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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
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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 maximume-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].

Author Contributions: Conceptualization, G.B., EM.C. and E.M.-C.; writing—original draft prepara-
tion, G.B.; writing—review and editing, EM.C. and E.M.-C. All authors have read and agreed to the
published version of the manuscript.
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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 (£6S) 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/ m?) 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, ¥6S, 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 X time) revealed that there was a significant (p < 0.001)
group x time interaction between body mass, fat mass, and 26S 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 «-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+,
Sportsmetrics™, 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. Simdes
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
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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.

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

Variable Mean + SD Mean £+ SD P
Age (years) 24.61+ 4.30 2324+ 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/m?) 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 (P121/011, 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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‘ Enrollment ‘ ‘ Assessed for eligibility (n=44) ‘

|

’ Randomized (n=44) ‘

Randomly assigned

EG: follow a prescribed CG: completed their normal
neuromuscular training program strength and conditioning
(n=22) program (n=22)

Follow-Up l J

Lost to follow-up (did not participate
in the post-test n=2 and miss three or
more NMT sessions n=2) (n=4)

| |

Analysed (n=18): Excluded from
analysis (be absent on post-test or
NMT sessions) (n=4)

Lost to follow-up
(no participant) (7=0)

Analysed (n=22): Excluded from
analysis (n=0)

Figure 1. Participant recruitment, allocation, follow-up, and analysis are depicted in a CONSORT
diagram. NMT: neuromuscular training; EG: experimental group; CG: control group.

Table 2. Average macronutrient and energy intake.

Control Group (n = 22) Experimental Group (n = 18)
Variable 1st Registration 2nd Registration 1st Registration 2nd Registration P
Mean + SD Mean + SD Mean + SD Mean + SD
Kilocalories (kcal/day) 2206 + 377 2222 + 346 2266 + 198 2285 + 189.1 0.48
Carbohydrates (g) 3119 £ 56.4 3159 £47.9 336.9 £29.7 328.8 £29.1 0.13
Proteins (g) 929 £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/m?) [44]. The sum of six skinfolds (£6S) 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 (X4S.triceps + subscapular + supraspinal + medial calf)]} (1)

[(4.95/BD) — 4.5) * 100] @)
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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 Exrzzrinig;ltal Control (n = 22) Sum
Training NMT Mobility Strength RT 9 Exercises
Program (6 Exercises) (3 Exercises) (3 Exercises) (3 Exercises)

Sets: 4 Sets: 2 Sets: 4 Sets: 3 (4 reps) Sets: 2—4
Training Work: 40 s Work: 30 s Work: 40 s Work: ~10's Work: 10-40 s
Details Rest: 20 s Rest: 20 s Rest: 20 s Rest: ~20 s Rest: 20 s
Duration: 24 min Duration: 5min  Duration: 12min Duration: 7min  Duration: 24 min
Work
Intensity (RPE) 73 £0.25 7.26 £0.23 p=045

NMT: neuromuscular training; reps: repetitions per set; s: seconds; RPE: rate of perceived exertion (0-10);
RT: running technique; SD: standard deviation.

2 weeks before

Anthropometric measurements (pre-test)

Familiarization (Practice Sessions 1,2,34)

/\.

Experimental Group Control Group
|
[ | ‘
RAMP system warm-up protocol RAMP system warm-up protocol
2 weeks 4 weeks 4 weeks
NMT NMT NMT 10 weeks Their normal strength and conditioning
Level 1 Level 2 Level 3 program

el

Anthropometric measurements (post-test)

1 week after

Figure 2. Project design timeline. NMT: neuromuscular training; RAMP: rise, activate, mobilize,
and potentiate.

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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fied Borg scale (0-10)
¥
¥

Intensity Mod;

Figure 3. Average intensity (mean and standard deviation) using the modified Borg scale over the
thirty training sessions. EG: experimental group; CG: control group.

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.

40" Work
20+ Gentlh i | Weeks1-2 | | Weeks 3-6 | | weeks 7-10 |

(change exercise,

e d b oA

Lu nrée to hamstn'r-\gs Standing hip out 90-90 Hip stretch
strength
. , # F
Stability ' 3\ g v '
© ; = N SN S \
Star excursion Side jumps + balance Forward hop + balance

chain
strength

Anterior ﬂ w

Squat Squat Jump Walking lunge
Lumbo-pelvic| g = B
control hc O s 1 § q

Front plank Side plank Add plank
Posterior .Q“ 3 3 7 b
chain 4 ’ ‘
strength -( ! ! 4 m
1-Leg glute bridge 1-Leg touch & hop Sciss;irs lunge

Change of | S A e .

irection - I

ability |- 1 S
r . e

5 Test

2 5-0-!
(Work + gentle repeat) (Work + gentle running * fepeat)

Lateral suffle
Figure 4. Neuromuscular training protocol.

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) x 2 (time) repeated measures ANOVA with Bonferroni post
hoc analysis was calculated for each parameter. Hedges’ g effect size with a 95% confidence

10
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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 (X6S) (f = 4.43; p = 0.04).

There were significant main effects of time (p < 0.001, f =24.52, np2 =0.39; p <0.001,
f=25.46,1p* = 0.40; p < 0.001, f = 19.81,np? = 0.34; p = 0.009, f = 7.49, np? = 0.16; p = 0.007,
f = 8.00, np2 =0.17; p < 0.001, f = 24.98, np2 = 0.39) and a group by time interaction
(p <0.001, f =29.73, np? = 0.44; p < 0.001, f = 47.25, n,? = 0.55; p < 0.001, f = 41.72,
np? = 0.52; p < 0.001, f = 51.08, np? = 0.57; p < 0.001, f = 25.22, np? = 0.41; p < 0.001,
f=68.87, np2 = 0.64) for front thigh, medial calf, subscapular, iliac crest, abdominal, and
265, 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, npz = 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 26S (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, T]p2 =0.18; p = 0.006,
f=8.50,np* = 0.18; p < 0.001, f = 16.39, np? = 0.30; p < 0.001, f = 32.85, np? = 0.46; p < 0.001,
f=16.39, np2 = 0.30) main effects of time and a group by time interaction (p < 0.001, f =14.77,
np? =0.28; p < 0.001, f = 14.72, 1,2 = 0.28; p < 0.001, f =50.19, np2 = 0.57; p < 0.001, f = 50.61,
np2 =0.57; p <£0.001, f =50.19, np2 = 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.

11
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* 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 %65 (—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, Sanchez-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 Sudrez-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), Simoes 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
1/D) polymorphism or x-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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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 x 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 VO,) 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 x 5-s bouts, 40-s rest) versus (A) 30:240 (4 x 30-s
bouts, 240-s rest); (B) 15:120 (8 x 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 X 1-min sets of VO, 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 x 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 (¥) = 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.

Endurance Strength

Variables Training Training &)Zt;%
(N =35) (N =30)

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)
HRyest (beats-min) 68.36 (10.80) 68.03 (11.81) 69.41 (9.43)
HRmean (beats-min™!) 152.82 (10.76) 155.83 (13.59) 160.75 (12.12)
Testosterone (pre) 135.46 (62.15) 129.88 (54.21) 135.17 (49.05)
Testosterone change (post—pre) 9.79 (31.07) 20.02 (47.17) 18.37 (50.79)
Cortisol (pre) 7.62 (1.75) 8.07 (1.56) 8.47 (1.72)
Cortisol change (post—pre) —0.08 (1.33) 0.28 (1.73) —0.57 (1.60)
T/C (pre) 18.02 (7.46) 16.32 (6.70) 16.37 (6.28)
T/C change (post—pre) 49.14 (118.69) 37.33 (165.49) —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. HRpean is the average HR values from the start of the first
repetition until the end of the fifth repetition, including recoveries. HRest is the averaged
HR value of one minute of restitution after SIE.

The flowchart and study protocol is presented in Figure 1.

Study enrollment
N=165

Not meet the inclusion criteria

Included into study
N=96
Type of regular training

| !

Strenght-training Endurance-training Non-training

N=30 N=35 N=31

Post-exercise
saliva
collection

Pre-exercise
saliva
collection

Sprint interval

Questionnaire .
exercise

Figure 1. The flowchart and study protocol.
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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 !
for C, and for T <9.7%; <9.9% with assay sensitivity 2.2 pg-mL~!. 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.

10-sec 10-sec 10-sec 10-sec 10-sec cool-down

By G — G - — G —

50-sec 50-sec 50-sec 50-sec 1-min

Figure 2. Sprint interval exercise protocol.

