitations

In the current study, we used a double-blind design. The scientific gold standard
design of a double-blind, randomized, crossover trials are rarely carried out in hypoxic
resistance exercise studies [1,9,25]. Moreover, we used repetitions to failure, which ensures
maximal or near maximal effort and is a potent strategy to induce muscle hypertrophy,
possibly due to an increase in metabolic stress [22]. Lastly, for the first time in the literature,
we directly compared men and women participants’ acute responses to various doses of
hypoxia. However, our study is not without limitations. One of the limitations is that
squat and bench exercises are not performed in a random order. Secondly, we did not
assess women participants’ menstrual cycle, which may impact physical and cognitive
performance [57]. However, the four experimental conditions were completed in nine days,
which would have minimized the impact of the menstrual cycle.

5. Conclusions

Overall, the current study found that acute hypoxia does not alter resistance exercise
responses between sexes differently. More specifically, high (4000 m) and moderate (3000 m)
hypoxia significantly decreased bench press endurance and cognitive performance, and
significantly increased RPE and blood lactate, as compared to low hypoxia (2000 m) and
normoxia. Athletes and coaches should carefully design resistance exercise trainings under
high and moderate hypoxia (≥30 min in duration) due to the impaired effects on upper
body muscular endurance and perceived exertion. Nevertheless, metabolic stress induced
by hypoxic resistance training can improve long term hypertrophic adaptations [40].
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Simple Summary: Resistance training in and out of the water aims to improve swimming per-
formance. Previous studies have shown that dry land resistance training has positive effects on
improving strength and therefore this could optimize swimming performance. The present study
investigated the effect of 9 weeks of combined resistance training (aquatic and dry land resistance)
on maximum lower body strength, leg kick, and swimming performance in competitive swimmers.
The results demonstrated that 9 weeks of combined resistance training could improve the maximum
lower body strength and leg kick swimming performance. These improvements can be the essential
factors that subsequently positively affected swimming start and turn performance.

Abstract: The present study investigated the effect of 9 weeks of combined resistance training (aquatic
and dry land resistance) on maximum lower body strength, leg kick, and swimming performance
in competitive swimmers. Twenty-two male national competitive swimmers were randomly as-
signed into two groups: experimental group (EG: age = 16.2 ± 0.3 years) or control group (CG:
age = 16.3 ± 0.3 years). The EG performed a combined resistance training while the CG group com-
pleted their usual training. One repetition maximum (1RM) back squat, 30 m leg kick, and swimming
performance (100 m front crawl, start and turn) were evaluated in pre and post test. The findings
showed a significant increase in 1RM back squat (d = 1.90; 14.94 ± 1.32%) after 9 weeks of combined
resistance training. In addition, ours results revealed a significant improvement in 30 m leg kick
swimming (d = 2.11; 5.84± 0.16%) and in all swimming, start and turn performances (d = 1.83 to 2.77;
2.69 ± 0.18% to 15.14 ± 1.06%) in EG. All dependent variables remained unchanged in the CG. To
sum up, 9 weeks of combined resistance training can improve the maximum lower body strength and
leg kick swimming performance. These improvements can be the essential factors that subsequently
positively affected swimming, start and turn performances. Combined resistance training is an
effective training that can be incorporated by coaches and swimmers into their programs to improve
strength, leg kick swimming, and, subsequently, swimming performance in competitive swimmers.

Keywords: dry land training; one repetition maximum; back squat; water parachute; aquatic training;
swimming performance
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1. Introduction

Over the years, the 100 m race times have been improved probably due to better
aquatic and dry land training programs [1,2]. Concurrent resistance training on dry land
and in water showed to be an effective approach to improve swimming performance [1,3,4].
Amara et al. [1] noted that nine weeks of concurrent resistance training could improve maxi-
mal upper body strength (12.11 ± 1.79%) and sprint performance in front crawl (4.2 ± 0.2%
to 7.1 ± 0.2%) in male competitive swimmers (age = 16.5 ± 0.30 years). Moreover, Lopes
et al. [3] reported a significant improvement in sprint swimming performance (4.0% to 4.3%)
after eight weeks of dry land strength combined with swimming training in university
swimmers of national level (age = 20.55 ± 1.76 years). However, most studies focus upon
increasing strength in the upper body, while improving the performance of the lower limbs
is also an important factor in determining swimming performance [1,5]. Morouço et al. [5]
showed that a relative contribution of leg kick was 29.7% for male swimmers and 33.4%
for females. In the same context, Bartolomeu et al. [6] revealed that swim velocity with
leg kick was 59% compared with full front crawl velocity in competitive swimmers (age =
14.20 ± 1.71 years). Furthermore, the start and turn are among the most important factors
in determining swimming performance these days in competition settings. Morais et al. [7]
showed that the start and the turn phases combined accounted for 31% to 32% of the final
race time in the four swimming strokes. Notwithstanding, lower body strength and power
are found to be two very important underlying factors determining the performance of start
and turn in competitive swimmers [8,9]. Thus, it is necessary to know more about the effect
of combined resistance training on maximum lower body strength, leg kick swimming,
and swimming performance.

Lower limbs strength routines (e.g., countermovement jumps (CMJ), squat, and leg
extension) are heavily used in several dry land swimming training programs [3,10]. For
instance, Lopes et al. [3] showed that eight weeks of dry land training, including full
squat and CMJ exercises, could improve CMJ performance (6.77%) in national competitive
swimmers. Moreover, Sammoud et al. [10] revealed that 8 weeks of dry land training based
on plyometric jump training (CMJ) could optimize the performance of CMJ (24.5%) and
the performance of 25 m front crawl swimming (6.33%) in prepubertal female swimmers
(age = 10.0 ± 0.6 years). These authors [3,10] showed that lower body dry land training
optimized strength and swimming performance, but the information about the transfer of
strength gain in water remains insufficient. Hence, it is necessary to understand the effect
of dry land training on leg kick swimming performance.

Resistance training in water with aquatic equipment (e.g., water parachute) is also an
effective approach to improve the propulsive force [1,11]. Gourgoulis et al. [11] noted that
11 weeks of training with water parachute improved the performance in the 50, 100, and
200 m front crawl (3.2% to 7.3%) in competitive swimmers. Amara et al. [1] reported that
the 50 m front crawl performance was improved after 9 weeks of resistance training in water
with water parachute (4.22 ± 0.18%) in young competitive swimmers. Amara et al. [1]
also showed that an aquatic resistance training program can improve the performance in
the 50 m front crawl arm-pull (7.1 ± 0.23%). The question arises here, could resistance
training with this aquatic equipment improve leg kick performance? If so, how efficient is
the transfer of dry land strength improvement into in-water leg kick performance?

Training in water with additional resistance by the water parachute is shown to be an
effective training to improve swimming performance [11]. However, information about
the effect of combined resistance training (additional aquatic resistance in and dry land
resistance) on leg kick and swimming performance remains insufficient. Therefore, the
objective of this study was to investigate the effect of lower body strength and additional
aquatic resistance training (using water parachute) on strength, leg kick, and swimming per-
formance in competitive swimmers. We hypothesized that improving lower body strength
could improve leg kick performance and subsequently optimize swimming performance.
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2. Materials and Methods
2.1. Experimental Approach to the Problem

The present study was applied to examine the effect of combined resistance training
(aquatic and dry land resistance training) during a nine-week intervention period on
maximum lower body strength (1RM back squat) and swimming performance (100 m
front crawl, 30 m leg kick swimming, start and turn performance) compared to standard
training. All swimmers participated in a week of familiarization for resistance training
in dry land and in the water. All dependent variables were measured pre and post test.
All dry land training and testing were performed in the weight room, and all swimming
training and testing were performed in a 50 m indoor pool with 27.1 and 25.9 ◦C water
and air temperatures (respectively) and 64% relative humidity. All swimmers were asked
to avoid all other intensive activities and avoid all stimulating nutrients during the entire
experimental period.

2.2. Subjects

Twenty-two male national competitive swimmers were randomly assigned into two
groups: experimental group (EG: n = 11, age = 16.5 ± 0.3 years; height: 174 ± 9.80 cm;
body mass = 72.7 ± 5.30 kg) or control group (CG: n = 11, age = 16.1 ± 0.3 years; height:
175 ± 9.70 cm body mass 73.6 ± 5.25 kg). An a priori power analysis (G * Power 3.1.9.3,
Heinrich-Heine-Universität Düsseldorf, Düsseldorf, Germany) yielded a sample size of
at least 9 swimmers per group to detect large effects (d = 1.29), assuming a power of 0.8
and alpha of 0.05. All subjects had three years of experience in resistance training and
5 years of experience in resistance aquatic training. The best time of the fastest swimmer in
100 m front crawl was 57.08 s. All swimmers were informed about all research-related risks
and potential benefits. All subjects and parents read and signed written informed consent.
This study was approved by an institutional review board of Higher Institute of Sport and
Physical Education of Ksar Said, University of Manouba, Tunisia (Research Unit of Sports
Performance, Health & Society, UR17JS01) and conducted according to the last declaration
of Helsinki.

2.3. Procedures

This study was integrated into the preparatory phase of the winter competition
(September to December). All swimmers were conditioned to training and have started the
training season at the same time (3 months before the experimental protocol). The study
design consisted of a pretest followed-up by 9 weeks of intervention and a one-week pos
test (Figure 1).

2.3.1. Aquatic Resistance Training

The swimming training program was composed of six sessions per week with an
hourly volume between 90 and 120 min, and swimming distance between 4000 and 6000 m
per session. All-out sets of specific resistance training using only a leg kick (4 sessions
in a week) were included in both training programs (EG and CG) immediately after the
warm-up (800 m of aerobic training (55% to 80% of maximum heart rate). On Monday
and Thursday, swimmers completed 3 sets × 6 reps × 15 m with 60 s and 5 min of rest
between repetitions and sets, respectively. On Tuesday and Friday, swimmers completed
2 sets × 4 reps × 25 m with 90 s and 5 min of rest between repetitions and sets, respec-
tively [1,11]. To eliminate the effect of arm stroke, specific resistance training was conducted
with the aid of a kickboard, which was held by both hands. The experimental group com-
pleted the specific aquatic training with additional resistance using a small water parachute
(288 cm2). The water parachute was attached to the swimmer’s back by a 2 m-long rigid
rope with a belt that was fasted around the swimmer’s waist [1] (Figure 2).
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2.3.2. Lower Body Strength Training

Two non-consecutive sessions of lower body strength per week (separated by 48 h)
were set up. Two strength and conditioning coaches designed and conducted the dry
land training. Each session started with a 20 min standard warm-up featuring aerobic
exercises (ergocycle and treadmill) and two sets of 8 to 10 reps of back squat with lower
load (20% to 30% 1RM back squat). Subsequently, subjects performed three lower body
strength exercises, which were back squat, countermovement jump (CMJ), and CMJ box
with moderate contraction velocity and complete motion angle. The back squat exercise
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was performed with an intensity between 60% and 80% of 1RM. The sets varied between 2
and 3 and repetitions between 6 and 10. A custom power rack and a standard Olympic
weightlifting bar calibrated and certified (20 kg) were used to perform the back squat
and to better control the technique of performing the exercise. Moreover, CMJ and CMJ
box exercises consisted of 6 to 8 sets with 6 to 10 repetitions. The recovery between
sets and exercises was fixed at 2 min (Table 1) [1,12,13]. The CG was invited to follow
their usual training based on general body strength (2 sessions per week: 60 to 75 min
per session). General body strength consisted of a general warm-up (cardiorespiratory
adaptation and muscle stimulation), general strength exercises (pump-action, medicine
ball throw, abdominal exercises), and muscle stretching.

Table 1. Detailed resistance training conducted by the experimental group.

Week (Sessions) Exercises Sets × Repetition × Intensity;
Recovery between Sets and Exercises (3 min)

1 (1/2)
Back squat 2 × 10 × 60% 1RM

CMJ 2 × 6
CMJ box 2 × 6

2 (3/4)
Back squat 2 × 10 × 65% 1RM

CMJ 2 × 8
CMJ box 2 × 8

3 (5/6)
Back squat 2 × 10 × 70% 1RM

CMJ 2 × 10
CMJ box 2 × 10

4 (7/8)
Back squat 2 × 8 × 75% 1RM

CMJ 3 × 8
CMJ box 3 × 8

5 (9/10)
Back squat 3 × 6 × 80% 1RM

CMJ 3 × 10
CMJ box 3 × 10

6 (11/12)
Back squat 2 × 8 × 75% 1RM

CMJ 3 × 6
CMJ box 3 × 6

7 (13)
Back squat 3 × 6 × 80% 1RM

CMJ 3 × 10
CMJ box 3 × 10

8 (14)
Back squat 3 × 8 × 75% 1RM

CMJ 3 × 8
CMJ box 3 × 8

9 (15)
Back squat 3 × 8 × 70% 1RM

CMJ 3 × 6
CMJ box 3 × 6

1RM: one repetition maximum; CMJ: countermovement jump; CMJ box: countermovement jump box.

2.3.3. Maximum Lower Body Strength Test

On the first day of testing (at 10.00 am), subjects visited the weight room to determine
the 1RM back squat test. The strength test was performed using a custom power rack
and a standard Olympic weight lifting bar calibrated and certified (20 kg). Two strength
and conditioning coaches controlled the execution of the exercises and conducted all
measurements of the maximum back squat strength test.

All subjects completed a warm-up on an ergocycle for 3 min, followed-up by 5 min
of overall static stretching. Thereafter, subjects performed 1 set of 8 reps and 1 set of
3 reps at 50% and 70% of their estimated 1RM back squat, respectively. The load was
gradually increased (10% to 20%), 2 to 3 repetitions and 2 to 4 min of rest were performed.
Thereafter, a small increase in the load (5%) and 2 to 4 min of rest were carried out to reach
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the 1RM squat. The test was finished when the subjects failed to complete the squat, and
the last successful attempt presents the 1RM back squat [14,15]. The intraclass correlation
coefficient (ICC) for the pretest and posttest reliability was 0.93.

2.3.4. Swimming Performance Measurements

Swimming performance measurements were established on the second day of tests
also at 10.00 am. The 100 m front crawl performance and the 30 m leg flutter kick swimming
were measured by two qualified timekeepers per stopwatch (SEIKO S120-4030, Tokyo,
Japan) and noted in seconds. The starting signal was given by the timers, and diving start
was performed in the 100 m front crawl test, whereas a push-off start was used in the
30 m leg kick swimming [1]. The pretest and posttest reliability for 100 m front crawl was
ICC = 0.91, and for the 30 m leg kick swimming, ICC = 0.93.

To determine the start and turn performances, three cameras (SNC VB 603, Sony,
Tokyo, Japan; f = 50 Hz, full HD, 1080 p) were set at well-defined points laterally to
the swimming pool about 5 m above the water surface and about 10 m away from
the swimming lane to film the 100 m front crawl test (Figure 3) [1]. A video analysis
system (Kinovea, version 0.8.15, Joan Charmant & Contrib., Kinovea.org, accessed on
3 January 2022) was used to evaluate: (i) start performances: Block time (the time lag be-
tween the starting signal and the instant the swimmer’s feet left the block) and the 15 m time
(the time lag between the starting signal and the swimmer’s head reaching the 15 m mark).
(ii) turn performance: the total turn (the time lag between reaching the 45 m mark and the
15 m mark of the following split) [7,16]. The pretest and posttest reliability of start and turn
performances were 0.89 ≤ ICC ≤ 0.95.
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2.4. Statistical Analyses

SPSS 26.0 (SPSS Inc., Chicago, IL, USA) was used for statistical analysis. All data
are presented as mean and SD, mean difference, partial difference in percentage, and
95% confidence interval. The baseline between-group differences were computed through
independent sample t-tests. Normality and sphericity of the data were tested and confirmed
using Shapiro–Wilk test and Mauchly test, respectively. Pre and post test reliability was
assessed using the intraclass correlation coefficient (ICC2,1) [17]. The standard error of
measurement (SEM) was determined by SD of the pretest × √(1-ICC) [18]. Minimum
detectable change (MDC) of all dependent variables was derived using SEM × √2 × 1.96,
and MDC % was defined as ((MDC/mean of pretest) × 100) [18]. Two-way ANOVA was
used to determine the change of strength and swimming performance between pre and
post test. The effect size (ES) was assessed by converting partial Eta-squared to Cohen’s
d [19]. ES was classified as trivial (d < 0.25), small (0.25 ≤ d < 0.50), moderate (0.50 ≤ d < 1)
and large (d ≥ 1) [20]. The level of significance was established at p ≤ 0.05.

3. Results

No significant difference in the baseline values between both groups in anthropomet-
rics, swimming performance, and maximum strength test were shown (p > 0.05). Significant
main effects of time, group, and time × group interaction were shown in all dependent
variables (p < 0.05).

A significant improvement in 1RM back squat (14.94 ± 1.32%, p < 0.001, ES = 1.90
(large)) in EG was found while the 1RM back squat weight remained unchanged in CG
(p > 0.05, Table 2).

Table 2. Changes in the maximum lower body strength, swimming, start and turn performances
between the pre and post test in the experimental (EG) and control groups.

Variables Groups Pre Test Post Test p-Value Effect (95% CI) ∆ (%) MDC
(%) Effect Size

1RM back squat
(kg)

EG 63.46 ± 4.99 72.91 ± 5.45 <0.001 5.27 (1.88 to 8.66) 14.94 ± 1.32 3.89
(6.19)

1.90 (large)
CG 62.18 ± 5.72 63.64 ± 6.04 0.568 2.32 ± 0.73 0.46 (small)

100 m front crawl
(s)

EG 59.56 ± 1.50 56.93 ± 1.51 0.001 −1.10 (−2.03 to −0.17) 4.41 ± 1.39 1.25
(2.10)

1.83 (large)
CG 59.49 ± 1.55 59.21 ± 1.55 0.678 0.47 ± 0.02 0.19 (trivial)

30 m Leg kick
swimming (s)

EG 20.97 ± 0.61 19.75 ± 0.61 <0.001 −0.65 (−1.02 to −0.28) 5.84 ± 0.16 0.44
(2.09)

2.11 (large)
CG 21.12 ± 0.60 20.90 ± 0.60 0.398 1.04 ± 0.05 0.39 (small)

Time 15 m (s) EG 6.65 ± 0.07 6.47 ± 0.07 <0.001 −0.07 (−0.11 to −0.03) 2.69 ± 0.18 0.06
(0.90)

2.77 (large)

CG 6.65 ±0.07 6.61 ± 0.06 0.159 0.60 ± 0.22 0.66
(moderate)

Block time (s) EG 0.78 ± 0.05 0.66 ± 0.05 <0.001 −0.05 (−0.08 to −0.02) 15.14 ± 1.06 0.06
(7.69)

2.61 (large)

CG 0.78 ± 0.05 0.75 ± 0.05 0.216 3.39 ±0.65 0.57
(moderate)

Total turn (s) EG 11.48 ± 0.19 11.15 ± 0.18 0.001 −0.14 (−0.25 to −0.03 2.88 ± 0.08 0.11
(0.96)

1.85 (large)
CG 11.48 ± 0.17 11.42 ± 0.17 0.434 0.51 ± 0.04 0.36 (small)

MDC: minimal detectable change; ∆: delta change (pre test to post test).

In addition, significant improvement was found in 100 m front crawl (4.41 ± 1.39%, p
= 0.001, ES = 1.83 (large)) and in 30 m leg kick swimming (5.84 ± 0.16%, p < 0.001, ES = 2.11
(large)) after 9 weeks of intervention period in the experimental group, but not in the
control group (Table 2).

Also a significant improvement in all start performances (15 m time: 2.69 ± 0.18%,
p < 0.001, ES = 2.77 (large); block time: 15.14 ± 1.06, p < 0.001, ES = 2.61 (large)) and in turn
performance (total turn: 2.88 ± 0.08, p = 0.001, ES = 1.85 (large)) in the experimental group,
while no significant changes in any of these parameters were observed in the control group
(p > 0.05, Table 2).
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4. Discussion

The aim of the present study was to investigate the effect of concurrent resistance
training in water (parachute) and dry land on maximum lower body strength, leg kick, and
swimming performances in competitive swimmers. The main results showed significant
increases in strength and all swimming variables after nine weeks of combined resistance
training, while the control groups did not have positive improvements in any of the
selected variables.

Combined resistance training for nine weeks increased the 1RM back squat by
14.94 ± 1.32%. This improvement is in accordance with previous studies conducting
dry land interventions between 8 and 10 weeks and intensity between 60% and 80%
1RM [2,21,22]. Garrido et al. [21] also showed that eight weeks of resistance dry land
training that included leg extension (intensities between 50% and 75% of the 1RM), CMJ
and CMJ box exercises with 2 to 3 sets and 5 to 8 repetitions improved the performance
of the 6RM leg extension (55.6%) in young competitive swimmers (12.08 ± 0.76 years).
Likewise, Kubo et al. [22] showed 11.3 ± 8.6% improvement in the 1RM half squat perfor-
mance after 10 weeks of lower limb training (full squat and half squat exercises) in healthy
male subjects (age = 20.9 years). In addition, Amara et al. [2] reported that nine weeks of
different strength training load including leg extension exercise (high load: 5 to 6 sets and 3
to 5 repetitions; moderate load: 4 to 5 sets and 3 to 5 repetitions; low load: 3 to 4 sets and
3 to 5 repetitions) with intensity between 85% and 95% 1RM leg extension improved the
1RM leg extension (9.87% to 19.82%) in male competitive swimmers. Hence, 8–10 weeks
of training at 60–80% of 1RM yields improvements in maximum and power strength of
lower limb [2,21,22]. As such, the dry land program design for this research is as effective
as others reported in the literature.

According to the previous literature, this study is the first investigation that stud-
ied the effect of combined resistance training on leg kick swimming performance; for
this reason, it is challenging to benchmark these results against previous findings. Only,
Konstantaki et al. [23] noted that training during six weeks based on leg kick training
(3 sessions per week) could improve the performance of the 200 m leg kick swimming
(6 ± 2%) in male competitive swimmers. Furthermore, the concurrent aquatic and lower
limb resistance training improved the 30 m leg kick swimming performance (5.84 ± 0.16%),
which is probably caused by the improvement in maximum lower body strength as sug-
gested by the increased 1-RM squat results. More specifically, the transfer of force gain from
the lower limb to the leg kick swimming was clearly evident in the EG (1.22 s) better than
in the CG (0.22 s) with a difference of ≈1 s, and this explains the effective role of resistance
lower limb training in improving the performance of the leg kick swimming in the water.

The 100 m front crawl times increased by approximately 2.63 s (4.41 ± 1.39%) after the
concurrent resistance training. In fact, the increase in the maximum strength and the leg
kick swimming performance in the EG (9.45 kg, 1.22 s, respectively) compared in the CG
(1.46 kg, 0.22 s, respectively) could explain that the swimmers of EG make suitable use of
the transfer of gain of force to improve the 100 m swimming performance (2.63 s) compared
in CG (0.28 s) with a difference of ≈ 2.35 s. This present investigation is a complement to
the previous study developed by Amara et al. [1]. Whereas Amara et al. [1] revealed an
improvement of 25 m front crawl arm-pull (1.05 s) due to the transfer of force gain after
the increase in maximum upper limb performance (5.45 kg), and subsequently, the sprint
swimming velocity was optimized (0.16 ms−1). On the other hand, periodization and
training planning plays an important role in further improving front crawl performance.
Whereas, 8 to 9 weeks of concurrent resistance training during the preparatory phase could
be sufficient to cope with the new imposed aquatic and in dry land training load and
subsequently the improvement sprint swimming performance (4.22% to 6.82%) [1,3].

A start and turn performance improvement (2.96% to 15.14%) was shown after 9 weeks
of concurrent resistance training, in which the contribution of the legs is predominant [5].
An increase in the force of pushing by the legs at the starting block level (start) and at
the wall level (turn) due to the improvement in the maximum force of the lower limb can
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explain these present results [24,25]. More specifically, the neuromuscular adaptations
represented by the learning and coordination of the back squat exercise during the 9 weeks
of training, the competitive level of the swimmers, which could favor the specificity of the
adaptation to the training, and the transfer of gain of strength may be indirect evidence
that justifies the results obtained at the start and turn level [26]. In addition, this study does
not present any specific technical start and turn training; therefore, there is no change in the
start and turn technique in the two groups. This could confirm the important contribution
of maximum lower limb strength in the optimization of start and turn performance.

To sum up, 9 weeks of concurrent training included sets of aquatic resistance and dry
land training with 1 to 2 sessions per week, 2 to 3 sets, 6 to 10 repetitions, and intensity
between 60% and 80% of 1RM could improve the maximum lower limb strength and
ultimately the optimization of swimming performance.

This study has some methodological limitations that warrant discussion. Perhaps the
combined resistance training is a limitation because we do not know exactly what the partial
contribution of each type of training (dry land vs. in water) is to strength improvement.
The small sample size could also be a limiting factor in this study. In addition, the present
study only includes male swimmers. Future studies must include female counterparts.
Added to that, it is required to reproduce the combined resistance training reported here in
other swim strokes (breaststroke, butterfly, and backstroke) and competitive levels. The
effect of concurrent resistance training on certain physiological variables (cardiorespiratory
adaptation to physical exertion) may also be a future field of study.

5. Conclusions

This study showed that 9 weeks of concurrent resistance training can improve the
maximum lower limb strength. In addition, our findings showed that suitable transfer
of strength gain to leg kick swimming, start and turn performance after the concurrent
resistance training ultimately improved the 100 m front crawl performance. Concurrent
resistance training included dry land exercises (back squat, CMJ, and CMJ box) with 1 to
2 sessions per week, 2 to 3 sets, 6 to 10 repetitions, and intensity between 60% and 80% of
1RM and aquatic resistance training with water parachute is an effective strategy that can
be incorporated by coaches and swimmers into their training programs to improve sprint
swimming performance in competitive swimmers.
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Simple Summary: We previously showed that SuperJump activity, an innovative workout training
performed on an elastic minitrampoline, exerts osteogenic action in women. The present study
analyzed whether the gut peptides (GLP-1, GIP, GLP-2, PYY, ghrelin) are involved in the mechanism
of action. This is because there is a link between gut peptides and bone. In fact, ingestion of a meal
induces secretion of the gut peptides that act by decreasing bone resorption and blood glucose level.
After 20 weeks of SuperJump activity GLP-1 and GIP levels were significantly increased while fasting
insulin, glucose, insulin resistance, were significantly reduced. The study suggests that GLP-1, and
GIP are involved in the mechanism of action that improves bone health and blood glucose level
following 20 weeks of SuperJump activity in women.

Abstract: We showed that twenty weeks of SuperJump activity, an innovative workout training
performed on an elastic minitrampoline, reduced bone resorption and increased bone formation in
eumenorrheic women acting on the key points of the regulation of bone metabolism. The present
study analyzed whether the gastrointestinal hormones are involved in the mechanism of action and
if it has an impact on glucose homeostasis. The control group was composed of twelve women,
similar to the exercise group that performed SuperJump activity for twenty weeks. The analysis was
performed on blood samples and investigated GLP-1, GIP, GLP-2, PYY, ghrelin, glucose, insulin,
insulin resistance, β-cell function, and insulin sensitivity. The results showed that the activity
contributes to raising the GLP-1and GIP levels, and not on GLP-2, PYY, and ghrelin, which did
not change. Moreover, SuperJump activity significantly reduced fasting insulin, glucose, insulin
resistance, and increased insulin sensitivity but did not affect beta cell function. These data suggest
that GLP-1, and GIP are involved in the mechanism of action that improves bone and glucose
homeostasis following 20 weeks of SuperJump activity in eumenorrheic women.

Keywords: biological mechanisms; physical health; sports and exercise physiology; glucagon-like
peptide-1; glucose-dependent insulinotropic polypeptide

1. Introduction

The gastrointestinal tract is the body’s largest endocrine organ secreting hormones
which in turn regulate whole-body homeostasis. Therefore, many dysmetabolic conditions
such as insulin resistance or higher risk of fractures are accompanied by altered secretion of
gut peptides [1,2]. Gastrointestinal secretion of gut peptides is stimulated by nutrients when
these reach the intestinal L cells, but levels of the gut hormones seem to be influenced by an
exercise bout [3–6], suggesting that physical exercise could modulate gut peptides release.

There is a high link between gut peptides and bone. In fact, ingestion of a meal induces
secretion of gut peptides that act by decreasing bone resorption [7]. The responsible gut pep-
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tides appear to include glucagon-like peptide-1 (GLP-1), glucose-dependent insulinotropic
polypeptide (GIP), glucagon-like peptide-2 (GLP-2), peptide YY (PYY), and ghrelin [8].
GLP-1 and GIP are also known as incretin hormones due to their role in regulating glucose
homeostasis by acting on insulin release. However, other gut peptides such as GLP-2 and
PYY influence glucose metabolism [9–13].

Physical exercise is indispensable to improve bone health [14,15] and glucose
metabolism [16,17]. It can even replace glucose-lowering medication [3]. However, thus
far, how exercise improves glucose homeostasis in humans is not fully understood and the
influence of exercise on beta cell adaptations remains to be clarified.

SuperJump is an innovative activity performed on an elastic minitrampoline that can
be used to be fit, maintain well-being, and counteract a sedentary lifestyle due to home
confinement such as during COVID-19 [18]. We have previously shown that 20 weeks
of SuperJump training reduced bone resorption and increased bone formation in eumen-
orrheic women acting on the key points of the regulation of bone metabolism [19]. In
this manuscript, it was hypothesized that gastrointestinal hormones are involved in the
metabolic pathway underlying bone remodeling following SuperJump exercise in eumenor-
rheic women. Furthermore, since gastrointestinal hormones impact on glucose metabolism,
it was secondarily hypothesized that SuperJump may have effects on glucose homeostasis
and beta cell function. Therefore, the aim of the study was to investigate whether the
gastrointestinal hormones, and specifically GLP-1, GIP, GLP-2, PYY, and ghrelin, are in-
volved in the mechanism of action that influences bone remodeling following 20 weeks of
SuperJump activity and whether these changes would also impact on glucose homeostasis.

2. Materials and Methods
2.1. Subjects and Experimental Design

This study is part of a larger project (TRAMP2021). As previously described in [19],
from an initial number of forty-two women, due to lack of inclusion criteria or withdrawal,
twenty-four eumenorrheic women were randomized into two groups, the exercise group
and the non-exercise (control) group for a total of twelve women in each group. Inclu-
sion and exclusion criteria are summarized in Table 1. Briefly, during the first visit, the
participants underwent anthropometric measurement and completed a habitual dietary
intake assessment [20]. Before starting the activity, a blood sample (BASE) was collected;
the second sample of blood was collected at the end of the 20 weeks (W20) (Figure 1).

Table 1. Inclusion and exclusion criteria of the study.

Inclusion Criteria Exclusion Criteria

Women living in Italy Bone fracture within the previous year

Age: 18–40 years Self-reported long (>35 days) or short (<24 days) or irregular menstrual cycles

Currently injury free Use of medication or suffering from any condition known to affect
bone metabolism

Body mass index between 18.5 and 28 kg/m2 Pregnancy, breastfeeding

Menstrual cycle interval between 24 and 35 days Current smokers

Use of any type of hormonal contraception within the past six months

Calcium or vitamin D supplementation in the preceding six months

Participation in moderate and high impact-activity for ≥3 h·week before
enrolling in the study
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Figure 1. Overview of the experimental design. Blood samples were collected at baseline, at time 0,
and after twenty weeks in the two groups of study (control group and exercise group). In the exercise
group, SuperJump activity was performed for a total of 20-weeks, three times a week, 60 min each
session. The control group did not perform physical activity.

2.1.1. Workout Characteristic

The exercise group performed SuperJump training (CoalSport, Rome, Italy). The
intensity was 65–75% HR max and the frequency was three times a week for a total of
20 weeks. The session time was 60 min. The SuperJump training session was performed by
the whole exercise group on the same days, at the same time, by the exercise group together.
The training sessions were carried out on the mini trampoline and led by experienced
instructors. Each session was divided into five min warm-up, a central phase with full
body jumping exercises, and five min cool-down phase. The central phase was a circuit
of 10 exercises, 50 s each, with 10 s of active recovery each time. The circuit was repeated
five times per training session. The training session was entirely performed on the mini
trampoline including the recovery phase during which the subjects continued to jump on
the trampoline at the minimum intensity that allowed them to perform the jump (just lift
both feet off the trampoline together). The ten resistance exercises were: (1) isometric lateral
raises; (2) curl, 3) oblique; (4) adductors/ abductor; (5) triceps; (6) front lifts; (7) split jump
alternating drill; (8) Pull to the chin; (9) jumping jack single arm; (10) standing Russian twist.
All exercises were performed with dumbbells, with the weight allowing the subject to carry
out the exercise for 50 s. SuperJump is a moderate-to-vigorous activity (sRPE = 3.1 ± 1.2);
during the training session, the subjects spend 47.1 ± 34.4% of the time on moderate
intensity (64 ± 76.9 % of HRmax) and 34.6 ± 39.6% of the session time on vigorous intensity
(77 ± 95.9 %of HRmax) [18]. The performance and the effects of SuperJump were recently
studied [18,19] and the characteristics of this activity, which include resistance exercise
and impact activities such as during the active recovery phase, classify it among activities
with osteogenic potential. The rationale of the SuperJump protocol was to undertake both
resistance exercises and impact activities to exert osteogenic effects. Indeed, it has been
demonstrated that resistance exercise has a better osteogenic potential than just aerobic
exercise [8]. The active recovery phase was important to prolong “the impact stimulus”
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of the activity over time. The impact of a physical exercise is the combination of force
magnitude and the speed at which the force is applied [21]. Activities with the most
osteogenic potential have ground reaction forces (GRF) greater than 3.5 times BW (per leg),
with peak force occurring in less than 0.1 s [22]. Comparing three main activities such as
walking, running, jumping, the last has the greatest benefits to bone mineralization [23,24].
It also seems important that not only the characteristic of the movement but also the number
of repetitions, in fact 50 jumps in a session [25], does not seem to have an osteogenic effect
compared to 100 jumps [26,27]. The control group did not perform physical activity during
the time of the study. Physical activity was intended as structured activity and excluded
daily life activities (e.g., physically heavy work) and journeys on foot or by bike to go
to work.

2.1.2. Anthropometry

Body composition, specifically lean mass and fat mass, was measured by electrical
bioimpedance measurements (InBody 320 Body Composition Analyzer). Body weight and
barefoot standing height were measured by using an electronic scale and a wall-mounted
stadiometer, respectively (Gima 27335 and Gima 27088, Italy). Body mass index (BMI) was
reported as weight (kilograms) per standing height (meters squared).

2.2. Blood Sample Collection

Blood samples were collected by a specialist the morning after overnight fasting. For
plasma samples, we used a tube containing EDTA while for serum, we allowed it to clot
in serum tubes at room temperature for 30 min before being centrifuged under the same
conditions and were centrifuged at 3000 rpm for 10 min.

2.3. Assays

To measure gut peptides, plasma samples were collected in pre-chilled EDTA-containing
tubes with apoprotein (0.6 TIU/mL blood) and dipeptidyl peptidase IV inhibitor (10 µL/mL
blood). Plasma was obtained by centrifugation at 5 ◦C for 10 min at 3000 rpm for measure-
ments of GLP-1, GIP, ghrelin, PYY, and GLP-2. All samples were immediately stored at
−80 ◦C until analyzed. All samples were analyzed in duplicate. As previously reported [20],
human plasma peptide samples were analyzed using the following enzyme immunoas-
say kit: EZGLPHS-35K for active GLP-1, EZHGIP-54K for total GIP, EZGRT-89K for total
ghrelin, EZHPPYYT66K for total PYY, and EZGLP-237K for GLP-2, all from Millipore.
The inter- and intra-assay coefficients of variation for total ghrelin were 6.62% and 1.32%;
6.62% and 5.15% for GLP-2; 11.5% and 4.5% for active GLP-1; 7.41% and 2.27% for total
PYY; and 3.37% and 6.45% for total GIP. All samples were measured in one assay to avoid
inter-assay variation. Glucose, insulin, total cholesterol, HDL-cholesterol, and triglycerides
were measured by standard commercial assays supplied by Roche Diagnostics performed
on the Roche COBAS c501. The HOMA2 computer model was used to estimate insulin re-
sistance (HOMA2-IR), β-cell function (HOMA2-%B), and insulin sensitivity (HOMA2-%S)
from fasting insulin and glucose concentrations calculated by the HOMA2 calculator for
specific insulin version 2.2.3, available from http://www.dtu.ox.ac.uk/homacalculator,
accessed on 28 November 2021. The method is an updated HOMA model and has been
used extensively to measure insulin resistance β-cell function and insulin sensitivity [28,29].

2.4. Ethics

The study conducted in accordance with the Declaration of Helsinki was approved by
ethics committee 1 of the University of Palermo, Policlinico Giaccone Hospital, approval
number 2–2020–27. Before the start of the study, all subjects involved provided written
informed consent. In addition, the clinical study was registered on Clinicaltrials.gov under
number NCT04942691.
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2.5. Statistics

Based on the results of previous studies on exercise and gut peptides [3,30], the study
was powered to detect a change in GLP-1 of 30% (SD 20%) considering a Type I error
(α) = 0.05 (two-sided), and Type II error (β) = 0.20 (power of 80%). An a priori power
calculation determined that ten subjects were required to achieve 80% power at p < 0.05
by using G Power software. The comparison between the groups was performed by one-
way ANOVA followed by Tukey’s posttest. A p < 0.05 was considered to be statistically
significant by using GraphPad Prism software.

3. Results

The cohort under investigation did not show significant differences in body mass
index or composition among the groups (control vs. exercise) or within the groups (time
zero vs. 20 weeks). Instead, a significant difference was observed in triglyceride levels in
the exercise group at W20 compared with BASE, while no differences were reported in
total cholesterol, HDL-cholesterol, and LDL-cholesterol between the groups (control vs.
exercise) or within the groups (time zero vs. 20 weeks) (Table 2). Moreover, we previously
showed that there was significant change in the markers of bone remodeling after 20 weeks
of training in the exercise group. The marker of bone formation, osteocalcin, increased from
16.2 ± 5 (BASE) to 22.2 ± 6 µg/L (W20). The marker of bone resorption, CTX, decreased
from 0.44 ± 0.1 (BASE) to 0.29 ± 0.1 µg/L (W20). PTH decreased from 44 ± 15 (BASE) to
34 ± 11 ng/L (W20). Calcitonin, vitamin D, and phosphate concentrations did not change
while there was a significant increase in calcium and potassium concentrations [19].

Table 2. Characteristics of the subjects measured baseline and after 20 weeks (20 W) in the two groups
of women.

Subjects Charact

Control Group Exercise Group

BASE 20 W BASE 20 W

Mean ± SD Mean ± SD p-Value Mean ± SD Mean ± SD p-Value

BMI (kg/m2) 22.5 ± 2.7 23.7 ± 2.9 p > 0.05 22.8 ± 2.4 22.8 ± 2.8 p > 0.05
LM % 74.4 ± 5.8 76.6 ± 5.2 p > 0.05 73.2 ± 5.9 73.7 ± 7.2 p > 0.05
FM % 25.6 ± 5.8 23.9 ± 6.2 p > 0.05 26.8 ± 6 26.3 ± 7.2 p > 0.05

TRIG (mg/dL) 91 ± 14 89 ± 26 p > 0.05 80 ± 21 55 ±18 p = 0.02
Total Chol (mg/dL) 182 ± 18 188 ± 27 p > 0.05 182 ± 23 184 ± 24 p > 0.05
HDL-Chol (mg/dL) 77 ± 12 75 ± 11 p > 0.05 77 ± 15 80 ± 14 p > 0.05

LDL-Chol 93 ± 24 98 ± 18 p > 0.05 100 ± 14 89 ± 16 p > 0.05

Abbreviation: Charact, Characteristics; BMI, Body Mass Index; LM, Lean Mass; FM, Fat Mass; TRIG, Triglycerides;
Chol, Cholesterol.

3.1. Incretins

In the control group, there were no significant changes in plasma GLP-1 and GIP levels
at W20 compared with BASE within the group (Figure 2). In the exercise group, GLP-1 was
significantly increased at W20 compared with BASE (Figure 2A). GLP-1 concentrations at
W20 increased by 58% from BASE (5.7 ± 1.7 vs. 3.6 ± 0.7 pmol/L). The levels detected were
within the normal range. In addition, the GIP level was significantly increased. Specifically,
in the exercise group, GIP increased by 102% at W20 compared to BASE (64.3 ± 21 vs.
31.9 ± 12 pg/mL) (Figure 2B) and the concentrations detected were within the physiological
range. There was a significant change in the endogenous levels of GLP-1 and GIP in the
exercise group at W20 compared to the control group (Figure 2A,B).
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3.2. Other Gut Hormones

In the control group, there were no changes in GLP-2 (2.1 ± 0.25 vs. 2 ± 0.26 ng/mL)
PYY (58 ± 11 vs. 56 ± 12 pg/mL) and ghrelin levels (1081 ± 491 vs. 1036 ± 376 pg/mL) at
W20 compared with BASE. Moreover, in the exercise group, SuperJump training did not
affect plasma GLP-2 (2.1 ± 0.20 vs. 1.9 ± 0.16 ng/mL), PYY (55 ± 11 vs. 52 ± 6 pg/mL),
and ghrelin concentrations (947 ± 351 vs. 1014 ± 458 pg/mL) at W20 compared to the
baseline. Additionally, the comparison between the two groups (control vs. exercises)
showed no significant changes in GLP-2, PYY, and ghrelin (Figure 3A–C).
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3.3. Markers of Glucose Homeostasis

In the control group, there was no difference in fasting glucose (88± 3.1 vs. 90± 4.2 mg/dL),
insulin (8.1 ± 2.8 vs. 8.6± 3.0 mUI/L), or insulin resistance (1.0 ± 0.4 vs. 1.2 ± 0.3) at W20
compared with BASE. In the exercise group, SuperJump training significantly reduced
fasting glucose (80 ± 7.4 vs. 88 ± 4.0 mg/dL), insulin (4.7 ± 1.9 vs. 7.9 ± 2.6 mUI/L), and
insulin resistance (0.6 ± 0.2 vs. 1.0± 0.3) at W20 compared with BASE. The comparison
between the groups (control vs. exercise) showed a significant reduction in fasting insulin,
glucose, and insulin resistance in the exercise group at W20 compared to the control group
(Figure 4A–C). There was no difference in β-cell function in the control group or the
exercise group at W20 compared with BASE (Figure 4D). There was no difference in insulin
sensitivity in the control group while in the exercise group, there was a significant increase
in insulin sensitivity at W20 compared with BASE. The comparison between the groups
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(control vs. exercises) showed a significant increase in insulin sensitivity at W20 in the
exercise group compared to the control group (Figure 4E).
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4. Discussion

In previous studies, the endogenous levels of GLP-1 and GIP following physical
activity have been measured at the end of the single training session [2] and have not
investigated the potential link between gut peptides, bone remodeling, and physical activity.

This study shows that the gut peptides GLP-1 and GIP are involved in the mechanism
of action that influences bone remodeling and ameliorates glucose homeostasis following
20 weeks of SuperJump training in eumenorrheic women.

We previously showed that SuperJump activity exerts osteogenic action in eumenor-
rheic women. In fact, after 20 weeks of SuperJump training, the levels of the marker of
bone resorption CTX were significantly reduced while the levels of the marker of bone
formation osteocalcin were increased. We found that PTH, calcium, and potassium were
involved in the mechanism of action [19]. The present study showed that the SuperJump
exercise program for 20 weeks significantly increased endogenous GLP-1 and GIP levels,
suggesting that these two incretins are part of the mechanism of action by which this type
of high impact activity influences bone remodeling in eumenorrheic women. This was
confirmed by the lack of changes in the endogenous level of GLP-1 or GIP in the control
group of sedentary women. We observed an increase in the endogenous levels of GLP-1
and GIP that was positive for bone remodeling because it is within the normal physiological
range. In fact, in women, treatment with the long-acting agonist of the GLP-1R, liraglutide,
increased P1NP (bone formation marker) and bone mineral content and reduced the bone
loss, indicating that GLP-1 acted by increasing bone formation [31]. In ovariectomized rats,
the treatment with liraglutide increased bone mineral density and improved trabecular
thickness, number, and volume [32]. Moreover, the activation of GLP-1R decreased P1NP
secretion and increased cell viability in osteoblasts [33]. Additionally, GIP exerts an anti-
resorptive action and anabolic effect [34]. GIP stimulated the expression of P1NP and of
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ALP activity [35] and reduced the level of CTX, the marker of bone resorption [36]. The
GIP receptor is expressed in osteoblast and osteoclast derived cell lines. Therefore, the loss
of function for the GIP receptor gene, in women carrying the gene polymorphism E354Q,
was correlated with decreased bone mineral density and increased risk of fractures [37].

Regarding GLP-2, previous studies have shown that GLP-2 administered subcuta-
neously in postmenopausal women reduced CTX, markers of bone resorption, and had a
minimal effect on bone formation [38]. In our study, GLP-2 levels did not differ between the
exercise and control groups, suggesting that it is not involved in the mechanism of action
that impacts on bone remodeling in exercising women. We cannot exclude that 20 weeks of
SuperJump training were not sufficient to induce differences in the endogenous levels of the
peptide. However, on the basis of previous studies, supraphysiological doses of exogenous
GLP-2 are necessary to reduce bone resorption [1]. Thus, changes within the physiological
range may not be sufficient to see an effect and this may account for the lack of differences.
However, thus far, it is still unknown whether GLP-2 affects bone metabolism directly or
indirectly by involving other intestinal factors. In fact, the GLP-2 receptor has not been
identified in human osteoclasts or in any other bone-related cell types [34].

Evidence from human studies indicates that PYY modulates bone homeostasis [1].
The PYY increases were associated with low bone mineral density in women with weight
alteration [39,40] and absence of menstrual periods [41]. In our study, we did not find
any difference in PYY concentration, ruling out an involvement of PYY. This is probably
because our study population was constituted of eumenorrheic women with no weight
alteration. We did not also find any differences in circulating ghrelin levels in the groups of
study. Ghrelin is first a regulator of energy metabolism but seems to influence bone [42].
However, the basal concentration of ghrelin is inversely associated with body mass index.
In fact, reduced ghrelin levels were found in obese people [43].

Thus far, we know that physical activity ameliorates glucose homeostasis, but it is
still unclear how it acts to do so. Here, we suggest that GLP-1 and GIP could be part
of the physiological mechanism of action that improves glucose homeostasis following a
high impact physical activity. In fact, the higher endogenous GLP-1 and GIP level in the
exercise group following 20 weeks of SuperJump activity improved glucose metabolism. In
the exercise group, reduced fasting glucose, insulin and insulin resistance, and increased
insulin sensitivity was observed. This was confirmed by the lack of changes in fasting
glucose, insulin, or insulin sensitivity in the control group of the study. This agrees
with the reduced gut peptide responses reported in sedentary obese people that develop
insulin resistance [44]. The observation of elevated GLP-1 and reduced insulin could be
counterintuitive in consideration of the ability of GLP-1 to stimulate insulin release. Thus, it
is necessary to point out that the incretin effect is defined as the increase in insulin response
after an oral ingestion of glucose. In fact, GLP-1 induces insulin secretion via the GLP-1R in
a glucose-regulated manner [45]. The blood samples in the groups of study were obtained
after an overnight fast. Thus, it is possible to hypothesize that fasting levels of insulin and
glucose were lower thanks to a regulatory mechanism of the peptide on beta-cells that
could be sensitized to secrete the minimum amount of insulin required to have an accurate
glycemic control. In fact, insulin sensitivity was increased. Further studies are required.

A key strength of the present study was to analyze the effects of chronic exercise
(20 weeks of SuperJump exercise) on endogenous peptides with respect to previous stud-
ies that have focused on the effects of acute exercise on the secretion of gastrointestinal
hormones [46]. In fact, to our knowledge, the endogenous levels of GLP-1 and GIP fol-
lowing physical activity have only been measured acutely, at the end of the training
session [2,46–51], and not after several weeks of training program like in our study. More-
over, the mechanism of action and therefore the potential link between gut peptides, bone
remodeling, glucose metabolism, and physical activity has not been investigated. For GLP-
1, the studies measured total and not the active form of GLP-1 l such as in our study [51].
However, GLP-1, similar to us, showed an increase in basal GLP-1 levels [46,51,52]. These
investigations were conducted after acute exercise not only in normal weight, but also in
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obese trained women and suggest that endogenous levels of GLP-1 are very sensitive to
physical activity. For GIP, the studies have been conducted in obese/diabetic cohort of
patients or following a glucose tolerance test [53–55]. These studies were unconcluded and
showed a decrease, increase, or no change in the GIP concentrations. We are conscious that
we did not compare the SuperJump group with another group that performed other forms
of exercise such as a different high impact or strength training. Thus, we do not know the
effects of other forms of chronic exercise on basal gut peptide release and further studies
are necessary. In fact, the exercise protocol characteristics such as the age, fitness level,
BMI, and the exercise protocols such as duration and intensity could differently impact on
gut peptide release. which is a limitation of the study. We also do not know whether the
observed effects were mediated by GLP-1 or GIP. We may suppose that the observed effects
are mediated by a synergistic action of the two peptides, but further studies are necessary
to clarify the point.

5. Conclusions

In conclusion, the study points out the ability of physical activity by increasing endoge-
nous GLP-1 and GIP levels to ameliorate bone and glucose metabolism, suggesting that the
peptides are involved in the physiological mechanism of action that improves bone and
glucose homeostasis following 20 weeks of SuperJump activity in eumenorrheic women.
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Simple Summary: Physical activity is often recommended as part of the management of chronic low
back pain, which is one of the most common musculoskeletal disorders. Vibrating exercise equipment
is used despite little scientific evidence to support its effectiveness in the prevention and treatment of
musculoskeletal problems. The aim of this study was to evaluate the efficiency of using vibrating
exercise equipment in women with chronic low back pain. Here, 92 women aged 49–80 years were
assigned to one of two groups: the experimental and the control group. The intervention consisted of
aerobic exercises with specific handheld equipment. Both groups performed physical activity twice
weekly for 10 weeks. The erector spinae muscles’ bioelectrical activity, the lumbar range of motion
and pain intensity were measured in all participants at baseline and after 10 weeks. Compared with
baseline measures, there was a significant decrease in the bioelectrical activity of the erector spinae
muscles during flexion movement, rest at maximum flexion, extension movement and rest in a prone
position; an increase in the lumbar range of motion and a decrease in pain intensity following a
program of physical activity with vibrating exercise equipment. No significant changes were found
in intergroup comparisons; however, physical activity with vibrating exercise equipment could be a
prospective strategy for increasing lumbar range of motion and decreasing pain and erector spinae
muscle activity in people with chronic low back pain.

Abstract: Background: Physical activity is often recommended as part of the management of chronic
low back pain, which is one of the most common musculoskeletal disorders. Vibrating exercise
equipment is used despite little scientific evidence to support its effectiveness in the prevention
and treatment of musculoskeletal problems. The aim of this study was to evaluate the efficiency
of using vibrating exercise equipment in women with chronic low back pain. Here, 92 women
aged 49–80 years were assigned to one of two groups: the experimental and the control group. The
intervention consisted of aerobic exercises with specific handheld equipment. Both groups performed
physical activity twice weekly for 10 weeks. The erector spinae muscles’ bioelectrical activity, the
lumbar range of motion and pain intensity were measured in all participants at baseline and after
10 weeks. Compared with baseline measures, there was a significant decrease in the bioelectrical
activity of the erector spinae muscles during flexion movement, rest at maximum flexion, extension
movement and rest in a prone position; an increase in the lumbar range of motion and a decrease
in pain intensity following a program of physical activity with vibrating exercise equipment. No
significant changes were found in intergroup comparisons; however, physical activity with vibrating
exercise equipment could be a prospective strategy for increasing lumbar range of motion and
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decreasing pain and erector spinae muscle activity in people with chronic low back pain. Chronic low
back pain (CLBP) is one of the most common musculoskeletal disorders. Physical activity (PA) is often
recommended as part of the management of CLBP, but to date, no one particular exercise has been
shown to be superior. Vibrating exercise equipment (VEE) is widely available and used despite little
scientific evidence to support its effectiveness in the prevention and treatment of musculoskeletal
problems. The aim of this study was to evaluate the efficiency of using VEE compared with sham-
VEE in women with CLBP. Methods: A randomized (1:1 randomization scheme) single-blinded
sham-controlled intervention study was conducted. Through simple randomization, 92 women aged
49–80 years were assigned to one of two groups: VEE (the experimental group) and sham-VEE (the
control group). The VEE and sham-VEE intervention consisted of aerobic exercises with specific
handheld equipment. Both groups performed physical activity twice weekly for 10 weeks. The erector
spinae muscles’ bioelectrical activity (using an eight-channel electromyograph MyoSystem 1400L),
lumbar range of motion (Schober’s test) and pain intensity (visual analog scale) were measured
in all participants at baseline and after 10 weeks. Results: There was a significant decrease in the
bioelectrical activity of the erector spinae muscles during flexion movement (left: Me = 18.2 before;
Me = 14.1 after; p = 0.045; right: Me = 15.4 before; Me = 12.6 after; p = 0.010), rest at maximum flexion
(left: Me = 18.1 before; Me = 12.5 after; p = 0.038), extension movement (right: Me = 21.8 before;
Me = 20.2 after; p = 0.031) and rest in a prone position (right: Me = 3.5 before; Me = 3.2 after; 0.049);
an increase in lumbar range of motion (Me = 17.0 before; Me = 18.0 after; p = 0.0017) and a decrease
in pain intensity (Me = 4.0 before; Me = 1.0 after; p = 0.001) following a program of PA in the VEE
group. Conclusions: No significant changes were found in intergroup comparisons. The beneficial
changes regarding decreased subjective pain sensation in the VEE and sham-VEE groups may be due
to participation in systematic physical activity. However, PA with vibrating exercise equipment could
be a prospective strategy for increasing lumbar range of motion and for decreasing pain and erector
spinae muscle activity in people with CLBP.

Keywords: vibrating exercise equipment; women; chronic low back pain; surface electromyography

1. Introduction

Chronic low back pain (CLBP) is one of the most common health complaints in
adults [1]. CLBP affects independence, the mental state and physical activity (PA) [2,3]. Con-
servative treatment of CLBP often involves PA in the form of specific training sessions [4,5]
or exercises [6]. To date, there are no clear guidelines to suggest the superiority of any one
exercise method [7]. A 2017 review by Geneen et al. [8] found that there is poor scientific
evidence to support the use of PA in reducing pain in the general population, and the
authors suggested the need for continuing research into new solutions for conservative
treatment of chronic pain [8]. Other studies have found that regular PA in the older adults
alleviates anxiety and depression, and improves cognitive function while also enhancing
mobility, balance and upper limb function [9]. Furthermore, PA also prevents the formation
of fibrosis in muscle tissue and has a role to play in promoting the anti-inflammatory
properties of macrophages, reducing tissue sensitivity and metabolism. Use of PA also
has a positive impact on myofascial tissue and supports the concept of “physical activity
as medicine” [10]. Mora and Valencia [11] believe that for PA to have optimum health
benefits in older adults, it must consist of aerobic, strength, flexibility and proprioceptive
exercises. Moreover, the PA must be tailored to take past injuries, hip and knee function,
chronic disease, prescribed medications and nutrition into account [11]. The use of vibra-
tion stimuli in medicine and rehabilitation is becoming increasingly popular [12]. Vibration
provides a strong proprioceptive stimulus [13] which can improve body balance and gait
re-education in older adults [14,15], and can reduce pain by stimulating the afferent alpha
and beta motoneurons and inhibiting nociceptive pain fibers [16]. Vibration stimuli have
been shown to lead to improvements in muscle strength [17] and muscle mass [18,19],
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a reduction in obesity [20], and an improvement of gait in neurological patients [21,22].
Moreover, vibration can be applied directly (local vibration) to the muscle [17,23] or indi-
rectly using vibrating platforms (e.g., whole-body vibration, WBV). The use of WBV in
conjunction with exercise has been studied in randomized clinical trials [24–26], but thus
far, no comprehensive review evaluating specific interventions and protocols, especially
in the case of older adults has appeared in the Cochrane Library. A review published
in 2019 by Leite et al. [27] suggested there is not enough evidence to support the use of
WBV in clinical practice among people with various disabilities [27]. Furthermore, no
standard clinical guidelines are available for WBV physical activity in relation to curing
CLBP [28]. There also may be a role for exercise using vibrating exercise equipment (VEE)
as an alternative to exercises on a WBV platform [29–31]. VEE applies local vibration from
the hand to the rest of the body. The frequency produced by VEE was measured at the soft
grip on the top of the rings during movement. It ranged from 0 to about 460 Hertz and
showed a mean amplitude at about 60 Hertz (information provided by the manufacturer).
The frequency is not dependent on any electronic motor or device but instead is created by
natural and dynamic movements created by the swinging of the rings in different directions;
therefore, it does not achieve a constant frequency. The movement always starts at 0 Hertz
(the resting position) and reaches its highest frequency at the midpoint of the movement
until changing direction to the resting point again [29,30]. However, little is known about
the efficacy of combining this specific exercise equipment with vibration to enhance low
back pain improvements. We identified two studies on the use of VEE in people with
cancer. Crevenna et al. [30] assessed the quality of life and the strength of the upper limb
muscles in women with breast cancer before and after a 12-month intervention in the
form of physical activity with VEE. It was found that exercising with the VEE was safe
and improved the quality of life and upper limb muscle strength. In a pilot intervention
study, Cenik et al. [29] used the same device in women with breast cancer and evaluated
participants’ quality of life, upper limb muscle strength, body composition and 6-min walk
test. After 3 months of physical activity with the vibration-generating device, there was an
improvement in all the measured parameters. These projects are not directly comparable
with our study; however, they provide evidence that the equipment used in our project is
safe and well tolerated. Both of the aforementioned studies showed encouraging results
and their authors recommended further research on the effectiveness of VEE.

Recent World Health Organization data have confirmed the rapid aging of the popula-
tion around the world [32]. In Poland, the long-term senior policy for 2014–2020 encouraged
the creation of physical activity programs as part of the so-called concept of healthy ag-
ing. These programs aim to be diverse and innovative, and function to encourage older
people to participate in various forms of physical activity. So far, to our knowledge, the
bioelectrical activity of the erector spinae muscles, lumbar range of motion (ROM) and
reported low back pain in middle-aged and older women has not been studied in conjunc-
tion with exercises using vibrating equipment. Further research is needed into the benefits
of a combined exercise intervention program involving muscular strength, flexibility and
aerobic fitness for CLBP patients, as the literature has supported the use of each of these
fitness areas individually, but more research should be conducted combining all three [33].
Despite encouraging evidence on the usefulness of exercise involving vibration in people
with CLBP, the practical application of such research findings in this area remains limited.
Programs and exercises utilizing vibration equipment are typically not well reported or not
reported at all.

Wilke et al. [34] have carried out a systematic review in order to find evidence of
myofascial continuity between the trunk and upper limb muscles. The analysis revealed
the presence of three myofascial connectivities between the trunk and the upper limbs: the
dorsal arm chain, the ventral arm chain and the lateral arm chain. Two myofascial continu-
ities start on the dorsal arm chain: both latissimus dorsi muscles and the infraspinatus and
teres minor muscles fuse with the triceps brachii. At the elbow, the triceps brachii muscle
merges with the small anconeus muscle, which then connects to the extensor carpi ulnaris
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of the lower arm [34]. It seems that chronic low back pain and methods of their treatment,
due to fascial connections with other regions of the body [35], should be considered from
the aspect of the body as a whole, in agreement with the biotensegrity biomechanical
theory [36,37]. The evidence supports this theory, pointing toward functional and clinically
relevant myofascial continuity [38,39]. Several authors [28,40–42] have shown that adding
WBV to specific exercise could increase muscle activation of the lumbar–abdominal muscles
in young patients with CLBP. According to VEE, during the swinging movements of the
arms, the four steel balls inside the tube not only create vibration but also momentum
due to the acceleration of the VEE and the inertia of the steel balls. In the resting position,
the VEE weighs about 0.5 kg, which can change to about 5 kg through a dynamic swing-
ing movement. We conclude that the momentum and vibration created by the swinging
movement could affect the lumbar–abdominal muscles, which are important factors for
CLBP. Therefore, the main goal of this study was to compare the ES muscles’ bioelectrical
activity, lumbar ROM and low back pain in middle-aged and older women participating in
a 10-week physical activity program with VEE and sham-VEE. In addition, the correlations
among these parameters was evaluated. The main hypothesis was that the intervention
of PA with VEE would decrease the resting and functional bioelectrical activity of the
erector spinae muscles, increase the lumbar ROM and reduce low back pain. The present
study has clinical relevance. If there were intergroup differences, then the simple handheld
swinging-ring system could be used by physiotherapists in individuals with CLBP. If it
were possible to prove the beneficial influence of the local vibration generated by the
handheld swinging-ring system in people with CLBP, the device could be used in the work
of a physiotherapist. This would be both economically important (reducing labor costs)
and easy to use by the patient, as he or she would be able to do the exercises themselves.

2. Materials and Methods
2.1. Study Methodology

A randomized intervention study assessed the resting and functional bioelectrical
activity of the erector spinae muscles before and after a 10-week PA program using VEE
(experimental group). A control group was used, which performed the same 10-week PA
program, but with sham non-vibrating equipment (sham-VEE). The project was carried out
between September 2016 and June 2017, and was based on the Consolidated Standards of
Reporting Trials (CONSORT) guidelines. The study was approved by the Bioethical Com-
mittee at Opole Medical School in Poland (24 October 2016, No. 44/2016) and registered on
the Australian New Zealand Clinical Trials Registry platform (1 December 2016, number
ACTRN12616001661460). The study was carried out in the Functional Research Laboratory
of the Physiotherapy Department and used the gym of the Opole Medical School, Poland.

2.2. Study Participants

The target group included women between 50 and 80 years of age recruited from
the University of the Third Age of Health and Beauty of Seniors of the Opole Medical
School, Poland. Written informed consent was obtained from all participants included. The
inclusion criteria were: aged over 49, a history of bilateral chronic pain in the lumbar spine
lasting >6 months (they had completed the standard care procedure for acute LBP) and
provision of signed voluntary consent to participate in the project. Exclusion criteria were:
age <50 years old, acute pain in the lumbar spine requiring pharmacological treatment
lasting <6 months, lack of pain in the lumbar spine, unstable hypertension, an inability
to perform standing exercises, hip endoprosthesis and a lack of voluntary consent to
participate in the project. Based on the criteria, 92 women were included in the project.
The estimated sample size was calculated on the basis of the pilot study. The means
and standard deviations of lumbar ROM before and after the intervention were used in
the analysis of estimating the sample size. On the basis of the parameters, an estimated
sample size equal to 39 participants in each group was obtained. In addition, the risk of
losing patients in the follow-up assessment (10%) was assumed. The final sample size
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equaled a minimum of 43 participants in each group. The estimation of the sample size was
performed using Statistica 13 (TIBCO Software Inc.). Participants were randomly assigned
to the experimental group (VEE group, n = 43) or the control group (sham-VEE group,
n = 49). Randomization was carried out using computer-generated random numbers
(simple randomization). The participants were randomly assigned to the groups in a
1:1 ratio. Both groups were subjected to a systematic PA intervention (a 60-min exercise
session twice a week for 10 weeks) with the use of equipment. The equipment used in the
experimental group was a handheld device which generated vibrations and momentum
when it was set in motion. The same equipment was used in the control group, but it
did not generate vibration and momentum during movement (sham-VEE). Both pieces
of equipment were identical in weight and external structure. The participants were not
aware which intervention they were receiving (single-blinded).

2.3. Methods

The bioelectrical activity of the right and left erector spinae muscles in the lumbar spine
of each participant was measured using an eight-channel electromyograph (MyoSystem
1400 L, Noraxon, Scottsdale, AZ, USA), MyoResearch software (Noraxon) and compatible,
disposable, self-adhesive Ag/AgCl electrodes. The participants assumed a comfortable,
casual position lying face down. The study was conducted in accordance with SENIAM
guidelines [43].

The electromyographic (surface electromyography, sEMG) signals were subjected to
standard post hoc processing with rectification (purification) and smoothing using an RMS
calculation algorithm. The sEMG recording frequency was set to the range of 10 to 450 Hz
with a high-pass filter cutoff of 10 Hz and a low-pass filter cutoff of 500 Hz. The level
of common-mode rejection was a minimum of 100 dB, and the input impedance for the
sEMG channels was higher than 100 mΩ. The system had high sensitivity in terms of
recording sEMG signals (1 µV). The erector spinae (ES) muscles’ bioelectrical activity was
measured during “rest” (45 s of ES activity at rest before any functional measurements),
and at “functional tone” (measurement in the standing position lasting 45 s, during which
the patient performed lumbar flexion, with maintenance of rest at maximal flexion and
extension). Normalization to maximal or submaximal contractions has not been considered
a solution for low back pain patients, and thus, non-normalized EMG amplitudes were
preferred in our study [44].

The original Schober’s test was used to measure the lumbar ROM. The assessment
was performed at the level of L5, with 2 points marked 5 cm below and 10 cm above L5.
The participants were then asked to perform a forward bend, flexing the torso and touching
their toes if possible while keeping the knees straight. The distance between the 2 points
was measured in this position [45].

Participants were asked to rate the intensity of pain on a visual analog scale (VAS).
Scores were measured by asking each participant to mark the intensity of pain on a 10 cm
line, annotated with “no pain” at one end and “as bad as it could possibly be” at the other
end [46].

2.4. Intervention

The PA with VEE and sham-VEE is detailed in Table A2 (Appendix A). These were
overseen by physiotherapists trained in using vibrating equipment. The VEE is a handheld
spiral tube with 4 steel balls within it. Movement in the sagittal, frontal or horizontal plane
(e.g., a swinging motion) sets the metal balls in motion. The movement of the balls creates
a vibration of 60 Hz, which is transmitted through the handles of the tool. The weight of
the static equipment is 0.5 kg; however, it can reach up to 5 kg during movement due to
centrifugal forces.

The handheld vibration exercise equipment used in the study consisted of 4 steel balls
(26 g each, diameter = 24 mm) located inside a spiraled tube made of soft (65%) and hard
(35%) PVC (internal groove protruding, helix pitch 6.2 mm) and a grip with cushioning
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elements. The device name “Smovey” comes from the three words: “swing”, “move” and
“smiley” (Appendix A, Figure A1).

Each participant was instructed how to hold the equipment properly and how to
perform the correct swinging movement in different planes whilst maintaining proper
body posture. The PA comprised simple movements of moderate intensity. The level of the
intensity (perceived exertion) was based on the subjective assessment of each participant
expressed during the exercise using the Borg scale. Perceived exertion was measured
by the Borg RPE scale, which contains both verbal anchors and a numerical scale. The
numbers range from 6 to 20, while the verbal anchors start at 6, which is labeled as “least
effort”, 7 is “very, very light”, 9 is “very light”, 11 is “fairly light”, 13 is “somewhat
hard”, 15 is “hard”, 17 is “very hard”, 19 is “very, very hard” and 20 is “maximum effort”.
After each set of exercises, the physiotherapist asked the participants to rate her level of
effort in performing the exercises on the Borg scale (“How hard you feel your body has
worked?”) [47]. Participants performed the PA regime for ~60 min twice per week for a
total duration of 10 weeks. The exercises were performed in the same order for both groups.
Each participant had their own exercise mat and set of exercise equipment for each session.
Each exercise was demonstrated by a physiotherapist, and the participants were asked to
copy each movement. Participants were reminded at each session of the correct starting
position and tonicity, the importance of keeping slightly bent knee joints, the correct way
to hold the equipment (keeping the wrists stiff) and the correct range of arm movement.
The classes were always held at the same time. Participants were dressed in loose sports
clothing and footwear that did not constrict movement. The demonstrator set the pace of
the exercises.

2.5. Statistical Analysis

Statistica 13 software was used to perform the statistical analysis (StatSoft, Inc., Tulsa,
OK, USA). Due to the lack of a normal distribution in the obtained results, the medians,
quartiles (Q1, Q3) and range of variability were calculated for each measurable variable.
The frequency of occurrence (percent) was calculated for qualitative variables. All the
tested quantitative variables were checked by means of the Shapiro–Wilk test to determine
the type of distribution. Intragroup comparisons (before vs. after the intervention) were
performed using the Wilcoxon test. The differences between the results obtained in the
experimental group and the control group were determined using the non-parametric
Mann–Whitney U-test. For all comparisons, a level of α = 0.05 was assumed. Correlations
between quantitative variables were analyzed using the Spearman correlation coefficient.

3. Results

In total, 120 participants were enrolled in the study. Based on the inclusion and
exclusion criteria, 92 women were included in the project. They were randomly assigned to
one of the two groups: the experimental group (n = 43) or the control group (n = 49). All
92 subjects completed the 10-week exercise program (Figure 1) following the intention to
treat principle.

3.1. Characteristics of the Participants

Table 1 shows the characteristics of the experimental group and the control group. The
age in the experimental group ranged from 50 to 76 (mean = 66.0 years old) and that in
the control group ranged from 56 to 80 (mean = 66.0 years old). There were no statistical
differences in the characteristics of the two groups.
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Table 1. Characteristics of the participants.

VEE (Experimental)
Group n = 43

Sham-VEE (Control)
Group n = 49 p-Value

Me Min Max Q1 Q3 Me Min Max Q1 Q3

Age (years) 66.0 50.0 76.0 63.0 69.0 66.0 56.0 80.0 64.0 69.0 0.68 *

Height (cm) 160.0 146.0 176.0 156.0 165.0 160.0 149.0 171.0 155.0 164.0 0.89 *

Weight (kg) 75.4 47.1 107.5 64.2 85.0 70.6 49.3 177.7 63.0 77.0 0.17 *

BMI (kg/m2) 28.4 19.1 42.3 25.2 32.5 27.7 19.3 42.7 25.8 29.2 0.24 *

* Mann–Whitney U-test; Me—median; Mi—minimum; Ma—maximum; Q1—lower quartile; Q3—upper quartile.

3.2. Erector Spinae sEMG Results

A comparison of the results of the sEMG measurements is presented in Table 2.
Compared with the baseline measures, there was a statistically significant decrease in
the flexion sEMG of the left and right ES muscles in the VEE group following the PA
intervention. Moreover, there was a decrease in the sEMG activity of rest at maximal flexion
in the left ES muscle and in the sEMG activity of extension of the right ES observed in
the VEE group. The sEMG of the right ES muscle in the resting position also decreased
significantly following the intervention. There were no statistically significant changes in
sEMG following the PA intervention observed in the sham-VEE group. Moreover, there
were no statistically significant differences in the change in sEMG between the VEE and
sham-VEE groups.

3.3. Lumbar ROM Results

The measurements of lumbar ROM are presented in Table 3. Compared with the
baseline measures, there was a statistically significant improvement in the ROM following
the PA intervention in the VEE group. There were no statistically significant changes in
ROM following the PA intervention observed in the sham-VEE group. There were no
statistically significant differences observed between the VEE and sham-VEE groups.

3.4. Pain Scores (VAS)

Both the VEE and sham-VEE groups demonstrated a decrease in pain intensity fol-
lowing the intervention, which is shown in Table 4. There was a statistically significant
decrease in VAS in the VEE group, from 4 to 1 following the exercise intervention. Similarly,
the level of pain expressed on the VAS scale in the sham-VEE group decreased from 5 to 1
after the end of the study, which was also statistically significant. There was no statistical
difference in VAS score between the groups either before or after the intervention.
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4. Discussion

The aim of the study was to compare the effect of a 10-week exercise program, using
either VEE or sham-VEE, on the bioelectrical activity of the erector spinae muscles in
the lumbar spine, lumbar range of motion and reported pain in middle-aged and older
women with chronic low back pain. The study also investigated whether bioelectric activity
correlated with the ROM of the lumbar spine and reported subjective pain levels. It was
hypothesized that after the end of the 10-week PA intervention with VEE, the bioelectrical
activity of the erector spinae muscles would be significantly lower compared with their
activity before the intervention, particularly in the experimental group and in comparisons
between the groups. It was also hypothesized that a reduction in the measured bioelectrical
activity of the erector spinae muscles would correlate with increased lumbar ROM and
reduced pain intensity. The results showed a significant reduction in the bioelectrical
activity of the erector spinae muscles following the PA intervention in the experimental
group; however, there was no statistical difference when comparing the experimental
group with the control group. Moreover, there was no significant correlations between the
measured bioelectrical activity of the erector spinae muscles and ROM. To our knowledge,
the study was the first randomized sham trial that has been conducted to evaluate the
effects of exercise with VEE on these parameters. The study aimed to answer the question
of whether PA with VEE is more effective than PA with sham-VEE in middle-aged and
older women suffering from CLBP.

4.1. Erector Spinae sEMG

It appears that the reduction in the bioelectrical activity of the ES muscles in our study
after the 10-week intervention in the experimental group is a positive phenomenon. This
would suggest that the use of VEE has a beneficial stimulatory effect on the nervous system
responsible for ES muscle innervation, as well as possibly improving the blood supply to
the muscle due to changes in its tone. However, measurements of bioelectrical activity of
the ES muscles in patients with CLBP are still inconsistent [48,49]. Lima et al. [44] found
that those suffering from CLBP had increased muscle activity, which was possibly caused
by excessive stimulation of the nervous system. Participants with CLBP showed an increase
in back muscle activity compared with asymptomatic participants, regardless of the type of
functional task [44]; moreover, increased trunk muscle activity has been shown to be a key
feature in the presence of pain [50]. Therefore, the reduction in resting and functional sEMG
as demonstrated in our study may have resulted in a decrease in ES muscle hyperactivity,
which is one of the factors contributing to pain onset and persistence in study participants.
This study hypothesized that the use of VEE during PA would modify the level of bioelectric
activity of the ES through myofascial connections between the upper and lower back [51].
The ES muscles are located between the lamina superficialis and the lamina profunda of the
thoracolumbar fascia, which functions to carry mechanical loads [52] along with the back
extensors and gluteal muscles [53]. The thoracolumbar fascia also contributes to movement
coordination, stability and proprioception, and aids in promoting sliding and reducing
friction during movement. Any trauma or pain may alter the sliding mechanism within
the fascial plane [54]. Therefore, if fascial stiffness is increased, the nociceptors could be
sensitized, causing the underlying muscles to be stiffer [55]. The studies by Nowotny et al.,
(2018) and Daneau et al., (2019) suggested that the reduction in the endurance and strength
of the paraspinal muscles, which results in development of pain in this region, may be
related to an increased number of Type II muscle fibers in patients with LBP pain compared
with people who did not report pain in this region [56,57].

