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Preface

Since the 1980s, research has repeatedly highlighted a critical concern within the realm of physical

activity and sports: the heightened risks of sudden death and severe injuries during both organized

sports and regular training. These events are most prevalent among specific populations—athletes

returning to sports after periods of inactivity, individuals starting or transitioning into physical activity

routines, those moving from lower-intensity activities to more demanding levels, and especially

adolescents navigating the complexities of puberty. These risks are further influenced by biological

sex, adding a layer of complexity to our understanding of health and safety in physical activity.

Despite the volume of data suggesting these risks, a gap remains in the literature concerning

the best practices for mitigating these dangers. Methodological studies—both quantitative and

qualitative—that aim to outline and evaluate effective strategies for safe participation in physical

activity are still lacking.

This reprint aims to make a significant contribution to the field by exploring a broad spectrum

of interconnected areas that can directly influence the safety and effectiveness of training regimens.

Another key focus is the role of relational coordination between individuals, trainers, administrators,

health personnel, clubs, and other stakeholders. Effective communication and coordination across

these entities are critical to ensuring a safe environment for all participants.

This reprint encompasses a wide range of studies. It aims to promote better practices among

athletes, coaches, scientists, educators, and healthcare professionals. By addressing the various facets

of health risk assessment, management, and prevention, this compilation of research strives to optimize

the practice of physical activity while prioritizing health, safety, and performance.

The research presented in this reprint will hopefully stimulate further inquiry and contribute

to the development of strategies for safely engaging in physical activity across different age groups,

sexes, and performance levels.

Shaher A.I. Shalfawi

Guest Editor
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Abstract: Background: Several explanations regarding the disparity observed in the literature with
regard to heart rate variability (HRV) and its association with performance parameters have been
proposed: the time of day when the recording was conducted, the condition (i.e., rest, active,
post activity) and the mathematical and physiological relationships that could have influenced the
results. A notable observation about early studies is that they all followed the frequentist approach to
data analyses. Therefore, in an attempt to explain the disparity observed in the literature, the primary
purpose of this study was to estimate the association between measures of HRV indices, aerobic
performance parameters and blood pressure indices using the Bayesian estimation of correlation on
simulated data using Markov Chain Monte Carlo (MCMC) and the equal probability of the 95% high
density interval (95% HDI). Methods: The within-subjects with a one-group pretest experimental
design was chosen to investigate the relationship between baseline measures of HRV (rest; independent
variable), myocardial work (rate–pressure product (RPP)), mean arterial pressure (MAP) and aerobic
performance parameters. The study participants were eight local female schoolteachers aged
54.1 ± 6.5 years (mean ± SD), with a body mass of 70.6 ± 11.5 kg and a height of 164.5 ± 6.5 cm.
Their HRV data were analyzed in R package, and the Bayesian estimation of correlation was calculated
employing the Bayesian hierarchical model that uses MCMC simulation integrated in the JAGS
package. Results: The Bayesian estimation of correlation using MCMC simulation reproduced
and supported the findings reported regarding norms and the within-HRV-indices associations.
The results of the Bayesian estimation showed a possible association (regardless of the strength)
between pNN50% and MAP (rho = 0.671; 95% HDI = 0.928–0.004), MeanRR (ms) and RPP (rho = −0.68;
95% HDI = −0.064–−0.935), SDNN (ms) and RPP (rho = 0.672; 95% HDI = 0.918–0.001), LF (ms2) and
RPP (rho = 0.733; 95% HDI = 0.935–0.118) and SD2 and RPP (rho = 0.692; 95% HDI = 0.939–0.055).
Conclusions: The Bayesian estimation of correlation with 95% HDI on MCMC simulated data is a new
technique for data analysis in sport science and seems to provide a more robust approach to allocating
credibility through a meaningful mathematical model. However, the 95% HDI found in this study,
accompanied by the theoretical explanations regarding the dynamics between the parasympathetic
nervous system and the sympathetic nervous system in relation to different recording conditions
(supine, reactivation, rest), recording systems, time of day (morning, evening, sleep etc.) and age of
participants, suggests that the association between measures of HRV indices and aerobic performance
parameters has yet to be explicated.

Keywords: psychophysiology health; rate-pressure product; mean arterial blood pressure; MCMC;
data simulation
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Int. J. Environ. Res. Public Health 2020, 17, 6750

1. Introduction

Heart rate variability (HRV) research has been intensified due to the significant relationship
observed between cardiovascular mortality and the autonomic nervous system [1,2]. This has led to
establishing a work group called the “Task Force”, involving scientists and researchers from both the
European Society of Cardiology and the North American Society for Pacing and Electrophysiology in
1996 [3] with the aim of developing the standards for HRV research. The objectives of the task force
were to develop the definitions and terms of HRV, identify standard measurement methods, define
how HRV correlates with human physiology, describe how the measures are practiced clinically and
identify needed research [3]. A search on pubmed.gov using the term “heart rate variability” yielded
39,743 results for studies investigating HRV from a wide variety of disciplines since the task force
report was published to date. The HRV is a reflection of the change in the time interval between
successive heartbeats [1,3,4]. This inter-beat interval (IBI) has been shown to be influenced by the
autonomic nervous system and more specifically, parasympathetic nervous system (PNS) activities
and sympathetic nervous system (SNS) activities [3,5,6]. This is because the heart is controlled by both
the higher brain center and the cardiovascular control area [1,7]. The PNS is believed to be mediated
by the fluctuations of vagal-cardiac nerve [1] and its activity is higher during rest, which contributes to
slower heart rate observed in healthy people, and is associated with a respiratory frequency of about
0.15 to 0.4 Hz [1,3,6,7]. The SNS activities have been reported to increase with increased activity (stress)
and corresponds to a respiratory frequency range between 0.04 and 0.15 Hz [1,3,4,6,7]. Therefore,
the interaction between the two frequencies suggests that the low frequency (i.e., 0.04 and 0.15 Hz)
represents both SNS and PNS branches [3,4,6,7]. Due to this dynamic relationship, it is expected that
PNS activities (depending on the physical and psychological state of the person) may or may not be
associated with SNS activities [6]. Therefore, researchers have pointed out the importance of being
careful when interpreting HRV results [3,4,6,8].

The task force report in 1996 was the first robust guide for conducting HRV research [3].
Nevertheless, the task force left many elements regarding the research process open for other
researchers to develop. After this report, Berntson et al. [1] were the first to provide the most robust
guidelines regarding HRV research process. Thereafter, researchers provided improved guidelines
to follow [4,5,9,10]. All these studies provided guides regarding the HRV data collection, analyses
and cleaning, calculation and reporting [1,3–5,8–10]. However, the studies agreed that HRV can be
analyzed using three domains: the first is based on the statistical method concerned with IBI time
series (i.e., time domain); the second is the frequency domain, reported to divide the heart rhythm
oscillations into 4 bands; the third is the nonlinear indices (Poincaré plot) (Table 1).

The availability of recording systems and techniques such as photoplethysmography [11],
IBI recording [12] and (gold standard) electrocardiography (ECG) [3,4,7] made the recording of
HRV noninvasive and accessible. The advancement in technology allowed researchers to use accessible
systems, such as heart rate monitors, to record IBI to be able to assess their athletes’ HRV. For example,
in 2005, Kingsley et al. [12] compared Polar 810s with Reynolds digital ambulatory ECG. They found
that Polar 810s produced similar results to the ECG recording during rest and exercise at any relative
intensity. In 2009, Nunan et al. [13] reinvestigated the validity and reliability of the Polar 810s
using simultaneous recording with CardioPerfect 12-lead ECG module in the resting supine position.
Their results indicated a high validity and reliability of the Polar 810s. In 2016, Hernando et al. [14]
validated the Polar RS800 for HRV analysis during rest and exercise, the results of the study showing
a valid and reliable recording during rest with some variation during exercise. Similar results were
reported in 2017 by Cassirame et al. [15], who conducted a study examining the accuracy of the Garmin
920XT HRM compared to the standard ECG recording. They did not report differences in HRV analysis
in resting supine position, whereas differences were observed in the exercise condition. These studies
confirm the importance of carefully choosing the recording conditions in relation to the purpose of the
study for the results to be comparable [3,4].
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Table 1. The three heart rate variability (HRV) domains.

Time Domain

SDNN
Standard deviation of all
Normal–Normal intervals in a
time series

SDNN indicate total variability [3,7,8]

RMSSD The root mean square of
successive differences

RMSSD and pNN50 (%) reflects vagal
tone/PNS activities [4,7,10]

pNN50 (%)
Percent of successive intervals
with a difference greater that 50 ms
compared to previous interval

Frequency Domain

HF High-frequency band (i.e., 0.15 to
0.4 Hz) HF reflects vagal tone/PNS activities [4,8,10]

LF Low-frequency (LF) band (i.e., 0.04
and 0.15 Hz)

LF reflects baroreceptor activity at rest
(vagal influenced) and SNS activities during
stress [3,4,8,10]

VLF Very-low-frequency (VLF) band
(i.e., 0.0033 to 0.04 Hz) VLF and ULF reflect long-term thermo- and

hormonal regulation mechanisms [3,10]ULF Ultra-low-frequency (ULF) band
(i.e., <0.0033 Hz)

Poincaré Plot

SD1 Standard descriptor 1 SD1 reflects fast IBI variability which is a
reflection of PNS activities to the heart [4,7]

SD2 Standard descriptor 2
SD2 reflects the long-term IBI variability,
which represents both SNS and PSN
activities [4,7]

Note: Both VLF and ULF physiological explanations are less defined and, therefore, are not usually included in the
HRV reporting. PNS = parasympathetic nervous system; SNS = sympathetic nervous system; IBI = inter-beat interval.

The ventricular contraction and relaxation are a continues process in a cardiac cycle and the
systolic and diastolic blood pressure (BP) are measured during these contractions and relaxations,
respectively [10]. The heart continuously pumps blood to different parts of the body and the rate of
pumps per minute depends on the body need (i.e., relaxing, during exercise, before and after meals,
standing, walking etc.). Body needs have been categorized into “physiological and pathological,
neuropsychological, lifestyle, non-modifiable and environmental factors [16].” However, the heart
muscle is influenced by the medulla, which is responsible for transmitting the signals coming from the
PNS and SNS to the heart [17]. Research shows that an increase in SNS activities increases heart rate,
and an increase in PNS activities slows heart rate [1,3,10,17]. Therefore, the ventricular contraction
and relaxation is connected to relatively balanced PNS and SNS activities, which are linked to the
HRV indices. This can be illustrated by the process of inhaling and exhaling during breathing; during
inhaling, heart rate (HR) increases and BP rises and vice versa during exhaling [6]. Hence, the change in
BP is continuous and indicates that the body systems function as a regulator to maintain a homeostasis
state [18]. Therefore, an increase in BP would implicate a decrease in heart rate and vascular tone
and vice versa [6]. This relationship between PNS and SNS (i.e., the source of HRV) and BP has been
extensively studied and is well documented [6,10,16,18–24]. Since HR depends on the person state and
the IBI varies accordingly, it was expected that HRV indices would be related to the ability of the heart
to pump the needed amount of blood per minute to carry the needed amount of oxygen and deliver it
to the working tissues via the cardiovascular system [25]. Hence, several researchers investigated this
relationship, and a brief review of the published reports indicates a disparity in the reported results
(Table 2).
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Table 2. A brief review of the literature showing the disparity in the reported results.

Study (Date) Focus Findings

De Meersman [26]
(year 1993)

Compared different age
groups on both VO2max
and HRV (assessed by
the percent change in
mean HR).

(a) Results showed that the participants with higher
VO2max have a higher value of HRV.

Melanson and
Freedson [27]
(year 2001)

Effect of a 12-week
endurance training on
resting heart rate
variability in sedentary
adult males.

(a) Increase in VO2peak, no change in resting HR, increase in
RMSSD and pNN50 after 12 weeks of training, but not
during, compared to the baseline.

(b) No effect on LF (nu) and only the training group had
elevated HF power compared to the baseline.

(c) No marked correlations were observed between HRV
indices and VO2peak except for HRV indices after
16 weeks of training.

Catai et al. [28]
(year 2002)

Effects of aerobic exercise
training on heart rate
variability during
wakefulness and sleep
and cardiorespiratory
responses of young and
middle-aged
healthy men.

(a) Exercise training increased VO2peak in all participants
with no marked changes observed in HRV indices.

Kouidi et al. [29]
(year 2002)

Effect of athletic training
on time domain
HRV indices.

(a) A relationship between aerobic capacity and time
domain HRV indices on athletes training in the
long-distance group but not on athletes from the sprint
track group, the field weight events group and the
control group. They concluded that HRV modulation
depends on the exercise training pattern.

Marocolo et al. [30]
(year 2007)

Effect of aerobic training
program on the electrical
remodeling of heart
high-frequency
components.

(a) Positive correlation between HRV indices and VO2max;
however, the root mean squared voltage of total
(a variable from the signal-averaged ECG) was the only
independent predictor of VO2max.

Schmitt et al. [31]
(year 2008)

Altitude, heart rate
variability and
aerobic capacities.

(a) No relationship between changes in HRV and VO2max.
(b) The increase in VO2 and power at the respiratory

compensation point was accompanied by decreased
PNS activities.

(c) The changes in HRV parameters and the changes in VO2
and power at the respiratory compensation point had a
statistically significant relationship.

Grant et al. [32]
(year 2009)

Relationship between
exercise capacity and
heart rate variability.

(a) Relationship between VO2max and HRV indices showed
different results in relation to measuring position.

(b) LF (nu) and LF/HF correlated with VO2max when HRV
was recorded in the supine resting position.

(c) RMSSD, pNN50, SD1, LF (nu), HF (ms2) and LF/HF
were correlated with VO2max when HRV was recorded
in a standing position.
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Table 2. Cont.

Study (Date) Focus Findings

Leite et al. [33]
(year 2015)

Correlation between
heart rate variability
indexes and aerobic
physiological variables.

(a) A moderate but statistically significant relationship
between HRV and aerobic capacity in patients with
chronic obstructive pulmonary disease.

Flatt and Esco [34]
(year 2016)

Evaluating individual
raining adaptation with
smartphone-derived
heart rate variability in a
collegiate female
soccer team.

(a) A statistically significant large relationship between
change in RMSSD (expressed as a coefficient of variation)
and Yo-Yo IR1 test performance.

(b) No statistically significant relationship was observed
between mean change of RMSSD and Yo-Yo IR1
test performance.

Flatt et al. [35]
(year 2017)

Individual heart rate
variability responses to
preseason training in
high level female
soccer players.

(a) Inverse, very large, relationship between mean weekly
changes in RMSSD and changes in daily and weekly
training loads.

(b) Positive and large relationship between mean weekly
changes in RMSSD and both fatigue and soreness.

Materko [36]
(year 2018)

Stratification of the level
of aerobic fitness based
on heart rate variability
parameters in adult
males at rest.

(a) The group with higher VO2max also had higher HRV.
(b) Only pNN50 was among the HRV indices, together with

Cardiac-Deceleration Rate, that was able to
predict VO2max

Materko et al. [37]
(year 2018)

Maximum oxygen
uptake prediction model
based on heart rate
variability parameters.

(a) Small to moderate relationship between measures of
HRV indices (i.e., RMSSD, pNN50, HF and LF/HF)
and VO2max

(b) Only pNN50 was among the HRV indices, together with
mean HR and Cardiac-Deceleration Rate, that was able
to predict VO2max

Phoemsapthawee et al.
[38] (year 2019)

Clarifying the casual link
between body
composition, aerobic
fitness and the alterations
in cardiac autonomic
modulation after a
12-week
exercise training.

(a) Improvement in VO2peak after the training period in the
exercise group.

(b) Increased PNS indices and reduced SNS indices at rest.
(c) Statistically significant relationship between changes in

VO2peak and HRV indices.
(d) Only SD1/SD2 ratio gave a statistically significant

explanation for the changes in VO2peak

VO2peak, VO2max = highest rate of oxygen consumption measured during incremental exercise.

Several explanations regarding the disparity observed (Table 2) in the literature could be
hypothesized; among others, the time of day when the recording was conducted and the condition
(i.e., rest, active, post activity). Vitale et al. [39] concluded that the human circadian rhythms could
potentially differ during the time of day. The task force indicated that mathematical and physiological
relationships could influence the results [3]. Observing all the studies presented earlier, one can note
that all mentioned studies followed the frequentist approach to data analyses. To the best of the
author’s knowledge, no studies to date have investigated the relationship between measures of HRV
indices and aerobic capacity using the Bayesian approach to data analyses. Therefore, in an attempt
to explain the disparity observed in the literature, the primary purpose of this study was to estimate
the association between measures of HRV indices, aerobic performance and blood pressure indices
employing the Bayesian estimation of correlation and the equal probability of the 95% high density
interval (HDI) on a simulated data. To assure the suitability of the data, a secondary aim was to
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compare the data produced to the norms and to investigate the estimation of the association within the
HRV indices in comparison to those reported.

2. Materials and Methods

2.1. Study Design

It is well documented that BP and respiration affect the measurements of HRV [5,9]. To avoid
the interindividual differences in HRV measures caused by BP and respiration, the within-subjects
experimental design has been shown to be the optimal experimental design in HRV studies, giving
a further increased statistical power when using a small sample size [4,5,9]. Therefore, this study
followed these recommendations, and the within-subjects with a one-group pretest experimental
design was chosen to investigate the relationship between baseline measures of HRV (rest; independent
variable), myocardial work (rate–pressure product (RPP)), mean arterial pressure (MAP) and aerobic
capacity performances on female schoolteachers over 30 years old [4,9].

2.2. Participants

Twelve local female schoolteachers aged 53.9 ± 5.7 years (mean ± SD), with a body mass of
71.8 ± 10.1 kg and a height of 164.4 ± 6.2 cm, volunteered to participate in the present study. To be
able to compare the results with the norms reported in the literature [40], the participants had to
be females ≥30 years old, not consume medication that might influence their results at the time
of the study, be free from injuries and illness and complete the testing procedure. After the initial
consultation with the participants, two participants reported that they were on BP medication; therefore,
those two participants’ measures were excluded from the study. Furthermore, two participants did not
complete the testing procedure, leaving this study with 8 female schoolteachers aged 54.1 ± 6.5 years
(mean ± SD), with a body mass of 70.6 ± 11.5 kg and a height of 164.5 ± 6.5 cm. In addition to their
everyday teaching at schools, the participants conducted circuit training with the same instructor
twice a week. Written informed consent was obtained from all participants after a verbal and written
explanation of the experimental design and potential risks associated with participating in the study.
The study was conducted in accordance with the Helsinki Declaration and the Norwegian National
Committees for Research Ethics. This study was approved by the Norwegian center for research data
(id: 738807).

2.3. Procedure and Instruments

2.3.1. Anthropometry

Participants were asked not to have intense physical training the day before the experiment day
and not to consume food for a minimum of 2 h prior to the testing. Then, upon their admission to
the laboratory, height and body mass were recorded using a wall mounted Seca stadiometer model
222 and Seca flat digital scale model 877, respectively (Seca Medical Measuring Systems and Scales,
Hamburg, Germany).

2.3.2. Blood Pressure

Blood pressure was measured manually using a Reister stethoscope (model: Anestophon) and
sphygmomanometer (model: Big Ben; Rudolf Riester GmbH, Jungingen, Germany). All BP instruments
were tested and approved by the British and Irish Hypertension Society (BHS) Validation Service [41].
Blood pressure was assessed according to the recommendations described in Kallioinen et al. [42].
Systolic and diastolic pressures together with HR were noted. Baseline RPP (RPP = heart rate x
systolic arterial pressure) and MAP (MAP = ((Systolic blood pressure − Diastolic blood pressure) ÷ 3)
+ Diastolic blood pressure) were then estimated [19,24].
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2.3.3. HRV Data Acquisition

Garmin 920XT (Garmin Ltd., Olathe, KS, USA) was used to record HRV in the resting supine
position prior to the aerobic capacity test. The Garmin 920XT has been reported to have high HRV
accuracy compared to ECG measurements when recording at rest in the supine position [15]. Prior to
measuring HRV, Garmin HRM-Tri was placed around the center of the chest and below the level of
the breasts. Garmin HRM-Tri uses ANT+ technology to transfer heart rate measures to the Garmin
920XT using a 2.4 GHz ANT wireless communication protocol. To measure Short-Term HRV (5 min),
the Garmin 920XT was preprogramed to record for 10 min. The 10 min recording was chosen to ensure
that the participants had enough time to acclimatize to the recording environment [4], and to record
enough data points to be able achieve a clean 5 min of HRV recording [1,3,43]. To ensure comparability
of results across studies and laboratories, the short-term (5 min) recording was adopted in line with
the task force recommendations [3].

2.3.4. Aerobic Capacity Test

The mask size for each participant was chosen to insure headspace correction, and the Vyntus
CPX gas analyzer (Model: versatile JAEGER; Vyaire medical, Hoechberg, Germany) was calibrated
using the fully automated 2-point gas calibration of the O2/CO2, through a special Twin Tube sample
line combined with a fresh air flush system [44]. The participants were tested on a motorized treadmill
(Ergo ELG 55) that was connected to a programmable external WOODWAY User-System version 2.0
(Woodway GmbH, Weilam Rhein, Germany). The modified Bruce continuous incremental test protocol
was used to test the participants [45]. The test continued until the participant could no longer continue
the test (to exhaustion). Allometrically scaled [45,46] peak VO2 (VO2peak

ˆ0.67), respiratory exchange
ratio (RER), breaths per minute (BPM), maximum heartrate (HRmax) and time to exhaustion were
recorded using the breath-by-breath method powered by Vyaire’s SentrySuite software (Vyaire medical,
Hoechberg, Germany). The following criteria had to be met for the measures to be accepted: (i) VO2
plateaued despite increased exercise intensity and (ii) RER > 1.0. Further methodological details are
provided in the supplementary materials (S1: methodological details).

2.4. HRV Data Management

The IBI time series was retrieved from Garmin 920XT through Garmin connect by downloading
the Garmin FIT file. The Garmin FIT file was thereafter imported to Kubios Standard HRV
version 3.3 (Kuopio Oy, Finland) for further analysis. The analysis was conducted according to the
recommendations [3,6] with a smooth priors detrending method and a sampling frequency of 500 Hz.

2.4.1. Artifact Identification

To be able to obtain a clean short-term 5 min of IBI time series, the last 6 min of the recording was
exported from Kubios to a text file for artifact identification. If the last 6 min of the recording had ≥5%
artifact, the HRV data of the participant were disqualified from further analysis. Artifacts were first
visually inspected [3], then the IBI time series was examined for artifacts using the Berntson et al. [43]
artifact detection algorithm, which is based on a real estimation of the distribution of IBI differences
from the individual participants’ IBI data. Then, percentile-based distribution indices were applied,
and a removal of the artifact from the first and fourth quartile was carried out to calculate an estimate
of the overall artifact-free standard deviation leading to a final calculation of the IBI threshold criterion
for the difference between IBI to identify the artifact. This procedure was carried out automatically
using ARTiiFACT tool version 2.13 (University of Würzburg, Würzburg, Germany) [47]. The artifact
was identified and manually deleted from the IBI data series [43,47]. In their report, the task force [3]
recommended reporting the number of data points edited and analyzed; therefore, Table 3 represents
the artefact identification based on 6 min and the final number of data points analyzed based on 5 min.
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Table 3. Identification and deletion of the artefact based on the last 6 recorded minutes and the number
of the final data points used in HRV analysis.

Based on the Last 6 min Based on 5 min

Participant Number Total Data Point Artifact Percentage Total Data Point Analyzed

P. 1 392 17 4.3 333
P. 2 445 0 0.0 369
P. 3 434 0 0.0 363
P. 4 396 1 0.3 329
P. 5 457 4 0.9 383
P. 6 391 2 0.5 324
P. 7 420 0 0.0 349
P. 8 369 2 0.5 309

2.4.2. Measurements of HRV Indices

The cleaned IBI data were then imported to Kubios in order to calculate measures of HRV
indices. From the time domain method, MeanRR (ms), SDNN (ms), RMSSD (ms) and pNN50 (%) were
estimated. From the frequency domain method, HF (0.15–0.4 Hz) and LF (0.04–0.15 Hz) in absolute
values of power (ms2) and normalized units (HF or LF/(HF+LF) × 100) were estimated. From the
nonlinear (Poincaré plot) method, SD1 and SD2 were estimated [3,6,7]. To standardize and advance the
field of study, source data and all calculations of HRV are provided (S1: Source data and all calculations
of HRV).

2.5. Statistical Analysis

The data were prepared for analyses using Microsoft Excel for office 365 version 16
(Microsoft, Redmond, WA, USA). Thereafter, all statistical analyses were conducted using R package
version 3.5.3 (R Core Team, Vienna, Austria) and RStudio version 1.2.5033 (RStudio Team, Boston, MA,
USA). The Bayesian estimation of correlation (Bayesian reallocation of credibility across possibilities
also known as the Bayes’ rule) was calculated using the Bayesian hierarchical model with Markov
Chain Monte Carlo (MCMC) simulation as a part of the model, which is integrated in JAGS package
version 4.3.0 (Martyn Plummer, international agency for research on cancer, Lyon, France). However,
the Bayes’ rule dictates that the Bayesian estimated correlation has equal probability to fall at any
point within the 95% HDI. Therefore, an estimated coefficient (rho = median) would not be enough
evidence of association if the 95% HDI overlapped zero [48,49]. The R code (S1: The R code) provides
the complete script, including the model specification and the graphics commands adapted from and
adjusted after Kruschke [49]. The MCMC simulation was carried out by running 3 “chains”, 500 “adapt”
steps, 500 steps to “burn-in” and 10th place as a number of “thin” with 20,000 samples to save for
each variable in this study [49]. To apply the model [49–51], the data should be reasonably normally
distributed and not be too kurtotic [49]. Therefore, the data were explored through a histogram
plot, and the normality of distribution was tested using Shapiro–Wilk’s test, Skewness and Kurtosis
(the p value for the Shapiro–Wilk’s test was set to p ≤ 0.05). For the data to be considered too kurtotic,
the kurtosis should exceed ± 3 [52]. The descriptive statistics were reported as Bayesian estimated
median ± 95% HDI and standard deviations (SD) ± 95% HDI of the estimated SD median for all the
participants on all recorded variables in this study (Table 4). Furthermore, to be able to make an
intuitive decision regarding the size of the Bayesian estimation of correlation, Cohen’s effect size for
correlation was adapted, where a correlation of 0.1–0.29, 0.3–0.49 and >0.5 were classified as small,
medium and large, respectively [53]. Due to the small sample size, the data produced by the MCMC
simulation had to pass several criteria: Firstly, retrospective power analysis using “Posterior predictive
checks (PPC)”, which is described in details in [49,54]. The code for the model check is embedded
within the R code (S1: The R code). However, the PPC was qualitatively assessed visually by examining
the model and the actual data collected. The figures (S1: The complete correlation figures) show that

8



Int. J. Environ. Res. Public Health 2020, 17, 6750

the superimposed ellipses from the model on the scatter plot of the data effectively contain the data
giving a good indication that the model fits the data produced in this study. Secondly, the values
of the MCMC chain had to meet the criteria of representativeness and accuracy by examining the
convergence of the MCMC algorithm which was checked visually (trace plot and density plot) and
numerically (potential scale factor, effective sample size and Monte Carlo standard error) using the
approach described by [49] (Figure 1; S1: methodological details). Thirdly, the data produced, should
be in line with the data reported in the literature regarding the norms of measuring (see Section 4.1.).
Fourthly, the relationships between indices of HRV produced in this study should be comparable to the
relationships between HRV indices reported in the literature, as it has been shown that this relationship
is very stable and remains stable because the SNS and PNS change dynamically.Int. J. Environ. Res. Public Health 2020, 17, x  9 of 20 
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Figure 1. Example of representativeness and accuracy checks by examining the convergence of the
Markov Chain Monte Carlo (MCMC) algorithm (the figure describes the convergence diagnostics for
the variable MAP).

3. Results

3.1. Sample Characteristics

Examining the normality of distribution using Shapiro–Wilk’s test, Skewness and Kurtosis (Table 4),
it was found that all variables were approximately normally distributed except for BPM. Therefore,
BPM were log transformed and a second examination of normality indicated an approximately normally
distributed BPM (Table 4). The data were found to not exceed the kurtosis threshold of ±3 [52]. Sample
characteristics are presented in Table 4.

3.2. The Relationship within HRV Indices

The results from the estimated Bayesian correlation between time, frequency and nonlinear
domains indicate a clear relationship between SDNN (ms) and LF ms2 (rho = 0.9) with a higher
probability (95% HDI) that the true correlation falls between rho = 0.568 and rho = 0.982. Similar results
can be observed between SDNN (ms) and SD2 (Table 5). Furthermore, a relationship with a high
probability that the correlation is large between RMSSD (ms) with HF ms2 and SD1 was detected
(Table 5). Similar results can be observed for the pNN50 (%) relationship with HF ms2 and SD1 (Table 5).
The results further show a clear indication of a large correlation between SD1 and HF ms2 and between
SD2 and LF ms2 (Table 5).
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Table 5. Correlation matrix between HRV measures from time domain, frequency domain and
nonlinear domain.

Variable HF (ms2) LF (ms2) HF (n.u) LF (n.u) SD1 SD2

MeanRR (ms) rho 0.357 −0.465 0.324 −0.332 0.231 −0.393
Upper 95% HDI 0.793 0.284 0.802 0.394 0.799 0.32
Lower 95% HDI −0.378 −0.85 −0.392 −0.803 −0.397 −0.824

SDNN (ms) rho 0.651 0.9 −0.702 0.653 0.765 0.918
Upper 95% HDI 0.923 0.982 −0.074 0.932 0.954 0.987
Lower 95% HDI 0.041 0.568 −0.937 0.065 0.235 0.654

RMSSD (ms) rho 0.9 0.716 −0.177 0.269 0.92 0.721
Upper 95% HDI 0.982 0.943 0.464 0.767 0.987 0.947
Lower 95% HDI 0.567 0.093 −0.752 −0.464 0.665 0.141

pNN50 (%) rho 0.896 0.749 −0.307 0.282 0.907 0.785
Upper 95% HDI 0.984 0.946 0.42 0.778 0.98 0.953
Lower 95% HDI 0.574 0.146 −0.781 −0.416 0.588 0.23

SD1 rho 0.895 0.691 −0.146 0.179
Upper 95% HDI 0.982 0.94 0.483 0.724
Lower 95% HDI 0.582 0.1 −0.742 −0.507

SD2 rho 0.605 0.893 −0.731 0.724
Upper 95% HDI 0.901 0.98 −0.137 0.942
Lower 95% HDI −0.083 0.575 −0.94 0.135

3.3. The Relationship between Measures of HRV Indices and Measurments of Blood Pressure Indices and
Aerobic Capacity Performance

The results from the correlation between measures of HRV and measurements of blood pressure
and aerobic capacity performance (Table 6) indicate a high probability (95% HDI) of a relationship
between MeanRR and RPP (Figure 2A), SDNN (ms) and RPP (Figure 2B), pNN50 and MAP (Figure 2C),
LF (ms2) and RPP (Figure 2D) and finally SD2 and RPP (Figure 2E). The complete correlation figures
are provided in the supplementary materials (S1. The complete correlation figures).
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Table 6. Correlation matrix between HRV measures from time domain, frequency domain and
nonlinear domain.

Variable RPP MAP PeakVO2 BPM HRmax Time

MeanRR (ms) rho −0.68 0.134 0.44 0.050 −0.144 0.464
Upper 95% HDI −0.064 0.676 0.858 0.655 0.563 0.853
Lower 95% HDI −0.935 −0.564 −0.251 −0.601 −0.682 −0.249

SDNN (ms) rho 0.672 0.578 0.132 −0.195 0.488 −0.398
Upper 95% HDI 0.918 0.89 0.724 0.423 0.863 0.344
Lower 95% HDI 0.001 −0.12 −0.521 −0.778 −0.216 −0.819

RMSSD (ms) rho 0.366 0.605 0.419 −0.209 0.668 −0.221
Upper 95% HDI 0.83 0.912 0.843 0.488 0.91 0.415
Lower 95% HDI −0.319 −0.058 −0.278 −0.737 −0.044 −0.788

pNN50 (%) rho 0.376 0.671 0.423 −0.237 0.629 −0.37
Upper 95% HDI 0.827 0.928 0.833 0.432 0.907 0.36
Lower 95% HDI −0.31 0.004 −0.323 −0.765 −0.056 −0.805

HF (ms2) rho 0.303 0.639 0.461 −0.153 0.626 −0.295
Upper 95% HDI 0.782 0.924 0.858 0.481 0.917 0.412
Lower 95% HDI −0.426 −0.017 −0.257 −0.74 −0.06 −0.787

LF (ms2) rho 0.733 0.629 0.031 −0.227 0.41 −0.323
Upper 95% HDI 0.935 0.904 0.624 0.434 0.819 0.371
Lower 95% HDI 0.118 −0.095 −0.624 −0.772 −0.328 −0.81

HF (n.u) rho −0.346 −0.177 −0.157 −0.061 −0.089 −0.023
Upper 95% HDI 0.388 0.477 0.496 0.641 0.558 0.613
Lower 95% HDI −0.8 −0.757 −0.729 −0.615 −0.702 −0.647

LF (n.u) rho 0.345 0.246 0.16 0.011 0.064 −0.009
Upper 95% HDI 0.804 0.748 0.719 0.633 0.683 0.616
Lower 95% HDI −0.379 −0.471 −0.528 −0.624 −0.559 −0.638

SD1 rho 0.362 0.599 0.473 −0.217 0.652 −0.303
Upper 95% HDI 0.825 0.909 0.856 0.497 0.916 0.426
Lower 95% HDI −0.344 −0.064 −0.28 −0.747 −0.055 −0.782

SD2 rho 0.692 0.551 0.078 −0.242 0.481 −0.403
Upper 95% HDI 0.939 0.906 0.672 0.42 0.852 0.326
Lower 95% HDI 0.055 −0.134 −0.578 −0.785 −0.265 −0.824

4. Discussion

The primary purpose of the present study was to use the Bayesian estimation of correlation to
estimate the association between measures of HRV indices, aerobic performance and blood pressure
indices using MCMC simulation in an attempt to explain the conflicting results reported in the literature
by qualitatively comparing the reported results with the Bayesian estimated results. Hence, to assure
the validity of the data presented in this study, a secondary aim was to compare the data produced
to the reported norms and to investigate the estimation of the association within the HRV indices in
comparison to those reported. The main finding in this study was that the simulation of 20,000 samples
to produce the posterior possible association resulted in similar data that were within the reported
norms. Furthermore, the association within the HRV indices is in line with what has been reported
in the literature. Hence, the Bayesian estimation of correlation using MCMC simulation reproduced
and supported the findings reported regarding the norms and within the HRV indices associations.
Furthermore, the results of the Bayesian estimation showed that the association between HRV indices
and aerobic performance parameters was unclear, indicated by the estimated rho, which has an equal
chance to fall within the 95% HDI. Finally, a confirmed probability of association between HRV indices
(PNS & SNS) and RPP was observed, and a trivial probability of association between pNN50 (%) and
MAP at resting condition were also detected.
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4.1. Measures of HRV Indices Compared to Norms

At the time of the task force report, there had been no comprehensive investigation regarding HRV
indices, and the reported normal values were based on a few studies reporting both long and short
term recordings [3]. The approximate values reported for the short-term recording (5 min) were for the
LF ms2 = 1170 ± 416, HF ms2 = 975 ± 203, LF nu = 54 ± 4 and HF nu = 29 ± 3 [3]. It should be noted
that the task force report did not account for age, sex, environment and recording condition (supine
(rest), reactivation (during training) and rest (post activation)). Therefore, the normal values from the
task force report could be considered incomparable to currently available studies. The most recent
comprehensive HRV indices normal values were reported by Nunan et al. [40]. They investigated
3141 studies for suitability and concluded that from these, 44 studies were suitable (based on the
task force guidelines) for further analysis with a total number of 21,438 participants. The study [40]
accounted for age, sex, environment, recording condition and was based on short-term recordings
(5 min). Furthermore, another investigation examining the Nunan et al. [40] study was conducted
by Shaffer and Ginsberg [6]. It indicated that the participants reported on in the Nunan et al. [40]
study had a minimum age of 40 years and were classified based on their sex. Therefore, the author
of the present study feels that the Nunan et al. [40] study would be the most appropriate study for
comparison with the results from this study. Based on the most credible value reported in Table 4,
all participants of this study were within the normal range for MeanRR (873 ± 59 ms compared to the
normal value range 785–1160 ms), SDNN (29 ± 10 ms compared to the normal value range 32–93 ms),
RMSSD (24 ± 8 ms compared to the normal value range 19–75 ms), LF (ms2) (696 ± 552 ms2 compared
to the normal value range 193–1009 ms2), LF (nu) (72 ± 18 nu compared to the normal value range
30–65 nu), HF (ms2) (179 ± 110 ms2 compared to the normal value range 83–3630 ms2) and HF (nu)
(28 ± 19 nu compared to the normal value range 16–60 nu). Despite the fact that the measured variables
in this study fall within the reported norms, the values were lower in this study compared to the norms
data. This could be due to the participants in this study being older (53.9 ± 5.7 years) compared to those
reported in Nunan et al. [40] (40 years old) and the different systems used for recording HRV. Research
suggests that older people tend to have lower HRV indices values compared to younger people [2,6,7].
However, further research is needed to address the norms of HRV based on age, sex, environment and
testing condition. For this reason, the source data are attached to this report (S1: Source data and all
calculations of HRV). No further comparisons were possible because the normal values reported in
Nunan et al. [40] did not report on all the estimated HRV metrics in this study.

4.2. The Association within HRV Indices

The most credible estimate of correlation value found in this study was first between SDNN
(ms) (which reflects all factors contributing to HRV including SNS and PNS activities [7,8,10]) and
LF ms2 band (rho = 0.9; 95% HDI = 0.568–0.982; Table 5). This relationship is in line with most of
the reported studies [6–8,10]. However, HRV can be analyzed using the HF band (0.15–0.4 Hz) and
the LF band (0.04–0.15 Hz). The LF band has been shown to reflect mainly the SNS activities in
several studies [2,3,6,7,10,16,40,55,56]; however, due to the fact the this study measured HRV in resting
condition, the relationship between SDNN (ms) and LF ms2 could be explained by baroreflex activity
affecting the LF band compared to cardiac sympathetic innervation [2,3,6,7,10,16,40,55,56]. Hence,
the fact that the PNS affects heart rhythms down to 0.05 Hz compared to the SNS, which has been
reported to produce up to 0.1 Hz [6,16], explains the oscillations in the heart rhythms that can occur
during resting vagal activities which cross over into the LF band [2,3,6,7,10,16,40,55,56], thus explaining
the observed association in the present study. This explanation can be further confirmed by the
strong association observed between the RMSSD and HF band compared to the LF band (Table 5)
as RMSSD was suggested to be mainly influenced by PNS [6,10,57]. Similar results can be observed
between SDNN and SD2 which represent the short- and long-term HRV [6,7] with the most credible
correlation value of rho = 0.918 (95% HDI = 0.654–0.987; Table 5). Since SD2 reflects both SNS and
PNS activities contributing to HRV (similar to LF), this association was expected and in line with
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what has been reported in the literature [6,7]. The similarity between SD2 and LF can be further
demonstrated by the most credible relationship values found between the two in this study (rho = 0.893;
95% HDI = 0.575–0.98; Table 5).

Considering that the LF band does not cross the HF band [6,16], researchers concluded that
the HF band reflects PSN/vagal activities [2,3,6,7,10,13,16,40,56], which is why it was later named
the respiratory band as it relates to HRV indices related to breathing [6]. Therefore, it was expected
that HF ms2 would have a strong relationship with RMSSD, as the RMSSD was classified as the
primary time domain measure that reflects changes related to vagal activities affecting HRV [7,16,57].
This relationship was confirmed in the current study, and the results showed that the most credible
correlation value between the two was rho = 0.9 (95% HDI = 0.567–0.982; Table 5). Furthermore,
since pNN50 and RMSSD were reported to reflect short-term HRV changes and both reflect the PNS
activities [6,57], it was expected that the pNN50 would add further affirmation to the results in this
study when compared to the other studies. Indeed, the relationship found between pNN50 (%) and
HF ms2 in this study confirms the association between RMSSD and HF ms2 (Table 5; rho = 0.896;
95% HDI = 0.574–0.984). Moreover, the SD1, which represents the fast beat to beat variability in
IBI [7], has been reported to be the nonlinear domain metric that is identical to the time domain metric
RMSSD [6]; the similarity between SD1 and HF, which correlates with baroreflex sensitivity [6,7],
dictated the expectation that SD1 would correlate with RMSSD (rho = 0.92; 95% HDI = 0.665–0.987)
and HF (rho = 0.895; 95% HDI = 0.582–0.982) which further confirms the relationship between the HF
and RMSSD (Table 5).

It should be noted that no further confirmed probable associations were observed between time,
frequency and nonlinear-domain variables in comparison to those reported by the task force [3]
(Table 5). However, this might be due to the short-term measurement (5 min) used in this study
compared to the 24 h measurements reported in the task force report, where the lack of association was
caused by “both mathematical and physiological relationships [3]”. Furthermore, the used statistical
analysis in this study, which is based on the Bayesian estimation of correlation [49], indicates that
the highest probability (95% HDI) of the correlation values overlapped zero or near zero; therefore,
those relationships were regarded as unclear. Finally, the reported short-term estimated relationships
between time, frequency and nonlinear-domain variables reported in the literature [2,3,6,7,10,13,16,56]
are comparable to the associations observed in this study.

4.3. The Relationship between Measures of HRV Indices and Both Measures of Blood Pressure Indices and
Aerobic Capacity Parameters

The Bayesian estimation of correlation relocates credibility across possibilities [49–51]. Thus,
the possibilities are reflected by the 95% HDI, and the probability of the estimated Bayesian correlation
falling at any point within the 95% HDI is equal. Based on the Bayes’ rule, an estimated coefficient
(rho = median) would not be enough evidence of association if the 95% HDI overlapped zero [48,49].
Therefore, the findings from this study did not provide enough evidence of the association between
the measures of HRV indices and the parameters from the aerobic capacity test (i.e., VO2Peak, BPM,
HRmax and Time to exhaustion; Table 6). Nevertheless, the results (Table 6 and Figure 2) indicate a
possible association (regardless of the strength) between pNN50% and MAP, MeanRR (ms) and RPP,
SDNN (ms) and RPP, LF (ms2) and RPP and SD2 and RPP (Figure 2).

Several studies have investigated changes in HRV indices as a result of performance adaptations
in response to different exercise protocols. The results of these studies indeed confirm that changes in
VO2max are accompanied by changes in HRV indices [21,23,26–28,31]. The changes observed differed
based on age and measuring condition (i.e., supine, standing) [28], duration of intervention [27,28,38],
participants’ background [23,26] and measurement of time of day [39]. Nevertheless, the fact that
research shows that the measures of resting HRV were not affected by exercise in the middle-aged
group (50–59 years old) compared to the young group [26,28], that changes in HRV indices appear to
flatten after 12 weeks of exercise [27] and that the maintenance of those changes could be achieved
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by exercising regularly [26], could in part explain i) the lack of evidence of association between
measures of HRV indices and variables from the aerobic capacity test in this study and ii) the conflicting
results reported in the literature. Another possible explanation is the newly reported results by
Phoemsapthawee et al. [38], showing that changes in vagal-related HRV are related to individual
ability to adapt to exercise. This was further confirmed by the multiple stepwise regression, which did
not show a meaningful relationship between measures of HRV indices and changes in VO2peak [38].

Studies investigated the relationship between measures of HRV indices and aerobic capacity directly
and/or indirectly through establishing a prediction model to estimate aerobic capacity using the frequentist
approach to data analysis [21,27,29,30,32,33,36,37,58]. Interestingly and regardless of whether the association
was observed [30,33,36,37] or not [27,32], all the correlations reported in these studies falls within the 95%
HDI reported in this study (Table 6). Several authors proposed explanations for the disparity in the results
across those studies, which can be summarized by 3 major reasons: The first reason is the differences
in the participants’ background, type of sport and age [26,29,32,33,35,58]. The results from these reports
confirm that associations were detected in soccer players, distance runners, patients with chronic obstructive
pulmonary disease and young people [26,29,32,33,58], but were not confirmed in middle-aged participants,
untrained subjects, sprinters and throwers [26,29,32,36]. The variation related to the participants’ background
was explained by the fact that the participants with already high values of vagal-related HRV indices in
resting conditions tend to reach their anaerobic threshold at a higher exercise intensity compared to those
who have lower values of vagal-related HRV indices [33]. The second reason is measurement position
(i.e., supine, standing etc.). Studies have reported notably higher PNS activities in the seated rest compared
to the standing position [21]. It was further investigated and reported that out of 30 possible correlations
between HRV indices and aerobic capacity, only two from the supine position were associated with aerobic
capacity compared to 15 from a standing position [32]. The third reason was the measuring time of day
and condition (i.e., sleeping, early morning, evening); reported results showed that HRV indices measured
in a resting supine position early in the morning (at wake up) did not differ between young and older
participants. Nevertheless, the results indicate that there were differences in vagal-related HRV between
age groups when measured during sleep, with the young group having higher values [28]. Furthermore,
a review conducted by Vitale et al. [39] concluded that higher vagal-related HRV indices in the morning,
compared to the evening, were observed and that they differed between individuals, which the authors
used further to advise coaches and trainers to consider when planning the timing of exercise. Among all the
studies above, no association was reported in a similar age group to the one in this study.

In this study, a possible inverse relationship was detected between MeanRR and RPP (Table 6,
Figure 2). This was expected and was confirmed in the majority of published studies: simply stated,
when the human body is exposed to a stressful demand (such as standing, performing daily activities
and exercise), the SNS activities trigger the heart, and an increase in HR can be observed to meet the
demands imposed on the body. This increase in HR is coupled with a decrease in time between the
beat to beat interval [22]. This process is a good example of the combined actions of PNS and SNS
in opposite directions, where the HR speeds up in response to a stimulus from the SNS and slows
down in response to a stimulus from the PNS [59]. This can be further extended to explain the possible
positive association observed between HRV indices reflecting mainly SNS activities (LF ms2 and SD2)
and RPP (Table 6), indicating that an increase in SNS activities would cause higher RPP [10,16,59].
It is important to be reminded, as described earlier in this article, that the relationship between PNS
and SNS is dynamic and that PNS activity could be associated with low, high or no SNS activities [6].
Therefore, the trivial (lower band of the 95% HDI at zero but not overlapping; Table 6) possible
association between SDNN and RPP could be explained by the fact that measurements were carried out
at resting condition, causing the PNS to be the dominant system. However, since RPP is the product of
HR and systolic arterial pressure, and the systolic arterial pressure is only affected by the SNS [59],
which has been reported to produce up to 0.1 Hz and crosses over to the LF band, it is expected that
this trivial possibility will vanish with increased activity (see Section 4.2.). Finally, the relationship
between HRV indices and MAP showed a potential but trivial (since the 95% HDI was almost at zero
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but not overlapping) possibility for association between pNN50 (a parameter primarily reflecting PNS
activity) and MAP (Table 6). Nevertheless, while it was not expected to find a relationship at rest,
it was expected that measures of PNS correlate positively with MAP [18]. This association could also
be explained by the dynamic relationship between PNS and SNS explained earlier [6]. Furthermore,
MAP involves both systolic and diastolic blood pressure [19,24], and the possible association could
further be explained by the fact that the autonomic nervous system’s role in regulating MAP is to
maintain it at the homeostasis level [18]. Hence, an elevation in MAP has been reported to cause a
decrease in SNS activities and an increase in PSN activities [6,18,59].

In line with other studies, this study is not without limitations. Due to the difficulties involved in
conducting such studies, the sample size was small, but still in line with the recommendation from the
task force [3] to be able to establish norms through meta-analysis studies. The small sample size was
compensated for by using the within-subjects experimental design as advised [4,5,9], the simulation of
data using MCMC producing a simulated sample [49], the retrospective power analysis based on PPC
and the assessment of representativeness and accuracy by examining the convergence of the MCMC
algorithm. Furthermore, the number of participants in this study is in line with the majority of studies
examining HRV in the field [12,15,28,31,35,60]. Participants’ in this study were tested during resting
supine position only, which can also be viewed as a limitation; however, due to the measurement
equipment used in this study, the measurements under other conditions (reactivation (during training)
and rest (post-activation)) would have produced unreliable results. For those reasons, and due to the
fact that this is the first study within sport sciences that uses the Bayesian estimation of correlation on
MCMC simulated data using the 95% HDI, the author has attached all the necessary information for
replicability (supplementary materials) in order to contribute to future advancements in the field.

5. Conclusions

The normal values reported in the literature were based on several studies which can be seen as a
stable reference to evaluate HRV values. The relationships within the HRV indices can also be seen as
stable relationships that are hard to change due to the dynamics between PNS and SNS activities. Hence,
the Bayesian estimation of correlation using MCMC simulated data produced similar HRV values to the
norms reported in the literature, and the associations found within HRV indices (time, frequency and
nonlinear) were also in line with what has been reported in the literature. Nevertheless, while the measures
in this study fell within the reported norms, the values were lower, which may have been caused by the
Bayesian hierarchical model having a higher precision in calculating the most credible values of the Mean
compared to the frequentist Mean value. However, this argument is not completely valid unless more
studies are carried out. Therefore, it would be helpful if the reported studies could publish their data sources
for other researchers to able to assess the data using the Bayesian hierarchical model and compare the results
with what has been reported. Alternatively, the lower values could also have been caused by different
recording conditions (supine, reactivation, rest), recording systems, time of day (morning, evening, sleep
etc.) and age of participants, which would clearly give different results. Hence, it is advised to use the
same condition and recording system when the repeated measure is intended. Furthermore, it could be
noted that PNS and SNS activities are dynamic and depend on the individual’s baseline physiological and
psychologically abilities and the ability to adapt to stressors, suggesting that the disparity in the association
between the measures of HRV indices and aerobic capacity could be caused by a different dynamic between
the two systems among individuals. Hence, it is expected that two individuals with the same aerobic
capacity would have different PNS and SNS activities dynamics. Furthermore, the fact that PNS activity
could be associated with low, high or no SNS activities and that it is individually based could explain
the disparity in the results reported in the literature. Therefore, further investigation of the dynamics
between PNS and SNS in different participants who share the same physiological abilities is strongly advised.
Hence, the results from this investigation are valid only for the participants in this study and at the time of
participation. Finally, the use of the Bayesian estimation of correlation with 95% HDI on MCMC simulated
data is a new technique for data analysis in sport science and seems to provide a more robust approach to
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allocating credibility through a meaningful mathematical model. However, the 95% HDI found in this study,
accompanied by the theoretical explanations regarding the dynamics between PNS and SNS in relation to
different recording conditions (supine, reactivation, rest), recording systems, time of day (morning, evening,
sleep etc.) and age of participants, suggests that the association between measures of HRV indices and
aerobic performance parameters has yet to be explicated.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-4601/17/18/6750/s1;
S1: Methodological details; S1: Source data and all calculations of HRV; S1: The R code; S1: The complete
correlation figures.
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Abstract: Background: The aim of the present study was to evaluate the effects of post-activation
performance enhancement (PAPE) on resistance training volume during the bench press exercise (BP).
The study included 12 healthy strength-trained males (age 25.2 ± 2.1 years, body mass 92.1 ± 8.7 kg,
BP one-repetition maximum (1RM) 28.8 ± 10.5 kg, training experience 6.3 ± 2.1 years). Methods: The
experiment was performed following a randomized crossover design, where each participant
performed two different exercise protocols with a conditioning activity (CA) consisting of the BP with
three sets of three repetitions at 85% 1RM (PAPE), and a control without the CA (CONT). To assess
the differences between PAPE and CONT, the participants performed three sets of the BP to volitional
failure at 60% 1RM. The differences in the number of performed repetitions (REP), time under tension
(TUT), peak power output (PP), mean of peak power output (PPMEAN), mean power output (MP),
peak bar velocity (PV), mean of peak bar velocity (PVMEAN), and mean bar velocity (MV) between the
CONT and PAPE conditions were examined using repeated measures ANOVA. Results: The post-hoc
analysis for the main condition effect indicated significant increases in TUT (p < 0.01) for the BP
following PAPE, compared to the CONT condition. Furthermore, there was a significant increase in
TUT (p < 0.01) in the third set for PAPE compared to the CONT condition. No statistically significant
main effect was revealed for REP, PP, PV, PPMEAN, PVMEAN, MP, and MV. Conclusion: The main
finding of the study was that the PAPE protocol increased training volume based on TUT, without
changes in the number of preformed REP.

Keywords: strength-endurance; repetition; time under tension; power output; bar velocity

1. Introduction

Athletic performance requires a high level of various training components that can be developed
through a sports conditioning program. Recently, much attention has been given to acute increases in
exercise performance through methods that induce a post-activation performance enhancement (PAPE)
evoked by prior muscle activity [1]. PAPE has been defined as a physiological phenomenon which
acutely improves voluntary muscular performance (e.g., jumps and throws) following a conditioning
activity (CA) which includes a single heavy loaded resistance exercise [2–4] or consecutive sets of a
single resistance exercise [5,6]. In training practice, PAPE can be achieved by the use of a CA with
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a wide range of external loads, ranging from 70% of one-repetition maximum (1RM) [6] to even
supramaximal loads of 110–130% 1RM [7]. Furthermore, training experience [8], individual strength
level [3], as well as muscle groups involved in the activity may affect the magnitude of subsequent
performance enhancement.

To date, studies have focused on the acute changes in power output and velocity of movement
during explosive activities (e.g., jumps and throws) directly after various types of CA [4,7]. However,
little attention has been given to the potential impact of PAPE on training volume. To achieve a desired
training volume, performing a certain number of repetitions (REP) per set, per exercise, and per session
significantly affects the adaptive changes to resistance training [9,10]. However, the duration of a single
REP is not always the same (it depends on the tempo of movement used), which is why, in addition to
the number of performed REP in a set or a whole session, the time under tension (TUT) is considered
as a variable describing training volume [11,12]. Furthermore, according to Wilk et al. [12,13], TUT
during resistance exercise is a more accurate and credible indicator of the training volume performed
compared to the number of performed REP. To date, only two studies have examined the effect of
PAPE on resistance training volume of the upper body, yet only one of them considered TUT. Sevilmiş
and Atalağ [14] indicated a significantly increased number of performed REP and TUT during a single
set of the bench press exercise (BP) performed to volitional failure at 65% 1RM after a CA performed
with eccentric only contractions at 120% 1RM, compared to control conditions. Furthermore, Alves et
al. [15] also reported improved training volume evaluated by the total lifted load (REP x load) and the
maximum number of performed REP after a CA.

However, it should be noted that most studies considering the acute effects of PAPE were assessed
on the basis of only a single set of a post-activation exercise [7,16,17], while most resistance training
guidelines recommend multiple sets of each exercise to achieve the desired adaptation [10]. To the
best of our knowledge, only Alves et al. [15] evaluated the PAPE effect on resistance training volume
during an upper-body exercise consisting of several sets. Alves et al. [15] showed that the PAPE effect
increases total lifted load and the number of performed REP during three sets of the BP to volitional
failure at 75% 1RM after a CA of three REP at 90% 1RM. However, there are no more studies confirming
this effect, especially when using other training variables (external load, time rest, number of sets,
tempo of movement), both during the CA and in the post-activation exercise.

Furthermore, the effectiveness of PAPE during resistance exercise preformed to volitional failure
is not only related to the volume of work, but also to the ability to maintain a high level of movement
velocity and power output. Decreases in bar velocity during particular sets of an exercise have been
accepted as a valid indicator of neuromuscular fatigue [18]. However, currently there is no research
available on the impact of PAPE on exercise volume, with a simultaneous analysis of power output
and bar velocity changes. Another factor in the optimal utilization of PAPE includes the determination
of individual intra-complex rest intervals (IRT) between the CA and the post-activation exercise.
According to Golas et al. [4], the IRT should be customized individually for each study participant.
Recovery duration shows a large inter-individual variability that is associated with numerous factors
such as strength level, training experience, and myotypology [4,19–21]. Therefore, the estimation of the
individual IRT for each participant should be optimized, most likely using the trial and error method,
experimenting with a rest interval from 2 to 10–12 min.

Since, numerous studies have confirmed the PAPE effect during intensive, short-duration activities,
it would be interesting to investigate whether this phenomenon affects training volume during resistance
exercise carried on to volitional failure. Furthermore, it would be interesting to investigate how PAPE
protocols may attenuate the decrease in movement velocity and power output commonly observed
during sets performed to volitional failure. Thus, the aim of the present study was to evaluate the
effects of PAPE on training volume assessed by the number of performed REP and TUT during the
BP exercise among strength trained participants. An additional aim of the study was to assess the
impact of PAPE on power output and bar velocity during the BP exercise performed to concentric
volitional failure.
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2. Materials and Methods

The experiment was performed following a randomized crossover design, where each participant
performed the following test protocols: one with a CA consisting of 3 sets of 3 repetitions at 85% 1RM
(PAPE) and a control without the CA (CONT). Before the main experiment each participant performed
two familiarization sessions, one with the 1RM test and the second with an individual intra-complex
rest interval (IRT). The entire research procedure lasted 4 weeks with a one-week interval between each
trial. During the experimental sessions, the participants performed 3 sets of the BP exercise to establish
the maximum number of preformed REP to volitional failure with a load of 60% 1RM. The repetitions
were performed with maximal velocity in the eccentric and concentric phases of movement. The
following variables were registered: number of performed repetitions (REP), time under tension (TUT),
peak power output (PP), mean of peak power output (PPMEAN), mean power output (MP), peak bar
velocity (PV), mean of peak bar velocity (PVMEAN), and mean bar velocity (MV). All testing was
performed in the Strength and Power Laboratory at the Academy of Physical Education in Katowice.

2.1. Participants

Twelve healthy strength-trained men participated in this study (age = 25.2 ± 2.1 years, body
mass = 92.1 ± 8.7 kg, BP 1RM = 128.8 ± 10.5 kg), with a minimum 3 years of resistance training
experience (6.3 ± 2.1 years). The inclusion criteria was a BP personal record of at least 120% of body
mass. Participants were allowed to withdraw from the experiment at any moment and were free from
any musculoskeletal disorders. The participants were instructed to maintain their normal dietary
habits over the course of the study and not to use any supplements or stimulants for the duration of the
experiment. They were informed about the benefits and potential risks of the study before providing
their written informed consent for participation. The study protocol was approved by the Bioethics
Committee for Scientific Research at the Academy of Physical Education in Katowice, Poland (10/2018),
and performed according to the ethical standards of the Declaration of Helsinki, 1983.

2.2. Procedures

Familiarization Session

Two weeks before the main experiment, the participants performed 2 familiarization sessions, once
per week. The first familiarization session included the 1RM test. During the second familiarization
session, one week before the main experiment, IRT testing was performed [4]. The participants arrived
at the laboratory at the same time of day as the upcoming experimental sessions and performed
a standardized general and specific warm-up before each of the familiarization and main sessions.
The warm-up protocol included 5 min cycling on a stationary ergometer (heart rate of around 130 bpm),
followed by a general upper-body warm-up of 10 trunk rotations and trunk side-bends on each side,
10 internal and external rotary movements of the shoulders, and 10 push-ups. Next, the participants
performed 15, 10, and 5 BP repetitions using 20%, 40%, and 60% of their estimated 1RM. The first
test load was set to an estimated 80% 1RM and was increased by 2.5 to 10 kg for each subsequent
attempt. This process was repeated until failure. During the 1RM test, 5 min rest intervals were given
between each attempt and the 1RM was attained within 5 attempts. According to Wilk et al. [22], all
trials during the 1RM test were performed with a constant duration in the eccentric phase (2 s). Hand
placement on the barbell was set at 150% of the individual bi-acromial distance. The positioning of the
hands was recorded to ensure consistent hand placement during all experimental sessions.

During the second familiarization session the IRT test was performed. The participants performed
2 repetitions of an explosive BP (60% 1RM) at baseline. After a 5 min rest interval they performed a CA
consisting of 3 sets of 3 repetitions at 85% 1RM with 4 min rest intervals between each set. After 4, 8, 12
and 16 min of recovery, the participant performed a test similar to baseline (2 repetitions at 60% 1RM)
to establish an optimal rest interval for each participant. An optimal individual IRT was selected as the
best single repetition in peak power output in comparison to baseline [4].
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2.3. Experimental Sessions

The general and specific warm-up for the experimental sessions was identical to the one used
during familiarization. After the warm-up, the participants started the evaluations. In a randomized,
cross-over fashion, the participants performed 3 sets of the BP exercise to volitional failure at a load of
60% 1RM with maximal possible velocity in the concentric and eccentric phases of movement, either
preceded by a CA (PAPE) or without activation (CONT). During the CA the participants performed
3 sets of 3 repetitions with a constant duration of 2 s for the eccentric movement and maximal velocity
for the concentric phase at a load of 85% 1RM. The rest interval between successive sets equaled
4 min. The time between the CA and post-activation exercise was determined in accordance with
the IRT. Every repetition was performed without bouncing the barbell off the chest and without
intentionally pausing at the transition between the eccentric and concentric phases. A linear position
transducer system (Tendo Power Analyzer, Tendo Sport Machines, Trencin, Slovakia) was used for the
evaluation of bar mechanics. The Tendo Power Analyzer is a reliable system for measuring movement
velocity and power output [23,24]. The measurement was made independently for each repetition and
automatically converted into the values of power output and bar velocity.

The peak power output (PP) and peak bar velocity (PV) were obtained from the best repetition
performed in a particular set. The mean of peak power output (PPMEAN) and mean of peak bar velocity
(PVMEAN) were obtained from the peak of all repetitions performed in a particular set. The mean
power output (MP) as well as mean bar velocity (MV) were obtained as the mean of all repetitions
performed in particular sets. All participants completed the described testing protocol, which was
carefully replicated in subsequent experimental sessions.

2.4. Statistical Analysis

Data were presented as the mean ± SD. All variables presented a normal distribution according to
the Shapiro-Wilk test. Verification of differences between CONT and PAPE in REP, TUT, PP, PPMEAN,
MP, PV, PVMEAN, and MV was performed using a two-way 2 X 3 (condition x set) analysis of variance
(ANOVA) with repeated measures. In cases of a significant main effect, post-hoc comparisons were
conducted using Tukey’s test. Percent changes and 95% confidence intervals were also calculated.
Effect sizes (Cohen’s d) were reported where appropriate and interpreted as large (d ≥ 0.80), moderate
(d between 0.79 and 0.50), small (d between 0.49 and 0.20), and trivial (d < 0.20) [25]. All statistical
analyses were performed using Statistica 9.1 (Hillview Avenue, Palo Alto, CA, USA). The statistical
significance was set at p < 0.05.

3. Results

The two-way repeated measures ANOVA indicated a significant conditions x set main interaction
effect for TUT (p < 0.01). There was also a significant main effect for the condition in TUT (p < 0.01).
No statistically significant main effect was revealed for REP, PP, PPMEAN, MP, PV, PVMEAN, and MV
(Table 1). The post-hoc analysis for the main effect indicated significant increases in TUT (p < 0.01) for
the BP following PAPE, compared to the CONT condition. Finally, there was a significant increase in
TUT (p < 0.01) in the third set for PAPE compared to the CONT condition (Table 2). The results of the
IRT test showed that 4 min was an optimal rest interval for 7 participants, 8 min for 3 participants and
12 min for 2 of them (Figure 1).
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Table 1. Performance variables during 3 sets of the bench press exercise.

Variables
Conditions (3 Sets) p

CONTROL PAPE

REP [n] 17.4 ± 7.0 17.8 ± 6.8 0.38

TUT [s] 25.1 ± 9.6 26.78 ± 8.3 0.01 *

MP [W] 379 ± 74 385 ± 82 0.13

PP [W] 774 ± 160 727 ± 164 0.18

PPMEAN [W] 570 ± 129 570 ± 127 0.71

MV [m/s] 0.53 ± 0.07 0.52 ± 0.08 0.15

PV [m/s] 0.92 ± 0.14 0.90 ± 0.14 0.14

PVMEAN [m/s] 0.68 ± 0.10 0.68 ± 0.11 0.75

These data present the mean values of the 3 sets. All data are presented as mean ± standard deviation; REP—the
number of performed repetitions, TUT—time under tension, MP—mean power output, PP—peak power output,
PPMEAN—mean of peak power output, MV—mean bar velocity output, PV—peak bar velocity, PVMEAN—mean of
peak bar velocity; * statistically significant difference p < 0.05.

Table 2. Performance variables for particular sets of the bench press exercise.

Performance Conditions Set 1
(95% CI)

Set 2
(95% CI)

Set 3
(95% CI)

REP [n]

REP
[n]

CONTROL 25.8 ± 2.5
(24.3 to 27.4)

16.3 ± 2.1
(14.9 to 17.6)

10.0 ± 2.3
(8.5 to 11.5)

PAPE 25.8 ± 3.3
(23.6 to 27.9)

16.7 ± 2.5
(15.1 to 18.3)

10.9 ± 2.5
(9.3 to 12.5)

ES 0 0.17 0.37

TUT
[s]

CONTROL 35.3 ± 4.9
(32.2 to 38.3)

25.9 ± 3.4
(23.7 to 28.1)

14.1 ± 3.8 *
(11.7 to 16.5)

PAPE 35.4 ± 5.6
(31.9 to 38.9)

25.8 ± 4.2
(23.1 to 28.4)

19.2 ± 4.8 *
(16.1 to 22.2)

ES 0.02 0.03 1.18

MP
[W]

CONTROL 423 ± 68
(380 to 466)

373 ± 68
(330 to 416)

340 ± 68
(297 to 383)

PAPE 431 ± 71
(386 to 476)

376 ± 75
(328 to 423)

349 ± 84
(296 to 403)

ES 0.12 0.04 0.12

PP
[W]

CONTROL 843 ± 112
(771 to 914)

734 ± 139
(645 to 823)

656 ± 175
(544 to 767)

PAPE 832 ± 112
(761 to 903)

702 ± 150
(607 to 798)

647 ± 176
(535 to 759)

ES 0.10 0.22 0.05

PPMEAN
[W]

CONTROL 639 ± 99
(576 to 702)

565 ± 115
(492 to 638)

513 ± 145
(421 to 605)

PAPE 637 ± 108
(569 to 706)

553 ± 128
(472 to 635)

521 ± 125
(441 to 600)

ES 0.02 0.10 0.06

24



Int. J. Environ. Res. Public Health 2020, 17, 2554

Table 2. Cont.

Performance Conditions Set 1
(95% CI)

Set 2
(95% CI)

Set 3
(95% CI)

MV
[m/s]

CONTROL 0.59 ± 0.03
(0.57 to 0.62)

0.52 ± 0.05
(0.49 to 0.56)

0.46 ± 0.03
(0.45 to 0.48)

PAPE 0.60 ± 0.05
(0.56 to 0.63)

0.50 ± 0.04
(0.47 to 0.53)

0.45 ± 0.05
(0.42 to 0.49)

ES 0.24 0.44 0.24

PV
[m/s]

CONTROL 1.05 ± 0.10
(0.99 to 1.11

0.91 ± 0.09
(0.85 to 0.97)

0.81 ± 0.11
(0.74 to 0.88)

PAPE 1.04 ± 0.09
(0.98 to 1.10)

0.87 ± 0.11
(0.80 to 0.94)

0.80 ± 0.11
(0.73 to 0.87)

ES 0.11 0.40 0.10

PVMEAN [m/s]
CONTROL 0.79 ± 0.06

(0.75 to 0.83)
0.67 ± 0.08

(0.62 to 0.71)
0.60 ± 0.07

(0.56 to 0.64)

PAPE 0.78 ± 0.07
(0.74 to 0.83)

0.65 ± 0.08
(0.60 to 0.71)

0.61 ± 0.08
(0.56 to 0.66)

ES 0.15 0.25 0.13

Data are presented as mean ± standard deviation and 95% confidence interval (95% CI). Effect size (ES) was assessed
using Cohen’s d. These data present the mean values of the 3 sets. All data are presented as mean ± standard
deviation; REP—the number of performed repetitions, TUT—time under tension, MP—mean power output,
PP—peak power output, PPMEAN—mean of peak power output, MV—mean bar velocity, PV—peak bar velocity,
PVMEAN—mean of peak bar velocity * statistically significant difference p < 0.05.

Figure 1. Individual differences in peak power output between baseline and rest interval for each
individual during the intra-complex rest interval test. The y-axis represents the difference in peak
power output between the baseline and rest interval for each individual.

4. Discussion

The main finding of the study was that the PAPE protocol increased training volume based on
TUT in the BP performed to volitional failure compared to CONT conditions. Despite the fact that
there was an increase in TUT for the PAPE conditions, the study did not show significant changes
in the number of performed REP. Greater TUT, when volume load (REP × load) was equated, may
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result in greater neuromuscular fatigue, but in our study, we did not observe effects of fatigue reflected
by decreasing power output or bar velocity between the PAPE and CONT conditions during the BP
exercise performed to volitional failure. Therefore, these results suggest that the PAPE effect can be
used to acutely increase the time of effort during resistance exercise, without affecting the concentric
bar velocity and power output of each set.

To the best of the authors knowledge, the presented study is the first to analyze both the changes
in training volume as well as in power output and bar velocity following PAPE effects in trained
men. Despite the large body of evidence investigating the effect of PAPE on the performance of
explosive activities, only two studies have examined the impact of PAPE on resistance training
volume [14,15]. However, neither of them analyzed training volume as well as power output and bar
velocity simultaneously during sets performed to volitional failure. In terms of the impact of PAPE on
training volume based on the number of performed REP, the results obtained in our study contradict
those of Sevilmiş and Atalağ [14] and Alves et al. [15], which showed an increase in the number of
preformed REP following CA. However, it should be noted that Sevilmiş and Atalağ [14] analyzed
only one set of an exercise (compared to three sets in our study), which is not habitual practice during
sports training, where several sets of each exercise are used in order to obtain significant adaptive
changes. The impact of the PAPE effect on the number of performed REP during more than one set
was analyzed only in the study of Alves et al. [15], who showed that the number of performed REP
in the first and second sets were greater under PAPE, compared to the control conditions. However,
no significant difference was found in the third set. This result is contrary to the presented results,
where no significant changes in the number of preformed REP were observed in any of the three sets.
Furthermore, the result of effect size showed higher differences between PAPE and CONT conditions
in the third set (10.9 ± 2.5 vs. 10.0 ± 2.3 respectively; ES = 0.37) compared to the first (25.8 ± 3.3 vs.
25.8 ± 2.5 respectively; ES = 0) and second set (16.7 ± 2.5 vs. 16.3 ± 2.1 respectively; ES = 0.17), which
is opposite to the results obtained by Alves et al. [15].

The differences in impact of PAPE on the maximal number of performed REP during sets
performed to volitional failure between the presented results and the study of Sevilmiş and Atalağ [14]
and Alves et al. [15] may be related to the level of experience in resistance training [8,26], as well as
to the movement tempo used during exercise [6,13]. Compared to the presented research, where the
participants had a minimum of three years of resistance training experience (6.3 ± 2.1 years), in the
study of Sevilmiş and Atalağ [14] and Alves et al. [15], the participants had a minimum of 1 year of
resistance training experience. Furthermore, in the study by Sevilmiş and Atalağ [14], as well as that
by Alves et al. [15], the movement tempo of each performed REP was controlled and amounted to 2 s
in the eccentric phase and 1 s in the concentric phase, while in the present study the participants used
maximal tempo of movement. According to Wilk et al. [13], movement tempo has a significant effect
on the maximal number of performed REP in a particular set, as well as on the PAPE effect during
successive sets of a resistance exercise [6].

Moreover, according to Wilk et al. [13,27] not only the number of performed REP, but also TUT is
an important variable to consider when evaluating training volume. However, only one previous study
analyzed the impact of PAPE on TUT [14]. Sevilmiş and Atalağ [14] showed a significant increase in
TUT for the PAPE condition compared to the control, during the BP exercise performed to volitional
failure, which is consistent with the presented study. Furthermore, the presented study showed not
only a significant increase of total training TUT, but also a significant increase of TUT in the third set
of the BP exercise for the PAPE condition, compared to the CONT. Regardless of the mechanisms
underpinning PAPE performance improvement, it can be speculated that the increase in time of the
resistance effort could have been obtained as a result of increased muscle temperature and blood flow
as well as water content following the CA. Thus, the PAPE protocol may contribute to enhancing
the general effects of the warm-up [1]. Furthermore, the increase of TUT during the PAPE condition
compared to the CONT (especially in third set) can also be attributed to increased phosphorylation of
myosin light chains rendering the actin and myosin molecules more sensitive to Ca2+ availability [5],
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which would allow the participants to maintain a certain amount of force even in the presence of
biochemical changes within the working muscle that lead to fatigue. However, an assessment of power
output and bar velocity did not show differences between PAPE and CONT conditions, which indicates
that the increase in TUT was not related to the changes in concentric bar velocity and power output.
Therefore, the increase in TUT with the simultaneous lack of significant differences in the number
of performed REP as well as the lack of significant differences in concentric bar velocity and power
output indicate that a longer TUT for the PAPE condition was related to the extension of the eccentric
phase of movement only.

The present study has several limitations which should be addressed. Although the results
showed a significantly greater value of TUT, following the CA, the direct causes of these changes
cannot be determined and explained. There was no analysis of direct physiological changes, as well as
no electromyography recordings that would be the basis for explaining the obtained results. Since
there is no evidence regarding the possible cause for the increased TUT in the PAPE condition, further
research is needed to assess the physiological and mechanical variables responsible for these changes.

Practical Implications

The impact of a CA can been used effectively to extend the duration of effort during resistance
exercise performed to volitional failure; therefore, it can be useful in increasing the efficiency of
strength-endurance performance. Furthermore, combining several sets of high-load exercises before
sets performed to volitional failure can be an effective way to develop both maximal strength
and strength-endurance in a single session, without losing the effectiveness of sets whose goal is
strength-endurance performance. In addition, such a complex training system can be particularly
useful in sports disciplines that, due to a high number of competitions, do not leave adequate time to
perform separate training sessions for maximal strength and strength-endurance.

5. Conclusions

In summary, the presented study showed that compared to CONT conditions, PAPE did not
significantly affect the number of performed REP during the BP exercise performed to volitional failure.
However, an increase in TUT was observed. Even if the applied CA did not increase the training
volume (based on REP), it did not adversely affect the level of training volume. Therefore, a training
program that combines both a high-load exercise prior to several sets performed to volitional failure
could be a valuable alternative, especially for athletes whose sports discipline requires both a high
level of muscular power and appropriate strength endurance.
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Abstract: Purpose: To determine the impact of interval training frequency in elite endurance athletes.
It was hypothesized that two longer sessions would elicit greater performance improvements
and physiological adaptation than four shorter sessions at the same intensity. Methods: Elite
cross-country skiers and biathletes were randomly assigned to either a high-frequency group (HF
group) (5 M, 1 F, age 22 (19–26), VO2max 67.8 (65.5–70.2) mL/kg/min) doing four short interval
sessions per week or a low-frequency group (LF group) (8 M, 1 F, age 22 (18–23), VO2max 70.7
(67.0–73.9) mL/kg/min) doing two longer interval sessions. All interval sessions were performed
at ~85% of maximum heart rate, and groups were matched for total weekly training volume. Pre-
and post-intervention, athletes completed an 8 km rollerski time-trial, maximal oxygen uptake
(VO2max) test, and an incremental, submaximal exercise test. Results: The LF group had a statistically
significant improved time-trial performance following the intervention (p = 0.04), with no statistically
significant changes in the HF group. Similarly, percentage utilization of VO2max at anaerobic threshold
(p = 0.04) and exercise economy (p = 0.01) were statistically significantly improved following the
intervention in the LF group only. No statistically significant changes in VO2max were observed in
either group. Conclusions: Two longer interval sessions appear superior to four shorter sessions
per week in promoting endurance adaptations and performance improvements in elite endurance
athletes. Despite matched training volume and exercise intensity, the larger, more concentrated
exercise stimulus in the LF group appears to induce more favorable adaptations. The longer time
between training sessions in the LF group may also have allowed athletes to recover more effectively
and better “absorb” the training. These findings are in line with the “best practice” observed by many
of the world’s best endurance athletes.

Keywords: cross-country skiers; exercise economy; VO2max

1. Introduction

At a senior level, endurance athletes frequently train up to 1000 h per year, of which 80%–90%
is typically conducted at low intensity [1–3]. The remaining 10%–20% is composed of high-intensity
training in the form of competition, high-intensity continuous training, and interval training.

The principle of interval training was first described by Reindell & Roskamm in 1959 [4] and
is a method of training which alternates between exercise periods with high and low intensity.
Compared to continuous exercise, interval training allows the athlete to maintain a higher intensity and
work for longer time at high intensities (>85% maximal heart rate (HRmax)) [5–8]. Increased training
time at high intensity creates better conditions to optimally stimulate the development of performance
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capacity, maximal oxygen uptake (VO2max), percentage utilization of maximal oxygen uptake (%
VO2max) and exercise economy [9,10].

Six factors determine total workload: duration per interval, exercise intensity, recovery duration,
recovery intensity, movement patterns, and total training time [11,12]. Depending on the purpose of the
training session, these variables can be manipulated to give countless different combinations. Studies of
well-trained endurance athletes indicate that the best training effect, i.e., increased stroke volume and
oxygen delivery, is achieved at intensities between 85%–95% of HRmax [13–15], although studies have
also demonstrated positive effects of training at higher intensities [12,16].

The optimal interval duration for well-trained endurance athletes appears to be 4–10 min [13–15],
with a beneficial effect observed at a total effective duration of approximately 15 min [5,13]. However,
durations of 30–45 min appear to elicit the best effect [14,15].

The optimal number of high-intensity interval training sessions per week in order to maximally
stimulate the development of performance has not yet been elucidated. In a retrospective study it
was found that world-class endurance athletes performed 2–3 high-intensity training sessions per
week (100–140 sessions per year) [17]. Half of these sessions were completed as interval training,
with 30%–50% of these performed at an intensity around 85% HRmax, with a total effective duration of
30–75 min per session [17].

The aim of the present study was therefore to determine the effect of frequency of high-intensity
interval training in elite cross-country skiers. Based on the “best practice” observed in world-class
endurance athletes, our hypothesis was that two longer interval sessions at an intensity of ~85% HRmax

would elicit greater improvements in time-trial performance, VO2max, %VO2max at anaerobic threshold
(AT), and work economy than four shorter sessions at the same intensity.

2. Materials and Methods

2.1. Subjects

Twenty elite cross-country skiers and biathletes volunteered their written, informed consent to
take part in the study, which was approved by the institution’s ethics committee, in accordance with
the Declaration of Helsinki; the study was further approved by the Norwegian center for research data
(number: 26732). All participants had competed in cross-country skiing or a biathlon at a national
level for a minimum of three years. Athletes were randomly assigned to either a high-frequency group
(HF group, n = 10) doing four interval sessions per week or a low-frequency group (LF group, n = 10)
doing two longer interval sessions. There was one drop-out in the LF group due to illness. There were
four drop-outs in the HF group, three due to illness and one to an accident not related to the project.
The athletes’ physiological and anthropometric characteristics and initial training status are shown in
Table 1.

Table 1. Baseline characteristics of test subjects in the high-frequency group (HF group) performing
four interval sessions per week, and in the low-frequency group (LF group) that performed two interval
sessions per week. Values are presented as the median and inter quartile range (IQR). There were no
significant differences between the groups.

Characteristics of the Subjects HF Group LF Group

Gender ♂= 5, ♀= 1 ♂= 8, ♀= 1
Age (years) 22.0 (18.8–26.0) 22.0 (18.0–22.5)
Height (m) 1.81 (1.75–1.86) 1.82 (1.80–1.84)
Body mass (kg) 72.3 (64.6–78.0) 76.9 (72.1–79.9)
VO2max (mL/min/kg) 67.8 (65.5–70.2) 70.7 (67.0–73.9)
Training volume last 12 months (hours) 565 (431–638) 650 (520–755)
Training volume last 2 months (hours) 65 (58–81) 75 (63–80)
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2.2. Procedures

During the 12-week intervention period, the LF group performed two interval sessions per week,
whilst the HF group performed four sessions per week, at the same intensity and matched for weekly
training volume (Figure 1). Oxygen consumption (VO2), heart rate (HR), and blood lactate were
measured, and exercise economy was calculated pre- and post-intervention. In addition, a performance
test (8 km roller-skiing time trial) was conducted before and after the intervention period.
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Figure 1. Weekly training load in the 12-week intervention period. The figure shows the distribution
of endurance training in the different intensity zones (I-1 to I-5) and duration of strength training in
the high- and low-frequency group (HF- and LF group). Values are presented as the median and IQR.
There were no statistically significant differences between the groups.

2.2.1. Interval Training

The intervention was performed as dry land training during the summer period from May
to August. The exercise intensity scale developed by the Norwegian Olympic Centre (NOC) was
used for classification of training intensity (Table 2). Interval durations and work intensity for both
interventions were selected to correspond with what the literature suggests to be an effective model to
elicit performance adaptations in endurance athletes.

Outside of the planned intervention sessions, athletes were instructed to train normally,
with low-intensity training (<82% HRmax I-zones 1–2) and a maximum of one additional session
per week of high-intensity interval training (>87% HRmax, I-zones 4–5). To ensure that the training
load during the intervention period outside of prescribed training did not differ between groups,
subjects were provided with an electronic training diary with both written and verbal instructions on
how to record their training. Data recorded in these diaries were used to calculate the training volume
and intensity distribution.

During the intervention period, the LF group completed one session per week of 8 × 8 min
intervals in I-zone 3 with 2 min recoveries (total time 64 min) and one session of 6 × 12 min intervals in
I-zone 3 with 3 min recoveries (total time 72 min). The HF group performed twice-weekly sessions of
4 × 8 min in I-zone 3 separated by 2 min recoveries (total time 32 min) and two sessions of 3 × 12 min
in I-zone 3 with 3 min recoveries (total time 36 min). All interval sessions were performed as rollerski
skating. For both groups, the total prescribed weekly training time in I-zone 3 was 136 min. The LF
group had a minimum of one day, and typically two days, between each session in I-zone 3. The HF
group performed two I-zone 3 sessions on two consecutive days, while there was one day off before
the remaining I-zone 3 session.
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Each interval session included a self-selected warm-up and warm-down. During the first four
weeks of the intervention period, 1–2 interval sessions per week were organized as group training
sessions, during which blood lactate and HR were monitored and controlled to ensure that athletes were
training at the planned intensity. During the remaining weeks of the intervention, once participants
had become accustomed to maintaining the correct intensity during training sessions, only a selection
of sessions were monitored.

Table 2. The exercise intensity scale developed by the Norwegian Olympic Centre (NOC) used for
classification of training intensity (I-zones).

Intensity Zone % of HRmax Blood Lactate (mmol/L) * Examples of Training Models

I-zone 5 92–100 6.0–10.0

Interval training with maximal or
near maximal exertion. Recovery
period equivalent to 70%–90% of the
work interval time.

I-zone 4 87–92 4.0–6.0

High-intensity continuous training or
intervals with a high level of exertion.
Recovery periods equivalent to
approximately 50% of the work time.

I-zone 3 82–87 2.5–4.0

Natural interval training, intensive
continuous training, or long intervals.
Recovery periods equivalent to
20%–30% of the work time.

I-zone 2 72–82 1.5–2.5 Moderate intensity continuous work.

I-zone 1 55–72 <1.5 Recovery sessions and low-intensity
continuous work.

* Values determined via a hand-held or portable lactate analyzer using red cell lysed blood.

2.2.2. Test Day 1: Submaximal Exercise Test and VO2max

Pre- and post-intervention, subjects performed a submaximal incremental rollerskiing (skating) test on
a motorized treadmill (Lode Valiant Special, Lode B.V. Groningen, Netherlands) in a laboratory maintained
at 17–21 ◦C and 25%–40% relative humidity. Participants completed a ~15-min standardized warm-up.
The test started at 5% incline and 10.8 km/h for men and 9 km/h for women. Each stage lasted 5 min,
followed by a one-minute recovery. The treadmill incline was increased by 2% between each stage. The test
was terminated when blood lactate concentration exceeded 4.0 mmol/L (Lactate Pro LT-1710t, ArkRay Inc.,
Kyoto, Japan). Expired air was analyzed continuously with VO2 determined at 30 s intervals throughout the
test (Oxycon Pro, Erich Jaeger, Hoechberg, Germany). HR was measured continuously using short-range
telemetry (Polar S620i, Kempele, Finland). For both HR and VO2, the average values recorded during the
final three minutes of each stage were used for analyses. A finger-prick blood sample was taken during
the recovery between each stage for blood lactate determination. Exercise economy was calculated from
body mass-adjusted oxygen consumption, and HR and lactate recorded for the lowest test workload (5%
incline 10.8 km/h for men and 9 km/h for women). This workload was chosen to ensure aerobic metabolism,
indicated by a lactate level < 2.5 mmol/L.

VO2 at an estimated lactate concentration of 4.0 mmol/L was calculated by a forecast algorithm.
We used a built-in algorithm in Excel 2016, using the measured values beyond and above an intensity
corresponding to 4.0 mmol/L to predict a given y-value (VO2) at a given x-value (4.0 mmol/L), based on
the measured values in the data set, using the algorithm a + bx:

a = y− bx and b =

∑
(x− x)(y− y)
∑
(x− x)2 (1)

Here, x and y are the sample means average (x = lactate, y = VO2).
Following ~10 min recovery, VO2max was measured via a continuous, incremental rollerskiing

(skating) test to volitional exhaustion. The test started at a 5% incline and 10.8 km/h for men and
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9 km/h for women. Every minute, the treadmill incline was increased by 2%. When an incline of
15% was reached, treadmill speed was then increased by 0.5 km/h every minute. VO2 was measured
continuously, and the average of the two highest consecutive 30 s measurements was defined as
VO2max. Respiratory exchange ratio ≥ 1.05, a plateau in VO2 with increasing workload, and blood
lactate concentration ≥ 8 mmol/L were used as criteria to evaluate if VO2max was obtained [18]. HR was
measured continuously, with the highest value during the test defined as HRpeak.

2.2.3. Test Day 2: Rollerski Time Trial Performance

Pre- and post-intervention, each athlete completed an 8 km rollerski (skating) uphill time-trial
outdoors. This had a typical duration of 30–35 min and was preceded by a 30 min standardized
warm-up. Athletes started in a random order at 30 s intervals pre-intervention, and again in this same
order post-intervention to prevent any possible motivational effects. Performance times were recorded
by two synchronized stopwatches (Regnly RT3, Emit AS, Oslo, Norway). The weather conditions pre-
and post-intervention were stable, with ambient temperature between 17–20 ◦C, no wind and dry
asphalt. All athletes were familiar with the 8 km course.

Subjects used identical rollerskis (Swenor Skate, Sport Import AS. Sarpsborg, Norway), with each
athlete using the same pair of skis pre- and post-intervention. These were not used between pre- and
post-testing to avoid changes in rolling resistance. Participants also used the same skating poles (SWIX
CT3, Swix Sport AS. Lillehammer, Norway) of self-selected length. The two test days were separated by
a minimum of 48 h and a maximum of 6 days. Prior to testing, participants underwent a standardized
2 day tapering period. Tests were performed at the same time of day (± 1 h) and following a 1 h fast.
Participants were required to abstain from strenuous exercise, alcohol, and caffeine during the 24 h
leading up to each test. Athletes not able to participate in whole intervention period were excluded
from the study (n = 1 in the LF group and n = 4 in the HF group).

2.3. Statistical Analyses

Since not all variables passed the normality test, all results are presented as median values with
the corresponding inter-quartile range (IQR). A Wilcoxon matched-pairs signed rank test was used to
test for differences between each parameter before and after the 12-week intervention period. In all
comparisons, two-tailed tests were used. Differences were considered significant at p < 0.05. Due to
the small sample size and expectations of small changes in these already well-trained athletes, the data
were further analyzed with mean effects size (ES). ES was calculated as Cohen’s d to compare the
practical significance of the performance improvements among the two groups. The criteria to interpret
the magnitude of the ES were 0.0–0.2 trivial, 0.2–0.6 small, 0.6–1.2 moderate, 1.2–2.0 large, and >2.0
very large. The calculations were performed in Microsoft Excel 2010 (Microsoft Corporation), and the
statistical analyses were conducted in SigmaPlot for Windows, version 12.2 (Systat Software GmbH,
Erkrath, Germany).

3. Results

All included test subjects completed > 80% of the interval sessions and no statistically significant
differences were observed in training compliance between the groups. When prescribed interval
sessions were skipped, that was mainly due to the athletes requesting a rest due to a feeling of tiredness.

3.1. Baseline

At baseline, no statistically significant differences were observed between the LF- and HF group
with respect to age, height, weight, VO2max or training volume (Table 1). Further, there were no
statistically significant differences in exercise economy, %VO2max, %VO2max at 4 mmol/L lactate or
time-trial performance.
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3.2. Training Load in the Intervention Period

There was no difference in the weekly training load between groups in terms of training volume,
intensity distribution, or resistance training during the intervention period (Figure 1). Despite a higher
median training load in both the last 12 and last 2 months, the statistical analysis revealed that there
was no systematic differences between the groups. In our opinion, it is therefore unlikely that difference
in training volume had a significant impact on the results.

3.3. Time-Trial Performance

In the LF group, seven out of nine subjects showed an improvement in rollerski time-trial
performance following the intervention, with median time-trial time that was statistically significantly
lower at post-intervention (30.6 (30.1–34.1) min vs. 31.8 (30.3–35.0) min, p = 0.04). In the HF group,
no statistically significant improvement between pre- and post-test was observed (p = 0.16). ES of the
changes revealed only a trivial effect of LF training vs. HF training (ES = 0.17). Individual results from
the time-trial performance test are shown in Figure 2.
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Figure 2. Time taken to complete the 8 km rollerski time-trial, pre-test and post-test, in the low-frequency
group (LF group) and high-frequency group (HF group). Reference lines indicate identical values pre-
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3.4. VO2max and % VO2max at AT

No statistically significant changes in VO2max were observed between pre- and post-intervention
in either group. Individual values for all subjects are shown in Figure 3. There was no statistically
significant change in body mass in either group. % VO2max at anaerobic threshold (lactate 4.0 mmol/L)
was statistically significantly increased after the intervention period in the LF group (85.4 (79.9–88.2)%
vs. 80.7 (79.7–84.9)%, p = 0.04) but not in the HF group (p = 1.00). Individual results are shown in
Figure 4. The mean ES revealed a small practical effect of the LF training vs. HF training (ES = 0.52).
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3.5. Exercise Economy

A statistically significant reduction in submaximal oxygen consumption at 10.9 km/h and 5%
incline was observed in the LF group (39.6 (39.3–41.2) mL/kg/min vs. 41.0 (40.3–42.8) mL/kg/min,
p = 0.01), but not in the HF group at post-test. Individual values are shown in Figure 5. The ES showed
a moderate practical effect of the LF training vs. HF training on improvements in exercise economy
(ES = 1.14).
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Figure 5. VO2 at 5% incline and a speed of 10.8 km/h at pre-test and post-test, in the low-frequency
group (LF group) and high-frequency group (HF group). Reference lines indicate identical values at
pre- and post-test. Each box represents a test subject. Open boxes indicate an improvement and filled
boxes indicate a decline, compared to the pre-test. * = 9.0 km/h for women.

There was a statistically significant reduction in submaximal HR for the LF group (134 (124–144)
vs. 144 (137–152) bpm, p = 0.01) but not for the HF group. Individual results are demonstrated in
Figure 6. Mean ES of the improvement in submaximal HR revealed a moderate practical effect of
performing LF training vs. HF training (ES = 0.95).
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Figure 6. Heart rate at a speed of 10.8 km/h at pre- and post-test, in the low-frequency group (LF group)
and high-frequency group (HF group). Reference lines indicate identical values at pre- and post-test.
Each box represents a test subject. Open boxes indicate an improvement and filled boxes indicate
a decline, compared to the pre-test. * = 9.0 km/h for women.

At the lowest workload, blood lactate for all subjects was <2.5 mmol/L both pre- and
post-intervention. There were no statistically significant differences observed for either group.

4. Discussion

The main finding in the present study is that highly trained cross-country skiers and biathletes
performing two longer high-intensity interval sessions per week (LF group) for a period of
12 weeks, showed a statistically significant improvement in 8 km rollerski time-trial performance.
These improvements can likely be explained by a concurrent improvement in % VO2max at AT
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and exercise economy. There were no statistically significant improvements in rollerski time-trial
performance, % VO2max at AT or exercise economy in the HF group, who performed the same weekly
volume of high-intensity training as the LF group but distributed among four shorter sessions.

4.1. Rollerski Time-Trial Performance

The improvement in the time-trial performance in the LF group is in line with that presented by
Seiler et al. [15], showing that training around the anaerobic threshold is effective in improving long-
duration endurance exercise performance. It is possible to speculate that significant improvements in
performance may not have been seen if a shorter time-trial had been used, whereas improvements
may have been even more pronounced with a longer duration test.

The external conditions such as asphalt, weather conditions, and competitive element of the
task and roller ski equipment were similar pre-and post-intervention and should therefore not have
impacted the time-trial results.

4.2. VO2max Test

The present findings of no statistically significant change in VO2max in either group is in accordance
with findings from previous studies with well-trained cross-country skiers following a similar length
training intervention [19,20]. The most likely explanation for this is probably that all the athletes
had a long training history, with many years of training at a high level. With prolonged training,
improvements in VO2max eventually plateau and there is some evidence for a genetic “ceiling”,
making it difficult to further increase VO2max in already highly-trained endurance athletes [21,22].
Another possible explanation is that the interval training sessions used in the current study were not
of a sufficiently high exercise intensity to stimulate improvements in VO2max. Previous studies have
shown that training at an intensity above the anaerobic threshold is necessary in order to stimulate
an increase in VO2max in trained athletes [13,15].

4.3. Submaximal Rollerskiing

The increase in %VO2max at AT in the LF group is in line with our hypothesis. However,
other studies finding improved aerobic endurance performance reported no changes or minor
improvements in %VO2max at AT in endurance trained athletes [13,23]. A possible explanation for this
may be differences in the length of the intervention period, interval duration or effective training time
in I-zone 3.

Despite equivalent total training volume and intensity, the longer duration per session in the LF
group may better stimulate peripheral adaptations such as capillarization, increased size and number
of mitochondria, and increased activity of enzymes involved in aerobic respiration [24]. The main
stimulus for exercise-induced capillarization in skeletal muscle is increased shear stress due to reactive
hyperemia and high strain (e.g., muscle stretch; reviewed by Egginton [25]). It has therefore been
suggested that in well-trained endurance athletes, a larger and more concentrated exercise stimulus
leads to a higher level of capillarization [26]. As the effective duration in I-zone 3 in the LF group was
64–72 min per session compared to 32–36 min in the HF group, athletes in the LF group were exposed to
a larger and more concentrated exercise stimulus. Hence, improved capillarization may partly explain
the finding of improved exercise economy in the LF group only. It has been suggested that gross
efficiency is improved with high intensity training [27]. Furthermore, it has recently been observed
that a higher rate of glycogen utilization during exercise is associated with increased activation of
intracellular signaling cascades central in mitochondrial biogenesis [28]. Despite these speculations,
the latter may suggest a potential superiority of an exercise session with large glycogen utilization,
and theoretically, there was a larger glycogen consumption in the LF training compared to the HF
training [29]. It has previously been reported that training in a state of low muscle glycogen to a greater
degree stimulates adaptation to endurance exercise [30].

38



Int. J. Environ. Res. Public Health 2020, 17, 3190

Improved exercise economy in the LF group likely explains the concurrent reduction in submaximal
HR. The observed improvement in exercise economy should, in theory, have been coupled with reduced
submaximal blood lactate concentration in the LF group. However, this was not the case at the specific
workload at which exercise economy was measured in the current study. This is likely related to the
aerobic nature of this workload and low blood lactate values at pre-intervention making it difficult to
detect changes.

At inclusion, group sizes were matched. However, due to greater drop-out in the HF group,
the statistical power of the study was slightly reduced. The present study is too small and
it was not decided to elucidate potential differences in adherence to LF- vs. HF-interventions.
Recruiting a sufficient number of participants becomes challenging when conducting research with
elite athletes. However, we considered as a strength of the study that highly trained athletes were
included, rather than sedentary or recreationally active participants. It should be noted that even
though there were no differences between groups in weekly training duration in I-zone 3, the difference
in the number of work intervals during each session probably induced differences between groups in
the session rate of perceived exertion. Unfortunately, the rate of perceived exertion during the sessions
was not recorded in the present study.

4.4. Practical Applications and Limitation of the Study

The results of the current study indicate that in order to stimulate improvements in rollerski
time-trial performance, %VO2max at AT, and exercise economy in elite endurance athletes, an interval
training model with lower training frequency but longer duration per session appears to be more
effective. Interval sessions in I-zone 3 appear to elicit the best effect when the total effective duration
is ≥60 min. Regardless of whether the total training load remains the same, more frequent sessions
of a shorter duration appear less effective in stimulating peripheral adaptations and performance
improvements. These findings may be particularly applicable to endurance athletes competing in
sports with a long competition time, as previous literature indicates that training at this intensity
is particularly beneficial to prolonged exercise performance. One of the limitations of the present
study was the number of participants (n = 20). However, it is very difficult to achieve high number of
participants from individual sports and therefore we believe that this study could contribute to future
meta-analysis studies in the field.

5. Conclusions

In a group of elite endurance athletes, two long interval sessions appeared to be more effective than
four shorter sessions per week in promoting endurance adaptations and performance improvements.
Despite both groups performing the same training volume at the same exercise intensity, it appears that
the larger and more concentrated exercise stimulus in the LF group induced more favorable endurance
adaptations. The longer time between training sessions in the LF group may have allowed the athletes
to recover better and more effectively “absorb” the training. These findings are in line with the current
endurance training philosophy in Norwegian elite sport and with the “best practice” observed by
many of the world’s best endurance athletes [2,3].
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Abstract: The purpose of the present study was to investigate training-specific adaptations to eight
weeks of moderate intensity continuous training (CT) and sprint interval training (SIT). Young healthy
subjects (n = 25; 9 males and 16 females) performed either continuous training (30–60 min, 70–80%
peak heart rate) or sprint interval training (5–10 near maximal 30 s sprints, 3 min recovery) three
times per week for eight weeks. Maximal oxygen consumption, 20 m shuttle run test and 5·60 m
sprint test were performed before and after the intervention. Furthermore, heart rate, oxygen
pulse, respiratory exchange ratio, lactate and running economy were assessed at five submaximal
intensities, before and after the training interventions. Maximal oxygen uptake increased after CT
(before: 47.9 ± 1.5; after: 49.7 ± 1.5 mL·kg−1·min−1, p < 0.05) and SIT (before: 50.5 ± 1.6; after:
53.3 ± 1.5 mL·kg−1·min−1, p < 0.01), with no statistically significant differences between groups.
Both groups increased 20 m shuttle run performance and 60 m sprint performance, but SIT performed
better than CT at the 4th and 5th 60 m sprint after the intervention (p < 0.05). At submaximal
intensities, CT, but not SIT, reduced heart rate (p < 0.05), whereas lactate decreased in both groups.
In conclusion, both groups demonstrated similar improvements of several performance measures
including VO2max, but sprint performance was better after SIT, and CT caused training-specific
adaptations at submaximal intensities.