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~! is scored 19 points, and the total rest
in which the heart rate oscillates between 60-70 beats-min™! 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—'1 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))?),
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 X 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
HRpean 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 X 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 r? =0.124, F(5.84) = 3.513, p = 0.006
Predictor B 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 12 = 0.080, F3 g6 = 2.503, p = 0.065
Predictor B 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 r? = 0.156, F3.86 =0.711, p = 0.548
Predictor B 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

170 4
k)

Discipline
Control
150 4 Strength-training
Endurance-training

Heart Rate (beats*min)

1 bout 2 bout 3 bout 4 bout 5 bout
Heart Rate

Figure 3. Means and confidence intervals (95%) of the mean heart-rate (beats per minute) measures
after five 10-s acute interval exercises in the control, endurance-, and strength-training groups.
Asterisks (*) represent significant differences (p < 0.05).

A B

304

20 A

Cortisol change (ng/ml)
Testosterone change (pg/ml)

Control Endurance-training Strength-training Control Endurance-training Strength-training

Discipline Discipline

Figure 4. Means and confidence intervals (95%) of the cortisol (A) and testosterone (B) change after
five 10-s acute interval exercises in the control, endurance-, and strength-training groups. An asterisk
(*) represents a significant difference (p < 0.05).
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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 (VOzmax)-
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% VOpmax, interspersed by recovery periods of 2 min = at the speed equivalent to
30% VOomax), 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 x 10-s sprint interval exercise
with 50-s recovery versus 6 x 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
effectin 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 (VO,), 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 x 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 (VO,max:
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 VO, max 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
(VO;max) [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 (alphal and alpha?2) 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.

VO;max Pmax Age (y) BM (kg) LBM (kg) BH (cm)
59.03 £11.19 3325+ 484 228 +54 715+ 104 64.3 £ 8.6 179 £8.1

VO,;max—maximum oxygen consumption; Pmax—maximum power in graded exercise test; BM—body mass;
LBM—Ilean 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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Figure 1. Scheme of visit in laboratory.

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: CO;—5%, O;—16% and Ny;—79%. The respiratory parameters (oxygen uptake
(VOy), exhaled carbon dioxide (VCO,), and minute pulmonary ventilation (VE)) were
measured. The analysis of the data was carried out with the results averaged every 30 s.
The highest VO, recorded in GXT defines VO,peakl. 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-VO, ! equivalent without a concomitant increase in VE-VCO, !, 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-VO, !
or VE-VCO, ! 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 (VO,peak2).
Maximal oxygen uptake (VO,max) was considered to be the higher than VO, peakl and
VO,peak2, as in earlier work [32]. The power and oxygen uptake parameters analysed in
this study were recalculated in relation to body mass (VO;peakl, VO;peak2 and VO,max)
and lean body mass (Pmax-LBM’l, VOzmax-LBM’l). 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., Swidnica,
Poland). The thermal imaging camera was used in accordance with the manufacturer’s
guidelines. The camera features IR resolution of 384 x 288; spectral range of 8-14 pum;
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 (T} ), immediately before the start of the exercise at 110%Pmax.
Further temperature determinations were made immediately after exercise (T¢), and 120 s
after exercise (T;). The difference between Te and T}, (T1 = Te — Ty,), the difference be-
tween T; and T}, (T2 = Ty — Tp) and the difference between T, and Te (T3 = T, — T) 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’ (AHRR1"), HHR2" (AHRR2’), HRR3" (AHRR3’), HRR4 (AHRR4’) and HRR5’
(AHRRS5’), respectively, similar to Suzic Lazic et al. (2017) [6].
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Figure 2. Single frame of film recorded during a test at 110%Pmax in which the field (R1) for temporal
surface temperature analysis is marked.

For the temporal HRV parameters, the square-root of the mean squared difference
between successive normal-to-normal RR intervals (RMSSD; g/) and standard deviation
of normal-to-normal RR intervals (SDNNj_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 (LFP;_5/) and high-frequency spectral power (HFP;_s/). 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 AHRR, 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= 7% 1)
\n—2+12

On this basis, we determined that the minimum number of study participants was 16
att ~ 2.15.

3. Results

Using the analysis of variance, a statistically significant effect of the repeated measure-
ments was demonstrated for Tempy, . (F = 39.95; p = 0.000; n? = 0.645). Using a post-hoc
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test, significant differences were shown between Temp,. and Tempy, and between Temp,

and Temp, (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

Tempy, (°C) 33.0+25 319 34.0

Tempe (°C) 308 £25* 29.7 319

Temp; (°C) 32.6 4 2.6 ** 315 33.7
T1 (°C) —22+11 —27 -17

T2 (°C) —06+13 -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~! (W-kg™1) 5.27 + 1.04 4.82 5.72
VO,peakl (mL-min~!-kg™1) 55.56 + 13.02 49.93 61.19
VO,peak2 (mL-min~1-kg™1) 58.25 + 10.82 53.57 62.93
VO,max (mL-min—!-kg™1) 59.03 4 11.19 54.19 63.87
VO, maxLBM " 65.35 + 11.21 60.50 70.20

(mL-min~1 ~kg*1)

Tempp,—baseline temporal temperature; Temp.—temporal temperature measured immediately after the exercise
at 110%Pmax; Temp,—temporal temperature measured during recovery—120 sec after the exercise at 110%Pmax;
T1—difference between Temp, and Tempy,; T2—difference between Temp, and Tempy,; T3—difference between
Temp, and Tempe; Pmax—maximum aerobic power; LBM—lean body mass; VO, peakl—peak oxygen uptake
determined in GXT test; VO, peak2—peak oxygen uptake determined in exercise with 110%Pmax; VO, max—
maximum oxygen uptake; CI—confidence interval; *—p < 0.000 vs. Tempy,; **—p < 0.000 vs. Tempe.

The simple correlation coefficient indicated moderate statistically significant relation-
ships of T1 with VO, peak2, VO,max, VO,max-LBM 1 (0.30 < r < 0.49) and strong relation-
ships of T3 with Pmax, Pmax-LBM1, VO;peakl, VO,peak2, VO;max, VO,max-LBM !
(Table 3) (0.50 < r < 0.69).

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

Items T1 (°Q) T2 (°O) T3 (°0)
Pmax (W) —0.33 0.11 0.63 *
Pmax-LBM~! (W-kg™1) —0.32 0.06 0.68 *
VO,peakl (mL-min~!-kg™1) —0.37 —0.07 0.46 *
VO,peak2 (mL-min~!-kg™1) —0.42* —0.01 0.51*
VO,;max (mL~min_1~kg_1) —0.43* —0.05 0.51*

VO,max-LBM ™1

(mLomin kg 1) —0.42 —0.02 0.55

T1—difference between Temp. and Tempy,; T2—difference between Temp, and Tempy,; T3—difference between
Temp, and Tempe; Pmax—maximum aerobic power; LBM—Ilean body mass; VO, peakl—peak oxygen uptake
determined in GXT test; VO, peak2—peak oxygen uptake determined in exercise with 110%Pmax; VO,max—
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; n? = 0.409) and AHRR (F = 15.57;
p = 0.000; n? = 0.414). Using post-hoc tests, it was shown that HRR and AHRR 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 AHRR2’, AHRR3’ and T3 with HRR1’, HRR2" HRR4’, HRRY’,
AHRR1" AHRR2” AHRR4” AHRR5’ 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
HRYV parameters analysed in recovery were demonstrated (Table 6).
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Table 4. Recovery heart rate and recovery heart rate variability among study participants.