A review of literature showed that this type of vibration (particularly related to the
VEE) and its use in exercise has not been extensively studied; therefore, it was difficult to
compare our study with any other literature. A supplementary stimulus was also generated
by the noise of the four steel balls rolling in the spiral tube, which generated an auditory
feedback corresponding to the intensity of the vibration stimuli. Goossens et al. [13] con-
ducted an experiment in which local vibration from 20 to 60 Hz applied to the triceps surae
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and back muscles was chosen as the “stimulation condition” to control the simultaneous
activation of vibrotactile skin receptors. This study used magnetic resonance imaging (MRI)
to evaluate brain activity when the local vibrating stimulus was applied to the erector
spinae muscles in people with and without non-specific low back pain (NSLBP). The results
indicated that patients with NSLBP were more cautious of movement and needed more
time to complete tasks compared with the control group. In addition, MRI of patients with
NSLBP showed activation of the right S2 cortex and the right primary auditory cortex
(Heschl′s gyri), areas that are important for proprioception, during stimulation of the
erector spinae muscles. Although there were no significant differences in the processing
of proprioceptive information between participants with NSLBP and healthy participants,
correlations of brain behavior showed that in order to maintain optimal proprioception to
respond to postural changes, patients with NSLBP may experience increased activation of
the regions responsible for sensory processing. The use of vibration stimuli also triggered
increased activation of brain areas involved in threat detection and fear processing in some
participants, which was associated with poorer proprioceptive posture control [13]. The
results of our study indicated no statistically significant differences between the VEE and
sham-VEE groups, which may suggest that the vibration generated by the equipment used
did not affect the erector spinae muscles in the aspects of neurophysiology studied.

4.2. Lumbar ROM

The reduction in ROM that occurs with age plays an important role in physical
function [58]. Some authors suggested that people with CLBP are highly fearful and not
only guard themselves during flexion and extension movements, but they also fear that pain
will significantly limit their ROM, for example, during flexion–extension movements [59].
In this study, there was a statistically significant improvement in lumbar ROM after the PA
intervention in the experimental group. The increase in ROM associated with the reduction
in pain intensity within the painful lumbar spine may be associated with a restoration of
soft tissue architecture in this region of the body and a potential reduction in the number of
Type II muscle fibers [56,57]. According to Langevin et al., (2011), a potential consequence of
chronic low back pain is fibrosis and adhesions that may inhibit independent motion of the
adjacent connective tissue layers, which can restrict movement [60]. Since mobility range is
closely related to soft tissue flexibility and because of the fact that mobility range decreases
not only due to pain but also age [61], any increase in flexibility will be of particular value
to middle-aged and older adults, as those who maintain better flexibility are more likely to
be independent when performing functional everyday activities [61].

4.3. Pain Scores (VAS)

This study showed a significant reduction in subjective pain sensations within the lum-
bar spine in both the experimental and the control group. If we assume that pain increases
ES muscles’ bioelectrical activity, which, in turn, further increases pain, then reducing
this subjective perception of pain may be the key element in breaking the vicious cycle
of CLBP [62]. There are various theories regarding the impact of pain on the bioelectrical
activity of muscles [63]. The results of research conducted by Arendt-Nielsen et al. [64]
showed that there was no correlation between VAS reduction and a decrease in the erec-
tor spinae muscles’ bioelectrical activity. Our results showed some discrepancy between
objective measurements of the bioelectric activity of the ES and subjective measurement
of pain sensation. The change in the bioelectrical activity of the ES in the VEE group was
simultaneously supported by a significant reduction in pain; however, a reduction in pain
without a significant change in the bioelectric activity of the ES muscles was also observed
in the sham-VEE group. From the point of view of the patient’s quality of life, such a signif-
icant reduction in pain in both groups is obviously a beneficial phenomenon. The results
of the study also did not reveal whether PA with VEE or with sham-VEE was superior.
This may partly stem from the fact that the participants were properly educated on how to
perform each exercise, particularly the importance of maintaining correct posture during
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the PA. Maintaining correct posture, emphasizing the lumbar lordosis, during PA makes it
possible to keep the various intricate structures of the back and spine healthy [65]. PA with
the equipment proposed in our intervention study focused on the activation of the deep
torso muscles, targeting the restoration of control and coordination of these muscles with
the view to progressing to more complex and functional tasks that integrate the activation
of the deep torso muscles as a whole.

4.4. Clinical Implications

The study aimed to answer the question of whether PA with VEE is more effective than
PA with sham-VEE in middle-aged and older women suffering from CLBP. A surprising
finding was that there was no difference between the VEE and sham-VEE physical activity
groups (intergroup comparison). Only the VEE group had significant decreases in the ES
muscles’ bioelectrical activity and increases in lumbar ROM. Both groups had significant
decreases in VAS. These findings do not support our hypothesis that the intervention of
PA with VEE, more than PA with sham-VEE, would decrease the resting and functional
bioelectrical activity of the erector spinae muscles, increase the lumbar ROM and reduce
low back pain because it provides a vibration effect. Thus, at this phase of the study, we
are unable to confirm that in middle-aged and older women with CLBP, the local vibration
generated by a simple handheld swinging-ring system during a physical activity program
is more effective compared with exercises in which it does not occur. For planning physical
activity in middle-aged and older women with chronic low back pain, exercise with VEE
can be included but, based on our results, the beneficial changes observed in this study
may result from systematic physical activity, not from the equipment used (no statistical
differences in intergroup comparisons). In the case that an individual possesses exercise
equipment such as VEE, this can only enrich aerobic training and expand the spectrum of
exercises that can be performed, especially when aerobic exercise is routinely recommended
to improve physical function in aging individuals [66,67].

4.5. Study Limitations

There was no long-term follow-up of the participants to see if any benefit was sustained
long-term. The physiotherapists involved in this project were not blinded as to whether
the devices used were vibrating or non-vibrating. The VEE used in the project could have
been described better in technical terms, focusing on how the vibrations are generated—the
project was based only on the information available from the manufacturer. Future work
could, however, seek to explore approaches to the normalization of sEMG data, accounting
for factors such as activities of daily living and regular physical activity, training participants
to control the deep muscles of the trunk to stabilize the spine during perturbations, different
training methods and other training equipment or vibration applied to the lower extremities.
Another weakness was that the vibration never reached a constant frequency, which might
be required (or devices with a higher frequency), which could be tested in future studies.
Moreover, the weakness was that there were no minimum pain score criteria for LBP (range
from 1 to 10), and including middle-aged and older participants with low chronic back
pain scores (1–3) may have adversely impacted the overall pain-related outcome measures.
Future studies should include participants with greater chronic LBP than scores of 1 or 2.

5. Conclusions

Application of local vibration from the hand to the rest of the body did not result in
significant changes in the bioelectric activity of the ES, lumbar ROM or pain intensity in
intergroup comparisons. The beneficial changes observed in this study regarding decreased
subjective pain sensation in the VEE and sham-VEE groups may be due to participation in
systematic physical activity rather than the vibration-generating equipment used. Physical
activity with VEE increased lumbar ROM and decreased pain and the erector spinae
muscles’ activity in middle-aged and older women with chronic low back pain. In future,
well-designed studies with a large sample size should be conducted to assess the possible
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effects of the manual swinging-ring system. This will allow further exploration and
validation of the benefits of PA with VEE for this age group.
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Table A1. Correlation between the bioelectric activity (µV) of the erector spinae muscles and the
ROM of the lumbar spine in the experimental and control groups.

Experimental Group Control Group

Lumbar ROM Before Lumbar ROM After Lumbar ROM Before Lumbar ROM After

rs p-Value rs p-Value rs p-Value rs p-Value

Before
Baseline 0.239019 0.102 0.123192 0.404 0.198600 0.2017 0.109459 0.4847

Functional 0.106851 0.470 0.189222 0.198 −0.089447 0.5684 0.088912 0.1571

After
Baseline 0.086178 0.560 −0.057862 0.696 0.190182 0.2219 0.003511 0.9822

Functional 0.005431 0.971 −0.008733 0.953 0.011753 0.9404 0.050751 0.7464

rs = Spearman’s correlation coefficient

Table A2. Overview of the exercise classes.

Course of the Class Name and Description of Exercise Time (min)

Welcome and introduction

The group is welcomed and the equipment is distributed. The participants are
asked about their wellbeing and pain level,

Participants are reminded of the principles of using the equipment, and the
importance of maintaining correct and normal breathing during exercising.

5

Warm-up 5 min

Starting position (SP) = Participants stand with their arms by their sides.
Shoulder circles are performed forward and backward. 1

SP as above, with shoulder circles forward and backward, combined with a light
stepping motion of the feet 1

SP as above, marching the feet, swinging each alternate arm forward
and backward. 1

SP as above, marching the feet, with parallel arm movement forward
and backward. 1

SP with the arms by the sides holding the Smovey in each hand. The hands are
moved inward and outward 1

Main part 32 min

SP as above, marching (four steps forward, four steps backward) with alternate
arm movements and with lifting the knees up on every fourth step. 2

SP as above, stepping out to the side with alternating abduction of each arm to
the side. 2

SP as above, raising each alternate leg upward, with alternating arm movement
to the side. 2

SP as above, with a step with raised knees, with movement of the arms up and
down on the outside. 2

SP as above, stepping with alternating arm movement front to back. 2

SP as above, stepping with alternate arm movement forward and backward. 2

SP as above, stepping forward and backward with weight transfer, with arms
moving forward and backward, crossing at the front at the height of the chest. 2

SP as above, diagonal movement of the legs forward and backward, with
parallel shoulder movement sideways. 2

SP as above, the Smovey joined together, held behind with both hands at the
height of the hips, slight arm movement sideways. 2

SP = standing in straddle position, arms at the height of the shoulders, crossing
and abduction of the arms 2

SP = lying on the side, arm movement above the head and then toward legs.
Uppermost leg is lifted upward. Performed both right and left. 2
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Table A2. Cont.

Course of the Class Name and Description of Exercise Time (min)

Main part 32 min

SP as above, arms kept straight along the torso, the Smovey joined together,
forward and backward movement of the arm and the leg in opposite directions.

Performed right and left.
2

SP as above, the knee of the upper leg is bent and moved forward, massage of
the buttock with the Smovey. Performed right and left. 2

SP = lying on the back, the Smovey is held behind the head with both hands,
moving arms forward once to the right and once to the left of the torso. 2

SP as above, left leg is bent at the knee, the heel is leaned against the ground,
right leg lifted straight up and down with parallel arm movement toward the

right leg. Repeated right and left.
2

SP as above, legs are bent at an angle of 90◦, the Smovey is held with both hands
at the height of the chest. Moving legs sideways while moving arms in the

opposite direction.
2

Cool down 5 min

SP standing with the Smovey held in each hand, bending forward with arms
directed forward. 1

SP = standing in straddle position, the Smovey is held with both hands, lifting
the hands up and bending forward, moving the Smovey toward the floor. 1

SP as above but bending to the sides. 1

SP as above, the Smovey is held on the shoulders, with rocking
sideways movements. 1

SP as above, raising arms up while breathing in and lowering arms while
breathing out. 1

Organizational matters The end of the class, asking the participants about their perceived intensity of
exercise using the Borg scale, saying goodbye. 3
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Simple Summary: Overweight and obese, like other forms of malnutrition, have been shown to
affect immune function through changing immunoglobin or cardio-respiratory fitness levels and
cell-mediated immune responses. Although calorie restriction and exercise are the most common
therapies for obesity or overweight, it is unclear what kind of supplementation these people should
take or how much exercise they should perform. Hence, in this study, we examined the effect of
8 weeks of high-intensity interval training (HIIT) with spirulina supplementation on the humoral
immunity, cardio-respiratory fitness, and body composition of overweight and obese women. The
results demonstrated that spirulina supplementation with HIIT not only decreased fat free mass but
also boosted immunoglobin-A, which plays an important role in the immune system.

Abstract: Our study examined the effect of 8 weeks of high-intensity interval training (HIIT) and
spirulina supplementation on the humoral immunity, cardio-respiratory fitness, and body composi-
tion of overweight and obese women. Thirty sedentary women (height: 161.7 ± 2.8 cm, body mass:
75.8 ± 8.4 kg, body mass index [BMI]: 28.8 ± 2.5 kg/m2, age: 25.1 ± 6.7 years) were divided into
three groups: placebo with HIIT group, spirulina group (SG), or combined group (CG). Exercise
groups performed HIIT for 8 weeks, with three sessions per week and four to seven repetitions in
each session of 30 s running and 30 s walking; the intensity was established at 90% of the maximum
heart rate. Supplementation groups received 6 g of spirulina powder per day. Fasting blood samples
were collected before and after 8 weeks to determine the concentrations of immunoglobulins (IgA
and IgG). There was a significant group-by-time interaction for fat free mass (FFM; p = 0.001, f = 8.52,
ηp2 = 0.39) and IgA (p = 0.036, f = 3.86, ηp2 = 0.22). The post hoc analysis revealed that CG reduced
FFM significantly (p = 0.012, g = −0.55) after training. CG and SG showed significantly greater IgA
concentrations after 8 weeks (p = 0.02, g = 0.70 and p = 0.001, g = 0.34, respectively). We conclude that
spirulina supplementation with HIIT affects the body composition (lower FFM) but also boosts IgA,
which plays an important role in the immune system.

Keywords: antioxidant; body fat; IgA; immunomodulation; nutritional supplement; obesity;
physical activity
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1. Introduction

Overweight and obesity refer to the abnormal or excessive accumulation of fat that
may lead to an increased risk of chronic disease. The World Health Organization (WHO)
defines a body mass index (BMI) ≥ 25 kg/m2 as overweight and a BMI ≥ 30 kg/m2

as obesity [1,2]. Research has shown that, with each unit of increase in BMI, the risk of
cardiovascular disease increases by 8%. However, for each unit of a metabolic equivalent
task increase in physical activity, the risk of cardiovascular disease decreases. Excess body
fat is a condition associated with an impaired immune system and greater susceptibility to
developing an infectious disease [3–5].

Spirulina maxima is used as a nutritional supplement because of its phytochemical con-
tent (phenolic compounds, carotenoids, and tocopherols) and essential nutrients (proteins,
n-3 and n-6 fatty acids) [6,7]. It has been suggested that spirulina might help to increase lean
body mass because of its high protein content, particularly of the branched-chain amino
acids, leucine, valine, and isoleucine. As a result of this, athletes have used spirulina to im-
prove the body composition and physical performance [8,9]. Among the species of spirulina
that are safe for consumption are Spirulina maxima, arthrospira fusiformis, and platensis,
and the latter is the most commonly used and studied in the scientific literature [10]. As
previously stated, spirulina has a high protein content (50% to 70% of its dry weight) [11],
all of the essential amino acids, most of the vitamins and minerals, and it confers numerous
health benefits, such as antioxidant, immunomodulatory, anti-inflammatory, and antiviral
activities [7,12]. Many athletes have consumed spirulina for these health benefits, and it
was suggested that the Chinese and Cuban Olympic teams consumed spirulina daily for
many years to improve their athletic performance [13]. Hernández-Lepe et al. gave 4.5 g of
spirulina per day to their participants for six weeks [14].

High-intensity interval training (HIIT), which is alternating between periods of high
intensity and recovery, has become a popular training method due to its time efficiency.
HIIT is effective for improving fasting blood glucose concentrations and reducing blood
pressure in overweight or obese populations [15,16]. Recent studies have clearly shown that
intense intermittent exercise is better for reducing fat than endurance exercise [17–19]. In
addition, HIIT has been shown to reduce blood pressure in individuals who are overweight
or obese [20]. HIIT has been shown to have benefits in young and older individuals on body
weight, the regulation of physiological parameters such as blood pressure, improvement in
aerobic capacity as measured by maximum oxygen consumption (VO2max), and reductions
in glucose and triglyceride concentrations and fat free mass, with an increased lower limb
muscle power [21]. HIIT is also effective for improving fasting glucose concentrations and
reducing blood pressure in individuals who are overweight or obese [22]. In a study of
20 healthy untrained overweight/obese males, the following 12 weeks of HIIT reported
that the BMI and fat mass percentage were significantly decreased [23]. HIIT also increase
cardiopulmonary fitness. The best indicator for assessing cardiorespiratory fitness is the
measurement of VO2max [24]. Gillen et al. [25] showed that short-term low-volume HIIT is
a time-efficient strategy to improve the body composition and muscle oxidative capacity in
women who are overweight or obese. In addition, Andreato et al. [26] reported that HIIT
can be used as a secondary method for the treatment of obesity in adults.

The immune system contains complex mechanisms that are of particular importance
in the body’s defense against pathogenic microorganisms, bacteria, parasites, and viruses.
The immune system is divided into two arms: innate immunity (natural or non-special)
and adaptive immunity (acquired or special), where the acquired immunity is divided into
humoral and cellular parts. Cellular immunity includes T cells (e.g., CD8, CD4, and CD3)
and B cells (e.g., CD22, CD20, and CD19). Humoral immunity includes immunoglobulins
(e.g., IgM, IgA, IgD, IgE, and IgG) [27]. IgA is the major immunoglobulin in mucous
secretions, such as saliva and tears, and it is thought to provide a front line of defense
against pathogens and antigens present on mucosal surfaces, such as the airways. IgA
is able to inhibit the binding of viruses and bacteria to the mucosal epithelium and viral
replication [28]. Controversial results have been observed regarding the impact of HIIT
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on the immune system. The majority of the studies have shown that HIIT suppressed
the immune system, whereas others have reported that this training did not affect the
immune system [27,29,30]. In a few cases, it has been reported that HIIT improved immune
function [31,32]. IgG is vital for the proper functioning of the body’s defense system,
staying healthy, and fighting pathogens [33]. Owen et al. [34] showed that high-intensity
soccer training might cause a significant decrease in s-IgA values post-exercise compared
to low-intensity training. Lee et al. [35] indicated that there was a reduced trend of IgA in
male adults after 12 weeks of judo training alone, or combined with resistance training or
with interval training. The initial laboratory examination of humoral immunity consists of
measuring the levels of various immunoglobulin (IgG and IgA) in serum [36]. The mean
values for IgG were from 720 to 1038 mg/100 mL in the females that we can compare
with our study [37]. In our study, overweight and obese women were recruited because
there are few studies about HIIT and spirulina supplementation on the humoral immune
system, cardio-respiratory fitness, and body composition in this population. Therefore, we
hypothesized that 8 weeks of HIIT and spirulina supplementation could affect the humoral
immune system, VO2max, and body composition in overweight and obese women.

2. Materials and Methods
2.1. Participants

Thirty women (mean ± standard deviation); 25.1 ± 6.7 years of age; height:
161.7 ± 2.8 cm, body mass: 75.8 ± 8.4 kg; with a BMI between 25 to 35 kg/m2, were
divided into three groups: placebo with HIIT (PH, n = 10), spirulina group (SG, n = 10), and
combined group (CG, n = 10). PH performed HIIT for 8 weeks, 3 sessions per week, and
received a placebo per day. SG received 6 g of spirulina powder per day and did not partic-
ipate in any regular training. CG performed the same HIIT and received 6 g of spirulina
powder per day [38]. Exclusion and enrollment criteria for all groups were: (1) participants
who were physically active; (2) participants who were on a weight loss diet; (3) participants
with medical conditions for physical activity; (4) participants with a BMI lower than 25
or above 35 kg/m2; (5) they should not have any specific illness or diet; (6) those who
missed more than three practice sessions were excluded from the study (Figure 1). All
participants signed and accepted the informed consent according to the recommendations
of the Helsinki Declaration for Human Research. Our study is a part of the master’s thesis
of the University of Isfahan registered with the code IR.UI.REC.1397.145.

Within 24 h following the treatment, subjects were advised not to ingest alcohol,
caffeine, theine, hot liquids, or smoke. In addition, subjects were advised not to ingest
medications, performance-enhancing capsules, or other supplements during the study [39].
We instructed the participants to maintain their usual dietary intake and not to lower their
energy intake, and also asked them to maintain their usual physical activity during the
study [40]. Based on the recommendation, participants maintained their usual dietary
intake and physical activity levels.

2.2. Sample Size

Using the statistical method investigated and G-Power software (University of Dus-
seldorf, Dusseldorf, Germany), we calculated the design’s power and sample size. This
included the following: a priori and F tests are used to calculate the achieved power;
ANOVA: repeated measurements, within-interaction analysis; err prob for α = 0.05; mini-
mum effect size = 0.35; number of groups = 3; number of measures = 2; and err prob for
1-β = 0.80. With real or actual power, there is an 82.2% chance of successfully rejecting the
null hypothesis of no difference in variables in the study with 24 participants.
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2.3. Experimental Approach to the Problem

This research was a quasi-experimental, double-blinded design with baseline and
post-intervention measurements. Before starting the research, age, height, and BMI were
assessed (Table 1), and BF% was measured by the thickness of the subcutaneous fat layer
using skinfold analysis. In the next stage, participants performed a shuttle run test to
assess aerobic fitness according to guidelines [41] of VO2max measurement. Participants
received oral and written information about supplement. Blood samples were collected
at two different time points: before and after the supplementation and training periods.
The samples were transferred to the laboratory immediately after each collection and
centrifuged there.
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Table 1. Characteristics of the participants.

Group Age (Year) Height (cm) Body Mass (kg) BMI (kg/m2) 90% HRmax

PH 26 ± 8 162 ± 4 73 ± 5 27.6 ± 1.9 ~171 bpm
CG 24 ± 6 163 ± 3 76 ± 11 28.8 ± 4.3 ~172 bpm
SG 24 ± 6 160 ± 2 77 ± 9 29.9 ± 1.2 ~172 bpm

Data are presented in mean ± standard deviation. Abbreviation: PH = placebo and high-intensity interval
training (HIIT); CG = combined group (spirulina and HIIT); SG = spirulina group; BMI = body mass index;
90% HRmax = 90% of maximum heart rate; bpm = beats per minute.

2.4. Measurement of Fat Free Mass

Fat free mass (FFM) was calculated with the following formula for women, with weight
(W) in kilograms and height (H) in centimeters: FFM = (0.29569 × W) + (0.41813 × H) −
43.2933 [42,43]. To measure body fat percentage, seven subcutaneous fat thicknesses were
used by the Jackson and Pollock method [44–46]. Seven points were included: triceps, chest,
subscapular, suprailiac, axilla, abdominal, and thigh [47]. Data were collected by Lafayette
Instrument Company (Lafayette, IN, USA) with an accuracy of 0.1 mm. All measurements
were performed by one person on the right side of the body. The person who took the
skinfold measurements had taken several skinfold measurements over many years [48–50].
The technical measurement error was considered according to previous studies [51,52].

2.5. Measurement of Cardio-Respiratory Fitness

VO2max was measured by 20-m shuttle-run test. The maximum field test consisted
of reciprocating runs between two lines 20 m apart at a speed adjusted to a pre-recorded
audible alarm [53]. The initial speed set to start the test was 8.5 km/h−1, which was
increased to 0.5 km/h−1 after each minute. Participants were instructed to continue the
test to the last step as much as possible. The test ended when the person could not keep
up with the running speed, or when the person was unable to reach the 20-m area within
each lane three times in a row in accordance with the audible warning. The velocity
obtained during the last step that was fully performed was considered as the maximum test
velocity, and was calculated as VO2max by placing it in the following formula [41]: VO2max
(mL·kg−1·min−1) = 6 (x) − 24.4 X. X is the maximum aerobic speed, which is determined
by the running speed at the highest level [54].

2.6. Measurement of Blood Samples

To measure IgA and IgG 24 h before and 24 h after the study period, 10 mL blood
samples were taken from the left vein of the participants between 9:00 and 11:00 in the
morning, blood samples were collected into pipes containing solution of acidic anticoag-
ulant EDTA K2, and, after plasma centrifugation, their plasma was separated, where the
resulting plasma was kept at −20 ◦C. IgA and IgG concentrations were measured by using
Hitachi device, laboratory turbidometry, and Pars test kits. The turbidometry method
is based on a complex formation resulting from the reaction between immunoglobulins
and its specific antiserum. The amount of turbidity generated is directly related to the
amount of immunoglobulins. The minimum volume required to measure IgG and IgA by a
turbidometric device is 50 µL.

2.7. Exercise Protocol

Participants participated in HIIT exercises three times a week for 8 weeks, with an
intensity of 90% of maximum heart rate. Exercises started from 24 min in the first session
(5 to 10 min of warm-up, 30 s of exercise (running), and 30 s of active rest (walking), with
4 repetitions and 5 to 10 min of cool down), and 27 min in the last session (5 to 10 min of
warm-up, 30 s of exercise, and 30 s of active rest, with 7 repetitions and 5 to 10 min of cool
down) [55]. The participants of the two training groups performed the training protocol at
a distance of 20 m according to Glaister et al. [56]. In the round-robin test practice protocol,
participants first ran at maximum speed from the starting point (cone 1) to cone 2 in lane
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A. After returning in the opposite direction on route B, they ran 20 m towards cone 3 with
maximum speed, and finally, after returning, they ran again at maximum speed on route
C (cone 1) to complete the distance of 40 m. Participants continued to perform this at
maximum speed until the 30-s period of the training protocol ended, and, after a 30-s break,
they repeated the training protocol. Exercise progressed by increasing the number of 30-s
repetitions from four times in the first and second weeks to five times in the third and fourth
weeks, to six times, in the fifth and sixth weeks, and to seven times in the seventh and
8-week of practice, like previous study training protocol [56]. The intensity of training in all
stages of the protocol was 90% of the maximum heart rate. The heart rate was measured by a
control instructor using a Polar pacemaker made in Finland, and the maximum predictable
heart rate was estimated with the formula of Tanaka (208 − 0.7 × age (years)) [57]. All
participants participated in the exercises until they were completed. In this study, the
participants in the supplement group did not have any regular exercise.

2.8. Supplementation

In the present study, spirulina algae powder was prepared from Isfahan Green Agate
Company (Isfahan, Iran). The participants in the CG and SG received 6 g per day of
water-soluble spirulina powder half an hour before a meal, and the participants in the PH
received a green coloring food dissolved in water; this was close to other relevant human
studies, as they received 8 g of spirulina per day [58].

2.9. Statistical Methods

Data analysis of the present study has been carried out at both descriptive and inferen-
tial concentrations. The distribution between the data was also examined by Shapiro–Wilk
test. Equality of variance in different groups was also assessed by Levin test. To determine
possible group differences pre-training calculated with a one-way analysis of variance
(ANOVA), a 2 × 3 ANOVA with repeated measures (time [pre- vs. post-training] × group
[CG vs. SG vs. PH]) was used to determine differences between groups, and then we
used the suitable Tukey post hoc test when a significant group-by-time interaction was
discovered. Hedge’s g effect size with 95% confidence interval was also calculated to
determine the magnitude of pairwise comparisons for pre- and post-test, and was defined
as trivial (<0.2), small (≥0.02), moderate (≥0.05), and large (≥0.08) [59]. If the results of
the one-way ANOVA and effect sizes were similar for each group (i.e., FFM), then the
percentage changes were computed and assessed. Significance of statistical analysis was
used at the level of p < 0.05. All statistical calculations were performed using SPSS (Version
25.0; IBM SPSS Inc., Chicago, IL, USA).

3. Results

Table 2 shows the mean and standard deviation of the changes in VO2max, IgA, and
IgG. At the baseline, there were no differences observed between groups in the above
variables (p > 0.05). There was no significant main effect of time for IgA (p = 0.073, f = 3.48,
ηp2 = 0.11); however, there was a meaningful group-by-time interaction (p = 0.036, f = 3.86,
ηp2 = 0.22). The post hoc analysis found that IgA (CG, p = 0.02, g = 0.70 and SG, p = 0.001,
g = 0.34) was significantly greater post-test versus pre-test.

Table 3 shows the mean and standard deviation in the anthropometric and body
composition. At the baseline, there were no differences observed between groups in all
variables, except the waist-to-hip ratio (f = 4.39, p < 0.02). Based on the analysis, there was
no significant main effect of time for FFM (p = 0.36, f = 0.86, ηp2 = 0.03), whereas there was a
meaningful group-by-time interaction (p = 0.001, f = 8.52, ηp2 = 0.39). The post hoc analysis
indicated that FFM (kg) (CG, p = 0.012, g = −0.54) was significantly reduced. In addition, in
the SG group, this variable increased but was not significant (p > 0.05). However, there were
significant main effects of time for the rest of the variables, but there were no significant
group-by-time interactions for changes in these variables.
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Table 2. Changes in VO2max and immunoglobulins.

Variables Groups Pre-Training Post-Training
CI 95% for Difference

Hedge’s g % Changes
Lower Upper

VO2max
(mL·kg−1·

min−1)

PH 21.8 ± 3.4 23.4 ± 1.8 −4.21 0.93 0.57 9.21
CG 23.2 ± 2.1 25.6 ± 3.1 −4.85 0.05 0.88 11.03
SG 21.3 ± 1.9 21.9 ± 3.0 −2.91 1.73 0.23 2.58

IgA
(mg/lit)

PH 161.7 ± 86.2 149.2 ± 50.8 −53.97 78.97 −0.16 −2.31
CG 173.1 ± 33.7 212.7 ± 67.8 * −89.90 10.70 0.70 21.23
SG 171.1 ± 47.9 187.5 ± 44.6 * −59.86 27.06 0.33 11.82

IgG
(mg/lit)

PH 1253.5 ± 413.6 1227.1 ± 316.1 −319.46 372.26 −0.06 −3.21
CG 1309.3 ± 285.3 1461.5 ± 240.1 −399.91 95.51 0.55 13.28
SG 1301.0 ± 317.8 1460.4 ± 272.2 −437.38 118.58 0.51 14.17

Abbreviation: VO2max = maximum oxygen consumption; IgA = immunoglobulin A; IgG = immunoglobulin G;
HIIT = high-intensity interval training; CI = confidence interval; PH = placebo and HIIT; CG = combined group;
SG = spirulina group. * to reflect significance pre- vs. post-test at the level of p < 0.05.

Table 3. Changes in anthropometric and body composition.

Variables Groups Pre-Training Post-Training
CI 95% for Difference

Hedge’s g % Changes
Lower Upper

BMI
(kg/m2)

PH 27.6 ± 1.9 26.3 ± 1.9 −0.48 3.08 −0.65 −4.64
CG 28.8 ± 4.3 27.7 ± 4.6 −3.08 5.26 −0.23 −3.92
SG 29.9 ± 4.0 29.6 ± 4.1 −3.49 4.09 −0.07 −1.06

WHR
(cm)

PH 0.80 ± 0.05 0.79 ± 0.06 −0.04 0.06 −0.17 −1.15
CG 0.73 ± 0.03 0.72 ± 0.03 −0.01 0.03 −0.31 −1.79
SG 0.88 ± 0.18 0.80 ± 0.09 −0.05 0.21 −0.53 −6.74

Body mass
(kg)

PH 73.3 ± 5.3 70.2 ± 4.0 −1.33 7.45 −0.62 −4.03
CG 76.7 ± 11.1 74.1 ± 11.1 −7.83 13.01 −0.22 −3.40
SG 77.3 ± 8.9 76.1 ± 10.0 −7.64 10.10 −0.12 −1.73

FFM
(kg)

PH 19.5 ± 2.1 19.1 ± 2.4 −1.76 2.46 −0.14 −1.89
CG 18.8 ± 0.8 18.3 ± 0.96 * −0.32 1.36 −0.54 −2.76
SG 19.7 ± 2.3 20.1 ± 2.1 −2.47 1.67 0.17 2.22

BF (%)
PH 31.7 ± 3.0 30.4 ± 3.0 −1.39 4.09 −0.43 −4.20
CG 32.0 ± 2.4 31.0 ± 3.0 −1.48 3.62 −0.37 −3.43
SG 33.9 ± 3.9 31.3 ± 2.9 −0.64 5.82 −0.71 −7.29

Abbreviation: BMI = body mass index; WHR = waist–hip ratio; FFM = free fat mass; BF% = body fat percentage;
HIIT = high-intensity interval training; CI = confidence interval; PH = placebo and HIIT; CG = combined group
spirulina and HIIT; SG = spirulina group. * to reflect significance pre- vs. post-test at the level of p < 0.05.

4. Discussion

Our purpose was to examine the effect of 8-week HIIT and spirulina supplementation
on the humoral immune function, cardio-respiratory fitness, and body composition of
overweight and obese women. We found that 8-week HIIT with 6 g of spirulina supple-
mentation per day significantly improved IgA (CG: 212.7 ± 67.8 and SG: 187.5 ± 44.6)
compared to the baseline (CG: 173.1 ± 33.7 and SG: 171.1 ± 47.9) and FFM (18.3 ± 1.0)
compared to the baseline (18.8 ± 0.8) in CG. Although IgG did not change significantly,
the percentage change in the spirulina groups was illustrated as being between 13 to 15%,
with a medium-to-high effect size. The study of Jahani et al. [60] that examined the effect of
HIIT and probiotic supplementation on immune cells, C-reactive protein, and IgA showed
that intense intermittent exercise increases IgA, which is consistent with the results of the
present study. Spirulina has a powerful stimulatory effect on the immune system through
increasing the phagocytic activity of macro-phages, inducing the accumulation of natural
killers cells in tissues, stimulating antibody and cytokine production, and activating and
mobilizing T or B cells [61]. Previous studies demonstrated that spirulina diminishes the
negative effect of different agents of Ig concentrations [62,63] and leukocyte numbers [64].
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The researchers concluded that exercise-induced changes in serum Ig concentrations
may be due to the participation of extravascular proteins, increased lymphocytes after
exercise, a combination of changes in the plasma volume and extravascular flow, and
changes in the subject’s circadian cycle [65]. Factors involved in immunity include sex, age,
race, smoking, strenuous or moderate physical activity, alcohol consumption, obesity, preg-
nancy, hormonal factors, and common microflora in each individual’s digestive tract [66,67].
Therefore, one of the factors involved in the difference between the results of other studies
and the findings of the present study can be enumerated in environmental and genetic
factors that were beyond the control of the researchers [68]. Saeedy et al. [31] showed that
HIIT, along with zinc supplementation, significantly improved IgA. Qieqeshlaq et al. [68]
showed that HIIT and probiotic increased IgA significantly. Spirulina has a hypolipidemic
activity and decreases the concentrations of liver profiles [69].

Mohebi et al. [70] showed that 8-week high-intensity resistance training decreased
IgG concentration significantly in untrained men. The contradiction with the present study
may be due to the difference between detailed training and participants. Santoso et al. [71]
showed that there was a change between the IgG level of pre- and post-test of breathing arts
sports treatment, and that this change increased significantly after the respiratory exercise.
Although the IgG concentrations did not alter considerably, the spirulina groups showed
a percentage change of 13 to 15% with a medium to large effect size. The phycocyanin
in spirulina increases biological activity against infectious diseases by maintaining the
function of the mucosal immune system and reducing allergic inflammation by suppressing
specific antibodies, and injecting it produces IgA antibodies. Spirulina polysaccharide
also activates innate immune cells and increases antibodies [72]. The polysaccharides and
phycocyanins in spirulina help to both increase the number of antigens through physical
activity and increase the immune system. Therefore, intense intermittent exercise with
spirulina supplementation has a greater effect on strengthening the immune system [73,74].

Spirulina supplementation decreased the FFM of overweight and obese women sig-
nificantly. Hunter et al. showed that, after 4 weeks of resistance training, the amount of
FFM decreased significantly [75]. The results of their research is consistent with our results,
which is probably due to the similar training duration [76].

Our present study had some limitations. We did not control the participants’ diets.
Furthermore, we could have had a longer duration for our study. In addition, by observing
large percentage changes in the variable of IgG, we did not see significant changes, which
was probably due to individual effects and large changes in some participants. We strongly
recommend that individual differences, resting energy expenditure, physical activity levels,
and dietary intake be considered in future studies. Additionally, more studies with different
ages, as well as with women and men, may help to delineate the effects of HIIT and spirulina
supplementation on the immune function, body composition, and exercise performance.
Finally, another limitation of the study could be the field training protocol that has been
performed. This could be considered in future studies by increasing the control of the
training intensity with heart rate and considering the session calibration of the device used.

5. Conclusions

In this study, the effect of an 8-week period of HIIT combined with spirulina supple-
mentation on the humoral immune system and body composition of overweight and obese
women was investigated. The data in the present study demonstrated the effectiveness
of spirulina supplementation and HIIT concurrently in making significant changes in IgA
concentrations and FFM. Taking spirulina with HIIT for overweight and obese women may
be helpful not only for losing FFM but also for boosting IgA, which plays an important role
in the immune system.
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74. Ötleş, S.; Pire, R. Fatty acid composition of Chlorella and Spirulina microalgae species. J. AOAC Int. 2001, 84, 1708–1714.
[CrossRef] [PubMed]

75. Hunter, G.R.; Fisher, G.; Neumeier, W.H.; Carter, S.J.; Plaisance, E.P. Exercise training and energy expenditure following weight
loss. Med. Sci. Sports Exerc. 2015, 47, 1950. [CrossRef] [PubMed]

76. Vella, C.A.; Taylor, K.; Drummer, D. High-intensity interval and moderate-intensity continuous training elicit similar enjoyment
and adherence levels in overweight and obese adults. Eur. J. Sport Sci. 2017, 17, 1203–1211. [CrossRef] [PubMed]

154



Citation: Burgos, J.; Viribay, A.;

Calleja-González, J.; Fernández-

Lázaro, D.; Olasagasti-Ibargoien, J.;

Seco-Calvo, J.; Mielgo-Ayuso, J.

Long-Term Combined Effects of

Citrulline and Nitrate-Rich Beetroot

Extract Supplementation on Recovery

Status in Trained Male Triathletes: A

Randomized, Double-Blind,

Placebo-Controlled Trial. Biology

2022, 11, 75. https://doi.org/

10.3390/biology11010075

Academic Editors: Filipe

Manuel Clemente, Georgian Badicu,

Eugenia Murawska-Ciałowicz and

Carlo Reggiani

Received: 30 November 2021

Accepted: 31 December 2021

Published: 4 January 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 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/).

biology

Article

Long-Term Combined Effects of Citrulline and Nitrate-Rich
Beetroot Extract Supplementation on Recovery Status in
Trained Male Triathletes: A Randomized, Double-Blind,
Placebo-Controlled Trial
José Burgos 1,2, Aitor Viribay 3, Julio Calleja-González 4 , Diego Fernández-Lázaro 5,6 ,
Jurgi Olasagasti-Ibargoien 7,8 , Jesús Seco-Calvo 9,† and Juan Mielgo-Ayuso 10,*

1 Department of Nursing and Physiotherapy, University of León, 24071 León, Spain; joseburgos88@hotmail.com
2 Burgos Nutrition, Physiology, Nutrition and Sport, 26007 Logroño, Spain
3 Glut4Science, Physiology, Nutrition and Sport, 01004 Vitoria-Gasteiz, Spain; aitor@glut4science.com
4 Department of Physical Education and Sport, Faculty of Education and Sport, University of the Basque

Country, 01007 Vitoria-Gasteiz, Spain; julio.calleja.gonzalez@gmail.com
5 Department of Cellular Biology, Histology and Pharmacology, Faculty of Health Sciences, University of

Valladolid, 42003 Soria, Spain; diego.fernandez.lazaro@uva.es
6 Neurobiology Research Group, Faculty of Medicine, University of Valladolid, 47005 Valladolid, Spain
7 Faculty of Education and Sports, University of Deusto, 20012 Donostia-San Sebastian, Spain;

jurgi.olasagasti@deusto.es
8 Health, Physical Activity and Sports Science Laboratory (HealthPASS), Departament of Physical Activity and

Sport, Faculty of Education and Sport, University of Deusto, 48007 Bilbao, Spain
9 Physiotherapy Department, Institute of Biomedicine (IBIOMED), University of Leon, Campus de Vegazana,

24071 Leon, Spain; dr.seco.jesus@gmail.com
10 Department of Health Sciences, Faculty of Health Sciences, University of Burgos, 09001 Burgos, Spain
* Correspondence: jfmielgo@ubu.es
† Researcher of Basque Country University.

Simple Summary: Recovery is one of the main elements in achieving adequate athletic performance.
Various supplements have been used for this purpose. Citrulline (CIT) and Nitrate-Rich Beetroot
Extract (BR) are so-called nitric oxide precursor supplements that have shown an ergogenic effect
on sports performance when used on a short-term, individual basis. These supplements appear to
have other pathways that may promote athletic performance. The purpose of this study was to assess
the effect of a co-supplementation for 9 weeks of 3 g/day of CIT plus 2.1 g/day of BR (300 mg/day
of nitrates) on recovery by exercise-induced muscle damage markers (EIMD), anabolic/catabolic
hormones and distance covered in the Cooper test (CP). Thirty-two male triathletes were randomized
into 4 groups of 8 in this double-blind, placebo-controlled trial: placebo group, CIT group, BR group
and CIT-BR group. Blood samples and CP were collected at baseline and after 9 weeks. The main
conclusions were the combination of 3 g/day of CIT plus 2.1 g/day of BR (300 mg/day of NO3

−)
supplementation for 9 weeks did not present any benefit for EIMD. However, CIT-BR improved
recovery status by preventing an increase in cortisol and showing an increase in Testosterone/Cortisol
ratio and distance covered in the CP.

Abstract: Citrulline (CIT) and nitrate-rich beetroot extract (BR) are widely studied ergogenic aids.
Nevertheless, both supplements have been studied in short-term trials and separately. To the best
of the authors’ knowledge, the effects of combining CIT and BR supplementation on recovery
status observed by distance covered in the Cooper test, exercise-induced muscle damage (EIMD)
and anabolic/catabolic hormone status have not been investigated to date. Therefore, the main
purpose of this research was to assess the effect of the long-term (9 weeks) mixture of 3 g/day
of CIT plus 2.1 g/day of BR (300 mg/day of nitrates (NO3

−)) supplementation on recovery by
distance covered in the Cooper test, EIMD markers (urea, creatinine, AST, ALT, GGT, LDH and
CK) and anabolic/catabolic hormones (testosterone, cortisol and testosterone/cortisol ratio (T/C))
in male trained triathletes. Thirty-two triathletes were randomized into four different groups of
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eight triathletes in this double-blind, placebo-controlled trial: placebo group (PLG), CIT group
(CITG; 3 g/day of CIT), BR group (BRG; 2.1 g/day of BR (300 mg/day of NO3

−)) and CIT-BR group
(CIT-BRG; 3 g/day of CIT plus 2.1 g/day of BR (300 mg/day of NO3

−)). Distance covered in the
Cooper test and blood samples were collected from all participants at baseline (T1) and after 9 weeks
of supplementation (T2). There were no significant differences in the interaction between group
and time in EIMD markers (urea, creatinine, AST, ALT, GGT, LDH and CK) (p > 0.05). However,
significant differences were observed in the group-by-time interaction in distance covered in the
Cooper test (p = 0.002; η2p = 0.418), cortisol (p = 0.044; η2p = 0.247) and T/C (p = 0.005; η2p = 0.359).
Concretely, significant differences were observed in distance covered in the Cooper test percentage of
change (p = 0.002; η2p = 0.418) between CIT-BRG and PLG and CITG, in cortisol percentage change
(p = 0.049; η2p = 0.257) and in T/C percentage change (p = 0.018; η2p = 0.297) between CIT-BRG and
PLG. In conclusion, the combination of 3 g/day of CIT plus 2.1 g/day of BR (300 mg/day of NO3

−)
supplementation for 9 weeks did not present any benefit for EIMD. However, CIT + BR improved
recovery status by preventing an increase in cortisol and showing an increase in distance covered in
the Cooper test and T/C.

Keywords: triathlon; performance; ergogenic aids; muscle fatigue; recovery; hormones

1. Introduction

Prolonged and strenuous exercise produces organic stress [1] that could decrease
athletic performance [2–4]. As a consequence of this status, there are several alterations
in biochemical parameters of exercise-induced muscle damage (EIMD) [5] as well as
anabolic/catabolic hormone alterations which could hinder endogenous exercise adap-
tations [6]. Therefore, in addition to an adequate training program, it could be essential
to include different strategies to delay or reduce muscle fatigue and improve adaptation
to training [7]. In this sense, supplementation with nitrate-rich beetroot extract (BR) and
citrulline (CIT) has been proposed to achieve these goals, partly because they are precursors
of nitric oxide (NO) [8–11].

The NO produces vasodilation by increasing the blood level in muscles and improving
their efficiency in muscle contraction and relaxation processes [12]. Moreover, NO regulates
force generation and satellite cell activation [13]. In the long term, NO can regulate muscle
function and even affect skeletal muscle recovery due to its antioxidant effect and the
constant increase in muscle blood flow which, together with an adequate supply of essential
amino acids, would allow better muscle fueling [14] and could prevent EIMD [15,16].
Moreover, decreased blood flow to the testis could reduce testosterone synthesis [17]. It has
also been shown in animal models that NO enhancement resulted in a significant reduction
of ACTH-mediated cortisol production [18]. Consequently, although this mechanism is
speculative, increasing NO could improve blood flow in the testis and promote testosterone
synthesis by vasodilator effect [14,19] and could be successful in maintaining an anabolic
state, decreasing muscular damage and metabolic stress [2,9].

On the one hand, BR supplementation is widely used by athletes as a precursor of
NO [20]. When the athletes digest BR, its nitrates (NO3

−) are transformed into nitrites
(NO2

−) which are partially reduced to NO by the action of stomach acids and subsequently
absorbed in the intestine and passed into the bloodstream [21]. Moreover, BR is rich in
other compounds such as phenolic acids, flavonoids, carotenoids and betalains, which
have antioxidant effects [22]. Therefore, although the mechanisms for potential improve-
ments in muscle recovery following EIMD after NO3

− supplementation are not clear, it
would be expected that long-term BR supplementation could attenuate EIMD after pro-
longed, strenuous exercise [22,23] based on the effects of NO and additional compounds.
Moreover, long-term BR supplementation could be very beneficial for the maintenance of
anabolic/catabolic hormones, as shown by Sarfaraz et al. on testosterone levels [24]. How-
ever, short-term BR supplementation (maximum for 3 days) has not presented an improved
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EIMD and anabolic/catabolic status after a damaging session of eccentric exercise [23] or
high-intensity workouts [25], which opens the need for further research.

On the other hand, citrulline (CIT), a non-essential amino acid found primarily in
watermelon and produced endogenously by recycling into arginine (ARG) and NO via
argininosuccinate synthetase, increases NO availability and its effects [26]. In addition,
CIT is an essential element of the urea cycle in the liver [27]. Therefore, it has been sug-
gested that CIT supplementation may eliminate ammonia by urea production [28]. In
the same way, CIT is an important activator of muscle protein synthesis in catabolic sit-
uations via activation of the mammalian target of rapamycin (mTOR) pathway due to
its key role in the regulation of nitrogen homeostasis [29]. Based on these mechanisms,
CIT supplementation may favor muscle performance and recovery in different ways,
such as activating muscle protein synthesis, improving oxygen distribution to muscle,
increasing oxidative ATP production during exercise and phosphocreatine (PCr) during
exercise recovery and decreasing blood lactate and ammonium production [14,30,31],
which could reduce fatigue and limit EIMD. However, although this proposal would
be adequate for athletes, to the best of the authors’ knowledge, there is little research
on CIT supplementation in muscle recovery. In this regard, Da Silva et al. [27] did
not observe improvements in functional (i.e., number of maximum repetitions, muscle
pain and perceived effort), metabolic (i.e., CK and lactate), anabolic (i.e., testosterone
and testosterone/cortisol (T/C) ratio) and physiological (electromyographic signal) out-
comes of muscle recovery in untrained young adult males after CIT supplementation
with 6 g at 60 min prior to the training session. These results of both CIT and BR sup-
plementation on EIMD and anabolic/catabolic hormones may probably be due to the
fact that the effects have only been investigated in the short term [28] and under isolated
intakes [29,32], suggesting the need to investigate the effects of long-term combination
of these two ergogenic aids. In this regard, it has been shown that the effects of some
supplements can be synergic when combined over the long term [2,33]. Therefore, it could
be considered that the combined effects of CIT (NO precursor and activator of muscle
protein synthesis) and BR (NO precursor and antioxidant effect) could reduce EIMD and
improve muscle recovery observed by anabolic/catabolic hormone profile [34,35]. This
could favor some sporting performance variables [36]. In this sense, the supplementation
of 6 g of CIT plus 520 mg of NO3

− 6 h before the submaximal incremental cycling test has
shown improvements in some cardiorespiratory variables, such as VO2 [36].

Therefore, the main objective of this research was to assess the effect of the long-term
(9 weeks) mixture of 3 g/day of CIT plus 2.1 g/day of BR (300 mg/day of NO3

−) supple-
mentation on recovery status, distance covered in the Cooper test, EIMD markers (urea,
creatinine, AST, ALT, GGT, LDH and CK) and anabolic/catabolic hormones (testosterone,
cortisol and T/C) in male trained triathletes. The hypothesis was that the combination
of CIT plus BR could limit EIMD and improve endogenous recovery observed in lower
cortisol and better testosterone and T/C than isolated CIT or BR supplementation.

2. Materials and Methods
2.1. Participants

Thirty-two male amateur triathletes from the same club (34.37 ± 7.08 years old and
58.79 ± 6.89 mL/min/kg of VO2max) with at least 5 years of experience participated in this
trial. All athletes rigorously performed the same training methodology, and thus, all of
them were exposed to the same training load in terms of type, intensity and duration of
exercise (Table 1): 15 h/week, 6 days/week during the 9 weeks. All participants completed
a total of 135 h of training during the study.
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Table 1. Type, intensity and duration of weekly training program.

Monday Tuesday Wednesday Thursday Friday Saturday Sunday

1st
session

- 20 warm-up
- 15 min

stretching
- 45 min

mindfulness

- 15 min run
technique skills

- 45 min strength
training

- 120 m ride at
50–75%
VO2max

- 15 min
cooldown

- 15 min core

- 15 min run
technique skills

- 45 min strength
training

- 75 min run at
50–75%
VO2max

- 20 min
resistance
training

- 75 min swim at
75–90% VO2max

- 15 min run
technique
skills

- 45 min
strength
training

2nd
session REST

- 30 min
warm-up

- 30 min run at
75–90% VO2max

- 15 min
cooldown

REST

- 30 min
warm-up

- 30 min swim at
75–90% VO2max

- 15 min
cooldown

REST - 60 min walk

- 120 min ride
at 50–75%
VO2max

- 15 min core

Likewise, a certified nutritionist (CLR-0020) developed personalized diets for each
participant. These diets were planned with the aim of ensuring adequate energy and
macro and micronutrient intake considering the training load and the personal features
of each triathlete following the international recommendations for an adequate sports
performance [37].

All athletes also underwent a medical examination and completed a medical history
questionnaire prior to the start of the study to find out whether they had any type of disease
and/or injury [38]. The participants did not present any disease, and they did not drink
alcohol, smoke or consume other drugs or stimulant substances during the study period
which could alter the hormone response. Likewise, to eliminate the probable interference
of other nutritional aids with the different outcomes measured in this research, a 2-week
washout period was included [39–41].

All triathletes were completely informed of all actions of the study and signed a
personal statement of informed consent, giving their individual agreement to take part
in the proposed work. This trial was considered in accordance with the Declaration of
Helsinki (2008) and the Fortaleza update (2013) and was approved by the Human Research
Ethics Committee of the University of León, Spain (number: ULE-020-2020). Moreover, this
study was registered in clinicaltrials.gov with NCT05143879 number.

2.2. Experimental Protocol and Evaluation Plan

This study was planned as a randomized, double-blind, placebo-controlled trial to
assess the impact of a 9-week oral supplementation of the combination of CIT plus BR on re-
covery status by distance-covered performance test, EIMD markers and anabolic/catabolic
hormones in this sport population. The proposed doses of CIT (3 g/day) and BR supple-
ments were based on previous scientific studies that found favorable results with similar
doses [42–44].

The 32 athletes were randomly assigned to four different groups of 8 participants
(Table 2) by an independent statistician using the open-source software OxMaR (Oxford
Minimization and Randomization, 2014): (I) placebo group (PLG); (II) CIT group (CITG);
(III): nitrate-rich beetroot extract group (BRG); and (IV) CIT-BR group (CIT-BRG).

Table 2. Age and height of participants at the beginning of the study.

PLG (n = 8) CITG (n = 8) BRG (n = 8) CIT-BRG (n = 8)

Age (years) 34.01 ± 7.03 32.75 ± 7.01 32.67 ± 6.54 34.35 ± 7.95

Height (cm) 179 ± 8 cm 180 ± 9 cm 178 ± 8 cm 181 ± 6 cm
Data are presented as mean ± standard deviation.

CIT supplementation was included in 3 gelatin capsules of 1 g CIT by Hard Eight Nu-
trition LLC (7511 Eastgate Rd, Henderson, NV 89011). BR supplementation was included
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in 3 gelatin capsules of 700 mg (5:1 beetroot extract equivalent to 3500 mg of whole dried
root, standardized to contain 0.3% betanin providing 100 mg of NO3

−) by Lindens Health
Nutrition (1 Calder Point, Monckton Road, Wakefield, WF2 7AL). The placebo (cellulose)
capsules were made of both 1 g and 700 mg being of the same color and shape as the other
two supplements to avoid the placebo effect [45]. All athletes took the same number of
capsules per day (3 capsules of 1 g (BIG) and 3 capsules of 700 mg (SMALL)) based on their
groups: PLG: 3 BIG of cellulose + 3 SMALL of cellulose; CIT: 3 BIG CIT and 3 SMALL of
cellulose; BR: 3 BIG of cellulose + 3 SMALL BR; and CIT-BRG: 3 BIG CIT + 3 SMALL BR. In
order to ensure blinding, all BIG capsules were white (CIT and placebo) and all SMALL
capsules were red (BR and placebo).

All participants took 3 BIG and 3 SMALL capsules, either the placebo or aids, during
the 7 days of the week after each of the 3 main meals (1-1-1) to eliminate any influence
of circadian variation [46]. Athletes were informed that they should not brush their teeth
or rinse their mouths for 2 h after the intake of the capsules, based on the effect of oral
bacteria on the reduction of NO2

− from NO3
−. In addition, they were unaware of the

contents of the capsules provided to them weekly by an independent nutritionist (LR003)
who confirmed that all triathletes complied with the intake protocol.

2.3. Blood Collection

All triathletes arrived at the laboratory at 8:30 a.m. for blood extraction at two different
moments during the trial: (T1) at baseline and (T2) after 9 weeks of supplementation. For
the evaluation/assessment of EIMD and hormonal outcomes at T1 and T2, antecubital
venous blood samples were collected. All samples were obtained after at least 12 h of
fasting and 48 h without any previous exercise and after being at rest for 30 min.

The EIMD markers (urea, creatinine, AST, ALT, GGT, CK and LDH) were measured
using the Hitachi 917® automatic autoanalyzer (Hitachi Ltd., Tokyo, Japan) [47]. Serum
hormone outcomes (total testosterone and cortisol) were measured using an enzyme-linked
fluorescent assay with the aid of a multiparametric analyzer (MINI VIDAS®, Biomerieux,
Marcy l’Etoile, France) [3]. The substrate 4-methylumbelliferone was used, and fluorescence
emission was performed at 450 nm and, after stimulation, at 370 nm [48]. The intra-assay
CV was 5.7%, and the CV of the intermediate assay was 6.2%. Finally, T/C was considered
by dividing testosterone by cortisol.

2.4. Cooper Test

After blood analysis and 2 h after the standardized breakfast (2 g of CHO/kg BM and
consisting of rice, corn cereal with oat beverage, cooked fruit and biscuits with jam or sweet
quince, cheese or paste) [37], the athletes performed a Cooper test. Athletes were familiar
with this test given that they usually use this test throughout the season.

Before starting the test, a standardized 15 min warm-up was performed: 8 min
incremental run; 3 min of core work; 2 min of trunk, hip and leg muscle exercises; and
2 min of different types of jumps. The Cooper 12 min run test was conducted under
the observation of the research team on a 400 m synthetic sports track. The participants
completed the traditional test protocol, which consisted of covering the farthest feasible
distance in 12 min [49]. The total distance covered in this time was measured immediately
after the test was completed using markers placed on the track at 50 m intervals [50].

2.5. Anthropometry

The same internationally certified anthropometrist (ISAK level 3 with certificate num-
ber: #636739292503670742) performed the anthropometric measurements for all triathletes
based on the International Society for the Advancement of Kinanthropometry (ISAK) pro-
tocol [51]. Height (cm) was obtained by a SECA® measuring rod (Mod. 220; SECA Medical,
Bradford, MA, USA), with 1 mm precision. Body mass (kg) was measured using a SECA®

model scale (Mod. 220; SECA Medical, Bradford, MA, USA), with 0.1 kg precision. Body
mass index (BMI) was considered by the equation body mass/height2 (kg/m2). Six skin-
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folds (mm) were assessed—triceps, subscapular, supraspinal, abdominal, front thigh and
medial calf by a Harpenden® Skinfold Caliper (Harpenden Skinfold Caliber, British Indica-
tors Ltd., London, UK) with 0.2 mm precision—and the sum of all of them was considered.
Girths (cm) (relaxed arm, flexed arm, minimum waist, 1 cm below the buttock thigh, mid-
thigh and calf girth) were measured with an inextensible metallic Lufkin® measuring tape
model W606PM (Cooper Tools, Apex, NC, USA) with 1 mm precision. Fat mass (FM) and
muscle mass (MM) were estimated by the Carter and Lee equations, respectively [52].

2.6. Dietary Assessment

The nutritionists participating in the study (J.B.-B. and J.M.-A.) informed all triathletes
about proper food tracking. They tutored the participants regarding 2 validated methods of
dietary recall [51]. The first method was a food frequency questionnaire (FFQ) previously
used in other sport populations [53] which triathletes should complete at T2. The athletes
should recall their average food “frequency” intake based on certain food groups over
the previous 9 weeks. Food frequency was based on the number of times each food was
consumed per day, week or month. The serving sizes consumed were estimated through
the standard weight of food items or by determining the portion sizes by looking at a
book containing over 500 photographs of food [54]. Energy (kcal) and macronutrient (g)
consumption was determined by dividing the reported intake by the frequency in days
using a validated software package (Easy diet©, online version 2020) [55]. The total energy
and macronutrient intake per kilogram of body mass was calculated for each athlete. The
second method was a seven-day dietary recall collected the week prior to T1 and during
the week of T2. This method was used to check if the results of the FFQ were similar to
those of this recall [52].

2.7. Statistical Analysis

The data are shown as means and standard deviations. The Shapiro–Wilk test
(n < 50) was used to determine normality. Likewise, the homoscedasticity assumption
was tested with the previous Levene test. Thereafter, differences from T1 to T2 in each
group separately were assessed using Student’s t-tests for parametric paired data. Then, a
two-way repeated-measures analysis of variance (ANOVA) test was performed to assess
the interaction effects (time × supplementation group).

On the other hand, the percentage changes of the outcomes studied between T1 and T2
in each study group were calculated as ∆ (%): ((T2 − T1)/T1) × 100). A one-way ANOVA
test was performed to determine if there were significant differences between the means
of the different outcomes analyzed among the 4 study groups. A Bonferroni post hoc test
was applied for pairwise comparisons among supplemented groups to establish statistical
significance levels.

Effect sizes as a qualitative measure were estimated by partial eta squared (η2p). Given
that this measure overestimates effect sizes, the values were interpreted based on Ferguson,
who indicated no effect if 0 ≤ η2p < 0.05, minimum effect if 0.05 ≤ η2p < 0.26, moderate
effect if 0.26 ≤ η2p < 0.64 and strong effect if η2p ≥ 0.64 [56].

The analyses were completed by SPSS® software version 24.0 (SPSS, Inc., Chicago, IL,
USA) and Microsoft Excel® version 24 (Microsoft Corporation, Redmond, WA, USA) and
graphics using GraphPad Prism 6 software (GraphPad Software, Inc., San Diego, CA, USA).
Statistical significance was designated when p < 0.05.

3. Results

During the trial, the triathletes did not present significant statistical differences
(p > 0.05) in energy and macronutrient intake values among groups (Table 3).
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Table 3. Energy and macronutrient intake of triathletes during 9 weeks of study.

PLG CITG BRG CIT + BRG

Energy (kcal/kg) 45 ± 6.4 45.2 ± 6.8 44.9 ± 6.5 45.3 ± 7.2

Protein (g/kg) 1.4 ± 0.5 1.5 ± 0.7 1.4 ± 0.8 1.4 ± 0.5

Fat (g/kg) 1.4 ± 0.4 1.5 ± 0.5 1.4 ± 0.6 1.5 ± 0.6

Carbohydrates (g/kg) 7.0 ± 1.0 7.1 ± 1.2 7.1 ± 1.4 7.0 ± 1.3
Data are shown as mean ± standard deviation. PLG: placebo group, CITG: citrulline group, BRG: NO3

− group;
CIT-BRG: citrulline plus NO3

− supplemented group.

Body mass, BMI, muscle mass and fat mass percentage did not present significant
differences (p > 0.05) in the interaction group-by-time (Table 4).

Table 4. Anthropometry and body composition outcomes of triathletes.

Group T1 T2 p (T × G) η2p

Body mass (Kg)

PLG 76.36 ± 7.03 76.31 ± 6.76

0.582 0.074
CITG 79.08 ± 7.36 77.70 ± 7.09
BRG 74.11 ± 6.93 74.00 ± 6.90

CIT + BRG 74.19 ± 11.26 74.29 ± 11.38

BMI (kg/m2)

PLG 24.01 ± 1.89 23.98 ± 2.03

0.407 0.115
CITG 24.52 ± 2.53 23.99 ± 2.25
BRG 23.25 ± 1.86 23.25 ± 1.85

CIT + BRG 22.54 ± 1.63 22.53 ± 1.59

Muscle mass (kg)

PLG 69.39 ± 5.42 69.65 ± 5.73

0.406 0.112
CITG 72.35 ± 6.21 66.05 ± 5.77
BRG 67.38 ± 6.46 67.95 ± 6.31

CIT + BRG 68.49 ± 9.49 68.49 ± 9.20

Fat mass (%)

PLG 9.01 ± 2.05 8.66 ± 2.14

0.121 0.203
CITG 8.45 ± 1.44 7.77 ± 1.32
BRG 9.07 ± 2.09 8.18 ± 0.96

CIT + BRG 7.52 ± 1.66 7.58 ± 2.17
Data are presented as mean ± standard deviation. p (T × G): interaction group-by-time (p < 0.05) by two-factor
repeated-measures ANOVA.

Figure 1 shows the distance covered in the Cooper test at both T1 and T2. Significant
differences can be seen in the group-by-time interaction in this parameter (p = 0.002;
η2p = 0.418). In addition, significant increases (p < 0.05) were observed between study
moments in distance covered (T1: 2953.1 ± 372.7 vs. T2: 3079.6 ± 423.5 m) in CIT-BRG.
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Figure 1. Distance covered in Cooper test by triathletes at T1 and T2 (after 9 weeks of supplementa-
tion). Data are presented as mean ± standard deviation. *: Significant differences with respect to T1.
p < 0.05.

The EIMD markers did not present significant differences (p > 0.05) in the group-by-
time interaction (Table 5). However, significant differences were observed between T1 and
T2 for BR in creatinine (T1: 0.92 ± 0.11 vs. T2: 0.88 ± 0.09 mg/dL; η2p: 0.063) and LDH
(T1: 445.38 ± 247.59 vs. T2: 393.88 ± 63.37 UI/L; η2p: 0.083).

Table 5. Serum EIMD markers of triathletes at T1 and T2 (after 9 weeks).

Group T1 T2 p (T × G) η2p

Urea (mg/dL)

PLG 37.38 ± 6.63 38.00 ± 4.81

0.260 0.131
CITG 37.06 ± 6.92 34.58 ± 8.72
BRG 38.38 ± 4.03 37.50 ± 2.83
CIT + BRG 36.75 ± 8.55 41.13 ± 6.06

Creatinine (mg/dL)

PLG 0.91 ± 0.10 0.92 ± 0.10

0.601 0.063
CITG 0.93 ± 0.57 0.92 ± 0.11
BRG 0.92 ± 0.11 0.88 ± 0.09
CIT + BRG 0.91 ± 0.09 0.91 ± 0.11

AST (UI/L)

PLG 33.50 ± 9.06 37.13 ± 16.31

0.321 0.115
CITG 30.50 ± 9.09 24.38 ± 3.93
BRG 39.38 ± 17.39 29.36 ± 4.79
CIT + BRG 37.38 ± 12.02 29.75 ± 7.91

ALT (UI/L)

PLG 28.00 ± 14.25 29.63 ± 13.76

0.327 0.114
CITG 25.88 ± 9.43 22.00 ± 5.40
BRG 36.25 ± 29.36 23.38 ± 8.45
CIT + BRG 33.25 ± 19.83 22.63 ± 7.65

GGT (UI/L)

PLG 16.88 ± 4.55 18.50 ± 6.37

0.699 0.049
CITG 18.88 ± 8.04 19.88 ± 8.94
BRG 15.50 ± 3.46 18.63 ± 6.41
CIT + BRG 19.75 ± 5.92 20.25 ± 8.78
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Table 5. Cont.

Group T1 T2 p (T × G) η2p

LDH (UI/L)

PLG 438.86 ± 48.13 367.38 ± 77.77

0.498 0.083
CITG 330.88 ± 90.99 a 324.00 ± 71.97
BRG 445.38 ± 247.59 b 393.88 ± 35.79 *
CIT + BRG 431.00 ± 75.05 411.88 ± 63.37

CK (UI/L)

PLG 319.50 ± 297.34 175.00 ± 51.77

0.238 0.138
CITG 327.63 ± 287.07 157.25 ± 60.78
BRG 328.38 ± 247.59 208.88 ± 98.22
CIT + BRG 379.38 ± 336.75 288.25 ± 209.86

Data are presented as mean ± standard deviation. p (T × G): interaction group-by-time (p < 0.05) by two-way
repeated-measures ANOVA. *: Significant differences between the two phases (T1 vs. T2) (p < 0.05). a: Significant
differences with respect to PLG (p < 0.05). b: Significant differences with respect to CITG (p < 0.05).

Table 5 displays significant differences in the group-by-time interaction for cortisol
(p = 0.044; η2p = 0.247) and T/C (p = 0.005; η2p = 0.359). In this sense, a significant difference
was observed for T/C in CIT-BRG with respect to PLG at T2. On the other hand, a significant
decrease in testosterone levels and T/C was observed in PLG, CITG and BRG after 9 weeks
of supplementation (Table 6).

Table 6. Testosterone and cortisol status and testosterone/cortisol ratio of the triathletes at T1 and T2
(after 9 weeks).

Group T1 T2 p (T × G) η2p

Testosterone (ng/mL)

PLG 7.66 ± 2.26 4.51 ± 1.21 *

0.116 0.188
CITG 7.77 ± 1.10 5.50 ± 1.36 *
BRG 7.11 ± 1.26 4.92 ± 1.16 *
CIT + BRG 7.55 ± 1.06 6.69 ± 2.50

Cortisol (µg/dL)

PLG 15.76 ± 1.34 20.37 ± 3.47 *

0.044 0.247
CITG 16.03 ± 2.48 18.20 ± 3.80
BRG 15.89 ± 3.19 17.84 ± 3.76
CIT + BRG 16.94 ± 2.33 15.30 ± 5.53

Testosterone/cortisol ratio

PLG 49.07 ± 15.92 22.87 ± 8.12 *

0.005 0.359
CITG 49.13 ± 7.84 31.25 ± 11.02 *
BRG 46.95 ± 13.83 28.63 ± 8.38 *
CIT + BRG 45.97 ± 13.16 51.66 ± 30.00 a

Data are presented as mean ± standard deviation. p (T × G): group-by-time interaction (p < 0.05) by two-way
repeated-measures ANOVA. *: Significant differences between the two phases (T1 vs. T2) (p < 0.05). a: Significant
differences with respect to PLG (p < 0.05).

Figure 2 shows the percentage change in distance covered in the Cooper test for each
of the study groups. Significant differences can be observed in this parameter (p = 0.002;
η2p = 0.424). Concretely, CIT-BRG presented a significantly higher value in the % change
than PLG and CITG (p < 0.05).
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Figure 2. Percentage changes during the study in estimated distance covered in Cooper test in groups.
Data are presented as mean ± standard deviation. ∆: ((T2 – T1)/T1) × 100. *: Significant differences
with respect to CIT-BRG. p < 0.05.

Figure 3 indicates significant differences in cortisol percentage change (p = 0.049;
η2p = 0.257) between PLG and CIT-BRG. Moreover, T/C percentage change presented
statistically significant differences (p = 0.018; η2p = 0.297) between CIT-BRG and PLG. In
the case of testosterone, there were no significant differences among groups in percentage
change (p = 0.149).

Figure 3. Percentage changes during the study in cortisol and testosterone hormone status and
testosterone/cortisol ratio in the triathletes. Data are presented as mean ± standard deviation.
∆: ((T2 −T1)/T1) × 100. *: Significant differences with respect to PLG. p < 0.05.
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4. Discussion

This study was planned to assess the effect of long-term (9 weeks) combination of
3 g/day of CIT plus 2.1 g/day of BR (300 mg/day of NO3

−) supplementation on recovery
status by distance covered in the Cooper test, serum EIMD markers and testosterone and
cortisol in male triathletes. The EIMD markers (urea, creatinine, AST, ALT, GGT, LDH,
CK) did not show any significant differences in the group-by-time interaction. However,
triathletes showed a significantly better group-by-time interaction in distance covered
in the Cooper test and anabolic/catabolic hormone status in CIT-BRG by preventing an
increase in cortisol and a better T/C ratio. Furthermore, while CITG and BRG showed a
significant decrease in testosterone levels, CIT + BR supplementation prevented a decline
of this anabolic hormone. These significant results could be motivated by the synergistic
effect that both supplements provided on the variables used to determine recovery status.

The balance between training loads and recovery are key factors in improving athletic
performance [4]. To assess and control this balance, and with the intention of avoiding
fatigue and maintaining an adequate performance, there are numerous parameters utilized,
such as EIMD markers and anabolic/catabolic hormones [57,58]. Although there is an acute
intensification of EIMD markers after exercise [2,59], long-term maintenance of high EIMD
values could indicate a chronic fatigue status and inadequate adaptation to training [60].
In addition, it has been observed that anabolic/catabolic hormone status is changed after
exercise due to an acute effect [58,61]. However, long-term variations in these hormones
may be indicators of an adequate endogenous adaptation or, on the contrary, a fatigue
status and, therefore, of an impaired sports performance [6]. Testosterone is an anabolic
and androgenic hormone secreted by the hypothalamic–pituitary–testicular axis, and its
increase specifies an overall anabolic state [62]. Nevertheless, cortisol, secreted by the
hypothalamic–pituitary–adrenal axis, is a steroid hormone considered as a factor that
indicates accumulated stress, and therefore, its increase suggests an accumulation of stress
or catabolism [63]. Consequently, an increase in testosterone and/or a decrease in cortisol
would lead to an increase in the testosterone/cortisol ratio, as an indicator of adaptation
to training, thus indicating better endogenous recovery, while a decrease would indicate
fatigue status [61,64]. In order to achieve these effects, some supplements that promote the
NO pathway, such as CIT and BR, have been proposed [31].

It has been shown that NO can enhance recovery status through certain mecha-
nisms [65], such as increasing protein synthesis through vasodilation of the arteries and
veins of skeletal muscle that improve nutrient flow to the muscles, which in the long term
favors muscle growth and repair [66]. In addition, it has been suggested that NO probably
promotes angiogenesis in tissues by regulating the expression of the vascular endothelial
growth factor [67]. Moreover, it has been demonstrated that skeletal muscle has the capacity
to store, transport and metabolize NO3

− and NO2
− [68]. Therefore, chronic supplemen-

tation with NO precursor supplements (CIT and BR) would increase the levels of NO3
−

stored in skeletal muscle that is beneficial for NO production [69]. All these mentioned
mechanisms could probably work in a complementary manner by enhancing endogenous
recovery. A more efficient production of energy during exercise would reduce fatigue
and thus decrease EIMD through an increase in protein synthesis [70]. This improved
regeneration would lead to a decrease in stress and thus a reduced catabolic state, which
would be reflected in anabolic/catabolic hormones [11].

In addition to the effect on NO, the CIT has been found to stimulate muscle protein
synthesis by activating mTOR through the PI3K/MAPK/4E-BP1 pathway [71] and by
increasing ARG production, which promotes growth hormone secretion [72]. Likewise,
increased ARG production will improve intramuscular creatine levels, which will also
allow an increase in phosphocreatine reserves, contributing to energy supply through a
more efficient ATP regeneration and lowering fatigue, resulting in a decrease in EIMD after
a high-demanding training [31]. Moreover, being part of the urea cycle, CIT facilitates the
functioning of this cycle, helping to reduce the accumulation of ammonium and blood
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lactate concentration, improving the clearance capacity of these substances and, therefore,
reducing the fatigue caused by their accumulation [73].

To the authors’ knowledge, the effects of long-term combination of CIT plus BR
supplementation on EIMD markers have not been studied in depth [74]. In this sense,
the present trial did not present significant differences in the interaction between group
and time in EIMD markers (urea, creatinine, AST, ALT, GGT, LDH and CK) (p > 0.05;
Table 4). In the same line, some investigations that have evaluated the acute effects of these
supplements individually have not found improvements in EIMD markers. Daab et al.
did not find significant differences in CK and LDH before the Loughborough Intermittent
Shuttle Test between the supplemented and the placebo groups after 7 days (3 days pre-
exercise, test day and 3 days post-exercise) with 150 mL of BR juice (250 mg of NO3

−)
taken in two intakes per day (08:00 and 18:00 h) in soccer players [74]. Likewise, Martínez-
Sanchez et al. did not present significant differences in the biochemical markers AST, ALT
and CK between the supplemented group and placebo with CIT-enriched watermelon
juice (3.45 g per 500 mL/day) taken two hours before a half-marathon race [66]. Therefore,
considering that the results of this study did not offer any beneficial effects on the EIMD
markers, the results obtained by the combination of CIT plus BR in the present study
dismantle the original hypothesis in which it was predicted that both supplements could
work in a complementary manner by reducing EIMD.

Although, to the authors’ knowledge, the effects of long-term combination of CIT plus
BR supplementation on anabolic/catabolic hormones have not been studied, in the current
study, the combination of these supplements showed a better group-by-time interaction
in distance covered in the Cooper test and anabolic/catabolic hormone status in CIT-BRG
(Table 5 and Figure 3) by preventing an increase in cortisol (p = 0.044; η2p = 0.247) and
a better T/C ratio (p = 0.005; η2p = 0.359). Furthermore, while CITG and BRG showed
a significant decrease in the testosterone level after 9 weeks (p < 0.05), CIT + BR supple-
mentation prevented a decline in this anabolic hormone. Nevertheless, some authors have
shown the effect of both supplements individually on these hormones. In this way, Da
Silva et al. did not observe improvements in the T/C ratio during the recovery period at
24, 48 and 72 h post-exercise in untrained young adult men after 6 g CIT supplementation
before a 60 min workout [27]. These authors indicated that the inability to improve an-
abolic factors results in no beneficial effect of CIT supplementation on muscle regeneration
during an acute recovery period. However, the chronic changes in cortisol and testosterone
can be related to accumulated stress and body regeneration during the sports season [6].
In this way, Garnacho-Castaño et al. showed that BR supplementation did not appear
to influence anabolic/catabolic status in response to acute high-intensity workouts after
drinking 140 mL of BJ (~12.8 mmol NO3

−) [25]. On the contrary, in this study, CITG and
BRG presented a maintenance of distance covered in the Cooper test and a decrease in
testosterone levels and T/C after 9 weeks of supplementation. These data could indicate an
inadequate recovery status in these groups because after 9 weeks with adequate training, a
better sports performance would be expected. Nevertheless, this study presented a signifi-
cantly better recovery status in CIT-BRG represented as an increase in distance covered in
the Cooper test and maintenance of testosterone and T/C ratio after 9 weeks of combined
supplementation. These adaptations were obtained by preventing an increase in cortisol
and/or a decline in testosterone in CIT-BRG with respect to other supplementation groups.