Keywords: maximal oxygen consumption; heart rate; oxygen pulse; shuttle run; repeated sprint ability

1. Introduction

Manipulation of duration and intensity of exercise bouts change the demands of metabolic
pathways within muscle cells, as well as oxygen delivery to exercising muscles [1]. The training
adaptations that occur after repeated bouts of exercise are to some degree specific to that particular
exercise [1,2], but both high intensity interval training and continuous training bouts increase VO2max

and oxidative capacity in skeletal muscles [1–3]. Within this context, it is of interest to clarify the specific
adaptations of different training protocols to optimize endurance training, health and performance.

There has recently been a lot of interest in a type of high intensity interval training known
as sprint interval training (SIT). SIT is (often) performed as 30 s of “all out” sprints with 2.5–4.5
min of rest between sprints [4–6]. Several cycling studies have reported that this type of training
improves maximal oxygen consumption (VO2max), endurance performance and the oxidative capacity
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of skeletal muscle [3–12]. Previous studies have also demonstrated that the magnitude of improvement
in endurance performance and VO2max after SIT is comparable to continuous cycling at moderate
intensity [3,4]. Furthermore, research also suggest that SIT is an efficient approach to improve
several important health parameters in addition to VO2max, such as insulin sensitivity, blood pressure,
cardiovascular function, and body composition [13].

Because most previous studies on SIT adaptations have used a cycling protocol, there is limited
knowledge about sprint interval running [14]. This is unfortunate, as running is a basic and popular type
of exercise. More importantly, there are several fundamental differences between cycling and running
exercise. Power output during sprint exercise is substantially higher in cycling than in running [15].
There are also several physiological differences, such as higher heart rate (HR), higher fat oxidation
and higher muscle mass activation in running than in cycling [16,17]. Thus, results from sprint interval
cycling may not be directly applicable to sprint interval running [18].

Only a few previous studies have investigated the effects of sprint interval running. In most of
these studies, SIT is added to the training program of trained endurance athletes [19–21]. However,
one previous study has compared the effect of sprint interval and traditional endurance running in
healthy untrained subjects [22]. Macpherson et al. [22] reported similar improvements of VO2max

and endurance performance after SIT and continuous running at moderate intensity. Interestingly,
VO2max improved in the SIT group without affecting cardiac output, whereas continuous running
increased cardiac output, as expected. The study by Macpherson et al. [22] revealed that sprint
interval running and continuous running produced similar improvements of aerobic performance,
but still caused training-specific physiological adaptations. Because there is limited data available on
this topic, it is of great interest to investigate training-specific adaptations of sprint interval running
and continuous running.

The purpose of this study was therefore to compare performance and health related adaptations
of continuous training (CT) and SIT, performed as running, on VO2max, 20 m shuttle run performance,
repeated sprint ability (RSA) and the physiological response to submaximal exercise. We hypothesized
that both types of training would improve VO2max and 20 m shuttle run similarly, and that
training-specific adaptations would occur at submaximal exercise in favor of CT and during RSA in
favor of SIT.

2. Materials and Methods

2.1. Participants

Participants were recruited through the official webpage of the Norwegian School of Sport
Sciences, and printed and electronic flyers posted in various places in the local area of northern Oslo
and in social media, respectively. Forty-eight subjects volunteered and were screened for participation.
The inclusion criteria for participation were: (1) non-smokers; (2) body mass index (BMI) < 30 kg·m−2;
(3) no cardiovascular or metabolic disease; (4) no systematic endurance training during the last two
years (≤2 sessions per week). Twenty-nine subjects met these criteria and were invited to participate.
Subjects were matched based on gender and VO2max, and then randomly assigned by coin toss
to either CT or SIT. Four subjects dropped out during the training intervention; One dropped out
during week 1 due to receiving a job offer (CT, male 21 years), one, during week 2, after realizing
that participation in the intervention was not compatible with his life situation (SIT, male, 21 years),
one during week 5, due to unspecified reasons (CT, male, 22 years), and one during week 8, due to
moving to a different region (SIT, female, 22 years). Thus, 25 subjects (9 males and 16 females)
completed the training intervention.

2.2. Training Protocol

Both groups completed eight weeks of training. Each week consisted of three training sessions,
separated by at least one resting day. Training sessions were organized and supervised by qualified

43



Int. J. Environ. Res. Public Health 2020, 17, 3865

instructors. Subjects were occasionally allowed to perform sessions at home if participation in
organized sessions was problematic. The training intensity was controlled during all sessions by heart
rate monitors (Polar Sport Tester RS800CX, Polar Electro, OY, Kempele, Finland). An adherence of
>85% (19 of 24 training sessions, including sessions performed at home) was required. Subjects were
instructed to maintain their normal diet and lifestyle throughout the intervention.

The CT group was instructed to maintain an intensity corresponding to 70–80% HRpeak at all
training sessions. Organized training sessions were performed on slightly undulating terrain. During
the first week, the CT group performed 30 min of running. The time then increased by five minutes per
week, up to a total of 60 min. The SIT group consisted of 30 s sprints at near maximal effort, with three
minutes of rest between each sprint. The training intensity of SIT sessions was evaluated subjectively
during sessions, while the HR data was used to verify that the individual participant did not have
a session or interval that deviated from their usual level of effort. During the first week, the SIT group
performed five sprints per session. The number of sprints then increased gradually, until a total of 10
sprints per session in weeks 7 and 8. When the number of sprints reached seven, subjects were given
six minutes of rest midway through the training session. All sprints were performed on slightly uphill
terrain. Prior to all training sessions, the CT group performed a ten-minute warm-up at an intensity
corresponding to 60–75% of HRpeak. The SIT group performed a ten-minute warm-up at an intensity
corresponding to 60–85% of HRpeak, followed by three incremental strides of about 80 m. After each
training session, all subjects performed five minutes of walking or running at intensities below 70% of
HRpeak. The training volume in CT and SIT was not matched.

2.3. Measures

Incremental treadmill test to exhaustion. The test was performed on a motorized treadmill
(Woodway pps55 sport, Woodway Gmbh, Weil an Rhein, Germany). Oxygen consumption (VO2)
was measured through a 2-way mouthpiece (Hans Rudolph Instr., Shawnee, KS, USA) and a sling,
which was connected to an O2 and CO2 analyzer (Oxycon Champion, Jaeger Instruments, Hoechberg,
Germany). Samples of O2 and CO2 were collected continuously from a mixing chamber, with average
values obtained over 30-s intervals. The gas analyzer was calibrated before each test with ventilated
indoor air and standardized gas concentrations, to span the concentration range observed during
exercise. The expired volume was measured with a turbine (Triple V volume transducer, Leipzig,
Germany), and volume calibration was performed regularly with a 3-L syringe.

The incremental test to exhaustion followed current recommendations for test duration [23],
and was performed according to the standard protocol of the Norwegian Olympic Sports Centre
(see e.g., [24]). Prior to the pre-test, subjects performed two familiarization tests to reduce the learning
effect, following the recommendations of Edgett et al. [25]. Identical procedures were conducted for
familiarization, pre- and post-test. All subjects performed a 15-min warm-up of gradually increasing
intensity. The last five minutes of the warm-up were performed with an inclination of 5.3%, as
was the incremental test. The starting speed was chosen in order to exhaust the subjects after ~5
min. Running speed was initially increased by 1 km·h−1 every minute. At the end of the test,
running speed was either maintained or increased by 0.5 km·h−1, to allow at least one minute running
at the final speed. VO2max was determined as the average of the highest values achieved over
two subsequent 30-s measurements. Verbal encouragement was given throughout the test. Two
minutes after completion, a capillary blood sample was obtained and 20 µl of blood was injected
into a lactate analyzer (1500 SPORT, YSI Inc., Yellow Springs Instr., Yellow spring, OH, USA), with
the help of a standard injector. The lactate analyzer was calibrated before each test with a 5.0 mM
lactate standard. The main criterion for evaluating whether VO2max was achieved was a plateau in
oxygen consumption. A levelling-off of the VO2 curve was used in conjunction with a lactate value
≥ 6 mmol·l−1 and respiratory exchange ratio (RER) > 1.10 as secondary criteria. HR was monitored
throughout the test (Polar Sport Tester RS800CX, Polar Electro, OY, Kempele, Finland) and the highest
value achieved was defined as HRpeak.
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Submaximal treadmill test. The submaximal treadmill test was conducted with the same equipment
as described above and consisted of four stages of five minutes on a motorized treadmill. The running
speed at each stage was individualized based on each subject’s VO2max and a general relationship
between running speed and VO2. This relationship was estimated based on data from a pilot study.
The purpose of the procedure was to establish four individualized stages of gradually increasing
running velocities at approximate intensities of 50%, 60%, 70% and 80% of VO2max. The same velocity
(absolute intensity) was used for both the pre- and post-test. Measurements of VO2 and RER were
made between the third and fourth minute. After the fourth minute, the mouthpiece was removed
and HR was monitored until the end of the stage. Between each stage, the subjects were given one
minute rest for measurement of lactate, as described above. The post-test was conducted at the same
running velocities as the pre-test. Running economy (RE; mL·kg−1·km−1) was defined as VO2 divided
by body mass and running speed. O2 pulse (mL·beat−1) was calculated by dividing VO2 (mL·min−1)
by HR (beat·min−1).

Training adaptations at the same relative intensity were evaluated by examining the running
speed that elicited the VO2 value closest to 70% of the individual subject’s VO2max. This intensity was
chosen because it produced the least variation in VO2 values.

Repeated sprint test. After completing the submaximal treadmill test, all subjects performed
a 5·60 m repeated sprint test in an indoor sports hall. The test was considered appropriate to induce
the performance decrement associated with repeated sprint exercise [26]. All subjects performed
a test-specific warm-up prior to the sprint test consisting of 3·60 m incremental runs. The sprints were
performed with a 1 m flying start and each sprint was separated by 30 s of rest. Time was measured by
photoelectric detectors (Brower Speed Trap II Timing system, Brower Timing system, Salt Lake USA).
Verbal encouragement was given throughout the test.

20 m shuttle run test. The 20 m shuttle run test procedure was the same as previously described [27].
In short, subjects ran repeatedly between two lines, 20 m apart. The test started at a running speed of
8.5 km·h−1, which then increased by 0.5 km·h−1 per minute. The test was terminated when subjects
failed to reach the 20 m line before the signal on two successive occasions. To stimulate competition,
the subjects ran in groups.

2.4. Procedures

All tests were performed before and after the training interventions. The submaximal treadmill
test and the repeated sprint test were performed on the same day, and only separated by the time to
relocate from the laboratory to the sports hall. All other tests were separated by at least one resting day.
Subjects were familiarized with testing procedures to minimize any potential learning effect.

The data for this study were collected in relation to a larger study [28]. The study was approved
by the Regional Ethics Committee of Oslo, Norway (ref. number 2010/1567-1) and was performed
according to the Declaration of Helsinki. All subjects were informed about the purpose of the study
and associated risks before they gave their written informed consent to participate.

A few subjects did not obtain valid results for all tests due to sickness, injury and unspecified
withdrawal from the study. These subjects were excluded from both pre and post analysis for these
particular tests. The number of participants for each test is stated in the captions of tables and figures.

2.5. Analysis

Data are presented as group means ± SEM. All statistical analyses were performed in SPSS version
18 (SPSS inc., Chicago, IL, USA). The assumption of normality was evaluated by a Shapiro–Wilk
test. Student’s paired t-test was used to investigate within-group differences, and a Student’s
unpaired t-test was used to investigate between-group differences. A repeated measures ANOVA with
a Greenhouse–Geisser correction was used to evaluate a potential increase in VO2max as a function of
the number of tests performed before the intervention. In cases where data was not normally distributed,
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a Wilcoxon signed-rank test was used to verify within-group differences, and a Mann–Whitney test
was used to verify between-group differences. Statistical significance was accepted at the p < 0.05 level.

3. Results

The number of females in each group was eight, while the number of males was four in CT and five
in SIT. The mean age, height, weight and BMI was 25 ± 1 years, 175 ± 2 cm, 72.6 ± 3.8 kg and 23.6 ± 0.9
kg·m−2 in CT at the start of the intervention. In SIT, the mean age, height, weight and BMI was 25 ± 1
years, 173 ± 3 cm, 71.2 ± 4.1 kg and 24.0 ± 0.8 kg·m−2. There was no statistical difference between
groups and these characteristics did not change during the intervention. Heart rate registrations
at all training sessions confirmed that the subjects performed the training as recommended, including
the sessions performed at home (19% of sessions). Three participants experienced minor injuries
during the training intervention, including one injury unrelated to the intervention. All three were in
the SIT group, and all managed to complete > 85% of training sessions.

Maximal oxygen consumption and 20 m shuttle run performance. Maximal oxygen uptake was
measured three times prior to the intervention, and VO2max increased from test to test. The repeated
measures ANOVA revealed that VO2max increased from 48.2 ± 1.1 at the first familiarization test to
49.3 ± 1.3 in the second, and eventually to 49.9 ± 1.3 mL·kg−1·min−1 at the third test when combining
both groups (F(1.434, 28.683) = 10.320, p < 0.01). VO2max was improved in both CT (p < 0.05) and SIT
(p < 0.01) after training (Table 1). The improvement of VO2max corresponded to a 3.8% increase in CT
and 5.5% in SIT. The increase in VO2max varied between subjects and five subjects did not increase
VO2max (Figure 1). In accordance with the improved VO2max, both groups also increased maximal O2

pulse (p < 0.05) and the number of laps performed on the 20 m shuttle run test (CT p < 0.05; SIT p < 0.01).

Figure 1. Individual change in maximal oxygen consumption (VO2max) after eight weeks of either
continuous training (CT) or sprint interval training (SIT) (one subject in CT did not experience
any change).

Repeated sprint test. Both the CT and SIT groups improved sprint performance for the first
sprint (Table 2) and thereby improved maximal 60 m sprint performance. Both groups also improved
performance on all successive sprints. However, the SIT group performed better than the CT group on
sprints number four (p < 0.05) and five (p < 0.05) after the intervention (Table 2).
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Table 1. Parameters of maximal endurance performance before and after eight weeks of continuous
training (CT) and sprint interval training (SIT).

CT SIT

Pre Post Pre Post

VO2max (mL·kg−1·min−1) 47.9 ± 1.5 49.7 ± 1.5 * 50.5 ± 1.6 53.3 ± 1.5 *
Maximal O2 pulse 17.4 ± 1.0 18.1 ± 1.0 * 18.0 ± 1.0 19.2 ± 1.0 *

Laps 71.5 ± 6.1 79.4 ± 5.2 * 69.5 ± 3.8 81.7 ± 4.0 *

Values are mean ± SEM. CT, n = 12 (4 males, 8 females). SIT, n = 13 (5 males, 8 females). VO2max, maximal
oxygen consumption; O2 pulse, oxygen pulse; Laps, number of laps completed during the 20 m shuttle run test.
* Statistically significant difference from pre (student’s t-test), p < 0.05. There were no statistically significant
differences between groups.

Table 2. Performance on the repeated sprint test before and after eight weeks of continuous training
(CT) and sprint interval training (SIT).

CT SIT

Pre Post Pre Post

Time (s) %dec. Time (s) %dec Time (s) %dec Time (s) %dec

1. 60 m 9.92 ± 0.25 9.69 ± 0.26 * 9.64 ± 0.26 9.20 ± 0.21 *
2. 60 m 10.44 ± 0.33 5.2 10.06 ± 0.27 * 3.8 9.98 ± 0.23 3.5 9.48 ± 0.18 * 3.0
3. 60 m 10.76 ± 0.29 8.5 10.31 ± 0.23 * 6.4 10.27 ± 0.22 6.5 9.89 ± 0.20 * 7.5
4. 60 m 10.87 ± 0.30 9.6 10.54 ± 0.23 * 8.8 10.37 ± 0.25 7.6 9.91 ± 0.19 *,† 7.7
5. 60 m 10.93 ± 0.21 10.2 10.70 ± 0.22 * 10.4 10.53 ± 0.25 9.2 9.96 ± 0.20 *,† 8.3

Values are mean ± SEM. CT, n = 10. SIT, n = 11. %dec = percent performance decrement compared to the fastest
sprint time * Statistically significant difference from pre.† Statistically significant difference from CT (student’s t-test),
p < 0.05.

Physiological response to submaximal exercise at the same absolute intensity. The submaximal
treadmill test was performed at the same velocity, before and after the intervention. Both groups ran
at a lower percentage of VO2max after eight weeks of training (Table 3). The CT group decreased VO2

at all stages (i.e., running economy), while the SIT group decreased VO2 at stage 4 and RE at stages
2 and 4 (Table 3). HR was lower after CT at all stages (p < 0.01), but remained unchanged after SIT
(Table 3). O2 pulse at submaximal intensities did not change in any group (Table 3).

Physiological response to submaximal exercise at the same relative intensity. Adaptations to
running, performed at the same relative intensity before and after the intervention, were evaluated
at the velocity closest to 70% VO2max. At this intensity, HR remained unchanged after CT, while O2

pulse increased by 0.6 mL·beat−1 (p < 0.05; Table 4). In contrast, HR increased (p < 0.05) and O2 pulse
remained unchanged after SIT (Table 4). RER was reduced at 70% VO2max after CT (p < 0.05), but not
statistically significant after SIT (p = 0.07; Table 4). Lactate was reduced at 70% of VO2max in both
groups after the intervention.
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Table 4. Physiological responses to running at the velocity closest to 70 percent of maximal oxygen
consumption, before (pre) and after (post) eight weeks of either continuous training (CT) or sprint
interval training (SIT).

CT SIT

Pre Post Pre Post

Velocity (km·h−1) 8.7 ± 0.4 9.7 ± 0.3 * 8.8 ± 0.4 9.6 ± 0.3 *
% VO2max 70.5 ± 0.9 71.4 ± 0.7 70.3 ± 0.7 70.2 ± 0.6
% HRpeak 84.3 ± 1.0 85.1 ± 0.9 81.9 ± 1.6 84.9 ± 1.4 *

O2 pulse (mL·beat−1) 14.5 ± 0.9 15.1 ± 0.9 * 15.7 ± 1.0 16.0 ± 0.9
RER (VCO2·VO2

−1) 0.94 ± 0.01 0.91 ± 0.01 * 0.93 ± 0.01 0.91 ± 0.01
Lactate (mmol·l−1) 2.62 ± 0.16 2.18 ± 0.19 *,# 2.33 ± 0.12 2.03 ± 0.15 *,#

Values are mean ± SEM. % VO2max, percent of maximal oxygen consumption; % HFpeak, percent of peak heart
rate; O2 pulse, oxygen pulse; RER, respiratory exchange ratio. CT, n = 11. SIT, n = 13. Values for % HFpeak and O2
pulse represents only 12 subjects in SIT. * Statistically significant difference from pre (student’s t-test), p < 0.05.
# Statistically significant difference from pre (verified by Wilcoxon signed rank test), p < 0.05. There were no
statistically significant differences between groups.

4. Discussion

The main findings of the present study were that both training protocols increased VO2max

and shuttle run performance, but also produced training-specific adaptations. The SIT group performed
better than the CT group on the last two 60 m sprints, while only CT improved HR and O2 pulse
adaptations at submaximal intensities.

The higher VO2max in both groups after eight weeks of training holds implications for both
performance and health, and is supported by previous research, showing a comparable improvement
of VO2max after sprint interval running and cycling [4,22]. Interestingly, previous research suggests
that the adaptations that lead to the comparable improvement of VO2max are different in the two
types of training interventions. Macpherson et al. [22] showed that continuous endurance running
improved maximal cardiac output, while sprint interval running did not. These reports suggest that
the improvement of VO2max in the present study was due to peripheral adaptations [5,6]. Importantly,
the increase in VO2max varied substantially between participants whether they performed CT or SIT,
and five subjects did not increase their VO2max, even though the training was supervised by qualified
instructors, and heart rate recordings confirmed that the training was performed with the recommended
HR. These data agree with previous studies showing large variation in the increase in VO2max after
endurance training [29,30]. Genetic variation has been suggested to explain differences in the increase
of VO2max, but research also suggests that a large number of genetic variations collectively determine
increases in VO2max [31]. No genetic variation predicting has so far been validated.

The increase of VO2max observed after endurance exercise is caused by an improvement of cardiac
output and/or arteriovenous oxygen difference [32], which results in higher VO2 per heartbeat (i.e., O2

pulse). At submaximal intensities, an increased O2 pulse results in lower HR [32]. In the present study,
HR was reduced after CT at all submaximal velocities, while it remained unchanged after SIT. However,
the participants improved running economy, which precludes the comparison of cardio-respiratory
adaptations at the same absolute intensities. Therefore, to investigate the submaximal training
adaptations independent of running economy, we examined HR and O2 pulse at the same relative
intensity (~70% VO2max), pre and post training. At ~70% VO2max, O2 pulse increases after CT as
expected (please see Table 4). In contrast, SIT did not change O2 pulse at ~70% VO2max and HR was
higher after the training intervention, supporting Macpherson et al. [22], who reported unchanged
cardiac output after sprint interval running. Increased cardiac output leads to higher O2 pulse
and decreased HR at submaximal intensities [31]. The limited cardiac adaptations after SIT in
the present study suggest that CT is a superior option for cardiac adaptations, which holds implications
for the health benefits of SIT, as improved cardiac function is an important part of the health benefits of
exercise [33].
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Several studies have shown that SIT increases the expression of oxidative enzymes in skeletal
muscle [3,5,6]. In the present study, blood lactate and RER were reduced after both CT and SIT
(although p = 0.07 for RER in SIT at 70% VO2max). It is well known that lactate production and RER
are influenced by the oxidative capacity of skeletal muscle [34] and, thus, our results suggest that
both CT and SIT improved the oxidative capacity of skeletal muscle. Results from the 20 m shuttle
run test also revealed that both groups improved endurance performance and that the improvement
was similar in both groups. These results are in accordance with previous investigations of both
sprint interval cycling and running [3,22]. Endurance performance is a complex characteristic that
is dependent on several factors, which makes it difficult to identify any single factor responsible for
improved performance. Several adaptions could potentially contribute to the improved endurance
performance observed in this study, but the correlation between the change of VO2max and the change
of 20 m shuttle run performance (r = 0.56, p = 0.01) suggest that VO2max is central.

Results from the test of repeated sprints showed that both CT and SIT improved the performance
of the first sprint and thereby improved maximal sprint performance. Improved maximal 60 m sprint
performance after CT may be surprising based on the “slow paced” nature of the training intervention.
However, previous research has reported similar results for untrained people, including two studies
of endurance cycling reporting improved sprint performance after continuous training [34,35].
The mechanisms behind these improvements are uncertain, but mechanical efficiency has been
suggested as the most important factor [35]. In the present study, CT improved RE, which is a common
measure of mechanical efficiency [36]. Improved RE could therefore offer an explanation for improved
maximal sprint performance after CT. Improvements of mechanical efficiency is often associated with
increased stiffness of muscles and tendons, but improved running technique by wasting less energy
on braking forces and excessive vertical oscillation may be a likely cause for the improvement in
CT [36], since the participants were inexperienced runners with a high potential for improving running
technique. Improved maximal running velocity after SIT has previously been reported [22], and is
supported by findings of improved peak power after sprint interval cycling [4,8,9,19].

Both groups also improved repeated sprint ability. These results are in accordance with
previous studies that have investigated RSA after continuous training and high intensity interval
training [34,35,37]. Interestingly, the SIT group performed better than the CT group on sprints number
four and five after the intervention, thus demonstrating a superior ability to resist fatigue. The reason
for the improved performance on the last two sprints could be related to the ability of SIT to increase
muscle buffer capacity and levels of anaerobic enzymes [3,6], and to prevent metabolic and ionic
perturbation during high-intensity exercise [8]. All of these adaptations can potentially improve
performance during repeated sprint exercise [26]. The benefit of improved buffer capacity and ability
to prevent ionic and metabolic perturbations would be progressively more beneficial during repeated
sprint exercise, which may explain why SIT performed better at sprint number 4 and 5, and not 1, 2
and 3.

Some limitations in the present study need to be recognized. The number of participants included
in this study was based on an a priori power analysis for the between group comparison of VO2max.
However, the statistical power may still be limited for the other comparisons in this study, in particular
for tests with missing data. The results at the 70% intensity should be considered carefully. As explained
in the methods, running speed was not adjusted to exactly 70% VO2max and there was some individual
variation in running intensity from pre- to post-test. However, these variations were small, and mean
relative intensity varied by less than one percentage-point between pre- and post-test (Table 4).
The majority of participants were female, and although training groups were gender matched, we did
not control for oral contraceptive use and menstrual cycle phase. Furthermore, high intensity exercise
is commonly associated with increased risk of injury [38], and in the present study, we were unable to
prevent the occurrence of injuries in the SIT group, despite a standardized warm-up and supervision
of highly qualified personnel. Strengths of this study include the fact that heart rate was recorded
at all training sessions, and that both females and males were included. Furthermore, a substantial
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effort was made during familiarization, to reduce the potential impact of a learning effect on VO2max

from pre- to post-test. VO2max did increase during the familiarization process, but levelled off from
the last familiarization test to the pre-test, which indicates that the efforts was successful at minimizing
the learning effect in this study. However, the inclusion of the familiarization tests in addition to
an already high number of pre-tests may have resulted in some minor training adaptations before
the onset of the training interventions.

5. Conclusions

In conclusion, both types of training produced similar improvements of VO2max, endurance
capacity and sprint performance. Despite these similarities, O2 pulse and HR during submaximal
exercise was improved after CT only, which suggests superior adaptations of cardiac health after CT
compared to SIT. In addition, SIT improved RSA significantly more compared to CT. The present study
therefore suggest that training-specific adaptations occur after sprint interval running and continuous
running with moderate intensity. The presumption of training-specific adaptations should be taken
into consideration when composing an optimal endurance training program.
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Abstract: This study aimed to compare immediate changes in the thickness of the rectus femoris (RF),
vastus intermedius (VI), vastus lateralis (VL), vastus medialis (VM), and vastus medialis oblique
(VMO) muscles after open kinetic chain exercise (OKCE) and closed kinetic chain exercise (CKCE)
and identify the effect of both exercise types on each quadricep muscle for early rehabilitation to
prevent knee joint injury. Twenty-six healthy participants (13 males and 13 females) were randomly
divided into the OKCE (n = 13) and CKCE (n = 13) groups. The thickness of their quadriceps muscles
was measured using a portable ultrasonic imaging device before and after exercise in the sequence RF,
VI, VL, VM, and VMO. A two-way repeated measures analysis of variance was used to compare the
thickness of each component of the quadriceps muscles between the two groups. The thickness of the
RF, VL, VM, and VMO muscles increased after OKCE, and the thickness of the VI muscle showed the
greatest increase with a medium–large effect size (F = 8.52, p = 0.01, and d = 0.53). The thickness of
the VI, VL, VM, and VMO muscles increased after CKCE, and the VMO muscle had the largest effect
size (F = 11.71, p = 0.00, and d = 1.02). These results indicate that the thickness of the quadriceps
muscles can be selectively improved depending on the type of exercise.

Keywords: quadriceps atrophy; vastus intermedius; vastus medialis; vastus medialis oblique; muscle
hypertrophy; resistance exercise; type of exercise

1. Introduction

The quadriceps femoris muscle belongs to the primary muscle group that is involved in the
function of the knee joint. Various sports injuries could result in altered quadriceps characteristics,
such as muscle strength, activation, mass, and size of the quadriceps [1–4]. Previous studies have
reported weakness and atrophy of quadriceps muscles after knee joint injuries [2,5]. Recovery of these
muscles to their pre-injury state is needed to restore the function of the knee joint [6–8]. The quadriceps
femoris muscle is made up of five specific muscles—the rectus femoris (RF), vastus intermedius (VI),
vastus lateralis (VL), vastus medialis (VM), and vastus medialis oblique (VMO). Although this group
of muscles normally functions as a knee extensor, previous studies have reported a specific function
of each muscle component. The RF is a biarticular muscle that connects the hip joint to the knee
joint and acts as a primary knee muscle extensor; 33% force is exerted while bending the hip joint [9].
The VM is a primary knee extensor muscle, and the VMO muscle acts as a medial stabilizer of the
patella [10]. Although the VMO muscle is weaker than the VL muscle, it controls the lateral deviation
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of the patella [11,12]. The imbalance of forces between the VM and VL muscles results in patellar
instability, causing movement dysfunction and inducing patella femoral pain syndrome (PFPS) [13].
Each quadriceps muscle has a specific role in movement; hence, it is necessary to investigate the
characteristic of each quadricep muscle for functional improvement.

Open kinetic chain exercise (OKCE) and closed kinetic chain exercise (CKCE) are the types of
exercise based on the fixed point of the extremity during movements. Although they have been used
in the clinical field, each exercise has a specific purpose and characteristics. OKCE is considered less
functional than CKCE, but it plays an important role in improving muscle strength during rehabilitation
in patients with a limited range of motion [14]. Additionally, it improves the muscle strength of
each quadricep muscle or the entire muscle without compensating the movement [15]. CKCE can be
performed by applying varying ranges of motion with a functional speed. This type of exercise requires
action of the antagonistic muscles to eccentrically control the movements by providing stability to the
damaged joints [16]. Therefore, CKCE has been recommended in the early stages of rehabilitation after
the anterior cruciate ligament reconstruction (ACLR) [14].

In previous studies evaluating the effects of OKCE and CKCE on the quadriceps femoris
muscle [14,17,18], the activity of the RF muscle increased by 45% after OKCE compared to that after
CKCE [14]. In another study, OKCE was effective for the activation of the quadriceps muscles during
the first two weeks of rehabilitation [17] and restoring the ratio of the VM muscle to the VL muscle
after knee joint surgery [18]. In a recent study, muscle thickness was considered a significant factor
for identifying muscle strength and knee extension torque, and joint functions were predicted by the
thickness of the VI and VMO muscles after ACLR [19]. While these previous investigations revealed
the different effects on quadriceps activity by exercise type and the importance of muscle thickness, the
acute effect on the thickness of each quadricep muscle after OKCE and CKCE was not investigated.
Therefore, this study aimed to compare the acute effect of OKCE and CKCE on the thickness of
each quadricep muscle. We hypothesized that there is a significant difference in the thickness of the
quadricep femoris muscles before and after OKCE and CKCE.

2. Materials and Methods

2.1. Participants

Twenty-six healthy adults (13 males and 13 females; age: 24.3 ± 3.8 years; height: 169.3 ± 7.2 cm;
weight: 66.4 ± 12.9 kg; and body mass index (BMI) [17]: 23 ± 3.6 kg/m2) who participated in this
study were randomly divided into the OKCE (n = 13; male: 8, female: 5) and CKCE (n = 13; male: 7,
female: 6) groups. Participants having current knee joint pain and those who had undergone surgeries
of the lower back and extremities in the past 6 months were excluded from the study. The general
characteristics of the study participants are shown in Table 1. All participants signed an informed
consent form after understanding the purpose of the study. All procedures were approved by the
University’s Institutional Review Board (Study ID: 190404).

Table 1. General characteristics of the study participants.

Characteristics OKCE (n = 13) CKCE (n = 13) p-Value

Age (years) 23.5 ± 1.7 25.1 ± 5.1 0.30
Height (cm) 170.2 ± 6.5 168.4 ± 8.0 0.53
Mass (kg) 67.8 ± 15.6 65.1 ± 9.8 0.61

BMI (kg/m2) 23.2 ± 4.6 22.9 ± 2.5 0.82

Values are presented as the mean ± standard deviation (SD). OKCE: open kinetic chain exercise; CKCE: closed
kinetic chain exercise; BMI: body mass index.
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2.2. Study Design

The study design is presented in Figure 1. All participants visited the laboratory for a day during
the period of the study. Before the exercises, the thickness of the quadriceps muscles was measured
using a portable B-mode ultrasound device (Healcerion, Seoul, Korea) with a linear-array transducer
(7.5 MHz). The ultrasound device was set for gain (dB), depth (5 cm), and frequency (12 MHz) for all
images. Each participant in the OKCE and CKCE groups performed three exercises and the thickness
of their quadriceps muscles was measured in the same position immediately after the exercises.
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2.3. Experimental Methods

2.3.1. Muscular Thickness Measurement

Ultrasound images were obtained using a portable ultrasonic imaging device and a portable
tablet personal computer (IPad, Foxconn, Taipei, Taiwan). All muscle thickness measurements were
performed by one investigator. Previous investigations reported excellent intra-rater (Intraclass
Correlation Coefficients (ICCs) 0.95–0.97) and acceptably good inter-rater (ICCs 0.62–0.90) reliability of
the quadriceps thickness measurements using ultrasound [20,21]. To measure the thickness of each
quadricep muscle, the participants were made to lie in a supine position to prevent external hip rotation.
The leg of the participants that was farthest away from the ball was considered the dominant leg [22].
The dominant leg of the participants was assessed after the participants were made to lie in a supine
position with both legs fully extended for 10 min to stabilize the fluid shifts [23]. A water-soluble gel
that was applied between the transducer and skin enhanced the acoustic contact and reduced the risk
of image misinterpretation [24]. The transversal images of the quadriceps muscles were acquired in the
sequence RF, VI, VL, VM, and VMO. To obtain the images, a virtual line was marked along the length
of the thigh from the superior pole of the patella to the anterior superior iliac spine (ASIS). The RF and
VI were measured on and at 50% of the virtual line. In order to measure VL, thigh circumference at 50%
of the virtual line was measured, and then VL was measured as 10% of the measured circumference
distance laterally from the virtual line. The VM muscle was measured at 20% distance of the virtual
line, and then the circumference was measured on the same point. Once the measurement of the
circumference was completed, VM was measured at 12.5% of the measured circumference distance
medially from the virtual line [25]. The VMO muscle was measured 4 cm superior and 3 cm medial of
the superior pole of the patella (Figure 2) [26]. The gain was adjusted until the femur was in the center
of the screen such that the boundary of the muscle was visible, and then the depth of the image was
measured. Images of each muscle were recorded three times. The ultrasound images were saved for
further analysis after the muscle thickness was measured.

56



Int. J. Environ. Res. Public Health 2020, 17, 4669

Int. J. Environ. Res. Public Health 2020, 17, x 4 of 11 

 
Figure 2. Location of quadriceps thickness measurement. RF: rectus femoris; VI: vastus intermedius; 
VL: vastus lateralis; VM: vastus medialis; VMO: vastus medialis oblique. 

2.3.2. Exercise 

The National Strength and Conditioning Association standard states that 3–6 sets of an exercise 
at 6–12 repeated maximums (RM: 67–75% of 1 RM) is effective for muscle hypertrophy [27]. Therefore, 
the intensity of the exercises was set at 10 RM. The participants performed three sets of exercises with 
10 repetitions each, with a 60-s rest between sets [28]. 

2.3.3. Open Kinetic Chain Exercise 

OKCE consisted of leg extension, short-arc, and straight leg raise exercises. Leg extension and 
short-arc exercises were performed using an exercise machine and straight leg raise exercise was 
performed as a free-weight exercise (Figure 3). 
1. Leg extension exercise 

• Participants were positioned on the center of the back of a machine such that their thighs, 
backs, and heads were not tilted on one side. Their knees were aligned in a straight line 
along the axis of the machine and their hips and thighs were positioned such that the back 
of their knees touched the edge of the chair. The starting position was set at a flexion of 90°. 
The knees of the participants were not in hyperextension or hyperflexion during the 
exercise and their upper body was stationary [27]. 

2. Short-arc exercise 
• The short-arc exercise was performed using a knee extension exercise machine. Although 

the participant was positioned in the same way as that of the leg extension exercise, the 
starting position of the knee was at a flexion of 20°. Participants performed knee extensions 
and a hold of 2–3 s in the fully extended position. 

3. Leg Raises Exercise 
• Sandbags with a predetermined weight of 10 RM were attached to ankle of each of the 

participant. They initiated a straight leg raise while lying on the table with both hands on 
their chest and one leg extended. The other leg was stabilized at the knee flexed with 90°. 

 

Figure 2. Location of quadriceps thickness measurement. RF: rectus femoris; VI: vastus intermedius;
VL: vastus lateralis; VM: vastus medialis; VMO: vastus medialis oblique.
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The National Strength and Conditioning Association standard states that 3–6 sets of an exercise at
6–12 repeated maximums (RM: 67–75% of 1 RM) is effective for muscle hypertrophy [27]. Therefore,
the intensity of the exercises was set at 10 RM. The participants performed three sets of exercises with
10 repetitions each, with a 60-s rest between sets [28].

2.3.3. Open Kinetic Chain Exercise

OKCE consisted of leg extension, short-arc, and straight leg raise exercises. Leg extension and
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1. Leg extension exercise

• Participants were positioned on the center of the back of a machine such that their thighs,
backs, and heads were not tilted on one side. Their knees were aligned in a straight line
along the axis of the machine and their hips and thighs were positioned such that the back of
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their knees touched the edge of the chair. The starting position was set at a flexion of 90◦.
The knees of the participants were not in hyperextension or hyperflexion during the exercise
and their upper body was stationary [27].

2. Short-arc exercise

• The short-arc exercise was performed using a knee extension exercise machine. Although
the participant was positioned in the same way as that of the leg extension exercise, the
starting position of the knee was at a flexion of 20◦. Participants performed knee extensions
and a hold of 2–3 s in the fully extended position.

3. Leg Raises Exercise

• Sandbags with a predetermined weight of 10 RM were attached to ankle of each of the
participant. They initiated a straight leg raise while lying on the table with both hands on
their chest and one leg extended. The other leg was stabilized at the knee flexed with 90◦.

2.3.4. Closed Kinetic Chain Exercise

The participants in the CKCE group performed three exercises—squat, lunge, and leg press. Squat
and lunge exercises were performed using a Smith machine and the leg press exercise was performed
on a linear 45◦ leg press machine (Figure 3).

1. Squat—Smith machine

• Participants were made to stand while they held a bar in pronation grip across their shoulders.
Their feet were positioned at a slightly wider distance than the shoulders and toes were
pointed slightly outside. The participants initiated the exercise in the squat position while
slowly flexing their hips and knees and keeping the body angle constant [27].

2. Lunge—Smith machine

• Participants were made to stand and a bar was placed above the posterior deltoid and upper
trapezius in pronation grip that was wider than their shoulder. They maintained a straight
posture and one foot was placed forward and the other was placed behind. Their front leg
was horizontal to the floor and their rear leg was vertical to the floor, while the knees and
hips of their front legs were bent gradually. They were instructed not to bend the front
knee past the front foot and not to bend the trunk forward. The trial was repeated if this
requirement was not met [27].

3. Leg press machine

• Participants were positioned on the center of the back of a machine such that their thigh,
back, and head were not tilted on one side and they held the handle on both sides. Their
knees were extended and their feet were positioned above the footpad within shoulder width.
Participants were seated at an angle of approximately 120◦. The knee of each participant
extended and protracted back to the starting position. The heels of the participants remained
on the footpads and the knees were not in hyperextension or hyperflexion. The upper body
of the participants remained stationary [27].

2.3.5. Ultrasound Image Analysis

The recorded ultrasound images were analyzed using Image J software (National Institute for
Health, Bethesda, MD, USA). Each image was scaled individually for converting an area in pixels to
centimeters using the straight-line function to analyze the muscle thickness [29]. According to previous
studies, the region of interest within each muscle was selected, excluding the surrounding bone and
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fascia [30–32]. Muscle thickness was defined as the widest distance between the adipose muscle upper
interface and the lower interface for all quadriceps muscles, excluding the VI muscle [33]. The VI
muscle was measured as the widest distance between the adipose muscle upper interface and the
femur (Figure 4) [33]. One middle line and two lines were placed at regular intervals on both sides
around middle line and the average values of the three lines were obtained [34]. The images were
analyzed by an investigator who was unable to see the participants’ identity. The average values of the
three images per muscle were statistically analyzed.
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2.4. Statistical Analysis

Demographic characteristics of the participants were compared between the two groups using an
independent t-test. Continuous variables, such as age, height, mass, and BMI, are presented as the
mean ± SD. A two-way repeated measures analysis of variance (ANOVA) (group: OKCE and CKCE;
by time: pre-exercise and post-exercise) compared the thickness of each quadricep muscle before and
after the exercise. A post hoc analysis was performed using the Tuckey method for a group-by-time
interaction effect. Cohen’s d effect size was calculated to determine the magnitude of change in muscle
thickness before and after exercise (small = 0.2–0.49, medium = 0.5–0.79, and large > 0.8) [35]. All data
are expressed as the mean and SD. Statistical analyses were performed using SPSS 25.0 software (SPSS
Inc., Chicago, IL, USA). A p-value < 0.05 was considered statistically significant.

3. Results

For the general characteristics, a significant statistical difference was not observed (p > 0.05)
between the groups (Table 1).

The thickness of the VI muscle increased in both groups (OKCE pre: 13.92 ± 4.08 mm, post:
15.86 ± 3.13 mm; CKCE pre: 15.3 ± 2.46 mm, post: 16.47 ± 3.66 mm). For the VI muscle, there was
a significant time effect in the thickness (F = 8.52, p = 0.01) and its effect size was greater for OKCE
(d = 0.53) than CKCE (d = 0.38) (Table 2) (Figure 4). The thickness of the VMO muscle was increased
in both groups (OKCE pre: 14.37 ± 3.50 mm, post: 15.42 ± 3.70 mm; CKCE pre: 12.59 ± 2.96 mm,
post: 15.72 ± 3.19 mm). For VMO muscle, there was a significant time effect in the thickness only
(F = 11.71, p = 0.00). While CKCE exhibited a large effect size (d = 1.02), OKCE showed a small effect
size (d = 0.29) (Table 2) (Figure 5). Finally, there was no significant time-by-group interaction, group,
and time main effect on RF, VL, and VM (p > 0.05) (Table 2 and Figure 5).
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Table 2. Comparison of the quadriceps muscle thickness between the groups pre- and post-intervention.

Muscles
OKCE CKCE

p-Value
Pre Post ES Pre Post ES

RF(mm) 19.72 ± 2.98 20.70 ± 3.70 0.29 18.71 ± 2.47 18.45 ± 3.68 −0.08 0.59

VI(mm) 13.92 ± 4.08 15.86 ± 3.13 0.53 15.30 ± 2.46 16.47 ± 3.66 0.38 * 0.01

VL(mm) 20.39 ± 2.77 20.87 ± 3.46 0.15 18.68 ± 3.00 19.77 ± 3.36 0.34 0.20

VM(mm) 25.61 ± 3.92 24.58 ± 3.95 −0.26 23.71 ± 4.51 24.83 ± 4.20 0.26 0.98

VMO(mm) 14.37 ± 3.50 15.42 ± 3.70 0.29 12.59 ± 2.96 15.72 ± 3.19 1.02 * 0.00

Values are presented as the mean ± SD. ES: Cohen’s d effect size; OKCE: open kinetic chain exercise; CKCE: closed
kinetic chain exercise; RF: rectus femoris; VI: vastus intermedius; VL: vastus lateralis; VM: vastus medialis; VMO:
vastus medialis oblique. * p < 0.05 indicates a significant difference between pre- and post-intervention within
the group.
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4. Discussion

This study aimed to compare the effects of OKCE and CKCE on the thickness of each quadricep
muscle. Previous studies have reported that many patients with lower extremity injuries developed
quadriceps atrophy after surgery or injury [36,37]. Since each quadricep muscle has different functions,
the patterns of atrophy are different [19,38,39]. Therefore, it is important to identify an appropriate
method of exercise for each quadricep muscle. In this study, the thickness of the VI muscle increased
significantly after OKCE, and the thickness of the VMO muscle increased significantly after CKCE,
resulting in the medium–large effect size. These findings suggest that the effects of OKCE and CKCE
in improving the overall thickness of the quadriceps muscles, especially in early rehabilitation training,
is appropriate for patients with ACLR or PFPS who need selective strengthening of the VI and
VMO muscles.

According to a previous study, the VMO and VL are the principle muscles that stabilize the patella
during dynamic knee extension [11]. Although the ideal ratio of the EMG activity of the VMO-to-VL
for healthy people is 1:1 [12], patients with PFPS in a previous study had a ratio of 0.54:1, resulting in a
weakening of the VMO muscle [40]. In another previous study, the ultrasonographic measurements
of the VMO muscle were smaller in individuals with PFPS knees than in healthy people [41]; this
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imbalance between the two muscles resulted in an abnormal tracking of the patella, causing joint
pain [42]. Therefore, rehabilitation exercises are important to strengthen the VMO muscles in such
patients. In the present study, a large effect size was observed in the thickness of the VMO muscle
after CKCE.

In the current study, three CKCEs were performed, including squat, lunge, and leg press; previous
investigations reported that these exercises were naturally accompanied by hip adduction with knee
joint movement [11,43]. These findings support the results of a prior study, in which CKCE with
isometric hip adduction significantly improved the ratio of VMO muscle to VL muscle compared to
OKCE, where only knee joints were involved independently [11]. An anatomic cadaver study has
suggested the origin of the VMO muscle from the distal part of the adductor magnus and has revealed
that the VMO muscle exerts a greater force after CKCE than OKCE [44]. Therefore, CKCE could be
useful during the initial stage of rehabilitation of patients with PFPS.

The VI muscle acts on knee extension torque and is essential for athletes who need explosive
movements [19]. A previous study has found a reduction in the thickness of the VI muscle in patients
with ACLR and has suggested that increasing this thickness during the early phases of rehabilitation is
a key factor for restoring the knee function [45]. In a prior study, the range of motion of the knee joint
was limited in the early stages of the knee rehabilitation program; hence, it suggests that partial muscle
strengthening exercises should be performed along with OKCE [18]. In the present study, the thickness
of the VI muscles showed medium–large effect sizes after OKCE compared to that after CKCE. OKCE
can be a more effective rehabilitation exercise than CKCE to restore the thickness of the VI muscle
after ACLR.

It could be interesting that OKCE showed the greatest influence in increasing VI thickness
compared to the other quadricep muscle components. VI is the quadriceps component that originate
from the femur and it functions in knee extension only, whereas another component helps for hip
flexion [46]. Therefore, it could be speculated that the independent movement of the knee joint, such as
knee extension during OKCE, requires the greatest efforts on VI. Additionally, VI exhibited the highest
estimated torque contribution during isometric knee extension among the quadriceps components [47],
which supports the results of the current study.

Both exercises were able to improve the thickness of the quadriceps muscles. Further, proper
methods can be used to effectively exercise the individual muscles for improvement. Hooper et al.
(2001) [48] and Perry et al. (2005) [49] have reported that although CKCE is more effective in improving
functional movements than OKCE, there is no significant difference when they were measured by
actual clinical evaluation indicators in patients with ACLR. However, sophisticated research is needed
because the results vary depending on the subjects or methods for evaluating the functions and
errors. The study has some limitations. First, it was not possible to ascertain whether each participant
performed the exercise effectively. Secondly, although both men and women participated in this study,
sex-related hormones were not checked. Thirdly, the sample size was small and the adults were healthy.
Therefore, further studies enrolling participants of different age groups and patients with various
lower-limb injuries are needed to generalize the current study results. Fourthly, exercise selection was
decided based on the feasibility of the clinical setting and it was not controlled. Finally, we obtained an
acute effect, not a long-term effect, after the intervention. Further studies are needed to compare the
muscle reactions before and after exercise as well as between acute and chronic exercise.

5. Conclusions

This study was conducted to investigate the acute effects of OKCE and CKCE on the thickness of
the five individual quadriceps muscles. The thickness of the VI muscle improved after OKCE and the
thickness of the VMO muscle increased significantly after CKCE. The findings of this study can help
athletes and patients with knee joint injuries choose the most appropriate exercise during the early
stages of rehabilitation. OKCE and CKCE should be properly used for selective strengthening of the
quadriceps muscles.
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Abstract: Background: The aim of this study was to evaluate the efficacy of a six-week dispersed
Wingate Anaerobic test (WAnT) cycle exercise training protocol on peak aerobic power (VO2peak),
isokinetic leg strength, insulin sensitivity, lipid profile and quality of life, in healthy adults. Methods:
We conducted a match-controlled cohort trial and participants were assigned to either the training
(intervention, INT, N = 16) or non-training (control, CON, N = 17) group. INT performed 30-s WAnT
bouts three times a day in the morning, afternoon and evening with each bout separated by ~4 h of
rest, performed for 3 days a week for 6 weeks. Criterion measures of peak oxygen uptake (VO2peak),
leg strength, insulin markers such as homeostatic model assessment (HOMA) and quantitative
insulin-sensitivity check index (QUICKI), blood lipids profile and health-related quality of life (HRQL)
survey were assessed before and after 6 weeks in both groups. Results: Absolute VO2peak increased by
8.3 ± 7.0% (p < 0.001) after INT vs. 0.9 ± 6.1% in CON (p = 0.41) group. Maximal voluntary contraction
at 30◦·s−1 of the dominant lower-limb flexors in INT increased significantly post-training (p = 0.03).
There were no changes in the INT individuals’ other cardiorespiratory markers, HOMA, QUICKI,
blood lipids, and HRQL measures (all p > 0.05) between pre- and post-training; but importantly, no
differences were observed between INT and CON groups (all p > 0.05). Conclusions: The results
indicate that 6 weeks of dispersed sprint cycle training increased cardiorespiratory fitness and
dynamic leg strength but had minimal impact on insulin sensitivity, blood lipids and quality of life in
the exercising individuals.

Keywords: aerobic; anaerobic; high-intensity interval training; sprint interval training;
cardiometabolic markers

1. Introduction

Exercise and a well-balanced diet are the cornerstone of good health. Engaging in regular
aerobic-type of exercise has proven to elicit several beneficial adaptations including increased
cardiorespiratory fitness, and enhanced glycemic control [1]. In line with these benefits, the World
Health Organization (WHO) recommends that adults engage in a minimum 150 min per week of
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moderate-intensity or 75 min per week of vigorous-intensity continuous aerobic physical activity to
achieve meaningful improvements in cardiorespiratory fitness and metabolic health [2]. Unfortunately,
less than 50% of the population cohort studied have met these physical activity recommendations, often
citing ‘lack of time’ as a common barrier to exercise [3,4]. In this regard, high-intensity interval training
(HIIT) has been proposed as a time-efficient intervention that can bring about similar benefits as
compared to the typically much longer duration of moderate-intensity continuous training (MICT) [5,6].

HIIT is described as an intermittent period of short intense exercise interspersed by recovery
period [6]. Two main forms of HIIT exist, known as ‘high-intensity training’ (HIT) and ‘sprint interval
training’ (SIT), respectively. HIT incorporates bouts of close to maximum intensity exercise performed
between one to several minutes at between >80% peak oxygen uptake (or VO2peak) to <100% VO2peak,
with several minutes of low-intensity recovery between bouts. SIT on the other hand, consists of
bouts of supramaximal, i.e., ‘all-out’ effort at >100% VO2peak with passive rest or light active recovery
between each sprint bout [6].

The scientific literature has shown the effectiveness of SIT in enhancing cardiorespiratory fitness [7].
The mechanisms underlying skeletal muscle metabolic adaptations to SIT however, have not fully been
elucidated [8,9]. Studies have shown that SIT increases mitochondrial capacity through activation
of peroxisome-proliferator activated receptor coactivator (PGC)-1α. PGC-1α is also known as the
‘master switch’ of mitochondrial biogenesis in muscle cells which participates in the regulation of
carbohydrate and glucose uptake, oxidative capacity, anti-oxidant defense and anti-inflammatory
pathways [6,9]. The SIT protocol of low-volume ‘all-out’ sprint bouts has the potential to increase
PGC-1α messenger-ribonucleic acid (mRNA) by multiple folds when measured post exercise [8], which
is comparable to the effects observed after a bout of continuous moderate-intensity endurance-type
exercise [10,11]. Indeed, as little as six exercise sessions of 4 to 7 bouts of 30-s ‘all-out’ sprints with
4 min recovery performed over two weeks, positively impacted the muscle’s maximal capacity to use
oxygen, or otherwise known as skeletal muscle oxidative capacity [12].

A typical example of the traditional SIT exercise protocol employs the Wingate anaerobic cycle test
(WAnT) which consists of two to four 30-s bouts of ‘all-out’ or supramaximal efforts (>100% VO2peak)
performed consecutively and interspersed with only between ~2 to 4 min of active or passive recovery
periods [12,13]. The traditional SIT exercise protocol is likened to a ‘clustered’ protocol. This ‘clustered’
WAnT protocol is known to be physically strenuous and requires high levels of self-motivation to
complete successfully [14–16]. Thus, for clustered WAnT training protocol to be more appealing,
we proposed to increase the rest periods between each of the sprint bout, in what we termed as the
‘dispersed’ WAnT protocol. In this dispersed protocol, a single 30-s WAnT bout is performed three
times a day, but with ~4 h of rest between each bout. Using this exercise protocol, for the same volume
and/or number of sprint bouts per day (e.g., 3 × 30-s cycle bouts), the dispersed protocol requires less
than half the amount of time to complete as compared to the clustered protocol due to the elimination
of recovery between the bouts (see Table 1). Thus, the dispersed protocol is deemed to be more
time-efficient. Previous research has indicated that individuals can accrue similar health benefits from
exercising in a single bout or accumulating activity from shorter bouts throughout the day [17]. With
the concept of ‘accumulated’ benefits of exercise, the dispersed WAnT protocol may be a potential
exercise strategy for individuals who are unwilling or unable to spent time in prolonged physical
activity. Indeed, two recent training studies that employed the dispersed WAnT protocol observed
improvements in VO2peak. The first was a pilot study conducted by our research group on sedentary
females, consisting of 3 × 30-s WAnT sprint bouts with 4 h of rest between bouts, 3 days per week for 8
weeks. We showed an average of ~14% improvement in VO2peak [18]. Another study that employed a
similar protocol also reported that 3 × 20-s WAnT sprint bouts with 1 to 4 h rest duration performed
for 3 days per week for a total of 6 weeks, led to ~4% improvement in VO2peak, among inactive but
moderately fit college-aged individuals [19]. These two studies showed that WAnT bouts performed in
a dispersed fashioned could result in modest improvements in cardiorespiratory fitness in trained and
untrained individuals. However, several limitations were noted in these two studies. These include
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the lack of non-training control group to quantify the magnitude of training-induced improvements,
and the effects of the dispersed WAnT protocol on other important health markers such as insulin
sensitivity, lipid profile, functional strength, and perceived quality of life were not assessed.

Table 1. Comparison of time commitment to perform a clustered vs. dispersed Wingate Anaerobic test
(WAnT) cycle exercise training protocol.

Exercise Component
Variables

Clustered WAnT
Bouts Protocol

Dispersed WAnT
Bouts Protocol

Warm-up duration 1 × 60-s = 1.0 min 3 × 60-s = 3.0 min

Bouts duration 3 × 30-s = 1.5 min 3 × 30-s = 1.5 min

Recovery duration between bouts 2 × 4 min = 8 min

~4 h
(but this duration is part of

individual’s official work time and is
hence excluded from the exercise time)

Total exercise time per day or per
session 10.5 min 4.5 min

Total exercise time per week (based
on 3 training days per week) 31.5 min

13.5 min
(~60% less time commitment vs.

clustered protocol)

Therefore, our aim in the present study was to address these limitations and provide additional
evidence of the efficacy of a dispersed WAnT cycle training protocol. Based on the findings of previous
studies [18,19], the working hypothesis of the present study was that a dispersed WAnT exercise
training protocol is effective in improving cardiovascular fitness, leg strength, insulin sensitivity and
lipid profile of healthy individuals.

2. Methods

2.1. Participants

A total of thirty-four healthy male and female participants, aged 21–45 y, were recruited from
~320 staff working for an organization whom had convenient access to the laboratory facilities where
all testing and training sessions were conducted. A validated pre-screening physical activity tool was
administered to all volunteers, followed by a screening process performed by a sport physician. This is
to ensure that participants were free from risk factors associated with metabolic, cardiovascular or
pulmonary disease, and have had no pre-existing musculoskeletal conditions that would limit their
physical function. Participants were also informed that lifestyle changes may potentially affect the
outcome of the study, and hence, were instructed to maintain their routine diet and daily activities.
The experimental procedures and potential risks were fully explained to all participants prior to
obtaining their written-informed consent. The study was approved by the institutional review board
and conformed to the Declaration of Helsinki.

A match-controlled cohort trial was carried out and volunteers were assigned to either the
training/intervention (INT) or non-training/control (CON) group. Several blocks of recruitment
exercise took place over a 16-week period. Approximately 4 to 8 participants were recruited during
each block, and they were tested for their pre-training or baseline VO2peak before being assigned to
either the INT or CON groups based on their VO2peak, age and body mass index (BMI), to ensure
similar baseline characteristics for both groups.

2.2. Pre- and Post-Experimental Procedures

All participants arrived in the laboratory in the morning after at least 8 h of overnight fasting. They
were advised to consume 500 mL of water in the morning of the test. They were instructed to abstain
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from strenuous exercise 2–3 days before the test and avoid alcohol and smoking the evening before the
test. Baseline measurements for all participants consisted of the assessment of basic anthropometric
measures, resting blood pressure (BP), resting heart rate (HR), body fat, VO2peak, blood lipids, fasting
blood glucose and fasting insulin, as well as a survey on their quality of life. After the completion of
6 weeks of training, post-training tests similar to baseline measures were obtained to determine the
efficacy of the training intervention. The post-training measures were conducted between 3 to 7 d after
the final training session.

Anthropometric measures, resting heart rate and resting blood pressure: Stature was measured in
centimeters without shoes. Body mass and body fat percentage were determined using bioimpedance
technique (Inbody770, Chungcheong, Korea) following the manufacturer’s standard procedures.
Resting BP and HR were assessed in a seated position, with the individuals seated upright on a chair
with a back support and arm positioned at chest level for a minimum of 3 min before any measurement
was taken. BP and HR measures were manually taken by the same trained physician throughout the
study. Two blood pressure measurements were taken at each time point, with a 2-min rest between
measures, and these were averaged to reduce variability.

2.3. Peak Oxygen Uptake

All participants performed a progressive exercise ramp test on a cycle ergometer (Lode BV,
Excalibur Sport, Groningen, The Netherlands) to determine their peak oxygen uptake or VO2peak.
Participants completed a standardized 3 min warm-up between 40 to 60 W. For the VO2peak test, the
cycle resistance was increased by 1 W every 3 s until volitional exhaustion. Volitional exhaustion
is determined as the physical limit beyond which the participant was no longer able to continue
the prescribed pedal rate, i.e., between 50 revolutions per min (rpm) for women and 60 rpm for
men. Subsequently, after a passive rest of ~8 min, a verification test of the initial VO2peak value was
undertaken. Based on the peak power attained in the initial test, the individual cycled at 50%, 70%,
105% for 60-s, followed by cycle to volitional exhaustion at 120%. The expired respiratory gases during
initial and verification tests were measured using a calibrated metabolic cart (TrueOne 2400MMS,
Parvomedics, East Sandy, UT, USA), and VO2peak was recorded as the highest value over a 30-s period
during the initial and verification tests. The coefficient of variation for VO2peak measurement in our
laboratory is 2% (unpublished data).

2.4. Leg Strength

As the criterion measure of dynamic leg strength, maximal voluntary contraction (MVC) was
assessed via the maximal knee extension and flexion of the dominant leg on a isokinetic dynamometer
(Biodex System 3 PRO dynamometer, Biodex Medical Systems, Shirley, NY, USA). Participants
warmed-up by cycling for 8 min followed by 3 min of dynamic stretching of the hip, knee and ankle
joints. Participants were then securely strapped across the upper body and the hips while seated
on the dynamometer chair with the arms folded across the chest. The dynamometer lever arm was
secured 2–4 cm above the ankle malleolus of the dominant leg and the participant’s knee joint was then
adjusted to align with the axis of rotation of the dynamometer lever arm. The range of motion of the
tested leg was then set accordingly for the knee extension/flexion movement. As part of familiarization,
each participant was asked to perform 5 repetitions (rep) at 300◦·s−1, followed by 3 rep at 30◦·s−1

at their perceived 50–60% submaximal effort. Subsequently, the participant was then instructed to
forcefully extend and flex the lower leg as fast as possible, at the tested speed of 30◦·s−1 and 300◦·s−1,
respectively. Each individual had to perform three reps of flexion and extension interspersed with
~15-s of passive rest between each rep. MVC was defined and recorded as the highest peak torque
(in Newton-meters, N·m) of the 3 rep. The dynamometer was calibrated prior to each testing session
and was corrected for gravity.
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2.5. Lipid Profile

Following at least 8 h of overnight fasting, venous blood sample (~5 mL) was obtained using BD
vacutainer blood collection system. The blood was kept in the refrigerator at 4 ◦C and transported
to an accredited commercial biochemistry laboratory (Quest Laboratories, Singapore) within 2 h
of the blood draw. Analyses for fasting glucose, fasting insulin, plasma triglyceride, low-density
lipoprotein (LDL)-cholesterol and high-density lipoprotein (HDL)-cholesterol were performed using
standardized procedures. The intra-assay coefficients of variation of these markers are within 3%
(Quest Laboratories, Singapore).

2.6. Insulin Resistance Markers

Fasting insulin and fasting glucose were obtained from venous blood sample (~3 mL) after an
overnight fast for at least 8 h. Two indirect indices, the Homeostatic model assessment (HOMA) and
Quantitative insulin-sensitivity check index (QUICKI), were used to estimate insulin resistance as these
measures are identified as reliable and simple indirect methods for detection of insulin sensitivity [19].
HOMA index uses the formula previously described [20]: Insulin (UM−1) × [Glucose (mmol·L−1/22.5].
The QUICKI is based on the logarithmic transformation: 1/(log insulin log glycaemia in mg·dL−1) [21].
The blood measures of glucose and insulin were performed under standardized procedures in an
accredited biochemistry laboratory (Quest Laboratories, Singapore). The intra-assay coefficient of
variation for fasting glucose and fasting insulin measures are within 3% (Quest Laboratories, Singapore).

2.7. Psychological Measures

Health-related quality of life (HRQL) was assessed using the validated Short Form-36 (SF-36)
RAND questionnaire [22]. This self-evaluated questionnaire assesses the individual’s perceived health
over the training period that includes eight sub-scales grouped into the physical component summary
(PCS) and mental component summary (MCS). An algorithm generates the total score using the
Orthotool kit SF-36 calculator. Each subcomponent was scored using a scale ranging between 0 and
100 (arbitrary units, au). The description of the scores are: 0–20 = ‘very bad’, 20–40 = ‘bad’, 40–60 =

‘moderate’, 60–80 = ‘good’ and ‘optimal’ = 80–100 HRQL [23], whereby a score closer to 100 indicates a
higher quality of life.

2.8. Exercise Training Intervention

Participants allocated to INT group performed the dispersed WAnT exercise training protocol on
a cycle ergometer (Wattbike Pro, Nottingham, UK). They were required to perform a single 30-s ‘all-out’
sprint bout three times a day, for 3 days per week over 6 weeks, for a total of 54 bouts during the study
period. Due to the challenging nature of the SIT, the duration of each cycle sprint bout commenced
with 15-s for training week 1, then increased to 20-s per bout for week 2 and finally to 30-s from week 3
to week 6. On each training day, the participant performed a total of 3 sprint bouts. Every sprint bout
was preceded with a 60-s warm-up at ~40 W or 50 W resistance, followed by a single ‘all-out’ sprint
effort. All exercise sessions were conducted in the laboratory situated within the participants’ working
environment; the estimated walking distance from the participants’ workstations to the laboratory was
between 2 to 5 min. In addition, participants were strongly encouraged to perform the cycle sprint
exercise in comfortable work attire, without the need to change into sports gear (Figure 1). About 398
of the exercise sessions (~70% of total of 568 sessions of the study) were performed in the individuals’
working attire.

It was purposefully designed that each cycle sprint bout was interspersed with at least 4 h of rest
that corresponded to their work schedule. Individuals in the INT group were encouraged to perform
their first WAnT cycle (i.e., the morning bout) before work (08:30 to 10:30), the second bout around
lunch time (afternoon bout; 12:30 to 14:30), and the last bout before leaving the office (evening bout;
16:30 to 18:30). This schedule was to mimic the work pattern of a regular office worker. In the present
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study, because of work exigencies however, the duration of the rest periods varies between and within
individuals. We recorded the actual rest duration between the morning and afternoon bouts, and
between the afternoon and evening bouts, in the INT group throughout the study (see Table 2).

Ratings of perceived exertion (RPE, Borg’s 0–10 scale) [24] and their affect (“how enjoyable is
this exercise”, using Likert scale from 1 = ‘not enjoyable at all’, 4 = ‘moderately enjoyable’, to 7 =

‘extremely enjoyable’), were administered to participants at the end of each exercise session and prior
to leaving the laboratory. The value of RPE and enjoyability post-training were summed every week
across the entire training period. Participants used the same cycle ergometer throughout the 6 weeks
of training. All training sessions were closely supervised by the two primary researchers. Participants
set their preferred cycle resistance with the assistance of the researchers during the familiarization
phase with the objective of exerting maximal power output during each cycle sprint. In the instance
that a participant missed a training session, a make-up session was organized on the next available
date, with the aim of completing all 54 training sessions within 6 ± 1 week. Participants in the CON
group were instructed to maintain their usual lifestyle habits and behavior patterns throughout the
study duration. A weekly reminder was made through telephone or text message to remind them to
not to engage in any unaccustomed exercise and to keep to their normal diet.
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Table 2. Frequencies of the rest periods between the morning and afternoon exercise bouts, and between
the afternoon and evening exercise bouts.

Duration of the Rest Periods Frequencies (%)

Between 0–1 h 0
Between 1–2 h 0.88
Between 2–3 h 17.61
Between 3–4 h 31.16

Between 4–4.5 h 50.35

3. Statistical Analysis

The sample size of 16 individuals in each group was adequate to estimate the mean of VO2peak

scale between two groups in healthy individuals with effect size: (5 points difference with standard
deviation 6.5) using a one-way analysis of variance (ANOVA) test (two-tailed, alpha = 0.05 with
statistical power 0.80) including 10% attrition rate. All numeric data were presented as mean ± SD.
All statistical data were completed using SPSS version 22 (IBM Corp., Armonk, NY, USA). Data were
assessed by a Shapiro-Wilk test for normality, and by a Levene test for the homogeneity of variance
assumption. The Greenhouse-Geisser correction was used to account for the sphericity assumption
of unequal variances across groups. Baseline values of each variable were compared between INT
and CON groups by a t-test. Changes in the dependent variables from the baseline to post 6 weeks
training were compared between the groups by a mixed-design two-way ANOVA for raw data, and
their normalized changes were compared between groups by a t-test. Two-way mixed model ANOVAs
(group [INT, CON] × time [pre, post]) were performed to test the effects of training on VO2peak, total
cholesterol, HDL, LDL, triglycerides, fasting insulin, fasting glucose, HOMA, QUICKI and SF-36.
A significant training X group interaction was used to identify training-induced changes in these
variables. When ANOVA showed a significant interaction (group × time) effect, Tukey’s post-hoc test
was used to detect differences between means. Time course data (i.e., peak power, mean power, weekly
level of enjoyability and RPE) were compared via repeated measures of ANOVA. The effect size for
the difference in the magnitude of the change from pre-training to post-training between the INT and
CON groups was calculated for each outcome measure using Cohen’s d, and 0.2, 0.5, and 0.8 were
considered as a small, medium, and large effect, respectively. Statistical significance was set at p < 0.05.

4. Results

Of the 34 participants enrolled in the study, one participant in the INT group withdrew due to
prolonged febrile illness. Thus, 33 participants (INT, N = 16; CON, N = 17) completed the study.

INT participants completed 861 of 864 WAnT bouts in total, i.e., training adherence of 99.6%,
with no injuries or clinical complications sustained over the period of the study. At baseline, both INT
and CON groups had similar physical and physiological characteristics, strength and metabolic-health
markers (Table 3). We have also included the pre- and post- 6 weeks of intervention results of both
groups as Table S1.

There were significant interaction effects in absolute and relative VO2peak (F1,31 ratio = 8.77, p = 0.006
and F1,31 ratio = 8.85, p = 0.004, respectively). Comparison between pre- to post-training indicates that
there was significant improvement in both the absolute and relative VO2peak in the INT group (p = 0.004
and p < 0.001, respectively) but not in the CON group (p = 0.42 and 0.64, respectively) (Figure 2).
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Table 3. Baseline characteristics and measures between the two groups in the study.

Measured Variables CON Group
(N = 17; 8 M + 9 F)

INT Group
(N =16; 8 M + 9 F)

p Value between
Groups

Age (y) 35.1 ± 6.9 34.1 ± 6.3 0.68
Stature (cm) 167 ± 8 168 ± 11 0.82

Body mass (kg) 69.0 ± 14.7 69.3 ± 14.2 0.86
Body fat (%) 26.3 ± 9.8 24.9 ± 7.2 0.63

Resting Systolic BP (mmHg) 120 ± 14 117 ± 13 0.53
Resting Diastolic BP (mmHg) 79 ± 11 76 ± 8 0.33

Resting HR (b·min−1) 65 ± 10 63 ± 10 0.84
VO2peak (L·min−1) 2.50 ± 0.68 2.58 ± 0.86 0.75

VO2peak (mL·kg−1·min−1) 36.9 ± 9.6 36.7 ± 6.7 0.97
MVC flexion 30◦·s−1 (Nm) 158 ± 42 168 ± 59 0.59

MVC extension 30◦·s−1 (Nm) 91 ± 31 86 ± 25 0.66
MVC flexion 300◦·s−1 (Nm) 80 ± 27 87 ± 31 0.46

MVC extension 300◦·s−1 (Nm) 55 ± 23 48 ± 16 0.36
Total cholesterol (mmol·L−1) 4.97 ± 0.75 4.74 ± 0.93 0.45

Triglycerides (mmol·L−1) 2.00 ± 1.06 1.79 ± 0.99 0.56
HDL (mmol·L−1) 1.68 ± 0.46 1.60 ± 0.37 0.58
LDL (mmol·L−1) 2.87 ± 0.71 2.77 ± 0.75 0.71

Fasting Glucose (mmol·L−1) 4.79 ± 0.57 4.56 ± 0.42 0.21
Fasting Insulin (mmol·L−1) 5.96 ± 3.70 4.68 ± 3.16 0.29

Insulin resistance–HOMA (au) 1.32 ± 0.89 0.96 ± 0.71 0.22
Insulin sensitivity–QUICKI (au) 0.39 ± 0.07 0.39 ± 0.06 0.99

Key: M = males; F = females; CON = control or non-training; INT = Intervention or training; BP = blood pressure;
HR = heart rate; VO2peak = peak oxygen uptake; MVC = maximal voluntary contraction; HDL = High-density
lipoprotein; LDL = low-density lipoprotein; HOMA = Homeostatic model assessment; QUICKI = Quantitative
insulin-sensitivity check index; au = arbitrary unit.
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Figure 2. Peak oxygen uptake (or VO2peak) at pre- and post-6 weeks of training in the non-training or
control (CON, N = 17) and intervention training (INT; N = 16) group. * Significance difference from
pre-training in INT group only.

The magnitude of increase in VO2peak was 2.7 ± 2.1 mL·kg−1·min−1 (p < 0.001) in the INT group
and 0.32 ± 2.51 mL·kg−1·min−1 (p = 0.62) in the CON group; with a large effect size difference between
the two groups (Figure 3).
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For leg strength measures, there were interaction effects for MVC at 30◦·s−1 for flexion and
extension (F1,31 ratio = 4.36, p = 0.045 and F1,31 ratio = 4.42, p = 0.04, respectively), and for MVC at
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300◦·s−1 for flexion (F1,31 ratio = 5.00, p = 0.03). However, post-hoc analysis indicates only MVC at
30◦·s−1 for flexion was statistically significantly different between INT and CON groups (p = 0.03,
with a moderate effect size; Figure 5).

Fasting insulin, fasting glucose, insulin sensitivity markers of HOMA, QUICKI and blood lipids did
not show any time nor interaction effects between the two groups (all F ratio values with p > 0.05; Figure 6).

There was also no significant difference in cycle sprints peak (F1,285 ratio = 0.12, p = 0.89) and
mean power (F1,285 ratio = 0.01, p = 0.99) between the morning, afternoon and evening WAnT bouts,
throughout the 6 weeks (Table 4).Int. J. Environ. Res. Public Health 2020, 17, x 10 of 17 
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Figure 5. Normalized changes (mean ± SD) in maximum voluntary contraction (MVC) of the dominant
lower limb on isokinetic dynamometer at knee extension at velocity of 30◦·s−1 and 300◦·s−1, and knee
flexion at velocity of 30◦·s−1 and 300◦·s−1, from baseline (0%) to post-6 weeks training for non-training
or control (CON, N = 17) group and intervention training (INT; N = 16) group. * Significance (p < 0.05)
difference from CON group. Effect size (d) for the difference between CON and INT groups is shown
on the top of the graph.

Table 4. The average peak and mean power of the morning, afternoon and evening 30-s Wingate
Anaerobic cycle test (WAnT) bouts performed throughout the six-weeks training period.

WAnT Bouts of the Day Peak Power (W) Mean Power (W)

Morning Bout 838 ± 312 555 ± 189

Afternoon Bout 839 ± 318 552 ± 191

Evening Bout 850 ± 317 555 ± 194

In relation to the quality-of-life survey, no significant group x time interactions were detected
between INT and CON, at pre- and post-training. During training week 1 and week 2 when sprint bouts
were shorter (15-s and 20-s, respectively), participants generally indicated a higher level of enjoyment
to the exercise compared to training week 3 to 6; although they were not statistically different across
the training weeks, F1,94 ratio = 0.66, p = 0.65 (Figure 7). RPE showed a significant time effect (F1,94
ratio = 3.04, p = 0.014), but post-hoc analysis showed no statistically significant differences between
any of the training weeks, all p > 0.05 (Figure 7).
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Figure 7. Weekly training levels of enjoyability and ratings of perceived exertion or RPE at the end of
the exercise sessions across the 6 weeks of training of participants in the intervention or training group
(INT, N = 16). The mean data is the average of all sessions performed over that week.

75



Int. J. Environ. Res. Public Health 2020, 17, 4860

5. Discussion

The key findings of this study were that a dispersed WAnT exercise training protocol on cycle
ergometer for 6 weeks enhanced cardiovascular fitness and dynamic lower-limb muscular strength in
healthy adults. In the present study, 6 weeks of 30-s sprints, 3 bouts per day, separated by ~4 h rest,
3 days per week was effective in improving aerobic fitness by ~8% compared to a non-training group.

The present study’s findings corroborated the results of earlier studies. Using a similar dispersed
WAnT exercise protocol, Little and colleagues reported a ~4% increase in VO2peak following 6 weeks of
20-s sprints, 3 bouts per day, separated by 1–4 h rest for 3 days a week [19]. And our own pilot study
of 8 weeks of 30-s sprints, 3 bouts per day, separated by ~4 h rest, 3 days per week, reported ~14%
improvement in VO2peak [18]. Collectively, these three studies contribute to the growing evidence
that very short duration of ‘all-out’ supramaximal sprint cycle bouts performed multiple times
throughout the day, with extended rest duration between the bouts can result in modest improvements
in cardiorespiratory fitness within a wide range of healthy individuals. Interestingly, despite the brief
duration of exercise commitment (exercise duration ~1.0–1.5 min), the magnitude of training induced
improvements in cardiovascular fitness improvement is comparable to longer, traditional SIT using
a clustered protocol (exercise duration ~10.0–15.0 min) [7]. Rapid improvements in physiological
adaptation with a clustered WAnT protocol have been attributed to increased cardiac output and
peripheral oxygen extraction in response to increased muscle oxidative potential [25]. In a clustered
WAnT exercise protocol, it has clearly been shown that individuals were not able to sustain their
maximum power output throughout all of the three 30-s bouts [26]. In contrast, in the present dispersed
WAnT exercise training protocol, there were no significant differences in the average peak and mean
power obtained during the morning, afternoon and evening bouts across the 6 weeks (Table 4), which
indicates that individuals were able to sustain their maximal power output exertion for all of the
three 30-s bouts performed throughout the day, i.e., the overall exercise intensity across the entire
training programme would theoretically, be higher in the dispersed compared to the clustered protocol.
Perhaps, the consistency of being able to maximize the level of exercise intensity for every single
WAnT bout performed throughout the 6 weeks of training is the key stimulus that allows the dispersed
protocol to be as, if not more, potent than the same number of WAnT bouts performed in a clustered
fashioned [27]. However, to our knowledge, no direct study has been undertaken to determine the
underlying physiological mechanism(s) of the training-induced adaptations to a dispersed WAnT
exercise training protocol, which implies a fertile area for future research.

The present study’s low volume, maximal-intensity WAnT training bouts dispersed throughout
the day significantly improved leg strength as indicated by the increased in MVC at 30◦·s−1 for
flexion. The findings are in sharp contrast with two previous studies that examined the impact of a
clustered WAnT training protocol on leg strength. Astorino and colleagues [28] had males and females
performed a clustered WAnT protocol 6–8 times over a three-week period and their results showed no
significant changes in their subjects’ MVC of the knee flexor and extensor muscle torque. Similarly,
Bagley et al. [29] found that 12 weeks of clustered WAnT training did not increase the knee muscular
torque in their participants, although the same subjects showed increase in their lower-limb muscle
mass. We were unable to provide any mechanism(s) nor reasons for the contrasting observations
between these studies, but it is likely that the same reason of the ability to elicit the greatest peak
power and mean power possible during each of the three daily WAnT bouts and thus an overall higher
resistance throughout the entire training programme relative to the previous studies is a key difference
to the stark improvement observed in the lower limb strength in the present study. Nonetheless, our
results showed a modest increased in the INT group’s knee flexor strength, which may suggest that
a dispersed WAnT exercise training protocol may enhance the functional working capability and
physical function of an individual’s lower-limbs. This positive impact on lower-limb strength may have
important implications in exercise programming for the elderly, which requires further investigation.

WAnT bouts training performed in the clustered fashioned has been shown to accrue many
positive benefits such as greater glucose uptake by skeletal muscle, increased intramuscular expression
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of glucose transporter type 4 (GLUT-4), and greater depletion of intramuscular glycogen that may
explain the observed improvements in insulin sensitivity in some studies [6,30,31]. In the present
study however, six weeks of dispersed WAnT training was not sufficient to improve insulin resistance
nor various metabolic health markers when measured 3 to 7 days after the final exercise training
session. It should be noted that improvement in aerobic fitness is not obligatory for training-induced
improvements to cardiovascular risk factors [32] and that factor such as heterogeneity (as the case in the
present study due to the use of both males and female as subjects) caused by genetic variability such as
the expression of RNA, may contribute to training susceptibility [33]. Nonetheless, the current study’s
findings did corroborate with those of earlier studies conducted on healthy asymptomatic adolescents.
For example, Buchan and colleagues [34] reported no change in fasting glucose or insulin following
7 weeks of 4 to 6 × 30-s maximal sprints 3 times per week. Further, a published meta-regression
analyses suggest that to achieve a reduction of HOMA-IR of 0.5 units, the baseline HOMA needs to be
at least 3.18, indicating that insulin sensitivity can only be improved in those who are already insulin
resistant [35,36]. It is possible that the minimum threshold of insulin resistant was not sufficiently
met in the present study’s healthy participants. Indeed, when exercise volume was increased and
sprint bouts were performed in a clustered fashioned of 3–4 times × 30-s or 7–12 times × 60-s, [37–39],
improvements in insulin sensitivity, albeit small in magnitude, were observed. We speculate that the
differing energy fluxes and substrate utilization during the clustered and dispersed WAnT exercise
protocol may be the reason for the contrasting results. During the first 30-s sprint bout of the clustered
WAnT exercise protocol, adenosine triphosphate (ATP) demand is primarily met via phosphocreatine
breakdown and glycolysis, with oxidative metabolism contributing to about 30% of overall energy
requirements [40]. In subsequent bouts, the proportional contribution from oxidative phosphorylation
is progressively increased. With the partial recovery between bouts, aerobic energy contribution
progressively increases in the subsequent 30-s bouts, even though the exercise is of maximal physical
effort. For the dispersed protocol, each of the 30-s morning, afternoon and evening bout of WAnT
exercise would predominantly be fueled via ATP and glycolysis processes, which meant a greater
anaerobic contribution in total relative to that of the clustered WAnT protocol. As such, it is assumed
that there would be a greater energy flux through the oxidative mitochondrial generated substrate
pathways during a clustered WAnT compared to a dispersed WAnT exercise training protocol, and
correspondingly, greater insulin sensitizing effect in the clustered WAnT protocol [41].

Research focused on blood lipid changes after exercise of maximal and supramaximal efforts have
shown contrasting outcomes [42]. Some studies reported significant positive changes [43–45], while
others [46,47] did not observe any improvement in blood lipid profile following chronic HIT. Racil and
colleagues observed an improvement in blood lipids, cardiometabolic markers and blood leptin in
obese adolescent females after 12 weeks of 12 × 30-s running sprints at 50% maximal aerobic speed,
three times a week [44]. Similarly, Koubaa et al. noted significant improvement in blood lipids in
obese children following 2 min run at 80% VO2peak, performed three times a week over 12 weeks [43].
On the other hand, Crouse and colleagues did not show any influence of exercise intensity on lipid
profile following a progressive exercise of 15 to 60 min three times per week for 24 weeks of cycle
ergometer training at intensity of either 50% and 80% VO2max [46]. Ouerghi and colleagues reported
an improvement in lipid profile in sedentary obese but not in the normal weight individuals following
three times a week for 8 weeks of 2 × 30-s running sprint at 100–110% maximal aerobic velocity [48].
It remains plausible that lipid lowering effects following HIIT-type of exercise is more pronounced in
metabolically challenged individuals than in normal weight individuals. It may also be that there is a
relationship between body fat and cholesterol levels, insofar a relatively higher volume of training
relative to the present study’s SIT programme, is required to elicit changes in fat mass [47]. In short,
the volume of training completed as opposed to the intensity of exercise training may be the key factor
to improving lipid profile, and as such, the low volume albeit supramaximal-intensity exercise protocol
in the present study may not have significant impact on blood lipids.
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The design of the current study’s exercise protocol provides a practical prescription that can be
easily incorporated into an office worker’s daily routine, to form an integral component between work
and active lifestyle. Thus, instead of having individuals to set aside time for exercise, an exercise
program built into their daily routine can help to eliminate the common excuse of ‘lack of time’ barrier
to exercise [15]. Participants were further encouraged to exercise in their work attire without the need
to change into specific exercise or sportswear, which saved even more time and improved efficiency.
This dispersed WAnT exercise training protocol reduced training time by 60% compared to a traditional
clustered protocol; to a mere 4.5 min per day or 13.5 min per week (Table 1). The side effects of ‘faints,
respiratory events, nausea, light-headedness, and vomiting’ that have been associated with a clustered
WAnT protocol is well-known [49]. We thus were able to circumvent these negative responses by
introducing a prolonged rest periods between each cycle sprint bout. It is heartening to note that the
present dispersed WAnT exercise training protocol achieved >99% compliance or attendance rate and
was rated as ‘fairly’ enjoyable in the study. In addition, there were no adverse clinical events over the
six weeks of training. These suggest that a dispersed WAnT exercise training protocol can be well
adopted and prescribed safely to healthy adults, and possibly for special population cohorts such as
the diseased and elderly, albeit more studies are required to confirm the latter.

6. Strengths and Limitations of the Study

The present dispersed WAnT exercise training protocol is specifically designed around a typical
office worker’s schedule and helped eliminate the barrier of lack of time for exercise. The major
strength of the study was that it was conducted within a ‘real-life’ office-workplace scenario and
therefore the findings have much practical applications. It is envisaged that cycle ergometers can
be conveniently placed around the office workstations to allow individuals to perform the current
proposed short-bouts of exercise throughout the work-day. The benefits of the present dispersed WAnT
exercise protocol may also entice sedentary individuals who are in a state of ‘exercise resistance’ to
start exercising because of the low time commitment required [50]. There are several limitations in
the present study. Firstly, the study was conducted on healthy rather than metabolically challenged
individuals, such as the obese or those with pre-diabetic conditions. Secondly, it was not possible
to fully control for physical activities outside of the prescribed training program and dietary intake,
although participants were instructed to maintain their normal habits. Also, the study did not control
for the amount and type of foods ingested in the evening prior to the overnight fast which could have
influenced the morning-after blood drawn serum lipid values. Thirdly, measures of insulin resistance
were not determined using the hyperinsulinemia euglycemic clamp technique, which is considered
to be the gold-standard measurement of insulin sensitivity, due to its invasive procedures. Finally,
the inclusion of both sexes may potentially compound the results (e.g., insulin sensitivity) as there was
no control for menstrual cycle variations when testing the female participants at pre- and post-training
time points [51].

7. Conclusions

The results of the present study confirmed that a dispersed WAnT exercise training protocol,
with rest periods of ~4 h between bouts is a practical and effective exercise strategy to improve
cardiovascular fitness and lower-limb muscular strength. However, it had no significant impact on
blood lipids or insulin sensitivity. It is suggested that this training regime may have important positive
implications on functional work capacity, especially to the time-constrained office-workers. Finally,
considering the high compliance rate observed, further research using a dispersed WAnT exercise
training protocol to try to improve cardiorespiratory fitness and metabolic health in the diseased and
challenging population cohort should be explored.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-4601/17/13/4860/s1,
Table S1: Mean pre and post-intervention results in the Control (n = 17) and Intervention (n = 16) groups.
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Abstract: The aims of this study were to describe the evolution of the anthropometric profile of soccer
players over a decade and to compare the anthropometric profiles of players promoted from an elite
reserve team to high-level soccer with those players who were not promoted. We examined the
body mass, height, body-mass index, and body fat of 98 players enrolled in the reserve team from
2008 to 2018. The players were classified in terms of (a) the highest competitive level they achieved
up to the 2019/2020 season (i.e., Spanish 1st–2nd divisions or semi-professional); (b) the period in
which they played their last season on the team; and (c) their playing position. Over time, the height
of goalkeepers, lateral midfielders, and attackers has increased (effect size = 0.66 ± 1.13) but has
decreased in central midfielders (effect size = 0.83). The body fat of defenders has also fallen (effect
size = 0.55 ± 0.95). Spanish high-level goalkeepers, lateral midfielders, and attackers were taller than
their semi-professional player counterparts (effect size = 1.20 ± 1.98). Body fat did not determine
promotion from a reserve team to high-level soccer, but height may be an advantage for several
playing positions. The assessment of the anthropometric profile and the application of interventions
should be designed according to the playing position.

Keywords: team sport; talent; body composition; weight; body fat

1. Introduction

Because the financial resources of elite soccer clubs are not evenly distributed and the transfer of
qualified players is a very high economic expense, less wealthy clubs must adopt different strategies in
order to survive in this competitive industry [1]. One such strategy is to invest in soccer academies [2].
Such academies identify potential youth soccer players and incorporate them into their club’s youth
teams with the aim of developing them into top-class soccer players [3].

Evaluating the anthropometric profile of players is common practice in soccer academies in order
to optimize physical fitness performance and reduce injuries. Body fat levels correlate negatively with
aerobic fitness [4] and with the sprint decrement score (observed during a repeated-sprint ability test
in soccer players [5]). Similarly, an increased body-mass index and a low fat percentage have been
identified as anthropometric injury risk factors in elite-standard young soccer players (under-11s to
under-19s) [6]. In addition, anthropometric characteristics could determine the selection of players
and their progression to the professional level [7]. Many studies have assessed the relevance of
anthropometric profiles in the selection process of young soccer players [8,9]. It appears that the most
talented young players (from the under-9s to under-19s) tend to be heavier and taller, as well as having
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more advanced skeletal maturation [8]. Elite soccer players have also been found to have a lower
percentage of body fat compared with players at the lower competition levels [10]. However, despite
the transition from reserve team to high-level soccer being seen as a pivotal [2] and critical [11] stage,
little is known about the relevance of anthropometric factors in the final step to high-level soccer [12].
To our knowledge, only one other study has compared the anthropometric profile of players promoted
from an elite reserve team to Spanish elite professional soccer (LFP players) with those not promoted
(non-LFP players) [12]. The authors of that paper found differences in the height and weight values
between the LFP and non-LFP players in several playing positions [12]. However, the study was
carried out exclusively in a high-level club. Moreover, relevant anthropometric characteristics in soccer,
such as body fat and the body-mass index [4–6], were not considered. Thus, further research into body
fat and the body-mass index is necessary to assess the impact of anthropometric profiles on promotion
from an elite reserve team to the professional level.

The physical demands in elite soccer matches have increased in recent years [13], while the
physical fitness performance of the professional and reserve team soccer players has varied little over
different periods [12,14,15]. Similarly, several studies have found that the anthropometric profile of
youth soccer players in elite soccer academies has also barely changed [16,17]. For example, one
investigation found no significant differences in the anthropometric profile (i.e., body mass, height,
and body-mass index) of senior and junior Norwegian soccer players over time [14]. However, to
our knowledge no study has examined the evolution of the anthropometric profile in elite reserve
soccer players over a long period of time. Doing so may allow for a link to be drawn between the
evolution of the anthropometric profile and the characteristics of those players who are promoted to
high-level soccer.

Several studies have compared the anthropometric profile of senior soccer players according to
their competition level [18–20]. However, none of these compared profiles in terms of the playing
position of the players [18–20]. Given that the anthropometric profile varies substantially between
playing positions [10,19,21,22], and given that the physical, physiological, and perceived demands
in matches [23–25] (and changes over recent years [23]) have also been found to differ substantially
according to playing position, comparison of anthropometric profiles in accordance with this factor
should be carried out.

Therefore, the aims of this study were to evaluate whether there were any changes in the
players’ anthropometric profile over a decade (i.e., 2008/2009–2017/2018), and to compare the
anthropometric profile of Spanish elite reserve soccer players according to the competitive level
they subsequently achieved.

2. Materials and Methods

2.1. Participants

We took anthropometric measurements for a reserve soccer team of a first-division Spanish club
between the 2008/2009 and 2017/2018 seasons. Ninety-eight (age = 21.3 years ± 1.8) young professional
players took part in the study, being evaluated at least twice during their last season with the team. The
averages of all the assessments for each anthropometric measure (i.e., body mass, height, body-mass
index, and body fat) were computed for each player (3 ± 1 pieces of data per player). After studying
their sporting careers up to the beginning of the 2019/2020 season, we classified the players according
to the highest competitive level they had achieved [12,15]: (i) Spanish LFP (LFP), comprising players
who had signed a contract with a Spanish first- or second-division team and who had played at least
one match as a full-time professional; or (ii) semi-professional (non-LFP), comprising players who
had never competed in the Spanish first or second division. Thirty-nine of the forty-one players
promoted to the 1st team of the club (i.e., 95%) came directly from the reserve team. The 10-year
period examined was divided into two five-year terms: Period 1 (Period-1): 2008/2009–2012/2013;
and Period 2 (Period-2): 2013/2014–2017/2018. Each player was assigned to the period in which he
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had played his last season in the reserve team. In addition, players were classified according to their
playing position [12,15,26]: (a) goalkeepers; (b) defenders—lateral defenders and central defenders;
(c) midfielders—lateral midfielders and central midfielders); and (d) attackers. The allocation of the
playing positions was carried out by the team’s technical staff. To decide on the few controversial
cases, the playing position in which the player competed more times was considered. This study was
performed in accordance with the Declaration of Helsinki and approved by the Ethics Committee of
the University of the Basque Country (UPV/EHU), reference number M10_2018_181.

2.2. Measures

According to the protocols established by the club over the last 10 years, anthropometric
measurements (i.e., body mass, height, and body fat) were taken four times during each season: (i) one
month before the competition period (i.e., July/August); (ii) one month after the start of the competition
period (i.e., October/November); (iii) in the middle of the season (i.e., January/February); and (iv) at
the end of the season (i.e., April/May). In addition, the body-mass index was calculated.

All measurements were taken by the same club’s medical staff, in accordance with guidelines
outlined by the ISAK (International Society for the Advancement of Kinanthropometry). Body mass
was recorded to the nearest 0.1 kg (Seca 719, Medical Measuring Systems and Scales, Germany) and
height was measured with a stadiometer (Seca 213, Medical Measuring Systems and Scales, Germany)
to the nearest 0.1 cm. The body-mass index was calculated by dividing body mass by squared height
(kilograms per square meter) and used to assess the weight relative to height. Six skinfold thicknesses
(triceps, subscapular, supraspinale, abdominal, thigh, and calf) were measured using a skinfold caliper
(Harpenden, Holtain Ltd., Crymych, UK). Each measurement was taken three times, in accordance
with the recommendations of the Spanish International Group of Kinanthropometry and International
Standards for Anthropometric Assessment (ISAK), and the average value for each skinfold calculated.
The sum of these six measurements was then calculated (sum of skinfolds). The body fat percentage
was estimated using the equation proposed by Yuhasz [27]: body fat (%) =

∑
skinfolds · 0.1051 + 2.585.

2.3. Statistical Analysis

Descriptive statistics were computed for each anthropometrical measurement (mean ± SD).
Practical differences, Cohen’s d effect size [28], were used to compare the anthropometric profile of the
players according to period (Period-1 (2008/2009–2012/2013) vs. Period-2 (2013/2014–2017/2018)) and
promotion level (non-LFP vs. LFP), as well as separately by playing position. Effect sizes (d) above 0.8,
between 0.8 and 0.5, between 0.5 and 0.2, and lower than 0.2 were considered large, moderate, small,
and trivial, respectively. We considered effect size values greater than small as worthy of discussion in
the results section.

3. Results

LFP goalkeepers were largely heavier and taller (effect size = 1.27–1.35) than non-LFP goalkeepers
and had moderately greater body fat (effect size = 0.77) than the latter did (Table 1). The goalkeepers
in Period-2 were moderately heavier (effect size = 0.52) and largely taller (effect size = 1.13) than the
goalkeepers in Period-1 (Table 1).
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Table 1. Comparison of the anthropometric profile of goalkeepers in Period-1 (2008/2009–2012/2013)
with that of goalkeepers in Period-2 (2013/2014–2017/2018) and of Spanish non-LFP players with that of
Spanish LFP players (2008/2009–2017/2018).

Variable Period-1 Period-2 Effect Size Non-LFP LFP Effect Size

n = 5 * n = 7 ** n = 9 n = 3
Body mass (kg) 79.38 ± 4.09 81.64 ± 4.59 0.52 (moderate) 79.59 ± 4.49 84.03 ± 1.20 1.35 (large)

Height (m) 1.85 ± 0.03 1.89 ± 0.04 1.13 (large) 1.86 ± 0.04 1.90 ± 0.02 1.27 (large)
Body-mass index 23.22 ± 0.50 23.00 ± 1.25 0.21 (small) 23.05 ± 1.25 23.22 ± 0.67 0.17 (trivial)

Body fat (%) 7.51 ± 1.23 7.22 ± 1.00 0.26 (small) 7.16 ± 1.10 7.91 ± 0.83 0.77 (moderate)

Non-LFP: players who had never competed in the Spanish first or second division; LFP: players who had signed
a contract with a Spanish first- or second-division team and who had played at least one match as a full-time
professional. * Non-LFP players: 3, LFP players: 2; ** Non-LFP players: 6, LFP players: 1.

The body-mass index of the LFP lateral defenders was moderately lower (effect size = 0.53) than
that of non-LFP lateral defenders (Table 2). The body-mass index of the LFP central defenders was
moderately greater (effect size = 0.54) than that of the non-LFP central defenders (Table 2). The body
fat of defenders, lateral defenders, and central defenders in Period-2 was moderately/largely lower
(effect size = 0.55–0.95) than that of the same players in Period-1 (Table 2). The lateral defenders in
Period-1 were moderately slimmer (effect size = 0.62) and their body-mass index moderately lower
(effect size = 0.51) than that of lateral defenders in Period-2 (Table 2).

Table 2. Comparison of the anthropometric profile of defenders in Period-1 (2008/2009–2012/2013)
with that of defenders in Period-2 (2013/2014–2017/2018) and of Spanish non-LFP players with that of
Spanish LFP players (2008/2009–2017/2018).

Variable Period-1 Period-2 Effect Size Non-LFP LFP Effect Size

Defenders n = 16 * n = 19 ** n = 20 n = 15
Body mass (kg) 75.59 ± 5.26 73.76 ± 5.29 0.35 (small) 74.87 ± 5.48 74.24 ± 5.17 0.12 (trivial)

Height (m) 1.79 ± 0.07 1.78 ± 0.06 0.15 (trivial) 1.78 ± 0.07 1.79 ± 0.05 0.16 (trivial)
Body-mass index 23.69 ± 1.46 23.17 ± 0.83 0.44 (small) 23.53 ± 1.32 23.24 ± 0.96 0.25 (small)

Body fat (%) 7.42 ± 0.95 6.79 ± 0.76 0.73(moderate) 6.99 ± 0.86 7.19 ± 0.97 0.22 (small)

Lateral defenders n = 9 ˆ n = 12 ˆˆ n = 11 n = 10
Body-mass (kg) 73.24 ± 4.39 70.85 ± 3.31 0.62 (moderate) 72.10 ± 4.05 71.63 ± 3.92 0.12 (trivial)

Height (m) 1.75 ± 0.06 1.75 ± 0.03 0.00 (trivial) 1.74 ± 0.04 1.76 ± 0.04 0.50 (small)
Body-mass index 23.97 ± 1.90 23.22 ± 0.89 0.51 (moderate) 23.89 ± 1.61 23.15 ± 1.14 0.53 (moderate)

Body fat (%) 7.24 ± 0.88 6.76 ± 0.88 0.55 (moderate) 6.83 ± 0.88 7.11 ± 0.94 0.31 (small)

Central defenders n = 7 # n = 7 ## n = 9 n = 5
Body-mass (kg) 78.62 ± 4.95 78.74 ± 4.24 0.03 (trivial) 78.24 ± 5.23 79.46 ± 2.79 0.30 (small)

Height (m) 1.84 ± 0.04 1.85 ± 0.03 0.28 (small) 1.84 ± 0.04 1.84 ± 0.03 0.00 (trivial)
Body-mass index 23.32 ± 0.51 23.09 ± 0.78 0.35 (small) 23.09 ± 0.71 23.42 ± 0.50 0.54 (moderate)

Body fat (%) 7.65 ± 1.06 6.84 ± 0.57 0.95 (large) 7.19 ± 0.84 7.34 ± 1.13 0.15 (trivial)

Non-LFP: players who had never competed in the Spanish first or second division; LFP: players who had signed
a contract with a Spanish first- or second-division team and who had played at least one match as a full-time
professional. * Non-LFP players: 10, LFP players: 6; ** Non-LFP players: 10, LFP players: 9; ˆ Non-LFP players: 5,
LFP players: 4; ˆˆ Non-LFP players: 6 LFP players: 6; # Non-LFP players: 5, LFP players: 2; ## Non-LFP players, 4;
LFP players: 3.

The weight of the LFP midfielders was moderately greater (effect size = 0.56) than that of non-LFP
midfielders; and LFP lateral midfielders were largely heavier and taller (effect size = 1.38–1.98) than
non-LFP lateral midfielders (Table 3). The body-mass index of the LFP central midfielders was
moderately greater (effect size = 0.51) than that of the non-LFP central midfielders (Table 3). Lateral
midfielders in Period-1 were largely taller (effect size = 1.05) than those in Period-2 (Table 3); in turn,
central midfielders in Period-2 were moderately slimmer (effect size = 0.63) and mainly shorter (effect
size = 0.83) than central midfielders in Period-1 (Table 3).
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Table 3. Comparison of the anthropometric profile of midfielders in Period-1 (2008/2009–2012/2013)
with that of midfielders in Period-2 (2013/2014–2017/2018) and of Spanish non-LFP players with that of
Spanish LFP players (2008/2009–2017/2018).