Items 1 2/ 3 4 5/
HRR (bpm) 992 +171 905+186* 884+168* 86.7+148* 862+125*%
95%CI L-U 91.8-106.6 43.7-54.6 81.2-95.7 80.3-93.1 80.8-91.6

AHRR (bpm) 491+ 126 581+139* 602+133* 620+11.2% 624+11.0*
95%CI L-U 43.7-54.6 52.1-64.2 54.4-65.9 57.1-66.8 57.7-67.2
SDNNj_s (ms) 43.10 + 22.46
95%CI L-U T o 33.39-52.81
RMSSD; 5 (ms) 31.17 £ 19.72
95%CI L-U _ o 22.65-39.70
HFP;_5 (ms?) 657.1 4 1005.7
95%CI L-U - _ 222.2-1092.0
LFP; 5 (ms?) 1488.2 + 1541.9
95%CI L-U - o 821.5-2155.0

HRR—heart rate recovery; AHRR—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; SDNN; o,—the standard deviation of NN
intervals; RMSSD; 5—the root mean square of successive differences between normal heart beats HFP; 5—high-
frequency power; LFP, s —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 (°O) T3 (°C)
HRR1/ (bpm) 0.09 —0.28 —0.53 *
AHRR1’ (bpm) —0.34 0.11 0.63*
HRR2' (bpm) 0.20 —0.18 —0.50 *
AHRR?2' (bpm) —0.48* —0.02 0.57 *
HRR3' (bpm) 0.17 —0.16 ~0.36
AHRR3' (bpm) 044+ —0.07 0.35
HRR4/ (bpm) 0.10 —0.3 —0.58 *
AHRR4/ (bpm) —0.40 0.07 0.64 *
HRR5' (bpm) 0.12 048 % —0.62*
AHRR5' (bpm) —0.41 0.22 0.57 *

Tl—difference between Temp. and Tempy,; T2—difference Temp, and Tempy,; T3—difference Temp, and Tempe;
HRR—heart rate recovery; AHRR—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)
SDNNg_s/ —-0.18 043* 0.65 *
RMSSD; s ~0.29 0.36 0.67 *
HFP,_g —0.22 0.29 0.53 %
LEP, 5 017 0.31 0.50 *

T1—difference between Temp. and Tempy,; T2—difference between Temp, and Tempy,; T3—difference between
Temp, and Temp.; SDNN—the standard deviation of NN intervals; RMSSD—the root mean square of successive
differences between normal heart beats HFP—high-frequency power; LEP—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 VO;max and AHRR2” and
AHRR3'. The presence of the above correlations may be due to the fact that individuals
with higher VO,max [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 VO,max,
as well as T1 (Table 3) and AHRR, 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% VO,;max, 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 VO,max 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 VO,max (0.50 < r < 0.69) (Table 3). The direction of
the correlation of T3 with VO,max is opposite to the correlation between T1 and VO,max
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 VO,max (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 VO,max 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 VO,max [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 AHRR 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 AHRR 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

40



Biology 2022, 11, 948

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 AHRR 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 (R?) between T3 and recovery HRV parameters reached 45% in
our analyses (T3 and RMSSD5 /).

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 VO,max level is very strong [67]. In view of this,
the relationship of T3 and VO,max 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 ! (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% VO,max, 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 (AMSTAR?2)
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]. 12 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 (1 = 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 (1 = 3); without data on depressive symptoms (1 = 2). Therefore, six
records were included in this study [24-29].

N
5 Records identified from:
& Article identified from other source
B Pubmed (n =14) ,
£ , (n=1)
- Scopus (n=22)
©
| —
i . '
g o
£ Records  screened  after Records excluded in title and abstract
@ . stage (n=10)
= duplicate removed (n = 22) '
&
o
2 Reports excluded:
g FL.u”. ta-e.xt articles assessed for Other intervention (n = 1)
ﬁ eligibility No meta-analysis (n = 3)
 —
= Studies included in review and
©
% meta-analysis
— (n=6)

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 gigong [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 (I12 from 55% to 84%).

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

Effect on Depressive

Reference Symptoms (95% CI) 12 (%) Conclusions
Significant small reduction in depressive
Brown et al. [24] d=-0.13 (—0.26, —0.01) 55% symptoms compared to usual care among

Craft et al. [25]

Gonzalez et al. [26]

Patsou et al. [27]
Vashistha et al. [28]

Yi et al. [29]

d = —0.22 (—0.43, —0.009)

SMD = —0.56 (—1.05, —0.07) 84%

all types of cancer.

Significant small reduction in depressive
symptoms when comparing exercise
interventions to control groups.
Significant medium effect size in favour of
yoga interventions for reducing depression

The test for heterogeneity
was significant (p < 0.001).

g =—0.55(—-0.78, —0.32) 77% ) .
symptoms in comparison to
control conditions.
— —038(—0.89, 0.13) 779 Non-significant reduction in depressive
=" R ’ symptoms for the exercise group.
SMD = —3.02 (—7.83, 1.79) 789% Non-significant reduction in depressive

symptoms for the exercise group.
Significant improvement in depressive
symptoms for yoga interventions.

Abbreviations: d, mean change scores (Cohen’s d); g, Hedges’ g statistic to estimated effect size; 12, 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 (8 = —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; 12 = 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; 12 = 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 (8 = —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; 12 = 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; 12 = 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 gigong. 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. Weekly (W) distribution of training sessions and number of matches across the season.

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 SP11Q 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~!. 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.
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Table 1. Descriptive statistics (mean + standard deviation (SD)) of the external, and internal and

well-being measures in the early-, mid- and end-season.

EarS

MidS

EndS

Measure (Mean + SD) (Mean + SD) (Mean + SD) 4 Hedges’ g (95% CT)
EarS vs. MidS: 1.000 -
RPE (AU) 3.68 £+ 0.62 3.65 + 0.61 4.27 + 0.60 EarS vs. EndS: 0.009 —1.75[-2.56, —0.99] large
MidS vs. EndS: 0.002 —1.87[-2.70, —1.11] large
EarS vs. MidS: <0.01 —2.13[-3.00, —1.34] very large
Avg TDur (Min) 58.91 + 7.62 71.99 £+ 3.72 77.44 + 3.67 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
EarS vs. MidS: 0.001 —1.36 [-2.12, —0.65] large
Total TDur (Min) 989.61 + 136.89 1180.22 + 136.96 1846.77 + 17711 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
EarS vs. MidS: <0.01 —1.56 [-2.34, —0.83] large
s-RPE (AU) 235.89 + 35.19 285.87 4+ 26.96 333.27 + 58.41 EarS vs. EndS: <0.01 —1.97 [-2.82, —1.20] large
MidS vs. EndS: 0.028 —1.02 [—1.73, —0.34] moderate
EarS vs. MidS: 1.000 -
Sleep 2.30 £ 0.75 2.13 +£0.38 218 + 0.44 EarS vs. EndS: 1.000 -
MidS vs. EndS: 1.000 -
EarS vs. MidS: 0.086 -
Stress 1.81 + 0.49 1.50 + 0.27 1.39 + 0.29 EarS vs. EndS: 0.032 0.77 [0.09, 1.46] small
MidS vs. EndS: 0.489 -
EarS vs. MidS: 1.000 -
DOMS 218 £0.71 212 +0.31 2.18 + 0.36 EarS vs. EndS: 1.000 -
MidS vs. EndS: 1.000 -
EarS vs. MidS: 0.120 -
™ (AU) 3.88 +2.44 6.14 + 3.86 3.93 + 0.69 EarS vs. EndS: 1.000 -
MidS vs. EndS: 0.087 -
EarS vs. MidS: 0.011 —1.05 [—1.78, —0.37] moderate
TS (AU) 1988.93 + 1210.84  4405.95 + 2935.36 3948.96 + 647.78 EarS vs. EndS: <0.01 —1.97 [-2.82, —1.20] large
MidS vs. EndS: 1.000 -
EarS vs. MidS: 0.165 -
Avg TD (Km) 5.62 +0.86 5.24 +0.86 5.14 £ 0.51 EarS vs. EndS: 0.039 0.66 [0.001, 1.35] moderate
MidS vs. EndS: 1.000 -
EarS vs. MidS: 0.493 -
Total TD (Km) 108.30 £ 29.52 99.82 £ 0.86 133.86 + 39.43 EarS vs. EndS: 0.022 —0.71 [—1.40, —0,05] moderate
MidS vs. EndS: 0.003 —1.19 [-1.93, —0.49] moderate
EarS vs. MidS: <0.01 —3.03 [-4.07, —2.10] very large
Avg HSRD (Km) 0.72 £ 0.23 1.53 £ 0.29 3.07 £ 0.48 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
EarS vs. MidS: <0.01 —1.78 [-2.59, —1.03] large
Total HSRD (Km) 14.06 + 5.52 28.20 +9.47 77.95 4+ 21.90 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
EarS vs. MidS: 0.079 -
Avg SD (Km) 0.61 £+ 0.05 0.51 + 0.03 0.56 + 0.04 EarS vs. EndS: 1.000 -
MidS vs. EndS: 0.638 -
EarS vs. MidS: 0.061 -
Total SD (Km) 11.63 + 4.14 9.55 + 4.07 14.01 + 4.00 EarS vs. EndS: 0.202 -
MidS vs. EndS:0.002 —1.08 [—1.80, —0.39] moderate
EarS vs. MidS: 1.000 -
HRavg (bpm) 137 + 2 140 +9 135 +2 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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Figure 2. Training monotony (TM) and training strain (TS) variations calculated using the session
rate of perceived exertion (s-RPE) across 20 weeks in different moments of a semi-professional
soccer season.
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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 (BMIgtatus) 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 CRE, 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 CRE