In this sense, CIT is a key activator of muscle protein synthesis in catabolic situations,
such as high-intensity training periods, via activation of the mTOR pathway due to its
key role in the regulation of nitrogen homeostasis [75]. Likewise, testosterone increases
mTOR pathway [76] and cortisol inhibits mTOR pathway signaling [75]. Thus, increasing
testosterone and controlling cortisol secretion could result in lower stress and adequate
muscle regeneration [6]. In this sense, the long-term effect of CIT enhancing NO could
increase blood flow in the testis promoting testosterone synthesis [19] and maintaining the
testosterone level by vasodilator effect [77]. In addition, the enhancement of NO reduces
ACTH-mediated cortisol production [18]. Consequently, although this hypothesis is spec-
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ulative, increasing NO could be successful in maintaining an anabolic state, decreasing
metabolic stress [2,9]. Therefore, the results obtained in the CIT-BRG group could show
how independent pathways in muscle recovery (NO and mTOR) can be synergistically
activated with both supplements to obtain better results.

4.1. Limitations, Strengths and Future Research

It should be noted that it is difficult to obtain larger samples in athletes as not many of
them have the availability to comply with the training and supplementation instructions
required by the study. In addition, the effects that both supplements used could have
on the muscle were speculative because no evaluation was included in this regard. On
the other hand, sampling using a convenient, non-probabilistic sampling procedure may
produce results that are not representative of the rest of the population. These limitations
may underrepresent the results and may affect study outcomes. For this reason, the results
should be considered in the context of the study. However, the methodology used in this
trial, a double-blind, placebo-controlled trial, is the most important strength. In addition,
another strength was the control of the triathletes’ diet, as well as the control of the body
composition throughout the intervention process, so that these outcomes did not influence
the final results. Another strength is the synergistic potential of the study.

Future research should continue to study the long-term effects of this combination
on recovery, using different markers, such as sports performance, in order to expand the
existing knowledge on this combination. It should also examine the effectiveness of these
supplements in athletes who have already been diagnosed with an overtraining state to
determine whether the use of these supplements as part of treatment would accelerate
recovery. In addition, it should analyze how this potential combination affects the female
population or anaerobic sports, given that this study only focused on males and measured
aerobic performance.

4.2. Practical Application

This research could be of interest to physicians and nutritionists who want to achieve
better post-exercise recovery for their athletes. Considering that 3 g/day of CIT plus
2.1 g/day of BR (300 mg/day of NO3

−) for 9 weeks could advance muscle and endogenous
recovery, supplementation phases could be considered in the intensive training phases.

5. Conclusions

In conclusion, although the combination of 3 g/day of CIT plus 2.1 g/day of BR
(300 mg/day of NO3

−) supplementation for 9 weeks did not present any benefit for EIMD,
it prevented an increase in cortisol and a decline in T/C compared with placebo or isolated
supplementation. Moreover, this combination promoted a better distance covered in the
Cooper test after 9 weeks of supplementation. Therefore, the combined use of 3 g/day
of CIT and BR (300 mg/day of NO3

−) could promote a faster muscle recovery status but
without preventing EIMD.

Author Contributions: All authors have read and agreed to the published version of the manuscript.
J.B. and J.M.-A.: conception and design of research, analysis and interpretation of the data, drafting
of the paper, critical review and approval of the final version submitted for publication. J.C.-G. and
A.V.: analysis and interpretation of the data, drafting of the paper, critical review and approval of
the final version submitted for publication. D.F.-L., J.O.-I. and J.S.-C.: drafting of the paper, critical
review and approval of the final version submitted for publication.

Funding: The authors declare no funding sources.

Institutional Review Board Statement: This trial was designed in accordance with the Declaration
of Helsinki (2008) and the Fortaleza update (2013) [47] and was approved by the Human Research
Ethics Committee of the University of León, Spain (number: ULE-020-2020).

167



Biology 2022, 11, 75

Informed Consent Statement: All triathletes were completely informed of all actions of the study
and signed the personal statement of informed consent, giving their individual agreement to take
part in the proposed work.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Acknowledgments: The authors want to thank the triathletes and other assistants involved in this
investigation for their participation, enthusiasm and cooperation.

Conflicts of Interest: The authors affirm no conflict of interest.

References
1. Del Coso, J.; González, C.; Abian-Vicen, J.; Salinero Martín, J.J.; Soriano, L.; Areces, F.; Ruiz, D.; Gallo, C.; Lara, B.; Calleja-González,

J. Relationship between physiological parameters and performance during a half-ironman triathlon in the heat. J. Sports Sci. 2014,
32, 1680–1687. [CrossRef]

2. Fernández-Landa, J.; Fernández-Lázaro, D.; Calleja-González, J.; Caballero-García, A.; Córdova, A.; León-Guereño, P.; Mielgo-
Ayuso, J. Long-Term Effect of Combination of Creatine Monohydrate Plus β-Hydroxy β-Methylbutyrate (HMB) on Exercise-
Induced Muscle Damage and Anabolic/Catabolic Hormones in Elite Male Endurance Athletes. Biomolecules 2020, 10, 140.
[CrossRef]

3. Neubauer, O.; König, D.; Wagner, K.H. Recovery after an Ironman triathlon: Sustained inflammatory responses and muscular
stress. Eur. J. Appl. Physiol. 2008, 104, 417–426. [CrossRef]

4. Meeusen, R.; Duclos, M.; Foster, C.; Fry, A.; Gleeson, M.; Nieman, D.; Raglin, J.; Rietjens, G.; Steinacker, J.; Urhausen, A.
Prevention, diagnosis and treatment of the overtraining syndrome: Joint consensus statement of the European College of Sport
Science (ECSS) and the American College of Sports Medicine (ACSM). Eur. J. Sport Sci. 2013, 13, 1–24. [CrossRef]

5. Del Coso, J.; Areces, F.; Salinero, J.J.; González-Millán, C.; Abián-Vicén, J.; Soriano, L.; Ruiz, D.; Gallo, C.; Lara, B.; Calleja-Gonzalez,
J. Compression stockings do not improve muscular performance during a half-ironman triathlon race. Eur. J. Appl. Physiol. 2014,
114, 587–595. [CrossRef]

6. Mielgo-Ayuso, J.; Zourdos, M.C.; Urdampilleta, A.; Calleja-González, J.; Seco, J.; Córdova, A. Relationship of long-term
macronutrients intake on anabolic-catabolic hormones in female elite volleyball players. Nutr. Hosp. 2017, 34, 1155–1162.
[CrossRef]

7. Hotfiel, T.; Mayer, I.; Huettel, M.; Hoppe, M.W.; Engelhardt, M.; Lutter, C.; Pöttgen, K.; Heiss, R.; Kastner, T.; Grim, C. Accelerating
Recovery from Exercise-Induced Muscle Injuries in Triathletes: Considerations for Olympic Distance Races. Sports 2019, 7, 143.
[CrossRef]

8. Bescós, R.; Sureda, A.; Tur, J.A.; Pons, A. The effect of nitric-oxide-related supplements on human performance. Sports Med. 2012,
42, 99–117. [CrossRef]

9. Beck, K.L.; Thomson, J.S.; Swift, R.J.; von Hurst, P.R. Role of nutrition in performance enhancement and postexercise recovery.
Open Access J. Sport. Med. 2015, 6, 259. [CrossRef]

10. Bryan, N.S. Safe and Effective Use of Nitric Oxide-Based Supplements and Nutrition for Sports Performance, 2nd ed.; Elsevier Inc.:
Amsterdam, The Netherlands, 2018.

11. Gonzalez, A.M.; Trexler, E.T. Effects of Citrulline Supplementation on Exercise Performance in Humans: A Review of the Current
Literature. J. Strength Cond. Res. 2020, 34, 1480–1495. [CrossRef]

12. Gilligan, D.M.; Panza, J.A.; Kilcoyne, C.M.; Waclawiw, M.A.; Casino, P.R.; Quyyumi, A.A. Contribution of endothelium-derived
nitric oxide to exercise-induced vasodilation. Circulation 1994, 90, 2853–2858. [CrossRef]

13. Anderson, J.E. A Role for Nitric Oxide in Muscle Repair: Nitric Oxide-Mediated Activation of Muscle Satellite Cells. Mol. Biol.
Cell 2000, 11, 1859–1874. [CrossRef]

14. Arazi, H.; Eghbali, E. Possible Effects of beetroot Supplementation on Physical Performance Through Metabolic, Neuroendocrine,
and Antioxidant Mechanisms: A Narrative Review of the Literature. Front. Nutr. 2021, 8, 660150. [CrossRef]

15. Viribay, A.; Arribalzaga, S.; Mielgo-Ayuso, J.; Castañeda-Babarro, A.; Seco-Calvo, J.; Urdampilleta, A. Effects of 120 g/h of
carbohydrates intake during a mountain marathon on exercise-induced muscle damage in elite runners. Nutrients 2020, 12, 1367.
[CrossRef]

16. Urdampilleta, A.; Arribalzaga, S.; Viribay, A.; Castañeda-Babarro, A.; Seco-Calvo, J.; Mielgo-Ayuso, J. Effects of 120 vs. 60 and
90 g/h Carbohydrate Intake during a Trail Marathon on Neuromuscular Function and High Intensity Run Capacity Recovery.
Nutrients 2020, 12, 94. [CrossRef]

17. Wang, J.M.; Gu, C.H.; Tao, L.; Wu, X.L. Effect of surgery and efferent duct ligation on testicular blood flow and testicular
steroidogenesis in the rat. J. Reprod. Fertil. 1985, 73, 191–196. [CrossRef]

18. Monau, T.R.; Vargas, V.E.; Zhang, L.; Myers, D.A.; Ducsay, C.A. Nitric oxide inhibits ACTH-induced cortisol production in
near-term, long-term hypoxic ovine fetal adrenocortical cells. Reprod. Sci. 2010, 17, 955–962. [CrossRef]

19. Banihani, S.A. Biomolecules Testosterone in Males as Enhanced by Onion (Allium Cepa, L.). Biomolecules 2019, 9, 75. [CrossRef]

168



Biology 2022, 11, 75

20. Hernández, A.; Schiffer, T.A.; Ivarsson, N.; Cheng, A.J.; Bruton, J.D.; Lundberg, J.O.; Weitzberg, E.; Westerblad, H. Dietary nitrate
increases tetanic [Ca 2+] i and contractile force in mouse fast-twitch muscle. J. Physiol. 2012, 590, 3575–3583. [CrossRef]

21. Milton-Laskibar, I.; Alfredo Martínez, J.; Portillo, M.P. Current knowledge on BRroot bioactive compounds: Role of nitrate and
betalains in health and disease. Foods 2021, 10, 1314. [CrossRef]

22. Jones, L.; Bailey, S.J.; Rowland, S.N.; Alsharif, N.; Shannon, O.M.; Clifford, T. The Effect of Nitrate-Rich BRroot Juice on Markers
of Exercise-Induced Muscle Damage: A Systematic Review and Meta-Analysis of Human Intervention Trials. J. Diet. Suppl. 2021.
[CrossRef]

23. Clifford, T.; Bell, O.; West, D.J.; Howatson, G.; Stevenson, E.J. The effects of BRroot juice supplementation on indices of muscle
damage following eccentric exercise. Eur. J. Appl. Physiol. 2016, 116, 353–362. [CrossRef]

24. Sarfaraz, S.; Ikram, R.; Osama, M.; Anser, H. Effect of different doses of lyophilized BRroot on fertility and reproductive hormones.
Pak. J. Pharm. Sci. 2020, 33, 2505–2510. [CrossRef]

25. Garnacho-Castaño, M.V.; Palau-Salvà, G.; Serra-Payá, N.; Ruiz-Hermosel, M.; Berbell, M.; Viñals, X.; Bataller, M.G.; Carbonell, T.;
Vilches-Saez, S.; Cobo, E.P.; et al. Understanding the effects of BRroot juice intake on CrossFit performance by assessing hormonal,
metabolic and mechanical response: A randomized, double-blind, crossover design. J. Int. Soc. Sports Nutr. 2020, 17. [CrossRef]

26. Larsen, F.J.; Schiffer, T.A.; Borniquel, S.; Sahlin, K.; Ekblom, B.; Lundberg, J.O.; Weitzberg, E. Dietary Inorganic Nitrate Improves
Mitochondrial Efficiency in Humans. Cell Metab. 2011, 13, 149–159. [CrossRef]

27. Da Silva, D.K.; Jacinto, J.L.; de Andrade, W.B.; Roveratti, M.C.; Estoche, J.M.; Balvedi, M.C.W.; de Oliveira, D.B.; da Silva, R.A.;
Aguiar, A.F. Citrulline malate does not improve muscle recovery after resistance exercise in untrained young adult men. Nutrients
2017, 9, 1132. [CrossRef]

28. Haider, G.; Folland, J.P. Nitrate supplementation enhances the contractile properties of human skeletal muscle. Med. Sci. Sports
Exerc. 2014, 46, 2234–2243. [CrossRef]

29. Radak, Z.; Naito, H.; Taylor, A.W.; Goto, S. Nitric oxide: Is it the cause of muscle soreness? Nitric Oxide Biol. Chem. 2012, 26, 89–94.
[CrossRef]

30. Bahri, S.; Zerrouk, N.; Aussel, C.; Moinard, C.; Crenn, P.; Curis, E.; Chaumeil, J.C.; Cynober, L.; Sfar, S. Citrulline: From metabolism
to therapeutic use. Nutrition 2013, 29, 479–484. [CrossRef]

31. Rhim, H.C.; Kim, S.J.; Park, J.; Jang, K.M. Effect of citrulline on post-exercise rating of perceived exertion, muscle soreness, and
blood lactate levels: A systematic review and meta-analysis. J. Sport Health Sci. 2020, 9, 553–561. [CrossRef]

32. Mathiowetz, V.; Weber, K.; Volland, G.; Kashman, N. Reliability and validity of grip and pinch strength evaluations. J. Hand Surg.
1984, 9, 222–226. [CrossRef]

33. Fernández-Landa, J.; Fernández-Lázaro, D.; Calleja-González, J.; Caballero-García, A.; Martínez, A.C.; León-Guereño, P.; Mielgo-
Ayuso, J. Effect of ten weeks of creatine monohydrate plus HMB supplementation on athletic performance tests in elite male
endurance athletes. Nutrients 2020, 12, 193. [CrossRef]

34. Allen, A.E.; Dupont, C.L.; Oborník, M.; Horák, A.; Nunes-Nesi, A.; McCrow, J.P.; Zheng, H.; Johnson, D.A.; Hu, H.; Fernie, A.R.;
et al. Evolution and metabolic significance of the urea cycle in photosynthetic diatoms. Nature 2011, 473, 203–207. [CrossRef]

35. Alvares, T.S.; Conte-Junior, C.A.; Silva, J.T.; Paschoalin, V.M.F. L-arginine does not improve biochemical and hormonal response
in trained runners after 4 weeks of supplementation. Nutr. Res. 2014, 34, 31–39. [CrossRef]

36. Le Roux-Mallouf, T.; Pelen, F.; Vallejo, A.; Halimaoui, I.; Doutreleau, S.; Verges, S. Effect of chronic nitrate and citrulline
supplementation on vascular function and exercise performance in older individuals. Aging 2019, 11, 3315. [CrossRef]

37. Thomas, D.; Erdman, K.; Burke, L. American College of Sports Medicine Joint Position Statement. Nutrition and Athletic
Performance. Med. Sci. Sports Exerc. 2016, 48, 543–568. [CrossRef]

38. Pruna, R.; Lizarraga, A.; Domínguez, D. Medical assessment in athletes. Med. Clin. 2018, 150, 268–274. [CrossRef]
39. Wax, B.; Kavazis, A.N.; Luckett, W. Effects of Supplemental Citrulline-Malate Ingestion on Blood Lactate, Cardiovascular

Dynamics, and Resistance Exercise Performance in Trained Males. J. Diet. Suppl. 2016, 13, 269–282. [CrossRef]
40. Pérez-Guisado, J.; Jakeman, P.M. Citrulline malate enhances athletic anaerobic performance and relieves muscle soreness. J.

Strength Cond. Res. 2010, 24, 1215–1222. [CrossRef]
41. Robineau, J.; Marrier, B.; Le Meur, Y.; Piscione, J.; Peeters, A.; Lacome, M. Road to Rio: A Case Study of Workload Periodization

Strategy in Rugby-7s During an Olympic Season. Front. Sports Act. Living 2020, 1, 72. [CrossRef]
42. Anderson, O.K.; Martinez-Ferran, M.; Lorenzo-Calvo, J.; Jiménez, S.L.; Pareja-Galeano, H. Effects of Nitrate Supplementation on

Muscle Strength and Mass: A Systematic Review. J. Strength Cond. Res. 2021. [CrossRef]
43. Hoon, M.W.; Johnson, N.A.; Chapman, P.G.; Burke, L.M. The effect of nitrate supplementation on exercise performance in healthy

individuals: A systematic review and meta-analysis. Int. J. Sports Nutr. Exerc. Metab. 2013, 23, 522–532. [CrossRef]
44. Trexler, E.T.; Persky, A.M.; Ryan, E.D.; Schwartz, T.A.; Stoner, L.; Smith-Ryan, A.E. Acute Effects of Citrulline Supplementation

on High-Intensity Strength and Power Performance: A Systematic Review and Meta-Analysis. Sports Med. 2019, 49, 707–718.
[CrossRef]

45. Jones, A.M.; Thompson, C.; Wylie, L.J.; Vanhatalo, A. Dietary nitrate and physical performance. Ann. Rev. Nutr. 2018, 38, 303–328.
[CrossRef]

46. Wehrens, S.M.T.; Christou, S.; Isherwood, C.; Middleton, B.; Gibbs, M.A.; Archer, S.N.; Skene, D.J.; Johnston, J.D. Meal Timing
Regulates the Human Circadian System. Curr. Biol. 2017, 27, 1768. [CrossRef]

169



Biology 2022, 11, 75

47. Nowatzke, W.; Sarno, M.J.; Birch, N.C.; Stickle, D.F.; Eden, T.; Cole, T.G. Evaluation of an assay for serum 1,5-anhydroglucitol
(GlycoMarkTM) and determination of reference intervals on the Hitachi 917 analyzer. Clin. Chim. Acta 2004, 350, 201–209.
[CrossRef]

48. Mehta, P.H.; Welker, K.M.; Zilioli, S.; Carré, J.M. Testosterone and cortisol jointly modulate risk-taking. Psychoneuroendocrinology
2015, 56, 88–99. [CrossRef]

49. Penry, J.T.; Wilcox, A.R.; Yun, J. Validity and reliability analysis of Cooper’s 12-minute run and the multistage shuttle run in
healthy adults. J. Strength Cond. Res. 2011, 25, 597–605. [CrossRef]

50. Alvero-Cruz, J.R.; Carnero, E.A.; Giráldez García, M.A.; Alacid, F.; Rosemann, T.; Nikolaidis, P.T.; Knechtle, B. Cooper Test
Provides Better Half-Marathon Performance Prediction in Recreational Runners Than Laboratory Tests. Front. Physiol. 2019, 10,
1349. [CrossRef]

51. Da Silva, V.S.; Vieira, M.F.S. International society for the advancement of kinanthropometry (Isak) global: International ac-
creditation scheme of the competent anthropometrist. Revista Brasileira de Cineantropometria Desempenho Humano 2020, 22, 1–6.
[CrossRef]

52. Mielgo-Ayuso, J.; Maroto-Sánchez, B.; Luzardo-Socorro, R.; Palacios, G.; Gil-Antuñano, N.P.; González-Gross, M. EXERNET
Study Group Evaluation of nutritional status and energy expenditure in athletes. Nutr. Hosp. 2015, 31, 227–236. [CrossRef]

53. Mielgo-Ayuso, J.; Zourdos, M.C.; Calleja-González, J.; Urdampilleta, A.; Ostojic, S.M. Dietary intake habits and controlled training
on body composition and strength in elite female volleyball players during the season. Appl. Physiol. Nutr. Metab. 2015, 40,
827–834. [CrossRef]

54. Russolillo Femenías, G.; Marques-Lopes, I. Láminas de Porciones de Alimentos a Tamaño Real; Librería Proteo: Málaga, Spain, 2011.
55. Valensise, H.; Andreoli, A.; Lello, S.; Magnani, F.; Romanini, C.; De Lorenzo, A. Total-body skeletal muscle mass: Development

and cross-validation of anthropometric prediction models. Am. J. Clin. Nutr. 2000, 72, 796–803. [CrossRef]
56. Ferguson, C.J. An Effect Size Primer: A Guide for Clinicians and Researchers. Prof. Psychol. Res. Pract. 2009, 40, 532–538.

[CrossRef]
57. Banfi, G.; Colombini, A.; Lombardi, G.; Lubkowska, A. Metabolic Markers in Sports Medicine, 1st ed.; Elsevier Inc.: Amsterdam,

The Netherlands, 2012; Volume 56.
58. Baur, D.A.; Bach, C.W.; Hyder, W.J.; Ormsbee, M.J. Fluid retention, muscle damage, and altered body composition at the Ultraman

triathlon. Eur. J. Appl. Physiol. 2016, 116, 447–458. [CrossRef]
59. Danielsson, T.; Rg Carlsson, J.; Schreyer, H.; Ahnesjö, J.; Ten Siethoff, L.; Ragnarsson, T.; Tugetam, Å.; Bergman, P. Blood

biomarkers in male and female participants after an Ironman-distance triathlon. PLoS ONE 2017, 12, e0179324. [CrossRef]
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Simple Summary: The aim of our study was to analyze the changes in ABB after a three-round
kickboxing fight and the level of technical and tactical skills presented during the fight. Fighting in
kickboxing under K1 rules takes place with a high presence of anaerobic metabolism. Kickboxing
athletes must have a good tolerance for metabolic acidosis and the ability to conduct an effective
duel despite ABB disorders. Properly developed post-workout regeneration also plays an extremely
important role.

Abstract: Background: Acid–base balance (ABB) is a major component of homeostasis, which is
determined by the efficient functioning of many organs, including the lungs, kidneys, and liver, and
the proper water and electrolyte exchange between these components. The efforts made during
competitions by combat sports athletes such as kickboxers require a very good anaerobic capacity,
which, as research has shown, can be improved by administering sodium bicarbonate. Combat sports
are also characterized by an open task structure, which means that cognitive and executive functions
must be maintained at an appropriate level during a fight. The aim of our study was to analyze the
changes in ABB in capillary blood, measuring levels of H+, pCO2, pO2, HCO3

−, BE and total molar
CO2 concentration (TCO2), which were recorded 3 and 20 min after a three-round kickboxing bout,
and the level of technical and tactical skills presented during the fight. Methods: The study involved
14 kickboxers with the highest skill level (champion level). Statistical comparison of mentioned
variables recorded prior to and after a bout was done with the use of Friedman’s ANOVA. Results:
3 min after a bout, H+ and pO2 were higher by 41% and 11.9%, respectively, while pCO2, HCO3

−,
BE and TO2 were lower by 14.5%, 39.4%, 45.4% and 34.4%, respectively. Furthermore, 20 min after
the bout all variables tended to normalization and they did not differ significantly compared to the
baseline values. Scores in activeness of the attack significantly correlated (r = 0.64) with pre–post
changes in TCO2. Conclusions: The disturbances in ABB and changes in blood oxygen and carbon
dioxide saturation observed immediately after a bout indicate that anaerobic metabolism plays a
large part in kickboxing fights. Anaerobic training should be included in strength and conditioning
programs for kickboxers to prepare the athletes for the physiological requirements of sports combat.

Keywords: acid–base balance; kickboxing; metabolic acidosis
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1. Introduction

Acid–base balance (ABB) is a major component of homeostasis, which is determined
by the efficient functioning of many organs, including the lungs, kidneys, and liver [1,2],
and the proper water and electrolyte exchange between these components [3]. At rest,
an equilibrium is maintained between the pulmonary gas pressures (pO2 and pCO2) in
the human body, and the buffering system in the blood consists of hydrogen ion (H+)
acceptors, which include bicarbonate ions (HCO3

−), proteins, amino acids, hydrogen
phosphate ions (HPO4

2−), and hemoglobin contained in erythrocytes. The buffering
system compensates for small fluctuations in acidity, but intense exercise disrupts ABB in
the body. Studies using 31P nuclear magnetic resonance spectroscopy have demonstrated
a significant intracellular increase in H+ concentration and a concomitant decrease in
phosphocreatine (PCr) concentration during some seconds of repeated supramaximal
exercise [4]. With buffering, the post-exercise blood H+ concentration is much lower than
in the cytosol. The peripheral and central chemoreceptors responsible for the regulation of
the pulmonary ventilation rate respond to post-exercise changes in pH and disturbances in
gas parameters of ABB [5,6]. Studies have shown that the higher the intensity of anaerobic
exercise, the higher the blood levels of lactate and hydrogen ions and the greater the
decrease in HCO3

− [7–13].
It is believed that the temporary high acidification of cytosol in muscle fiber cells is

not the only cause of the decrease in maximal power [14]. Nevertheless, numerous studies
have confirmed that an increase in blood buffering capacity after oral administration of
sodium bicarbonate or other alkalizing fluids reduces post-exercise pH disturbances and
increases exercise capacity [15–21].

Exercise during competitions in combat sports such as kickboxing, boxing, taekwondo,
and wrestling requires very good anaerobic capacity, which, as demonstrated by studies,
can be improved by administering sodium bicarbonate [22–24]. Combat sports are also
characterized by an open task structure, which means that cognitive functions must be
maintained at an appropriate level during a fight [25]. The following cognitive abilities
have been most often studied in combat sport athletes because the levels of these features
are in a great part related to athletic skills. The most frequently tested cognitive functions in
athletes are visuo-motor coordination [26–28], information processing and planning [29,30],
and accuracy of decision-making [31]. It should be noted that in hitting sports, such as
boxing and kickboxing, testing of cognitive functions matters for assessment of brain micro-
injuries among athletes [32,33]. In laboratory tests, measurements of the speed and accuracy
of reactions to visual stimuli are used to evaluate the level of some of the above-mentioned
skills, including simple reaction tests, choice reaction tests, GO/NOGO tasks, Stroop tests,
and trail making tests. Many published results have indicated a relationship between
the level of performance during these tests and the physiological responses induced by
various laboratory efforts. Immediately after intense exercise-induced metabolic acidosis,
the results of the reaction time test and Stroop test are worse than at rest, but after a
15 min rest, they partially normalize [34]. Combined with concurrent psychometric testing,
exercise tests do not fully replicate the task structure of a typical real fight. In most cases,
the scale of difficulty in completing a mental and physical task during official combat sports
competitions is much greater compared to laboratory psychophysical tests.

The experiments conducted in these studies demonstrated bidirectional changes in
the level of performance during psychometric tests in response to laboratory test exercises
of increasing intensity. These are fundamental to understanding the relationships between
exercise intensity and physiological responses with level of performance of psychometric
tasks. During the first phase of low-intensity exercise, the choice reaction time progressively
decreases until a blood lactate concentration of 5.5 mmol/L is reached, and progressively
increases once this concentration is exceeded [35]. A similar biphasic pattern of choice
reaction time has been recorded during running with increasing speed [36]. Furthermore,
higher levels of cognitive function are presented by individuals with a higher physical
capacity [37]. In the case of psychometric tests that examine simultaneously the speed and
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accuracy of reactions using the GO/NOGO test, there is a need to choose between two
contradictory decisions, one favoring speed and the other oriented towards accuracy. It has
been demonstrated that the choice between these options may depend on the task structure
of the sport.

Studies have shown that karate athletes prefer a higher speed of response to a stimulus
but make more mistakes, while rowers do the opposite [31]. In this study, both groups
demonstrated improved performance on psychometric tests in subsequent attempts. This
phenomenon is known as the effect of learning a response to the same repeated stimuli [38].
In the case of executive functions used during fighting with an opponent the athlete does
not know yet, there is a very large variety of stimuli and many choices of responses to them,
which minimizes the learning effect observed during repeated laboratory testing. For this
reason, in addition to physical fitness, the outcome of the competition is determined by the
level of technical and tactical skills.

There have been few attempts to numerically assess the level of specific executive func-
tions as a technical skill. Three basic parameters that characterize the level of performance
during a real kickboxing bout have been developed and implemented [32,33,39,40]. The
literature to date lacks a comparison of the assessment of such technical skills with mea-
surements of physiological responses during competitions in combat sports, with athletes
using fist punches and/or kicks. Ass mentioned earlier, boxing, kickboxing and taekwondo
athletes are exposed to head injuries during competitions, which can reduce cognitive and
executive abilities and impair technical skills [41,42]. In addition, three repeated maximal
physical efforts may contribute to physiological changes [43,44], which are, in part, respon-
sible for accumulation of fatigue. The most visible symptom of increasing fatigue during
successive bouts may be an increasing number of pauses and total time of pauses [45].
Although the analysis of the used types of offensive actions and their number during
kickboxing matches have been presented in the literature, the novel skill parameters as a
mirror of the levels of cognitive–executive function, together with complex physiological
responses to the contest, are lacking. Thus, the aim of our study was to analyze the changes
in ABB after a three-round kickboxing bout and the level of technical and tactical skills
presented during the bout.

2. Materials and Methods

The study involved 14 kickboxers presenting the highest sports skill level (champion level).
The sports skill level was evaluated based on sporting achievements and having a

kickboxing master’s degree, and the coach’s opinion. The minimum training experience of
the subjects was between 8 and 10 years. The participants were aged 19 to 35 years. Details
of the study group are presented in Table 1.

Table 1. Anthropometric measures of study participants.

Variables No M Me Min Max Q1 Q3 SD

Body mass 14 84.90 85.50 75.00 90.00 83.00 88.50 4.93
Body height 14 181.05 180.00 175.00 189.00 179.00 183.50 3.39

BMI 14 26.04 25.99 24.12 28.64 25.15 26.73 1.24
No—number, M—mean, Me—median, Min—minimum, Max—maximum, Q1—first quartile, Q3—third quartile,
SD—standard deviation.

2.1. Analysis of the Fight

The competitors had one bout each according to K1 rules in the morning after two days
of a training break. The fights were held according to the rules of the World Association
of Kickboxing Organizations (WAKO) and consisted of three 2-min rounds separated by
1-min rests.

The fights were simulated, but took place on neutral ground and were refereed
by a qualified referee. The athletes were matched in a manner consistent with their
weight category.
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The determination of the technical and tactical performance parameters was made
based on video recordings of the bouts. Subsequent analysis was conducted using special-
ized formulas [40,46,47].

The efficiency of the attack indicates a number of scored points influencing the final
result of the bout compared to the number of bouts observed.

Efficiency of the attack (Sa)

Sa =
n
N

n—number of attacks scoring 1 point.
* In K1 rules, each clean hit of the opponent scores 1 point
N—sum of observed bouts (N = 1 in this study)

The effectiveness of the attack denotes the number of scoring techniques compared to
all the offensive actions performed.

Effectiveness of the attack (Ea)

Ea =
number o f e f f ective attacks

number o f all attacks
× 100

An effective attack is a technical action awarded a point
Number of all attacks is a number of all offensive actions

The activeness of the attack describes the engagement of the athlete, indicating the
number of offensive actions performed during the observed fights.

Activeness in the attack (Aa)

Aa =
number o f all registered o f f ensive actions o f a kickboxer
number o f f ights f ought by a kickboxer (1 in this study)

2.2. Acid–Base Balance Analysis

ABB parameters were analyzed using an EPOC gasometer (Siemens, Ottawa, ON,
Canada) immediately after 95 µL of arterialized fingertip blood was drawn into glass
capillaries containing calcium-balanced lithium heparin (65 IU/mL). The determinations
were made 5 min before the bout (measurement I), and 3 min (measurement II) and 20 min
after the bout (measurement III).

Hydrogen ion concentration (H+), partial pressure of oxygen (pO2), and partial pres-
sure of carbon dioxide (pCO2) were measured, and base excess in the extracellular fluid
(BEecf) concentration of bicarbonate ions HCO3

− and TCO2 (total molar carbon dioxide
concentration) were calculated.

2.3. Bioethics Committee

Prior to participation in the tests, the competitors were informed about the research
procedures, which were in accordance with the ethical principles of the Declaration of
Helsinki WMADH (2000). Obtaining the competitors’ written consent was the condition for
their participation in the project. The research was approved by the Bioethics Committee at
the Regional Medical Chamber (No. 287/KBL/OIL/2020).

2.4. Statistical Analysis

Statistica 13.1 software (StatSoft, Cracow, Poland) was employed for statistical analysis.
Friedman’s ANOVA test was used to compare the results of repeated measures. The post-
hoc test was Dunn’s test. Correlation analysis between selected variables was performed
using Pearson’s linear correlation test. The Shapiro–Wilk test was used to test data for
normal distribution. Effect size was calculated according to the formula:

Kendall’s W = Chi 2/N(K − 1), N = sample size, K = number of measurements. The
level of statistical significance was set at p < 0.05.
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3. Results

The biochemical indices studied changed significantly during the bout and recovery.
The greatest changes were observed after the second measurement (3 min after the bout)
(Table 2). For pCO2, the difference was significant only between measurements I and II, for
H+, pO2, HCO3

− between measurements I and II and between measurements II and III,
and for BE between all measurements (Table 2).

Table 2. The level of acid–base balance parameters in the tested group of athletes in three consecutive
measurements.

Parameter
Measurement Friedman’s

ANOVA
Post-Hoc

(Dunn’s Test)
Effect
SizeI (n = 14) II (n = 14) III (n = 14)

M Me SD M Me SD M Me SD Chi2 p I-II I-II

H+ (nmol/L) 37.9 37.0 3.3 54.0 49.0 9.8 41.1 40.0 3.9 22.29 <0.001 <0.05 0.80

pCO2
(mmHg) 37.2 37.3 3.3 31.8 31.9 2.6 35.2 35.0 0.7 7.43 0.024 <0.05 0.27

pO2 (mmHg) 77.2 75.2 6.0 85.6 85.1 8.5 73.9 75.8 4.5 16.15 <0.001 <0.05 0.58

HCO3
−

(mmol/L) 24.6 25.3 1.3 14.9 15.4 1.6 21.3 21.6 1.8 24.57 <0.001 <0.05 0.88

BE mmol/L 0.5 0.9 1.2 −11.9 −10.6 2.7 −3.7 −3.2 2.4 28.00 <0.001 <0.05 1.00

TCO2(mmol/L) 24.1 25.1 1.3 15.8 16.1 1.4 21.5 21.7 1.1 24.50 <0.001 <0.05 0.88

M—mean, Me—median, SD—standard deviation. NS—not statistically significant, I—before exercise, II—3 min
after exercise, III—20 min after exercise.

In most cases, the differences between measurements I and II were highest. They were
also relatively high between measurements II and III, while the smallest (non-significant)
differences were observed between measurements I and III (Table 2).

The recovery rate 20 min after the end of the bout was highest for H+ and was
96.97 ± 45.94%, whereas for the other ABB parameters the rate reached 68.57 ± 18.44% for
HCO3

− and 68.30 ± 13.62% for BE.
The activeness of the attack was evaluated at a mean level of 96.9 ± 43.6 and the

range of scores was from 68 to 198. For the efficiency of the attack, it was a mean score of
50.1 ± 12.8, and ranged from 37 to 79, whereas for the effectiveness of the attack, it was a
mean of 54.5 ± 7.9, ranging from 39.9 to 64.5 (Table 3).

Table 3. Value of activeness, efficiency, and effectiveness of the attack.

Variables No M Me Min Max Q1 Q3 SD

Activeness of
the attack 14 96.9 79.0 68.0 198.0 76.0 96.0 43.6

Efficiency of the attack 14 50.1 47.0 37.0 79.0 45.0 49.0 12.8
Effectiveness of

the attack 14 54.5 54.4 39.9 64.5 49.0 60.8 7.9

There were no significant correlations between the changes in the parameters induced
by the bouts for [H+], pCO2, pO2, HCO3

−, BE (ecf), or BE (b). The only positive correlation
was found between molar concentrations of CO2 (TCO2) and the activity of the attack,
which suggests that the greater the physical activity, the greater rise of CO2 concentration
in the blood (Table 4).
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Table 4. Matrix of correlation coefficients between examined variables.

Variables

Activeness of the
Attack

Efficiency of the
Attack

Effectiveness of
the Attack

R p R p R p

∆ = I-II

[H+] 0.11 0.62 0.07 0.81 0.07 0.808

pCO2 (mmHg) 0.14 0.14 −0.03 0.90 0.00 1.00

pO2 (mmHg) 0.14 0.62 −0.32 0.26 −0.03 0.90

HCO3
− (mmol/L) −0.21 0.46 −0.25 0.38 0.32 0.26

BE (ecf) mmol/L −0.10 0.71 −0.01 0.95 −0.41 0.13

TCO2 mmol/L 0.64 0.01 −0.32 0.26 −0.17 0.54
Valuesin bold are statistically significant

4. Discussion

The significant changes in ABB parameters and blood oxygen and carbon dioxide
saturation immediately after the bout indicate a large contribution of anaerobic metabolism
in generating the physical work and gas exchange rate in kickboxers. The examinations
conducted by other authors in kickboxers immediately after each of three rounds or after
an entire bout showed a significant decline in muscle strength, and a progressive increase
in blood lactate levels and heart rates [43–45,48]. In our study there were very weak
correlations between activity in attacks and rise of hydrogen ion levels, but a significant
positive link between activity and post bout increase of total CO2 level. That relationship
may suggest relatively high mechanical efficiency in tested contestants, according to the
model describing relationships between mechanical work output and metabolism [49]. As
was mentioned earlier, kickboxing belongs to a family of hitting martial arts similar to
Muay Thai, karate and taekwondo, where upper and lower limbs are engaged in offensive
actions [50]. Practitioners of all these sports use the same techniques of punches and
kicks. One of the most effective kicking techniques is the roundhouse kick, when it is
performed correctly. Biomechanical factors of this kick have been explored and described in
detail [51]. To date, the literature lacks data on ABB and gasometric studies after kickboxing
bouts. Few and fragmented data on ABB and gasometry have been published after boxing
fights [13]. This sport differs from kickboxing in its task structure and variety of attacks, but
the requirements for general physical fitness, technical skills, and the type of attacks using
the upper limbs are very similar. Bout intensity assessed based on lactate and post-exercise
changes in magnitude and direction for ABB and gas saturation in boxers [13,22] are also
consistent with our findings. We also conducted our ABB and gasometry observations
during the short-term recovery period. The results showed that there were no statistically
significant differences between baseline and post-exercise recovery measured at 20 min
after the bout. However, the results showed that the normalization of parameters was
not fully achieved, which indicates a deep disruption of homeostasis caused by the bout.
Glycolytic metabolism exercise significantly decreases the levels of bicarbonate as a main
factor in neutralizing hydrogen ions in the blood. This process occurs according to the
following equation: H+ + HCO3

− → H2O + CO2 ↑. Despite the increased release of
carbon dioxide into the blood, its saturation decreased during the bout due to increased
gas exchange in the alveoli and intensifying hyperventilation [52,53]. Decreases in blood
pCO2 and bicarbonate levels during intense exercise have also been reported by previous
researchers. Similar post-exercise changes in ABB and blood gas parameters were noted in
non-athletes and athletes, but a slight increase in oxygen saturation (by 14%) was observed
only in athletes [54]. We found a similar (although slightly smaller, ca. 10%) increase
in oxygen saturation after a kickboxing bout. This may suggest that regular physical
training induces such an adaptive mechanism. It is important to mention that under
resting conditions, hyperventilation is responsible for blood alkalization, since in the case
of negligible lactate levels and the associated source of hydrogen ions, the main H + donor
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is the reversible reaction of CO2 + H2O↔ HCO3
− + H+. It has been shown that short-term

resting hyperventilation at a mean lactate concentration of 1.9 mmol/L leads to a decrease in
the partial pressure of CO2 to a mean value of 21 mmHg and significant blood alkalization
(pH = 7.6, H+ = 23 nmol/L). During competitions in combat sports, it is not possible to
quantify the level of hyperventilation. We also did not measure the ventilation immediately
before the bout. Hyperventilation attenuates the post-exercise decrease in pH, reduces CO2
saturation, and increases anaerobic power, especially at the end of a set of efforts [55]. A
beneficial effect of pre-exercise hyperventilation before a competition on short-distance
swimming performance has also been reported [56]. The reduction in CO2 saturation
and hydrogen ion concentration due to hyperventilation improves physical performance
during repeated resistance efforts [55]. Therefore, as documented, the beneficial effect of
exercise-induced hyperventilation results from physiological responses. Blood alkalization
obtained pharmacologically prior to graded exercise has been found to delay the onset
of hyperventilation during work, which, according to researchers, confirms that lactate
acidosis increases respiratory rate [57].

The appropriate level of cognitive functions is of great importance in open skill sports.
The results of psychometric measurements, reaction time, and decision-making in female
and male kickboxers have shown differentiation depending on sex and rules of competition
(light vs. full contact) [58], but, to date, there has been no comparison of the results of
laboratory psychometric tests with the assessment of executive functions, i.e., the technical
performance during a real bout. The few studies conducted in kickboxers have only been
designed to assess activeness during the bout. A slightly higher number of higher- and
lower-intensity actions was demonstrated in light-category athletes [45] and a higher ratio
of activity time to rest time was found in another study [59]. Noticeable differences have
been reported in activity and offensive fighting style in winners and losers based on the
number of combined punches, kicks, and alternating hand and leg actions [60].

5. Conclusions

1. The disturbances in ABB and changes in blood oxygen and carbon dioxide saturation
observed immediately after a bout indicate that anaerobic metabolism plays a large
part in kickboxing fights. Anaerobic training should be included in strength and
conditioning programs for kickboxers to prepare the athletes for the physiological
requirements of sports combat.

2. K1 kickboxers must be characterized by good metabolic acidosis tolerance and the
ability to fight effectively despite ABB disturbances, and show good post-exercise
recovery.
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Simple Summary: Diabetes mellitus is a metabolic disorder characterized by an increased blood
glucose concentration. The most common diabetes is type 2, corresponding to approximately 95%
of the diagnosed cases. Chronic hyperglycemia can lead to many complications such as increased
incidence of cardiovascular diseases as well as renal and ophthalmologic complications. Physical
exercise is seen as an effective non-pharmacological strategy for managing the disease. In the present
study, 44 middle-aged adults with type 2 diabetes were recruited and stratified into three exercise
groups: HIIT-30:30, HIIT-2:2, and MICT. All patients were submitted to anamnesis, evaluation of
cardiorespiratory fitness, and cardiac autonomic modulation, and were submitted to physical exercise
programs for eight weeks. From the results found, it was possible to infer that high intensity physical
training programs can be safe and effective for patients with type 2 diabetes and might be performed
in different phases of a rehabilitation program. However, it is necessary to know how to work
with the prescription of these exercises considering its cost effectiveness, because, in this study, the
protocols HIIT-2:2 and HIIT-30:30 presented superior benefits to the MICT protocol.

Abstract: Different exercise models have been used in patients with type 2 diabetes mellitus (T2D), like
moderate intensity continuous training (MICT) and high intensity interval training (HIIT); however,
their effects on autonomic modulation are unknown. The present study aimed to compare the effects
of different exercise modes on autonomic modulation in patients with T2D. In total, 44 adults with
>5 years of T2D diagnosis were recruited and stratified into three groups: HIIT-30:30 (n = 15, age
59.13 ± 5.57 years) that performed 20 repetitions of 30 s at 100% of VO2peak with passive recovery,
HIIT-2:2 (n = 14, age 61.20 ± 2.88) that performed 5 repetitions of 2 min at 100% of VO2peak with
passive recovery, and MICT (n = 15, age 58.50 ± 5.26) that performed 14 min of continuous exercise
at 70% of VO2peak. All participants underwent anamnesis and evaluation of cardiorespiratory
fitness and cardiac autonomic modulation. All protocols were equated by total distance and were
performed two times per week for 8 weeks. Group × time interactions were observed for resting
heart rate (HRrest) [F(2.82) = 3.641; p = 0.031] and SDNN [F(2.82) = 3.462; p = 0.036]. Only the
HIIT-30:30 group significantly reduced SDNN (p = 0.002 and 0.025, respectively). HRrest reduced
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more in the HIIT-30:30 group compared with the MICT group (p = 0.038). Group × time interactions
were also observed for offTAU [F(2.82) = 3.146; p = 0.048] and offTMR [F(2.82) = 4.424; p = 0.015].
The MICT group presented increased values of offTAU compared with the HIIT-30:30 and HIIT-2:2
groups (p = 0.001 and 0.013, respectively), representing a slower HR response after eight weeks of
intervention. HIIT, specially HIIT-30:30, represents a promising measure for improving autonomic
modulation in patients with T2D.

Keywords: type 2 diabetes; physical exercise; high-intensity interval training; cardiac autonomic
modulation; heart rate recovery; heart rate variability; aerobic training; health

1. Introduction

Projections estimate that, by 2045, the number of people diagnosed with diabetes will
reach 693 million worldwide [1]. Type 2 diabetes (T2D) represents 90–95% of diagnoses, is
more prevalent in adults over 40 years old, and can be caused by environmental (association
with risk factors, such as obesity and sedentary lifestyle) or genetic factors [2]. T2D is
associated with an increased risk of mortality, especially oeing to cardiovascular diseases [3].

Among the many problems in the cardiovascular system associated with T2D [4], there
seems to be an association between chronic hyperglycemia and changes in cardiovascular
autonomic nervous system, as verified by heart rate variability (HRV) indexes [5,6]. In
previous studies, our research group showed attenuation of the response of the heart rate
recovery (HRR) in patients with T2D and an association between blood glucose levels
and the slowed response observed from the amplitude (Amp) indexes, which reflects the
angulation of the heart rate (HR) curve after interruption of physical exercise and the tau
time constant (τ), representing the time of HR decay in adults with T2D [7].

The association between cardiac autonomic modulation and cardiovascular events, as
well as all-cause mortality, in the general population has been described in the current liter-
ature; individuals with low values for HRV and HRR present a higher risk of some severe
cardiovascular outcome, which seems to associated with a deficiency in response to physio-
logical stress [3,8]. Thus, it seems important to evaluate these variables in populations with
different clinical conditions and under stress.

The importance of physical exercise as a non-pharmacological measure for the preven-
tion of T2D [9] has been increasingly acknowledged, and physical exercise may decrease
the risk of T2D and its cardiovascular complications [10,11]. Moderate aerobic physical
training is related to numerous beneficial effects on glycemic control [12,13] and positive
clinical outcomes in individuals with T2D, including a reduction in glycated hemoglobin
(Hb1Ac) [14,15], increased oxygen consumption (VO2peak) [16], and an improvement in
insulin sensitivity [17]. However, in recent decades, studies revealed that high-intensity
interval training (HIIT) has many benefits and might be a good time-efficient approach
for exercise [18–20]. However, HIIT might be performed in many different ways, with
different combinations of effort and recovery, which might affect its acute and chronic
responses [21–24].

Previous studies evaluated the acute effects of three exercise modes in healthy young
people [25,26], the protocols tested were based on the intensity at which the VO2max was
achieved (WLVO2max): HIIT-4:3 (3 repetitions of 4 min at 90% of WLVO2max and 3 min
recovery at 60% of WLVO2max), HIIT-30:30 (29 repetitions of 30 s at 100% of WLVO2max
and 30 s of passive recovery between), and MICT (continuous intensity for 21 min at
70% of WLVO2max). According the results, HIIT-4:3 resulted in a higher heart rate and
increased ratings of perceived exertion. Moreover, HIIT-4:3 and MICT promoted slower
HRR responses when compared with HIIT-30:30, and both also showed exacerbation of
sympathetic modulation after physical exercise in HRV measurements. These results
suggested that performing longer bouts during HIIT might impose greater cardiovascular
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stress, while HIIT with sorter bouts might be safer. However, interventions with long-term
exercise, as well as their responses in individuals with T2D, require further elucidation.

It is important to compare different types of physical exercise to identify interventions
that promote better physiological adaptations and have a better understanding of their
cost–benefit. Therefore, the aim of this study was to evaluate the effects of different modes
of physical exercise on cardiac autonomic modulation in T2D patients.

2. Materials and Methods
2.1. Study Design

The present study is characterized as an experimental, randomized clinical trial. Sixty
patients were selected for the initial tests. The following inclusion criteria were employed:
(1) age between 50 and 65 years, (2) diagnosed with T2D for at least five years, and (3) not
being involved with regular physical activity over the last 6 months.

Tests were performed in four stages: cardiopulmonary exercise test (CPET) and cardiac
autonomic modulation. After CPET, eight patients were excluded, including three with an
exercise capacity <6 METS, two with uncontrolled arrhythmias during physical exertion,
one with unstable angina, and two with a reduction in SBP less than that of SBP levels
at rest and during exercise. After the exclusion of ineligible participants, participants
were randomized into three groups using the website www.random.org (accessed on 1
November 2021).

The characteristics of the study participants who were stratified into three groups,
including HIIT-30:30 (n = 15), HIIT-2:2 (n = 14), and MICT (n = 15), are shown in Table 1. Six
participants did not reach minimal attendance of >85% and were excluded from the analysis.

Table 1. Characteristics, risk factors, and medications of the study volunteers.

Variables HIIT-30:30 (n = 15) HIIT-2:2 (n = 14) MICT (n = 15)

Age, years 59.13 ± 5.57 61.20 ± 2.88 58.50 ± 5.26
Sex (M/F) 6/9 6/8 7/8

Fasting blood glucose 142.70 ± 63.01 145.47 ± 66.00 129.79 ± 57.12
HbA1c, % 9.62 ± 1.90 9.85 ± 2.79 8.50 ± 2.43

Diagnosis time >5 years >5 years >5 years

Biguandas, % 80 (12) 73.33 (11) 71.42 (10)
Medicines for

sulphonylurea, % - 6.66 (1) 21.42 (3)

SGLT2 inhibitors, % - 13.33 (2) 7.14 (1)
DPP-4 inhibitors, % 6.66 (1) 6.66 (1) 7.14 (1)
GLP-1 analogue, % 6.66 (1) - 14.28 (2)

Pioglitazone, % 6.66 (1) - 7.14 (1)
Insulin, % 46.66 (7) 53.33(8) 35.71 (5)

Hypertension, % 100 (15) 100 (15) 100 (14)
Beta-blockers, % - - -

ACE inhibitors, % 46,66 (7) 35,71 (5) 28,57 (4)
Diuretics, % 53,33 (8) 64,28 (9) 46,66 (7)

Dyslipidemia, % 80 (12) 86.66 (13) 78.57 (11)
Percentage values are expressed as % (absolute number), M: male, F: female, HbA1c: glycated hemoglobin,
SGLT-2: sodium glucose linked transporter 2, DPP-4: dipeptidil peptidase 4, GLP-1: glucagon-like peptide 1, ACE:
angiotensin-stenin-sizing enzyme.

Two patients were excluded because they presented irregular data for the analyses of
the determined variables, as shown in Figure 1. The project was approved by the research
ethics committee (CEP) of the Institution under Opinion No. 2,667,732 and CAAE No.
54522016.6.0000.5083 and duly registered in the Brazilian Registry of Clinical Trials (ReBEC)
under number TRIAL: RBR-4RJGC3.
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Figure 1. Study flow according to CONSORT recommendations. MICT: moderate intensity continu-
ous training; HIIT: high-intensity interval training; SBP: sistolic blood pressure.

2.2. Test Protocols

The participants made four visits to the laboratories. The first visit occurred to explain
the study and familiarise the participants with the procedures and equipment used. In
the second visit, blood tests were conducted to confirm the diagnosis of T2D. In the third
visit, cardiorespiratory fitness and cardiac autonomic modulation were evaluated. General
reassessments were performed after eight weeks of intervention, as shown in Figure 2.

Postmenopausal women who reported drug use for hormone replacement therapy for
at least 12 months were included in the study and evaluated during the placebo phase of
the medication [6].
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Figure 2. Study design. HR: heart rate; HRV: heart rate variability; SBP: systolic blood pressure; DBP:
diastolic blood pressure.

2.2.1. Cardiopulmonary Exercise Test (CPET)

Volunteers were instructed to wear comfortable clothes and avoid vigorous physical
exercise (for 24 h before the test), alcohol intake (12 h before the test), and caffeine intake
(3 h before the test). All CPETs were performed in the morning to avoid the influence
of circadian rhythm on the studied variables. Room temperature (22–24 ◦C), relative
humidity (40–60%), and lighting were controlled according to the preliminary conditions
to ensure consistent evaluations. The volunteers were informed regarding protocols, rating
of perceived exertion (RPE) scale, and the criteria for interrupting the test.

The ramp-type load increment protocol was applied with a total duration of eight to
12 min. Each volunteer started the test with a warm-up and adaptation for two minutes
at 50% speed of the initial values predicted for age and sex. The speed was increased by
0.5 km/h for every 15 s of warm-up.

During the test, the initial treadmill speeds were previously programmed according
to age and gender, following the recommendations of the Brazilian Society of Cardiology
(SBC). The velocity increased 0.1 km/h every 10, 20, or 30 s, and there was no increase in
inclination, as the protocols were executed without inclination.

The active recovery period lasted four minutes at 0% inclination and 50% of the
maximum speed reached, and the speed decreased by 10% every 30 s.

Cardiorespiratory fitness was directly assessed through the CPET. The treadmill
(Micromed®, Centurion 200, Brasília, Brazil) was coupled to a computer for data processing.
Gas analysis was performed using the Cortex analyser®(Metalyser II, Rome, Italy). The
calibration of the equipment was performed for barometric pressure, ambient gas, gas
mixture, flow, and volume according to the manufacturer’s recommendations. During
the CPET protocol, data on HR, blood pressure (SBP and DBP), subjective perception of
exertion, and ventilatory parameters were collected.

HR was continuously monitored using a heart monitor (Polar v800, Oulu, Finland).
Blood pressure was measured by Korotkoff auscultation with a mercury sphygmomanome-
ter (WanMed, São Paulo, SP, Brazil) and a stethoscope (Littman, São Paulo, Minnesota,
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USA) in the following positions: supine, sitting, and pre-CPET. To assess the subjective
perception of exertion, the Borg scale was used [27].

The criteria for the interruption of CPET were recommended by the American College
of Sports Medicine [28] as follows:

(1) discontinuity of stride during the treadmill running phase;
(2) reaching the predicted maximum heart rate (HRmax) for the patient’s age;
(3) respiratory exchange ratio > 1.15.

2.2.2. Heart Rate Variability (HRV)

Volunteers were instructed to sit and rest for 10 min to obtain a reliable baseline R-Ri
recording. Then, a heart rate monitor (Polar v800, Finland) attached to the chest was
used to record the 10-min R–R interval between the rest and supine positions, which was
transmitted to the heart monitor in real time.

Subsequently, the data were transferred to Microsoft Excel® (2016 version, Redmond,
WA, USA) to remove artifacts. After recording the HRV at rest, the data were transferred
to the portable microcomputer via a USB cable. The data obtained were processed by the
Kubios HRV version 3.2 software (Kuopio, Finland). Average correction filters and visual
data analysis were used for error detection and correction.

For time domain analysis, the RMSSD (square root of the square mean of the differ-
ences between adjacent normal RR intervals in a time interval, expressed in ms) was used
as a marker of parasympathetic, and SDNN indices (standard deviation of all normal RR
intervals recorded in a time interval, expressed in ms) were used as the global HRV index.
Further, the variable PNN50 represents the percentage of R–R intervals with variation
greater than 50 ms, which also corresponds to the vagal modulation of the individual.
SDDN and rMSSD were calculated according to the following formulas:

SDNN =

√√√√ 1
N − 1

N

∑
j=1

(
RRj − RR

)2 (1)

RMSSD =

√√√√ 1
N − 1

N−1

∑
j=1

(
RRj+1 − RRj

)2 (2)

where RRj corresponds to the value of the j-th RR interval, N represents the total number
of successive intervals, and RR represents the average of the RR intervals.

2.2.3. Symbolic Analysis and Shannon’s Entropy

Symbolic analysis was performed by dividing all possible symbolic patterns into four
categories: (I) patterns are the same and there is no change (0V, such as 2–2–2 or 4–4–4 or
5–5–5); (II) a single change in the pattern (1V, which is 2–2–3 or 4–2–2); (III) two similar
forms of change in the pattern that form ascending or descending lines (2LV, which is
5–3–1 or 1–2–4); and (IV) two distinct variations, in which three symbols form a peak
or valley (2UV, such as 1–4–2 or 5–2–4), being evaluated according to the frequency of
occurrence (0V%, 1V%, 2LV%, and 2UV%). Previous studies have evaluated that the
0V family represents only sympathetic modulation, 1V represents parasympathetic and
sympathetic modulations, and 2LV also represents both parasympathetic and sympathetic
modulations being dominated by the valgus nerve. Finally, the 2UV family only represents
parasympathetic modulation [29].

Shannon entropy (SE) reflects the complexity of distributing these symbolic patterns.
If the distribution is flat (the pattern is evenly distributed), the SE will be high and, when a
subset of the patterns is unlikely, nonexistent, or rare, it will be very low [30].
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2.2.4. Monoexponential Analyses

The HRR data were obtained after the interruption of the CPET, and filtered and
analyzed through a specific procedure developed in the OriginPro 8.0 software (OriginLab,
Northampton, MA, USA) that applies an exponential model to the data for the entire
recovery period (four minutes of active recovery and three minutes of passive recovery in
the orthostatic position) [26,31].

To obtain the best parameters of this exponential curve, a nonlinear algorithm was
used that adopts the minimization of the sum of square errors as a convergence criterion.
Only the r > 0.95 function was included in the final analyses. The off kinetics was modulated
using an exponential function of time as follows:

HR (t) = HRend − a * (1 − e −(t−TD)/t) (3)

where “t” is time; "HRend" is the heart rate at the end of the CPET; “Amp” is the amplitude
of HR decrease after the end of the exercise; and “TD” is the delay time for the function.
The inclusion of the term “TD” in this function was established owing to the possibility that
the HRR is not immediately reduced after the load interruption. Because the parameter “τ”
is a time constant in a negative decreasing exponential function, it can be inferred that, the
lower its value, the faster the kinetics of the HRR [32].

2.3. Exercise Protocols

The protocols were customized with individualized monitoring of HR and their
respective exercise intensities were adapted from previous studies [33,34].

The participants performed 2 min of warm-up at 50% of WLVO2max. In the cool down,
the participants performed 2 min of recovery at 50% of WLVO2max. In the HIIT-30:30
protocol, participants performed 20 bouts of 30 s at 100% of WLVO2max with 30 s of passive
intervals. In the HIIT-2:2 protocol, the participants performed 5 bouts of 2 min at 100% of
WLVO2max with passive rest intervals. In the MICT protocol, the participants exercise
continuously for 14 min at 70% of WLVO2max, as shown in Figure 2. In each training
session, SBP and DBP, HR, and glycemia values were measured and recorded before and
10 min after the end of the session.

2.4. Statistical Analyses

We performed an a priori calculation to estimate sample size using GPower 3.1.9.2
(Düsseldorf University, Düsseldorf, Germany). The parameters were as follows: 0.5 effect
size (medium), 0.05 alfa level, 0.8 power, 3 groups, 6 measures, and 0.5 correlation among
repeated measures. The results suggested a total sample size of 27 for between-group
comparisons. However, considering the possible attrition and large number of volunteers,
we accepted considerably more participants.

The Shapiro–Wilk test was used to evaluate the normality of the data, and Levene’s
test was used to assess sample homogeneity. One-way ANOVA was used to verify the
differences between the groups at baseline. Two-way ANOVA with repeated measurements
was used to verify the inter-group differences. When these differences were found, the post
hoc Ryan–Einot–Gabriel–Welsh Q (REGWQ) test was used.

The effect-size for the samples was based on the calculation of the rank-biserial corre-
lation (rB). The rB values were classified according to the classification criteria for Pearson’s
correlation coefficient and, therefore, trivial (rB < 0.10), small (0.10 ≤ rB < 0.30), medium
(0.30 ≤ rB < 0.50), and large (rB ≥ 0.50) [35].

A statistical analysis was performed using the statistical program Statistical Package
for the Social Sciences (SPSS; Armonk, NY, USA; IBM Corp.), version 21. p < 0.05 was
considered significant in all analyses.
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3. Results

Table 2 presents the results of HR and HRV responses for each group. The two-way
ANOVA revealed the effect of the intervention in the variables HRpeak [F(2.82) = 5.091;
p = 0.009] and pNN50 [F(2.82) = 5.071; p = 0.008], with a significant increase observed only
in the HIIT-30:30 group (medium effect for variables). Time effect was observed in the
variables HRrest [F(1.82) = 7,097; p = 0.009], with a reduction observed for HIIT-30:30 group
(rB = 0.50—medium effect), R-Ri [F(1.82) = 0.045; p = 0.001], pNN50 [F (1.81) = 10.413;
p = 0.002], and 2UV% [F(1.82) = 9.285; p = 0.003], with the HIIT-30:30 group presenting a
postintervention increase (rB = −0.24,small effect; −0.39,medium effect; and −0.50, medium
effect, respectively).

A group × time interaction was observed for the variables HRrest [F(2.82) = 3.641;
p = 0.031]; the HIIT-30:30 group exhibited a greater reduction in HRrest than the MICT
group (p = 0.038), R-Ri [F(2.82) = 4.420; p = 0.015]; the post-hoc analysis showed that
there was significant diffusion when comparing the MICT group to groups HIIT-30:30 and
HIIT-2:2 (p = 0.007 and 0.047 , respectively); SDNN [F(2.82) = 3.462; p = 0.036] showed a
significant reduction only in the HIIT-30:30 (p = 0.025) and 2UV% [F(2.82) = 3.708; p = 0.029]
groups; and two groups submitted to high intensity protocols, HIIT-30:30 and HIIT-2:2,
showed a significant increase in the variable 2UV% (p = 0.001 and 0.025, respectively),
which reflects vagal modulation, as observed in the post-hoc analysis.

Table 3 shows the results obtained from the analyses of HR kinetics (off parameters)
in the groups in the pre- and post-assessments. A group effect was found for offTAU
[F(2.82) = 4.710; p = 0.012] and offTMR [F(2.82) = 6.667; p = 0.002]. A time effect was found
for offAMP [F(1.82) = 4.881; p = 0.030]. A group × time interaction was also observed for
offTAU [F(2.82) = 3.146; p = 0.048] and offTMR [F(2.82) = 4.424; p = 0.015]. The MICT group
presented higher values of offTAU compared with the HIIT-30:30 and HIIT-2:2 groups
(p = 0.001—medium effect and 0.013—medium effect, respectively) in the post-intervention,
representing increased slowness in the HR response after physical exertion. The MICT
group showed a significant increase (p = 0.012) in offTMR as a function of time, with
greater values than both the HIIT-30:30 and HIIT-2:2 groups (p < 0.001—medium effect and
0.008—trivial effect, respectively), indicating a slower HR response time after interruption
of physical exercise.
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4. Discussion

The present study aimed to compare the effects of three different physical exercise
programmes on cardiac autonomic modulation in patients with T2D. The main results
of this study show that 8 weeks of HIIT (especially HIIT-30:30) presented better results
in cardiac autonomic modulation compared with MICT. No significant differences were
observed between the two HIIT programmes. It is difficult to compare our results with
previous studies, as the vast majority of studies to date have chosen only the application of
MICT in patients with T2D [36–38].

Previous studies have shown that increased HRrest is associated with all-cause mortal-
ity [39–41]. In particular, the study by Prasada et al [42] evaluated individuals with T2D and
showed that an increase of one unit in the standard deviation of the HRrest is associated
with a 20% increase in the risk of mortality from cardiovascular disease in patients with
T2D. In this regard, HIIT-30:30 might be particularly interesting, as it promoted a significant
reduction in this parameter, with a greater reduction than those observed in the MICT
group. This corroborates previous studies that observed an improvement in HRrest in
individuals undergoing HIIT protocols [43,44].

Regarding HRV, the HIIT-30:30 protocol exhibited a 69.7% improvement in the SDNN
index, and this result was statistically superior to the other protocols. This is consistent
with the previous study that followed individuals with metabolic syndrome and found
a significant increase in SDDN index, especially in the group that realized the HIIT [45].
The HIIT-30:30 and HIIIT-2:2 groups showed increases of 63.05% and 46.42% in the 2UV%
index, respectively, which were higher than those observed after MICT. Both HIIT groups
showed a tendency to reduce the sympathetic modulation perceived through the 0V index.
These suggest a positive autonomic cardiac adaptation after eight weeks of intervention
with HIIT.

In the present study, HIIT-30:30 and HIIT-2:2 resulted in a faster decrease in HRR after
the CPET when compared with the MICT protocol. No significant differences were noted
between the two HIIT programmes. The benefit of HIIT on HRR has been suggested by
Dall et al [46] when comparing the responses of 12 weeks of different exercise intensities
in cardiac transplant recipients. The HIIT group performed 16 min interval training, with
intervals of 4, 2, and 1 min duration and intensity above 80% of VO2peak with active
recovery and duration of 2 min with intensity close to 60% of VO2peak. The MICT group
performed 45 min of training on a bicycle with intensity between 60% to 70% of VO2peak.
The authors observed an improvement in HRR in both groups, with a trend of greater
improvement for the group that performed HIIT.

In agreement with our findings, Villelabeitia-Jaureguizar et al. [47] submitted 73 pa-
tients with coronary heart disease to eight weeks of physical training. The participants were
divided into two groups. The HIIT performed 20 s at 50% of the maximum load and recov-
ery of 40 s to 10% of the maximum load obtained in a steep ramp test, with progressions in
the number of repetitions each week. The MICT group performed continuous exercise with
the load of the first threshold with progression in time throughout the program. According
to the results, the HIIT group presented better values in post-intervention HRR when
compared with MICT.

There is already consensus in the literature that an attenuated HRR response is associ-
ated with the risk of cardiovascular events and all-cause mortality in the general population;
people who have slowing HRR are 68% more likely to be affected by some cardiovascular
event and have a 69% greater chance of mortality when compared with those who have a
rapid response in HRR [48,49].

In our study, participants who performed eight weeks of HIIT protocols obtained better
responses in autonomic modulation and HR parameters when compared with those who
performed the MICT protocol. The reasons for these differences are not completely known.
However, it might be possible that high intensity exercises influence autonomic nervous
system adjustments to the heart and blood vessels to mediate the increased cardiovascular
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responses and metabolic demands [50]. In this regard, previous studies suggested that
dynamic interactions between feed-forward and feedback circuits of central command
and exercise pressor reflex are important in determining the long-term adjustments in
the sympathetic and parasympathetic nervous systems [50,51]. Considering that these
demands are intensity-dependent [52], HIIT might have promoted superior acute stress,
resulting in higher adaptation than MICT.

Based on our results, we believe that HIIT should be included as a part of the pa-
tients’ T2D routine in order to improve cardiac autonomic modulation. Future studies are
suggested to evaluate the effects of other modes of HIIT, manipulating exercise types and
volume and intensity of training, in order to define the optimal protocol.

Limitations

A limitation of our study was the fact that we did not evaluate HRV for longer periods,
such as 12 or 24 h after the physical exercise sessions, in order to verify the cardiovascular
stress generated by the intensity of the applied protocol. Another limitation is the absence
of nutritional control in the patients.

5. Conclusions

HIIT, especially the HIIT-30:30 protocol, promoted an increase in R-Ri, SDNN, pNN50,
and 2UV%, in addition to reducing HRrest, compared with continuous moderate intensity
training. With these findings, we can suggest that HIIT is a feasible tool and that it can be
implemented in cardiovascular rehabilitation programs.
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Simple Summary: Spinal Cord Injury is a devastating condition that compromises the individual’s
health, quality of life and functional independence. Rats submitted to Spinal Cord Injury were
evaluated after four weeks of resistance training. Analyses of levels of muscle damage and oxidative
stress surgery were performed. Resistance training demonstrated increase antioxidative activity
while decreased oxidative damage in injured rats, in addition to having presented changes in the
levels of muscle damage in that same group. The results highlight that resistance training promoted
a decrease in oxidative stress and a significant response in muscle damage markers.

Abstract: Background: Spinal cord injury (SCI) is a condition that affects the central nervous system,
is characterized by motor and sensory impairments, and impacts individuals’ lives. The objective of
this study was to evaluate the effects of resistance training on oxidative stress and muscle damage in
spinal cord injured rats. Methodology: Forty Wistar rats were selected and divided equally into five
groups: Healthy Control (CON), Sham (SHAM) SCI Untrained group (SCI-U), SCI Trained group
(SCI- T), SCI Active Trained group (SCI- AT). Animals in the trained groups were submitted to an
incomplete SCI at T9. Thereafter, they performed a protocol of resistance training for four weeks.
Results: Significant differences in muscle damage markers and oxidative stress in the trained groups,
mainly in SCI- AT, were found. On the other hand, SCI- U group presented higher levels of oxidative
stress and biomarkers of LDH and AST. Conclusion: The results highlight that resistance training
promoted a decrease in oxidative stress and a significative response in muscle damage markers.
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1. Introduction

Spinal cord injury (SCI) is a devastating condition that affects the central nervous
system and is characterized by motor and sensory impairments. It also impacts individual
quality of life including physical, psychological, economic and social aspects [1,2]. The prac-
tice of physical exercise for functional recovery has been widely used and its mechanisms
have been studied by researchers around the world, such as Fu et al. [3].

The evidence has demonstrated the exercise benefits in the general physiological and
psychosocial functions of SCI population [4–6], which include locomotor function, mood,
pain, and life satisfaction improvement [3,7,8]. Exercise as a treatment strategy for people
with spinal cord injury has shown that residual functions have been preserved or improved
in individuals trained in conventional ways or with partial support of body weight [9,10].

A recently published physical activity guideline recommends that individuals with
incomplete spinal cord injury perform at least three sets of muscle strengthening exercises
since there is a correlation between the muscle strength of the hip flexors, extensors and
abductors and better walking performance [11,12]. There is still no definitive treatment for
spinal cord injury, but many studies have been carried out, highlighting here pre-clinical
studies which allow the investigation of disease-related mechanisms, along with new
treatment alternatives for this serious health condition.

Studies using animal models of exercise have been shown to be useful in understand-
ing the central nervous system and the regulation of exercise performance, and biological
and biochemical analyses provide a means of investigating these responses. [13–15] Under-
standing the evolution process of the primary lesion as well as the responses to exercise
can contribute to the development of more effective therapeutic strategies [16,17].

The effects of resistance training (RT) after SCI were the main objective of this study.
We used a rat model of SCI partial transection, enough to produce a deficit but to allow
weight-bearing exercise.

2. Materials and Methods
2.1. Study Design

Weeks 1 and 2: The animals were trained during the first week, without apparatus, for
approximately 30 min/day, and in the second week were trained with an empty apparatus
in the tail;

Weeks from 3 to 6: Animals in the training groups were trained to climb a vertical
staircase with the loads tied to their tails, and rested between the series for 2 min in a dark
box at the top of the stairs. Study design is shown in Table 1.

2.2. Animal Care and Ethics Committee Approval

Forty adult male Wistar rats weighing 150–180 g were obtained from the Animal Center
of the Federal University of Sergipe. The animals were maintained at 21 ± 2 ◦C with food
and water ad libitum under a 12:12 h light/dark cycle. All experimental procedures were
approved by the Ethics Committee for Animal Use in Research of the Federal University of
Sergipe (protocol number 36/2017) and were conducted in compliance with the Guide for
Care and Use of Laboratory Animals (National Institutes of Health) [18].
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Table 1. Experimental drawing. Weekly training schedule.

Familiarization Training

Week 1
1 × 30 min (3 × Week)

Week 2
1 × 30 min (3 × Week)

Week 3 to 6 (3 × Week)
3 × 30 min [Rest between sets: 2 min]
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2.3. Experimental Groups

Animals were randomly divided into five groups, each one with eight animals (n = 8):
Healthy Control (CON), constituted by rats not exposed to any surgical procedure or
treatment, Sham (SHAM), surgical control animals submitted to laminectomy surgery
without SCI, SCI Untrained group (SCI-U), animals that underwent partial transection but
were untrained, SCI Trained group (SCI-T), animals that underwent partial transection
and were trained, and SCI Active Trained group (SCI-AT), animals that trained previously,
underwent partial transection and were trained again.

2.4. Surgical Procedure

The animals were anaesthetized with ketamine and xylazine at a dose of 75 and
14 mg/kg of body weight, respectively, and administrated intraperitonially as verified by
the absence of the tail and paw withdrawal of the pinching reflex. After the trichotomy
and aseptic measures, the animals were submitted to surgery to remove spinous process
and expose spinal cord at the thoracic vertebra 9 (T9). A laminectomy and then a partial
transection at the right side using micro scissors and a scalpel was performed and then
the muscles and skin were sutured in layers. Postoperative treatment included antibiotic
therapy (Pencivet®) intramuscularly to small animals [19]. The animals were placed in an
appropriate box, isolated from other animals and accommodated in an air-conditioned
room for post-surgical recovery. The general health of all animals was verified, and the
bladder and intestine manually emptied until the restoration of normal conditions of
urination and defection.

2.5. Training Protocol

Two weeks before surgery, all rats, except control group (CG) trained on the staircase
for adaptation. On the first week, animals trained without apparatus in the tail, for
approximately 30 min/day, and in the second week they trained with an empty apparatus
in the tail. After the period of adaptation to the device, rats in the training groups were
trained to climb a 1.1-m vertical staircase (60◦ incline) with the loads tied to their tails. At
the top of the stairs there was a dark box (20 × 20 × 20 cm) that allowed the animals to rest
between the series, and the adopted rest interval was 2 min. Protocol consisted of three
sessions a week, 30 min per day (time corresponding to three sets of eight repetitions each)
with a total training time period of four weeks.

Before each training, animals of SCI-T and SCI-AT groups were individually weighed
to adjust loads. The weight lifted was fixed at 25% of the animal’s weight in the first week
and increased to 75% in the last week.
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2.6. Euthanasia and Collection of Biological Material

After one hour of the last training, the animals were weighted and anesthetized
via intraperitoneal injection of ketamine and xylazine (10 and 85 mg/kg, respectively).
Already under the effect of the anesthetic, the animals were sacrificed by decapitation with
a guillotine. Then, brain, heart, liver, right gastrocnemius muscle and triceps were collected,
in addition to blood for further analysis.