Variable Period-1 Period-2 Effect Size Non-LFP LFP Effect Size

Midfielders n = 13 * n = 23 ** n = 20 n = 16
Body mass (kg) 72.65 ± 6.88 70.58 ± 6.01 0.32 (small) 69.82 ± 6.71 73.21 ± 5.42 0.56 (moderate)

Height (m) 1.78 ± 0.07 1.77 ± 0.06 0.15 (trivial) 1.76 ± 0.07 1.78 ± 0.05 0.33 (small)
Body-mass index 22.88 ± 1.21 22.65 ± 1.73 0.15 (trivial) 22.46 ± 0.92 23.08 ± 2.08 0.39 (small)

Body fat (%) 6.98 ± 0.50 7.04 ± 0.80 0.09 (trivial) 7.01 ± 0.75 7.02 ± 0.64 0.01 (trivial)

Lateral midfielders n = 5 ˆ n = 10 ˆˆ n = 10 n = 5
Body mass (kg) 67.42 ± 3.43 69.00 ± 5.22 0.36 (small) 66.73 ± 4.32 71.97 ± 3.19 1.38 (large)

Height (m) 1.72 ± 0.02 1.76 ± 0.05 1.05 (large) 1.72 ± 0.03 1.79 ± 0.04 1.98 (large)
Body-mass index 22.78 ± 0.75 22.34 ± 1.13 0.46 (small) 22.48 ± 1.03 22.49 ± 1.09 0.01 (trivial)

Body fat (%) 6.96 ± 0.56 7.02 ± 0.86 0.08 (trivial) 6.97 ± 0.81 7.07 ± 0.70 0.13 (trivial)

Central midfielders n = 8 # n = 13 ## n = 10 n = 11
Body mass (kg) 75.91 ± 6.54 71.80 ± 6.49 0.63 (moderate) 72.92 ± 7.42 73.77 ± 6.24 0.12 (trivial)

Height (m) 1.82 ± 0.06 1.77 ± 0.06 0.83 (large) 1.80 ± 0.08 1.78 ± 0.05 0.30 (small)
Body-mass index 22.95 ± 1.47 22.90 ± 2.10 0.03 (trivial) 22.44 ± 0.84 23.35 ± 2.39 0.51 (moderate)

Body fat (%) 7.00 ± 0.49 7.05 ± 0.79 0.08 (trivial) 7.06 ± 0.74 7.01 ± 0.65 0.07 (trivial)

Non-LFP: players who had never competed in the Spanish first or second division; LFP: players who had signed
a contract with a Spanish first- or second-division team and who had played at least one match as a full-time
professional.* Non-LFP players: 7, LFP players: 6; ** Non-LFP players: 13, LFP players: 10; ˆ Non-LFP players: 3,
LFP players: 2; ˆˆ Non-LFP players: 7, LFP players: 3; # Non-LFP players: 4, LFP players: 4; ## Non-LFP players: 6;
LFP players: 7.

The LFP attackers were largely heavier (effect size = 0.88) and taller (effect size = 1.20) than the
non-LFP attackers (Table 4). The attackers in Period-1 were moderately taller (effect size = 0.66) than
the attackers in Period-2 (Table 4).

Table 4. Comparison of the anthropometric profile of attackers in Period-1 (2008/2009–2012/2013) with
that of attackers in Period-2 (2013/2014–2017/2018) and of Spanish non-LFP players with that of Spanish
LFP players (2008/2009–2017/2018).

Variable Period-1 Period-2 Effect Size Non-LFP LFP Effect Size

n = 8 * n = 7 ** n = 8 n = 7
Body mass (kg) 75.32 ± 5.46 77.23 ± 6.62 0.32 (small) 73.93 ± 4.57 78.82 ± 6.44 0.88 (large)

Height (m) 1.80 ± 0.05 1.84 ± 0.07 0.66 (moderate) 1.79 ± 0.05 1.85 ± 0.05 1.20 (large)
Body-mass index 23.16 ± 1.08 22.90 ± 1.21 0.23 (small) 23.10 ± 1.24 22.97 ± 1.04 0.11 (trivial)

Body fat (%) 7.31 ± 1.47 7.34 ± 0.97 0.02 (trivial) 7.41 ± 1.20 7.23 ± 1.32 0.14 (trivial)

Non-LFP: players who had never competed in the Spanish first or second division; LFP: players who had signed
a contract with a Spanish first- or second-division team and who had played at least one match as a full-time
professional. * Non-LFP players: 4, LFP players 4; ** Non-LFP players: 4, LFP players: 3.

4. Discussion

The aims of this study were to evaluate whether the anthropometric profile of soccer players
changed over a decade (i.e., 2008/2009–2017/2018), and to compare the anthropometric profile of the
Spanish elite reserve soccer players according to the competitive level they subsequently achieved. We
found that changes in the anthropometric profile over time differed by playing position. In the same
vein, the relevance of each anthropometric characteristic to promotion to Spanish high-level soccer
varied according to playing position. The height of the goalkeepers, lateral midfielders, and attackers
increased substantially over time. At the academy level, it appears that being taller is an advantage for
goalkeepers, lateral midfielders, and attackers when it comes to being promoted to high-level soccer.
Despite the body fat of defenders declining over time, this factor did not determine the competition
level attained for any playing position.

We found a substantial decrease (effect size = 0.55–0.95, moderate–large) in body-fat values over
time in the defenders, lateral defenders, and central defenders (Table 2). This reduction should be
viewed positively, given that body fat levels correlate negatively with aerobic fitness [4] and the physical
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demands on defenders in matches at high-level have increased substantially [23]. Despite the fact that
the physical demands of matches on players have been found to vary substantially between lateral
defenders and central defenders [23], it appears that after a continuum selection process in elite soccer
academies [29] the body fat of elite reserve defenders is optimal and its decrease is not an advantage
for promotion to the Spanish LFP (Table 2). On the other hand, while the body-mass index of the LFP
lateral defenders was lower than that of the non-LFP lateral defenders, the body-mass index of the LFP
central defenders was greater compared with that of the non-LFP central defenders (Table 2). This
suggests that greater weight per height is an advantage for central defenders. Martínez-Santos et al. [12]
found that elite Spanish reserve LFP central defenders were moderately smaller than non-LFP central
defenders (1.82 ± 0.04 vs. 1.85 ± 0.04; effect size = 0.62) in a similar high-level Spanish reserve team.
In contrast, we found trivial differences between both groups (LFP: 1.84 ± 0.03 m vs. non-LPF: 1.84 ±
0.04 m) (Table 2). The moderate differences (1.82 ± 0.04 vs. 1.84 ± 0.03; effect size = 0.50) between the
LFP central defenders in both academies suggest that each club assesses the height of their central
defenders in different ways.

Taking all midfielders together as a whole, there has been barely any change in anthropometric
profile over time. However, when we differentiated between lateral midfielders and central midfielders,
several considerable differences could be seen. Furthermore, the evolution of the height of the lateral
midfielders and central midfielders over time showed contrasting trends (Table 3). Thus, the generic
classification of “midfielders” may be insufficient when it comes to assessing the anthropometric
profile of elite reserve players. At the academy level, the increase in height of the lateral midfielders
appears to be coherent with the selection of lateral midfielders to Spanish high-level soccer; that is,
the LFP lateral midfielders were largely taller (effect size = 1.98) than the non-LFP lateral midfielders
(Table 3), suggesting that a greater height is an advantage for lateral midfielders in this regard.
In contrast, Martínez-Santos et al. [12] found no substantial differences between LFP and non-LFP
lateral midfielders in a very similar soccer academy. Unfortunately, they did not provide the height
values so we cannot compare both groups of lateral midfielders [12]. On the other hand, our central
midfielders in Period-2 were moderately slimmer (effect size = 0.63) and largely shorter (effect size =

0.83) than the central midfielders in Period-1. However, it seems that being slimmer and shorter than
other central midfielders in the elite reserve team is not an advantage when it comes to promotion to
Spanish elite soccer, although a higher body-mass index can be. Linking this with the results for the
LFP central defenders, we suggest that a greater weight per height can be an advantage for those who
play in a central position in the team. In contrast, Martínez-Santos et al. [12] found that the LFP central
midfielders in their elite reserve team were moderately taller than their non-LFP central midfielders
(effect size = 0.67). The moderate differences (1.82 ± 0.05 vs. 1.78 ± 0.05 m; effect size = 0.67) between
the LFP central midfielders in both academies suggest that, as mentioned for central defenders, each
club views height in different way (1.82 ± 0.05 vs. 1.78 ± 0.05 m; effect size = 0.67).

The LFP attackers were largely heavier (effect size = 0.88) and taller (effect size = 1.20) than the
non-LFP attackers. At the academy level, the moderate increase (effect size = 0.66) in the height
of attackers over time suggests a consistent selection process in the reserve team. In their study,
Martínez-Santos et al. [12] also found that the LFP attackers (1.81 ± 0.05 vs. 1.77 ± 0.06 m; effect size
= moderate) were taller than the non-LFP attackers (although the LFP attackers in our study were
moderately taller than the LFP attackers in their high-level reserve team; 1.85 ± 0.05 vs. 1.81 ± 0.05;
effect size = moderate). It would appear that here, too, the two soccer academies view the height of
those that play in central playing positions (i.e., central defenders, central midfielders, and attackers)
in a different way.

A previous study showed that height and body mass in goalkeepers differentiated elite from
non-elite junior players (under-19s) (effect size > 0.6) [30]. In addition, Martínez-Santos et al. [12] found
that LFP goalkeepers were largely taller (effect size = 1.12) and moderately heavier (effect size = 0.71)
than non-LFP goalkeepers [12]. Similarly, we found the LFP goalkeepers to be largely heavier (effect
size = 1.35) and taller (effect size = 1.27) than the non-LFP goalkeepers (Table 1). These results suggest
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that despite being heavier and having more body fat (Table 1), the tallest goalkeepers in high-level
reserve teams have an advantage over their teammates (1.90 ± 0.02 vs. 1.86 ± 0.04 m) when it comes to
promotion to the Spanish 1st and 2nd divisions. At the academy level, the moderate increase (effect
size = 1.13) in the height of goalkeepers over time suggests a consistent selection process in the elite
reserve team.

The main limitation of this study was that no other factors were considered, such as the physical
fitness performance and socioeconomic status of the players. Despite this, the assessment of the
anthropometric profile during a decade in an elite Spanish reserve team could be very interesting for
physical coaches and club medical staff.

5. Conclusions

The changes in anthropometric profile over time differed by playing position. Similarly, the
relevance of each anthropometric characteristic for promotion to Spanish high-level soccer varied
according to playing position. The height of goalkeepers, lateral midfielders, and attackers has
increased substantially over time. At the academy level, it appears that being taller is an advantage for
goalkeepers, lateral midfielders, and attackers in terms of promotion to high-level soccer. Despite the
finding that the body fat of defenders has fallen over time, body fat did not determine the competition
level attained for any playing position.

The study shows the reference values of the anthropometric profile of elite reserve soccer players
in a Spanish first-division club. In addition to other characteristics, it would be interesting to consider
the height of players in the selection process of young goalkeepers, lateral midfielders, and attackers.
The assessment of the anthropometric profile and the application of interventions by medical staff

should be designed according to the playing position of the players.
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1 Department of Swimming, Faculty of Physical Education, University School of Physical Education in
Wroclaw, Ignacego Jana Paderewskiego 35, Swimming Pool, 51-612 Wroclaw, Poland;
krystyna.zaton@awf.wroc.pl

2 Department of Physiology and Biochemistry, Faculty of Physical Education, University School of Physical
Education in Wroclaw, Ignacego Jana Paderewskiego 35, P-3 Building, 51-612 Wroclaw, Poland;
natalia.danek@awf.wroc.pl (N.D.); kamil.michalik@awf.wroc.pl (K.M.)

3 Faculty of Pure and Applied Mathematics, Wroclaw University of Science and Technology, Zygmunta
Janiszewskiego 14a, C-11 Building, 50-372 Wroclaw, Poland; zofia.wroblewska12@gmail.com

* Correspondence: stefan.szczepan@awf.wroc.pl; Tel.: +48-713-473-404

Received: 5 July 2020; Accepted: 6 August 2020; Published: 8 August 2020

Abstract: The avoidance of respiratory muscle fatigue and its repercussions may play an important
role in swimmers’ health and physical performance. Thus, the aim of this study was to investigate
whether a six-week moderate-intensity swimming intervention with added respiratory dead space
(ARDS) resulted in any differences in respiratory muscle variables and pulmonary function in
recreational swimmers. A sample of 22 individuals (recreational swimmers) were divided into
an experimental (E) and a control (C) group, observed for maximal oxygen uptake (VO2max).
The intervention involved 50 min of front crawl swimming performed at 60% VO2max twice weekly
for six weeks. Added respiratory dead space was induced via tube breathing (1000 mL) in group
E during each intervention session. Respiratory muscle strength variables and pulmonary and
respiratory variables were measured before and after the intervention. The training did not increase
the inspiratory or expiratory muscle strength or improve spirometric parameters in any group.
Only in group E, maximal tidal volume increased by 6.3% (p = 0.01). The ARDS volume of 1000 mL
with the diameter of 2.5 cm applied in moderate-intensity swimming training constituted too weak a
stimulus to develop respiratory muscles and lung function measured in the spirometry test.

Keywords: swimming; added respiratory dead space; respiratory muscle strength; pulmonary
function; respiratory variables

1. Introduction

Increased work of respiratory muscles can lead to their fatigue and a sense of dyspnoea, which,
in turn, can impair the ability to perform physical exercise [1]. Respiratory muscle fatigue is defined
as a loss in the capacity for developing force and/or velocity resulting from muscle activity under
load, which reverses by rest [2]. It has been shown that the emerging respiratory muscle fatigue may
be caused by the accumulation of metabolites in these muscles and sympathetic vasoconstriction in
locomotor muscles as a result of the metabolic reflex of respiratory muscles [3]. This metaboreflex
involves reduced blood flow in the extremities and thus decreased supply of oxygen (O2) to the
respiratory muscles [4]. It is believed that the need for increased blood flow to the diaphragm is
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a potential reason for working muscle vasoconstriction, which can stimulate the development of
locomotor muscle fatigue, reducing exercise tolerance [3,5].

The efficiency of the respiratory system depends not only on the amount of oxygen supplied by
the cardiovascular system but also on the efficiency of removing the excess carbon dioxide (CO2) [6,7].
Increased minute ventilation (VE) during exercise allows for the adjustment of the partial pressure of
CO2 in arterial blood (PaCO2), which can be measured noninvasively by establishing the end-tidal gas
composition and its CO2 pressure (PetCO2) [8]. A high PaCO2 level implies an insufficient increase
in VE during exercise and a limited ability to maximize exercise. This may be due to mechanical
respiratory restrictions when reaching the upper limit of peak expiratory flow, such as insufficient
respiratory muscle strength or reduced chemoreceptor reactivity. On the other hand, lower ventilation
is also associated with reduced respiratory muscle work and can decrease blood flow in respiratory
muscles, with a simultaneous increase (by ca. 10%) of extremity muscle blood flow. This mechanism
can delay the appearance of fatigue [8]. This seems particularly important with reference to exercises
in which VE pattern regulation, i.e., the adjustment of tidal volume (VT) and respiratory frequency
(Rf), is associated with the rhythm of locomotor activities, e.g., swimming [9]. As respiratory muscle
capacity is considered to be one of the many important factors determining exercise efficiency, it seems
right to look for effective ways to increase it.

Respiratory muscle training (RMT) under normocapnic hyperpnoea conditions is applied to
develop respiratory muscle strength and improve lung function [1,10]. Positive effects of this approach
are based on several physiological adaptations, which include diaphragm hypertrophy, elevated nitric
oxide concentration in the airways, change in the efficiency of muscle fibre contractions, improvement
of the nervous control and economy of respiratory muscle work, delayed metabolic fatigue, reduced
dyspnoea, and improved lung function [11–13]. These adaptations lead to decreases in the rating of
perceived breathlessness or rating of perceived exertion. Moreover, the above mentioned attenuation
of the metaboreflex phenomenon may result in the redirection of blood flow from locomotor muscles to
respiratory muscles [1]. Studies lasting several weeks and using various types of devices to stimulate
inspiratory resistance have already been conducted among trained swimmers [14,15]. However, similar
research in recreational swimmers is still lacking. Knowledge of the training responses among this
population should contribute to more effective training planning in order to counteract limiting the
effort capacity of the respiratory system.

Other RMT methods that have been suggested involve breathing through a special mask [16] or
tube breathing to increase the volume of the respiratory dead space [17]. As for the latter, the authors
concluded that tube breathing was well tolerated by healthy individuals, did not cause desaturation
or adverse events, and led to hypercapnia in most participants. In addition, it was speculated
that a slight increase in PaCO2 during tube breathing might even provide a more intense training
stimulus [17]. Previous research on exercise interventions including added respiratory dead space
(ARDS) focused primarily on circulatory and respiratory responses to a single exercise session on a cycle
ergometer [18] or on long-term training adaptations in physical performance during moderate-intensity
continuous training in elite cyclists [19–21], high-intensity swim training in well-trained cohorts [22],
or high-intensity interval training in amateur triathletes [23]. Our latest research examined the
effects of swimming with ARDS on cardiorespiratory fitness and lipid metabolism among recreational
swimmers [24]. While the cardiorespiratory response to ARDS is better understood, no studies to
date have investigated the effects of a long-term intervention (six weeks) with ARDS on respiratory
muscle variables and pulmonary function in recreational swimmers; this is therefore the subject of our
present considerations. Increasing the distance that the air has to cover to reach the lungs raises airway
resistance. The higher the gas flow rate, the higher the friction forces [25]. The compensatory mechanism
(as in the case of raised respiratory minute ventilation) consists in increasing the tidal volume and
decreasing the respiratory frequency. Poon [26] explains this in terms of so-called mechanical and
respiratory optimization, as the body determines the value of ventilation that allows to bear the lowest
possible cost of the respiratory muscles work in response to chemoreceptor pulsation. In this context,
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the aims of this study were to investigate whether there appeared any differences in respiratory muscle
variables and pulmonary function after a six-week moderate-intensity swimming intervention with
ARDS in recreational swimmers, as well as to determine if there were any performance advantages
of applying a low-cost method that could safely induce ARDS. This information may be used by
recreational swimmers to improve their pulmonary function, by coaches to support making decisions on
enhancing the performance of developmental level and trained swimmers during the workout process
and by untrained individuals to increase their pulmonary function and health. It was hypothesized
that the ARDS intervention would bring about large improvements in respiratory muscle strength and
beneficial changes in pulmonary variables. To our knowledge, this theory has not been empirically
addressed yet. The rationale behind these postulates comes from the research on ARDS which has
shown positive effects on selected cardiorespiratory variables.

2. Materials and Methods

2.1. Participants

The research involved 22 healthy and physically active people, including women (n = 11) and
men (n = 11). Their physical activity was limited to swimming the average distance of 2 km twice a
week with an intensity of 65–75% of maximum heart rate (HRmax). The participants were divided into
2 groups, the control group (C: 7 men, 4 women) and the experimental group (E: 4 men, 7 women)
(Table 1). During the first visit, all participants’ body mass (kg) and height (m) were measured by
using WPT 200 medical scales (RADWAG, Radom, Poland). The groups were compared in terms of
the somatic parameters, i.e., age (p = 0.72), body height (p = 0.50), body mass (p = 0.65), and maximal
oxygen uptake (VO2max) (p = 0.65), and the Wilcoxon nonparametric test was applied in the assessment
(alpha error: 0.05). This generated comparable groups with an objective baseline level of somatic build.

Table 1. Participants’ characteristics (mean ± standard deviation).

Variables E C

Age (years) 24.3 ± 2.7 24.0 ± 3.3
Body height (m) 1.7 ± 0.1 1.7 ± 0.1
Body mass (kg) 70.0 ± 13.1 72.3 ± 10.1

VO2max (mL kg–1 min–1) 45.6 ± 7.5 47.1 ± 8.9

VO2max—maximal oxygen uptake.

The individuals’ assignment to the study groups was based on VO2max values measured during
a progressive test performed in accordance with the protocol by Michalik et al. [27] on an Excalibur
Sport cycle ergometer (Lode BV, Groningen, the Netherlands) 3 days prior to the ARDS intervention.
The VO2max values were arranged from highest to lowest. The study participants were ascribed
sequential numbers in accordance with their VO2max results. The individuals with odd numbers
were assigned to group E and those with even numbers to group C. Before entering the experiment,
all swimmers provided their written consent to participate in the study; they could withdraw at any
time. The experiment was approved by the University Research Ethics Committee (#14/2017) and
carried out in accordance with the standards of the Declaration of Helsinki.

2.2. Design and Procedures

Added respiratory dead space intervention protocol.
A week before the start of the tests, a familiarization session was held to adapt the participants to

the study protocol with ARDS, as none of them had previously used this method. The familiarization
session involved a 1000-mL low-intensity front crawl swimming in a 25-m indoor swimming pool,
with breathing through an ARDS device.
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The participants in group E took part in a 6-week ARDS training. During the 6 weeks, they completed
a total of 12 swimming sessions with ARDS. The ARDS intervention was limited to 2 swimming sessions
per week. During each 50-min session, the individuals were front crawling. The interval between sessions
was 72 h. During each swimming session, the participants undertook constant, moderate-intensity
physical effort of aerobic character. The effort intensity was individually determined on the basis of the
heart rate (HR) achieved at 60% VO2max in the progressive test, corresponding to individual HR values
in the range of 125–140 beats min–1. While swimming, the participants monitored their HR with an RS400
sports watch (Polar Electro, Kempele, Finland). Intensity below the lactate threshold was chosen because
it was suitable for long-term effort of untrained individuals involved in the experiment.

Group E swam with a custom ARDS apparatus consisting of a polypropylene centre-mount
swimming snorkel with a mouthpiece (Speedo International Ltd., Nottingham, UK) integrated with
2.5-cm diameter ribbed tubing to provide ARDS of 1000 mL (Figure 1). Dead space volume (1000 mL)
was identical for each participant and measured by filling the snorkel with water and then transferring
the volume to a graduated cylinder, as described by Szczepan et al. [24]. The snorkel was sufficiently
rigid to maintain a constant volume when swimming.Int. J. Environ. Res. Public Health 2020, 17, x 6 of 12 
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Figure 1. An instrument increasing added respiratory dead space: a custom added respiratory
dead space (ARDS) apparatus consisting of a polypropylene centre-mount swimming snorkel with
a mouthpiece (Speedo International Ltd., Nottingham, UK) integrated with 2.5-cm diameter ribbed
tubing to provide 1000 mL of dead space.

The swimmers in group C took part in the same training but without ARDS intervention. In group
C, no additional respiratory changes were introduced; the group applied a standard breathing pattern
for the front crawl technique.

All sessions took place in a 25-m swimming pool, under uniform conditions (water temperature:
27 ◦C, air temperature: 28 ◦C, relative humidity: 60%, lighting: 600 lx). Throughout the experimental
period, the individuals from both groups led a lifestyle and maintained a diet normal for people of that
age and did not participate in any additional training. The participants’ diet was not controlled.

2.3. Independent Variable Measurements

Respiratory muscle, pulmonary function, and cardiorespiratory tests were administered 3 days
before and after the intervention with ARDS to assess changes in respiratory muscle strength and
pulmonary function between the pre- and postintervention status. Both testing series were performed
in the same controlled conditions (temperature: 24 ◦C, relative humidity: 50%) in a climate-controlled
exercise laboratory (PN-EN ISO 9001:2009 certified). The measurements were taken by a laboratory
worker with a device calibrated before each trial.

2.3.1. Respiratory Muscle Strength Variable Measurements

Inspiratory muscle strength (maximal inspiratory pressure [PImax] [cm H2O]) and expiratory
muscle strength (maximal expiratory pressure [PEmax] [cm H2O]) were measured in a test using a
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Micro RPM respiratory pressure meter (CareFusion, San Diego, CA, USA). To assess PImax, the tested
person, in a standing position, performed a maximum inspiration from the level of a maximum
expiration. Then, to evaluate PEmax, the individual exhaled starting from the maximum inspiration
level. In both cases, a special stopper was fitted. The PImax and PEmax tests were conducted at
rest [28]. Each participant took 2 trials for maximum inspiration and maximum expiration each, and the
higher values were selected for further analysis.

2.3.2. Pulmonary Variable Measurements

Pulmonary function was measured by spirometry as a functional examination of the respiratory
system. Spirometry was performed by using a Quark b2 ergospirometer (Cosmed, Milan, Italy).
It involved an inspiration with a maximum volume preceded by 2–3 quiet breaths and ended with an
intense exhalation with a maximum airflow, resulting in a minimum volume of residual air. In the
course of the respiratory test, the following parameters were recorded: forced vital capacity (FVC) [L],
forced expiratory volume in 1 s (FEV1) [L], peak expiratory flow (PEF) [L s–1], and peak inspiratory
flow (PIF) [L s–1]. Each participant took 2 trials, and the one with higher FEV1 value was selected for
further analysis.

2.3.3. Respiratory Variable Measurements

An incremental exercise test on a cycle ergometer was applied to assess VO2max [mL kg–1 min–1],
VE [L min–1], Rf [breaths min–1], VT [L breath–1] and other respiratory parameters: Total duration
of the inspiratory cycle (Ti) [s], total duration of the expiratory cycle (Te) [s], total duration of the
respiratory cycle (Ttot) [s], ratio of mean inspiratory time to the total time of the respiratory cycle
(Ti/Ttot) [%], PetCO2 [mm Hg]. Heart rate [beats min–1] was also continuously measured with a
noninvasive HR monitor (S810, Polar Electro, Kempele, Finland).

The incremental exercise test was administered 3 days before the training intervention.
Gas exchange was evaluated breath-by-breath by using a metabolic cart (Quark b2, Cosmed, Italy).
The device was calibrated with a reference gas mixture of CO2 (5%), O2 (16%), and N2 (79%).
Pulmonary function assessment began 2 min prior to the test start and continued 5 min after the test
conclusion, with data averaged over 30-s intervals. VO2 was measured and VO2max was automatically
indicated. VO2max was defined as the highest 30-s average at which relative VO2 values plateaued
(<1.35 mL kg−1 min−1) despite an increase in workload or 2 of the following criteria: (a) respiratory
exchange ratio > 1.10; (b) attainment of HRmax (within 10 beats min–1 of age-predicted maximum
[220-age]); (c) voluntary exhaustion. Primary cardiorespiratory outcome measures of Rf [breaths·min–1],
VT [L breath–1], VE [L min–1] were determined at 4 workloads (50, 100, 150, 200 W) and at maximal
power (max). The outcome measures of Ti [s], Te [s], Ttot [s], Ti/Ttot [%], PetCO2 [mm Hg] were
determined at 4 workloads (50, 100, 150, 200 W).

2.4. Statistical Analysis

The quantitative investigation planning involved a 4-dimensional approach (alpha, power, sample
size, and effect size) and followed the accepted methodology [29].

Data are presented as means ± standard deviations, the difference (∆) between pre- and
postintervention values, and the standard deviation for the difference. In addition, parameter changes
(increase or decrease) are expressed as a dimensionless ratio of two quantities (%). Significance was set
at an alpha level of 0.05 for all statistical procedures, with p values provided for all results.

The distribution of the data set was screened for normality by using the Kolmogorov–Smirnov
test. The homogeneity of variances was checked with the Levene’s test. Respiratory muscle strength
variables (PImax, PEmax), pulmonary variables (FVC, FEV1, PEF, PIF), and respiratory variables (Rf,
VT) for each workload (50, 100, 150, 200 W, max), and Ti, Te, Ttot, Ti/Ttot, PetCO2 were compared
with the use of one-way ANOVA with repeated measures (measurement × group) and Tukey’s honest
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significant difference (HSD) test for pairwise posthoc comparisons. The VE and VO2max variables
values derived from Szczepan et al. [25].

Furthermore, effect sizes for ANOVA were calculated by using partial eta squared (η2
p). Effect

sizes were interpreted as small (0.02), moderate (0.13), or large (≥0.26) [30,31].
The sample size was estimated with a stand-alone power analysis program for statistical tests

(G*Power 3.1.9.2, Kiel University, Kiel, Germany) [32] with a small effect size of f2 = 0.29. With the
assumption of an alpha error of 0.05 and power of (1-β) 0.80, the required total sample size was
estimated to be 26 participants in total. However, owing to the length and commitment of the
intervention, we were able to include only 22 individuals in the final analysis.

All calculations of the analysed variables were performed with the IBM SPSS Statistics version 26
software package (IBM, Inc., Chicago, IL, USA).

3. Results

Pre- and postintervention respiratory muscle strength, pulmonary function, and respiratory
outcomes for within-group comparisons are presented in Tables 1–3. Between-group comparisons are
provided in the text only.

Table 2. Pre- and postintervention within-group comparisons (PImax, PEmax, FVC, FEV1, PEF, PIF).

Control Group

Variables Pre-Intervention Post-Intervention ∆

(Post-Pre)
± of ∆

(Post-Pre)
%

Difference p Value η2
p

PImax [cm H2O] 127.6 ± 38.1 124.1 ± 36.2 −3.5 52.6 −2.7 0.47 0.05
PEmax [cm H2O] 162.6 ± 33.0 166.5 ± 32.5 3.8 46.3 2.3 0.46 0.06

FVC [L] 6.6 ± 1.6 6.5 ± 1.6 −0.1 2.2 −1.8 0.68 0.02
FEV1 [L] 4.8 ± 0.9 4.9 ± 1.0 0.1 1.4 1.9 0.74 0.01

PEF [L s–1] 8.9 ± 2.2 8.9 ± 1.9 0.0 2.9 0.3 0.89 0.01
PIF [L s–1] 2.6 ± 0.9 2.2 ± 1.0 −0.5 1.4 −18.3 0.10 0.24

Experimental Group

Variables Pre-Intervention Post-Intervention ∆

(Post-Pre)
± of ∆

(Post-Pre)
%

Difference p Value η2
p

PImax [cm H2O] 122.9 ± 40.7 131.2 ± 26.4 8.3 48.5 6.7 0.47 0.05
PEmax [cm H2O] 136.1 ± 52.8 156.6 ± 49.0 20.4 72.0 15.0 0.21 0.01

FVC [L] 6.0 ± 1.2 6.1 ± 1.6 0.1 2.0 1.5 0.80 ≥0.00
FEV1 [L] 4.9 ± 0.9 4.6 ± 0.9 −0.3 1.2 −5.4 0.22 0.15

PEF [L s–1] 8.2 ± 2.2 7.9 ± 2.2 −0.3 3.1 −3.6 0.58 0.03
PIF [L s–1] 1.9 ± 1.0 2.6 ± 1.8 0.7 2.1 34.7 0.26 0.13

Data presented as mean ± standard deviation. ∆ and % difference with respect to preintervention status. Positive ∆
indicates an increase in variables. Positive % indicates an increase in variables. ± of ∆ (post-pre)—standard deviation
for the difference. PImax—maximal inspiratory pressure, PEmax—maximal expiratory pressure, FVC—forced vital
capacity; FEV1—forced expiratory volume in 1 s; PEF—peak expiratory flow, PIF—peak inspiratory flow.

Table 3. Pre- and postintervention within-group comparisons (Rf, VT, VE, VO2max).

Control Group

Variables Power
[W] Pre-Intervention Post-Intervention ∆

(Post-Pre)
± of ∆

(Post-Pre)
%

Difference p Value η2
p

Rf [breaths min–1]

50 20.4 ± 2.8 20.4 ± 5.5 0.0 6.2 −0.1 0.99 ≥0.00
100 23.1 ± 4.7 22.6 ± 4.0 −0.5 6.1 −2.0 0.68 0.02
150 25.3 ± 4.1 25.9 ± 4.5 0.6 6.1 2.4 0.61 0.03
200 29.5 ± 7.9 31.3 ± 6.6 1.8 10.2 6.0 0.22 0.15
Max 47.8 ± 10.3 47.1 ± 7.6 −0.7 12.8 −1.4 0.72 0.01

VT [L breath–1]

50 1.4 ± 0.2 1.4 ± 0.3 0.1 0.4 3.6 0.65 0.02
100 1.7 ± 2.0 1.7 ± 0.2 0.0 2.0 −1.8 0.65 0.02
150 2.0 ± 0.3 2.1 ± 0.3 0.1 0.4 4.0 0.32 0.01
200 2.4 ± 0.4 2.4 ± 0.3 0.0 0.5 −0.8 0.85 0.01
Max 2.6 ± 0.6 2.6 ± 0.5 0.0 0.8 −0.8 0.82 ≥0.00
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Table 3. Cont.

Control Group

Variables Power
[W] Pre-Intervention Post-Intervention ∆

(Post-Pre)
± of ∆

(Post-Pre)
%

Difference p Value η2
p

VE [L min–1]

50 28.8 ± 4.8 28.2 ± 4.2 −0.6 6.4 −2.1 0.99 0.01
100 39.0 ± 4.1 37.4 ± 2.6 −1.6 4.9 –4.1 0.80 0.11
150 51.9 ± 5.3 53.4 ± 4.3 1.5 6.8 2.9 0.89 0.07
200 71.5 ± 12.3 72.4 ± 7.0 0.9 14.2 1.3 0.99 0.01
Max 132.3 ± 35.1 135.8 ± 39.8 3.5 53.1 2.6 0.93 0.03

VO2max
[mL kg–1 min–1] Max 47.1 ± 8.9 47.6 ± 10.2 0.5 13.5 1.1 0.97 0.05

Experimental Group

Variables Power
[W] Pre-Intervention Post-Intervention ∆

(Post-Pre)
± of ∆

(Post-Pre)
%

Difference p Value η2
p

Rf [breaths min–1]

50 18.2 ± 5.1 18.5 ± 5.9 0.3 7.8 1.4 0.87 ≥0.00
100 19.5 ± 6.3 20.9 ± 4.8 1.4 8.0 7.1 0.36 0.09
150 22.1 ± 7.0 23.3 ± 5.3 1.2 8.7 5.5 0.52 0.04
200 28.8 ± 8.7 27.9 ± 8.0 −0.9 11.8 −3.2 0.58 0.03
Max 41.8 ± 6.2 40.5 ± 7.9 −1.2 10.1 −2.9 0.60 0.03

VT [L breath–1]

50 1.6 ± 0.5 1.4 ± 0.5 −0.1 0.7 −8.3 0.15 0.2
100 2.1 ± 0.7 1.8 ± 0.4 −0.3 0.8 −13.7 0.03 * 0.39
150 2.3 ± 0.6 2.2 ± 0.4 −0.1 0.7 −5.7 0.34 0.09
200 2.4 ± 0.5 2.5 ± 0.5 0.1 0.7 4.6 0.40 0.07
Max 2.5 ± 0.6 2.7 ± 0.6 0.2 0.8 6.3 0.01 * 0.52

VE [L min–1]

50 26.9 ± 6.0 24.6 ± 3.3 −2.3 6.8 −8.6 0.63 0.11
100 36.9 ± 5.0 35.6 ± 2.1 −1.3 5.4 −3.5 0.84 0.05
150 47.6 ± 6.2 48.7 ± 3.8 1.1 7.3 2.3 0.95 0.02
200 66.4 ± 12.0 66.8 ± 7.4 0.4 14.1 0.6 1.00 0.01
Max 121.5 ± 39.5 124.8 ± 37.1 3.3 54.2 2.7 0.94 0.04

VO2max
[mL kg–1 min–1] Max 45.6 ± 7.5 46.7 ± 8.3 1.1 11.2 2.4 0.80 0.15

Data presented as mean ± standard deviation. * Significant difference at p < 0.05 vs. preintervention value. ∆ and %
difference with respect to preintervention status. Positive ∆ indicates an increase in variables. Positive % indicates an
increase in variables. ± of ∆ (post-pre)—standard deviation for the difference. Rf—respiratory frequency, VT—tidal
volume, VE—respiratory minute ventilation, VO2max—maximal oxygen uptake. The VE and VO2max variables
values derived from Szczepan et al. [25].

No between- or within-group differences were observed after the intervention for respiratory
muscle strength variables (PImax, PEmax) or pulmonary/spirometry variables (FVC, FEV1, PEF, PIF)
(Table 2).

Among respiratory variables (Rf, VT, VE), the difference analysis revealed changes only within
the experimental group for the VT variable at 100 W workload (decrease by 13.7%; p = 0.03; η2

p = 0.39)
and at maximum workload (increase by 6.3%; p = 0.01; η2

p = 0.52) (Table 3). Pre- and postintervention
between-group comparisons (control group vs. experimental group) did not indicate any changes.

For the other respiratory variables (Ti, Te, Ttot, Ti/Ttot, PetCO2), the difference analysis showed
changes within the control group for the Ti/Ttot variable at 150 W workload (decrease by 2.1%; p = 0.01;
η2

p = 0.46) and at 200 W workload (decrease by 2.0%; p = 0.04; η2
p = 0.36). Differences were also observed

within the control group for PetCO2 at 200 W workload (decrease by 2.7%; p = 0.02; η2
p = 0.44). Changes

were recorded within the experimental group for the Ti variable at 100 W workload (decrease by 16.7%;
p = 0.01; η2

p = 0.52), Ttot at 100 W workload (decrease by 11.5%; p = 0.02; η2
p = 0.45), Ti/Ttot at 100 W

workload (decrease by 4.4%; p = 0.04; η2
p = 0.35), and PetCO2 at 100 W workload (decrease by 2.6%;

p = 0.01; η2
p = 0.47) and at 150 W workload (decrease by 5.6%; p = 0.04; η2

p= 0.35) (Table 4).
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Table 4. Pre- and postintervention within-group comparisons (Ti, Te, Ttot, Ti/Ttot, PetCO2).

Control Group

Variables Power
[W] Pre-Intervention Post-Intervention ∆

(Post-Pre)
± of ∆

(Post-Pre)
%

Difference p Value η2
p

Ti [s]

50 1.4 ± 0.2 1.4 ± 0.4 0.1 0.4 4.4 0.62 0.03
100 1.3 ± 0.3 1.3 ± 0.2 0.0 0.4 −0.8 0.92 ≥0.00
150 1.2 ± 0.2 1.1 ± 0.2 −0.1 0.3 −6.0 0.20 0.18
200 1.1 ± 0.3 1.0 ± 0.2 −0.1 0.4 −12.0 0.11 0.24

Te [s]

50 1.6 ± 0.3 1.7 ± 0.4 0.1 0.5 4.9 0.52 0.04
100 1.4 ± 0.3 1.5 ± 0.2 0.0 0.4 2.1 0.68 0.02
150 1.3 ± 0.2 1.3 ± 0.2 0.0 0.3 0.8 0.79 0.01
200 1.1 ± 0.3 1.0 ± 0.2 −0.1 0.3 −4.6 0.32 0.01

Ttot [s]

50 3.0 ± 0.4 3.1 ± 0.8 0.1 0.8 4.7 0.56 0.04
100 2.7 ± 0.6 2.7 ± 0.4 0.0 0.7 1.1 0.87 ≥0.00
150 2.4 ± 0.4 2.4 ± 0.4 −0.1 0.6 −2.5 0.56 0.03
200 2.2 ± 0.6 2.0 ± 0.4 −0.2 0.7 −8.3 0.16 0.17

Ti/Ttot [%]

50 45.0 ± 3.0 44.0 ± 3.0 −1.0 4.2 −2.2 0.51 0.05
100 46.0 ± 3.0 46.0 ± 2.0 0.0 3.6 0.0 0.36 0.08
150 47.0 ± 2.0 46.0 ± 2.0 −1.0 2.8 −2.1 0.01 * 0.46
200 49.0 ± 2.0 48.0 ± 2.0 −1.0 2.8 −2.0 0.04 * 0.36

PetCO2 [mm Hg]

50 38.0 ± 1.8 37.6 ± 3.2 −0.4 3.6 −1.0 0.63 0.02
100 39.5 ± 2.4 40.4 ± 3.0 0.9 3.8 2.3 0.15 0.20
150 40.9 ± 2.7 39.9 ± 2.8 −1.0 3.9 −2.4 0.18 0.17
200 40.3 ± 2.8 39.2 ± 2.7 −1.1 3.9 −2.7 0.02 * 0.44

Experimental Group

Variables Power
[W] Pre-Intervention Post-Intervention ∆

(Post-Pre)
± of ∆

(Post-Pre)
%

Difference p Value η2
p

Ti [s]

50 1.5 ± 0.4 1.5 ± 0.5 0.0 0.6 −0.7 0.94 ≥0.00
100 1.6 ± 0.5 1.3 ± 0.3 −0.3 0.6 −16.7 0.01 * 0.52
150 1.3 ± 0.4 1.2 ± 0.3 −0.1 0.5 −8.2 0.36 0.08
200 1.0 ± 0.2 1.1 ± 0.2 0.0 0.3 2.9 0.51 0.04

Te [s]

50 2.0 ± 0.6 2.1 ± 0.7 0.0 0.9 1.5 0.81 ≥0.00
100 1.8 ± 0.5 1.7 ± 0.4 −0.1 0.7 −7.6 0.12 0.23
150 1.6 ± 0.4 1.4 ± 1.4 −0.2 1.5 −10.0 0.21 0.16
200 1.2 ± 0.3 1.2 ± 0.4 0.0 0.5 0.8 0.84 ≥0.00

Ttot [s]

50 3.5 ± 1.0 3.6 ± 1.1 0.0 1.5 0.6 0.93 ≥0.00
100 3.4 ± 1.0 3.0 ± 0.7 −0.4 1.2 −11.5 0.02 * 0.45
150 2.9 ± 0.8 2.7 ± 0.6 −0.3 1.0 −8.8 0.27 0.12
200 2.3 ± 0.5 2.3 ± 0.6 0.0 0.7 1.8 0.71 0.02

Ti/Ttot [%]

50 42.0 ± 3.0 42.0 ± 2.0 0.0 3.6 0.0 0.43 0.06
100 45.0 ± 2.0 43.0 ± 2.0 −2.0 2.8 −4.4 0.04 * 0.35
150 45.0 ± 1.0 45.0 ± 2.0 0.0 2.2 0.0 0.38 0.08
200 46.0 ± 2.0 46.0 ± 2.0 0.0 2.8 0.0 0.45 0.06

PetCO2 [mm Hg]

50 39.6 ± 3.1 38.7 ± 2.8 −0.9 4.2 −2.3 0.09 0.27
100 41.5 ± 2.8 40.5 ± 2.5 −1.1 3.8 −2.6 0.01 * 0.47
150 43.5 ± 4.1 41.0 ± 2.6 −2.5 4.9 −5.6 0.04 * 0.35
200 41.1 ± 3.7 40.1 ± 3.6 −1.0 5.2 −2.4 0.22 0.15

Data presented as mean ± standard deviation. * Significant difference at p < 0.05 vs. preintervention value. ∆ and %
difference with respect to preintervention status. Positive ∆ indicates an increase in variables. Positive % indicates an
increase in variables. ± of ∆ (post-pre)—standard deviation for the difference. Ti—total duration of the inspiratory
cycle, Te—total duration of the expiratory cycle, Ttot —total duration of the respiratory cycle, Ti/Ttot—ratio of mean
inspiratory time to the total time of the respiratory cycle, PetCO2—end-tidal partial pressure of carbon dioxide.

In turn, between-group comparisons showed pre-intervention differences for the Te variable at
100 W workload (∆ = 0.41; p = 0.03; η2

p = 0.21) and 150 W workload (∆ = 0.34; p = 0.02; η2
p = 0.23) and

for the Ti/Ttot variable at 150 W workload (∆ = −2.0; p = 0.03; η2
p = 0.22) and 200 W workload (∆ = −3.0;

p = 0.01; η2
p = 0.31).

4. Discussion

The main finding of the study is that a six-week ARDS intervention of moderate intensity
(HR: 125–140 beats min–1) did not significantly change respiratory muscle strength (PImax, PEmax)
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or spirometric parameters (FVC, FEV1, PEF, PIF), which did not confirm the assumed hypothesis.
Interestingly, only in group E, maximal tidal volume increased by 5.5%.

Research on the use of ARDS to improve cardiopulmonary capacity in different exercise regimes
and intensities is common [19–23,33]. However, to the best of our knowledge, this is the first study to
analyse the effects of ARDS application during moderate-intensity swimming in recreational swimmers
on changes in lung functional parameters and respiratory muscle strength. Studies suggest that
swimming is an activity extremely demanding for inspiratory muscles since immersion in water forces
swimmers to expand the chest wall under higher pressure and to increase both VT and the speed of
muscle contraction, which can lead to premature appearance of fatigue symptoms [9]. We assumed that
the use of ARDS during swimming would be a stronger stimulus for the development of respiratory
muscle strength and lung function measured by spirometry.

In earlier research, the use of ARDS led to CO2 accumulation above the physiological norm,
triggering changes in the respiratory system, increasing VE by raising Rf and VT, and causing faster
respiratory muscle fatigue [17,34]. This means that breathing with additional difficulty due to the
increased respiratory resistance requires the involvement of greater respiratory muscle strength,
which reduces lung susceptibility and, consequently, increases respiratory muscle endurance [35,36].
RMT and its variations employing high ventilation rates and generating high respiratory pressure
improved PImax and VO2max [37]. Resistance RMT (RRMT), involving application of efforts at
increased respiratory resistance, led to improvements in PImax, PEmax, and VT [11]. Apnoea training,
raising tolerance to hypoxaemia regardless of the genetic factor or muscle buffer capacity, shortened
the time of 400-m front crawl [38]. In addition, Karaula et al. [39] revealed that the application of
the hypercapnic-hypoxic respiratory pattern significantly improved the strength of inspiratory and
expiratory muscles, by 14.9% and 1.9%, respectively, compared with the control group swimmers.
Similarly, McEntire et al. [40] pointed out that the use of a device raising respiratory resistance and
regular breathing exercises increased respiratory muscle strength. The results of our research are
contrary to many experiments in which different RMT stimuli were used. Among the factors that
may explain the lack of changes in spirometric parameters (FVC, FEV1, PEF, PIF) and respiratory
muscle strength parameters (PImax, PEmax) observed in our study, there is the application of too
low a swimming intensity with 2.5-cm diameter ARDS, which did not generate sufficiently high
inspiratory pressure. Enright et al. [41] suggest that most gains in inspiratory muscle strength occur at
an intensity of PImax. We are unable to determine what inspiratory pressure was generated by the
participants during the swimming sessions in the presented experiment. Therefore, further studies
could be undertaken to clarify this issue.

High PaCO2 (provoked by ARDS) irritates cardiovascular chemoreceptors and increases VE,
mainly by raising VT [42]. Regular hypercapnia can also modify the reactivity of chemoreceptive
areas and thus change the respiratory pattern [20]. McParland et al. [43] report that the application
of ARDS (970 mL) increased VT, as opposed to Rf. Our results do not confirm these observations,
indicating lack of differences in maximal and submaximal VE. However, during work with 100 W
intensity, the progressive test in group E showed a decrease in VT without Rf changes. This may
indicate an improvement in work economy as a result of applying similar intensity in training. This is
in line with the findings provided by Michalik et al. [44], who implied an improvement in exercise
economy in a progressive test with the intensity that had been used in the training process. After a
six-week swimming training with ARDS, group E presented a decrease in VT accompanied by lower
Ttot, Ti, and Ti/Ttot values. No such changes occurred in the control group. According to Buchler
et al. [45], lowering Ti/Ttot increases blood flow in the diaphragm to provide more oxygen to the
inspiratory muscles, which may also explain the increase in the maximum VT value as a result of a
lower physiological cost of respiratory muscle work. The raised oxygen supply to the diaphragm can
delay the occurrence of fatigue and thus improve exercise tolerance [3]. Unfortunately, we did not test
blood PaCO2 or the respiratory pattern during swimming sessions, and this knowledge could help

99



Int. J. Environ. Res. Public Health 2020, 17, 5743

interpret the results. It seems that even if hypercapnia was induced, the ventilation response was too
weak a stimulus to induce long-term adaptation.

In group E, the value of PetCO2 at an intensity of 100 and 150 W decreased. Similar results
were observed in group C but at an intensity of 100 W. Changes in PetCO2 during the progressive
test may indicate a change in muscle metabolism and in chemoreceptor sensitivity to CO2 and H+

modifications [8]. In the previous study [24], we showed that CO2 excretion did not change as a result
of ARDS training. Thus, the lower PetCO2 in the present study is associated with a more efficient CO2

elimination by the lungs, as evidenced by the synergistic effect of the VE components mentioned above
(VT, Rf). However, this conclusion requires further research and detailed verification in subsequent
studies including measurements during training sessions.

Nevertheless, the presented results should be interpreted with caution. The study limitations
include the small size of both groups. In addition, the progressive test was carried out in laboratory
conditions on a cycle ergometer and therefore did not take into account the horizontal position of the
body in water. Field tests similar to the training sessions will be a more accurate way to determine
the aerobic capacity of swimmers. This approach can provide more sensitive data to enable a better
direction of training, consequently facilitating improved performance. We applied the ARDS volume
of 1000 mL and the tube diameter of 2.5 cm, as tested in previous studies, but these parameters were
not adjusted to the individual vital capacity of the participants. The absence of significant changes
in most of the measured characteristics may suggest that either the exercise stimulus was too small
(low intensity) or the application time was too short. It is advisable to consider a higher intensity
of training, e.g., second ventilatory (anaerobic) threshold, which would increase VE and respiratory
muscle involvement. Dunham and Harms [28] proved that the stimulus to induce respiratory muscle
adaptation required high-intensity work, as in the case of high-intensity interval training that they
applied. Further changes to the ARDS training protocol, regarding frequency (number of training
units per week) and volume (number of intervention weeks), may also cause other body reactions.
In addition, the design of the device to increase the dead space can be altered, e.g., by reducing the tube
diameter, in order to induce higher respiratory resistance and monitor the respiratory gas parameters in
real time to determine changes in, among others, PetCO2. Future studies should take these limitations
into account.

5. Conclusions

Summing up, this study has shown for the first time that a six-week moderate-intensity training
with the application of 1000-mL ARDS among recreational swimmers does not cause changes in
respiratory muscle strength variables and pulmonary variables.
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24. Szczepan, S.; Michalik, K.; Borkowski, J.; Zatoń, K. Effects of swimming with added respiratory dead space
on cardiorespiratory fitness and lipid metabolism. J. Sports Sci. Med. 2020, 19, 95–101. [PubMed]

25. Goodarzi-Ardakani, V.; Taeibi-Rahni, M.; Salimi, M.R.; Ahmadi, G. Computational simulation of temperature
and velocity distribution in human upper respiratory airway during inhalation of hot air. Respir. Physiol.
Neurobiol. 2016, 223, 49–58. [CrossRef] [PubMed]

26. Poon, C.S. Potentiation of exercise ventilatory response by airway CO2 and dead space loading. J. Appl. Physiol.
1992, 73, 591–595. [CrossRef] [PubMed]
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Abstract: High-intensity functional training (HIFT) is characterized by presenting high volumes
and training intensities with constantly varied exercises. The aim of this study was to analyze the
internal training load and the effects of high-intensity functional training on physical performance
in subjects with different training volumes and frequencies. A total of 31 volunteers involved in
high-intensity functional training (14 men and 17 women) were divided according to their training
volumes and frequencies (high training-volume and frequency—HTVF; (n = 17) (nine women and
eight men; age: 31.0 ± 6.3 years; height: 168.8 ± 8.1 cm, body weight: 73.6 ± 11.9 kg; BMI: 25.96 kg/m2)
and moderate training volume and frequency—MTVF; (n = 14) (eight women and six men; age:
26.6 ± 4.7 years; height: 167.2 ± 8.6 cm, body weight: 75.8 ± 18.0 kg; BMI: 27.33 kg/m2)). The internal
training load was determined using the session-rating of perceived exertion method. The monotony
index (MI) and training strain (TS) were used to determine training variability during the training
weeks. Countermovement vertical jump height, 20-m sprinting and handgrip strength were assessed
at baseline and after six weeks of training. There was a time effect for MI ((F(5, 145) = 5.942; p = 0.0001)),
TS ((F(5, 145) = 5.734; p = 0.0001)), weekly internal training load ((F(4.006, 116.87) = 4.188; p = 0.003)) and
mean weekly internal training load ((F(4.006, 116.87) = 4.188; p = 0.003)). There was no increase in
performance in either group for countermovement vertical jump height ((F(1,29) = 6.081; p = 0.050)),
sprinting ((F(1,29) = 1.014; p = 0.322)), right handgrip strength ((F(1,29) = 2.522; p = 0.123)) or left
handgrip strength ((F(1,29) = 2.550; p = 0.121)). The current findings suggest that six weeks of
high-intensity functional training was not able to increase performance in either group. Therefore,
different volumes and frequencies do not seem to influence the increase in physical performance of
HIFT practitioners.

Keywords: perceived exertion; injury; physical training; workload; exercise

1. Introduction

High-intensity functional training (HIFT) is a modality characterized by presenting high volumes
and training intensities [1] with constantly varied exercises [2] with or without any recovery interval
between the series [3]. HIFT training sessions consist of Olympic weightlifting exercises (OWE)
(e.g., clean and jerk, snatch), gymnastics (e.g., lunges and pull-ups) and metabolic conditioning
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(e.g., running and rowing) [2]. In addition to the diversity of functional movements performed in
high intensity, HIFT aims to improve physical conditioning variables (i.e., strength, body composition,
among others) and performance (i.e., speed, power, among others) [4]. Thus, HIFT has gained status in
sports in recent years and investigations have consequently emerged around physical capabilities for
success in the HIFT [5,6].

There are several determinants for success in sports such as vertical jumping [7], sprinting [8] and
handgrip strength (HS) [9]. For example, the presence of short-haul running races (i.e., up to 800 m)
which are constantly held in HIFT competitions are associated with success in HIFT [5]. In addition,
the scientific literature has suggested that the training volume appears to be a determining factor in
the magnitude of strength gains [10,11]. For example, it was observed that training protocols with
equalized volume and different training frequencies (i.e., six times vs. three times) do not differ
for gains in maximum strength in the bench press after six weeks of training [12]. Additionally,
Saric et al. [13] did not observe differences between groups for strength gains in the upper and lower
limbs in using a similar methodology and training time. Finally, Gomes et al. [14] analyzed the
influence of an equalized and progressive training volume in highly trained men (i.e., ~7 years of
experience). It was observed that there were no differences between groups for strength gains in
the bench press and squat exercises after eight weeks of training. Although HIFT incorporates these
capacities (i.e., vertical jumping, sprinting and handgrip strength) and high volumes and intensities of
training, no studies to date have examined the impact of different volumes and training frequencies of
HIFT on physical performance. This issue can be of great relevance for coaches and can give light to
the science of HIFT.

Thus, understanding the influence of HIFT volume and training frequency can provide an efficient
prescription with overload which enables adequate adaptation with less interference in the health
status of practitioners, as it has been demonstrated that two consecutive days of HIFT may promote
possible immunosuppression [15] and that training protocols with high volumes and absence of
recovery intervals promote increased damage markers (i.e., creatinokinase and interleukin-6) [16].
In addition, training load management is of fundamental importance for performance enhancement [17],
since long-term accumulated training loads, intensification periods and acute changes in the training
load have been identified as potential causes for loss in performance [18], diseases and injuries [19].
On the other hand, it was observed that six months of HIFT is able to promote positive chronic
responses in the immune and hormonal system [20]. Therefore, monitoring the internal training load
(ITL) becomes necessary to better adapt to training along with minimizing the risk of injury [17].

The internal training load (ITL) reports the effects of loads on the body experienced by an athlete
after training [21]. Due to the diversity of exercises applied in HIFT (i.e., gymnastics, strength and
metabolic conditioning), the management of training loads is a challenge for coaches [17] who need
efficient tools and with practical applicability. There are countless tools for controlling stress/recovery
from training, such as creatine kinase, testosterone/cortisol ratio and immunological markers [22].
However, these tools are expensive, invasive and are not commonly used in daily training practice [17].
Thus, coaches need tools that reproduce the “real world” [17] and are effective and sensitive to
variations in workloads, such as the session rating of perceived exertion (session-RPE) [23].

The session-RPE is one of the most used tools in sports for monitoring ITL [24,25] because it
provides information about the physiological stress imposed by the training process [18]. The ITL
control method based on session-RPE generates other important variables such as monotony index
(MI) and training strain (TS) which can indicate training overload [26]. These indices were recently
validated for HIFT [27,28], showing to be efficient with regard to ITL differentiation in different training
phases [29]. Therefore, it is of fundamental importance to use efficient and validated tools in order to
individualize the training and take into account the level of each subject.

Despite the exponential growth of both the modality and number of practitioners, there is a limited
number of studies related to safety in HIFT practitioners. Studies have not performed ITL quantification
or monitoring in order to analyze the stress/recovery ratio and the performance determinants for the

104



Int. J. Environ. Res. Public Health 2020, 17, 6058

sport [3] as measured through the session-RPE, MI and TS, nor a verification of physical performance
between subjects with different training volumes and frequencies through performance tests after a
6-week training period. Hence, to our knowledge, this is the first study to examine the impact of
different HIFT volumes and training frequencies on physical performance.

Thus, the aim of this study was to analyze the ITL during six weeks of HIFT and to verify the
effects of HIFT on physical performance in subjects with different training volumes and frequencies.
The hypothesis of the study is that the six weeks of HIFT may generate different ITL with increased
physical performance, regardless of the training volumes and frequencies presented.

2. Materials and Methods

Participants

The study design is characterized as observational. An a priori power analysis was computed
using G*Power 3.1.9.4. Thus, a significant variable from a previous study (i.e., back squatting) was
used for presenting improvement after performing HIFT [30]. The lowest significant effect size of back
squatting (η2p = 0.55) was used for the power analysis. Thus, a sample size of 10 subjects in each
group was calculated by inputting 0.55 as the effect size and setting the alpha significance level at 0.05
and power to 0.80. A total of 31 subjects (14 men and 17 women) of different training volumes and
frequencies (high training-volume and frequency—HTVF (27.9 ± 9.2 months of training background),
n = 17 (9 women and 8 men; age: 31.0 ± 6.3 years; height: 168.8 ± 8.1 cm, body weight: 73.6 ± 11.9 kg;
BMI: 25.96 kg/m2) and moderate training volume and frequency—MTVF (8.3 ± 3.7 months of training
background), n = 14 (8 women and 6 men; age: 26.6 ± 4.7 years; height: 167.2 ± 8.6 cm, body weight:
75.8 ± 18.0 kg; BMI: 27.33 kg/m2)) were followed for 6 weeks. The subjects were grouped by their
training volumes and frequencies into HTVF and MTVF groups. The weekly frequency and training
session time was configured into the following groups: HTVF (5 to 6 days; ~2 h) and MTVF (3 to 4
days; ~1 h). It is worth noting that all subjects participated in all the procedures inherent to the study,
and therefore there was no sample loss. The project was explained to all subjects of the training center
and those who volunteered to participate signed the free and informed consent form. The researchers
spent a week at the training center’s facilities explaining the study and aiming to recruit as many
subjects as possible. The following inclusion criteria were adopted: (i) presenting a weekly minimum
training frequency of 3 times; and (ii) over 18 years of age. All those with osteomioarticular injuries and
who did not meet at least 75% of the training sessions were excluded from the sample. The adherence
rate during the 6 weeks was 82.4% for the HTVF group and 84.3% for the MTVF group.

The study was approved by the local ethics research committee (No. 3,082,357) and followed all
of the ethical standards set forth in the Helsinki Declaration 2013 (and the World Medical Association).

3. Procedures

Training Sessions

The subjects were familiar with all the adopted procedures and tests which were usually used
during their training program. The schedule and training organization during the collection period
were structured and programmed by the coaches responsible for the training center in order to provide
a control between stress and recovery, thereby enabling subjects to handle the physical and physiological
demands well throughout the collection period. All experimental procedures of the performance tests
were performed at the beginning of each week (i.e., baseline and post 6 weeks). The subjects were
instructed to maintain their usual diet and refrain from alcohol, caffeine and high-intensity exercise in
the 72h preceding the test performance. In addition, all tests (i.e., countermovement vertical jump
height (CVJH), sprints and handgrip strength (HS)) were performed indoors and at the same time of
day to mitigate the climatic effects. The subjects were also submitted to a warm-up protocol proposed
by the training center coaches for approximately 10 min prior to the tests consisting of different running
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speeds, jumps and specific HIFT activity. The subjects initially performed the CVJH, followed by
sprints and HS.

The training sessions usually began with a general warm-up (i.e., squats, multi-joint exercises,
among others) (~20 min for HTVF and ~10 min for MTVF). After the warm-up, the training session
consisted of movement technique exercises and strength training (i.e., Olympic weightlifting, squats,
bench-press, deadlift and their variations) (~40 min for HTVF and ~20 min for MTVF), and finally
gymnastic exercises (hand stands, bar exercises, ring, among others) and metabolic conditioning
(rowing, races, among others) (~60 min for HTVF and ~30 min for MTVF). The objective of the
conditioning sessions was to conclude them in the shortest time possible, while the other conditioning
sessions on later days (depending on the planning/organization of the weekly training) were intended to
perform the highest number of repetitions within the subject’s limit in a fixed time period. All subjects
performed the same training program, however, the HTVF group performed higher training volumes
and frequencies (i.e., higher weekly frequency and training session time), as mentioned above.
In addition, as the individual capacity (for example, relative strength or ability to perform specific
exercises) among subjects were distinct, all the loads and exercises were individualized (i.e., the load
and exercises were modified by the coach when necessary so that each subject, regardless of the training
volumes and frequencies, could complete all the proposed tasks). It is worth mentioning that the
determination of the external training load was not carried out due to the modality characteristic
which presents a wide variety of exercises in the same training session (i.e., strength, gymnastics
and endurance), therefore constituting a challenge for coaches and future research [17]. However,
monitoring was performed minimally through the session time.

The monitoring lasted 6 weeks with performance tests (i.e., CVJH, sprints and HS) before and
after the training period. In addition, the session-RPE was calculated (i.e., RPE x session time) after
each training session over the 6 weeks [26].

4. Instruments

Quantifying Training Load

The ITL was recorded using the session-RPE rating of perceived exertion scale [26]. The intensities
of the training sessions were similar between the groups and proposed by the coach of the training
center. However, according to the principle of individuality, each subject could respond differently to
the intensity proposed by the coach. The subjects were asked how intense their training session was at
around ~30 min after the end of each training session and responded based on a category ratio scale
(CR-10) [26]. The subjects were already previously familiar with the CR-10 scale. The reported value
was multiplied by the total duration of each training session in minutes, resulting in an arbitrary unit
value (AU) (perceived internal training load) [26]. The training load was expressed in weekly internal
training load (WITL) (the sum of 7 days). The mean weekly ITL (WMITL) was additionally performed
by the sum of the weekly AU divided by 7 (number of days of the week). Finally, the session-RPE
values (daily and weekly) were used for the analyses. The MI was calculated by the division of the
WMITL by its respective standard deviation [26]. The TS was calculated by multiplying the sum of the
weekly ITL (WITL) by MI of the same time interval [26].

5. Physical Performance

5.1. Countermovement Vertical Jump Height (CVJH)

The vertical jump height was verified from the use of CVJH. The subjects were familiar with
performing the jump test and able to exert a downward movement followed by a complete extension
of the legs and were free to establish the amplitude of the countermovement to avoid modifications
in the jumps [31]. All attempts were performed with their hands fixed on their hips and subjects
were encouraged to jump as high and as fast as possible [31]. A contact platform connected to the
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Jump Test Pro 2.10 software program (Cefise®, São Paulo, Brazil) was used to measure CVJH, and five
attempts with intervals of 15 s between them were granted [32]. Finally, the jump was considered valid
for analysis if the takeoff and landing positions remained visually analogous. The best result of five
attempts was subsequently used for data analysis. The intraclass correlation coefficient (ICCs) of the
baseline and post CVJH were 0.99 in both.

5.2. Speed Test (20-m Sprint)

Prior to the speed tests and after the warm-up period proposed by the coach responsible for the
training center, 1 photocell (Cefise®, São Paulo, Brazil) was allocated at 20 m from the starting point.
A 20-m test was repeated (i.e., two times) from the standing position. All speed tests were performed
at an indoor training center in order to mitigate weather effects. Recovery time between trials was
5 min and the best time was used for data analysis [32]. The ICCs of the baseline and post times of
0–20 m were 0.96 and 0.95, respectively.

5.3. Handgrip Strength (HS)

The subject was comfortably seated, positioned with their shoulder slightly adducted, elbow
flexed at 90◦, forearm in neutral position and the wrist positioning could oscillate from 0◦ to 30◦
long. These procedures are in accordance with the specifications of the American Society of Hand
Therapists [33]. The dynamometer measurement (Jamar®, São Paulo, Brazil) was regulated according
to the characteristics of each subject and the best results of three attempts in each hand were used for
data analysis. ICCs were 0.99 for right HS (baseline and post) and 0.98 for left HS (baseline and post).

5.4. Statistical Analyses

Normality was tested using the Shapiro–Wilk test and Z-score analysis of asymmetry and kurtosis
(−1.96 to 1.96). Continuous data are reported in mean and standard deviation. A mixed ANOVA of
repeated measures (2 conditions and 6 times) was used to verify the MI, TS and magnitude of WITL
and WMITL behavior within and between the different training volumes and frequencies (HTVF and
MTVF) over 6 weeks of HIFT. A mixed ANOVA of repeated measures (2 conditions and 2 times) was
adopted to verify differences in performance within and between training volumes and frequencies
(HTVF and MTVF). Mauchly’s sphericity test was adopted to verify the data measurement. The partial
eta squared (η2p) effect size (ES) was used for mixed ANOVA of repeated measures, being classified as:
no effect (ES: < 0.04), minimum effect (ES: 0.04–0.25), moderate effect (ES: 0.25–0.64) and strong effect
(ES: > 0.64) [34]. Bonferroni’s post hoc was used to identify specific differences. A significance level of
p < 0.05 was adopted for all analyses.

6. Results

An interaction effect was verified for MI ((F(5, 145) = 2.912; p = 0.016; η2p = 0.091; power = 0.839,
minimum effect)) and TS ((F(5, 145) = 2.810; p = 0.019; η2p = 0.088; power = 0.824, minimum effect)).
However, no interaction effect was verified for WITL ((F(4.006, 116.187) = 1.855; p = 0.123; η2p = 0.060;
power = 0.549, minimum effect)) or WMITL ((F(4.006, 116.187) = 1.855; p = 0.123; η2p = 0.060; power =

0.549, minimum effect)). There was a time effect for MI ((F(5, 145) = 5.942; p = 0.0001; η2p = 0.170; power
= 0.994, minimum effect)), TS ((F(5, 145) = 5.734; p = 0.0001; η2p = 0.165; power = 0.992, minimum
effect)), WITL ((F(4.006, 116.87) = 4.188; p = 0.003; η2p = 0.126; power = 0.914, minimum effect)) and
WMITL ((F(4.006, 116.87) = 4.188; p = 0.003; η2p = 0.126; power = 0.914, minimum effect)). There was only
a difference in the MTVF group for MI from week 1 to week 4 (∆% = 0.416; CI 95% = 0.097 to 0.735;
p = 0.004), from week 1 to week 5 (∆% = 0.551; CI 95% = 0.158 to 0.944; p = 0.002), from week 3 to week
4 (∆% = 0.232; CI 95% = 0.020 to 0.444; p = 0.022) and between weeks 3 and 5 (∆% = 0.367; CI 95% =

0.054 to 0.680; p = 0.012). There was only a difference in the MTVF group for TS from week 1 to week 4
(∆% = 1476.3; CI 95% = 316.6 to 2635.9; p = 0.005), from week 1 to week 5 (∆% = 1788.9; CI 95% = 477.8
to 3099.9; p = 0.002), from week 3 to week 4 (∆% = 1023.1; CI 95% = 170.2 to 1875.9; p = 0.009) and
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between weeks 3 and 5 (∆% = 1335.7; CI 95% = 225.0 to 2446.3; p = 0.009). There was only a difference
in the MTVF group for WITL from week 3 to week 4 (∆% = 558.9; CI 95% = 198.4 to 919.3; p = 0.0001)
and between weeks 3 and 5 (∆% = 630.7; CI 95% = 6.1 to 1255.2; p = 0.046). There was only a difference
in the MTVF group for WMITL from week 3 to week 4 (∆% = 79.8; CI 95% = 28.3 to 131.3; p = 0.0001)
and between weeks 3 and 5 (∆% = 90.0; CI 95% = 0.8 to 179.3; p = 0.046). No group effect was verified
for MI ((F(1,29) = 0.095; p = 0.760; η2p = 0.003; power = 0.060, no effect)), TS ((F(1,29) = 0.029; p = 0.865;
η2p = 0.001; power = 0.053, no effect)), WITL ((F(1,29) = 0.094; p = 0.761; η2p = 0.003; power = 0.060,
no effect)) and WMITL ((F(1,29) = 0.094; p = 0.761; η2p = 0.003; power = 0.060, no effect)) (see Table 1).

Table 1. Monotony index, training strain, weekly internal training load (ITL) and mean weekly ITL.

Variables Groups Week 1 Week 2 Week 3 Week 4 Week 5 Week 6

MI
HTVF 1.12 ± 0.25 0.99 ± 0.46 1.03 ± 0.38 1.08 ± 0.30 0.94 ± 0.27 1.16 ± 0.46
MTVF 1.33 ± 0.42 †,∞ 1.02 ± 0.30 1.15 ± 0.31 *,$ 0.91 ± 0.22 0.78 ± 0.23 0.98 ± 0.18

TS
HTVF 2477.2 ± 1186.6 2072.3 ± 1653.1 2085.3 ± 1404.1 2310.5 ± 1310.3 1737.1 ± 911.3 2602.8 ± 1848.3
MTVF 3143.4 ± 1422.2 †,∞ 2123.5 ± 1366.9 2690.2 ± 1175.9 *,$ 1667.1 ± 887.4 1354.5 ± 797.2 1966.9 ± 622.7

WITL
HTVF 2118.2 ± 775.6 1764.7 ± 992.6 1830.2 ± 741.3 1980.4 ± 778.1 1729.1 ± 642.5 1994.4 ± 802.9
MTVF 2283.9 ± 558.2 1889.2 ± 750.8 2281.4 ± 789.4 *,$ 1722.5 ± 675.0 1650.7 ± 620.6 1973.9 ± 442.7

WMITL
HTVF 302.5 ± 110.8 252.1 ± 141.8 261.4 ± 105.9 282.9 ± 111.1 247.0 ± 91.7 284.9 ± 114.7
MTVF 326.2 ± 79.7 269.8 ± 107.2 325.9 ± 112.7 *,$ 246.0 ± 96.4 235.8 ± 88.6 281.9 ± 63.2

MI—monotony index; TS—training strain; WITL—weekly internal training load; WMITL—mean weekly internal
training load; HTVF—high training-volume and frequency; MTVF—moderate training volume and frequency;
†—different from week 4 (p < 0.05); ∞—different from week 5 (p < 0.05); *—different from week 4 (p < 0.05);
$—different from week 5 (p < 0.05); ITL—internal training load.

No interaction effect was verified for CVJH ((F(1,29) = 0.232; p = 0.634; η2p = 0.008; power = 0.075,
no effect)), sprinting ((F(1,29) = 0.679; p = 0.417; η2p = 0.023; power = 0.125, no effect)), right HS
((F(1,29) = 0.013; p = 0.909; η2p = 0.0001; power = 0.051, no effect)) or left HS ((F(1,29) = 0.126; p = 0.725;
η2p = 0.004; power = 0.064, no effect)). No time effect was verified for CVJH ((F(1,29) = 6.081; p = 0.050;
η2p = 0.173; power = 0.664, minimum effect)), sprinting ((F(1,29) = 1.014; p = 0.322; η2p = 0.034; power
= 0.164, no effect)), right HS ((F(1,29) = 2.522; p = 0.123; η2p = 0.080; power = 0.336, minimum effect)) or
left HS ((F(1,29) = 2.550; p = 0.121; η2p = 0.081; power = 0.339, minimum effect)). No group effect was
verified for CVJH ((F(1,29) = 1.865; p = 0.183; η2p = 0.060; power = 0.262, minimum effect)), sprinting
((F(1,29) = 0.085; p = 0.773; η2p = 0.003; power = 0.059, no effect)), right HS ((F(1,29) = 0.771; p = 0.387;
η2p = 0.026; power = 0.136, no effect)) or left HS ((F(1,29) = 0.301; p = 0.587; η2p = 0.010; power = 0.083,
no effect)) (see Figure 1).Int. J. Environ. Res. Public Health 2020, 17, x  7 of 13 
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Figure 2 reports the individual values for the performance tests after 6 weeks of HIFT between
groups. It was observed that 70.58% (i.e., 12 subjects) and 64.28% (i.e., 9 subjects) increased performance
for the CVJH, 52.94% (i.e., 9 subjects) and 71.42% (i.e., 10 subjects) for sprinting, 41.17% (i.e., 7 subjects)
and 71.42% (i.e., 10 subjects) for right HS and 52.94% (i.e., 9 subjects) and 71.42% (i.e., 10 subjects) for
left HS of the HTVF group and of the MTVF group, respectively, after 6 weeks, although not significant.
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7. Discussion

The aim of this study was to analyze the ITL during six weeks of HIFT and to verify the
effects of HIFT on physical performance in subjects with different training volumes and frequencies.
No differences in MI, TS, WITL and WMITL in the HTVF group were observed over the six weeks.
On the other hand, a variation of greater magnitude in MI, TS, WITL and WMITL in the MTVF
group was observed over the six weeks (see Table 1). Regarding physical performance, six weeks
of high-intensity functional training was not able to generally increase performance in either group
(see Figure 1).

The arrangement of WITL and WMITL only differed during the six weeks of training in the
MTVF group. The American College of Sports Medicine recently published a consensus on HIFT and
suggested monitoring the training load to mitigate negative adaptations [35], since high training loads
associated with low recovery is one of the main causes of overtraining [36]. These studies showed the
relevance of applying a floating approach and periodic control of workloads for positive development
of performance [37]. Thus, the willingness and adjustments of workloads in accordance with the state
of readiness of subjects is shown to be a valuable strategy for efficient and safe prescription [38,39] in
order to prevent detraining and promote increased performance [40].

Our data show a WMITL of 1903 AU for the HTVF group and 1967 AU for the MTVF group.
The ITL values are in line with the values found by Tibana et al. [17] (2092 AU) and slightly below
the values presented by Williams et al. [29] (2591 AU) who used session-RPE to quantify training
loads in HIFT athletes. It is noteworthy that periods of load intensification, long-term accumulated
loads, as well as strenuous competitions are possible predictors of injuries [19]. For example, weekly
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workloads between 3000 and 5000 AU revealed 50% to 80% more chances of injuries [41], as well as
two subsequent weeks with weekly workloads greater than 2000 AU [42]. On the other hand, weekly
workloads below 1250 AU also revealed potentiation in the risk of injury and did not promote increased
fitness [42]. Therefore, session-RPE can assist coaches in performing “adjustments” of training loads
when necessary, respecting the individuality of subjects, and in order to avoid high MI and TS [26]
which constitute factors associated with larger chances of injury.

It is worth mentioning that no injuries were observed during the monitoring period in our study.
This condition was consistent with the MI and TS values which were below the values that indicate
a higher risk of injury or illness in both groups (see Table 1). Abrupt growth stemming from MI
(i.e., above 2.0 AU) as well as high TS (i.e., above 8000 AU) were correlated with 77% and 89% in
the occurrence of diseases, respectively [26]. In addition, high volumes and training intensities may
have repercussions on the decline of the immune system and consequently increases in signs and
symptoms of upper respiratory tract infection [43]. For example, Ferrari et al. [44] observed significant
associations between upper respiratory tract infection and TS in the preparatory (r = 0.72; p = 0.03)
and competitive phases (r = 0.73; p = 0.03) in trained cyclists. On the other hand, it was observed
that six months of HIFT is able to promote positive chronic responses in the immune and hormonal
systems [20]. In addition, performance tests are necessary for correct management of training loads
and should be used in order to avoid non-functional overreaching and consequently overtraining [36].

Considering variations in training loads, it was observed that six weeks of high-intensity functional
training was not able to generally increase performance in either group in our study. The literature
suggests a dose–response relationship for training volume and increased performance [10,11].
For example, Brigatto et al. [45] compared different training volumes (i.e., number of sets) in strength
gains in trained subjects (i.e., ~4 years of experience). The results suggest greater strength gains
for the group which performed the highest training volumes. On the other hand, Jeffreys et al. [46]
evaluated the effects on the performance of high volume protocols (i.e., 1920 ground contacts) vs.
low volume (i.e., 480 ground contacts) of plyometric training in rugby players. It was observed that
both groups increased performance in a similar way. However, the group with low training volume
performed 75% less training volume. In addition, previous experience and the previously used training
volume seem to be determining factors in decision making during the prescription of the training
volume [47]. For example, Scarpelli et al. [47] compared standardized volumes (i.e., based on literature
studies) vs. individualized volumes (i.e., based on previous experience). It was observed that muscle
hypertrophy showed higher magnitudes for the group with individualized training volume (~10%
vs. ~6%). Therefore, it is of fundamental importance that the principle of individuality be taken into
account for assertive decision making in the training prescription.

CVJH has been widely adopted in order to verify adaptations and neuromuscular fatigue in
relation to training [48]. Thus, training loads can be defined according to the vertical jump height
oscillations and can be applied in training sessions (i.e., daily) with the objective of evaluating and
effectively controlling neuromuscular responses and the readiness state of the subjects [31]. Studies
have recently indicated associations between olympic weightlifting movements which are commonly
used in HIFT [2] and increases in vertical jump height [49] and muscle power [50]. Increased muscle
power provides valuable evolution in performance in sports [32]. Previous studies have shown that
performing HIFT presents potential for maximizing performance [51,52], possibly due to the use of
complex training (i.e., strength training paired with power exercises) [53], which in turn provides
increases in vertical jump and sprint responses; however, the training program duration and subjects’
profile should be considered [54].

The results regarding the sprinting test showed that there is no change in performance across
the training period or among groups in general. Sprinting speed is of great importance for achieving
success in sports [55]. For example, the presence of short-haul running races (i.e., up to 800 m)
which are constantly held in HIFT competitions are associated with success in the sport [5]. Strong
correlations were additionally observed between the best classifications of female athletes and the
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performance of sprints of 50 and 400 m (r = 0.77 and 0.69, respectively) presented in an official HIFT
competition [8]. Therefore, sprinting should not be overlooked in the subject’s training program in
conjunction with maximum strength, especially when the modality requires these skills in training
sessions and competitions [49]. Sprinting measured in the present study was short-distance (i.e., 20 m),
which is considered the initial phase of acceleration [56]. Thus, it is possible that distinct results could
have been found at greater distances.

There were no general differences verified in relation to handgrip strength (HS) after the 6-weeks of
HIFT between groups. HS is of great importance in sports which require higher levels of HS to maximize
performance and injury prevention [57]. Olympic weightlifting and gymnastics modalities [57] stand
out among different sports which are often employed in HIFT [2]. For example, a varied relationship
(r = 0.81; p < 0.05) between HS and endurance HS was observed in ring athletes [58]. Thus, high levels
of HS are valuable for successful achievement in modalities which present exercises in rings and
bars [57]. In addition, coaches need assessment tools that are sensitive, easy to handle and which
replicate the sports movements, such as HS [57]. Therefore, HS can provide relevant information in
order to identify possible changes in performance or during different periods of the rehabilitation
process [9].

Although the results of this study are of great importance for coaches and sports scientists,
some limitations need to be highlighted: (i) The external training load was not determined due to
the modality characteristic which presents a wide variety of exercises in the same training session
(i.e., strength, gymnastics and endurance), therefore constituting a challenge for coaches and future
research [17]. However, monitoring was performed minimally through the session time; (ii) The absence
of tapering (i.e., volume reduction with maintenance or increased training intensity); however, it is
worth mentioning that the training was proposed by the training center coach, making it impossible to
intervene in the prescription and training organization. On the other hand, all subjects were instructed
to refrain from high-intensity exercise in the 72 h preceding the test performance. Nevertheless, this is
the first study to examine the impact of different training volumes and frequencies of HIFT on physical
performance. Therefore, further studies should be conducted to examine the impact of different
training volumes and frequencies of HIFT with the inclusion of tapering and monitoring the external
training load.

From a practical point of view, the present results indicate that coaches, sports scientists and other
professionals in the field should manage workloads during the season with the aim to adjust and opt
for consistent workloads respecting the individuality of subjects. Thus, tools which are accessible,
efficient and non-invasive such as session-RPE provide simple and objective results on workloads and
additionally on the readiness state of subjects. Therefore, daily and weekly controls can collaborate
with the training planning and organization in order for athletes/subjects to reach the apex of physical
form with lower risks of injury. Regarding performance tests, coaches can monitor adaptations in
relation to the proposed training period and consequently opt for better training strategies in order to
achieve superior results in training and subsequent competitions, since in our study it was observed
that six weeks of high-intensity functional training was not able to increase performance, regardless of
the training volume or frequency.

8. Conclusions

It was observed that the internal training load presented different magnitudes during the six
weeks in both groups with differences only for the moderate training volume and frequency group.
In addition, the current findings suggest that six weeks of high-intensity functional training were
not able to increase performance in subjects with high training-volume and frequency or a moderate
training volume and frequency. Therefore, coaches must opt for better training strategies in order to
achieve superior results in training and subsequent competitions.
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Abstract: The aim of this study was to investigate the relationship between linear sprint, power output
obtained during a squat and change of direction (COD) performance. Fifteen elite soccer players
participated in this study (age = 21.7± 0.72 years, body mass = 74.9± 9.11 kg, body height = 180.4± 7 cm,
training experience = 9 ± 1.5 years). To examine these correlations a following battery of tests were
carried out: 20-m linear sprint, one-repetition maximum (1RM) squat strength, peak power output
obtained during a squat at 50% 1RM and time obtained in two 20-m COD tests with different angles of
direction change (90◦ and 135◦). In addition, COD deficits (90◦-CODDEF and 135◦-CODDEF) for both
COD tests were calculated. The Spearman’s rank order correlation showed a nearly perfect statistical
relationship between the 90◦-COD and the 90◦-CODDEF (r = 0.9; p < 0.001). In the case of 90◦-CODDEF,
there was a large statistical relationship with 135◦-CODDEF (r = 0.59; p = 0.021). Moreover, there was
a nearly perfect statistical relationship between 135◦-COD and 135◦-CODDEF (r = 0.91; p < 0.001).
The statistically insignificant (p > 0.05) relationship between 20-m linear sprint time, power output
obtained during a squat at 50% 1RM, 1RM squat strength level and both COD test, as well as both
COD deficits were found. Results of the present study showed that 20-m linear sprinting speed, 1RM
squat strength, power output obtained during squat at 50% 1RM and COD ability at 90◦ and 135◦
angles, are separate physical qualities. Moreover, it seems that COD deficit provides a more isolated
measure of COD ability than the COD tests alone and does not must be limited to a specific angle,
but provides knowledge about the COD ability in a range of other angles, at least concerning 90◦ and
135◦ COD angles.

Keywords: agility; COD deficit; squat power; team sports; speed

1. Introduction

Most team sports require players to jump, sprint and change direction very frequently; such sports
include American football, rugby and soccer [1,2]. During a soccer match, players make over
700 turns with different changes of direction (COD) [3], as well as numerous jumps and sprints [4].
During a COD, athletes’ ability to accelerate, decelerate and reaccelerate in a new direction requires
a rapid application of force. The acceleration phase in COD and linear sprint involves similar technical
factors, so improving acceleration capability may be beneficial in terms of accelerating quickly after
successive COD maneuvers and transition between them. Hence, it can be assumed that linear
speed and lower-body power output may affect COD performance. Given that, many researchers
examined the relationship between the performance of the above mentioned high-intensity actions
and reached varying degrees of association, further studies seem justified [5–10]. Previous studies
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indicate a statistically significant large to very large relationships between linear sprints and different
COD sprints (45◦, 60◦, 90◦ and 135◦ changes of direction) at various distances [7–9,11]. Additionally,
Suarez-Arrones et al. [10] showed a statistically significant moderate and large relationship between
10-m linear sprint and equal distance different COD sprints (90◦ and 180◦; respectively). At the same
time, Loturco et al. [9] revealed no statistically significant relationship between 100◦ COD test and
linear sprints at 5 m, as well as on 10 m.

Profiling of COD performance is difficult due to a variety of tests used in research. Certain COD
tests differing in length, angle and a number of direction changes. Therefore, they may have different
physical and mechanical requirements. In regards to the COD angles, as suggested by Falch et al. [12]
and Bourgeuis et al. [13] angels below 90◦ are more velocity-oriented in contrast to the angles above 90◦,
which are more force-oriented. Consequently, it can be assumed that COD performance with the angles
below 90◦ and that which exceeding 90◦ should be measured and trained separately. Regarding the
number of direction change, a majority of COD tests consists of two or more turns [14], however in case
of soccer players, it is rare to change direction more than three times during matches [15]. With respect
to the fatigue caused by hundreds of COD during a soccer match, the use of COD tests with several or
repeated COD tests seems warranted when the COD ability is assessed among soccer players.

The solution that can shed new light on the assessment of COD ability, is a measurement of
COD deficit. However, to date little attention has been given to the relationship between COD deficit
and the performance of the high-intensity actions and COD tests [2,10,15,16]. The COD deficit is
an additional time that athletes need, to complete running with a COD in comparison to straight-line
sprint at the same distance (e.g., athlete’s 20-m sprint time is subtracted from the 20-m COD time).
This difference in time allows to better isolate and identify an athlete’s ability to change direction [2].
The lower the value, the greater the COD ability. A study by Nimphius et al. [2] showed a statistically
significant positive relationship between COD deficit (measured as the difference between 10-m sprint
time and 180◦ COD test) and COD test (505), but not with 10- and 30-m sprint time in male cricketers.
In contrast, Loturco et al. [15] did not find a statistically significant relationship between COD deficit
(measured as the difference between 20-m linear fly sprint and 100◦ COD test) and 100◦ COD test.
However, the authors indicated a statistically significant positive moderate relationship between COD
deficit and relative mean propulsive power obtained in the half-squat and sprint velocity at five meters.
Furthermore, a large and nearly perfect relationship was found between 10- and 20-m linear flying
sprint and COD deficit among elite soccer players. Moreover, Loturco and colleagues [15] found
statistically significant positive large and nearly perfect relationship with 10-m and 20-m linear flying
sprint, respectively. In reference to the Nimphius et al. [2], the COD deficit may be specific to the angle
and, as shown by the results of previous studies, may also for the length of run, discipline and the type
of start (standing vs. flying). Therefore, in order to increase the versatility of this measure, there is
a need for research which compare the COD tests and COD deficits with different direction change
and running length in the same group of athletes.

Therefore, the aims of this study were to examine the relationships between a 20-m linear sprint,
1RM squat strength, peak power output obtained during a squat at 50% 1RM, 90◦ and 135◦ COD
tests. A second aim of this study was to analyze the possible relationships between the COD deficits
(using 90◦ and 135◦ COD time and 20-m sprint time) with all considered tests. It was hypothesized
that significant relationships between all measured variables will exist. The second hypothesis was
that peak power output obtained in the squat and 20-m linear sprint would be positively correlated
with the COD deficit and the magnitude of correlation will depend on the angle of change.

2. Materials and Methods

2.1. Experimental Design

To examine the relationship between linear sprint, lower-body maximum strength and power
output as well as COD performance, the following tests were carried out: 20-m linear sprint,
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one-repetition maximum (1RM) squat strength, peak power output obtained during a squat at 50%1RM
and two separate 20-m COD sprints, first with a 90◦ and the second with a 135◦ direction change angles.
To assess a more isolated measure of the COD performance, the COD deficits for both conducted tests
were calculated. Measurements were conducted on two different sessions, 72 h apart. Linear and
COD sprints were performed during the first session, and 72 h later the lower-body power output
was assessed.

2.2. Study Participants

Fifteen elite male soccer players from a professional team participated in the study (Second Polish
League) (age = 21.7 ± 0.72 years, body mass = 74.9 ± 9.11 kg, body height = 180.4 ± 7 cm,
training experience = 9 ± 1.5 years, 1RM squat = 200 ± 8.7 kg). The athletes were all full-time
professionals who trained daily. All athletes had valid medical examinations and showed no
contraindications to participate in physical fitness tests. The experimental sessions took place at
the beginning of the pre-season. The athletes were instructed to maintain their normal dietary
habits over the course of the study and not to use any supplements or stimulants for the duration
of the experiment. Moreover, they were informed verbally and in writing about the experimental
protocol, the possible risks and benefits of the study and the possibility to withdraw at any stage
of the experiment. All players gave their written consent for participation. The study protocol was
approved by the Bioethics Committee for Scientific Research (10/2018), at the Academy of Physical
Education in Katowice, Poland and performed according to the ethical standards of the Declaration of
Helsinki, 2013.

2.3. Testing Procedures

One week prior to starting the experimental sessions, all athletes were familiarized with the
testing procedures and 1RM test for the Keiser Squat exercise. The experimental sessions were carried
out at the same time of the day (between 9:00 and 11:00 a.m.) 72 h apart. Both sessions were preceded
by the same warm-up protocol, which included 5 min of jogging, dynamic stretching, a single attempt
of a 20-m linear sprint and two different COD sprints (90◦ and 135◦) at submaximal intensity and
2 sets of body-weight squats. During the first experimental session, the athletes performed a 20-m
linear sprint and 20-m COD sprints with two different turn angles (90◦ and 135◦). All sprint tests were
performed on an indoor court. The running times were recorded by two pairs of dual-beam Witty Gate
photocells (Microgate, Bolzano, Italy) with the measuring precision of 0.01 s. The intraclass correlation
coefficient for the test–retest reliability in times of linear sprinting and COD tests measured by used
photocells ranged from 0.96 to 0.99. In the second experimental session peak power output obtained
during a squat exercise at 50% 1RM was assessed using the Keiser Air 300 Squat pneumatic machine
(Keiser Corporation, Fresno, CA, USA). This value of the external load was chosen because it is the
lower value of the range that was indicated as optimal for obtaining the highest values of peak power
outputs during a squat exercise [17]. The Keiser pneumatic resistance system utilizes air-pressurized
resistance to maximize safety and allows for precision loading within one kilogram. The intraclass
correlation coefficient for the test–retest reliability in the peak power output during a squat exercise
measured by Keiser Air 300 Squat pneumatic machine was 0.97.

2.3.1. One-Repetition Maximum Test

One week before the first experimental session the 1RM squat exercise test was performed on the
Keiser Squat air pneumatic machine. After a standardized warm-up, the athletes performed 10, 6, 4 and
3 repetitions, starting at a load of 20 kg and progressing to 60–80% of their estimated 1RM. The first
testing load was set to an estimated 90% 1RM and was increased by 5–10 kg for each subsequent
attempt until the athlete was unable to perform a proper lift with a correct technique. The 1RM test
result was determined within 5 attempts, with 5 min of rest in between attempts. All testing was
performed with a constant tempo of movement [18,19]. The strength coaches were present throughout
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the procedure of 1RM testing. The athletes started from an upright position, with the knees and hips
fully extended, the stance approximately shoulder-width apart with both feet positioned flat on the
floor in parallel or externally rotated to a maximum of 15◦ [20], hands were placed on the hand grips,
and this setting was carefully replicated on every lift. From this position, they were required to descend
until contact with the bench (without losing muscle tension) and then perform the concentric phase
of the movement in an explosive manner. The height of the bench allowed each athlete to descend
with the hips below the knee line to keep constant squat depth. No weight-lifting belts, shoes or other
supportive garments were permitted.

2.3.2. Linear Sprint Test

Following the warm-up, all athletes performed 2 maximal 20-m linear sprints, interspersed with
5 min rest intervals. The athletes started with the front foot placed 0.5 m behind the first timing gate,
to prevent any early triggering of the start gate. The athletes started when ready to eliminate the
reaction time effect. The fastest time from both attempts was retained for further analysis.

2.3.3. Change of Direction Tests

Following the 20-m linear sprint test, the participants were provided with a 5 min rest interval
before completing the COD tests. The two COD tests consisted of four 5-m sections marked with cones
set at 90◦ (90◦-COD) and 135◦ (135◦-COD), requiring the athletes to decelerate and accelerate as fast as
possible around each cone (Figures 1 and 2). The players executed two attempts of each COD test with
5 min rest intervals in between attempts and tests. The fastest time from each COD test was retained
for further analysis.

2.3.4. Change of Direction Deficits

To provide a measure of each athletes’ COD ability, an adapted COD deficit calculation was used.
The COD deficit for both angles (90◦-CODDEF and 135◦-CODDEF) was calculated as follows: 20-m linear
sprint time −90◦-COD for 90◦-CODDEF and 20-m linear sprint time −135◦-COD for 135◦-CODDEF.

Int. J. Environ. Res. Public Health 2020, 17, x 4 of 9 

 

placed on the hand grips, and this setting was carefully replicated on every lift. From this position, 
they were required to descend until contact with the bench (without losing muscle tension) and then 
perform the concentric phase of the movement in an explosive manner. The height of the bench 
allowed each athlete to descend with the hips below the knee line to keep constant squat depth. No 
weight-lifting belts, shoes or other supportive garments were permitted. 

2.3.2. Linear Sprint Test 

Following the warm-up, all athletes performed 2 maximal 20-m linear sprints, interspersed with 
5 min rest intervals. The athletes started with the front foot placed 0.5 m behind the first timing gate, 
to prevent any early triggering of the start gate. The athletes started when ready to eliminate the 
reaction time effect. The fastest time from both attempts was retained for further analysis. 

2.3.3. Change of Direction Tests 

Following the 20-m linear sprint test, the participants were provided with a 5 min rest interval 
before completing the COD tests. The two COD tests consisted of four 5-m sections marked with 
cones set at 90° (90°-COD) and 135° (135°-COD), requiring the athletes to decelerate and accelerate as 
fast as possible around each cone (Figures 1 and 2). The players executed two attempts of each COD 
test with 5 min rest intervals in between attempts and tests. The fastest time from each COD test was 
retained for further analysis. 

 
Figure 1. Schematic presentation of the 90° change of direction test. Circles represent the positions of 
the photocells. 

 
Figure 2. Schematic presentation of the 135° change of direction test. Circles represent the positions 
of the photocells. 

2.3.4. Change of Direction Deficits 

Figure 1. Schematic presentation of the 90◦ change of direction test. Circles represent the positions of
the photocells.

2.3.5. Lower-Body Power Output

Following the warm-up, a lower-body power output test was assessed using the squat exercise
performed on the Keiser Squat air pneumatic machine at 50% 1RM. The strength coaches were present
throughout the test to ensure safety and to carefully replicate the setting on each lift. All athletes were
instructed to perform the concentric phase of the movement as fast as possible. As during the 1RM
test, no weight-lifting supportive garments were permitted. The players executed two attempts of
lower-body power output with 5 min rest intervals in between. The best peak power output was
considered for further analysis.
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2.4. Statistical Analysis

All statistical analyses were performed using Statistica 9.1 (Hillview, Palo Alto, CA, USA).
The physical tests of this study were: 20-m linear sprint, 1RM squat strength, peak power output
in squat, 90◦ and 135◦-COD tests and 90◦ and 135◦-CODDEF. Data are presented as means and
standard deviations (SD) with 95% confidence intervals. The normality of the data were examined
by the Shapiro–Wilk test. Due to the lack of normal distribution of the studied variables (linear
sprint and 135◦-COD), the Spearman’s rank order correlation was used to determine the relationship
between all conducted tests. Correlations were evaluated as follows: trivial (0.0–0.09), small (0.10–0.29),
moderate (0.30–0.49), large (0.50–0.69), very large (0.70–0.89), nearly perfect (0.90–0.99) and perfect
(1.0) [21]. The significance level for the correlation analysis was set as p < 0.05.

3. Results

Descriptive data for all the tests is shown in Table 1, while the Spearman’s rank order correlations
between all measured variables are presented in Table 2. There were no statistically significant
relationships between peak power output obtained during squat at 50% 1RM and all of the other
measured variables. Further, there were no statistically significant relationships between squat 1RM
and all of the other measured variables. Similarly, no statistically significant relationships between
linear sprint and all of the other measured variables were found. In regards to the 90◦-COD there
was a nearly perfect statistically significant relationship with 90◦-CODDEF (r = 0.9; p < 0.001). In case
of 90◦-CODDEF, there was a large statistically significant relationship with 135◦-CODDEF (r = 0.59;
p = 0.021). Moreover, there was a nearly perfect statistically significant relationship between 135◦-COD
and 135◦-CODDEF (r = 0.91; p < 0.001).

Table 1. Descriptive data for all measured tests.

Test Mean ± SD 95% CI

Squat 1RM (kg) 200 ± 8.7 192 to 208

Linear Sprint (s) 3.02 ± 0.1 2.97 to 3.08

90◦-COD (s) 7.07 ± 0.25 6.93 to 7.2
135◦-COD (s) 7.25 ± 0.28 7.09 to 7.4

90◦-CODDEF (s) 4.04 ± 0.21 3.93 to 4.16

135◦-CODDEF (s) 4.22 ± 0.24 4.09 to 4.35

Power Output Squat (W) 1408 ± 129 1337 to 1480

Mean ± standard deviation (SD); CI—confidence intervals; 1RM—one-repetition maximum; COD—change of
direction; CODDEF—change of direction deficit.
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Table 2. Spearman’s rank order correlations between all measured variables.

Test Linear Sprint Power Output Squat 90◦-COD 90◦-CODDEF 135◦-COD 135◦-CODDEF Squat 1RM

Linear Sprint r /

Power Output Squat r −0.30 /

90◦-COD r 0.43 0.09 /

90◦-CODDEF r 0.15 0.07 0.90 ** /

135◦-COD r 0.29 −0.30 0.33 0.38 /

135◦-CODDEF r 0.05 −0.27 0.42 0.59 * 0.91 ** /

Squat 1RM r −0.16 −0.23 −0.17 −0.02 −0.05 −0.01 /

* statistically significant differences p < 0.05; ** statistically significant differences p < 0.01; r—Spearman’s rank order
correlation; COD—change of direction; CODDEF—change of direction deficit.

4. Discussion

The main finding of this study was that 1RM squat strength, peak power output obtained during
a squat at 50% 1RM and the 20-m linear sprint was not significantly correlated with each other and
with any of the measured COD tests. However, there was a nearly perfect statistical relationship
between the 90◦-COD and 90◦-CODDEF as well as between 135◦-COD and 135◦-CODDEF. Furthermore,
there was a large statistical relationship between 90◦-CODDEF and 135◦-CODDEF. The results indicated
that 20-m linear sprinting speed, 1RM squat strength and power output obtained during squat at 50%
1RM, as well as COD ability at 90◦ and 135◦ angles, are separate physical qualities. Moreover, it seems
that the COD deficit does not must be limited to a specific angle but provides knowledge about the
COD ability in a range of other angles, at least concerning 90◦ and 135◦ COD angles. Additionally,
these data suggests that the COD deficit provides a more isolated measure of COD ability than the
COD tests alone due to the reduced effect of linear sprinting speed within a COD test among elite
soccer players.