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
BMIgtatus BFP SBP DBP FI
INT SEX Cateso Mean = SD  Mean + SD Mean + SD Mean £ SD  Mean + SD
gory 95%CI 95%CI 95%CI 95%CI 95%CI
L 18.36 + 1.35 11.53 +=2.93 121.40 £ 14.96 76.46 +£5.93 44.81 4+ 4.30
17.61-19.11 9.90-13.15 113.11-129.68 73.17-79.75 42.43-47.19
M M 21.00 £ 0.98 15.87 + 4.60 123.63 4+ 13.33 69.90 £+ 6.93 45.14 + 2.30
20.33-21.66 12.77-18.96 114.67-132.59 65.25-74.56 43.59-46.69
H 28.26 + 3.80 27.62 £+ 6.67 128.40 4+ 4.21 76.20 £+ 9.49 42.65 £+ 2.80
23.53-32.98 19.32-35.91 123.16-133.63 64.40-87.99 39.16-46.14
EG
L 18.62 + 1.01 23.90 + 2.88 116.87 £ 10.06 73.43 + 8.81 42.28 4+ 2.60
18.08-19.16 22.37-25.44 111.51-122.23 68.73-78.13 40.90-43.67
M 21.47 +£0.96 28.12 +5.32 116.69 £ 7.87 70.26 + 6.46 4432 + 5.35
F 21.06-21.89 25.82-30.43 113.28-120.10 67.46—73.05 42.01-46.64
H 23.97 £ 0.81 30.96 £ 3.00 117.01 &+ 6.24 73.00 £ 6.08 42.64 +7.19
21.95-25.99 23.51-38.42 101.48-132.51 57.88-88.11 24.77-60.51
L 18.43 + 0.98 11.75 £ 3.17 116.00 & 8.30 74.77 £ 5.51 43.21 4+ 2.89
17.67-19.19 9.31-14.19 109.61-122.38 70.53-79.01 40.99-45.43
M M 21.30 £ 0.86 13.43 + 3.14 122.25 +11.20 7712 £ 5.74 45.36 + 3.59
20.58-22.02 10.80-16.06 112.87-131.62 72.32-81.92 42.35-48.36
H 25.55 + 2.58 24.27 £+ 10.00 128.75 4+ 3.30 79.25 +10.71 41.93 4+ 2.96
21.43-29.66 8.34-40.20 123.49-134.00 62.19-96.30 37.21-46.66
CG
L 18.41 + 0.95 24 .55 + 3.86 113.28 4+ 6.39 70.19 £ 5.52 44.08 £ 3.63
17.97-18.84 22.79-26.31 110.37-116.19 67.67-72.70 42.43-45.73
F M 21.57 £1.05 29.40 £+ 3.31 116.46 +9.22 68.60 + 7.64 4444 + 3.49
20.98-22.15 27.56-31.24 111.35-121.57 64.36-72.83 42.50-46.37
H 26.21 +4.45 35.93 £+ 5.83 117.72 +9.76 72.27 +£9.33 45.79 + 5.13
23.22-29.20 32.01-39.85 111.16-124.28 65.99-78.54 42.34-49.24

INT-intervention factor, categories: EG-experimental group, CG-control group; SEX-sex factor, categories: M-male,
F-female; BMIgtatus-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 BMItatus
(BMI < 20), medium category of BMIgtatys (19.99 < BMI < 23.00), and high category of
BMlIgtatus (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 x L)/(5.5 x p), where L = duration of the test in seconds, L < 300s,
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 x “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 BMItatys 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 (BMIgtatus): 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 7tj; = constant + uy) + Uy + U1p3))

where 71;; 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 x2 and x2 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 x? test of marginal interdependence [35].
Finally, we used Pearson’s x? 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 (cos?) 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 CIA 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 « = 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 BMIsatus)
with positive (+) and no positive (—) changes after intervention in measured parameters (BFP, SBP,

DBP, and FI).
DV
5 BFP SBP DBP FI
g - + — +0 — + — +
N (%) N (%) N (%) N (%) N (%) N (%) N (%) N (%)

E 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)
é 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)
é 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(6491) 19(33.33) 38(66.67) 32(56.14) 25(43.86) 21(36.84) 36 (63.16)
E H 6 (26.09) 17(7391) 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; BMlgttus-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*BMItatus —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 BMIgatys 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*
BMltatus), 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).

INT(1)*SEX(2) INT(1)*BMlIstatus (2)
k-Factors
df X’ P df X 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 Fl 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*BMItatus 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 BMIiatus 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 BMIatys category (the ratio of positive-to-
lack of changes was 1.5 to 1), whereas the lowest for the high BMIgtatys 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 ( ),
and statistical non-significant p-values for both models (L2 = 46.64, p = 0.809, 2= 45.47,
p =0.841; L2 =53.52, p = 0.996, XZ = 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 02 part) and marginal O¢? 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)*BMIgtatus (2)
szart p szarg 4 df szart 14 szarg p

1 1 0.14  0.7038 1 0.13  0.7160

2 1 797  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 1 579  0.0161

5 (DBP) 1 1.30  0.2538 1 119  0.2750

6 (FI) 1 8.87  0.0029 1 8.11  0.0044
12 1 097 03240 157 0.2103 2 219 03341 281 0.2456
13 1 173 0.1888 125  0.2628 1 154 02144 112 0.2904
14 1 22.86 0.0000 25.27  0.0000 1 19.72 0.0000 2294 0.0000
15 1 201 01561 4.13 0.0422 1 259 01075 3.78  0.0518
16 1 457 00324 547 0.0194 1 415 0.0416 499 0.0255
23 1 0.01 09345 0.02 0.8848 2 024 08862 021 0.8994
24 1 0.00 09840 023  0.6306 2 061 07388 144  0.4863
25 1 019 0.6599 041 0.5210 2 483 00894 391 0.1417
26 1 028 05971 056  0.4545 2 083 06610 1.03 0.5975
34 1 013 07204 0.01 0.9235 1 012 07284 0.00 0.9695
35 1 0.01 09210 0.05 0.8298 1 0.00 09568 0.03  0.8564
36 1 129 02560 0.83 0.3634 1 1.31 02530 0.85 0.3554
45 1 076 03829 245 0.1174 1 097 03254 228 0.1309
46 1 0.00 09882 0.84 0.3588 1 0.01 09293 085 0.3579

56 1 015 0.6955 057 04514 1 014 07073 055  0.4603

INT-intervention factor, BMItatus-BMI factor, SEX-sex, BFP-percentage of body fat, SBP-systolic blood pressure,
DBP-diastolic blood pressure, Fl-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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Figure 2. Co-occurrence of the changes in independent variables in the control group concerning sex
and BMIgtatus. Taxonomical dendrogram illustrates similarities and distances (strength) of linkages.
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 BMlatus*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; BMIgtatus-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*BMlIgtatus model, proportions of positive changes in SBP and FI in EG compared to CG
were similar to those mentioned above. In the case of BMIgtatys, which interacts with DBP,
for low-BMIgtatus and high-BMItatus categories of individuals, the ratio of positive changes
to lack of positive changes was 1.5:1, whereas in medium-BMIatys, 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 BMItatus 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 FIL
Girls from the medium category of BMIgtatus more often noted a lack of DBP changes. Boys
from the high category of BMItatus more often exhibited positive changes in DBP. Boys in
the low category of BMItatus 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 BMIgtatus and in boys from the low category of BMIgtatys 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 BMIgtatys interacted with HIIT differently in boys and girls. The most
positive changes were observed in boys from the low category of BMItatys. In contrast,
girls from the medium category of BMIatys 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 BMlItatus. 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 BMlIatus was discovered as close
a relationship between positive changes in SBP and DBP in boys from the low BMlIgtatus
category. Other interaction effects were associations of the lack of positive changes in
resting BP parameters in girls, mainly from the medium of BMItatys category. There was
no clear pattern in the control group participating in a standard PE program. Changes were
multidirectional and independent of SEX and BMIatys 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 (A—1.38%) in the experimental group, as well as SBP decreases
(A—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 BMItatus 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 VO, 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 O, 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 (VO, 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 BMItatys 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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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; F;iO,: 21%); (ii) low dose hypoxia
(2000 m altitude; F;O,: 16%); (iii) moderate dose hypoxia (3000 m altitude; F;O;: 14%); and (iv) high
dose hypoxia (4000 m altitude; F;O;: 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 paradigm:s,
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 Il 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 (F;0, = 0.13; ~3.800)
compared to moderate hypoxia (F;O, = 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 (F;O; = 0.13), moderate hypoxia (F;O, = 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
(F;O5: 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 Mus 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 O, availability: (1) nor-
moxia (NORM; 900 m altitude; F;O,: 21%); (2) low hypoxia (LowH; 2000 m altitude; F;O,:
16%); (3) moderate hypoxia (ModH; 3000 m altitude; F;O,: 14%); and (4) high hypoxia
(HighH; 4000 m altitude; FiO,: 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 (SpO,) 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, Eskisehir,
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 SpO, were recorded at different time points during the testing protocol (Figure 1).
Total hypoxia exposure duration was ~40 min.