After the collection, the blood sample was immediately centrifuged at 4000× g for
15 min at 4 ◦C and the supernatant was stored at −80 ◦C. The other organs were washed
three times with 1.15% potassium chloride (KCl) solution, dried, and weighed. Thus,
they were homogenized, wherein each gram of the tissue was mixed with 5 mL KCl +
10 µL phenylmethyl sulfonyl fluoride (100 mmol/L) + 15 µL 10% Triton solution and then
centrifuged at 3000× g for 10 min at 4 ◦C and the supernatant stored at −80 ◦C.

2.7. Tissue Damage Analysis

Quantification of muscle damage was evaluated by enzymatic tissue damage markers
such as Creatine Kinase (CK), Lactate Dehydrogenase (LDH), Alanine Aminotransferase
(ALT), and Aspartate Aminotransferase (AST). A commercial kit (Labtest®, Lagoa Santa,
Minas Gerais, Brazil) was used, 20 µL of each animal homogenized in specific reagents
at 37 ± 0.2 ◦C, and readings taken using a spectrophotometer (Biospectro Model SP-22
UV/Visible, Curitiba, Brazil) at a wavelength of 340 nm.

2.8. Oxidative Stress (OS) Analysis

The lipid oxidation was determined by measuring Thio-barbituric Acid Reactive
Substances (TBARS), according to the method described by Lapenna [20]. We used aliquots
of 200 µL of the samples (blood and tissues) added to a 400 µL solution of trichloroacetic
acid (TCA; 15%), HCl (0.25 N), TBA (0.375%), and butylated hydroxytoluene (BHT; 2.5 mM),
4 µL of sodium dodecyl sulfate (8.1%), heated for 30 min at 95 ◦C in an oven. The pH
of the solution was adjusted to 0.9 with concentrated HCl. To prevent lipid peroxidation
during heating, BHT was used. After cooling the solution to room temperature, 4 mL
butanol was added, followed by centrifugation at 800× g for 15 min at 4 ◦C. Next, the
absorbance of the supernatant was measured at 532 nm. A molar extinction coefficient
of 1.54 105/M/cm was used. The TBARS results are expressed malondialdehyde (MDA)
equivalents (nmol MDA eq/mL) for plasma and tissue samples.

Following the methodology described by Faure and Lafond [21], the antioxidant
activity in the plasma and tissues was quantified through the sulfhydryl (SH) groups.
Briefly, aliquots of 50 µL of samples were mixed with 1 mL of tris-EDTA buffer (pH 8.2). The
absorbance (A1) was measured at 412 nm. The samples were then transferred to test tubes
containing 20 µL DTNB (10 mM), diluted in methanol (4 mg/mL), and left undisturbed in
a dark room. After 15 min, the absorbance (A2) was measured. The SH concentration was
calculated using the following equation: (A2 − A1) − B × 1.57 mM × 1000, and the result
was expressed in nmol/mg tissue.

2.9. Statistical Analysis

After confirmation of normality through the test of Shapiro Wilk and homogeneity
assumptions, one-way ANOVA with Bonferroni’s post hoc was performed to compare
the measurements groups. To check the effect size, partial Eta squared (η2p) was used,
adopting values of low effect (≤0.05), medium effect (0.05 to 0.25), high effect (0.25 to 0.50),
and very high effect (>0.50) for ANOVA [22]. The level of significance was set at p < 0.05.
Data are presented as means (X) ± standard deviation (SD). All statistical analyses were
performed using the computerized package Statistical Package for the Social Science (SPSS),
version 22.0 (IBM Corp, Armonk, NY, USA).

3. Results

The results of muscle damage (CK, LDH, ALT and AST) are shown in Figure 1.

200



Biology 2022, 11, 32

Biology 2021, 10, x FOR PEER REVIEW 5 of 13 
 

 

2.9. Statistical Analysis 
After confirmation of normality through the test of Shapiro Wilk and homogeneity 

assumptions, one-way ANOVA with Bonferroni’s post hoc was performed to compare 
the measurements groups. To check the effect size, partial Eta squared (η2p) was used, 
adopting values of low effect (≤0.05), medium effect (0.05 to 0.25), high effect (0.25 to 0.50), 
and very high effect (>0.50) for ANOVA [22]. The level of significance was set at p < 0.05. 
Data are presented as means (X) ± standard deviation (SD). All statistical analyses were 
performed using the computerized package Statistical Package for the Social Science 
(SPSS), version 22.0 (IBM Corp, Armonk, NY, USA). 

3. Results 
The results of muscle damage (CK, LDH, ALT and AST) are shown in Figure 1. 

 
Figure 1. Muscle Damage levels presented by (A) Creatine Kinase (CK), (B) Lactate Dehydrogenase 
(LDH), (C) Alanine Aminotransferase (ALT), (D) Aspartate Aminotransferase (AST) after interven-
tions in the different groups: Control (CON), constituted by rats not exposed to any surgical proce-
dure or treatment, Sham (SHAM), surgical control animals submitted to laminectomy surgery with-
out SCI, SCI Untrained group (SCI-U), animals that underwent partial transection but were un-
trained, SCI Trained group (SCI- T), animals that underwent partial transection and were trained, 
SCI Active Trained group (SCI- AT), animals that trained previously, underwent partial transection 
and were trained again. * p < 0.05 ANOVA (one-way), and Bonferroni post hoc. 

There was no difference in CK and ALT among the groups. In relation to the LDH 
there was difference between CON and SCI-U, and in relation to SCI-AT groups (p < 0.001, 
F(4,28) = 88.118; η2p = 0.926, very high effect). Regarding AST levels, there were differences 
between SHAM and SCI- AT groups (p = 0.001) and SCI-T (p < 0.001; F(4,28) = 5.275; η2p = 
0.433, high effect). 

Sulfhydryl levels (SH) were analyzed in the blood and in the following tissues: brain, 
heart, liver, gastrocnemius and triceps muscles (Figure 2). 

Figure 1. Muscle Damage levels presented by (A) Creatine Kinase (CK), (B) Lactate Dehydrogenase
(LDH), (C) Alanine Aminotransferase (ALT), (D) Aspartate Aminotransferase (AST) after interven-
tions in the different groups: Control (CON), constituted by rats not exposed to any surgical procedure
or treatment, Sham (SHAM), surgical control animals submitted to laminectomy surgery without
SCI, SCI Untrained group (SCI-U), animals that underwent partial transection but were untrained,
SCI Trained group (SCI- T), animals that underwent partial transection and were trained, SCI Active
Trained group (SCI- AT), animals that trained previously, underwent partial transection and were
trained again. * p < 0.05 ANOVA (one-way), and Bonferroni post hoc.

There was no difference in CK and ALT among the groups. In relation to the LDH
there was difference between CON and SCI-U, and in relation to SCI-AT groups (p < 0.001,
F(4,28) = 88.118; η2p = 0.926, very high effect). Regarding AST levels, there were differences
between SHAM and SCI- AT groups (p = 0.001) and SCI-T (p < 0.001; F(4,28) = 5.275;
η2p = 0.433, high effect).

Sulfhydryl levels (SH) were analyzed in the blood and in the following tissues: brain,
heart, liver, gastrocnemius and triceps muscles (Figure 2).

For blood concentration of SH, there were differences between SCI- AT and SCI- U
groups (p = 0.021) and between SCI- AT and CON groups (p = 0.036; F(4,28) = 8.452;
η2p = 0.547) (very high effect). There were differences in SH brain levels between SCI-T
and SCI-U groups (p = 0.001) and SCI- T and SHAM (p = 0.015, F(4,28) = 7.150; η2p = 0.505,
very high effect). In heart SH analysis, there were differences between SHAM and SCI-
AT groups (p = 0.019; F(4,28) = 7.781; η2p = 0.526 (high effect). There were differences
in SH liver levels between CON and SHAM groups (p < 0.001) and CON and SCI-T
(p = 0.006, F(4,28) = 9.813; η2p = 0.584, very high effect). In liver SH analysis, there were
differences between SHAM and SCI- AT groups (p = 0.019; F(4,28) = 7.781; η2p = 0.526
(high effect). There were no differences between the groups in relation to gastrocnemius
and triceps muscles.
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(C) Heart, (D) Liver, (E) Gastrocnemius, (F) Triceps after interventions in the different groups: Control
(CON), constituted by rats not exposed to any surgical procedure or treatment, Sham (SHAM),
surgical control animals submitted to laminectomy surgery without SCI, SCI Untrained group (SCI-
U), animals that underwent partial transection but were untrained, SCI Trained group (SCI- T),
animals that underwent partial transection and were trained, SCI Active Trained group (SCI- AT),
animals that trained previously, underwent partial transection and were trained again. * p < 0.05
ANOVA (one-way), and Bonferroni post hoc.

Malondialdehyde (MDA) levels analysis in the blood and in the following tissues:
brain, heart, liver, gastrocnemius and triceps muscles, are shown in Figure 3.

Malondialdehyde (MDA) levels analysis showed differences between CON and SCI-U
groups (p = 0.031; F(4,28) = 7.194; η2p = 0.507) (very high effect). Regarding MDA levels in
the brain, there were differences between CON and SCI-U groups (p = 0.028) and CON and
SHAM groups (p = 0.035, F(4,28) = 3.685; η2p = 0.343, high effect). In heart MDA levels,
there were differences between CON and SCI-U (p = 0.005), CON and SHAM (p = 0.008)
and CON and SCI-T (p = 0.045; F(4,28) = 10.511; η2p = 0.600 (very high effect). Regarding
liver MDA levels, there were differences between CON and SCI-U groups (p = 0.048), CON
and SHAM (p = 0.023) and CON and SCI-T groups (p = 0.018; F(4,28) = 9.814; η2p = 0.584
(very high effect). In Tríceps MDA levels, there were differences between the groups CON
and SHAM (p = 0.020) and CON and SCI-T (p = 0.033; F(4,28) = 6.973; η2p = 0.499 (high
effect), while in gastrocnemius there was no difference between groups.
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(E) Gastrocnemius, (F) Triceps after interventions in the different groups: Control (CON), constituted
by rats not exposed to any surgical procedure or treatment, Sham (SHAM), surgical control animals
submitted to laminectomy surgery without SCI, SCI Untrained group (SCI-U), animals that underwent
partial transection but were untrained, SCI Trained group (SCI- T), animals that underwent partial
transection and were trained, SCI Active Trained group (SCI- AT), animals that trained previously,
underwent partial transection and were trained again. * p < 0.05 ANOVA (one-way), and Bonferroni
post hoc.

4. Discussion

This study aimed to analyze the effect of resistance training on muscle damage and
oxidative stress in spinal cord injured rats, by biochemical indicators in the blood, brain,
heart, liver, gastrocnemius and triceps tissues. The results highlighted that there was a
decrease in oxidative stress and a significant response in muscle damage markers among
the groups.

Significant differences in muscle damage and OS were found in the SCI-AT group
compared with the SCI-T group. This suggests that four weeks of resistance training
induces positive responses following spinal cord injury and ameliorates deleterious effects
and so should be considered a potential strategy for SCI treatment.

The link between exercise, muscle damage and oxidative stress in different populations
has been widely studied [23,24]. However, the impact of exercise on biomarkers in people
with SCI was only recently brought to light. The importance of studying this relation is due
to the fact that muscle wasting after SCI is associated with changes in body composition
which contributes to increased risk of cardiovascular disease and type 2 diabetes, interfering
in individual health and quality of life [25].
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It is already known that the release of inflammatory mediators after SCI alters neural
function, which impairs ionic conduction and synaptic transmission. Thus, knowing the
possible mechanisms with which to control this inflammatory response can contribute
to the reduction of damage caused by SCI. One of the ways to carry out this analysis is
through biomarkers, which determine the evolution of the lesion and also point out the
results of applied therapeutic strategies [26].

In the analysis of tissue damage, there are methods that use analysis of biomarkers
such as creatine kinase (CK), lactate dehydrogenase (LDH), alanine aminotransferase (ALT),
and aspartate aminotransferase (AST), which together estimate the potential exercise injury.
The results revealed no differences in Creatine Kinase (CK) levels among the groups after
4 weeks of training. Different from the findings here, in the study of Dos Santos et al.
rats submitted to squat exercise presented a significant increase in CK after four weeks of
training and this may be related to the intense activity of healthy muscles of animals. On
the other hand, the study of Mohammadi et al. [27] found no difference in levels of CK, in
groups of healthy subjects submitted to different volumes of eccentric exercise.

Creatine Kinase is an enzyme located in skeletal muscle cells, considered an indirect,
highly sensitive and specific indicator of muscle damage with a direct relationship between
this and muscle activity, and is impaired in people with SCI, suggesting that the protocol
training did not generate enough muscular contractions to generate damage in trained
animals [28–31].

The results for Alanine Aminotransferase (ALT) and Aspartate Aminotransferase
(AST) were different. While ALT did not present differences among the groups, AST pre-
sented differences between SHAM and SCI-AT groups. Both are important liver enzymes,
ALT found in higher concentration in cytoplasm whose elevation is acute and directly
proportional to the injury. The absence of significative difference may suggest that there
was no liver damage after the protocol of RT. Concerning AST, this is an enzyme found
in other tissues besides liver such as kidney, brain and skeletal muscle, therefore intense
exercise to which the animals were submitted may explain the changes in levels. [32–34].

Partially supporting our results, studies performed with other exercise protocols with
healthy animals showed no significant differences in ALT and AST levels. In our study,
while ALT presented no differences among the groups, AST levels presented differences
between CON and SCI- AT groups. In the study of Motta et al. [35], a protocol of swimming
with weights ALT and AST levels presented a decrease, while another showed no differ-
ences in these markers. Low levels of ALT and AST can provide evidence that exercise did
not cause hepatic damage [31,36].

In addition to muscle damage analysis, LDH levels presented differences in SCI-AT
group compared with CON and SHAM groups. The increase in LDH levels is related to
cellular damage, being better used as a damage confirmation marker rather than a damage
extension marker [37]. Its levels increase more slowly than CK, but stay increased longer.
LDH is a marker of skeletal muscle injuries due to micro-rupture of muscle fibers and
shows the degree of metabolic adaptation of skeletal muscles [38]. Considering that the
higher levels occurred in a group that was submitted to the resistance training protocol
before the injury (SCI- AT) was different from the others, we can suggest that this group
had evidence of muscle damage [39].

Since the discovery that prolonged exercise promotes oxidative stress, many studies
have been conducted and have shown that exercise increases reactive oxygen species (ROS)
which results in oxidative stress and can be measured by the analysis of oxidative damage in
various tissues, including blood and skeletal muscle [40]. However, it must be remembered
that regular physical exercise increases the regulation of the enzymatic antioxidant system
and the modulation of oxidative damage through the regulation of the cellular redox state by
modulating the metabolism in an intensity-dependent manner and/or by direct activation
of ROS-generating enzymes [41]. Regular exercise can even promote an increase in the
brain’s antioxidant capacity [42,43] and the increase in hippocampal neurogenesis [44],
among other effects.
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Resulting from the SCI, rapid skeletal muscle atrophy occurs in the following six
weeks, this period marked by an increase of oxidative stress (OS), while plasma antioxidant
levels are decreased. Therefore, OS decrease or inhibition can reduce the deleterious effects
of SCI [45].

Concerning the analysis of OS parameters, sulfhydryl (SH) and Malondialdehyde
(MDA) levels were used. We observed that RT promoted a significant difference in SH levels
in different tissues in the trained groups (SCI- AT and SCI-T) compared with the others
(SCI-U, SHAM and CON groups), results that evidence the role of exercise, corroborating
studies that demonstrated that exercise training can promote a decrease in oxidative stress,
and also increase the antioxidant system [45,46].

Being considered an indirect antioxidant biomarker, SH is found in the GSH Cys
residue and other antioxidants, whereby molecules stabilize free radicals by receiving their
unpaired electron. The results in this study are divergent from de Araujo [47], in which
Wistar rats were submitted to a protocol of high intensity interval training (HIIT) but did
not find significant differences in SH levels [48,49].

The results showed that SCI induction caused a significant increase in blood, brain,
heart, liver and triceps levels of Malondialdehyde (MDA), mainly SCI-U group. Considered
the primary biomarker of oxidative damage, this is the result of many chemical reactions
that occur in lipidic peroxidation, in short, the degradation of cell membrane by the action
of reactive species, whose measurement is made by the formation of MDA through its
complex action with thio-barbituric acid [50,51].

The lower levels of MDA in trained animals suggests a reduction of lipidic perox-
idation. On the other hand, if we consider the higher levels of SH in these groups, we
can deduce that there is a trend towards an increase of antioxidant activity. It is already
known that exercise improves the capacity of the cell antioxidant defense system in order
to neutralize ROS increases, in addition to improving the metabolic state, resulting in a
redox balance, although the intensity necessary to produce this balance has not yet been
found [52–54].

An important aspect that should be mentioned is that different responses of muscle
damage and oxidative stress markers were found in the different tissues analyzed and this
is due to the fact that each organ responds differently to exercise [55].

Nevertheless, despite these important findings, a limitation of the present study was
the absence of an apparatus to accurately control the extent of the lesion, although the
transection model is widely used in the literature. The Basso-Beatie-Bresnahan (BBB)
functionality assessment scale was used in the postoperative period to ensure sample
homogeneity and minimize these differences between groups.

It is important to highlight another limitation, related to the results of the SHAM
group, which was exposed to the surgical procedure and laminectomy but did not suffer
spinal cord injury. Based on the results found in this study, there was an alteration in the
levels of several markers, which may be related to the stress of surgery, as well as the
handling of animals. We can also infer that the invasive procedure, even without injury,
may have triggered some physiological response that raised these parameters.

Furthermore, concerning spinal cord injury and the surgical procedure to which the
animals were submitted, some aspects should be considered. In this sense, the different
segments of the spinal cord end up by interfering in specific disease outcomes [56,57]. The
spinal cord is a complex and dynamic neural structure, whose neurons, when injured,
tend to interfere with the generation of sympathetic activity in many autonomic targets,
including the heart and blood vessels [58,59], with evidence of the interaction between the
spinal cord. and the heart, [60,61], and it can interfere in several activities, which were not
the target of our study. Despite these possible influences that spinal cord injury tends to
promote, we consider these points as secondary to our study, and the focus of research is
only in terms of exercise-related spinal cord injury.
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5. Conclusions

To the best of our knowledge, there are no similar studies involving SCI, resistance
training, oxidative stress and muscle damage.

Spinal Cord Injury is known to affect all aspects of an individual’s life as a result of
decreased function associated with loss of skeletal muscle mass. Resistance training groups
demonstrated reduce MDA levels compared with non-trained animals while increasing
SH levels in the same groups. Thus, resistance training provides a potential strategy for
reducing the deleterious effects of muscle damage and oxidative stress in individuals
with SCI.
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Simple Summary: Postpartum depression (PPD) is a public health problem. Exercise is a non-
pharmacologic alternative to deal with PPD. This study conducted a systematic review of previous
meta-analyses and an exploratory pooled analysis regarding the effects of exercise on depressive
symptoms among women during the postpartum period. We searched for previous meta-analyses
of experimental studies. Of the 52 records selected, we included five in the analyses, because they
were focused on PPD. From the results, it was clear that exercise had a significant but small effect on
depressive symptoms. This study shows that exercise is effective in reducing PPD symptoms.

Abstract: Postpartum depression (PPD) is a public health issue. Exercise is a nonpharmacologic alter-
native to deal with PPD. This study conducted a systematic review of previous meta-analyses and an
exploratory pooled analysis regarding the effects of exercise on depressive symptoms among women
during the postpartum period. We searched for previous meta-analyses of randomised controlled
trials on PubMed, Web of Science and Scopus, date of inception to 31 May 2021. The methodological
quality was assessed using the Assessment of Multiple Systematic Reviews 2 (AMSTAR2) instrument.
We pooled the standardised mean differences from the selected studies. Of the 52 records screened,
five were included. The results revealed a significant moderate effect of exercise on depressive
symptoms among women during the postpartum period (SMD = −0.53; 95% CI: −0.80 to −0.27,
p < 0.001). The pooled effect of the five meta-analyses established that exercise had a significant,
small effect on depressive symptoms (SMD = −0.41; 95% CI: −0.50 to −0.32, p < 0.001). Our study
indicates that exercise is effective in reducing PPD symptoms. Compared with traditional control
approaches (psychosocial and psychological interventions), exercise seems have a superior effect on
PPD symptoms. The implications of the present synthesis of past meta-analytical findings to guide
health policies and research are discussed.

Keywords: mental health; physical activity; sports
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1. Introduction

The prevalence of postpartum depression (PPD) varies between 11.9% and 19.2%
during the perinatal period [1,2]. PPD refers to minor and major depression incidents
that occur during pregnancy or shortly after (up until 12 months after birth) [3]. Due
to its similarities to pregnancy and puerperium discomforts symptoms, PPD frequently
goes undetected [4]. The symptoms of PPD embrace feeling sad or having a depressed
mood, being uninterested in the new-born, unreasonable crying and fear of injuring or
harming the baby [5]. Consequently, PPD can negatively impact the mother’s well-being
and the baby’s development [6]. The impact on a child can be short for cognitive and
motor development [7]. It can also be expressed in the long term, namely on psychological
outcomes during adolescence [8]. For women, the impact can also be in the long term, as
those reporting thoughts of self-harm after giving birth are known to have an increased risk
of morbidity for the next seven years [9]. In addition, frequently, women with PPD also
experience anxiety disorders [10]. Regarding risk factors, a history of major depression,
lifetime anxiety disorder diagnosis and adverse life events were all considered important
predictors of PPD [11].

PPD can be managed with psychotherapy, medication, lifestyle changes, a supportive
environment or a combination of these [12]. Although medication is a feasible alternative,
many women have constraints due to continuing breastfeeding [13]. Therefore, exercise
can be an alternative that could help to deal with PPD. Exercise can be used as a preventive
or treatment of mild depression at an early stage and as an addition to a treatment plan for
major depressive disorder [12]. Exercising during pregnancy and postpartum improves
psychological health and also benefits physical fitness [14,15], weight gain control [16,17]
and the prevention or reduction of musculoskeletal discomfort and pain [18,19]. Therefore,
the American College of Obstetrics and Gynaecologists has recommended that women
during pregnancy and postpartum engage in moderate-intensity physical activity almost
every day for 30 min a day [20].

Several meta-analyses have examined the exercise interventions’ efficacy in preventing
or reducing PPD symptoms [21–23]. These meta-analyses vary in the aim, the type of
exercise intervention and study quality, hampering the overarching conclusions. However,
no study has been done to synthesise these findings. Therefore, an overview of the existing
systematic reviews is an efficient way to gather and summarise the best available evidence
on the effectiveness of an intervention [24]. Additionally, it can provide useful and update
evidence for practitioners and clinicians. Thus, this systematic review and meta-analysis
aimed to (1) appraise past meta-analyses regarding the effects of exercise on PPD and (2)
synthesise past meta-analytical findings to guide health policies and research.

2. Materials and Methods
2.1. Literature Search

This systematic review protocol was registered at PROSPERO (CRD42021254814), and
the systematic review itself followed the PRISMA 2020 guidelines [25].

For selecting manuscripts, first, a screening based on titles and abstracts was per-
formed, followed by full-text reads to establish the final selection. In both the screening
and full-text read stages, two researchers performed the analysis (PM and AM). In case of
disagreement, another researcher (MP) was asked to mediate.

We conducted a broad search on meta-analyses published until 31 May 2021 using
PubMed, Web of Science and Scopus. The search terms and strategy were: “physical
activ*” OR “physical inactiv” OR exercise OR training OR sport* OR fitness OR “movement
behavio*” OR walking OR running OR yoga OR jogging OR swimming OR cycl* AND
depress* OR “mental health” OR mood OR “psychological health” OR “psychological
function*” OR “mental function*” OR worries OR worry OR “depressive disorder*” OR
“baby blues” AND postpartum OR postpartum OR postnatal OR post-natal NOT Rats.
They were limited to English articles.
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2.2. Eligibility Criteria

The included articles met the following PICOS (participants, intervention, comparison,
outcome and study design) guidelines [26]: (1) Population: women during the first year
postpartum, (2) Intervention: any exercise intervention, (3) Comparison: any comparison
condition, (4) Outcome: PPD or depressive symptoms and (5) Study design: meta-analyses
of RCTs published from data inception to 31 May 2021. Meta-analyses involving animals
were excluded.

2.3. Quality Assessment

The methodological quality of the studies was assessed by two independent authors
(PM and AM) using the Assessment of Multiple Systematic Reviews (AMSTAR). This
instrument uses dichotomous scoring (0 or 1) for assessing systematic reviews and meta-
analyses’ rigour. The scores range from 0 to 11, and studies are graded as high-quality
(score between 8 and 11), medium-quality (score between 4 and 7) and low-quality (score
between 0 and 3) [27]. The authors discussed the discrepancies in grading and reached
a consensus.

2.4. Data Extraction

The study characteristics were extracted based on PICO criteria (population, inter-
vention, comparison and outcomes) [26] by one author, as well as standardised mean
differences (SMD) from meta-analytic comparisons. The SMD was classified as trivial if
<0.20, small between 0.20 and 0.49, medium between 0.50 and 0.79 and large if >0.80 [28].
The following information was extracted: number of randomised controlled trials (RCTs)
and sample included in each comparison.

2.5. Statistical Analysis

Heterogeneity data of the meta-analytic comparisons was assessed using the I2 statis-
tics, where reported values of 0–25%, 2550%, 50–75% and >75% indicated, respectively,
low, moderate, large and very large inconsistencies [29]. Fixed effects were used in the
meta-analysis of the meta-analyses. Pooled effect sizes were expressed by the standardised
mean differences (SMD) of the effects of exercise on postpartum depressive symptoms.
In addition, random effects were used to obtain the pooled effect size (i.e., SMD) derived
from the RCTs included in the identified meta-analysis studies, excluding the overlapped
studies/RCTs. The heterogeneity using the I2 statistic, tau-square and Z-test for the overall
effect were assessed. All statistical analyses and calculations were performed by Compre-
hensive Meta-Analysis version 3.0 software. In cases of information unavailability in the
study, the authors were contacted and asked to complement the data extraction.

3. Results
3.1. Included Meta-Analyses

Figure 1 presents the PRISMA flow diagram of the selection process. The database
search included 103 publications. After removing duplicates, 52 articles remained. During
screening (title and abstract), 42 articles were excluded. Some interventions did not consist
of exercise or physical activity; others did not include women in the postpartum period,
and some were not meta-analyses. The remaining 10 articles were designated for a full-
text read. Five articles were excluded, because the focus was on antenatal depression,
including any study beyond RCTs. Finally, five meta-analyses were included in the present
study [30–34].
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Figure 1. Preferred Reporting Items for Systematic Reviews and Meta-analysis (PRISMA) flow
diagram of the search and selection process for the meta-analyses included in the current study.

3.2. Characteristics of Meta-Analyses

Table 1 presents a summary of the included meta-analyses following the PICO search
strategy. All five included meta-analyses reported the effects of exercise interventions on
postpartum depressive symptoms.

Table 1. Summary of the meta-analyses included in the current study following the PICO search strategy.

Reference Included
RCT’s Population Interventions

Characteristics Comparison Outcomes Measures

Carter et al.
[30] 17 1927 primiparous or

multiparous postnatal women.

Exercise-based (supervised,
unsupervised,

coaching-based, motivational,
behavioural-oriented,
universal, targeted or
treatment based, in a
community or clinical

context).

Any control
condition
(including
exercise).

Depression symptoms
using a validated

assessment tool (e.g.,
EPDS and PHQ).

Daley et al.
[31] 5

221 women who were between
4 weeks and 18 months

postpartum.

The exercise was defined as
any planned, structured and
repetitive bodily movement.

Trials involving exercise with
additional interventions
(co-interventions) were

eligible.

Social support
intervention and

standard care.

Clinical interview
screened for probable

depression using a
recognised or diagnosed
according to the clinical

judgment of a health
professional.

Mc Curdy et al.
[32] 16 1327 postpartum women with

and without depression.

Postpartum exercise
(supervised or unsupervised

exercise interventions).
Standard care.

Depressive symptoms or
depressive episodes

assessed by a validated
questionnaire (e.g., EPDS,

CES-D and HDRS).
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Table 1. Cont.

Reference Included
RCT’s Population Interventions

Characteristics Comparison Outcomes Measures

Pritchett et al.
[33] 13 1734 women up to 1 year

postpartum.
Aerobic exercise, counselling
exercise and group exercise. Standard care.

Depressive symptoms
measured by

questionnaire or
diagnostic interview.

Poyatos-León
et al. [34] 12

932 pregnant women with a
single foetus and an

uncomplicated pregnancy or
women who had a child aged

between 6 weeks and 18
months: 471 in the intervention

group and 461 in the control
group.

Stretching and breathing
exercises, a walking program,

cardiovascular exercises,
mixed cardiovascular and

strength exercises, Pilates and
yoga exercises and

home-based programs.

Any intervention
during

pregnancy and
postpartum

period.

Depression scale: the
EPDS or the BDI.

Abbreviations: BDI, Beck Depression Inventory; CESD-D, Center for Epidemiological Studies Depression Scale; EPDS, Edinburgh Postnatal
Depression Score; HDRS, Hamilton Depression Rating Scale; PHQ, Patient Health Questionnaire.

3.2.1. Population

In total, 63 RCTs involving 6141 participants were included. The eligibility criteria for
included participants varied between studies, including:

(a) primiparous or multiparous postnatal women [30].
(b) women who were between 4 weeks and 18 months postpartum [35].
(c) postpartum women with and without depression [32].
(d) women up to 1 year postpartum [33].
(e) pregnant women with a single foetus and an uncomplicated pregnancy, or women

who had a child aged between 6 weeks and 18 months [34].

It excluded pregnant women and women with psychiatric diagnoses other than
depression.

3.2.2. Intervention

Regarding exercise interventions, the studies included different types of interventions:
coaching-based, motivational and counselling interventions [30,33]; supervised, planned
exercise [30,32,35]; home-based program [34]; aerobic exercise [33,34]; stretching and
breathing exercises; a walking program; mixed cardiovascular and strength exercises and
Pilates and yoga [34]. Regarding the duration of the intervention, in the Carter study [30],
76% continued up to 12 weeks, and the duration of the supervised delivered sessions
ranged from 30 to 90 min. Most sessions were delivered at a moderate intensity, and the
frequency ranged from 1 to 4. In the Daley study [31], all trials included interventions
of 12 weeks, and the duration of the sessions ranged from 30 to 45 min. In the McCurdy
study [32], the frequency of the exercise ranged from one to five times per week for
30–60 min and lasted between 6 weeks and 12 months. In the Pritchett study [33], the
interventions ranged from 4 weeks to 6 months in duration, and most of the included
studies aimed to achieve 30 min of moderate activity three to five times weekly. In the León
study [34], the session frequency varied from 1 to 5 days per week, and the intensity was
measured as low, moderate and moderate to high.

3.2.3. Comparison

Exercising was compared to any control condition (including exercise) [30], usual
care [32,33,35], social support intervention [35] and any intervention during pregnancy
and the postpartum period [34].

3.2.4. Outcomes Measure

The main outcome measure across the studies was depressive symptoms, using the Ed-
inburgh Postnatal Depression Scale (EPDS) [30,32,34,35], Patient Health Questionnaire [30],
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Beck Depression Inventory [34,35], clinical diagnoses [33,35], Center for Epidemiological
Studies Depression Scale (CES-D) and Hamilton Depression Rating Scale (HDRS) [32].

3.2.5. Adverse Events

Little information was disclosed about potential adverse events. Poyatos-Leon et al. [34]
mentioned that most studies did not disclose adverse effects attributable to interventions.
The other four meta-analyses did not report information about adverse events from the
included studies.

3.3. Methodological Quality

Table 2 presents an item-by-item quality assessment for each study using the AMSTAR
2 instrument. The meta-analyses by Carter et al. [30], Pritchett et al. [33] and Poyatos-León
et al. [34] were classified as moderate quality, and Daley et al. [35] and McCurdy et al. [32]
were classified as low quality essentially, because both studies did not discuss how the
publication biases impacted the results of their reviews.

Table 2. Quality of the meta-analyses according to the AMSTAR 2 criteria.

AMSTAR 2 Criteria Carter et al.
[30]

Daley et al.
[31]

McCurdy
et al. [32]

Pritchett
et al. [33]

Poyatos-
León et al.

[34]

1. Did the research questions and inclusion criteria for
the review include the components of PICO? V - - V -

2. Did the report of the review contain an explicit
statement that the review methods were established
before the conduct of the review, and did the report
justify any significant deviations from the protocol?

V - - V V

3. Did the review authors explain their selection of the
study designs for inclusion in the review? V V V V V

4. Did the review authors use a comprehensive
literature search strategy? V V V V V

5. Did the review authors perform study selection in
duplicate? V X V V V

6. Did the review authors perform data extraction in
duplicate? V V V V V

7. Did the review authors provide a list of excluded
studies and justify the exclusions? V V V V V

8. Did the review authors describe the included studies
in adequate detail? V V V V V

9. Did the review authors use a satisfactory technique
for assessing the risk of bias (RoB) in individual studies
included in the review?

V V V V V

10. Did the review authors report on funding sources for
the studies included in the review? - - - - -

11. If meta-analysis was performed, did the review
authors use appropriate methods for statistical
combination of results?

V V V V V

12. If meta-analysis was performed, did the review
authors assess the potential impact of RoB in individual
studies on the results of the meta-analysis or other
evidence synthesis?

V - V V V

13. Did the review authors account for RoB in
individual studies when interpreting/discussing the
results of the review?

V - - V V

14. Did the review authors provide a satisfactory
explanation for, and discussion of, any heterogeneity
observed in the results of the review?

V V V V V
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Table 2. Cont.

AMSTAR 2 Criteria Carter et al.
[30]

Daley et al.
[31]

McCurdy
et al. [32]

Pritchett
et al. [33]

Poyatos-
León et al.

[34]

15. If they performed quantitative synthesis, did the
review authors carry out an adequate investigation of
publication bias (small study bias) and discuss its likely
impact on the review results?

V - - - V

16. Did the review authors report any potential sources
of conflict of interest, including any funding they
received for conducting the review?

V V V V V

MQR LQR LQR MQR MQR

Abbreviation: MQR, moderate quality review; LQR, low-quality review; V, meets the criteria; X, does not meet the criteria.

3.4. Quality of Evidence

Only Carter’s study [30] reported a quality of evidence and presented that the over-
all quality of evidence for exercise on depression symptoms was low and with a small
treatment effect.

3.5. Results of Individual Meta-Analyses

The review findings of the individual meta-analysis are summarised in Table 3. All
five meta-analyses reported the effects of different types of exercise interventions (e.g.,
coaching-based, aerobic and yoga) on depressive symptoms among women during the
postpartum period. Similar methods to calculate aggregated effects were used, namely
SMD using a random effects model. All the included meta-analyses weighted the studies
to give larger samples more influence. As can be seen, a SMD reduction in depression
symptoms was observed for all the meta-analyses, favouring the exercise interventions
group. Carter et al. [30] found a medium, significant SMD, although the I2 was 85%. The
results of a post hoc sensitivity analysis presented small, significant results and a moderate
heterogeneity (SMD = −0.25, 95% CI: −0.39 to −0.11, p < 0.001, I2 = 29%). Daley et al. [31]
found a large, significant SMD. However, a significant heterogeneity between studies
was found when one trial (included exercise as a cointervention with social support) was
eliminated. The SMD was reduced to a small effect size, but the heterogeneity was zero.
McCurdy et al. [32], Pritchett et al. [33] and Poyatos-Leon et al. [34] found small, significant
SMD. The heterogeneity was 37% in the McCurdy study [32], 85% in the Pritchett study [33]
and 33% in the Poyatos-Leon study [34].

Table 3. Review findings.

Reference SMD (95% CI) I2 (%) Conclusions

Carter et al. [30] −0.64 (−0.96 to −0.33) 86.0%
Statistically significant medium treatment effect of exercise

over control conditions for depression symptoms in
postpartum women up to 52 weeks after childbirth.

Daley et al. [31] −0.81 (−1.53 to −0.10) 81.7%
Exercise can reduce postpartum depression, but this finding

is contingent on one trial that included exercise as a
co-intervention.

McCurdy et al. [32] −0.34 (−0.50 to 0.19) 37%

Post-intervention depressive symptoms were lower in the
exercise compared with the control group.

In women with depression, exercise improved the odds of
resolving depression post-intervention by 54%.

Pritchett et al. [33] −0.44 (−0.75 to −0.12) 85.0% Exercise interventions significantly reduced depressive
symptoms

Poyatos-León et al. [34] −0.41 (−0.28 to −0.54) 33.1% Decrease in postpartum depressive symptom scores favour
of the physical activity group.

Abbreviations: I2, I-squared statistic for heterogeneity; SMD, standardised mean difference.
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3.6. Subgroup Analyses

The study of Carter et al. [30] performed four subgroup analyses. First, this study
found that targeted prevention or treatment interventions yielded a greater effect size
(SMD = −0.75, 95% CI: −1.22 to −0.28, p = 0.002) compared to the universal prevention
interventions (SMD = −0.52, 95% CI: −0.99 to −0.05, p = 0.030). Second, it showed that
interventions with active exercise-oriented components yielded larger effects (SMD = −1.19,
95% CI: −1.84 to −0.53, p <0.001) than those with coaching/motivational components
(SMD = −0.21, 95% CI: −0.37 to −0.05, p = 0.009. Third, it showed that, when tested against
an active control, the exercise-based interventions yielded a smaller effect (SMD = −0.46,
95% CI: −0.86 to −0.05, p = 0.03) than those tested against nonactive control groups
(SMD = −0.70, 95% CI: −1.09 to −0.32, p < 0.001). Fourth, interventions with a shorter
duration (SMD = −1.72, 95% CI; −3.05 to −0.39, p = 0.010) yielded larger effect sizes than
those of longer durations (SMD = −0.52, 95% CI: −0.84 to −0.19, p = 0.002).

The study of Daley et al. [31] excluded one trial that included exercise as a cointer-
vention with social support. The SMD was reduced to −0.42 (95% CI: −0.90 to 0.05). The
weighted mean difference in the size of the effect of the Edinburgh Postnatal Depression
Score was −2.03 (95% CI: −4.34 to 0.29).

The study of McCurdy et al. [32] conducted sub-analyses and showed no difference
between supervised and unsupervised exercises. Although analyses with only women
with postpartum depression, before starting the intervention (10 trials), exercise had
a moderate effect in treating depressive symptoms (SMD = 20.48, 95% CI: 20.22–20.73,
I2 = 42%). Comparing supervised and unsupervised exercises, only supervised exercise
improved depressive symptoms (SMD = 20.74, 95% CI: 20.40–21.07, I2 = 27%).

In the study of Poyatos-Leon et al. [34], the PPD status subgroup analysis revealed an
effect size of 0.67 (95% CI: 0.44–0.90) for mothers with PPD and 0.29 (95% CI: 0.14–0.45)
for mothers without PPD. In the study of Pritchett et al. [33], no differences were observed
comparing “depressed” postpartum populations (SMD = −0.32, 95% CI: −0.63 to −0.00,
I2 = 55%) and general postpartum populations (SMD = −0.57, 95% CI: −1.12 to −0.02,
I2 = 92). Additionally, no differences were observed comparing exercise-only interven-
tions (SMD = −0.56, 95% CI −1.13 to 0.01, I2 = 89%) and exercise with cointerventions
(−0.35, 95% CI = −0.66 to −0.04, I2 = 72%). In addition, no differences were observed
comparing group exercise interventions (SMD = −1.10, 95% CI: −1.99 to −0.21, I2 = 93%)
and participant choice interventions such as exercise counselling with a personal choice of
exercise (often exercising alone) (SMD = −0.20, 95% CI: −0.33 to −0.06, I2 = 0%).

3.7. Pooled Summary SMD across Meta-Analyses

It was possible to pool the SMD from all the meta-analyses (n = 5), with 2564 women
in the exercise group and 2626 in the control group, from 63 trials, displayed in Figure 2.
This established that exercise had a significant, small effect on depressive symptoms among
women during the postpartum period (SMD = −0.41, 95% CI −0.50 to −0.32, p< 0.001)
using fixed models. There was a low heterogeneity (I2 = 2%).
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3.8. Pooled Summary SMD across Studies without Overlap

The overlap of single studies within the five included meta-analyses caused a re-
duction in the final number of studies to 22 original studies. This analysis revealed that
exercise had a significant, moderate effect on depressive symptoms among women in
the postpartum period (SD = −0.53, 95% CI −0.80 to −0.27, p < 0.001, I2 = 85.9) using a
random-effects model (Figure 3).

Biology 2021, 10, x FOR PEER REVIEW 10 of 13 
 

 

3.8. Pooled Summary SMD across Studies without Overlap 
The overlap of single studies within the five included meta-analyses caused a reduc-

tion in the final number of studies to 22 original studies. This analysis revealed that exer-
cise had a significant, moderate effect on depressive symptoms among women in the post-
partum period (SD = −0.53, 95% CI −0.80 to −0.27, p < 0.001, I2 = 85.9) using a random-effects 
model (Figure 3). 

 
Figure 3. Forest plot of the standard mean differences of exercise intervention on postpartum depressive symptoms by 
the included meta-analyses. 

4. Discussion 
The purpose of this study was to conduct a systematic review of previous meta-anal-

yses addressing the effects of exercise on PPD symptoms. This systematic review included 
five meta-analyses that comprised 6141 participants. Excluding the overlapping studies, 
the sample was reduced to a total of 2419 participants. We found that exercise significantly 
reduces PPD symptoms, with a small effect. We processed the analyses with only studies 
that were not overlapping, and the results remained the same: exercise significantly re-
duces PPD symptoms, with a moderate magnitude. Compared with traditional ap-
proaches that present a pooled effect size lower than 0.3 for any depression-related out-
comes [36], exercise seems to be a feasible alternative. In addition, our results can be com-
pared with a meta-analysis that found a significant small effect of low-intensity psycho-
logical interventions (e.g., as online cognitive behavioural therapy and self-help books) 
versus the usual care for depression in the general population [37]. Exercise has recog-
nised benefits for women during the postpartum period (e.g., weight loss and pelvic floor 
strengthening) [38–40]. 

Moreover, no detrimental effects, except temporary changes in the composition of 
breast milk following maximal exercise [41], were found. In this sense, we might recom-
mend exercise as a feasible alternative to control PPD symptoms. Since no serious adverse 
events were reported, exercise might be considered a safe intervention for this target pop-
ulation. However, we would like to highlight the need for more RCTs exploring the phys-
iological and medical (after) effects of exercise in women with PPD symptoms. For exam-
ple, the dose–response of exercise remains unknown so far. 

Comparing the results of the included meta-analyses, the study of Daley et al. [31] 
presented the largest effect of exercise on PPD symptoms. However, this result considered 
one trial that included exercise as a cointervention. In addition, the AMSTAR quality of 
that particular meta-analysis was low, mainly because they did not account for the possi-
ble risk of bias in the individual studies. In second place, the study of Carter et al. [30] 
found a significant, moderate effect of exercise on PPD symptoms. However, when a sen-
sitivity analysis was conducted, eliminating the studies with a high risk of bias, the mag-
nitude of the effect became small. A small effect of exercise on PPD symptoms was found 
in the studies from McCurdy et al. [32], Pritchett et al. [33] and Poyatos-Leon et al. [34]. 
The McCurdy study’s subgroup analyses showed that, for women with depression, exer-
cise improved the odds of resolving depression post-intervention by 54%. However, we 

Figure 3. Forest plot of the standard mean differences of exercise intervention on postpartum depressive symptoms by the
included meta-analyses.

4. Discussion

The purpose of this study was to conduct a systematic review of previous meta-
analyses addressing the effects of exercise on PPD symptoms. This systematic review
included five meta-analyses that comprised 6141 participants. Excluding the overlapping
studies, the sample was reduced to a total of 2419 participants. We found that exercise
significantly reduces PPD symptoms, with a small effect. We processed the analyses with
only studies that were not overlapping, and the results remained the same: exercise signifi-
cantly reduces PPD symptoms, with a moderate magnitude. Compared with traditional
approaches that present a pooled effect size lower than 0.3 for any depression-related
outcomes [36], exercise seems to be a feasible alternative. In addition, our results can
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be compared with a meta-analysis that found a significant small effect of low-intensity
psychological interventions (e.g., as online cognitive behavioural therapy and self-help
books) versus the usual care for depression in the general population [37]. Exercise has
recognised benefits for women during the postpartum period (e.g., weight loss and pelvic
floor strengthening) [38–40].

Moreover, no detrimental effects, except temporary changes in the composition of
breast milk following maximal exercise [41], were found. In this sense, we might rec-
ommend exercise as a feasible alternative to control PPD symptoms. Since no serious
adverse events were reported, exercise might be considered a safe intervention for this
target population. However, we would like to highlight the need for more RCTs exploring
the physiological and medical (after) effects of exercise in women with PPD symptoms. For
example, the dose–response of exercise remains unknown so far.

Comparing the results of the included meta-analyses, the study of Daley et al. [31]
presented the largest effect of exercise on PPD symptoms. However, this result considered
one trial that included exercise as a cointervention. In addition, the AMSTAR quality of
that particular meta-analysis was low, mainly because they did not account for the possible
risk of bias in the individual studies. In second place, the study of Carter et al. [30] found a
significant, moderate effect of exercise on PPD symptoms. However, when a sensitivity
analysis was conducted, eliminating the studies with a high risk of bias, the magnitude
of the effect became small. A small effect of exercise on PPD symptoms was found in the
studies from McCurdy et al. [32], Pritchett et al. [33] and Poyatos-Leon et al. [34]. The
McCurdy study’s subgroup analyses showed that, for women with depression, exercise
improved the odds of resolving depression post-intervention by 54%. However, we must
consider that the McCurdy meta-analysis was classified as low-quality, mainly because it
did not account for possible biases in the individual studies.

One point that must be highlighted is that the exercise was not tested as an exclusive
treatment. PPD is a serious problem that can put both the mother and the baby at risk.
In most cases, medication is used as the first option or a combination of treatments such
as counselling or therapies [42]. Thus, many times, exercise appears as an adjunctive
treatment. In Daley’s meta-analysis [31], three out of five trials reported that the participants
received other standard treatments. In Pritchett´s meta-analysis [33], five included studies
presented cointerventions, such as dietary, an educational section on postpartum issues or
social support. In the Carter [30], McCurdy [32] and Poyatos-Leon [34] meta-analyses, no
information about adjunctive treatments was available.

We speculate that the source of the large heterogeneity between the studies came
from interventions and outcomes. A variable range of exercise types was used in the trials
included in the meta-analyses. The different measures and classifications were used to
classify women with PDD.

5. Conclusions

As practical implications, this study provided a synthesis of reviews that practitioners
and policymakers can use as an evidence map of the effectiveness of exercise on PPD
symptoms. Only one study reported the level of evidence, and it was low. For future
research, it is important to evaluate the preventive role of exercise during gestation on
PPD symptoms, evaluate the dose–response of exercise and clarify the effects of differ-
ent intervention modalities (e.g., frequency, intensity, time and type—FITT principles).
Additionally, future studies can explore meta-regression analyses.

The strength of our study is that we conducted a comprehensive search including
only the highest level of evidence (meta-analyses of RCT). Moreover, we provided a pooled
effect size across the included studies to demonstrate the beneficial effects of exercise on
PDD symptoms. Our results are of high interest to clinicians and researchers in the area
considering exercise as an effective way to reduce depressive symptoms among postpar-
tum women. However, several limitations should be acknowledged, mostly reflected by
limitations in the original studies. There was a limited number of eligible meta-analyses.
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The meta-analyses varied in their aims and, mostly, in the type of exercise interventions.
For future studies, it is important to understand the exercise characteristics (e.g., frequency,
intensity, time and type of exercise) that are most effective.
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Citation: Dziembowska, I.; Wójcik,

M.; Bukowski, J.; Żekanowska, E.
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Simple Summary: Intense physical activity contributes to an increased consumption of oxygen
transported by red blood cells. The red blood cells’ differentiation and proliferation process is mainly
stimulated by erythropoietin (EPO) and erythroferrone (ERFE), which are novel markers of erythroid
activity. The purpose of this study was to assess the level of concentration of these hormones in
athletes’ blood. Seventy-three clinically healthy men took part in this study. Participants were divided
into groups according to their physical activity, as assessed by the questionnaire survey. The first
group included 39 athletes, the second group included 18 men with moderate physical activity, and
the third—16 men with a sedentary lifestyle. Men with a high level of weekly physical activity had
significantly different concentrations of ERFE and EPO than men with insufficient weekly physical
activity. Higher endogenic ERFE and EPO levels are indicators of increased erythropoiesis in the
period of intensified physical activity. The results obtained suggest the important role of endogenic
EPO in the process of adaptation to intense physical activity.

Abstract: Intense physical activity contributes to an increased demand for red blood cells, which
transport oxygen to working muscles. The purpose of this study was to assess the concentration of
erythroferrone (ERFE), the novel marker of erythroid activity in athletes, during the beginning of
their training season. The study group consisted of 39 athletes aged 23.24 ± 3.77 years. The study was
carried out during the athletes’ preparatory period of the training cycle. The control group consisted
of 34 healthy men aged 22.33 ± 2.77 years. The erythropoietic activity was evaluated by determining
athletes’ concentrations of erythropoietin (EPO) and erythroferrone (ERFE). The level of physical
activity was assessed using the International Physical Activity Questionnaire (IPAQ). In the athletes’
group, we observed higher concentrations of EPO (Me = 12.65 mIU/mL) and ERFE (40.00 pg/mL)
compared to the control group (EPO: Me = 5.74 mIU/ml, p = 0.001; ERFE: Me = 25.50 pg/mL,
p = 0.0034). The average intensity of physical exercise significantly differentiated the participants as
far as EPO and ERFE concentrations. These results suggest that intense physical activity, at least at
the beginning of the training season, may stimulate EPO production, which increases ERFE release.
This seems to be an adaptative mechanism that provides adequate iron for enhanced erythropoiesis.

Keywords: erythropoietin; erythroferrone; physical activity

1. Introduction

Research has shown that erythropoiesis responds to physical activity. Exercise-induced
erythropoiesis is reflected in the elevation of reticulocytes (premature erythrocytes) follow-
ing physical training [1]. However, the maturation of reticulocytes in bone marrow takes
1–2 days; therefore, it is an inaccurate marker for determining immediate erythropoietic
stimulation [1].

Based on established knowledge of the regulation of erythropoiesis, the primary focus
of attention has been directed toward tracing circulating EPO levels. EPO is a glycoprotein
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hormone produced in the kidneys that stimulates the proliferation, differentiation, and
maturation of erythroid progenitor cells (EPCs) in the bone marrow [2]. Previous studies
have indicated that physical training leads to a mild, but temporary, increase in EPO
concentrations [3,4]. The synthesis and secretion of EPO is primarily the result of hypoxia,
inflammation, and endocrine system stimulation [5]. Research suggests that exercise can
be employed as a model of temporary immunosuppression, which occurs during physical
stress such as hypoxia [6]. Acute bouts of physical exercise also regulate the immune
response, i.e., by transiently redistributing immune cells to peripheral tissues, resulting
in a heightened state of immunocompetence [7]. However, it has already been proven
that regular physical exercise enhances the immune function response, reinforces the
antioxidative capacity, and reduces oxidative stress [8,9]. Furthermore, exercise leads to an
increased destruction of RBCs with exercise, leading to compensatory erythropoiesis [10].

Numerous studies involving adult athletes practising altitude training have shown
that the concentration of EPO in the blood can increase after several hours, whereas its peak
occurs between 1 and 3 days from the beginning of such a taining. In the following days of
a continuous reduction in oxygen partial pressure, a gradual decrease in EPO concentration
is observed [11].

In 2014, Kautz et al. described a protein derived from erythroid precursor cells—
erythroferrone (ERFE) [12]. The authors indicated that increased erythropoietic activity
results in ERFE secretion by erythroblasts [12,13]. ERFE suppresses hepatic synthesis of the
master iron-regulatory hormone, hepcidin, leading to increased availability of body iron
resources for erythropoiesis [14].

Based on previous research, it can be concluded that the EPO response observed
after a period of intense physical exercise may stimulate ERFE synthesis. It may be
worthwhile to determine whether the level of physical activity influences EPO and ERFE
concentrations. This would be particularly relevant to propose guidelines for people at risk
of insufficient erythropoiesis.

Thus, the aim of the current study was the assessment of erythropoietic activity
based on the erythropoietin and erythroferrone levels among athletes as compared to
sedentary men.

2. Materials and Methods
2.1. Participants

The study was carried out on a total of 73 clinically healthy men (average age
22.97 ± 3.51 years). All participants were informed about the purpose of the research
and familiarised with the research procedure, to which they gave their informed written
consent. All participants performed biochemical tests of parameters characterising ery-
thropoiesis and completed the International Physical Activity Questionnaire (IPAQ) to
determine their physical activity characteristics. The study group consisted of 39 men
with an average age of 23.24 ± 3.77 years, who regularly practised sports at least four
times a week for a minimum of 1.5 h for the previous three years. Of the 39 athletes, 23
(61%) practised martial arts, including mixed martial arts (MMA), boxing, kickboxing, judo,
taekwondo, and karate. The remaining 16 athletes (39%) practised team sports: football
and basketball. All athletes had valid sport medical examinations.

The control group consisted of 34 healthy men: non-athletes aged 22.33 ± 2.77 years.
The subjects were recruited through posters and information leaflets placed in public
places (universities, clinics, and board game clubs). According to IPAQ, the inclusion
criteria involved no abnormalities in the basic peripheral blood counts and, for the control
group only, an insufficient level of physical activity. The exclusion criteria were as follows:
smoking, chronic diseases, cancer, and taking medications or iron supplements. The study
protocol was approved by the Bioethics Committee of the Nicolaus Copernicus University
in Toruń functioning at Collegium Medicum in Bydgoszcz (permit No. KB/247/2014) and
was performed following the ethical standards set forth in the 1964 Declaration of Helsinki
and its later amendments.
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2.2. Physical Activity Assessment

An IPAQ questionnaire was used to assess physical activity. It expresses physical
activity in Metabolic Equivalent of the Task (MET)× min/week units, which permits
the easy classification of respondents into one of three categories of activity: insufficient,
moderate, and high [15]. The median physical activity for each group is presented in
Table 1. In the group of sedentary men, 16 (47%) showed insufficient physical activity, and
18 (53%) showed a moderate level. All athletes (N = 39, 100%) declared physical activity at
a high level.

Table 1. Group characteristics and biochemical parameters for the test groups.

Variable

Athletes Non-Athletes
p η2N = 39 N = 34

Me (Min–Max) Me (Min–Max)

Age (years) 21.00 (18.00–32.00) 21.50 (18.00–29.00) 0.5321 0.0031
BMI (kg/m2) 23.12 (17.28–27.15) 23.61 (17.94–28.12) 0.2431 0.0000
Physical activity (MET × min/week) 5120.00 (3100.00–6300.00) 1230.00 (340.00–2100.00) <0.0001 0.5706
Years of training 9.00 (4.00–14.00) N/A N/A N/A
Serum EPO levels (mIU/mL) 12.35 (0.90–32.25) 5.68 (0.38–32.15) 0.0001 0.1612
Serum ERFE levels (pg/mL) 40.00 (5.00–190.00) 25.5 (8.00–180.00) 0.0042 0.1861
Serum hepcidin levels (pg/mL) 8.43 (5.81–12.54) 8.21 (5.92–12.32) 0.5431 0.0001
Serum ferritin levels (ng/mL) 57.36 (20.58–158.32) 45.28 (21.52–162.45) 0.3412 0.0013
Serum sTfR levels (µg/mL) 1.28 (0.81–3.43) 1.83 (1.47–2.78) 0.0002 0.1014

EPO—erythropoietin; ERFE—erythroferrone; sTfR—serum transferrin receptor.

2.3. Blood Analysis

The test material was peripheral blood collected in the morning (7.00–9.00 a.m.) after
a half-hour of rest via venipuncture from an arm. The athletes were asked not to perform
any physical exercise on the day of the examination and the day before the examination to
exclude the potential confounding effect of an acute bout of physical exercise on results.

Serum erythropoietin concentration was measured by an enzyme immunoassay
(ELISA) using the EPO ELISA assay from Roche Diagnostics GmbH, Germany. The test
is used to quantify erythropoietin in human serum and plasma. Serum erythroferrone
concentration level was determined by enzyme immunoassay (ELISA) using the ELISA Kit
for Erythroferrone (SEU-540Hu) from Cloud Clone, Houston, USA. The test is intended for
the quantitative determination of erythroferrone concentration in human serum; however,
it is not validated. To confirm that this assay detects the expected increase in ERFE, we
compared the results of ERFE of blood donors (32 men, aged 21–56) before blood donation
and a week after the donation, as the maximum ERFE peak is expected in 9 ± 4 days [16].

Furthermore, the following iron metabolism parameters were determined using the
enzyme-linked immunosorbent method (ELISA): ferritin concentration (DRG Ferritin Kit
reagent kit EIA-187) from DiaMetra, Spello, Perugia, Italy) soluble transferrin receptor
concentration (Human sTfR ELISA from BioVendor Laboratory Medicine Inc. Brno, Czech
Republic), and hepcidin concentration (ELISA Kit for Hepcidin, CEB-979Hu from Cloud
Clone, Houston, TX, USA).

2.4. Statistical Analysis

Statistical analyses were performed using STATISTICA v. 13.1 (Statsoft, Cracov,
Poland). The compliance of the distribution of individual features with the normal distri-
bution was tested using the Shapiro–Wilk test. Linear variables were presented as median
(Me), minimum (Min), and maximum (Max). The values of categorised variables are
presented by quantity (N) and percentage values. To analyse differences in individual sub-
groups, the Mann–Whitney U test (for the comparison of 2 groups) and the Kruskal–Wallis
rank test (for the comparison of groups) were used. A linearised non-linear regression

225



Biology 2021, 10, 1215

model was performed to assess the relationship between EPO and ERFE in the studied
groups. Differences with a p-value < 0.05 were considered statistically significant.

3. Results

The athletes showed higher ERFE and EPO concentrations in comparison to the
non-athletes (Table 1).

Serum ERFE and EPO concentrations among highly physically active men were signifi-
cantly higher than those declaring physical activity at an insufficient level. Furthermore, we
observed that, although there were no between-group differences in hepcidin and ferritin
levels, athletes presented lower serum transferrin receptor (sTfR) levels (Me 1.18 µg/mL)
when compared to non-athletes (Me 1.83 µg/mL; p = 0.0001).

Athletes showed higher (Me = 16.32 mIU/ml) serum EPO concentration levels when
compared to participants presenting moderate and insufficient physical activity (Me:
8.99 mIU/mL and 5.74 mIU/mL, respectively; p = 0.0001; η2 = 0.1521 and 0.2132, re-
spectively). The comparison of EPO concentration distributions in groups of different
physical activity levels is presented in Figure 1.
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Figure 1. Erythropoietin levels in participants showing an insufficient, moderate, and high level of
physical activity. PA—physical activity (η2 = 0.0811).

Athletes showed a higher (Me = 52 pg/mL) serum ERFE concentration when com-
pared to participants presenting moderate and insufficient physical activity (Me: 30 pg/mL
and 25.50 pg/mL, respectively, p = 0.0004; η2 = 0.0811 and 0.1232, respectively). The
comparison of ERFE concentration distributions in groups of different physical activity
levels is presented in Figure 2.
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Figure 2. Erythroferrone levels in participants showing an insufficient, moderate, and high level of
physical activity. PA—physical activity (η2 = 0.1230).

Using a linearised logarithmic regression analysis, it was possible to set up a predictive
model using an individual’s EPO level that explained 72% of the variance in ERFE levels
among athletes (βstand = 0.85, SE βstand = 0.0691, p < 0.0001) and 39% of the variance in
ERFE levels among non-athletes (βstand = 0.64, SE βstand = 0.1625, p = 0.0006). The results of
the logarithmic regression are presented in Figure 3.
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4. Discussion

The aim of the current study was to compare EPO and ERFE levels between athletes
and sedentary men. ERFE is produced by erythroblasts in response to EPO stimulation and
mediates the inhibition of hepcidin synthesis [17]. A mouse model study showed that ani-
mals lacking the ERFE gene (Erfe−/−) developed anaemia; however, this phenomenon only
affected the period of intensive growth [18]. Other studies in animal models have shown
that bacterial pathogen-induced inflammatory anaemia, as well as increased erythropoiesis
after significant blood loss, lead to increased ERFE synthesis [19]. Suppressing hepcidin
expression with ERFE would exaggerate the availability of circulating iron for an increased
iron demand for red blood cell haemoglobinisation [13]. In the present study, we observed
greater ERFE levels among an examined group of athletes, which may suggest that intense
physical effort following a recovery period enhances the erythropoietic activity, and thus
ERFE synthesis. As the major factor determining ERFE production in erythroblasts is
EPO, it is, therefore, possible that increased ERFE levels are connected with enhanced EPO
synthesis in athletes. EPO is a hormone produced primarily in the kidneys and liver, and
its most important role is to stimulate the proliferation, differentiation, and maturation of
erythroid progenitor cells in the bone marrow [20]. During the last decade, researchers
have also proven the local effects of EPO on blood vessel endothelium, nervous tissue,
skeletal muscle, and heart muscle in response to physical or metabolic stress [21–25]. Based
on these results, the role of EPO in the protection of nerve cells against oxidative stress
during the process of neovascularisation is suggested [21–23]. EPO may also positively
affect skeletal muscle regeneration, growth, and angiogenesis [21–25].

Expression of EPO mRNA is closely related to renal oxygen concentration, and hy-
poxia is considered the most important stimulus for EPO release [5]. Indeed, recent research
showed that in elite athletes, EPO concentrations reached the highest value after 6 days of
intermittent hypoxic exposure [24]. Previous studies also demonstrated the associations
between muscle mass and erythropoiesis [25]. There are several lines of evidence support-
ing the concept that EPO augments exercise performance by activating an EPO receptor
subtype in non-haematopoietic tissues, including skeletal muscle [26]. Recent research
also draws attention to the small EPO fraction synthesised in skeletal muscle in response
to intense physical exercise. Animal studies with mouse models have shown a 4–7 fold
increase in EPO mRNA expression in skeletal muscle following exercise, and the increase
was higher in glycolytic muscles and for trained mice [26]. The most recent data indicate
that the endogenous EPO, through the EPO receptor in myocytes, controls mitochondrial
biogenesis in skeletal muscle [27]. Nijholt et al. showed that a lack of EPO receptors
in non-haematopoietic tissues lead to low mitochondrial content in skeletal muscles, as
well as reduced myocyte growth and exercise capacity in response to voluntary exercise
in mice [27]. Thus, it may be suggested that the source of erythropoietin released into
circulation as a result of physical exertion may not only be from the kidneys but—at least
in the early stages of exercise—from the working skeletal muscles as well [27].

Each bout of physical exercise contributes to the release of noradrenaline, cortisol, and
androgens [28–31], which are hormones that stimulate the secretion of EPO, which, in turn,
leads to the increased erythropoietic activity of the bone marrow [5]. Testosterone can also
directly affect erythroblasts by increasing the number of receptors for EPO [28–31]. Current
data have also revealed the complex interaction of noradrenaline within the bone marrow,
and thus the dependence of the erythropoietic response on the intensity and duration of
exercise and the associated stress response [28–31]. Review studies indicate that short-term
exercise does not significantly affect EPO levels, while prolonged, intense physical effort
(such as ultramarathon runs) leads to a temporary increase in EPO levels, both in trained
and untrained men [4,31]. Therefore, a transient increase in EPO concentrations appears to
have an adaptive significance to a substantial increase in physical effort compared to an
individual’s usual physical activity.

Another potential cause of higher EPO levels could be increased hemolysis and/or iron
deficiency as a result of increased physical activity. However, ferritin levels, which reflect
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the iron pool, were similar in both groups. Recent work focusing on the characteristics
of iron metabolism proves that sTfR may be a more sensitive marker for assessing iron
status in athletes than ferritin [32]. An increased demand for iron in the group of athletes
would be reflected by higher sTfR values. Interestingly, the results of our analysis showed
that the concentration of sTfR in athletes was significantly lower than in the group of non-
athletes, which reflect even lower iron demand. To complete the analysis of the endocrine
system that regulates iron homeostasis, we analysed the serum hepcidin concertation in
both groups. A review of 21 studies that analysed hepcidin concentration in response to
endurance exercise (running, cycling, rowing, and walking) showed that post-workout
increases in hepcidin concentrations typically peaked between 3 and 6 h after training
and lasted up to 24 h [33,34]. In the presented study, athletes were asked not to engage
in physical training for about 24 h before blood collection. Therefore, it seems that the
increase in hepcidin concentrations caused by physical exertion is a temporary state, and
surprisingly, ERFE may play a role in returning hepcidin to normal values.

It is worth noting that the current study was conducted during the preparatory period
of the training cycle, which is characterised by intensified physical activity following the
recovery period. Thus, increased physical activity may stimulate erythropoiesis and greater
ERFE and EPO levels in athletes in comparison to sedentary and moderately active men.
This is in line with a previous review showing a significant variation in reticulocyte counts,
which represents erythropoietic activity in athletes throughout the year [1]. The authors
reported generally higher reticulocyte counts at the beginning of the season but lower
values after intensive training sessions, competitions, and at the end of the season [1]. The
elevated EPO levels in athletes observed in the current research reflect a temporary state
associated with the adaptation of the musculoskeletal system to the change in the intensity
and type of physical training. Mathematical models created in this work showed that EPO
concentration could be used to predict ERFE concentration within the group of athletes,
explaining more variance (R2 = 0.72) than within the group of sedentary men (R2 = 0.39).
These results may indicate the role of ERFE as a protein that provides optimal iron reserves
during exercise-induced, enhanced erythropoiesis in athletes.

Despite the undoubted value in using ERFE to attempt to explain the physiological
mechanism of exercise-induced erythropoiesis, there were limitations of this study intro-
duced by the homogeneity of the study groups with respect to age, sex, and eating habits.
In addition, the analysed group of athletes is not representative of all physically active
men or the broadly understood population of athletes, as it was limited to only a few sport
disciplines. Furthermore, the athletes are not only “highly active” people, but they are
also competitors and have some genetic peculiarities. In addition, we observed increased
EPO and ERFE levels in athletes compared to non-athletic individuals at one time-point,
whereas it would be interesting to investigate the time-course changes in these parameters
over the entire training cycle.

5. Conclusions

Based on the conducted analyses and the explained directional variability, one can
assume the possible role of erythropoietin in the activation of erythroferrone that is in line
with previous literature reports. Higher concentrations of EPO and ERFE observed in athletes
indicate that regular, intense physical activity may stimulate the erythropoiesi process.
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M.W., and E Ż. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

229



Biology 2021, 10, 1215

Institutional Review Board Statement: This study was conducted according to the guidelines of
the Declaration of Helsinki and approved by the Bioethics Committee of the Nicolaus Copernicus
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Simple Summary: The aim of this study was to analyze the effect of 12 weeks of core muscle training
on core muscle performance in rhythmic gymnasts. Core strength training leads to improvements in
body composition, as well as improvements in trunk strength and increases in muscle electromyo-
graphic activity. These improvements could therefore improve performance during competitive
rhythmic gymnastics exercises.

Abstract: Background: Rhythmic gymnastics performance is characterized by technical elements
involving flexibility, aerobic capacity and strength. Increased core strength in rhythmic gymnastics
could lead to improved sporting performance. Objective: The aim of this study was to analyze the
effect of 12 weeks of core muscle training on core muscle performance in rhythmic gymnasts. Methods:
A randomized controlled study involving 24 rhythmic gymnastics was conducted. Participants were
randomly assigned to a control group (CG; n = 12; age 13.50 ± 3.17 years) or a training group (TG;
n = 12; age 14.41 ± 2.35 years). Body composition, isometric strength of trunk, core endurance
and core muscle electromyographic activity were measured (EMG) after 12 weeks of core training.
Independent sample t-tests were carried out to compare baseline values between groups. A two-way
repeated-measures analysis of variance (ANOVA) (time × group) was applied. Results: The TG
improved body composition, trunk lean mass (mean differences MD = −0.31; p = 0.040), lean mass
(MD = 0.43; p = 0.037) and bone mass (MD = −0.06; p < 0.001) after training. Core training increased
isometric strength of trunk, flexion test (MD = −21.53; p = 0.019) and extension test (MD = 22.7;
p = 0.049), as well as the prone bridge core endurance test (MD = −11.27; p = 0.040). The EMG values
also increased in the TG in prone bridge for front trunk (MD = −58.58; p = 0.026). Conclusions: Core
strength training leads to improvements in body composition, as well as improvements in trunk
strength and increases in muscle electromyographic activity. These improvements could therefore
improve performance during competitive rhythmic gymnastics exercises.

Keywords: strength; muscular activity; electromyography; core endurance test; muscular performance

1. Introduction

Rhythmic gymnastics started as a sport in the 1940s and debuted as an Olympic sport
at the 1984 Olympic Games [1]. Aesthetic movements, flexibility, artistic and competitive
components are distinct characteristics of rhythmic gymnasts [2]. Bobo-Arce and Méndez-
Rial (2013) suggested that rhythmic gymnastics is a sport with a particular training process,
very young athletes, earlier specialization, a large volume of training, lots of repetition and
high levels of physical and psychological stress in competition. Elements of physical fitness
such as flexibility, strength and aerobic capacity have been shown to be determinants of
performance in rhythmic gymnastics [3,4]. Thus, physical, technical and psychological
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skills, and motor control and harmony of movement are key factors in the performance of
gymnasts [2].

For appropriate control and harmony of movements, gymnasts need adequate strength
development, which allows them to maintain technical elements of great amplitude. In
gymnastic disciplines, to perform a maximum number of strength elements in a competition
routine, a high level of specific strength endurance is required [5]. Relative strength is
considered to be a more important determinant of gymnastics performance than absolute
strength [6], which is why many training systems use the gymnasts’ own body weight to
prepare them [7]. In this respect, an example of strength training with body weight is the
training of the central trunk muscles (core). It is suggested that having a strong core allows
for the complete transfer of forces developed with the lower extremities through the trunk
to the upper extremities [7]. Many gymnastic movements are generated in the lower body,
with the flexion-extension of the legs giving rise to positions held by the whole body for a
few seconds, which require isometric and stabilizing strength of the central musculature,
mainly. Therefore, an adequate development of the core in rhythmic gymnasts could evoke
an increase in sporting performance [1], helping the execution and maintenance of technical
movements. Furthermore, a link has been established between trunk stability and lower
limb injuries or low back pain [8], so that specific trunk training could reduce this risk [9].

In order to be able to assess the force generated by gymnasts or athletes, there are
quantitative measurements of maximal voluntary strength that can be performed with
isometric testing on isokinetic dynamometers [9]. In these tests, maximum voluntary
contraction (MVC) can be performed in both flexion and extension to quantify trunk
strength [8]. On the other hand, for the measurement of endurance strength in athletes,
trunk tests such as the McGill test are often used to assess endurance capacity and core
stability [10]. Muscle activation assessment tests, such as surface electromyography (sEMG),
can also be considered useful tools for assessing muscle activation [8]. In sport, the positive
relationship between muscle activation and performance can be established [11].

On the other side, the study of anthropometric variables associated with sports per-
formance is interesting because some studies associate variables such as weight, height,
body mass index and lean mass with strength [12,13]. In gymnasts, a negative relationship
has been established between fat mass values and improvements in strength and perfor-
mance [14]; this makes it interesting to assess the gymnasts’ body composition and its
possible relation to training.

In some sports, improving trunk strength and endurance can increase the ability
to generate and maintain strength [15]. Demand for athletic performance responses by
the muscles of the whole body and core acts as a bridge between the upper and lower
extremities and provides a stable base to transfer force to the extremities [16]. Strength
and endurance training of the core musculature could increase trunk stability in gymnasts,
facilitating the transmission of forces generated between the upper and lower limbs [16,17].
Furthermore, it has been shown that the improvement in trunk strength is positively related
to the extensor strength of this musculature, allowing gymnasts to achieve greater technical
performance in all their back trunk extension movements [18].

Several studies suggest that athletes should perform trunk strength training to improve
their athletic performance [10,12], demonstrating the effect of trunk training on athletes’
performance. However, there are few studies that analyze the effect of specific trunk
training in rhythmic gymnasts on trunk muscle performance. Considering that specific
trunk training, in addition to rhythmic gymnastics training, could improve trunk strength
and stability and thus indirectly improve performance, the aim of this study was to
analyze the effect of 12 weeks of core training in gymnasts who were still training in
rhythmic gymnastics on body composition, isometric trunk strength, trunk endurance and
electromyographic activity of trunk muscles.
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2. Materials and Methods
2.1. Study Design

This study used a randomized, controlled single-blind design. A quasi-experimental
intra- and inter-subject design with pre- and post-test, and with a control group, was used
to identify the effects of 12 weeks of core training on the performance of the core muscles.
Subjects were randomized into two groups: a control group (CG) or a training group (TG).

2.2. Participants

A total of 24 national women rhythmic gymnasts (n = 24; age 13.95 ± 2.77 years; height
151.39 ± 12.34 cm; weight 43.00 ± 12.82 Kg) were randomly divided into two groups: CG
(n = 12; age 13.50 ± 3.17 years; height 147.87 ± 11.63 cm; weight 38.76 ± 11.91 Kg) and TG
(n = 12; age 14.41 ± 2.35 years; height 154.91 ± 12.50 cm; weight 47.25 ± 12.74 Kg). The
gymnasts of both groups continued their rhythmic gymnastics training on a regular basis,
and core training was only applied to the gymnasts of the TG group. All participating
gymnasts followed the same training, both gymnastic and core specific. The training
protocols (gymnastics and core) were designed by the study researchers and subsequently
applied by the trainers, previous familiarization and an informative session. In order to
ensure the process, the study’s principal investigator monitored the training sessions. The
inclusion criteria were that they had training experience of 2 years, competed in the national
category and trained ≥9 h per week. All the gymnasts and their parents received written
and verbal information regarding the nature of this investigation and provided written
informed consent before the beginning of the study. Ethical approval was obtained from
the Clinical Research Ethics Committee of the Toledo Healthcare Area (number 112/2015).
This study complied with the ethical principles of the Declaration of Helsinki.

2.3. Procedures

The week before the start of the measurements, the gymnasts performed a 90 s warm-
up and then were familiarized with the isometric and core endurance tests at moderate
intensity, and in addition, signed the informed consent documents. On the day of data
collection all the measurements were taken by the authors and the instruments were
calibrated prior to use. First of all, stature and body mass were measured on a portable
scale with a stadiometer (model 700, Seca, Hamburg, Germany) and body composition and
densitometry were recorded. Then the rhythmic gymnasts completed a 10 min warm-up
on a bicycle ergometer, using self-chosen resistance at 40–60 rpm (20–30 watts), followed
by 5 min of stretching exercises for the trunk and lower extremities, the isometric test, and
McGill’s core endurance test. Surface electromyography (sEMG) of the core was recorded
during the isometric and McGill’s core endurance tests (Table 1).

Table 1. Study protocol.