A wide range of studies has been conducted to determine the applicability of a given exercise that
leads to enhancement of specific athletic performance [22–25]. However, various resistance exercises
are significantly related to performance of selected physical fitness tests. The lack of a statistically
significant relationship between, 1RM squat strength and peak power output obtained in the squat
exercise at 50% 1RM and 20-m linear sprint, as well as with COD performance may be explained by
different mechanical demands of the hip and knee extensors executing these high-intensity actions.
A study by Contreras et al. [24] found that 6-week hip thrust training could be more beneficial
in improving 10- and 20-m linear sprint times compared with front squat training, which may be
superior in vertical jump height enhancement. In addition, González-García et al. [25] revealed that
strength improvement after 7-week hip thrust training showed greater improvements in 10- and 20-m
sprint, as well as in COD test (90◦) in comparison to back squat training [25]. It is possible that the
hip thrust has a stronger transfer to sprint running, whereas the squat has more influence on vertical
jump performance [24]. Furthermore, a lack of relationship between 20-m linear sprint time and peak
power output obtained in the squat at 50% 1RM may be related to the used external load and measured
variable. In the current study, the assessment of correlations is based only on a single value of external
load (50% 1RM; 100 ± 4.35 kg) and on peak power output. In turn, a study by López-Segovia et al. [26]
showed significant positive correlations with 10-, 20- and 30-m linear sprint time with mean power
output obtained in a full squat, but not with peak power output among soccer players. That relationship
was found only at 70 kg which was close to the body mass of participants (93%), but not at lower loads
(from 20 to 60 kg with 10 kg increments). While in the present study, the external load used during the
squat significantly exceeded the body mass of participants (~133%). These findings partially confirm
the suggestion of López-Segovia et al. [26] that certain levels of neuromuscular activation, assessed by
mean power output generated at loads to body may be related with linear sprint performance. Thus,
future studies should examine the relationship between hip thrust and squat exercises at a wide range
of external loads versus linear sprint, as well as COD performance.

To the best of the authors’ knowledge, a limited number of studies have analyzed the relationship
between linear sprint and the COD deficit among soccer players [15,27,28]. Findings of the current
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study revealed that 20-m linear sprint time was not statistically significant related to both COD deficits,
what is contradict to findings of Loturco et al. [15]. The authors showed a statistically significant
nearly perfect positive relationship between 100◦ COD deficit and 20-m flying start linear sprint
in team-sport athletes. Moreover, Loturco et al. [15] found a statistically significant large positive
relationship between 100◦ COD deficit and 10-m flying start linear sprint. Unfortunately, Loturco and
colleagues [16] did not assess whether these results would be similar in the case of a linear sprint from
the standing start. At the same time, Loturco et al. [28] revealed differences in the COD deficit between
elite soccer players versus handball, rugby and futsal players. The COD deficit was significantly
higher in soccer players in comparison with the remaining disciplines, which could be explained by
the nature of these sports. It is important to note, that most COD-runs occur with angles between
0 and 90◦ (approximately 84%), with the next most common range of 90–180◦ (approximately 13%)
in soccer players [3]. Therefore, the use of angles greater than 90◦ in COD tests should be considered
with logical validity when the goal is to assess the relationships between high-intensity actions and
COD performance among soccer players. However, angles greater than 90◦ occur much less frequently
in a match, this should not be ignored, and players must also be prepared for such maneuvers.
Therefore, the assessment of the relationship between COD tests and COD deficits with different
angles, also exceeding 90◦, seems justified from the training practice point of view. In the current
investigation, there was a nearly perfect statistical relationship between performances in the COD
tests and COD deficits for the same angles (90◦-COD and 90◦-CODDEF; 135◦-COD and 135◦-CODDEF).
These results are in line with previous findings obtained by Nimphius et al. [2]. The authors revealed
a large statistically significant relationship between the COD deficit and COD test time (505 test).
Furthermore, there was a large statistically significant relationship between COD deficits between
angles (90◦-CODDEF vs. 135◦-CODDEF), while it was not the case for COD test (90◦-COD vs. 135◦-COD).
The rationale for that results may be similar mechanical requirement between COD angles suggested
by the Falch et al. [12] and Bourgeuis et al. [13], that angles below 90◦ are more velocity-oriented,
while angles above 90◦ are more force-oriented. These data provides further support for the use of
a COD deficit to evaluate an athlete’s COD ability, as it removes the influence of linear running speed
on such tests. Therefore, it seems that the obtained relationship between the COD deficits indicates
that this measure provides information about the athlete’s COD ability regardless of the angle, at least
for 90◦- and 135◦-COD. Thus, the COD deficits measure provides valuable information for the coaches,
which allows the preparation of an individualized training program, e.g., whether the athletes require
a complementary program aimed at improving the COD ability.

The present study has some limitations which must be addressed. The first limitation of the
study is the assessment of relationships based only on a single value of external load during a squat
exercise (50% 1RM). Hence, the results of the presented study do not translate to other loads. Moreover,
only a single running length (20 m) for linear sprint and COD tests was examined, as well as the
same number of direction changes (3 turns). In addition, these running tests were performed during
one experimental session, so the impact of fatigue on the result cannot be ruled out. Taking into
consideration the nature of soccer, relationships between high-intensity actions and angles below 90◦
during COD should be analyzed, however sharper angles should not be completely ignored. Thus,
future studies should provide a detailed relationship between different exercises (e.g., hip thrust) at
a wide range of external loads and COD performance with variety of angles and numbers of direction
change, in a large number of soccer players.

5. Conclusions

The results of the present study showed that 20-m linear sprinting speed, 1RM squat strength,
power output obtained during squat at 50% 1RM and COD ability at 90◦ and 135◦ angles, are separate
physical qualities. Moreover, it seems that COD deficit provides a more isolated measure of COD ability
than the COD tests alone and does not must be limited to a specific angle, but provides knowledge
about the COD ability in a range of other angles, at least concerning 90◦ and 135◦ COD angles. Thus,

122



Int. J. Environ. Res. Public Health 2020, 17, 6119

the lower the deficit time in athletes, the more effective the COD or the higher the ability of an athlete
to COD relative to their physical ability for linear speed. What indicates that COD deficits provides
an isolated measure of athletes’ COD ability and is not biased towards superior lower-body peak power
output or 1RM squat strength level and 20-m linear sprint. Therefore, practitioners are recommended
to evaluate COD performance based on COD deficits to detect the athlete’s capacity to change direction.

6. Practical Applications

The findings from this study show that COD deficit is an easy way to evaluate the COD ability
in athletes. Therefore, coaches should use the COD deficit to enable the prescription of more targeted
and individualized training programs to enhance the athletes’ capability to perform directional changes.
Based on this, coaches can implement a more comprehensive training strategy depending on whether
the athlete would benefit more from developing the ability to change direction or from improving
linear sprint performance.
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Abstract: This study explored the anthropometric and body composition characteristics of elite female
rugby union players, comparing between and within different playing positions. Thirty elite female
rugby union players (25.6 ± 4.3 y, 171.3 ± 7.7 cm, 83.5 ± 13.9 kg) from New Zealand participated in this
study. Physical characteristics were assessed using anthropometric (height, body mass, skinfolds) and
body composition (dual-energy X-ray absorptiometry) measures. Forwards were significantly taller
(p < 0.01; d = 1.34), heavier (p < 0.01; d = 2.19), and possessed greater skinfolds (p < 0.01; d = 1.02)
than backs. Forwards also possessed significantly greater total (p < 0.01; d = 1.83–2.25) and regional
(p < 0.01; d = 1.50–2.50) body composition measures compared to backs. Healthy bone mineral
density values were observed in both forwards and backs, with significantly greater values observed
at the arm (p < 0.01; d = 0.92) and femoral neck (p = 0.04; d = 0.77) sites for forwards. Tight-five
players were significantly heavier (p = 0.02; d = 1.41) and possessed significantly greater skinfolds
(p < 0.01; d = 0.97) than loose-forwards. Tight-five also possessed significantly greater total body
composition measures (p < 0.05; d = 0.97–1.77) and significantly greater trunk lean mass (p = 0.04;
d = 1.14), trunk fat mass (p < 0.01; d = 1.84), and arm fat mass (p = 0.02; d = 1.35) compared to
loose-forwards. Specific programming and monitoring for forwards and backs, particularly within
forward positional groups, appear important due to such physical characteristic differences.

Keywords: bone mineral density; lean mass; fat mass; fat percentage; skinfolds

1. Introduction

Rugby union (RU) is a high contact field-based team sport which is played all over the world at
junior, senior, sub-elite, and elite levels by both males and females. In recent years, RU has become
increasingly popular with more elite competitions and matches being contested by female RU players
each year [1]. The same rules apply for both sexes, in which a game is contested over two 40 min
halves by two teams consisting of 15 players aside comprised of eight forwards (numbers 1–8) and
seven backs (numbers 9–15), with eight reserves on the bench (side-line). The game is intermittent in
nature which is characterized by repeated bouts of high-intensity exercise (running, sprinting, tackling,
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scrummaging, rucking, and mauling) interspersed with periods of lower intensity exercise (standing,
walking, and jogging). Both provincial [2] and elite [3] female RU players have been shown to cover
approximately 5500 to 6400 m during a game, with elite female players demonstrating an average
heart rate ~161 bpm and ~700 impacts during a game [3].

Specific anthropometric (height, body mass, skinfold) and body composition (lean mass, fat mass,
bone mass) characteristics are required for specific positions in order to meet the physical demands of
the sport [4]. Specifically, adequate amounts of body mass in the form of lean mass, fat mass, and bone
mass appear to be crucial in order to withstand the frequency and intensity of collisions during
offensive and defensive match-play [5]. Meanwhile, an optimal body composition that promotes lean
mass and reduces fat mass are also desired to support the development of power, speed, and aerobic
fitness, which are important factors to repeatedly perform and complete tasks at a high level [6].

Despite the known positional differences regarding anthropometrics and body composition
within elite male RU players [5,7–12], body composition research within elite female RU players is
limited. Elite female RU forwards have been shown to be significantly taller, heavier, and possess
greater skinfolds and predicted fat percentage compared to backs [13–15]. However, a more recent
study [16] demonstrated that forwards were larger and possessed more lean and fat mass than backs,
but no significant differences were reported. Further research is required to understand the positional
differences within these athletes, as it is well understood that specific roles between and within forwards
and backs vary greatly due to the demands of the sport [4,17].

Body composition within elite female RU players has been predominantly determined using
skinfolds and predictive equations to provide an estimated body fat percentage [13–15]. More advanced
methods have also been implemented to assess body composition within these athletes, such as air
displacement (BodPod) [16]. However, a method that has gained popularity for body composition
analysis within elite male RU players is the use of dual-energy X-ray absorptiometry (DXA) [5,7–12,18].
Implementing DXA to assess body composition allows the measurement of lean, fat, and bone mass for
both total and regional body compartments [19]. Moreover, DXA is the gold standard for measuring
bone mineral content (BMC) and bone mineral density (BMD), which provide valuable information
regarding the bone health of an athlete [20], which is particularly important among elite female athletes
due to associations with female athlete triad [21].

Although a recent study has investigated the body composition of elite female rugby league
(RL) players using DXA [22], no study has investigated the body composition and BMD of elite
female RU players using DXA. Due to the differences in match-play demands observed between RU
and RL [23,24], and between female and male RU [3,25], specific body composition information is
required for elite female RU players. This information would be beneficial for talent identification
purposes, and for practitioners developing female RU players by providing body composition
benchmarks to inform training and nutrition programs. Therefore, the purpose of this study was
to investigate the anthropometric and body composition characteristics of New Zealand (NZ) elite
female RU players. Comparisons between forwards and backs, including differences within both
forward and back positional groups, were explored. It was hypothesized that forwards would possess
significantly greater anthropometric, total, and regional body composition measures compared to
backs, and significant differences would be observed among forward and back positional groups.

2. Materials and Methods

2.1. Participants and Study Design

Thirty elite female RU players (25.6 ± 4.3 y, 171.3 ± 7.7 cm, 83.5 ± 13.9 kg) from NZ were recruited
for this study. Players were first categorized into forwards (n = 15) and backs (n = 15) for analysis and
comparison, followed by positional groups within forwards (tight-five (TF) and loose-forwards (LF))
and backs (inside-backs (IB) and outside-backs (OB)). The TF (n = 9) were comprised of hookers (n = 3),
props (n = 4), and locks (n = 2), while LF (n = 6) were comprised of flankers and no. 8’s. The IB (n = 8)
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were comprised of half-backs (n = 2), first-fives (n = 3), and second-fives (n = 3), while OB (n = 7) were
comprised of centers (n = 2), wingers, and full backs (n = 5). All testing took place during the middle
of the in-season period and all participants provided informed consent. The research was approved by
the University of Waikato Human Research Ethics Committee (HREC 2019#02).

2.2. Anthropometrics

All anthropometric measures were collected using methods previously described [12]. Body mass
was assessed using electronic scales (SECA, Birmingham, UK) to 0.1 kg accuracy upon waking with
bladder voided. Height was then immediately assessed using a stadiometer (SECA, Birmingham, UK)
to 0.5 cm accuracy. A Level 3 International Society for the Advancement of Kinanthropometry (ISAK)
accredited anthropometrist with a technical error of measurement of 1.8% carried out sum of eight
site skinfold measurements on all players. Skinfolds were taken using Harpenden callipers (British
Indicators, Hertfordshire, UK) to 0.1 mm accuracy. Sum of eight site skinfold measurements from
the following sites; biceps, triceps, subscapular, abdominal, supraspinale, iliac crest, mid-thigh and
medial calf were made on the right side of the body using ISAK techniques previously described by
Norton and Colleagues [26]. All anthropometric equipment was calibrated as recommended by the
manufacturer’s guidelines.

2.3. Body Composition

Using previously described methods [12], total and regional body composition (lean mass, fat mass,
fat percentage, BMC, and BMD), were measured with a fan-beam DXA scanner (Hologic Discovery A,
Hologic, Bedford, MA), with analyses performed using Apex 4.5.2 software (Hologic, Bedford, MA)
using a whole-body scan protocol. The following clinical site measures for BMD; anterior-posterior
lumbar spine (L2–L4) and left hip (femoral neck, trochanter, intertrochanter, and total hip) were
included. All scanning procedures were standardized for all participants following the guidelines of
the DXA manufacturer and the standards outlined by the International Society for Clinical Densitometry
(ISCD). The scanner was tested for consistent calibration daily as per manufacturer guidelines for
quality control purposes.

The quality control, acquisition, analysis, and interpretation of all scans were performed by the
same experienced and Certified Clinical Densitometrist (CCD), therefore maintaining consistency and
reliability of the scan results [27]. The head was included in the analysis for all total body measures and
all scans were undertaken using the array mode. Scanned data was separated into axial, appendicular,
and whole-body bone values. In the Bone Density Research Laboratory site, coefficients of variation
(CV) for precision and accuracy for the spine phantom were 0.3% and 0.4%, respectively. The in vivo
precision CV for the CCD technician are 0.9% for total body, 0.6% for lumbar spine (L2–L4), and 0.2%
for left total hip BMD sites. The prevalence of osteoporosis and osteopenia were estimated based
on the World Health Organization (WHO) classifications (t-score > −1.0 = normal; t-score −1.1 to
−2.4 = osteopenia; t-score < −2.5 = osteoporosis) using the young adult reference database.

All participants were scanned on the same day within a five-hour window (1000–1500 h), with all
participants consuming breakfast and fluids (~500 g) at the same time (0830 h). Participants were
required to remove all metal items from their body and were scanned wearing tight-fitting sport shorts
and top that were free from zips, studs, and/or metal objects. Participants were then instructed to lay
supine on the scanning bed as still as possible for the duration of the scan. All protocols followed
previously described techniques to maximize technical reliability and minimize error [19,28], however,
players were unable to be scanned in a fasted state.

2.4. Statistical Methods

All data expressed as means and standard deviation (SD). A 95% confidence interval (95% CI)
was presented alongside mean difference and standard error (SE) for all variables. Tests of normality
(Shapiro–Wilk) were carried out, which revealed normally distributed data. Differences between
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forwards and backs and within positional groups (TF vs LF and IB vs OB) were compared using
an independent t-test. Statistical significance was set as p < 0.05 for analyses. Henceforth, when the
term ‘significant’ and ‘significantly’ is stated, it denotes a statistically significant difference. Effect sizes
were calculated using the Cohen’s d method with the following thresholds: d = small 0.20–0.49, medium
0.50–0.79, and large > 0.80 [29]. All statistical analyses were conducted using SPSS v24 for Windows
(IBM, New York, NY, USA).

3. Results

3.1. Analysis between Forwards and Backs

The demographics, anthropometrics, and total body composition for all players and by position
can be observed in Table 1. Forwards were significantly taller (p < 0.01; d = 1.34), heavier (p < 0.01;
d = 2.19), and had significantly greater skinfold totals (p < 0.01; d = 1.02) than backs. Forwards possessed
significantly greater total lean mass (p < 0.01; d = 1.83), fat mass (p < 0.01; d = 2.25), fat percentage
(p < 0.01; d = 1.87), and BMC (p < 0.01; d = 1.40) than backs.

Regional body composition for all players and by position can be observed in Table 2. Forwards
possessed significantly greater measures across the trunk, arms, and legs for lean mass (p < 0.01;
d = 1.77, 1.53, 1.50, respectively), fat mass (p < 0.01; d = 1.75, 1.87, 2.50, respectively), and BMC (p < 0.01;
d = 0.88, 1.51, 1.48, respectively) compared to backs. No clear differences were observed for age
between forwards and backs.

Table 1. Demographics, anthropometrics and total body composition characteristics of elite female
rugby union (RU) players.

All Players
Position

Mean Diff
95% CI % Diff; ESForwards Backs

(n = 30) (n = 15) (n = 15) (± SE)

Age (y) 25.6 ± 4.3 25.3 ± 3.6 25.8 ± 5.0 −0.5 ± 1.6 −3.7, 2.8 −1.8; −0.11
Height (cm) 171.3 ± 7.7 175.6 ± 6.3 * 167.0 ± 6.6 8.6 ± 2.4 3.8, 13.5 5.2; 1.34
Body Mass (kg) 83.5 ± 13.9 93.7 ± 10.9 * 73.3 ± 7.5 20.5 ± 3.4 13.5, 27.5 27.9; 2.19
Sum8SF (mm) 111.3 ± 36.7 128.2 ± 36.6 * 94.4 ± 29.0 33.8 ± 12.1 9.1, 58.5 35.8; 1.02
Lean Mass (kg) 60.9 ± 7.8 66.2 ± 6.3 * 55.6 ± 5.3 10.6 ± 2.1 6.3, 14.9 19.0; 1.83
Fat Mass (kg) 20.3 ± 6.6 25.3 ± 5.4 * 15.4 ± 3.1 9.9 ± 1.6 6.6, 13.2 64.5; 2.25
Fat % (%) 23.6 ± 4.2 26.5 ± 3.1 * 20.8 ± 3.0 5.8 ± 1.1 3.5, 8.1 27.7; 1.87
BMC (kg) 2.9 ± 0.3 3.1 ± 0.3 * 2.7 ± 0.2 0.4 ± 0.1 0.2, 0.5 13.1; 1.40
BMD (g/cm2) 1.24 ± 0.08 1.26 ± 0.08 1.23 ± 0.07 0.03 ± 0.03 −0.03, 0.08 2.1; 0.33

Mean ± standard deviation (SD) reported for all players, forwards and backs. Mean Diff (±SE) = mean difference ±
standard error of mean difference, 95% CI = 95% confidence interval (lower limit, upper limit), % Diff = percentage
difference, ES = effect size, BMC = bone mineral content, BMD = bone mineral density, Sum8SF = sum of eight-site
skinfolds. * Statistically significant difference (p < 0.05) compared to backs.

Table 2. Regional body composition characteristics of elite female RU players.

All Players
Position

Mean Diff
95% CI % Diff; ESForwards Backs

(n = 30) (n = 15) (n = 15) (± SE)

Trunk Lean Mass (kg) 29.4 ± 4.2 32.2 ± 3.7 * 26.6 ± 2.5 5.6 ± 1.2 3.3, 7.9 21.0; 1.77
Fat Mass (kg) 8.5 ± 3.5 10.8 ± 3.4 * 6.2 ± 1.6 4.6 ± 1.0 2.6, 6.6 75.3; 1.75
BMC (kg) 0.90 ± 0.12 0.94 ± 0.12 * 0.85 ± 0.10 0.10 ± 0.04 0.01, 0.18 11.2; 0.88

Arms Lean Mass (kg) 6.9 ± 0.9 7.5 ± 0.8 * 6.3 ± 0.7 1.1 ± 0.3 0.6, 1.7 17.9; 1.53
Fat Mass (kg) 2.3 ± 0.9 2.9 ± 0.8 * 1.7 ± 0.4 1.2 ± 0.2 0.7, 1.7 71.7; 1.87
BMC (kg) 0.40 ± 0.06 0.44 ± 0.05 * 0.37 ± 0.04 0.07 ± 0.02 0.04, 0.11 19.5; 1.51

Legs Lean Mass (kg) 21.5 ± 3.0 23.3 ± 2.4 * 19.6 ± 2.5 3.7 ± 0.9 1.8, 5.5 18.6; 1.50
Fat Mass (kg) 8.5 ± 2.6 10.5 ± 1.8 * 6.5 ± 1.4 4.0 ± 0.6 2.8, 5.2 62.2; 2.50
BMC (kg) 1.08 ± 0.14 1.17 ± 0.13 * 1.00 ± 0.10 0.17 ± 0.04 0.08, 0.26 17.0; 1.48

Mean ± SD reported for all players, forwards and backs. Mean Diff (± SE) = mean difference ± standard error
of mean difference, 95% CI = 95% confidence interval (lower limit, upper limit), % Diff = percentage difference,
ES = effect size, BMC = bone mineral content. * Statistically significant difference (p < 0.05) compared to backs.
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3.2. BMD between Forwards and Backs

The BMD for all players and by position can be observed in Table 3. No significant differences
were observed between forwards and backs for total body (p = 0.63, d = 0.33) and total hip (p = 0.73,
d = 0.50) BMD. However, forwards demonstrated significantly greater BMD in the arms (p < 0.01,
d = 0.92) and femoral neck (p = 0.04; d = 0.77) compared to backs. There were no significant differences
between forwards and backs for total body and clinical site BMD t-scores.

Table 3. Total and clinical site BMD (g/cm2) of elite female RU players.

All Players
Position

Mean Diff
95% CI % Diff; ESForwards Backs

(n = 30) (n = 15) (n = 15) (SE)

Arms 0.84 ± 0.06 0.87 ± 0.07 * 0.82 ± 0.05 0.05 ± 0.02 0.01, 0.10 6.5; 0.92
Legs 1.29 ± 0.09 1.31 ± 0.10 1.27 ± 0.07 0.05 ± 0.03 −0.02, 0.11 3.7; 0.54
Ribs 0.77 ± 0.07 0.78 ± 0.07 0.76 ± 0.06 0.02 ± 0.02 −0.03, 0.07 3.1; 0.36
Spine 1.17 ± 0.13 1.19 ± 0.14 1.15 ± 0.12 0.04 ± 0.05 −0.05, 0.14 3.7; 0.34
Pelvis 1.55 ± 0.18 1.56 ± 0.17 1.55 ± 0.19 0.01 ± 0.07 −0.12, 0.15 0.7; 0.06
Head 2.19 ± 0.24 2.20 ± 0.27 2.18 ± 0.21 0.03 ± 0.09 −0.16, 0.21 1.2; 0.11
Total 1.24 ± 0.08 1.26 ± 0.08 1.23 ± 0.07 0.03 ± 0.03 −0.03, 0.08 2.1; 0.33
Total t-score 1.58 ± 0.97 1.80 ± 1.03 1.31 ± 0.86 0.49 ± 0.39 −0.32, 1.30 37.5; 0.51
Clinical Sites
Lumbar (L2–L4) 1.31 ± 0.15 1.36 ± 0.14 1.25 ± 0.13 0.10 ± 0.05 0.00, 0.21 8.1; 0.73
Femoral Neck 1.12 ± 0.11 1.16 ± 0.10 * 1.07 ± 0.12 0.08 ± 0.04 0.00, 0.16 7.8; 0.77
Trochanter 0.94 ± 0.10 0.95 ± 0.10 0.94 ± 0.11 0.01 ± 0.04 −0.07, 0.09 0.8; 0.07
Intertrochanter 1.39 ± 0.14 1.42 ± 0.13 1.35 ± 0.14 0.07 ± 0.05 −0.03, 0.17 5.3; 0.53
Total hip 1.21 ± 0.11 1.24 ± 0.10 1.18 ± 0.12 0.06 ± 0.04 −0.03, 0.14 4.7; 0.50
Clinical site t-score 1.99 ± 1.46 2.46 ± 1.41 1.44 ± 1.37 1.03 ± 0.57 −0.16, 2.21 71.4; 0.74

Mean ± SD reported for all players, forwards and backs. Mean Diff (±SE) = mean difference ± standard error
of mean difference, 95% CI = 95% confidence interval (lower limit, upper limit), % Diff = percentage difference,
ES = effect size. * Statistically significant difference (p < 0.05) compared to backs.

3.3. Analysis within Forward and Back Positional Groups

Within position differences for forwards and backs can be observed in Table 4. The TF possessed
significantly greater body mass (p = 0.02; d = 1.41) and skinfolds (p < 0.01; d = 2.01) compared to LF.
The TF demonstrated significantly greater total lean mass (p = 0.04; d = 0.97), fat mass (p < 0.01; d = 1.75),
and fat percentage (p < 0.01; d = 1.77) than LF. Regarding regional body composition, TF presented
significantly greater trunk lean mass (p = 0.04; d = 1.14), trunk fat mass (p < 0.01; d = 1.84), and arm fat
mass (p = 0.02; d = 1.35) compared to LF. No significant differences were observed between IB and OB
for all measures.
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4. Discussion

The purpose of this study was to investigate the anthropometric and body composition
characteristics of NZ elite female RU players. Comparisons were made between forward and back
positions, including analysis of within position differences. As hypothesized, forwards demonstrated
significantly greater values across all anthropometric, total, and regional body composition measures
than backs. Additionally, forwards presented greater BMD across all sites with significant differences
present at the arms and femoral-neck compared to backs. Interestingly, only forward positional groups
demonstrated significant differences, in which TF possessed significantly greater anthropometric, total,
and regional body composition measures compared to LF. This study is the first to assess the body
composition characteristics of elite female RU players using DXA, and the first to explore differences
between forward and back positional groups.

The anthropometric and body composition differences between forwards and backs are consistent
with previous research within both elite female [13–16] and elite male RU players [5,7–12]. Irrespective
of sex, forwards require these specific physical characteristics to meet match demands where being
taller is desirable in order to gain and retain possession of the ball during line outs, while greater
body mass may assist in gaining and retaining ball possession during scrums, rucks, and mauls [4].
Meanwhile, backs are generally shorter, lighter, and leaner in order to achieve higher speeds in more
open spaces in an attempt to outmaneuver opponents to create scoring opportunities [4]. Studies within
male RU players have also demonstrated that as playing level increases, players are generally heavier
with greater lean mass, whilst possessing lower skinfold and body fat percentage [17]. Researchers
have also suggested that being taller and heavier appear to be important key performance indicators
for World Cup success in elite male RU players [30,31]. More research is required to determine whether
such trends exist within elite female RU players.

Within the current study, both forwards and backs were taller and heavier than elite female RU
players reported in previous studies [13–16]. Although forwards and backs within the current study
were substantially heavier compared to other elite female RU players [13–16], the current players
possessed noticeably lower skinfolds, even when comparing sum of eight-site skinfolds within this
study, with sum of seven-site skinfolds within previous studies [14,15]. The measured fat percentage
using DXA for forwards and backs within this study were considerably lower than the predicted fat
percentage reported for elite South African players [14] but were similar to elite English players [13].
Additionally, forwards within the current study demonstrated greater total body lean and fat mass,
but lower fat percentage compared to elite Scottish female forwards. Meanwhile, backs demonstrated
greater total body lean mass and considerably less fat mass and fat percentage compared to elite
Scottish female RU backs [16].

It is important to note that considerably less body mass was reported within the previous studies [14,
16], but particularly within English players [13] compared to the current study. These comparisons
highlight the substantial increases in size and in particular body mass within elite female RU players
as the sport has progressed throughout the years [13–16]. Moreover, differences in size and body mass
may also be attributed to cultural and ethnicity differences between countries [5,7,8,18]. Increases in
body mass, but particularly lean mass, are desired due to the contractile element of muscle mass aiding
force production, thus positively influencing power to weight ratio and the expression of strength,
power, speed and momentum [7]. These are all important factors for attacking and defending within
RU and may be further enhanced by limiting/reducing the amount of non-functional fat mass [12]. Too
much fat mass may also negatively influence energy expenditure, thermoregulation, and the ability
to repeatedly perform tasks within RU match-play [6]. This information supports the need for more
current studies reporting the physical and fitness profiles of elite female RU players.

Until now, no research has been available regarding the regional body composition of elite female
RU players. The results of this study align with previous research within elite male RU players which
demonstrated significantly greater amounts of regional lean mass, fat mass, and BMC in forwards
compared to backs [5,7]. When compared to elite female RL players, elite female RU forwards possess
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greater lean mass at all regional sites, while possessing similar amounts of fat mass at the arms and
legs, but less fat mass at the trunk compared to elite female RL forwards [22]. Meanwhile, elite female
RU backs demonstrated greater lean mass while possessing lower amounts of fat mass at all regional
sites compared to elite female RL backs [22].

When comparing the positional differences within forwards and backs, only forward positional
groups demonstrated significant differences. These findings suggest that positional groups within backs
are more homogeneous than within forward positional groups. Therefore, more individualized training
and nutrition programs may be required for forwards compared to backs. Moreover, TF forwards
could potentially aim to decrease fat mass, particularly in the trunk and arms to improve power to
weight ratio and acceleration capability [7]. However, further research is required to understand
whether or not this extra fat mass demonstrated by TF players is important for the demands of the
position. A general consensus is that greater fat mass within collision-based athletes may be required
to better deal with impacts due to the “cushioning” effect of fat tissue [22]. Therefore, determining
how much fat mass is optimal within female RU players would be valuable.

Interestingly, when comparing the percentage difference for all measures between forwards
and backs within the current study to NZ elite male RU players [12], similar differences can be
observed. The percentage difference for anthropometric and total body composition measures between
forwards and backs within elite females were very similar to elite males [12]. This information suggests
that regardless of sex, RU may produce similar positional differences in relation to anthropometrics
and body composition. However, it is important to note that females possess unique physiological
differences compared to males such as, constant changes in the female sex hormone milieu throughout
the menstrual cycle and therefore, across the training program [32]. Due to the effect’s hormones
have on the body, training, and adaptation, these areas within female athletes need to be carefully
considered when developing training and nutrition plans [32].

Future research could assess the physical characteristics derived from DXA alongside fitness
measures in order to examine the associations between body composition and physical performance
within elite female RU players. Furthermore, exploring the body composition changes using DXA
and changes in fitness measures during pre-season and in-season phases would provide valuable
information regarding seasonal changes in physical and fitness characteristics. Carrying out DXA
scans to track longitudinal changes in body composition to inform training and nutrition programs
also allows for the analysis of BMD. Although low BMD does not appear to be a concern within
this group of elite athletes, DXA is valuable to identify any athletes with low BMD. Greater insight
into the movement demands, training load, and energy requirements of elite female RU players
would also be valuable due to the associations between training and nutrition for optimizing body
composition [33,34].

A limitation within the current study was the relatively small sample size of elite players,
particularly when exploring the within position differences for forwards and backs. A larger sample
size would have provided a greater representation of the within position differences and would have
allowed further exploration into forward (front row, second row, back row) and back (inside-back,
midfield, outside-back) positions. However, this sample size should be appropriate to provide valuable
information for talent identification, coaching, and sport science staff. Another limitation within this
study was the fact that participants could not be in a fasted state before DXA scans. Researchers should
strive to carry out DXA protocols in a fasted state, however within elite sporting environments this can
be a challenging task. Although not optimal, all participants consumed less than 500 g of food and
fluids which has been shown to maintain low biological measurement error when using DXA [35].

5. Conclusions

In conclusion, forwards were significantly larger than backs, possessing greater stature, body mass,
skinfolds, and total and regional body composition measures. Total and regional BMD values are
within normal ranges, with forwards demonstrating significantly greater arm and femoral neck BMD.
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This study presented novel findings regarding the significant differences between forward positional
groups, in which TF were significantly larger than LF. However, no significant differences were
observed between back positional groups. This information may be useful for coaches and sport
science staff when developing training and nutrition programs for female RU players. It may also
provide useful benchmarks that can assist talent identification staff and the development of future
female RU players.
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Abstract: The present study investigated the time course of repetitive maximal isometric grip strength,
depending on the arm position, laterality (dominant vs. non-dominant side), and climbing level.
The intervention aimed to provide a feasible indicator of maximal strength-endurance in climbing.
Seventeen recreational (climbing level (CL): 6.8 (SD 0.5) on the Union Internationale des Associations
d’Alpinisme (UIAA) metric scale) and eleven ambitious (CL: 8.7 (SD 0.6) UIAA metric scale) climbers
(age: 27 (8) years; BMI: 21.6 (1.9) kg/m2; ape index (arm span divided by body height): 1.05 (0.18);
training volume: 2.2 (1.0) h/week). Participants completed maximal isometric handgrip strength
(Fmax) tests in four positions (left and right hand beside the trunk as well as left and right hand above
the shoulder) plus twelve repetitive work-relief cycles, lasting 4 and 1 s where isometric strength,
heart rate, and perceived exertion were recorded. Fmax differed between groups in nearly all positions.
A large side × position × time × group interaction was observed for repetitive isometric grip strength
(p = 0.009, ηp

2 = 0.71). However, subsequent post-hoc tests did not reveal a significant difference
between groups during each testing position. Additional correlation analysis between asymmetry
and CL showed an inverse relationship for ambitious climbers (r = −0.71). In conclusion, the degree
of grip strength decline did not relevantly differentiate between ambitious and recreational climbers.
Thus, the time course of handgrip strength seems to mainly rely on maximal grip strength during the
first contraction.

Keywords: hand; force decline; asymmetry; rock; boulder; power

1. Introduction

Recreational, ambitious, and elite sport climbing has gained notable popularity within the last
two decades. A strong Olympic movement with its first recognition by the International Olympic
Committee (IOC) in 2007 and the ongoing professionalization of sport climbing call for specific and
valid measures to objectify individual performance levels in climbing. Such performance-determining
parameters may then serve as relevant outcome measures following a progressively conducted climbing
training, e.g., for performance monitoring during the training periods of climbers on various level.

Numerous studies in the past intended to derive and assess the performance parameters of
climbing to contribute to a comprehensive sport climbing performance structure. A majority of
these predominantly cross-sectional studies investigated, for example, aerobic energy costs [1,2],
anthropometric determinants [3], anaerobic capacities of the forearm muscles [4], active and passive
recovery [5], fingertip force [6], or work–relief ratio of load application [7].
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Handgrip measures were also frequently considered in climbing-specific performance structure
models. Although handgrip strength has been frequently regarded as a more general measure of
local climbing strength mirroring less climbing-specific demands [8], finger and hand muscle strength
testing was repeatedly reported to be the performance-limiting factor during climbing [6]. A review by
Saul et al. in this regard underlined that the important elements in climbing are hand and forearm
strength and endurance, also finding that handgrip strength is favorable for success in sport elite
climbers [9]. Well-trained forearm flexors with high-aerobic capacities are thereby essential for an
efficient climbing style [9].

Despite the available body of evidence on sex, age, laterality, and climbing level, climbing-specific
relevance of different handgrip measures remain elusive. This is of greater importance because
handgrip dynamometry does not reflect the heterogeneity of different hold positions [10] and is not
specific enough to reflect performance of elite climbers [11].

Therefore, many efforts have been made to modify handgrip measures while considering
climbing-specific hold position [6]. However, none of these studies investigated the left- and right-sided
time course of handgrip strength in different positions depending on climbing level during a typical
work–relief ratio of climbing as a grip strength-endurance surrogate [7,12].

Therefore, the present study investigated differences in maximal handgrip strength and handgrip
strength-endurance in two groups of the dominant and non-dominant side during various arm–hand
positions. The hypothesis is that the handgrip strength decline differs between ambitious and recreational
climbers. The hypothesis was that the force decline is steeper and the maximal grip strength is lower in
recreational compared to ambitious climbers. Thus, the intention of this study was to provide data on the
time course of grip strength values depending on climbing level and arm position.

2. Materials and Methods

2.1. Participants

Twenty-eight right-handed young adult sport climbers were included in this study (Table 1).
None of the participants reported any acute or chronic cardio-circulatory or metabolic diseases,
health complaints, or previous injury. After a comprehensive study instruction, all subjects signed an
informed consent to the study. The experimental setting of the study complied with the Declaration of
Helsinki 2013. As the data were collected within standard handgrip screening, an ethical approval was
obtained from the ethical committee of the German Sports university (127/2020). All included subjects
practiced indoor sports climbing for at least one year. As a climbing-specific anthropometric measure,
the ape index was calculated as arm span divided by body height [13]. Thereby, the largest tip-to-tip
distance between the extended fingers was measured as arm span. Data were collected during upright
stance. Climbing level was reported as the best redpoint ascent (complete ascent without falling with
previously available information/inspections of the route) within the current year. A climbing level of
8.0 of the Union Internationale des Associations d’Alpinisme (UIAA) metric scale [14] was required to
be allocated to the ambitious group.

Table 1. Anthropometric data of the included subjects.

Variable Recreational
(n = 17)

Ambitious
(n = 11)

Total
(n = 28)

Sex (f/m) 3/14 0/11 3/25
Age (years) 25.1 ± 7.4 30.6 ± 8.2 27.2 ± 8.0

Body mass (kg) 70.2 ± 9.2 72.2 ± 8.2 71.4 ± 8.8
Height (m) 1.78 ± 0.05 1.81 ± 0.09 1.79 ± 0.07

BMI (kg/m2) 21.5 ± 2.0 21.8 ± 1.9 21.6 ± 1.9
Ape index 1.06 ± 0.23 1.01 ± 0.03 1.05 ± 0.18

Climbing level (UIAA metric) 6.8 ± 0.5 *** 8.7 ± 0.6 7.6 ± 1.0
Training frequency (times/week) 2.0 ± 0.9 2.5 ± 1.1 2.2 ± 1.0

BMI, body mass index; data are indicated as mean ± standard deviation (SD). Statistical significance level was,
as intended, only present for the climbing level (p < 0.001 ***).
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2.2. Testing

Before conducting the handgrip measures, the use of the 6–20-point rating of perceived exertion
(RPE) Borg scale was introduced [15], and a heart rate monitor (Accurex Plus®, Polar Electro Oy,
Kempele, Finland) was attached via a dampened chest strap. By performing some practice trials and
hand mobilisations, all participants were able to familiarize themselves with the hydraulic handgrip
dynamometer (Saehan®, Masan, Korea). The handgrip position had to be comfortable and the fingers
needed to fully surround the device so that all the tips of the fingers were on one side [16]. The order
of the four arm positions for handgrip testing was inter-individually randomly assigned.

Testing Positions

In total, four testing positions were applied, two testing positions with the left and two testing
positions with the right hand from a seated position: upper arm straight beside the trunk, without
abduction or rotation and with an elbow angle of 90◦; and, lifted arm position, 90◦ abducted and 90◦
external rotation (Figure 1). As mentioned in the testing paragraph, the order of the arm positions
was random.
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Figure 1. Visualization of testing positions (here demonstrated for the right hand): (a) upper arm
straight beside the trunk, without abduction or rotation and with an elbow angle of 90◦; (b) lifted arm
position, 90◦ abducted and 90◦ external rotation.

Two sets of the four positions were allowed. The four positions were tested one after the other.
A 5 min break between each testing position was guaranteed. Then, all testing positions were measured
a second time. Between the first and second rounds of testing, a complete break of 10 min was provided.
The best trial of each position was included in further analysis. Before the repetitive strength endurance
testing started, maximal isometric handgrip strength was assessed in each of the respective four arm
positions. Then, each strength-endurance attempt consisted of 12 consecutive work–relief cycles with
maximal effort. In accordance with a climbing-specific strain character, the work period lasted four
seconds and the relief phase lasted one second [7]. An acoustic signal indicated the work and relief
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pattern. Verbal encouragement during the work period was also given by shouting out “go, go, go, go”.
Relief was initiated by commanding “relax”. Work and relief periods alternated. The analogue gauge
needle amplitude of the handgrip device was recorded by a 100 Hz sampling digital video camera
(HandyCam DCR-DVD 201E PAL, Sony, Tokyo, Japan).

2.3. Statistical Analysis

The highest peak value within the four second work period was analysed. Force values of
the handgrip device are provided in kilograms. The relative force values were adjusted to the
individual’s bodyweight in kilograms. Before and after the twelve repetitions, heartrate increases were
recorded during each of the four positions. RPE levels were requested after the final repetition. As a
measure of handgrip strength-endurance, the strength decrement index (SDI) was assessed according
to Jones et al. [17]. Therefore, the first three (meanfirst) and last three (meanlast) work phases were
separately averaged. Then, the percentage decline of handgrip strength was calculated using the
following formula: SDI [%] = ((meanfirst −meanlast)/ meanfirst)·100.

Statistical analyses were conducted using SPSS 20 (IBM SPSS, Chicago, IL, USA). Data were
tested for normal distribution (Kolmogorov–Smirnov test) and homogeneity of variances (Levene test).
Demographic baseline data were analysed via multivariate analyses of variances (MANOVA) and
follow-up univariate analyses for each parameter.

Differences between the left and right side of the upper and lower hold positions were calculated
for maximal grip strength, SDI, and RPE. Therefore, separately 2 (group: recreational vs. ambitious)
× 2 (side: left vs. right) repeated measures analyses of variances (rANOVA) were conducted for the
upper and lower hold positions.

Concerning the consecutive time course of maximal grip strength, a complex rANOVA was performed.
Thereby, a 2 (side: left vs. right) × 2 (position: upper hold vs. lower hold) × 12 (time: 12 grip strength
cycles) was calculated. Tukey’s honestly significant difference (HSD) post-hoc tests were applied in case of
significant main and interaction effects. This procedure was analogously conducted for heartrate analysis.

Spearman correlation coefficients were calculated between the difference in the right and left
side (degree of asymmetry level) during the upper and lower position for recreational and ambitious
climbers separately.

To estimate the corresponding main or interaction effect sizes, partial eta squares (ηp
2) were

additionally calculated. Thereby, ηp
2 ≥ 0.01 indicates a small effect, ηp

2 ≥ 0.059 a medium effect,
and ηp

2 ≥ 0.138 a large effect [18]. Cohen’s d effect sizes were provided for pairwise comparison (trivial:
d < 0.2, small: 0.2 ≤ d < 0.5, moderate: 0.5 ≤ d< 0.8, large d ≥ 0.8) [19].

3. Results

3.1. Relative Force

A significant main effect of the factor side was found for both grip positions (lower grip positions:
F1,26 = 22.7, p < 0.001, ηp

2 = 0.47, upper grip positions: F1,26 = 11.4, p = 0.002, ηp
2 = 0.30) with higher

consecutive strength values on the dominant (right) side. Irrespective of the time course, a side × group
interaction effect with a large effect size was found only for lower grip positions (F1,26 = 4.6, p < 0.04,
ηp

2 = 0.15). Post-hoc testing for the interaction effect revealed significant differences between the
left and right side for both the ambitious (left: 0.76 kg (SD 0.09) vs. right: 0.86 (0.08), p = 0.01) and
recreation groups (left: 0.69 kg/kg bodyweight (SD 0.12) vs. right: 0.74 (0.09), p = 0.04). The upper grip
position did not significantly differ for the ambitious (left: 0.74 (SD 0.10) vs. right: 0.84 (0.08), p = 0.11)
and the recreation groups (left: 0.71 (SD 0.09) vs. right: 0.75 (0.11), p = 0.34). (Figure 2).
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d < 0.2, small: 0.2 ≤ d < 0.5, moderate: 0.5 ≤ d < 0.8, large d ≥ 0.8).
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3.3. Asymmetry Levels

When comparing asymmetry levels between the left and right side for the upper and lower
handgrip position, weak and non-significant inverse correlations were found for recreational climbers
(low position, r = −0.05; p = 0.67, upper position, r = −0.31; p = 0.13). In contrast, a moderate and
significant correlation was found between lower position asymmetry levels in ambitious climbers
(r = −0.70; p = 0.03). For the upper position, a weak and non-significant correlation, similar to the
recreational climbers, was found (r = −0.30; p = 0.21).

3.4. Heartrate

With a significant time × group interaction effect (F1,26 = 6.51, p = 0.017, ηp
2 = 0.20), heartrates

only increased differently between groups from the 1st to the 12th consecutive handgrip trial during
the left-sided position bottom beside the body (ambitious, pre: 91 min−1 (SD 19) to post: 106 (24);
recreational, pre: 91 (21) to post: 124 (32)). All other positions showed solely a time effect (p < 0.001)
but no group × time interactions (0.23 < p < 0.76).

3.5. Perceived Exertion

No significant side × position × group interaction was found for subjective perceived exertion levels
after the 12 consecutive trials (F4,23 = 0.40, p = 0.53, ηp

2 = 0.015). Post exercise, RPE values increased to:
left-sided, bottom recreational: 13.8 (SD 1.5); ambitious: 14.6 (2.1), p > 0.05; left-sided, top recreational:
14.5 (SD 1.6); ambitious: 15.5 (1.4), p = 0.43; right-sided, bottom recreational: 14.9 (SD 2.5); ambitious:
14.7 (1.9), p = 0.73; and right-sided, top recreational: 14.2 (SD 2.1); ambitious: 14.8 (1.9), p = 0.56.

4. Discussion

The hypothesis that handgrip decline varies with climbing level can be refuted. To the best of
our knowledge, for the first time the present study investigated time-series data of maximal
isometric handgrip strength within a climbing-specific work–relief cycle in recreational and ambitious
climbers. Thereby, different arm–hand positions for the left and right side were compared in both
groups. Mainly maximal isometric handgrip strength differed between the dominant (right) and
non-dominant hand as well as between ambitious and recreational climbers in nearly all testing
positions. Percentage decrease in grip strength following repetitive maximal grip contractions did
not differentiate between groups, though it did between the left and right side for the upper position.
Perceived exertion levels and heartrate response did not relevantly differ between groups, sides,
or positions.

Compared to age-related norm values of grip strength in younger [20] and middle-aged adults [21],
climbers of both levels in the present study showed notably higher absolute maximal grip strength
values (at least >15%). With higher force values on the dominant side, the occurring side difference
of maximal handgrip is fairly in line with previous findings [22]. However, it has been previously
observed that the amount of difference between the left and right side tend to decrease from recreational
to elite climbers [23]. Disappearance of asymmetry level has been attributed to a more symmetric
load application induced by the training of elite climbers. A more symmetric load application in
better climbers during an axial-symmetric climbing tour was corroborative found previously [7].
Interestingly, the present study also revealed that the better climbers showed less pronounced grip
strength asymmetry between the left and right side.

Although ambitious climbers showed consistently higher grip strength values compared to the
recreational climbers at each contraction cycle, grip strength-endurance capacity did not reveal notable
group differences. It seemed more likely that climbing level is mainly determined by maximal isometric
strength capacity. Since a comparatively higher maximal strength led to enhanced neuromuscular
function, type 2a fiber recruitment and movement economy, it seems also plausible to assume
that higher local maximal strength capacities also trigger higher local endurance performance [24]
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throughout the training process. This is of more importance, since climbing can be regarded as a clear
maximal-strength-endurance sport discipline [1,23,25]. Concerning the relationship between maximal
grip strength and grip strength-endurance, concordant observations have been made over the last
years in healthy young subjects [13,26,27]. These findings might, thus, be transferable to climbers.
From a training-related point of view, it appears to be required to first develop a high amount of local
maximal strength in climbing-specific muscles (for grip strength, the brachioradialis muscles and the
musculus flexor digitorum superficialis) with a subsequent endurance-specific emphasis. As boulder
athletes showed higher maximal voluntary contraction (MVC) forces and rate of force development
(RFD) compared to climbers [28], high intensity boulder exercises may serve as an appropriate training
routine to enhance maximal strength. Endurance capacity can then be trained by extending the required
time frames of climbing.

Regarding heartrate and perceived exertion levels, no relevant differences between groups have
been observed. Interestingly, the non-dominant (left) lower position led to a steeper increase in
heartrate in recreational climbers than in ambitious climbers from the beginning to the end of the twelve
repetitive contractions. This specific finding might be attributed to a less pronounced intermittent
recovery of the left-hand side of the recreational group. However, this assumption cannot be addressed
with certainty within the present approach. Due to the high relative strength demands of both groups,
the perceived exertion level did not differ. It seems of interest whether a certain sub-maximal climbing
tour (e.g., two degrees below the maximal climbing level) would lead to differences in perceived
exertion level between recreational and ambitious climbers.

Limitations

Some limitations need to be addressed. The threshold between ambitious and recreational
climbers can be regarded as arbitrary. The assignment to the groups was conducted according to
previous investigations [7]. Additionally, the sample size of groups differed and was lower for the more
trained climbers. No statistical differences of training frequencies were found. Thus, the total training
volume did not differ adequately between recreational and ambitious climbers. The applied handgrip
dynamometer was not able to record the force–time kinetics for each contraction. A comparison
of the force–time integral between both groups was not feasible. It could have been likely that the
repetitive peak values occurred at the beginning, the middle, or the end of the 4 s contraction. To better
distinguish between different force kinetics, future research should focus on the force–time relationship.

5. Conclusions

Maximal grip strength clearly distinguished between recreational and ambitious climbers independent
of arm position during repetitive maximal grip strength cycles. The percentage decrease in maximal
grip strength is not an adequate measure of climbing specific strength-endurance capacity. Since side
differences occurred in all outcome measures, maximal grip strength and grip strength-endurance
sufficiently address asymmetry level in climbing. Despite asymmetry level being difficult to measure
in climbing, it is unclear whether grip strength asymmetry persists in climbing-related testing tasks.
The exercise position of handgrip did not relevantly differentiate between groups. Future research
should focus on increasing maximal grip strength as a basic performance requirement after climbing
versus boulder exercises. Strength-endurance should be better tested employing climbing specific tests.
Grip strength tests should also focus on a comprehensive strength testing approach, considering different
hold shapes.

Practical Applications

Maximal grip strength is feasibly applicable to differentiate between ambitious and recreational
climbers. Compared to recreational climbers, disappearing handgrip asymmetry might indicate better
climbers. The strength decrement index (SDI) does not appropriately reflect grip strength-endurance
in climbers, and repetitive strength decline mainly depends on maximal strength. However, the SDI
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and repetitive strength testing should be mandatorily employed in a therapeutic and diagnostic setting
after hand injuries.
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Abstract: Background: Vertical kilometer is an emerging sport where athletes continuously run
uphill. The aims of this study were to assess changes in vertical impacts caused by uphill running
(UR) and the relation between the anthropometric and lower limb muscular characteristics with
speed. Methods: Ten male experienced runners (35 ± 7 years old) participated in this study. In the
racetrack (4.2 km long, 565 m high), seven sections were stablished. Mean speed and impact value of
sections with similar slope (≈21%) were calculated. The gastrocnemius stiffness (GS) and tone (GT);
and the vastus lateralis stiffness (VS) and tone (VT) were assessed before the race. Results: Pearson’s
correlation showed a linear relationship between vs. and VT (r = 0.829; p = 0.000), GT and GS (r =
0.792; p = 0.001). Mean speed is correlated with weight (r = −0.619; p = 0.024) and GT (r = 0.739; p =
0.004). Multiple linear regressions showed a model with weight and GT as dependent variables of
mean speed. Mean impacts decreased significantly between sections along the race. Conclusions:
The vertical impacts during UR were attenuated during the race. Moreover, body weight and GT
were associated with the time-to-finish, which supports that low weight alone could not be enough
to be faster, and strength training of plantar flexors may be a determinant in UR.

Keywords: fatigue; vertical impacts; stiffness; GPS

1. Introduction

Trail running or mountain running is a sport that has become very popular in the last
years, and the research associated with this long run discipline has also increased [1–4]. One
of the modalities of trail running is the vertical kilometer, where the whole track is uphill.
In this type of event, athletes must complete an uphill route of 1 km vertical elevation
increase. In addition, a minimum average of 20% positive slope must exist and one or more
sections of 5% positive slope of the total distance race must be included. Regarding the
length and type of terrain, the maximum length must be 5 km and the terrain can vary
between different races [5].

Uphill running is a very demanding activity. The athlete must perform positive
mechanical power in order to displace their body upward against gravity. This generated
mechanical power increases with increasing slope.

Compared to level running, in uphill running, due to the lower limb position, hip
joint muscles increase their work, whereas the work of knee and ankle remains similar
than in level running [6]. The use of elastic energy also changes during uphill running.
While most of the energy stored in tendons is recovered in level running [7], running uphill
with steeper slopes entails the necessity of raising the center of mass, causing an increase
in the positive network generated by the body, considering that the elastic energy stored
cannot be used due to the increase in ground contact time. Analyzing the mechanical
efficiency, previous studies have proven than uphill runners show around 25% of efficiency,
this value corresponds only to muscle contraction [8,9]. Uphill running cost could explain
running performance because this parameter differs from level running. Balducci et al.
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(2016) [10] studied the influence of stride length, stride frequency, and body mass index,
and no correlation was found between these parameters with the cost of uphill running
compared to level running. Nevertheless, influence of these anthropometric measures was
not studied directly in uphill runners. For example, body weight has been shown to be
a predictor in the performance of marathon runners [11] and it seems plausible that this
factor also influences the performance of a modality in which it is necessary to raise your
body on every step.

During running, the foot strikes the ground decelerating the body to zero and gen-
erating large ground reaction forces (GRF) [12]. Step by step, impacts are transmitted
through the musculoskeletal system. Both passive and active mechanisms act in order
to attenuate the shock, minimizing the damage. Although running impacts do not reach
extreme values, the quantity of running impacts can be significant. Impact peak is very
sensitive to leg stiffness and the damping effect of foot (pads) and leg [13].On one hand,
the impacts received by the body in each step are attenuated by the bone bending, heel
pads, and intervertebral discs as passive dampers; on the other hand, lower limb muscles
work actively in order to absorb the impacts.

In order to assess running impact acceleration magnitude, several methods could
be used, one of them is the tibial acceleration peak, assessed through the placement
of an accelerometer in the shank [14], whose value is approximately 8 g [15]. Another
method could be accelerometry measurement in the sacrum, presenting smaller values [16].
Through these measurements, the role of active and passive mechanisms to reduce the
impact received during running from the shank to the head could be determined [17].

Several studies have analyzed the effect of fatigue on impacts, but their results have
not offered a clear conclusion [18]. The possible cause of these discrepancies may be the
existence of differences in the way of assessing running impacts between studies. Research
articles that have analyzed the ground reaction forces disagree on the effect that fatigue
has on running impacts [19], finding both increases [20] and decreases [21], and offering
different explanations for it. The rise could be explained by an increased lower limb
stiffness [22]. In addition, another study found a correlation between the pre-activation of
gastrocnemius and GRF [23]. The regulation of the lower limb stiffness and the reduced
storage of elastic energy could be a possible explanation for the decrease in GRF due to
fatigue [24].

Researchers that measured the impacts with accelerometers found an increase in peak
impact due to fatigue [25]. The different strategies used to face the fatigue could influence
the responses. In long-distance runners, the global fatigue increases the impacts as well as
the local fatigue due to the muscle activity imbalance [26]. Changes in lower limb stiffness
can also have an influence in peak accelerations [14] as well as running technique. Crowell
and Davis (2011) [27] found a relationship between running technique and the impacts.

The objective of this study was to assess the relationship between anthropometric and
the lower limb muscular characteristics with speed, and to analyze the changes in vertical
impacts caused by uphill running.

2. Materials and Methods
2.1. Participants

Ten male recreationally trained runners participated in the study (age 35 ± 7 years old,
mass 68.2 ± 5.3 kg, height 1.77 ± 0.03 m, BMI 21.6 ± 1.4 kg/m2). The inclusion criterion
were, at least, one year of experience in trail running races and not suffered from lower
limb injuries in the last three months. All the subjects were participants in the uphill race
“TurrónSkyrace Pico Las Calmas”, celebrated in Arguis, Huesca (Spain). The participants
signed a written consent previous tothe data collection and this study was approved by the
Ethics Committee of the University. All procedures followed the Declaration of Helsinki
on the use of human subjects.
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2.2. Procedure

The uphill race was 4.2 km long and had a 565 m positive slope. In this time-trial race,
the runners started to run every 30 s and attempted to complete the racetrack as quickly as
possible. In the racetrack, seven sections were distinguished, defined by six control points
(Figure 1). For each section, the mean speed of the runners was calculated from the time in
each control point and the official distance track. The GPS device was synchronized to the
official race start time by means of the detection of the first change in velocity after a long
period of standing.
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Figure 1. Track of the race with control points (C1–C6), sections (T1–T7), and vertical impact acceleration (VIA_1-VIA_4).

The measurements of the skeletal muscle tone and stiffness were taken in a tent
provided by the organizer, near the race start zone.

2.3. Measurements

Muscle stiffness and tone were collected in lying position (both prone and supine
position depending on the muscle evaluated) by a hand-held myometer (Myoton-Pro,
Myoton AS, Tallinn, Estonia). Surface Electromyography for the Non-Invasive Assessment
Muscle (SENIAM) guidelines [28] were followed to draw on the skin at the testing locations.
Medial head of gastrocnemius (MG), lateral head of gastrocnemius (LG), vastus lateralis
(VL) tone and stiffness were analyzed in the relaxed position. The probe of the Myoton-
Pro was placed perpendicular to the skeletal muscle surface in each measurement. Five
consecutive measurements were taken at each site, giving the mean stiffness in N/m and
the mean tone measured in Hz [29].To ensure validity of the data, a measurement with
a coefficient of variation fewer than 3% was accepted, and any measurement above this
value was rejected and measured again. The Myoton-Pro offers good to excellent test-retest
reliability for lower body tone and stiffness assessment [30].

Muscle tone is calculated using the following formula:

F = f max (1)

Muscle stiffness is calculated using the following formula:

S =
amax × mprobe

∆l
(2)

Raw data were grouped together in order to mitigate the effect of the asymmetries
between both limbs (left and right) and to consider possible synergies between muscles

146



Int. J. Environ. Res. Public Health 2021, 18, 2040

(the medial and lateral gastrocnemius, the vastus medialis, and lateralis). Four parameters
of the participants’ muscle mechanical properties emerged out of this procedure: the
gastrocnemius muscle stiffness (GS), the gastrocnemius muscle tone (GT), the vastus
lateralis stiffness (VS), and the vastus lateralis tone (VT). Body weight was assessed using
a Tanita BC-1000 scale.

The runners wore a vest during the race with a pocket located in the back (at the
height of vertebrae C7) where an Apex GPS device (STATSport Group, Newry, Ireland, UK)
was placed. This device includes a 18 Hz GPS and 100 Hz accelerometer in three axes, 100
Hz gyroscope, and 10 Hz magnetometer.

The accelerometer signal of the first 30 s of every race section was evaluated in a
custom MAATLAB routine (The Mathworks Inc, Natick, MA, USA) in order to analyze the
vertical impact acceleration (VIA) in each slope section. The magnitude of the accelerometer
signal was low-pass filtered with a fourth order Butterworth filter with a cut-off frequency
of 10 [16]. The mean value of the 15 first peaks, corresponding to the first 15 steps was
calculated [31]. The mean impacts of sections with similar slope were compared in order
to check the fatigue effect changes on the impact magnitude as a marker of fatigue. In
this way, Sections 2, 4, 5, and 7 (Table 1) were analyzed (VIA_1, VIA_2, VIA_3, VIA_4,
respectively).

Table 1. Slope and horizontal distance of every section of the race besides the type of surface.

T1 T2 T3 T4 T5 T6 T7

Distance
(m) 1800 800 250 200 220 390 380

Slope (%) 11 22 11 20 21 34 23

Terrain Track Canyon Path Path Path Path Track/path

Aside from the impacts, the mean speed (MS) of each section was obtained from the
GPS devices’ software (Apex Software, STATSport Group, Newry, Ireland, UK).

2.4. Statistical Analysis

Statistical analyses were performed using SPSS version 21.0 for Windows (SPSS
Inc., Chicago, IL, USA). Descriptive statistics mean, standard deviation (SD), lower 95%
confidence limit (LCIL95%) and upper 95% confidence limit (UCIL95%) were calculated
for weight, mean speed, VIA, GS, VS, GT, and VT. Normality of datasets was checked with
the Shapiro–Wilk test. Pearson’s correlation was calculated and used to determine lineal
relationships between all measures.

A repeated measures one-way ANOVA were performed to compare VIA along the
race (VIA_1, VIA_2, VIA_3, VIA_4) for all participants. The W de Mauchly test was
used as sphericity criteria. Regression model (lineal, quadratic or cubic) with the highest
order among all those that presented statistical significance was considered as the ideal
model [32]. Eta square value (η2) was used for effect size calculation. Bonferroni’s post-hoc
procedure was applied to locate pair-wise differences [33].

Multiple linear regressions were calculated using a “stepwise” method. Mean speed
was considered the dependent variable and weight, VIA, GS, VS, GT, and VT as possible
independent variables. Entry and exit criteria were an F probability greater than 0.05 and
0.10, respectively. Residual linearity and independence assumptions were checked with
the Durbin–Watson test; values between 1 and 3 in the Durbin–Watson test were consid-
ered an acceptable criterion. Homoscedasticity was studied in a standardized residual-
standardized prediction plot. Normality of residuals was checked with the Shapiro–Wilk
test. Multicollinearity was estimated by a variance inflation factor (VIF), values greater
than 10 were considered as excessive multicollinearity. Cases with Cook’s distance greater
than 1 were indicated as influential cases and removed fromthe data analysis [34].

All tests were performed with a level of significance of p < 0.05.
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3. Results

A summary of the descriptive statistics of the sample can be studied in Table 2.

Table 2. Descriptive statistics of the participants. Standard deviation (SD), lower 95% confidence
limit (LCIL95%); upper 95% confidence limit (UCIL95%), vertical impact acceleration (VIA),mean
speed (MS), finishing time (min), gastrocnemius stiffness (GS), gastrocnemius tone (GT), vastus
lateralis stiffness (VS), vastus lateralis tone (VT).

N = 13 Mean SD LCIL 95% UCIL 95% p

MS (m/s) 1.81 0.30 1.63 1.98 0.168

Weight (kg) 68.85 4.79 65.95 71.74 0.140

Finishing
Time(min) 37.2 6.20 33.45 40.95 0.168

VIA_1 (9.8
m/s2) 2.77 0.34 2.57 2.97 0.570

VIA_2 (9.8
m/s2) 2.34 0.34 2.14 2.54 0.299

VIA_3 (9.8
m/s2) 2.08 0.41 1.83 2.33 0.099

VIA_4 (9.8
m/s2) 1.88 0.32 1.69 2.07 0.099

VT (Hz) 14.80 1.71 13.77 15.84 0.787

GT (Hz) 15.65 1.01 15.04 16.26 0.945

VS (N/m2) 284.87 28.42 267.69 302.04 0.267

GS (N/m2) 280.38 15.09 271.26 289.50 0.211

Pearson’s correlation (Table 3) showed a linear relationship between VT and vs. (r
= 0.829; p = 0.000), and GT and GS (r = 0.792; p = 0.001). Furthermore, mean speed was
correlated with weight (r = −0.619; p =0.024) and GT (r = 0.739; p = 0.004).

Table 3. Pearson’s correlation calculated to determine lineal relationships between all measures.
Vertical impact acceleration (VIA), mean speed (MS) (m/s), gastrocnemius stiffness (GS) (N/m2),
gastrocnemius tone (GT) (Hz), vastus lateralis stiffness (VS) (N/m2), vastus lateralis tone (VT) (Hz)*
p < 0.05; ** p < 0.01.

Weight VIA_1 VIA_2 VIA_3 VIA_4 GT VT GS VS

MS −0.619
* 0.169 0.198 0.200 0.041 0.739

** 0.006 0.483 0.231

Weight −0.288 −0.485 −0.370 −0.484 −0.279 0.063 −0.030 −0.095

VIA_1 0.423 −0.114 0.256 0.031 0.035 −0.201 0.162

VIA_2 0.113 0.113 0.106 0.460 −0.354 0.365

VIA_3 0.544 0.233 0.082 0.248 −0.010

VIA_4 −0.117 −0.432 0.021 −0.450

GT 0.265 0.792
** 0.356

VT −0.008 0.829
**

GS 0.104
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Variables included in the repeated measures one-way ANOVA showed an adequate
sphericity (W de Mauchly = 0.546; p = 0.263). Only a linear model presented statistical
significance (p = 0.000). Quadratic (p = 0.193) and cubic (p = 0.758) could not be consid-
ered. The effect size of the time factor over vertical impact acceleration was η2 = 0.621.
Bonferroni’s post-hoc procedure revealed mean differences (MD) statistically significant
between VIA_1 toVIA_2 (MD = 0.429; p = 0.006), VIA_1 to VIA_3 (MD = 0.688; p = 0.005),
VIA_1 to VIA_4 (MD = 0.891; p = 0.000), andVIA_2 toVIA_4 (MD = 0.462; p = 0.015). These
differences can be observed in Figure 2.
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Figure 2. Vertical impact acceleration in four consecutive sectors with a similar slope of a vertical
race. VIA: Vertical impact acceleration. * p < 0.05; ** p < 0.01 in Bonferroni’s post-hoc test.

Multiple linear regressions showed a model with weight and GT as dependent vari-
ables of mean speed (Equation (3)). This model presented a R2 = 0.732 and an adjusted R2

= 0.678 (p = 0.025). Model predictive capacity was statistically significant (p =0.001). The
model’s coefficients were statistically significant (A = 0.179, p = 0.05; B = −0.028, p = 0.025);
however, the model’s constant was not (C = 0.907, p = 0.468).Standardized coefficients were
Abeta = 0.615 and Bbeta = -0.448,respectively.

MS = 0.179 × GT − 0.028 × weight + 0.907 (3)

A Durbin–Watson test value of 2496 confirmed residual linearity and independence
assumption. The standardized residual–standardized prediction plot did not show any
relationship confirming homoscedasticity. The Shapiro–Wilk test confirmed normality
of the residuals (p = 0.221). Multicollinearity between the dependent variables was not
observed (VIF = 1.084). Excessive influential cases were not observed (max Cook’s distance
= 0.819; min Cook’s distance = 0.004).

4. Discussion

The main objective of this study was to analyze the relationship between anthropo-
metric and muscular characteristics of the lower limb with the speed in an uphill running
race, while the second aim was to assess changes in the vertical impacts caused by uphill
running. The main findings of this study were as follows: (1) There was a positive correla-
tion in mean speed and gastrocnemius muscle tone and between tone and stiffness of leg
and thigh muscles, and (2) a progressive decrease in vertical impacts along the race was
observed.

In addition, an inverse correlation between race speed and weight was found. It
has been observed that faster athletes weighed less. According to that, a study with
marathon runners showed that race speed was correlated with body fat, but not with the
total weight [11]. Contrary to what happens in level races, uphill runners have to raise
their own weight step by step, which could explain these controversial results.
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According to the multivariate model including weight and gastrocnemius tone, 68%
of the variance in race speed could be explained. This finding suggests the importance of
these variables in uphill running performance, although other parameters as metabolic
values (e.g., oxygen uptake) [35] or tone of different muscles (e.g., gluteus maximus) [36]
could be very important and explain part of the other 27% of the variance in race times.
The predicted race speeds were explained by only two variables (weight and GT), showing
a strong predictive capacity (p = 0.001) and R2 = 0.73 with the real registered race times.
This equation should be validated in a different group of participants and could be applied
only to runners with the same characteristics (age, gender, years of experience, and training
status).

Weight is the first of the parameters to consider in these types of races. It could seem
obvious that, if you must lift your body to the top of a mountain, the smaller your weight,
the faster you are. Saunders et al. (2004) [37] found an inverse correlation between running
economy and body weight, with the lightest runners also being the most economical. Pate
et al. (1992) [38] studied several variables (physiological, anthropometric, and training
load) and their relationship to running economy, showing that the lightest runners were
the fastest. Running economy is a key factor in running performance, obtaining better
race times, as has been reported in this study. However, another study observed that there
was no relationship between these aspects [11,39,40]. Perhaps this disagreement could be
due to the differences in the level of body fat of runners. Lower levels of body fat are a
variable predictive of running performance in terms of running speed [11] or performance
in treadmill tests [41].

The gastrocnemius muscle tone is the second of the variables included in the predic-
tive model. It is the only parameter of the muscle properties that fit in the multivariate
regression analysis, although other parameters are clearly related to it. In this way, the
GT and GS are significantly correlated as well as the VT and VS. All these facts could be
explained, at least partially, because there is a higher ankle joint moment and a decrease
in the knee moment associated with increasing slope [6]. The higher moment in ankle
joint is mainly produced by gastrocnemius muscle action, and it is in accordance with
the correlation found between gastrocnemius muscle tone and mean velocity during the
running race segments analyzed. In another study, it was also described that stiffness is
important in activities like jumping or sprinting [29], and according to the results found,
it could also be important during uphill running. As previously mentioned, there is a
positive correlation between muscle tone and stiffness, both in gastrocnemius and vastus
medialis. Maybe training muscle tone and stiffness through strength training could be
beneficial in order to improve uphill running performance.

Related to strength training, it could also be important in order to increase the attenu-
ation of VIA along the race when comparing sectors with similar slopes. These results are
quite interesting and suggest that during uphill running, the neuromuscular behavior is
similar to previous studies [18]. Other studies have shown increases or similar vertical im-
pacts and Zadpoor and A Nikooyan (2012) [19] concluded in their review that no significant
changes could be found in ground reaction forces due to fatigue during running, although
they reported studies that showed increases and decreases in GRF. It is also interesting that
while level running increases vertical impacts possibly because of the change to rearfoot
running strike pattern [25], in our study, VIA is attenuated while the running race is going
on. These results are similar in both fast and slow athletes, so VIA attenuation is not related
to race speed as could be thought, and the reduction in vertical impacts is common, so
more studies should be performed to clarify this aspect. In our study, a slower speed in T2
(related to VIA1) was also observed than in T4 and T5 (related to VIA2 and 3). This could
be explained due to the characteristics of the terrain as T2 is a canyon, while T3 and T4 are
paths and are easier terrain to run.
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5. Conclusions

In conclusion, the vertical impacts generated during uphill running are attenuated
during the race, maybe because of the fatigue accumulated and the running technique
changes linked to it. Even more, body weight and gastrocnemius tone were associated with
the time-to-finish during an uphill running race in amateur athletes. It supports the idea
that a greater muscle tone in ankle plantar flexors and a low body weight are determinant
to achieve performance in these kinds of trail running races. Low body weight alone could
not be enough to reach a faster race time, maybe accompanying body weight control with
a strength training program focused on plantar flexors, emphasizing the eccentric and
plyometric work to increase muscle stiffness may be determinant in uphill running.
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Abstract: The objective of this study was to examine the role of spatial orientation in the performance
of sport sailors. Participants were 30 elite male sailors from classes 420, Laser, Windsurfing RS:X and
Windsurfing Techno, grouped into two categories: Monohull (18 sailors) and Windsurfing (12 sailors).
Ages ranged between 13 and 18 years old (M = 15.7, SD = 1.05). To assess spatial orientation, the
Perspective Taking/Spatial Orientation Test was used, and performance was inferred from the final
classification at the regatta. In addition, the influence of experience and age on the performance
was analyzed. The results show that in the Monohull group, the performance is determined by the
spatial orientation (18% of the explained variance), while in the Windsurfing group, the variables that
are related to performance are sailing experience and age (60% of the explained variance). Spatial
orientation seems to be the more important variable for performance in the Monohull group, while in
classes belonging to the Windsurfing group, this variable does not seem to be decisive for obtaining
good results in the regatta.

Keywords: spatial orientation; performance; sport sailing; special ability

1. Introduction

Research in sports science has been extensively concerned with the study of the
factors that influence performance in the different sports modalities. At present, the most
developed lines of research in sailing are the influence of physiological, anthropometric,
biomechanical, and training factors [1].

Sports performance is also determined by psychological training, so that, through the
evaluation of psychological skills in the athlete, it is possible to predict their potential for
success [2,3]. According to Olmedilla, Ortega, González and Serpa [4], sailing is a complex
sport and psychological skills are key in learning this sport discipline. Authors such as
Araújo, Davids and Serpa [5] or Brandt, Da Silva, Segato and Andrade [6] state that the
most important psychological skills in this sport are attention span and decision making,
and both skills are directly related to navigation tactics. Studies such as those carried out
by Araújo and Serpa [7], Manzanares [8], and Manzanares, Menayo and Segado [9] show
that elite sailors have a better visualization capacity and a greater number of fixations in
relevant stimuli compared to amateur sailors. These two characteristics allow them to
reduce the time taken to obtain relevant information, so they increase their chances to
place themselves in optimal places, both at the exits and during the journey made [7–9]. In
sport sailing, including all types of boats, perceptual skills are highly required, and this is
mainly due to its high complexity. The sailor must anticipate his rivals and capture as much
information as possible from them to carry out the most appropriate actions according
to each circumstance [10]. The ability of anticipation seems to be a fundamental element
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within sports sailing because the environment in which it develops is characterized by
being highly unstable. This instability is produced both by the weather conditions and by
the different actions carried out by opponents. It must be taken into account that the sailor
obtains the information to orient himself in a dynamic way; in addition, competitors become
a dynamic reference because they are also at continuous movement, and buoys are the
only static referents, making the action of orientation even more complex [11]. The sources
of information that will determine the sailor’s orientation are the virtual representation
of their position in space (rival sailors and buoys) and the cognitive map [12]. Through
the cognitive map, the sailor is able to internally construct the context that surrounds him,
thus being able to anticipate everything that is outside his visual field; this allows a more
correct programming of the route to be followed [13]. Authors like Gómez, Rousset and
Baciu [14] and Montello [15] affirm that a continuous updating of the spatial information
received from the environment is necessary, because it allows the subject to be aware of
their current position at all times. While the subject performs the task, the orientation
process is automatic, but when the information is updated, the effort made by the athlete
increases [16].

For Maier [17] the main components of spatial ability are spatial rotations, spatial
perception, spatial visualization, mental rotation and spatial orientation. In spatial rotation,
the reference frame used can be intrinsic or relative to an object; this frame of reference is
defined by the upper/lower, anterior/posterior and right/left intrinsic axes [18].

Spatial perception, the information processing approach, has mainly been used to
analyze spatial skills on a small scale; these skills use the speed of encoding and transforma-
tion of spatial information, memory capacity and spatial work strategies as differentiation
elements [19,20]. Spatial visualization is more complex than relationship or orientation
tasks; this circumstance occurs because the tasks that comprise it have a spatial figurative
component in which movement or displacement of the figure’s elements occurs [21]. Men-
tal rotation is defined as the ability to rotate figures quickly and accurately in the mind [22].
Spatial orientation refers to the subject’s ability to have a different perspective on an object
when the observer is redirected [23]. Different systems for evaluating spatial ability have
been used, although the most widespread are those that differentiate between large-scale
and small-scale spatial abilities proposed by Ittelson [24], and endorsed and specified by
Voyer, Voyer and Bryden [25]. Despite this differentiated classification, research demon-
strates that small-scale spatial abilities predict performance on large-scale tasks, because
spatial abilities at different scales are partially but not totally dissociated [26–28].

Spatial orientation—a large-scale ability—is the most commonly used component for
the evaluation of spatial ability and is considered the most important component [29,30].
The literature on spatial orientation often differentiates between egocentric and allocen-
tric representations, also called exocentric or geocentric [31]: egocentric representations
are self-to-object-centered, while the allocentric anchor on environmental information
uses object-to-object references. Recent studies have shown that both are related, since
egocentric sensory information can be transformed into allocentric representations [32];
specifically, some studies affirm that the performance of the subjects in orientation capacity,
in relation to the different elements that surround them, are related to the score they obtain
in perspective-taking tasks [33,34]. For various tasks, navigators profit from both kinds of
representation [35].

Regarding to experience, small differences in time of practice can make a huge differ-
ence, as is well known in the expertise literature [36,37]. The influence on performance of a
multitude of personal (time of practice, physiognomy), social (influence of third parties)
and contextual (culture, access to practice) factors has been postulated. Specifically, athletic
preparation is capable of developing spatial ability [38], so athletes with more experience
are able to extract critical information from a greater number of spatial references than
novices [39]. Specifically, sailing experience has proven to be decisive for the development
of strength, resistance and speed-oriented motor coordination and, therefore, for better
sports performance [1,40,41]. In this sense, but in relation to psychological variables, ex-
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perienced sailor decision-making is characterized by the cumulative non-linear effects of
exploring and using information constraints in a regatta, making their performance better
than the less experienced sailors [5]. Regarding the indicators of attention management,
the time of recurrence of the fixation of the gaze is less in the less experienced sailors,
whether they are relevant or irrelevant stimuli for the regatta [42]. Related to spatial ability,
experience was shown to significantly influence performance in specific tests [43].

Age has not always been shown to generate differences in the spatial skills of the
general population: sometimes, it has been postulated as a consequence of experience
in different tasks or contexts [44], while, other times, it has been pointed out that the
maturation of evolutionary development generates differences in spatial ability [45]. Those
authors who propose that age influences the development of spatial orientation skills
only because of its relationship with experience demonstrated that experts, unlike novices,
showed a progression towards the extraction of more information early as a function of
age [38,39], although it was only at the adult level that the anticipatory performance of the
expert players significantly outperformed that of their novice counterparts (Abernethy).
On the other hand, other authors have postulated a direct effect of age on the development
of spatial orientation: the literature suggests that 3- to 10-year-old children develop their
ability to combine egocentric and allocentric forms of spatial coding, and show adult-level
performance on cognitive mapping tasks at around 10 or 12 years of age [45,46]. Regarding
the decline in spatial orientation skills, some studies found that adults between 46 and
67 years of age performed worse than younger participants (18–30 or 31–45 years) in all the
orientation skills evaluated [47], while other investigations pointed out that the egocentric
spatial orientation progressively improves from 8 to 60 years old [48]. To our knowledge,
the relationship between age and performance in spatial orientation tasks hasn’t been
studied with sport sailors.

Following what has been developed in the literature, the main objective of this study
is to verify whether spatial orientation, experience and age are related to the performance
of the sailors in a regatta. The following hypotheses emerge from this objective:

Hypothesis 1 (H1). The better the spatial orientation of the sailors, the better performance they
will obtain in competition.

Hypothesis 2 (H2). The more years of sailing experience, the better performance sailors will obtain
in competition.

Hypothesis 3 (H3). The age of the sailors will not allow predicting their performance in competition.

2. Materials and Methods
2.1. Participants

The investigation involved 30 elite sailors belonging to classes 420, Laser, Windsurfing
RS:X and Windsurfing Techno which took part of the competition circuit of the Andalu-
sian Sailing Federation (Spain) and participated regularly in national and international
competitions. All sailors were male and their ages ranged from 13 to 18 years (M = 15.70,
SD = 1.06). Regarding their sportive experience, they have been sailing between 2 and
11 years (M = 6.50, SD = 2.78).

2.2. Instruments

A sociodemographic questionnaire was designed including questions related to age,
sex, class to which they belonged and years of experience in sailing.

The test designed by Kozhevinikov and Hegarty [21] was used to evaluate spatial
orientation, as a modified version of Hegarty and Waller [23]. It includes 12 items in paper
and pencil format (Figure 1). Each reactive is composed of a matrix with seven objects and
a circle in which one direction is marked; participants should imagine their position in the
circle and mark the direction towards one of the seven objects determined in the question.
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The result of each question is calculated by the absolute deviation in degrees between the
response of the participant and the correct address of the assigned object. Each reactive
may be scored between 0 and 180◦. To obtain the final score, the average deviation of the
12 items must be calculated. The items that were not answered were assigned a value of
90◦. To finish the test, there is a maximum time of five minutes. The established reliability
for this test was 0.83 in its original formulation [49].

Figure 1. Spatial orientation test.

2.3. Procedure

Two weeks before the competition, the Andalusian Sailing Federation and the coaches
of the different sailing clubs that participated in the regatta were contacted and informed
about the objectives of the study, and invited to participate voluntarily. The day before the
competition, a room was set up at the headquarters of the Andalusian Sailing Federation
in which the tests were realized.

All sailors who participated voluntarily in this study had to sign an authorization form.
Participants under 18 also required authorization from their parents and/or guardians by
signing informed consent.

2.4. Regatta

To assess the performance, results from the final ranking at the XV New Year´s Race
“X Memorial Kim Lythgoe” were used [50]. The ranking was determined with the sum of
the positions obtained in each of the tests, in which a better classification meant a lower
result in the final ranking. The race was held at the headquarters of the Specialized Center
for Sailing Sports Technification “Bahía de Cádiz” from 27–30 December 2018. This regatta
is of an international category. In the evaluated classes, a total of 83 sailors competed,
so the study represents 31% of the total participants in the competition in classes 420
(14 sailors), Laser (38 sailors) and windsurfing (38 sailors). During the competition days,
the 420 class made a total of four races and the Laser and Windsurfing classes performed
six. In each length of the race, sailors complete a tour that was previously established by
the organizing committee.

2.5. Data Analysis

The data obtained were reviewed for outliers and other anomalies; no adjustment
or modification of the database was necessary. After that, two groups of sailors were
created: classes 420 and Laser were united in a group called Monohull, and classes RS:X
and Techno joined the group called Windsurfing. The justification for dividing these boats
into two groups is because the boats that belong to each group share a series of similar
characteristics in their structure as in their handling; however, these characteristics are
totally different from the other group. In addition, the Windsurfing class, due to their
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characteristics, can develop faster than the monohull group boats; therefore, the way the
racecourse is organized is very different between the classes that belong to each group.

Linear regression analyses were performed for Monohull and Windsurfing classes to
examine the association between spatial orientation, experience, age and performance. The
method used to perform the linear regression analysis was Stepwise in order to find the
strongest predictor for ranking. To check the prediction value of the performance of the
equations obtained, the Student’s t-test was performed between the variables’ real ranking
and predicted ranking with this equation.

3. Results

Descriptive analysis and the results obtained in the spatial orientation test by the
sailors of the Monohull and Windsurfing classes are shown in Table 1.

Table 1. Participants’ age, experience and score obtained in the Spatial Orientation Test by groups and classes.

Monohull Windsurfing

All (n = 18) 420 (n = 6) Laser (n = 12) All (n = 12) RS:X (n = 5) Techno
(n = 7)

Sailing experience
(years) 7.33 ± 2.35 6.83 ± 1.94 7.58 ± 2.57 5.25 ± 2.99 6.20 ± 3.35 4.57 ± 2.76

Age (years) 15.78 ± 1.22 15.17 ± 0.75 16.08 ± 1.31 15.58 ± 0.79 16.40 ± 0.55 15.00 ± 0.00
Spatial Orientation Test 35.12 ± 22.98 50.03 ± 31.75 27.66 ± 13.25 60.04 ± 50.08 62.86 ± 60.89 58.03 ± 45.98

Note: Data presented in Mean ± SD.

Table 2 shows the linear regression analysis. We obtain a model in one step to find the
optimal model, which has a linear relationship of 47% and a goodness of the fit = 0.18. This
model includes the constant and the score variable in the spatial orientation test, excluding
the navigation experience and age variables. The value of Durbin–Watson (1.51) indicates
that our error variance is independent; therefore, it would be appropriate to use a linear
model. The multicollinearity analysis shows high tolerance values in the variable spatial
orientation test (0.88), the years of navigation experience (0.90) and the age (0.83). These
results indicate that these variables do not show collinearity. The equation obtained with
this model for the prediction of performance is the following: performance = 20.48 + (−0.20
* orientation test). When checking the value of the prediction of the performance obtained
with this equation, using the Student’s t-test to compare the relationship between the
ranking variable and the ranking variable estimated, we observe that the error was −0.01.

Table 2. Coefficients of the linear regression models in Monohull and Windsurfing groups.

Model

Non-
Standardized
Coefficients

Typified
Coefficients t Sig. Confidence Interval

95% for B

B Std. Error Beta Lower
Bound

Upper
Bound

Monohull
Constant 20.48 3.94 5.19 0.00 ** 12.12 28.84
S. O. T. −0.20 0.09 −0.47 −2.16 0.04 * −0.40 −0.00

Windsurfing

Constant −88.19 33.96 −2.59 0.02 * −163.87 −12.51
Age 6.25 2.17 0.67 2.87 0.01 * 1.40 11.10

Constant −104.68 28.21 −3.71 0.00 ** −168.51 −40.85
S. E. −1.23 0.49 −0.50 −2.51 0.03 * −2.35 −0.12
Age 7.72 1.85 0.83 4.16 0.00 ** 3.53 11.92

Note: S. O. T. = Spatial orientation Test; S. E. = sailing experience. Method used: “Stepwise”. ** p < 0.01; * p < 0.5.
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In the linear regression analysis for the Windsurfing group, we obtain two models in
two steps and choose Model 2, which has a linear relationship of 82% and a goodness of
0.6 fit (Figure 2). This model excludes the spatial orientation test variable but includes the
constant and the navigation experience and age variables of the sailor (Table 2). It would
be appropriate to use this model since the value of Durbin–Watson (2.29) indicates that
the residuals are independent. The most important variable in this model would be the
age, since it contributes 83%, while the navigation experience would contribute 50%. The
high tolerance values in the multicollinearity analysis of the variable spatial orientation
test (0.95), the years of navigation experience (0.88) and the age (0.861) indicate that there
is no collinearity for these variables.

Figure 2. Fitted linear regression graph of model 2 for the Windsurfing group. Method of successive
steps. Variables: age and sailing experience.

The equation obtained to predict the performance in the Windsurfing group would be
determined as follows: performance = −104.68 + (7.72 * Age) + (−1.23 * Sailing experience).
Checking the prediction value of this equation indicates that the error made is very low, its
value being 0.00.

4. Discussion

The main objective of this study was to verify whether the spatial orientation, ex-
perience and age are related to the performance of the sailor in a regatta. First, it was
hypothesized that the better the spatial orientation of the sailors, the better their perfor-
mance in competition. The results only allow us to partially accept this hypothesis, since
the spatial orientation predicted the performance of the sailors of the Monohull group, but
not of the Windsurfing group. The correlation between spatial orientation and performance
found in Monohull was also described with sailors of the Optimist class by Manzanares [8].
The spatial ability–performance relationship is based on the need of sailors to anticipate
the behavior of their rivals [10], as well as the influence of environmental factors at each
moment of the regatta [11], aspects directly related to performance in sailing, allowing
a competitive advantage to be exploited [7–9]. It is possible to infer that both large- and
small-scale spatial skills are involved in the sports behavior of sailors, and that they are
closely related to each other [26–28] and to performance in real outdoor tasks [35]. We must
also consider that, during the competition, sailors must pay attention to a visual field in
motion and this may interfere with the cognitive tasks he is performing. Therefore, if the
subject has a good spatial orientation, their attention resources will not be diverted by the
movement that occurs in the objects of their visual field, thus they will not lose cognitive
resources that attend to postural control and could affect the execution of sports technical
gestures [51].

A priori, spatial orientation should be important for both Monohull and Windsurf
groups, but our results only confirm its influence on the Monohull group. It is possible that
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the characteristics of each of these groups, and the navigation peculiarities that characterize
them, may explain the differences found between both groups [52]. The sailors of the
Windsurfing class, due to the difference between the large size of the sail surface and the
reduced length/beam of the boat, perform a specific action after each turn to recover the
speed, which is very efficient when the wind speed is less than fifteen knots, and is called
rowing with the sail (sail-pumping) [53]. Monohull-type vessels, such as 420 and Laser, do
this at very specific times, but, in the windsurfing class, it is done both when it goes against
the wind and when it goes upwind, although when it is against the wind the physical
demands on the Sailor are higher [54]. Therefore, it is logical to think that the lower the
number of maneuvers performed during the tour, the lower the number cognitive demands
required. However, we do not have information to ensure those aspects, so future research
should address them and other possible hypotheses.

The second hypothesis predicted that the more years of sailing experience, the bet-
ter sailors’ performance in competition. The results prevent us from fully accepting this
hypothesis, since experience allowed us to predict the performance of athletes in the wind-
surfing group, but not in the monohull group. The influence of experience on performance
has been demonstrated both in the general literature [36,37] and the literature specific
to navigation [5,42,43]. It is likely that the most expert sailors have a greater orientation,
which is demonstrated in a better analysis of the positions of the buoys in the racecourse
and the route chosen to approach them [55], as well as their ability to obtain the most
relevant information on the racecourse and thus be able to execute efficient motor actions
according to the characteristics of the situation [56–58]. The most experienced sailors were
placed in a better position with respect to their rivals to obtain a more favorable wind
and reduce the number of maneuvers they had to perform when exceeding the buoy.
This tangent point seems to be critical when it comes to rounding on the windward buoy,
and a bad choice would make the maneuvers come forward or backward with respect
to the maneuvers performed by their opponents, with expert sailors reacting differently
compared to inexperienced sailors [55]. Another aspect related to the spatial orientation
is the perception of the wind direction and the orientation that the boat has with respect
to this, which is key when differentiating between expert sailors and beginners [59]. That
differentiation in the orientation with respect to the wind is more prominent in situations
in which the wind speed is weak, highlighting even more the sailors with great experi-
ence [60]. Moreover, indirect effects of experience on performance are possible: having
more experience could benefit the orientation skills, making the sailors more comfortable
in general in those situations in which this skill is required, and therefore obtaining better
sport performance [43].

Despite that general agreement, our results only confirm the hypothesis for the Winsurf
group. We do not have information that allows us to create hypotheses about the origin of
this contradictory result, so future studies should address this problem by accessing both
personal, social and contextual variables.

Finally, it was hypothesized that the age of the sailors would not allow for prediction
of their performance in competition. This hypothesis is accepted only for the Monohull
group; for the Windsurf group, age—alone or in combination with experience—makes it
possible to predict performance in the regatta. From the theoretical perspective, which
defends that age influences spatial ability, this result is consistent with that provided
by Ruggiero et al. [48], who found that the egocentric spatial orientation progressively
improves from 8 to 60 years old as a consequence of maturation [35]. For our Windsurf
sailors, older age probably implies better ability to visualize, allowing for the most relevant
information of the competition environment and, therefore, better performance [61].

We do not have a hypothesis that allows us to explain or suppose why age influences
the performance of Windsurfers, but not that of Monohulls. The sailors in both groups are
homogeneous in terms of age and experience, so these variables could act in the same way
in both groups. Some personal, social or contextual variables of these groups must mediate
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the relationship between age and performance. Future research should delve into these
possible modulating variables.

In our study, we can consider some limitations. Only one test was used in this study to
assess spatial orientation; it would have been very interesting to obtain data from a Mental
Rotation test or Spatial Anxiety Scale to compare and corroborate our results. In the same
way, performance was measured by a single event, so it is necessary to assume that it may
not reflect the average performance of the sailors, but only that of this test. Moreover, due
to the small number of the sample, it is not possible to extrapolate these results to the sailor
population. However, to our knowledge, this is the first study analyzing the influence of
spatial orientation ability, age and experience on sailors´ performance when belonging to
different classes.

5. Conclusions

The results of this study demonstrate that, for sailors in the Monohull group (classes
420 and Laser), spatial orientation predicts competitive performance in a given regatta.
In addition, for the athletes of the Windsurf group (classes RS:X and Techno), both the
sailing experience and the age, and the combination of both, allow for prediction of
the performance in a certain competition. Thus, it seems that, between both groups of
navigators, there are personal, social or, more likely, contextual differences that explain
dissimilar results.
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Abstract: This study aimed to examine various biochemical biomarkers changes during a shock
micro-cycle in soccer players from a university team. The study had 22 players (age: 22 ± 3 years;
body mass: 68.6 ± 7.1 kg; height: 1.73 ± 0.07 m). The study measured total cholesterol (TC),
triglycerides (TG), cholesterol linked to high-density lipoproteins (HDL), low-density lipoproteins
(LDL), very low density lipoproteins (VLDL), arterial index (AI), creatine kinase (CK), glutamate-
oxalacetate-transaminase (GOT), glutamate-pyruvate-transaminase (GPT), creatinine (Cr), catalase
(CAT), superoxide dismutase (SOD), cytokines IL6 and TNFα, total antioxidant capacity (Cap antiox
tot), hemolysis percentage and glomerular filtration rate (GFR); measurements were conducted
during a shock micro-cycle. The lipid profile variables had no statistical significance when compared
on day 1 with day 14. Except for TNFα, the other biomarkers compared with day one had progressive
increments until day seven, with a subsequent reduction on day 14; however, none of the biomarkers
returned to baseline values despite this decrease. The data shown herein suggest the need to research
these biomarkers in distinct types of mesocycles, exercise, intensity, load, and duration to diminish
fatigue and improve athlete performance.

Keywords: biomarkers; soccer; oxidative stress; lipids

1. Introduction

Soccer players are subject to an organizational structure of their training called meso-
cycle, within which the shock micro-cycle can be found, which is characterized by a large
overall volume of work and a high level of incitement; its purpose is to stimulate the pro-
cesses adaptation of the organism [1]. The high load of physical exercise and psychological
stress can trigger an imbalance between the production of reactive oxygen species and
other free radicals and the antioxidant defense mechanisms of the organism. This can cause
molecular damage that can be measured through: biological markers, such as proteins;
the activity of enzymes or their metabolites; lipid peroxidation; and nucleic acids, among
others [2,3]. Several of these biomarkers have been studied concerning exercise, for exam-
ple, biomarkers of: cardiac hypoxia [4], the immune system such as immunoglobulins [5],
tissue damage or muscle activity [6], and some enzymes of the Redox system (catalase,
peroxidase) [7].

Therefore, several biochemical markers could be used as indicators of physical stress,
systemic inflammation, muscle damage, and physiological adaptation to sports activ-
ity [8]. Among the biomarkers that can be found, creatinine is a final product of muscle
metabolism [9] and its activity (CK) is related to the intensity of the load to which the
muscle is subjected [10]. In addition, its serum concentration is higher in athletes than in
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the population of people who are not physically active. Glutamate-oxaloacetate transami-
nase (GOT) and glutamate-pyruvate transaminase (GPT) serve as markers of liver disease.
However, they could also be valuable tools to assess people’s metabolic responses to
exercise [11].

Regarding inflammation, muscle damage initiates a local inflammatory response
that involves the production of cytokines [12] such as IL6 and TNFα. In soccer studies
such as that of Souglis et al. [13], increases were detected in IL-6 and TNF-α between
two and four times higher than the values at rest, with the maximum values being those
obtained immediately after the game. Regarding the lipid profile, specifically high-density
lipoproteins (HDL), it is considered a protective factor [14] due to its role in the reverse
transport of cholesterol. It is also described how exercise increases this lipoprotein.

In soccer during matches, players perform a large number of high intensity non-linear
activities based on running [15]. In addition, acceleration and deceleration during direction
changes produce high levels of mechanical and metabolic stress, which increases the de-
mands of metabolic power and total energy expenditure during training and matches [16].
Specifically, they are necessary between 48–72 h to restore metabolic alterations after a
match [17,18], although 3–4 days of recovery between successive matches may be insuffi-
cient to restore homeostasis [19].

Commonly, most of the studies investigating biochemical markers in soccer have been
done through follow-up in one game, three games, or under the development of tests. In
Colombian university soccer, specifically in the university zonal competitions, they play
between three and five games with a short recovery time (about 24 h between matches).
In this context, there is little information about it in the formal bibliography that studies
and analyzes the behavior of said markers in Colombian college soccer. In this sense, the
purpose of this study was to examine changes in various biochemical biomarkers during a
shock micro-cycle in a university soccer team.

2. Materials and Methods
2.1. Subjects

A total of 22 (mean ± SD: age, 22 ± 3 years; body mass, 68.6 ± 7.1 kg; height,
1.73 ± 0.07 m) male students of the Universidad del Quindío soccer team took part volun-
tarily in this trial. These students train about 10 to 14 h per week for regional competitions.
The study excluded athletes with diseases proven through their clinical history and ex-
cluded injured athletes and those with less than one year of training in the sports discipline.

2.2. Ethics

This research was carried out according to the Helsinki Declaration and Resolution
8430 by the Colombian Ministry of Health and Social Protection, and it was approved by
the Bioethics Committee of the Physical Education Program at Universidad del Quindío.

2.3. Variables

The studied variables were divided into three groups: biochemical, anthropometric,
and physical condition.

Biochemical: total cholesterol (TC), triglycerides (TG), cholesterol linked to high-
density lipoproteins (HDL), low-density lipoproteins (LDL), very low density lipoproteins
(VLDL), arterial index (AI), creatine kinase (CK), glutamate-oxalacetate-transaminase
(GOT), glutamate-pyruvate-transaminase (GPT), creatinine (Cr), catalase (CAT), superoxide
dismutase (SOD), cytokines IL6 and TNFα, total antioxidant capacity (Cap antiox tot),
hemolysis percentage and glomerular filtration rate (GFR).

Anthropometric: age, mass, height, body mass index (BMI), adipose percentage, and
muscle percentage.

Physical condition: maximal oxygen uptake (VO2max).
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2.4. Procedure

The subjects participated in a 7-day shock micro-cycle.
Blood sampling: a blood sample was collected by venipuncture in a dried tube.

Samples on days 1 and 14 were collected in the laboratory. Samples on days 4 and 7 were
collected on the soccer field. Then, they were held in a portable freezer and transported to
the laboratory. The serum was obtained through a centrifuge at 1000 g for 15 min, at 4 ◦C,
separated in 1.5 mL micro-tubes, and stored until use (within two days).

Four blood samples were taken in the following manner:
Day 1: The blood sample was collected after 48 h without exercise and 12 h of fasting.
Day 4: The blood sample was collected once the training ended. Test subjects were

under no fast conditions.
Day 7: The blood sample was collected once the training ended. Test subjects were

under no fast conditions.
Day 14: Seven days after finishing the micro-cycle. The blood sample was collected

after 48 h without exercise and 12 h of fasting. The measures of the 14th day aimed to
determine if one week after of microcycle, biomarkers get the first day’s values.

2.4.1. Biochemical Measurements

The TC and TG were quantified via colorimetric enzymatic methods (Human®, Wies-
baden, Germany), HDL was assessed through initial selective separation with phospho-
tungstic acid/magnesium chloride (Human®), CK, GOT, GPT, and Cr were quantified via
colorimetric enzymatic methods (Wiener Lab®, Rosario, Argentina), CAT and SOD were
quantified via colorimetric enzymatic methods (Invitrogen®, Frederick, USA), cytokines
IL6 and TNFα were determined through sandwich ELISA by reading the spectrophotome-
ter results (Genesis 5) at 450 nm for both proteins following manufacturer’s instructions
(BioLegend®, San Diego, USA), Cap antiox tot was quantified through the TBARS (Thio-
barbituric Acid Reactive Substance) method, and hemolysis percentage was quantified via
spectrophotometry.

The LDL, VLDL, and AI were calculated through formulas described for each.
The GFR was measured through the Cockcroft-Gault formula adjusted for body

surface.

2.4.2. Anthropometric Evaluation

Body mass was determined with the least clothing possible using a calibrated elec-
tronic scale (Tanita Bc-585f), and height was measured with a stadiometer (Seca Ref 216).
To obtain the fat percentage, subcutaneous body fat was evaluated by using a skinfold
caliper (Harpende) in six sites [20] (triceps, pectoral, subscapular, abdominal, suprailiac,
quadriceps).

2.4.3. Maximal Oxygen Uptake (VO2max)

The VO2max was determined through the Course Navette (CN) test. The CN test was
conducted based on the methodology described elsewhere [21]. Briefly, the participants
were asked to run back and forth for 20 m, and in a straight line, and the running distance
was defined by two cones at each end. The CN test ended when the participant stopped
due to fatigue or when the participant did not reach the line defined before the beep signal.
To determine VO2max, the equation proposed by Paradisis et al., [22] was used (Equation
(1)).