5 min.
passive rest 5 min.
with hypoxia passive rest
generator

T et Sfette diy | Al gt ugr dgt
i 1 . i —t =/: III b Clp

o= /s
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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 x sex x 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 (n?) 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, n? = 0.09) or bench press strength
(p =0.68, n? = 0.04) (Figure 2). Although there was no main effect for condition in 60%
of 1RM squat endurance (p = 0.34, n? = 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, n?> = 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 x sex x set interaction was detected in the squat (p = 0.69, n? = 0.05) and
bench press (p = 0.96, n? = 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
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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);
HighH: high dose of hypoxia (4000 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, 1> = 0.05). Further, no significant condition x sex x time interaction
(p=0.07, n? = 0.18) was found. However, hypoxia affected reaction time for the congruent
condition (p = 0.03,n% = 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, n? = 0.17). However, hypoxia affected reaction time for the
incongruent condition (p = 0.01, n? = 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 19
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 14
ModH 93.00 3.1 92.33 2.6 94.50 1.7 9491 1.2
HighH 93.41 1.8 91.16 2.0 94.50 15 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* 42.6 530.83 424 534.35 * 34.8
HighH 491.95 40.0 502.68 * 359 531.91 32.7 542.35 * 38.2
Reaction Time [ms]-Incongruent Task
NORM 531.81 315 516.94 25.3 608.10 499 596.34 55.1
LowH 546.70 314 528.46 # 34.2 615.10 445 588.52 # 45.0
ModH 541.22 27.3 535.80 * 36.6 603.97 514 625.48 * 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, n? = 0.10) in heart rate. How-
ever, RPE values were significantly different between conditions (p = 0.01, n? = 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, n? = 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,
n? = 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
Pretest 1.2 0.1 1.23 0.2 1.14 0.1 1.15 0.1
Males 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
Pretest 1.26 0.1 1.2 0.1 1.11 0.1 1.13 0.1
Females  Postsquat 5.66 0.7 57 0.4 5.83 0.4 591 0.7
Postbench 6.01 0.7 6.13 # 0.8 6.58 * 0.5 6.91 * 0.8
Heart Rate (beat/min)
Pretest 64.75 49 63.50 5.31 64.33 3.6 64.58 48
Males Postsquat 173.25 8.6 171.33 5.39 172.33 47 171.33 7.4
Postbench  176.08 8.4 175.08 10.4 175.33 8.1 176.08 7.6
Pretest 64.75 35 60.50 33 62.66 4.0 64.16 3.2
Females  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)
Mal Postsquat 13.41 1.2 13.66 # 1.0 13.58 * 1.1 14.00 * 1.2
ales Postbench 15.91 1.9 16.33 # 1.6 17.00 * 23 17.66 * 2.1
F 1 Postsquat 13.50 1.7 13.83 # 1.5 14.08 * 1.6 13.91 * 1.6
€males  posthench 17.41 1.9 17.08 # 2.1 17.75* 1.9 18.33 * 1.7
Oxygen Saturation (%)
Mal Postsquat 94.83 1.9 90.75 3.2 85.16 3.7 80.91 23
ales Postbench 94.33 1.8 89.58 29 83.91 3.8 79.83 25
Fernal Postsquat 95.08 15 90.16 2.7 86.41 26 81.83 24
€males  postbench 94.16 22 90.08 26 85.75 3.9 80.66 22

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 (FiO; = 15.4%) and severe (F;0; = 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 (F;O, = 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 (F;0;, = 12%) and moderate (F;O, = 14%) doses of hypoxia
had a negative impact on 60% of 1RM bench press repetition to failure performance.
However, low (F;O; = 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 (F;O; = 13%), but not low (FiO, = 16%), doses
of hypoxia increased lactate and diminished blood HCOj3-, 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 (F;O; = 13%) when compared with low dose hypoxia
(F;0O7 =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
(F;0, = 13%) or moderate (F;O, = 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 (FiO, = 15.4%), and high (FiO, = 12.9%) hypoxia [23]. Secondly,
three sets of 75% 1RM to bench press failure performance was not different between nor-
moxia and high hypoxia (F;O, = 13%) [24]. In contrast, in their very well-designed study,
Girard et al. [25] demonstrated that hypoxia (FiO; = 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 (F;O; = 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 (FiO; = 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 SpO, 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
(F;07 =12.5%) during 55% HRmax aerobic exercise in both men and women. In contrast,
short term (~20 min) severe hypoxia (F;O, = 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 (F;0, = 13%) than in moderate hypoxia
(F;O, = 16%) and normoxia [19]. However, Scott et al. [20] demonstrated no differences
in RPE during 5 x 5 repetitions at 80% 1RM during high (F;0, = 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
etal. [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]. Morougo 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 CM]J exercises, could improve CM]J 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 (CM]J) 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 (IRM 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 4 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-Universitdt Diisseldorf, Diisseldorf, 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 X 6 reps x 15 m with 60 s and 5 min of rest
between repetitions and sets, respectively. On Tuesday and Friday, swimmers completed
2 sets X 4 reps x 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 cm?). 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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Experimental group:

e ILower body strength: Back
squat, CMJ, CMJ box.

e Habitual aquatic training.

e Aquatic resistance training
with water parachute.

3

Pretest (1 week): Posttest (1 week):
: Intervention period .
e Maximum strength. ‘ P — e Maximum strength.
¢ Swimming, start and (9 weeks) e Swimming, start and
turn per formances. turn per formances.

3

Control group:

e General strength.
e Habitual aquatic training.
e Aquatic resistance training.

Figure 1. Overview of the study design. CMJ: countermovement jump; CM] box: countermovement
jump box.
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Figure 2. Set-up of water parachute during aquatic resistance training.

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 (CM]J), 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 CM]
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.

Sets x Repetition x Intensity;

Weel (Sessions) Exercises Recovery between Sets and Exercises (3 min)

Back squat 2 x 10 x 60% 1RM
1(1/2) CcM]J 2xX6
CM]J box 2X6

Back squat 2 x 10 x 65% 1RM
2 (3/4) CcM]J 2x8
CM]J box 2x8

Back squat 2 x 10 x 70% 1RM
3(5/6) CcM]J 2x 10
CM] box 2x10

Back squat 2 X 8 X 75% 1RM
4(7/8) CcM]J 3x8
CM]J box 3x8

Back squat 3 X 6 x 80% 1RM
5(9/10) CcM]J 3 x 10
CM] box 3x10

Back squat 2 X 8 X 75% 1RM
6(11/12) CcM]J 3x6
CM]J box 3x6

Back squat 3 X 6 X 80% 1RM
7 (13) CcM]J 3 x 10
CM] box 3x10

Back squat 3 X 8 X 75% 1RM
8 (14) CcM]J 3x8
CM]J box 3x8

Back squat 3 x 8 x 70% 1RM
9 (15) CcM]J 3x6
CM]J box 3x6

1RM: one repetition maximum; CMJ: countermovement jump; CM] 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 1IRM 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 5120-4030, 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.