Pre-Training Core Training 12 Weeks Post Training

Body composition and
densitometry analysis

Body composition and
densitometry analysis

Isometric test with EMG Isometric test
Core endurance test EMG Core endurance test

Body composition and densitometry measurements were taken following the stan-
dardized techniques of the International Society for the Advancement of Kinanthropometry
(ISAK), fat mass (FM, in Kg) (ICC: 0.99–0.98; CV: 2.6%), total lean mass (LM, in Kg) (ICC:
0.99–0.99; CV: 0.8%), bone mass (BM, in Kg) (ICC: 0.99–0.99; CV: 0.6%) fat tissue percentage
(FT%) (ICC: 0.99–0.99; CV: 2.7%) and trunk lean mass (TLM, in Kg) (ICC: 0.99–0.98; CV:
1.6%) were assessed using dual-energy X-ray absorptiometry (DXA) (Lunar iDXA, General
Electric Healthcare, Fairfield, CT, USA) [19].

The isometric tests for maximum strength of trunk were performed with a Biodex
isokinetic dynamometer (Biodex System 3; Biodex Medical Systems, Inc., Shirley, NY,
USA). Maximum voluntary contraction (MVC) exerted in isometric contraction for trunk
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flexion and extension was evaluated in terms of peak torque (PT, in N·m) (ICC: 0.87–0.92;
CV: 10.5%). Isometric strength measurements were made following the protocols described
by Waldhelm and Li (2012) [20] (Figure 1). Trunk flexion and extension were performed
while standing, with trunk straight, looking straight ahead, pelvis stabilized, and without
upper extremity support. The average of three peak torque with 2 min rest in between was
taken for later analysis. The gymnasts held each contraction for 5 s with 30 s rest between
trials [19].
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Figure 1. Isometric strength measurements.

Core endurance was measured for the same person with the McGill test [10]. The
core endurance tests were the extensor endurance test or Biering-Sorensen test (Sorensen)
and the prone bridge test (prone bridge). Gymnasts maintained these positions as long as
possible, and the time was measured in each test in s. Both tests were considered failures
when the gymnast lost the horizontal with respect to the floor. The Sorensen test began
with lying prone, with the lower body manually fixed, hips extended over the edge of the
test surface, and hands on the opposite shoulders. The prone bridge test was performed
on the ground. The gymnasts had to maintain the prone position supporting themselves
on their feet and forearms with shoulders and elbows in 90◦ flexion. Forearms needed to
remain pronated.

sEMG was measured during McGill’s core endurance and isometric tests. An 8-channel
sEMG ME 6000TE (Mega Electronics, Kuopio, Finland) was used for data collection. sEMG
signals from the flexor muscles of the front trunk were analyzed as a group, as were the
extensor muscles of the back trunk. The average value of muscle activation (EMG root
mean square (rms), EMGrms in µV) (ICC: 0.87–0.94; CV: 12.8%) was measured during the
middle 3 s of the 5 s of contraction. Each gymnast’s skin was prepared for sEMG evalua-
tion according to guidelines of the SENIAM organisation [21], including scrubbing and
cleaning with alcohol. Electrodes were placed bilaterally on the front trunk muscles (rectus
abdominis, external oblique abdominis) and back trunk muscles (erector spinae). Two
10 mm diameter Ag-AgCl surface electrodes were used on each muscle for data collection.
The sampling rate was set at 1000 Hz per channel. The signals were filtered at 500 Hz, and
further filtered. The raw data were stored and subsequently processed. The sEMG data
were fully rectified and smoothed and the rms was normalized to the signal recorded with
peak maximum value [22].
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2.4. Intervention

Core muscular training was performed in two alternative sessions per week for
12 weeks, supplementary to gymnastic training, included three progressions of difficulty,
periods 1, 2, and 3 (Table 2) and each period lasted for 4 weeks. The core program was
based on core training by McGill, (2010), increasing the number of series and not the
maintenance time of the isometry, due to the commitment to the level of tissue oxygenation
in this type of prolonged contraction [23]. The core exercises were performed at the end
of the rhythmic gymnastics’ session. The core program comprised eight exercises, that
is, hollowing (A), bracing (A), dissociation of shoulder girdle and pelvic girdle (B), Cat-
Camel (C), quadrupedal stance (D), front bridge (E), side bridge (both sides) (F) and supine
bridge (G) (Figure 2).
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Table 2. The Core program.

Exercises
Period 1 Period 2 Period 3

Volume Volume Progress Volume

Hollowing 10 sets 10 sets

Bracing 10 sets 10 sets

Dissociation 5 sets 5 sets

Cat-Camel 10 sets 10 sets Supine Bridge
2 × 5 sets × 20 s

(15 s rest)
(both legs)

Quadrupedal

8 sets of 20 s
(15 s rest)

2 × 7 sets of 20 s
(15 s rest)

Quadrupedal
Birddog exercise 2 × 5 sets

Front Bridge
Front Bridge 2 × 5 sets (both

sides)

Front Bridge
destabilisation

2 × 5 sets × 20 s)
(15 s rest)

Front Bridge on
swiss ball

2 × 5 sets × 20 s)
(15 s rest)

Side Bridge Side Bridge
2 × 5 sets × 20 s

(15 s rest)
(both sides)

Supine Bridge Supine Bridge
2 × 5 sets × 20 s

(15 s rest)
(both legs)

2.5. Data Analysis

Statistical analysis of data was performed with the Statistical Package for the Social
Sciences (IBM Corp. IBM SPSS Statistics for Windows, Version 24.0. Armonk, NY, USA:
IBM Corp.). Descriptive statistics were calculated using the mean and standard deviation
and the mean difference using confidence intervals. The Shapiro–Wilk test was used
to analyze data distribution, getting a normal distribution. Subsequently, independent
sample t-tests were carried out to compare baseline values between groups. In addition, a
two-way repeated-measures analysis of variance (ANOVA) (time × group) was applied
to analyze the effect of the intervention on outcomes. Eta squared (η2) effect sizes for the
time × group interaction effects were calculated. An effect of η2 ≥ 0.01 indicates a small,
≥0.059 a medium, and ≥0.138 a large effect. For those variables that showed significant
main effects, post-hoc tests (Bonferroni) were performed. The effect size (d) was calculated
following the guidelines of Cohen [24]. The d was considered large (>0.80), moderate (0.5)
and small (<0.2). An effect was considered statistically significant when p ≤ 0.05.

3. Results

All participants completed the intervention and were included in the data analysis.
No difference was observed between groups at baseline. Maximum growth velocity (MGA)
was measured as a widely used indicator to assess biological maturation [25]. The age
and height of the subjects were used to determine their biological maturation [26]. No
significant differences in biological maturation were found between pre- and post-training
in CG (p = 0.349), TG (p = 0.339) and between CG and TG in pre-training (p = 0.351).

3.1. Body Composition and Densitometry

Results for body composition are presented in Table 3. We observed no differences
between the two groups for either of the two time-line measurements (p > 0.05). Within-
group analysis showed an increase in the TG between pre- and post-core training in TLM
(p = 0.040, d = −0.7; 95% confidence interval [CI] of the mean differences [MD] of the
score = 0.03 Kg, 1.29 Kg), in LM (p = 0.037, d = −0.7; 95% CI of MD = 0.04 Kg, 1.30 Kg),
and in BM (p < 0.001, d = −1.3; 95% CI of MD = 0.52 Kg, 2.09 Kg), and the CG showed an
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increase in BM (p = 0.003, d = −1.1; 95% CI of MD = 0.35 Kg, 1.79 Kg) and a decrease in the
FT% (p = 0.044, d = 0.5; 95% CI of MD = −1.12%, −0.09 Kg).

Table 3. Body composition and densitometry results (Mean ± SD).

Control Group (n = 12) Training Group (n = 12)

Pre-Training Post-
Training

Mean Dif-
ferences p Pre-Training Post-

Training
Mean Dif-
ferences p

Interaction
Time ×

Group (p)

FM (kg) 8.74 ± 3.47 8.54 ± 3.51 0.20 0.165 10.41 ± 3.66 10.57 ± 3.63 −0.16 0.365 0.04 (0.85)

LM (Kg) 28.84 ± 8.58 28.89 ± 8.00 −0.43 0.793 34.71 ± 7.94 35.14 ± 7.89 −0.43 0.037 1.83 (0.19)

BM (Kg) 1.65 ± 0.53 1.69 ± 0.54 −0.04 0.003 2.04 ± 0.60 2.09 ± 0.59 −0.06 <0.001 0.72 (0.41)

%FT (%) 23.10 ± 4.69 22.47 ± 4.64 0.63 0.044 22.67 ± 2.73 22.71 ± 2.79 −0.04 0.856 2.60 (0.12)

TLM (Kg) 13.68 ± 4.39 13.73 ± 4.18 −0.05 0.669 16.79 ± 3.92 17.10 ± 4.10 −0.31 0.040 2.29 (0.12)

FM: fat mass; LM: lean mass; BM: bone mass; %FT: average fat tissue; TLM: trunk lean mass; SD: standard deviation; p ≤ 0.005.

3.2. Isometric Tests in Isokinetic Dynamometer and Electromyography Analysis

Results for the PT and EMGrms in the isometric tests are presented in Table 4. We
observed no differences between the two groups for either of the two measurements
(p > 0.05). Within-group analysis of the TG showed increases (p < 0.05) between pre-
and post-core training in PT in the flexion isometric test (p = 0.019, d = 0.6; 95% CI of
MD = 0.03 N·m, 1.20 N·m) and the extension isometric test (p = 0.049, d = 0.5; 95% CI of
MD = 0.07 N·m, 1.15 N·m). In addition, the CG showed decreases of EMGrms in front trunk
in the flexion isometric test (p = 0.03, d = 0.6; 95% CI of MD = −1.19 µV, −0.04 µV) and the
TG decreases of EMGrms in the back trunk in the extension isometric test (p = 0.04, d = 0.7;
95% CI of MD = −1.326 µV, −0.054 µV).

Table 4. Performance in isometric test and electromyography values.

Control Group (n = 12) Training Group (n = 12)

Pre-
Training

Post-
Training

Mean
Differ-
ences

p Pre-
Training

Post-
Training

Mean
Differences p

Interaction
Time ×

Group (p)

Flexion
test

PT (N·m) 26.52 ±
11.26

41.78 ±
27.05 −15.26 0.086 31.56 ±

12.39
53.09 ±

41.36 −21.53 0.019 0.27 (0.61)

EMGrms
Front (µV)

390.92 ±
254.19

256.58 ±
135.61 134.33 0.03 386.33 ±

205.00
345.92 ±

217.18 40.42 0.494 1.30 (0.27)

EMGrms
Back (µV)

45.08 ±
34.27

57.17 ±
43.17 −12.08 0.492 66.92 ±

35.42
86.42 ±

61.21 −17.29 0.272 0.09 (0.77)

Extension
test

PT (N·m) 31.75 ±
17.28

39.44 ±
34.00 −7.69 0.444 40.89 ±

19.28
63.66 ±

53.36 −22.77 0.049 0.95 (0.34)

EMGrms
Front (µV)

129.58 ±
73.85

178.00 ±
155.46 −48.42 0.199 207.25 ±

123.68
232.42 ±

165.36 −25.17 0.498 0.20 (0.66)

EMGrms
Back (µV)

128.83 ±
94.92

104.42 ±
41.28 24.42 0.421 163.67 ±

106.92
98.67 ±

36.61 65.00 0.04 0.93 (0.35)

PT: peak torque; EMGrms: average electromyography activity; SD: standard deviation; p ≤ 0.005.

3.3. Endurance Test and Electromyography Analysis

Results for the core endurance test are presented in Table 5. We observed no differences
between the two groups for either of the two endurance core tests (p > 0.05). Within-group
analysis of the TG showed an increase between pre- and post-training in prone bridge
(p = 0.044, d = −0.5; 95% CI of MD = 0.083 s, 1.131 s). For EMG in the endurance test,
we observed no differences between the two groups for either of the two tests (p > 0.05).
However, within-group analysis of the TG showed an increase between pre- and post-
core training in EMGrms front trunk in prone bridge (p = 0.030, d = −0.5; 95% CI of
MD = 0.035 µV, 1.197 µV) (Figure 3).
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Table 5. Performance in McGill test.

Control Group (n = 12) Training Group (n = 12)

Pre-Training Post-
Training

Mean Dif-
ferences p Pre-Training Post-

Training
Mean Dif-
ferences p

Interaction
Time ×

Group (p)

Sorensen 32.57 ± 11.53 34.02 ± 22.32 −1.44 0.797 37.94 ± 19.86 51.00 ± 22.51 −13.06 0.172 1.23 (0.28)
Prone bridge 31.06 ± 16.57 24.74 ± 15.36 6.32 0.133 27.99 ± 13.86 39.26 ± 23.38 −11.27 0.04 5.92 (0.49)

SD: standard deviation; p ≤ 0.005.
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parison to other sports or control subjects [29,30]. This is related to the fact that both train-
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substantially during the growing years [31]. Puberty is an opportune time for bone 
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Figure 3. Significant difference EMGrms front in prone bridge endurance test/TG.

4. Discussion

The aim of this study was to analyze the effect of 12 weeks of core training in gym-
nasts who were still training in rhythmic gymnastics on body composition, isometric and
endurance strength core and core muscle electromyographic activity. The main findings
were that the core training evoked an increase in trunk lean mass, lean mass and bone
mass, and moreover the values of isometric strength and endurance strength and EMG in
the core during the endurance test improved.

Regarding body composition, the TG showed higher values of TLM, LM and BM
after core muscular training and the CG in the BM and lower values in the FT%. To our
knowledge, there are no studies on the effect of core training on the body composition
of gymnasts. However, it is possible to find similarities with our results in the study
by Skrypnik et al. [27], where different types of interventions, resistance training and
endurance strength training were compared on body composition. Only the resistance
strength training group obtained a significant increase in total lean body mass (<0.001) and
total fat-free body mass (<0.001). In this respect, therefore, the gains in lean mass with
resistance training, used in core muscle training, would be justified. Similarly, Piacentini
et al. [28], evaluated the effects of two different strength training protocols on resting
metabolic rate, body composition, running economy and strength parameters, in young
elite endurance athletes. Both training protocols included core muscle strength, and both
also showed a decrease in body fat percentage and fat mass that reflected a significant
increase in fat-free mass in the young athletes. On the evidence of these results, it can be said
that the changes in body composition produced by core training in gymnasts may be due
to the influence that strength training has on these parameters. In addition, the CG showed
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lower fat mass values after the intervention period, which can be explained by higher
initial fat mass values from this group and by the CG continued with their usual gymnastic
training, the effect of rhythmic gymnastics training cannot be ruled out. The effect that
gymnastic training has on athletes in increasing bone mass has been demonstrated in
comparison to other sports or control subjects [29,30]. This is related to the fact that both
training groups in our research showed significant increases in BM. This is because the
subjects were 13.95 ± 2.77 years old and in puberty, when bone mass mineral accrual
increases substantially during the growing years [31]. Puberty is an opportune time for
bone strengthening [32], when the mechanical loading of athletic training is a positive
factor for skeletal strength, for maximizing bone mineral gain and reducing the risk of
osteoporosis in later life [33,34]. Gruodyte-Raciene et al. [35], and Gruodyté et al. [30],
consider that gymnastic training is especially osteogenic for bone development in children
and adolescents. Therefore, although gymnastic training may already have a positive effect
on the body composition of gymnasts, added core training could have greater benefits for
the body composition of female athletes. A relationship is established between gymnasts’
body composition and performance, with low values of fat mass being a determinant of
performance [14,36].

In relation to isometric strength in the isometric test on the dynamometer, significant
effects were found between pre- and post-core training in the TG. There are no studies on
rhythmic gymnastics or other sports about the effect of core training on isometric trunk
strength. Improvements in isometric trunk strength, both in flexion and extension, of
gymnasts after training benefit these athletes, because they need upper body endurance
strength and trunk muscle function to be successful in competition. Improving trunk
strength and endurance would allow gymnasts to increase their ability to generate and
maintain force throughout their routine. Core stability might contribute to the gymnast’s
performance as it would facilitate the transmission of forces generated by the lower to
the upper body during technical elements and it would enhance balance control [15].
The positive data on the gymnasts’ isometric strength after core training could reflect the
positive effect of core training as a complementary training to gymnastic training. On
the other hand, the results obtained in muscle activation, during the isometric test on the
dynamometer, reflect a decrease in both study groups. This may be due to other types of
neural adaptations that are not evaluated with the amplitude of the sEMG signal, such
as inhibition of the antagonistic muscles, greater activation of the synergistic muscles or
better inter-muscular coordination [37].

Similarly, the results obtained in the McGill endurance test and muscle activation
in these tests, reflected significant effects between pre- and post-core training. The TG
rhythmic gymnasts increased the maintenance time in prone bridge, as well as the muscle
activation in the front trunk. In accordance with these results, previous studies have
demonstrated that core training increases the maintenance time in the endurance test, and
so increases trunk strength and stability strength in women collegiate gymnasts [38], dance
students [39] or competitive collegiate dancers [40]. In this sense, the added and positive
effect that core training could have on the gymnasts is again reflected.

Several considerations and limitations should be acknowledged. The evaluation of
performance in rhythmic gymnastics was not carried out, so it cannot be confirmed that
improvements in the training group had a direct influence on performance in competition.
There was no control of the external activities that the participants of the sample did outside
of the training. The sample size of the study can be considered small. However, the study
has the strength to be considered the first to evaluate the effect of core training on national
level rhythmic gymnasts. This core training program considered that the improvements
found in the gymnasts are due more to core training combined with gymnastic training
than to rhythmic gymnastics training alone because some improvements only occurred
in the group that performed core training. Therefore, possible lines of research could
analyze the effect of this type of core training on gymnastic performance, on the execution
of technical gestures or on the judges’ evaluation.
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5. Conclusions

Our results suggest that combining a traditional rhythmic gymnastics program with a
core training program could lead to increased strength and improved body composition.
Additionally, core strength training produces improvements in trunk strength values in
gymnasts, in addition to increasing muscle activation values.

6. Practical Applications

The proposed training is considered a useful tool for the training of gymnasts by
their coaches. The improvements observed in the group that carried out a core program
in addition to their traditional training presented improvements in strength and muscle
activation capacity and this could have a positive transfer to competition. However, more
studies analyzing the transference effect towards competition are needed.

The gains in strength and stability achieved will help coaches improve the physical
preparation of gymnasts, and thus increase the technical level.

In addition, core muscle strength training may be of interest to another type of popu-
lation, such as older adults, since ageing is associated with a variety of biological changes
that can contribute to the decline of skeletal muscle mass, strength, and function [41].
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14. Courteix, D.; Rieth, N.; Thomas, T.; Van Praagh, E.; Benhamou, C.L.; Collomp, K.; Lespessailles, E.; Jaffré, C. Preserved bone
health in adolescent elite rhythmic gymnasts despite hypoleptinemia. Horm. Res. 2007, 68, 20–27. [CrossRef] [PubMed]

15. Barbado, D.; Lopez-Valenciano, A.; Juan-Recio, C.; Montero-Carretero, C.; Van Dieën, J.H.; Vera-Garcia, F.J. Trunk stability, trunk
strength and sport performance level in judo. PLoS ONE 2016, 11, e0156267. [CrossRef]

16. Ahmed, S.; Saraswat, A.; Esht, V. Correlation of core stability with balance, agility and upper limb power in badminton players:
A cross-sectional study. Sport Sci. Health 2021. [CrossRef]

17. Kibler, W.; Press, J.; Sciascia, A. The role of core stability in athletic function. Sports Med. 2006, 36, 189–198. [CrossRef]
18. Granacher, U.; Gollhofer, A.; Hortobágyi, T.; Kressig, R.W.; Muehlbauer, T. The importance of trunk muscle strength for balance,

functional performance, and fall prevention in seniors: A systematic review. Sports Med. 2013, 43, 627–641. [CrossRef]
19. Carrasco-Poyatos, M.; Ramos-Campo, D.J.; Rubio-Arias, J.A. Pilates versus resistance training on trunk strength and balance

adaptations in older women: A randomized controlled trial. PeerJ 2019, 2019, e7948. [CrossRef] [PubMed]
20. Waldhelm, A.; Li, L. Endurance tests are the most reliable core stability related measurements. J. Sport Health Sci. 2012, 1, 121–128.

[CrossRef]
21. Hermens, H.J.; Freriks, B.; Disselhorst-Klug, C.; Rau, G. Development of recommendations for SEMG sensors and sensor

placement procedures. J. Electromyogr. Kinesiol. 2000, 10, 361–374. [CrossRef]
22. Rubio-Arias, J.A.; Ramos-Campo, D.J.; Esteban, P.; Martínez, F.; Jiménez, J.F. Effect of 6-weeks WBVT on the behaviour of the

lower limb muscle fibres during vertical jumping. J. Sports Sci. 2018, 36, 398–406. [CrossRef]
23. Mcgill, S. Core training: Evidence translating to better performance and injury prevention. Strength and Conditioning Journal.

Strength Cond. J. 2010, 32, 33–46. [CrossRef]
24. Cohen, J. Statistical Power Analysis for the Behavioral Science, 2nd ed.; Lawrence Erlbaum Associates: Hillsdale, NJ, USA, 1988.
25. Gomez Campos, R.; Hespanhol, J.E.; Portella, D.; Vargas Vitoria, R.; De Arruda, M.; Cossio-Bolanos, M.A. Predicción de la

maduración somática a partir de variables antropométricas: Validación y propuesta de ecuaciones para escolares de Brasil. Nutr.
Clin. Diet. Hosp. 2012, 32, 7–17.

26. Moore, S.A.; McKay, H.A.; Macdonald, H.; Nettlefold, L.; Baxter-Jones, A.D.G.; Cameron, N.; Brasher, P.M.A. Enhancing a somatic
maturity prediction model. Med. Sci. Sports Exerc. 2015, 47, 1755–1764. [CrossRef] [PubMed]
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Simple Summary: Overall, adolescence brings upon many bodily changes that modify physical
capacities. To better understand these physiological changes and the characteristics of each stage
of adolescent development in youth cycling, it is necessary to describe and compare cyclists that
pertain to lower categories. Parameters such as maximum oxygen uptake, fat oxidation capacity,
functional power threshold, and ventilatory thresholds are decisive predictors of performance in
future stages. The aim of this study was to evaluate and compare the physiological profile of different
road cyclist age categories (Youth, Junior, and Under-23) to obtain the performance requirements.
The results suggest major differences, with the Youth group showing clear changes in all metabolic
zones except in fat oxidation. The Youth group physiological profile is clearly different from the other
age categories. The present results suggest that the Juniors’ qualities are closer to adult performance,
however, little is known about sports performance indicators in adolescent cyclists.

Abstract: Endurance profile assessment is of major interest to evaluate the cyclist’s performance
potential. In this regard, maximal oxygen uptake and functional threshold power are useful func-
tional parameters to determine metabolic training zones (ventilatory threshold). The aim of this
study was to evaluate and compare the physiological profile of different road cyclist age categories
(Youth, Junior, and Under-23) to obtain the performance requirements. Sixty-one competitive road
cyclists (15–22 years) performed a maximal incremental test on a bike in order to determine func-
tional parameters (maximal fat oxidation zone, ventilatory thresholds, maximal oxygen uptake, and
functional threshold power) and metabolic training zones. The results suggest major differences,
with the Youth group showing clear changes in all metabolic zones except in fat oxidation. The main
differences between Under-23 vs. Junior groups were observed in maximal relative power output
(Under-23: 6.70 W·Kg−1; Junior: 6.17 W·Kg−1) and relative functional threshold power (Under-23:
4.91 W·Kg−1; Junior: 4.48 W·Kg−1). The Youth group physiological profile is clearly different to the
other age categories. Some parameters normalized to body weight (maximal oxygen consumption,
load and functional threshold power) could be interesting to predict a sporting career during the
Junior and Under-23 stages.

Keywords: cycling; endurance; oxygen uptake; FTP; threshold; power

1. Introduction

Cycling is considered one of the most stressful and physically demanding sports,
with the road stage races being its most popular modality. In professional road cyclists,
values for maximal oxygen uptake (VO2max) higher than 70–80 mL·Kg−1·min−1 have
repeatedly been observed [1,2]. Although very high, such VO2max values appear more as
a prerequisite to achieve professional level rather than good performance predictor [3]. As
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such, maximal power output during an incremental test might be a better predictor than
VO2max for short efforts in flat stages, with elite cyclists achieving values between 400 and
500 W (6.0–7.5 W·Kg−1), finding slight differences depending on the test characteristics [4,5].
Additionally, lactate threshold position seems to be more predictive than VO2max for
endurance cycle performance, especially in professional climber cyclists [5] where lactate
thresholds (LT2) at ~90% of VO2max have been found.

In recent years, the evaluation of cycling performance and the monitoring of cycling
training load through the so-called functional threshold power (FTP) has also been of
increasing scientific interest [6–8]. FTP consists of the maximum power output developed
during a 1 h trial, and can be evaluated by contemplating the power developed during
20 min with the application of a correction factor of 0.95 [9]. FTP values are estimated to
be around 5.0–6.0 W·Kg−1 and 3–5 W·Kg−1 for professional and trained amateur cyclists,
respectively [9]. The FTP has become a supplementary parameter to the assessment of
performance profile due to its applicability to the field in a non-invasive way and without
the need for sophisticated equipment.

Achieving professional and world-class level in road cycling is a long-term pro-
cess taking several years of regular, high volume, and high intensity training, most of
the time from Youth, through to the Junior and Under-23 (U-23) categories. Therefore,
important differences in physiological profile exist between competition levels and age
categories in cycling [10]. For example, professional road cyclists complete approximately
30,000 to 35,000 km per season [4] while amateur competitive cyclists complete around
13,500 km [11]. Important changes in total volume progression have also been observed
when comparing consecutive seasons from the Junior stages to World class level [12]. Sim-
ilarly, higher VO2max values have been reported in elite cyclists (~74 mL·Kg−1·min−1)
when compared to amateurs (~65 mL·Kg−1·min−1) [13,14]. Another critical factor that has
been suggested to differentiate cyclists of superior performance levels [5,13,15] is the ability
to develop power, both as peak values in incremental tests or during critical power [16]
tests as a FTP [9]. Due to mentioned discrepancies between cyclists, De Pauw et al. [13]
proposed a five level cycling classification according to physiological demands and training
loads. Nevertheless, it is worth noting that amateur cyclists are progressively showing
higher performance levels, to the extent that similarities with professionals can be found,
particularly in cycling economy and efficiency [17].

Regarding age categories, previous studies have reported differences in anthropomet-
ric parameters, with athletes displaying greater left–right leg length asymmetries as they
progress through to older categories [18]. This unbalance could be related to an increased
training duration in more experienced cyclists to meet the demands of the competition. The
characteristics of Youth and Junior races are different and very stressful for the metabolic
system [19] and some countries have limited the maximal number of competitions per
season during the Youth categories. As the distances are usually shorter in these cate-
gories, the average race intensity is higher. For this reason, due to the progression in
training volume [12] and competition characteristics [19] the recovery time necessary after
an endurance exercise increases with age [20].

On a related topic, during prolonged training and competitive efforts (>4 h), an
increased fatty acid contribution to total energy turnover is observed and fat oxidation
capacity could be considered as a desirable adaptation for road cycling performance [21,22].
Accordingly, assessing and training to improve this capacity are important aspects of the
training process in cycling [22]. Different authors have reported that the maximal fat
oxidation zone (Fatmax) is achieved at approximately 45–60% of VO2max [23,24] and that
this concept is closely related to cycling economy and efficiency. The issue with the former
variables is that they are somehow easy to improve in amateurs, but very difficult when
it comes to professional cyclists. Thus, in highly trained cyclists, it is common to observe
that endurance training is not sufficient to improve cycling economy and efficiency, which
makes it necessary to rely to alternative training strategies such as resistance training to
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achieve this objective [25,26], with heavy strength training being recommended to achieve
improvements in aerobic performance [26,27].

From the above-mentioned, it appears that endurance performance parameters are
likely different among the Youth categories, but the extent of these differences remain
presently unclear. Dissimilarities in some cardiorespiratory and metabolic parameters
between professionals and amateur cyclists [13,14] as well as between age categories [14]
can be found in the literature. However, the differences in physiological and performance
profile of three different age categories (Youth, Junior, and U-23) in the pre-season phase
as well as the value of FTP in these three age categories have never been documented
to date. Such knowledge might have important practical applications not only for better
performance evaluation (i.e., talent identification) but also to optimize training prescription
and training load management in young cyclists. Currently, there are no studies that
compare the physiological profile in these categories, in order to establish differences or
similarities that could help determine future performance. It is also unknown which are, in
these lower categories, the most important physiological characteristics to be studied and
controlled. Therefore, the aim of this study was to assess the physiological parameters and
performance profile that can influence cycling performance and to compare them amongst
three different age categories, from Youth to U-23.

2. Materials and Methods
2.1. Participants

Sixty-one young male amateur cyclists from three distinct age categories, but with
similar competitive level, participated in the study (Table 1): Youth (15–16 years); Junior
(17–18 years), and U-23 (19–22 years), according to the classification of the Union Cycliste
Internacionale (UCI). All cyclists were members of an official team, did not present any
injury in the three months before the investigation and performed regular training of more
than 6 h per week. Participants had at least three years of cycling training experience, were
enrolled in the cycling team since “school” categories, and had previous experience in
laboratory testing. Prior to study enrollment, all cyclists or the parents (of those under
18 years old) signed the consent to participate in the study (approved by the University
Ethical Committee; CE022105) and obtained medical approval to participate in this study.
Just before testing, weight and height were measured using a SECA 780 device (Seca,
Hamburg, Germany). All tests were completed between 10 h and 14 h 2 h after breakfast
intake (bread, milk or yogurt and juice). Participants did not train in the 24 h prior to
testing to avoid fatigue and the test was separated from high intensity training or pre-
season competitions by at least 72 h.

Table 1. General characteristics of the participants.

UCI Category

Age Range
(Years)

Weight
(Kg)

Height
(cm)

BMI
(Kg/m2)

Range Mean SD Mean SD Mean SD

Youth
(n = 24) 15–16 61.2 7.4 173.2 6.4 20.4 2.3

Junior
(n = 22) 17–18 66.5 7.4 178.2 5.9 20.9 2.3

U-23 (n = 15) 19–22 64.1 4.3 176.7 5.7 20.5 0.9
UCI = Union Cycliste Internationale; SD = standard deviation (±); BMI = body mass index.

2.2. Assessments

All tests were carried out in the laboratory during pre-season (December–February).
For the cardiorespiratory evaluation, a metabolic cart (Cortex Metalyzer, Leipzig, Germany)
and the Cyclus2 ergometer (Cyclus, Leipzig, Germany) were used. The cyclists utilized
their own bikes in all assessments. The protocol used consisted of a combined test with an
initial step phase followed by final ramp. The test started at 35 W with increments of 35 W
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every 2 min. Then, when the respiratory exchange ratio (RER) was ≥1.05, the final ramp of
35 W per minute (~1 W each 0.583 s) was initiated. This combined protocol was applied to
determine the ventilatory thresholds (VT1 = aerobic; VT2 = anaerobic) during steady states
(step phase) and continued until exhaustion to assess VO2max and maximal load (Pmax,
final ramp) [28–30]. The recommended pedaling cadence was 85 to 95 rpm and the test
was stopped when the participants were unable to sustain a cadence greater than 60 rpm,
with permanent chainset (52–53/12 teeth). To determine blood lactate concentration, blood
samples were collected from the finger at 1.5 min after exhaustion. The first blood drop
was dismissed and the second was analyzed with a Lactate Pro2 (Arkray, Tokyo, Japan).

Ventilatory thresholds (VT1 and VT2) were calculated with the ventilatory equivalent
method described by Wasserman [31] and using the data averaged every 20 s. The VO2max
was assumed as the maximum value of the last four data of 20 s averages. To guarantee
that the VO2max was achieved, at least three of the following criteria had to be obtained:
(I) plateau in the final VO2 values (increase ≤2.0 mL·kg−1·min−1 in the two last loads);
(II) maximal theoretical HR (220–age) × 0.95) for a cycling test suggested by Millet et al. [32];
(III) RER ≥1.15; and (IV) a lactate value ≥8.0 mmol·l−1 [33]. Pmax was calculated as the
maximal power achieved during the final ramp in the incremental test. Maximal oxygen
uptake and load were expressed in absolute units or normalized to body weight (VO2R and
Load/BW, respectively). To determine the percentage of VO2max at which Fatmax was
achieved, the values of VO2 corresponding to maximal fat oxidation (MFO) and normalized
to VO2max were selected.

Functional threshold power (FTP) was estimated using the equation described by
Denham [34] using the maximal power output during VO2max test.

2.3. Statistical Analysis

All descriptive statistics were presented as mean ± standard deviation (SD) and the
statistical analysis was performed using the Statistical Package for Social Sciences (SPSS
27.0, IBM, Chicago, IL, USA). A Shapiro–Wilk test was performed to assess the normality of
the variables. The between-group differences were investigated using independent t-tests
and the statistical significance was set for a p < 0.05. The U-23 group was established as the
“reference group” for the comparative analysis, given that it was the highest competitive
level. Effect sizes (ES) were calculated utilizing Cohen’s equations [35]. Threshold values
for ES statistics were: >0.2 small, >0.6 moderate, and >1.2 large, >2.0, very large; and >4.0,
nearly perfect [36].

3. Results

Ventilatory Threshold 1. Significant differences were obtained between the Youth and
Junior groups for VO2 (p = 0.001; ES = 0.98), Load (p < 0.001; ES = 1.21) and Load/BW
(p = 0.037; ES = 0.62). For Youth vs. U-23 group, significant differences were obtained in
HR (p = 0.018; ES = 0.80), %VO2max (p = 0.005; ES = 0.97), Load (p < 0.001; ES = 1.32), and
Load/BW (p = 0.002; ES = 1.06). For Junior vs. U-23, differences were only found in HR
(p = 0.027; ES = 0.77). In this metabolic zone, the U-23 group showed the lowest percentage
with respect to VO2max, and the Youth group displayed the best results (Table 2).

Table 2. Performance assessments data.

Zone Variable
Youth Junior U-23

Mean SD Mean SD Mean SD

VT1

HR
(bpm) 149.5 12.2 149.7 13.2 139.7 *,† 11.8

HRmax
(%) 76.1 5.6 74.9 5.9 72.6 5.4

VO2
(L·min−1) 2.1 0.3 2.4 * 0.3 2.3 0.2
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Table 2. Cont.

Zone Variable
Youth Junior U-23

Mean SD Mean SD Mean SD

VO2R
(mL·Kg−1·min−1) 35.4 3.2 37.0 5.1 35.7 4.1

%VO2max
(%) 56.8 4.3 54.9 5.4 52.2 * 5.2

Load
(W) 152.7 20.8 179.2 * 22.3 181.3 * 22.0

Load/BW
(W·Kg−1) 2.51 0.26 2.72 * 0.40 2.84 * 0.37

VT2

HR
(bpm) 183.8 10.2 185.1 9.1 179.2 † 6.1

HRmax
(%) 93.5 2.6 93.0 2.9 93.2 2.0

VO2
(L·min−1) 3.3 0.4 3.9 * 0.4 3.8 * 0.4

VO2R
(mL·Kg−1·min−1) 54.2 4.3 58.6 * 7.7 59.3 * 6.9

%VO2max
(%) 87.1 5.0 86.6 4.6 86.7 5.6

Load
(W) 252.8 35.2 303.4 * 30.3 317.9 * 36.0

Load/BW
(W·Kg−1) 4.16 0.55 4.60 * 0.57 4.98 * 0.61

SD = standard deviation (±); VT1 = ventilatory threshold 1; VT2 = ventilatory threshold 2; HR = heart rate;
VO2 = oxygen uptake; VO2R = oxygen uptake normalized to body weight; VO2max = maximal oxygen up-
take; BW = body weight; * = Significant differences with the Youth group; † = Significant differences with the
Junior group.

Ventilatory Threshold 2. For the Youth vs. Junior group comparison, significant differ-
ences were found in VO2 (p < 0.001; ES = 1.47), VO2R (p = 0.020; ES = 0.70), Load (p < 0.001;
ES = 1.51) and Load/BW (p = 0.011; ES = 0.77). There were also significant differences be-
tween the Youth and U-23 groups in VO2 (p = 0.001; ES = 1.22), VO2R (p = 0.007; ES = 0.92),
Load (p < 0.001; ES = 1.80), and Load/BW (p < 0.001; ES = 1.40). As for VT1, significant
differences were found only in HR (p = 0.035; ES = 0.86) when comparing the Junior and
U-23 groups (Table 2).

Maximal Zone. Significant differences were obtained between the Youth and Junior
groups (Table 3 and Figure 1) for VO2 (p < 0.001; ES = 1.42), VO2R (p = 0.003; ES = 0.92),
Load (p < 0.001; ES = 1.51), Load/BW (p = 0.003; ES = 0.89), time to exhaustion (p < 0.001;
ES = 1.67), and blood lactate concentration (p = 0.007; ES = 0.86). Similar results were
obtained for Youth vs. U-23 for VO2 (p < 0.001; ES = 1.18), VO2R (p = 0.002; ES = 1.08), Load
(p < 0.001; ES = 1.95), Load/BW (p < 0.001; ES = 1.88), and time to exhaustion (p < 0.001;
ES = 1.70) but not for blood lactate (p = 0.059; ES = 0.77), in which only a trend toward
statistical significance was found. Finally, for Junior vs. U-23, significant differences were
found for HR (p = 0.013; ES = 1.24) and Load/BW (p = 0.015; ES = 0.86).

Table 3. Maximal values in the VO2max test.

Variable
Youth Junior U-23

Mean SD Mean SD Mean SD

HR
(bpm) 196.5 8.8 199.0 6.6 192.5 † 8.5

VO2
(L·min−1) 3.8 0.5 4.4 * 0.3 4.4 * 0.5

249



Biology 2021, 10, 1196

Table 3. Cont.

Variable
Youth Junior U-23

Mean SD Mean SD Mean SD

VO2R
(mL·Kg−1·min−1) 63.3 4.5 68.5 * 6.5 69.7 * 7.5

RER 1.14 0.04 1.17 0.05 1.15 0.04
Load
(W) 343.2 45.6 407.5 * 37.6 428.3 * 37.7

Load/BW
(W·Kg−1) 5.63 0.55 6.17 * 0.64 6.70 *,† 0.57

Time to exhaustion
(second) 1107.2 124.7 1311.8 * 115.4 1323.7 * 125.5

Lactate
(mmol·L−1) 12.6 2.8 15.6 * 4.0 14.6 2.8

SD = standard deviation (±); MAX = maximal value; HR = heart rate; VO2 = oxygen uptake; VO2R = oxygen
uptake normalized to body weight; VO2max = maximal oxygen uptake; BW = body weight; RER = respiratory
exchange ratio; * = Significant differences with Youth group; † = Significant differences with Junior group.

Figure 1. Maximal oxygen uptake (A) and Load/BW (B) values. Load/BW (A) = work load
normalized to body weight; VO2max (B) = maximal oxygen uptake; * = Significant differences with
Youth group; † = Significant differences with Junior group.
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Fatmax zone. Significant between-group differences were found in this metabolic zone
(Table 4) only in VO2 (p = 0.007; ES = 0.86) and Load (p = 0.011; ES = 1.00) for Youth
vs. U-23.

Table 4. Values in the maximal fat oxidation zone.

Variable
Youth Junior U-23

Mean SD Mean SD Mean SD

HR
(bpm) 137.9 16.1 131.8 19.2 136.6 11.0

HRmax
(%) 70.4 6.6 66.6 9.5 70.9 4.3

VO2
(L·min−1) 1.9 0.3 2.1 0.4 2.2 * 0.4

VO2R
(mL·Kg−1·min−1) 31.7 4.6 32.2 5.8 35.1 5.4

%VO2max
(%) 51.2 9.0 48.9 8.5 51.2 5.4

Load
(W) 147.7 30.1 163.9 35.1 181.6 * 37.6

Load/BW
(W·Kg−1) 2.47 0.55 2.51 0.51 2.84 0.58

RER 0.88 0.03 0.87 0.03 0.89 0.03
MFO

(g·h−1) 19.7 6.7 23.3 9.3 22.6 7.9

SD = standard deviation (±); HR = heart rate; VO2 = oxygen uptake; VO2R = oxygen uptake normalized
to body weight; VO2max = maximal oxygen uptake; BW = body weight; RER = respiratory exchange ratio;
MFO = maximal fat oxidation; * = Significant differences with the Youth group.

Estimated functional threshold power. For the estimated FTP, significant differences were
found (Table 5) between the Youth and the other two groups (Junior and U-23, p < 0.001;
ES = 1.50 and 2.66, respectively). Additionally, for Junior vs. U-23, a significant difference
was obtained in FTP/BW (p = 0.014; ES = 0.85).

Table 5. Estimated functional threshold power.

Variable
Youth Junior U-23

Mean SD Mean SD Mean SD

FTP
(W) 240.4 39.5 296.0 * 32.5 314.0 * 32.6

FTP
(% Pmax) 69.7 2.4 72.5 * 1.3 73.2 * 1.2

FTP/BW
(W·Kg−1) 3.93 0.46 4.48 * 0.51 4.91 *,† 0.47

SD = standard deviation (±); FTP = functional threshold power; BW = body weight; Pmax = Maximal power
output; * = Significant differences with Youth group; † = Significant differences with the Junior group.

The FTP normalized to BW is a key factor in cycling, which is related to other perfor-
mance parameters such as VO2max and power output in VO2max. Finally, in FTP/BW, a
linear increase was found in relation to the age category (R2 = 0.995; Figure 2). Addition-
ally, the percentage of FTP with respect to the maximal power output (Pmax) showed a
significant difference with the Youth group (Junior and U-23, p < 0.001; ES = 1.41 and 1.69,
respectively), finding higher values in both groups (4% in Junior and 5% in U-23), but no
differences were observed between the Junior and U-23 groups.
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Figure 2. Estimated functional threshold power normalized to body weight. FTP = functional threshold power; BW = body
weight; * = Significant differences with the Youth group; † = Significant differences with the Junior group.

4. Discussion

The aim of the present study was to assess and compare the physiological profile of dif-
ferent age categories. Despite cardiorespiratory testing being the most frequent procedure
to assess performance in cyclists regardless of the level of competition [37], this study is the
first to directly compare the Youth, Junior and U-23 categories. The main findings indicated
that, during a maximal test, Junior, and U-23 group obtained values of VO2max were
slightly lower than those reported in elite and professional cyclists [1,2,37], but significantly
greater than the Youth group. Similar differences were found for all performance variables
analyzed in the maximal effort zone with important results in the ES analysis. These results
were somehow expected due to the changes in physiological parameters with age and
maturation, but could also be influenced by the athlete’s training background.

Maximal values of VO2max and Pmax showed important differences with the Youth
(VO2max = 8.2–10.2%; Pmax = 13.8–24.8% for Junior and U-23, respectively) and only for
Pmax/BW were found differences between the Junior and U-23 (8.6% greater in the U-23
group). The VO2max data obtained by the Junior and U-23 groups were similar to the values
reported in professional cyclists [1,2]. However, in recent years, relative power production
has proven to be a more sensitive indicator, since in professional categories, this parameter
allows for better differentiating performance levels when compared to the VO2max [4,5].
Along these lines, the present results indicated that the U-23 group outperformed the Youth
(+19.0%) and the Junior (+8.6%) categories. For this reason, maximum Load/BW could be
an important indicator of the competitive level in the U-23 category.

The FTP was at ~70% of Pmax with differences with the Youth group (4% in Junior and
5% in U-23). Interestingly, great differences between groups were found for Load/BW and
FTP/BW, with a linear increase from Youth (19% and 14%, respectively, for Junior) to the U-
23 category (25% in both for U-23). These parameters (Load/BW and FTP/BW) have been
proposed to be very important for cycling performance [6–8,38,39]. Due to the duration
of the stages, time under muscle tension is usually large, potentially explaining why
power output normalized to BW is crucial for road cyclists. From an applied perspective,
FTP/BW could be used at the beginning of the season to determine performance levels and
compare them with the reference values of each category. Of note, the FTP assessments
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were calculated indirectly in our study using the equation proposed by Denham et al. [34],
where there were similar values were obtained with direct assessments by the U-23 group
in comparison with previously reported values for professional cyclists [3], which supports
the notion that the athletes in the studied sample were of high competitive level. It is likely
that the FTP could be the most differentiating variable, showing a large and very large ES
favoring the U-23 vs. the Junior and Youth, respectively.

Regarding VT1, similarities were found between the Junior and U-23 cyclists and both
groups presented greater values than the Youth (especially for Load variables with ~13%
in Junior and ~16% in U-23). According to Lucia et al. [1], it is important to achieve a good
“cruising speed” in this metabolic zone, because it is the predominant intensity during flat
stages. The differences reported herein could be conceivably explained by the competition
characteristics in the Youth categories, which are usually comprised of shorter stages. For
this reason, the lower intensity profile could be optimized in Junior and U-23 and, hence,
closer to the values found in professional and elite cyclists [1,2].

In the work load at VT2, similar differences to those obtained for VT1 between age
categories were found, but the values reported for U-23 were clearly lower than for profes-
sional cyclists [3]. Although there were no differences between age categories in the VT2
position with respect to VO2max, the workload developed in this metabolic zone is crucial
to determine the aerobic capacity, which characterizes the professional cyclists [3,39]. There-
fore, from an applied perspective, developing the aerobic capacity in younger categories
should be an important objective.

Finally, when analyzing the Fatmax zone, similar results were displayed by all age
groups with only small differences found between the U-23 and Youth groups for VO2
and Load. Notably, these differences were not found for the same parameters when the
values were normalized to BW (VO2R and Load/BW), which is in line with previous
findings [23,24] and had not been reported for either differences in economy and efficiency
when amateur and professional cyclist were compared [17]. Based on the present results,
coaches should be aware that Fatmax does not seem to be a key factor discriminating the
performance level in cyclists, although it could be important in long-term modalities as
demonstrated in Ironman triathletes [22].

The workload was found to be the main difference in both thresholds (VT1 and VT2)
with respect to the Youth group, as displayed by the large ES. Moreover, workload seems
to be the main performance determinant in both maximum and submaximal zones with
respect to the Youth group. These results are supported by the large ES obtained. However,
when comparing the Junior and U-23, these differences were less pronounced and are only
manifested in FTP/BW and maximal Load/BW with moderate ES. Practitioners should be
aware of these findings when managing workload and monitoring training through power
output zones.

The main limitation of the study was the reduced number of participants. Moreover,
the fact that no previous investigations have compared, among the same age categories,
the physiological parameters analyzed herein limited the discussion of the findings. Future
studies with longitudinal research designs comparing the evolution of the same cyclists
during their career would be interesting to conduct.

5. Conclusions

The main findings in this study showed enough differences with the Youth group and
minor changes in the Junior vs. U-23 group. These results suggest that the main ladder is
from the Youth to Junior age category. Due to the minor differences obtained between the
Junior and U-23 categories, it could be intuited that the physiological profile in the Junior
stage could be predictors of performance in absolute categories. Additionally, FTP/BW
showed clear differences between each age category and testing it could be a good method
to determine the cycling potential for cyclists.
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Simple Summary: Small-sided games are very popular training methods, among other commonly
used strategies, for enhancing the functional and sport-specific skills of young soccer players. In
addition, high-intensity interval training has the potential to increase the aerobic capacity of youths.
No study has compared the order effects of combined small-sided games and high-intensity interval
training on the physical performances, psychophysiological responses, and technical skills of young
soccer players. The results of this research show practical information that can help to design training
programmes for youth soccer players.

Abstract: This study aimed to compare the order effects of combined small-sided games (SSGs)
and high-intensity interval training (HIIT) on the psychophysiological responses and physical and
technical performances of young soccer players. Twenty-four soccer players (aged 14.63 ± 0.71 years)
were randomly divided into SSGs + HIIT (n = 12) and HIIT + SSGs (n = 12) for 6 weeks. The SSGs
consisted of two 4–16 min rounds of 2, 3, and four-a-side games with 2 min of passive resting,
whereas the HIIT consisted of 6–10 min of high-intensity runs at varying intensities (from 90 to 100%).
Pre-test and post-test elements included a 5–30 m sprint test, countermovement jump test, zigzag
agility test with the ball and without the ball, repeated sprint ability test, speed dribbling ability
test, three-corner run test, and Yo-Yo Intermittent Recovery Test level 1. Both combined training
interventions produced similar improvements in physical performance and technical responses
(p ≥ 0.05, d values ranging from 0.40 to 1.10). However, the combined HIIT + SSGs training produced
meaningfully lower perceived exertion (p = 0.00, d = 2.98) and greater physical enjoyment (p = 0.00,
d = 4.28) compared with the SSGs + HIIT intervention. Furthermore, the SSGs + HIIT group showed
a higher training load than those from the HIIT + SSGs group for all weeks (p≤ 0.05, d values ranging
from 1.36 to 2.05). The present study’s results might be used by coaches and practitioners to design
training programmes for youth soccer players.

Keywords: soccer; high-intensity; small-sided games; psychophysiological responses; combined training
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1. Introduction

High-level performances in soccer are combined with physical performance, psy-
chophysiological responses, and technical abilities during small-sided games [1–3]. There-
fore, several alternative training methods to traditional ones have been proposed to enhance
the physical and technical capabilities of young soccer players. High-intensity interval
training (HIIT), one of the increasingly popular training modalities, is defined as intense
and intermittent exercises interspersed with recovery periods [4]. It requires a reduced
amount of time and thus allows young athletes greater time to train their sport skills [5].
Earlier studies have documented the positive influences of HIIT on various physical fitness
parameters [6] and soccer-specific performance characteristics in young soccer players [7].

Small-sided games (SSGs)—training strategies that are more enjoyable, effective,
and time-efficient—are another commonly used method for training the functional and
sport-specific skills of young soccer players [1,8]. SSGs, which are derived from street
soccer and are played with fewer players, smaller pitch areas, and modified rules [9,10],
simultaneously involve actual game dynamics, technical and tactical skills, and physical
demands under changeable game conditions [8,11]. Consequently, some studies have
shown the contribution of SSGs to aerobic fitness, repeated sprint ability, linear sprinting,
agility, change of direction, and jumping performance in young players [1,12].

A recent systematic review demonstrated the effectiveness of combined HIIT and SSGs
for soccer players [13]. As a result of this study, it was discovered that combining SSGs
and running-based training methods induced higher external and internal load values and
greater improvements in overall fitness capacity compared to the intervention using only
SSGs. On the other hand, the researchers found a larger improvement in aerobic fitness
for professional players who only participated in SSGs when compared to players who
participated in combined training [14]. The inconsistency among these aforementioned
studies shows that more research is needed to understand the efficiency of combined
training.

Several studies recently compared the effects of combined game-based and HIIT pro-
grammes in team sports [13,15]. While some coaches routinely use the combined SSGs and
HIIT approach (starting with SSGs and then performing HIIT or the opposite) to optimise
sport-specific technical and tactical learning without any physiological or psychological
fatigue effect on performance, others may prefer the combined HIIT and SSGs approach to
have players undertake game performance, including technical and tactical tasks, under
fatigue conditions [16,17]. The mechanisms related to running-based and game-based
training are naturally different, although both tax aerobic and anaerobic metabolisms.
Running-based HIIT seems to elicit a greater proportion of anaerobic metabolism. Blood
lactate concentrations vary between 4 and 9 mmol/L in short/long HIIT [6], while SSGs
vary between 0.5 and 4 mmol/L [18]. Moreover, neuromuscular effects are also different.
Short HIIT or nonmaximal efforts produce peripheral fatigue (e.g., alterations to muscle
excitability and excitation–contraction coupling), while SSGs can produce more variability
based on the type of stimulus occurring in a match [19]. Therefore, it can be expected that
starting with one type of HIIT over another might constrain the physiological responses,
which would interfere with the next method. In a pioneering study, researchers examined
the influences of combined training with different exercise orders on semi-professional
soccer players [20]. Their results indicated that changing exercise orders yielded a similar
enhancement in intermittent fitness performance. However, to the best of the authors’
knowledge, there are no additional data on the impacts of combination order on multi-
ple performance parameters in soccer players. Therefore, the aim of the present study
was to compare the order effects of combined SSGs and HIIT on the psychophysiological
responses and physical and technical performances of young soccer players.
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2. Materials and Methods
2.1. Study Design

A two-group, matched, experimental design was used in the present study. The study
was completed over a total of 9 weeks, consisting of 1.5 weeks of pre-testing, 6 weeks of
combined training interventions (SSGs + HIIT or HIIT + SSGs), and 1.5 weeks of post-
testing. The players completed a 30–15 intermittent fitness test (30–15 IFT), speed dribbling
ability (SDA) test, 5–30 m sprint test, countermovement jump (CMJ) test, repeated sprint
ability (RSA) test, zigzag agility test with the ball (ZAWB) and without the ball (ZAWOB),
three-corner run test (TCRT), and Yo-Yo Intermittent Recovery Test level 1 (YYIRT-1) before
and after the 6-week combined intervention period. Both training interventions were
performed twice a week and each daily training session was separated by a minimum
of 2 days to avoid fatigue-induced adverse effects. During the present study, the players
performed the same type of daily training, and combined training interventions were
added to their training sessions. After 15 min of standardised warmup, which consisted
of jogging and dynamic stretching at each training session, players performed combined
training, including SSGs + HIIT or HIIT + SSGs. All tests and training sessions with the
same order were performed on a natural grass soccer pitch.

2.2. Subjects

Twenty-four young male soccer players participated in the present study. The play-
ers were separated into two combined groups: the SSGs + HIIT group (n = 12, age:
14.67 ± 0.65 years) and the HIIT + SSG group (n = 12, age: 14.58 ± 0.79 years). All players
were also members of the U-16 regional amateur league teams. They were accustomed to a
training workload of ≥3 training units per week, consisting of core strength, plyometric
and technical drills, and had been involved in soccer training and competitive soccer
matches for at least 2 years. Before the study, all players and their parents were fully
informed about the procedures to be used and completed voluntary written consent forms.
The study was performed in accordance with the Declaration of Helsinki and the Research
Ethics Committee of the local university.

2.3. Procedures

Testing Procedure. On the first day, to calculate body fat percentage, the skinfold
thickness technique was used with a Holtain Tanner–Whitehouse skinfold calliper (Holtain,
UK) before breakfast. Skinfold thickness was measured twice at each site and the mean of
two measurements was used to calculate body fat percentage. Body fat percentage was
calculated using the equation that has been validated for males aged 15 to 24 years in young
Turkish athletes [21]. After anthropometric measurements, determination of individual
players’ high-intensity intermittent running performance with changes in direction was
assessed using the 30–15 IFT. The test, which consists of 30 s of running and 15 s of passive
recovery, is a reliable progressive field test according to the procedures performed by
Buchheit [22]. On the third day, the SDA test was used for the evaluation of soccer-specific
technical skills and according to procedures described by Rosch et al. [23]. Briefly, the test,
which is available in the F-MARC test battery designed by FIFA, allows for the assessment
of coordinated speed dribbling under time pressure. After the technical test, each player
performed three straight 30 m sprint test (5 m, 10 m, and 20 m splits) performances with
2 min of passive resting.

On the fifth day, each player was tested on their vertical jump height using the
CMJ test according to the procedures performed by Arslan et al. [1]. A portable force
plate (Newtest, Finland) was used to assess the CMJ test performances. Following the
CMJ test, each player performed 6 repetitions of a 30 m maximal sprint with a 180◦

change of direction (15 m + 15 m). Twenty seconds of recovery were allowed between
shuttle sprints [24]. The ZAWB and ZAWOB tests were performed to evaluate the agility
performances of the players on the seventh day. The test, which included soccer-specific
movement patterns [25], consisted of four 5 m sections with each change of trajectory
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angled at 100◦ as reported by Mirkov et al. [26]. The TCRT was performed to assess the
speed endurance and anaerobic endurance of the players on a natural grass pitch [23].
The running times in these tests were measured using a timing gate photocell system. We
found high test–retest reliability (ICC = >0.86) for tests such as sprinting, jumping, agility,
and technical skill. On the ninth day, to evaluate maximum oxygen consumption (VO2max),
the YYIRT-1, which is an acoustically progressive field test [27], was performed according
to procedures explained by Bangsbo et al. [28]. After the test, the estimated VO2max was
calculated using the following formula:

VO2max = 36.4 + (0.0084 × covered distance in YYIRT-level 1)

Training Interventions. The training procedure is summarised in Table 1. During the
6-week training period, young players performed 2 combined training sessions (SSGs +
HIIT or HIIT + SSGs) a week in addition to their 3 days of soccer-specific training. Their
weekly training routine consisted of 5 60–75 min practice sessions and 1 soccer match.
During the study, their coach generally focused on developing core strength and technical
and tactical skills, except for the 2 combined training sessions. After 15 min of standardised
warmup, which consisted of jogging and dynamic stretching at each training session,
players performed combined training, including SSGs + HIIT or HIIT + SSGs. A gradual
progress plan was designed to reach maximal final performance in combined training
programmes. Players performed 2, 3, and 4-a-side formats of SSGs, including free game,
possession, and small goal for two 4–16 min games per training session according to the
procedures detailed by Sanchez-Sanchez et al. [29]. Verbal encouragements were given by
coaches throughout the SSGs. Players performed HIIT sessions, which consisted of 15 s
of intermittent running at 90–100% of players’ velocity at IFT (VIFT), followed by 15 s of
resting (Table 1).

Table 1. Description of the 6 weeks of combined training programs.

Week Sessions Game
Formats

Pitch
Dimension

SSGs+HIIT HIIT+SSGs

Pre-Intervention Testing

1
1 2 v 2 15 × 27 2 × (2 × 2 min FG), 2 min rest

2 × (5 min of 15′′-15′′ at 90% of VIFT)
2 × (5 min of 15′′-15′′ at 90% of VIFT)

2 × (2 × 2 min FG), 2 min rest

2 3 v 3 20 × 30 2 × (3 × 3 min FG), 2 min rest
2 × (4 min of 15′′-15′′ at 90% of VIFT)

2 × (4 min of 15′′-15′′ at 90% of VIFT)
2 × (3 × 3 min FG), 2 min rest

2
3 4 v 4 25 × 32 2 × (4 × 4 min FG), 2 min rest

2 × (3 min of 15′′-15′′ at 90% of VIFT)
2 × (3 min of 15′′-15′′ at 90% of VIFT)

2 × (4 × 4 min FG), 2 min rest

4 2 v 2 15 × 27 2 × (2 × 2 min POS), 2 min rest
2 × (5 min of 15′′-15′′ at 90% of VIFT)

2 × (5 min of 15′′-15′′ at 90% of VIFT)
2 × (2 × 2 min POS), 2 min rest

3
5 3 v 3 20 × 30 2 × (3 × 3 min POS), 2 min rest

2 × (4 min of 15′′-15′′ at 90% of VIFT)
2 × (4 min of 15′′-15′′ at 90% of VIFT)

2 × (3 × 3 min POS), 2 min rest

6 4 v 4 25 × 32 2 × (4 × 4 min POS), 2 min rest
2 × (3 min of 15′′-15′′ at 90% of VIFT)

2 × (3 min of 15′′-15′′ at 90% of VIFT2
(4 × 4 min POS), 2 min rest

4
7 2 v 2 15 × 27 2 × (2 × 2 min SG), 2 min rest

2 × (5 min of 15′′-15′′ at 95% of VIFT)
2 × (5 min of 15′′-15′′ at 95% of VIFT)

2 × (2 × 2 min SG), 2 min rest

8 3 v 3 20 × 30 2 × (3 × 3 min SG), 2 min rest
2 × (4 min of 15′′-15′′ at 95% of VIFT)

2 × (4 min of 15′′-15′′ at 95% of VIFT)
2 × (3 × 3 min SG), 2 min rest

5
9 4 v 4 25 × 32 2 × (4 × 4 min SG), 2 min rest

2 × (3 min of 15′′-15′′ at 95% of VIFT)
2 × (3 min of 15′′-15′′ at 95% of VIFT)

2 × (4 × 4 min SG), 2 min rest

10 2 v 2 15 × 27 2 × (2 × 2 min FG), 2 min rest
2 × (5 min of 15′′-15′′ at 100% of VIFT)

2 × (5 min of 15′′-15′′ at 100% of VIFT)
2 × (2 × 2 min FG), 2 min rest

6
11 3 v 3 20 × 30 2 × (3 × 3 min POS), 2 min rest

2 × (4 min of 15′′-15′′ at 100% of VIFT)
2 × (4 min of 15′′-15′′ at 100% of VIFT)

2 × (3 × 3 min POS), 2 min rest

12 4 v 4 25 × 32 2 × (4 × 4 min SG), 2 min rest
2 × (3 min of 15′′-15′′ at 100% of VIFT)

2 × (3 min of 15′′-15′′ at 100% of VIFT)
2 × (4 × 4 min SG), 2 min rest

Post-intervention testing

FG: free game; POS: possession; SG: small goal; VIFT: Maximum speed reached in the last stage of the 30-15 Intermittent Fitness Test.
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The rating of perceived exertion (RPE) was obtained using the category ratio scale
(6–20) to calculate the internal training load (ITL) immediately after the completion of each
session [30]. The scale was introduced at the beginning in order to familiarise the players.
All players also completed a short form of the physical activity enjoyment scale (PACES).
This scale includes 5 items scored on a 1–7 Likert scale and has been validated [31] as a
marker of enjoyment level for physical activity by Turkish youth [1].

2.4. Statistical Analyses

Data were expressed as mean ± standard deviation (SD). Group differences in psy-
chophysiological responses, in terms of RPE, PACES, and ITL (overall) results between
SSGs + HIIT and HIIT + SSGs, were assessed using the independent sample t-test. A mixed
ANOVA was used to test for interactions and main effects for time (pre- vs. post-test) and
group (SSGs + HIIT vs. HIIT + SSGs) on the physical and technical performances. Effect
sizes (Cohen’s d) were also calculated for each dependent variable. Cohen’s d values were
considered trivial (<0.20), small (0.20–0.59), moderate (0.6–1.19), large (1.2–1.99), and very
large (≥2.0) [32]. All statistical analyses were computed using SPSS version 24.0 (SPSS,
Version 24.0 for Windows; SPSS Inc., Chicago, IL, USA). Statistical significance was set at
the level of p ≤ 0.05.

3. Results

Pre-test values and the effect of combined training on the body composition, physical
performance responses, and technical skills of the players are summarised in Table 2.

Table 2. Effect of both training methods on physical and technical performances of the participants.

SSGs + HIIT (n = 12) HIIT + SSGs (n = 12) Training Comparison

Pre-Test Post-Test Change Pre-Test Post-Test Change F(1, 22) p η2

Body fat (%) 9.78 ± 2.53 8.83 ± 2.32 * −0.95 9.48 ± 1.57 8.58 ± 1.49 * −0.90 0.112 0.741 0.005
5-m (s) 0.95 ± 0.05 0.90 ± 0.06 * −0.05 0.93 ± 0.06 0.90 ± 0.06 * −0.03 0.157 0.696 0.007

10-m (s) 1.68 ± 0.05 1.58 ± 0.06 * −0.10 1.62 ± 0.05 1.54 ± 0.08 * −0.08 3.737 0.066 0.145
20-m (s) 3.06 ± 0.11 2.95 ± 0.10 * −0.11 3.05 ± 0.20 2.94 ± 0.21 * −0.11 0.048 0.829 0.002
30-m (s) 4.42 ± 0.09 4.19 ± 0.08 * −0.23 4.34 ± 0.26 4.14 ± 0.23 * −0.20 0.861 0.364 0.038

CMJ (cm) 31.72 ± 2.70 33.98 ± 2.44 * 2.26 32.01 ± 2.10 33.90 ± 1.89 * 1.89 0.013 0.911 0.001
ZAWB (s) 8.44 ± 0.32 8.28 ± 0.31 * −0.16 8.60 ± 0.23 8.40 ± 0.31 * −0.20 1.479 0.237 0.063

ZAWOB (s) 6.92 ± 0.23 6.79 ± 0.23 * −0.13 6.79 ± 0.36 6.66 ± 0.37 * −0.13 1.083 0.309 0.047
RSAtotal (s) 39.08 ± 1.01 37.55 ± 0.93 * −1.53 38.68 ± 1.08 37.09 ± 0.73 * −1.59 1.297 0.267 0.056

SDA (s) 25.90 ± 1.47 24.94 ± 1.49 * −0.96 25.00 ± 1.53 24.09 ± 1.39 * −0.91 2.113 0.160 0.088
TCRT (s) 28.63 ± 0.47 25.01 ± 0.95 * −3.62 28.32 ± 1.10 25.14 ± 0.98 * −3.16 0.066 0.800 0.003

YYIRTL-1 (m) 1248.3 ±
107.7

1393.0 ±
107.1 * 144. 7 1213.3 ± 95.5 1363.3 ± 87.7 * 150.0 0.816 0.376 0.036

VO2max
(mL.min−1.kg−1) 46.89 ± 0.90 48.10 ± 0.90 * 1.21 46.59 ± 0.80 47.85 ± 0.74 * 1.26 0.816 0.376 0.036

* p ≤ 0.05 for within-group changes.

Both combined training interventions (SSGs + HIIT and HIIT + SSGs) showed similar
improvements in body composition, physical performance responses, and technical skills
(p ≥ 0.05, d values ranging from 0.40 to 1.10) (Table 2) (Figure 1).

261



Biology 2021, 10, 1180

Biology 2021, 10, x FOR PEER REVIEW 6 of 11 
 

 

20-m (s) 3.06 ± 0.11 2.95 ± 0.10* -0.11 3.05 ± 0.20 2.94 ± 0.21* -0.11 0.048 0.829 0.002 

30-m (s) 4.42 ± 0.09 4.19 ± 0.08* -0.23 4.34 ± 0.26 4.14 ± 0.23* -0.20 0.861 0.364 0.038 

CMJ (cm) 31.72 ± 2.70 33.98 ± 2.44* 2.26 32.01 ± 2.10 33.90 ± 1.89* 1.89 0.013 0.911 0.001 

ZAWB (s) 8.44 ± 0.32 8.28 ± 0.31* -0.16 8.60 ± 0.23 8.40 ± 0.31* -0.20 1.479 0.237 0.063 

ZAWOB (s) 6.92 ± 0.23 6.79 ± 0.23* -0.13 6.79 ± 0.36 6.66 ± 0.37* -0.13 1.083 0.309 0.047 

RSAtotal (s) 39.08 ± 1.01 37.55 ± 0.93* -1.53 38.68 ± 1.08 37.09 ± 0.73* -1.59 1.297 0.267 0.056 

SDA (s) 25.90 ± 1.47 24.94 ± 1.49* -0.96 25.00 ± 1.53 24.09 ± 1.39* -0.91 2.113 0.160 0.088 

TCRT (s) 28.63 ± 0.47 25.01 ± 0.95* -3.62 28.32 ± 1.10 25.14 ± 0.98* -3.16 0.066 0.800 0.003 

YYIRTL-1 (m) 1248.3 ± 107.7 1393.0 ± 107.1* 144. 7 1213.3 ± 95.5 1363.3 ± 87.7* 150.0 0.816 0.376 0.036 

VO2max  

(ml.min-1.kg-1) 
46.89 ± 0.90 48.10 ± 0.90* 1.21 46.59 ± 0.80 47.85 ± 0.74* 1.26 0.816 0.376 0.036 

Both combined training interventions (SSGs + HIIT and HIIT + SSGs) showed similar 
improvements in body composition, physical performance responses, and technical skills 
(p ≥ 0.05, d values ranging from 0.40 to 1.10) (Table 2) (Figure 1). 

Figure 1. Improvement in body composition, physical and technical performance responses following the 
combined training interventions. 

Overall RPE responses to HIIT + SSGs training were meaningfully lower than those 
from the SSGs + HIIT group (16.2 ± 0.5 vs. 17.6 ± 0.5; p = 0.00, d = 2.98). Moreover, overall 
PACES scores from the HIIT + SSGs training were meaningfully greater than those from 
the SSGs + HIIT group (30.7 ± 1.1 vs. 26.3 ± 0.9; p = 0.00, d = 4.28). Conversely, the SSGs + 

-13.0 -11.0 -9.0 -7.0 -5.0 -3.0 -1.0 1.0 3.0 5.0 7.0 9.0 11.0 13.0

Fat percentage

5- Sprint

10- Sprint

20- Sprint

30- Sprint

CMJ

ZAWB

ZAWOB

RSA total

SDA

TCRT

YYIRTL-1

VO2max

Improvement (%)

SSGs+HIIT

Figure 1. Improvement in body composition, physical and technical performance responses following the combined training
interventions.

Overall RPE responses to HIIT + SSGs training were meaningfully lower than those
from the SSGs + HIIT group (16.2 ± 0.5 vs. 17.6 ± 0.5; p = 0.00, d = 2.98). Moreover, overall
PACES scores from the HIIT + SSGs training were meaningfully greater than those from
the SSGs + HIIT group (30.7 ± 1.1 vs. 26.3 ± 0.9; p = 0.00, d = 4.28). Conversely, the SSGs +
HIIT group demonstrated a higher training load than those from the HIIT + SSGs group
for all weeks (p ≤ 0.05, d = ranging from 1.36 to 2.05) (Figure 2).
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4. Discussion

The aim of this study was to analyse the effects of exercise order in a combined
training programme including SSGs and HIIT. The results of this parallel study revealed
no significant differences between groups (SSGs + HIIT vs. HIIT + SSGs) in the fitness
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measures collected after the 6-week intervention. However, both combined programmes
revealed significant pre–post improvements in linear sprinting, agility, vertical jump,
aerobic capacity, and repeated-sprint ability.

A combination of SSGs and running-based HIIT was recently tested, aiming to provide
the advantageous effect of running-based HIIT to the training programmes based on
SSGs [12]. The first reported combination of SSGs and HIIT revealed the beneficial effect of
the combination compared to a group using just SSGs for the improvement of VO2max and
30–15 VIFT [15]. However, they did not consider how to implement the combination.

Exercise order is of paramount importance. In the first study, testing the effects of
exercise order within a training session [20], it was revealed that no significant differences
were found between those who completed SSGs + HIIT and those who completed HIIT +
SSGs in the 30–15 VIFT [20], which revealed that the internal load imposed was similar
between groups. In the present study, the measures of aerobic capacity (i.e., YYIRTL-1
and VO2max) were both meaningfully improved by 6-week training interventions, with
no significant difference considering the exercise order. Those findings are not surprising,
since both SSGs and running-based HIIT have been repeatedly confirmed as effective in
improving aerobic capacity [33,34]. The capacity to sustain high efforts while using both
SSGs and running-based HIIT ensures that cardiorespiratory and aerobic systems are taxed
by the training stimulus, thus promoting beneficial adaptations [35]. The nonexistence of
differences between exercise order is in line with the previous work [20] and suggests that
exercise intensity can be independent of the order of implementation.

Considering the effects of combined training intervention on linear sprinting, it was
surprising to observe meaningful improvements independent of the exercise order, con-
sidering previous reports of combined SSGs + HIIT on such physical quality [14,15]. In
fact, the results of the present study showed significant improvements of both groups in
the 5, 10, 20, and 30 m sprint, thus suggesting the effectiveness of implementing SSGs
and HIIT to improve linear sprinting. This fact was not observed in a previous study that
combined SSGs and endurance and speed training or in the study that combined SSGs
and short-interval (15′–15′) HIIT [15]. In fact, recent systematic reviews with meta-analysis
revealed inconsistences and the ineffectiveness of SSGs [12] and HIIT [34] in improving
linear sprinting in soccer players. One possible reason for observing improvements in the
current research is due to the age effect and the capacity for improvement in this sensitive
period [36].

Change of direction (COD) and agility with the ball were both capacities elicited
equally by the combination of SSGs + HIIT with no difference considering the exercise
order. The use of SSGs and HIIT independently has been suggested as a good way
to improve COD [37], while SSGs seem to be better at improving agility with the ball
compared to HIIT [38,39]. The combination of both in the present study contributed to
meaningfully improving COD and agility with the ball, independent of the exercise order.
Again, it seems that exercise order does not affect the capacity of both programmes and
training methods to promote beneficial effects in these skills. However, it seems important
to highlight the beneficial effect of combining HIIT with regular SSGs, considering a recent
meta-analysis that suggested a significant favourable effect of HIIT in comparison to SSGs
in improving linear sprint and COD in a within-group analysis [12]. This may be caused
by the limited capacity of performing high-intensity linear or curvilinear running activities
in small spaces as in the case of SSGs. On the other hand, those small spaces in SSGs can be
helpful for promoting greater stimulus in COD and agility with the ball [40].

RSA was also improved after both combined interventions in which exercise order
had no significant effect. Recent meta-analysis on the effects of HIIT in soccer revealed
a significant favourable effect on RSA [34] in which no significant differences occurred
between using HIIT or SSGs [41]. Therefore, due to the specific intermittence and energetic
systems associated with both SSGs and HIIT, meaningful improvements in this capacity
would be expected [42,43]. Improvements in lower-limb power and sprinting may also be
factors benefiting the improvements in RSA [44]. In fact, in the current study, CMJ was also
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significantly improved in both combined interventions, thus suggesting possible positive
effects, despite not being in line with recent meta-analysis about the use of HIIT and SSGs in
soccer [12,34] and also compared with a study that combined SSGs + HIIT [45]. It is possible
that the age effect and window of improvement may have caused the improvements
observed in the current study.

Regarding the consequences of different exercise orders on psychophysiological re-
sponses and training load, it was found that HIIT + SSGs had meaningfully lower values
of RPE, training load, and enjoyment than the group of SSGs + HIIT. The results regarding
the training load are not in line with a previous study that tested the same issue (SSGs
vs. HIIT and vice versa), in which no meaningful differences were found [20]. In this
case, the psychological effect of more enjoyment while playing SSGs may have affected the
perception of load. In fact, consistent results revealed that SSGs induce greater enjoyment
than running-based HIIT [1,8,46]. Thus, for the groups ending the session with HIIT, the
combination of fatigue and the least enjoyable activity may play an important role in the
perceived effort and the enjoyment reported.

This study had some limitations. No control group was implemented; thus, it is
not possible to compare the evolution of players without a training intervention or with
different training interventions. Additionally, age may be a constraint for the possible
generalisation of the findings since the study was conducted in a critical period of evolution.
Future studies should compare combined interventions with single training or alternative
training methods. Additionally, extending the research to more age groups and normalising
the maturation status would be interesting.