VO2max(mL/kg/min) = 0.2761x + 27.504 (1)

2.4.4. Shock Micro-Cycle

The study subjects participated within their preparation period in a 7-day shock
micro-cycle. Players did low-intensity training 72 h previous to this study. The micro-cycle
was characterized by the increase in volume and intensity of the load. In such a way,
micro-cycle development was carried out under the competition (regionals) simulation

165



Int. J. Environ. Res. Public Health 2021, 18, 3581

where the athletes had to perform for five games, the highest possible performance capacity.
The characteristics of the micro-cycle are shown below.

Developer mesocycleShock Micro-cycle

Day 1: Smooth jog, joint movement, muscle activation, active stretching.
Day 2: Tactical training.
Day 3: Match 1.
Day 4: Match 2.
Day 5: Match 3.
Day 6: Match 4.
Day 7: Match 5.

For the soccer game, the coach formed two teams, which remains during microcycle
with a 1-4-4-2 formation. A total of five games were played during the experimental period
(one each day), all at the same time (08:30 h) on a natural grass surface. Each of the games
lasted 90 min distributed in two halves of 45 min, and before each game they warmed up
for 20 min.

The players were shown Borg’s perceived exertion scale upon ending each training
session. All the subjects were familiar with this scale, as part of the regular monitoring of
the training.

2.5. Statistical Analyses

Initially, a descriptive analysis was conducted in the laboratory of the results obtained
from the biomarkers during the four days evaluated. Likewise, normality assumptions were
verified. Then, a paired means test on the lipidic profiles was conducted to determine any
difference in the measured variables on days 1 and 14. Additionally, a repeated measures
ANOVA was performed, followed by the post-hoc test by Bonferroni. The sphericity
assumption was verified through the Mauchly test. A p-value < 0.05 was considered as a
statistical significance.

Analysis of the data obtained was performed with the SPSS software 22.0 (IBM).

3. Results

Table 1 shows the anthropometric and physical condition variables of the study
subjects. It displays, concerning adipose and muscle percentage, that the athletes were
within the adequate standards for age and sport; besides, the BMI is normal. Finally, the
VO2max was at an excellent level (46.50–52.40 mL/kg/min).

Table 1. Physical characteristics of participants.

Variables n = 22

BMI (kg/m2) 23.66 ± 2.14
Body fat (%) 8.90 ± 0.93

Muscle percentage 46.84 ± 3.8
VO2max (mL/kg/min) 51.66 ± 2.24

Mean ± SD. BMI: body mass index.

Table 2 shows the lipid profile results, and shows that the variables were within the
values considered to be normal (TC < 200 mg/dL, TG < 150 mg/dL, HDLc > 40 mg/dL,
LDL < 100 mg/dL, VLDL < 30 mg/dL, AI < 3.5 mg/dL) according to the ATPIII (Adult
Treatment Panel III) [23]. Upon comparing these variables between days 1 and 14, no
significant differences were evident despite their increase.
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Table 2. Lipid profile.

VARIABLES D1 D14 p-Value

TC (mg/dL) 153.80 ± 28.20 163.52 ± 32.3 0.495
HDL (mg/dL) 47.38 ± 7.10 48.55 ± 7.90 0.622
LDL (mg/dL) 88.58 ± 20.47 93.01 ± 21.56 0.666

VLDL (mg/dL) 16.66 ± 5.09 19.86 ± 4.67 0.101
TG (mg/dL) 78.62 ± 21.30 94.42 ± 21.49 0.051

AI 2.71 ± 0.84 2.90 ± 0.83 0.503
Mean ± SD. n = 22. D: day. TC: total cholesterol. HDL: high-density lipoprotein. LDL: low-density lipoprotein.
VLDL: very low-density lipoprotein. TG: triglycerides. AI: arterial index. Note: No differences were observed
among groups. Comparisons were tested via Student’s t-test.

Table 3 presents the transaminase levels and hemolysis percentage. These variables
had no statistically significant differences, although three variables (GPT, GOT, and hemol-
ysis) increased progressively from days one to seven and decreased on day 14.

Table 3. Biomarkers without statistically significant changes.

VARIABLES D1 D4 D7 D14 p-Value

GPT (U/L) 16.26 ± 3.2 17.49 ±2.30 21.27 ± 3.60 17.74 ± 3.50

D1 vs. D4 0.563
D4 vs. D7 0.076

D7 vs. D14 0.400
D1 vs. D14 0.435

GOT (U/L) 19.50 ± 2.78 21.06 ± 3.10 24.37 ± 4.26 22.55 ±3.15

D1 vs. D4 0.586
D4 vs. D7 0.086

D7 vs. D14 0.290
D1 vs. D14 0.296

Hemolysis (%) 80.24 ± 3.90 81.74 ±3.60 81.95 ± 2.54 81.25 ± 3.10

D1 vs. D4 0.204
D4 vs. D7 0.833

D7 vs. D14 0.429
D1 vs. D14 0.107

CAT (U/mL) 28.64 ± 3.50 29.39 ±0.30 29.31 ± 0.26 29.4 ± 0.15

D1 vs. D4 0.341
D4 vs. D7 0.403

D7 vs. D14 0.217
D1 vs. D14 0.345

Mean ± SD. D: day. GPT: glutamate-pyruvate-transaminase. GOT: glutamate-oxalacetate-transaminase. CAT: catalase.

Figure 1 shows the levels of the oxidative stress biomarkers, showing that SOD and
Cap antiox tot behaved similar to the prior variables, that is, with progressive increase
from days one to seven. However, the SOD had significant differences from day one to
day four (p-value = 0.001) (26.53% increase) and from day seven to day 14 (p-value = 0.001)
(19.77% decrease), while in the Cap antiox tot, the decrease was only significant (23.36%)
from days seven to 14 (p-value = 0.01).

Figure 2 displays the IL6 and TNFα, with respect to IL6, with statistically significant
differences in all days evaluated, while the TNFα had no differences between decreased
concentrations from days four to seven (p-value = 0.068).

For creatinine (Figure 3a), significant differences were evident, except for the increase
from days four to seven (p-value = 0.801). Moreover, the GFR (Figure 3b) showed a
decrease, from days one to seven, finding days four and seven with values (85.91 and
81.68 mL/min/1.73 m2, respectively) below the value considered normal
(≥90 mL/min/1.73 m2).
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The CK (Figure 4) showed increased concentration (105.9%) from day 1 to day 4
(p-value = 0.001); from day 4 to day 7 (p-value = 0.001) (51.3%); and from day 7 to day 14
(p-value = 0.0002), a 53.37% decrease, all with statistical significance.
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4. Discussion

This work studied some biochemical biomarkers during a shock micro-cycle of uni-
versity soccer players.

Besides being subjected to academic stressors, the university soccer players were also
subjected to other stressors due to their physical, technical, and tactical training to assume
competition. High-level competitive sport requires the athletes to engage in high training
loads, like a shock micro-cycle, which is characterized by a large overall volume of work
and high level of incitement [1]. These high training loads and competitive stress produce
changes in the body structure and metabolism to adapt to the physiological demands of
training and competition [7].

The present study’s main finding was that the biochemical markers were affected
by the micro-cycle, which was developed by simulating a college zonal competition. The
effect was reflected in the increase in the athletes oxidative stress evaluated through SOD
and Cap antiox tot. Likewise, the variation in the cytokines concentration, where the rise
in IL6 (anti-inflammatory) appeared to influence the decrease in TNFα (pro-inflammatory),
showed the anti-inflammatory effect of training. High muscle damage was also observed,
evidenced by the increase in CK and Cr levels. Although there were variations in the level
of transaminases during the micro-cycle, they were not statistically significant.

From the point of view of their body composition, soccer players constitute a differ-
entiated population group due to their lower level of fat and higher muscle development.
In this regard, this work found the BMI within the normal range [24] and percentage of
body fat at 8.9%, that is, a good percentage for high-performance athletes. These results
are similar to the elite soccer players reported in the study by Slimani et al., [25] and lower
concerning the Greek soccer players (age 18–37 years) evaluated by Leão et al., [26]. The
variable percentage of muscle mass was higher than that reported by García-Cardona
et al. [27], who evaluated this same team in 2016 and found, on average, a percentage of
muscle mass of 43.07%; in this respect, this average is consistent with results shown at fat
percentage level, which was higher in 2016. The present study found similar values to that
reported (46.18%) by Gil and Vedoy [28] in Spanish university soccer players. Concerning
the VO2max found in our study (51.66 ± 2.24), the result places them at an excellent level,
which means they have an excellent physical condition for their sports performance.

The present study also measured lipid profile as a measurement of the athletes’ general
health conditions; these variables were within the ranges considered normal for the lipid
profile variables [23], as expected for individuals who practice a high-performance sport
and take care of their health. These results are similar to those reported by Apostolidi et al.
in Greek soccer players [29].

This work also assessed the hepatic function through transaminases; these enzymes
indicate liver damage from disease or intake of medications or alcohol. The increase of
these enzymes may be related to intense exercise [19]. Accelerated metabolic demands
due to muscular exercise cannot be satisfied without a robust response by the liver [30].

169



Int. J. Environ. Res. Public Health 2021, 18, 3581

In this work, transaminases increased on days four and seven of the shock micro-cycle;
similar results were found by Nowakowska et al. [11]. Although these authors conducted
an 11-month follow-up, and this work did so for only 14 days, the results show that on
day 14 the transaminases had not returned to the baseline values of day one. In this regard,
Pettersson et al. [31] state that intense muscular exercise can increase liver function at least
seven days after exercise. In this same sense, Sjogren et al. [32] hold that individuals who
engage in vigorous exercise (for example, weight lifters, marathon runners, and others] can
have abnormal levels of transaminases due to a normal process of muscle tissue repair that
causes inflammation and raises the levels of transaminases. The same authors indicate that
transaminases can remain high for up to one week after stopping the exercise [32], as seen
in the present research. Moreover, Chinedu et al., [33] also found increased GPT and other
hepatic function markers, but not of GOT in soccer players subjected to training for 30 min,
three times per week for three weeks. These findings suggest that vigorous exercise, like a
shock microcycle affects transaminase levels.

It is known that exercise induces hemolysis [34] and although—at times—it is as-
sociated exclusively to impact sports, it is common in most sports modalities [35]. As
potential sources of exercise-induced hemolysis, there are direct mechanical lesions caused
by strong contact on the ground, repeated contractile muscle activity or vasoconstriction in
internal organs, while pre-existing erythrocyte disorders or metabolic anomalies developed
during exercise (for example, hyperthermia, dehydration, hypoxia, lactic acidosis, oxida-
tive damage, increased catecholamine concentration) can contribute actively to triggering,
accelerating, or amplifying this phenomenon [36]. It seems that the average life span of
red blood cells in athletes is shorter, which is beneficial for performance [37]; different
studies have identified significant hemolysis levels in long-distance runners and cyclists,
among others. Our study also showed increased hemolysis on days four and seven of the
micro-cycle without statistical significance; this non-significance likely is because, during
the first phases of the exercise, hemolysis is stronger due to rapid destruction of the oldest
population of erythrocytes, but these are renewed during the more advanced phases of
training or competition, breaking down less, as shown by Yusof et al., in ultra-marathon
runners [34].

Substantial evidence shows that exercise-induced hemolysis causes an increased
inflammatory response and that it commonly occurs with increased IL6 [38], as with the
results herein.

Although hemolysis could explain—in part—the increase of IL6, it is also known
that exercise by itself can cause inflammatory states, such that IL6 and TNFα were also
evaluated in this study. Cytokines are a diverse family of intercellular signaling molecules
that regulate inflammation and immune response. According to Pussieldi et al. [39], intense
acute exercise can induce muscle damage, producing cytokine release along with other
local tissue factors related to the inflammatory phenomenon. In this study, IL6 levels
increased continuously, while TNFα diminished as of day seven. In this respect, during
exercise, muscle fibers release IL6 which also acts as a suppressor of TNFα production, like
a pro-inflammatory cytokine [40]. The results agree with those reported by Stumpf et al.,
in elite soccer players [41], finding that after a stress test, pro-inflammatory cytokines IL-6,
IL-8, TNF-a, and anti-inflammatory cytokine IL-10 were significantly high in all the soccer
players.

Regarding the antioxidant capacity evaluated in this study during the shock micro-
cycle, it was found that the CAT did not change significantly during the days considered.
These results are similar to those reported by Jamurtas et al. [42] who assessed the effects
of high-intensity interval training (HIIT) on the hematological profile and redox state in
comparison with those following traditional continuous aerobic exercise. Although few
indicators suggest that physical exercise provokes increased CAT activity in skeletal muscle,
some studies describe a decrease or leveling of the catalase activity of the erythrocytes after
exercising, [43].
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Concerning the SOD enzyme, this is an important antioxidant defense that protects
cells from ROS-induced oxidative stress [44]. The progressive increase of SOD found in this
study was consistent with that reported by Silva et al. [45], who studied the biochemical
impact of a sports season on professional soccer players and found that SOD increases, but
then reaches its starting levels at the end of the season. Increased SOD can be explained by
the increase in the superoxide radical during exercise. The superoxide radical is related
to converting hemoglobin into meta-hemoglobin in erythrocytes during exercise and
converted into H2O2 by the SOD enzyme [46]. Increased SOD in plasma could favor the
accumulation of H2O2 and could indicate low efficiency of plasma elimination, which
contributes to higher oxidative stress [47]. This is consistent with increased levels of lipid
peroxidation (measured as TBARS) found until day seven in our study; during exercise,
the process of supplying oxygen to active muscles can harm the polyunsaturated fatty
acids in the membrane’s structures. In other words, it causes lipid peroxidation [48], and
increased TBARS suggests that ROS production exceeded antioxidant activity [49] despite
the possible adaptation. In this sense, Zoppi et al. [50] demonstrated that supplementing
with vitamins C and E reduces TBARS levels; this supplementation with antioxidants could
be preventing the adverse effect on the oxide-reduction balance generated by training in
professional soccer players.

As part of the biochemical markers of oxidative stress in athletes, creatinine and
the creatine phosphate enzyme were also measured. Creatinine is a product of creatine
metabolism. Prior studies have indicated that athletes and active individuals with higher
muscle mass, also have more elevated serum creatinine levels. The Cr concentration in this
study increased from days one to seven and diminished on day 14 with significant differ-
ences on all the days evaluated. These results agree with those reported by Nowakowska
et al. [11] and Ekun et al. [51], which show variations in Cr level over time. Likewise,
studies, such as that by Jacobs et al. [52], mention that after moderate- or high-intensity
exercise, there is diminished urine volume and a marked reduction in renal plasma flow
and filtering rate that lead to increased Cr. This study also noted a decrease in GFR time up
to day seven, which would support this hypothesis.

Concomitant with plasma creatinine variations, the same changes were noted in
creatine phosphate levels, which increased from days one to seven and diminished on
day 14. Among the biochemical markers considered important as indicators of metabolic
changes or adaptations made during physical training, CK and its serum activity has been
widely studied and is considered a marker of muscle damage [53]. Increased CK from
days one to seven may be attributed to mechanical damage of the muscle cell membranes
as a result of a substantial force of muscle contraction and oxidative damage of the cell
membranes [54]. However, our results showed that seven days after ending the shock
micro-cycle, and although the sample from day 14 had been taken with 48 h without
exercise, the CK did not return to baseline values. The difference was statistically significant
with respect to studies, like that by Wilk et al. [55] in subjects with 6.1 years experience in
strength training, which shows how after 24 h of recovery there is increased CK activity,
indicating severe damage to the muscle cell membranes and a CK leak in the bloodstream
during exercise and after ending it.

Finally, it was observed that seven days after finishing the micro-cycle, IL6, TNFα, Cr,
GFR, and CK did not return to baseline values and this difference was statistically signifi-
cant, which demonstrates that seven days of recovery after five successive matches like the
ones developed during the micro-cycle can be insufficient to restore the homeostasis.

As a later work, it is proposed to use these results to determine the relationship
between the evaluated markers and the performance according to the playing position.

5. Conclusions

In conclusion, this study demonstrates that the soccer team athletes face stressors
during training that produce significant changes in biomarkers related to muscle damage,
inflammation, and oxidative stress. Still, some values return to normality when training
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intensity is lowered, while others remain high. These last factors could be used as fatigue
or extenuation markers that could indicate to the coach the need for a more prolonged
rest or of complementary measures to avoid severe harm or lesions in athletes who do not
recover quickly.

The data shown herein also suggest the need to research these biomarkers in different
types of meso-cycles, exercise, intensity, load and duration to diminish fatigue and/or
improve the performance of the athletes.
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exercise with and without the use of protein and protein-carbohydrate supplements. Biol. Sport 2018, 35, 399–405. [CrossRef]
[PubMed]

174



International  Journal  of

Environmental Research

and Public Health

Article

Upper Limb Strikes Reactive Forces in Mix Martial
Art Athletes during Ground and Pound Tactics

Vaclav Beranek 1,2,*, Petr Stastny 2,*, Vit Novacek 3, Petr Votapek 4 and Josef Formanek 4

1 Department of Rehabilitation Fields, Faculty of Health Care Studies, University of West Bohemia,
30100 Pilsen, Czech Republic

2 Department of Sport Games, Faculty of Physical Education and Sport, Charles University, 16252 Prague,
Czech Republic

3 Biomechanical Human Body Models, New Technologies—Research Centre, University of West Bohemia,
30100 Pilsen, Czech Republic; vnovacek@ntc.zcu.cz

4 Department of Machine Design, Faculty of Mechanical Engineering, University of West Bohemia,
30100 Pilsen, Czech Republic; pvotapek@kks.zcu.cz (P.V.); formanek@kks.zcu.cz (J.F.)

* Correspondence: vberanek@kfe.zcu.cz (V.B.); stastny@ftvs.cuni.cz (P.S.); Tel.: +420-737480136

Received: 25 September 2020; Accepted: 20 October 2020; Published: 24 October 2020

Abstract: Athletes of mixed martial arts use a ground and pound strategy with the strikes in the
dominant ground position. The aim of this study was to compare the average peak force (Fpeak)
among three punches and to estimate the probability of achieving a skull bone fracture force of 5.1 kN
for each type of strike in male and female athletes. A total of 60 males and 31 females (26 ± 8 years,
75 ± 20 kg, 177 ± 11 cm) practicing professional self-defense at the advanced and professional levels
performed 15 strikes on a force plate. The analyses of 1360 trials showed significant differences
among the strikes Fpeak in females (p < 0.01) and males (p < 0.01). Straight punches had lower Fpeak

than palm strikes and elbow strikes in both genders, and palm strikes had higher Fpeak than elbow
strikes in females. No difference was observed between palm strikes and elbow strikes in males
(p = 0.09). The ground and pound strikes resulted in higher impacts than previously reported strikes
in the standing position. Male athletes can deliver a Fpeak above 5.1 kN with a probability of 36%
with elbow and palm strikes. Such forces can cause head injury; therefore, the use of these strikes in
competition should be carefully considered.

Keywords: mixed martial arts; system of self-defense; straight punch; palm strike; elbow strike;
ground striking; head injuries

1. Introduction

Mixed martial arts (MMA) is surging in popularity worldwide [1] as a modern, full-contact sport
discipline, where competitors utilize different styles of martial arts and combative sports. Because
of this complexity, combat athletes use several kinds of tactics, where they fight out of standing on
the ground or in the standing using various strikes and other movement actions. One of the combat
strategies is called “ground and pound”, where one athlete wants to obtain superior positioning
over the opponent to execute strikes. Ground striking is a frequently used way of fighting when the
dominant opponent sits on an athlete (mount) and uses upper limb strikes, such as a clenched fist,
an open palm or an elbow [2]. Generally, the target is most often the opponent’s head because hitting
the head area is a determining factor for success in MMA [3]. MMA athletes can use almost any strike
at its highest intensity [4], but there is currently a lack of evidence-based comparisons of different
strikes that can be used in a position on the “mount”.

Some types of strikes performed in standing stance have been compared in values of peak (Fpeak)
and mean forces (Fmean), where strikes with a clenched fist (straight punch) have been reported
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being higher in Fmean [5,6] and Fpeak [6–11] than strikes with the open palm (palm strike) [6,12–14].
Conversely, the palm strikes have been reported for more effective force transferring to an object
than straight punches [15]. Moreover, Fpeak and Fmean may vary between genders [16,17] and level of
experience [13,18,19]. In addition to a general comparison of strikes in reactive forces, it is also possible
to estimate the strike potential and probability of causing bone fractures. Compilation of previous
studies have reported that strikes exceeding 5.1 kN of Fpeak would cause a skull bones fracture [6]
and therefore, 5.1 kN has been defined as skull bone fracture force. This 5.1 kN threshold, represents
the average load tolerance limit for bones of the skull, with the exception of the occipital region with
higher load tolerance, where exact values are summarized in Table A1.

The usefulness of a strike might be represented by its velocity impact or other biomechanical
advantage; the winners in elite boxing demonstrated higher strike impact represented by Fpeak and
Fmean than did their losing peers [8], and Fmean itself has been identified as one of the determinants
of winning a boxing match [20]. Other studies have reported that Fmean is more important for
success in combat sports than speed and accuracy of the strike [8,21,22]. This knowledge from
boxing demonstrates that comparisons of Fmean and Fpeak among different strikes is beneficial for
individual combat tactics, e.g., in MMA combat where injury patterns are similar to those in professional
boxing [23]. Moreover, the MMA rules allow the elbow strikes (elbow strike) for which force values
reports lack in current literature.

Since ground and pound strikes have an important role in MMA tactics and might have high
potential to cause injury, the aim of this study was to compare Fpeak among kneeling straight punches
with a clenched fist, palm strikes and elbow strikes in conditions close to the regular fight competition
conditions in advanced male and female athletes. Furthermore, our aim also included a comparison
between genders, comparison of our results with previously reported values of strikes performed
in the standing stance position, calculation of the relation of Fpeak with basic anthropometrics and
calculation of the probability of achieving a skull bone fracture force of 5.1 kN for each type of strike.
In the context of these aims, we hypothesized that straight punches with a clenched fist would reach
higher Fpeak values than palm strikes and elbow strikes. Another hypothesis was that the Fpeak of
ground strikes would be higher than those reported in the standing stance position, men would have
higher Fpeak than woman in each strike, and that the probability of skull bone fracture would be above
30% for all experimental strikes and in both genders.

2. Materials and Methods

2.1. Experimental Approach to the Problem

This cross-sectional study was performed during one familiarization session and one testing
session separated by 48 h, where both sessions had the same schedule. The independent variables
were the types of the strikes which were compared in dependent variable of Fpeak. General warm-up
consisted of 10 min of jogging and stretching with supervised bodyweight exercises followed by
specific warm-up involving 15 strikes of variable intensity on the measuring device. Then, the athletes
received a detailed explanation of how to strike during a measurement. The participants performed
5 straight punches with a clenched fist, 5 palm strikes (straight strikes with an open palm) and 5 elbow
strikes (strikes using elbow olecranon) in a randomized order.

2.2. Participants

A total of 60 males and 31 females (n = 91, 26 ± 8 years of age, 75 ± 20 kg of body weight,
1.77 ± 11 m of body height) who were practicing professional self-defense at advanced or professional
levels of experience participated in the study (Table 1). At the time of testing, all participants were
older than 18 years, had no injuries or other medical restrictions and signed informed consent about the
purpose and contend of the study. The study protocol was approved by the local ethical committee at
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the Faculty of Physical Education and Sport, Charles University, Prague, Czech Republic (No. 267/2019)
and was in accordance with the Declaration of Helsinki (2013).

Table 1. Mean values with standard deviations of anthropometric characteristics of participants.

Sex Experience n Age ± SD, y,
[MIN, MAX]

Height ± SD, cm
[MIN, MAX]

Weight ± SD, kg
[MIN, MAX]

Female Advanced 30 21 ± 1 [19, 23] 167 ± 6 [157, 179] 61 ± 7 [51, 77]
Male all 61 28 ± 9 [20, 48] 182 ± 9 [164, 205] 82 ± 20 [68, 186]

Advanced 51 26 ± 8 [20, 45] 180 ± 7 [164, 198] 76 ± 11 [58, 105]
Professional 10 37 ± 6 [29, 48] 195 ± 7 [175, 205] 113 ± 27 [75, 186]

All 91 26 ± 8 [19, 48] 177 ± 11 [157, 205] 75 ± 20 [51, 186]

2.3. Procedures of Striking Action

All data collection was carried out in a biomechanical laboratory by the same investigator and at
the same hours in both sessions. Each athlete delivered 15 strikes to the force plate that was horizontally
oriented with the longer side in front of the athlete. The strikes were performed from a kneeling
position with a 15-s rest interval between strikes and a 5-min break between strike types.

The participants were tested with for their preferred dominant hand strikes. After adjustment the
impact area of the force plate, they were asked to perform all strikes with the maximal energy that they
felt comfortable with. The athletes executed an approximately perpendicular straight punch with the
phalanges of the clenched fist and a palm strike in straight direction with the metacarpal area of an
open palm. During the elbow strike, the athlete performed a perpendicular strike using the olecranon
as the striking surface (Figure 1).

Int. J. Environ. Res. Public Health 2020, 17, x 3 of 15 

 

Table 1. Mean values with standard deviations of anthropometric characteristics of participants. 

Sex Experience n 
Age ± SD, y, 
[MIN, MAX] 

Height ± SD, cm 
[MIN, MAX] 

Weight ± SD, kg 
[MIN, MAX] 

Female Advanced 30 21 ± 1 [19, 23] 167 ± 6 [157, 179] 61 ± 7 [51, 77] 
Male all  61 28 ± 9 [20, 48] 182 ± 9 [164, 205] 82 ± 20 [68, 186] 

 Advanced 51 26 ± 8 [20, 45] 180 ± 7 [164, 198] 76 ± 11 [58, 105] 
 Professional 10 37 ± 6 [29, 48] 195 ± 7 [175, 205] 113 ± 27 [75, 186] 

All  91 26 ± 8 [19, 48] 177 ± 11 [157, 205] 75 ± 20 [51, 186] 

2.3. Procedures of Striking Action 

All data collection was carried out in a biomechanical laboratory by the same investigator and 
at the same hours in both sessions. Each athlete delivered 15 strikes to the force plate that was 
horizontally oriented with the longer side in front of the athlete. The strikes were performed from a 
kneeling position with a 15-s rest interval between strikes and a 5-min break between strike types. 

The participants were tested with for their preferred dominant hand strikes. After adjustment 
the impact area of the force plate, they were asked to perform all strikes with the maximal energy 
that they felt comfortable with. The athletes executed an approximately perpendicular straight punch 
with the phalanges of the clenched fist and a palm strike in straight direction with the metacarpal 
area of an open palm. During the elbow strike, the athlete performed a perpendicular strike using the 
olecranon as the striking surface (Figure 1). 

 
Figure 1. Start (left part) and finish (right part) positions for the elbow “ground” strike.  

The athletes performed strikes using the specified starting position for each trial so that the 
results were directly comparable. The starting position of the striking hand was in contact with the 
lower jaw (standard defense cover). To avoid the nonstandard bending (above 40° hip flexion) of the 
athlete’s body above the plate before the strike, the athlete had to maintain a vertical distance from 
the plate to the length of the stretched upper limb in each attempt. The athletes did not touch any 
part of the body of the measuring device during the experiment, and the distance between the 
athlete’s knees from the edge of the plate was 10 cm. If the participants did not comply the specified 
measurement protocol, the trial was not recorded. 

2.4. Instrumentation and Data Acquisition 

All strikes were performed into a force plate (Kistler 9286B, Kistler Inc instrumente, GmbH, 
Winterthur, Switzerland) mounted to the floor with the participants kneeling on a raised surface next 
to the force plate. The apparatus consisted of a force plate with a built-in charge amplifier, Type 
1758A connection cable, Type 5695B DAQ system and BioWare Type 2812A software. The sampling 

Figure 1. Start (left part) and finish (right part) positions for the elbow “ground” strike.

The athletes performed strikes using the specified starting position for each trial so that the results
were directly comparable. The starting position of the striking hand was in contact with the lower jaw
(standard defense cover). To avoid the nonstandard bending (above 40◦ hip flexion) of the athlete’s
body above the plate before the strike, the athlete had to maintain a vertical distance from the plate to
the length of the stretched upper limb in each attempt. The athletes did not touch any part of the body
of the measuring device during the experiment, and the distance between the athlete’s knees from the
edge of the plate was 10 cm. If the participants did not comply the specified measurement protocol,
the trial was not recorded.
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2.4. Instrumentation and Data Acquisition

All strikes were performed into a force plate (Kistler 9286B, Kistler Inc instrumente, GmbH,
Winterthur, Switzerland) mounted to the floor with the participants kneeling on a raised surface next
to the force plate. The apparatus consisted of a force plate with a built-in charge amplifier, Type 1758A
connection cable, Type 5695B DAQ system and BioWare Type 2812A software. The sampling frequency
was 10,000 Hz. The normalized weight was set to 80 kg. The measured force threshold was set to
10 N, and the default setting of the force plate for axis “z” (depth) was modified to account for the
foam height from the default value of −22 mm to −40 mm. Each file contained the time, three force
components Fx, Fy, Fz, and total force Ft. Fpeak was defined as the maximum reached force during the
recording interval for each trial.

The measurement plate was covered with densely dimensioned polyethylene 1.8 cm thick
(Tatami Trocellen) covering because the athlete did not use any protective equipment during the
measurement. Hardness was determined using a durometer (type A, DIN 53505; ASTM D 2240;
ISO 7619) with different hardnesses for both sides: 20 and 35. Dynamic attenuation (accelerometer,
amplifier, SW Spurt) was measured from its own frequency and relative attenuation measurements:
13.7%. The impact attenuation, which is dependent on the compressibility of the damping foam,
was measured (load cell). The plate was deformed by a force of 500 N on an area of 20 cm2 from a
width of 18 mm to a width of 1 mm, where further compression was no longer possible and the plate
attenuation was negligible. The attenuation foam influences the measured force values with a dynamic
attenuation of 20% and an impact attenuation of 500 N.

2.5. Statistical Analysis

The data were analyzed in MATLAB® R2019b (The Math Works, Inc., Natick, MA, USA), including
Statistics and Machine Learning Toolbox™ used for statistical analysis, where the significance level for
all statistical tests was set to 5%. Microsoft® Office Excel 2010 (Microsoft, Redmond, WA, USA) was
used for the descriptive statistics and correlations between anthropometric and peak force values.

For comparisons among the strikes, the best and the worst Fpeak performance was removed
for each subject, and the mean from remaining trials were used for statistical analysis. Regarding
comparisons with the literature and the probability assessment, all Fpeak values were conserved for the
statistical analysis.

The data normality for each analyzed subgroup was assessed using the Lilliefors test and
one-sample Kolmogorov–Smirnov test. The Fpeak values between the strikes for each gender were
separately compared by Kruskal–Wallis test with Tukey’s honestly significant difference post hoc test
and were considered significant at p < 0.01. Additionally, a two-sample left-tailed Wilcoxon rank-sum
test was used to compare female and male results for each of the three techniques. It tested the
alternative hypothesis that the Fpeak median of the strike technique in females was lower than the Fpeak

median of the strike technique in males.
A one-sided z-test was used to compare our values to those reported in strikes in the standing

stance position from previous studies.
To be able to measure if a skull bone fracture force has been achieved, the probability P of achieving

a threshold peak force F was calculated by the Rayleigh cumulative distribution function for each
strike and gender as follows:

P = 1−
F∫

0

x
b2 exp

(
− x2

2b2

)
dx

where b is the corresponding Rayleigh scale parameter and x is the peak force data for a given
data subset.
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3. Results

The acquisition procedure resulted in 1360 successfully processed values of strikes, which were
categorized for subsequent analyses (Table 2).

Table 2. Basic characteristics of strikes peak forces across the study subgroups (from all trials).

Gender Technique N Mean [kN]
(95% CI)

SD
[kN]

CV [%]
(95% CI)

b [kN]
(95% CI)

Min
[kN]

Max
[kN]

Female
Straight Punch 149 1.66 (1.51; 1.82) 0.74 26.90 (22.68; 31.13) 1.29 (1.17; 1.43) 0.71 4.88

Palm Strike 150 2.88 (2.70; 3.06) 0.87 17.55 (15.46; 19.63) 2.13 (1.93; 2.37) 1.12 5.55
Elbow Strike 150 2.44 (2.24; 2.64) 0.96 23.24 (19.30; 27.18) 1.85 (1.68; 2.06) 0.82 5.84

Male
Straight Punch 301 3.55 (3.36; 3.74) 1.29 25.97 (22.34; 29.60) 2.67 (2.49; 2.88) 0.84 7.83

Palm Strike 300 4.75 (4.51; 4.99) 1.61 18.85 (16.38; 21.32) 3.55 (3.30; 3.83) 2.01 8.83
Elbow Strike 299 4.49 (4.19; 4.78) 2.02 28.15 (24.56; 31.73) 3.48 (3.24; 3.75) 0.90 10.80

Both
Genders

Straight Punch 450 2.92 (2.75; 3.10) 1.45 26.28 (23.52; 29.04) 2.30 (2.17; 2.45) 0.71 7.83
Palm Strike 450 4.12 (3.92; 4.32) 1.66 18.42 (16.65; 20.19) 3.14 (2.96; 3.34) 1.12 8.83

Elbow Strike 449 3.80 (3.56; 4.04) 1.99 26.53 (23.80; 29.26) 3.03 (2.86; 3.23) 0.82 10.80

N = number of analyzed strikes; SD = standard deviation; CI = confidence interval; CV = mean individual co-efficient
of variation; b = scale parameter of Rayleigh distribution; kN = kilonewtons; Min = minimum; Max = maximum.

Five strikes were removed due to improper execution, and eleven trials were discarded
due to excessively high initial total force (>30 N) exceeding the established collection threshold.
The anthropometric values of body height and weight did not correlate with Fpeak values (Figure 2).
The data normality was rejected for all subsets (all at p < 0.01); instead, the data met the characteristics
of the Rayleigh distribution. These results and basic characteristics of strikes are summarized in Table 2.
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Figure 2. Correlation between peak force and participants weight and height.

The Kruskal–Wallis test indicated significant differences among the strikes for Fpeak values in
females (H = 92.85, p < 0.01) and males (H = 49.42, p < 0.01), where the post hoc tests showed that
straight punches had lower Fpeak values than palm strikes and elbow strikes in both genders (Figure 3),
and palm strikes had higher Fpeak values than elbow strikes in females. No difference was observed
between palm strike and elbow strike in males (p = 0.09) (Figure 3).
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The two-sample left-tailed Wilcoxon rank-sum test rejected the null hypothesis for all three
techniques (p < 0.01) and confirmed that female Fpeak median values were lower than male Fpeak

median values for all strikes.
The comparison of our strikes to the values reported for strikes in the standing stance position was

possible only for straight punches and palm strikes. One-sided z-tests confirmed that our Fpeak values
did not differ from values (3.4 ± 0.8 kN) reported by Walilko et al. [5] and were greater than the Fpeak

values reported in other literature for both straight punches and palm strikes (Figure 4 and Table A1
and Table S1). Despite nonnormality of the collected data, the z-test was used for comparison because
only means and standard deviations had been reported, thereby preventing the use of a nonparametric
statistical test.
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The threshold Fpeak of 5.1 kN was selected with respect to the reported strength of various
cranial bones (Appendix A). The comparison was performed for all techniques and for male, female,
and all subjects. When considering all participants, there were 10.2%, 26.2%, and 27.4% probabilities
of exceeding the selected force threshold with the straight punch, elbow strike and palm strikes,
respectively. These are the probabilities that most of the cranial bones would suffer from serious
injuries. When stratifying the data according to gender, these probabilities increased to 18.3%, 36.3%,
and 36.1% with straight punches, elbow strikes and palm strikes, respectively, in the male group. In the
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female group, these percentages were much lower, with 0.1%, 2.5%, and 6.0% with straight punches,
elbow strikes and palm strikes, respectively. These results are summarized in Figures 5 and 6.
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4. Discussion

Our results did not confirm our hypotheses because palm strikes and elbow strikes have higher
Fpeak values than straight punches in men, and because palm strikes had higher Fpeak values than
straight punches and elbow strikes in women. On the other hand, our reported results are in accordance
with the results of one previous study [15], where palm strikes in a standing stance proved to have the
greatest average magnitude compared to a straight punch in a standing position. One explanation for
this result is that the force and energy transfers through the forearm more efficiently than through the
metacarpals, and palm strikes would be a better way to transfer force to the target. Regarding elbow

181



Int. J. Environ. Res. Public Health 2020, 17, 7782

strikes, it was assumed that athletes use a significantly greater weight of his or her body to deliver
the elbow strike because the athlete does not reach the target area by simply extending the upper
limb. The reason is that the olecranon impact area is farther from the target than the hand impact area;
therefore, athletes must always deliver a strike along with movements of the whole trunk. A longer
distance can increase the force of the strike [13,15,24]. In comparison to strikes in standing stance,
the ground and pound strikes reach a significantly higher average Fpeak. Therefore, we can conclude
that different body positions during ground striking positively change how the attacker uses the
substantial weight of his or her body to support the punch. The horizontal impact area on the ground
provides biomechanical advantages, in that the upper limb is located under the mass of the upper
torso and is moving the entire time while this movement is also enhanced by gravitational acceleration.
Moreover, the ground and pound scenario decrease the submissive opponent head potential to move
in free space to diminish strike impact. In worst case, the submissive opponent head might face the
full impact absorption if in contact with the surface on strike impact.

The high reported kneeling strike forces, in particular, the greater than 36% probability for
achieving a 5.1 kN Fpeak value with palm strikes and elbow strikes in men, is alarming from a legal
point of view. The value of 5.1 kN represents the average limit for skull bone load tolerance for the front
and side regions (Appendix A). Upon reaching this value as a result of a strike, a high-risk fracture can
be assumed for athletes during fight competitions, even in self-defense situations. Moreover, those
results were not correlated with the participant’s body weight and body height, and therefore, there are
high risks of injury following kneeling palm and elbow strikes that might appear in any weight category.
Although previous studies have agreed that there is lack of correlation of the impact or effective
mass of a upper limb strike or kick with the height or weight category [8,13,25], this consequence in
the kneeling position is surprising and may be related to the advanced combat skills of the selected
participants. On the other hand, this is not consistent with the results of recent studies that confirmed
a correlation between impact force and weight category in boxing competitions [5].

The results of our analysis confirmed the hypothesis that palm strikes and elbow strikes reach
significantly higher Fpeak values than straight punches with a clenched fist in women. The average Fpeak

values with palm strikes and elbow strikes were approximately 1000 N higher than those by straight
punches. In the complete dataset that included extreme values, the highest strike force measured was
for the elbow strike (13,188.2 N) and next for the palm strike (9804.2 N). However, the elbow strike
showed a lower median than the palm strike. The reason may be that an elbow strike among the
ground and pound tactics is not so familiar, unlike the hand strikes; this was similar to what was
observed in a standing stance where the impact surface of the elbow may be subjectively more sensitive
than the impact surface of the open palm, and thus, the athletes did not perform maximum strikes
by elbow in all trials. Furthermore, in the case of an elbow strike, the athlete had to make a longer
movement of the whole torso/upper part of the body, which makes it more difficult to perform, and the
longer movement also means that it is more difficult to control the falling limb. As a result, the subjects
could intentionally perform the movement with less force, and the strike area was also vertically
lowered to the level of the measuring platform; however, the opponent’s head was at a higher height
during testing and training. The dominance of palm strikes and elbow strikes was also confirmed by
the conclusions of our probability results, where a significantly higher probability of reaching a peak
force of 5.1 kN occurred with elbow strikes and palm strikes than with straight punches. In the overall
results across genders, only 10.2% of strikes reached the level of 5.1 kN for a straight punch with a
clenched fist as opposed to elbow (26.2%) and palm (27.4%) strikes.

Significantly higher Fpeak values for strikes in the combat style using “ground striking” compared
to strikes in a standing stance confirmed the assumption that the position of body while ground striking
positively affects the impact force of the strikes. Data from the literature allowed us to compare 7 sets
of results with the straight punch and 4 sets of results with the palm strike (Table A2). In addition
to the Walilko et al. [5] study of Olympic boxers, straight punches and palm strikes while ground
striking achieved significantly higher average forces than straight punches and palm strikes in a
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standing. Only data from the literature that reported the Fpeak with standard deviations could be
included in the comparisons, while other studies were excluded. The included studies from the
literature reported a lower number of subjects in total (up to 48 subjects) than the current study
(91 subjects). Likewise, the literature studies reported data only from those with professional-level
experience, while the current study reported data from 10 professionals and 81 advanced level athletes,
which supports the evidence for the observed results regarding differences between ground and
standing stance striking.

The results of the measurements also showed that the Fpeak values for three types of punches
significantly exceeded the load tolerance of bone tissue. Male athletes with an average weight of 75 kg
and height 1.7 m can deliver sufficient Fpeak values to break all bones of the front and side of the skull,
with the exception of the occipital bone, with a probability of 36% for palm strikes and elbow strikes.
Strikes on the spine and back of the head are not allowed in MMA competition; therefore, only the facial
and lateral parietal parts of the head were rated. In MMA, all three punches are allowed during ground
striking. Unlike fighting in a standing stance, a submissive opponent is at a disadvantage because
this individual cannot mitigate the impact forces of the hit by changing distance. For this reason, it is
possible to assume even greater likelihood of injuries for the combat athlete in a competition. On the
other hand, our study provided the optimal time and distance conditions to produce the highest Fpeak

values, and these conditions do not necessarily happen during competition, especially due to the
sudden timing of the strikes to hit opponents.

Generally, there has been significant scrutiny from medical associations regarding the high rates of
trauma in MMA [26], where aggressive techniques present substantial injury risk [27]. MMA fighters
were significantly more likely to experience injury (typically contusion/bruising) compared to boxers [27].
Because blows directly to the head are an effective way to achieve a win, MMA has reported even
higher rates of traumatic brain injury than those assessed in American-style football, ice hockey or
other contact sports [28,29], and the injury incidence in MMA appears to be greater than in most,
if not all, other popular and commonly practiced combat sports [23]. In contrast to these findings,
Curran-Sills and Abedin [30] reported that MMA does not confer the same exposure to concussion
over a 10-year period as seen in other popular sports (e.g., ice hockey, American football, rugby union),
but it is important to avoid this simplified derivation because of methodological differences across
the studies [30]. A recent study found that head injuries dominate in MMA [23,30–33]. Professional
mixed martial artists (MMA fighters) as such boxers are at risk of sustaining acute head and neck injury
each time they engage in practice or competition [34]. These athletes are exposed to the cumulative
long-term neurocognitive sequelae of repetitive insults [35]. Brain injury arising from head trauma
is a major concern in MMA because knockout (KO) or technical knockout (TKO) are frequent fight
outcomes, many movement combinations are targeted to hit the head area [36], and previous studies
have shown a high incidence of matches ending due to strikes to the head. Strikes to the head are the
major techniques used to end a match via KO/TKO, regardless of sex and weight class [28]. Based on an
examination of 440 matches from 2002 to 2014, the main cause of injuries in doctor-stoppage situations
was facial injuries (90%), with 87.1% occurring after striking actions. This report also showed higher
values related to striking the head in stand-up actions as well as on-the-ground actions [4]. Rates of
KOs and TKOs in MMA are higher than previously reported rates in other combative and contact
sports. Competition data and video records for all KOs and TKOs from numbered Ultimate Fighting
Championship MMA events (n = 844) between 2006 and 2012 identified that all KOs were the result of
direct impact to the head, most frequently a strike to the mandibular region (53.9%) [29]. Similarly,
head injuries were the most common injuries recorded in 285 championship fights between 2016 and
2018, where head injuries were significantly associated with KOs. Additional research should be
extended to head-related injuries in MMA matches, especially those associated with KOs/TKOs [37],
including an examination of injury prevention policies to limit injury risk in MMA [1].
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A Limitation of the Study

A major limitation of the study is the use of only the dominant side, which we expected to be
preferred by athletes and might be the main premise of future studies. The fact that participants did
not wear competition hand protection was accounted for by the foam covering force plate. However,
the inelastic approach to the measurement cause the impact hardness which may be a psychological
barrier for the striker due to fear of injury. Therefore, it is necessary to use sufficient damping because
the elasticity of the target has an influence on the measurement of the impact force [38]. Other option
is the use of piezoelectric sensors as accelerometers [5,7,39], force sensors based on strain gauges [19],
high-speed cameras [36,40,41], use of the dummy [42], or a combination of those techniques [14].
This article presents Fpeak strikes comparison without the lower and upper extremes, which are typical
for Fpeak results and cause high individual co-efficient of variation (Table 2). However, the results are
the same even for whole datasets including extremes. On the other hand, some results might slightly
alternate if strikes comparison would be done only for highest Fpeak values or other special selection,
which is available in Supplementary material 2—raw data file.

5. Conclusions

Straight punches, palm strikes, and elbow strikes are effective solutions for victory in ground and
pound tactics due to their high impact potential, but they should also be considered high injury-risk
strikes. MMA athletes, trainers, self-defense or tactical coaches can expect a high Fpeak (2900–4100 N)
on average for both genders. No significant difference was found in the effectiveness of palm strikes
and elbow strikes in men; therefore, both strikes should be preferred in men during ground and
pound striking because they each have the advantage of high impact peak forces. In contrast, straight
punches showed lower impact forces (to 3000 N) in both genders, and the impact force will probably
be further attenuated during the match by gloves. Palm and elbow strikes also provided extreme
reactive maximum peak forces (for men, 13 kN), which have a high probability of causing head injury.
The elbow strike has the highest potential to reach extreme impact values and fracture skull bones.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-4601/17/21/7782/s1,
Table S1: Results of one-sided z-test testing hypothesis that our Fpeak values come from normal distributions with
means and standard deviations reported in literature for straight punch and palm strike against the alternative
that the our Fpeak mean is greater. CI = confidence interval. Higher boundary of the confidence intervals is equal
to infinity in one-sided test, Supplementary material 2: Raw data file.

Author Contributions: Conceptualization, V.B. and P.S.; methodology, V.B. and P.S.; software, P.S. and V.N.;
validation, P.V. and J.F.; formal analysis, V.B. and P.S.; investigation, V.B. and P.S.; resources, V.B.; data curation,
V.B.; writing—original draft preparation, V.B. and P.S.; writing—review and editing, V.B. and P.S.; visualization,
V.N.; supervision, P.S.; project administration, V.B.; funding acquisition, P.S. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by Charles University grant UNCE/HUM/032, European
Regional Development Fund-Project “Application of Modern Technologies in Medicine and Industry”
(No. CZ.02.1.01/0.0/0.0/17_048/0007280) and by SGS—2019—001 of the University of West Bohemia.

Acknowledgments: This study was supported by Charles University grant UNCE/HUM/032, European
Regional Development Fund-Project “Application of Modern Technologies in Medicine and Industry”
(No. CZ.02.1.01/0.0/0.0/17_048/0007280) and by SGS—2019—001 of the University of West Bohemia.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

184



Int. J. Environ. Res. Public Health 2020, 17, 7782

Appendix A

Table A1. Biomechanical tolerance of different regions/bones of the skull—contact force required
for fracture.

Region
Bone Study

Force
Tolerance

(kN)

Force
Tolerance

(kg)

Impact Area
(cm2)

N
mm−2/MPa

Weight
(kg)

Velocity
(m·s−1)

Frontal
(forehead) Schneider and Nahum (1972) 4.0–6.2 6.5 1.1–3.8 3–6

Advani et al. (1975) 4.0–6.2 6.45 9.1 5–10
Nahum et al. (1968) 4.0–6.2

Voigt and Thomas (1974) 5.5
Allsop et al. (1988) 2.2–6.4 224–662
Gadd et al. (1968) 498 7.58

Tarriere et al. (1981) 7.7
Hodgson (1967) 4.6–8.7 2.5–3.3

Cormier et al. (2011) 2.5–7.6 6.45 3.2

Temporo-
parietal

Nahum et al. (1968)
Allsop (1991) 2.5–5.2 6.45

Advani et al. (1975) 5.7 9.1 5–10
Hodgson (1967) 159–454 0.9–7.2 4

Gadd et al. (1968) 249

Raymond et al. (2009) 5.9 38.1 mm
projectile 0.10 18–37

Hodgson and Thomas (1971) 5.5 1.6–4.7
Hodgson (1967)

Lateral
region Schneider et al. (1972) 2.0–3.6 6.5 1.1–3.8 3–6

Nahum et al. (1968) 2.0–3.6 6.45
Allsop et al. (1988) 5.2

Yoganandan et al. (2003) 5.5–9.9 5 4.8–7.7

Occipital
region Advani et al. (1982) 12.5

Allsop (1991) 12.5
Hodgson (1967) 15.9 3.7

Stalnaker et al. (1977) 7.1 15.2 cm
diameter 10 6.8–7.2

Os
zygomaticum Advani et al. (1982) 1.0 6.45

Nahum et al. (1968) 1.0 1.38–4.17
Nyquist et al. (1986) 0.4 2.54 2.7–7.2

Hodgson (1967) 159–454 2.54–13.2 cm
diameter 0.9–7.2 4

Gadd et al. (1968) 225
Allsop et al. (1988) 0.8–2.4 90–244

Yoganandan et al. (1991) 1.1–1.3 4
Gallup (1988) 3.2–3.8 335–394

Mandibula Nahum et al. (1968) 1.4 6.45

Hodgson (1967) 159–454 2.54–13.2 cm
diameter 0.9–7.2 4

Nyquist et al. (1986) 0.6 2.54 2.7–7.2
Schneider and Nahum (1972) 2.76–6.20 1.1–3.8 3–6

Os nasale Nyquist et al. (1986) 0.3 306 2.54 2.7–7.2

Hodgson (1967) 159–454 2.54–13.2 cm
diameter 2.5–3.7

Gallup (1988) (nasal area) 1.9–2.9 200–299
Swearingen (1965) 0.3–4.5

Nahum et al. (1968) 0.13–0.34

Maxilla Nahum et al. (1968)
Advani et al. (1982) 0.7–1.5 6.45

Nyquist et al. (1986) 1.4 2.54

Hodgson (1967) 0.6–1.8 159–454 2.54–13.2 cm
diameter

Allsop et al. (1988) 1.0–1.8 102–184
Nahum et al. (1968)

Schneider and Nahum (1972) 1.03–2.07 1.1–3.8 3–6
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Table A2. Direct and palm strike peak force mean and standard deviation.

Name of
Strike Author F MEAN

(N) SD Number of
Subjects Experiences

Palm strike Neto et al. (2012) 1706.14 557.03 7 EXPERT: 4 MALE, 3 FEMALE
Neto et al. (2009) 930.00 301.00 13 MIX: 10 MALE, 3 FEMALE

Neto et al. (2008) 355.00 96.50 13 EXPERT: 7 MALE;
NOVICE: 6 MALE

Bolander et al. (2009) 736 159 13 EXPERT: 10 MALE, 3 FEMALE

This study (complete) 4131.20 1747.03
91 ADVANCED = 81

PROFESSIONAL = 10This study (reduced) 4121.91 1658.01

Straight
punch

Walilko et al. (2005) 3427.00 811.00 7 EXPERT, MALE
Rat Tong Iam et al. (2017) 1323.30 278.50 3 EXPERT, MALE

Loturco et al. (2016) 1152.22 246.87 15 EXPERT: 9 MALE, 6 FEMALE
Chadli et al. (2014) 989.00 116.70 11 EXPERT, MALE
Busko et al. (2016) 1592.50 507.10 48 EXPERT: 21 MALE, 27 FEMALE
Bingul et al. (2017) 1987.42 341.95 10 EXPERT, MALE
Pierce et al. (2016) 1149.20 665.80 12 EXPERT, MALE

This study (complete) 2971.85 1603.80
91 ADVANCED = 81

PROFESSIONAL = 10This study (reduced) 1445.88
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Abstract: Background: The aim of the present study was to evaluate the effects of post-activation
performance enhancement (PAPE) during successive sets of the bench press (BP) exercise under blood
flow restriction (BFR). Methods: The study included 10 strength-trained males (age = 29.8 ± 4.6 years;
body mass = 94.3 ± 3.6 kg; BP 1-repetition maximum (1RM) = 168.5 ± 26.4 kg). The experiment was
performed following a randomized crossover design, where each participant performed two different
exercise protocols: under blood flow restriction (BFR) and control test protocol (CONT) without
blood flow restriction. During the experimental sessions, the study participants performed 3 sets of
3 repetitions of the BP exercise at 70%1RM with a 5 min rest interval between sets. The differences in
peak power output (PP), mean power output (MP), peak bar velocity (PV), and mean bar velocity
(MV) between the CONT and BFR conditions were examined using 2-way (condition × set) repeated
measures ANOVA. Furthermore, t-test comparisons between conditions were made for the set 2–set
1, set 3–set 1, and set 3–set 2 delta values for all variables. Results: The post hoc results for condition ×
set interaction in PP showed a significant increase in set 2 compared to set 1 for BFR (p < 0.01) and
CONT (p = 0.01) conditions, a significant increase in set 3 compared to set 1 for the CONT (p = 0.01)
condition, as well as a significant decrease in set 3 compared to set 1 for BFR condition occurred
(p < 0.01). The post hoc results for condition × set interaction in PV showed a significant increase in
set 2 compared to set 1 for BFR (p < 0.01) and CONT (p = 0.01) conditions, a significant increase in set
3 compared to set 1 for CONT (p = 0.03) condition, as well as a significant decrease in set 3 compared
to set 1 for BFR condition (p < 0.01). The t-test comparisons showed significant differences in PP
(p < 0.01) and PV (p = 0.01) for set 3–set 2 delta values between BFR and CONT conditions. Conclusion:
The PAPE effect was analyzed through changes in power output and bar velocity that occurred under
both the CONT and BFR conditions. However, the effects of PAPE have different kinetics in successive
sets for BFR and for CONT conditions.

Keywords: upper limb resistance exercise; power output; bar velocity; occlusion; performance

1. Introduction

The ability to generate high power outputs is one of the most significant factors determining
performance in numerous sport disciplines. The increase in power output observed during and
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directly after resistance exercises is termed post-activation performance enhancement (PAPE) [1].
Previous studies have shown a ergogenic effect of initial muscle activation on power output in
consecutive sets of a single resistance exercise [2,3] in addition to a stimulating effect of initial muscle
activation on effectiveness of throwing, jumping, and hitting movements as well on the time under
tension during exercise performed to volitional failure [4–7]. The physiological rationale for PAPE
is a greater contractibility and excitability of muscles due to several mechanisms [2,8]. The rationale
for this phenomenon might be related to residual of post-activation potentiation (PAP) in its earliest
stages after a conditioning activity (CA) and other mechanisms such as enhanced muscle activation,
increased muscle temperature and muscle force, and/or increased shortening velocity triggered by
fiber water content [8].

Most studies that have analyzed the acute effects of PAPE on power output have considered
training components such as external load, number of sets and repetitions, as well as the duration of
rest intervals between particular sets and between the conditioning and explosive exercise [5,9–11].
Regarding the intensity a wide range of loads have been found to potentiate subsequent performance
(40–90% 1-repetition maximum (1RM)) [12–15]. In addition to the applied external load, the number of
sets during the conditioning activity also have a significant impact on PAPE [3,16]. One of the newly
introduced training means in resistance exercise includes occlusion, which is better known as blood
flow restriction (BFR) [17]. The BFR technique involves the use of a tourniquet, inflatable cuff, or elastic
wraps [18,19]. The compression is placed at the upper part of the limb to reduce arterial blood flow
and to occlude venous blood flow during physical exercise [17]. The main mechanisms responsible
for the adaptive responses related with exercise under BFR include increased mechanical tension
and elevated metabolic stress [20]. Although the exact mechanisms remain unknown, most evidence
seems to allude to a muscle cell swelling response and the indirect effect of metabolites, instigating an
increased muscle activation through fatigue [21]. Further, the exercise under BFR resulted in greater
muscle cross-sectional area, isometric strength, and 1RM performance [22]. Application of BFR acutely
increases muscle swelling due to fluid shifts [18]. Given that myofibrillar fluid shifts can increase
muscle fiber force and shortening velocity and, thus, power, this mechanism can increase effectiveness
of PAPE [8]. Furthermore, Wilk et al. [23] suggest that not only the physiological responses but also
mechanical work generated by the cuff can potentially cause acute positive changes during resistance
exercise under BFR. Currently only few previous studies have compared the effects of high load
resistance training under BFR conditions [23–26], and only one refers to acute changes in power
output [23]. The study by Wilk et al. [23] showed that short-term BFR increases power output and bar
velocity during the bench press (BP) exercise.

While PAPE alone offers an attractive and practical means for conditioning coaches to elicit an
increase in performance, the additional use of BFR during resistance training can additionally enhance
the PAPE effect. Considering this, numerous studies have attempted to determine optimal variables of
resistance training that would maximize PAPE [3,27,28]. However, none of them relate to the acute
changes in power output following successive sets of resistance exercise under BFR. Due to the fact that
short-term BFR significantly increases the power output and bar velocity [23], the aim of the present
study was to evaluate the effects of BFR on power output and bar velocity between successive sets of
the BP exercise. We hypothesized that the PAPE effect occurs during successive sets of the BP exercise
under BFR.

2. Methods

The experiment was performed following a randomized crossover design, where each participant
performed two different exercise protocols: under BFR with a 10 cm cuff (BFR) and a control test
protocol (CONT) without BFR. The entire research procedure lasted 4 weeks with a one-week interval
between each trial. During the experimental sessions, the study participants performed 3 sets of the BP
exercise of 3 repetitions at 70% of 1RM with a 5 min rest interval between sets at maximum speed.
The following variables were registered: peak power output (PP), mean power output (MP), peak bar
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velocity (PV), and mean bar velocity (MV). All testing sessions were performed in the Strength and
Power Laboratory at the Academy of Physical Education in Katowice.

2.1. Participants

Ten healthy males who were experienced in resistance training (12.7 ± 6.8 years) volunteered
for the study (age = 29.8 ± 4.6 years; body mass = 94.3 ± 13.6 kg; BP 1RM = 168.5 ± 26.4 kg; mean
± SD). The inclusion criterion was a BP personal record with a load of at least 120% body mass.
The participants were instructed to maintain their normal dietary habits over the course of the study
and not to use any supplements or stimulants for the duration of the experiment. All participants
were required to refrain from resistance training 72 h prior to each experimental session, and were
informed about the benefits and potential risks of the study before providing their written informed
consent for participation. The participants could withdraw from the experiment at any moment of
the study. The study protocol was approved by the Bioethics Committee for Scientific Research at the
Academy of Physical Education in Katowice, Poland (no. 02/2019), and performed according to the
ethical standards of the latest version of the Declaration of Helsinki, 2013.

2.2. Familiarization Session and One Repetition Maximum Test

Two weeks before the main experiment, the participants took part in familiarization sessions
consisting of 4 sets of 3 repetitions of the BP at 50%1RM with BFR with cuff pressure set to the value of
~60% full arterial occlusion pressure (AOP).

One week before the main experiment, all participants performed the 1RM BP test. The general
warm-up before the 1RM test consisted of cycling on an ergometer for 5 min, followed by several
push-ups, pull-ups, and dynamic stretching of the upper body. Next, the participants performed
15, 10, and 5 BP repetitions using 20%, 40%, and 60% of their estimated 1RM, respectively. For the
evaluation of 1RM, the loading started at 80% estimated 1RM, and was increased by 2.5 to 10 kg for each
subsequent attempt, and the process was repeated until failure. During the 1RM test, the participants
executed single repetitions with a constant movement tempo (2 s duration of the eccentric phase,
maximal speed in the concentric phase) [29,30] and a 5 min rest interval between successful attempts.
Hand placement on the bar was set at 150% bi-acromial distance.

2.3. Experimental Sessions

In a randomized, crossover fashion, the participants performed the BP exercise at 70%1RM either
with BFR (BFR) or without BFR (CONT). The general and specific warm-up for the experimental
sessions was identical to the one used during the 1RM test. After the warm-up, the participants started
the main protocol and performed 3 sets of 3 repetitions of concentric and eccentric contractions at
maximal tempo of movement with a 5 min rest interval between sets. The repetitions were performed
without intentionally pausing at the transition between the eccentric and concentric phases. A linear
position transducer system (Tendo Sport Machines, Trencin, Slovakia) was used for the evaluation of
bar velocity. The Tendo Power Analyzer is a reliable system for measuring movement velocity and
power output (commercially calibrated) [31]. The measurement was made independently for each
repetition and automatically converted into values of peak power output (PP), mean power output
(MP), peak velocity (PV), and mean velocity (MV). The mean power output and bar velocity were
obtained as the mean of the three repetitions. Peak power output and peak bar velocity were obtained
from the best repetition.

2.4. Blood Flow Restriction

The participants wore occlusion cuffs at the most proximal region of both arms during experimental
sessions. During the exercise protocol with BFR, Smart Cuffs (10 cm width) produced by Smart Tools
Plus LLC, Strongsville, USA were applied to the upper limbs. In order to determine the individual
occlusion pressure, the value of full AOP at rest was determined. The measurement was conducted
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twice on each limb, and the obtained differences were within 20 mmHg [32]. The average value was
then used to set the cuff pressure for the exercise protocol. The pressure of the cuff for BFR condition
was set to ~90% of full AOP (152 mmHg ± 11.4 for BFR) [23]. The level of vascular restriction was
controlled by a handheld Edan SD3 Doppler (Edan Instruments, Shenzen, China). During the BFR
condition, the restriction was set immediately before the onset of exercise and released following the
completion of the third repetition [23].

2.5. Statistical Analysis

All statistical analyses were performed using Statistica 9.1 (Hillview, Palo Alto, CA, USA) and
were presented as means with standard deviations. The Shapiro–Wilk and Mauchly’s tests were used
in order to verify the normality/homogeneity and sphericity of the sample data variances, respectively.
Verification of differences between CONT and BFR conditions in PP, MP, PV, and MV was performed
using a two-way 2 × 3 (condition × set) analysis of variance (ANOVA) with repeated measures.
Statistical significance was set at p < 0.05. In the event of a significant main effect, post hoc comparisons
were conducted using Tukey’s test. Furthermore, t-test comparisons between conditions were made
for the set 2–set 1, set 3–set 1, and set 3–set 2 delta values for all variables. Additionally, independent
sample t-tests were used to verify the differences between successive sets independently for BFR
and CONT conditions as well as differences in individual sets between BFR and CONT conditions.
Percent changes and 95% confidence intervals were also calculated. Effect sizes (Cohen’s d) were
reported where appropriate. Parametric effect sizes (ES) were defined as large d > 0.8; moderate
between 0.79 and 0.5; small between 0.49 and 0.20; and trivial as <0.2 [33].

3. Results

The two-way repeated measures ANOVA indicated significant condition × set interaction effect
for PP (p = 0.01) and PV (p = 0.03). There was no significant condition × set interaction effect for MP
(p = 0.08) and MV (p = 0.11). Furthermore, there was a significant main effect of condition in PP, MP,
PV and MV.

The post hoc results for condition × set interaction in PP showed a significant increase in set
2 compared to set 1 for BFR (p < 0.01) and CONT (p = 0.01) conditions, a significant increase in
set 3 compared to set 1 for the CONT (p = 0.01) condition, as well as a significant decrease in set
3 compared to set 1 for BFR condition (p < 0.01). The post hoc results for the condition × set interaction
in PV showed a significant increase in set 2 compared to set 1 for BFR (p < 0.01) and CONT (p = 0.01)
conditions, a significant increase in set 3 compared to set 1 for CONT (p = 0.03) condition, as well as a
significant decrease in set 3 compared to set 1 for BFR condition (p < 0.01). Further, the post hoc results
for the condition × set interaction in PP and PV showed a significant increase in set 1, set 2, and set
3 for BFR compared to CONT condition p < 0.01 for all; Table 1; Figures 1–4).

The post hoc results for the main effect of particular conditions showed a significant increase in
PP (792 vs. 965 W), MP (559 vs. 667 W), PV (0.62 vs. 0.74 m/s), and MV (0.46 vs. 0.53 m/s) for BFR
when compared to the CONT (p < 0.01 for all).

The t-test comparisons for delta values showed significant differences in PP (p < 0.01) and PV
(p = 0.01) for set 3–set 2 between BFR and CONT conditions (Table 2).

The results of the t-test used to compare differences between sets and between conditions are
presented in Tables 3 and 4.
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Table 1. Power output and bar velocity in 3 successive sets of the bench press exercise under CONT
and BFR conditions.

Set 1 Set 2 Set 3

Peak Power Output (W)

CONT
(95% CI)

753 ± 6
(708 to 799)

809 ± 100
(738 to 880)

813 ± 93
(746 to 879)

BFR
(95% CI)

938 ± 82
(879 to 996)

1011 ± 103
(938 to 1085)

946 ± 105
(871 to 1021)

Mean Power Output (W)

CONT
(95% CI)

546 ± 55(
507 to 585)

570 ± 6
(522 to 617)

561 ± 79
(505 to 617)

BFR(95% CI) 657 ± 92
(591 to 723)

687 ± 105
(611 to 762)

658 ± 86
(596 to 719)

Peak Bar Velocity (m/s)

CONT
(95% CI)

0.58 ± 0.09
(0.52 to 0.64)

0.64 ± 0.10
(0.56 to 0.71)

0.63 ± 0.09
(0.56 to 0.69)

BFR
(95% CI)

0.73 ± 0.06
(0.68 to 0.77)

0.78 ± 0.08
(0.72 to 0.83)

0.73 ± 0.10
(0.65 to 0.80)

Mean Bar Velocity (m/s)

CONT
(95% CI)

0.42 ± 0.08
(0.36 to 0.48)

0.43 ± 0.07
(0.38 to 0.48)

0.43 ± 0.06
(0.38 to 0.47)

BFR
(95% CI)

0.52 ± 0.07
(0.47 to 0.57)

0.55 ± 0.08
(0.49 to 0.60)

0.51 ± 0.08
(0.46 to 0.57)

CONT—control condition; BFR—blood flow restriction condition.
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Figure 1. Mean power output for the BFR and CONT conditions during three successive sets of the
bench press exercise.
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Table 2. The comparison of differences in particular sets between BFR and CONT conditions.

Bench Press CONT BFR Mean
Difference

95% CI for
Difference p ES

Differences between sets Mean Power Output

Set 2–set 1 23.7 ± 28.2 29.1 ± 16.5 5.4 −27.43 to 16.63 0.59 0.23
Set 3–set 1 15.1 ± 48.4 0.5 ± 27.3 14.6 −34.5 to 63.6 0.52 0.37
Set 3–set 2 −8.6 ± 24.8 −28.6 ± 34.8 20.0 −12.6 to 52.6 0.20 0.66

Differences between sets Peak Power Output

Set 2–set 1 55.7 ± 40.7 73.7 ± 56.8 18.0 −54.5 to 18.5 0.29 0.36
Set 3–set 1 59.2 ± 44.2 8.7 ± 71.1 50.5 −10.1 to 111.1 0.09 0.85
Set 3–set 2 3.5 ± 29.9 −65.0 ± 39.4 68.5 24.8 to 112.2 0.01* 1.96

Differences between sets Mean Bar Velocity

Set 2–set 1 0.015 ± 0.025 0.028 ± 0.019 0.013 −0.034 to 0.008 0.20 0.59
Set 3–set 1 0.007 ± 0.058 −0.007 ± 0.020 0.014 −0.039 to 0.067 0.57 0.32
Set 3–set 2 −0.008 ± 0.040 −0.035 ± 0.033 0.027 −0.014 to 0.068 0.17 1.15

Differences between sets Peak Bar Velocity

Set 2–set 1 0.054 ± 0.033 0.053 ± 0.029 0.001 −0.029 to 0.031 0.94 0.03
Set 3–set 1 0.042 ± 0.037 −0.001 ± 0.053 0.043 −0.004 to 0.089 0.07 0.94
Set 3–set 2 −0.012 ± 0.017 −0.054 ± 0.037 0.042 0.006 to 0.078 0.03 * 1.46

Mean ± standard deviation (SD); * statistically significant difference p < 0.05; CONT—control condition; BFR—blood
flow restriction condition.

Table 3. A comparison between particular sets of the bench press exercise based on t-test results.

Peak Power Output Mean Power Output Peak Velocity Mean Velocity

Bench Press Mean
Difference p Effect

Size
Mean

Difference p Effect
Size

Mean
Difference p Effect

Size
Mean

Difference p Effect
Size

CONT

Set 2 vs. Set 1 74 0.01 * 0.67 24 0.03 * 0.40 0.06 0.01 * 0.63 0.01 0.09 0.13
Set 3 vs. Set 1 78 0.01 * 0.76 15 0.35 0.22 0.05 0.01 * 0.55 0.01 0.71 0.14
Set 3 vs. Set 2 4 0.72 0.04 9 0.30 0.12 0.01 0.06 0.10 0.00 0.54 0.00

BFR

Set 2 vs. Set 1 73 0.01 * 0.78 30 0.01 * 0.30 0.05 0.01 * 0.71 0.03 0.01 * 0.40
Set 3 vs. Set 1 8 0.71 0.08 1 0.95 0.01 0.00 0.95 0.00 0.01 0.30 0.13
Set 3 vs. Set 2 65 0.01 * 0.62 29 0.03 * 0.30 0.05 0.01 * 0.55 0.04 0.01 * 0.50

Mean ± standard deviation (SD); * statistically significant difference p < 0.05; CONT—control condition; BFR—blood
flow restriction condition.
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Table 4. A comparison in individual sets between conditions based on t-test results.

Peak Power Output Mean Power Output Peak Velocity Mean Velocity
Mean

Difference p Effect
Size

Mean
Difference p Effect

Size
Mean

Difference p Effect
Size

Mean
Difference p Effect

Size

CONT vs. BFR

Set 1 185 0.01 * 3.18 111 0.01 * 1.46 0.15 0.01 * 1.96 0.10 0.01 * 1.33
Set 2 202 0.01 * 1.99 117 0.01 * 1.57 0.14 0.01 * 1.55 0.12 0.01 * 1.60
Set 3 133 0.01 * 1.34 97 0.01 * 1.17 0.10 0.01 * 1.05 0.08 0.01 * 1.13

Mean ± standard deviation (SD); * statistically significant difference p < 0.05; CONT—control condition; BFR—blood
flow restriction condition.

4. Discussion

The main finding of the study was that the PAPE effect can occur during the BP exercise under
BFR. The results showed that the PAPE effect analyzed by changes in PP and PV occurred under
both the CONT as well as BFR conditions. However, based on the direct analysis of changes between
particular sets, significant differences were observed in result of set 3–set 2 between CONT and BFR
conditions. Furthermore, the results of the present study show significant increases in power output
and bar velocity during the BP exercise for the BFR condition compared to the CONT condition, which
confirms previous results [23].

The main goal of this study was to evaluate the changes in power output and bar velocity between
successive sets of the BP exercise, with and without BFR. This is the first study to address the effect of
PAPE during high load resistance exercise under BFR which limits the possibility of comparing our
results to other studies. Previous research has shown that resistance exercise under BFR increases
metabolic stress compared to traditional resistance training [34]. However, most studies with BFR
relate to chronic adaptive changes [34–36]. Only the study by Wilk et al. [23] analyzed acute changes
in power output and bar velocity between exercises performed without and under BFR. The study
of Wilk et al. [23] showed that short-term and high-pressure BFR increased power output and bar
velocity during the BP compared to exercise without BFR. To date, two studies [37,38] examined the
use of BFR on PAPE. In the study by Cleary and Cook [38], the use of BFR (60%AOP) led to diminished
vertical jump performance after a CA at 30%1RM, while Miller et al. [37] showed increased vertical
jump height after a 10 s maximal isometric deadlift combined with BFR. However, in both studies,
BFR was used only during the CA and was removed for the post-activation exercise. Previous studies
showed that the main adaptive changes during exercise with BFR are related to increased metabolic
stress [35,36]. The increased metabolic stress following exercise with BFR results from the accumulation
of metabolic products of physical activity in the part of the limb that is restricted from blood flow [24,39].
However, the increase in metabolic stress following exercise with BFR probably does not refer to
short-term occlusion [23], as has been conducted in the present study. The occlusion applied in our
experiment lasted only a few seconds (3 repetitions; maximal tempo of movement; ~5 s) during each
set of the BP exercise. The short duration of the effort was dictated by the predominance of anaerobic
metabolism; therefore, the metabolic stress associated with training under BFR conditions was probably
not very intense.

Interestingly, a detailed analysis of the differences between particular sets indicated that
the PAPE effect has different kinetics between particular sets for the BFR and CONT conditions.
Significantly different kinetics for BFR and CONT conditions were observed in PP and PV values
between set 3 and set 2. For the BFR condition, PP and PV were increased in set 2 compared to set
1, and decreased in set 3 compared to set 2. However, the decrease was not observed in the CONT
condition. It is possible that benefits from a more pronounced PAPE in set 2 in the BFR condition could
be counterbalanced by more pronounced muscle exhaustion in set 3. The short-term BFR increased
the absolute value of power output and bar velocity during the BP exercise [23], however, such an
increase of performance may promote greater fatigue which, as a consequence, may cause a decrease
in power and related variables in subsequent sets of the exercise, as observed in the present study.
However, despite the observed significant decrease in PP and PV in set 3–set 2 for the BFR condition,
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the absolute value of power output and bar velocity was still significantly higher when compared to
the CONT condition, which suggests the BFR is an effective tool in acute enhancement of power output
and bar velocity during several sets of the BP exercise.

These results indicated that short-term, high-pressure BFR has a significant impact on the level
of acute changes during resistance exercise. The results of our study are partially consistent with
findings presented by Morales-Artacho et al. [16] and Wilk et al. [3], who documented increases in
power output during a resistance exercise in the second set compared to the first. However, contrary to
Morales-Artacho et al. [16] and Wilk et al. [3], we also observed significant increases in power output
and bar velocity in the third set compared to first and, thus, the BFR condition did not show such an
significant advantage. The ratio of the duration of the effort during the rest interval is an important
factor in PAPE exercise protocols [3,9,40]. An optimal rest interval should ensure the optimal balance
between fatigue and potentiation [3,9]. Wilk et al. [3] showed that longer duration of repetitions limit
PAPE effectiveness in successive sets due to insufficient rest and accumulated fatigue. Therefore, it can
also be assumed that during the BFR condition, the lack of PAPE benefit in set 3–set 2 may be associated
with an insufficient rest interval and fatigue. The higher absolute values of power output and bar
velocity during the BFR condition as well as the fact that blood flow restriction may potentially promote
greater fatigue may indicate the need for a longer rest interval between activation and potentiation [3,9].
Nevertheless, there are no data and guidelines for optimizing the rest interval for increased power
performance during exercise under BFR, which requires further research.

To induce the PAPE effect, it is necessary to use high loads [9–12]. A combination of high loading
(70%1RM) and BFR with high pressure (90%AOP) is not compatible with the recommendations of
Patterson et al. [32]. Furthermore, Counts et al. [41] showed that higher relative pressures (90%AOP)
may not be necessary when exercising under BFR. However, it should be noted that during the present
study, we used intermittent and not continuous occlusion. Furthermore, the occlusion applied lasted
only a few seconds during a set (~15 s for the whole training session), while the recommendations
by Patterson et al. [32] for resistance exercise under BFR assume a restriction time of 5–10 min with
reperfusion between exercises, not between sets. Currently, there are no guidelines for determining
the optimal pressure as well as the time of restriction for exercise under BFR when the goal is acute
increases of strength or power performance. Furthermore, a recent study by Wilk et al. [42] has
shown the positive effect of extremely high pressure (150%AOP) on acute strength and strength
endurance performance enhancement. This study suggested that not only BFR but also external
muscle compression and mechanical energy generated by the cuff may be an important factor in the
effectiveness of occlusion during the resistance exercise [23].

The type of exercise chosen for the study protocol may be a factor determining the level of acute
changes during resistance exercise under BFR. In the present study, muscle occlusion was used at the
upper limb (arms), while the main muscles involved in the BP are the pectoralis major and anterior
deltoid [43]. The triceps brachii muscle shows high activity during BP [43], but BFR in this area does
not affect the changes taking place in the pectoralis major and deltoid muscles, the two other primary
muscles involved in the BP exercise. Despite the fact that Yasuda et al. [44] suggested that BP training
under BFR also leads to an increase in muscle size in the area of the chest muscles, the presented
results were related to acute and not chronic responses. Therefore, it can be assumed that the use of a
long-term training program or another exercise, especially an exercise involving only those muscles
that are occluded, could cause different, even conflicting results to those presented in this study.

The present study has some limitations which should be addressed. Although the results showed
that the PAPE effect occurred during resistance exercise under BFR, the direct causes of these changes
cannot be determined and explained. There was no analysis of direct physiological changes that would
be the basis for explaining the obtained results. Furthermore, it is possible that the BFR increases local
blood volume and therefore increases skin temperature [45], which may be related to performance
enhancement [46,47]; however, skin temperature was not recorded in our study. Finally, the results
of our study refer only to PAPE effects of the upper limbs during the BP exercise, and only to the
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cuff pressure used, and cannot be translated into other exercises, volumes, or intensities nor other
occlusion pressures. Therefore, further research is required, especially in assessing the acute impact
of continuous and intermittent BFR on the PAPE, during different training protocols as well as with
different cuff pressures.

Practical Implications

The short-term BFR increases power output and bar velocity during the BP exercise compared to
CONT conditions. Such an acute increase under BFR conditions compared to the CONT occurred in
all three sets of the BP exercise. However, there are differences in the kinetics of power output and bar
velocity changes between BFR and CONT conditions especially in the difference between set 3 and
set 2. Under BFR, we observed an increase in the second set compared to the first, but in the third
set, the power decreased compared to the second set. On the contrary, in the CONT condition, power
output and bar velocity were maintained in the third set compared to the first. Therefore, given a real
exercise program, the use of BFR and its effect on the increase in acute power performance should be
controlled by measuring devices in order to individually adjust the optimal number of sets and time
interval to the induced PAPE. Furthermore, even if an increase in power output and bar velocity occurs
as a result of BFR, this effect may not necessarily translate into long-term effects or may even hinder
performance. The frequent use of BFR can impair the muscle structure directly in the region under the
cuff, which can decrease sport performance and increase the risk of injury [48,49]. Therefore, resistance
exercise under BFR should be used occasionally and be well periodized.

5. Conclusions

This study demonstrated that the PAPE effect occurs during successive sets of the BP exercise under
BFR at 70%1RM. However, compared to the CONT condition, we observed different kinetics of power
output and bar velocity changes during successive sets of the BP exercise. Therefore, the application
BFR during resistance training can introduce, a new, additional tool in the development of power
output, which opens opportunities for modification of strength training programs, particularly in
elite athletes.
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Abstract: Background: Athlete self-report measures (ASRM) are methods of athlete monitoring, which
have gained considerable popularity in recent years. The Multicomponent Training Distress Scale
(MTDS), consisting of 22 items, is a promising self-report measure to assess training distress among
athletes. The present study aimed to investigate the factorial validity of the Norwegian version of
MTDS (MTDS-N) among student-athletes (n = 632) attending the optional program subject “Top-Level
Sports” in upper secondary schools in Norway. Methods: A confirmatory factor analysis (CFA) was
conducted to assess the six-factor model proposed by Main and Grove (2009). McDonald’s omega (ω)
along with confidence intervals (CIs) were used to estimate scale reliability. After examining the fit of
the CFA model in the total sample, covariates were included to investigate group differences in latent
variables of MTDS-N, resulting in the multiple indicators multiple causes (MIMIC) model. Further,
direct paths between the covariates and the factor indicators were included in an extended MIMIC
model to investigate whether responses to items differed between groups, resulting in differential
item functioning (DIF). Results: When modification indices (MIs) were taken into consideration,
the alternative CFA model revealed that MTDS-N is an acceptable psychometric tool with a good
fit index. The factors in MTDS-N all constituted high scale reliability with McDonald’s ω ranging
from 0.725–0.862. The results indicated statistically significant group differences in factor scores
for gender, type of sport, hours of training per week, school program, and school level. Further,
results showed that DIF occurred in 13 of the MTDS-N items. However, after assessing the MIMIC
model and the extended MIMIC model, the factor structure remained unchanged, and the model fit
remained within acceptable values. The student-athletes’ reports of training distress were moderate.
Conclusion: The MTDS-N was found to be suitable for use in a Norwegian population to assess
student-athletes’ training distress in a reliable manner. The indications of group effects suggest that
caution should be used if one is interested in making group comparisons when the MTDS-N is used
among student-athletes in Norway until further research is conducted.

Keywords: confirmatory factor analysis; multiple indicators multiple causes; differential item
functioning; athlete monitoring; student-athletes

1. Introduction

The combination of sport and education, also referred to as “dual-career” [1] can be challenging
for young athletes between the ages of 10 and 18 years old [2] as it demands the development of
their full potential in both areas [3]. In addition to training and school loads, athletes typically
encounter additional stress from other external sources such as social, work-related, lifestyle, and
the athlete–coach relationship [4]. Consequently, there is a unique interaction between physical
and psychological stresses [5]. Increased stresses can potentially lead to fatigue and increase the
risk of illness and injury [6,7]. Hence, the balance between stress and recovery is a key factor for

Int. J. Environ. Res. Public Health 2020, 17, 7603; doi:10.3390/ijerph17207603 www.mdpi.com/journal/ijerph

203



Int. J. Environ. Res. Public Health 2020, 17, 7603

continuous high-level of performance [8]. Therefore, without a sufficient balance between training
load and recovery, non-functional overreaching (NFOR) can occur [9]. At this stage, the first signs and
symptoms of extended training distress such as performance decrements, psychological disturbance,
and hormonal disturbances could occur and require weeks or months for the athlete to recover [9].

Periods of accumulated training load and changes in acute training load have also been reported
to increase the risk of injury and illness [6]. Research showed that training and competition load
resulted in temporary decrements in physical performance and significant levels of post-competition
fatigue [10]. These decrements have been explained by increased muscle damage [11], reduction in
the effectiveness of the immune system [12], an imbalance in anabolic and catabolic processes in the
body [13], athlete mood disturbance [14], and a reduction in the neuromuscular effectiveness [15].
Besides training load, non-sport events can impose further stress on athletes, which shifts their physical
and psychological well-being along a continuum that starts with homeostasis and progress through
the stages of acute fatigue, functional overreaching, NFOR, overtraining syndrome, subclinical tissue
damage, clinical symptoms, and time-loss injury or illness [16]. In normal circumstances, it can take
up to five days to return to a balanced physical state (homeostasis) [13], and with increased training
load and non-training stressors, it might take up to several weeks to recover [9,17]. The additional
stress is not only evident in athletes playing sport at a high-performance level but also in athletes at
the lower representative standards, where external pressure from schoolwork, relationship tensions,
and pressure from parents and coaches has been reported [18]. Hence, there can be a risk of NFOR and
overtraining (OT) for all young athletes. Consequently, this is not only an important issue for those
adults that are involved in sport but also for coaches and teachers [18].

One of the challenges for those involved with athletes is to carefully monitor and manage
the stresses and recovery to be able to optimize their performance capacity and to avoid harmful
outcomes [19–24]. Athlete self-report measures (ASRMs) are methods of athlete monitoring, which
have gained considerable popularity in recent years [25] and will likely continue growing in popularity
as a monitoring strategy [26]. The utility of ASRMs as a monitoring tool is well supported and has
been reported to be useful [10,23,24,27]. Their popularity stems from their low cost, easy to use, and
the growing body of literature which have emphasized ASRMs to be sensitive to the risk of illness and
injury, compared to physiological biomarkers [28]. An ASRM that has been considered to be promising
in monitoring athletes [28] is the Multicomponent Training Distress Scale (MTDS) [29]. The instrument
has been used in different sports, including swimming [30], rowing [31], soccer [32,33], cycling [34],
alpine skiing [35], and tennis [36]. The instrument combines measures of mood disturbances, perceived
stress, and symptoms of acute overtraining over a small number of items (22 questions) [29], and
provides an insight into the intensity and frequency of psycho-behavioral responses [37]. Thus, the
purpose of the present study was to translate MTDS into Norwegian (MTDS-N) and investigate
whether the Norwegian version of the questionnaire can be considered a valid measure in detecting
training distress among young athletes attending the optional program subject “Top-Level Sports” in
upper secondary schools in Norway. Further, the study aimed to investigate the effect of covariates on
the factor structure and model fit.

2. Materials and Methods

2.1. Sample Size Estimation

For the validity of the MTDS-N, the sample size was estimated using the point of stability approach,
which is described in Kretzschmar and Gignac [38], Schönbrodt and Perugini [39], and the study of
Hirschfeld, et al. [40]. The latter gave a direction to estimate the sample size needed for the Big Five
Inventory and the International Personality Item Pool Big Five measure. The point of stability ensures
that the deviation between the estimated sample and the population parameter is stable (small) and is
expected to remain small at a stable statistical power = 80% [38,39]. To ensure that the stability is small,
Schönbrodt and Perugini [39] indicated that, according to Cohen [41], the corridor of stability should not
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exceed a small correlation of 0.10. The study of Schönbrodt and Perugini [39] suggested that 240–250
participants would be the minimum number needed to reach the point of stability. Kretzschmar and
Gignac [38] continued the work of Schönbrodt and Perugini [39] and reported that with perfect reliability
(omega,ω = 1.0) of both latent factors and a population correlation of p = 0.20, the point-estimates of the
correlation was stabilized at a sample size of 220 [38]. Since perfect reliability is almost never achieved,
the authors suggested that the required sample at a population correlation of p = 0.20 and reliability of
ω = 0.7 would be ≥490 participants [38]. Similar results have been reported by Hirschfeld, Brachel and
Thielsch [40], and the recommended sample size to reach a point of stability was > 500 participants [40].
Therefore, the total number of participants that was required in this study was to be more or equal to the
recommendations from similar studies (i.e., n ≥ 500).

2.2. Participants

The participants in the present study were 632 student-athletes attending the optional program
subject Top-Level Sport from 23 different upper secondary schools in Norway. Seven covariates that
characterize the profile of the respondents are presented in Table 1. The participants reported 35
different sports, which are shown in Table 2. This study was carried out according to the World Medical
Association Declaration of Helsinki. Informed consent was obtained from all participants who agreed
to take part in this study in accordance to the ethical approval from the Norwegian Social Science
Data Services (NSD) (Project number 836079) and the Regional Committees for Medical and Health
Research Ethics (REK) (Project number 54584).

Table 1. The profile of the 632 student-athletes in the present study.

Characteristics (Total) 1 Modalities Frequency or M ± SD %

Gender (630) Male 327 51.9
Female 303 48.1

Type of sport (630) Individual 207 32.9
Team sport 423 67.1

Region (632)

West Norway 344 54.4
East Norway 148 23.4
Mid Norway 160 16.8

Northern Norway 34 5.4

Age in years (631) Male 17.37 ± 0.06
Female 17.23 ± 0.05

Training hours (617)
Total 12.54 ± 4.99

Specialization in general studies 12.60 ± 4.95
Sports and physical education 12.45 ± 5.06

School program 2 (632)
Specialization in general studies 369 58.4
Sports and physical education 263 41.6

School level 3 (632)
First grade 232 36.7

Second grade 239 37.8
Third grade 161 25.5

Notes. M = mean; SD = standard deviation; % = percentage. 1 Values in brackets indicate total responses from the
participants. There were 20 missing values, but the number of cases with missing values on the characteristics was
18. 2 In the education program specialization in general studies with Top-Level Sports, the student-athletes are
attending regular specialization in general studies with Top-Level sports as an optional program subject. Thus,
they have only theoretical subjects in addition to the physical Top-Level sports subject. In the education program
sports and physical education, the student-athletes have many subjects that are related to sports, both theoretical
and practical. The subjects are activity theory, theory of training, training management, sports and society, and
the optional program subject Top-Level Sports. Hence, student-athletes connected to the program sports and
physical education have more hours of training per week at school, compared to those connected to the program
specialization in general studies. 3 In Norway, the ages of the students are 15–16 years in first grade, 16–17 years in
second grade, and 17–18 years in third grade. These ages can be compared to sophomores, juniors, and seniors,
respectively, in high schools in the United States.
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Table 2. The different sports reported by the 630 participants (two missing).

Descriptive Statistics

Type of Sport Frequency % Type of Sport Frequency %

Soccer 306 48.6 Sailing 6 1.0
Handball 91 14.4 Martial art 9 1.4

Swimming 24 3.8 Badminton 5 0.8
Track field 21 3.3 Cheerleading 1 0.2

Gymnastics 11 1.7 Strength training 4 0.6
Ice hockey 19 3.0 Sky jumping 1 0.2

Cross-country skiing 34 5.4 Diving 1 0.2
Orienteering 8 1.3 Sports drill 4 0.6
Alpine skiing 15 2.4 Shooting 1 0.2

Cycling 12 1.9 Snowboard 1 0.2
Golf 5 0.8 Jet ski 1 0.2

Floorball 2 0.3 Dance 1 0.2
Volleyball 5 0.8 Motocross 2 0.3
Rowing 3 0.5 Triathlon 2 0.3
Biathlon 12 1.9 Freeski 1 0.2

Show jumping 12 1.9 Climbing 1 0.2
Ice skate 4 0.6 Figure skating 1 0.2
Tennis 4 0.6

2.3. Instrument

The MTDS was developed by Main and Grove [29] using three different instruments; the 10-item
version of the Perceived Stress Scale (PSS) [42], the 24-item Brunel Mood State Scale (BRUMS) [43],
and a checklist of 19 symptoms of acute overtraining [44]. The initial validation conducted by Main
and Grove [29] concluded 22 items, addressing six factors. Four factors (depression, vigor, stress, and
fatigue) are measured in terms of their frequency and scored on a five-point Likert scale ranging from
“never” (0)–“very often” (4). The factor vigor is reversed scored, indicating that higher scores reflect
the greater frequency of experiencing higher levels of energy. Further, two factors (physical symptoms
and sleep disturbances) are measured in terms of their intensity and scored on a five-point Likert
scale ranging from “not at all” (0) –“an extreme amount” (4). From a psychometric standpoint, the
questionnaire exhibited a theoretically relevant relationship with a similar distinct construct, namely;
the risk of burnout using the Athlete Burnout Questionnaire (ABQ) [29,45]. The results indicated that
low scores on the ABQ resulted in low scores on the five negative training distress factors (depression,
perceived stress, fatigue, sleep disturbances, and physical symptoms) and a high score on the positive
factor (vigor). Conversely, high scores on ABQ resulted in high scores on the five negative training
distress factors and a low score on the positive factor [29].

2.4. Procedures

Translation of the MTDS from English to Norwegian

Figure 1 illustrates the process of translating MTDS to the Norwegian context. The translation of
the original English version to Norwegian was accomplished with reference to Guillemin, Bombardier,
and Beaton [46] four-step translation procedure. Further, the International Test Commission (ITC)
Guidelines for Translating and Adapting Tests were taken into consideration during the translation
process [47].
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Figure 1. The process of translating Multicomponent Training Distress Scale (MTDS) to the
Norwegian context.

In the first step, two independent bilingual, native Norwegian speakers forward translated the
questionnaire from English to Norwegian. One of the translators was aware of the concepts the
questionnaire intended to measure where the other was not aware of the objective of the questionnaire
to offer more reliable restitution of the intended measurement [48]. A third translator compared the
two versions and corrected differences to find the most appropriate words, expressions, and sentence
structures to capture the meaning of the items.

In the second step, two different independent translators conducted the backward translation
from Norwegian to English. To avoid bias, the translators were not familiar with the original version
of the questionnaire. Both were bilingual and native English speakers. The original and backward
translated versions of the questionnaire were then compared to ensure that the forward translation
was precise and as complete as possible.

In the third step, an expert committee (consisting of one expert who was familiar with the construct
of interest, a methodologist, one of the forward translators, and two which were not involved in the
process of translations) were consulted to produce the final version of the Norwegian translation. All
translated versions were reviewed with reference to achieve semantic, idiomatic, experiential, and
conceptual equivalence, and any discrepancies were resolved [46].

In the fourth step, before conducting the pilot data collection of the final version of the MTDS-N,
the items were tested on a small intended sample of respondents, following a probe technique [46].
Eight respondents completed the translated questionnaire and were asked verbally to elaborate on
what they thought each item and their corresponding response meant. This was done in order to
ensure that the final item was understood as having a meaning equivalent to that of the source item.

In the fifth step, a preliminary pilot testing of the questionnaire was carried out by distributing the
questionnaire to a small group of the targeted population (n = 162) to measure its reliability and validity
prior to the major data collection [47]. The results from the preliminary pilot testing demonstrated
that the MTDS was successfully translated, culturally adapted, and reproduced the original reported
psychometric properties (results of the preliminary pilot testing are attached in the Supplementary
Materials). Therefore, a data collection to a larger group representing the targeted population was
carried out (this study).

2.5. Data Collection

Invitations to participate were sent to all upper secondary schools that offer the optional program
subject Top-Level Sports in Norway (n = 119). The final version of MTDS-N was then distributed
electronically using SurveyXact version 8.0 [49] to all school management who agreed to participate
in this study (n = 34, 28.6%). After that, the school management distributed the questionnaire
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electronically to the student-athletes at their respective schools (n = 23, 19.3%). In addition to
completing the questionnaire, all participants completed questions regarding their age, gender, type of
sport, hours of training per week, county, name of the school, study program, and grade level. The
data collection started in March 2020 and ended in May 2020 (see Section 2.2).

2.6. Statistical Analysis

Prior to analyses, Microsoft Excel (version 2016) was used to prepare the data (source data are
attached in the Supplementary Materials). Then, the factor vigor, with positive scores, was reversed.
Demographic and descriptive data were analyzed using Statistical Package for the Social Sciences
(SPSS) Version 25 (IBM Corporation, Armonk, NY, USA). Preliminary analyses investigating the
normal distribution of the data were conducted using Mplus Version 8.4 (Muthén and Muthén, Los
Angeles, CA, USA) [50]. The normality was examined using skewness and kurtosis (Table 3). Skewness
and kurtosis values between ±1.0 were considered excellent, while values between ±1.0–2.0 were
considered acceptable [51]. A non-normality test due to skewness and kurtosis was conducted to
investigate if the data violated the multivariate normality assumption [52]. If the data were found not to
violate the multivariate normality assumption, a Kolmogorov–Smirnov test (KS) and the Shapiro–Wilk
test (SW) were further assessed to confirm that the data was normally distributed. A non-statistically
significant (p > 0.05) Kolmogorov–Smirnov test (KS) and Shapiro–Wilk test (SW) would indicate
normally distributed data [53].

Table 3. Descriptive statistics for 632 participants on the items of MTDS-N.

Items Descriptive Statistics

M SD Skewness Kurtosis

Depression (dep1–dep5)
Miserable (dep1) 1.47 0.82 1.95 3.44
Unhappy (dep2) 1.75 0.94 1.27 1.09

Bitter (dep3) 1.64 0.86 1.49 2.16
Downhearted (dep4) 2.03 1.06 0.92 0.11

Depressed (dep5) 1.49 0.90 2.09 3.97
Vigor (vig1–vig4)
Energetic (vig1) 2.70 0.99 0.38 −0.08

Lively (vig2) 2.61 0.95 0.54 0.03
Active (vig3) 2.52 0.90 0.32 −0.24
Alert (vig4) 2.87 0.94 0.30 −0.21

Physical symptoms (sym1–sym3)
Muscle soreness (sym1) 2.52 1.03 0.18 −0.68

Heavy arms or legs (sym2) 2.43 0.98 0.38 −0.44
Stiff/sore joints (sym3) 2.11 1.03 0.73 −0.19

Sleep disturbances (sle1–sle3)
Difficulties falling asleep (sle1) 2.15 1.18 0.84 −0.32

Restless sleep (sle2) 2.06 1.16 0.90 −0.21
Insomnia (sle3) 1.83 1.11 1.22 0.51

Stress (str1–str4)
Stressed (str1) 3.06 1.11 −0.02 −0.65

Could not cope (str2) 2.76 1.02 0.10 −0.46
Difficulties piling up (str3) 2.12 0.96 0.68 0.08

Nervous (str4) 2.78 1.09 0.15 −0.56
Fatigue (fat1–fat3)

Tired (fat1) 2.69 0.98 0.28 −0.42
Sleepy (fat2) 2.54 1.09 0.43 −0.55

Worn-out (fat3) 2.46 1.07 0.41 −0.59

Notes. M = mean; SD = standard deviation; Dep = depression; Vig = vigor; Sym = physical symptoms; Sle = sleep
disturbances; Str = stress; Fat = fatigue.
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All further analyses were carried out using Mplus [50]. To investigate the six-factor solution of
the MTDS questionnaire proposed by Main and Grove [29], confirmatory factor analysis (CFA) was
assessed. Considering a multivariate non-normality in the measures (Table 3), a maximum likelihood
estimator (MLR) with robust standard errors using a numerical integration algorithm was used (Mplus
codes used are attached in the Supplementary Materials).

The goodness of fit was assessed using χ2, root mean square error of approximation (RMSEA),
comparative fit index (CFI), Tucker-Lewis index (TLI), and the standardized root mean square residual
(SRMR). A good fit was indicated if the corresponding p-value of χ2 > 0.05 [54], a RMSEA value close
to 0.06 [55], or a stringent upper limit of 0.07 [56], CFI and TLI ≥ 0.90 [55,57], and SRMR of ≤0.07
to indicate a good model [58], and ≤0.08 to indicate an acceptable model [55]. The model fit was
further examined based on factor loadings and the estimated squared standardized factor loading
(R-squared, R2). A factor loading of ≥0.30 was considered as the cut-off point [59,60]. To capture model
misspecification, the model fit modification indices (MIs) were also taken into consideration, as CFA
models with many indicators often do not fit the data [52]. High MI values would suggest freeing the
corresponding parameter in the analysis if it were theoretically meaningful to do so. Together with
MIs, also expected parameter change (EPC) provided information on model respecification [52]. Since
the chi-square (χ2) statistic of the MLR cannot be used for χ2 difference tests, the Satorra–Bentler scaled
χ2 difference test was used for the comparison of nested models. Further details of this procedure
are given in the Mplus Web site [61]. The interpretation of effect sizes was based on the guidelines
proposed by Funder and Ozer [62], where an effect size r of 0.05 indicated a very small effect; an effect
size r of 0.10 indicated a small effect; an effect size r of 0.20 indicated a medium effect; an effect size r of
0.30 indicated a large effect; an effect size r of ≥0.40 indicated a very large effect.

A popular measure that has been widely used in social sciences to investigate internal consistency
is Cronbach’s alpha (α). However, it does not provide a dependable estimate of scale reliability as
it has been found to underestimate or overestimate the scale reliability depending on measurement
parameters [63]. To overcome the disadvantage of Cronbach’s α, the McDonald’s omega (ω) with
confidence intervals (CIs) has been recommended and applied in this study to estimate scale reliability
based on the results of CFA [52,64–66]. The calculation ofω alongside a CI reflects the variability in
the estimation process, which provides a more accurate degree of confidence in the consistency of the
administration of a scale [67]. There are different reports about the acceptable values of reliability
estimates, but a rule of thumb has been that it should reach 0.70 for an instrument to be acceptable [68,69].
However, very high values of α may suggest that some items are redundant as they are testing the
same question but in a different way. Hence, a maximum value of reliability estimate <0.90 has been
recommended [51,70] and was used as a guide in the interpretation of theω in the preset study.