Cameral Camera? Camera 3
JA L\

4
|
I
I

Starting Blocks

I Startto15m ', | | 1
I I > I > I I -_— i
| ' ! :
I [ ]
N \ 65 m |
I ) oo e = l_._
Swimmer | - |
Turn
| | 45m-65m
3

Figure 3. Set-up to analyze the start and turn performances.
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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 (ICCy 1) [17]. The standard error of
measurement (SEM) was determined by SD of the pretest x /(1-ICC) [18]. Minimum
detectable change (MDC) of all dependent variables was derived using SEM x /2 x 1.96,
and MDC % was defined as (MDC/mean of pretest) x 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 x 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) A (%) 1\:[01/) )C Effect Size
1RM back squat EG 63.46 £+ 4.99 7291 £ 5.45 <0.001 5.27 (1.88 to 8.66) 1494 £1.32 3.89 1.90 (large)
(kg) CG 62.18 £5.72 63.64 £ 6.04 0.568 2.32£0.73 (6.19) 0.46 (small)
100 m front crawl  EG 59.56 £ 1.50 56.93 £ 1.51 0.001 —1.10 (=2.03 to —0.17) 4.41+139 1.25 1.83 (large)
(s) CG 59.49 £ 1.55 59.21 £1.55 0.678 0.47 £ 0.02 (2.10) 0.19 (trivial)
30 m Leg kick EG 20.97 £ 0.61 19.75 £ 0.61 <0.001 —0.65 (—1.02 to —0.28) 5.84 +0.16 0.44 2.11 (large)
swimming (s) CG 21.12 £+ 0.60 20.90 £ 0.60 0.398 1.04 £0.05 (2.09) 0.39 (small)
. EG 6.65 £ 0.07 6.47 £ 0.07 <0.001 —0.07 (=0.11 to —0.03) 2.69 +0.18 0.06 2.77 (large)
Time 15 m (s) (0.90) 0.66
CG 6.65 +0.07 6.61 4 0.06 0.159 0.60 & 0.22 ' .
(moderate)
. EG 0.78 £ 0.05 0.66 & 0.05 <0.001 —0.05(—0.08 to —0.02) ~ 15.14 +1.06 0.06 2.61 (large)
Block time (s) (7.69) 057
CG 0.78 £ 0.05 0.75 £+ 0.05 0.216 3.39 £0.65 ’ ]
(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 1.85 (large)
CG 11.48 £0.17 1142 £0.17 0.434 0.51 4 0.04 (0.96) 0.36 (small)

MDC: minimal detectable change; A: 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 1IRM), CM]J
and CM]J 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~!). 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 CM] 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, -cell function, and insulin sensitivity. The results showed that the activity
contributes to raising the GLP-land 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/m? 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 (sSRPE = 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 uL/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 (HOMAZ2-IR), 3-cell function (HOMAZ2-%B), and insulin sensitivity (HOMA2-%5)
from fasting insulin and glucose concentrations calculated by the HOMA?2 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 {3-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
(00) = 0.05 (two-sided), and Type II error () = 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 ug/L (W20). The marker of bone resorption, CTX, decreased
from 0.44 + 0.1 (BASE) to 0.29 £ 0.1 ug/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.
Control Group Exercise Group
Subjects Charact BASE 20W BASE 20W
Mean + SD Mean £+ SD p-Value Mean £+ SD Mean £+ SD p-Value
BMI (kg/m?) 225427 23.7+29 p>0.05 228+24 228+28 p>0.05
LM % 744 +£58 76.6 £5.2 p>0.05 732 +£59 737 +£72 p>0.05
M % 256 +5.8 239462 p>0.05 268+ 6 263+72 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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Figure 2. Endogenous incretin levels measured baseline (BASE) and after 20 weeks (W20) in the
control group and exercise group. (A) Box and whisker plot of GLP-1. (B) Box and whisker plot
of GIP.
3.2. Other Gut Hormones
In the control group, there were no changes in GLP-2 (2.1 4= 0.25 vs. 2 £ 0.26 ng/mL)
PYY (58 &+ 11 vs. 56 & 12 pg/mL) and ghrelin levels (1081 4 491 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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Figure 3. Endogenous gut peptide levels measured at baseline (BASE) and after 20 weeks (W20) in
the control group and exercise group. (A) Box and whisker plot of GLP-2. (B) Box and whisker plot
of PYY. (C) Box and whisker plot of ghrelin.

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. 8.64 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 (3-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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Figure 4. Markers of glucose homeostasis measured at baseline (BASE) and after 20 weeks (W20)
in the control group and exercise group. (A) Box and whisker plot of fasting glucose. (B) Box and
whisker plot of fasting insulin. (C) Box and whisker plot of insulin resistance. (D) Box and whisker
plot of B3-cell function. (E) Box and whisker plot of insulin sensitivity.

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 PINP (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 PINP 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-11such 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
WBYV 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 20142020 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
WBYV 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, sSEMG) 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 mQ). The system had high sensitivity in terms of
recording sSEMG signals (1 uV). 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 Al).

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 « = 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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Aszessed for eligibility (n= 120)

Enrollment

Excluded {n= 28)
s 0 Mot meeting inclusion criteria (n= 207
— age <50 years old (n=12)
— acute pain of the lumbar spine
(n=8)
O Declined to participate (n= )

Randomized (n= 92)

[ 1

Allocated to experimental group (n= 43) Allocated to control group (n= 49)
+ Received allocated intervention (n=43) + Received allocated intervention (n= 49)
1 1
| Analysed (1~ 43) | | analvsed (n= 49) |

Figure 1. Flow chart of study enrollment, allocation and analysis.

Table 1. Characteristics of the participants.

VEE (Experimental) Sham-VEE (Control)
Group n =43 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) 75.4 471 107.5 64.2 85.0 70.6 49.3 177.7 63.0 77.0 0.17*
BMI (kg/m?) 28.4 19.1 423 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 sSEMG Results

A comparison of the results of the sSEMG 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 sSEMG 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 sSEMG 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 Il 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 Il 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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Figure A1. Smovey rings.
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Table A1. Correlation between the bioelectric activity (uV) 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

Is p-Value Is p-Value Is p-Value Is p-Value

Baseline 0.239019 0.102 0.123192 0.404 0.198600 0.2017 0.109459 0.4847

Bef
O Functional  0.106851 0.470 0.189222 0198 0089447 05684  0.088912  0.1571
Baseline 0.086178 0.560 —0.057862 0.696 0.190182 0.2219 0.003511 0.9822

Aft
e 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)

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

Welcome and introduction Participants are reminded of the principles of using the equipment, and the >
importance of maintaining correct and normal breathing during exercising.
Starting position (SP) = Participants stand with their arms by their sides. 1
Shoulder circles are performed forward and backward.
SP as above, with shoulder circles forward and backward, combined with a light 1
stepping motion of the feet
Warm-up 5 min SP as above, marching the feet, swinging each alternate arm forward 1
and backward.
SP as above, marching the feet, with parallel arm movement forward 1
and backward.
SP with the arms by the sides holding the Smovey in each hand. The hands are 1
moved inward and outward
SP as above, marching (four steps forward, four steps backward) with alternate 2
arm movements and with lifting the knees up on every fourth step.
SP as above, stepping out to the side with alternating abduction of each arm to 5
the side.
SP as above, raising each alternate leg upward, with alternating arm movement 2
to the side.
SP as above, with a step with raised knees, with movement of the arms up and 5
down on the outside.
SP as above, stepping with alternating arm movement front to back. 2
Main part 32 min SP as above, stepping with alternate arm movement forward and backward. 2
SP as above, stepping forward and backward with weight transfer, with arms 2
moving forward and backward, crossing at the front at the height of the chest.
SP as above, diagonal movement of the legs forward and backward, with 2
parallel shoulder movement sideways.
SP as above, the Smovey joined together, held behind with both hands at the 5
height of the hips, slight arm movement sideways.
SP = standing in straddle position, arms at the height of the shoulders, crossing 2
and abduction of the arms
SP = lying on the side, arm movement above the head and then toward legs. 5

Uppermost leg is lifted upward. Performed both right and left.
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Table A2. Cont.

Course of the Class Name and Description of Exercise Time (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. 2
Performed right and left.

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.

SP = lying on the back, the Smovey is held behind the head with both hands,
Main part 32 min moving arms forward once to the right and once to the left of the torso.

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 2
right leg. Repeated right and left.

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 2
opposite direction.