5. Conclusions

The present study showed the order effects of combined SSGs and HIIT on the psy-
chophysiological responses and physical and technical performances of young soccer
players. After 6 weeks of combined training interventions, both combined training groups
demonstrated similar improvements in physical performance and technical responses.
However, the effects of exercise order demonstrated meaningful differences in psychophys-
iological responses and training load. In terms of practical implications, this study suggests
that the combination of SSGs + HIIT is effective in improving the fitness status of adolescent
soccer players. However, exercise order does not seem to have a determinant effect on the
consequences of the changes in fitness. Therefore, coaches may organise the order based
on the most appropriate plans. Future applications should consider implementing strength
training in addition to the combination of SSGs + HIIT.
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Simple Summary: In 2020, the first Italian soccer league (Serie A) was canceled due to the COVID-19
pandemic. Consequently, a detraining process was triggered in soccer players, leading coaches and
sports scientists to implement alternative training strategies to prevent a remodeling in body compo-
sition. This study tested the hypothesis that male elite soccer players, when confined to their home
during the coronavirus disease 2019 pandemic, will display unfavorable trends in bioelectrical and
body composition parameters. The results of the present study showed that reduction in phase angle
and muscle mass occurred in soccer players during the coronavirus disease 2019 pandemic lockdown.
Recognizing these adverse effects of a detraining period is critical in avoiding adverse effects on
body composition in soccer players. In addition, the bioelectrical phase angle has been identified as
a valid predictor of muscle mass changes during the competitive soccer season. Considerably, the
phase angle represents a parameter that can be measured directly through bioelectrical impedance
analysis, and it is independent of predictive equations such as those that quantify muscle mass.

Abstract: The present study compared changes in body composition during the COVID-19-associated
lockdown with the same period of the following season in elite soccer players. Fifteen elite male
soccer players (30.5 ± 3.6 years.) underwent a bioelectrical impedance analysis (BIA) before (end of
February) and after (end of May) the lockdown, which occurred during the 2019/2020 season, and
at the same period during the following competitive season in 2020/2021, when restrictions were
lifted. Fat and muscle mass were estimated using predictive equations, while phase angle (PhA) and
bioelectrical impedance vector analysis (BIVA) patterns were directly measured. After lockdown, fat
mass remained unchanged (p > 0.05), while muscle mass (95%CI = −1.12/−0.64; ES = −2.04) and
PhA (95%CI = 0.51/−0.24, ES = −1.56) decreased. A rightward displacement of the BIVA vector was
also found (p < 0.001, ES = 1.50). After the same period during the regular season, FM% and muscle
mass did not change (p > 0.05), while the PhA increased (95%CI = 0.01/0.22; ES = 0.63). A leftward
vector displacement (p < 0.001, ES = 1.05) was also observed. The changes in muscle mass correlated
with changes in PhA (“lockdown” season 2019/2020: ß = −1.128, p = 0.011; “regular” season 2020/21:
ß = 1.963, p = 0.011). In conclusion, coaches and strength conditioners should monitor muscle mass in
soccer players during detraining periods as this parameter appears to be mainly affected by changes
in training plans.

Keywords: BIA; BIVA; coronavirus disease; detraining; fat mass; football; muscle mass; team sports

267



Biology 2021, 10, 1175

1. Introduction

The coronavirus disease 2019 (COVID-19) pandemic has had far-reaching social and
health implications affecting the worldwide population, including athletes [1]. Soccer
players experienced an initial lockdown, during which traditional training activities were
suspended and players had to train individually at home. During this lockdown, drastic
change in training plans led to a reduction in training activities, mimicking a detraining
condition [2], consequently resulting in a reduction in performance parameters [3,4].

Previous studies with professional soccer players have shown that the detraining
that occurs during the off-season break may impair body composition, increasing fat mass
(FM) and reducing fat-free mass [5,6]. As for detraining context, the lockdown was also
shown to affect body composition, increasing FM [4]. However, no further information on
the effects of lockdown on body composition is available in soccer players. This may be
of interest, since changes in fat-free mass, which includes muscle mass and body fluids,
could negatively affect tolerance to high training exposure, possibly increasing the risk
of injury [7]. In addition, muscle mass seems related to anaerobic performance in soccer
players, given that its decrements correlated to decrements in sprinting and jumping
capacity [8]. Therefore, monitoring these components of fat-free mass may also be relevant.

Among the methods for assessing body composition, bioelectrical impedance analysis
(BIA) has recently gained relevance, especially in soccer [9–15], where field and user-
friendly methods are warranted [16]. Through the measurement and use of bioelectrical
resistance (R) and reactance (Xc) in predictive equations, quantification of a wide range of
body composition parameters is possible [17,18].

The combined evaluation of R and Xc as a vector within a graph results in a qualita-
tive evaluation of body composition, defined as bioelectrical impedance vector analysis
(BIVA) [19]. In BIVA, the position of the vector is interpreted in relation to its lateral
and vertical displacements, which are reflected by phase angle (PhA) and vector length,
respectively [15,20–22]. Several studies on soccer players have shown that PhA is related
to sprint performance [11,12] and that BIVA patterns allow for the evaluation of nutritional
status and physical condition during the competitive season [13,21,23,24].

Considering that a decline in body composition features impairs health and sports
performance, exploring the effect of the COVID-19 lockdown could help practitioners better
understand which parameters of body composition are most affected during a detraining
period in soccer. Therefore, the present study aimed to examine whether or not BIA-derived
FM and muscle mass and PhA were affected during the pandemic-associated lockdown in
Series A soccer players. We compared the lockdown period with the same in-season period
during the following 2020/21 regular season. We hypothesized that the lockdown affected
body composition parameters as detected by BIA and BIVA.

2. Materials and Methods
2.1. Participants

A total of 15 male soccer players (age 30.5 ± 3.6 years.; body mass 79.6 ± 7.6 kg; height
1.82 ± 0.1 m), currently competing in the Italian First division team (Serie A), voluntarily
participated in the study. The exclusion criteria were age <18 years and muscle injury
in the previous 6 months. After a detailed explanation of the procedures, participants
signed informed consent. All research procedures were reviewed and approved by the
Bioethics Committee of the University of Milan (approval number: 32/16) and conformed
to the Declaration of Helsinki (1964 and further updates) concerning studies involving
human subjects.

2.2. Study Design and Procedures

The present investigation was designed as an observational, two-condition, two-time,
one-group study. The exclusion criteria were age <18 years and muscle injury in the
previous 6 months. The initial assessments were performed at the end of February 2020 as
scheduled during the regular season, immediately before the COVID-19 lockdown. The
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post-lockdown assessments were performed at the end of May 2020, when the Italian
Government lifted the restrictions. During the following 2020/21 season, we repeated the
same assessment in the same period, i.e., end of February 2021 and end of May 2021. After
the 2020 season, a total of 15 participants underwent all assessments and were included
in analysis.

Table 1 provides an overview of training contents within a typical weekly routine
during both lockdown and competitive periods. During lockdown, each player followed an
individualized nutritional and supplementation plan developed by the team’s nutritionist
and adjusted every week.

Table 1. Overview of training contents during the COVID-19 lockdown and competitive period.

Period No of Training
Weeks

No of Training
Sessions/Matches Weekly Training Contents *

Competitive 14 84

Monday: rest day.
Tuesday and Thursday: sessions based on TT and aerobic training.
Wednesday: session based on a combination of strength-related
stimuli with a special emphasis on lower limbs.
Friday and Saturday: sessions based on a combination of low-intensity
TT, attacking and defending maneuvers, and SAQ training.
Sunday: match day.

Lockdown 14 84

Monday, Wednesday, and Saturday: sessions based on a combination of
aerobic drills suitable for the home-confinement condition.
Tuesday and Thursday: sessions based on a combination of aerobic
(mainly running/cycling-based MIIT) training and strength-related
stimuli suitable for the home-confinement condition.
Friday: sessions based on a combination of aerobic drills (mainly
running/cycling-based LIT) suitable for the home-confinement
condition.
Sunday: rest day.

Note: TT = technical and tactical, HIIT = high-intensity interval training, MIIT = moderate-intensity interval training, LIT = low-intensity
interval training, SAQ = speed, agility, and quickness, and COD = change of direction. * Additional individual training, injury prevention
program, and warm-up sessions are not included.

All anthropometric and BIA measurements were made in a resting and fasted state
at least 24 h after the last exercise session and were profiled by an accredited and trained
anthropometrist (T.B.). Height was recorded to the nearest 0.1 cm with a standing sta-
diometer (Seca 217, Basel, Switzerland), and body mass was measured to the nearest 0.1 kg
with a high-precision mechanical scale (Seca 877, Basel, Switzerland). Body mass index
(BMI) was calculated as the ratio of body mass to height squared (kg/m2). The impedance
measurements were performed with a previously validated [19,20] bioimpedance ana-
lyzer (BIA 101 Anniversary, Akern, Florence, Italy) at a frequency of 50 kHz. Before each
testing session, the analyzer was checked with a calibration circuit of known impedance
(resistance = 500.0 Ω; reactance = 0.1 Ω; 0.9% error). The participants were assessed in the
supine position with legs (45◦ compared to the median line of the body) and arms (30◦

from the trunk) abducted. After cleansing the skin with alcohol, two electrodes were placed
on the right hand and two on the right foot. Bioimpedance values were analyzed according
to the BIVA methods [16,19] and analyzed in relation to the distribution of the reference
population (tolerance ellipses of Serie A soccer players) [9]. PhA was calculated as the
arctangent of Xc/R*180◦/π. Quantitative body composition was evaluated according to
a three-compartment tissue model where body mass is given by the sum of FM, muscle
mass, and residual components [16]. Body composition parameters were estimated using
bioimpedance-derived equations [18,25] as follows:

%FM = [(Body mass − fat-free mass)/body mass] × 100, with fat-free mass = −2.261
+ 0.327 × H2/R + 0.525 × body mass + 5.462 × 1

Muscle mass (kg) = −4.211 + (0.267 × H2/R) + (0.095 × body mass) + (1.909 × s1) +
(−0.012 × age) + (0.058 × Xc)
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2.3. Statistical Analysis

Data were analyzed using SPSS v. 27.0 (SPSS, IBM Corp., Armonk, NY, USA). The
Kolmogorov–Smirnov test was used to ensure normal distribution of data. A one-way
analysis of variance (ANOVA) was used to assess whether participants differed in the
investigated parameters at baseline. A condition x time repeated-measures ANOVA was
performed to determine changes in dependent parameters over time (two levels: PRE and
POST) and condition (two levels: lockdown and regular seasons). Multiple comparisons
were performed using Bonferroni’s correction. The paired, one-sample Hotelling’s T2

test, a multivariate extension of the Student’s t-test for paired data, was performed to
determine if the changes in BIVA vectors were different from zero (null vector). Partial
eta squared (ηp

2) was calculated to estimate the degree of variance of the dependent
factor due to independent factors and interpreted as follows: <0.059: small; 0.06 to 0.12:
medium; >0.13: large [26]. Cohen’s d effect size (ES) with 95% confidence interval (CI)
was reported for significant pairwise comparisons, and Mahalanobis distance (D2), which
represents a multivariate measure of effect and a multivariate measure of distance, was
calculated to determine the magnitude of changes in the mean group vectors. Cohen’s
ES was interpreted according to the following Hopkins’ recommendations: 0–0.19: trivial;
0.20–0.59: small; 0.60–1.19: moderate; 1.20–1.99: large; ≥2.00: very large [27]. Mahalanobis
D2 was interpreted according to the following Stevens’s [28] guidelines: 0.25–0.49: small;
0.5–0.99; ≥1: large. Single and multiple regression analyses were performed to determine
the correlation between the changes in FM% and muscle mass, considering the age of
participants as an independent variable in the multiple regression. Data were reported as
mean ± standard deviation, and significance was set at p < 0.05.

3. Results

No between-group difference (p > 0.05) in body mass or BMI was found at baseline.
Table 2 shows change over time for each condition and statistical analysis for all dependent
parameters. A time effect (p < 0.05) was found for body mass and BMI that decreased from
PRE to POST during the “lockdown” season 2019/2020 (Table 2).

Table 2. Baseline (PRE) and post values (mean ± standard deviation) of dependent parameters are shown. Differences over
time are reported as mean with 95% confidence interval (CI). Effect size is also reported.

Variable “Lockdown”
2019/2020 Season

“Regular”
2020/2021 Season Time Effect Condition x Time

Interaction

Body mass (kg)

PRE 79.6 ± 7.6 79.7 ± 7.9 F = 4.40,
p = 0.045,

ηp
2 = 0.136

F = 8.26,
p = 0.008,
ηp

2 = 0.228

POST 78.6 ± 7.8 * 79.8 ± 7.9
95% CI −1.66/−0.22 −0.21/0.51

Effect size −0.72 0.22

Body mass index (kg/m2)

PRE 23.7 ± 1.0 23.7 ± 1.1 F = 1.43,
p = 0.242,

ηp
2 = 0.049

F = 9.66,
p = 0.004,

ηp
2 = 0.257

POST 23.4 ± 1.1 * 23.8 ± 1.1
95% CI −0.06/−0.49 −0.05/0.30

Effect size −0.73 0.38

R/H (Ohm/m)

PRE 258.9 ± 22.4 253.7 ± 19.7 F = 1.09,
p = 0.305,

ηp
2 = 0.038

F = 13.11,
p = 0.001,

ηp
2 = 0.319

POST 263.9 ± 23.5 * 250.9 ± 19.3 *
95% CI 0.83/9.15 −4.69/−0.81

Effect size 0.66 −0.78

Xc/H (Ohm/m)

PRE 35.6 ± 3.6 35.4 ± 3.1 F = 6.53,
p = 0.016,

ηp
2 = 0.189

F = 10.88,
p = 0.003,

ηp
2 = 0.028

POST 34.6 ± 3.5 * 35.6 ± 3.1
95% CI −1.75/−0.37 −0.22/0.49

Effect size −0.85 0.20

PhA (degree)

PRE 8.0 ± 0.5 7.9 ± 0.5 F = 10.74,
p = 0.003,

ηp
2 = 0.277

F = 39.24,
p < 0.001,

ηp
2 = 0.584

POST 7.5 ± 0.5 * 8.1 ± 0.5 *
95% CI −0.51/−0.24 0.01/0.22

Effect size −1.56 0.63
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Table 2. Cont.

Variable “Lockdown”
2019/2020 Season

“Regular”
2020/2021 Season Time Effect Condition x Time

Interaction

Fat mass (%)

PRE 14.1 ± 1.7 13.6 ± 1.5 F = 0.51,
p = 0.823,

ηp
2 = 0.002

F = 1.31,
p = 0.261,

ηp
2 = 0.045

POST 14.3 ± 1.9 13.4 ± 1.3
95% CI 0.69/−0.41 −0.51/0.10

Effect size 0.13 −0.35

Muscle mass (kg)

PRE 28.2 ± 2.3 28.1 ± 2.3 F = 29.54,
p < 0.001,

ηp
2 = 0.513

F = 16.29,
p < 0.001,

ηp
2 = 0.368

POST 27.4 ± 2.7 * 27.9 ± 2.7
95% CI −1.12/−0.64 −0.45/0.19

Effect size −2.04 −0.22

Note: * = p < 0.05 vs. PRE. R/H: resistance adjusted for stature, Xc/H: reactance adjusted for stature, PhA: phase angle.

3.1. Quantitative Analysis

No between-group difference (p > 0.05) in FM% and muscle mass was found at
baseline. Table 2 shows change over time for each condition and statistical analysis for
all dependent parameters. A time effect (p < 0.01) was observed for muscle mass that
decreased from PRE to POST during the “lockdown” season 2019/2020 (Table 2).

3.2. Qualitative Analysis

No between-group difference (p > 0.05) in R/H, Xc/H, or PhA was found at baseline.
Table 2 shows change over time for each condition and statistical analysis for all dependent
parameters. A time effect (p < 0.05) was observed for R/H, Xc/H, PhA, and muscle mass
(Table 2). Figure 1 shows individual data for PhA, FM%, and muscle mass during the
“lockdown” and the “regular” seasons.
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Figure 1. Paired mean differences for the comparisons are shown in the above Cumming estimation plots. Raw data are
plotted on the upper axes; each paired set of observations is connected by a line. On the lower axes, each paired mean
difference is plotted as a bootstrap sampling distribution. Mean differences are depicted as dots; 95% confidence intervals
are indicated by the ends of the vertical error bars. * = significant (p < 0.05) time effect; # = significant (p < 0.05) condition by
time interaction.

Multivariate analysis of the combined change in R/H and Xc/H showed differences
from PRE to POST in both seasons, as shown in Figure 2. During the “lockdown” season
2019/2020, there was a rightward displacement of the BIVA vector from PRE to POST
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(T2 = 33.7, F = 15.7, p < 0.001, D2 = 1.50), due to a simultaneous reduction in R/H and Xc/H
(Figure 2). A leftward BIVA vector displacement was observed during the “regular” season
2020/2021 from PRE to POST (T2 = 16.6, F = 7.7, p < 0.001, D2 = 1.05) due to an increase in
Xc/H and a decrease in R/H (Figure 2).
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3.3. Correlations between Qualitative and Quantitative Data

During both seasons, changes in PhA were correlated with changes in muscle mass
(“lockdown” season 2019/2020: R2 = 0.403, ß = −1.128, p = 0.011; “regular” season 2020/21:
R2 = 0.404, ß = 1.963, p = 0.011) (Figure 3). PhA remains a significant predictor even when
adjusted for age (“lockdown” season 2019/2020: R2 = 0.404, ß = −1.134, p = 0.019; “regular”
season 2020/21: R2 = 0.404, ß = 1.964, p = 0.015). No significant (p > 0.05) correlation was
found for PhA and FM%.
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4. Discussion

The aim of the present study was to examine whether or not bioelectrical FM%, muscle
mass, and PhA were affected during the COVID-19 lockdown in Serie A soccer players.
The main findings indicated that (i) FM% was not affected during home confinement but
decreases in muscle mass were observed during the quarantine period; (ii) a decrease in
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PhA was found after the quarantine period, while an increase occurred when the same
participants were tested during the successive regular season. Additionally, the change
in PhA was correlated with change in muscle mass in both “lockdown” 2019/2020 and
“regular” 2020/2021 seasons. To the best of our knowledge, this is the first study that
examined the effect of the COVID-19 lockdown on a wide range of body composition
parameters in a group of elite soccer players.

The COVID-19 lockdown did not lead to any change in FM%, as also happened for
the same period during the regular season. The exceptionality of the pandemic context and
its impact on sports has been extensively studied recently, albeit only one study assessed
body composition in soccer players [4]. Contrarily to what was observed here, the authors
observed an increase in FM% after the lockdown [4]. However, first, FM% was estimated
using skinfolds, so different procedures may somehow explain this inconsistency [29].

Second, the authors included lower-level soccer players, so it is possible that the
nutritional and training strategies during lockdown were less controlled by the team staff.
While FM% remained unchanged, lockdown led to a very large reduction in muscle mass.
Such a reduction was probably the result of inadequate training stimulus sustained during
forced home confinement. In accordance, previous studies have shown a reduction in
fat-free mass in soccer players following the off-season period [5,30]. It should be noted that
fat-free mass is not equivalent to muscle mass, but includes a wide range of elements (e.g.,
bone) not related to any physical capacity [16]. Having assessed muscle mass here allows
the determination of a body composition parameter strictly related to sports performance in
soccer players [31,32]. Indeed, increasing and preserving muscle mass is warranted across
seasons [33], and the data collected here during the successive regular in-season period
seems to confirm that. In this regard, the detraining-like lockdown period was already
associated with deleterious effects on a wide range of neuromuscular and performance
parameters in soccer players [3,34,35]. As such, the lockdown brought unfavorable changes
in body composition in soccer players. Interestingly, muscle mass returned to baseline
values at the end of the 2019/2020 season, showing how resumption of training and change
in lifestyle can be decisive for the maintenance of muscle mass.

The PhA is calculated as the arctangent between R and Xc and is graphically reflected
as the distance of the vector from the X-axis in BIVA [16]. Its interpretation allows qual-
itative estimation of the intracellular/extracellular water ratio, a biomarker of cellular
integrity [20]. In the present study, the PhA decreased during the “lockdown” period,
represented graphically by a rightward vector displacement, while it did not change dur-
ing the successive regular season. In this regard, it has previously been shown that PhA
remained stable during the in-season period [13]. The decrease in PhA can be ascribed to
compromised cellular health, an accumulation of extracellular fluids, or a loss of body cell
mass [13,24,36,37]. This may, in turn, depend on the loss of muscle mass observed during
the detraining-like period. Indeed, we found a correlation between the simultaneous
decrease in PhA and muscle mass during the lockdown. In contrast, previous studies have
shown increases in PhA following the pre-season period in soccer players [9,13], as well
as in other sports [21,38], possibly representing an increase in muscle mass, although the
authors did not calculate the correlation. This evidence can be useful to practitioners who
try to interpret changes in PhA and, therefore, in vector position in BIVA during the com-
petitive period. As such, BIVA may be assessed regularly to evaluate body composition in
sports practice. In this regard, phase angle and BIVA patterns represent direct bioelectrical
measures, and this allows for the avoidance of predictive equations such as those used for
quantifying fat and muscle mass.

The present study has some limitations. First, we acknowledge that the sample size is
limited; however, it refers to elite soccer players, who are not easily recruited in practice.
Second, the participants may have trained differently during home confinement, as the
coach provided them with individualized training. Furthermore, different home confine-
ment restrictions imposed by other countries may have resulted in different outcomes.
Lastly, BIA is not identified as the gold standard for measuring fat and muscle mass.
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5. Conclusions

During the lockdown period experienced in the 2019/2020 season, elite soccer players
showed no change in FM%, while muscle mass decreased along with PhA. When returning
to regular training in the same period of the successive season, muscle mass remained
stable, while PhA increased. The change in bioelectric properties resulted in a rightward
shift of the BIVA vector during the lockdown, and a leftward displacement during the
regular season. In soccer practice, BIA and BIVA could be regularly used to assess body
composition during the season. In particular, BIVA represents a qualitative analysis of
body composition, which, through bioelectrical vector and PhA assessment, allows the
evaluation of directly obtained measurements. The results of this study could lead coaches
and strength conditioners to monitor muscle mass during detraining periods, since this
parameter appears to be mainly affected in elite soccer players.
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Simple Summary: Our study aimed to analyze the effects of 8 weeks physical training on vigilance
performance in high school students. Forty-two healthy students were assigned for convenience and
matched into two groups, a Control Group (CG) and an Active-Break Group (ABG). The participants
were assessed before the training program using the Alpha-Fitness test battery and Psychomotor
Vigilance Task (PVT) to observe their physical fitness and vigilance performance. Compared with
the pre-test, significant different were observed in the post-test PVT. Results showed a main effect
of ABG responding faster than students in the CG group. This demonstrated that 8 weeks physical
training have an effect on vigilance performance and improve the efficiency of vigilance in high
school students.

Abstract: The scientific literature has shown the beneficial effects of chronic Physical Exercise (PE)
on a wide range of tasks that involve high-order functioning. For this reason, the present study
aimed to investigate the effects of active breaks on physical fitness and vigilance performance
in high school students through eight weeks of physical training. A total of 42 healthy students
(age = 16.50 ± 0.59 years; height = 171.08 ± 8.07 cm; weight = 67.10 ± 13.76 kg) from one Andalusian
high school (Spain) were assigned for convenience and matched into two groups, a Control Group
(CG) and an Active-Break Group (ABG). The ABG performed two active breaks (based on strength
and self-loading exercises) during the school day, first at 10:00 a.m. and second at 12:30 p.m. The
participants were assessed before and after the training program using the Alpha-Fitness test battery
and the Psychomotor Vigilance Task (PVT). Significant differences were observed in the post-training
PVT results, compared with the pretraining PVT, showing ABG responding faster than CG. Thus,
the presents study demonstrated that eight weeks of physical training affects vigilance performance
(compared to CG) and improves the efficiency of vigilance in high school students, contributing to
enhancement of quality of education.

Keywords: physical activity; executive functions; cognitive performance; youth; physical education
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1. Introduction

In the last decade, there has been a rapidly growing interest in the scientific knowledge
that links chronic physical exercise (PE) and cognitive performance [1–5]. A comprehensive
review of the scientific literature has shown the beneficial effects of chronic PE on a wide
range of tasks involving high-order functioning, such as attention, cognitive control, mem-
ory, and perception, among others [6]. The vast majority of the studies in this field have
focused on the impact of chronic PE on executive functions [5,7,8], and to a lesser extent, on
tasks that involve short-term memory [9,10], attention [11], and language processing [12].
However, current research has shown that regular PE produces different constant changes,
such as those at the structural level involving angiogenesis or neurogenesis in different
areas of the brain, especially in the hippocampus [13,14]. There is also an increase in blood
vessels in the hippocampus, cortex, and cerebellum, which increase the supply of nutrients
and energy in these neural areas [15]. It has been widely demonstrated that performing
regular exercise at moderate aerobic intensities (40% to 80% of maximum oxygen con-
sumption (VO2máx)) acts positively on cognitive tasks such as processing speed, selective
attention, and short-term memory [3,5]. Finally, there is an increase in brain structures due
to neuronal plasticity, increased vascularization, and neurogenesis (brain plasticity). The
evidence suggests that these adaptations produce a better cognitive response in various
tasks, including memory, attention, processing speed, cognitive flexibility, and inhibition.

Vigilance refers to the cognitive (attentional) function that determines the capacity to
respond appropriately (quickly and accurately) to relevant stimuli [16]. In the laboratory,
vigilance is typically investigated using tasks involving the monotonous presentation of
stimuli for a relatively long period of time, requiring participants to detect rare events [17]
or to simply respond to unpredictable target onsets [18]. Low levels of vigilance result
in slow reaction time (RT), response anticipation, or even failure to detect the target.
Consistent findings in sustained attention research show a decline in performance with
time-on-task, the so-called vigilance decrement. Researchers have suggested that this
performance decrement over time reflects a decrease in attentional resources [19–21]. A
cursory look at the literature reveals studies investigating vigilance primarily in the context
of various everyday activities [22,23]. However, scientific research on the relationship
between regular exercise (based on ABs) and vigilance in the high school setting is lacking.
In this respect, ABs have been applied in classrooms using different motor games and
including varied coordination abilities, locomotor skills (e.g., running, jumping, or sliding),
and stability skills (e.g., balance, bending, or turning). Moreover, the results of previous
research obtained after physical interventions have found a positive relationship between
physical fitness acquired on intervention and cognitive performance [24–26]. Therefore,
we suggest that vigilance could be exponentially affected during the school day, and
more specifically, that ABs could contribute positively to the vigilance performance, both
immediately after ABs as well as chronically, i.e., with a long-lasting effect caused by the
chronic implementation of ABs. This may be significant, especially in the academic context,
given the importance of vigilance for maintaining optimal performance during the course
of the school day [27].

The scientific literature reported to date points to the positive influence of physical
fitness on vigilance [28–30]. A small number of studies carried out have been conducted
at early ages (i.e., in children from 3 to 12 years old) and show a positive relationship
between the level of physical fitness and vigilance. For example, Pontifex et al.’s [31] study
examined the performance of vigilance as a function of time-on-task, using an Eriksen
flanker task in two age groups (preadolescents with a low level of physical fitness and
preadolescents with a high level of physical fitness). Their results showed an increase in the
rate of omission error and the number of sequential omissions as a function of time-on-task
in preadolescents with low physical fitness. Another study investigated the time course
of behavioral performance and brain functioning in preadolescents with high and low
levels of physical fitness [31]. The study found a decrease in performance reflected in the
incongruent trials in the low physical fitness group, evidenced by an increase in bilateral
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activation of frontal and parietal brain regions. In contrast, participants with high physical
fitness showed a decrease in physical activity as a function of time-on-task, although in
the initial time block, they showed better activity compared with participants with low
physical fitness. Bunce [28] carried out research with young and older adults that attempted
to analyze the performance of vigilance according to a degree of complexity of the task and
a level of physical fitness. Results indicated a smaller decrease in vigilance in the group
of older adults with a high level of physical fitness than in the low-level physical activity
group. These results are reflected in tasks with high demands on attention resources, e.g.,
when information or complexity is high.

In summary, the existing literature confirms the important role that PE and the level
of physical fitness [10,32,33] play in cognitive performance in areas involving vigilance.
However, research on this is still scarce, and a number of questions still need to be answered.
The main purpose of this research was to examine the chronic effects of eight weeks
of physical training on cognition, specifically on vigilance performance, in high school
students. It should be noted that, based on the evidence found in the literature on regular PE
and vigilance, most studies are limited insofar as they show experimental designs between
groups and can only look for relationships between vigilance and physical condition
indirectly. The central hypothesis of the current study is that an 8-week physical training
based on AB would enhance physical fitness and vigilance performance, and in doing so,
draw a direct link between cognition and PE.

2. Materials and Methods
2.1. Study Design

The study was conducted between January and February of 2020. At the time of these
observations, the students had completed three months of training and familiarization
with training protocols, tasks, and rating of perceived Exertion (RPE) during Physical
Education class. A quasi-experimental pre–post design control group (CG) and an active
break group (ABG) were used in the present research. The high school students were
selected for convenience, assigned and matched into two groups, an ABG and a CG, based
on the class to which they belonged. To investigate the effects of an 8-week AB-based
Physical Exercise Program on physical fitness and vigilance performance, those in the CG
were asked to maintain their ordinary routines and training practices, while those in the
ABG modified their training sessions by introducing ten minutes of AB before 10:00 a.m.
and another AB before 12:30 p.m.

2.2. Participants

A total of 42 healthy students from a high school in the region of Andalusia, Spain,
participated in this study: 25 girls (age = 16.42 ± 0.50 years; height = 167.66 ± 6.30 cm;
weight = 64.13 ± 11.78 kg) and 17 boys (age = 16.62 ± 0.71 years; height = 176.53 ± 7.73 cm;
weight = 72.06 ± 15.58 kg) as shown in Table 1. Concerning the sample size, the next
equation was used: Sample Size = Z2 × (p) × (1 − p)/C2, where Z = confidence level (95%);
p = 0.05 and C = margin of error 0.05. Participants were recruited from the city of Granada,
which has a population in the range from 100,000 to 1,000,000 inhabitants according to the
National Institute of Statistics from the Spanish Government (http://www.ine.es/ accessed
on 1 March 2021).

Inclusion criteria for the participants in this study were: (i) reporting normal vision
and no history of any neuropsychological impairments that could affect the results of the
experiment, (ii) not presenting any injuries during the previous two months, (iii) giving
consent, and (iv) participating in 85% of the AB during the study period.
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Table 1. Participants’ characteristics (mean ± SD) in the present study.

Participants

CG n = 21 ABG n = 21 Total n = 42

Age (years) 16.52 ± 0.60 16.48 ± 0.60 16.50 ± 0.59
Height (cm) 170.32 ± 7.94 171.80 ± 8.34 171.08 ± 8.07
Weight (kg) 66.79 ± 9.59 67.40 ± 17.07 67.10 ± 13.76

BMI (kg·m−2) 22.90 ± 2.44 22.41 ± 3.74 22.64 ± 3.16
Agility test (s) 10.98 ± 1.23 10.55 ± 2.21 10.77 ± 1.78

Standing broad jump (cm) 177.00 ± 0.44 173.00 ±0.36 175.00 ± 0.40
20-m shuttle run test

[VO2max (mL/kg/min)] 43.08 ± 7.25 43.91 ± 6.75 43.50 ± 6.94

IPAQ-SF (Mets) 712.85 ± 435.40 686.85 ± 402.99 699.85 ± 419.28
Note. CG: Control Group and ABG: Active Break Group. VO2max was estimated with the equation by Legger et al.,
1982 [34]: VO2max = 5.857 × velocity (km/h) − 19.45.

In addition, all participants completed a healthy lifestyle questionnaire and the short
version of the international physical activity questionnaire (IPAQ-SF) [35]. In the first
document, they were asked about current sports habits, addictions, and diseases that could
impede the practice of physical exercise, while, in the second, we recorded their level of
physical activity (PA).

The participants were informed about the main goals of the investigation and signed
informed consent forms. Families were informed that they could revoke the participation
agreement at any time. The students were treated according to the American Psychological
Association (APA) guidelines, which ensured the anonymity of participants’ responses. In
addition, the study was conducted following the ethical principles of the 1964 Helsinki
declaration for human research and was approved by the Research Ethics Committee of
the University of Castilla-La Mancha (Hospital Universitario de Albacete, Record April
2020, and internal project n◦ 2020/05/052).

2.3. Procedure
2.3.1. Preintervention

First, the school management team was informed about the study objectives and en-
sured that the students’ parents or guardians had signed informed consent forms detailing
the possible benefits and risks. Subsequently, the study and the plan for the structure of
every class day were designed together with the school’s teachers and advisors. In order
for the students not to miss any classes, we use the ABs to improve performance in the
classroom. Every task or a test was monitored by one lead researcher assisted by a physical
education teacher responsible for the groups, specially trained for accurate and reliable
data recording, especially in Physical Fitness assessment.

In the first session, participants filled out the questionnaires (≈10 min to assess the
entire group), had the anthropometry assessment (≈15 min to assess the entire group), and
tests from the ALPHA-Fitness test battery in the following order: 4 × 10 m speed-agility
(≈10 min to assess the entire group) and standing broad jump (≈15 min to assess the entire
group). Participants were given adequate time to fully recover due to the neuromuscular
characterization of the different tests applied in this session. In addition, the application
order that the students followed during the research was always the same. Therefore, the
measures taken ensured the recovery. In the second session, participants performed the
20 m shuttle run test (≈30 min to assess the entire group) see Section 2.4. Finally, in the
third session, students performed the PVT to determine their basal level of vigilance.

All measures were recorded at the same time of day, between 10:30 a.m. and 14:30 p.m.,
in the same space and time with the same humidity conditions (30–40%). The students
were familiarized with the use of the subjective rating of perceived exertion scale (RPE)
during their physical education classes. In addition, the ABG group was instructed in
an 8-week PE program based on ABs in the physical education class for three months.
Every task or a test was monitored by one lead researcher assisted by a physical education
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teacher responsible for the groups specially trained for accurate and reliable data recording,
especially in physical fitness assessment.

2.3.2. Intervention

The students completed eight weeks of training based on functional training. In
the case of ABG, they performed two ABs (based on strength and self-loading exercises)
during the school day, AB1 at 10:00 a.m. and AB2 at 12:30 p.m. (Figure 1). The training
program was supervised by the lead researcher and teachers responsible for the ABG
and was designed individually for each participant, considering their individual physical
characteristics (each exercise was designed with an adaptation in difficulty and intensity).
We followed the guidelines of the American College of Sports Medicine [36] to ensure the
safety of the participants.
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Figure 1. Schematic representation of the school day procedure of one session of the experimen-
tal group.

A total of 80 ABs was performed by each participant. Training sessions in both
ABs were divided into three phases: (i) warm-up 2 min (dynamic stretching and joint
mobility exercises); (ii) training activity ≈8 min (more information in Figures 2 and 3); and
(iii) cooldown 2 min (stretching exercises). According to the RPE scale, the average intensity
of the sessions was between hard and very hard (16.10 ± 1.12). To control the intensity
of the training program, we used a google questionnaire that recorded RPE immediately
after each AB. Crucially, the CG were instructed to maintain their classroom routines while
the ABG performed the AB. The very light average intensity of sessions (6.29 ± 0.42) was
also recorded.

In the training activity, students worked in a circuit. Thus, equipment was distributed
around the classroom, and students performed the AB exercises in sequence until finished.
The exercises of AB1 (4 sets ×12 s a recovery time between exercises of 10 s and between
sets of 20 s) and AB2 (4 sets × 10 s and a recovery time between exercises of 10 s and
between sets of 20 s) were the same during the whole intervention. However, the progress
of all sessions varied by weeks due to the heterogeneity of the sample and the individuals’
varied physical conditions. All students were familiarized with the exercises and the
exercise intensity (between hard and very hard).

Active Break 1 consisted of the following exercises: Push-ups progresssion: (i) per-
formed against a wall, (ii) performed on the knees, and (iii) push-ups complete; Dynamic
plank: (i) reach and touch plank; (ii) clock plank, and (iii) side plank (left: 2 × 12 + right:
2 × 12); Unilateral jump: (i) lateral jump (left-right), (ii) box step-up performed in chairs
of 46 cm (left-right), and (iii) single-leg squat (left: 2 × 12 + right: 2 × 12); Squats: (i) wall
squat, (ii) counterbalance air squat, and (iii) bodyweight prisoner squat; Lunges with MB:
(i) stationary lunge (without MB and left-right), (ii) stationary lunge with medicine ball of
4, 6 or 8 kg (left-right), and (iii) lateral lunge with MB (left-right).

281



Biology 2021, 10, 1151Biology 2021, 10, x FOR PEER REVIEW 7 of 16 
 

 

 

Figure 2. Description of Active Break 1 for high school students. (Arrows represent the movement direction, and S was 

used for static and D for dynamic movement). 

Figure 2. Description of Active Break 1 for high school students. (Arrows represent the movement direction, and S was
used for static and D for dynamic movement).

282



Biology 2021, 10, 1151Biology 2021, 10, x FOR PEER REVIEW 8 of 16 
 

 

 

Figure 3. Description of Active Break 2 on high school students. (Arrows represent the movement direction, and S was 

used for static and D for dynamic movement). 
Figure 3. Description of Active Break 2 on high school students. (Arrows represent the movement direction, and S was
used for static and D for dynamic movement).

283



Biology 2021, 10, 1151

Active Break 2 consisted of Unilateral jump: (i) lateral jump (left-right), (ii) Box step-up
performed in chairs of 46 cm (left-right), and (iii) single-leg squat (left: 2 × 12 + right:
2 × 12); Shoulder bridge: (i) Bridge stationary, (ii) bridge with single leg static hold (left-
Right), and (iii) bridge with marching (left-right). Lunges: (i) side-to-side samurai lunges
(Left-right), (ii) Knee thrust lunges (left-right), and (iii) jump switch lunges (left-right);
Nordic hamstring curl: (i) band-assisted nordic hamstring curl, (ii) bodyweight and support
hands, and (iii) inclined curls positioning; TRX biceps bilateral curl: (i) inclined to 75%,
(ii) inclined to 60%, and (iii) inclined to 45%; Balance: (i) balance without movement
(left-right), (ii) standing crunch with under-the-leg clap (left-right), and (iii) T-Stand with
hinge and side bend (left-right).

See Figures 2 and 3 to see the variations provided to students to adjust the level of
difficulty to their ability in order to execute the exercise.

2.3.3. Post-Intervention

After eight weeks, both groups were evaluated at the same time of day as in the pre-
intervention session (between 10:30 a.m. and 14:30 p.m.), in the same space, with the same
humidity conditions. Everything was the same as in the preintervention session except
t that questionnaires and the ALPHA-Fitness test battery were not completed. Notably,
after the termination of the study, students from the CG were also given the opportunity to
perform the same program as the experimental group.

2.4. Measures
2.4.1. Anthropometry

Height and body weight were measured before the start of the intervention. A bioelec-
trical impedance analysis (BIA) device (Tanita BC-730) was used to calculate body weight
(kg) to the nearest 0.1 kg. Both measures were assessed by one main researcher (Pre and
Post). A stadiometer (Type SECA 225, Hamburg, Germany) was utilized to measure the
height (cm) to the nearest 0.1 cm. Participants were asked to remove their shoes and other
accessories that could influence the assessment. They also had to be vertical and immobile,
with arms extended along the body and looking straight ahead in an upright position. For
each parameter, only one measurement was collected.

2.4.2. Physical Fitness Assessment

The level of physical fitness was assessed using the ALPHA-Fitness test battery [37].
We followed the protocol established for this test battery and the guidelines of the ACSM [36]
to ensure the safety of the participants. In addition, to ensure successful performance in the
ALPHA-Fitness test battery, all the students were informed about the protocol to ensure an
adequate data collecting process in both groups.

20-m Shuttle Run Test

Cardiorespiratory fitness (CRF) was assessed with the 20 m shuttle run test [34]. Stu-
dents were required to run between two lines separated by 20 m while keeping pace with au-
dio signals emitted from a USB Player with the test protocol. Students started the test with
an initial speed of 8.5 km/h−1, which was increased by 0.5 km/h−1 min−1 (stage duration
= 1 min). We recorded the last one-half stage completed as an indicator of CRF. In addition,
VO2max was estimated with the equation VO2max = 5.857 × velocity (km/h) − 19.45.

4 × 10 m Speed-Agility Test

Coordination, agility, and speed were evaluated with this test. The aim of the test was
to run four repetitions of 10 m distance. Students had to run at a maximum speed, and they
had two attempts. We recorded the best of the two attempts, and results were measured in
seconds with a Casio handheld stopwatch (HS-3V-1).
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Standing Broad Jump

This test has been successfully used for measuring lower limb explosive strength.
Students jumped horizontally to achieve maximum distance (in centimeters). Participants
performed the standing broad jump three times, with 20 s of recovery between attempts to
minimize the effect of fatigue. The best jump was considered as the final outcome. The test
was performed in the school gym to avoid falls caused by slipping [38].

2.4.3. Rating of Perceived Exertion (RPE)

The RPE was measured with the Borg scale [39] immediately after the exercise in ABG
and CG. The RPE scale ranged from 6 (no exertion) to 20 (maximal exertion).

2.4.4. Cognitive Measurement: Psychomotor Vigilance Task

iPhones 5s (iOS 12.4.5) were used to present the stimuli of the PVT. Performance in
the PVT has been shown to be valid to control vigilance [18,40] and was linked to the
control of cardiovascular fitness [41]. The devices were previously blocked to any other
type of notification. The center of the mobile screen was placed about 50–80 cm from the
participants’ heads at eye level (aiming to help everyone feel as comfortable as possible
during the duration of the task). The PVT presents a grey screen with a chronometer at
the center, which begins the countdown at the speed of a real stopwatch and could be
presented on the screen after a random time interval ranging between 2000 and 10,000 ms.
Verbal and written instructions were given to the participant prior to the start of the PVT
in every session, stressing that they had to fixate on the center of the screen, try not to
move their eyes, and respond as quickly as possible (while avoiding anticipation errors) as
soon as the chronometer starts. The task included a single block lasting 10 min. The exact
number of trials of each participant depended on the latency of the individual’s response.

The task duration in both preintervention and postintervention was a 10-min test [42].
Students completed the first PVT, and five trials were excluded from the analysis. In
addition, these trials were considered as practice in the preintervention for both groups
(See Figure 4, for more information).
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2.5. Data Analysis

For data processing and mean and standard deviation were used. Descriptive statistics
were calculated for each variable. For the comparison of samples and to observe statistically
significant differences between groups, ABG vs. CG, was used as the between-subjects
factor, and time of measurement, baseline vs. eight weeks, as a within-subject factor. We
performed a paired-sample t-test in body composition characteristics (body weight, BMI)
and physiological parameters (RPE). Effect size is indicated with Cohen’s d for t-tests
[0.2 (small); 0.5 (medium) and >0.8 (large)] and partial eta squared for Fs. In addition,
confidence intervals (95%) were calculated.

Analyses of variance (ANOVA) were used to analyze the RTs. Trials with RTs below
100 ms in the experimental group (preintervention = 11.38% and postintervention = 7.79%)
were assumed to represent anticipation errors and were discarded from the analysis [18].

Statistically significant effects were further analyzed with paired-sample t-tests cor-
rected by Holm-Bonferroni for multiple comparisons. The Greenhouse–Geisser correction
was applied when sphericity was violated. Data were analyzed using Statistical software
(version 10.0; Statsoft, Inc., Tulsa, OK, USA). For all analyses, significance was accepted at
p < 0.05.

3. Results
3.1. Anthropometrical Characteristics

A paired sample t-test with body weight between CG (66.79 ± 9.59; CI 95%: 4.68)
and ABG (67.40 ± 17.07; CI 95%: 8.38) was not significant [t(21) = 0.05, p > 0.05, d = 0.04].
Another t-test with BMI between CG (22.90 ± 3.74; CI 95%: 1.25) and ABG (22.41 ± 3.74; CI
95%: 1.83) also was not significant [t(21) = 0.40, p > 0.05, d = −0.13]. These results confirmed
that there was no statistically significant difference between the groups, therefore, both
groups were equal.

3.2. Physical Fitness Assessment

The level of physical fitness was assessed by means of the ALPHA-Fitness test battery.
A paired sample t-test with Standing broad jump between ABG (172.71 ± 35.84; CI 95%:
14.28) and CG (177.38 ± 43.96; CI 95%: 21.09) was not significant [t(21) = 0.05, p > 0.05,
d= −0.09]. Another t-test with 4 × 10m speed-agility test between ABG (10.55 ± 2.2; CI
95%: 0.58) and CG (10.98 ± 1.23; CI 95%: 1.05) also was not significant [t(21) = 0.05, p > 0.05,
d= −0.24]. Finally, a t-test with 20-m shuttle run test between ABG (43.91 ± 6.75; CI 95%:
3.41) and CG (43.08 ± 7.25; CI 95%: 2.99) also was not significant [t(21) = 0.05, p > 0.05,
d = 0.12]. As was the case in anthropometrical characteristics, results confirmed both
groups were equal at the start.

3.3. Rating of Perceived Exertion (RPE)

A paired sample t-test with RPE scale showed higher values in the ABG (16.10 ± 1.21;
CI 95%: 0.52) than in CG (6.29 ± 0.42; CI 95%: 0.18) [t(21) = 35, 35, p < 0.001, d = −10.83].
Previous results confirmed that effort (CG vs. ABG) was different in terms of physical
demands.

3.4. Psychomotor Vigilance Task

A different analysis of variance of repeated measures (ANOVA) was performed with
the average of the participants’ RTs with the groups (CG vs. ABG) and time-on-task (10 min).
First, an ANOVA with participants’ mean RT [Pre-CG (380.08 ± 59.41 ms; CI 95%: 17.27)
and Pre-ABG (375.97 ± 57.09 ms; CI 95%: 14.56)] and time-on-task, was not significant in
any effects or interactions [F < 1 in all cases]. Second, an ANOVA with participants’ mean
RT [Pre-CG (380.08 ± 59.41 ms; CI 95%: 17.27) and Post-CG (382.05 ± 53.21 ms; CI 95%:
20.33)] also was not significant in any effects or interactions [F < 1 in all cases]. Finally, a
new ANOVA with participants’ mean RT [(Post-CG (382.05 ± 53.21 ms; CI 95%: 20.33) and
Post-ABG (359.76 ± 62.89 ms; CI 95%: 22.91)] revealed a significant main effect of group

286



Biology 2021, 10, 1151

condition [F = 4.89, p = 0.03, η2 = 0.19]. Participants responded faster in the ABG than
in the CG. The effect of time-on-task and interaction between the control condition and
time-on-task was insignificant (F < 1). More information is in Figure 5.
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4. Discussion

The present study investigated the chronic effects of an eight-week training program
on vigilance performance in high school students. The results revealed faster RTs in the
experimental group than in the CG. However, the effect of time-on-task and interaction
between the control condition and time-on-task was not significant (F < 1). Crucially, our
results showed a significant main effect of the group with faster RTs in the ABG than in
the CG. This result suggests a facilitation effect on vigilance in the ABG and provides
support to previous research that showed moderate aerobic exercise had a selective impact
on cognitive processing [43,44]. Therefore, the inclusion of uncertainty regarding the
appearance of the target in the PVT makes it different from simple RT tasks and provides a
reliable instrument to measure vigilance. Thus, in our study, the PE not only improved the
nonspecific response speed but rather improved participants’ vigilance.

As previously noted, practicing regular PE has been shown to produce changes to
structural and functional levels of the brain [3,44,45]. Chronic PE produces lasting phys-
iological adaptations [46]. Therefore, the body will naturally adjust, finally producing
different anthropometric and physiological changes, thus causing an increase in the indi-
vidual functional level (improved capacity and effectiveness in exercise). Considering the
above, the conclusion from the literature is that physical fitness is one of the moderators
between the effect of PE and cognitive function [40]. In this respect, we can explain the
changes produced by chronic PE in the present experiment, based on the “cardiovascular
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hypothesis”. Significantly, based on our results, the benefits found for cognitive functions
usually associated with the regular practice of PE are moderated by the improvement of
physical fitness [3,47,48]. In addition, physiological adaptations at the cardiovascular level,
which we suggest occurred due to improvement in vigilance values, are associated with
regular PE and have also been associated with adaptation at the brain level, which have
been related to improvements in cognitive performance [47,48]. This could be considered a
potential limitation of our study since the healthy lifestyle questionnaire and the level of
physical fitness of the ALPHA-Fitness test battery were only applied in the preintervention.
Consequently, we can only suggest the facilitation effect on vigilance in the ABG.

In the same context, we found interesting studies suggesting that regular aerobic PE is
a good stimulus for triggering structural changes at the neural level [3,49] and therefore
appears to positively impact cognitive performance [50,51]. Within this specific framework,
the new research performed with magnetic resonance techniques [9,14,44,45,47,48] has
been linked to adaptations at the brain level, which seem to have a positive impact on
cognitive performance. In this respect, the literature revealed that chronic exercise leads to
maintenance and neuronal proliferation in different brain areas (especially the hippocam-
pus) and causes the growth of new blood capillaries through the action of brain-derived
neurotrophic factor (BDNF) and insulin-like growth type 1 or somatomedin (IGF-1) in
the hippocampus, cortex, and cerebellum, which has consequently been shown to have
repercussions at the level of cognitive function [52]. Both proteins have shown a permanent
increase in their production with the lasting intervention of regular physical exercise [15,53]
and could be decisive preventive factors for brain degeneration, long-term enhancers and
the development and protein for new neurons.

Finally, regarding the relationship between the chronic practice of PE or the level of
physical fitness and general cognitive functioning, it should be noted that practically all of
the literature explains the association between these variables based on the premise of the
cardiovascular hypothesis, and mainly shows studies in children and older adults. Accord-
ing to this hypothesis, the cognitive function benefits associated with regular exercise are
mediated by improving physical fitness. In addition, physiological adaptations attributed
to chronic PE have also been linked to adaptations at the brain level, which seem to have a
positive impact on cognitive performance [47,48].

Regarding the absence of fitness improvements, such a fact can be determined by
the limited volume and intensity of practice [54–56]. Some fitness tests are also strength
and power-dependent, such as sprinting, jumping and change-of-direction [57,58]. The
program provided was based on strength endurance; however, intensity and intention
were not controlled, which may cause a bias in the results as intensity may be critical for
improvements [59]. Additionally, extra activities performed outside were not controlled,
which may constrain the effects of parallel stimulus on the final outcomes.

This study has some limitations. One of the limitations is the absence of a counter-
balanced intervention aiming to test different AB effects for the same target group. An
additional study limitation is not controlling the extra activities and the effects of baseline
levels of students. Baseline levels may play an important role in the progression since
being a good or bad responder can be constrained by the starting point and trainability.
Despite these limitations, this study provides an important and innovative approach to a
micro-dose strategy for improving the quality of life and health of populations. This is one
of the few studies dedicated to active break effects in a programmed approach that may
help better understand the minimal effective dose that can be applied in students. Future
research may compare different micro-doses and intensities while extending the approach
to working, elderly and other populations).

5. Conclusions

The outcome of the present study suggests that an eight-week PE program based on
AB of 16.10 ± 1.21 of the RPE scale improves vigilance performance. The importance of
these findings is partly due to the sample of adolescent participants since most previous
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research has been done on children and adults. In addition, our study highlights a potential
finding that locates the basis of dose-response on AB studies. Taken together, the current
dataset extends this topic of research and contributes to demonstrating the evidence of the
effect of chronic exercise on cognition. It is suggested, however, that future research
should systematize greater monitoring of training, not just pre and postintervention.
Consequently, another important factor is to analyze the characteristic of ABs (physical
exercise, technical exercise, mindfulness, integration in the classroom contents, etc.), as
they must be understood in order to assess the best impact on vigilance during the class. In
addition, it is recommended that training interventions be carried out for more extended
periods of time so that it will be possible to investigate the behavior of vigilance capacity as
training time increases. It also contributes to the extant research on cognitive performance
during the PA performed in the classroom and opens up exciting avenues for future
research.
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Simple Summary: The 2000 m tests, usually applied in indoor rowing, during weeks of evaluation
and selection of young rowing athletes, often discourage participation or are performed by ath-
letes without a previously established strategy (i.e., execution strategy, according to an estimated
performance expectation) which may underestimate the performance of young athletes. Thus, the
mathematical model developed in this research can contribute to the selection of athletes in Olympic
rowing by providing a low-cost tool with a significant level of reliability and performance prediction
of 2000 m. Furthermore, the mathematical model could help to propose highly reliable assessment
strategies following coaches. This model could be used as an alternative to traditional ways of
evaluating training progression up to 2000 m, thus contributing to the strategic planning of the tests
applied and the development of athletes.

Abstract: Background: The exhaustive series of tests undergone by young athletes of Olympic rowing
prior to important competitions imply loads of physical stress that can ultimately impact on mood
and motivation, with negative consequences for their training and performance. Thus, it is necessary
to develop a tool that uses only the performance of short distances but is highly predictive, offering a
time expectancy with high reliability. Such a test must use variables that are easy to collect with high
practical applicability in the daily routine of coaches. Objective: The objective of the present study was
to develop a mathematical model capable of predicting 2000 m rowing performance from a maximum
effort 100 m indoor rowing ergometer (IRE) test in young rowers. Methods: The sample consisted of
12 male rowing athletes in the junior category (15.9 ± 1.0 years). A 100 m time trial was performed on
the IRE, followed by a 2000 m time trial 24-h later. Results: The 2000 m mathematical model to predict
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performance in minutes based on the maximum 100 m test demonstrated a high correlation (r = 0.734;
p = 0.006), strong reliability index (ICC: 0.978; IC95%: [0.960; 0.980]; p = 0.001) and was within usable
agreement limits (Bland -Altman Agreement: −0.60 to 0.60; 95% CI [−0.65; 0.67]). Conclusion: The
mathematical model developed to predict 2000 m performance is effective and has a statistically
significant reliability index while being easy to implement with low cost.

Keywords: athletic performance; rowing; sport; young athlete; mathematical model

1. Introduction

Olympic Rowing is characterized by a high physical demand in which a high aerobic
and anaerobic capacity are required for optimal performance [1,2]. Depending on the
athletes’ gender and age and the type of the boat, a 2000 m Olympic rowing race can last
from 5 to 8 min [3,4]. During a rowing race, the metabolic source of energy is predominantly
aerobic [3,4]. Yet, both in the first ~100-m and at the last ~200-m race, athletes tend to
perform maximal output sprints that can be decisive at the finish line [3,4]. Those sprints
require a rapid and high load of metabolic energy, with the anaerobic system taking
over. Therefore, a significant contribution of the anaerobic capability and efficiency of this
metabolic system can also predict rowing performance [3,4]. For instance, the modified
Wingate performance for rowing in national-level adolescent rowers could be used to
predict rowing performance [3]. Accordingly, the anaerobic stimuli, as an indicator of the
anaerobic capacity, indirectly reflects rowers’ performance at 2000 m [3–7]. Previous studies
have suggested that parameters such as race time and short tests [i.e., 50-m, 100-m, or 500-m
anaerobic stimuli performed on a rowing ergometer] should be taken into consideration
during the process of selection and orientation of young athletes [5–8].

Several studies have reported a positive correlation between 2000 m indoor rowing
performance and power produced during 20 s, 30 s, and 60 s rowing tests [5–8]. Cerasola
et al. [8] developed a mathematical model for predicting 2000 m performance in indoor
rowing using the combination of anthropometric variables, VO2max, and 60 s maximum
sprint. In a study conducted by Maciejewski [9], the researchers found a strong correla-
tion of the Wingate test adapted for rowing, with 1500 m indoor rowing performance in
competitive adolescent rowers, and the results point out that rowing coaches can use the
modified Wingate test to potentially identify talented young rowers. In the same study, the
authors found a strong correlation of the 60 s test with 2000 m performance and point out
that 60 s performance can be considered a valuable tool to predict 2000 m performance of
elite young rowers, not requiring expensive and long duration [7].

Anaerobic energy pathways can be entered into regression models to predict ergome-
ter performance at 2000 m and identify rowing talent [3]. Regression analysis models
for performance prediction have already been suggested for the rowing modality [3,5–7].
Nonetheless, although results of studies have contributed to the scientific knowledge of
rowing, few coaches use these methods due to the requirement of sophisticated equipment
for evaluation, which is not always available to them. Therefore, they choose to use tradi-
tional evaluation methods in the selection of young athletes [3,5–7]. In addition, reliable
mathematical models that use only short distance performance to predict 2000 m perfor-
mance in indoor rowing are not yet available in the scientific literature [5–10]. Therefore,
relating practice tests to success in rowing may be beneficial in adapting and constructing
training plans to optimize athlete development [9,10]. Thus, developing specific tests for
rowers with good reproducibility could help predict performance, and training progression
in the training environment becomes necessary.

A mathematical model that could predict the performance and progression of training
would help coaches in the initial planning of training objectives, also being useful to assess
the anaerobic capacity of rowers indirectly, in addition to providing accurate information
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for estimation of performance concerning increasing the distance of the tests applied in
2000 m with low cost, high practical applicability, and easy collection. [7,9,10].

Sports scientists have suggested complete indoor rowing tests of 20 s and 30 s [3,5,6].
However, this assessment does not reflect the initial phases and final sprints that last about
60 s, with an estimated energy expenditure of 500–700 Watt [11–13]. Therefore, a maximum
100 m ergometer rowing test might be better suited to monitor rowers’ ability to sustain
energy expenditure during the actual start and finish phases of a 2000 m rowing.

The present study aimed to develop a mathematical model capable of predicting
2000 m performance for young rowers from a 100 m maximal effort test. The present study
raised the hypothesis that the performance of 2000 m in rowing could be predicted with a
mathematical model using parameters easily collected by the coaches and reproducible in
their daily environment.

2. Materials and Methods
2.1. Participants

The research has a cross-sectional design with a sample selected from February to
March 2020 at the “Sports Club de Natal” (Brazil). The sample was composed of twelve
young male rowing athletes (15.9 ± 1.0 years; body weight (kg): 66.5 ± 13.1; height: (cm)
(170.7 ± 7.0, wingspan (cm): 161.5 ± 43.2, body mass index (kg/m2): 22.6 ± 3.4, time of
practical experience in rowing: (1.3 ± 2.0 years), who were ranked on the national level
were selected for the study. Based on criteria from Matsudo, Rivet, and Pereira [14], the
sample is classified as national-level athletes. These athletes were among the top 20 in the
positions between 7th and 12th place (final B) and between 13th and 19th place (final C)
national ranking during 2020.

Table 1 reports the characteristics of the subjects about body composition and power
during 100-m and 2000-m tests.

Table 1. Subject Characteristics.

Variables Mean ± SD

Fat mass (kg) 16.5 ± 6.7
Lean mass (kg) 47.4 ± 8.1

Mean Power in 100 m (watts) 376.9 ± 62.7
Mean Power in 2000 m (watts) 235.9 ± 29.0

kg = kilograms. kg/m2 = kilograms per square meter. m = Meters. SD = Standard deviation.

Inclusion criteria were: (i) Being affiliated to a state federation and national Olympic
rowing confederation; (ii) at least one year of training experience; (iii) age 14 to 16 years,
and; (iv) a minimum training frequency of six times a week (≥60 min per training session)

Exclusion criteria were: (i) Presence of osteoarticular lesions (i.e., lesions in bone
tissues and joints) or muscle injuries in the last six months before the research. (ii) could
not complete all the tests proposed by this study. (iii) use of ergogenic substances (i.e.,
supplements) that could enhance physical performance (i.e., caffeine, taurine, creatine,
and others).

The Ethics approved this study, and Research Committee with Human Beings of
the Federal University of Rio Grande do Norte (technical advice: 3.552.010), respecting
the national and international ethical principles in the declaration Helsinki and ethical
standards in sport and exercise science research [15]. In addition, the present study complies
with items on the STROBE checklist for observational studies [16]. All participants and
their guardians received information about the research objectives and methodological
procedures adopted. Informed consent terms (TALE) and a free and informed consent
term (ICF) were signed by the volunteers and their respective legal guardians, according to
Resolution 466/12.
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2.2. Procedures

On the first day, all procedures for the experiment were explained to participants
and their respective guardians. On the second day, anthropometric and body composition
tests were performed for sample characterization purposes. On the third day, the athletes
performed the 100 m sprint. Finally, on day 4, a 2000 m time trial was performed (See
Figure 1). All rowing testing was conducted on an indoor rowing ergometer (Concept®

model-D equipped with PM5 digital monitor; Morrisville, CT USA) [17] in a temperature-
controlled environment (26 ◦C). The equipment was calibrated with a resistance factor of
125 (N s2/m2) (i.e., Air System specific to Indoor Rowing) according to the specifications of
the international rowing federation. All tests were performed on consecutive days starting
at 8:00 am.
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2.3. Analysis of Body Morphology

For sample characterization, body composition was determined with dual-energy X-ray
absorptiometry (DEXA) (LUNAR®/GE PRODIGY—LNR 41,990, Software enCORE version
18; United States–Washington DC) using specific algorithms for the pediatric population [18].

2.4. Development of the Mathematical Model

A mathematical model was developed to predict 2000 m performance based on the
performance of the maximum effort 100 m Indoor Rowing Test with consideration of
a priori theoretical model [19–21]. Thus, based on traditional physics, we developed
a mathematical model of approaching the distance from the sprint time of 100 m (in
seconds) [19–21]. In this sense, we consider the time in seconds of the sprint of 100 m
multiplied by constant 22 (number determined by algorithms for an approximation with
the time of 2000 m). Subsequently, the correction factor +18 was identified by algorithms
to equalize the results of the predictive equation with those of indoor rowing. Thus, to
convert the results into minutes, we divide the final product by 60 [19–21]. Subsequently,
regression analyses were performed, in sequence and the theoretical model was tested
using confirmatory factor analyses and the reproducibility index [19].

The following is the mathematical model developed to predict 2000 m performance
from the performance in the 100-m test:

Time in Minutes 2000 m = [(Time in Seconds 100 m × 22) + 18]/60

2.5. Statistics

To determine a priori the minimum sample size to develop the mathematical model,
we used the effect size of 0.915, referring to the linear regression result (mathematical
model for peak power X peak power in indoor rowing) found by Almeida-Neto et al. [22].
We used the G*Power ® software (Version 3.0; Berlin, Germany) in the configuration
“T family statistics for regressions” and an α = 0.05 and a β = 0.80 considering a single
variable to perform the prediction. A minimum sample size of 10 subjects (t (2.0) = 2.91)
was determined to be an acceptable sample size with power estimated to be 0.90. The
normality of the data was analyzed by the Shapiro-Wilk tests and z-score for asymmetry
and kurtosis (−1.96 to 1.96).
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Pearson’s linear correlation test determined the data correlations. The correlational
magnitude thresholds used were those proposed by: Insignificant: r < 0.10; Weak:
r = 0.10–0.39; Moderate: r = 0.40–0.69; Strong: r = 0.70–0.89; Very strong: r = 0.90–1.00 [23].
The Breush-Pegan test tested the homogeneity of the models, and the assumptions of
normality, variance, and independence of the data were confirmed. The Durbin–Watson
test was used to test the multicollinearity of the regression models. By White’s test, we
checked the heteroscedasticity of the regression models.

To measure the reproducibility and reliability of the mathematical model, an anal-
ysis of the intraclass correlation coefficient was performed, with magnitude of absence:
ICC ≤ 0; poor: ICC = 0–0.19; weak: ICC = 0.20–0.39; moderate: ICC = 0.30–0.59; substantial:
ICC = 0.60–0.79; and almost complete: ICC ≥ 0.80 [24]. The Bland-Altman method was
used to verify the degree of agreement between the models. By proportion bias analysis,
we checked for heteroscedasticity of the Bland-Altman concordance.

For the comparative analysis, the Student t-test was used. The size of the effect of
the differences was calculated by the Cohen test (d). The magnitude of the Effect Size
followed the classification described by Espírito Santo and Daniel [25]: insignificant <0.19;
0.20–0.49 small; mean 0.50–0.79; large 0.80–1.29; very large <1.30). For the technical error
of anthropometric measurements, the following magnitude was used: Acceptable for
skin folds ≤ 5.0% and other anthropometric measurements ≤1.0% [26]. All analyses
were performed using open-source software R (version 4.0.1; R Foundation for Statistical
Computing®, Vienna, Austria) with a significance threshold of p < 0.05.

3. Results

The 100 m (seconds) performance correlated significantly with the 2000 m (minutes)
performance. The linear regression model in Table 2 shows that the 100 m performance
was also efficient in predicting the 2000 m performance. We emphasize that for the linear
regression, no significant heteroscedasticity or significant multicollinearity was detected.

Table 2. Correlations and regressions of variables with a performance at different distances in rowing.

Variable Rowing 2000 m

Rowing 100 m

Correlation Regression

r r2 p Value (r2) β p Value

0.734 * 0.538 0.006 0.539 * 15.42 0.006

* Statistically significant; r = correlation coefficient; r2 = squared correlation coefficient. (r2) = regression determi-
nation coefficient; β = angular regression coefficient in relation to the dependent variable. m = Meters.

The G * Power software (Version 3.0; Berlin, Germany) was used to check the power
of the post-hoc results (Table 2), and in the “T” statistic configuration for correlations
and regressions, reporting the effect as r2 (see Table 2), adopting α = 0.05. Thus, for the
correlation analysis, a sampling power of 0.950 (t (10.0) = 1.75) and regression of 0.960
(t (11.0) = 1.80) suggests that the findings of the present study are reliable.

The only variable used in the model was the 100 m sprint test time in seconds. In
addition, the result predicted by the mathematical model showed a substantial reliability
index and a significant agreement index (see Figure 2), with the result of the 2000 m
indoor rowing performance (CCI = 0.978; IC95%: [0.960; 0.980]; p = 0.001); (Bland-Altman
Agreement: −0.60 to 0.60; IC 95%: [−0.65; 0.67]). Figure 2 shows the limits of agreement
of the performance in minutes predicted by the mathematical model with the actual
performance in minutes. No significant heteroscedasticity was observed, and the difference
between the methods, was values between −0.60-min and 0.60-min (the differences ranging
between 7% and 11%).
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Figure 3 shows that no significant differences were observed when comparing the
result of the 2000 m test performed on an indoor ergometer with the result of the mathe-
matical model developed presently (Real Performance (minutes): 7.49 ± 0.39, Coefficient
of variation: 5.2%, standard error: 0.11; Predicted performance (minutes): 7.50 ± 0.41
Coefficient of variation: 5.4%, standard error: 0.12; Effect Size = 0.01; IC 95%: [−0.83; 0.85];
p = 0.9). It should be noted that the mathematical model showed no significant bias in rela-
tion to the performance of 2000 m (difference between the methods = 0.00 ± 0.30; r2 = 0.094;
β = −1.72, CI 95% β: [−5.02; 0.09]; p = 0.33), which suggests that there is no systematic
bias in the model developed by this study. However, based on the individual data, the
mathematical model points out the limitation of underestimating or overestimating the
2000 m time by ~12-s in 7 out of 12 athletes (58%).
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4. Discussion

The present study aimed to develop a mathematical model to predict rowing perfor-
mance at a distance of 2000 m in an indoor maximum rowing test at a distance of 100 m.
This study pioneered the use of a 100 m top speed test to predict 2000 m rowing perfor-
mance in young males. The main finding of this study demonstrates that the mathematical
model based on a maximum effort of 100 m was moderately significant to predict the
performance of 2000 m in indoor rowing. However, the mathematical model of the present
study underestimated or overestimated the 2000-m time of 58% of athletes in ~12 s.

Previously, in a study conducted by Šmída et al. [27], a significant relationship was
observed between the peak anaerobic power and 2000 m indoor rowing performance. This
result suggests that a test with a predominant anaerobic energy requirement could be a

298



Biology 2021, 10, 1082

good predictor of aerobic performance in the 2000 m rowing test [27]. It is known that
in rowers, the energy demands of a standard test of 2000 m are predominantly aerobic.
However, one-third and a quarter of the total energy demand comes from anaerobic
sources [28,29]. Due to the high resistance and physical strength required by this modality,
both energetic (i.e., aerobic and anaerobic) pathways end up being stressed submaximally
or maximally [30].

In a similar study, Cataldo et al. [5] developed a 2000 m rowing performance prediction
model in 20 young male athletes (average age 15.2 ± 1.3) and concluded that the 2000 m
rowing performance could be estimated from a 20 s indoor rowing sprint test. However,
this mathematical model requires the use of sophisticated and costly testing, such as fat-free
mass index and maximum VO2 (VO2max) levels consumed during the 20-s sprint. The
mathematical model created by Riechman et al. [6] proved to effectively predict 2000 m
performance in highly trained young women from a maximum 30 s sprint performance
(Rowing Wingate). Riechman et al. [6] reported statistically significant correlations in the
range of r = 0.84 to r = 0.89 between the results of the Wingate anaerobic rowing test and
the performance of the 2000 m ergometer rowing test. The significant relationship between
the Wingate test results and the performance of the 2000-m rowing ergometer is likely to
be explained, in part, by a substantial aerobic contribution to a 30 s test [6]. However, this
study used the mean power variables of 30 s maximum, VO2max, and fatigue percentage
of the Wingate test. Therefore, the equations developed by Cataldo et al. [5] and Riechman
et al. [6] require a sophisticated laboratory evaluation before using the 2000 m performance
prediction equation.

Given this assumption, it is suggested that the time in seconds of a short performance
in rowers is a reliable predictor of competition distance performances [28–30], which
eliminates the need to perform sophisticated analyses such as those mentioned above.
Thus, the mathematical model presented in this study used only the 100 m sprint time
to estimate the 2000 m performance, with significant reliability. The use of the 100-m
test becomes practical for the rower training environment, being a significant anaerobic
stimulus that can help in predicting the 2000-m challenge. Billat et al., [31] point out that
anaerobic capacity is predictive of rowing performance, attributing this fact to sprints often
performed during rowing race. Thus, the results of the present study indicate moderately
significant relative reliability. The coefficient of variation values was low (<6%), as well as
the standard error values (<0.15) and the difference in relation to the base method (indoor
rowing) were less than 1%, demonstrating that the mathematical model based in one sprint
of 100-m, can be helpful for sports. According to Atkinson and Nevill [32], the estimate
of performance in sports needs to have high reliability and an agreement above 95% in
relation to the basic method used. Thus, the present study showed a significant reliability
index (ICC: 0.978; IC95%: [0.960; 0.980]; p = 0.001) and thus can contribute to the selection
of athletes in Olympic rowing by providing a low-cost tool with a significant level of
applicability and prediction of 2000 m performance.

Seeking to propose a highly reliable assessment strategy for rowing coaches, the
strength of this study was to present an equation developed as an effective tool to predict
the athlete’s performance at a distance of 2000 m. Therefore, this research can contribute to
the monitoring and evaluation of young rowers, providing a tool with a significant level of
reliability to predict 2000 m performance. In addition, our equation may be an alternative
to traditional ways of evaluating training progression for the 2000 m, thus contributing to
planning and development parameters for athletes and coaches. Therefore, this research
can contribute to the monitoring and evaluation of young rowers, providing a tool with a
significant level of reliability to predict 2000 m performance.

The strengths of the present research were: (i) the study design was adequate to
an-swer the research question by presenting an assessment model with high reliability;
(ii) gender was not a divergent factor in the current sample as we used only male athletes;
(iii) Significant practical applicability for rowing coaches as it was easy to use and repeated
frequently due to its short duration.
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Despite the relevance of the results, this study is limited by the fact that it was
per-formed only with a small number of young male athletes, and athletes from other
catego-ries, ages, and sex may present different results. In addition, we highlight that
although the mathematical model has practical applicability, its predicting power is limited
and the absence of comparisons with more sophisticated mathematical models that use
variables such as VO2max [5,33,34] is also a limitation to accurately determine the quality
of the mathematical model developed by the present study. In addition, the mathematical
model points to an estimation error of ~12-s in 58% of the sample (underestimating or
overestimating). This suggests that a single stimulus of 100-m should not be the only
criteria used to evaluate rowers. To improve the model, it may be necessary to use more
physiological variables (i.e., heart rate, cardiorespiratory capacity, lactate threshold, etc.) or
non-physiological variables (i.e., body composition, rowing power, etc.) that correlate with
the performance of 2000-m.

This, results suggest that future studies seek to improve the mathematical model
of the present study, increasing physical fitness tests that are easy to use in the coaches’
work environment. Therefore future studies that seek to demonstrate the reliability of
the mathematical model of the present study with inclusion of metabolic variables from
indirect and direct methods are encouraged.

5. Conclusions

The results of this study show that the predictive equation proposed for performance
of 2000 m is moderately reliable and predicts performance within 5% of actual performance.
Thus, the equation model presented is low cost, and favors time savings and lower physical
wear for athletes. It is necessary that future studies improve the mathematical model
in order to provide a tool with lower estimation errors, thus providing an option to
evaluate the performance prediction and monitor training using a maximum 100-m indoor
rowing test.
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Wolański, P.; Badicu, G.;

Murawska-Ciałowicz, E. The Role of

Satellite Cells in Skeletal Muscle

Regeneration—The Effect of Exercise

and Age. Biology 2021, 10, 1056.

https://doi.org/10.3390/

biology10101056

Academic Editor: Brian McDonagh

Received: 27 September 2021

Accepted: 12 October 2021

Published: 18 October 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 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/).

1 Department of Physiology and Biochemistry, University School of Physical Education,
51-612 Wroclaw, Poland; pawel.wolanski@onet.pl

2 Gynecology and Obstetrics Department, St. Hedwig’s of Silesia Hospital, 55-100 Trzebnica, Poland;
mateusz.kaczmarek@yahoo.com

3 Physiotherapy Faculty, University School of Physical Education, 51-612 Wroclaw, Poland;
marysia.cialowicz@gmail.com

4 Escola Superior Desporto e Lazer, Instituto Politécnico de Viana do Castelo, Rua Escola Industrial e Comercial
de Nun’Álvares, 4900-347 Viana do Castelo, Portugal; Filipe.clemente5@gmail.com

5 Department of Physiology, Gdansk University of Physical Education and Sport, 80-336 Gdansk, Poland
6 Department of Physical Education and Special Motricity, Transilvania University of Brasov,

500086 Brasov, Romania; georgian.badicu@unitbv.ro
* Correspondence: agnieszka.kaczmarek@awf.wroc.pl (A.K.);

eugenia.murawska-cialowicz@awf.wroc.pl (E.M.-C.)

Simple Summary: Studies describing the effects of various forms of exercise and age on muscle
regeneration were reviewed. Satellite cells are a heterogeneous group of cells that includes stem
cells and skeletal muscle progenitor cells. Each skeletal muscle fiber has its own pool of satellite
cells that remain inactive until the muscle is damaged. Minor damage within the cell membrane of
muscle fibers is patched by fusing intracellular vesicles with the damaged sarcolemma. More severe
muscle damage initiates a multistep regeneration process in which satellite cells play an essential
role. The condition that initiates the cascade of reactions is the formation of inflammation at the
structural discontinuity site, resulting in satellite cell activation. The multitude of reactions and
pathways occurring during this process means that many different substances are involved in it
and control it. Not all of them are well-understood yet. In parallel, the body’s own population of
satellite cells is being rebuilt so that more fibers can be regenerated in the future. Athletes and the
elderly are primarily at risk for muscle damage, and pathologies in muscle fiber regeneration cause
serious diseases.