After establishing a well fitted CFA model for the total sample, covariates were included to
investigate group differences in the factors from MTDS-N [71]. Such a model is referred to as multiple
indicators and multiple causes (MIMIC) model [72]. The MIMIC model consists of two parts: (i) the
measurement model, in which observed indicators (i.e., 22 items) measure six underlying latent factors
(i.e., depression, vigor, physical symptoms, sleep disturbances, stress, and fatigue); (ii) structural
equations, in which observed variables predict the six latent factors. Five covariates were included in
the MIMIC model to estimate group differences on the factors, such as gender (1 = male; 2 = female),
sport (1 = individual sport; 2 = team sport), hours of training per week (continuous), program (1
= specialization in general studies with Top-Level Sports; 2 = sports and physical education with
Top-Level Sports), and school level (1 = first grade; 2 = second grade; 3 = third grade). Covariates
labeled with the value one were considered as the reference group. Further, the MIMIC model was
extended, which involved regressing the indicators and factors on the exogenous variables [73]. The
purpose of the extended MIMIC model was to determine if there were any group differences in
specific items, over and above differences in the latent variables [71]. Such a model is linked to
differential item functioning (DIF). Differential item functioning occurs when an item has different
measurement properties for one group versus another, irrespective of mean difference on the factor [74].
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Detecting DIF is important since it can lead to an inaccurate conclusion about differences in groups
and invalidate procedures for making decisions about individuals [75]. The factors (depression, vigor,
physical symptoms, sleep disturbances, stress, and fatigue) and all endogenous indicators, except
one of each latent variable, were regressed on the five covariates. This was done for the purpose of
model identification [71,73]. If all direct effects between the covariates and indicators had been freely
estimated at the same time, the model would be under-identified [60]. In the MIMIC models, the
covariates served as grouping variables, and a significant direct effect of a covariate on a factor or item
would indicate measurement non-invariance or measurement heterogeneity across the groups of the
covariate (e.g., males and females).

3. Results

3.1. Item Analysis of MTDS-N

The statistical tests KS and SW yielded statistically significant (p < 0.001) results for all items,
indicating not normally distributed data. However, in large samples, these tests can be statistically
significant even when the scores are only slightly different from a normal distribution [53,76,77]. Hence,
the KS and SW were interpreted in conjunction with the values of skewness (−0.02–2.09) and kurtosis
(−0.08–3.97) which showed that the data were a little skewed and kurtotic. The items miserable,
bitter, and depressed did not meet the criteria of ±2.0, showing kurtosis values of 3.44, 2.16, and
3.97, respectively. Furthermore, when testing for both multivariate skewness and kurtosis, the results
indicate statistically significant (p < 0.001) results, indicating a violation of the multivariate normality
assumption in the data under study.

3.2. Confirmatory Factor Analysis

In the first step, a CFA of the hypothesized six-factor model proposed by Main and Grove (2009)
was run. The model did not fit the data well: χ2 = 814.824, p-value of χ2 = <0.001, RMSEA = 0.071
(90% CI: 0.066–.076), CFI = 0.873, TLI = 0.848, and SRMR = 0.057. As the hypothesized model yielded
a poor fit, MIs was examined as a guide in search of model misspecification. A couple of high error
covariances were specified in the model. Hence, a new alternative model was run where three error
covariances (str4 with str1, MI = 147.57, EPC = 0.48; vig4 with vig3, MI = 84.13, EPC = 0.27; and fat2
with fat1, MI = 53.97, EPC = 0.33) were set as free parameters in model estimation. It appeared that
the correlated items’ measurement errors in the hypothesized model were due to somewhat similar
wording in the corresponding questions of the MTDS-N. After the residual covariances were set as free
parameters, factor loadings were basically unchanged. Still, all the fit indices were improved with
higher CFI and TLI, as well as smaller RMSEA and SRMR. The fit indices from the two CFA models
are presented in Table 4.

Table 4. The test of model fit from the six-factor solution proposed by Main and Grove (2009) and the
alternative model taking three measurement errors into consideration.

Fit Indices The Hypothesized Model The Alternative Model

χ2 814.824 523.017
df 194 191
p <0.001 <0.001

RMSEA 0.071 0.052
CI 0.066–0.076 0.047–0.058

CFI 0.873 0.932
TLI 0.848 0.918

SRMR 0.057 0.050

Notes. χ2 = chi-square value; Df = degree of freedom; p = probability value of χ2; RMSEA = root mean square
error of approximation; CI = confidence interval; CFI = comparative fit Index; TLI = Tucker–Lewis index; SRMR =
standardized root mean square residual.
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Using the robust estimator MLR for model estimation, a scaled difference in χ2 was computed for
nested model comparison (Table 5). The hypothesized CFA model was re-run with equality restrictions
on the factor loadings to each factor, and a likelihood ratio (LR) test was conducted to test whether the
indicators of each factor were equally loaded to the underlying factors. With these restrictions, the
number of free parameters was reduced, the degrees of freedom of the model increased, as well as the
MLR χ2 statistics. To compare the restricted model with the alternative model, the following formula
was used for calculating the scaled difference in χ2 for model comparison [52]:

TRd = (T0 × c0 − T1 × c1)/cd

where T0 and T1 are MLR χ2 statistics, and c0 and c1 were the scaling correction factors for the restricted
model and alternative model, respectively. For MLR, the products T0 ∗ c0 and T1 ∗ c1 were the same as
the corresponding maximum likelihood (ML) χ2 statistics. The denominator Cd in the equation was
the difference test scaling correction, defined as:

Cd = [(d0 × c0) − (d1 × c1)]/(d0 − d1)

where d0 and d1 were the degrees of freedoms for the restricted model and the alternative model.
Substituting the corresponding values, the following formula was:

TRd = (T0 × c0 − T1 × c1)(d0 − d1)/[(d0 × c0) − (d1 × c1)]
= (1035.880 − 604.085)(204 − 191)/[204 × 1.169) − (191 × 1.155)]
= 314.02

(1)

Table 5. Calculating the scaled difference in chi-square for nested model comparison using the robust
estimator MLR.

MLR ML

Alternative model

T1
523.017

d1
191

c1
1.155

T1 × c1
604.085

d1
191

Restricted model

T0
886.125

d0
204

c0
1.169

T0 × c0
1035.880

d0
204

Note. MLR: robust maximum likelihood; ML: maximum likelihood; Alternative model: modified six-factor CFA of
the MTDS-N; T1: MLR chi-square statistic for the alternative model; d1: the degree of freedom (df) for the alternative
model; c1: scaling correction factor for the alternative model. Restricted model: six-factor CFA with restricted factor
loadings; T0: MLR chi-square statistic for the restricted model; d0: df for the restricted model; c0: scaling correction
factor for the restricted model.

Change in the model χ2 statistics between the restricted model and the alternative model followed
a χ2 distribution: χ2 = (886.125 − 523.017) = 363.108 with the degree of freedom (df) of (204 − 191)
= 13. The χ2 test was statistically significant (p < 0.001). The result indicated that restricting factor
loadings equal made the model fit significantly worse than otherwise. Hence, the alternative model
was preferred and retained. Standardized factor loadings and standardized R2 values for the two
models are presented in Table 6, while inter-factor correlations from the alternative model are shown
in Table 7. All factors were highly correlated (p < 0.001), except for the correlation between vigor and
physical symptoms (r = 0.035, p = 0.535).
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Table 6. Standardized factor loadings and R2 values for each item in the questionnaire for the
hypothesized model and the alternative model.

Item Hypothesized R2 Alternative R2

Miserable (dep1) 0.768 0.590 0.773 0.598
Unhappy (dep2) 0.782 0.611 0.777 0.604

Bitter (dep3) 0.632 0.400 0.631 0.399
Downhearted (dep4) 0.715 0.512 0.713 0.508

Depressed (dep5) 0.773 0.598 0.775 0.601
Energetic (vig1) 0.830 0.689 0.864 0.716

Lively (vig2) 0.798 0.637 0.805 0.648
Active (vig3) 0.498 0.248 0.451 0.204
Alert (vig4) 0.455 0.207 0.404 0.163

Muscle soreness (sym1) 0.614 0.377 0.613 0.376
Heavy arms or legs (sym2) 0.789 0.623 0.790 0.625

Stiff/sore joints (sym3) 0.650 0.423 0.650 0.422
Difficulty falling asleep (sle1) 0.803 0.645 0.805 0.649

Restless sleep (sle2) 0.855 0.732 0.856 0.732
Insomnia (sle3) 0.806 0.649 0.804 0.646
Stressed (str1) 0.627 0.393 0.534 0.285

Could not cope (str2) 0.699 0.489 0.726 0.527
Difficulties piling up (str3) 0.809 0.654 0.855 0.731

Nervous (str4) 0.601 0.361 0.507 0.257
Tired (fat1) 0.797 0.635 0.650 0.422

Sleepy (fat2) 0.809 0.655 0.664 0.440
Worn-out (fat3) 0.700 0.490 0.806 0.649

Note. R2 = coefficient of determination.

Table 7. Standardized inter-factor correlations from the alternative model above the diagonal and
inter-correlations from the initial study of MTDS are presented below the diagonal.

Factor Depression Vigor Physical Symptoms Sleep Disturbances Stress Fatigue

DEP 1 0.304 ** 0.292 ** 0.460 ** 0.668 ** 0.634 **
VIG −0.194 1 0.035 0.207 ** 0.269 ** 0.207 **
SYM −0.228 0.041 1 0.331 ** 0.305 ** 0.502 **
SLE −0.394 0.110 0.247 1 0.441 ** 0.541 **
STR 0.437 −0.259 −0.181 −0.273 1 0.667 **
FAT −0.208 0.182 0.321 0.207 −0.311 1

Notes. ** = p < 0.001.

As presented in Figure 2 and Table 6, standardized factor loadings ranged from 0.404–0.864, and
all factor loadings were statistically significant (p < 0.001) and in the expected direction. The high
loadings in the measurement model indicate a strong association between each of the latent factors
and their respective items. The estimated R2 provides information about how much variance of each
observed indicator variable is accounted for by its underlying factors. These values can be considered
as a model estimated item reliability [52]. In the present study, sle2 has the highest R2 (0.732), while
vig4 has the lowest (0.163).

Scale Reliability

The McDonald’s ω, along with CIs for the factors in MTDS-N, are presented in Table 8. The
scale reliability estimate for depression and sleep disturbances was >0.80. The scale reliability for
vigor, physical symptoms, stress, and fatigue ranged from 0.73–0.75. No estimations were above the
maximum value of reliability estimate >0.90 [51,70].
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Figure 2. Standardized factor loadings, covariance estimates, and residual variances from the alternative
model with three specified error covariances (vig3 with vig4; str1 with str4; fat1 with fat2).

Table 8. Calculated McDonald’sω along with confidence intervals (CIs) to estimate scale reliability.

Factor Estimate Lower 5% CI Upper 5% CI

Depression 0.853 0.831 0.887
Vigor 0.747 0.714 0.799

Physical symptoms 0.725 0.690 0.779
Sleep disturbances 0.862 0.841 0.895

Stress 0.745 0.715 0.739
Fatigue 0.753 0.717 0.809

Note. CI = confidence interval.

To examine the extent to which athletes reported symptoms of psychophysiological stress related
to training, scores from the MTDS-N were investigated. Taken collectively, as shown in Table 9, the
student-athletes’ reports of training distress were moderate. Most of the factors (i.e., vigor, physical
symptoms, sleep disturbances, stress, and fatigue) mean scores were between the range of “moderate
amount” and “quite a bit” from the Likert-scale. The only exception was depression (M = 1.67; SD =

0.92), scoring between “a little bit” and “moderate amount.” The total score of the six factors was 13.96
(SD = 6.11).

Table 9. Mean scale scores for the six factors in MTDS-N.

Factor Descriptive Statistics

M SD

1. Depression (dep) 1.67 0.92
2. Vigor (vig) 2.67 0.94
3. Physical symptoms (sym) 2.35 1.01
4. Sleep disturbances (sle) 2.01 1.15
5. Stress (str) 2.68 1.05
6. Fatigue (fat) 2.56 1.05
Total score a 13.96 6.11

a Total score represents the sum of the six MTDS factors.
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3.3. Estimating Group Differences in Latent Variables

In order to assess the effect of covariates on the factor structure, the MIMIC model was used. By
conducting this model, the aim was to describe the relationship between the covariates and the training
distress factors. Five covariates were included in the MIMIC model, such as gender (1 = male; 2 =

female), type of sport (1 = individual sport; 2 = team sport), hours of training per week (continuous),
school program (1 = specialization in general studies; 2 = sports and physical education), and school
level (1 = first grade; 2 = second grade; 3 = third grade) were used to predict the latent variables. The
same three error covariances specified in the alternative CFA model, were set as free parameters in
model estimation (str4 with str1, MI = 133.12, EPC = 0.45; vig4 with vig3, MI = 94.10, EPC = 0.29; and
fat2 with fat1, MI = 45.33, EPC = 0.30). Considering the multivariate non-normality in the measures,
the MLR estimator was used for model estimation. Taken together, the covariates had 18 missing
values (Table 1). Hence, the MIMIC model was based on a sample size of 614 participants. The model
is specified in Figure 3.
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Figure 3. The multiple indicators multiple causes (MIMIC) model, where five covariates affect all
the six factors. Gender (1 = male; 2 = female), sport (1 = individual sport; 2 = team sport), hours of
training per week (continuous), program (1 = specialization in general studies; 2 = sports and physical
education), and school level (1 = first grade; 2 = second grade; 3 = third grade).

After incorporating the five covariates, the factor structure remained unchanged and the model
fit remained within acceptable values: χ2 = 808.872, p-value of χ2 < 0.001, RMSEA = 0.057 (90% CI:
0.052–0.061), CFI = 0.897, TLI = 0.871, and SRMR = 0.055. Further, the standardized (STD) results
indicated that gender was a statistically significant positive predictor of the factor depression (β = 0.269,
p = 0.002), physical symptoms (β = 0.213, p = 0.022), sleep disturbances (β = 0.448, p < 0.001), stress (β =

0.502, p < 0.001), and fatigue (β = 0.235, p = 0.013). The results suggest that male student-athletes tend
to score lower on depression, physical symptoms, sleep disturbances, stress, and fatigue compared to
female student-athletes. Participants in an individual sport tend to score lower on physical symptoms
compared to team sports participants (β = 0.231, p = 0.028). Participants with fewer hours of training
per week tend to score lower on physical symptoms compared to participants with more hours of
training per week (β = 0.024, p = 0.020). Participants attending the school program specialization in
general studies tend to score lower on depression (β = 0.090, p = 0.020), physical symptoms (β = 0.110,
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p = 0.007), stress (β = 0.105, p = 0.020), and fatigue (β = 0.094, p = 0.025) compared to those attending
the school program sport and physical education. Contrary, participants attending the school program
specialization in general studies tend to score higher on vigor (β = −0.237, p < 0.001) compared to
those attending the school program sport and physical education. Furthermore, student-athletes in
first grade tend to score lower on depression (β = 0.149, p = 0.008) and vigor (β = 0.141, p = 0.003),
compared to student-athletes in second- and third grade. The covariates that did not have a statistically
significant effect on the six training distress factors indicate invariance in the means of the factors
between the groups [52]. The explained variances in the six latent variables varied from 3.1–9.4%.
In detail, the covariates accounted for 4.5%, 9.4%, 3.8%, 5.9%, 8.0%, and 3.1% of the variance in the
factors of depression, vigor, physical symptoms, sleep disturbances, stress, and fatigue, respectively.
Table 10 presents the standardized (STD) path coefficients for the effect of the covariates on the six
factors in the MIMIC model. The score values of the covariances for the different groups can be found
in Supplementary Materials Table S1.

Table 10. MIMIC model results of the covariates gender, age, type of sport, hours of training per week,
county, school program, and school level on the factors depression, vigor, physical symptoms, sleep
disturbances, stress, and fatigue.

Factor (Explained Variances) Covariates β S.E. p

Depression (0.045 = 4.5%)

Gender 0.269 0.086 0.002 *
Sport −0.172 0.103 0.096

Training −0.008 0.010 0.445
Program 0.090 0.038 0.020 *

Level 0.149 0.057 0.008 *

Vigor (0.094 = 9.4%)

Gender 0.135 0.079 0.089
Sport −0.062 0.092 0.501

Training −0.011 0.007 0.143
Program −0.237 0.038 0.000 **

Level 0.141 0.048 0.003

Physical symptoms (0.038 = 3.8%)

Gender 0.213 0.093 0.022 *
Sport 0.231 0.105 0.028 *

Training 0.024 0.010 0.020 *
Program 0.110 0.040 0.007 *

Level −0.008 0.061 0.895

Sleep disturbances (0.059 = 5.9%)

Gender 0.448 0.086 0.000 **
Sport −0.090 0.100 0.370

Training −0.012 0.008 0.163
Program 0.044 0.034 0.193

Level 0.073 0.055 0.186

Stress (0.080 = 8.0%)

Gender 0.502 0.089 0.000 **
Sport −0.042 0.105 0.686

Training −0.012 0.009 0.207
Program 0.105 0.045 0.020 *

Level 0.079 0.056 0.159

Fatigue (0.031 = 3.1%)

Gender 0.235 0.094 0.012 *
Sport 0.048 0.106 0.650

Training −.016 0.009 0.090
Program 0.094 0.042 0.025 *

Level 0.066 0.064 0.306

Notes. S.E. = standard error; β = beta; * = p < 0.05; ** = p < 0.001.
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3.4. Estimating Group Differences in Factor Indicators

The MIMIC model was extended by including direct paths between the covariates and the factor
indicators (i.e., MTDS-N items). The purpose of the extended model was to investigate if differences in
response to items between groups would have any effect on the factor structure and the model fit. In
the extended MIMIC model testing for DIF, a dummy variable was created for the covariate load (1 =

more than 10 h of training per week; 0 = less than 10 h of training per week). The factors (depression,
vigor, physical symptoms, sleep disturbances, stress, and fatigue) and all endogenous indicators except
one of each latent variable were regressed on the covariates gender (1 = male; 2 = female), type of
sport (1 = individual sport; 2 = team sport), school program (1 = specialization in general studies; 2 =

sports and physical education), school level (1 = first grade; 2 = second grade; 3 = third grade), and
load. To be able to identify the model, the first indicators dep1 of depression, vig1 of vigor, sym1 of
physical symptoms, sle1 of sleep disturbances, str1 of stress, and fat1 of fatigue were not regressed on
the covariates [52,73]. Figure 4 illustrates the extended MIMIC model testing for DIF.
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Figure 4. MIMIC model testing for differential item functioning (DIF). The five covariates affect all the
six factors and all the items except one of each latent variable.

After incorporating the five covariates on the extended MIMIC model testing for DIF, the factor
structure remained unchanged and the model fit remained within acceptable values: χ2 = 414.661,
p-value of χ2 < 0.001, RMSEA = 0.043 (90% CI: 0.038–0.049), CFI = 0.958, TLI = 0.925, and SRMR =

0.036. The results indicated that there was DIF for 13 of the items in MTDS-N. The different items with
DIF are presented in Table 11.

Results indicated that gender had a statistically significant positive effect on dep2 (unhappy),
dep4 (downhearted), dep5 (depressed), and sle2 (restless sleep). This result suggests that male
student-athletes tend to score lower on these items compared to female student-athletes, given the same
level of depression and sleep disturbances. Contrary, gender had a statistically significant negative
effect on str2 (cope), str3 (piling), and fat2 (sleepy), indicating that males tend to score higher on
these items compared to females, given the same level of stress and fatigue. These results imply that
there are statistically significant gender differences in response to seven items, controlling for the
underlying factors. However, while DIF for these items is statistically significant, it appears variously
in magnitude and does not accrue systematically across the seven items. The covariate type of sport
had a statistically significant positive effect on dep3 (bitter), indicating that those in an individual
sport tend to score lower on the item “bitter”, compared to those in team sports, given the same
level of depression. However, the magnitude of the effect was small. The covariate program had
a statistically significant positive effect on vig2 (lively), vig3 (active), str2 (cope), str3 (piling), and
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str4 (nervous), indicating that those attending the school program specialization in general studies
tend to score lower on these items compared to student-athletes attending the school program sports
and physical education, controlling for the underlying factors vigor and stress. Further, the covariate
program had a statistically significant negative effect on dep2 (unhappy), dep4 (downhearted), and
fat3 (worn-out), indicating that those attending the school program specialization in general studies
tend to score higher on these items compared to student-athletes participating the school program
sports and physical education, considering the same level of depression and fatigue. The results appear
variously in magnitude, from a small effect for vig3, fat3, dep2, and str4 to a very large effect for str2
and str3. Further, DIF does not accrue systematically across the eight items. The covariate level had a
statistically significant negative effect on fat2 (sleepy) and fat3 (worn-out), indicating that those in first
grade tend to score higher on these items compared to those in second- and third grade, controlling
for the underlying factor fatigue. The effect was very small and small for the two items, respectively.
Lastly, the covariate load had a statistically significant negative effect on vig3 (active) and vig4 (alert),
indicating that student-athletes with less than 10 h of training per week tend to score higher on the
item active and the item alert compared to student-athletes with more than 10 h of training per week,
given the same level of vigor (effect was small to medium). The score values of the covariances for the
different groups on the items can be found in Supplementary Materials Table S2.

Table 11. Standardized (STD) model results for the MIMIC model testing DIF with the interpretation
of effect sizes.

Indicators Covariates β S.E. p Effect Size

dep2 (unhappy) Gender 0.255 0.072 0.000 ** M
Program −0.194 0.045 0.000 ** S

dep3 (bitter) Sport 0.164 0.072 0.023 * S

dep4 (downhearted) Gender 0.287 0.075 0.000 ** M
Program −0.213 0.043 0.000 ** M

dep5 (depressed) Gender 0.182 0.064 0.004 * S

vig2 (lively) Program 0.231 0.046 0.000 ** M

vig3 (active) Program 0.143 0.033 0.000 ** S
Load −0.174 0.069 0.012 * S

vig4 (alert) Load −0.200 0.072 0.006 * M

sle2 (restless sleep) Gender 0.181 0.075 0.016 * S

str2 (cope) Gender −0.295 0.108 0.006 * M
Program 0.528 0.061 0.000 ** VL

str3 (piling) Gender −0.369 0.111 0.001 * L
Program 0.559 0.062 0.000 ** VL

str4 (nervous) Program 0.151 0.044 0.001 * S

fat2 (sleepy) Gender −0.212 0.070 0.002 * M
Level −0.090 0.045 0.047 * VS

fat3 (worn-out) Program −0.107 0.047 0.017 * S
Level −0.177 0.060 0.003 * S

Note. * = p < 0.05; ** = p < 0.001; VS = very small; S = small; M = medium; L = large; VL = very large; sym2, sym3
and sle3 were DIF-free and were not included in the table.

4. Discussion

The purpose of the present study was to translate MTDS to the Norwegian context and to test
the measurement instruments factorial validity, which is a form of construct validity [78]. Construct
validity is essential to be able to make assumptions from scale scores about the underlying construct
of interest [79]. To our knowledge, this is the first study evaluating the factor structure of MTDS
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by CFA. The main finding from the present study indicated that the alternative model with three
error covariances set as free, fitted the data very well showing a high representativeness of all the
items concerning the underlying construct of training distress. Furthermore, the MTDS-N factors
scale reliability were found to be acceptable with McDonald’s ω ranging from 0.725–0.862. After
incorporating the five covariates on the MIMIC model and the extended MIMIC model testing for DIF,
the factor structure remained unchanged and the model fit remained within acceptable values. These
results indicate that MTDS-N can be considered as an acceptable psychometric tool and appears to be
a promising measure of training distress among Norwegian athletes.

4.1. Confirmatory Factor Analysis

Similar results can be observed when comparing the factor loadings from the present study with
the results from Main and Grove [29]. For instance, the standardized factor loadings from the alternative
model in Table 6 show a similarity in depression (0.631–0.777 vs. 0.636–0.747) and vigor (0.404–0.864 vs.
0.494–0.781). The factor alert had the lowest factor loading in both this study (0.404) and in the Main
and Grove [29] study (0.494), which is in line with the low factor loading in studies where BRUMS
were translated into Chinese (<0.19) [80], Malaysian (0.46) [81], and Spanish (0.16) [82]. Furthermore,
factor loadings of physical symptoms (0.613–0.790 vs. −0.672–−0.790), sleep disturbances (804–0.856 vs.
−0.636–−0.947), stress (0.507–0.855 vs. 0.411–0.776), and fatigue (0.650–0.806 vs. −0.502–−0.785), were
also found to be quite similarly loaded. However, as shown in Table 7, the inter-factor correlations
from this study were not consistent with the Main and Grove study [29]. In the Main and Grove
study [29], the inter-factor correlations ranged from 0.041–0.437, with most correlations indicating
medium effect sizes. In the present study, the correlations ranged from 0.035–0.668, with the most
correlation indicating large to very large effect sizes. The correlations between depression and sleep
disturbances (0.460), depression and stress (0.668), depression and fatigue (0.634), physical symptoms
and fatigue (0.502), sleep disturbances and stress (0.441), sleep disturbances and fatigue (0.541), and
stress and fatigue (0.667) were statistically significant (p < 0.001) and indicated very large effect sizes
(Table 7). In the Main and Grove study [29], the only inter-factor correlation that yielded a very
large effect size was between depression and stress (0.437). The fact that there were a few relatively
high inter-factor correlations between some of the factors tells that the constructs measured can be
interrelated. For example, the statistically significant (p < 0.001) correlation between depression and
fatigue (0.634) indicates that when the value of depression increases, the value of fatigue also tends to
increase. According to Puffer and McShane [83], depression and fatigue are symptoms that can be
used interchangeably by athletes to describe their symptoms and feelings. Furthermore, fatigue and
depression tend to be comorbid, and it has been reported that at least 30% of young people with chronic
fatigue syndrome also have symptoms of depression [84]. A study by Boolani and Manierre [85]
reported that depression is a predictor of long-standing feelings of fatigue in a non-athlete convenience
sample [85]. Further, a statistically significant (p < 0.001) result was found between depression and
stress (0.668). Previous studies have found statistically significant correlations between high levels of
depressive symptoms and high levels of chronic stress in athletes [86,87] and women [88]. According
to Brown [60], factor correlations that exceed 0.80 or 0.85 are often used as a criterion to define poor
discriminant validity. In the present study, none of the correlations met this criterion; hence we can
assume that the discriminant validity of the factors is good. The inter-factor correlations indicate that
the domains of training distress should be regarded as factors measuring different but related aspects
of training distress. This can be due to that MTDS is based on three different questionnaires, such as
PSS [42], the 24-item Brunel Mood State Scale (BRUMS) [43], and a checklist of 19 symptoms of acute
overtraining [44]. Nevertheless, the results from this study support the notion that the six factors can be
regarded as substantially unique, as was described by Main and Grove [29], where they identified six
conceptually distinct factors. In detail, the factors depression, vigor, and stress were representative of
measures associated with psychological overload. The factors physical symptoms, sleep disturbances,
and fatigue reflected physical and behavioral complaints associated with training distress. As such, the
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findings from Main and Grove [29] identified depressed mood, reduced vigor, and perceived stress as
important psychological indicators of training distress. Further, their findings confirmed that physical
symptoms, sleep disturbances, and general fatigue were behavioral correlates of training distress.

Scale Reliability

The scale reliability for the factors in MTDS-N was also acceptable with McDonald’s ω ranging
from 0.725–0.862. To our knowledge, no other studies have used McDonald’s ω regarding scale
reliabilities for the MTDS factors. However, other studies have reported Cronbach’s α. The internal
consistency presented by Main and Grove [29] showed values of α ranging from 0.72–0.86, and the
six-factor solution accounted for 67.01% of the common item variance. The following Cronbach’s α
has been reported from a study on alpine skiers: depressed = 0.84, vigor = 0.76, physical symptoms
= 0.50, sleep disturbances = 0.87, stress = 0.81, and fatigue = 0.80 [35]. Another study reported the
overall internal consistency as α = 0.90 [89]. Other studies that have used the MTDS have not reported
values of α, or any other measure of scale reliability [31,33,34,36]. Collectively, the scale from the
present study constitutes high scale reliability when compared with other studies that have used the
same instrument. However, it is important to keep in mind the limitations that are associated with
Cronbach’s α as it has been found to underestimate or overestimate the scale reliability depending on
measurement parameters [63]. Hence, it does not provide a dependable estimate of scale reliability,
and for this reason, the McDonald’sωwith CIs has been recommended and applied in this study to
estimate scale reliability based on the results of CFA [52,64–66].

4.2. Estimating Group Differences in Latent Variables

The MIMIC model was conducted to investigate whether factor means were different between
groups and to assess the effect of covariates on the factor structure and goodness of fit. The results
from the present study indicated that the estimated factor structure remained unchanged and the
model fit remained within acceptable values (χ2 = 808.872, p-value of χ2 < 0.001, RMSEA = 0.057 (90%
CI: 0.052–0.061), CFI = 0.897, TLI = 0.871, and SRMR = 0.055) after incorporating the five covariates
to the model. Further, the analysis indicated statistically significant differences in factor scores for
gender on the factors of depression, physical symptoms, sleep disturbances, stress, and fatigue. The
statistically significant effect of gender on the MTDS-N factors represent population heterogeneity;
that is, the factor means are different at different levels of the covariate gender [60]. Population
heterogeneity in MTDS has also been reported showing that females have overall higher scores than
males, indicating differing mood disturbances between the genders [32,90]. The MTDS is a recently
developed ASRM instrument and hence less investigated [28]; however, similar results regarding
gender differences for PSS, which include some of the same symptoms as in the MTDS, have been
reported. Those results indicate that women tend to score significantly higher on PSS scores compared
to men [91]. Further, a prospective study on young elite athletes revealed that females reported
more stress and more depressive symptoms, compared to males [92]. Interestingly, there were no
statistically significant differences in vigor factor scores for gender, indicating invariance in the factor
means. Hence, the probability of a student-athlete receiving an observed score is not dependent on the
individuals’ gender, but the individuals’ true score [93]. Nevertheless, research shows that females most
often score consistently higher than males on instruments measuring negative characteristics [94–96].
The finding from the present study corresponds with previous research [94–96], where population
heterogeneity was found for the negative symptoms and not for the positive symptoms from the factor
vigor. However, it is not clear whether this trend is a result of reasonable gender differences in terms of
the latent constructs being measures or caused by other secondary factors [94]. According to Terry,
et al. [97], there are a number of theories and empirical attempts to explain gender disparity, among
others, these differences are artifacts of measurement bias and not true differences between males and
females. An artifact explanation is based on the hypothesis that males may be less willing than females
to admit negative symptoms [98]. Thus, rates of the negative symptoms may be equivalent in males
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and females; however, depressive symptoms are perceived as less masculine, which could result in
males unwillingness to report such symptoms [99–101]. The indication of gender differences suggests
that caution should be taken if group comparison is the intended purpose when using the MTDS-N
among student-athletes.

The results of the present study showed a statistically significant difference in physical symptoms
factor scores for the type of sport, suggesting that participants from individual sports tend to score
lower on physical symptoms compared to participants from team sports. This finding is not in
line with previous research where it has been reported that athletes from individual sports are
more likely to report anxiety and depression compared to team sport athletes [102–104], which is
explained by the fact that team sports athletes, throughout adolescence, tend to have a protective effect
against depressive symptoms compared to individual sport athletes [105]. Conversely, no statistically
significant differences were observed for depression, vigor, sleep disturbances, stress, and fatigue
(Table 10), which are in line with findings from Birrer, et al. [106], indicating no statistically significant
differences in the prevalence of training distress and overtraining syndrome between individual sport
and team sports. A potential explanation for this finding can be linked to differences in the practice
of sport in a given country. Differences between countries exist based on the nation’s geographical,
economic, social, historical, political, and cultural profile [107–109].

Regarding the covariate hours of training, results indicated statistically significant differences in
factor scores of physical symptoms. There were no statistically significant differences in factor scores for
the other factors in MTDS-N. Although the effect was small, this result suggests that participants with
fewer hours of training per week tend to score lower on physical symptoms compared to participants
with more hours of training per week. Previous research has indicated a clear effect of training load
on soreness and neuromuscular fatigue in rugby athletes [110]. Another study revealed that muscle
soreness is moderately related to the daily training load in professional soccer players [111]. Training
and competition load results in temporary decrements in physical performance and significant levels of
post-competition fatigue [10]. These decrements have been explained by increased muscle damage [11],
reduction in the effectiveness of the immune system [12], an imbalance in anabolic and catabolic
processes in the body [13], athlete mood disturbance [14], and a reduction in the neuromuscular
effectiveness [15].

The covariate school program was a statistically significant positive predictor for the factors of
depression, physical symptoms, stress, fatigue, and a statistically significant negative predictor of vigor.
Hence, indicating that participants attending the school program specialization in general studies tend
to score lower on depression, physical symptoms, stress, and fatigue compared to those attending the
school program sport and physical education. Contrary, participants attending the school program
specialization in general studies tend to score higher on vigor compared to those attending the school
program sport and physical education. This could be explained by the fact that, in Norway, athletes
attending the school program sport and physical education have more subjects involving physical
training compared to students attending specialization in general studies. Further, the finding can
be linked to the statistically significant result regarding the covariate hours of training, suggesting
that participants with more hours of training per week tend to score higher on physical symptoms
compared to participants with fewer hours of training per week.

School level was a statistically significant positive predictor for the factor depression and vigor,
indicating that student-athletes in first grade tend to score lower on depression and vigor, compared
to student-athletes in second- and third grade. Previous research has indicated that freshmen (first
year) and sophomores (second year) have higher training distress scores compared to juniors (third
year) and seniors (fourth year), and for this reason, year in school has been identified as a possible
variable that could serve as an indicator of training distress [32]. A study by Gustafsson, et al. [112]
that used the Profile of Mood States (POMS) [113] discussed that vigor might be an important indicator
of maladaptation and NFOR. For example, fatigue is more sensitive and captures general training
fatigue, whereas a decrease in vigor might indicate a more severe state. According to Meeusen, Duclos,
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Gleeson, Rietjens, Steinacker and Urhausen [9], when the balance between training and recovery is
not sufficiently respected, symptoms of prolonged training distress, including decreased vigor, will
occur, leading to NFOR. However, a possible explanation of the results of vigor in this study could be
attributed to the fact that the student-athletes in the first grade are fresh comers and not adapted to
the increased training load, suggesting that school coaches and club coaches should pay attention to
the total training load for fresh student-athletes. Another potential explanation for decreased vigor
among student athletes in first grade might be due to biological reasons. Boolani, et al. [114] found
that feelings of vigor are associated with mitochondrial function, which is usually lower in people who
are not as well trained and those who are younger and do not have as much muscle mass. Further,
their findings suggest that vigor is associated with normalized resting metabolic rate, which is usually
higher in those who are not well trained [114].

4.3. Estimating Group Differences in Factor Indicators

The extended MIMIC model was conducted to investigate if there existed DIF in the responses of
MTDS-N by examining the effect of covariates on factor indicators (i.e., items) and to assess if DIF
would have an effect on the factor structure and goodness of fit. Such analysis can be considered as an
extended method of construct validity, taking variables outside the questionnaire into account [115].
The main findings indicated that the estimated factor structure remained unchanged and the model
fit remained within acceptable values (χ2 = 414.661, p-value of χ2 < 0.001, RMSEA = 0.043 (90% CI:
0.038–0.049), CFI = 0.958, TLI = 0.925, and SRMR = 0.036). However, the results indicated that 13 of 22
items exhibited statistically significant DIF. Responses to scale items were mostly affected by gender
(seven DIF) and school program (eight DIF). However, the impacts of gender and school program on
item responses were not systematic across the item set (i.e., four of seven items exhibited positive DIF
for gender and five of eight items exhibited positive DIF for school program). The effect of the school
program on item response was notable because two of the items (str2 and str3) were very large in
magnitude (β > 0.50). The results of DIF in the present study indicate that the MTDS-N items functions
differently for different groups; that is, they have a different probability of giving a certain response
to the corresponding item given the same underlying factor score [116]. However, investigating the
CFA factor loadings indicates that DIFs have been canceled out at the total test score. This means that
while males and females have seven DIF and participants attending the school program specialization
in general studies and participants attending the school program sport and physical education have
eight DIF, differences were small in magnitude and their effect on the sociability dimension were
negligible (Table 11). What are the practical consequences of the DIF in MTDS-N? Whether bias matters
depends not just on the amount of bias, but also the purposes of the researcher [117]. Hence, one could
shift the question from “is the test biased?” to “does the amount of bias in the test matter?”. This
shifting is especially vital because DIF would be detected in all items of all scales with sufficiently large
samples [117]. In the present study, most of the statistically significant DIF was small in magnitude
(Table 11). Borsboom [117] considers three possible uses of the test score. Firstly, if a researcher is
interested in comparing means, biasing effects may be negligible if they are small in magnitude. Thus,
violations of measurement invariance do not need to be a serious threat to validity. Secondly, if a
researcher is interested in comparing within-group relations, bias may be entirely irrelevant. Finally, if
the purpose is to select specific individuals (e.g., selection of diseases), then measurement invariance is
a necessary condition for fair selection. However, further investigations are recommended to produce
a more nuanced picture of the presence of DIF in the MTDS-N. If the scale is to be modified, different
authors have proposed solutions to handle the presence of DIF in practice [118]. According to the
authors of the review, researchers have recommended to split items exhibiting DIF to calibrate them in
each group separately when the scale is used in a study; to remove items exhibiting DIF from the scale;
or reformulate items exhibiting DIF [118].

The results from the present study must be considered in light of some limitations. First, data
are based on self-report, which can result in response bias [20,119]. Additionally, the purpose of this
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study was to investigate the psychometric properties of the Norwegian version of MTDS, and therefore
the data was collected at a single time point. Hence, a longitudinal approach would be ideal for
investigating the perceptions captured by the MTDS-N over time. Regarding the choice of statistical
analysis, the MIMIC model can only test non-invariances in factor means and item intercepts. To test
non-invariance in factor loadings, factor variances, and measurement error variances, a multigroup CFA
would be preferable. However, the MIMIC model has some advantages compared to the multigroup
CFA. First, it does not require a large sample size. Further, it is possible to include continuous measures
for the covariates in the MIMIC model, which is not appropriate for multigroup CFA [52].

5. Conclusions

The main objective of the present study was to examine the validity and reliability of the translated
English version of MTDS into the Norwegian language to be able to assess the psychometric properties
among Norwegian student-athletes. The alternative CFA model reported in this study yielded
acceptable fit indices and strong scale reliability, indicating the suitability of the MTDS-N to be used
in a Norwegian population to assess student-athletes training distress. There were indications of
group effects, suggesting that different groups could score differently on the MTDS-N. Thus, caution is
required if group comparison is the intended purpose when using the MTDS-N among student-athletes.
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Abstract: Puberty and the onset of menarche influences the motor performance of girls. However,
the magnitude of these influences during varying maturity status, is not clear. This longitudinal
study over two years aimed to investigate differences in motor fitness between early and late
developing girls based on pre- and post-menarche status. A convenience sample (n = 58) of girls aged
13.51 ± 3.51, divided by means of the Status Quo method into pre (n = 13) and post-menarche (n = 45)
groups, was used. Motor fitness was tested once annually by standardized protocols. Basic statistics,
independent t-testing and a repeated measures ANOVA with a post hoc Bonferonni correction
were used (p < 0.05 = statistical significance). Effect sizes were determined by Cohen’s d-values.
Only explosive upper body strength differed significantly between groups during baseline, favoring
post-menarche girls. Initially, post-menarche girls showed advantages in hand-eye coordination
and speed (p > 0.05) with pre-menarche girls performing better in agility and explosive leg strength
(p > 0.05). At 15.51 years, no significant, between-group differences were found. Pre-menarche girls
surpassed post-menarche girls in hand-eye coordination and 0–40 m speed and post-menarche girls
displayed higher explosive leg and upper body strength scores (p > 0.05). Our data show that the
potential to excel in sport based on motor capabilities can only be accurately estimated 1–2 years
after reaching menarche.

Keywords: growth; longitudinal; menarche; motor capabilities

1. Introduction

Differential timing of the onset of menarche has various consequences for girls [1–10].
Understanding these effects, especially on the physical and motor abilities of girls, can pro-
vide coaches, physical education teachers and others involved in the health and well-being
of adolescent girls, with valuable insight into the physiology of young girls, especially the
potential effects of early and late exposure to sex hormones on their motor and physical
abilities [1,2]. In this regard, researchers [3,4] report that the largest variation in sexual
maturity among girls is found between the ages of 12 and 16 years, showing clear associa-
tions with anthropometric characteristics and motor fitness [5]. Due to menarche being
associated with various physical changes that occur during puberty [6], researchers have
described differential age of onset of menarche as a risk factor for a number of adverse
health outcomes, including obesity [7], type 2 diabetes [8] and cardio-metabolic traits [9],
all mostly associated with girls who reach menarche at a young age (early developing
girls). In addition, the timing of the onset of menarche also influences the development
of motor and physical fitness capabilities of adolescent girls which has consequences for
sport performance [10].
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Menarche, which is reached during puberty (11.8 to 13 years), on average at the age
of 12.8 years [11,12] is a critical milestone in female’s journey to adulthood, from both
a socio-cultural and medical perspectives [13]. Age of menarche, which occurs about
6 months to 1 year after reaching the maximum growth spurt or peak height velocity
(PHV) [12,14], is not rigid and is influenced by a variety of factors, such as genetic factors,
nutrition and health status [15,16]. The menstrual cycle is comprehended as a biofeedback
system; therefore, each structure and or gland is affected by the activity of the others [17].
The onset of menarche, in turn, directly affects the physical and motor capabilities of girls
which have consequences, specifically, for those who participate in sport [11]. The time
period of puberty induces critical morpho-functional transitions across the adolescence
period [18]. These changes influence anthropometric characteristics and body composition
(height, weight, body fat and muscle mass) which again affects motor performance (speed,
agility, explosive power, hand-eye coordination and muscle strength) of girls [11,19] and
subsequently, sport performance [11,20–24]. More specifically, speed, agility and explosive
power are directly influenced by body dimensions such as sitting height and arm span [11].

The literature, however, indicates that biological maturity is not the only role player
in girls’ motor development, as biological maturity for example only accounts for approx-
imately 2.8% of variation in girls’ coordination. Literature also indicates that anaerobic
improvement still occurs after puberty indicating that biological maturity plays a signifi-
cant role in speed [11]. In this regard, peak development in muscle strength and endurance,
which is directly related to speed and agility, commences approximately 0.5–1 years after
reaching PHV [11].

Various studies that focused on changes in girl’s motor and physical capabilities during
adolescence have been conducted globally [25–36] although to a lesser extent in South
Africa [22,27,32–40]. Results from the above studies concluded that motor capabilities are
influenced by biological maturity, although neurological development and fitness and
sport training also showed influences. However, biological maturity differences related
to the age of onset of menarche were not the main differential factor in these analyses.
Furthermore, contradictory results regarding the influence of menarche on girl’s motor
capabilities are also found, where some research [11] reports no correlations between peak
motor development before, during and after menarche in relation to the onset of menarche,
while others found [22] significant differences between early, middle and late developing
girls. Results of the studies that were reviewed indicated that physical and motor fitness are
influenced in different ways by biological maturation during puberty. Most of these studies
are older than 10 years old, which questions the relevance of the findings for modern
populations. In addition, limited studies analyzed influences of varying menarche status
(or the phenomena of early and late development) on motor fitness longitudinally. This
background identifies gaps in the literature regarding the understanding of pathways of
change in motor fitness as a result of the interrelatedness of different human systems, more
specifically, how the differential timing of menarche status will affect the motor fitness
capabilities of early and late developing girls.

Consequently, as it can take up to ten years to reach elite performance in a particular
sport [41] and as late menarche occurrence seems to favor athletic performance [22,42]
it is important to understand developmental motor fitness pathways in girls of differing
maturity status especially during the mid to late adolescence period. Such knowledge can
aid the process of identifying girls with true sporting potential during this time period
or earlier to ensure optimal development. Furthermore, knowledge in this regard will
aid coaches and trainers to address maturational differences to the benefit of all girls of
similar chronological ages. This can aid the implementation of physiologically sound
long-term athlete development plans that will address the developmental needs of all girls,
especially late maturing girls, who will most probably be the sporting stars in the future.
The aim of this study is therefore to investigate the extent of developmental differences
in speed, agility, explosive power and coordination in pre (or late developing) and post-
menarche (or early developing) girls by studying it over a longitudinal period during the
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mid-adolescence period. Findings from the study will aid in a better understanding of the
influence of the phenomena of menarche on girls’ explosive upper body strength, hand-eye
coordination, explosive leg strength, agility and speed development. This understanding
can then contribute to the compilation of sport development programs that are aligned
with girls’ maturational status. In addition, the results of this study can contribute to a
more accurate selection of girls during the mid-adolescent period who have the potential
to excel in sport, based on motor specific characteristics.

2. Materials and Methods
2.1. Research Design

This study is a sub-study of the longitudinal project “Growth and sport psychological
characteristics of talented adolescents” that was conducted over a two-year follow-up
period spanning a 3-year school period (2010–2012). The data were collected using anthro-
pometric and motor tests as well as questionnaires. Anthropometric measurements took
place three times a year (four months apart) with the motor tests measured once annually.
Baseline measurements were taken in February 2010 and the last measurements took place
in November 2012, resulting in nine time-point measures for growth (T1–9) and three-time
point follow-up measures for motor fitness skills (T1, T2, T3). This time period includes
girls between the ages of 13 and 16 years of age.

2.2. Research Group

The participants were recruited by means of convenience sampling. All grade 8 learn-
ers of one quintile 5 school (quintile 1 = low socio-economic quintile, to quintile 5 = high
socio-economic quintile) in Potchefstroom in the Northwest Province of South Africa were
invited to take part in the study. Since the school had boarding facilities, all grade 8 learners
enrolled in 2010 represented 46 different primary schools. In 2010, 95 girls with a mean
age of 13.73 + 0.48 years participated in the baseline measurements. The final group, who
completed all follow-up measurements in November 2012, consisted of 58 girls with a mean
age of 16.27 ± 0.36 years. A power calculation indicated that group sizes of 14 participants
are needed to observe medium effects of differences. The loss of subjects to follow-up
were 37 girls (38%) due to various reasons including parents of children moving elsewhere,
children moving between schools or incomplete datasets.

2.3. Ethical Approval

Ethical approval for the execution of the study based on the Declaration of Helsinki
was obtained from the Health Research Ethics Committee of the North-West University’s
Potchefstroom Campus (NWU 00199-15-A1). Permission for the project was also obtained
from the principal of the school involved. Learners who had parental permission and who
gave assent themselves were subjected to the testing protocol.

2.4. Measuring Instruments

All measurements were conducted by trained researchers from the North-West Uni-
versity. Post graduate students in Human Movement science, specializing in Sport Science
and Kinderkinetics assisted in the data collections. These students were trained intensively
beforehand on the standardized processes that had to be followed. All of them also had
Level 3 certification in Kinatropometry measurements. The principle investigator of the
study oversaw all data aspects of the data collection to ensure valid and accurate data at
each time point of the follow up period.

Age of Menarche

The age of menarche was determined by the Status Quo method [37,43] during the
baseline measurements of each year in February in 2010, 2011 and 2012 (T1, T2 and T3).
The girls had to indicate on a questionnaire by selecting YES or NO whether they have had
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their first menstrual cycle on or before the date of testing. If they have answered YES, they
also had to indicate the month and year when their first menstrual cycle had started.

A high percentage of the final group (77%, n = 45) already reached menarche during
the baseline measurement in grade 8 (2010) at a mean age of 13.51 years. For the purpose of
this study, the group was divided into a pre-menarche group (n = 13) and post-menarche
group (n = 45) according to the menarche status at baseline. All comparisons were done
based on this grouping.

2.5. Motor Measurements

The Australian Sport Search Program protocol commonly used in Australia for sports
talent identification in children of 12 years and older was used [44]. The test protocol
involves six motor tests (beep test, basketball throw, 40 m speed test, 10 m agility test,
vertical jump and throw-and-catch-test). All motor tests were conducted according to this
protocol. In addition, girls 0–10 m speed were also tested. To obtain more details regarding
the methods use, please refer to Gerber et.al [45].

2.6. Body Composition

The protocol as developed by the International Society for the Advancement of Kinan-
thropometry (ISAK) was used for stature and body weight measurements [46]. Stature was
measured by using a standardized calibrated stadiometer and body weight was measured
by means of an electronically calibrated scale (Omro BF 511). Body weight in kilograms
divided by height in meters squared or, BMI = x KG/[y M (×) y M] (x = bodyweight in KG,
y = height in M) were used to calculate BMI. Percentage fat mass and muscle mass were
measured with an electronically calibrated bio-impedance, body composition apparatus
(Omro BF 511). Accuracy of the Omron models differs from model-to-model (+3.5 and
4.1%) based on the Standard Estimation Error (SEE). The SEE indicates that 68% of all
measurements for different users are accurate within 3.5–4.1%, relative to body fat percent-
age (kg/m2). (https://www.omron-healthcare.com/en/products/weightmanagement,
accessed on 15 March 2021). Unfortunately, no data were available for baseline muscle
and fat mass measurements due to the measurements obtained from the body composition
analyzer only being available from the second year of the study as a result of unforeseen
circumstances (T2). BMI was, however, calculated and reported for T1 from mass and
stature measurements.

2.7. Statistical Analysis

The data were analyzed with the “Statistica for Windows 2017” Statsoft computer
program [47]. Descriptive characteristics, including means, standard deviations (sd) and
minimum and maximum values were calculated. The data were firstly checked for normal-
ity. By checking the distributions of the variables, no serious deviations of normality were
detected. Independent t-testing were used to determine group differences in motor fitness
characteristics at each time point with statistical significance set at p < 0.05. Effect sizes
of these differences were also calculated to determine practical significance of differences
using Cohen’s d-values with d > 0.2 indicating a small effect size, d > 0.5 a medium effect
size and d > 0.8 a large effect size [48].

Repeated measures ANOVA was used to analyze changes in motor skills and capabili-
ties over time followed by a post hoc Bonferonni adjustment to determine the statistical
significance of group differences over time as well as the interaction effect over time, with
statistical significance set at p < 0.05 (p < 0.05).

3. Results

Table 1 reports the group’s baseline and follow-up descriptive characteristics.
Fifty-eight girls, that included the pre-menarche (n = 13, 23%) and post-menarche

group (n = 45, 77%) completed all measurements. Although the pre- and post-menarche
groups as divided at baseline, were used for all analysis, 91% (T2) and 98% (T3) of the
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group had reached menarche respectively during follow-up measurements. No significant
age differences (0.01 years, p > 0.05) were found between the groups during baseline
measurements, with a mean group age of 13.51 years at baseline.

Table 1. Descriptive characteristics of the pre- and post-menarche groups.

Year 1 (T1) Year 2 (T2) Year 3 (T3)

N Mean Age ± SD N Mean Age ± SD N Mean Age ± SD

Group 58 (T1) 13.51 ± 3.5 58 (T2) 14.51 ± 3.51 58 (T3) 15.51 ± 3.51
Pre-menarche 13 (T1) 13.52 ± 3.58 13 (T2) 14.52 ± 3.58 13 (T3) 15.52 ± 3.58
Post-menarche 45 (T1) 13.51 ± 3.53 45 (T2) 14.51 ± 3.53 45 (T3) 15.51 ± 3.53

T1 = Year one (Gr8); T2 = Year 2 (Grade 9); T3 = Year 3 (Grade 10); N = number of subjects.

Table 2 displays the body composition (fat and muscle mass percentage) of the sub-
groups during the first and second follow-up measurements. Unfortunately, no data were
available for baseline muscle and fat mass measurements due to the body composition
analyzer only being introduced during T2. A lower BMI at all three time points and higher
muscle mass and lower fat mass were found in the pre-menarche group during T2 and T3.
Group differences in fat mass decreased from T2 (4.82%; p < 0.05, d = 0.68) to 2.71% (p > 0.05;
d = 0.31). Differences in muscle mass of the groups stayed unchanged from T2 to T3. Group
differences were also only of small to medium practical significance. BMI differences
between groups were borderline statistically significant (p = 0.06) during baseline, although
became insignificant at T2 and T3. These differences in BMI were of medium practical
significance during T1 (d = 0.60), but declined to small practical significant differences
during T2 (d = 0.35) and T3 (d = 0.25).

Table 2. Body composition differences between pre- and post-menarche groups during T2 and T3.

Pre Post Difference p-Value d-Value

T1 (Grade 8)

BMI ∆ 19.59 + 3.50 21.79 + 3.73 2.2 0.06 I 0.60 ##

T2 (Grade 9)

Fat % 21.02 ± 7.62 25.84 ± 6.45 4.82 0.02 * 0.68 ##

Muscle % 34.90 ± 2.63 33.38 ± 2.33 1.25 −2.02 0.61 ##

BMI 21.02 ± 4.07 22.36 ± 3.36 1.34 0.23 0.35 #

T3 (Grade 10)

Fat % 26.26 ± 10.01 28.97 ± 7.54 2.71 0.29 0.31 #

Muscle % 40.24 ± 5.68 38.98 ± 4.25 1.26 0.39 0.25 #

BMI 21.65 ± 3.78 22.49 ± 2.91 0.84 0.39 0.25 #

T1 = Baseline measurements (Grade 8); T2 = First follow up measurement (Grade 9); T3 = Second follow up
measurement (Grade 10); Pre = Pre-menarche; Post = Post menarche; * = Statistical significance (p < 0.05); I =
Borderline significant 0.05 < p > 0.07; # = small effect size (d > 0.2); ## = medium effect size (d > 0.5); ### = large
effect size (d > 0.8). Note ∆ BMI at T1 was calculated from mass and stature.

Table 3 shows the descriptive characteristics and the statistical and practical signifi-
cance of group differences in motor fitness capabilities. Post-menarche girls outperformed
the pre-menarche girls in four of the six motor tests during baseline (T1), including EUBS,
HEC, 0–10 m and 0.40 speed (Table 3). However, only the difference of 0.59 m in EUBS was
of statistically significance (p = 0.01, d = 0.80). All other differences were only of practical
significance in HEC (catches = 0.76, d = 0.17), 0.10 m speed (0.05 s, d = 0.27) and 0–40 m
speed (0.17 s, d = 0.27) (Table 3).
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Table 3. Motor fitness characteristics and differences between the pre- and post-menarche groups at T1, T2 and T3.

Pre-Menarche
(n = 13)

Post-Menarche
(n = 45)

Significance of
Differences

TP M ± SD Min Max M ± SD Min Max Diff p-Value d-Value

Explosive upper body strength (EUBS) (m) (Maturity group * Time F = 2.65; p = 0.11)

T1 4.65 ± 0.83 3.1 6.18 5.24 ± 0.63 4.05 6.72 0.59 0.01 * 0.80 ###

T2 5.42 ± 0.97 4.2 7.2 5.58 ± 0.57 4.5 7 0.12 0.58 0.15
T3 5.34 ± 0.80 4.04 6.73 5.60 ± 0.63 4.2 7.1 0.26 0.23 0.36 #

Explosive leg strength (ELS) (cm) (Maturity group * Time F = 0.02; p = 0.87)
T1 32.57 ± 4.16 26 39 31.23 ± 5.77 18.5 45 1.34 0.43 0.26 #

T2 29.80 ± 8.60 19 42.5 29.13 ± 7.96 16.5 51.5 0.67 0.79 0.08
T3 31.43 ± 6.98 21 41.5 33.97 ± 6.06 22 48.2 2.54 0.2 0.38 #

Agility (s) (Maturity group * Time F = 0.06; p = 0.80)
T1 20.46 ± 1.22 18.57 22.43 20.72 ± 1.27 18.02 24.88 0.26 0.52 0.20 #

T2 19.23 ± 1.35 17.87 22.91 19.23 ± 1.86 16.37 24.71 0 0.99 0
T3 20.53 ± 1.31 18.24 22.32 20.62 ± 1.28 18.84 24.27 0.09 0.83 0.06

Speed (0–10 m) (s) (Maturity group * Time F = 0.53; p = 0.47)
T1 2.18 ± 0.15 1.92 2.45 2.13 ± 0.14 1.9 2.54 0.05 0.3 0.34 #

T2 3.67 ± 0.62 1.9 4.28 3.50 ± 0.59 1.78 4.34 0.16 0.42 0.28 #

T3 2.13 ± 0.15 1.88 2.39 2.12 ± 0.11 1.9 2.41 0.01 0.79 0.07
Speed (0–40 m) (s) (Maturity group * Time F = 0.04; p = 0.84)

T1 7.12 ± 0.61 6.17 8.39 6.95 ± 0.64 5.81 8.9 0.17 0.39 0.27 #

T2 6.88 ± 0.69 5.87 8.04 6.74 ± 0.63 5.67 8.61 0.14 0.5 0.21 #

T3 6.75 ± 0.70 5.84 8.15 6.80 ± 0.63 6 8.59 0.05 0.82 0.07
Hand-eye coordination (HEC) (n) (Maturity group * Time F = 0.41; p = 0.52)

T1 4.84 ± 4.45 0 14 5.60 ± 4.08 0 15 0.76 0.56 0.17
T2 6.15 ± 4.68 0 14 8.06 ± 5.02 0 20 1.91 0.22 0.39 #

T3 5.61 ± 4.53 0 12 5.46 ± 4.02 0 16 0.15 0.88 0.04

TP = Time points; T1 = Baseline measurements (Grade 8), T2 = First follow up measurement (Grade 9); T3 = Second follow up measurement
(Grade 10); Pre = Pre-menarche; Post = Post menarche; M = Mean values; SD = Standard deviation; * = Statistical significance (p < 0.05);
Practical significance # = small effect size (d > 0.2); ## = medium effect size (d > 0.5); ### = large effect size (d > 0.8).

At T2, the, post-menarche group still displayed slightly higher mean values in EUBS,
HEC, 0–10 m and 0–40 m speed (p > 0.05) with pre-menarche having a slight advantage
in ELS (p > 0.05) (Table 3). No difference was evident in the agility scores of the groups
(Table 3). Differences between the groups also declined (p > 0.05) in EUBS (0.12 m), ELS
(0.67 cm), agility (0.00 s) and 0–40 m speed (0.14 s), although it increased in HEC and
0–10 m speed. These differences between the groups at T2 were only of small practical
significance for 0.10 m speed (d = 0.28), 0–40 m speed (d = 0.21) and HEC (d = 0.39) (Table 3).

At T3, no statistically significant group differences were evident, although the dif-
ferences in the strength tests, EUBS (d = 0.36) and ELS (d = 0.36), showed small practical
significance (Table 3). Post-menarche girls caught up and surpassed the pre-menarche
group in ELS where the difference of 2.54 cm (T3) between the groups also increased from
0.67 cm during T2 to T3 (p > 0.05, d = 0.38) (Table 3). The post-menarche group still showed
more favorable EUBS where between groups differences increased with 0.26 cm from T2 to
T3 (p > 0.05, d = 0.36) (Table 3). The post-menarche group also showed a slight advantage
in 0–10 m speed as the between-group difference of 0.01 s decreased further to similar
values from T2 to T3 (p > 0.05, Table 3). The pre-menarche group, however, caught up and
surpassed the post-menarche group during T3 in HEC (+0.15 catches) and 0–40 m (−0.05 s)
speed although these both these differences were insignificant on a practical (d < 0.2) and
statistical level (p > 0.05) insignificant. The pre-menarche group still showed slightly lower
agility values although the difference of 0.09 s between groups increased slightly from T2
to T3, although still statistically insignificant (Table 3). Maturity group differences over
time were insignificant for all motor skills (p > 0.05) (Table 3).

Table 4 reports the significance of changes in motor capabilities between measure-
ments. Although various changes between measurements were of statistical significance,
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only changes in explosive upper body strength and 0–40 m speed in both groups and ex-
plosive leg strength in the post-menarche group were of significance from T1–T3 (Table 4).
This contributed to evidence portraying that the pre-menarche group catching up and
surpassing the post-menarche group in HEC and 0–40 m speed. Their larger increase in
EUBS could not, however, result in them catching up to the post-menarche group (Table 3).
Larger changes in ELS of post-menarche girls contributed to them surpassing pre-menarche
girls during T3 although they could not catch up with pre-menarche girls in agility after
showing a bigger increase as well (Table 4). Overall, the means in the different tests over
this follow-up period portray that the pre-menarche groups’ motor performance, was
lagging that of the post-menarche group with approximately two years. This is evident
from the similar values that the pre-menarche group obtained at T3 compared to the values
that were obtained by the post-menarche group at T1.

Table 4. Significance of changes in motor fitness characteristics of pre- and post-menarche groups.

T1–T2 T2–T3 T1–T3

Pre Post Pre Post Pre Post

Explosive upper body strength 0.81 * 0.34 * −0.12 0.02 0.69 * 0.36 *
Explosive leg strength −2.77 −1.9 1.63 4.75 * −1.14 2.85 *

Agility −1.23 * −1.38 * 1.30 * 1.24 * 0.07 −0.14
Speed (1–10 m) 1.42 * 1.36 * −1.45 * −1.38 * −0.03 −0.02
Speed (0–40 m) −0.23 * −0.17 * −0.04 0 −0.27 * −0.17 *

Hand-eye coordination 1.31 2.46 * −0.54 −2.64 * 0.77 −0.18
* = Statistical significance (p < 0.05); T1 = Baseline measurements (Grade 8), T2 = First follow-up measurement
(Grade 9); T3 = Second follow-up measurement (Grade 10); Pre = Pre-menarche; Post = Post-menarche.

Table 5 presents the results of interaction effect between the groups over the three
time points (T1–T3) derived from a repeated measures ANOVA. Interaction effects over
time points were only significant for explosive upper body strength [F (2.112) = 5.9670,
p = 0.00345], although marginally significant for explosive leg strength [F (2.108) = 2.7179,
p = 0.06986] (Table 5).

Table 5. Interaction effects between pre- and post-menarche groups over time of.

Variable Interaction Effect

Explosive upper body strength F (2.112) = 5.9670, p = 0.00345
Hand-eye coordination F (2.112) = 2.2069, p = 0.11480

Vertical jump F (2.108) = 2.7179, p = 0.06986
Agility F (2.98) = 0.12702, p = 0.88086

Speed 0–10 m F (2.92) = 0.10077, p = 0.90424
Speed 0– 40 m F (2.100) = 0.54467, p = 0.58174

p = statistical significance set at p < 0.05.

4. Discussion

The objective of this study was to determine if differences exist in explosive power,
speed, agility and hand-eye coordination of girls with differing menarcheal status over a
two-year follow-up period. This aim was investigated by comparing pre (or late develop-
ing) and post-menarche (or early developing) girls longitudinally over time, based on their
menarche status at baseline (February of Grade 8) when they had a mean age of 13.51 years.

Developmental differences between the pre- and post-menarche groups was found to
be relatively small and mostly insignificant in speed, agility and hand-eye coordination.
This finding agrees with most other studies, as reviewed by Malina et al. [11], that also
reported similar findings. This finding is most probably attributable to the groups being
already late in their pubertal phase with most of the participants (n = 45, 77%) having
already reached menarche at baseline (T1) (Table 1). A large percentage (<38%) of the
post-menarche group were also in their menarche phase for a considerable time as 4.4%

234



Int. J. Environ. Res. Public Health 2021, 18, 5539

reached menarche at 10 years, 2.2% at 11 years, 31.1% at 12 years and 60% at 13 years
and only 2.2% at 14 years. Of the pre-menarche group, 9 (93%) reached menarche during
Grade 9 (T2) at 14.51 years and all but one (98%) of this group before (T3) in their grade
10 year at the mean age of 15.51 years.

The post-menarche girls showed slightly more favorable results in the 10 m and 40 m
speed although differences between the groups were insignificant. These differences were
of small practical significance at 13.51 years (10 m and 20 m speed) and at 14.51 years for
40 m speed. The largest, although also insignificant differences (p > 0.05) were found in
10 m speed during T2 at a mean age of 14.51 years and in 40 m speed during T1 at a mean
age of 13.51 years. These results coincide with the findings of Van den Berg et al. [22] who
also found insignificant differences between 14-year-old girl tennis players of differing
maturity levels in 10 m speed. Our study also showed similar non-significant differences
in agility with the largest, mean differences (p > 0.05) found during T1, favoring the
pre-menarche group. This could also be ascribed to pre-menarche girls having a higher
percentage muscle mass (34.9%) and lower percentage fat mass (21.02%) compared to the
post-menarche group (33.8%) as well as fat mass (25.84%) at T2 (p < 0.05), although differ-
ences in body composition became insignificant at T3 (Table 2). Hand-eye co-ordination
showed insignificant differences of 1.91 catches at T2, favoring the post-menarche group.
These small insignificant differences that were found and also mostly during the baseline
measurements, could in some way be ascribed to the explained small differences in the
time of reaching maturational status during baseline measurements in the groups. As
most of the group have reached menarche in grade 9 at age 14.51 years, it can be assumed
that almost all have already experienced PHV at the baseline measurements, as this event
occurs on average one year before reaching menarche. The adolescent growth spurt in
muscle strength and muscle endurance, which is directly linked to speed and agility, takes
an onset approximately 0.5–1 year after reaching PHV where after a plateau is reached
at around 14 years of age [11,49]. Therefore, due to the current maturational status of
our group, where most of the participants have already reached menarche, which occurs
on average two years after PHV, most participants, including participants from the pre-
menarche group would have reached peak development in speed and agility. This might
explain the small difference between the groups in speed and agility. Furthermore, with
regard to body composition influences, Aberberga-Augskalne and Kemper [50] state that
the biggest increase in mass occurs between 12 and 14 years, congruent to the average
age of menarche. From the onset of menarche, estrogen plays an important role in the
lipogenic profile of girls during the puberty phase [51]. Consequently, higher levels of
estrogen results in a higher percentage body-fat and also the distribution of fat within
the body changes to where a large percentage of fat is being distributed among the hips
and surrounding areas. Increased fat distribution will have an effect on girls’ BMI and
according to Kaplowitz et al. [52], girls with a higher BMI and fat percentage tend to be
more advanced in their maturation status compared to girls with a lower BMI and fat
percentage. As peak mass increases are concurrent with the onset of menarche, the BMI
of pre-menarche girls’ (who are still to reach peak mass increases) were not affected as
much compared to the post-menarche groups’ BMI. These changes could, therefore, be
suggestive as possible explanations for the insignificant differences that were found in the
speed and agility of girls of differing maturity levels where pre-menarche girls are still
to be affected by mass increases, while post-menarche girls most probably have already
adapted to peak mass increases.

Our results also showed signified interaction effects of differences in muscle strength
between the pre- and post-menarche groups. A significant interaction effect was found
in upper body strength (EUBS) (p = 0.003) with a marginally significant interaction effect
in explosive leg strength (ELS) (p = 0.069) (Table 5), although group differences over time
were insignificant for EUBS (F = 2.65; p = 0.11) and ELS (F = 0.02; p = 0.87). Differences in
upper body strength during baseline measurements were also of statistical (p = 0.01) and
large practical significance (d = 0.80), favoring post-menarche girls (Table 3). Post-menarche

235



Int. J. Environ. Res. Public Health 2021, 18, 5539

girls, furthermore, outperformed the pre-menarche group throughout the study, although
the differences declined from T1 to T3, but remained practically significant (Table 3). With
regard to explosive leg strength, post-menarche group also outperformed (p > 0.05, d = 0.38)
the pre-menarche group although the pre-menarche group initially had an advantage in
ELS (p > 0.05, d = 0.26). The results that still showed an increase in strength of post-menarche
girls between 14.51 and 15.51 years in EUBS (p > 0.05) and ELS (p < 0.05), can possibly be
ascribed to peak development of submaximal power output in girls that occurs more than a
year after peak height velocity [11]. Therefore, due to a large percentage of our group who
had already surpassed menarche and PHV, as PHV occurs approximately 12–24 months
before menarche, the post-menarche group still had a slight strength advantage due to their
advanced maturation. Furthermore, post-menarche girls, usually have broader shoulders
because of earlier growth in body dimensions such as shoulder width [11], which may
have aided them in producing more power to perform upper-body strength tests. To
the contrary, peak mass increases take place between 12 and 14 years, congruent to the
average age of menarche and, consequently, the pre-menarche group was most probably
still affected by significant mass changes that result in fat deposits such as around the hips,
which again moves the center of gravity point lower. As a result, they will have to displace
more weight during upward jumping which in turn can affect performance in activities
performed against gravitation negatively. The post-menarche girls might in turn, have
most probably, already adapted to these body compositional changes.

Our results, furthermore, showed that the performance of the pre-menarche girls, in
the different tests, based on the means that are reported during each year of measurement,
was approximately two years behind that of the post-menarche group. In this regard, only
small differences of 0.10 m (EUBS), 0.20 cm (ELS), 0.19 s (agility), 0.20 s (0–40 m speed)
and 0.01 catches (HEC) were seen in the mean values of the pre-menarche group at T3
compared to the post-menarche girls’ performance during T1 (Table 3). This coincides
with findings reported by Malina and co-workers [11] that showed a two-year difference
in the mean onset of menarche between early (11.8 years) and late (>13.8 years) maturing
girls. Furthermore, the adolescent acceleration in muscle strength and muscle endurance,
that are directly linked to motor abilities, takes an onset approximately 0.5–1 year after
reaching PHV [6]. This link between the last-mentioned factor is the result of similar
accelerations in morphological and biochemical determinants (the proportion of various
muscle vessel types) [53]. Furthermore, in the course of maturation, a variety of biological
and physiological structures in the body functions at a higher level [24] and consequently,
individuals of the same chronological age, but differing maturity status, will differ in
terms of physical- and motor performance [22,54]. In this regard, Freitas et al. [26] report
that factors including neuromuscular maturation, specific instruction, practice and sport
participation will also affect motor capabilities between the ages of 11 and 14 years and that
skeletal maturity (skeletal age according to chronological age) explains only a maximum
of 2.8% variance in motor capabilities in girls, after corrections for stature and body mass.
The hand–eye coordination that was tested in the study is based on a skill, which might be
affected by experience and training which might explain the inconsistent results that were
found in this test.

Due to growth and maturation differences that were leveled-out by the end of the
follow-up period at a mean age of 15.51 years, where no significant differences were evident
between the groups, it can be concluded that the speed, agility and coordination and also
strength of pre- and post-menarche girls can be considered to be nearly alike in girls of the
same chronological age at 16 years. Differences between pre- and post-menarche groups
decreased to almost similar values in 5 of the 6 motor fitness capabilities that were tested.
Explosive leg strength differences, however, increased from T1–T3 (13.51–15.51 years) in
favor of the post-menarche group although the difference was still insignificant. This could
be due to a larger muscle mass in relation to total body mass. Furthermore, although it
was not analyzed and reported, the post-menarche girls could have had a better, well-
established ratio between sitting height and leg-length, possibly resulting in a more efficient
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weight distribution/center of gravity. Lastly, because of earlier maturation, post-menarche
girls could have a higher functioning neurological system that contributes to improved
coordination, which pre-menarche girls have not yet reached.

This study had limitations that need to be acknowledged. All participants were
recruited from one school, which make the results mainly relevant to the study population
and thereby limits the generalization of the findings. However, the school had hostel
facilities which represented children enrolling from various different primary schools from
the surrounding area. Our final sample size was small and also did not evenly represent
different racial groups and results are mostly based on data of white (Caucasian) girls. A
power calculation of the group sizes did show that medium effects can be observed from
the results. The late developing group was, however, already limited in numbers at baseline
that would have constrained the power and thereby limited us in dividing this group any
further at later time points because some changed to full menarcheal status at T2 and T3
which might have added further understanding of differences. Changes in environmental
conditions such as weather conditions (rain, hot conditions) over the 3-year period were
out of the researchers’ control and could have influenced the results. Although the data
were collected over a longitudinal period of two years, which strengthens the results of
the study, it has to be kept in mind that the study only incorporated secondary school
learners and could subsequently only focused on a late age period in the development
of girls which was between 13 and 16 years of age. It is acknowledged that a larger age
period is needed to fully investigate the influences that are associated with changes in
pubertal status. Although groups would have become too small for comparison purposes
in the current study, it can be considered in future studies to only include girls who are the
furthest in the menarche phase (post-menarche) group and those who are the furthest away
from reaching menarche (pre-menarche), to make a more realistic comparison of early and
late development differences. It is also advisable that influences of sport participation
should also be taken into consideration in future analyses of this nature.

5. Conclusions

The findings of this study add to existing knowledge and provided more insight
into the effect of biological and physiological changes that occur in girls before and after
the onset of menarche, more specifically how these changes influence their motor fitness
capabilities. The results confirm that, although there were differences in the motor capa-
bilities of girls of differing maturity status, based on their menarche status during mid
to late adolescence, these differences were only of statistical and practical significance in
strength. Differences were, however, of small practical significance in agility and speed at
the mean age of 13.51 years. Differences were also larger at a younger age (13.51 years) but
declined with increased age. Performance in the motor tests of pre-menarche girls, were
approximately two years behind that of the post-menarche girls. Based on these findings, it
is concluded that the motor capabilities of girls, once they have reached menarche, will only
be comparable with other girls of the same chronological age who have reached menarche
earlier, 1–2 years later when the influences of puberty on their fitness performance can
be considered to have been levelled-out. This knowledge can be incorporated by coaches
into designing well-planned training programs, which again can aid in optimal skill de-
velopment and reduce the risk of injury and drop-out. It can also contribute to improved
sports development and talent identification processes, by providing more understanding
of the temporary weaknesses in speed, agility and hand-eye coordination and gains in
strength associated with early or late development and by applying this knowledge in
appropriate short and long-term motor performance goals. Further research is, however,
recommended that includes a longer developmental period, especially from a younger age.
This will aid in obtaining a deeper and more complete understanding of growth differences
between early and late developing girls and, consequently, the effect of differential growth
on girls of different maturation’s motor capability profiles. Our study should be seen as a
pilot study that can serve as a reference study and it is suggested that the findings can be
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used for direction and new topics when studies of this nature is planned and conducted in
the future.
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Abstract: This study aimed to investigate the effects and potential mechanisms of exercise combined
with an enriched environment on learning and memory in rats. Forty healthy male Wistar rats
(7 weeks old) were randomly assigned into 4 groups (N = 10 in each group): control (C) group,
treadmill exercise (TE) group, enriched environment (EE) group and the TE + EE group. The
Morris water maze (MWM) test was used to evaluate the learning and memory ability in all rats
after eight weeks of exposure in the different conditions. Moreover, we employed enzyme-linked
immunosorbent assay (ELISA) to determine the expression of brain-derived neurotrophic factor
(BDNF) and receptor tyrosine kinase B (TrkB) in the rats. The data showed that the escape latency
and the number of platform crossings were significantly better in the TE + EE group compared to
the TE, EE or C groups (p < 0.05). In addition, there was upregulation of BDNF and TrkB in rats in
the TE + EE group compared to those in the TE, EE or C groups (p < 0.05). Taken together, the data
robustly demonstrate that the combination of TE + EE enhances learning and memory ability and
upregulates the expression of both BDNF and TrkB in rats. Thus, the BDNF/TrkB signaling pathway
might be modulating the effect of exercise and enriched environment in improving learning and
memory ability in rats.

Keywords: combined intervention; exercise; enriched environment; learning and memory ability;
BDNF/TrkB signaling pathway

1. Introduction

Learning and memory are fundamental features in the development and survival
of humans and animals. Besides being critical for higher-order brain functions, they are
intimately associated with behavioral and psychological consequences. Previous studies
have associated the brain-derived neurotrophic factor (BDNF) signaling pathway with
learning and memory [1]. BDNF exerts widespread effects throughout the central nervous
system, thus mediating critical processes in learning and memory [2]. Furthermore, other
reports have demonstrated a correlation between central and peripheral BDNF in rats and
other animals as well as its ability to cross the blood–brain barrier [3–5]. Therefore, the
peripheral BDNF might be a biomarker for learning and memory functions. BDNF binds to
its specific receptor tyrosine kinase B (TrkB) to promote learning and memory performance
and participates in the growth, differentiation and repair of neurons [6]. For instance,
exogenous introduction of BDNF and its receptor TrkB agonist was shown to prevent
stress-induced spatial memory deficits [7,8]. Understanding the role of the BDNF/TrkB
signaling pathway in mediating learning and memory development remains of immense
research interest. An increasing body of evidence from in vivo experiments has shown that
enriched environment, physical exercise, learning experiences or social interactions induce
changes in the BDNF/TrkB signaling pathway, resulting in learning and memory shifts.

Int. J. Environ. Res. Public Health 2021, 18, 8283. https://doi.org/10.3390/ijerph18168283 https://www.mdpi.com/journal/ijerph



Int. J. Environ. Res. Public Health 2021, 18, 8283

The effects of physical exercise on memory retention and learning have been demon-
strated both in animal models and humans [9–11]. Other studies have demonstrated the
neuroprotective effect of regular physical exercise in improving learning and memory in
healthy individuals [12,13]. Moreover, recent studies have associated exercise with an in-
creased release of BDNF and TrkB, which are delivered to the brain and might play a role in
learning and memory [14,15]. On the other hand, whereas regular physical activity benefits
learning and memory over the whole life course, the benefits are dependent on aspects
of physical exercise plans such as speed, time or slope [16–18]. For instance, moderate
treadmill exercise was shown to positively modulate the concentrations of BDNF and its
TrkB receptor in experimental animals [19,20]. Therefore, the different exercise intensities
have different effects on learning and memory as well as BDNF/TrkB signaling activities.
Thus, exercise dosage appears to be an important factor in the achievement of enhanced
cognitive capabilities.

On the other hand, an enriched environment entails a combination of complex inani-
mate and social stimulations [21]. An enriched environment consists of physical exercise,
novel stimulants and social interactions [22]. Previous findings showed that learning and
memory impairment can be attenuated by a relatively short (a few weeks) exposure to
environmental conditions; provision of sensory, exercise or cognitive stimulations; as well
as sustained social interactions in rodents [23]. In addition, BDNF and TrkB have been
shown to be upregulated in the brain in animals maintained in an enriched environment
compared to those in impoverished conditions (isolation, no stimulation for physical or
learning experiences) [24]. Moreover, an enriched environment could improve learning and
memory, and the up-regulation of BDNF/TrkB is considered to be an important pathway
in the improved features. One clear difference between treadmill exercise and voluntary
exercise in the enriched environment is the ability to quantify the exercise plans for animals
undergoing treadmill exercise. On the contrary, the amount of voluntary exercise in the
enriched environment cannot be controlled [25].

Previous studies have demonstrated that either the enriched environment or exercise
could be promising strategies in enhancing learning and memory as well as upregulation
of the BDNF/TrkB signaling pathway, thus highlighting their therapeutic potential [26–28].
It has been shown that, compared to a single intervention, combined exercise and enriched
environment interventions yield better effects in healthy animals [29–32]. However, data on
the effect of forced exercise combined with voluntary exercise in an enriched environment
remains scant. Besides, previous research on learning and memory and the BDNF/TrkB
signaling pathway has focused on the effectiveness of a single intervention. Here, we
evaluated the effect of a combination of exercise and enriched environment interventions on
learning and memory ability, as well profiling the expression of the BDNF/TrkB signaling
pathway in healthy Wistar rats. Based on the above research, we put forward the following
hypothesis that the combination of treadmill exercise and enriched environment enhances
the learning and memory ability by upregulating the concentrations of BDNF/TrkB in rats.

2. Experimental Procedures
2.1. Animals

Male Wistar rats (6 weeks old), purchased from Laboratory Animal Center (Yangzhou
University) [certificate: SCXK (SU) 2017-0007], were used in this study. The study was
approved by the Institutional Animal Care and Use Committee and Ethical Committee of
Yangzhou University. Initially, the rats were housed in standard cages 46 × 30 × 16 cm
(L × W × H), 5 per cage for 7 days. On day 8, 40 healthy rats were pulled together and then
placed in the same environment, to allow random grouping. Then, all rats were randomly
selected and assigned by an independent technician as follows: each rat was randomly
picked up from the cage and assigned to the control (C) group, the treadmill exercise (TE)
group, the enriched environment (EE) group and the treadmill exercise combined with
enriched environment (TE + EE) group in sequence, and the assignment was repeated until
all groups reached the designated number of animals (N = 10 in each group). In order
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to reduce the treadmill exercise stress, the rats in TE and TE + EE groups were allowed
to adapt to treadmill exercise for one week period prior to the commencement of the
experiments. The experimental protocol consisted of 40 min of daily exercise for 6 days and
rest for 1 day. The rats were housed in groups in a controlled room (temperature 23 ± 2 ◦C;
12 h light/12 h dark cycle, light on at 6 PM and off at 6 AM). Except for the C and the TE
groups, food and water were delivered from both sides of the cage. Sawdust bedding (SPF)
was provided at approximately 2 cm depth. The rats were 8 weeks of age at the onset of
the experiments.

2.2. Groups
2.2.1. Control Group

Five animals per cage were housed in standard cages as a control group. The cages
had bedding, regular rate chow and plain boiled water (Figure 1).

Int. J. Environ. Res. Public Health 2021, 18, x FOR PEER REVIEW 3 of 11 
 

 

domly selected and assigned by an independent technician as follows: each rat was ran-
domly picked up from the cage and assigned to the control (C) group, the treadmill exer-
cise (TE) group, the enriched environment (EE) group and the treadmill exercise com-
bined with enriched environment (TE + EE) group in sequence, and the assignment was 
repeated until all groups reached the designated number of animals (N = 10 in each 
group). In order to reduce the treadmill exercise stress, the rats in TE and TE + EE groups 
were allowed to adapt to treadmill exercise for one week period prior to the commence-
ment of the experiments. The experimental protocol consisted of 40 min of daily exercise 
for 6 days and rest for 1 day. The rats were housed in groups in a controlled room (tem-
perature 23 ± 2 °C; 12 h light/12 h dark cycle, light on at 6 PM and off at 6 AM). Except for 
the C and the TE groups, food and water were delivered from both sides of the cage. Saw-
dust bedding (SPF) was provided at approximately 2 cm depth. The rats were 8 weeks of 
age at the onset of the experiments. 

2.2. Groups 
2.2.1. Control Group 

Five animals per cage were housed in standard cages as a control group. The cages 
had bedding, regular rate chow and plain boiled water (Figure 1). 

 
Figure 1. Study groups: (A) Control (C); (B) Treadmill Exercise (TE); (C) Enriched Environment (EE); 
(D) Treadmill Exercise Combined with Enriched Environment (TE + EE). 

2.2.2. Treadmill Exercise 
The rats were familiarized with the treadmill to eliminate any exercise-related stress. 

The rats were adapted to a running treadmill for 40 min daily for 6 days (running at a 
speed of 5 m/min for the 1st and 2nd days, 10 m/min for the 3rd and 4th days, and 20 
m/min for the 5th and 6th days, with 0° inclination.).  

As indicated, exercise-induced benefits are dependent on various quantifiable plans 
of physical exercise such speed, time and slope. We performed regular moderate exercise 
with newfangled dynamics and exercise load standards as previously described (Bedford 
et al.). 

Eight-week-old rats were then forced to run on a treadmill, with the 0° inclination, at 
a speed of 20 m/min for 40 min daily, 6 days a week, for 8 consecutive weeks [33]. 

  

Figure 1. Study groups: (A) Control (C); (B) Treadmill Exercise (TE); (C) Enriched Environment (EE);
(D) Treadmill Exercise Combined with Enriched Environment (TE + EE).

2.2.2. Treadmill Exercise

The rats were familiarized with the treadmill to eliminate any exercise-related stress.
The rats were adapted to a running treadmill for 40 min daily for 6 days (running at a speed
of 5 m/min for the 1st and 2nd days, 10 m/min for the 3rd and 4th days, and 20 m/min
for the 5th and 6th days, with 0◦ inclination.).

As indicated, exercise-induced benefits are dependent on various quantifiable plans of
physical exercise such speed, time and slope. We performed regular moderate exercise with
newfangled dynamics and exercise load standards as previously described (Bedford et al.).

Eight-week-old rats were then forced to run on a treadmill, with the 0◦ inclination, at
a speed of 20 m/min for 40 min daily, 6 days a week, for 8 consecutive weeks [33].

2.2.3. Enriched Environment

The rats in the EE group were housed for a whole day and then divided into 2 cages
(83 × 83 × 83 cm) in order to promote social interaction. Each cage had two floors con-
nected by ramps to promote physical exercise and movement. Various elements of different
shapes and textures such as balls, stairs, cubes, tunnels, swings and wheels were placed in
the cages and were available to the animals for the 8 weeks of the experiment. The objects
in each cage were rotated once a week to stimulate sensory, motor and cognitive functions.
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2.2.4. Treadmill Exercise Combined with Enriched Environment

Like in the TE or EE group, one dimension of the intervention contained the treadmill
while the other contained toys and food treats. Prior to the intervention, the rats underwent
the same adaptive exercise as described in the TE group for 1 week. After 40 min on the
treadmill exercise, the rats were kept in the enriched environment for the rest of the day.

2.3. Experimental Design

The rats in each group underwent the experimental protocols for 8 weeks (N = 10 per group).
Thereafter, the animals were allowed to acclimatize to the laboratory environment for one
day. 6-day Morris water maze (MWM) tests were employed to assess the learning and
memory functions in the rats. Testing took place during the light phase of the light/dark
cycle and the animals were immediately returned to cages after the tests. To prevent the
6-day MWM test from affecting the intervention effects, all rats were given the intervention
for four extra days [34]. On the fifth day, the rats were anaesthetized with urethane and
then blood was collected from the abdominal aorta and snap frozen (−80 ◦C) for further
biochemical analysis.

2.4. Morris Water Maze

The Morris water maze (MWM) consisted of a circular galvanized steel pool
(diameter = 120 cm; wall height = 50 cm), filled with water at 23 ± 1 ◦C. A small round
escape platform (12 cm diameter) was fixed at the center of one quadrant, 2 cm beneath
the water surface. The learning phase consisted of five training days, which randomly
started at four different positions. We conducted four trials daily. The rats were placed
into the pool facing the maze wall at fixed entry points. In case a rat could not find the
platform within 120 s, the experimenter guided the rat to the platform [35]. The rat was
then allowed to stay on the platform for 10s to memorize the location [36]. The water maze
was surrounded by fixed clues. Moreover, the experimental room was kept invariable
during the MWM testing [37]. We recorded the duration the rats spent searching for the
platform in each quadrant, with an average of escape latency in the four quadrants as the
final escape latency. On the sixth day, the platform was removed, and rats were placed in
water to swim with a limitation of 60 s. We then recorded the number of times the rats
crossed the exact place containing the submerged platform in each quadrant, with the
average number of platform crossings in the four quadrants considered the probe trial
of the day. Images of swimming rats were captured by a video camera placed above the
center of the pool, which was connected to a computer system running specialized tracking
software (ANY-maze, Stoelting Co., Wood Dale, IL, USA).

2.5. ELISA for Plasma BDNF and TrkB

Using the enzyme-linked immunosorbent assay (ELISA), we quantified the concentra-
tions of BDNF and TrkB in the plasma of the rats, following the manufacturer’s instructions
(Shanghai Enzyme-linked Biotechnology Co., Ltd, Shanghai, China). Dispensed antigen
standards and samples were added to each well in the 96-well plates, precoated with
primary antibodies. After the addition of biotin and enzyme conjugate reagents into the
wells, the plates were incubated at 37 ◦C for 60 min. We then washed the plates five times
in distilled water. Within 15 min of chromogenic reaction, the absorbance was read at
450 nm using a microplate reader (Nano Drop ND-1000, Waltham, MA, USA).

2.6. Statistical Analysis

Data were analyzed using JAMOVI (version 1.6.1) statistical software. A p < 0.05
was considered statistically significant. For the MWM test acquisition, the average escape
latency time(s) to reach the platform per day was analyzed by repeated measure analysis
with days as the within-subjects factor and treatment (C, TE, EE, TE + EE) as the between-
subjects factor. The Tukey post-hoc tests were used to evaluate pair-wise differences
between the group means. For the probe trial, the number of platform crossings was

244



Int. J. Environ. Res. Public Health 2021, 18, 8283

analyzed using a two-way ANOVA with exercise factors (running versus not running) and
enrichment (enriched versus not enriched); data were not corrected. In addition, we used
the post-hoc tests to evaluate pair-wise differences between the group means. The BDNF
and TrkB concentrations were analyzed using a two-way ANOVA using exercise factors
(exercise versus not exercise) and enriched environment (enriched versus non enriched
environment); data were not corrected. Furthermore, we used post-hoc tests to evaluate
pair-wise differences between the group means.

3. Results
3.1. Behavioral Performance: The Morris Water Maze (MWM)

The escape latency data showed that the time effect [F (4,144) = 68.77, p < 0.001, partial
η2 = 0.66] and the group effect [F (3,36) = 103, p < 0.001, partial η2 = 0.90] were statistically
significant, but the time × group interaction effect [F (12,144) = 1.69, p > 0.05, partial
η2 = 0.12] was not statistically significant. In addition, the escape latency of each group
decreased with the increase in days. Further analysis showed that the TE, EE and TE + EE
groups’ escape latency were better compared to that of the C group (p < 0.001) while that
of the TE + EE group was better than that of the EE or C groups (p < 0.001) (Figure 2).
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Figure 2. Average escape latency in the Control (C), Treadmill Exercise (TE), Enriched Environment
(EE) and Treadmill Exercise Combined with Enriched Environment (TE + EE) groups (N = 10, x ± s).
Note: EE group versus C group, *** p < 0.001; TE group versus C group, NNN p < 0.001; TE + EE
group versus C group, + + + p < 0.001; TE + EE group versus EE group, ˆ ˆ ˆ p < 0.001.

Data from the number of platform crossings showed a statistically significant differ-
ence between the exercise effect [F (1,36) = 56.90, p < 0.001, partial η2 = 0.61], the enriched
environment effect [F (1,36) = 47.80, p < 0.001, partial η2 = 0.57] and the interaction effect
of the exercise × enriched environment [F (1,36) = 11.20, p < 0.01, partial η2 = 0.24] in the
probe trail of the rats. Further post-hoc analysis showed that the rats in the TE + EE, TE, or
EE groups had a significantly increased number of platform crossings compared with those
in the C group (p < 0.001). Unlike between the TE and EE groups, the number of platform
crossings of the rats in the TE + EE group was significantly higher than those in the TE or
EE groups (p < 0.05) (Figure 3).
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3.2. BDNF and TrkB in Plasma

To define the mechanism of learning and memory in rats exposed to the combination
of exercise and an enriched environment, we interrogated the expression profile of the
BDNF and TrkB in the rats’ plasma.

Our data demonstrated that there was a significant difference between the exercise
effect [F (1,36) = 28.95, p < 0.01, partial η2 = 0.45] and the enriched environment effect
[F (1,36) = 27.02, p < 0.01, partial η2 = 0.43] as well as the interaction effect [F (1,36) = 5.03,
p < 0.05, partial η2 = 0.12] in the expression of BDNF in the rats. Post-hoc analysis showed
that the BDNF concentration was significantly increased in the TE + EE, TE or EE groups
compared with those in the C group (p < 0.01). In addition, the BDNF concentration in the
TE + EE group was significantly higher than that in the TE or EE groups (p < 0.05). On
the contrary, there was no statistically significant difference in the BDNF concentration
between the TE and EE groups (p > 0.05).

Similarly, the data showed a significant difference between the exercise effect
[F (1,36) = 53.44, p < 0.01, partial η2 = 0.60] and the enriched environment effect [F (1,36) = 27.88,
p < 0.01, partial η2 = 0.44] as well as the interaction effect [F (1,36) = 4.99, p < 0.05, partial
η2 = 0.12] in the expression of TrkB in the rats. Post-hoc analysis showed that the TrkB
concentration was significantly upregulated in the TE + EE, TE or EE groups compared
with those in the C group (p < 0.01). Moreover, the TrkB concentration in the TE + EE group
was significantly higher than that in the TE or EE groups (p < 0.05). There was, however, no
statistically significant difference in the TrkB concentration between the TE and EE groups
(p > 0.05) (Table 1).

Table 1. Comparison of the plasma concentrations of BDNF and TrkB in the groups (x ± s).

Group N BDNF TrkB

C 10 492.22 ± 77.03 1538.34 ± 133.86

TE 10 707.19 ± 63.63 **N 2049.94 ± 122.38 **N

EE 10 702.05 ± 106.30 **N 1941.09 ± 239.68 **N

TE + EE 10 790.49 ± 102.57 ** 2213.22 ± 156.81 **

Note: compared with the C group, ** p < 0.01; compared with TE + EE group, N p < 0.05. Study groups: Control (C);
Treadmill Exercise (TE); Enriched Environment (EE); Treadmill Exercise Combined with Enriched Environment
(TE + EE).
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4. Discussion

This study investigated the effects and mechanisms of moderate exercise combined
with an enriched environment on learning and memory in rats. We further interrogated
the role of the BDNF/TrkB signaling pathway in mediating learning and memory effects
in rats. Our data demonstrate that exercise, enriched environment or exercise combined
with an enriched environment intervention improves the learning and memory ability in
rats and the effect is mediated by BDNF/TrkB. Interestingly, exercise combined with the
enriched environment conferred the best effect.

Our study showed that exercise could improve learning and memory ability and
increase the expression of BDNF and TrkB in rats. Our findings are consistent with previous
data which used exercise intervention methods alone in rats. Many studies have shown
that moderate treadmill exercise has a positive effect on learning and memory. However,
the intensity of the exercise determines the optimal learning and memory effects [38,39].
Control of the frequency, duration and intensity of exercise, which are essential aspects
in evaluating the beneficial effects of exercise, is more feasible with treadmill exercise,
while moderate-intensity running (speed up to 21 m/min) positively affects information
acquisition, learning and memory [40,41]. In our study, we used treadmill workouts
with defined parameters (such as intensity, duration and cycle). This would explain the
fact that the escape latency of the rats in the TE group was lower than that of the C
group. In addition, recent data have demonstrated a positive correlation between BDNF
expression and different types of physical exercises [42–46]. Similarly, exercise-induced
elevation of brain BDNF was reported to be intensity-dependent [47,48]. Moreover, the
upregulation of BDNF expression might also be dependent on the duration and frequency
of exercise [49–51]. This phenomenon has been shown to not only be beneficial to the
peripheral nervous system, but also to the central nervous system [52].

We demonstrated that the rats in the EE group exhibited significantly improved learn-
ing and memory as well as upregulation in the BDNF/TrkB pathway. Novel stimulants,
social interactions and physical exercise are components of the enriched environment. Our
study used novel objects, and their rearrangement triggered fresh exploration of the en-
riched environment by the EE and TE + EE rats. Furthermore, compared with the standard
squirrel cage, the enriched environment box had more companions and doorways for com-
munication. Thus, it is possible that the effects of an enriched environment are a function
of interaction with the cage mates [53]. In addition, physical exercise has been proposed as
a critical component of an enriched environment. However, there is a difference between
voluntary exercise in an enriched environment and treadmill exercise. Unlike in a previous
study, our findings showed that there was no difference in the learning and memory of
rats in the TE and EE groups [54]. This was probably because there was no autonomous
runner in the enriched environment. In our study, the two layers of rats in the enriched en-
vironment were connected by ramps and contained autonomous runners, which obviously
promoted their exercise. In addition, the enriched environment has been shown to increase
brain and blood BDNF concentration [55–57]. Previous studies reported that BDNF signal-
ing is closely associated with learning and memory functions. The acquisition of learning
and memory is accompanied by an increase in the BDNF gene expression in specific brain
regions. Blocking the effect of BDNF would lead to declined learning and memory abilities.
An appealing feature in the use of BDNF as an indicator for effective enrichment is the
correlation between the blood and brain BDNF concentrations, as BDNF can cross the
blood–brain barrier [58,59]. Hence, blood-based measures of BDNF have been used as
a proxy for brain BDNF [60], allowing for a less invasive assessment of brain changes.
BDNF through TrkB receptors contributes to the proliferation, survival and differentiation
of neurons in the hippocampus and other brain regions closely related to learning and
memory, as well as promoting the induction of long-term potentiation and improving the
ability of learning and memory in experimental animals [61]. Long-term potentiation in the
hippocampus is an activity-dependent modification of synaptic strength and is considered
a potential cellular mechanism underlying learning and memory. Our study demonstrated
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that the rats housed in total exercise and enriched environment conditions had changes in
behavioral and physiological outcomes.

To improve the effectiveness of a single intervention method, the combination of two
effective behavioral strategies, such as exercise combined with an enriched environment,
presents a feasible alternative. Our analysis showed that exercise combined with an
enriched environment intervention has a significant effect in improving the learning and
memory ability as well as the expression of the BDNF/TrkB signaling pathway in rats.
Compared with a single intervention method, exercise combined with a rich environment
confers superior effects on improving the learning and memory of rats. In agreement, Wang
Chaolei et al. showed that an enriched environment intervention was slightly better than a
swimming intervention, while swimming combined with rich environmental intervention
was slightly better than enriched environment or swimming interventions [62]. On the
other hand, previous studies have assessed the molecular mechanisms involved in the
regulation of the BDNF/TrkB signaling pathway. For instance, Du Mingyang et al. showed
that memantine and enriched environment therapy could effectively improve the learning
and memory abilities in rapidly aging mice. Moreover, it increases the expression of
BDNF and TrkB in the hippocampus [63]. Nasroallah Moradi Kor showed that combined
enrichment of spirulina or combined exercise of spirulina has a synergistic effect on the
hippocampal BDNF levels and dendritic morphology [64].

A number of limitations need to be noted regarding the present study. Firstly, our
study only included male rats and could not be duplicated in female rats. It is reported
that estrogen might affect the behavior of female rats [65,66]. Secondly, we only included
healthy rats. It is possible that these results might not be applicable to other groups with
cognitive dysfunctional model rats. Future studies need to assess cognitive ability after
intervention in impaired models to provide early treatment strategies. Lastly, although
our data robustly demonstrates that 8-week treadmill exercise can improve the learning
and memory ability and upregulated expression of BDNF/TrkB in rats, previous literature
proposed that a longer intervention period may stabilize the intervention effect on learning
and memory [67,68]. Future studies need to investigate the effects of longer intervention
cycles on learning and memory, as well as related mechanisms. In short, these limitations
mean that the study findings need to be interpreted cautiously.

5. Conclusions

Taken together, our data robustly demonstrates that exercise combined with an
enriched environment can improve the learning and memory ability in rats. The im-
prove learning and memory ability might be mediated by the upregulated expression
of BDNF/TrkB.
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Abstract: Estimation of the intensity of physical activity (PA) based on absolute accelerometer cut
points (Cp) likely over- or underestimates intensity for a specific individual. The purpose of this
study was to investigate the relationship between absolute moderate intensity Cp and the first
ventilatory threshold (VT1). A group of 24 pregnant and 15 nonpregnant women who performed
a submaximal incremental walking test with measures of ventilatory parameters and accelerations
from three different accelerometers on the wrist (ActiGraph wGT3X-BT, GENEActiv, Axivity AX3)
and one on the hip (Actigraph wGT3X-BT) were analyzed. Cp were determined corresponding to
3 metabolic equivalents of task (MET), using the conventional MET definition (Cp3.5) (3.5 mL/kg×min)
and individual resting metabolic rate (Cpind). The ventilatory equivalent (VE/VO2) was used to
determine VT1. Accelerations at VT1 were significantly higher (p < 0.01) compared to Cp3.5 and Cpind

in both groups. Cp3.5 and Cpind were significantly different in nonpregnant (p < 0.01) but not in
pregnant women. Walking speed at VT1 (5.7 ± 0.5/6.2 ± 0.8 km/h) was significantly lower (p < 0.01) in
pregnant compared to nonpregnant women and correspondent to 3.8 ± 0.7/4.9 ± 1.4 conventional
METs. Intensity at absolute Cp was lower compared to the intensity at VT1 independent of the device
or placement in pregnant and nonpregnant women. Therefore, we recommend individually tailored
cut points such as the VT1 to better assess the effect of the intensity of PA.