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

directed forward. !
SP = standing in straddle position, the Smovey is held with both hands, lifting 1

the hands up and bending forward, moving the Smovey toward the floor.
Cool down 5 min SP as above but bending to the sides. 1
SP as above, the Smovey is held on the shoulders, with rocking 1

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

Organizational matters The end of the class, asking the participants about their perceived intensity of 3

exercise using the Borg scale, saying goodbye.
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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/mz, 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,
np? = 0.39) and IgA (p = 0.036, f = 3.86, np> = 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, ¢ = 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/ m? as overweight and a BMI > 30 kg/ m?2
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]. Hernandez-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 (VOpmay), 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 VO, [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., CDg, CDy, and CDj3)
and B cells (e.g., CDy,, CDyp, 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, VOypnax, 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/m?, 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/m?; (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.ULREC.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 « = 0.05; mini-
mum effect size = 0.35; number of groups = 3; number of measures = 2; and err prob for
1-f = 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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[ Enrollment ]
Assessed for eligibility (n=70)

Excluded (n=33)
e Not meeting inclusion criteria (n =

19)

h 4

e Declined to participate (n=15)

¢ Otherreasons (n=10)
Randomized (n=
e« BMI: lower than 25 or above 35

37)
[ Randomly assigned J
v v 4
CG = Allocated to intervention (n =13) PH = Allocated to intervention (n=12) SG = Allocated to intervention (n=12)
[ Follow-Up J
Y
\
Lost to follow-up (give reasons) (n= Lost to follow-up (give reasons) (n=0) Lost to follow-up (don't like taste of
0y spirulina; n=2)
[ Analysis J
Y
Analysed (n=10) Analysed (n=10) Analysed (n=10)
e Excluded from analysis (be absent more ¢ Excluded from analysis (be absent e Excluded from analysis (give
than 3 days of HIIT training; n=23) more than 3 days of HIIT training; n =2) reasons) (n=0)

Figure 1. Flow diagram of how to enter, experimental course, and analysis of participants. Abbrevia-
tion; PH = placebo and high-intensity interval training (HIIT); CG = combined group (spirulina and
HIIT); SG = spirulina group; BMI = body mass index.

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 VO,max 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/m?)  90% HRpmax

PH 26 +8 162 £ 4 73£5 27.6 £19 ~171 bpm
CG 246 163 £3 76 £ 11 28.8 £4.3 ~172 bpm
SG 24+ 6 160 £2 77+9 299+£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 x W) + (0.41813 x 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

VOsmax 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~!, which was
increased to 0.5 km/h~! 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 VOpmax by placing it in the following formula [41]: VOpmax
(mL-kg~'min~') = 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 pL.

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 x 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 x 3 ANOVA with repeated measures (time [pre- vs. post-training] x 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 VOppay, 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,
np? = 0.11); however, there was a meaningful group-by-time interaction (p = 0.036, f = 3.86,
an = 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, np? = 0.03), whereas there was a
meaningful group-by-time interaction (p = 0.001, f = 8.52, np? = 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 VOy 5« and immunoglobulins.

CI 95% for Difference

Variables Groups Pre-Training Post-Training Hedge's g % Changes
Lower Upper
VO2max PH 21.8 £34 234+1.38 —4.21 0.93 0.57 9.21
(mL-kg~ 1. CG 232+21 25.6 3.1 —4.85 0.05 0.88 11.03
min—71) SG 21.3£19 219+3.0 —291 1.73 0.23 2.58
IgA PH 161.7 £ 86.2 149.2 £ 50.8 —53.97 78.97 —0.16 —2.31
(mg/lit) CG 173.1 £33.7 212.7 £ 67.8* —89.90 10.70 0.70 21.23
SG 1711 £ 479 1875 £ 44.6 * —59.86 27.06 0.33 11.82
IG PH 1253.5 £ 413.6 1227.1 £ 316.1 —319.46 372.26 —0.06 -3.21
(mg/lit) 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: VOymax = 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.
CI 95% for Difference
Variables Groups Pre-Training Post-Training Hedge's g % Changes
Lower Upper
BMI PH 276 £19 263 +1.9 —0.48 3.08 —0.65 —4.64
(kg/m>2) CG 28.8 £4.3 277 £ 4.6 -3.08 5.26 -0.23 -3.92
SG 299 £4.0 29.6 4.1 -3.49 4.09 -0.07 —1.06
WHR PH 0.80 £ 0.05 0.79 £ 0.06 —0.04 0.06 -0.17 —-1.15
(cm) 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 PH 733 +£53 70.2 £4.0 —-1.33 7.45 —0.62 —4.03
(kg) CG 76.7 £11.1 741 £11.1 —7.83 13.01 -0.22 —3.40
SG 77.3 £89 76.1 £10.0 —7.64 10.10 -0.12 -1.73
FFM PH 195+21 191+24 -1.76 2.46 —-0.14 —1.89
(kg) CG 18.8 £ 0.8 183 £ 0.96 * -0.32 1.36 —0.54 —2.76
SG 197 £23 201 £21 —2.47 1.67 0.17 222
PH 31.7£3.0 304 £3.0 —-1.39 4.09 —0.43 —4.20
BF (%) CG 320+£24 31.0£3.0 —1.48 3.62 -0.37 —-3.43
SG 33.9£39 31.3+29 —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 FFEM. 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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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; n%p = 0.418), cortisol (p = 0.044; n%p = 0.247) and T/C (p = 0.005; n%p = 0.359).
Concretely, significant differences were observed in distance covered in the Cooper test percentage of
change (p = 0.002; n?p = 0.418) between CIT-BRG and PLG and CITG, in cortisol percentage change
(p = 0.049; 1%p = 0.257) and in T/C percentage change (p = 0.018; n?p = 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
(NO; ™) 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 VO, [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 VOynmax) 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
- 20 warm-up ) - 120 m ride at ) - 75 min run at - 15 min run
- 15 min -15minrun 50-75% -15minrun 50-75% . . technique
1st stretching techr}lque skills VOomax techr}lque skills VOomax - 75 min swim at skills
session - 45 min -45 min strength 15 min -45 min strength  _ 20 min 75-90% VOomax - 45 min
mindfulness training cooldown training resistance strength
- 15 min core training training
- 30 min - 30 min
warm-up warm-up - 120 min ride
ond - 30 min run at _ 30 min swim at . at 50-75%
session REST 75-90% VOamax REST 75-90% VO2max REST 60 min walk VOamax
- 15 min - 15 min - 15 min core
cooldown cooldown

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 Ledn, 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=198) 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 NO, ™~ 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 I’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/height? (kg/m?). 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 x supplementation group).

On the other hand, the percentage changes of the outcomes studied between T1 and T2
in each study group were calculated as A (%): (T2 — T1)/T1) x 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 (n?p). Given
that this measure overestimates effect sizes, the values were interpreted based on Ferguson,
who indicated no effect if 0 < nzp < 0.05, minimum effect if 0.05 < nzp < 0.26, moderate
effect if 0.26 < np < 0.64 and strong effect if n%p > 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+ 6.4 452 £ 6.8 449 £ 6.5 453 £ 7.2
Protein (g/kg) 1.4+05 1.5+0.7 14+£08 14+£05
Fat (g/kg) 1.4+04 1.5+£05 1.4 +0.6 1.5+£0.6
Carbohydrates (g/kg) 70x£1.0 71+£12 71+14 70£13

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 xG) n%p
Body mass (Kg)
PLG 76.36 + 7.03 76.31 + 6.76
CITG 79.08 + 7.36 77.70 + 7.09
BRG 7411 + 6.93 74.00 + 6.90 0.582 0.074
CIT + BRG 7419 + 11.26 74.29 4+ 11.38
BMI (kg/mz)
PLG 24.01 + 1.89 23.98 + 2.03
CITG 2452 +2.53 23.99 +2.25
BRG 2325 + 1.86 23.25 + 1.85 0.407 0.115
CIT + BRG 2254 +1.63 22,53 + 1.59
Muscle mass (kg)
PLG 69.39 + 5.42 69.65 + 5.73
CITG 72.35 + 6.21 66.05 + 5.77
BRG 67.38 + 6.46 67.95 + 6.31 0.406 0.112
CIT + BRG 68.49 + 9.49 68.49 + 9.20
Fat mass (%)
PLG 9.01 + 2.05 8.66 + 2.14
CITG 8.45 + 1.44 7.77 +1.32
BRG 9.07 + 2.09 8.18 + 0.96 0121 0.203
CIT + BRG 7.52 + 1.66 7.58 + 2.17

Data are presented as mean =+ standard deviation. p (T x 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;
n%p = 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; 1?p: 0.063) and LDH
(T1: 445.38 + 247.59 vs. T2: 393.88 + 63.37 UI/L; nzp: 0.083).

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

Group T1 T2 p (T xG) n%p
Urea (mg/dL)
PLG 37.38 + 6.63 38.00 + 4.81
CITG 37.06 + 6.92 34,58 + 8.72
BRG 3838 + 4.03 37.50 + 2.83 0.260 0.131
CIT + BRG 36.75 + 8.55 41.13 + 6.06
Creatinine (mg/dL)

PLG 091 +0.10 0.92 + 0.10
CITG 0.93 + 0.57 092 + 0.11
BRG 092 + 0.11 0.88 + 0.09 0.601 0.063
CIT + BRG 0.91 + 0.09 0.91 + 0.11

AST (UI/L)
PLG 33.50 + 9.06 37.13 + 16.31
CITG 30.50 + 9.09 24.38 + 3.93
BRG 39.38 + 17.39 29.36 + 4.79 0.321 0.115
CIT + BRG 37.38 + 12.02 29.75 + 7.91

ALT (UI/L)
PLG 28.00 + 14.25 29.63 + 13.76
CITG 25.88 + 9.43 22.00 + 5.40
BRG 36.25 + 29.36 23.38 + 8.45 0.327 0114
CIT + BRG 33.25 + 19.83 22.63 + 7.65

GGT (UI/L)
PLG 16.88 + 455 1850 + 6.37
CITG 18.88 + 8.04 19.88 + 8.94
BRG 15.50 + 3.46 18.63 + 6.41 0.699 0.049
CIT + BRG 19.75 + 5.92 20.25 + 8.78
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Table 5. Cont.