Abstract: The population of satellite cells (mSCs) is highly diversified. The cells comprising it differ
in their ability to regenerate their own population and differentiate, as well as in the properties they
exhibit. The heterogeneity of this group of cells is evidenced by multiple differentiating markers
that enable their recognition, classification, labeling, and characterization. One of the main tasks of
satellite cells is skeletal muscle regeneration. Myofibers are often damaged during vigorous exercise
in people who participate in sports activities. The number of satellite cells and the speed of the
regeneration processes that depend on them affect the time structure of an athlete’s training. This
process depends on inflammatory cells. The multitude of reactions and pathways that occur during
the regeneration process results in the participation and control of many factors that are activated
and secreted during muscle fiber damage and at different stages of its regeneration. However, not all
of them are well understood yet. This paper presents the current state of knowledge on satellite cell-
dependent skeletal muscle regeneration. Studies describing the effects of various forms of exercise
and age on this process were reviewed.

Keywords: satellite cells; muscle regeneration; myogenic regulatory factors; inflammation; exercise; age
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1. History of Studies on Satellite Cells

The invention of the electron microscope in the 1930s sparked a revolutionary advance
in research. The same was true for studies on mammalian muscle tissues. Specifically,
satellite cells were first reported in the second half of the 20th century. In 1961, Alexander
Mauro, a Rockefeller Institute scientist who studied frogs’ tibial muscles under an electron
microscope, published a paper demonstrating the existence of mononuclear cells located
peripherally between the sarcolemma and the basement membrane. He called them satellite
cells [1]. That same year, in London, Bernard Katz also observed similar-looking cells
during his studies on afferent nerve fiber endings in frog muscles [2]. Subsequent scientists
tried to find out more about the structure, genesis, and role of these newly discovered
cells. In 1966, Ishikawa made an unsuccessful attempt to describe the mSC structure [3].
Three years later, Kelly and Zacks showed that Ishikawa had confused satellite cells with
connective tissue cells by calling them “fibroblast-like.” In the same paper, they described
the histogenesis of the muscle tissues of rats’ intercostal muscles as an example [4].

In the following years, by labeling the tibialis anterior muscle cells of 14- to 17-day-old
rats with a radioactive nucleoside (3H-thymidine), Moss and Leblond (1971) observed
that the nuclei of multinucleated myofibers were derived from mSCs that were capable of
mitotic divisions [5]. Observations of the mouse upper limb lumbrical cells made seven
and 30 days after birth led to the conclusion that fewer and fewer satellite cells undergo
fusion with muscle fibers as mice age. The rate of division of these cells did not decrease
until the mice were three weeks old. In contrast, after the third week, mSC proliferation
ceased, and they entered a quiescent state [6]. As early as during the discovery of satellite
cells, Mauro postulated that they could participate in skeletal muscle regeneration [1]. This
was eventually confirmed in 1975 by studies using phase-contrast microscopy [7].

In 1986, it was discovered that muscle injury causes satellite cells to exit the G0 phase
and resume cell division [8]. Following these studies, researchers searched for factors that
affect differentiation and the activation and deactivation of mitotic divisions of muscle
satellite cells. One of the earliest agents studied was transforming growth factor-β (TGFβ).
Studies have investigated its inhibitory effect on mSC differentiation [9]. The course
of myogenesis in mammals has been established by observing mouse embryogenesis.
During these observations, it was found that the first mSCs appeared under the basement
membrane of the muscle on day 17 of fetal life [4].

Throughout the 1990s, many published studies described the role of various proteins
in myogenesis, including myogenic regulatory factors (MRFs) and Pax7 in mSCs [10,11].
A 1990 paper by Bischoff addressed how the position of mSCs in the muscle affects their
sensitivity to myogenic factors. It was shown that the niche in which satellite cells reside
has an important influence on their performance [12].

In 2005, single myofibers with adherent mSCs were transplanted into irradiated mice
that could not regenerate muscle. In this study, satellite cells were shown to have stem cell
characteristics in that they were capable of regenerating their own population. Subsequent
experiments helped understand the mechanism of mSC populations’ self-renewal process
(asymmetric division) [13].

2. Pax7 Characterizes Inactive mSCs

Pax7 transcription factor belongs to a group of nine proteins encoded by Pax genes
whose name comes from the DNA-binding domain called “paired.” These proteins have
important functions during organogenesis, cell division, and differentiation. Over the
centuries, the structures of these proteins have changed little, and their homologs are found
in the proteomes of numerous animals, from simple organisms, such as nematodes, to
insects, amphibians, fish, birds, or mammals [14]. The Pax7 protein is found in the cell
nuclei of inactive satellite cells and in all human mSCs. This protein is responsible for
regulating the division and differentiation of these cells [15]. Its effects include influencing
myogenic determination protein 1 (MyoD1) and myogenic factor 5 (Myf5), which belong
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to MRFs [16]. The expression of the gene encoding this protein decreases in activated
satellite cells [15].

In a study in mice that lacked the operational Pax7 gene (Pax7−/−), this factor was
shown to maintain satellite cell populations after birth [16]. Although no significant differ-
ences in muscle thickness or appearance were observed in Pax7−/− and wild-type mice,
only a small percentage of the Pax7−/−-type mice reached adulthood. Survivors showed
impaired growth and significant muscle tissue loss caused by a lack of functional mSCs [17].

3. Inflammatory Processes Involved in Muscle Regeneration

Mature skeletal muscle cells are characterized by high stability and are not subject to
mitotic divisions [18]. Minor damage within the cell membranes of muscle fibers is patched
by the fusion of intracellular vesicles with damaged sarcolemma. Caveolin 3, dysferlin, and
one of two calpains (m or µ) are involved in this process. [19,20]. Severe muscle damage
initiates a multistep regeneration process in which satellite cells play an essential role [21]
(Figure 1).
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—inflammatory cells.

Skeletal muscle fibers can be damaged by denervation, ischemia, or mechanical dam-
age caused by (for example) the effect of high temperature. Intensive training, exposure to
toxins, and genetic mutations that cause degenerative muscle diseases (including muscular
dystrophies) may also cause this kind of damage [22]. Due to the disruption of the cell
membrane of the muscle fiber, the concentration of Ca2+ ions increases rapidly inside the
muscle fiber. This, in turn, activates proteolytic enzymes (calpain-calcium-dependent,
non-lysosomal cysteine proteases) that digest the structural protein molecules of the dam-
aged fibers. From damaged cells, the molecules of compounds normally present in the
sarcoplasm enter the bloodstream. These compounds include creatine kinase, myosin
heavy chain, lactate dehydrogenase, troponins, myoglobin, and beta-galactosidase [23].

Necrosis occurring in damaged muscle stimulates inflammatory processes—for ex-
ample, the cascade activation of the complement system and an increase in the synthesis
of proinflammatory cytokines [24]. Destroyed cells are phagocytosed by neutrophils and
macrophages that migrate to the damage site [22,23]. The entire process begins with the
stimulation of selectin family protein synthesis by tumor necrosis factor-α (TNF-α) and
interleukin-1β (IL-1β). These substances promote the influx of neutrophils to the injury
site, which takes 1–6 h [25]. The chemokines interleukin-6 (IL-6) and interleukin-8 (IL-8)
also contribute.
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Furthermore, neutrophil granulocytes secrete chemoattractants, resulting in the accu-
mulation of two macrophage subpopulations at the injured muscle site [26]. The first of
these is characterized by proinflammatory properties due to the secreted cytokines (TNF-α,
IL-1β). The number of proinflammatory macrophages peaks approximately 24 h after
fiber injury.

A defining feature of proinflammatory macrophages is the expression of the CD68
membrane protein, and their function is to remove the debris remaining after cell necrosis.
The second subpopulation of macrophages is the anti-inflammatory group, which reaches
its maximum concentration within two to four days after injury. Their properties are due to
the secretion of cytokines that inhibit inflammatory processes—for example, interleukin-10
(IL-10). Unlike proinflammatory macrophages, they synthesize the CD163 protein (which is
their marker) instead of the CD68 protein. The function of these macrophages is to protect
newly created structures from proteolytic agents. In addition, macrophages stimulate
satellite cell division [27]. Importantly, when the immune response is not triggered, satellite
cells do not appear to be involved in regeneration [28].

4. Presence of MyoD1 and Myf5 Is Characteristic of Proliferating Satellite Cells

Satellite cells start dividing once anti-inflammatory scavenger cells appear in the
muscle (i.e., on the second day after the injury occurs). Activation includes the satellite
cells in the immediate vicinity of the resulting damage, as well as all cells adjacent to the
damaged fiber. Activated mSCs migrate to the damage site, where the regeneration process
continues [29]. The membranes of quiescent satellite cells contain the CD34 glycoprotein,
which belongs to a family of adhesion proteins, the sialomucins. Immediately after satellite
cell activation, there is a sharp decrease in CD34 production, allowing the molecules to
adhere to each other less strongly and move more easily [30]. Researchers have observed
that satellite cells can move not only within the same fiber but also between fibers and even
between muscles. Such movement allows these cells to overcome basement membrane and
connective tissue barriers [31].

Satellite cells undergoing division—called myogenic precursor cells (MPCs)—produce
MRFs [21]. MRFs are characteristic of mSCs that have awakened from their quiescent state,
and the expression of these factors occurs in an ordered sequence. In one study, MyoD1
and Myf5 were the first MRFs observed during the initial phase of mSC activation and
division. In-depth analyses of single cells on the first day after injury show that some
satellite cells begin to synthesize MyoD1 first, while others synthesize Myf5 first. On the
other hand, the simultaneous expression of both factors occurs on the following day [10].
The appearance of both MRFs is necessary for satellite cells to exit the quiescent state.
Cells in which no further MRFs are produced—and in which MyoD1 and Myf5 levels are
decreased—revert to the pool of quiescent cells [32]. It is believed that MyoD1 expression
determines MPC differentiation [33].

Megeney et al. [34] showed that cell division is not impaired in MyoD1−/− mutant
mice, though an accumulation of myoblasts was observed at the muscle injury site. How-
ever, these myoblasts do not differentiate into mature muscle cells. After examining them
under an electron microscope, the authors did not report any abnormalities in their appear-
ance [34]. However, Sabourin, et al. [35] demonstrated a different appearance of in vitro
cultured mouse MyoD1−/− cells. Compared to MyoD1+/+ cells, which were rounded, the
mutant cells were flat and star-shaped [35]. In another study, another team of researchers
showed that MyoD1−/− muscles have branched muscle fibers, indicating an abnormal
regeneration process within these myofibers [36]. These abnormalities may result from an
imbalance between the satellite cells that stop proliferating, returning to the G0 phase of
the cell cycle, and those that rapidly divide [33–35].

Asakura et al. [37] made an interesting discovery after injecting satellite cells into the
tibialis anterior muscles of mice from the SCID/beige model that had been damaged by
cardiotoxin (CTX). A significantly higher number of transplanted MyoD1−/− cells survived
in the regenerating muscle compared with the wild type. The difference was threefold after
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24 h. Not only were there more of them, but they easily formed multinucleated myofibers
and replenished the pool of quiescent satellite cells. The results of this experiment suggest
that MyoD1 may regulate apoptosis, as a vast number of transplanted wild-type myofibers
underwent programmed death during differentiation. The researchers tested this by
subjecting the cells of both lines to UV radiation, which damages DNA. More apoptotic
cells were shown in the wild-type MyoD1+/+ line than in fibers lacking this factor [37].

The characteristic phenotype of mice lacking Myf5 is muscle fiber hypertrophy, and
proliferation is impaired in Myf5−/− myoblasts. In contrast, Myf5 deletion does not affect
the initial abundance of satellite cells. It is likely that the presence of Myf5 in the mSC
determines which cell type it will differentiate into. In vivo studies have revealed that
mSCs lacking Myf5 are more likely to differentiate into fibroblasts or adipocytes than
into myofibers [38]. Additionally, it is postulated that Myf5 promotes the restoration
of its own cell population by inhibiting the expression of MyoD1, thereby inhibiting
further differentiation [31].

Previous studies suggest a distinct role of MyoD1 and Myf5 in muscle regeneration.
MyoD1 has an overarching function in the initiation of cell differentiation, whereas Myf5 is
involved in myoblast proliferation. The functions of these factors in adult myoblasts overlap
with their roles during embryogenesis [39,40]. It can be speculated that the determination
of muscle precursor cell development depends on whether MyoD1 or Myf5 expression
is predominant. As an example of the dominance of MyoD1 factor expression, Myf5−/−

myoblasts showed early cell differentiation [21]. In contrast, the behavior of MyoD1−/−

myoblasts—in which increased proliferation and differentiation occurred with a significant
delay—may serve as an example of a program path that is presumably followed by cells
with Myf5 overexpression [32,33].

The expression of a protein that is crucial for cell differentiation—and, therefore, the
regeneration of the MyoD1 proteins—is strictly controlled by the serum response factor
(SRF). It binds to the DNA sequence recognized by SRF (SRE), which is located in the
promoter of the myoD1 gene [41,42]. In proliferating myoblasts, low levels of MyoD1 are
maintained by specific cyclin-induced reactions between cyclin-dependent kinase-4 and
MyoD1 [43]. These compounds lead to the phosphorylation and subsequent degradation of
the MyoD1 factor [44]. A decrease in the expression of genes, inducing cell division, results
in the expression of myogenesis-enhancing factor-2 (MEF-2). As it competes with SRF for
a binding site to the SRE sequence, it promotes MyoD1 expression and makes the cells
enter the differentiation pathway [42]. By binding to gene promoters, MyoD1 facilitates the
transcription of proteins that are characteristic of striated muscle tissue, such as M-cadherin.
It also causes changes in the spatial arrangement of chromatin, thus allowing transcription
proteins to subsequently bind to it [45].

5. Myogenin and Myf6 have Essential Roles in mSCs Differentiation

Early in cellular differentiation, MyoD1 initiates the formation of another MRF: myo-
genin. This occurs through the interaction of MyoD1 with enzymes that acetylate and
deacetylate the gene promoter of this protein [46,47], and this process is controlled by Myf5
and MEF2 [31,47]. Myogenin expression is responsible for Pax7 inactivation in differen-
tiating myoblasts [48]. This factor was also shown to enhance the formation of muscle
cell-specific proteins whose expression was initiated by MyoD1 [49].

Myogenin is the only one among the four MRFs whose absence in fetal life leads to
severe abnormalities in the development of muscle tissue, resulting in death soon after
birth. The conclusion is that, just as the other factors compensate for each other’s effects,
myogenin cannot be replaced by any of them. This situation changes immediately after
birth. When gene encoding becomes inactive, this protein does not significantly affect
the function of either myofibers or satellite cells. As a result, its role is taken over by
other MRFs [50].

The last of the MRFs synthesized during differentiation is myogenic factor-6 (Myf6),
the name of which is used interchangeably with muscle regulatory factor-4 (MRF4). Similar
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to myogenin, this MRF promotes cell division. Myf6 expression is regulated by MyoD1
and Myf5, and it is characteristic of terminal differentiation stages [36,46].

6. Fusion Is the Final Stage of Muscle Fiber Regeneration

MPC fusion is the final stage of muscle fiber regeneration following muscle damage.
These cells either integrate with damaged fibers or fuse to form new syncytia (Figure 1).
The latter process occurs in two stages. First, several myoblasts fuse to form a small de
novo filament. Then, during maturation, more cells are recruited to the newly formed fiber,
increasing the diameter of the spindle; this process is accompanied by increased contractile
protein expression [21]. This process is complex and requires the participation of numerous
molecules capable of reorganizing the structure of the intracellular cytoskeleton.

Over the years, it has been shown that the myoblast fusion process cannot take place
without the involvement of transmembrane proteins responsible for cell-cadherin adhesion.
Their action, in turn, is dependent on Ca2+ ions. Among the members of this family,
M-cadherin plays the most important role in the formation of multinucleated myotubes
during both embryonic myogenesis and regeneration [51,52]. This has been confirmed by
numerous in vivo and in vitro studies.

This protein is found in mice and humans in most myofibers and satellite cells at dif-
ferent development stages. Muscle damage increases M-cadherin expression [52,53]. A sig-
nificant reduction in M-cadherin expression was observed in injury-activated MyoD1−/−

satellite cells that could not integrate into fibers [33,34]. However, this protein is not
irreplaceable, as the authors of the study in mice with disabled M-cadherin expression
demonstrated. No abnormalities in muscle recovery after CTX injection were observed in
these animals. The role of cadherin has been most likely compensated by other proteins
from this family [54].

M-catherin is not the only adhesive protein responsible for the interaction of myoblasts.
The most important adhesion proteins involved in the muscle fiber regeneration (without
which the fusion of newly formed cells with existing fibers or with each other would not
take place) are CD9, CD81, alpha-3, alpha-7, alpha-10, and beta-1 integrins, as well as
vascular cell adhesion molekule-1 (VCAM-1) [55]. It is also likely that M-calpain, a Ca2+

ion-dependent proteinase, contributes to MPC fusion by reorganizing the cytoskeleton [56].
However, the mechanism of this process is still unknown.

One of the substrates for calpains is desmin, and mice with the desmin−/− phenotype
have been shown to have impaired regeneration and delayed cell fusion [57]. It has also
been shown that satellite cells associated with the fiber differentiate into several myoblasts
(equal to the number of nuclei of each satellite cell) within four to five days of fiber
injury [58]. In mice, the first regenerated or newly formed muscle fibers are observed
approximately five to seven days after injury [59]. These fibers are typically thinner than
others, and their cell nuclei are centrally located. This changes during myofiber maturation
as they move to the peripheral parts of the myotome [60].

In addition to muscle and satellite cells, connective tissue, an integral part of the
muscle, is involved in mSC-dependent skeletal muscle regeneration. More specifically,
these are mesenchymal stem cell-derived fibroblasts (collagen synthesis, organization of
extracellular structures), adipocytes (which replace myofibers in some muscle diseases and
during aging), and adipocyte and fibroblast progenitor cells [61].

7. Satellite Cell Self-Renewal

Satellite cells can divide in three different ways. First, symmetric division may result
in two undifferentiated cells with stem cell characteristics. Second, two differentiating cells
may be formed. Third, asymmetric division results in the formation of one undifferentiated
and one differentiating cell [62]. The ability to reconstitute their own populations via
undifferentiated progenitor cells is a distinctive feature of satellite cells. Presumably,
maternal DNA strands are responsible for determining the fate of newly formed cells. One
of them provides immortality [63].
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To revise this hypothesis, Conboy et al. [64] damaged mouse muscles and injected
them with a thymidine analog compound two days later, which the cells used during
replication. Before the next cell division, they repeated this activity using a different
thymidine analog. By analyzing mSCs extracted from muscle prepared with this method,
the researchers found that selective inheritance of maternal DNA strands occurred in some
of them. In addition, they observed that in most cases, the parental strands were found in
cells that reproduced the mSC population [64].

The mechanism that controls the proliferation of mSCs is the Notch protein signaling
pathway (Figure 2). It is activated by Delta and Jagged ligands. Their interaction causes
the Notch intracellular domain (NICD) to detach from the participation of γ-secretase.
NICD enters the cell nucleus, where it induces the transcription of target genes with
the participation of other factors. The Numb protein, a Notch receptor antagonist, is
one of the compounds unevenly distributed between progenitor cells during asymmetric
division, which may determine their fate. That cell exhibits a high concentration of Numb
ligand and inhibits the Notch pathway, causing it to increase Myf5 factor and desmin
levels and differentiate. The second Numb-depleted cell recreates a population of inactive
satellite cells.
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Figure 2. Notch signaling pathway (The description is in the text).

This was demonstrated in an ex vivo cell culture that contained myofibers and
mSCs [65]. Studies on mice in which green fluorescence protein (GFP) synthesis depended
on Pax7 gene expression confirmed the effect of the Notch signaling pathway on its future.
Notch pathway activity was high in cells that contained abundant GFP (Pax7+). GFP
(Pax7-) detection decreased as Notch pathway activity decreased, whereas MyoD1 and
myogenin expression increased as cells differentiated [66].

Whether a cell replenishes the mSC pool or undergoes differentiation is influenced
by the division plane of the maternal cell. This has been observed in muscle cell cultures
with mSCs attached to them. A progeny cell composition analysis for Myf5 factor revealed
that one in ten Pax+ cells lacked Myf5 expression (Pax+/Myf5−). The majority of the
remaining cells were Pax+/Myf5+ mSCs. Cells lacking Myf5 divide symmetrically and
asymmetrically, but they do not differentiate and renew the mSC population. Furthermore,
they do not lose contact with the basement membrane of the myofiber (Figure 3).
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division resulting in one differentiating cell (Pax7+/Myf5+) (orange cell), and another renewing a population of undif-
ferentiated cells (Pax7+/Myf5−) (blue cell); II—symmetrical division resulting in two cells renewing the population of
undifferentiated cells (2x Pax7+/Myf5−); III—symmetrical division resulting in two differentiating cells (2x Pax7+/Myf5+).

The researchers decided to use Pax7+/Myf5+ and Pax7+/Myf5− cells in another
experiment to test their biological properties. Each was separately transplanted into
Pax7−/− mice that were mSC−deficient due to impaired proliferation. Between 20 and
60 newly created fibers were formed when Myf5+ mSCs were administered, which is
significantly more than in muscles into which Myf5− mSCs were transplanted. In this
case, the number of new fibers did not exceed 20. Administered Pax7+/Myf5+ were
far more likely to differentiate than to participate in niche cell restoration. Additionally,
when comparing Pax7+/Myf5− cells with Pax7+/Myf5+, only the former could move in
the muscle [13].

The Pax7 protein is also vital to the process of self-renewal; its high level is maintained
both in inactive cells and proliferating ones, after which its expression decreases under the
influence of myogenin, which is characteristic of differentiating cells [67]. Among the cells
synthesizing the Pax7 protein and the MyoD1 factor, some did not reach the next stage (i.e.,
differentiation). A closer look using a thymidine analog revealed that the Pax7/MyoD1−

cells were the same cells that had normally expressed MyoD1 previously. MyoD1 activity
decreased in these cells, and subsequent MRFs specific for cellular differentiation were
not synthesized.

The researchers assumed that this cell lineage is responsible for self-renewal [67–69].
The same conclusions were reached by other authors, who additionally observed changes in
the expression of nestin—a protein whose high level, as with Pax7, persists in inactive cells
and those undergoing division, while decreasing during differentiation. Some researchers
used transgenic mice in which GFP synthesis was coupled to nestin synthesis for this experi-
ment. They found that nestin and Pax7 were present in population-renewing mSCs [40,68].

8. Satellite Cells and Physical Activity

After intense exercise—specifically, exercise that causes eccentric stretching of the
muscle fibers—people may experience pain, increased tension, and limited mobility in
the area of the exercised muscle. This phenomenon is referred to as delayed-onset muscle
soreness syndrome (DOMS) [70]. Pain discomfort usually appears 12 to 48 h after exercise
and reaches its maximum on the second or third day, after which it gradually subsides
until the pain is completely gone. This lasts anywhere from a few days to a week [71].
Micro-damage occurs in the muscles due to intense exercise, constituting a signal to
start the fiber regeneration process, which depends on satellite cells. The timing of pain
coincides with inflammatory processes, which are the first stage of regeneration. The
influx of neutrophils and (subsequently) macrophages to the injury site—along with the

310



Biology 2021, 10, 1056

presence of inflammatory mediators—increases the sensitivity of neural tissue (specifically,
nociceptors), which is thought to be the cause of pain [72].

The mitotic activity of mSCs can be stimulated by exercise in the form of strength
(resistance) or endurance training (e.g., running). The changes in mSC activity and muscle
appearance observed in subjects during a cycle of progressive running training indicate
alternating fiber damage with regenerative processes [73]. This is reflected in the increased
number of mSCs [74]. In an experiment in which subjects underwent regular exercise,
an increase in mSCs was demonstrated as early as four days after the first exercise unit.
Elevated levels of these mSCs were maintained in skeletal muscles throughout the entire
training period. mSC levels started declining after completion of the exercises [75].

Human trials have demonstrated similarities and differences in the relationship be-
tween the type of exercise performed and the number of satellite cells. Therefore, clear
conclusions cannot be drawn about these trials.

Resistance training is considered the primary method for increasing muscle mass.
Nederveen et al. [76] analyzed the effects of a single bout of exercise and 16 weeks of
resistance training on satellite cell activation. Satellite cell activity was detected when Pax7
and 4′, 6-diamidino-2-phenylindole (DAPI) (a marker used to stain cell nuclei) and/or
Pax7, MyoD, and DAPI were observed together, as visualized by immunofluorescence.

An examination of the MyoD protein’s presence showed that, when tested before the
16-week training regimen, the number of cells with an activated MyoD gene (Pax7+/MyoD+)
increased significantly 24 h after a single strength training session. In contrast, at the end of
the 16-week experiment, significant differences were obtained after 24 and 72 h had passed.
The increase was greater in the second case, suggesting that the organism had adapted to
chronic exercise training, and indicating improved muscle regeneration processes due to a
cycle of resistance training. The same study also found a positive effect from the training
cycle on muscle capillarization. This improves the availability of ingredients necessary for
muscle regeneration with the participation of mSC, thus improving the overall process [76].

The problems associated with satellite cell activity’s dependence on the type of exercise
were also analyzed by Hyldahl et al. [77]. However, this study focused on comparing
the effects of concentric and eccentric contraction on mSCs. The number of satellite cells
increased in muscles subjected to an eccentric workout, but not in those subjected to a
concentric workout.

A similar dependence on the type of contraction was observed in several parameters
related to muscle damage, which were taken to be the expression of Xin (a skeletal muscle-
specific protein whose concentration increases in proportion to the degree of muscle
damage) and the disruption of extracellular matrix adhesion. The authors hypothesized
that muscle injury-related changes in the extracellular matrix might regulate satellite cell
activation and proliferation [77].

Differences in eccentric and concentric training were also studied by Farup et al. [78].
However, they broadened the issue to include protein supplementation. Twenty-two
young men were divided into two groups of 11 participants each. Each followed the same
resistance training program for 12 weeks, with each participant performing a concentric
workout with one leg and an eccentric workout with the other (legs were chosen randomly
to avoid the possible influence of single-leg dominance). The differences between the
groups consisted of different dietary supplementation—the study group received 19.5 g of
whey protein in combination with 19.5 g of carbohydrates, while the control group received
a calorically equivalent placebo (39 g of carbohydrates).

Concentric training induced a significant increase in the number of satellite cells in
the test and control groups and in both types of muscle fibers. Eccentric training induced
an increase in mSCs in type I fibers in both groups; no significant change occurred in the
number of mSCs in type II fibers, regardless of supplementation. There was also an increase
in the ratio of mSCs to muscle cell nuclei in the group receiving protein supplementation,
which was not the case in the control group.
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The number of nuclei increased in type I fibers in all studied groups when the densities
of cell nuclei were compared among different types of muscle fibers. Interestingly, concern-
ing type II fibers, the group taking protein supplementation experienced an increase in
the number of nuclei only for those who performed concentric training. Conversely, the
increase occurred only in the group performing eccentric training in the placebo group.

These results indicate a clear dependence of mSC activity and cell nuclei accumulation
on both types of resistance training and supplementation. This is especially true for type II
fibers, as changes in type I fibers occurred regardless of the intervention type [78].

The reciprocal effect of different forms of exercise is also not insignificant. Babcock et al. [79]
conducted a study in which a group of eight young men was subjected to two types of
training: resistance training and mixed training (resistance training combined with aerobic
exercise). Resistance training increased the number of satellite cells in the muscle fibers
significantly more than mixed training. It was observed that aerobic exercise co-occurring
in the training cycle with resistance exercises lessened the increase in the number of mSC in
relation to the response after the resistance training itself. Therefore, the authors suggested
that adding aerobic exercise to resistance training may reduce the muscle gains expected
after resistance exercise [79].

Also, the ages of the people undergoing training can influence the results. Snijders et al. [80]
studied the effects of a single resistance training session on satellite cell numbers and
activation in relation to age. The number of satellite cells in type II fibers, relative to
baseline values, in young and elderly subjects changed significantly 48 and 72 h after
exercise, respectively. Myostatin content in both fiber types decreased 12, 24, and 48
h after exercise. However, at one and two days, the decrease was significantly higher
among the younger subjects. The response of satellite cells to microdamage associated with
completed muscle work was delayed with age. However, it was not impossible, confirming
the presence of satellite cell activity in adult muscles and its potential involvement in
muscle hypertrophy [80].

In an effort to compare the effects of resistance and endurance training on human
skeletal muscles, Verney et al. [81] conducted a study involving elderly participants. Their
upper bodies were subjected to resistance training, and their lower bodies were subjected
to endurance training. The entire experiment lasted 14 weeks. Similar increases were
observed in the number of mSCs in the deltoid muscle and the vastus lateralis muscle.
However, as there was no repeatability in this experiment (because different muscles were
tested), it cannot be assumed that the outcome was affected solely by the type of training.

A similar study in rodents also showed that changes in satellite cell numbers did not
depend on the type of training, as both endurance and strength training increased the mSC
pool [82]. The regenerative potential of the exercised muscle increased along with this
pool. However, this does not always translate directly into muscle mass gains. Resistance
training increases such gains [72,83], while endurance training can sometimes decrease
them [84]. This correlates with a change in the number of muscle fiber nuclei [81,82],
meaning that whether muscle mass increases or decreases does not depend entirely on the
number of mSCs in the muscle.

Based on the effect of workout type on muscle mass gain and the problem of the
occurrence of sarcopenia in the elderly, proper form and the reciprocal relationship be-
tween resistance and endurance training must be considered when selecting exercises for
them. Inappropriately designed endurance exercise can have an effect opposite to the
desired effect [85].

Shefer et al. [86] obtained different results when they studied the effects of endurance
training on rats of different ages and both sexes. The number of satellite cells was higher
in young animals of both sexes than in old animals (exercise and non-exercise groups,
respectively). There was also an apparent sex difference, as young and elderly males had
more satellite cells than the corresponding female age groups. More satellite cells were
observed in animals subjected to exercise in each of the studied groups, with the increase
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being the greatest in young males [86]. It seems that a moderate intensity of endurance
training is essential to increasing the number of mSCs.

The study by Murach et al. [87] showed that the impact of resistance training on the
mSC population depended on the muscle fitness level. The number of satellite cells after
resistance training in the untrained muscle increased at a much higher rate than after a cycle
of endurance exercise. This demonstrates the evident influence of the cellular environment
on the proliferative activity of satellite cells. It is also noteworthy that the reserve of
inactive satellite cells was significantly higher after the 12-week endurance training cycle
than before it. The authors hypothesized that resistance training programs presented a
greater challenge for the untrained muscle at the cellular level. In a muscle accustomed
to concentric endurance exercise, an increased reserve of satellite cells correlates with
relatively little change in proliferative activity [87].

In addition to the type of exercise and age of the patients, the activity and number of
stem cells depend on the broader environment. It appears that the type of muscle fiber
may affect the number of activated mSCs that occur with it, although previous studies
have not demonstrated conclusive results. Experiments in rodents comparing the satellite
cell content of muscles predominantly composed of fast-contracting fibers with muscles
composed mostly of slow-contracting fibers showed that type I fibers have more mSCs
in untrained muscle than type II myofibers [82,86]. In contrast, no difference was found
between type I and type II fibers when mSC content was tested in the vastus lateralis
muscles of young, untrained humans [88–90]. However, after exercise, the number of
mSCs increases significantly more in type II myofibers than in type I [82,91] owing to the
observed hypertrophy of type II fibers after resistance training [85].

Cermak et al. [92] analyzed changes in the numbers of satellite cells before and after
exercise in relation to individual types of muscle fibers in a group of young men practicing
sports recreationally. There were no statistically significant differences in satellite cell
content or activity in the type I and type II fibers in the biopsy taken before training. In the
specimens obtained 24 h after training (when considering the mixed muscle type), there
were no significant changes in the number of cell nuclei, the number of satellite cells, or
their activity. However, when considering these values in the context of individual fiber
types, the number and activity of satellite cells increased significantly in type II fibers
(Delta like non-canonical Notch ligand 1 (DLK1) expression was taken as its determinant).
Meanwhile, the values did not significantly change in type I fibers [92].

The number and function of mSCs also depend on other non-muscle cells. Mackey et al. [93]
studied the interaction between satellite cells and fibroblasts in muscles damaged by
electrostimulation-induced contractions. The numbers of fibroblasts and satellite cells
increased at successive time intervals, and their mutual ratio changed. It was approximately
1.8 in favor of fibroblasts in the control group, increasing to 2.7 after 30 days. High levels of
satellite cells after 30 days corresponded with a significant number of immature muscle
fibers (labeled due to expression of neonatal or embryonic myosin).

The authors also cultured muscle cells in media containing different ratios of fibrob-
lasts and satellite cells. The experiment showed that fibroblasts and mSCs interact not only
on muscle fibers but also on each other. Specifically, satellite cells suppress the expression
of certain collagen types, and fibroblasts regulate the maturation of satellite cells [93]. These
findings are supported by a study in which the fibroblast pool was genetically reduced in
mice, resulting in premature maturation of satellite cells [94]. These findings suggest the
need to further investigate the interrelationship between satellite cells and fibroblasts, as
well as the role they play in muscle recovery after exercise-induced damage.

Nielsen et al. [95] studied the effect of restricted blood flow in exercised muscles on
mSC population. Twenty young, healthy men were divided into two groups: a study group
that exercised with partial blood flow restriction (achieved by a compression cuff placed on
the proximal aspect of the thigh) and a control group that exercised identically but without
blood flow restriction. There was a three- to four-fold increase in Pax7+ expression in the
study group when compared to their pre-workout values. The number of cell nuclei per
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muscle fiber also increased. Meanwhile, none of these values showed significant statistical
changes in the control group.

Moreover, the muscle fiber cross-sectional area increased by 30–40% from baseline
values. This increase was comparable in both groups in the biopsy taken on the eighth day
of training, with the study group sustaining the increase on the third and tenth days after
stopping training. Conversely, there was a marked decrease in the control group.

Having observed changes in the cross-sectional area of muscle fibers and in the number
of cell nuclei, the authors hypothesized that the number of nuclei is the limiting factor for
skeletal muscle hypertrophy, as it determines the volume of cytoplasm at which the cell
will lose its ability to transcribe mRNA. However, the mechanism of such a significant
effect of hypoxia on skeletal muscle hyperoxia itself remains unexplored [95].

The influence of physical activity on satellite cell population is multifactorial. It
depends on type of activity, age of subject, protein supplementation, sex, and many other
variables, some of them remaining unclear. Some recent papers oppose each other in terms
of results, which suggests the need for further investigation.

9. Satellite Cells and Age

Aging processes occur in all living organism tissues. The changes that can be observed
involve both morphology and function. Mass and contractile force decrease, and the muscle
nerves in skeletal muscles degenerate. These processes start, and are reflected at, the level
of reactions and transformations occurring in a single cell.

Rosenberg introduced the term “sarcopenia” in 1989, modifying it eight years later.
Currently, sarcopenia is defined as a decrease in muscle mass and an accompanying
decrease in muscle strength. Sarcopenia is a physiological sign of aging [96]. Studies show
that it affects about 25% of people between the ages of 50 and 70 and 40% of people above
the age of 80 [97]. The first symptoms are usually noticed after the age of 60. It is believed
that the degeneration of α-motoneurons, resulting in the atrophy of entire motor units, is
the cause of age-related reduction in muscle mass. These reductions are accompanied by
demyelinating changes within axons. Furthermore, the numbers of nerve endings, vesicles,
and receptors at synapses decrease.

Degenerative changes include motor end plates, which result in impaired and slowed
nerve conduction, followed by denervation, which, combined with muscle cell atrophy,
leads to permanent damage within the striated muscle tissue [98]. The denervated fibers
are reinnervated by undamaged neighboring neurons. This process is called innervation,
or reinnervation, and is often observed in older people. Unfortunately, it is not flawless.
Occasionally, a small motoneuron starts innervating a fiber that is capable of rapid conduc-
tion, resulting in impaired muscle fiber recruitment during contraction and, consequently,
impaired strength [99].

Experiments in rats have shown that, in many cases, the denervated fast-contracting
fiber is reinnervated by motoneurons of slow-contracting units, causing their phenotype
to change [100]. Histological observations have confirmed that large type II b fibers are
the first to be damaged, and their mass is reduced significantly before the age of 80 years.
Degradation of the slow-contracting units is also evident later. In cases where reinnervation
cannot occur (or where denervation occurs too rapidly and the body cannot keep up with
reinnervating the damaged areas), muscle cells are subject to atrophy and are replaced
by fibrous cartilage tissue and adipose tissue [101]. These muscle changes, among other
things, are responsible for the slower and less precise motions experienced by the elderly.

Testosterone also decreases with age, and such decreases are associated with mus-
cle mass loss, reduced function, and decreased muscle strength. Testosterone hormone
replacement therapy suppresses these phenomena, at least partially. The same is true for
estrogen in women [102]. After the age of 30, the concentration of growth hormones in
the human body begins to decline. In the elderly, low levels of these hormones increase
myostatin expression, which inhibits mSC division. The regeneration of damaged muscle
is also impaired, contributing to sarcopenia [103].
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IGF-I levels in satellite cells also decrease in old age. Studies in which IGF-I was
administered into atrophically changed aged rat muscles confirm that this factor increases
the number of satellite cells and promotes muscle regeneration [104]. Observations are
inconsistent regarding whether the number of satellite cells decreases with age.

Reductions in the number of mSCs have been observed in studies conducted in
mice [105]. However, in another study, no significant differences were found in the number
of mSCs when comparing the muscles of young and old rats [106]. The fact that different
species of animals, different muscle types, and different age groups have been tested makes
it difficult to draw conclusions from these experiments.

However, researchers agree that the proliferative potential of mSCs decreases with
age [104]. This is related not so much to a decrease in their number as to changes in the
microenvironment of aging muscles and, thus, in the niche specific for mSCs [107]. These
changes are primarily associated with decreased concentrations of various factors that
disrupt the regeneration process at various stages [104,105].

On the other hand, the sensitivity of mSCs to environmental signals also decreases.
A group of scientists analyzed one of these signaling agents in 2003 and described the
effect of age on Notch pathway activation. The muscles of young subjects, in which Numb
protein levels were artificially increased, showed impaired muscle regeneration associated
with early mSC differentiation.

The same regeneration pattern occurred in the muscles of elderly individuals. Based
on this, the researchers ventured a step further: using an artificial ligand for Notch receptors
in aged muscle, they obtained the same regeneration level as in young individuals. Per
the above discussion, the number of Notch receptors does not change with age, and the
impaired regeneration in aging muscles is associated with decreases in the number of
Delta ligands [108].

Heterochronic parabiosis is a treatment that seems to support the hypothesis that
the mSC environment, not the processes within it, has the greatest influence on skeletal
muscle regeneration activity. This procedure involves fusing the circulatory systems of
two organisms. When an old mouse was paired with a young individual, the former
experienced a better regeneration of the previously damaged muscle than before the
circulatory fusion. Conversely, the efficiency of the restoration process decreased in the
young mouse. To ensure that regeneration processes in older mice were not related to
whole cell transport, the researchers labeled young individuals ”GFP.” Satellite cells from
old mice were labeled ”GFP-.” After the treatment, GFP detection did not demonstrate the
presence of this protein in older mice. Hence, the environmental influences changed the
mSCs’ fate. The same effects were obtained in the 1980s by researchers who transplanted
part of the muscle of an older mouse into a young one and vice versa. However, they could
not exclude the influence of intracellular processes in their experiments, which was finally
achieved in 2005 [107].

Changes in the Wnt pathway—more specifically, the presence of its activators in
the bloodstream—are observed in older subjects. Consequently, muscle progenitor cells
lose their linear specificity with age. Therefore, instead of becoming myofibers, they
increasingly start differentiating into fibroblasts or adipocytes, which contributes to the
decreased functionality of the human muscular system [109].

Some researchers have traced the loss of function in aging mSCs to changes at the
proteome level. The system that degrades damaged proteins includes lysosomes, autolyso-
somes, proteasomes, and chaperones. As people age, these structures no longer function as
efficiently as they used to, causing residual degraded proteins to accumulate in cells, which
often have toxic effects on those cells [110]. Cells that remain in a resting phase, including
mSCs, are the most vulnerable to toxins.

The body’s aging process is often attributed to free radicals. Their destructive effects
on mitochondrial membranes appear to increase with age as the efficiency of antioxidant
mechanisms decreases. Studies have shown that type II fibers are more prone to free radical
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destruction than type I fibers, and damaged mitochondria are more frequently observed
in them [111].
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Simple Summary: Paralympic Powerlifting (PP) is a strength sport and training tends to promote
fatigue. Ten national-level PP athletes were evaluated concerning post-training oxidative stress
using Ibuprofen and a placebo. Strength indicators were evaluated. The training consisted of five
sets of five repetitions (80–90% 1-Repetition Maximum) in the bench press. The IBU had a positive
effect on strength indicators, with decreased fatigue and increased lymphocyte count. There were
no differences in oxidative stress. The use of IBU provided improvements in strength and fatigue
reduction and did not protect against oxidative stress.

Abstract: Background: Paralympic Powerlifting (PP) training tends to promote fatigue and oxidative
stress. Objective: To analyze the effects of ibuprofen use on performance and oxidative stress in post-
training PP athletes. Methodology: Ten national level PP athletes (age: 27.13 ± 5.57) were analyzed
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for oxidative stress in post-training. The study was carried out in three weeks, (1) familiarization
and (2 and 3) evaluated the recovery with the use of a placebo (PLA) and ibuprofen (IBU), 800 mg.
The Peak Torque (PT), Torque Development Rate (TDR), Fatigue Index (FI), reactive substances to
thiobarbituric acid (TBARS) and sulfhydryl groups (SH) were evaluated. The training consisted of
five sets of five repetitions (80–90%) 1-Repetition Maximum (1-RM) in the bench press. Results: The
IBU showed a higher PT (24 and 48 h, p = 0.04, ï2 p = 0.39), a lower FI (24 h, p = 0.01, ï2p = 0.74)
and an increased lymphocyte count (p < 0.001; ï2p = 4.36). There was no change in oxidative
stress. Conclusions: The use of IBU provided improvements in strength and did not protect against
oxidative stress.

Keywords: Paralympic Powerlifting; ibuprofen; muscle strength; oxidative stress; recovery of function

1. Introduction

Paralympic Powerlifting is characterized by being a sport that demands high intensi-
ties during competitions and training, and the training demands progressive overloads
to take athletes to the peak of the required physical performance [1,2]. Due to training
overloads, it is necessary to perform an adequate recovery so that athletes have perfor-
mance gains. When insufficient recovery occurs, tissue injury may be induced and may
lead athletes to overtrain (loss of performance due to the accumulation of training shifts
without adequate recovery) [1,3].

It is noteworthy that intense physical exercise is a physiological stress capable of
altering immune responses and blood biomarkers [4]. Scientific studies show that intense
physical exercise can modulate the leukocyte count in the bloodstream and the interaction
of these leukocytes (neutrophils and monocytes/macrophages) with endothelial cells in
the muscle and consequent transmigration to the damaged skeletal muscle tissue [5,6].

Physical exercise, immune system and oxidative stress indicate that volume and
intensity are directly related to alterations in the redox balance, and the excessive increase
in production or the reduction of antioxidant capacity, which can induce oxidative damage
to lipids, proteins and nucleic acids [7,8]. Excessive loads of physical exercise can generate
oxidative stress, considering that physical exercise can promote the formation of ROSs
(i.e., reactive oxygen species) in the human body [9,10]. It is noteworthy that ROSs can
cause tissue damage and, in high concentrations, damage cellular organelles, nucleic
acids, lipids and proteins, causing harm to human health [6]. In the same direction, it
has been reported that strenuous exercise, as in strength training, tends to increase stress
biomarkers. Thus, oxidative stress has been associated with strength training [11–13].
Exercise-induced oxidative stress has been associated with reactive oxygen species (ROSs),
especially during exercise [14], as well as post-intensive exercise muscle damage and
inflammation that tend to contribute to increased oxidative stress [12,15]. In this sense, it
has been suggested that elite powerlifters may benefit from blunted responses to oxidative
stress after intensive weightlifting sessions, which may have implications for recovery
between training sessions (Ammar et al., 2017a). Therefore, to reduce oxidative stress and
protect athletes’ bodies with the objective of enhancing the recovery process, many methods
have been proposed and used, among which ibuprofen (IBU), which is a non-steroidal
anti-inflammatory drug (NSAID), stands out for self-administrative use [1,16]. However,
the use of NSAIDs can inhibit the muscle myofibers regeneration, the proliferation and
the differentiation of satellite cells, and muscle hypertrophy induced by an adaptation to
training overload [17–19].

For this reason, despite the aforementioned information about ROSs in response to
physical activity, there is no consensus of what the best post-workout recovery would be
to minimize oxidative stress in the athletes’ body [6,9,10], especially because the physical
exercises models and their evaluation methods have not been standardized, which makes a
conclusive analysis difficult [6,9,10]. In this sense, the present study raised the hypothesis
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that using IBU during the recovery period of Paralympic Powerlifting athletes is beneficial
for the parameters of sports performance, immunity maintenance and the reduction of
oxidative stress.

In this regard, the objective of the present study was to analyze the effects of the use
of ibuprofen on performance parameters, cell count and oxidative stress in national level
Paralympic Powerlifting athletes in the period of resisted post-training recovery.

2. Materials and Methods
2.1. Study Design

The study design is shown in Figure 1. The study was carried out in three weeks, using
the adapted bench press [20], with the first week being aimed at familiarization and the
second and the third at the recovery method with the use of placebo (PLA) and Ibuprofen
(IBU), the collections of the Peak Torque (PT), Rate of Torque Development (RTD), Fatigue
Index (FI), Oxidative Stress Assessment through Thiobarbituric Acid Reactive Substances
(TBARS) and Sulfidril Groups (SH), in addition to the blood indicators performed through
the blood count and ammonia after training.

Biology 2021, 10, x FOR PEER REVIEW 3 of 15 
 

 

exercises models and their evaluation methods have not been standardized, which makes 
a conclusive analysis difficult [6,9,10]. In this sense, the present study raised the 
hypothesis that using IBU during the recovery period of Paralympic Powerlifting athletes 
is beneficial for the parameters of sports performance, immunity maintenance and the 
reduction of oxidative stress. 

In this regard, the objective of the present study was to analyze the effects of the use 
of ibuprofen on performance parameters, cell count and oxidative stress in national level 
Paralympic Powerlifting athletes in the period of resisted post-training recovery. 

2. Materials and Methods 
2.1. Study Design 

The study design is shown in Figure 1. The study was carried out in three weeks, 
using the adapted bench press [20], with the first week being aimed at familiarization and 
the second and the third at the recovery method with the use of placebo (PLA) and 
Ibuprofen (IBU), the collections of the Peak Torque (PT), Rate of Torque Development 
(RTD), Fatigue Index (FI), Oxidative Stress Assessment through Thiobarbituric Acid 
Reactive Substances (TBARS) and Sulfidril Groups (SH), in addition to the blood 
indicators performed through the blood count and ammonia after training. 

 
Figure 1. Experimental drawing. Weekly training schedule. 

The order of the PLA or IBU conditions was determined randomly through a draw, 
considering 50% for each condition. 

Week 1: familiarization; Week 2 and 3: recovery with the use of Ibuprofen or Placebo 
(week 2, 50% PLA and 50% IBU, changing in week 3). Pre-ingestion: 400 mg 
Ibuprofen/Placebo ingestion 15 min before training; Intervention: training length (3 h); 
Post-ingestion: 400 mg Ibuprofen/Placebo ingestion 5 h after training (5 h); Data collection: 
measures of strength in the Adapted Bench Press (FI: Fatigue Index, RTD: Rate of Torque 
Development, PT: Peak Torque), Oxidative Stress, TBARS: Thiobarbituric Acid Reactive 

Figure 1. Experimental drawing. Weekly training schedule.

The order of the PLA or IBU conditions was determined randomly through a draw,
considering 50% for each condition.

Week 1: familiarization; Week 2 and 3: recovery with the use of Ibuprofen or Placebo
(week 2, 50% PLA and 50% IBU, changing in week 3). Pre-ingestion: 400 mg Ibupro-
fen/Placebo ingestion 15 min before training; Intervention: training length (3 h); Post-
ingestion: 400 mg Ibuprofen/Placebo ingestion 5 h after training (5 h); Data collection:
measures of strength in the Adapted Bench Press (FI: Fatigue Index, RTD: Rate of Torque
Development, PT: Peak Torque), Oxidative Stress, TBARS: Thiobarbituric Acid Reactive
Substances; SH: Sulfhydryl groups. After training, Ammonia and CBC were evaluated.
1-RM: One Maximum Repetition.
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Collections were carried out between 9 a.m. and 12 p.m., according to the participants’
availability. All assessments were carried out 30 min before the training started and
immediately after, 24 h and 48 h after the training. The participants were evaluated for the
rate of torque development, peak torque and fatigue index. The blood variables evaluated
were the cell count of the immune system and markers of oxidative stress {thiobarbituric
acid (TBARS) and sulfhydryl groups (SH)} were performed before, after, two hours later,
24 h and 48 h after.

Before the intervention began, the athletes performed a previous warm-up for the
upper limbs, using three exercises: (1) pulley elbow extension, (2) shoulders rotations
with dumbbells, (3) shoulders abduction with dumbbells. Three sets of 10 to 20 maximum
repetition (1-RM) were carried out; the warm-up lasted approximately 10 min [3,21]. Then,
a specific warm-up was performed on the bench press itself with 30% of 1-RM where:
10 slow repetitions (eccentric 3-s × concentric 1-s) and 10 rapid repetitions (eccentric 1-s ×
concentric 1-s) were performed before the intervention started. It is noteworthy that during
the specific warm-up, athletes received verbal encouragement to give their maximum
performance [3,21].

Subsequently, the athletes were submitted to an intervention of five sets of five maxi-
mum repetitions (5 repetitions with 80–90% of 1-RM). In the intervention, the traditional
method was applied, using only fixed loads (invariable resistance). Two types of recovery
were applied: one using the wheat flour placebo and the other using the IBU (400 mg)
where both groups ingested the tablet 15 min before and 5 h after training.

2.2. Sample

The sample was entirely composed of male athletes [20]. Forty percent of the athletes
had spinal cord injury below the eighth thoracic vertebra, 20% had sequelae due to polio,
20% had a malformation of the lower limbs and 20% had disabilities due to brain injury.
The athletes were of Brazilian nationality and competed on a national level with rankings
in the top 10 of their respective categories. Exclusion criteria were adopted: (1) not
participating in any phase of monitoring and data collection, (2) in the 24 h prior to the
collection, strenuous exercise, (3) consumption of alcohol, caffeine, non-steroidal anti-
inflammatory drugs (including IBU), nutritional supplements (confirmed by interview),
(4) be allergic to Ibuprofen, (5) having any muscle or joint injuries and/or reporting a
change in arterial hypertension.

The sample size was determined a priori based on a previous study [1], which found
an effect size of partial squared eta (ï2p) = 0.6 for the analyses of the influence of ibuprofen
on neuromuscular aspects in Paralympic Powerlifting athletes (in this case the variable was
creatine kinase). Thus, the open-source G* Power software (Version 3.0; Berlin, Germany)
was used in the statistical configuration for family tests “F” (ANOVA two way), considering
an α < 0.05 and a β = 0.80. In addition, two groups (placebo x ibuprofen) in four distinct
measures (Before × After× After 24 Hs × After 48 Hs) were considered. Thus, a minimum
sample size of six subjects was indicated for the present study, with the sample power
estimated at 0.80.

Table 1 shows the sample characterization.

Table 1. Sample characterization.

Variables (Mean ± Standard Deviation)

n 10
Age (years) 27.13 ± 5.57
Body Weight (kg) 79.25 ± 25.51
Experience (years) 2.99 ± 0.51
1-RM/Bench press (kg) 137.13 ± 30.53 *
1-RM/Body Weight 1.80 ± 0.31 **

* All athletes with loads that keep them in the top 10 of their categories nationwide. ** Athletes with values above
1.4 in the Bench Press (1-RM/Body Weight) would be considered elite athletes, according to Ball & Wedman, [22].
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2.3. Ethics

The athletes participated in the study voluntarily and signed a free and informed
consent term, in accordance with resolution 466/2012 of the National Research Ethics
Commission—CONEP, of the National Health Council, following the ethical principles
expressed in the Helsinki Declaration (1964, reformulated in 1975, 1983, 1989, 1996, 2000,
2008 and 2013), by the World Medical Association. In addition, the present clinical trial
was previously registered (CAEE ID: 79909917.0.0000.55.46) and approved by the Human
Research Ethics Committee of the Federal University of Sergipe (UFS), under Statement
Number 2637882/2018.

2.4. Body Mass Analysis

Body mass was measured while sitting on a Micheletti Electronic Wheelchair Scale
(Model Mic Wheelchair) of the digital electronic platform type (Micheletti®, São Paulo,
Brazil) with a maximum weight capacity of 500 kg (dimensions of 5.0 cm thickness, with a
diameter of 102 × 120 cm).

2.5. Maximum Training Load Analysis

In order to determine the maximum training load, the 1-Repetition Maximum (1-RM)
test was performed and, because the individuals evaluated were familiarized with the
1-RM test, they were not submitted to familiarization sessions. In the test, each subject
started the attempts with a weight that could be lifted using maximum effort. Afterwards,
weight increments were added until reaching the maximum load that could be lifted only
once. If the practitioner was unable to perform a single repetition, 2.4 to 2.5% of the load
used in the test were subtracted. The subjects rested 3–5 min between attempts [3,22].

2.6. Upper Limbs Muscle Strength

To measure muscle strength, the Fatigue Index (FI), the Peak Torque (PT), and the Rate
of Torque Development (RTD) were determined by a Chronojump load cell (Chronojump®,
BoscoSystem, Madrid, Spain), fixed on the Straight Bench Press, using Spider HMS Simond
carabiners (Chamonix, France), with a breaking load of 21 KN, approved for climbing
by the Union International des Associations d’Alpinisme (UIAA). A steel chain with a
breaking load of 2300 kg was used to secure the load cell to the bench. The perpendicular
distance between the load cell and the center of the joint was determined and used to
calculate joint torques and fatigue index [21,23].

The isometric peak torque (PT) was measured by the maximum torque generated by
the muscles of the upper limbs. PT was determined by the product of the peak isometric
force, measured between the load cell cable fixation point and the adapted bench press,
which was adjusted so that there was an angle close to 90◦ at the elbow, at a 15 cm distance
from the starting point (chest to bar), verified with a device for measuring the angular
amplitude, Model FL6010 (Sanny®, São Bernardo do Campo, Brazil). Participants were
instructed to perform a single maximum movement until elbow extension (as fast as
possible) and then relax, for PT evaluation.

As for the Fatigue Index (FI) assessment, the same exercise was performed and it
was determined that the subjects maintained the maximum contraction for 5.0 s, where
the index was determined by dividing the initial PT in relation to the final PT, subtracted
from one. FI = {(Maximum PT −Minimum PT/Maximum Pt) × 100}. Thus, the results in
Newton (Nm) were conceived by the formula Nm = (M)× (C)× (H), where M = Body mass
in kg, C = 9.80665, H = Height of the bar in relation to the cell load (0.45 m), corresponding
to the height that the equipment was fixed, adopting an angle of 90◦ between the forearm
and the arm. The Rate of Torque Development (RTD) was determined using the Peak
Torque to time ratio until reaching the Peak Torque (RTD = ∆Peak Torque/∆Time), in
300 ms [21].
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2.7. Blood Sample Collection

Blood samples were collected in the antecubital vein of the forearm and immediately
transferred to tubes with EDTA. Blood collection (10 mL) was performed by a health pro-
fessional (two nursing technicians). The samples were placed in vacuum blood collection
tubes and sent to the Clinical Laboratory of the University Hospital of the Federal Univer-
sity of Sergipe (Aracaju, Sergipe, Brazil), where biochemical analyzes were performed by a
laboratory biochemist.

2.8. Blood Cell and Leukocyte Count (HEMOGRAM)

Cell Dyn Ruby Abbott—The Cell-Dyn Ruby is an automatic hematology analyzer and
multiparameter. The machine uses three basic methods. (1) The optical method is used
to obtain red blood cell, platelet and leukocyte global counts. A photosensitive detector
measures light scattering. The detected pulse length is proportional to the particle size
(leukocyte, erythrocyte or platelet), which enables the identification of the volume of each
of the formed elements of the blood. (2) In Laser Flow Cytometry, a flow of particulate
matter passes through the laser beam crossing at an angle of 90 degrees, dispersing the
light to a photomultiplier, which generates pulses in the histograms by determining the
size and granularity of cells. This analysis is used to perform global and differential
counts of leukocytes in 5 parts (neutrophils, lymphocytes, monocytes, eosinophils and
basophils). (3) Colorimetry is a method that utilizes a chemical reaction color change
and the final absorbance reading reaction, and is used for hemoglobin. Full blood counts
were performed using a five-part differential hematology analyzer (Beckman Coulter AcT
5 diff AL Hematology Analyzer, CA, USA). The hematology analyzer uses a sequential
dilution system and a dual-focused flow fluid dynamics technology, employing the Coulter
Principle of impedance to count and measure the size of the cells.

2.9. Oxidative Stress

For oxidative stress, the tubes were centrifuged (3000× g for 10 min), and the plasma
and serum were then aliquoted and stored at 4 ◦C for further analysis. To prevent the loss
of volatile compounds, plasma ammonia was immediately measured using a spectrophoto-
metric assay (Randox®, Crumlin, UK). The blood was centrifuged at 800× g for 15 min at
4 ◦C and the was serum stored at −80 ◦C.

In the serum, oxidative stress markers were evaluated. Lipoperoxidation was deter-
mined by measuring substances reactive to thiobarbituric acid (TBARS), according to the
method described by Lapenna et al. [24]. For TBARS, 200 µL aliquots of the blood samples
were added to a 400 µL mixture formed by equal parts of 15% trichloroacetic acid (TCA),
0.25N HCl and 0.375% TBA, plus 2.5 mM hydroxytoluene butylate (BHT) and 40 µL of
8.1% sodium dodecyl sulfate (SDS), being heated for 30 min at 95 ◦C in an oven. The
pH of the mixture was adjusted to 0.9 with concentrated HCl. BHT was used to prevent
lipid peroxidation during heating. After cooling to room temperature and adding 4 mL of
butanol, the material was centrifuged at 800× g for 15 min at ±4 ◦C and the absorbance
of the supernatant was measured at 532 nm. The molar extinction coefficient used was
1.54 × 105 M−1 cm−1 and the TBARS result was expressed in nmol Eq MDA/mL for the
plasma samples.

The determination of sulfhydryl groups (SH) was carried out according to the method-
ology described by Faure and Lafond [25]. A 50 µL aliquot of the plasma was mixed in
1 mL of Tris-EDTA buffer (1 mM), and the first reading was taken at 412◦ (A1 reading).
After this reading, 20 µL of 10 mM 5,5′-dithiobis 2-nitrobenzoic acid (DTNB) diluted in
methanol were added. A new reading was taken after 15 min at room temperature (A2
reading). The Blank (B) contained only DTNB and Tris-EDTA buffer. The final unit was
expressed in mM. The total sulfhydryl groups were calculated according to the molar
absorption coefficient = 13,600 cm−1 M−1: (A2 − A1 − B) × 1.57 mM [25].
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2.10. Post-Workout Recovery Using a Placebo

The control group received two sugar capsules, with packages identical to the IBU,
15 min before and 5 h after the resistance training. The same protocol as the IBU was
followed, as described below.

2.11. Post-Workout Recovery Using Ibuprofen

This study followed the protocol used by De Souza et al. [16] and Fraga et al. [1],
which consisted of administering IBU 15 min before and 5 h after resistance training. The
experimental group received two capsules of IBU (400 mg) adding up to a total of 800 mg.
Both IBU and PLA were packaged in identical capsules and the experiment was double-
blind (i.e., participants and evaluators were unaware of what the capsules’ substance was).
Upon receiving the capsules, all volunteers were instructed on the ingestion procedures.
Follow-up calls from the research team ensured compliance.

2.12. Statistical Analysis

The normality of the data was tested by the Shapiro Wilk test and the assumption
was not denied. Descriptive statistics were used with measures of central tendency, mean
(X) ± Standard Deviation (SD). Comparisons with ammonia were performed using the
paired Student’s t test. For the t-test, an effect size (Cohen’s “d”) was considered, adopting
values of low effect (≤0.20), medium effect (0.20 to 0.80), high effect (0.80 to 1.20) and very
high effect (>1.20) [26–28]. For performance comparisons between time periods (Before
× After × After 24 Hs × After 48 Hs), the assumptions were complicit for the use of the
ANOVA test (Two Way). Point differences were verified by Bonferroni’s Post Hoc. For
ANOVA, the effect size was verified by the “partial squared eta” (ï2p), adopting values
of low effect (≤0.05), medium effect (0.05 to 0.25), high effect (0.25 at 0.50) and very high
effect (>0.50) [28]. All statistical treatment was performed using the computerized package
Statistical Package for the Social Science (SPSS; version 22.0) considering that the level of
significance adopted was p < 0.05.

3. Results

It is noteworthy that, based on the effect size results of the present study, the calculation
of the sampling power through the open-source software G* Power software (Version 3.0;
Berlin, Germany) was performed, considering an α < 0.05 and a β = 0.80. In this sense,
the sample showed a power of >0.80 for the variables PT, FI, lymphocyte count, TBARS
and SH.

Figure 2 presents the data related to the isometric strength through the Peak Torque
(PT), Rate of Torque Development (RTD) and Fatigue Index (FI).
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Regarding the results, the data presented point to: Figure 2A PT—“*” Indicates a
difference (IntraClass) in Ibuprofen (IBU) between the moments 24 and 48 h later (p = 0.040,
ï2p = 0.399, high effect), in PLA there were no differences. Figure 2B) RTD—“*” Indicates a
difference (IntraClass) in Placebo (PLA) between the moments before and after (p = 0.003,
ï2p = 0.542, very high effect). Figure 2C FI—“#” Indicates the difference between PLA
and IBU (InterClass), at the moment 24 h later, (p = 0.015, ï2p = 0.745, very high effect).
Regarding the supplement (IntraClass), in PLA—“a” Indicates a difference in the moments
before and after; “b” in the moments before and 24 h after; “c” in the moments after
and after 48 h and “d” in the moments 24 and 48 h afterwards (p <0.001). In the IBU
supplement—“e” Indicates a difference between before and after; “f” in the moments
before and 24 h after, “g” in the moments after and after 48 h and in the moments 24 and
48 h later (p < 0.001) and “h” in the moments after and 24 h after (p = 0.012). For PLA and
IBU, ï2p = 0.982 (very high effect).

Table 2 shows the results of the blood count and blood variables, concerning to the
changes in the cell counts of the volunteers’ immune system when comparing the post-PLA
and the post-IBU.

Table 2. Blood markers in the presence and the absence of Ibuprofen.

Variables Placebo Ibuprofen p Cohen’s d

CPR (mg/dL) 1.80 ±1.47 3.55 ± 2.37 0.031 * 1.80 d
Urea (mg/dL) 28.88 ± 6.66 24.38 ± 6.74 0.074 3.35 d
Uric acid (mg/dL) 5.14 ± 1.10 5.50 ± 1.21 0.140 1.41 d
Leukocytes (mm3) 7.41 ± 1.80 6.64 ± 1.67 0.415 2.08 d
Neutrophils (%) 3.72 ± 1.22 4.88 ± 1.14 0.151 4.66 d
Lymphocytes (%) 2.43 ± 0.58 3.48 ± 0.78 0.001 * 4.36 d
Erythrocytes (million/mm3) 5.06 ± 0.39 5.13 ± 0.46 0.221 0.64 b
Hemoglobin (g/mL) 15.08 ± 1.12 15.00 ± 1.43 0.767 0.20 a
Hematocrit (%) 42.63 ± 3.30 43.95 ± 4.00 0.019 * 1.31 d
MCV (U3) 84.29 ± 2.21 85.67 ± 3.36 0.090 1.08 c
MCH (UUG) 29.79 ± 0.52 29.23 ± 0.89 0.123 1.42 d
MCHC (%) 35.36 ± 0.94 34.12 ± 1.14 0.007 * 4.31 d
RDW (%) 10.24 ± 3.35 11.50 ± 0.54 0.305 0.45 b

* p ≤ 0.05 (ANOVA two way and Post Hoc de Bonferroni). “a” small effect (≤0.20), “b” medium effect (0.20 a
0.80), “c” high effect (0.80 a 1.20) and “d” very high effect (>1.20). Legend: MCV: Mean Corpuscular Volume,
MCHC: Mean Corpuscular Hemoglobin Concentration, RDW: Erythrocyte anisocytosis index.

The levels of C-Reactive Protein (CRP) increased (1.80 ± 1.47 to 3.55 ± 2.37 mg/dL,
p = 0.031). There was no significant decrease in the total leukocyte count from 7.41 ± 1.80
to 6.64 ± 1.67 (mm3) (p = 0.415) and a raise in the percentage of neutrophils 3.72 ± 1.22
(%) for 4.88 ± 1.14 (%) (p = 0.151) did not suffer a statistical difference, the percentage
of lymphocytes from 2.43 ± 0.58 to 3.48 ± 0.78 (%) was increased (p = 0.001). All values
remained within the reference values for cell counts for the adult population.

Figure 3 shows Oxidative Stress (TBARS and SH) at different times with the use of a
placebo (PLA) and Ibuprofen (IBU) at different times.

Regarding Oxidative Stress, the following differences were presented: Figure 3A
TBARS, “#” Difference between PLA and IBU after 48 h (p = 0.010), “a” Difference in PLA
between Before and 24 h after (p = 0.023), “B” Difference in PLA between 2 and 24 h after
(p < 0.001), and “c” Difference in PLA between 24 and 48 h after (p = 0.034), ï2p = 0.173
(InterClass, medium effect) and ï2p = 0.479 (Intra Group, high effect). Figure 3B SH, “a”
Difference in PLA Before and 24 h after (p = 0.030), and “b” Difference in IBU Before and
2 h after (p = 0.001), ï2p = 0.484 (IntraClass, high effect).
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4. Discussion

This study aimed to analyze the effect of IBU on resisted post-workout recovery in
PP athletes, by biomechanical variables and through biochemical indicators for muscle
damage in the blood. The results highlighted that the Peak Torque with the use of IBU
between 24 e 48 h after presented a significant difference, which resulted in better athlete
performance. When evaluating the RTD, there was a decrease in the rate before and after
training in the recovery method with PLA, and there were no differences in the IBU. The
Fatigue Index was higher in recovery with the use of PLA after training compared to the
use of IBU afterwards.

The results after the use of the IBU contributed to an improvement in the maximum
isometric strength in relation to the use of the IBU 48 h after the training and the PLA 24 h
after. A significant difference was also found with the use of the IBU 48 h after and PLA
after the training. Therefore, it can be noticed that there was a maintenance of muscle
function in the recovery with the use of IBU in the adapted bench press in Paralympic
Powerlifting athletes concerning the PLA. This result can also be seen in the study by De
Souza et al. [16] who demonstrated to mitigate fatigue in the gastrocnemius muscle in
competing male runners who used IBU. Thus, when evaluating the FIM, the participants
found better performance in the squat jump after the race than the control group.

The fatigue index showed significant differences in the results at all times of recovery.
The moment that showed the highest peak was right after training with the use of PLA
in relation to the use of IBU and in 48 h the values started to normalize. This result
demonstrates that the recovery with the use of the IBU decreased the Fatigue Index and at
the same time increased the Maximum Isometric Strength.

The muscle’s ability to generate strength can be decreased due to muscle fatigue, and
damage the movement’s motor control [29,30]. It is noteworthy that the cause of fatigue
can be central (i.e., when it affects the nervous system linked to muscle contraction) or
peripheral (i.e., inhibitions in the contraction mechanisms of skeletal muscles). Therefore,
fatigue when installed can disorder the movement sequence of the muscle segment’s
movements [31], and the recovery becomes an important factor to observe [32].

In addition, this exercise protocol also demonstrated changes in the number of lym-
phocytes (immunological parameter). These data indicate that these extra blood cells were
mobilized from the cell matrix because there was not enough time to produce new cells
in the bone marrow [6]. The specific mechanisms by which leukocyte counts increase
have been intensively discussed and some studies have suggested that exercise induces an
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increase in circulating stress hormones (growth hormone, epinephrine and norepinephrine)
and that these hormones may play a role in the mobilization of white blood cells [33,34].
Increased production and the release of these hormones at the beginning of exercise can
also stimulate the initial increase in the number of circulating leukocytes [35].

Recently, in a systematic review, Gonçalves et al. [6], exposed that many studies
showed that intense physical activity increases the ROSs production in the human body.
The results of this study do not show that intense physical activity, (represented here
by the bench press) with five sets of five maximum repetitions (80–90% of 1-RM) was
not capable to increase the ROSs production. In the present work, ROSs production
was evaluated by the levels of TBARS and Sulfhydrys Group (SH). It is noteworthy that
no other work had investigated the ROSs production using a similar protocol. Most
studies use indirect methods to evaluate an increased ROSs production, for example, by
measuring malonaldehyde (MDA), which is a marker of lipid peroxidation and reacts
with thiobarbituric acid reactive substances (TBARS), signaling the existence of oxidative
stress [36,37].

Barili et al. [38], found that the test on the treadmill was a sufficient stimulus to increase
the peroxides production in elderly subjects. Wang et al. [39] investigated how the exercise
intensity impacts redox status mediated by oxidation of Low-Density Lipoprotein (LDL) in
monocytes. The aforementioned authors concluded the work by stating that high-intensity
physical activity (80% VO2 max) increases ROSs production. Miyazaki et al. [40] inves-
tigated whether the high-intensity training (80% HRmax), during twelve weeks, would
alter the oxidative stress induced by exercise after an event until the fatigue, verifying that
exercising until the fatigue increases the ability of the neutrophils to produce ROSs and the
training decreases this ability.

Studies measuring oxidative stress between different exercise models, such as aerobic
exercise to fatigue and isometric exercise, and even associations between systemic oxidative
stress, exercise intolerance and skeletal muscle abnormalities in patients with cardiac
problems [41]. Another study comparing before and after with three different exercise
protocols with trained subjects showed an increase of oxidative stress after intervention
compared to pre-exercise [42]. Conversely, physical inactivity can reduce the body’s
antioxidant systemic defense capacity [43].

It has also been shown that the immobilization of a leg for two weeks tends to induce
the production of ROSs and impaired mitochondrial breathing capacity in the immobilized
muscles [44]. Studies in humans indicate that exercise tends to be beneficial in the defense
and prevention of oxidative stress, dependent on an inflammatory process [45,46] since,
during exercise, the inner membrane of the mitochondria interferes with ROSs, and the
intensity or volume of exercise leads to an impact in the activity of free radical production
that can interfere with the degrees of oxidative damage [47]. It seems that only a single
session of acute exercise is able to increase the total antioxidant capacity [42]. Muscle
damage tends to induce the build-up of neutrophils and cytokines, inducing oxidative
stress [46]. On the other hand, researches indicate that chronic physical activities tend to
increase adaptive and antioxidant defense systems [47,48].

Regarding the increase in free radicals, there is an indication that the antioxidant
activity in the body tends not to decrease after intense chronic and acute exercises [46].
De Souza et al., [49] demonstrated lipid peroxidation in high intensity and long duration
exercises in healthy individuals. Plasma MDA levels were measured before and after
exercise until fatigue and did not undergo any significant changes. In the same direction,
high intensity or exhaustive strength exercises tend to cause injuries and chronic fatigue.
This would happen due to the imbalance between the production of reactive oxygen
species (ROSs) and the endogenous antioxidant activity. Although ideal ROS production
is important for muscle contraction, high ROSs concentrations tend to promote exercise-
induced fatigue [50,51].

Skeletal musculature is reported to produce greater amounts of superoxide anion
during training [52]. However, improvements have been reported concerning the oxidative
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stress provided by strength training [53,54]. Nevertheless, a higher training volume tends
not to alter oxidative stress markers [55]. In this direction, studies indicate that in trained
weightlifting athletes, high-intensity strength training tends to increase oxidative stress and
decrease the antioxidant capacity of these athletes [56], which tends to lead to unfavorable
effects of exercise in relation to health. In training with loads above 70% of 1 RM, the
oxidative stress markers did not change. In contrast, high-intensity strength training, such
as the one in the study, tends to increase the level of oxidative markers, as well as tends
to decrease the production of antioxidants in powerlifting athletes [56], despite moderate
to high-intensity training tends to improve oxidative stress [53,54]. Thus, it appears that
strength training tends to improve oxidative stress among athletes [57]. The use of anti-
inflammatory drugs, such as ibuprofen, tends to delay the anti-inflammatory response
after exercise, helping the performance of powerlifting athletes [1], and this would explain
the decrease in fatigue in the condition with ibuprofen use found in our study.

As is already widely discussed in the literature, high intensity or exhaustive physical
exercise is recognized for increasing oxygen consumption resulting in a greater formation
of reactive oxygen species (ROSs), greater susceptibility to muscle injuries and chronic
fatigue [58]. In turn, non-steroidal anti-inflammatory agents (NSAIDs) became the most
widely prescribed and used drugs worldwide [59,60], the use of IBU Non-steroidal anti-
inflammatory drugs (NSAIDs) constitute one of the most consumed drug classes in the
world. They have analgesic, antipyretic and anti-inflammatory effects that are used to
treat acute pain arising from inflammation. Its effects occur through the reduction of the
enzyme cyclooxygenase (COX), resulting in a decrease in precursors of prostaglandins
and thromboxanes. The use of NSAIDs, when administered orally, is generally rapidly
absorbed, it was found that the 400 mg tablet of IBU showed a peak concentration of
20–40 mg/mL in 1–2 h and decreasing to 5 mg/mL at the end of 6 h [61].

In this sense, the rapid absorption of IBU, which leads to rapid lowering of (MDA
or TBARS) levels, occurs because it is subject to N-hydroxylation in the liver with the
involvement of cytochrome P450 enzymes to form a toxic metabolite (NAPQI), which
is rapidly inactivated by glutathione sulfhydryl (GSH) groups [62]. In large amounts
of NAPQI, there is depletion of endogenous GSH in the liver and favors the binding of
NAPQI with cellular biological macromolecules, such as proteins, nucleic acids and lipids,
resulting in mitochondrial damage, endoplasmic reticulum stress and necrotic cell death.
Then, in the toxicity phase, mitochondrial dysfunction increased oxidative stress occurs
(damaged mitochondria lead to overproduction of reactive oxygen species (ROSs) [63,64].
As previously mentioned, the prophylactic use of IBU has a rapid absorption by the body,
and as the levels of (MDA or TBARS) remain high as shown 48 h later. Finally, in studies
carried out with animals that used ibuprofen, a cyclooxygenase inhibitor, the hematocrit
and platelet counts were similar to those that did not receive ibuprofen [65].

As previously shown, the results of the present study agree with several other studies.
However, it is necessary to emphasize that further research is still needed to recognize
which model of physical activity really increases the production of ROSs without being
neutralized by the antioxidant defense system, resulting in oxidative stress, which could
cause damage to biomolecular structures.