Keywords: ventilatory threshold; walking test; ENMO; raw accelerations; accelerometer cut point

1. Introduction

Accelerometers are often used as a measure of free-living physical activity (PA) to estimate
frequency, duration, and intensity [1]. In order to estimate the intensity of PA, calibration of
accelerometers based on physiological responses to various activities is required. Calibration studies
use oxygen consumption as the criterion measure and specific statistical methods, such as regression
models or machine learning-based modeling, to determine the corresponding accelerometer cut point
at a certain intensity threshold [2,3]. Usually, these intensity thresholds are used to define activity
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classes based on the average energy expenditure, expressed in multiples of the conventional metabolic
equivalent of task (MET) ratio. The 1 MET value is defined as the energy expended by a subject at rest,
which equals an oxygen consumption of 3.5 mL/kg×min for a 70 kg person [4]. Common classifications
of PA intensity classes are light (< 3 METs), moderate (3–5.9 METs), and vigorous (≥ 6 METs) [5–7].
However, using the conventional 1 MET to classify PA intensity classes already causes misclassifications,
compared to approaches where the individual resting metabolic rate would have been used [8,9].
Moreover, it must be considered that accelerometer cut points, which are based on the same absolute
approach, are independent of individual performance capacity which leads to different physiological
and metabolic strain (internal load) at the same absolute intensity [10]. To counteract that, relative
accelerometer cut points based on the individual maximum performance capacity can be used. Several
studies showed that the estimation of the duration of moderate-to-vigorous physical activity (MVPA)
was shorter when relative comparisons to absolute cut points were applied, independent of body mass
index (BMI). Therefore, absolute cut points overestimate MVPA compared to relative cut points [2,11].
When applying relative cut points, activity counts at a fixed relative intensity (e.g., 60% heart rate reserve
(HRR)) increase with increasing fitness level [12]. On the contrary, low-fit persons had significantly
higher percentage of maximum oxygen uptake (%VO2max) at absolute cut points (e.g., 2020 cpm)
compared to fit persons [11]. The use of absolute accelerometer cut points is therefore likely to over-
or underestimate PA intensity and volume in a certain PA intensity class for a specific individual.
Individualized activity measurements (i.e., relative accelerometer cut points), which take into account
the performance capacity of each individual, will allow us to draw more valid conclusions about the
internal loads due to different intensities of PA.

Relative accelerometer cut points are usually derived using fixed percentages of an individual’s
maximum heart rate (HRmax), maximum oxygen uptake (VO2max), or HRR [13]. Such an individualized
approach improves validity, but will still lead to some inaccuracy in the prescription of exercise intensity,
because exercising at a calculated and fixed relative intensity such as 85% HRmax causes different
metabolic and cardiorespiratory responses across individuals [14,15]. To overcome these problems,
exercise can be prescribed based on submaximal markers such as the first and second ventilatory
or lactate thresholds (VT1 and VT2; LTP1 and LTP2) which rely on the detection of physiological
thresholds dependent on exercise intensity [16,17]. Hence, less variability in interindividual metabolic
responses is expected when being active at a certain intensity relative to these thresholds. Indeed,
Moser et al. [18] recently showed consistent metabolic responses during continuous cycle ergometer
exercise five percent above and below LTP1 and LTP2. Furthermore, lactate thresholds as well as their
physiological equivalents VT1 and VT2 allow conclusions about the fitness level and adaptations to
exercise, and are very sensitive in reflecting differences in endurance performance [16,17].

Two studies by Gil-Rey et al. [19,20] estimated the intensity of PA from individually tailored
accelerometer cut points derived from lactate thresholds in postmenopausal women. Individually
tailored cut points revealed similar time for MVPA in high- and low-fit groups. In contrast, MVPA
was overestimated in low-fit and more strongly in the high-fit group when absolute accelerometer
cut points at moderate intensity (3–5.9 METs) were applied. They showed that individually tailored
rather than traditional absolute accelerometer cut points estimate an individual’s activity level (i.e.,
time spent in different intensities of PA) more accurately. Thus, using individually tailored cut points
from physiological thresholds may provoke greater adaptions to exercise and reduced interindividual
variability of metabolic responses, as well as less overestimation of PA intensity. To date, it is unknown
how well absolute accelerometer cut points are related to a physiological threshold such as the
VT1 in pregnant as well as in young nonpregnant women. We hypothesized that the two absolute
accelerometer cut points, derived from the 3 MET moderate intensity definition using either the
conventional 3.5 mL/kg×min or the individual resting metabolic rate, will be lower compared to the
individual threshold derived from VT1.Therefore, the aim of this study was to compare accelerometer
cut points from different devices and placements, derived from the 3-MET absolute moderate intensity
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definition with the first ventilatory threshold (VT1) determined in a short submaximal incremental
walking test (IWT) in a sample of pregnant and younger nonpregnant women.

2. Materials and Methods

2.1. Subjects

In total, a group of 30 pregnant (second and third trimester) and 17 nonpregnant women were
tested at the University of Graz, Austria and the University of the Witwatersrand, Johannesburg,
South Africa (22 pregnant, 9 nonpregnant). Subjects in Graz were active pregnant women and a mix
of highly active and well-trained nonpregnant women (mainly students). In South Africa, subjects
were sedentary and low-active pregnant women and a mix of sedentary, low-active, and well-trained
nonpregnant women. Before any study procedures were undertaken, the participants completed
informed consent forms and were familiarized with the testing protocol. The study protocol was
approved by the local ethics committees (SA clearance certificate no. M160532; GZ. 39/42/63 ex 2015/16).

2.2. Test Protocol

Participants performed one IWT while wearing a portable gas analyzer and four different
accelerometers. Before the IWT, resting metabolic rate was measured during 15 min of supine resting.
IWT was conducted on a 400 m outdoor running track and started at 3 km/h. Walking speed was paced
by audio signals given in 10 m intervals and increased by 0.5 km/h every 50 m up to the maximum
individual walking speed. Maximum walking speed was defined as the speed where participants were
unable to walk the given pacer speed.

2.3. Measurements

Gas exchange data were continuously measured breath by breath by a portable gas analyzer in
Graz (CORTEX METAMAX 3B, Cortex Biophysik GmbH, Germany) and Johannesburg (OXYCON
Mobile, CareFusion GmbH, Hoechberg, Germany). Calibration of volume, O2, and CO2 gas sensors was
performed prior to every test according to the manufacturer’s guidelines. For activity measurements,
all participants were equipped with four accelerometers in total. Three different types of accelerometers
were attached on the nondominant wrist, placed in a random order: ActiGraph wGT3X-BT (ActiGraph,
Pensacola, FL), GENEActive (Activeinsights, Kimbolton, UK), Axivity AX3 (Axivity Ltd., Newcastle
upon Tyne, UK). In addition, one accelerometer (ActiGraph wGT3X-BT) was placed on the left hip.
Prior to the measurements, all accelerometers were initialized with a data sampling frequency of
100 Hz and a sampling range of ± 8 g.

2.4. Determination of Physiological Thresholds and Accelerometer Cut Points

Gas exchange data were exported into Microsoft Excel files (Microsoft Corporation, Redmond,
WA, USA) in 15 s epochs using the manufacturer’s software. Oxygen uptake (VO2) was converted
to MET3.5 by using the conventional conversion factor (1 MET = 3.5 mL/kg×min) and to METind by
using the individual resting metabolic equivalent (1 METind) defined as mean oxygen uptake from the
last 10 min of the 15 min supine resting position. Based on the raw triaxial accelerations, the vector
magnitude (expressed in milligravity (mg) units) was calculated using the Euclidian norm minus one
(ENMO =

√
(ax

2+ay
2+az

2)-1g) [21]. Therefore, the raw files from all devices were imported into R
statistical software V3.1.2 (R Foundation for Statistical Computing, Vienna, Austria) by which the
metric ENMO was calculated in 15 s epoch using the package GGIR V1.2-0. Processed files were
then exported into Microsoft Excel. To determine the absolute accelerometer cut points at moderate
intensity (3 METs), we performed an individual linear regression analysis between the ENMO and the
oxygen uptake during the IWT, based on MET3.5 (Cp3.5) and METind (Cpind). Individual physiological
threshold was defined as the first ventilatory threshold (VT1), using the ventilatory equivalent (VE/VO2)
to determine VT1 as the minimum of VE/VO2 without an increase in VE/VCO2. The evaluation was
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carried out by two independent examiners using computer-supported linear regression analysis to
increase objectivity. In case of disagreement, the results were discussed with a further examiner.

2.5. Statistical Analysis

Data analysis was performed using GraphPad Prism 7 (GraphPad Software, San Diego, CA,
USA). The Shapiro–Wilk test was used for confirmation of normality. For normally distributed data,
independent t tests were used to assess differences between pregnant and nonpregnant women. If data
were not normally distributed, Mann–Whitney U tests were applied. To determine the effect of
different cut points (Cp3.5, Cpind, and VT1) and devices/placement (GENEActiv, Axivity, ActiGraph
wrist and hip) on acceleration (ENMO), we applied a two-way repeated measures ANOVA (two
within subject factors) with post hoc Tukey multiple comparison test in pregnant and nonpregnant
women. If sphericity was violated, the Geisser–Greenhouse correction was used. Spearman correlation
coefficient was applied to evaluate the relationship between walking speed and accelerations at VT1.
Data are presented as means ± standard deviation (M ± SD). Statistical significance was set at p < 0.05.

3. Results

We analyzed 39 data sets of healthy pregnant (n = 24; 27.7± 4.6 yrs) and nonpregnant (n = 15; 24.3±
2.2 yrs) women. In total, eight tests were excluded from the analysis because of incomplete data sets (six
in the pregnant and two in the nonpregnant group). The mean age, weight, and BMI were significantly
higher in pregnant women (gestational age: 26 ± 7 weeks), but maximum walking speed (vmax),
VO2max, speed at VT1 (vVT1), and METind were significantly lower compared to nonpregnant women.
Absolute oxygen uptake at VT1 (VO2VT1) was not different (p = 0.07) between pregnant (0.9 ± 0.2 L/min)
and nonpregnant (1.0 ± 0.2 L/min) women, but calculated conventional MET values at VT1 were
significantly lower in pregnant compared to nonpregnant women (3.8 ± 0.7 vs. 4.9 ± 1.4 METs,
p < 0.01). Determined 1 METind was significantly higher compared to the conventional 1 MET
value (3.5 mL/kg×min) in pregnant and nonpregnant women (Table 1). Bland–Altman interobserver
comparison of VT1 determination (VO2VT1 bias: 0.01 ± 0.08 L/min) revealed a high level of agreement
for the analysis.

Table 1. Comparison of anthropometrics, performance of the incremental walking test (IWT), and the
individual resting metabolic equivalent between pregnant and nonpregnant women.

Variables Pregnant (n = 24) Nonpregnant (n = 15)

Age (yrs) 27.7 ± 4.6 1 24.3 ± 2.2

Weight (kg) 69.1 ± 10.6 1 61.2 ± 7.8

BMI (kg/m) 26.5 ± 4.9 1 22.5 ± 3.4

VO2max (mL/kg×min) 18.2 ± 4.4 26.5 ± 8.0 1

VO2VT1 (METs/L/min) 3.8 ± 0.7/0.9 ± 0.2 4.9 ± 1.4 1 / 1.0 ± 0.2

vmax (km/h) 7.8 ± 0.5 8.3 ± 0.5 1

vVT1 (km/h) 5.7 ± 0.5 6.2 ± 0.8 1

METind (mL/kg×min) 3.7 ± 0.5 2 4.2 ± 0.6 1,2

BMI = Body Mass Index, VO2max = maximum oxygen uptake, VO2VT1 = oxygen uptake at the first ventilatory
threshold, vmax maximum walking speed, vVT1 = walking speed at the first ventilatory threshold, METind = calculated
individual resting metabolic equivalent, METs = rates of energy expenditure (1 MET is equivalent to
3.5 mL·kg−1·min−1, results are shown as M ± SD. 1 significantly higher than the comparison group (p < 0.05).
2 significantly higher compared to conversion 1 MET = 3.5 mL/kg×min (p < 0.05).

In general, accelerometer cut points (ENMO) showed higher values and higher interindividual
variability in pregnant compared to nonpregnant women (e.g., SD = 136 vs. SD = 50 for Cp3.5). In both
groups, interindividual variability was less for the hip worn device (Table 2). Two-way repeated
measures ANOVA in pregnant woman showed a significant effect for the determination of cut points
(F (1.76, 141.30) = 51.27, p < 0.01) and a significant effect for devices/placement (F (3, 80) = 3.16, p < 0.05)
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and no significant effect of interaction (F (6, 160) = 0.35, p = 0.91). Post hoc multiple comparison
revealed no difference between Cp3.5 and Cpind, but ENMO was significantly lower for Cp3.5 and
Cpind compared to the ENMO at VT1 in pregnant women. Comparison of devices in pregnant women
showed significantly higher ENMOs for wrist-worn GENEActiv compared to hip-worn ActiGraph
(p < 0.05) and for wrist-worn ActiGraph compared to hip-worn ActiGraph and wrist-worn Axivity
(p < 0.05). In nonpregnant women, there was a significant effect for the determination of cut points
(F (1.28, 69.36) = 56.19, p < 0.01) and no significant effect for devices/placement and interaction (F (3, 54)
= 0.42, p = 0.74; F (6, 108) = 0.38, p = 0.88). ENMO was significantly different for Cp3.5 and Cpind

compared to the ENMO at VT1 and between Cp3.5 and Cpind (p < 0.01).

Table 2. Metric Euclidian norm minus one (ENMO) of the determined accelerometer cut points of the
different devices for pregnant and nonpregnant women.

Pregnant (n = 24) Nonpregnant (n = 15)

Devices Cp3.5 (mg) Cpind (mg) VT1 (mg) Cp3.5 (mg) Cpind (mg) VT1 (mg)

GENEActiv (wrist) 190 ± 136 2 204 ± 109 2 290 ± 120 1 106 ± 50 2 156 ± 50 1,2 240 ± 85 1

Axivity (wrist) 165 ± 118 2 178 ± 94 2 271 ± 154 1 95 ± 43 2 145 ± 68 1,2 268 ± 204 1

ActiGraph (wrist) 238 ± 171 2 245 ± 142 2 350 ± 166 1 108 ± 58 2 169 ± 58 1,2 276 ± 129 1

ActiGraph (hip) 139 ± 93 2 145 ± 50 2 215 ± 129 1 106 ± 36 2 152 ± 37 1,2 236 ± 85 1

Cp3.5 = absolute accelerometer cut point at moderate intensity (3 MET) calculated using the conventional 1 MET =
3.5 m/kg×min value, Cpind = absolute accelerometer cut point at moderate intensity (3 MET) calculated using the
individual resting metabolic equivalent, VT1 = first ventilatory threshold, mg = milligravity. 1 significantly different
compared to Cp3.5 (p < 0.05). 2 significantly different compared to VT1 (p < 0.0001).

Figure 1 shows the oxygen uptake expressed in MET3.5 and METind as well as the ENMO
of all devices at comparable walking speeds of the IWT for pregnant and nonpregnant women.
Walking speed and accelerations at VT1 were not significantly correlated in pregnant (rpreg) but
significantly correlated in nonpregnant (rnon) women for GENEActiv (rpreg = 0.13/rnon = 0.57) and
Axivity (rpreg = 0.30/rnon = 0.69). Both groups showed no significant correlation between vVT1 and
ENMO at VT1 for wrist-worn ActiGraph (rpreg = 0.10/rnon = 0.41), but for hip-worn ActiGraph, values
were significantly correlated (rpreg = 0.62/rnon = 0.69). Comparing ENMOs within all wrist-worn
devices, GENEActiv and Axivity were similar in their measurements while wrist-worn ActiGraph
showed higher mean accelerations with increasing speed. This difference was stronger in pregnant
compared to nonpregnant women and at higher speeds above VT1. Walking speed at VT1 corresponded
to 3.8 ± 0.7 and 4.9 ± 1.4 conventional METs in pregnant and nonpregnant women, respectively. Values
ranged between 2.48 and 7.73 conventional METs and were lower at VT1 compared to the 3-MET
absolute moderate intensity definition in three cases in pregnant and in one case in nonpregnant women.Int. J. Environ. Res. Public Health 2020, 17, x  6  of  10 
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4. Discussion

Accelerometer cut points at absolute moderate intensity definition (3 METs) were significantly
lower compared to the intensity at VT1 in a short maximal incremental walking test.
The underestimation of intensity compared to VT1 was independent of the accelerometer device
or placement and the applied 1 MET value in pregnant and nonpregnant women. Walking speed at
VT1 was 5.7 ± 0.5 and 6.2 ± 0.8 km/h, which corresponded to an oxygen uptake of 3.8 ± 0.7 and 4.9 ±
1.4 conventional METs in pregnant and nonpregnant women, respectively. Whether during pregnancy
or not, a certain duration of moderate-intensity physical activity (MPA), vigorous-intensity physical
activity (VPA), or a combination of them (MVPA) is recommended in order to gain specific health
benefits. Application of PA recommendations using fixed absolute intensities (e.g., MPA: 3–6 METs) [22]
may lead to insufficient health benefits in our group of pregnant and nonpregnant women. In our
sample, activity according to fixed absolute moderate intensity may be not intense enough to provoke
larger adaptions of the cardiorespiratory system since 3 METs were lower compared to the intensity at
VT1 in all women except four. On the contrary, in individuals with lower fitness level, overloading
or discouragement due to unattainable recommendations could be the result of recommendations
based on absolute intensities [10]. Individually tailored metabolic or physiological accelerometer
cut points were already shown to reduce this methodological error and to provide more meaningful
results [19,20]. To determine individualized accelerometer cut points, a three-phase model [16] can be
applied which allows one to detect the transition from phase 1 to phase 2 of energy supply, independent
of the individual performance level, by using an individual threshold like VT1. Phase 1 is characterized
by a metabolically inter- and intramuscular balanced situation. Activities within this phase can be
maintained for several hours without becoming fatigued [23]. The metabolic situation in phase 2 is
systemically balanced but activity duration is limited [16]. Deliberate activity in phase 1 or 2 will
therefore cause specific adaptions on a local and systemic level and the exact definition of these phases
enables precise prescription and interpretation of intensity [14,24]. Therefore, optimized health benefits
are suspected when recommendations are based on individual metabolic thresholds (i.e., VT1 = lower
limit for MPA), which are standard in performance development in structured training processes [25].
Furthermore, a more accurate assessment of the intensity of PA would enable better associations with
health outcomes, dose–response relationships, and behavior surveillance [19,26].

The accelerations at absolute cut points (Cp3.5, Cpind) were significantly lower compared to
VT1. Mean values for Cp3.5 were higher in pregnant compared to nonpregnant women (e.g., Axivity:
165 ± 118 vs. 95 ± 43 mg). This difference of accelerations between groups was smaller for Cpind and
VT1 values as well as for the hip-worn device (Table 2). Such interindividual variability has already
been shown for intensity cut points relative to heart rate reserve in a group with heterogeneous
cardiorespiratory fitness. A high-fit group had higher accelerometer counts at the same relative
intensity compared to a low-fit group [12]. Clear influence on varying accelerometer cut points was
also shown for age and overweight/obesity [27,28]. However, age and weight affect cardiorespiratory
fitness, which tends to decrease with both age [29] and obesity [30]. In our study, pregnant women had
significantly higher body mass and maximum performance capacity was significantly lower compared
to nonpregnant women. However, accelerometer cut points were higher (for wrist-worn devices) within
pregnant women but showed no correlation with the walking speed at VT1. Therefore, accelerometer
values from wrist-worn devices could not be attributed to intensity in pregnant women. As walking
economics were shown to change in pregnancy [31], higher accelerations in pregnant woman might
more likely show differences in walking style. In nonpregnant women, high interindividual variability
at the single cut points can be explained by differences in performance capacity, due to walking speeds
at VT1 (higher speed implicates a higher performance capacity) being significantly correlated to cut
points, except for the wrist-worn ActiGraph. Accelerations in wrist-worn devices generally varied
between the constant speed increments of IWT and were in some cases generally higher from the start
of IWT compared to average values. In contrast, the hip-worn device showed less variability and
significant correlations between walking speed and accelerations at VT1 (rpreg = 0.62/rnon = 0.69) in
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pregnant and nonpregnant women, which is in line with a study by Ozemek et al. [12]. The hip-worn
device seems to be less affected by the walking style and may therefore provide more meaningful
results, especially in pregnant women. Mean ENMO accelerometer values in nonpregnant women for
Cp3.5 were in line with recent findings from the literature, presenting similar values for wrist-worn
GENEActive (93.2 mg) and ActiGraph (100.6 mg) and hip-worn ActiGraph (69.1 mg) devices [5].

Mean speed at VT1 in our study (pregnant: 5.7 km·h−1 and nonpregnant: 6.2 km·h−1) is comparable
to other studies, which determined a walking speed of ≈ 5 km·h−1 in older healthy men and women
(56 ± 16 yrs) [32] and of 5.1 and 5.5 km/h in postmenopausal women [19,20]. Determination of VT1 in a
walking test seems to be applicable in a wide range of populations. Furthermore, walking tests are
highly practicable due to the short duration of the test (average duration 6.5 min) and the fact that
VT1 can also be assessed using heart rate variability measurement of a simple heart rate monitor [32].
This enables testing several subjects at once in a short period of time requiring only heart rate monitors
and pacing.

In both groups, 1 METind was significantly higher compared to the conventional 1 MET value
(3.5 mL/kg×min). Higher resting metabolic rates in pregnant women compared to the conventional 1
MET value are different compared to the literature, where no difference to the conventional 1 MET value
was found [9]. This might be due to no acclimatization period and the relatively short measurement
period of the resting state in our study. Higher resting metabolic rates of our sample of mainly active
and well-trained women are in line with the recent literature, where energy expenditure of active
healthy women was found to be underestimated by the conventional 1 MET [33]. Determination
of the absolute accelerometer cut points at moderate intensity (3 METs) by the METind resulted in
higher values compared to the conventional equivalent (MET3.5), but in significantly different values
compared to VT1. Therefore, using the METind can partly compensate for the error made by using the
fixed 1 MET definition, but not for the differences in performance capacity.

However, this study is not without limitations. The protocol of the IWT, with 50 m speed increases,
allows a time-efficient determination of the first threshold (average duration 6.5 min). Although
small increases of 0.5 km/h per increment favor a fast adaption, 50 m is a relatively short distance to
adjust to the pacing speed. However, with increasing speed, walking time of the single increments
decreases, which might have increased variance at higher speeds. For the definition of accelerations at
a constant speed, increments with longer and equal duration would provide more precise results. Prior
to IWT, individual resting metabolic rates were defined from a 15 min supine rest position without
any guidance regarding the fasting state. This is not according to the general practice, as usually
subjects have to be overnight fasted, run through an acclimating period and a longer measurement
period [9,33], which would not have been feasible in pregnant women. Because of this, the determined
resting metabolic equivalent needs to be considered with caution. Nevertheless, our resting metabolic
equivalent determination was sufficient to get performance parameters related to the subject’s actual
metabolic status, considering their actual weight, age, and performance capacity. Furthermore, one
could criticize that the tests were conducted by two research groups in different countries. Between
groups, we used different gas analyzer devices, possibly influencing the results, although appropriate
calibration was performed and devices were shown to provide reliable measurements with adequate
validity for field-based measurements [34]. Furthermore, the majority of women in South Africa were
black Africans, compared to Caucasian in the Austrian population, which was not considered in the
analysis even though African Americans were shown to have lower accelerometer cut points compared
to Caucasians in a maximal graded exercise treadmill test [2]. Assessing differences in thresholds,
the role of race was considered negligible due to individual analysis. Nevertheless, this approach
might have increased interindividual variability of accelerometer data. However, the generalizability
of these findings is limited due to the small number of subjects. Future research should take these
limitations into consideration and validate the findings in a larger, more representative sample.
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5. Conclusions

Intensity at absolute 3 MET accelerometer cut points was lower compared to the intensity at VT1

independent of the device or placement in pregnant and nonpregnant women. The application of the
individual resting metabolic equivalent results in an approximation to the first ventilatory threshold
but does not provide an alternative for individually tailored activity cut points. Using absolute
accelerometer cut points, which are independent of the individual performance capacity, can lead to
different physiological and metabolic strain at the same absolute intensity, possibly causing under-
or overloading for a particular person. Therefore, individual thresholds based on physiological
parameters, such as the VT1, are recommended to quantify the intensity of PA. A short incremental
walking test can be a time-efficient method to define these thresholds and, thus, can be used for
tailoring accelerometer cut points to individual differences in performance capacity.

Author Contributions: Conceptualization, M.N.M.v.P., P.D., and P.H.; Methodology, P.D., A.M., M.N.M.v.P., and
P.H.; Software, M.C.S., J.J., and P.B.; Validation, P.B.; Formal analysis, M.C.S., J.J., and P.B.; investigation, P.D., A.M.,
E.D.W., G.M., and P.B.; Resources, P.H.; Data curation, G.M. and P.B.; writing—original draft preparation, P.B.;
Writing—Review and editing, M.N.M.v.P., P.D., E.D.W., M.C.S., J.J., G.M., and P.H. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: “Open Access Funding by the University of Graz”.

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

References

1. Sanders, S.G.; Jimenez, E.Y.; Cole, N.H.; Kuhlemeier, A.; McCauley, G.L.; Van Horn, M.L.; Kong, A.S.
Estimated Physical Activity in Adolescents by Wrist-Worn GENEActiv Accelerometers. J. Phys. Act. Health
2019, 16, 792–798. [CrossRef] [PubMed]

2. Siddique, J.; Aaby, D.; Montag, S.E.; Sidney, S.; Sternfeld, B.; Welch, W.A.; Carnethon, M.R.; Liu, K.; Craft, L.L.;
Pettee, G.K.; et al. Individualized Relative-Intensity Physical Activity Accelerometer Cut Points. Med. Sci.
Sports Exerc. 2020, 52, 398–407. [CrossRef] [PubMed]

3. De Almeida Mendes, M.; Da Silva, I.C.M.; Ramires, V.V.; Reichert, F.F.; Martins, R.C.; Tomasi, E. Calibration
of raw accelerometer data to measure physical activity: A systematic review. Gait Posture 2018, 61, 98–110.
[CrossRef] [PubMed]

4. Jetté, M.; Sidney, K.; Blümchen, G. Metabolic equivalents (METS) in exercise testing, exercise prescription,
and evaluation of functional capacity. Clin. Cardiol. 1990, 13, 555–565. [CrossRef] [PubMed]

5. Hildebrand, M.; VAN Hees, V.T.; Hansen, B.H.; Ekelund, U. Age group comparability of raw accelerometer
output from wrist- and hip-worn monitors. Med. Sci. Sports Exerc. 2014, 46, 1816–1824. [CrossRef] [PubMed]

6. Arvidsson, D.; Fridolfsson, J.; Börjesson, M.; Andersen, L.B.; Ekblom, Ö.; Dencker, M.; Brønd, J.C.
Re-examination of accelerometer data processing and calibration for the assessment of physical activity
intensity. Scand. J. Med. Sci. Sports 2019, 29, 1442–1452. [CrossRef]

7. Vähä-Ypyä, H.; Vasankari, T.; Husu, P.; Mänttäri, A.; Vuorimaa, T.; Suni, J.; Sievänen, H. Validation of
Cut-Points for Evaluating the Intensity of Physical Activity with Accelerometry-Based Mean Amplitude
Deviation (MAD). PLoS ONE 2015, 10, e0134813. [CrossRef]

8. Kozey, S.; Lyden, K.; Staudenmayer, J.; Freedson, P. Errors in MET estimates of physical activities using 3.5
ml·kg−1·min−1 as the baseline oxygen consumption. J. Phys. Act. Health 2010, 7, 508–516. [CrossRef]

9. Melzer, K.; Heydenreich, J.; Schutz, Y.; Renaud, A.; Kayser, B.; Mäder, U. Metabolic equivalent in adolescents,
active adults and pregnant women. Nutrients 2016, 8, 438. [CrossRef]

10. Kujala, U.M.; Pietilä, J.; Myllymäki, T.; Mutikainen, S.; Föhr, T.; Korhonen, I.; Helander, E. Physical Activity:
Absolute Intensity versus Relative-to-Fitness-Level Volumes. Med. Sci. Sports Exerc. 2017, 49, 474–481.
[CrossRef]

11. Raiber, L.; Christensen, R.A.G.; Randhawa, A.K.; Jamnik, V.K.; Kuk, J.L. Do moderate- to vigorous-intensity
accelerometer count thresholds correspond to relative moderate- to vigorous-intensity physical activity?
Appl. Physiol. Nutr. Metab. 2019, 44, 407–413. [CrossRef] [PubMed]

259



Int. J. Environ. Res. Public Health 2020, 17, 5651

12. Ozemek, C.; Cochran, H.L.; Strath, S.J.; Byun, W.; Kaminsky, L.A. Estimating relative intensity using
individualized accelerometer cutpoints: The importance of fitness level. BMC Med. Res. Methodol. 2013, 13,
53. [CrossRef] [PubMed]

13. ACSM. ACSM’s Guidelines for Exercise Testing and Prescription, 10th ed.; Lippincot Williams & Wilkins:
Philadelphia, PA, USA, 2016; 472p.

14. Hofmann, P.; Tschakert, G. Special needs to prescribe exercise intensity for scientific studies. Cardiol. Res.
Pract. 2010, 2011, 209302. [CrossRef] [PubMed]

15. Scharhag-Rosenberger, F.; Meyer, T.; Gässler, N.; Faude, O.; Kindermann, W. Exercise at given percentages
of VO2max: Heterogeneous metabolic responses between individuals. J. Sci Med. Sport. 2010, 13, 74–79.
[CrossRef] [PubMed]

16. Binder, R.K.; Wonisch, M.; Corra, U.; Cohen-Solal, A.; Vanhees, L.; Saner, H.; Schmid, J.-P. Methodological
approach to the first and second lactate threshold in incremental cardiopulmonary exercise testing. Eur. J.
Cardiovasc. Prev. Rehabil. 2008, 15, 726–734. [CrossRef]

17. Mezzani, A. Cardiopulmonary exercise testing: Basics of methodology and measurements. Ann. Am.
Thorac. Soc. 2017, 14, 3–11. [CrossRef]

18. Moser, O.; Tschakert, G.; Mueller, A.; Groeschl, W.; Hofmann, P.; Pieber, T.; Lawrence, J.; Koehler, G.
Short-Acting Insulin Reduction Strategies for Continuous Cycle Ergometer Exercises in Patients with Type 1
Diabetes Mellitus. Asian J. Sports Med. 2017, 8, e42160. [CrossRef]

19. Gil-Rey, E.; Maldonado-Martín, S.; Palacios-Samper, N.; Gorostiaga, E.M. Objectively measured absolute
and relative physical activity intensity levels in postmenopausal women. Eur. J. Sport Sci. 2019, 19, 539–548.
[CrossRef]

20. Gil-Rey, E.; Maldonado-Martín, S.; Gorostiaga, E.M. Individualized Accelerometer Activity Cut-Points for the
Measurement of Relative Physical Activity Intensity Levels. Res. Q. Exerc. Sport 2019, 90, 327–335. [CrossRef]

21. Bakrania, K.; Yates, T.; Rowlands, A.V.; Esliger, D.W.; Bunnewell, S.; Sanders, J.; Davies, M.; Khunti, K.;
Edwardson, C.L. Intensity thresholds on raw acceleration data: Euclidean norm minus one (ENMO) and
mean amplitude deviation (MAD) approaches. PLoS ONE 2016, 11, e0164045. [CrossRef]

22. Garber, C.E.; Blissmer, B.; Deschenes, M.R.; Franklin, B.A.; Lamonte, M.J.; Lee, I.-M.; Nieman, D.C.; Swain, D.P.
American College of Sports Medicine position stand. Quantity and quality of exercise for developing and
maintaining cardiorespiratory, musculoskeletal, and neuromotor fitness in apparently healthy adults:
Guidance for prescribing exercise. Med. Sci. Sports Exerc. 2011, 43, 1334–1359. [CrossRef] [PubMed]

23. Pokan, R.; Ocenasek, H.; Hochgatterer, R.; Miehl, M.; Vonbank, K.; Von Duvillard, S.P.; Franklin, B.; Würth, S.;
Volf, I.; Wonisch, M.; et al. Myocardial dimensions and hemodynamics during 24-h ultraendurance ergometry.
Med. Sci. Sports Exerc. 2014, 46, 268–275. [CrossRef] [PubMed]

24. Tschakert, G.; Hofmann, P. High-Intensity Intermittent Exercise: Methodological and Physiological Aspects.
Int. J. Sports Physiol. Perform. 2013, 8, 600–610. [CrossRef] [PubMed]

25. Sellés Pérez, S.; Fernández-Sáez, J.; Cejuela, R. Polarized and pyramidal training intensity distribution:
Relationship with a half-ironman distance triathlon competition. J. Sport Sci. Med. 2019, 18, 708–715.

26. Rennie, K.L.; Wareham, N.J. The validation of physical activity instruments for measuring energy expenditure:
Problems and pitfalls. Public Health Nutr. 1998, 1, 265–271. [CrossRef]

27. Miller, N.E.; Strath, S.J.; Swartz, A.M.; Cashin, S.E. Estimating absolute and relative physical activity intensity
across age via accelerometry in adults. J. Aging Phys. Act. 2010, 18, 158–170. [CrossRef]

28. Lopes, V.; Magalhães, P.; Bragada, J.; Vasques, C. Actigraph calibration in obese/overweight and type 2
diabetes mellitus middle-aged to old adult patients. J. Phys. Act. Health 2009, 6 (Suppl. 1), S133–S140.
[CrossRef]

29. Dishman, R.K.; Sui, X.; Church, T.S.; Kline, C.E.; Youngstedt, S.D.; Blair, S.N. Decline in cardiorespiratory
fitness and odds of incident sleep complaints. Med. Sci. Sports Exerc. 2015, 47, 960–966. [CrossRef]

30. McEligot, A.J.; Mitra, S.; Beam, W. The association between fitness and obesity in diverse multi-ethnic college
students. J. Am. Coll Health 2020. Epub ahead of print. [CrossRef]

31. Forczek, W.; Ivanenko, Y.; Salamaga, M.; Sylos-Labini, F.; Frączek, B.; Masłoń, A.; Curylo, M.; Suder, A. Pelvic
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Abstract: Background. The shoulder in CrossFit should have a balance between mobility and sta-
bility. Glenohumeral internal rotation deficit and posterior shoulder stiffness are risk factors for
overhead shoulder injury. Objective. To determine the effectiveness of instrument-assisted soft
tissue mobilization and horizontal adduction stretch in CrossFit practitioners’ shoulders. Methods:
Twenty-one regular CrossFitters were allocated to experimental (stretching with isometric contraction
and instrument-assisted soft tissue mobilization) or control groups (instrument-assisted soft tissue
mobilization). Each session lasted 5 min, 2 days a week, over a period of 4 weeks. Shoulder internal
rotation and horizontal adduction (digital inclinometer), as well as posterior shoulder stretch per-
ception (Park scale), were evaluated. Shapiro–Wilk test was used to analyze the distribution of the
sample. Parametric Student’s t-test was used to obtain the intragroup differences. The inter- and
intra-rater differences were calculated using a repeated measures analysis of variance (ANOVA).
Results. Average age was 30.81 years (SD: 5.35), with an average height of 178 (SD: 7.93) cm and
average weight of 82.69 (SD: 10.82) kg. Changes were found in the experimental group following
intervention (p < 0.05), and when comparing baseline and follow-up assessments (p < 0.05) in all
variables. Significant differences were found in the control group following intervention (p < 0.05),
in right horizontal adduction and left internal rotation. When comparing the perception of internal
rotation and horizontal adduction in both groups, significant differences were found. Conclusions.
Instrument-assisted soft tissue mobilization can improve shoulder horizontal adduction and internal
rotation. An instrument-assisted soft tissue mobilization technique yields the same results alone as
those achieved in combination with post-isometric stretch with shoulder adduction.

Keywords: instrument-assisted soft tissue mobilization; muscle stretching exercises; range of motion;
manual therapy

1. Introduction

CrossFit is a physical fitness system featuring the performance of a wide variety of
exercises covering sports disciplines (weightlifting, powerlifting, and gymnastics) in addi-
tion to activities such as running, rowing, or cycling. Workouts are combined with little or
no rest, involving high-intensity training [1].

With regard to the incidence of injuries in the practice of CrossFit, there is a scarce
amount of data published in the literature [2], with an estimated rate of 3.1 injuries per
1000 h of training. This prevalence is similar to that found in sports such as weightlifting,
gymnastics, and rugby (3–3.3/1000 h). The prevalence of musculoskeletal injury was 24.0%,
and the most affected regions of the body were the lumbar spine, shoulders, and knees [3].

CrossFit is an overhead sport, in which many of the movements are performed above
the head, as in other sports such as baseball, volleyball, or tennis. However, unlike these,
the burden does not rest exclusively on the dominant upper limb, but is shared between the
two extremities [3]. This sport requires a sufficiently lax shoulder to be able to reach extreme
positions of movement above the head, but with enough stability to prevent luxation.

Int. J. Environ. Res. Public Health 2021, 18, 575. https://doi.org/10.3390/ijerph18020575 https://www.mdpi.com/journal/ijerph



Int. J. Environ. Res. Public Health 2021, 18, 575

CrossFit performance is thus associated with different power-, strength-, and aerobic-
related markers [4]. In most CrossFit exercises, athletes not only have to lift or throw
an external load, but also their own body mass. For this reason—as in other sports—
trying to reach a balance between maximum strength and body mass will be of paramount
importance [5].

Training more than four days a week and not receiving regular physiotherapeutic
care were associated with CrossFit-related musculoskeletal injuries [3]. The high incidence
of injury in the shoulder joint is due to various etiological factors. In Olympic lifting
(typically in weightlifting) and gymnastics movements, the shoulders need to reach extreme
positions of flexion, adduction, external rotation, and internal shoulder and elbow extension
is required. These movements occur when the head is placed under the bar in Olympic lifts
and kipping pull-ups in gymnastics, in this case, using the moment of inertia below the bar
in the performance of chin-ups or similar exercises [1]. These movements are performed
through a series with long reps and using large weights at high intensity, which can lead to
muscle fatigue, poor technique, and an alteration in shoulder joint alignment [6].

The stability of the glenohumeral joint depends, to a great extent, on its active stability.
Muscle fatigue, caused by repetitive high-intensity exercises in CrossFit, can have a detri-
mental effect on the activity and muscle response in these athletes. This muscle alteration
caused by fatigue produces a decrease of the dynamic joint stability; a poorer technique;
and, as a result, a greater likelihood of injury [1].

Most injuries in CrossFit occur as a result of repetitive strain, implying an extended
process in time, which can lead to a higher prevalence of injury. Athletes acquire adap-
tations from the sport itself, including alterations in strength, flexibility, and posture,
which induce changes in the biomechanics and movement patterns [7]. Therefore, over-
head athletes are participant to the risk of injury in the shoulder joint due to overuse,
such as deficient glenohumeral internal rotation and total rotation, deficit of strength in
the rotator cuff, and scapular dyskinesia. The most common biomechanics adaptation
is posterior stiffness of the shoulder, causing a decreased horizontal adduction of the
shoulder and reduced mobility in internal rotation, causing capsular tightness, and muscle
spasm. In the same way, posterior shoulder stiffness, therefore, has been suggested to be a
causative or perpetuating factor in shoulder impingement and labral pathology [7].

Soft tissue mobilization techniques [8] can increase internal rotation and horizontal
adduction movements of the shoulder [9] and the range of knee and hip motion affecting
quadriceps and hamstrings [10,11]. It has been reported [12] that these techniques can
reduce rotator cuff stiffness to improve the range of motion, as well as reduce the pain
threshold of an active and musculoskeletal movement [9,13]. In the same way, soft tissue
mobilization techniques may have an inhibitory effect on hyperactive muscles, thus favor-
ing intermuscular balance [14].

The current literature provides support for instrument-assisted soft tissue mobilization
(IASTM) in improving the range of motion (ROM) in uninjured individuals as well as
pain and patient-reported function (or both) in injured patients [15]. Horizontal adduction
shoulder stretch or post-isometric cross-body stretch can improve the range of motion
in horizontal adduction and the glenohumeral internal rotation [16], by decreasing the
posterior stiffness of the shoulder [17]. Moreover, IASTM appeared to be effective in
yielding short-term improvements in shoulder horizontal adduction and internal rotation
among uninjured participants [12]. It is recommended to perform stretching by stabilizing
the scapula to decrease infraspinatus stiffness and avoid subacromial impingement [18].

The hypothesis of this study was that an intervention using instrument-assisted soft
tissue mobilization and horizontal adduction shoulder produces improvements in the
mobility of internal rotation and horizontal adduction of the shoulder, as well as the
perception of stretching of the back of the shoulder in CrossFitters.

The aim of this study is to evaluate the effectiveness of a physical therapy intervention
through instrument-assisted soft tissue mobilization and horizontal adduction shoulder
stretches in CrossFitters aged from 18 to 40 years.

263



Int. J. Environ. Res. Public Health 2021, 18, 575

2. Materials and Methods

2.1. Study Design and Approvals

Randomized, single-blind pilot study was conducted with CrossFit athletes from the
gym Acero CrossFit, located in the city of Toledo (Spain). The study compared clinical
outcome after instrument-assisted soft tissue mobilization techniques and post-isometric
horizontal adduction stretches or underwent soft tissue mobilization with 21 athletes
randomised to each intervention type.

The study was registered at www.clinicaltrials.gov (NCT03830346.). This study has
been approved by the Research Committee of the European University of Madrid (regis-
tration no.: CIPI/18/033). Prior to the commencement of the study, all the participants
selected signed an informed consent document, as defined by the Helsinki Rules.

2.2. Study Population

We calculated the sample size needed for this study (effect size = 0.25 (medium),
α error = 0.05, power = 0.8) using the G*power software (Version 3.1., Heinrich Heine
University, Duesseldorf, Germany). The effect size used herein was in accordance with
a previous study [19]. The results showed that 18 participants were required. Given the
likelihood of dropouts during the study, a total of 24 participants were recruited, of which
21 met the selection criteria and were included in the study. The athletes were invited
(in February) to participate in the study. The study period was from January to June 2018.

The inclusion criteria to participate in the study were as follows: participants of both
sexes, being regular CrossFitters (workouts at least two days a week), and in the age range
of 18 to 40 years. On the other hand, participants excluded were those who had suffered a
shoulder injury in the 3 months prior to the study, had undergone shoulder surgery in the
previous six months, had a non-attendance rate of over 15% of the intervention sessions
(2 sessions), and had not signed the informed consent document.

2.3. Randomisation

Participants who met the selection criteria, and after signing the informed consent
document, were randomly assigned by the opaque envelope system to each study group:
experimental group (n = 11) and control (n = 10). Participants were randomly allocated by
a person not involved in the study.

2.4. Outcome Evaluation

Three dependent variables were evaluated: mobility of internal rotation and horizontal
adduction of the shoulder, and the perception of stretching of the back of the shoulder in
each movement.

The assessment of the internal rotation and horizontal adduction of the shoulder was
performed according to the protocol described by Laudner et al. [20]. In order to measure
the internal rotation of the shoulder, the patient was placed in the supine position on the
stretcher with the arm to be assessed at 90 degrees shoulder adduction, 90 degrees elbow
flexion, and with the elbow at the height of the acromion with a towel. By stabilizing
the scapula at the acromion, the shoulder was taken at a maximum range of internal
rotation. The range of motion was measured with a digital inclinometer, model Tacklife
MDP01. The angle of the edge of the ulna coincided with a line perpendicular to the
stretcher. For horizontal adduction, the arm was placed in the same initial position in
neutral rotation and, while stabilizing the lateral edge of the scapula, the arm was adducted
to its maximum range of motion. The angle between the line of the ventral edge of the
humerus and a line perpendicular to the stretcher was measured with the inclinometer.
Intraclass correlation coefficient and standard error of measurement values were 0.93 and
1.6◦ for passive Glenohumeral (GH) horizontal adduction ROM and 0.98 and 2.0◦ for
internal rotation ROM, respectively.

To assess the perception of stretch, the scale described by Park et al. [21] was used.
This 11-point scale evaluates the discomfort from least to most, asking each participant
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to define the level of discomfort in the back of the shoulder in the maximum range of
motion of internal rotation and horizontal adduction of the shoulder. Intraclass correlation
coefficient for this scale was 0.97 (95% confidence interval (CI) = 0.96 to 0.98).

The main anthropometric independent variables were collected (height, weight, and
body mass index), as well as sociodemographic variables (sex, age, profession, experience,
weekly training sessions, duration of training, competition, and so on).

Three assessments were carried out in this study: prior to intervention (T0), follow-
ing intervention (T1), and after a 4-week follow-up period (T2). Another physical therapist
oversaw conducting the three study assessments, blinded with respect to participant allo-
cation to each study group. All assessments were carried out following the same protocol
and under the same conditions.

2.5. Intervention

Each session lasted 2 to 5 min, 2 days a week, over a period of 4 weeks, prior to
each workout. In the experimental group, instrument-assisted soft tissue mobilization
techniques and post-isometric horizontal adduction stretches were performed, while the
control group only underwent soft tissue mobilization.

The soft tissue mobilization techniques were applied with the participant in prone
position, as described by Laudner et al. [20]. The technique lasted 20 s in a parallel direction
and 20 s in a perpendicular direction on the posterior shoulder and scapula muscles.
While the dominant hand was used to hold the instrument, the other hand was used to
tighten the skin medially to ensure an even area of treatment (Figure 1).
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Figure 1. Soft tissue mobilization techniques in prone position.

The post-isometric horizontal adduction stretch was carried out according to the
protocol by Moore et al. [22] in the movement evaluation position described by Laudner
et al. [20] with the participant in the supine position, passively adducting the arm horizon-
tally until the first motion barrier and performing active horizontal adduction for 5 s at
25% of force. The arm was then taken to the new motion barrier, repeating this process
three times.

2.6. Statistics

Sample distribution analysis was performed using the Shapiro–Wilk test. The dif-
ferences between the three assessments were analyzed, in each group, for the different
variables using the non-parametric Wilcoxon test. An analysis of variance (ANOVA) of re-
peated measures was carried out to compare the experimental and control groups at the
three assessment times: baseline (T0), posttreatment (T1), and follow-up (T2). The results
of the F test depend on whether the Mauchly spherical test was significant or not. If signifi-
cant, the Greenhouse–Geisser correction was used. Bonferroni correction has been applied
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to control the error rate of the significance level. When the interaction was significant,
pairwise comparison tests were performed on the group. The partial eta-squared value
was calculated as an indicator of effect size (classified as small 0.01, medium 0.06, and large
0.14) [23]. An analysis by intention to treat was conducted. The level of significance of the
study was estimated at 95%.

3. Results

During the study and follow-up, none of the participants included in the experimental
group (n = 11) or control group (n = 10) dropped out. Figure 2 shows the flowchart of the
research study.
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The average age of the 21 participants included in the study was 30.81 years (SD:
5.35), with an average height of 178 (SD: 7.93) cm, an average weight of 82.69 (SD: 10.82)
kg, and a mean body mass index of 25.98 (SD: 3.04) kg/m2. The mean of weekly training
sessions was 4.1, with an average session duration of 82 min, and the length of time since
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initiating in the practice of CrossFit being 29.38 months on average. Furthermore, 90.5% of
participants were males, and only 28.6% of the participants had ever competed. Although
the pretreatment assessment revealed no differences (p > 0.05) in anthropometric variables
and internal rotation and horizontal adduction movements, all other independent variables
and the measurements of perception of stretching of all movements showed differences
(p < 0.05) between the two groups. The description of the whole sample, and according to
the group, is shown in Table 1.

Table 1. Descriptive characteristics of all patients mean (and standard deviation) at baseline and in each group of the study.

Psychometric Variables All Sample Experimental Group Control Group Sig.

Age (years) 30.81 (5.35) 31.45 (6.02) 30.10 (4.72) 0.16 a

Height (cm) 178.33 (7.93) 178.27 (9.07) 175.36 (7.68) 0.14 a

Weight (kg) 82.69 (10.82) 81.82 (12.18) 70.93 (11.81) 0.48 a

Body mass index (kg/m2) 25.98 (3.04) 25.60 (2.29) 22.92 (2.44) 0.06 a

Clinical variables

Time practicing CrossFit (months) * 29.38 (20.69) 41 (19.32) 16.6 (13.81) 0.02 a

Training per week (days) * 4.1 (1.22) 4.73 (0.90) 3.40 (1.17) 0.03 a

Time per training (minutes) * 82.14 (28.31) 91.36 (28.81) 72 (25.29) 0.00 a

Sociodemographic variables n % n % n %

Gender (Male/Female) 19/2 90.5/9.5 10/1 90.9/9.1 9/1 90/10 0.78 b

Participation in competition (Yes/No) * 6/15 28.6/71.4 4/7 36.4/63.6 2/8 20/80 0.04 b

M: mean; SD: standard deviation; n: number of participants; %: percentage; Sig.: significance. a Shapiro–Wilks test. b Fisher exact test.
* Significant difference (p < 0.05).

Table 2 shows the statistical analysis of the dependent variables of the study at baseline,
post-treatment, and follow-up assessment. The experimental group revealed changes in
all variables (p < 0.001) after the intervention. When comparing T0 and T2 assessments,
we found improvements in all variables (p < 0.01) The calculation of the effect size in the
post-treatment results produced high values (d > 0.80) in all variables, except perception of
left internal rotation (d = −0.58) and perception of left horizontal adduction (d = −0.80).
Similarly, the effect size obtained after follow-up period was high (d > 0.80) in range of
motion variables, and moderate (range: −0.58 to −0.75) in the other variables.

Table 2. Statistical analysis and median (and interquartile range) of the dependent variables of the study at baseline,
post-treatment, and follow-up assessment.

Variables
Experimental Group Control Group

T0 T1 T2 T0 T1 T2

Right internal rotation 36.4 (18.0) 51.1 (11.8) 48.5 (12.0) 38.65 (15.8) 44.00 (16.4) 55.90 (10.8)
Perception of right internal rotation 3.00 (2.0) 2.00 (1.0) 2.00 (1.0) 1.00 (1.5) 2.00 (2.2) 3.00 (2.7)

Right horizontal adduction 12.2 (12.0) 19.2 (4.0) 19.1 (5.0) 12.9 (10.2) 16.85 (7.1) 16.80 (17.1)
Perception of right horizontal adduction 3.00 (2.0) 2.00 (2.0) 2.00 (1.0) 2.00 (3.0) 2.00 (0.25) 3.00 (1.0)

Left internal rotation 38.5 (13.1) 43.9 (15.8) 54.8 (5.5) 44.15 (23.4) 50.45 (10.1) 58.35 (12.0)
Perception of left internal rotation 3.00 (4.0) 2.00 (3.0) 2.00 (4.0) 2.00 (2.25) 3.00 (1.5) 2.50 (2.2)

Left horizontal adduction 15.7 (6.9) 20.30 (4.8) 21.5 (9.3) 11.90 (5.9) 16.05 (9.1) 22.45 (13.4)
Perception of left horizontal adduction 4.00 (1.0) 2.00 (2.0) 2.00 (2.0) 2.50 (3.0) 2.50 (3.0) 2.50 (3.0)

Outcome measures at the baseline (T0), after the four-week period of soft tissue mobilization and control interventions (T1), and after a
further four weeks as follow-up (T2).

Differences were found (p < 0.01) in the control group between T0 and T1 assessments
in right horizontal adduction and left internal rotation. When comparing T0 and T2
assessments, we found improvements in five variables: right internal rotation, perception of
right internal rotation, right horizontal adduction left internal rotation, and left horizontal
adduction (p < 0.01). The effect size obtained after the follow-up period was high (d > 0.80)
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in range of motion variables and perception of right internal rotation (d = 1.67). Table 3
shows the main statistics of the three assessments performed in the two groups.

Table 3. Mean difference and changes (and effect size) after post-treatment and follow-up period of the dependent variables
of the study with non-parametric Wilcoxon test.

Variables
Experimental Group Control Group

T0–T1 T0–T2 T0–T1 T0–T2

Right internal rotation −13.87 (1.07) * −16.58 (1.28) * −3.88 (0.33) −14.90 (1.29) *
Perception of right internal rotation 1.27 (−0.81) ** 1.00 (−0.64) * −0.90 (0.83) −1.80 (1.67) *

Right horizontal adduction −6.79 (1.21) ** −6.93 (1.23) ** −3.16 (0.46) * −6.13 (0.89) *
Perception of right horizontal adduction 2.00 (−0.86) ** 1.45 (−0.62) ** 0.10 (−0.06) −0.20 (0.12)

Left internal rotation −12.05 (1.47) ** −18.25 (−6.56) ** −8.77 (0.54) * −13.48 (0.83) *
Perception of left internal rotation 1.36 (−0.58) ** 1.36 (−0.58) ** −0.800 (0.38) −0.900 (0.42)

Left horizontal adduction −4.40 (1.20) ** −6.03 (1.64) ** −4.01 (0.65) −9.27 (1.51) *
Perception of left horizontal adduction 1.63 (−0.80) ** 1.54 (−0.75) ** 0.10 (−0.04) −0.30 (0.14)

Outcome measures at the baseline (T0), after the four-week period of treatment and control interventions (T1), and after a further four
weeks as follow-up (T2). * Significant difference between improvements of the study groups (p < 0.01). ** Significant difference between
improvements of the study groups (p < 0.001).

There were differences between the three evaluations in the perception of stretch in all
motions; however, no differences were found in the group interaction in terms of range of
motion. No significant difference was reported in dependent variables, upon comparing
the three assessments (T0, T1, and T2). Table 4 shows the results of the repeated measures
analysis including baseline (T0), T1, and T2 assessments.

Table 4. Statistical analysis of repeated measures of the dependent variables in the three study assessments.

Variables
Intra-Group Effect Inter-Group Effect

F Sig. η2
p F Sig. η2

p

Right internal rotation a 0.53 0.59 0.02 0.87 0.36 0.04
Perception of right internal rotation a 8.38 0.00 * 0.30 0.08 0.77 0.01

Right horizontal adduction a 2.02 0.15 0.09 0.20 0.65 0.01
Perception of right horizontal adduction a 8.49 0.01 * 0.30 0.13 0.71 0.01

Left internal rotation a 1.46 0.24 0.07 0.68 0.41 0.03
Perception of left internal rotation a 3.70 0.04 * 0.16 0.02 0.86 0.01

Left horizontal adduction a 1.56 0.22 0.07 0.01 0.89 0.00
Perception of left horizontal adduction 4.98 0.01 * 0.20 1.11 0.30 0.05

Sig.: significance; η2
p: partial Eta-squared. a the df corresponds to Greenhouse–Geisser test. * Interaction with the group (p < 0.05).

4. Discussion

The study examined the effectiveness of instrument-assisted soft tissue mobilization
and post-isometric horizontal adduction stretches in CrossFitters. The results of this study
support the assumption that this intervention may have a positive effect on range of motion
and perception of stretch. The high effect size found after post-treatment and follow-up
assessments indicates a high power of the results. These data suggest that the application
of instrument-assisted soft tissue mobilization techniques and post-isometric horizontal
adduction stretches can generate improvements after 4 weeks of intervention that are
maintained after 4 weeks of follow-up.

CrossFit is a highly popular conditioning program combining elements of strength,
coordination, balance, and mobility. It represents one of the most common examples of
high-intensity interval training [24] However, there are no clinical studies on CrossFitters
comparable to our study. This absence of scientific evidence complicates the possibility of
comparing results in similar samples, although the techniques used have already been used
in other studies. Laudner et al. [20] observed improvements in baseball players in range of
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motion in horizontal adduction and internal rotation of the dominant shoulder, through a
single application of instrument-assisted mobilization, without assessing whether the
improvements were maintained over time. Despite involving different populations and
not being comparable, our study included 39 shoulders, observing an improvement that is
maintained even after 4 weeks.

The literature suggests that IASTM is effective in increasing acute shoulder ROM
in overhead athletes with asymptomatic ROM deficiency. The lack of a standardized
IASTM treatment protocol in the current research presents a limitation to utilize it in
clinical practice [12]. McMurray et al. [25] reported that treatment sessions usually last
approximately 5–6 min per treatment region.

McClure et al. [26] noted, after 4 weeks of intervention, how cross-body stretches in
asymptomatic participants were more effective than sleeper stretches commonly used in
the improvement of horizontal adduction and internal rotation of the shoulder. Similarly,
Manske et al. [27] showed how cross-body stretches with joint mobilization were more
effective than stretching alone in the improvement of range of motion in internal rotation
in asymptomatic participants. Our study includes this technique, where the interventions
were carried out before the training session, with the goal of providing CrossFitters with
that range of motion for their exercises, and thus be able to perpetuate the effect of the
intervention. Moreover, the improvement observed in the study prior [27] is maintained in
our results in terms of shoulder ROM.

Bailey et al. [28] evaluated the effectiveness of cross-body and sleeper self-stretches
both alone and combined with instrument-assisted soft tissue mobilization, with each
intervention lasting 4 min, noting how the group treated with soft tissue mobilization
improved internal rotation and horizontal adduction of the shoulder. Our study found
improvements in both movements, with special significance for horizontal adduction.
However, our intervention protocol included shorter application times. Thus, it can be
established that shorter treatment times, as shown in our study, produce improvements
after 4 weeks of intervention, and that these are maintained over time.

The study findings show that the time needed for treatment in shoulder movement
restriction can be reduced. By applying a soft tissue mobilization technique for 40 s,
instead of over a minute and a half stretch per shoulder, the time of treatment is reduced by
almost three quarters. The use of this protocol as a preventive measure of shoulder injuries
would be desirable in CrossFit participants favoring an improved mobility.

Study limitations include the low sample size, although no participant dropped out of
the study. To address this limitation, the values of effect size were calculated to observe the
statistical power of the results in our sample. A larger team of researchers would have been
desirable to facilitate the process of intervention and evaluation. Finally, the completion
of the three assessments on the same day of the week and at the same time could provide
different results to those found in this study.

The current review highlights three important factors associated with injury incidence
and incidence rates in CrossFit: training frequency, duration of CrossFit experience, and in-
dividuals that compete in CrossFit competitions [29]. Future research should include a
larger sample size, with the sample being homogeneous. In addition, more dependent
variables such as muscle strength of the shoulder should be assessed.

5. Conclusions

The instrument-assisted soft tissue mobilization technique with post-isometric hori-
zontal adduction stretches may improve the range of motion of the shoulder. These im-
provements can be maintained for up to four weeks. A protocol that includes an instrument-
assisted soft tissue mobilization technique can improve horizontal adduction and internal
rotation. Better results would potentially be attainable by adding the horizontal adduction
shoulder stretch technique. Instrument-assisted soft tissue mobilization has no adverse
effects or complications in asymptomatic participants.
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Abstract: Background: The first aim of this study is to achieve validation of the direct and meta-
perspective versions of the Coach–Athlete Relationship Questionnaire in the Arabic language, and
the second aim of this study is to determine the quality of the coach-athlete relationship to athlete’
satisfaction with individual performance according to sport participation type, sport duration, and
sport achievement. Methods: A total of 259 athletes with a mean age of 22 years were recruited
from various athletic clubs in Kuwait. Participants completed The Coach–Athlete Relationship
Questionnaire and The Athlete Satisfaction Questionnaire. For this study, the factorial structure of
the Arabic version of the Coach–Athlete Relationship Questionnaire (CART-Q) was used in Kuwait
and was prepared with both direct and meta perspectives. Results: The results of this study show
evidence of the validity of the direct and meta-perspective Arabic versions of the CART-Q. The
fit indices of the data collected by direct-method were as follows (x2/df = 2.21; RMSEA = 0.06;
CFI = 0.98; GFI = 0.95; AGFI = 0.91); data for the meta-method were as follows (x2/df = 2.32;
RMSEA = 0.08; CFI = 0.99; GFI = 0.93; AGFI = 0.87). Female participants have obtained higher means
than males from all questionnaires. Conclusions: The results of the present study could help coaches
and athletes from the Middle East to understand the reasons and methods that lead to a quality
coach–athlete relationship.

Keywords: coach–athlete relationship; validation; satisfaction

1. Introduction

There are different social (e.g., coach–administrator, athlete–athlete) and personal
relationships (e.g., athlete–parent, athlete–partner) that can be found in the sport context,
however, the coach–athlete relationship is the most important for both performance ac-
complishments and psychological well-being [1,2]. While coaches need to ensure that they
are creating an environment that allows athletes to feel open, accessible, and available (as
opposed to withdrawn, hostile, and distant) [3], athletes find it difficult to produce top-level
performances without the support of their coaches [4]. Moreover, coaches are unlikely to be
successful without athletes’ talent, passion, and enthusiasm [5]. In many cases, neither the
coach nor the athlete can do it alone [6]. Coaches may have to deliberately create situations
that provide opportunities to connect with the athlete and create an environment that
is genuinely and constantly nurturing, supportive, and caring [7]. Athletes reach out to
their coaches for their expertise and knowledge, and as a result often have to set aside the
sort of insecurities that are likely to prevent them from building a close, trustworthy, and
committed relationship if they are to develop and succeed in sport [8].
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Sports coaches encourage new skills and challenges, even in the face of adversity, and
provide a platform for growth and development [9]. Through a series of studies [10,11],
it was found that coaches were viewed by their athletes as persons who are likely to
provide a source of comfort and security during times of need and who provide a sound
platform from which athletes can explore autonomously. A high-quality interdependent
coach–athlete relationship is central to effective coaching and is a fundamental precursor of
athletes’ optimal functioning [9,12,13]. The benefit of investigating relationships is not for
the coaches and athletes exclusively. The need for more research in this area is prompted
by the requirements of a systematic, comprehensive, and empirical knowledge, which
contains practical implications for coaches, athletes, as well as parents, practitioners, and
sport administrators [13]. Jowett et al.’s [14] qualitative case studies and relevant literature
were used to generate items for an instrument that measures affective, cognitive, and
behavioral aspects of the coach–athlete relationship [15].

Through the Coach–Athlete Relationship Questionnaire (CART-Q), the relationship
between coach and athlete has been identified as an important research area for sport
psychology [16]. The CART-Q provides an opportunity to pursue research questions that
would promote knowledge and understanding of the complex dynamics involved between
athletes and coaches from a relationship perspective. It could also contribute to the de-
velopment of interventions for enhancing the quality of this athletic relationship and its
associated outcomes (e.g., motivation, performance, well-being) [17]. The CART-Q [17]
includes two versions, namely, direct and meta perspectives, and the investigations and
studies that have been conducted focused on both versions; how one person perceives how
the other person views him/her (meta-perspective) can dictate/change one’s perception
(direct-perspective). The results obtained with the CART-Q can provide relevant infor-
mation to help professionals in the sport psychology area, and help coaches to develop
experiences that promote a positive relationship between coaches and athletes [18]. The
relationship between coaches and athletes is crucial for sports performance and individual
well-being [19].

The 3Cs model was utilized to understand and investigate the impact of the coach–
athlete relationship, namely the constructs of closeness, commitment, and complementarity
on the outcomes of the interpersonal relationships. Various studies found associations
between the coach–athlete relationship and the outcomes of its interpersonal relationship
(e.g., satisfaction, dissatisfaction, anxiety). A study by Jowett and Nezlek [20] aimed to
investigate the association between coach–athlete relationship interdependence and satis-
faction level as a function of competition level, relationship length, and gender has found
that the association between interdependence and satisfaction with training, instruction,
and personal treatment are higher within higher-level competitors (e.g., regional, national,
and international) rather than lower-level (e.g., club) competitors. The coach–athlete rela-
tionship is defined and operationalized as a situation in which both coaches’ and athletes’
feelings of closeness, thoughts of commitment, and behaviors of complementarity (3Cs)
are interconnected. Closeness refers to the affective bonds developed between coaches and
athletes and includes relational interpersonal properties such as mutual trust and respect.
Commitment is defined as an athlete’s and a coach’s intention to maintain a close athletic
partnership and long-term relationship that aims to maximize its outcomes. Complemen-
tarity refers to the type of interaction that the coach and the athlete engage in that reflects
corresponding actions and interactions that are co-operative and affiliative [20].

The Coach–Athlete Relationship Questionnaire (CART-Q) has been validated widely
during the last decade. The validation’s attempts crossed the European borders and
reached the Far East (China) [21]. Validating the CART-Q began with a study by Jowett
and Ntoumanis [15] that consisted of two separate studies. The study aimed to develop
an instrument that could be used to assess the nature of the coach–athlete relationship,
validate the instrument, and examine the relationships between interpersonal satisfaction
and the 3Cs within coaches and athletes. Consequently, the validation studies of the Coach–
Athlete Relationship Questionnaire continued targeting different regions, cultures, and

273



Int. J. Environ. Res. Public Health 2021, 18, 1998

countries. Balduck and Jowett [22] examined the psychometric properties of the CART-
Q utilizing 144 Belgian coaches. The result supported previous studies that validated
this specific instrument, and the psychometric properties of the Belgian version were
verified. On the other hand, Yang and Jowett [23] attempted to universalize the CART-Q
by conducting a study that recruited participants from seven different countries (United
States, Britain, China, Greece, Belgium, Sweden, and Spain). As the results of this study
showed a variation within the intensity of the athletes’ perceptions towards the quality
of the relationships with their coaches, the validity of the CART-Q was proved using a
three-first-order factor model across the seven countries.

Since this important measurement tool was validated in many countries across the
world, it is also still unheard of in many other countries. There is still a gap when it comes
to investigating the coach–athlete relationship in the Middle East. Therefore, the first aim
of this study was to fill that gap and add to the literature by validating this measurement
tool; the translated direct and meta-perspective Arabic versions of the CART-Q in the
Middle East. Validating the Arabic version of the CART-Q is beneficial to most countries
in the Middle East, as most of the countries are Arabic speaking. The CART-Q is highly
beneficial to Middle Eastern countries as the sport field in that area is rapidly growing
and developing. Many sports events and tournaments take place in the Middle East,
as well as the World Cup scheduled to take place in Qatar in 2022, the first-ever World
Cup to be held in an Arabic country. Needless to say, many athletes want to pursue
professional sport careers in the Middle East, making the coach–athlete relationship a very
important relationship to investigate. This leads to emphasizing once again the importance
of utilizing and validating the Arabic versions of the CART-Q and helping coaches and
athletes to perform at an optimum level. While sport psychology in the Middle East region
is underutilized in theoretical, empirical, and practical terms, its various applications
may be critical in facilitating harmony and stability in the ways coaches and athletes, as
well as other significant individuals, including sport administrators and officials, could
operate and interact. The interrelation of both the coach and the athlete makes effective
and successful coaching. The wide and various interests from all around the world in
exploring the coach–athlete relationship has motivated several sport psychologists to adopt
the Coach–Athlete Relationship Questionnaire (CART-Q). It is especially necessary for
those who are aiming to develop the sports field in their country. Reaching an optimum
level for an athlete can depend on the relationship with her/his coach. As stated, the
nature of this relationship includes three important constructs. When these constructs can
operationalize well in the relationship of the coach and athlete, the satisfaction level can
increase for the athlete. The second aim of this study was to determine the quality of the
coach–athlete relationship in relation to athlete’s satisfaction with individual performance.
The Athlete Satisfaction Questionnaire (ASQ) is a measure of the experiences of sport
participants based on Riemer and Chelladurai’s [24] classification of the facets of athlete
satisfaction [25]. Even though research on athlete satisfaction remains limited [26], findings
from various studies highlight the importance of satisfaction within the coach–athlete
relationship, such as a study by Davis et al. [27], which found that the coach–athlete
relationship quality positively predicted athlete satisfaction. Since athlete satisfaction was
not fully explored in the Middle East, and since it is highly linked to the coach–athlete
relationship, it is very important to discover the facets of athlete satisfaction to predict the
quality of the coach–athlete relationship.

This study was conducted in Kuwait, one of the Middle Eastern countries. Satisfaction
is very important amongst the Kuwaiti coach–athlete relationships, as satisfaction is a
fulfillment of one’s expectations and needs. Once an athlete is fulfilled, it will lead to
successful performances and sport results.
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2. Materials and Methods
2.1. Participants

A total of 259 athletes (male and female) were recruited from various athletic clubs in
Kuwait. The sample was comprised of 187 male and 72 female athletes, with a mean age of
22 years old (Mage = 22.33, SD = 4.61). The athletes participated in either team or individual
sports. Any sport where individuals are organized into opposing teams that compete
to win and involves competition between teams of players has been accepted as a team
sport. Sport participation type (nindividual = 71; nteam = 186), sport duration (experience in
sport participation) (Myear = 6.68), and sport achievement (nyes = 123; nno = 134) variables
were collected from participants. The participants had to answer a question about their
achievements with their current coach. Sport achievement criteria were classified by
athletes who won trophies or medals with their current coach and athletes who did not, at
the time the questionnaires were conducted. The subjects were extracted randomly. All the
participants completed at senior level, and they were members of local clubs.

2.2. Measures
2.2.1. The Coach–Athlete Relationship Questionnaire (CART-Q)

CART-Q [17] was used to assess how athletes believe the coach perceives the athletic
relationship with them. The questionnaire consists of 11-item meta-perspective items and
3 sub-dimensions: meta-closeness (4 items; e.g., “My coach likes me”), meta-commitment
(3 items; e.g., “My coach is committed to me”), and meta-complementarity (4 items;
e.g., “My coach is responsive to my efforts during training”). The direct version of the
questionnaire also includes 11 direct-perspective items (3 items for direct-closeness; e.g.,
“I like my coach”; 3 items for direct commitment; e.g., “I am committed to my coach”;
3 items for direct complementarity; e.g., “When I am coached by my coach, I am responsive
to his/her efforts”). For this study, the factorial structure of the Arabic version of the
CART-Q was used in Kuwait and was prepared with both direct and meta perspectives.
The items were assigned a score ranging from 1 (strongly agree) to 7 (strongly disagree)
with a mid-point of 4 (half-way). The Cronbach’s internal consistency coefficients for these
3 sub-scales for direct and meta versions were 0.82 and 0.85 for closeness, 0.70 and 0.82 for
commitment, 0.65 and 0.82 for complementarity, respectively.

2.2.2. Athlete Satisfaction Questionnaire (ASQ)

ASQ [25] measure the facets of athlete satisfaction. The questionnaire contains 56-items
and 15 subscales. These subscales include individual performance, team integration,
personal dedication, team performance, ability utilization, strategy, personal treatment,
training and instruction, team task contribution, team social contribution, ethics, budget,
medical personnel, academic support services, and external agents. In this study, only
3 items were employed to measure athletes’ satisfaction with individual performance (e.g.,
“I am satisfied with the improvement in my performance over the previous season”). The
response scale of these measures ranged from 1 (strongly disagree) to 7 (strongly agree).
Cronbach’s alpha reliability estimates ranged from 0.78 to 0.95 [25]. In this study, the
internal consistency coefficient for the individual performance subscale was 0.81.

2.3. Translation Procedures

The translation and cultural adaptation of the CART-Q was done by six Arabic profes-
sionals (three English teachers and three Ph.D. graduates in Physical Education and Sport
Science) in Kuwait. Subsequently, the translated items were independently translated back
into English. The back-translated version was then compared with the original British ver-
sion and any inconsistencies, and ways of eliminating them were discussed. This process
was repeated until the final versions were accurate and comprehensive translations of the
original CART-Q were developed.
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2.4. Procedures

The approval of the institutional ethics board was not required as per the institu-
tion’s guidelines and applicable regulations in the city where the study was conducted.
That is, why we cannot provide formal approval by the institutional ethics committee.
However, we verified that the study is in accordance with established ethical guidelines.
Participation was voluntary, it was not obligatory. All the participants were informed
about the anonymity, confidentiality, and the voluntary nature of the study. Before athletes
completed forms, written informed consent forms were received from them and from the
parents of the athletes who were under the age of 18. Thereby, all potential participants
were well-informed about the study. The information stated in the informed consent form
was not exceeded. In Kuwait, female athletes are not easy to target since there are very few
females participating in sport, and those who do participate are difficult to contact due to
their cultural restrictions. An information sheet that explained the aims of the study was
also given to the participants. The questionnaires were handed out to the participants and
collected at different times. Necessary explanations on how to fill out the questionnaires
were given by the first researcher. The questionnaire contained three pages in addition to
the demographics section and took 10–15 min to complete.

2.5. Data Analysis

The study has two aims. The first aim was to achieve validation of the direct and
meta-perspective versions of the CART-Q in the Arabic language, and the second aim was
to discover the differentiations of the CART-Q with other variables (e.g., gender, sport
participation type, and achievement) using independent sample t-tests and to discover
the relationships with the variables of age, satisfaction, and sport duration using Pearson
correlation coefficients. First of all, all preconditions, which are missing values, normal dis-
tribution, and multi-collinearity situations, were checked. A series of descriptive statistics
for all variables and sub-dimensions of both meta and direct data were controlled. Mean
(M), standard deviation (SD), skewness, and kurtosis values were obtained to determine
whether the data set has a normal distribution. It was seen that skewness and kurtosis
values ranged between −0.09 to −2.01. There were no missing values or outliers in the
data. Descriptive statistics were calculated for all variables of the study including means,
and standard deviations. Multi-collinearity was checked and results showed that tolerance
and the variance inflation factor (VIF) value ranges were as they should be. According
to Hair, Black, Babin, Anderson, and Tatham [28], the VIF value range is less than 5 and
tolerance is more than 0.2.

As the main aim of this study was to examine the psychometric properties of the
CART-Q, the first-order confirmatory factor analysis (CFA) was used to confirm the factor
structure of the scale. Lisrel 8.1. software package was used to perform the CFA. The
covariance matrix was created by using the maximum likelihood calculation method.
Furthermore, Pearson correlation was used to examine the relationship of the coach–athlete
relationship quality (both direct and meta, separately) with other variables. Independent
sample t-tests were used to determine the differentiation between gender, sport type, and
achievement situation, with direct-meta coach–athlete relationship and satisfaction.

3. Results

According to the results obtained from the path analysis with the parameter values
for the first level confirmatory factor analysis results (CFA), fit indices (RMSEA: root Mean
square error of approximation; CFI: comparative fit index; GFI: goodness of fit index;
and AGFI: adjusted goodness of fit index) of the data collected by direct-method were
as follows (x2/df = 2.21; RMSEA = 0.06; CFI = 0.98; GFI = 0.95; AGFI = 0.91); data for
the meta-method were as follows (x2/df = 2.32; RMSEA = 0.08; CFI = 0.99; GFI = 0.93;
AGFI = 0.87). According to acceptable criteria, fit index values should be between <2–3 for
x2/df; <0.05–0.10 for RMSEA; <0.95–0.97 for CFI; <0.90–0.95 for GFI; and <0.90–0.95 for
AGFI [29]. Results show that the results obtained for both scales are compatible with the
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model data and are acceptable. These results show that the data obtained from the research
corresponds to the predicted theoretical structure of the CART-Q versions for Kuwait. On
the other hand, when interpreting the CFA, Lambda (factor loading), t, and R2 values of
the substances are also important (Tables 1 and 2).

Table 1. According to The Coach–Athlete Relationship Questionnaire (CART-Q)’s confirmatory factor
analysis (CFA) results, standardized Lambda (λ), t, and R2 values for the direct method.

Subscales and Items λ t R2

Closeness 1 0.87 17.17 * 0.74
Closeness 2 0.80 15.42 * 0.67
Closeness 3 0.58 9.62 * 0.33
Closeness 4 0.74 13.71 * 0.54

Commitment 1 0.69 12.43 * 0.47
Commitment 2 0.48 7.79 * 0.23
Commitment 3 0.83 15.93 * 0.70

Complementarity 1 0.88 16.97 * 0.74
Complementarity 2 0.32 5.31 * 0.11
Complementarity 3 0.46 7.68 * 0.23
Complementarity 4 0.52 8.95 * 0.28

Note. * p < 0.05.

Table 2. According to CART-Q’s CFA results, standardized Lambda (λ), t, and R2 values for
the meta-method.

Subscales and Items λ t R2

Meta-Closeness 1 0.82 15.98 * 0.67
Meta-Closeness 2 0.78 14.87 * 0.60
Meta-Closeness 3 0.67 11.97 * 0.45
Meta-Closeness 4 0.88 18.13 * 0.78

Meta-Commitment 1 0.82 15.95 * 0.67
Meta-Commitment 2 0.78 14.94 * 0.61
Meta-Commitment 3 0.74 13.83 * 0.55

Meta-Complementarity 1 0.74 13.98 * 0.55
Meta-Complementarity 2 0.67 12.08 * 0.44
Meta-Complementarity 3 0.82 16.08 * 0.67
Meta-Complementarity 4 0.72 13.26 * 0.51

Note. * p < 0.05.

As seen in Table 1, Lambda (λ), t, and R2 values obtained as significant at 0.05 level.
When lambda values showing factor loads are examined, it is seen that factor loads vary
between 0.32 and 0.87. These values show that the factor loadings of the items are accept-
able. In addition, t values of the observed variables (items) regarding the explanation of
latent variables (dimensions) were found to be significant at the 0.05 level. On the other
hand, when R2 values are analyzed, it is seen that the variance amount explained by the
sub-factors in the items varies between 0.11 and 0.74. All these findings can be considered
as evidence that the scale has satisfactory construct validity.

Lambda (λ), t, and R2 values obtained in Table 2 are significant at the 0.05 level. When
lambda values showing factor loads are examined, it is seen that factor loads vary between
0.67 and 0.88. These values show that the factor loadings of the items are acceptable.
Besides, t values of the observed variables (items) regarding the explanation of latent
variables (dimensions) were found to be significant at 0.05 level. On the other hand, when
R2 values are analyzed, it is seen that the variance amount, explained by the sub-factors in
the items, varies between 0.44 and 0.78. All these findings can be considered as evidence
that the scale has satisfactory construct validity.

Means and standard deviations of all subscales in the study concerning gender, sports
participation type, and achievement situation are presented in Table 3.
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Table 3 shows the means and standard deviations of all sub-scales concerning gender,
sports participation type, and achievement situation. According to this, both females
and males with achievement had higher means than participants without achievement.
Furthermore, individual sports participants for both female and male, with achievement,
had higher means than team sport participants without achievement.

As seen in Table 4, there was a positive correlation between age and sport duration
(r = 0.41, p < 0.01). Commitment (r = 0.16, p < 0.05) and complementarity (r = 0.17, p < 0.01)
were positively associated with age; while any subscale was significantly associated with
sport duration. Furthermore, satisfaction was positively correlated with closeness (r = 0.24,
p < 0.01), commitment (r = 0.33, p < 0.01), and complementarity (r = 0.28, p < 0.01). Addi-
tionally, all subscales were positively associated with itself. According to these findings,
commitment and complementarity scores increased with increasing age; however, it was
found that there was no difference between the duration of sports and any sub-dimension.

Table 4. Correlation coefficients among age, sport duration, satisfaction, and direct data.

Variables 1 2 3 4 5 6

1. Age 1
2. Sport Duration 0.41 ** 1

3. Satisfaction 0.03 0.01 1
4. Closeness 0.07 0.02 0.24 ** 1

5. Commitment 0.16 * 0.07 0.33 ** 0.72 ** 1
6. Complementarity 0.17 ** 0.03 0.28 ** 0.70 ** 0.77 ** 1

Note. * p < 0.05, ** p < 0.01.

As seen in Table 5, there was a positive correlation between age and sport dura-
tion (r = 0.41, p < 0.01). Meta-commitment (r = 0.14, p < 0.05) and meta-complementarity
(r = 0.14, p < 0.05) were positively associated with age; while sport duration was signifi-
cantly associated with meta-closeness (r = 0.16, p < 0.05) and meta-commitment (r = 0.14,
p < 0.05). Furthermore, satisfaction was positively correlated again with meta-closeness
(r = 0.29, p < 0.01), meta-commitment (r = 0.33, p < 0.01), and meta-complementarity
(r = 0.30, p < 0.01). Additionally, all subscales were positively associated with itself. Accord-
ing to these results, meta-commitment and meta-complementarity scores increased with
increasing age; it was also found that as the duration of sports increased, meta-closeness
and meta-commitment scores increased. The scores of the athletes on satisfaction and the
CART-Q (both meta and direct) scales were examined according to gender.

Table 5. Correlation coefficients among age, sport duration, satisfaction, and metadata.

Variables 1 2 3 4 5 6

1. Age 1
2. Sport Duration 0.41 ** 1

3. Satisfaction 0.03 0.01 1
4. Meta-closeness 0.09 0.16 * 0.29 ** 1

5. Meta-commitment 0.14 * 0.14 * 0.33 ** 0.84 ** 1
6.Meta-complementarity 0.14 * 0.09 0.30 ** 0.85 ** 0.87 ** 1

Note. * p < 0.05, ** p < 0.01.

The independent sample t-test results were presented in Table 6. According to the
findings, significant differences were found in terms of satisfaction and CART-Q scores
according to gender. In all sub-dimensions, the means of female athletes were significantly
higher than the means of male athletes.
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Table 6. Independent sample t-test results for gender and each scale.

Gender n M SD df t p

Satisfaction Female 72 5.91 1.23 255 3.26 *** 0.001
Male 185 5.31 1.34

Closeness Female 72 6.41 0.72 255 2.97 ** 0.003
Male 185 6.06 1.11

Commitment Female 72 6.02 0.94 255 2.79 ** 0.006
Male 185 5.63 1.17

Complementarity Female 72 6.43 0.62 255 4.05 *** 0.000
Male 185 6.04 0.86

Meta-Closeness Female 72 6.28 0.93 255 2.68 ** 0.008
Male 185 5.87 1.16

Meta-Commitment Female 72 5.97 1.06 255 3.11 ** 0.002
Male 185 5.42 1.33

Meta-Complementarity Female 72 6.31 0.81 255 3.58 *** 0.000
Male 185 5.76 1.18

Note. ** p < 0.01; *** p < 0.001; M: Mean; SD: Standard deviation; df: Degrees of freedom.

According to the findings in Table 7, significant differences were found in favor of
individual participants in some dimensions according to the sport participation type. Ac-
cordingly, the means obtained were commitment (Mindividual = 5.99; SD = 0.99; t (255) = 2.33;
p < 0.05), meta-closeness (Mindividual = 6.31; SD = 0.81; t (255) = 3.45 p < 0.01), meta-
commitment (Mindividual = 5.94; SD = 1.02; t (255) = 3.20; p < 0.01), and meta-complementarity
(Mindividual = 6.20; SD = 0.94; t (255) = 2.84; p < 0.01). In all of the dimensions where there is
a significant difference, the means of athletes who participated in individual sports were
higher than the means of athletes who participated in team sports. These results showed
that the perceived relationship levels of the athletes who participated in individual sports
with their coaches were higher than the athletes who participated in team sports.

Table 7. Independent sample t-test results for sport participation type (SPT) and each scale.

SPT n M SD df t p

Satisfaction Individual 71 5.61 1.42 255 0.99 0.325
Team 186 5.42 1.30

Closeness Individual 71 6.30 0.89 255 1.46 0.182
Team 186 6.11 1.07

Commitment Individual 71 5.99 0.99 255 2.33 * 0.021
Team 186 5.65 1.16

Complementarity Individual 71 6.27 0.72 255 1.54 0.156
Team 186 6.10 0.86

Meta-Closeness Individual 71 6.31 0.81 255 3.45 ** 0.004
Team 186 5.86 1.19

Meta-Commitment Individual 71 5.94 1.02 255 3.20 ** 0.005
Team 186 5.44 1.35

Meta-Complementarity Individual 71 6.20 0.94 255 2.84 ** 0.010
Team 186 5.80 1.16

Note. * p < 0.05, ** p < 0.01; M: Mean; SD: Standard deviation; df: Degrees of freedom.

Regarding the findings that represented in Table 8, significant differences were ob-
tained in all satisfaction and CART-Q scores according to the achievement status of the
athletes. The means of the athletes having success in all sub-dimensions were higher than
the athletes who did not. These results showed that the coach–athlete relationship quality
scores of the athletes with achievement are higher than the athletes without achievement.
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Table 8. Independent sample t-test results for achievement and each scale.

Achievement n M SD df t p

Satisfaction No 123 5.29 1.40 255 −2.09 * 0.038
Yes 134 5.64 1.26

Closeness No 123 5.91 1.16 255 −3.80
*** 0.000

Yes 134 6.39 0.83

Commitment No 123 5.48 1.25 255 −3.64
*** 0.000

Yes 134 5.98 0.94

Complementarity No 123 6.01 0.89 255 −2.53 ** 0.012
Yes 134 6.27 0.72

Meta-Closeness No 123 5.62 1.31 255 −5.24
*** 0.000

Yes 134 6.33 0.76

Meta-Commitment No 123 5.11 1.42 255 −5.74
*** 0.000

Yes 134 6.00 0.98

Meta-Complementarity No 123 5.59 1.26 255 −4.63
*** 0.000

Yes 134 6.22 0.86
Note. * p < 0.05; ** p < 0.01; *** p < 0.001; M: Mean; SD: Standard deviation; df: Degrees of freedom.

4. Discussion

The development of the Coach–Athlete Relationship Questionnaire (CART-Q) was
guided by the findings of previous qualitative studies, and the development of the
British [15], the Greek [30], and the Chinese [21] versions of the CART-Q. The CART-
Q is expanding around the world and its validation is evidenced across the globe, despite
its linguistic differences, such as in Brazil [18], China [21], and Belgium [22]. The CART-Q
has become an important measurement tool and it is time to develop and utilize the CART-
Q in new regions, such as the Middle East. New versions of a translated CART-Q to Arabic,
Persian, and other languages are needed. These areas have different cultures, traditions,
and beliefs, which make it necessary and encouraging to explore the coach–athlete relation-
ship in such regions. The results of the CART-Q could help researchers and practitioners
who aim to investigate the nature of the coach–athlete relationship in the Middle East or
among the Arab nations. This study shows robust evidence of the validity of the direct and
meta-perspectives of the Arabic version of the CART-Q. Moreover, the CART-Q could help
coaches and athletes from the Middle East to understand the reasons and methods that
lead to a quality coach–athlete relationship.

The first aim of this present study was to examine the validity of the direct and meta-
perspective versions of the Coach–Athlete Relationship Questionnaire (CART-Q) in the
Middle East area (Kuwait) and to discover the differentiations of the CART-Q with other
variables. An understanding of the nature and content of the coach–athlete relationship, as
well as its functions, is important because such knowledge could contribute toward the
development of strategies that help to establish and maintain effective and successful coach–
athlete relationships [13,31]. Confirmatory factor analysis (CFA) was used to examine the
validity of the Arabic CART-Q version, which is consistent with a study by Vieira et al., [18]
which confirmed the construct validity of the Brazilian coach–athlete questionnaire by
using CFA. The methodological procedures that were used in this study to examine the
factorial validity of the direct and meta-perspective versions of the Arabic CART-Q are
coupled with the procedures in previous studies [15,17,23]. When the factorial construct
was examined for Arabic culture, the factor loadings of direct complementarity were seen
lower than other dimensions. This result can be caused by Arabic culture than itself because
complementarity reflects the members’ reciprocal and corresponding cooperation [32]. In
Arabic culture, considering the lower number of female participants in the sport field,
this result may make sense more. Furthermore, complementarity has been studied as an
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issue [33] across cultures, because the nature of the attitude of friendly and relaxed can
be differentiated in a different culture. To avoid incomplete implications, measurement
invariance analyses are recommended for the future.

The second aim of this present study was to determine the quality of the coach–athlete
relationship to athlete satisfaction. Other researchers such as Jowett et al. [34], approached
this relationship similarly and it showed that athletes who feel that their relationship with
the coach is underlined by trust, respect, and co-operation, are more likely to be satisfied.
High satisfaction leads to a high-quality coach–athlete relationship, and the coach–athlete
relationship quality positively predicts athlete satisfaction [27].

The scores of the athletes on satisfaction and the CART-Q (both meta and direct) scales
were examined according to gender. According to the findings, significant differences
were found in terms of satisfaction and CART-Q scores according to gender. In all sub-
dimensions, the means of female athletes were significantly higher than the means of male
athletes. It can be presumed that these results are because in Kuwait, the cultural norm
is for female athletes to have female coaches. This gives the female athletes a sense of
satisfaction within their sport environment. Every culture has its unique norms, values,
and beliefs, however, less attention has been given to how culture affects the coach–athlete
relationship. Within the sport psychology literature, it has been noted that there is less
attention paid to the cultural impact and the cultural background effect [35].

Females are more emotional, caring, understanding of one another, and they struc-
turally have more intense connectedness and trust needs than men [36], therefore, the
female athletes tend to be committed to their coaches. However, in Kuwait, the media is a
male-dominated setting where women’s sport is rarely broadcasted and female athletes
do not get the attention they deserve. Therefore, once females become athletes, they try to
prove that they deserve the same attention as men, giving importance to their sports career,
showing their athletic abilities, and committing to their coaches. This level of commitment
makes the sport environment a safe and satisfactory place for female athletes. Females have
a very strong ability to connect, and the female coaches have the right strategies to create a
comfort zone for their female athletes. These findings were similar to what was found in
the study by Jowett and Nezlek [20], where it was mentioned that “all-female dyads were
more satisfied with training and instruction than the other gender combinations considered
together” [20]. The findings of this study show that the same gender coach–athlete dyads
make a successful combination, and are consistent with a study by Jowett [37], where it
was found that the same gender coach–athlete dyads may feel they have something in
common that connects them.

This reflects a high degree of commitment between dyads and a desire to maintain a
long-term sport relationship. The dyads invest in each other and are committed to each
other. These results are consistent with the study by Jowett and Nezlek [20], as it was found
that coaches invest their knowledge, skills, and expertise, while athletes invest their raw
talent, long and hard hours of training, passion, determination, and motivation to achieve.

The results also showed that the perceived relationship levels of the athletes who
participated in individual sports with their coaches were higher than the athletes who
participated in team sports. The coach–athlete relationship is important in individual sports,
as the leadership and orientation of the coach are very important for the athletes who are in
direct contact with them [36]. Baker et al., [38] found that team sport athletes require greater
coach control, and when those needs were not met, it created less satisfaction in both the
athlete and the coach in team sports. Significant differences were obtained in all satisfaction
and CART-Q scores according to the achievement status of the athletes. The means of
the athletes having success in all sub-dimensions were higher than the athletes who did
not. These results showed that the coach–athlete relationship quality scores of the athletes
with achievement are higher than the athletes without achievement. Moreover, coaches’
satisfaction is likely to be linked to their own and their athletes’ perspectives of the coach–
athlete relationship quality, while athletes’ satisfaction is likely to be associated with their
meta-perspectives and their coaches’ meta-perspectives of the relationship quality [39].
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The findings of this study revealed that there was a positive correlation between age
and sport duration and no difference between the duration of sports and any sub-dimension.
According to the results, older athletes had higher commitment and complementarity. It
was observed that as the sport duration increased, meta-closeness and meta-commitment
increased. This study shows evidence of the validity of the direct and meta-perspective
Arabic versions of the CART-Q. These results could help researchers and practitioners
who aim to investigate the nature of the coach–athlete relationship in the Arabic speaking
nations in the Middle East. Moreover, the results of the present study could help coaches
and athletes from the Middle East to understand the reasons and methods that lead to a
quality coach-athlete relationship.

The present study includes also some limitations that needed to be explained. Firstly,
the sample was taken for this study only targeted athletes and therefore did not include a
full dyad. It would have been more beneficial to target coaches in the study, however, in
Kuwait, there is a very large number of foreign coaches. Getting the foreign, non-Arabic
speaking coaches involved in this study would require the coaches to use the original
(English) version of the CART-Q, and that would go against the purpose of this study, as
this study requires the use of the Arabic version of the CART-Q. Secondly, there are very
few female athletes in the sample as it is not popular to find female athletes in Kuwait due
to the cultural differences that discourage the existence of women in the sports field. That
is why the results should be interpreted with caution as the sample sizes are significantly
different (gender and sport type). Thirdly, at the time this study was conducted, Kuwait
was banned from international sport competitions. As a result, athletes in Kuwait were
significantly affected in terms of their commitment, and motivation. Most of the athletes
lacked ambition, had fewer training hours, and had less desire to improve or prepare for a
sports career. In turn, they were frustrated and disappointed. This situation could have
greatly affected the results of this study. In the future, it would be highly beneficial to
investigate such issues and the impact they have on the coach–athlete relationship.

5. Conclusions

The results of the Arabic version of the CART-Q could help researchers and practition-
ers investigate the nature of the coach–athlete relationship in the Middle East or among
the Arab nations. Furthermore, the CART-Q could help coaches and athletes understand
the steps that lead to a quality coach–athlete relationship while investigating the obstacles
that stand in the way of achieving a harmonious relationship. Once coaches and athletes
understand what builds up their relationship, they can achieve their goals together and
reach a state of overall well-being. The constructs of the CART-Q have shown that high
satisfaction is strongly associated with a high quality, successful, harmonious, and sup-
portive coach–athlete relationship [17]. The CART-Q is highly beneficial to Middle Eastern
countries as the sports field in that area is rapidly growing and developing.
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Abstract: (1) Background: A large body of research has examined the positive effects of physical
activity on physical and mental health. However, for some, excessive exercise can develop into an
addiction that is detrimental to their health. In the present study, we examine potential personal
(self-control, self-concordance) and social (social support) resources that we assume to be related
to exercise dependence. (2) Methods: One hundred and forty athletes from different endurance
sports participated in an online survey. Exercise dependence, self-control, self-concordance, and
social support were assessed using questionnaires that are well-established in health and sport psy-
chology. Additionally, further sport-relevant and demographic variables were assessed. (3) Results:
Correlational analyses supported our hypotheses that exercise dependence is negatively correlated
with the personal resources trait, state self-control, and self-concordance. Social support, however,
was not significantly correlated with exercise dependence. Furthermore, the results of a mediation
analysis revealed that the relationship between both personal traits (self-control, self-concordance)
and exercise dependence was mediated by state self-control. (4) Conclusions: Our results indicate
that trait self-control and self-concordance might be important personal resources that protect against
exercise dependence by making state self-control available.

Keywords: exercise dependence; endurance sports; self-control; self-concordance; social support

1. Introduction

A large body of research has shown that physical activity has a positive effect on phys-
ical and mental health [1]. Recommendations for the minimum level of physical activity
that is needed for beneficial health effects are given by the World Health Organization
(WHO) [2]. For adults aged 18–64 years, the WHO recommends 150 min at moderate
intensity, or 75 min at vigorous intensity. Moreover, the health benefits increase with
increased physical activity [2,3]. However, the WHO provides no recommendations for
upper limits in terms of intensity, frequency and duration of physical activity exist. Upper
limits would help to address a health-related problem: while most people exercise too little,
some exercise too much and even display addiction-like behavior [4]. Excessive exercising
can have harmful effects on physical (e.g., injury) and mental health (e.g., withdrawal
symptoms during absence). Szabo and colleagues defined exercise addiction as “a morbid
pattern of behavior in which the habitually exercising individual loses control over his or
her exercise habits and acts compulsively, exhibits dependence, and experiences negative
consequences to health as well as in his or her social and professional life” [5]. According to
the components model by Griffiths, addictions, in general, are characterized by a number
of common symptoms, among them withdrawal symptoms, tolerance, mood modification,
salience, personal conflict and relapse [6–8].

Various studies in previous decades have attempted to clarify the psychological
and physiological etiology of exercise dependence [9–11]. Synthesizing this research in
their review, Berczik and colleagues [4] addressed the necessity of future research into
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the personal and environmental factors sustaining, maintaining or developing exercise
addiction. Susceptibility to addictive behavior in exercise [4] and in other domains has
already been associated with factors within a person’s personality, referred to as “personal
factors” [12,13], as well as the social environment [14]. Researchers found self-control [13],
self-concordant goal setting [12] and social support [14] to be predictive of addictive
behavior in other life domains. In the present study, we aim to examine the relationship
of self-control, self-concordance (personal factors) and social support (social factor) with
exercise dependence.

By suggesting self-concordance as a potential predictor of exercise dependence, we
refer to motivation psychology [15]. Sheldon and Elliott (1999) described self-concordance
as “the extent to which a goal reflects personal interests and values versus something one
feels compelled to do by external or internal pressures [16]. Engaging in self-concordant
goals leads to optimal functioning and well-being [15]. Deeper insights to the underlying
assumptions can be found in the self-determination theory [17,18]. Attesting to the importance
of self-concordance in regard to addictive behaviors, self-concordance is associated with less
excessive alcohol consumption [12]. In the same vein, dysfunctional goal characteristics lead
to a higher risk of substance abuse and alcoholism [19]. Based on these studies, we assume
that self-concordance might also be negatively related to exercise dependence.

Besides the self-concordance of goals [15], self-control is needed to translate goals
into action [20]. Self-control is defined as the ability to suppress or control impulses and
thereby control one’s own behavior [13,21]. Therefore, persons with stronger self-control
can better pursue and succeed in their long-term goals, because they are better at resisting
distractions and temptations that might derail goal pursuit. Accordingly, self-control is
important for effective self-regulation [22]. Besides the inhibition facet of self-control (e.g.,
to suppress the urge to eat chocolate in front of the TV), Hoyle and Davisson postulate that
the initiation of behavior (e.g., starting to go for a run instead of watching TV), and the
continuation of this behavior (e.g., staying with jogging, even when it becomes strenuous)
are all facets of the ability of self-control [23].

Studies show that people who can control themselves well have more career success,
more stable social relationships and enjoy better physical and mental health [22]. Low
self-control, on the other hand, is linked with various individual problems or even social
issues, like unhealthy eating, less exercising, impulsive buying, academic failure or un-
derachievement, procrastination, substance abuse or even criminal activities [24–31]. In
this study, we examine trait self-control (the relatively stable tendency to exert self-control
successfully) as well as state self-control (perception of momentary ability/willingness to
apply self-control) as correlates of exercise dependence.

The third variable we assume to be related to exercise dependence is social support.
Social support can be provided by a peer group, by friends, or by the family, for example.
Social support is defined as “social interactions or relationships that provide individuals
with actual assistance or with a feeling of attachment to a person or group that is perceived
as loving or caring [32]. Social support is differentiated into perceived social support
(perception of the availability of social support) [33] and received social support (the
retrospective perception of having been supported) [34].

A large body of evidence shows that social support can contribute to health [35–38].
Lower mortality rates [39,40], better recovery from surgery [41] and sport injuries [42],
conveyance of healthy behavior [43,44], and the enhancement of well-being and moti-
vation [45,46] are just a few examples of these positive effects. Most importantly, in the
present research, social support acted as a protective factor for the use of substances or alco-
hol [47], the frequency of gambling [48] and social media addiction [14]. However, studies
analyzing the effects of social support on exercise dependence are scarce. The findings of
Lukács and colleagues showed that feelings of not being socially integrated can increase
an exerciser’s volume of sport activity [49]. Furthermore, a study with Australian elite
athletes from various sports revealed that athletes who are at risk of exercise dependence
report lower social support scores compared to their non-at-risk peers [50].
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The present research aims to examine personal and social resources simultaneously in
order to determine the strength of their potential relationship with exercise dependence.
Specifically, we test the hypothesis that athletes with high self-control (trait and state),
high exercise-related self-concordance and high levels of social support are less likely
to be exercise dependent. Because endurance sports athletes show the greatest risk of
exercise dependence [51], we focused on endurance athletes from all types of endurance
sports, without any age restrictions except the age of majority in order to increase sample
heterogeneity, and therefore the generalizability of our findings. Thus, we extend previous
research that focused on specific types of endurance sports [49,52–54].