Group T1 T2 p (T x G) n%p
LDH (UI/L)
PLG 438.86 + 48.13 367.38 + 77.77
CITG 330.88 + 90.99 2 324.00 + 71.97
BRG 44538 + 24759 P 393.88 + 35.79 * 0.498 0.083
CIT + BRG 431.00 + 75.05 411.88 + 63.37
CK (UV/L)

PLG 319.50 + 297.34 175.00 + 51.77
CITG 327.63 + 287.07 157.25 + 60.78
BRG 328.38 + 247.59 208.88 + 98.22 0.238 0.138
CIT + BRG 379.38 + 336.75 288.25 + 209.86

Data are presented as mean + standard deviation. p (T x 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). ®: Significant
differences with respect to PLG (p < 0.05). ®: 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;1%p = 0.247) and T/C (p = 0.005; n%p = 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 xG) n%p
Testosterone (ng/mL)
PLG 7.66 + 2.26 451 £121*%
CITG 7.77 +1.10 550 + 1.36
BRG 711+ 1.26 492 +1.16* 0116 0.188
CIT + BRG 7.55 + 1.06 6.69 + 2.50
Cortisol (ug/dL)
PLG 15.76 + 1.34 20.37 + 3.47 *
CITG 16.03 + 2.48 18.20 + 3.80
BRG 15.89 + 3.19 17.84 + 3.76 0.044 0.247
CIT + BRG 16.94 + 2.33 15.30 + 5.53
Testosterone/cortisol ratio
PLG 49.07 + 15.92 2287 + 812 *
CITG 49.13 + 7.84 31.25 4+ 11.02*
BRG 46.95 + 13.83 28.63 + 8.38 * 0.005 0.359
CIT + BRG 4597 + 13.16 51.66 + 30.00 @

Data are presented as mean + standard deviation. p (T x 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). ?: 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;
n%p = 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. A: ((T2 - T1)/T1) x 100. *: Significant differences
with respect to CIT-BRG. p < 0.05.

Figure 3 indicates significant differences in cortisol percentage change (p = 0.049;
1?p = 0.257) between PLG and CIT-BRG. Moreover, T/C percentage change presented
statistically significant differences (p = 0.018; n%p = 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).
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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.
A: ((T2 —T1)/T1) x 100. *: Significant differences with respect to PLG. p < 0.05.

164



Biology 2022, 11,75

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 NO, ™ [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, Martinez-
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; n%p = 0.247) and
a better T/C ratio (p = 0.005; nzp = 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-Castafio 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 B] (~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-

166



Biology 2022, 11,75

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.
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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*, pCO,, pO,, HCO3;~, BE and total molar
CO; concentration (TCO;), 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 pO, were higher by 41% and 11.9%, respectively, while pCO,, HCO3;~,
BE and TO, 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 TCO,. 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 (pO; and pCO,) 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 (HPO,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 88.50 493
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 (S,)

Sa:

z|=

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 (E,)

number of ef fective attacks
number of all attacks

E, = x 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 (A,)

number of all registered of fensive actions of a kickboxer
number of fights fought by a kickboxer (1 in this study)

a =

2.2. Acid—Base Balance Analysis

ABB parameters were analyzed using an EPOC gasometer (Siemens, Ottawa, ON,
Canada) immediately after 95 uL 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 (pO;), and partial pres-
sure of carbon dioxide (pCO,) were measured, and base excess in the extracellular fluid
(BEecf) concentration of bicarbonate ions HCO3~ and TCO; (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 2N(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 pCOy, the difference was significant only between measurements I and II, for
H*, pO,, HCO; ™ 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 Post-Hoc Effect

I(n=14) II (n =14) III (n = 14) ANOVA (Dunn’s Test)  Size
M Me SD M Me SD M Me SD Chi? p I-11 I-11
H* (nmol/L) 37.9 37.0 3.3 54.0 49.0 9.8 41.1 40.0 3.9 2229  <0.001 <0.05 0.80
pCO, 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

(mmHg)
pO; (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
HCO;5~ 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

(mmol/L)

BE mmol/L 0.5 0.9 1.2 —-119 —-106 2.7 -37 =32 2.4 28.00 <0.001 <0.05 1.00
TCOy(mmol/L) 24.1 25.1 1.3 15.8 16.1 14 21.5 21.7 1.1 2450 <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, [II—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
HCO;™ 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 14 969 790 680 1980 760 960 436

the attack
Efficiency of the attack 14 50.1 47.0 37.0 79.0 45.0 49.0 12.8
Effectiveness of 14 545 544 399 645 490 608 7.9

the attack

There were no significant correlations between the changes in the parameters induced
by the bouts for [H*], pCO,, pO,, HCO;~, BE (ecf), or BE (b). The only positive correlation
was found between molar concentrations of CO, (TCO,) and the activity of the attack,
which suggests that the greater the physical activity, the greater rise of CO; concentration
in the blood (Table 4).
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Table 4. Matrix of correlation coefficients between examined variables.

Activeness of the  Efficiency of the Effectiveness of

Variables Attack Attack the Attack
R p R p R p
[H*] 0.11 0.62 0.07 0.81 0.07 0.808
pCO; (mmHg) 0.14 0.14 —0.03 0.90 0.00 1.00
ALl 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
TCO,; 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 CO, 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;~ — H,0 + CO; 1. 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
pCO; 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 CO, + H,O <+ 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 CO, 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 CO,
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 CO, 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 x 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 X time interactions
were also observed for offTAU [F(2.82) = 3.146; p = 0.048] and off TMR [F(2.82) = 4.424; p = 0.015].
The MICT group presented increased values of off TAU 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 (T), 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
HbAlc, % 9.62 +1.90 9.85+2.79 8.50 +2.43
Diagnosis time >b years >b years >b years
Biguandas, % 80 (12) 73.33 (11) 71.42 (10)
Medicines for
sulphonylurea, % i 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, HbAlc: 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-4R]JGC3.

185



Biology 2022, 11, 66

Assessed for eligibility (n = 60)

[ Enrollment ]

Excluded (n= 8)

4 exercise capacity <6METS (n = 3);

4 uncontrolled arthythmias during physical
exercise (n = 2);

4 unstable angina (n = 1);
4 decay in SBP below that of SBP level at
rest and during exercise (n = 2)

Randomized (n=52)

|

l Allocation l
Allocated to intervention HIIT-2:2 Allocated to intervention HITT- Allocated to intervention MICT
n=17) 30:30 (n=18) n=17)
#Received allocated intervention + Received allocated intervention + Received allocated intervention
m=17) (n=18) m=17)
Follow-up ] Il
Lost to follow-up (n=2) Lost to follow-up (n=2) Lost to follow-up (n=2)
+Didn’t present frequency > 85% + Didn’t present frequency > 85% ¢ Didn’t present frequency > 85%
to interventions (n = 2) to interventions (n=2) to interventions (n=2)
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presenting irregular data in the presenting irregular data in the
variables determined (n = 1) variables determined (n = 1)

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, Brasilia, 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, Sao Paulo, SP, Brazil) and a stethoscope (Littman, Sao 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;
(38) 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:

N
SDNN = J 7 L (RR; — ~RR)® )
]:1
1 N-1 5
j=

where RR; 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); (Il) 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 1-24); 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 ®)

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 “t”
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
(Disseldorf University, Diisseldorf, 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
(rg = 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 (rg = —0.24,small effect; —0.39, medium effect; and —0.50, medium
effect, respectively).

A group X 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 off TAU
[F(2.82) = 4.710; p = 0.012] and off TMR [F(2.82) = 6.667; p = 0.002]. A time effect was found
for off AMP [F(1.82) = 4.881; p = 0.030]. A group x time interaction was also observed for
off TAU [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 off TAU 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 HRYV, the HIIT-30:30 protocol exhibited a 69.7% improvement in the SODNN
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 inf