Nevertheless, despite the important findings, the present study has limitations. The
absence of monitoring food and quality of sleep of athletes during the recovery period
made it impossible to control the intake of any food that would help to reduce oxidative
stress and in the approach regarding sleep interference on oxidative stress.

5. Conclusions

It was concluded that the recovery with the use of Ibuprofen (IBU) presented a lower
fatigue index and a lower decrease in strength when compared to the recovery with the
placebo (PLA). There was also a reduction of muscle damage with the use of IBU compared
to the recovery with PLA. This study demonstrated that, in the two forms of recovery, with
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PLA and with the use of the IBU after strength training, there was no protective effect of
the anti-inflammatory on oxidative stress markers.

From the point of view of practical applications of the findings, the results indicate
that the use of ibuprofen can be a good strategy in the recovery of athletes aiming for a new
training session, when it is necessary to recover more effectively after a workout, and even
for competitions, as it allows an improved recovery in relation to the recovery without the
use of supplements.
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Simple Summary: Vitamin D is a fat-soluble prohormone crucial for bone mineralization, muscle
contractility, and neurological conductivity. It is theorized that Vitamin D plays an important role in
sport performances, especially in young athletes. In this study we examined the associations of levels
of 25-hydroxyvitamin D (25(OH)D) with physical fitness and motor-performance achievements in
youth soccer players from Southern Croatia. Participants were tested on physical fitness, motor
performance and vitamin D at the end of the winter period, when levels of vitamin D are known to be
lowest due to low exposure to sunlight. Results showed that deficiency of 25(OH)D was widespread
among youth soccer players living in Southern Croatia. Low 25(OH)D levels were associated with
lower results in fitness tests (i.e., tests of energetic capacities), but there was no correlation between
25(OH)D levels and the results in motor performance tests (i.e., skill tests). Our results support
the theory of the association between vitamin D and energetic capacities of athletes, but there is no
evidence on association between vitamin D and skill-based capacities.

Abstract: Vitamin D level is known to be a factor potentially influencing physical fitness, but few
studies have examined this phenomenon among youth athletes. We aimed to evaluate the associations
of vitamin D levels (as measured by 25-hydroxyvitamin D concentrations—25(OH)D) with various
physical fitness and motor performance tests in youth football (soccer) players. This cross-sectional
study included a total of 52 youth soccer players (15.98 ± 2.26 years old) from Southern Croatia. The
participants were evaluated at the end of the winter period and data were collected of anthropometric
measures (body mass and body height), vitamin D status (25(OH)D levels), physical fitness tests
(sprints of 10 and 20 m, 20 yards test, the countermovement jump, the reactive strength index (RSI))
and motor performance tests (the soccer-specific CODS, the soccer-specific agility, and static balance).
Among the studied players, 54% had 25(OH)D insufficiency/deficiency, showing a lack of 25(OH)D
is widespread even in youth athletes living at a southern latitude. The 25(OH)D level was correlated
with sprint 20 m, 20 yards tests, and RSI, showing a greater role of 25(OH)D in physical fitness tests
where energetic capacity is essential than in sport-related motor performance tests where skills are
crucial. Our results support the idea that vitamin D can play a determinant role in physical fitness
tests with a clear physiological component, but is not crucial in motor performance tests related to
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specific sports where skills are a key component. Future studies should investigate the effects of
vitamin D supplementation on the performance in physical fitness and motor performance tests
among youth athletes.

Keywords: 25(OH)D; physiology of performances; puberty; pre-planned agility; non-planned agility

1. Introduction

Vitamin D is a fat-soluble prohormone with the function of maintaining the concentra-
tions of calcium and phosphate within the physiological ranges, which is crucial for bone
mineralization, muscle contractility, and neurological conductivity [1]. A total of 80–90%
of vitamin D is synthesized during exposure to sunlight ultraviolet B radiation, whereas
10–20% is obtained from food [2]. Many factors influence vitamin D status including
age, season, latitude, nutrition, physical activity levels, and body-fat percentage [3]. The
circulating form of vitamin D, 25(OH)D, is often used for determining its status in the
human body, and is considered the most accurate indicator of cutaneous synthesis and
nutritional intake [4,5].

During the last few decades, interest has increased in vitamin D research because it
was discovered that almost every body tissue has a vitamin D receptor, meaning that this
can directly and indirectly influence their functions [6]. Specifically, vitamin D affects the
regulation of the differentiation, proliferation, and growth of cells; hormone production;
and immune, nervous, and muscle systems [7]. Regarding these functions, vitamin D
is considered to play a role in optimal sports performance since it is involved in muscle
physiology as muscles express a high number of vitamin D receptors, affects the trans-
port of phosphate and calcium across muscle cell membranes, modulates phospholipid
metabolism, and induces the expression of several myogenic transcription factors and
myotubular sizes, which together affect the contractile filaments [8–10].

Simultaneously, evidence points to suboptimal vitamin D status in the general popula-
tion, including athletes, children, and adolescents [11–13]. Collectively, studies frequently
evidence inadequate levels of 25(OH)D among athletes worldwide [13]. Athletes are more
susceptible to being vitamin D deficient/insufficient compared with the general population,
probably because of their increased enzymatic activity following exercise [14]. The problem
is additionally accentuated in youth athletes, since adolescents have an increased risk of
malnutrition due to an increased need for energy and nutrients required for proper growth
and development [15,16].

Soccer (football) is one of the most popular sports, characterized by a combination
of low- and high-intensity activities, alternating short periods of high intensity activity
with long periods of low intensity [17,18]. Although the aerobic metabolic component
prevails in the form of low- and medium-intensity running, its high-intensity (anaerobic)
activities, such as sprints, jumps, stopping, changes of direction, and striking, are key
determinants of game outcomes [19]. As these activities are crucial for soccer, studies
have already investigated the association between the status of vitamin D and various
performance capacities in this sport. A significant correlation was found between vitamin
D levels and muscle functioning assessed with jumping, sprinting, leg press, and aerobic
capacity tests in professional Greek soccer players [9]. Alimoradi et al., (2019) also recorded
a positive correlation between higher vitamin D concentration and improvements in sprint
and leg press tests in a group of Iranian soccer players supplemented with vitamin D in
comparison with players who were not supplemented [20]. Conversely, Ksiazek et al.,
(2016) did not find an association between vitamin D levels and lower limb muscle strength
in professional soccer players [21].

However, several studies conducted on younger soccer players have reported inconsis-
tent results. Low vitamin D levels were associated with low muscle strength level, changes
in direction, jumps, and sprints in 7- to 15-year-old children involved in soccer training [22].
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A more recent study by Bezrati et al. (2020) recorded significant improvements in sprinting,
change in direction, and running speed tests after vitamin D supplementation in youth soc-
cer players aged 8–15 years who were vitamin deficit at the beginning of the research [23].
Bezuglov et al. (2019) also noted a weak association of 25(OH)D level with running speed
and muscle strength among soccer players aged 13–18 years [24]. Moreover, after 8 weeks
of vitamin D supplementation, Jastrzebska et al., (2016) and Skalaska et al. (2019) did not
record any significant difference in sports performance between placebo and experimental
groups of soccer players aged 16–18 years [25,26].

As even the smallest improvements in any aspect affecting sports performance can
lead to improvements in sports results, it is important to further investigate the association
between vitamin D and sports performance. However, as evidenced from our review of the
literature, studies that examined the associations between vitamin D status and physical
performance in youth soccer players reported inconsistent findings [22,24–26]. The authors
of previous studies examined relatively narrow sets of physical performance (strength,
jumping, and sprinting capacities), which are generally called tests of physical fitness. On
the other hand, previous studies rarely observed any of the skill-based motor performance
such as balance, sport-specific change of direction speed (soccer-CODS), and sport-specific
reactive agility (soccer-AGIL), which are generally considered more important determinants
of success in soccer [19,27]. Finally, as an important methodological issue it must be
mentioned that previous studies involved players from different teams [22,24–26]. As a
result, participants’ physical performance could vary due to differences in their training
regimes and training methodologies, irrespective of vitamin D status. Therefore, the
aims of this research were: (i) to determine the status of vitamin D and (ii) to evaluate the
associations of 25(OH)D levels with physical fitness and motor performance in youth soccer
players that were members of the same team living in Southern Croatia (Mediterranean
region) at the end of the winter period.

2. Materials and Methods
2.1. Participants

The 52 participants in this cross-sectional research were youth soccer players
(15.98 ± 2.26 years old). All players were members of the same soccer team located
in Split, Croatia, residing at the latitude of 43◦ N Prior to the testing procedures, all players
were informed of the purpose of the research and provided informed consent (for partici-
pants under 18 years of age, informed consent was signed by the parent or legal guardian).
Inclusion criteria were active soccer training for at least three years and presence at 80% of
the training sessions during the last month. The exclusion criteria were illness or injury
that could have reduced the intensity of training during the last month and presence of
pain in any part of the body during the testing. The testing was conducted during February
2020. The study was approved by the Ethical Board of the University of Split, Faculty of
Kinesiology, and was conducted according to the guidelines in the newest version of the
Declaration of Helsinki (approval No.: 2181-205-02-05-14-001).

2.2. Variables and Testing

The variables included in this study were anthropometric measures (body mass and
body height), vitamin D status (25(OH)D levels), fitness tests, and motor performance tests.

Anthropometric variables were measured using standardized equipment by an ex-
perienced technician. Body height was measured in cm (accurate to 0.5 cm), and body
mass (BM) accurate to 0.1 kg. Body mass index (BMI) was calculated using the following
equation: BMI = BM (kg)/BH (m2).

The 25(OH)D levels were measured using the Elecsys vitamin D total assay (electro-
chemiluminescence binding assay (ECLIA)), and with a Cobas e601 analyzer (Roche Di-
agnostics International Ltd., Rotkreuz, Switzerland), using a competitive electrochemilu-
minescence binding technique. The vitamin D total assay employs a vitamin D-binding
protein as the capture protein to bind vitamin D3(25-OH) and vitamin D2(25-OH). The
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detection range of the test is 7.5–175 nmol/L 25(OH)D, and the sensitivity of the assay is
5 nmol 25(OH)D/L. The intraclass CV ranges from 2.2% (at 174 nmol 25(OH)D/L), to 6.7%
(at 165 nmol 25(OH)D/L), with the 5.0 nmol/L, 7.5 nmol/L and 12.5 nmol/L for the limit
of blank, limit of detection, and limit of quantification, respectively. The blood samples
were taken from the athletes prior to the morning exercise session and were analyzed at
the laboratory of the University Hospital of Split, Croatia. For the purpose of this study
the 25(OH)D values of >75 nmol/L, 51–75 nmol/L, and <50 nmol/L were used for the
classification of vitamin D sufficiency, insufficiency, and deficiency, respectively [28]. In
further statistical analyses (please see later text for details) players were divided into two
groups according to the 25(OH)D levels: inadequate levels of 25(OH)D (vitamin D defi-
ciency/insufficiency, <75 nmol/L), and adequate levels of 25(OH)D (vitamin D sufficiency,
>75 nmol/L).

Physical fitness tests included sprint over 10 and 20 m distance, generic test of change
of direction speed (20 Yards test), countermovement jump, and reactive strength index.

The 10 (S10M) and 20 m (S20M) sprint tests were assessed by photoelectronic timing
gates (Powertimer, Newtest, Oulu, Finland). The timing gates were placed 10 and 20 m
from the starting line. Players were instructed to run as fast as possible from the start line
along the 20 m distance. The time was recorded at 10 and 20 m. Players performed three
testing trials and the best result was further analyzed.

The 20 yards test (20Y) was performed on a 10-yard field. One cone was placed in the
center, the second 5 yards to the left, and the third 5 yards to the right from the center cone.
Players were laterally standing 50 cm from the central cone where timing gate (Powertimer,
Newtest, Oulu, Finland) was placed. Players had to rotate 90◦ and run 5 yards to the
left, turn, sprint 10 yards to the right, turn and sprint 5 yards back to the central cone.
Players performed three trials, and the best result was used for further analysis. For the
countermovement jump test (CMJ), players started from the standing position with hands
placed on their hips. They performed a downward movement to approximately 90◦ knee
flexion, followed by a maximum upward movement. The height of the jump was measured
using Optojump (Microgate, Bolzano, Italy). Participants performed three testing trials,
and the best result was further analyzed.

The reactive strength index (RSI) was calculated from the jumped height and the
ground contact time while performing the drop jump with both legs. The RSI was measured
with the Optojump system (Microgate, Bolzano, Italy). The test was performed three times,
and the best result was included in the analysis.

Motor performance tests included tests of soccer-specific change of direction speed
test (soccer-CODS), soccer-specific agility test (soccer-AGIL), and balance test of overall
stability index (OSI).

The soccer-CODS, and soccer-AGIL were tested with specifically designed tests. An
infrared (IR) sensor was used as input for time triggering, and LEDs placed in the cones
were set as outputs. The cones were shaping a Y pattern. The first cone was placed at
the start line, and in that cone, IR sensor was placed. The other two cones were placed
4.5 m diagonal from the starting cone. For both tests, players had to run from the start
line, switching the IR sensor, which triggered one of the lighting cones, and when the
timing began. They had to run to the lit cone, kick the ball placed in front of that cone and
run back to the start line when the time was recorded. For soccer-AGIL, the players did
not know which cone would be lit, whereas, for the soccer-CODS, they knew the testing
scenario in advance. For soccer-AGIL, the players performed five trials; for soccer-CODS,
they performed two trials. The best results were used in the analysis for both soccer-CODS
and soccer-AGIL [29] (Figure 1).

The OSI was measured using the Biodex Balance System. The resistance level was set
to number 6, with trials lasting 20 s. Participants performed three trials and the best result
was further included in the study [30].
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2.3. Statistics

Variables were checked for normality of the distributions by the Kolmogorov–Smirnov
test, and descriptive statistics included means and standard deviations. The test-retest
reliability of the conditioning capacities was previously studied and reported in detail [29]
and, therefore, in this study, all tests were checked for intratesting reliability by calculation
of the intraclass coefficient (ICC) and coefficients of variation (CV).

To define the differences between the groups on the basis of vitamin D levels (vitamin
D deficiency/insufficiency vs. vitamin D sufficiency), Student’s t-test for independent sam-
ples was applied and further analyzed using the magnitude-based Cohen’s effect size (ES)
statistic with modified qualitative descriptors (ES ranges: <0.02 = trivial; 0.2–0.6 = small;
>0.6–1.2 = moderate; >1.2–2.0 = large; and >2.0 very large differences) [31].

To identify the associations between 25(OH)D levels (measured values in nmol/L), and
physical fitness and motor performance, Pearson’s product moment correlation coefficients
were calculated. These analyses were undertaken in two phases. In the first phase we
calculated simple univariate correlations and regression coefficients between all pairs of
variables. In the second phase, the significant correlations (regression coefficients) between
25(OH)D and physical fitness/motor performances that were evidenced in the first phase
were additionally statistically controlled. For this purpose we included age and BMI as
covariates in the correlation analysis, and statistically controlled the confounding effect of
age in calculated correlations between vitamin D and physical fitness/motor performance
variables. This was done since analyses showed significant correlation between age and
vitamin D levels in the first phase, while there was a possibility of the confounding effects of
age on association between 25(OH)D and fitness/performance. Pearson’s product moment
correlation coefficients (Pearson’s R) of 0.1–0.29; 0.3–0.49; 0.5–1.0 (positive and negative
values) represented low, moderate, and large correlation, respectively [32].

The type I error rate of 5% (p < 0.05) was set a priori and was considered statistically
significant. StatSoft Statistica ver. 13.0 (Tulsa, OK, USA) was used for all analyses.
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3. Results

Results of descriptive statistics for study variables and reliability parameters for
physical fitness and motor performance tests are presented in Table 1. The intratesting-
reliability of the applied tests of conditioning capacities ranged from appropriate values
for OSI (ICC = 0.76, CV = 11%), to high reliability for S10 and S20M (ICC = 0.90 and 0.94,
CV = 3% and 4%, respectively).

Table 1. Descriptive statistics and intra-testing reliability (ICC, CV) for the fitness tests and motor
performance tests.

Mean Minimum Maximum Std.Dev. ICC CV

S10M (s) 1.77 1.53 2.06 0.11 0.90 0.03
S20M (s) 3.13 2.72 3.62 0.20 0.94 0.04
20Y (s) 4.86 4.25 5.78 0.36 0.89 0.06

CMJ (cm) 32.23 19.70 44.70 6.04 0.80 0.08
RSI (index) 1.11 0.44 1.79 0.29 0.78 0.08

Soccer-CODS (s) 2.59 2.24 3.29 0.23 0.80 0.08
Soccer-AGIL (s) 2.84 2.39 3.45 0.22 0.77 0.10

OSI (index) 1.63 0.60 6.40 1.03 0.76 0.11
Legend: S10M—sprint 10 m, S20M—sprint 20 m, 20Y—change of direction test over 20 yards,
CMJ—countermovement vertical jump, RSI—reactive strength index, Soccer-CODS—soccer specific change
of direction, Soccer-AGIL—soccer specific reactive agility test, OSI—overall stability index of balance.

Figure 2 presents the distribution of vitamin D sufficiency, insufficiency, and deficiency
in youth players from southern Croatia, at the end of the winter period. In brief, 46.4%
of players had sufficient levels of vitamin D (20(OH)D > 75 nmol/L), the vitamin D
insufficiency (25(OH)D levels of 50–75 nmol/L) was evidenced in 44% of players, while
9.6% of studies players had vitamin D deficiency (25(OH)D < 50 nmol/L). The mean value
for the 25(OH)D level was 79.03 nmol/L (standard deviation of 25.32), while median value
was 73.55 nmol/L.
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Figure 2. Vitamin D status (25(OH)D levels) in youth soccer players from southern Croatia.

Table 2 presents differences between groups of players on the basis of vitamin D status.
Significant differences between groups were found in age (t-test = 2.2, p = 0.03), participants
with sufficient vitamin D levels were older. Also, significant differences were found for
S20M (t-test = 2.45, p = 0.02), and 20Y (t-test = 2.16, p = 0.04). In both cases, better results
were achieved by participants who had sufficient vitamin D levels.
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Table 2. Descriptive statistics and t-test differences between groups based on vitamin D status.

Vitamin D Sufficiency
(n = 23)

Vitamin D Deficiency/Insufficiency
(n = 29) t-Test

Mean Std.Dev. Mean Std.Dev. t-Value p

Age (years) 15.76 1.67 14.37 2.49 2.20 0.03
Body height (cm) 179.38 7.67 182.50 6.64 −1.06 0.30
Body mass (kg) 68.06 9.20 72.50 8.71 −1.22 0.23
BMI (kg/m2) 21.09 1.94 21.71 1.77 −0.82 0.42

S10M (s) 1.74 0.11 1.80 0.11 −1.95 0.06
S20M (s) 3.06 0.18 3.19 0.20 −2.45 0.02
20Y (s) 4.74 0.27 4.95 0.40 −2.16 0.04

CMJ (cm) 33.67 6.26 31.09 5.71 1.55 0.13
RSI (index) 1.03 0.28 1.20 0.30 −2.00 0.04

Soccer-CODS (s) 2.52 0.20 2.63 0.25 −1.75 0.09
Soccer-AGIL (s) 2.80 0.15 2.88 0.25 −1.27 0.21

OSI (index) 1.94 1.43 1.39 0.45 1.99 0.05

Figure 3 presents ES differences between groups on studied variables according to
their vitamin D status (sufficiency vs. insufficiency/deficiency). Moderate ES between
groups based on 25(OH)D levels were evidenced for age (d = 0.65, 95%CI: 0.1–1.2), S20M
(d = 0.68, 95%CI: 0.12–1.24), 20Y (d = 0.62, 95%CI: 0.06–1.17), while small ES were evidenced
for all other variables.
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Table 3 presents associations between study variables. Pearson’s correlations between
studied variables showed significant positive associations among most of the conditioning
capacities. The negative correlation coefficients in some cases are results of opposite metrics
of the variables (i.e., better achievement in sprinting is noted with a numerically lower
result, while CMJ is noted with a numerically higher result), and practically highlight
positive correlations between capacities. On the other hand, correlations between vitamin

343



Biology 2021, 10, 751

D levels and conditioning capacities reached statistical significance (p < 0.05) for S20M
(Pearson’s R = 0.39, low positive correlation), 20Y (Pearson’s R = 0.31, low positive correla-
tion), CMJ (Pearson’s R = 0.27, low positive correlation), and RSI (Pearson’s R = 0.36, low
positive correlation). Since vitamin D status was significantly (p < 0.05) correlated with
participants’ age (Pearson’s R = 0.33, low positive correlation), the significant correlations
between fitness variables (S20M, 20Y, CMJ, and RSI), and vitamin D status were addition-
ally controlled for age as a covariate. Finally, significant (p < 0.05) partial correlations were
confirmed for associations between vitamin D and (i) S20M (Pearson’s R = −0.30, low
negative correlation), (ii) 20Y (Pearson’s R = −0.31, low negative correlation), and (iii) RSI
(Pearson’s R = 0.32, low positive correlation).

Table 3. Pearson’s correlation coefficients between study variables (*** p < 0.001, ** p < 0.01, * p < 0.05).

1 2 3 4 5 6 7 8 9 10 11 12

Age (1) -
Body

height (2) 0.03 -

Body
mass (3) 0.38 ** 0.74 *** -

BMI (4) 0.54 *** 0.23 0.80 *** -
25(OH)D (5) 0.33 * −0.14 −0.14 −0.08 -

S10M (6) −0.39 ** 0.14 0.08 −0.14 −0.26 -
S20M (7) −0.30 * 0.11 0.01 −0.20 −0.39 ** 0.94 *** -
20Y (8) −0.47 *** −0.02 −0.19 −0.20 −0.31* 0.60 *** 0.77 *** -
CMJ (9) 0.32 * −0.06 0.07 0.22 0.27 * −0.65 *** −0.73 *** −0.57 *** -
RSI (10) 0.20 −0.15 −0.17 −0.06 0.36 ** −0.45 *** −0.52 *** −0.63 *** 0.45 *** -
Soccer-

CODS (11) −0.31 * −0.06 −0.29 * −0.18 −0.20 −0.59 *** −0.66 *** −0.46 *** 0.69 *** 0.41 ** -

Soccer-
AGIL (12) 0.17 0.15 0.25 −0.19 −0.14 0.48 *** 0.62 *** 0.67 *** −0.52 *** −0.45 *** −0.37 ** -

OSI −0.11 0.30 * 0.44 *** 0.37 ** −0.03 0.34 * 0.49 *** 0.50 *** −0.32 * −0.42 ** −0.32** 0.67 ***

4. Discussion

This study has several major findings. First, a deficiency of 25(OH)D was widespread
among youth soccer players living in Southern Croatia. Second, low 25(OH)D levels were
associated with lower results in the S20M, 20Y, and RSI (fitness tests). Last, there was no
correlation between 25(OH)D levels and the results in motor performance tests.

4.1. Vitamin D Status in Youth Soccer Players

The mean value of serum 25(OH)D level of the studied players was 79.03 ± 25.32 nmol/L,
with 54% of participants having low 25(OH)D levels (<75 nmol/L). These results are
somewhat better than those with previously reported data in Croatia, neighboring countries,
and countries with similar latitudes for samples of children and adolescents. For example,
very recent report evidenced 38 ± 13 nmol/L in Italian, and 52 ± 14 nmol/L in Spanish
children (42◦ N and 40◦ N, for Italian and Spanish samples, respectively) [33]. Furthermore,
72.3% Bosnian and Herzegovinian (B&H) adolescents (<18 years old) had low 25(OH)D
levels (<75 nmol/L) [34], whereas 82.2% of Italian adolescents (10–21 years old) had
hypovitaminosis D with a median serum 25(OH)D level of 50 nmol/L [35]. The somewhat
better status of adolescents observed in our study can probably be attributed to the fact
that our participants were athletes. Specifically, it is unlikely that adolescents with very
low 25(OH)D levels will participate in systematic training (note that our participants had a
minimum of 6 years of experience in soccer).

The results obtained are in line with several studies conducted on athletes worldwide.
Specifically, a review study noted that 56% of athletes involved in different sports had
inadequate 25(OH)D levels [13]. Similar results were noted for youth soccer players. A
recent Russian study reported low 25(OH)D levels in 42.8% of youth soccer players [36]
and 61.1% of youth Polish soccer players were found to have 25(OH)D concentration
<50 nmol/L [26]. In addition to the general reasons for the lack of vitamin D (i.e., lack of
vitamin D in regular nutrition, low bioavailability of the vitamin D) [15], another possible
reason for low 25(OH)D levels could be the period or season in which the players were
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tested in our study (during February, which is the end of the winter). In brief, the skin
synthesis of vitamin D is lower from October to March in regions far from the equator (i.e.,
above 35◦ north or south) [37]. As Croatia is located at 42◦–46◦ N, the accumulation of
vitamin D during the winter season is inadequate. In agreement with our findings, Morton
et al. evidenced a significant decrease in vitamin D levels in professional English soccer
players between the summer and winter seasons [38]. Some could argue that soccer is a
sport practiced on an open field; therefore, vitamin D status could be better. However, the
soccer players examined in this research held their practice and training sessions in late
afternoon and evening (from 5:00 to 9:00 p.m.), when the sun has set during the winter;
hence, it is not likely that the nature of the sport could have positively affected their vitamin
D status during this period.

4.2. Vitamin D and Physical Fitness in Youth Soccer Players

We found association between serum 25(OH)D levels and results in the S20M, 20Y,
and RSI, with better results in fitness tests among those players who had higher levels
of 25(OH)D Meanwhile, the findings of previous studies that investigated the effects of
25(OH)D levels on sports performance are not consistent. Koundourakis et al., (2014) found
a correlation of sprint and jumping test results with 25(OH)D levels in professional Greek
soccer players, whereas several other studies did not [20,25]. Additionally, some studies
concluded that soccer players with lower 25(OH)D levels have lower results in performance
tests [39]. To explain the possible reasons for our findings (better performance in athletes
with higher 25(OH)D levels), a short overview of the mechanisms of the influence of
vitamin D on the muscle system and energy capacities of athletes is necessary. Specifically,
authors of the study are of the opinion that mechanisms of potential influence of vitamin D
on studied performances should be observed from two perspectives: (i) acute influence
of higher vitamin D levels on performances, and (ii) chronic (long-term) influence of
vitamin D levels on (development) of performance as a result of prolonged period of
training. Therefore, the physiological background(s) of those two mechanisms will be
presented accordingly.

First, it is important to highlight that vitamin D controls the expression of several pro-
teins that are included in calcium signaling and phosphate-dependent metabolic processes,
including ATP and creatine phosphate synthesis in the muscle cells [40]. Vitamin D regu-
lates serum calcium concentrations which directly impacts muscle contraction [41]. Vitamin
D increases the influx of calcium into the cytoplasm of muscle cells within minutes by acti-
vating two kinases, c-Src and PI3K, enabling calcium to bind to the troponin-tropomyosin
complex resulting in exposure to active binding sites and allowing muscle contraction [42].
Increased calcium release and increased myosin movement across actin filaments may
result in greater contractile muscle strength [43]. These processes could have all con-
tributed to enhanced performance in tests that require a higher level of muscle excitation
(i.e., sprint tests, generic CODS, and RSI). More precisely, all tests where 25(OH)D level
was significantly correlated with achievement are dependent of the fast production of
force [44]. Therefore, the better the muscular capacity to produce force, the better the sprint-
ing, jumping, and generic-CODS performance. Therefore, there is a certain possibility that
higher 25(OH) levels have a positive acute ergogenic impact on explosive performances,
and consequently the established correlations should be observed taking into account the
previously explained involvement of vitamin D in metabolic (energetic) processes in the
human body. As a certain support to such a mechanism of (acute) influence we can note
several studies that confirmed the short-term effects of vitamin D supplementation on im-
provement of explosive muscular capacities in athletes. Specifically, supplementing a high
dose (5000–6000 IU per day) of vitamin D for 6–8 weeks among athletes and soccer players
led to improved 5 and 10 m sprints, and vertical jumps, but also in aerobic capacity [45–47].
Additionally, young soccer players displayed improvements in vertical jumps, triple-hop
jump, 10 and 30 m sprints, and shuttle run test after a one-time mega dose (200,000 IU) of
vitamin D [23].
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However (second), the authors of this study are more of the opinion that the mecha-
nisms of vitamin D influence on fitness capacities should be observed from the perspective
of prolonged, long-term effects of better vitamin D availability in athletes who have
been involved in a regular training process. Specifically, vitamin D has been shown to
play an active role in muscle maturation because, thanks to a vitamin D receptor (VDR)-
mediated signal, myoblasts can differentiate into myocytes [48]. Activated VDR acts on
cyclin-dependent kinases (serine threonine kinases) that actively participate in cell cycle
regulation, stimulating muscle cells to proliferate and differentiate [49]. Vitamin D also
regulates the expression of insulin-like growth factor-1, which has a well-recognized role in
muscle hypertrophy and remodeling [50,51]. Vitamin D increases the size of myosin heavy
chain type II-positive myotubes (e.g., fast-twitch muscle fibers), and increases the diameter
and width of fast-twitch fibers [52]. This type of muscle fiber is a major determinant of
the explosive type of human movement [53]. As a result, anaerobic activities of maximum
intensity (e.g., jumping, running, accelerating) largely depend on the size of fast-twitch
fibers. It is also important to note that vitamin D is considered to be involved in the produc-
tion of testosterone as vitamin D metabolizing enzymes and receptors are expressed also in
the Leydig cells where testosterone is produced [54]. It is known that the anabolic action
of testosterone is stimulated by transcriptional genes regulation and amino acid uptake,
leading to the synthesis of skeletal muscle proteins which later increased power and speed
in athletes [45,55]. Supportively, several studies recorded that oral supplementation of
vitamin D led to increased testosterone levels [45,56]. In our case it means that there is a
certain possibility that players with higher 25(OH)D levels could have higher testosterone
levels. It could allow them to undergo increased training load; more importantly, to achieve
better supercompensation (supercompensation is a post training period during which the
trained function/parameter has a higher performance capacity than it did prior to the
training period); and subsequently to improve performance throughout prolonged period
of time superiorly than their peers with lower 25(OH)D levels. However, since in this study
we observed only 25(OH)D levels, we cannot currently draw a clear conclusion about the
correlation between 25(OH)D levels and the studied capacities.

4.3. Vitamin D and Motor Performance in Youth Soccer Players

Our results indicated no significant correlation of 25(OH)D levels with motor perfor-
mances (i.e., agility, balance). The most probable reason for the evidenced results should
be found in specifics of soccer-specific performances studied herein. In most common
words, these capacities are dependent on skill level, and in youth athletes are not strongly
correlated to physical capacities. For example, tests of soccer-specific agility and change
of direction speed are highly dependent on the ball-handling skills and perceptual abili-
ties [27,29]. The same applies to balance, which is independent of most of the conditioning
capacities, and actually depends on accurate control of body position over the surface [57].
As a result, the eventual positive effect of 25(OH)Don performance that largely depends on
skill, and less on physical capacities, is logically limited.

One could argue that CMJ is a test of physical capacity (fitness) and, therefore, should
be positively correlated with 25(OH)D. However, we must highlight that although the
correlation between CMJ and 25(OH)D do not reach statistical significance when controlled
for covariates, the Pearson’s coefficient was actually similar to the correlations between
other physical fitness tests (sprinting, jumping, and generic-CODS) and vitamin D. Addi-
tionally, CMJ is a relatively non-standard test in soccer players, especially if considering the
CMJ-testing sequence used in our investigation (the hands remained on the hips during
the test’s execution), which probably resulted in a somewhat lower correlation between
25(OH)D level and CMJ simply because some players who were not highly familiar with
the testing did not achieve their best results for CMJ.
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4.4. Limitations and Strengths

The main limitation of this research comes from its cross-sectional design. Therefore,
the results are not the final word of the problem as the causality cannot be determined.
Second, we observed only 25(OH)D levels, and we observed no molecular data, which
limited the possibility of the more accurate interpretation of the possible mechanisms of
the influence of vitamin D on studied performances. Also, players were not supplemented
with vitamin D and, therefore, we may not speak about the clear influence of vitamin D
status on studied capacities. Furthermore, herein players were not separated according
to playing positions since they were not specialized yet, meaning they played several
positions in the game. Next, in this study we used 25(OH)D as an indicator of vitamin
D status. Although it is globally accepted as the best marker of status of the vitamin D,
other measures (i.e., free 25OHD, ratio of 24,25-dihydroxyvitamin D) could eventually be
better indicators of vitamin D status, and this issue should be overviewed in future studies.
Finally, in this investigation we have used definitions of sufficient/insufficient levels of
25(OH)D which is currently accepted in the country and the region where the study was
commenced, but we cannot ignore the fact that there is an ongoing debate regarding the
definition of vitamin D deficiency [58].

The main strength of this research is the inclusion of a wide range of performance
capacities essential for soccer. Therefore, the results of this research are broadening the
knowledge of associations of vitamin D status with numerous performance variables.
Furthermore, tested players were from the same soccer club. Thus, the possible influence
of other factors on performance is diminished. Therefore, we hope thatour results will
improve knowledge in this field, and allow further investigations to be specifically focused
on those variables/capacities on which certain influences of vitamin D could be expected.

5. Conclusions

Of the studied players, 44% had 25(OH)D insufficiency, which agrees with previous
reports. Players were tested at the end of the winter season; although this may at least
partially explain these results, the figure is still concerning and points to the necessity of
further evaluating the reason for such results even in young athletes. However, only a
negligible number of studied players had 25(OH)D deficiency (9.6%), which is a much
lower prevalence of deficiency than that evidenced in age-matched youth from the same
geographical region. Most probably, the very low 25(OH)D levels are a factor limiting
successful participation in competitive sports (and, therefore, youth with very low 25(OH)D
do not participate in sports), but it should be studied in more detail in the future.

It appears that 25(OH)D plays a greater role in tests where energetic capacity is
essential than in tests where performance skill is crucial. Therefore, results from this
research support the theory of the influence of 25(OH)D on the energetic capacity of
athletes. Authors are of the opinion that this finding does not necessary imply an ergogenic
effect of vitamin D on force production but should rather be observed as a long-term
positive effect of appropriate vitamin D levels on supercompensation and consequently on
positive training effects during a prolonged period of time (i.e., sports career), resulting in
superior sprinting, jumping, and generic-CODS capacity.

However, 25(OH)D was not correlated with tests representing motor performance skill.
Considering all the present findings and the results of previous studies, we concluded that
25(OH)D plays a supportive and not a crucial role in sports performance. Future studies
should investigate the effects of 25(OH)D supplementation on the performance in various
tests of physical capacities among young soccer players and in other sports.
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Simple Summary: Fibromyalgia (FM) affects 2.40% of the Spanish population and its most widespread
treatment has been the combination of patient education, pain coping strategies and exercise, in this
sense, with respect to patient education, few studies have tried to see the relationship between
education in FM with an improvement in FM. Therefore, the aim of this study was to know the level of
knowledge about FM among patients in Extremadura, to explore the relationship between knowledge
of FM and health-related quality of life (HRQoL), and to analyze the relationship between knowledge
of physical activity in FM and the practice of physical activity. For this purpose, 121 women with a
mean age of 55.06 years were evaluated. It was found that 10% of these women had low knowledge of
FM, 49% medium and 41% high. It was also found that the level of knowledge of physical activity was
only weakly related to HRQOL and body pain. Thus, it was concluded that the level of knowledge
about FM of patients in Extremadura was medium-high and that there was a weak relationship
between knowledge about physical activity in FM and HRQOL. However, no relationship was found
between knowledge of physical activity in FM and the practice of physical activity.

Abstract: Introduction: Fibromyalgia (FM) affects 2.40% of the Spanish population. The most
widespread treatment has been the combination of patient education, pain coping strategies and
exercise. With regard to patient education, there are few previous studies on the efficacy of relating
FM education in isolation with an improvement in FM, although there are some studies that report
that health education programs could modify the perception of quality of life and improve pain.
Objectives: the aim was to find out the level of knowledge about FM among patients in Extremadura,
to explore the relationship between knowledge of FM and Health-Related Quality of Life (HRQoL)
and to analyze the relationship between knowledge of physical activity in FM and the practice of
physical activity. Methods: A single-measure cross-sectional study was carried out with 121 women
with a mean age of 55.06 (±9.93) years. The following questionnaires were used: Fibromyalgia
Knowledge Questionnaire (FKQ); SF12v2 (Short-Form Health Survey); and EURO-QOL-5D-5L (EQ-
5D-5L). Results: regarding the level of knowledge of the participants about FM, it was found that
10% had a low knowledge, 49% medium and 41% high. In relation to the associations between the
level of knowledge and HRQoL, a weak correlation between EQ-5D-5L and the FKQ in the domain
of physical activity (r = 0.243) were found. Conclusions: it can be concluded that the level of knowl-
edge about FM of the patients from Extremadura was medium-high and that there is a direct weak
relationship between knowledge about physical activity in FM and HRQoL. However, no association
was found between knowledge of physical activity in FM and the practice of physical activity.

Keywords: HRQoL; knowledge; physical activity; rheumatic diseases; women

351



Biology 2021, 10, 673

1. Introduction

Fibromyalgia (FM) was recognised as a disease in the Copenhagen Declaration by the
World Health Organisation in 1992 [1]. It is the second most frequent condition among
rheumatic diseases [2] and it can be considered as a form of non-articular rheumatism char-
acterised by chronic diffuse musculoskeletal pain, together with the presence of multiple
pressure sore spots [3], implying a great impact on the physical, psychological and social
well-being of the patient [2].

FM affects 2.7% of the world population, being more prevalent in 50-year-old or
older women [4]. In Spain, FM affects of 2.40% of the population [5], being associated
with females aged between 40 and 59 years [6] who suffer from diffuse musculoskeletal
pain, aches or stiffness associated with fatigue, anxiety, poor sleep, headaches, irritable
bowel syndrome, subjective swelling in arthritic and periarticular areas, and numbness [7].
In this line, it has been shown that the factors that can reduce health and quality of life
are widespread pain and tenderness, cognitive problems, non-recovery sleep, fatigue,
depression, anxiety, poor physical fitness, stiffness and mobility or balance problems [8].

Currently, there is no cure for this pathology, but by applying different multidisci-
plinary treatments, improvements in quality of life at the physical, psychological and
social levels can be achieved [9,10]. Therefore, treatment depends not only on the use of
pharmacologic therapy, but also on the implementation of intervention programmes, often
of a cognitive-behavioural nature and physical exercise [11–13].

Previous studies on the impact of FM on quality of life suggest that the most effective
treatment would be a combination of patient education, pain coping strategies and aerobic
exercise [14]. Specifically, related to patient education, previous studies on the efficacy
of linking information/education on FM in isolation to a noticeable improvement in FM
can be hardly found. Nevertheless, Koca, et al. [15] state that patients’ knowledge about
FM could contributes to the control of disease and other studies have reported that health
education programmes could modify the perception of quality of life and improve pain
relief, as well as decrease dependence on health services [16], or that education in pain
physiology seems to improve health status and long-term endogenous pain inhibition [17].
However, in most studies, information/education is approached from a multidisciplinary
point of view, i.e., it is associated with other types of treatment such as physical activity,
with very beneficial results [18–20].

In relation to the content of information/education, at the societal level, the increased
interest in FM has contributed to confusion with claims lacking scientific rigour, as many
questions have been raised about people with FM and many media have tried to answer
them. Information should be direct, objective and in accordance with the scientific knowl-
edge that exists about FM, since improving knowledge about FM can be useful for creating
a social bond between people affected by this disease and health professionals, family
members, friends and/or work colleagues, thereby facilitating their adaptation to the
difficulties that the disease causes in their daily lives.

Therefore, the aim was to find out the level of knowledge about FM among patients
in Extremadura, as well as to explore the relationship between knowledge of FM and
Health-Related Quality of Life (HRQoL) and, more specifically, to analyse the relationship
between knowledge about physical activity in FM and the practice of physical activity.

2. Materials and Methods
2.1. Study Design

A single measurement cross-sectional study was conducted.

2.2. Ethical Approval

Ethical approval was provided by the Bioethics and Biosafety Committee of the
University of Extremadura (approval number: 51/2013).
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2.3. Sample Calculation

One hundred and thirteen participants were needed to reach a power of 80% to detect
a difference of 0.30 between the null hypothesis correlation of 0.29 (very low or close to
zero association) and the alternative hypothesis correlation of 0.60 (high association) [21].
The significance level was set at alpha equal to 0.05. Futhermore, about ten percent more
were recruited to meet this estimate

2.4. Participants

The total sample consisted of 121 women with a mean age of 55.06 (±9.93) years.
Participants were recruited along one month from different associations of patients affected
by FM syndrome (Mérida, Don Benito, Valencia de Alcántara, Alburquerque, Toledo and
Almansa) and the “Manuel Encinas” Health Centre in Cáceres by the professionals working
there. The inclusion criteria followed were: to be of legal age, to have a diagnosis of FM
by a rheumatologist according the American College of Rheumatology criteria [8], not
to present any disease affecting the understanding of the test and to sign the informed
consent form.

2.5. Procedure, Material and Measurement

In this study, several instruments were used to assess knowledge about both FM
and HRQoL, as well as to obtain characterisation data on the participants (age, level of
education, years of diagnosis of the disease, distance spent walking per week, hours spent
doing physical activity per week, etc.). The questionnaires were sent to the participants
both by e-mail and by post. These were completed along one week in the centres mentioned
above, with the help of a trained professional who got in contact with the research team.
Finally, this material was sent to the research team together with the participants’ informed
consent. The instruments used were:

Fibromyalgia Knowledge Questionnaire (FKQ) [22]. This questionnaire assesses the
level of knowledge about FM. It is composed of 18 items, divided into four domains (general
knowledge about the disease; knowledge about treatment, medication and possible side
effects; knowledge about physical activity; and knowledge about day-to-day activities in
relation to energy used or how best to save energy), with the total score of the questionnaire
reaching 26 points (Cronbach’s alpha > 0.69).

Short-Form Health Survey (SF12v2) [23]. It is a generic measure of HRQoL, which is
an abbreviated form of the SF-36. This instrument can be self-administered or completed
through an interview. It contains 12 items addressing eight domains (physical functioning,
physical role, body pain, general health, vitality, social function, emotional role, and mental
health) and two summary scores related to physical health and mental health (Cronbach’s
alpha > 0.70). With these dimensions, and by applying predetermined algorithms, the two
summary scores are created: the physical health index (PHI) and the mental health index
(MHI) [24].

EURO-QOL-5D-5L (EQ-5D-5L) [25]. This instrument was developed by the EuroQol
Group with the aim of improving the previous version (EQ-5D-3L) [25]. The EQ-5D-5L
describes the current health status of individuals across five dimensions (mobility, self-care,
daily activities, pain/discomfort and anxiety/depression) (ICC: 0.69 to 0.94) [26]. Each of
the dimensions has five possible responses with 1 being the best possible health status and 5
the worst. In addition, this questionnaire includes a visual analogue scale, which evaluates
from 0 to 100 the health status of the person on the day the questionnaire is administered.

2.6. Statistical Analysis

The information collected in this study was tabulated in an anonymised database
designed specifically for this study. IBM SPSS Statistics software (Version 21, IBM SPSS,
Chicago, IL, USA) was used for statistical analysis.

Data were presented as mean and standard deviation (SD) and as percentage. After
analysing the normality of each of the study variables using the Kolmogorov-Smirnov test
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and verifying that the data did not follow a normal distribution, Spearman’s correlation
coefficient was calculated between the SF12v2, FKQ and EQ-5D-5L questionnaires. The
Bonferroni correction was applied based on the formula α* = α/n − 1 [27], where α* is
the corrected value at which the null hypothesis should be rejected and n is the number
of hypothesis pairs. Therefore, the alpha significance level was set at 0.001 for multiple
comparisons between the FKQ and the SF12. To define the type of correlation between the
variables, Cohen’s ratio [28] was used: 0.10 to 0.29 small correlation; 0.30 to 0.59 moderate
correlation; 0.6 to 0.79 high, and ≥0.8 excellent. To analyse the FKQ domains associated
with a greater impact of the quality of life of FM (EQ 5D-5L), a multivariate linear regression
model was designed, in which the dependent variable was the score on the EQ 5D-5L
and the independent variables were those that were significant in the bivariate analysis.
Statistical significance was defined for p < 0.05.

3. Results

The total number of participants was 121 with a mean age of 55.06 (±9.93). In this
way, Table 1 shows the characterization of the participants.

Table 1. Characterization of study patients.

N Means (SD)

Age (years) 121 55.06 (9.93)
Years of accurate diagnosis 118 4.94 (0.65)
Years suffering from generalized pain 114 15.21 (10.24)
Number of members of the family unit 106 2.71 (1.17)
Monthly household income (Euros) 94 528.37 (862.50)
Number of trigger points (0–18) 85 7.07 (5.32)
Degree of pain at the time of the questionnaire (0–100) 119 68.06 (17.68)

Table 2 shows that most of the participants had primary education (47.8%), followed
by secondary education (29.8%).

Table 2. Educational level of study patients.

N (%)

Illiterate 1 (0.8)
No education but can read and write 9 (7.4)
Primary education 58 (47.9)
Secondary education 36 (29.8)
Graduate 14 (9.9)
Other 3 (2.5)

Table 3 shows the percentages of participants at each level according to the scores
obtained in each domain of the FKQ and for the total of score. For this purpose, the
following score ranges were established: less than 50% of the maximum possible score (low
knowledge), from 50 to 75% (medium knowledge) and more than 75% (high knowledge).
In this table, it can be seen that for all the domains and for the total of the questionnaire,
the highest percentages are in the range 50–75%, followed by the range +75% regarding the
general and physical activity domains, as well as the total of score.

The response percentages related to the total sample are shown in Table 4. These
percentages are expressed for each response option within its corresponding item. It can be
seen that there are several response options that are not correct, but with a high percentage
of responses from the participants (item 1 option b = 43%; item 8 option d = 49% and option
e = 63%; item 11 option b = 44%), as well as some correct responses with a low number of
responses (item 17 option b = 13%).
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Table 3. Percentage of participants at each level of knowledge according to the scores obtained for each domain of the FKQ.

FKQ

General Medication Physical Activity Energy Total

Range n % Range n % Range n % Range n % Range n %

−50% 0–4 11 10 0–2 35 29 0–2 18 15 0–2 37 30 0–11 12 10
50–75% 5–7 62 51 3–4 66 55 3–4 67 55 3 71 59 12–17 59 49
+75% 8–9 48 39 5–6 20 16 5 36 30 4 13 11 18–23 50 41

Range: range of scores for the levels established according to each domain. FKQ: Fibromyalgia Knowledge Questionnaire.

Table 4. Percentage of responses for each possible option within each item in the FKQ.

Response Option a b c d e f

FKQ Domains Item (%) (%) (%) (%) (%) (%)

General

1 13 43 56 * 7 58* 11
2 5 77 * 15 3 94* 5
3 3 0 0 97 * 1
4 75 * 7 12 13 62 * 10
5 6 82 * 53* 2 31

Medication

6 73 * 4 17 4 2 7
7 2 41 * 17 13 28
8 4 50 3 49 * 63 * 12
9 26 62 * 44 * 17 27

Physical Activity

10 7 3 2 78 * 10
11 0 44 48 * 0 9
12 92 * 1 1 0 6
13 74 * 7 4 77 * 15

Energy

14 4 0 93 * 2 2
15 2 95 * 83 * 3 5
16 75 * 1 15 0 14
17 11 13 * 2 23 53
18 6 3 0 10 72 * 10

* Correct answer for the corresponding item.

Table 5 shows the means in the different dimensions of the SF12v2 of the participants,
compared to normal values for healthy women between 55–64 [29]. We can highlight
that the values of the study sample are below normal values for healthy women between
55–64 in Spain, especially in the dimensions of physical function, body pain, general health
vitality and physical health index [29].

Table 5. SF12v2 averages.

Means (SD) (n = 121) Means (SD) (n = 188)

Physical Function 30.55 (8.51) 45.4 (13.4)
Physical Rol 34.63 (7.68) 45.4 (13.8)
Body Pain 30.99 (9.07) 46.6 (6.5)

General Health 27.74 (8.48) 37.4 (11.0)
Vitality 37.93 (9.93) 52.0 (12.7)

Social Rol 36.70 (11.58) 47.6 (13.5)
Emotional Rol 37.04(10.69) 45.01 (14.6)
Mental Health 40.86 (5.63) 47.3 (14.2)

Mental Health Index 42.08 (8.21) 42.9 (13.1)
Physical Health Index 29.02 (8.37) 48.9 (14.1)

The association between the FKQ and the SF12v2 is shown in Table 6. It can be
observed that there is not significative correlation between FKQ and the SF12v2.
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Table 6. Association between FKQ and SF12v2.

FKQ

General Medication Physical Activity Energy Total

Physical Function 0.074 0.019 0.161 −0.051 0.087
Physical Rol −0.025 0.009 0.171 −0.021 0.015
Body Pain 0.023 0.051 0.203 0.057 0.095

General Health 0.109 −0.051 0.154 −0.008 0.058
Vitality −0.033 −0.104 0.024 −0.155 −0.065

Social Rol 0.028 0.112 0.143 0.043 0.017
Emotional Rol 0.156 0.130 0.207 0.006 0.209
Mental Health 0.130 0.166 0.135 0.049 0.169

Mental Health Index 0.086 0.014 0.133 −0.009 0.138
Physical Health Index −0.012 −0.050 0.105 −0.059 −0.008

FKQ: Fibromyalgia Knowledge Questionnaire.

Before performing the Bonferroni correction, a multivariate analysis was performed
on those that were significant, and the results obtained were show in Table 7.

Table 7. Domain of FKQ that is associated with the body pain.

Body Pain (R2: 0.067) B t p Value

Constant 12.60 1.566 0.120
FKQ Physical Activity 5.850 2.932 0.004

Table 8 shows the multivariate analysis revealed that the physical activity domain of
FKQ was the only domain that were associated with a higher HQRoL.

Table 8. Domain of FKQ that is associated with a greater HRQoL.

EQ 5D-5L (R2: 0.078) B t p Value

Constant 0.165 1.986 0.049
FKQ Physical Activity 0.066 3.180 0.002

Physical activity habits are shown in Table 9, where it is observed that with regard
to the hours/week of practice, the highest percentages are found in “between 1 and 2 h”
(31.4%) and “between 3 and 4 h” (24.4%). In relation to the distance walked daily, the
highest percentages are found in “between 1 and 2 km” (46.3%) and “between 3 and
5 km” (21.5%).

Finally, Table 10 shows the association between knowledge measured by the FKQ
and physical activity habits, showing that there is no correlation between the level of
knowledge of the disease and the hours of physical exercise, nor in relation to the distance
spent walking per week.
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Table 9. Sports practice habits.

N (%) 121 (100)

Hours (per week)

None 21 (17.4)
Less than 1 h 13 (10.7)

Less than 1 and 2 h 38 (31.4)
Less than 3 and 4 h 30 (24.4)
Less than 5 and 8 h 16 (13.2)

Less than 9 and 14 h 2 (1.7)
More than 21 1 (0.8)

Distance (daily)

Does not walk 19 (15.6)
Less than 1 km 16 (13.)

Between 1 and 2 km 56 (46.3)
Between 3 and 5 km 26 (21.5)
Between 6 and 9 km 2 (1.7)

More than 9 km 2 (1.7)
Hours: How many hours per week do you exercise? Distance: approximately indicate how far you walk daily.

Table 10. Correlation between FKQ and physical exercise.

FKQ

General Medication Physical Activity Energy Total

Hours 0.020 0.107 0.070 0.181 0.102
Distance 0.174 0.092 0.004 0.117 0.134

FKQ: Fibromyalgia Knowledge Questionnaire.

4. Discussion

To our knowledge, this is the first study on the assessment of knowledge of FM in
women with FM in Extremadura. The main finding of the study was to determine that
the level of knowledge about FM of patients in Extremadura was medium-high. As a
secondary finding, we can highlight the existence of a weak direct correlation between
knowledge about physical activity in FM and HRQoL, i.e., the greater the knowledge about
physical activity, the greater the HRQoL. However, any association was found between
knowledge of FM and HRQol evaluated by SF12v2. Furthermore, in accordance with the
objectives of the study, no association was found between knowledge of physical activity
in FM and the practice of physical activity.

Overall, the participants’ level of knowledge about FM was medium (49%) and high
(41%), with the dimensions medication and energy being the ones where the highest
number of participants had low knowledge (29% and 30% respectively).

Specifically, for the general domain, in item 1, related to the causes of FM, it can be
observed that there is a great diversity in the answers, with the correct options being chosen
by only 56% and 58% of the participants, similar to the results reported by a similar study
carried out by Moretti, et al. [30], which highlighted that 69% of their sample knew the
cause of FM. In relation to the results obtained for this question (item 1), one of the most
chosen options (43%) is that FM is due to physical trauma, so we can affirm that there is
still a lack of knowledge about the cause among people with FM, in line with Alvarado
Moreno and Oliva Arias [31], who highlight that the most deficient knowledge about FM
is related to the origin and treatment.

It can be observed that the medication domain is one of those in which it was found
the greatest lack of knowledge, since the responses are very diverse (items 7, 8 and 9),
something which is supported by other studies in which this domain has shown the lowest
score [31,32]. Specifically, in item 8 it can be observed how 50% of the participants chose
the option of “regular exercise and anti-inflammatory drugs” as correct, which could
be due to the lack of guidance from their doctors about the suitability of the different
treatments or drugs, since as highlighted by several studies such as Blotman, et al. [33],
20% of the doctors participating in their study took nonsteroidal anti-inflammatory drugs

357



Biology 2021, 10, 673

as suitable medication. Furthermore, the study conducted by Kianmehr, et al. [34] stated
that 53.2% of the general practitioners participating in the study had low or very low
levels of knowledge about the treatment of FM, and more specifically 52.1% of them also
marked the use of nonsteroidal antinflammatory agents. In this line and at a general level,
Ortiz, et al. [35] tated that the percentage of physicians with knowledge about “Drugs with
proven usefulness” was slightly higher than half of the respondents (59.3%).

In the domain of physical activity, the results show that in the question on exercise
and body pain (item 10), a hit rate of 78% was found, in line with that reported by Moretti,
et al. [30] (89% hit rate). However, Alvarado Moreno and Oliva Arias [31] found only a
29.2% accuracy rate, attributing this to the poor knowledge of physicians in their region
about appropriate physical therapy and exercise-based treatments [35]. In relation to the
importance of physical activity (item 11), we can find that there is a high response rate
(44%) for “when the patient suffers pain, the best thing to do is to stay in bed” compared to
the correct response “they should do physical exercise three times a week” (48%), far from
what was reported by another study with 82% correct [30].

For the energy domain, in relation to item 17, we can say that there is a great lack of
knowledge about protection in relation to energy, as 53% of the participants answered that
they “did not know”, with only 13% selecting the correct answer (carrying the bags on the
forearm instead of in the hands), similar to what reported Moretti et al. [30], where 27% of
the participants did not know the correct answer.

In relation to the participants’ HRQoL, the scores on the different dimensions of the
SF12v2 of the participants are well below the normal values for healthy women aged
55–64 [29], especially in the dimensions of physical function, body pain, general health,
vitality and physical health index, which highlights the HRQoL deficiencies of FM patients.

Several studies claim that patients’ knowledge of the disease contributes to disease
control [15,36]. Most of them use disease education within a treatment programme or
multidisciplinary programme, resulting in improvements in both the impact of FM and
HRQoL [36,37]. Certainly the evaluation of an FM education programme in isolation has
been little studied, so further studies would be relevant to determine the level of influence
or weight that knowledge of the disease could have in such multidisciplinary programmes,
as the results obtained in this study reveal that greater knowledge of the disease, in this
case about physical activity, could be associated with better HRQoL.

Regarding the association between knowledge and physical activity practice, no
association was found between the level of physical activity practice and the level of
knowledge. In other words, it cannot be affirmed that those who do more physical activity
have better knowledge of the disease, not even in the specific domain of physical activity.

This study has several limitations, including the fact that the sample was based on
women only. In addition, descriptive data such as weight and height were not taken, so
the anthropometric characteristics of the sample cannot be observed. Furthermore, it was
not possible to establish cause-effect relationships due to the cross-sectional nature of the
present study, for which experimental studies would be necessary.

This study shows that knowledge about FM in women with the pathology could
influence some aspects of their HRQoL. Therefore, this possible improvements both at the
level of the patient and the symptomatology, as well as at the level of the health service, if
this would allow cost reduction, could be beneficial for patients as already being in other
diseases such as diabetes [38–40] or arthritis [41,42], where there are many educational
programmes aimed at different populations. In FM field this is still underdeveloped,
so it would be very interesting to implement them. Furthermore, FM patients suffer a
high lifetime rate of comorbid like migraine, irritable bowel syndrome, chronic fatigue
syndrome, major depression, panic disorder, etc, therefore, it would be very interesting in
future studies to know to what extent these comorbidities could influence both knowledge
about the disease, as well as the relationship between knowledge and HRQOL.
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5. Conclusions

Based on the results of the present study, it could be concluded that the level of
knowledge about FM of patients in Extremadura was medium-high and there is a direct
relationship between knowledge about physical activity in FM patients and their HRQoL.
However, no association was found between knowledge of physical activity in FM patients
and their practice of physical activity.
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Simple Summary: The ability of specific bioelectrical impedance vector analysis (BIVA) to classify
subjects according to the percentage of fat mass has been recognized in different cross-sectional
studies, but no longitudinal designs have yet been applied. The results of this investigations showed
that specific BIVA can be used as a practical solution for assessing body composition management in
former overweight/obese athletes. In particular, reductions in bioelectrical vector length adjusted
according to the specific BIVA procedure were found to be associated with reductions in percentage
of fat mass.

Abstract: Background: specific bioelectrical impedance vector analysis (BIVA) has been proposed as
an alternative bioimpedance method for evaluating body composition. This investigation aimed to
verify the ability of specific BIVA in identifying changes in fat mass after a 16-week lifestyle program
in former athletes. Methods: The 94 participants included in the Champ4life project (clinicaltrials.gov:
NCT03031951) were randomized into intervention (n = 49) and control (n = 45) groups, from which
82 athletes completed the intervention (age 43.9 ± 9.2 y; body mass index 31.1 ± 4.6 kg/m2). Fat mass
was estimated by dual-energy X-ray absorptiometry. Bioelectric resistance, reactance, phase angle,
and vector length were assessed by bioelectric impedance spectroscopy, and the BIVA procedure was
applied. Results: A significant (p < 0.05) group x time interaction for fat mass, specific resistance,
reactance, and vector length was found. Fat mass and vector length significantly (p < 0.05) decreased
in the intervention group, while no change was measured in the control group. Considering the
participants as a whole group, changes in vector length were associated with changes in fat mass
percentage (r2 = 0.246; β = 0.33; p < 0.001) even after adjusting for age, sex, and group (R2 = 0.373;
β = 0.23; p = 0.002). Conclusions: The specific BIVA approach is suitable to track fat mass changes
during an intervention program aimed to reduce body fat in former athletes.

Keywords: body composition; BIVA; fat mass; weight loss
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1. Introduction

Body composition analysis is fundamental to understand the effect of a diet and/or
exercise intervention or to follow the progress of a disease [1,2]. As proposed by Wang
et al. [3], it is possible to analyze body composition on the basis of five different levels: the
sum of atoms, molecules, cells, tissues, or as different body segments. In sports-related
populations, the most monitored parameters belong to the molecular level [1,4], in which
body mass equals the sum of fat mass (FM) and fat-free mass (FFM) that can be additionally
compartmentalized into total body water, minerals, and proteins.

At the molecular level, the four-compartment model is considered the “gold standard”
for the assessment of FM [5]. Given that this model combines the use of several techniques,
due to the assessment of bone mineral content by dual-energy X-ray absorptiometry (DXA);
total body water by isotopes dilution, bioelectrical impedance analysis (BIA), or bioelectri-
cal impedance spectroscopy (BIS); and body volume by air displacement plethysmography,
it requires considerable time and high costs, as well as highly qualified personnel. In
particular, BIA refers to the measurement technology that performs measurements at a
single or multiple frequency. In addition, in order to clearly distinguish multi-frequency
BIA from the analysis based on Cole plots or other models for fitting impedance data over
the entire frequency range, the term BIS has been used to refer to the latter [4]. Among these
techniques, DXA is the one that allows for the evaluation of the widest range of variables,
factoring body mass according to bi-compartmental (FM and FFM) or three-compartmental
(FM, lean soft tissue, and bone mineral content) models [6,7]; however, it remains a difficult
technique to apply in sports populations due to the fact that the equipment is not portable
and user-friendly.

BIS is currently a widely used technique for assessing body composition in several
contexts [6,8–10]. However, the use of prediction equations limits the precision and accu-
racy of this method [9,11]. Therefore, it is preferable to conduct an alternative analysis
that consists of the direct interpretation of the raw bioelectrical impedance parameters
(resistance (R) and reactance (Xc)) [4]. One widely used approach to evaluate the raw bio-
electrical impedance parameters is bioelectrical impedance vector analysis (BIVA) [4]. This
technique consists of the standardization of the raw R and Xc for the height in meters of the
subject and their combined interpretation within a R-Xc graph, where they are represented
as a vector [12]. Recently, the effectiveness of BIVA has been shown in tracking changes
in body fluids compared with a reference method (dilution techniques) [13,14]. Though
the “classic BIVA” is considered the traditional method, a variant named “specific BIVA”
has been proposed [6]. This approach standardizes R and Xc for the arm, waist, and calf
circumferences, as well as for the height of the subject, thus contrasting the body volume
effect and becoming informative about the relative quantities, such as FM%, and no-longer-
absolute ones, such as TBW. The advantage of classic and specific BIVA, with respect to the
only estimation of the body composition parameters, lies in the evaluation of total body
water or FM% simultaneously with the phase angle, whose value is determined by the
lateral position/displacement of the vector in the R-Xc graph [15]. The bioelectric phase
angle is graphically represented as the angle between impedance and the x-axis, and it
reflects the relationship between intracellular and extracellular fluids [15,16]. Furthermore,
BIVA allows one to evaluate the vector position in comparison with population-specific
tolerance ellipses [16].

The ability of specific BIVA to classify subjects according to FM% has been recog-
nized in different cross-sectional studies, but no longitudinal designs have yet been ap-
plied [6,16,17]. This study used the results of the participants of the Champ4life project,
a lifestyle intervention aimed to reduce weight in former athletes who were inactive and
had overweight or obesity. Former athletes are considered an understudied group, and
there is a lack of evidence regarding this topic. Therefore, this study aimed to compare
FM% changes, assessed by DXA, with vector displacements measured with the specific
BIVA approach after a 16-week intervention program aimed to reduce weight and body fat
in inactive former elite athletes with overweight/obesity. Since specific BIVA has already
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been identified as a valid classification (e.g., higher or lower body fat content) tool without
providing estimates of fat mass [6,16], our hypothesis was that vector displacements could
reflect changes in body fat over the intervention period.

2. Materials and Methods
2.1. Participants and Study Design

This study was part of the 1-year Champ4Life lifestyle intervention targeting former
athletes who had overweight/obesity and were inactive. Participants were divided in
several sports, such as martial arts (25.6%), football (14.9%), athletics (mainly sprinters
and middle- and long-distance track and field) (14.9%), dancing/gymnastics (10.6%),
swimming (8.5%), volleyball (9.6%), handball (5.3%), rugby (3.2%), and others (7.4%).
The baseline variables did not differ significantly between groups (p > 0.05), except for
android fat (p = 0.034). For more details, the study protocol and the main results for this
project can be found elsewhere [18]. Using a longitudinal design, two time points were
considered: a baseline (0 months) and post-program (16 weeks). Ninety-four participants
were included in the main study and computer-generated randomized to an intervention
group (n = 49) or control group (n = 45). From those participants, 82 (control group n = 41;
intervention group n = 41) completed the 16-week lifestyle intervention. Nevertheless, only
80 participants had all the data, and the intervention and control groups were therefore
represented by n = 40 each. Details regarding recruitment, eligibility, and intervention or
regarding participant characteristics and main results were stated elsewhere [18].

The study was approved by the Ethics Committee of the Faculty of Human Kinetics,
University of Lisbon (Lisbon, Portugal) (CEFMH Approval Number: 16/2016) and was
conducted in accordance with the declaration of Helsinki for human studies from the
World Medical Association [19]. Additionally, the present study was registered at www.
clinicaltrials.gov (clinicaltrials.gov ID: NCT03031951) prior to participants’ recruitment.

2.2. Anthropometry

All measurements were performed on the same day (approximately 8 a.m.) after a
12-h fast. Furthermore, alcohol and stimulant beverage consumption were not allowed
for at least 15 h prior to testing. Participants were weighted to the nearest 0.1 kg with a
scale (Seca, Hamburg, Germany), and stature was measured to the nearest 0.1 cm with
a stadiometer (Seca, Hamburg, Germany) using the standardized procedures described
elsewhere [20]. BMI was calculated as body mass (kg) divided by height squared (m).

2.3. Dual-Energy X-ray Absorptiometry

DXA was performed according to the standard procedures recommended by the man-
ufacturer and described elsewhere [21] on a Hologic Explorer-W, fan-beam densitometer
(Hologic, Waltham, MA, USA) to obtain total whole-body FM and FFM.

2.4. Bioelectrical Impedance Spectroscopy

Raw data (resistance (R) and reactance (Xc)) were obtained using a bioelectrical
impedance spectroscopy (BIS) analyzer (model 4200B, Xitron Technologies, San Diego, CA,
USA) at a frequency of 50 kHz, as previously indicated by our group [22]. The device
was calibrated using the standard control circuit supplied by the manufacturer that has
a known impedance (Rz 1

4 380 Ohm 1% precision and Xc 1
4 47 Ohm 1% precision). The

test-retest CV in 16 participants for R, Xc, and phase angle was 0.3%, 0.8%, and 0.9%,
respectively. BIS was performed with patients lying supine with their limbs placed slightly
away from their body after an overnight fast and having emptied their bladders. BIVA
analysis was carried out using the specific BIVA approach, i.e., multiplying R and Xc by a
correction factor (A/L), where A is the estimated cross-sectional area (or 0.45× arm area
+ 0.10× waist area + 0.45× calf area) and L is the length of the ‘conductor’ (1.1× height).
The length of the vector (VL) was calculated as the hypotenuses of individual impedance
values [15]. The phase angle was calculated as the arctangent of Xc/R*180◦/π [15]. In
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particular, by adjusting R and Xc according to the specific BIVA approach, the length of
the vector became informative for the FM% (vector elongation = FM% increase; vector
shortening = FM% reduction) and the lateral displacement of the vector responded to the
changes in phase angle.

2.5. Statistical Analysis

Descriptive statistics were applied to characterize the sample. Linear mixed models
included group and time as fixed effects, with baseline values and sex as covariates, to
assess primary and secondary outcomes for the impact of treatment (control vs intervention
group), time (baseline—0 months; post-intervention—4 months), and treatment-by-time
interaction. The covariance matrix for repeated measures within subject over time was
modelled as unstructured. Model residual distributions were examined graphically and by
performing the Kolmogorov–Smirnov test, and no data transformations were necessary.
The paired, one-sample Hotelling’s t2 test was performed to determine whether the changes
in the mean group vectors (measured between the first and second time points) were
significantly different from zero (null vector). The paired one-sample Hotelling’s t2 test
is a multivariate extension of the Student’s t test for paired data in comparison of mean
difference vectors. Single and multiple regression analyses were performed to evaluate the
associations between changes in specific VL and FM%. In addition, after the transformation
of measured vector components into bivariate Z-scores (i.e., R/H and Xc/H minus the
mean and divided by the standard deviation of R/H and Xc/H calculated in the reference
population), bioelectrical variables were analyzed in relation to the distribution of the
reference population [17]. To assess the effect size (ES) of the significant parametric test
results (p < 0.05), the Hedge’s ES and the Mahalanobis distance (D2) were calculated.
Threshold values were identified for ES < 0.5 as small, ES ≤ 0.8 as medium, and for ES ≥
0.8 as large. Statistical significance for all analyses was defined as p < 0.05. SPSS v. 25.0
(IBM Inc., Chicago, IL, USA) was used for all statistical calculations.

3. Results

Eighty participants were included in this analysis. No significant differences (p > 0.05)
in age or BMI were found between the two groups before the intervention period. A
detailed description regarding the initial recruitment and the dropouts at each time point
was presented elsewhere [18].

The mean values for intervention and control group before and after the intervention,
divided by sex, are presented in Table 1. The intervention was effective at reducing weight
and fat mass and increasing fat-free mass in the intervention group compared with the
control group (interaction time x group p < 0.001). For bioimpedance variables, a significant
(p < 0.05) reduction was observed for R, Xc, and VL in the intervention group. A significant
time x group interaction was also found for R, Xc, and VL (p < 0.05). No significant (p > 0.05)
time effect or group by time interaction for phase angle were observed.

At baseline, the mean vectors were found to be far from the athlete-specific tolerance
ellipses in both groups due to a higher FM% of the participants compared to the athletic
reference population [16], as shown in Figure 1 (left panels). After the intervention period,
only the group that followed the lifestyle program showed a mean vector within the
tolerance ellipses (Figure 1). The paired one-sample Hotelling’s t2 test showed a significant
change in the mean vector between the first (PRE) and second measurements (POST) for
the intervention group (T2 = 12.9; p < 0.001; D2 = 1.01), while no change in the control
group was assessed (T2 = 0.2; p = 0.920; D2 = 0.10). Figure 1 shows the vector displacements
in male and female participants for both groups. Vector displacements parallel to the major
axis of tolerance ellipses indicated progressive changes in FM% (higher FM% with long
vectors, out of the upper pole, and lower FM% with short vectors, out of the lower pole).
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Figure 1. R-Xc z-score and paired graphs for the multivariate changes in bioelectrical parameters. In the left panels,
bioimpedance data are plotted on the R-Xc z-score graph after the transformation of the impedance measurements from
the athletes into bivariate z-scores (with respect to their reference population [16]). In the right panels, mean vector
displacements with 95% confidence ellipses and results of the Hotelling’s t2 test are shown.

Considering the participants as a whole group, changes in specific VL were positively
correlated with FM% changes (Table 2 and Figure 2), even when adjusted for age, sex, and
group, as shown in Table 2. Therefore, reductions in specific VL corresponded to reductions
in FM%.
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Table 2. Linear regression analysis for independent variables and changes (∆) in the percentage of
fat mass considering all the participants as a whole group.

Independent Variable R2 SEE β 95% CI p-Value

∆ Specific vector length 0.246 2.36 0.33 0.020, 0.046 <0.001
Model 1 0.373 2.12 0.23 0.009, 0.037 0.002

Note: SEE: standard error of the estimate; β: unstandardized coefficients beta; CI: confidence interval. Model 1:
adjusted for age and sex

Figure 2. Scatter plot with changes in specific vector length and percentage of fat mass considering all participants as a
whole group.

4. Discussion

This study aimed to explore the ability of specific BIVA to assess FM% changes over a
16-week intervention program. The aforementioned intervention had a positive effect on
weight, BMI, and body composition. To the best of our knowledge, this investigation, with
a longitudinal randomized study design, was the first study that investigated the ability of
specific BIVA to identify FM% changes in former athletes. In particular, a vector-shortening
reflecting the FM% reduction observed from baseline to the second assessment moment
(post intervention program) was seen in the intervention group. On the contrary, no vector
displacement was observed in the R-Xc graph in the control group, which also did not
reduce FM% after the 16-week period. Furthermore, a direct association between changes
in specific VL and FM% was shown.

The main difference between classic and specific BIVA consists of the interpretation of
the vector displacements over the longitudinal/major axis of the tolerance ellipses included
into the R-Xc graph [16,23]. In fact, in classic BIVA, vector elongations reflect reduction in
body fluids and vector shortening is associated with fluid accumulations [14]. On the con-
trary, specific vector displacements represent changes in FM% and no longer in total body
water [16,24]. In this regard and in accordance with this study, the positive associations
between specific VL and FM%, both in athletes and in the general population, has already
been highlighted [6,16,17,24]. However, while longitudinal studies have compared changes
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in classic BIVA patterns with reference methods [13,14], only cross-sectional studies have
investigated the relationships between specific BIVA patterns and body composition pa-
rameters derived from DXA [6,16,17]. While changes in vector length were observed in
the intervention group, the phase angle remained unchanged from baseline to the second
measurement. In this regard, vectors falling (steady state) or migrating (dynamic state)
parallel to the minor axis and above (left) or below (right) the major axis of tolerance ellipses
indicate more or less phase angle, respectively (i.e., vectors with a comparable R value and
a higher or lower Xc value, respectively) [4]. As with classic BIVA, lateral vector changes
along the minor axis reflect changes in phase angle and thus in fluid distribution [23]. In
fact, phase angle is a good predictor of the intra/extra cellular water ratio, so we could
speculate that no change in the distribution of fluids among the compartments occurred as
a result of this intervention. In contrast, the results of this study showed that a shortening
of the specific VL is associated with a reduction in FM% after a weight reduction program
in former athletes. Therefore, the use of specific BIVA could represent a valid alternative to
laboratory techniques to indirectly evaluate fat mass variations after an intervention or a
training program.

The analysis of body composition nowadays represents a challenge, especially in
the sports context where laboratory methods such as DXA or dilution techniques cannot
always be used. For this reason, evaluation techniques such as anthropometric analysis and
bioimpedance analysis are commonly performed [4]. However, these techniques present
some limitations such as the need for using prediction equations to estimate body composi-
tion parameters or, in the case of anthropometry, present between- and within-operator
variability [25]. In contrast, BIVA represents a qualitative approach for assessing body
composition that avoids the use of predictive equations commonly used by anthropometry
and conventional BIA [4]. In particular, specific BIVA appears to be a suitable method
for monitoring changes in FM% in athletes. In this regard, the analysis of body fat is
crucial in both former athletes and ones still engaged in sports competitions. Indeed, fat
mass is considered to be a non-functional mass, with increasing amounts mechanically
and metabolically hiding sports performance and negatively affecting thermoregulation,
physical functioning, and general health [26,27].

A strength of this study was the randomized design and the use of DXA as a reference
method. However, this study was not without limitations. In fact, DXA is not considered
the state-of-the-art method for evaluating FM, but it is employed in conjunction with
air plethysmography and dilution techniques in the four-compartment model, which is
currently considered the gold standard. Furthermore, the results of this study cannot be
generalized, but they could be applicable to assessments performed at a single frequency of
50 kHz since differences in the analysis were highlighted between bioelectrical parameters
measured using single and multifrequency devices [28–31].

5. Conclusions

BIVA seems to be a feasible field method to assess fat mass while avoiding the use
of prediction equations. The specific BIVA approach represents a suitable method for
evaluating FM% and its changes following a lifestyle intervention program. In particular,
vector displacements towards the lower pole of an R-Xc graph were found to reflect
decreases in FM% after an intervention program aimed to reduce body fat.
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