2. Materials and Methods
2.1. Participants

Two hundred and eleven athletes from different endurance sports took part in an
online survey. The subjects were recruited by social media and mailing lists, as well as
by written advertisements in sports medicine centers. The inclusion criteria were that
athletes had to engage in regular exercise in an endurance sport and had to be a minimum
of 18 years old. Due to incomplete data (premature cancellation of the questionnaire),
58 subjects had to be excluded from the study. A further 13 athletes were excluded because
they did not meet the inclusion criteria. Finally, the data of 82 male and 58 female (N = 140)
endurance athletes aged between 18 and 76 years (M = 36.35, SD = 14.66) were analyzed.
Most of the athletes were runners (n = 67), triathletes (n = 29), and mixed (n = 24, for
example, running and swimming). Swimming (n = 9), cycling (n = 10) and rowing (n = 1)
were less represented in the sample. More detailed descriptions of the sample are presented
in the results section.

2.2. Procedure

Participants completed a web survey that contained informed consent questions with
regard to their sporting activity, as well as the frequency and intensity of the sport, and
questionnaires assessing the relevant variables for this research (exercise dependence,
self-control, self-concordance, and social support; see below). Participants filled in further
questionnaires, which will not be discussed in this paper as they do not relate to the present
research question. The web survey ended with a detailed debrief and the information
that participants could receive feedback about their scores, as well as some additional
information. If they were interested in receiving feedback, they subscribed with their email
address, which was saved using a web survey separate from the data provided by the
participants. The study was carried out in accordance with the guidelines that were laid
out in the Declaration of Helsinki in 1975. Moreover, according to the guidelines of the
ethics committee of the first author’s university, no separate Institutional Review Board
statement was required for this study. Participants who entered the online study were
informed about the purpose of the study, delivered informed consent and confirmed that
they voluntarily agreed to participate. In data collection and data processing we followed
the compliance of the Health Insurance Portability and Accountability Act (HIPAA).

2.3. Measures

Participants indicated their sex, age, occupational status, the frequency and duration
of their training sessions, and whether they participate in competitions or not.

In order to assess addictive behavior, the Exercise Dependence Scale (EDS) was
used [55]. The scale is based on the Diagnostic and Statistical Manual of Mental Disorders-
IV criteria for substance dependence [56]. Hausenblas and Downs used these criteria to
operationalize their multidimensional questionnaire for maladaptive behavior in exercising.
The athletes were asked to rate their exercise beliefs and behaviors that have occurred in
the past three months. Each of the seven dimensions, tolerance (“I continually increase
my exercise duration to achieve the desired effects/benefits.”), withdrawal (“I exercise to
avoid feeling tense.”), intention effects (“I exercise longer than I intend.”), lack of control
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(“I am unable to reduce how often I exercise.”), time (“I spend most of my free time
exercising.”), reduction in other activities (“I would rather exercise than spend time with
family/friends.”) and continuance (“I exercise when injured.”) each had three items with a
rating scale from 1 (never) to 6 (always). Average scores for each dimension as well as an
overall score were calculated. The EDS allows us to categorize responses in the following
manner: (1) at risk—this category includes individuals whose responses are in the “at risk”
range, which corresponds to a Likert-scale score of five or six for at least three of the seven
criteria; (2) nondependent-symptomatic—this category includes people for whom at least
three of the seven criteria are in the “nondependent-symptomatic” range (on the Likert
scale, these are the values three and four); and (3) nondependent-asymptomatic—people
who are neither addicted nor show symptoms of a sports addiction (on the Likert scale,
values of one or two can be found here). Cronbach´s alpha for the overall scale showed an
internal consistency of α = 0.88.

Perceived and received social support were measured with the Berlin Social Support
Scale [57]. While the perceived scale with eight items measures a prospective (“When
everything becomes too much for me to handle, others are there to help me.”), the received
scale with 15 items measures a retrospective perspective (“This person made me feel valued
and important.”) of social support. Participants rated each statement using a four-point
scale ranging from 1 (not at all) to 4 (exactly true). In the present study, the scales showed a
high internal consistency (perceived α = 0.94, received α = 0.90).

The Capacity for Self-Control Scale (CSCS) was used to measure the trait dimension
of self-control [23]. The scale consists of 20 items that have to be answered on a five-point
Likert-scale from 1 (hardly ever) to 5 (nearly always). Examples for items are “I have
trouble resisting my cravings.” and “I get started on new projects right away”. Cronbach´s
alpha was α = 0.86.

Momentary available self-control was measured using the 25-item State Self-Control
Capacity Scale (α = 0.94) [58]. Participants indicated their agreement with statements (e.g.,
“Example”) using a seven-point rating scale ranging from 1 (not correct at all) to 7 (fully
correct). In both questionnaires for self-control the athletes were made aware that the
statements did not only refer to sport, but more to life in general.

To measure the self-concordance of participants´ sport- and exercise-related goals,
the Self-Concordance in Sport Scale was used [59]. The scale is based on Deci and Ryan´s
self-determination theory as well on Sheldon and Elliot´s self-concordance model [15,17].
Participants were asked to rate their intention to exercise in the next few weeks on a six-
point Likert scale ranging from 1 (does not apply at all) to 6 (fully applies). Therefore, they
had to complete the sentence “In the next few weeks and months, I intend to exercise . . . ”.
Intrinsic (“...because I enjoy exercising”), identified (“ . . . by personal decision”), introjected
(“ . . . I feel guilty, when I don´t exercise”) and extrinsic (“ . . . I exercise because other
people say I should”) forms of regulation were assessed with three items for each subscale.
An overall self-concordance score was created by summing the identified and intrinsic
scores and then subtracting the introjected and external scores. The internal consistency for
the four subscales ranged from α = 0.60 to α = 0.73.

2.4. Data Analysis

In all analyses, the assumption of normal distribution was tested with the Shapiro–
Wilk test and variance homogeneity was tested with the Levene test. In case of significant
main effects, Bonferroni-corrected post hoc tests were calculated to compare differences
between specific factor levels. For all tests, statistical significance was set at p < 0.05.
Cohen´s ds were calculated as effect size estimates, where d > 0.20 represents a small,
d > 0.50, moderate, and d > 0.80 a large effect respectively r > 0.10 represents a small,
r > 0.30, moderate, and r > 0.50 a large effect at the correlation analyses [60].

In order to test for differences between risk groups in workload and state self-control,
one-way analyses of variance (ANOVA) were run. We used T-Tests or Mann–Whitney-U-
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tests (if normal distribution was violated) to analyze whether men and women differ in the
measured variables.

Assessing our hypotheses, correlations between variables were calculated via Pearson
correlation coefficients, if the data in the investigated parameters were normal distributed.
Otherwise, Spearman correlations were computed. Subsequently, a hierarchical multiple
regression with exercise dependence as dependent variable was calculated. At first, the
trait factors, self-concordance and trait self-control, were included in the regression equa-
tion. As a second step, state self-control was added. For the supplemental analyses, we
also conducted a mediation analysis according to the procedure suggested by Baron and
Kenny [61]. All analyses were run with JASP, Version 0.14.1, [62] and the statistical software
environment R [63]. The plots were created with GGPLOT 2 [64].

3. Results
3.1. Characteristics of the Sample

Besides the overall score for exercise dependence, we classified athletes into three dif-
ferent risk groups (at risk, nondependent symptomatic, and nondependent asymptomatic)
according to a classification system proposed by Hausenblas and Downs [55]. Eight athletes
were identified as “at risk” for exercise dependence while 93 athletes could be classified as
“nondependent symptomatic” and 39 athletes as “nondependent asymptomatic”.

On average, the athletes had been involved with their sports for 12.77 years (SD = 9.25)
and reported that they exercise M = 6.01 (SD = 3.18) times per week for M = 85.46
min (SD = 33.45) per session. This results in an average workload of M = 512.23 min
(SD = 305.88) per week. Eleven participants reported that they do not take part in com-
petitions. Furthermore, seven athletes train with a coach, while 83 exercise alone and
50 practice in a group. Related to the classification of exercise dependence, the “at risk”
group exercises for 110 min (SD = 58.80) per training session and exercises more often
(Munits = 8.31, SD = 3.72) than the nondependent symptomatic (Mminutes = 86.71, SD = 30.59;
Munits = 6.37, SD = 3.42) and the nondependent asymptomatic groups (Mminutes = 77.42,
SD = 31.52; Munits = 4.69, SD = 1.70). In order to test the differences between workload,
a one-way ANOVA was run. Levene´s test showed a significant result, so the analy-
sis was corrected with the Welch test. The analysis revealed a significant main effect,
F(2, 18.54) = 14.26, p < 0.001, η2 = 0.15. Post hoc tests with Bonferroni correction showed
that athletes in the “at risk” group showed a significantly higher workload (M = 840.00 min
per week, SD = 353.42) compared to athletes in the “nondependent symptomatic” group
(M = 548.89 min per week, SD = 312.95), t = −2.77, p = 0.019, d = −0.92, and the athletes in
the nondependent asymptomatic group (M = 357.58 min per week, SD = 177.95), t = −4.37,
p < 0.001, d = −2.25. Furthermore, athletes in the “nondependent symptomatic” group
have a significantly higher workload than persons with no symptoms, t = −3.53, p = 0.002,
d = −0.68. The different workloads are illustrated in Figure 1.

3.2. Preliminary Analysis

In their review, Dumitru and colleagues [65] examined gender differences in the preva-
lence of exercise dependence and concluded that men are more at risk for exercise addiction
than women. Therefore, we tested for gender differences in exercise dependence and in
the other dependent variables. Table 1 shows the results of t-tests (for normally distributed
variables) and Mann–Whitney U-tests (for non-normally distributed variables). The analyses
revealed a significant difference for state self-control with higher scores for men (M = 5.27,
SD = 1.00) compared to women (M = 4.92, SD = 1.04), W = 2842, p = 0.050, d = 0.20.
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Table 1. Descriptive statistics and tests for differences between male and female athletes.

Total (N = 140) Male (n = 82) Female (n = 58)
t/U p

M (SD) M (SD) M (SD)

Exercise dependence 2.98 (0.70) 2.94 (0.73) 3.04 (0.65) −0.85 0.395
Self-control (trait) 3.52 (0.54) 3.49 (0.58) 3.56 (0.47) −0.76 0.446
Self-concordance * 3.16 (0.98) 3.15 (0.92) 3.17 (1.08) 2311.50 0.780

Self-control (state) * 5.13 (1.03) 5.27 (1.00) 4.92 (1.04) 2842.00 0.050
Perceived support * 3.61 (0.51) 3.56 (0.55) 3.69 (0.45) 1986.00 0.087
Received support * 3.33 (0.54) 3.28 (0.57) 3.39 (0.50) 2117.50 0.271

Workload * 512.16 (305.88) 549.54 (320.39) 459.48 (278.30) 2814.50 0.065

Note. * Assumption of normal distribution was violated. Therefore, a non-parametric test was used.

3.3. Descriptive Statistics and Correlation Analyses

Pearson correlations and Spearman correlations (if nonparametric test is required)
were computed between trait and state self-control, self-concordance, perceived and re-
ceived social support and exercise dependence (see Table 2). Small to moderate negative
correlations were observed between exercise dependence and self-concordance (r = −0.23,
p = 0.006), trait self-control (r = −0.26, p = 0.002) and state self-control (r = −0.39, p < 0.001).
In contrast, exercise dependence was not significantly related to social support.

Moderate to large positive correlations were found between self-concordance and trait
self-control (r = 0.36, p < 0.001) and self-concordance and state self-control (r = 0.53, p < 0.001).
Furthermore, a large positive correlation of trait and state self-control was observed (r = 0.49,
p < 0.001). Self-concordance and social support were positively correlated (perceived: r = 0.21,
p = 0.002; received: r = 0.18, p = 0.038). State and trait self-control were positively correlated to
perceived social support (trait: r = 0.21, p = 0.008; state: r = 0.29, p < 0.001).
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Table 2. Correlations and descriptive statistics for the dependent variables.

Variables EDS SCT SSC SCS PER REC WKL

Exercise
dependence—EDS 1

Self-control (trait)—SCT −0.26 ** 1
Self-concordance—SSC −0.23 ** 0.36 *** 1

Self-control (state)—SCS −0.39 *** 0.49 *** 0.53 *** 1
Perceived support—PER −0.10 0.21 * 0.21 * 0.29 *** 1
Received support—REC 0.01 0.18 * 0.18 * 0.14 0.52 *** 1

Workload—WKL 0.31 *** 0.10 0.05 0.06 −0.01 0.12 1
Mean 3.01 3.50 3.08 5.09 3.59 3.32 526.28

SD 0.70 0.55 1.04 1.03 0.54 0.54 334.11
Range 1–7 1–5 −6–6 1–7 1–4 1–4 90–1800

Note 2. The Pearson correlation was run for the Exercise Dependence Scale (EDS) and self-concordance (SSC), for EDS and self-control
(state) (SCS) and for SSC and SCS. For all other analyses, Spearman’s Rho was calculated. * p < 0.05, ** p < 0.01, *** p < 0.001.

3.4. Regression Analyses

The correlation analyses showed that social support (social factor) is not related to
exercise dependence, whereas all three personal factors revealed a negative relationship
with exercise dependence. To further explore the strength of the effects and disentangle the
effects of trait and state effects, a hierarchical multiple regression was computed. At first,
the trait factors, self-concordance and trait self-control, were included in the regression
equation (Model 1). Then, as a second step, state self-control was added in Model 2.

The results of these regression analyses are summarized in Table 3. Model 1 was
significant, F(2, 137) = 5.84, p = 0.004, but neither self-concordance, nor trait self-control
were revealed as significant predictors. However, their effects were marginally significant
at p < 0.10, explaining why Model 1 was significant. When accounting for state self-control
(Model 2), the trait factors became nonsignificant (see Table 3) and state self-control was
the only significant statistical predictor of exercise dependence. Overall, Model 2 was
significant, F(3, 136) = 8.54, p = 0.001.

Table 3. Regression analyses predicting exercise dependence.

Variable
Model 1 Model 2

b SE b β p 95% CI b SE b β p 95% CI

Intercept 4.14 0.38 0.001 4.52 0.38 0.001
Self-concordance −0.12 0.06 −0.16 0.066 [−0.241, 0.008] −0.02 0.07 −0.03 0.751 [−0.151, 0.109]
Trait self-control −0.23 0.12 −0.18 0.052 [−0.453, 0.002] −0.07 0.12 −0.05 0.556 [−0.305, 0.165]
State self-control −0.24 0.07 −0.35 0.001 [−0.371, −0.108]

R2 0.08 0.16
Adj. R2 0.07 0.14

Note. SE: standard error. CI = Confidence interval.

3.5. Mediation Analyses—Self-Control, Self-Concordance and Exercise Dependence

The results of the correlational pattern between variables suggest that the effects
of self-concordance and trait self-control on exercise dependence could be mediated by
state self-control. A mediation analysis including both predictors (see Figure 2) showed
that the relationship between self-concordance and exercise dependence (indirect effect:
z = −2.99, se = 0.05, p = 0.003, 95% CI [−0.227, −0.047], total effect: z = −1.88, se = 0.09,
p = 0.061, 95% CI [−0.342, 0.007]) as well as the relationship between trait self-control and
dependence (indirect effect: z = −2.87, se = 0.08, p = 0.004, 95% CI [−0.375, −0.070], total
effect: z = −1.98, se = 0.16, p = 0.048, 95% CI [−0.643, −0.003]), were fully mediated by state
self-control. An overview of the unstandardized model parameters is given in Figure 2.
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3.6. Supplemental Analysis—Risk Factor Groups

The linear regression analyses revealed that momentary available self-control predicts
exercise dependence. A one-way ANOVA testing whether risk factor groups differed
in state self-control was significant F(2, 18.65) = 7.60, p = 0.004, η2 = 0.10. A Bonferroni-
corrected post hoc test revealed that the nondependent asymptomatic group (M = 5.58,
SD = 0.96) scored significantly higher score on state self-control than the nondependent
symptomatic (M = 5.01, SD = 0.99; t = 3.06, p = 0.008, d = 0.59), and the at-risk groups
(M = 4.26, SD = 1.03; t = 3.47, p = 0.002, d = 1.36). There was no significant difference
between the nondependent symptomatic and at-risk groups (t = 2.07, p = 0.122, d = 0.76).

4. Discussion

The aim of this study was to promote research in exercise dependence by taking personal
factors from motivational research (self-concordance) and volitional research (self-control), as
well as social support, into account simultaneously. In support for our hypotheses, self-control
and self-concordance were negatively related to exercise dependence. Further unpacking this
relationship, we found that state self-control mediated the link between trait self-control, self-
concordance and exercise dependence. Trait self-control and self-concordance of exercise goals
seem to activate high momentary available self-control, which, in turn, was associated with a
reduced risk of exercise dependence. This is in line with prior work by Sheldon and Elliot [15],
which found that self-concordant goals lead to sustained effort, which, in turn, led to better
goal attainment and well-being. In the context of the present study, high self-concordance
might facilitate heightened perceptions of momentary self-control (triggering higher effort),
which might protect against detrimental behavioral tendencies (e.g., excessive exercise). The
perception of higher momentary self-control might result from the fact that striving for goals
that are not self-concordant requires additional effort, while current theorizing on self-control
indicates that the exertion of self-control reduces the willingness to invest further effort [66]. In
contrast, self-concordant goals themselves require less effort, which could, in turn, be invested
into successful task execution.

The findings from this study reveal that trait and state self-control are linked to
each other in predicting the risk of addictive behavior in exercising. Several approaches
regarding how trait self-control might elucidate state self-control can be found in the
literature (for an overview, see de Ridder, 2018) [67]. First, besides the assumption that
successfully dealing with self-control dilemmas can be traced back to successful inhibition,
a meta-analysis from de Ridder and colleagues [22] emphasizes that individuals with
high trait self-control reported stronger automatized adaptive behavior like habits or
routines that can be performed without effort. Second, they organize themselves and
their environment in a way that means they need to deal with effortful inhibitions to a
lesser extent in everyday life because this structure prevents them from being constantly
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confronted with problematic temptations [68]. This is also in line with Duckworth´s
considerations on situational self-control [69].

According to Ent et al., 2015, self-control could be interpreted as a proactive trait
that is helpful avoiding harmful behaviors [70]. In terms of our study context, it is likely
that athletes with high trait self-control structure their lives in a more adaptive way, and
that maintenance of their lives is less demanding in terms of the application of constant
self-control. Nevertheless, once a self-control dilemma occurs, these individuals are able to
deal with this dilemma more efficiently [71]. In relation to the expression of the exercise
dependence scale in terms of continuance, for example, a dilemma could be that an athlete
striving for an improvement in their personal best in a half marathon is interrupted by an
injury. In order to reach this goal, regular exercising is necessary. Therefore, the athlete’s
aim to improve is in conflict with the need to recover from the injury. Thus, an athlete with
high state self-control would be able to make a better choice when an injury occurred, as
further exercising would be harmful to their health.

Furthermore, the supplemental analysis on the group level supports our findings
from the linear analysis. Athletes in the “nondependent asymptomatic” group showed
significantly higher momentary self-control than the “nondependent symptomatic and at
risk” group.

In our sample, 7% of endurance sport athletes belonging to the “at risk” group, 66%
to the “nondependent symptomatic” group and 28% to the “nondependent asymptomatic”
group. Previous studies display similar distributions for the risk of exercise dependence
in their samples [49,51,72–74]. Moreover, comparing the three groups “at risk”, “non-
dependent symptomatic”, and “nondependent asymptomatic” shows that the different
workloads in the groups can be traced back to the fact that athletes in these groups attend
more training sessions per week rather than to the duration of a session. This finding is
supported by studies that revealed a positive relationship between the total duration spent
training and the risk of exercise dependence [75,76].

Contrary to our assumptions, neither perceived nor received support is directly related
to exercise dependence in this study. Moreover, unexpectedly, social support was positively
related to self-concordance and self-control, and is therefore associated with facets of self-
regulation. Why social support does not affect a specific domain of self-regulation (exercise
dependence) remains an unanswered question. We can only speculate that the different
levels of abstraction of the concepts (general: self-control, self-concordance; sport-specific:
dependence) might provide a rationale that should be tested empirically.

There are some limitations to this study that should be acknowledged. Our study
is cross-sectional. Therefore, the line of reasoning in mediation analysis is based on
theoretical deliberations and cannot take temporal sequencing of variables into account.
Furthermore, estimated mediation effects are based on correlational relations between the
variables, which does not allow for any specifications about directionality. Deeper insights
and advanced interpretations of directions and causality of effects would be enabled by
longitudinal data, especially since developing an exercise dependence is likely to develop
gradually and over time. In consideration of the fluctuation of personal state factors in
contrast to stable personal trait factors (e.g., self-control) [66], a longitudinal design could
further lead to a better understanding of the observed relation between state and trait
factors predicting the risk of harmful exercising.

Although our study extends the current research on exercise dependence by simul-
taneously taking motivational and volitional factors into account, our study is limited in
its design. We used a self-report questionnaire (EDS), which is based on a risk score and
risk categorization (at risk, nondependent symptomatic and nondependent asymptomatic)
and is not a clinical diagnosis instrument for addiction. However, it should be mentioned
that exercise dependence is not classified within any medical or psychological diagnostic
frameworks [4]. Moreover, the interpretation of self-reported data is complicated because
of possible bias due to the nature of the studied sample (e.g., demographics, gender and
race/ethnicity). Szabo and colleagues suggested that future research in the field of exercise
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dependence should be extended with in-depth interviews with athletes suspected to be
at risk of exercise dependence by those instruments [5]. This kind of mixed-methods ap-
proach, using quantitative as well as qualitative data, could lead to a better understanding
and characterization of exercise dependence and its symptoms, as well as its promoting
and preventing factors (like self-control and self-concordance). Once these mechanisms
become clearer, it will be easier to explore possible prevention strategies and recommend
appropriate interventions.

Practical implications can be derived from our findings that address the three components
in our mediation model (see Figure 2). According to self-concordance, athletes and coaches
were recommend spending effort to choose goals that fit the values, interests, and personality
of the athlete. As reported by Sheldon, knowing one’s implicit motivations and potentials are
important for setting more self-concordant goals. This can be reached by interpersonal contexts
(e.g., coach–athlete relationships) that promote accurate self-insights and provide autonomy
support [77]. Moreover, Weinberg and Gould provide a good overview of implementation
strategies of goal setting and explain the underlying key processes [78].

Self-control, as the second component of our mediation model, can be improved by
specific self-control training (for a review of self-control training effects see Friese and
colleagues) [79]. These trainings are theoretically based on the assumption of the strength
model of self-control that self-control can be trained as a muscle [80]. Repeated exposure
to self-control (for example by pressing a hand-grip device regularly or simply brushing
one´s teeth with the non-dominant hand) build up self-control [81].

The third component, state self-control, can be modified by reducing other tasks that
require self-control (see ego depletion effect) [21,80,82]. A simple example would be to
reduce stress at work or to better structure daily life and environment.

5. Conclusions

Our results showed that self-control and self-concordance play a key role in predicting
exercise dependence in endurance athletes, whereas, unexpectedly, social support did not
explain the variance in exercise dependence. Additionally, the present study suggests
that both trait factors decrease the risk of exercise dependence by increasing perceptions
of momentary self-control. These findings can help to enhance awareness when dealing
with high training volumes and the development of addictive exercising behavior in
endurance sports at recreational and elite levels. Mixed-methods procedures (e.g., also
including lab experiments, in that self-concordance of an exercise goal is experimentally
manipulated) and longitudinal studies are recommended to shed further light on the
assumed mechanism.
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Abstract: Kinesio taping (KT) is widely applied for pain control and rehabilitation in clinical settings.
Tape tension is a key factor in the taping method. However, limited evidence exists regarding
the reinforced tension effects of KT on functional performance and pain in healthy individuals.
This study aimed to investigate the immediate effects of double-taped Kinesio taping (DTKT) on
functional performance and pain caused by muscle fatigue after exercise. A total of 44 healthy male
students (mean age, 23.3 ± 2.2 years) were randomly assigned to the following three groups: DTKT,
normal-tape Kinesio taping (NTKT), and placebo. The single-hopping (SH) distance, vertical jump
height (VJH), and power (VJP) were assessed at baseline. The muscle fatigue protocol was then
applied to induce muscle soreness. Outcome measures including subjective pain, SH distance, VJH
and VJP were evaluated immediately after the muscle fatigue protocol, and KT was then applied;
the measures were then again evaluated immediately and 24 h after KT application. No significant
interactions between pain and functional performance were observed (p > 0.05), and there were no
significant differences in SH, VJH, and VJP among the groups (p > 0.05). Notably, the DTKT had an
immediate effect on the alleviation of pain caused by muscle fatigue. The present findings indicate
that DTKT is not superior to NTKT or placebo in terms of pain relief and enhancing functional
performance after tape application in healthy male students.

Keywords: functional performance; kinesio taping; muscle fatigue; pain; tension

1. Introduction

Kinesio taping (KT) is one of the most common adhesive therapeutic taping technique and has
been shown to be clinically effective for improving the range of motion [1–3] and muscle activities [4,5],
shortening of an earlier occurrence of muscle peak torque generation [6,7], and enhancing functional
performance [8–10].

In various sports and exercise activities, vertical jumping is a well-known movement [11,12].
Quick extension of the lower limb joints, including the hip, knee, and ankle, occurs before beginning
the push-off movement. The vertical jump height (VJH) is an essential factor for sports performance
that is often considered an indicator of an individual’s ability to participate in exercise or sports
activities. [13]. Vertical jumping can be used as exercise training to gain strength and increase power
of the lower extremities. Vertical jumping-associated movements comprise actions at multiple joints,
including the hip, knee, and ankle, with active contraction of the major muscles such as hamstrings,
quadriceps, triceps surae, and muscles of the lower back [14].

In athletes, especially those who perform jumping, vertical jumping movements exhibit relatively
normalized patterns in terms of complex movements of multiple joints requiring explosive muscle
contraction, which results in maximal muscle performance of the lower joints [15]. Therefore, jumping
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can be performed to improve muscle strength and endurance of the lower extremities [16]. Several
researchers claimed that functional performance can be enhanced by applying KT [2,3]. KT reduces
inflammation and promotes joint movement by improving blood flow and lymph circulation [17].
It also helps relieve pain by decreasing pressure on subcutaneous nociceptors and facilitates joint
and muscle function by improving sensory feedback and muscle activation for prevention of injuries,
rehabilitation, and enhancement of functional performance [2,3,18]. Huang et al. observed significantly
better improvements in high-jump performance during the single-leg hop (SH) test and in vertical
ground reaction force and enhanced muscle activity of the medial gastrocnemius during vertical jump
test with KT than with placebo tape in healthy inactive men [13].

However, the effects of KT on functional performance, especially on muscular strength and
endurance, remain controversial because of limited clinical and scientific evidence [2,3,18]; therefore,
no clear scientific agreement has yet been reached regarding the effect of KT on athletes’ performance
in terms of muscular strength and endurance. Nevertheless, many Olympic athletes use KT to improve
their performance, and the trend is becoming increasingly popular [19,20].

Some studies have demonstrated that KT application does not immediately enhance functional
performance of healthy individuals without pain due to muscle fatigue, regardless of subject deception
and changes in tape tension [14,21–23]. This might be because these participants are pain-free and
their functional performance is good. However, in individuals with pain caused by muscle fatigue,
the functional performance is affected by KT, and KT might help reduce pain.

Neuromuscular activation and proprioception play a key role in maintaining joint function
and stability [24]. A previous study suggested that the tension provided by the tape can improve
proprioceptive feedback and facilitate correct posture and movement, even after the removal of the tape,
which can improve muscle activities for functional performance [25]. Joint proprioception can be
enhanced with external supports such as elastic band or taping [24,26].

However, Long et al. showed that KT on the foot and ankle may amplify sensory input, which
enhances proprioception of poor ankle performers, but produces an input overload that impairs
proprioception in those who were originally good performers [27].

Thus, tape tension is a critical element of the KT method [14]; however, previous studies applied
only the stretched tape to increase tension but not the double-taped technique to reinforce tension [28].

Therefore, the present study aimed to compare the effects of double-taped KT (DTKT), normal-tape
KT (NTKT), and placebo taping on functional performances such as SH distance, VJH and vertical
jump power (VJP), and on subjective pain of the lower extremities in individuals with muscle
fatigue. We hypothesized that KT with double tension would reduce pain, which would improve
functional performance.

2. Materials and Methods

2.1. Ethical Approval

This study was approved by the institutional review board of Gachon University, registered
on the clinicaltrials.gov website (KCT 0003522) and conducted in accordance with the Consolidated
Standards of Reporting Trial recommendations. All participants signed a statement of informed
consent prior to participation in the study.

2.2. Participants

A total of 50 male students were recruited in this study; among these, 2 declined to participate in
the study and 4 did not meet the inclusion criteria; finally, 44 participants (mean age, 23.3 ± 2.2 years)
were included. All participants were physically active and healthy, with a body mass index (BMI) of
<25 kg/m2 (mean BMI, 23.3 ± 2.7 kg/m2) and practice time of >150 min of moderate or intense physical
activity per week (mean physical activity time, 262.6 ± 48.5 min per week). Participants who had not
received pharmacological therapy or undergone surgery of the lower extremities were eligible for
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the study, whereas those who had orthopedic, musculoskeletal, or neurological limitations of the lower
extremities, and those who presented with signs of allergy or any inconvenience to KT were excluded.

The sample size was calculated using G power 3.0.1. software (Heinrich Heine University
Dusseldorf, Dusseldorf, Germany). A sample size of 39 participants (13 participants per group and
a 0% attrition rate) was estimated using a moderate effect size of f = 0.25, significance level of 0.05,
and power of 0.85. Thirty-nine participants were required to show statistical significance when
a clinically significant interaction was observed between the time points and groups. An additional
five participants were recruited to provide for unanticipated attrition.

2.3. Procedure

Simple randomization was independently conducted by one of the researchers, and concealed
allocation was performed using a computer-generated randomized table of numbers created before
data collection. Participants were randomly divided into the following three groups: DTKT (n = 15),
NTKT (n = 14), and placebo (n = 15) groups (PG; Figure 1). This study was double-blinded, and
different researchers performed randomization (researcher 1), assessment (researcher 2), intervention
(researcher 3), and data analysis (researcher 4) to minimize potential bias.
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Once participants arrived at the research laboratory, they were asked to sit comfortably for 10 min
to stabilize their body condition at ambient room temperature. General characteristics (height, weight,
and BMI) were measured before the beginning of the test. All participants were asked to perform static
stretching of their lower extremities (calf muscles and quadriceps) for 5 min to warm up while they
watched an exercise video that demonstrated countermovement jumps and SH for familiarization.
Subsequently, the baseline SH distance and maximum VJH and VJP were measured. To induce
muscle soreness, participants underwent the muscle fatigue protocol (MFP) under the supervision of
researchers. The SH distance, VJH, and VJP were again measured after the MFP, and KT was applied.
Outcome measurements were taken immediately (post-KT) and 24 h (24-post KT) after KT application.
Subjective pain was also measured, except at baseline. Participants were asked not to perform more
than moderate physical activities during 24 h between measurements, and if they did so, they were
asked to report them.

2.4. Muscle Fatigue Protocol

The MFP basically included 20 bilateral squats (90◦ knee flexion) for 5 sets and 20 eccentric
contractions of the ipsilateral calf muscles for 5 sets; however, if the participants reached the criteria of
muscle fatigue, they would complete the MFP. For eccentric contractions of the ipsilateral calf muscles,
participants were asked to stand on a step with the dominant leg and lower the heel over 3 s until they
could not lower the heel any further. This MFP was modified based on previous studies [29,30] and
determined according to the pilot study findings.

Prior to the MFP, participants were informed about the modified Borg’s scale of perceived exertion
(scale: 0–10) [31], which was used between the protocol sets to quantify the perceived exertion [29,32].
Participants performed the MFP until they reached the perceived exertion scale of 8 out of 10, and they
were then asked to continue the MFP until they were fully exhausted [32,33].

2.5. Intervention (Applying Kinesio Taping)

The ATEX Kinesio sports tape (Atex Medical Co., Seoul, Korea) was applied on clean and dry skin
of participants. The length of the KT applied was calculated using anthropometric dimensions and
was defined by a change in length of the tape between the origin and insertion points of the rectus
femoris and gastrocnemius before and after stretching [18,28].

KT has muscle facilitation effects when it is applied from the direction of origin to insertion points
with 75% of the maximum length tension [6,21,34]. However, in the present study, KT was applied
from the direction of insertion to origin points with 75% of the maximum length tension to investigate
its muscle inhibition effect [18].

In the DTKT group, double-layer KT was applied to the participants while they were in a relaxed
prone position, from the surface of the calcaneus bone on the sole of the foot to the end of origin of
the medial and lateral gastrocnemius muscles below the knee joint using the Y-shaped taping technique
(Figure 2A). The I-shaped taping technique was applied from the tibial tuberosity to the anterior
superior iliac spine for the rectus femoris (Figure 2B). Participants in the NTKT group underwent
the same procedures as those in the DTKT group, except that the KT was applied only in a single layer.
In addition, participants in the PG underwent the same procedures as those in the NTKT group, except
that they were asked to stay in a neutral position without tension to the CaduMedi non-woven adhesive
sham tape (T&C Healthcare Co. Ltd., Guangzhou, China). All participants were instructed not to
remove the applied tapes for 24 h until reassessment. If the tape was removed in 24 h, participants
were asked to contact the researchers; indeed, no one had removed the tape within this time period.
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2.6. Outcome Measures

Subjective pain was measured using the visual analog scale for pain [35,36]. Participants were
asked to place a vertical mark across a 10-point horizontal line, with the 10-point level indicating
the greatest pain [17]. Only 1 scale was marked on each piece of paper so that any bias from previous
measures could be eliminated.

The SH and vertical jump tests have been used as reliable methods to assess functional
performance [15,37,38]. All measurements were taken with the dominant leg. In the SH test,
participants started with single-leg standing with their hands on their waists behind a line on the floor
and the knees slightly flexed for a while; then, they were asked to jump forward as quickly as possible
and land with the same leg [37]. In the vertical jump test, participants were asked to stand at hip’s
width, with their hands on their waists, and then asked to jump up from the ground as fast and high as
possible with a verbal cue; the body was to remain stretched while jumping [39]. The VJH and VJP
were calculated in this test.

The mean value of three attempts was calculated. The SH distance and VJH, and VJP in the SH
and vertical jump tests, respectively, were assessed using the OptoGait system (Microgate Srl, Bolzano,
Italy). The OptoGait system is a floor-based photocell system for movement analysis and functional
assessment consisting of two 1-m transmitting and receiving bars, including a 96-light emitting diode
(LED) that communicates via an infrared frequency and a web camera. The OptoGait system was
placed 1.5 m apart on a flat surface, and the system calculated the time when the participants touched
the floor or stayed in the air and communicated this information by sending and receiving 1000 signals
per second, generating accurate data. The OptoGait software (Microgate Srl, Bolzano, Italy) was then
used to calculate the precise VJH (cm) and VJP (w/kg) with the acquired data using the following [40,41]:

h =
Tv

2 · g
8

p = g2·Tv· (Tv + Tc)

4 ·Tc
(1)

h = height (cm), p = power (W/kg), g = gravity acceleration, Tv = flight time, and Tc = contract time.

2.7. Statistical Analysis

The SPSS 23.0 software for Windows 10 was used for data analysis (IBM, Armonk, NY, USA).
All data are presented as mean and standard deviation. Normality of the continuous variables was
examined using the Shapiro–Wilk test, and all outcome variables were normally distributed. One-way
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analysis of variance (ANOVA) was conducted to compare general characteristics and baseline SH
distance, VJH, and VJP among the three groups. A 3 (group) × 3 (time) two-factor mixed ANOVA
was conducted to determine whether any interaction existed between the groups and time points. As
no interaction was observed between the groups and time points in all outcome variables, one-way
repeated-measures ANOVA was conducted to determine any differences in outcome variables among
the time points in each group. Post hoc comparisons using the least significant difference (LSD) test
were performed when significant group main effects were detected. The level of significance was set at
α = 0.05.

3. Result

All 44 participants completed the study (15 in the DTKT group, 14 in the NTKT group, and 15 in
the PG). General characteristics of the participants and baseline functional performance, including SH,
VJH, and VJP, were not significantly different among the three groups (Table 1).

Table 1. General characteristics of participants (N = 44).

DTKT
(n = 15)

NTKT
(n = 14)

PG
(n = 15) p Values

Age (years) 23.2 ± 2.0 23.2 ± 2.7 23.4 ± 2.1 0.98
Height (cm) 172.9 ± 4.3 171.6 ± 7.6 174.3 ± 4.5 0.45
Weight (kg) 69.6 ± 8.4 69.6 ± 12.7 69.5 ± 8.2 0.99
BMI (kg/m2) 23.2 ± 2.4 23.6 ± 3.2 22.9 ± 2.4 0.80

Baseline SH distance (cm) 173.1 ± 16.1 178.6 ± 13.3 180.5 ± 15.0 0.40
Baseline VJH (cm) 31.5 ± 4.7 30.3 ± 5.4 33.7 ± 6.1 0.30

Baseline VJP (w/kg) 15.4 ± 2.5 15.9 ± 3.6 15.7 ± 2.5 0.97

Abbreviations: SH, single hopping; VJH, vertical jump height; VJP, vertical jump power; DTKT, double-taped
Kinesio taping; NTKT, normal-taped Kinesio taping; PG, placebo group; BMI, body mass index.

No significant difference was found in subjective pain after the MFP among the groups (F[2,43] =

1.26, p = 0.30). No significant interaction in subjective pain was observed between the three time points
(after MFP, post-KT, and 24-post KT) and groups (F[3.1,41] = 0.54, p = 0.67, η2 = 0.03). Only a significant
change in the mean subjective pain was found in the DTKT group from immediately after the MFP to
post-KT (3.5 ± 1.9 to 2.5 ± 1.6, p = 0.004; Table 2).

Table 2. Subjective pain changes after intervention in the three groups (N = 44).

DTKT
(n = 15)

NTKT
(n = 14)

PG
(n = 15) F 1 P 1 η2 1

Pain After MFP 3.5 ± 1.9 3.5 ± 2.9 2.3 ± 1.8 0.54 0.67 0.03
Post 2.5 ± 1.6 * 2.9 ± 1.8 2.1 ± 1.9

24-post 3.3 ± 2.4 3.0 ± 2.3 2.2 ± 2.2
1 F, P, and η2: interaction between time and group. * significant decrease after MFP. Abbreviations: DTKT,
double-taped Kinesio taping; NTKT, normal-taped Kinesio taping; PG, placebo group; MFP, muscle fatigue protocol.

The post-MFP SH distance was not significantly different among the groups (F[2,43] = 0.40, p = 0.68),
and a significant decrease in the mean SH distance after the MFP compared to baseline was observed
in all three groups (p <0.01). No significant interaction was observed between the three time points
(after the MFP, post-KT, and 24-post KT) and groups (F[13.14,41] = 0.32, p = 0.86, η2 = 0.02; Table 3).
There was no significant difference in the mean VJH after the MFP among the groups (F[2,43] = 1.52,
p = 0.23). In addition, the mean VJH was lower after the MFP than at baseline in each group (p < 0.01).
No significant interaction was observed between the time points and groups (F[3.4,41] = 1.55, p = 0.20,
η2 = 0.07; Table 3). The VJP results were similar to the SH distance and VJH results. No significant
difference in the mean VJP after the MFP was found among the groups (F[2,43] = 0.70, p = 0.50). A
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significant decrease in the mean VJP after the MFP was found in all three groups (p < 0.05). In addition,
no significant interaction in the mean VJP was found between the time points and groups (F[2.4,41] =

0.86, p = 0.45, η2 = 0.04; Table 3).

Table 3. Functional performance changes after intervention in the three groups (N = 44).

DTKT
(n = 15)

NTKT
(n = 14)

PG
(n = 15) F 1 P 1 η21

SH distance (cm) Baseline 173.1 ± 16.1 178.6 ± 13.3 180.5 ± 15.0
After MFP 163.9 ± 20.0 * 165.0 ± 20.7 * 170.3 ± 22.3 * 0.32 0.86 0.02

Post KT 168.2 ± 15.6 165.9 ± 21.4 170.8 ± 23.9
24-post KT 168.6 ± 14.1 166.3 ± 20.7 172.2 ± 23.1

VJH (cm) Baseline 31.5 ± 4.7 30.3 ± 5.4 33.7 ± 6.1
After MFP 29.1 ± 4.6 * 26.2 ± 5.5 * 29.8 ± 7.3 * 1.55 0.20 0.07

Post KT 28.6 ± 3.7 26.9 ± 6.7 30.9 ± 6.8
24-post KT 29.8 ± 4.2 27.3 ± 6.3 29.4 ± 8.5

VJP (w/kg) Baseline 15.4 ± 2.5 15.9 ± 3.6 15.7 ± 2.5
After MFP 14.4 ± 1.0 * 13.8 ± 2.8 * 14.7 ± 2.3 * 0.86 0.45 0.04

Post KT 14.3 ± 1.0 14.2 ± 3.7 14.8 ± 2.4
24-post KT 15.9 ± 1.2 14.9 ± 4.2 14.7 ± 3.5

1 F, P, and η2: interaction between time (After MFP, Post, and 24-Post; 3 time points) and group. Abbreviations: SH,
single hopping; VJH, vertical jump height; VJP, vertical jump power; DTKT, double-taped Kinesio taping; NTKT,
normal-taped Kinesio taping; PG, placebo group; BMI, body mass index; MFP, muscle fatigue protocol.

4. Discussion

Tape tension is a key factor of the KT method [14]. One study showed that tape tension can
improve proprioceptive feedback and facilitate correct posture and movement, even after removal of
the tape [25]. However, another study found that the tension might have reversal effects on functional
performance [27].

To our knowledge, the present study is the first to investigate the immediate effects of the DTKT
technique, which provides more tension, on functional performance including the SH distance, VJH,
and VJP of the lower extremities with pain due to muscle fatigue.

Our results indicate that there were no significant interactions in pain, SH distance, VJH, and
VJP between the groups and time points (after the MFP, post-KT, and 24-post KT). This finding is
consistent with that of previous studies that reported that KT application did not immediately enhance
functional performance in healthy individuals, regardless of subject deception and changes in tape
tension [14,21,22]. On the other hand, Mendez-Rebolledo et al. found that KT increased VJH and
ground reaction force only 72 h, but not 24 h, after KT application on the gluteus maximus, biceps
femoris, longissimus, rectus femoris, and gastrocnemius muscles in male athletes [22].

One potential mechanism of KT is that motor neuron threshold reductions can be induced by skin
irritation, resulting in easier recruitment of motor units and improved functional performance [42]. In
addition, KT is effective in pain control management by inhibiting muscle activities [1,3,19].

Functional performance was more related to muscle strength in the Konishi’s study and they
showed that the tactile input from KT could inhibit muscle weakness and decrease muscle activities
owing to decreased Ia afferents; however, tactile stimulation from KT was not enough to increase
muscle strength in individuals without any injuries [43]. Our results indicate that KT, even with double
layers, does not increase muscle performance or suppress pain caused by muscle fatigue because
it might not be still enough to stimulate the non-nociceptive fibers. Our results support those of
a previous study that reported that the tactile input from KT was not strong enough to improve muscle
power, which influences VJH [14].

It is difficult to conclude that the effect of KT application is simply due to the placebo effect
because its effects on pain, disability, and functional performance have been controversial over
a decade [1,3,4,13,18,19,21,23,25,44–46].
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The present study has several limitations. First, although tension is a key factor of KT according
to a previous study [14], the tension of KT could not be quantified. Second, participants in this study
were healthy individuals; therefore, our findings may not be applicable in clinical practice of athletic
training and sports medicine. Third, KT was applied only on the rectus femoris and calf muscles
to investigate functional performance of the lower extremities; however, more muscles of the lower
extremities, such as the gluteus maximus, biceps femoris, tibialis anterior, multifidus, and peroneus
are involved in high-speed jumping. Thus, data obtained might not provide accurate evidence on
the effect of KT on functional performance. Fourth, this study did not include a control group without
any taping. Therefore, further studies should include a control group without any taping to confirm
our findings.

Despite these limitations, this study has several strengths: it is the first study to investigate
the immediate effects of the KT technique reinforced with tape tension on the functional performance
of the lower limbs and pain due to muscle fatigue in healthy individuals, and our study may provide
the basis for further research on KT with reinforced tension.

5. Conclusions

In conclusion, the DTKT technique has immediate effects on the alleviation of pain caused by
muscle fatigue. However, this technique is not superior to NTKT or placebo in terms of pain relief and
functional performance within 24 h after tape application in healthy male students.
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Abstract: Swimming exercise at sea level causes a transient decrease in lung diffusing capacity
for carbon monoxide (DLCO). The exposure to hypobaric hypoxia can affect lung gas exchange,
and hypoxic pulmonary vasoconstriction may elicit pulmonary oedema. The purpose of this study is
to evaluate whether there are changes in DLCO during a 14-day altitude training camp (1850 m) in elite
swimmers and the acute effects of a combined training session of swimming in moderate hypoxia and
44-min cycling in acute normobaric severe hypoxia (3000 m). Participants were eight international
level swimmers (5 females and 3 males; 17–24 years old; 173.5 ± 5.5 cm; 64.4 ± 5.3 kg) with a training
volume of 80 km per week. The single-breath method was used to measure the changes in DLCO and
functional gas exchange parameters. No changes in DLCO after a 14-day altitude training camp at
1850 m were detected but a decrease in alveolar volume (VA; 7.13 ± 1.61 vs. 6.50 ± 1.59 L; p = 0.005;
d = 0.396) and an increase in the transfer coefficient of the lung for carbon monoxide (KCO; 6.23 ± 1.03
vs. 6.83 ± 1.31 mL·min−1·mmHg−1·L−1; p = 0.038; d = 0.509) after the altitude camp were observed.
During the acute hypoxia combined session, there were no changes in DLCO after swimming training
at 1850 m, but there was a decrease in DLCO after cycling at a simulated altitude of 3000 m (40.6 ± 10.8
vs. 36.8 ± 11.2 mL·min−1·mmHg−1; p = 0.044; d = 0.341). A training camp at moderate altitude did
not alter pulmonary diffusing capacity in elite swimmers, although a cycling session at a higher
simulated altitude caused a certain degree of impairment of the alveolar–capillary gas exchange.

Keywords: pulmonary diffusing capacity; DLCO; altitude training; swimming; SIPO

1. Introduction

Swimming increases mechanical stress on the pulmonary system since it combines water
immersion, exercise and breath-holding periods, leading to subtle changes in the permeability
of the lungs [1]. Altitude exposure can be an added physiological challenge on the pulmonary system,
raising the susceptibility to pulmonary oedema in combination with exercise, water immersion and
hypoxia (Figure 1) [2].

Int. J. Environ. Res. Public Health 2020, 17, 3501; doi:10.3390/ijerph17103501 www.mdpi.com/journal/ijerph

309



Int. J. Environ. Res. Public Health 2020, 17, 3501Int. J. Environ. Res. Public Health 2020, 17, x FOR PEER REVIEW 2 of 11 

 

 
Figure 1. Schematic representation of external stimuli for the development of environmental-induced 
pulmonary oedema in healthy individuals. At high altitude, mountaineers are exposed to the effects 
of hypoxic pulmonary vasoconstriction, and increased pulmonary blood flow during exercise, thus 
developing the risk for high-altitude pulmonary oedema. Breath-holding divers suffer the 
simultaneous effects of hypoxia, central blood-shift, and chest compression. Swimmers experience 
hemodynamic changes in pulmonary circulation during exercise, due to regular breath-holding 
pattern and chest compression. SATC (swimming altitude training camp) combines all three forms of 
environmental stress that can elicit sub-clinical pulmonary oedema. Based on Marabotti et al. [2]. 

Endurance training at sea level triggers significant physiological adjustments among 
cardiovascular, musculoskeletal and haematological systems, but the structural and functional 
properties of the lung and airways do not change in response to training in land-based sports. 
However, aquatic sports such as swimming [3–5], artistic swimming [6], and apnoeic diving [7] elicit 
improvements of the lung capacity and diffusion. During exercise, swimmers are exposed to a 
reduced frequency breathing against the hydrostatic forces produced by the water, which requires 
larger inspiration, and it can mimic intermittent hypoxic training where hypercapnia and hypoxia 
occur [8].  

The diffusion capacity for carbon monoxide (DLCO) describes the conductance of gas from the 
alveolar air to the capillaries and provides a measure of gas transfer in the lungs [9]. Training camps 
at moderate altitudes are typically utilized among coaches to improve performance at sea level [10]. 
Different modalities of altitude training have been proposed [11] although Living High–Training 
High (LHTH) protocol is still the most feasible modality among swimmers due to the logistic 
limitation to locate an adequate swimming pool at a low altitude closer to the altitude training facility. 
A possible increase in lung diffusing capacity after altitude exposure would be a favourable 
adaptation in swimmers by allowing them to maintain gas exchange efficiency at a lower energy cost 
of breathing [12]. While a superior lung diffusing capacity has been reported in native highlanders 
[12], at the best of our knowledge, it remains unknown whether a short-term altitude training camp 
can achieve similar enhancements in pulmonary gas exchange in elite swimmers. Modifications of 
lung diffusing capacity in lowlanders sojourning at altitude still remain unclear with an overall 
pattern of minimal changes or a slight transient initial increase or decrease [13,14]. 

Figure 1. Schematic representation of external stimuli for the development of environmental-induced
pulmonary oedema in healthy individuals. At high altitude, mountaineers are exposed to the effects
of hypoxic pulmonary vasoconstriction, and increased pulmonary blood flow during exercise, thus
developing the risk for high-altitude pulmonary oedema. Breath-holding divers suffer the simultaneous
effects of hypoxia, central blood-shift, and chest compression. Swimmers experience hemodynamic
changes in pulmonary circulation during exercise, due to regular breath-holding pattern and chest
compression. SATC (swimming altitude training camp) combines all three forms of environmental
stress that can elicit sub-clinical pulmonary oedema. Based on Marabotti et al. [2].

Endurance training at sea level triggers significant physiological adjustments among
cardiovascular, musculoskeletal and haematological systems, but the structural and functional
properties of the lung and airways do not change in response to training in land-based sports.
However, aquatic sports such as swimming [3–5], artistic swimming [6], and apnoeic diving [7] elicit
improvements of the lung capacity and diffusion. During exercise, swimmers are exposed to a reduced
frequency breathing against the hydrostatic forces produced by the water, which requires larger
inspiration, and it can mimic intermittent hypoxic training where hypercapnia and hypoxia occur [8].

The diffusion capacity for carbon monoxide (DLCO) describes the conductance of gas from the
alveolar air to the capillaries and provides a measure of gas transfer in the lungs [9]. Training camps
at moderate altitudes are typically utilized among coaches to improve performance at sea level [10].
Different modalities of altitude training have been proposed [11] although Living High–Training High
(LHTH) protocol is still the most feasible modality among swimmers due to the logistic limitation to
locate an adequate swimming pool at a low altitude closer to the altitude training facility. A possible
increase in lung diffusing capacity after altitude exposure would be a favourable adaptation in swimmers
by allowing them to maintain gas exchange efficiency at a lower energy cost of breathing [12]. While a
superior lung diffusing capacity has been reported in native highlanders [12], at the best of our
knowledge, it remains unknown whether a short-term altitude training camp can achieve similar
enhancements in pulmonary gas exchange in elite swimmers. Modifications of lung diffusing capacity
in lowlanders sojourning at altitude still remain unclear with an overall pattern of minimal changes or
a slight transient initial increase or decrease [13,14].
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On the other hand, strenuous exercise at sea level may cause transient mild interstitial
oedema [15,16], influenced by an increased pulmonary capillary pressure [17], which eventually
causes leakage of fluid into the lung interstitium [18]. Accordingly, lung diffusing capacity measured
after strenuous exercise at sea level has been reported to be decreased [19–21] which, normally, may
not be an inconvenience in the highly-developed lungs from elite swimmers (unpublished) but it still
remains unknown whether the exposure to swimming altitude training camps (SATCs) may impair
the alveolar–capillary gas exchange. Pulmonary oedema has been related to outdoor swimming and
also to high altitude exposure with different specific denominations: high-altitude pulmonary oedema
(HAPO) and swimming-induced pulmonary oedema (SIPO), although the occurrence rate of lung interstitial
oedema under both conditions remains unclear [18,22,23]. The combination of hypoxic pulmonary
vasoconstriction, basal hyperventilation at altitude and intense swimming may stress the respiratory
system, limiting its functional capacity [24]. Subjects with higher FVC and VA showed more resistance
to HAPO than counterparts suggesting that the compensatory rise in ventilation and pulmonary
circulation could play a crucial role under environmental stress [25].

The question faced in this study is whether recurrent minor lung injuries could lead to long-term
pulmonary deterioration. This could be of great practical importance, given the large number of
competitive swimmers who are exposed themselves to repetitive environmental stress during altitude
training camps [26]. Altitude training camps are extensively utilized by elite swimming coaches,
but the possible modifications of the alveolar–capillary exchange are still unknown. Thus, the aim of
this study is to evaluate the possible changes in lung diffusion capacity after 14 days of an altitude
training camp in elite swimmers and the acute effects of a combined training session of swimming
at 1850 m of real altitude (hypobaric hypoxia) and cycling at 3000 m simulated altitude (normobaric
hypoxia). We hypothesize that a 14-day altitude training camp will increase lung diffusion capacity
in swimmers, while the possible positive or detrimental effect of an acute combined training session
is unknown.

2. Materials and Methods

2.1. Subjects

The participants were eight international level swimmers (5 females and 3 males) aged 17 to
24 years old. The average FINA (Fédération Internationale de Natation) points in their best event were
827 FINA points at the time of the study. The athlete’s swim specialties were 6 middle-distance (200 or
400 m) and 2 long-distance (800 and 1500 m) swimmers. None of them suffered from asthma.

2.2. Experimental Design

The Altitude Training Camp was placed in the Centre National d’Entraînement en Altitude de
Font-Romeu (France). The training schedule was 10 swimming sessions and 6 dry-land sessions per
week throughout 30 h of training per week. The altitude training protocol utilized was the LHTH
modality that is routinely used by the Royal Spanish Swimming Federation, where they lived at 1850 m
during the whole altitude training camp. The weekly training volume was 80 kilometres, and the
volume of swimming per session was 7000 to 9000 m. To evaluate the changes in lung diffusion
induced by the altitude training camp, DLCO was measured at rest 72 h after arrival to avoid the acute
changes in diffusing capacity associated with hyperventilation produced as an immediate response
to altitude exposure; then, a second DLCO measurement was taken at rest the last day of the camp.
The participants realized two measures before the beginning of the study to be familiar with the
procedure. For the study of acute changes in lung diffusing capacity, the system was placed in a corner
10 m away from the pool where the swimmers did the training session to perform the measures before
and after swimming training. Measurements were performed less than 5 min before the start of the
warm-up and less than 5 min after the end of the training session.
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The combined training Session was performed on the 10th day of the Altitude Training Camp.
The protocol consisted of a first swimming training that covered 7500 m of moderate-intensity at
a moderate altitude (1850 m). This was followed by a cycling exercise performed in a normobaric
hypoxic room (3000 m) lasting 44 min. The system was moved out of the normobaric hypoxic chamber
to evaluate the lung diffusion capacity at the end of the cycling session. Cycling exercise intensity
alternated 8 min of moderate-intensity with 3 min of low-intensity until completing 4 series. All the
participants were familiar with this protocol; they performed similar cycling sessions in the normobaric
chamber in previous altitude training camps, and they performed 6 similar cycling sessions during the
14-day altitude training camp.

2.3. DLCO Measurements

The procedure which was used for obtaining the diffusing lung capacity parameters was the
single-breath method by means of a computerized spirometer (Easy One Pro, ndd Medical Technologies,
Zurich, Switzerland) attached to a gas mixture cylinder. This method involves measuring the uptake
of CO from the lung over a short breath-holding period. The recommendations made in a recent joint
statement by the American Thoracic Society (ATS) and the European Respiratory Society (ERS) were
followed [27]. The results obtained in DLCO were adjusted for the change in PAo2 due to barometric
pressure (DLCO adj) and haemoglobin (Hb) concentration that was determined from a small blood
sample obtained by venepuncture to adjust DLCO to individual parameters before the beginning
of the study and at the end of the study. The participants were placed in a seated position, with a
mouthpiece and nose-clip in place throughout the test procedure. The test started with tidal breathing
for 2–4 breaths until the subject felt comfortable with the mouthpiece. Then the DLCO manoeuvre
began with an unforced exhalation to residual volume (RV). At RV, the subject’s mouthpiece was
connected to a source of test gas, and the subject inhaled rapidly to maximal inspiration. After that,
the participant was asked to hold their breath for 10 s and then exhale completely without interruption
in less than 4 s and to continue with a tidal breath to finish the test. All measures considered were
“grade A”, as identified by the system [27], and DLCO was corrected to the individual. A maximum of
3 trials was performed. At least 4 min was allowed between trials to ensure adequate washout of the
gases. The test gas mixture used to evaluate the pulmonary function and diffusion capacity was 0.3%
of CO, 11% of a tracer inert gas (He) used to measure alveolar volume (VA), and the initial alveolar CO,
and a mixture of 20.9% of O2 balanced with N2. In addition, the transfer coefficient of the lung for
carbon monoxide (KCO), total lung capacity (TLC), vital capacity inspired (VCIN), and residual volume
(RV) were calculated.

2.4. Ethical Considerations

All procedures were in accordance with the ethical standards of the Clinical Research Ethics
Committee at the Direcció General de l’Esport of the Catalonian Sports Council (05-2020-CEICEGC).
The study followed the principles of the Declaration of Helsinki for human experimentation.
Informed consent was obtained to perform any type of test and evaluation procedures from the
participants or their parents as it is mandatory for the athletes pertaining to the national swimming
team and training along the entire season at the National Olympic Training Center of Sant Cugat
del Valles.
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2.5. Statistical Analysis

The results are reported as mean values ± standard deviation (SD). Differences in pulmonary
parameters between pre- and post-altitude training camp were assessed using a paired sample t-test.
Differences in pulmonary parameters during the acute combined session (pre- to mid- to post-training)
were analyzed using one-way repeated-measures analysis of variance (ANOVA). Effect size (Cohen’s d)
was calculated to estimate the magnitude of the difference between group means, with d = 0.2, 0.5,
and 0.8 reflecting small, medium, and large effect sizes, respectively [28]. The level of significance was
set at p < 0.05 for all statistical comparisons. The software package used for the statistical analysis was
SPSS ver26 (IBM SPSS Statistics, Armonk, NY, USA).

3. Results

3.1. Anthropometrical Parameters

Table 1 shows the average values and SD of physical and anthropometrical data of our sample of
elite swimmers. The participants show similar anthropometrical values compared to those found in
elite open water swimmers [29] and young amateur swimmers [30]. Spirometric values were higher
than predicted for their age and height in forced vital capacity (FVC) and forced expiratory volume in
1-s (FEV1), both females (FVC: 108 ± 10% and FEV1: 107 ± 7%; Table 1) and males (FVC: 114 ± 18%
and FEV1: 108 ± 16%; Table 1).

Table 1. Anthropometrical and physical capacity parameters of the studied sample of elite swimmers.

Anthropometric and Spirometric Parameters (Units)
Elite Swimmers (n = 8)

Female (n = 5) Male (n = 3)

Age (y) 18.2 ± 3.3 18.0 ± 1.7
Height (cm) 170.6 ± 4.7 178.3 ± 2.1
Body weight (Kg) 62.0 ± 3.9 69.0 ± 2.0
BMI 21.3 ± 0.5 21.7 ± 0.7
6 skinfolds 83.3 ± 13.5 49.3 ± 8.5
VO2max (mL·Kg−1·min−1) 55.8 ± 2.1 59.2 ± 8.4
VEmax (L·min−1) 110.4 ± 11.3 138.6 ± 13.6
FVC (L) 4.4 ± 0.4 5.8 ± 1.0
FVC (%-predicted) 108 ± 10 114 ± 18
FEV1 (L) 3.8 ± 0.4 4.6 ± 0.8
FEV1 (%-predicted) 107 ± 7 108 ± 16
FEV1/FVC 85.2 ± 2.5 79.5 ± 1.2
PEF (L·s−1) 7.3 ± 0.9 8.2 ± 0.9
MEF25-75 (L·s−1) 4.0 ± 0.7 4.3 ± 0.7

3.2. Changes in Lung Capacity and Function After 14-Day Altitude Training Camp at 1850 m

Table 2 shows the changes recorded in the different parameters of pulmonary function among
the 14-day altitude training camp as mean ± SD. There were no changes in DLCO adj after 14 days of
altitude training camp in our sample of elite swimmers. However there were significant decreases
in VA (7.13 ± 1.61 vs. 6.50 ± 1.59 L, p-value = 0.005; d = 0.396; Table 2) and TLC (7.28 ± 1.61 vs.
6.65 ± 1.59 L, p-value = 0.005; d = 0.396; Table 2) and a significant improvement in KCO (6.23 ± 1.03 vs.
6.83 ± 1.31 mL·min−1·mmHg−1·L−1, p-value = 0.038; d = 0.509; Table 2).
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Table 2. Lung capacity and pulmonary gas diffusion parameters before (day 3) and after (day 14)
altitude training camp at 1850 m in elite swimmers.

Pulmonary Parameters (Units)
Elite Swimmers (n = 8)

Pre Post p-Value

DLCO (mL·min−1·mmHg−1) 44.8 ± 12.4 45.0 ± 14.3 0.974
DLCO (%-predicted) 160 ± 33 159 ± 34
DLCO adj (mL·min−1·mmHg−1) 40.4 ± 11.2 40.4 ± 12.8 0.966
DLCO adj (%-predicted) 144 ± 30 143 ± 30
KCO (mL·min−1·mmHg−1·L−1) 6.23 ± 1.03 6.83 ± 1.31 0.038
KCO (%-predicted) 126 ± 25 138 ± 29
VA (L) 7.13 ± 1.61 6.50 ± 1.59 0.005
VA (%-predicted) 127 ± 18 116 ± 18
TLC (L) 7.28 ± 1.61 6.65 ± 1.59 0.005
TLC (%-predicted) 127 ± 18 116 ± 18
VCIN (L) 4.76 ± 1.12 4.35 ± 1.52 0.130
RV (L) 2.51 ± 0.74 2.30 ± 0.57 0.381

Marginal significance (close to 0.05) in bold and italic characters.

3.3. Changes in Lung Capacity and Function After a Combined Session of Swimming at 1850 m and Cycling at
3000 m

When measuring DLCO within a combined session of swimming at moderate altitude (1850 m)
and cycling at high-altitude (3000 m) there were significant differences in DLCO from post-swimming
compared to post-cycling (40.6 ± 10.8 vs. 36.8 ± 11.5 mL·min−1·mmHg−1, p-value = 0.044; d = 0.341;
Table 3) and KCO was also slightly, but no significantly decreased after cycling (6.34± 1.00 vs. 6.27 ± 1.16
vs. 6.17 ± 1.13 mL·min−1·mmHg−1·L−1, p-value = 0.053; d = 0.087; Table 3). Also, there was a decrease
in RV from basal to post-cycling (2.37 ± 0.63 vs. 2.16 ± 0.65 vs. 1.78 ± 0.59 L, p-value = 0.001; d = 0.966;
Table 3).

Table 3. Lung capacity and pulmonary gas diffusion parameters before and after a combined session
(day 10) of swimming at 1850 m in hypobaric hypoxia and cycling at 3000 m in normobaric hypoxia.

Pulmonary Parameters (Units)
Elite Swimmers (n = 8)

Pre Mid Pre vs. Mid
p-Value Post Pre vs. Post

p-Value
Mid vs. Post

p-Value

DLCO (mL·min−1·mmHg−1) 45.8 ± 14.5 45.2 ± 12.0 1.000 41.1 ± 12.8 0.156 0.044
DLCO (%-predicted) 166 ± 30 165 ± 26 150 ± 32
DLCO adj (mL·min−1·mmHg−1) 41.1 ± 13.0 40.6 ± 10.8 1.000 36.8 ± 11.5 0.153 0.044
DLCO adj (%-predicted) 149 ± 27 148 ± 24 134 ± 29
KCO (mL·min−1·mmHg−1·L−1) 6.34 ± 1.00 6.27 ± 1.16 1.000 6.17 ± 1.13 1.000 0.053
KCO (%-predicted) 132 ± 14 134 ± 28 126 ± 23
VA (L) 6.53 ± 1.35 6.37 ± 1.24 1.000 5.66 ± 0.52 0.330 1.000
VA (%-predicted) 125 ± 18 123 ± 14 118 ± 18
TLC (L) 6.68 ± 1.35 6.52 ± 1.24 1.000 5.81 ± 0.52 0.330 1.000
TLC (%-predicted) 124 ± 18 123 ± 14 118 ± 17
VCIN (L) 4.69 ± 1.15 4.73 ± 1.12 1.000 4.22 ± 0.31 0.823 1.000
RV (L) 2.37 ± 0.63 2.16 ± 0.65 1.000 1.78 ± 0.59 0.001 0.266

Marginal significance (close to 0.05) in bold and italic characters.

4. Discussion

This study shows that elite swimmers with previous experience in altitude training and extremely
high basal values in DLCO do not suffer any change in lung diffusing capacity after 14 days of
altitude training camp. During acclimatization to altitude, organs that experience high O2 demands,
such as skeletal and cardiac muscle, are downregulated as a way of minimising hypoxic tissue injury
and maximising the efficiency of O2 utilization [31,32]. At the same time, organs involved in O2

uptake, such as blood and the lungs, the alveolar–capillary gas exchange increases their capacities [33].
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However, because these responses are limited, aerobic performance is impaired by a progressive
reduction in maximum O2 uptake (VO2max) as altitude increases.

Our results show that DLCO remains unaffected, although there is a decrease in VA and TLC,
and an increase in KCO, probably produced as a compensatory adaptive mechanism to keep DLCO

levels stable against a reduced alveolar expansion or alveolar damage [34]. The decrease in VA may be a
consequence of a decrease in right ventricular function and cardiac output after altitude acclimatization,
which produces longer pulmonary capillary erythrocyte transit time, resulting in less alveolar/end
capillary diffusion unbalance [35,36]. Lungs may also have an anti-oedematous response with marked
alveolar vasoconstriction triggering a decrease in pulmonary blood capillary volume (VC) and an
increase in membrane diffusive capacity (DM) [37] when facing hypobaric hypoxia exposure, and a
slight increase in hemoglobin concentration at the end of the altitude stay could also contribute to the
increase in KCO after the altitude training camp.

A 14-day exposure to moderate altitude training camp may not provide ventilatory stimuli
enough to modify pulmonary function, by inducing lung growth or altering alveolar–capillary gas
exchange associated with SATC. Most of the studies evaluating changes in diffusing capacity has been
performed on active mountaineers at high altitude, a condition that differs considerably from the
situation faced by elite trained subjects exercising at moderate altitude. Different studies have been
conducted to assess the effect of hypobaric hypoxia in lung diffusion properties, yielding conflicting
results. Lung diffusing capacity for carbon monoxide (DLCO) has been reported to either increase or
decrease after short- or long-term exposures to altitude. Faoro et al. [13] found that DLCO, KCO and VA
increased after acute exposure to moderate altitude (2250 m) of only 1 h. DLCO was also significantly
increased after 9 days at 5150 m [38] and after three weeks at 5400 m [39]. Martinot et al. [40] showed
an increase in DLCO from sea level to days 2–3 at 4300 m, but there was a decrease to the sea level
values in VA and KCO from days 2–3 to 7–8. In contrast, DLCO did not change after acclimatization in
5050 m, although VA was decreased after 2 weeks of exposure [41]. Diffusing capacity also remained
unchanged during a rapid ascent (1–3 days) in control subjects [42] and after a moderate stance
(7–10 days) [43] at 4559 m. Senn et al. [14] also showed a slight decrease after a rapid ascent (1–2 d) to
4559 m, and subjects suffering HAPO revealed a decrease in DLCO of more than 10% before HAPO
occurred. Inter-individual response, exposure time and different altitudes may explain the unclear
results in DLCO modifications.

In this study, we found that pulmonary function was not negatively affected by ~15 km/day of
swimming training at moderate altitude after 14 days. Swimmers trained 80 km in the pool, around
30 h per week, during the whole altitude training camp, a remarkable program at altitude in opposition
to mountaineer’s expeditions. Tiller et al. [44] have also shown that pulmonary function responds well
to chronic endurance exercise performed, running 10 marathons on 10 consecutive days at sea level.
All the participants recruited in our study had previous experience in altitude training camps, and they
also have much higher DLCO basal values than predicted by their age and height, probably with very
limited margin for improvement and an extraordinary capacity to face the environmental stress.

Exercise at hypoxia failed to elicit acute functional improvements in the pulmonary system in
adults, suggesting that functional plasticity of the ventilatory muscles is limited in adulthood [45].
During somatic maturation, a relatively short period (5 months) of altitude exposure enhanced lung
diffusing capacity for O2 transport and metabolic efficiency in growing dogs [33], which was maintained
after return to sea level (1–2 yr) suggesting that the functional improvement during maturation may be
permanent [46]. It appears that altitude exposure accentuates active lung growth during maturation
but may be insufficient to reinitiate lung growth in adulthood [47]. Therefore, altitude training in
young swimmers could be an interesting strategy to develop lung functional development, but in
highly developed lungs, elite adult swimmers may have no physiological effect.

Despite repeated coughs and feelings of dyspnoea, our subjects did not present a limited diffusion
capacity after swimming training at 1850 m of altitude. Swimming training at sea level has been
associated with a decrease in DLCO (under review for publication). Therefore, the acute decrease
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in DLCO after training was expected to be aggravated after altitude exposure as an added stressor.
Surprisingly, in this study, there was not a reduction in DLCO after swimming training at 1850 m.
Most of the swimmers presented a certain breathing discomfort induced by swimming training and/or
chlorine after the last training of the altitude training camp. A breathless athlete is challenging
due to a non-specific nature of symptoms [48], such as cough and wheeze and poor predictive
clinical signs, and we must be cautious before relating SIPO to the athlete’s self-report of cough and
breathlessness development. SIPO occurs when fluid accumulates in the lungs in the absence of water
aspiration during swimming, causing acute shortness of breath and a cough productive of blood-tinged
sputum [18].

Although DLCO was not decreased after swimming training, there was an acute decrease in DLCO

(−10%) after cycling (3000 m), suggesting that 1850 m may be a safe altitude to practice endurance
training but higher altitudes such as 3000 m may entail a risk for elite athletes training. The cause
of the decrease of DLCO after cycling is unknown, but a mild interstitial fluid accumulation may be
the most suitable candidate [49]. Pulmonary capillary stress failure develops with intense exercise in
healthy humans, and pulmonary vasoconstriction induced by alveolar hypoxia further augments the
mechanical stress on capillary walls, leading to greater disruption of pulmonary blood–gas barrier
integrity [50]. After cycling, there was also a severe decrease in RV after the combined training
session (−33%), which is a compelling finding associated with a post-exercise response in altitude.
Some studies have linked reductions in RV with the reversibility of obstructive lung disease [51] and
the responsiveness after bronchodilator administration [52], but, to the best of our knowledge, this is
the first time that a severe decrease in RV is described after exercise at high-altitude.

The most common medical problems occur at high altitudes above 2500 m [53], where a significant
decrease in O2 transport to the tissues occurs [54]. Although lower lung volumes are one determinant of
the augmented pulmonary arterial pressures at altitude and the consequent susceptibility to HAPO [55],
it has been reported that exercise at altitude may produce interstitial pulmonary oedema in cyclists [50]
due to a substantial increase in pulmonary capillary hydrostatic pressure [56], increasing alveolar fluid
flooding [57,58]. In fact, interstitial oedema has been presented whenever microvascular filtration is
increased because it is the mechanism that protects against the development of severe oedema [22].
Therefore, interstitial lung oedema could be considered as the interface between tissue repair and
the manifestation of a severe disease after exercise or altitude exposure [22]. Finally, a common
pathophysiologic pathway seems to be shared by SIPO and HAPO, allowing translation of preventive
and therapeutic strategies for HAPO such as progressive acclimatization, avoidance of excessive
exertion, and use of drugs that increase the availability of nitric oxide into the unexplored field of SIPO
prevention and treatment [2].

Strengths and Limitations

While DLCO is consistent with an increase in extravascular lung water [42,59,60], a combination of
indirect and direct techniques, such as sensitive lung function tests like DLCO, and imaging techniques
such as chest imaging or pulmonary echography, would be the most suitable approach to definitively
demonstrate the presence of a mild perturbation in extravascular water balance [22]. The main value
of this study resides in the integration of lung function measures and the collaboration with coaches
for volume and intensity assignment in a susceptible environment, such as the altitude training stage.

Previous lung diffusing capacity for carbon monoxide (DLCO) at sea level was not obtained, and as
Martinot et al. [40] showed, there could be changes in DLCO from sea level to day 3 after altitude arrival.
However, the value of the data here presented relies on the analysis of conditions; milder symptoms
may occur in order to reflect the true impact of SIPO in swimming [18].

This study was performed on a small sample of elite swimmers studied in their own environment
under their own routines, which is very difficult to obtain. Measures of alveolar–capillary membrane
conductance (DM) or pulmonary capillary blood volume (VC) were not obtained, which would have
provided a deeper explanation of the changes in lung diffusion capacity. However, the changes in DLCO
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and KCO are still relevant and coherent with those in VA as to be considered as a correct evaluation of
lung diffusion capacity in elite swimmers.

5. Conclusions

A 14-days training camp at moderate altitude does not change lung diffusion capacity in elite
swimmers, although there was a decrease in VA and an increase in KCO, keeping DLCO unaltered.
An acute swimming session does not change lung diffusing capacity, but a posterior cycling session at
normobaric-simulated 3000 m reduced DLCO and RV in elite swimmers.

The high level of fitness and experience at altitude may have influenced these results. Although
effect sizes oscillated in the range of small to medium effect, the number of participants in our study is
rather limited. Further investigations should consider a larger sample size, with different levels of
fitness and experience in altitude training, to confirm these results.
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Abstract: Rugby sevens is characterised by continuous exertion and great physical contact per unit
of time, leading to muscle damage. It is important to identify markers that can quantify muscle
damage in order to improve recovery strategies. The objective of this study was to evaluate the
release dynamics of muscle damage markers creatine kinase (CK), lactate dehydrogenase (LDH),
and aspartate aminotransferase (AST) in saliva samples when playing rugby sevens, analysing the
influence of gender, during the rugby sevens university championship of Spain. The total sample
included 27 athletes, divided into two teams of 14 men and 13 women between 18 and 31 years of
age. CK, LDH, and AST were quantified from salivary samples collected from each athlete before
and after three rugby sevens matches. The modified Borg scale of perceived exertion was also used
after each match. When the results were analysed globally, there were no differences in CK and LDH
before and after any match, but AST did show differences after two days of completing all matches.
In terms of gender, the three enzymes showed different responses in men and women. Regarding
the Borg scale, there were only significant differences between men and women after completing all
mataches, with a greater perceived exertion in women. Based on our results, it can be stated that
that serial matches of rugby sevens can cause changes of different magnitude in AST, CK and LDH
activities in saliva, with AST showing the most significant variations and these changes are more
pronounced in men than in women.

Keywords: rugby sevens; muscle damage; gender; creatine kinase; lactate dehydrogenase;
aspartate aminotransferase

1. Introduction

Rugby is currently one of the most played and followed contact sports in the world [1]. There are
two main kinds of rugby: rugby union and rugby sevens. In particular, rugby union is a team sport
with great physical demand, including high intensity activities, such as sprinting, rucks, scrums,
and tackles. It also includes low intensity activities, such as walking and jogging [2]. Rugby sevens
is a traditional sport, but more attention has been paid to this form of rugby since it was included
in the Olympics. In this modality, there are seven players on each team (three forwards and four
backs), and the game lasts 15 min in total (two halves of seven minutes and a one-minute rest at the
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half-time break). This version, regarding Rugby League, increases both aerobic and anaerobic activity
even more [3] with high speed fatigue [4], especially more than observed in rugby union. However,
despite players possibly suffering less contact cruelty in narrow spaces than in rugby union, the fact that
many rugby sevens competitions involve several matches played on consecutive days leads to greater
impact in terms of neuromuscular damage and recovery [5]. Efficient muscle damage markers need to
be identified in order to propose suitable recovery strategies due to this great contact. In addition,
regarding these recovery strategies, rugby sevens has more and more followers, with exponential
growth in the number of competitions and athletes who take part in both male and female elite
competitions [6]. As a result, possible differences in muscle damage depending on gender would also
be interesting. Therefore, recovery strategies can be adapted and, in this sense, athletes’ performance
would be improved.

Aetiology of muscle damage caused by physical exercise is mainly based on three mechanisms:
mechanical fibre interruption, alterations of calcium homoeostasis, and inflammatory processes [7].
Within the inflammatory processes, measuring certain biomarkers in serum and plasma has been
used to identify muscle damage. Among these biomarkers, the enzymes creatine kinase (CK),
lactate dehydrogenase (LDH), or aspartate aminotransferase (AST) stand out as tools to determine
skeletal muscle injury and tissue damage in the muscles [8]. These enzymes are found in the cytoplasmic
matrix of muscle cells; therefore, their presence in serum or plasma are an indicator for cell lesions [9].
CK is considered to be one of the most important markers for muscle damage [10]. High levels of LDH
specifically indicate muscle fatigue, while high levels of AST in the blood can be due to a wide range
of clinical alterations; therefore, it is regarded as a more non-specific biomarker [11]. Quantification
of these three molecules (CK, LDH, and AST) as markers of the response to exercise has not only
been performed on blood samples but also from salivary samples [12]. In this sense, quantification
in saliva has advantages over blood samples, highlighting that sample collection is a simple, safe,
inexpensive, and non-invasive technique, thus reducing anxiety and discomfort in comparison to
extracting blood [13]. From an analytical point of view, saliva contains less proteins than serum,
so there is less risk of non-specific interference [14].

Regarding muscle damage response to physiological stress according to gender, we know that
women are more resistant to neuromuscular fatigue during isolated isometric muscle contractions and
of a similar intensity in comparison to men [15]. Nonetheless, if these contractions were caused with
dynamic tasks, the answer is less clear, as they depend on the specific task and, therefore, on variables,
such as shortening velocity and muscle group. In addition, rugby sevens players can be affected more
uniformly by this contact cruelty and fatigue than in rugby union. It is for this reason that further
studies are necessary to research the response in muscle damage according to the activity. In particular,
this article delves into this point. The approach and originality of the study is to describe the kinetics of
muscle damage by quantifying some related biomarkers after high intensity physical activity over two
days, as represented with rugby sevens. Thus, the aim of this study is to establish the release dynamics
of the muscle damage markers of the enzymes CK, LDH, and AST in saliva samples when playing
rugby sevens, additionally to establishing the possible differences according to gender, which could
establish different recovery strategies.

2. Material and Methods

2.1. Study Design

This is a cohort, observational, longitudinal, quantitative, and prospective pilot study
with follow-up.

2.2. Subjects

The samples have been obtained from all the university rugby sevens players at the Catholic
University of Valencia who voluntarily agreed to take part in this study. The study was carried out

322



Int. J. Environ. Res. Public Health 2020, 17, 8165

during the final stages of the rugby sevens university championship of Spain, both for women’s
and men’s teams. All participants signed an informed consent form after being informed on the
nature of the study. The total sample included 27 individuals between 18 and 31 years of age.
Two cohorts were created: a male cohort including 14 athletes that were on the men’s rugby sevens
university team, and the female cohort including 13 athletes that were on the women’s rugby sevens
university team. All participants in the study followed the exact same guidelines for recovery and diet
throughout the competition (without differentiation between men and women). These guidelines were
designed and controlled by nutritionists and sports recovery specialists, both specialised in top-level
sports competitions.

2.3. Procedure

The competition took place in Valencia in May 2019, with an environmental temperature of 24 ◦C.
Two different championships were held, a women’s and a men’s. Six samples of saliva were collected
from each participant during the tournament. As seen in Figure 1, the first sample was collected before
match 1 on day 1 of the competition (9 a.m.) and the second aftermatch 1 (10 a.m.). The third and
fourth samples were taken before and after match 2 (4:20 p.m. and 5:20 p.m., respectively). Finally,
the fifth and sixth samples were obtained the following day, before and after each team’s match 3
(11:00 a.m. and 12:00 p.m., respectively). The samples of saliva were collected 5 min before and 5
min after each match. Samples were collected from all participants in the study who needed to rinse
their mouths with distilled water in order to avoid altering the samples with food left in the mouth
that could contain a high content of acid or sugar. At least 2 mL of unstimulated saliva was collected
in 10 mL sterile plastic tubes that were then stored in a container with ice. The procedure had an
approximate total duration of 5 min. The samples were then centrifuged in the laboratory at 1500 g for
15 min, and the supernatant was frozen and stored in micro sample tubes at −20 ◦C until the samples
were ready to be analysed.
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Figure 1. Timeline followed throughout both competitions (men and women) when collecting
saliva samples.

In order to quantify the intensity of the exercise, perceived intensity was measured 10 min after
exertion of each match using the modified 0–10 Borg scale, where 0 represents no exertion and 10 very,
very hard exertion [16]. The players were familiar with this method before data were collected.

The players’ position was not taken into account in this study due to the fact that physiological
and performance characteristics in rugby sevens are relatively homogeneous in the different positions
of the game [3,17], which is possibly associated with movement patterns in rugby sevens being less
position-dependent than in rugby union [18].

Nonetheless, the 27 players took part in all the matches for at least 7 min and for a maximum of
9 min each.

323



Int. J. Environ. Res. Public Health 2020, 17, 8165

2.4. Analysis of Salivary Samples

Immediately after collection, the samples were centrifuged (500× g for 10 min at 4 ◦C) and
stored in a freezer at −80 ◦C until needed for analysing. Once the samples were thawed, they were
thoroughly vortexed before analysis. CK was quantified by means of a commercial kit (Beckman
Coulter, Brea, CA, USA), as well as LDH with a commercial kit (Biosystems, Barcelona, Spain) and AST
with a commercial kit (Beckman Coulter, Brea, CA, USA). All tests were adapted in order to be used to
collect saliva samples and were carried out in an automated biochemical analyser (Olympus A400,
Beckman Coulter, Brea, CA, USA) at 37 ◦C.

2.5. Statistical Analysis

The statistical analysis was carried out with the SPSS 25 package for Windows (SPSS Inc.,
IBM Company, Armonk, NY, USA), with a level of significance of p < 0.05. After establishing the
non-normality of the sample with the Kolmogorov-Smirnov test, the nonparametric Mann–Whitney U
test was used and applied to two independent samples, while the Wilcoxon signed-rank test was used
for related samples.

2.6. Ethical Concerns

The study was developed in accordance with the Declaration of Helsinki [19] with the
prior approval of the protocol by the Ethical Committee of the Catholic University of Valencia
(UCV/2019-2020/017). Participants were provided with a written informed consent form after being
informed on the procedures and the nature of the study.

3. Results

The sociodemographic characteristics of the population sample of the study are demonstrated
in Table 1, where no significant differences between men and women in terms of age were observed,
yet, in terms of weight, a differentiation can be seen (Z = −3.88; p < 0.05), height (Z = −3.88; p < 0.05),
and body mass index (BMI) (Z = −2.18; p = 0.029).

Table 1. Anthropometric and age data of the study population.

Men’S Team
(n = 14)

Women’S Team
(n = 13) Mann–Whitney U Test

Mean ± SD Mean ± SD Z p

Age (years) 22.21 ± 3.07 21.85 ± 2.27 −0.25 0.807
Weight (kg) 81.04 ± 8.51 64.93 ± 13.17 −3.49 0.000 ***
Height (cm) 175.56 ± 7.32 162.38 ± 4.72 −3.88 0.000 ***
BMI (Kg/m2) 26.27 ± 1.94 24.51 ± 3.81 −2.18 0.029 *

BMI: body mass index; * significant differences p < 0.05; *** significant differences p < 0.001.

When saliva enzymes were analysed in the whole sample of 27 athletes, CK and LDH did not
show significant differences in activity before and after any of the 3 matches (Tables 2 and 3). However,
there was a significant increase in AST after match 3 on the second day (Table 4).

Regarding gender, when comparing values between the men’s and women’s teams before and
after each match, we could observe that CK showed significantly higher values in men before match 2
and after the match 3 (Table 2). AST, although showed significant increases after match 3 form men
and women, it has significantly higher values in the men’s team that in women after playing the three
matches. (Table 4). LDH did not show significant differences between men and women in any of the
three matches (Table 3).
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Table 2. Statistical analysis of creatine kinase (CK) samples in saliva.

CK (ng/mL) Total Sample
Mean ± SD (Median)

Men
Mean ± SD (Median)

Women
Mean ± SD (Median)

Mann–Whitney U
Test Z (p)

1A 68.815 ± 51.853 (73.5) 84.977 ± 62.088 (85.5) 52.654 ± 34.360 (45.3) −1.436 (0.151)
1D 88.512 ± 82.388 (47.0) 108.136 ± 106.300 (68.4) 65.617 ± 31.787 (34.9) −1.157 (0.247)

Wilcoxon signed-rank test Z (p) −1.457 (0.145) −0.524 (0.600) −1.778 (0.075)
2A 61.005 ± 51.114 (42.9) 92.489 ± 63.105 (86.1) 35.246 ± 12.493 (30.1) −2.545 (0.011 *)
2D 74.515 ± 59.811 (58.1) 106.656 ± 76.478 (75.4) 48.218 ± 20.675 (53.9) −1.557 (0.119)

Wilcoxon signed-rank test Z (p) −1.923 (0.055) −0.889 (0.374) −1.867 (0.062)
3A 59.744 ± 55.243 (58.9) 77.115 ± 69.830 (63.0) 40.925 ± 24.411 (36.2) −1.034 (0.301)
3D 78.280 ± 69.106 (47.0) 109.069 ± 83.919 (73.3) 44.925 ± 20.071 (40.2) −2.448 (0.014 *)

Wilcoxon signed-rank test Z (p) −1.789 (0.074) −1.852 (0.064) −0.706 (0.480)

A: before the match; D: after the match; * significant difference p < 0.05.

Table 3. Statistical analysis of lactate dehydrogenase (LDH) samples in saliva.

LDH (U/l) Total Sample
Mean ± SD (Median)

Men
Mean ± SD (Median)

Women
Mean ± SD (Median)

Mann–Whitney U
Test Z (p)

1A 320.358 ± 299.804 (185.2) 341.000 ± 309.482 (209.3) 299.715 ± 300.919 (146.2) −0.590 (0.555)
1D 360.635 ± 436.736 (192.2) 398.564 ± 538.385 (158.2) 316.383 ± 294.907 (106.2) −0.669 (0.504)

Wilcoxon signed-rank test Z (p) −0.175 (0.861) −0.035 (0.972) −0.078 (0.937)

2A 306.565 ± 328.447 (201.2) 423.389 ± 423.862 (451.8) 210.982 ± 197.249 (132.7) −0.570 (0.569)
2D 261.165 ± 252.243 (290.3) 377.089 ± 236.488 (328.5) 199.046 ± 161.811 (163.8) −0.722 (0.470)

Wilcoxon signed-rank test Z (p) −1.400 (0.161) −1.481 (0.139) −0.622 (0.534)

3A 171.076 ± 250.427 (188.4) 134.792 ± 240.492 (70.7) 210.383 ± 265.507 (84.3) −0.870 (0.384)
3D 279.904 ± 372.832 (220.1) 797.008 ± 488.854 (223.3) 153.042 ± 93.875 (122.5) −0.598 (0.550)

Wilcoxon signed-rank test Z (p) −1.816 (0.069) −2.691 (0.007 +) −0.392 (0.695)

A: before the match; D: after the match; + significant differences p < 0.05.

Table 4. Statistical analysis of aspartate aminotransferase (AST) samples in saliva.

AST (U/l) Total Sample
Mean ± SD (Median)

Men
Mean ± SD (Median)

Women
Mean ± SD (Median)

Mann–Whitney U
Test Z (p)

1A 45.992 ± 57.848 (30.6) 67.700 ± 74.819 (36.8) 24.285 ± 18.781 (25.8) −2.333 (0.020)
1D 57.727 ± 80.259 (19.1) 81.686 ± 101.581 (37.3) 29.775 ± 19.424 (15.2) −1.260 (0.208 *)

Wilcoxon signed-rank test Z (p) −0.646 (0.518) −0.210 (0.834) −0.941 (0.347)
2A 42.530 ± 58.500 (18.3) 73.389 ± 78.034 (45.4) 17.282 ± 8.521 (14.6) −1.824 (0.068)
2D 57.325 ± 92.423 (26.8) 99.300 ± 128.574 (45.6) 22.982 ± 11.026 (20.5) −2.013 (0.044 *)

Wilcoxon signed-rank test Z (p) −1.493 (0.135) −0.889 (0.374) −1.600 (0.110)
3A 27.896 ± 37.218 (16.0) 41.262 ± 47.301 (43.1) 13.417 ± 11.900 (15.4) −1.251 (0.211)
3D 47.496 ± 53.572 (22.1) 71.785 ± 65.588 (39.4) 21.183 ± 10.791 (18.4) −2.284 (0.022 *)

Wilcoxon signed-rank test Z (p) −2.879 (0.004 ++) −2.201 (0.028 +) −1.962 (0.048 +)

A: before the match; D: after the match; + significant differences p< 0.05, ++ p< 0.005; * significant differences p< 0.05.

As far as the Borg scale, the mean values throughout the competition for men and women
varied between 5.42 ± 1.34 and 7.25 ± 1.48, illustrating a perceived exertion between hard and very
hard, respectively. Concerning differences between the men and women, there were only significant
differences (p < 0.008) in match 3 with a higher perceived exertion in women (Figure 2).
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4. Discussion

Rugby sevens is characterised by quick and powerful muscle contractions, as well as continuous
collisions between players, that can lead to muscle damage. In this sense, measuring activity of CK,
LDH, and AST in serum can be used as a muscle injury marker [9], as they have been observed to
increase in the blood after physical activities that cause intense muscle fatigue, such as running a
mountain marathon [20] or resistance exercises [21]. These enzymes can also be quantified in saliva [22].
Therefore, CK, LDH, and AST were quantified in our study in saliva samples obtained before and after
the rugby sevens matches. Despite the lack of studies of this nature that identify normal values of
enzymes in saliva related to possible muscle damage, the values obtained in our study for AST and
CK were higher than those described by Barranco T. et al., 2018, in healthy people and who had not
performed any kind of previous exercise [23].

When analysing the possible changes in these enzymes total study population, no significant
differences were observed for CK and LDH concentration levels before and after any of the 3 matches,
despite the results of the Borg scale indicating a perceived exertion between hard and very hard,
respectively. These results do not coincide with those obtained in another study, where there were
significant changes in saliva after playing an indoor football match, registering an equally high
perceived exertion (average of 7 on the Borg Scale) [24]. The fact that these results do not coincide could
be due to the time when the samples were collected, as samples were taken immediately after physical
activity in our study. However, in the study conducted by Barranco et al. [12], the samples were
collected 30 min and 12 h after exertion. In this sense, we must outline that there has been evidence
of a delay in the movement of some enzymes from blood to saliva, including CK [25]. In addition to
this, it is precisely CK that takes time to increase in the blood after physical activity, as other authors
observed a rise in plasma after 72 h after a football match [26]. In particular, when CK was measured
after playing rugby, it was only increased in the blood after 30 min after the match [27], remaining
high and even showing higher peaks after 24 h after finishing the sport [27,28]. Something similar
was also registered for LDH, whose levels were seen to increase in the blood after 8, 24, and 48 h after
exercise, coinciding with the feeling of muscle ache [29]. Yet, in saliva, the only published data indicate
an increase 4 weeks after the aerobic exercise was carried out [30]. Nonetheless, we did observe a
significant increase in AST after match 3 on the second day in our study. Curiously, this enzyme
was seen to rise in the blood samples obtained immediately after a high intensity boxing match [31],
which seems to confirm our results.

Nonetheless, this study has also assessed the possible differences in the response of the 3 enzymes
according to gender. Authors, such as Franco Martínez L. et al. [32] and Souglis A. et al. [33,34],
show in their studies that there is a different salivary proteome in men and women after exercising.
They propose the idea to conduct further studies to learn what physiological changes are represented
in the saliva of both men and women. In this sense, we observed that CK, AST, and LDH behaviour is
different throughout the rugby sevens competition, showing generally higher enzyme levels in men,
both before and after the matches.In particular, if the differences between pre- and post-match values
between both men and women are analysed, CK shows higher levels in men before match 2 and after
match 3. Something similar happens with AST, as match 1 displays these significant differences are
always higher after the match. LDH is the only case where there are no differences in any match.
This would indicate a different behavior of the enzymes analysed in our study according to gender.

Despite not being able to compare these results with previous ones, due to the lack of research
analysing differences between men and women in terms of enzyme salivary secretion after physical
activity, they were in line with a recent study where the values obtained in serum samples were
compared. Specifically, after the Ecomotion Pro edition, significant increases in CK, AST, and LDH
in serum were detected only in men, showing differences between men and women in the secretion
of these enzymes [35]. These results show that behaviour in the face of stress is different in men and
women. In addition the study conducted by O’Leary T.J. et al. [36] differences in the response to
physiological stress afterload carriage was dectected regarding gender. It was specifically observed that,
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despite the fact that women had a higher heart rate and greater perceived exertion after activity, loss in
strength of maximal isometric contraction was higher in men, therefore higher physiological stress
during load carriage for women did not mean more severe muscle fatigue, showing more resistance
towards said fatigue [36] and confirming what had been described in another prior study [15].

With regard to the Borg scale, perceived exertion implies a subjective assessment of strength,
tension, discomfort and/or fatigue while exercising. Therefore, perception depends on physiological
mediators grouped into central mediators (related to cardiorespiratory processes) and peripheral
mediators (related to processes inherent to skeletal muscle, with blood acidosis, etc.) [37]. Concerning
central mediators, important correlations between perceived exertion and heart rate have been
established (between r = 0.80 and r = 0.90) [38]. However, this correlation is not as obvious in peripheral
mediators, such as biomarker quantification. Thus, a close relation between concentration of blood
lactate and the valuation of perceived exertion are established [39]. Nonetheless, other authors have
found differences up to 3–4 points on the perceived exertion scale for the same value of concentration
of blood lactate (4 mmol/L), in a maximal, progressive treadmill test [40]. This discrepancy between
biomarkers and perceived exertion would be in line with our results, where female players show a
higher perceived exertion than men, even though the levels of muscle damage markers are generally
higher in men. On the other hand, delving into discrepancies in perceived exertion between men and
women regardless of muscle damage, it does seem that it is higher in women, in accordance with
studies published in other situations involving intense physical activity [41]. These results seem to be
in accordance with those obtained in our study, where women show a significantly higher perceived
effort than men in match 3.

The results of our study showed a high intersubject variability. In this sense, other authors have
described that the values of muscle enzymes show this great variability between individuals and
depend on the individual to a high degree, observing high variability between athletes who are even on
the same team. This fact demonstrates the need for individualised follow-ups [42,43]. In terms of rugby,
this variability has been previously verified in other enzymes, such as myoglobin. Lindsay A. et al.
suggest that each subject should be analysed individually and not as a group, as rugby is a sport
where muscle damage is highly variable, depending on the progression of the match [44]. Moreover,
although this study used two complete teams, it would be necessary to increase the sample for future
research as it is limited, analysing also the possible influence of match time on athletes. In addition
since muscle damage leads to increase pain, this variable could be assessed through tests, such as
vertical jumps, maximum isometric force, and subjective muscle pain measurements. Nonetheless,
it would be interesting to do a longer follow up of the enzymes of our study after match in order to
evaluate long-term changes in these analytes.

In terms of the interest that our study may have, the differences in the response to physiological
stress may be related to the onset of injuries after exercise. In skeletal muscle, there have been described
gender differences in muscle injuries with a decrease in the frequency of injuries in female rodents [45],
with CK having lower increases in serum after injury in women than men [46] that would be in
agreement with our findings. The enzymes CK, LDH (to a lesser degree as it seems less sensitive),
and especially AST could be used as possible diagnostic tools to predict this risk of injury, which could
help to improve young athletes’ performance.

5. Conclusions

CK, AST, and LDH in saliva showed changes of different magnitude after serial matches of rugby
seven, with AST showing the most significant variations. Differences in terms of gender were observed,
with men showing increases of higher magnitude, mainly in AST after the matches. Due to the large
variations in enzyme values between athletes, it would be recommended to monitor the changes so they
can be carried out individually in order to determine the status and muscle damage more objectively.
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Abstract: The aim of the study was to determine how many Norwegian athletes who, during all the
times they had achieved the European Athletics Championship 2020—Entry Standards (EAC20ES),
were also ranked among the 20 all-time-best athletes at the ages of 15 and 18 years. The number of
athletes who achieved the EAC20ES during their career, and the percentage of those who were among
top 20 in the age groups 15 and 18 years, were determined from the Norwegian all-time-best results
lists. A total of 202 athletes achieved the EAC20ES in the studied time period. Of these, 14.4% and
42.1% were ranked among the top 20 all-time best in one or more events at the ages of 15 and 18 years,
respectively. However, among those who had won an international gold medal, these percentages
were much higher. Eight out of 12 champions (66.7%) were ranked among the top 20 all-time best in
one or more event at 15 years of age, and 11 of 12 champions (91.6%) were ranked among the top 20
all-time best at 18 years of age. Athletes that went on to win international championships typically
performed better as adolescents compared to other athletes who also reach an international level as
seniors. However, due to the low number of international champions, the date should be interpreted
with caution.

Keywords: elite athletes; athletics; youth performance; talent identification

1. Introduction

Exceptional sporting performance, often defined as winning a medal in an international
competition, is dependent on motor and physical development over the lifespan [1]. Today, children
often focus on training and competition in sports from an early age, in the hope that this will help
them to reach an elite level as adults [2–4].

It is a debated topic whether long-term success in elite sports can be predicted from performance
in youth competitions [5,6] and to what extent early specialization [7] or early diversification is key for
success at senior level [8]. Early specialization has been defined as intensive training or competition in
organized sport by prepubescent children (<12 years of age) for more than 8 months per year, with a
focus on a single sport to the exclusion of other sports and free play [9].

The early specialization framework [7] postulates that training and development for 10,000 hours
from early to middle childhood in the primary sport is necessary to achieve exceptional performance.

According to LaPrade, Agel, Baker, Brenner, Cordasco, Côté, Engebretsen, Feeley, Gould and
Hainline [10], there is no evidence that young children will benefit from early sport specialization in the
majority of sports. However, in some sports like golf, tennis and gymnastics, early specialization has
been considered important for the development of certain skills [11]. Early specialization and intensive
training during early adolescence can also result in an increased risk of injuries and a decrease in sport
enjoyment [12,13].
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The early diversification path recommends a greater involvement in a variety of sports before
specializing [13,14]. Evidence has proved that the early diversification path where athletes had been
engaged in deliberate play during childhood could lead to elite level of performance in sports [15–18].

Previous research has examined the relationship between youth and adult performance in different
sports [19–22]. For example, Barreiros, Côté and Fonseca [21] found that only one in three athletes
who competed at an international level at pre-junior level (≤16 years) in swimming, volleyball, judo
or football, also competed internationally at senior level. Conversely, in a study of Norwegian road
cyclists by Svendsen, Tønnesen, Tjelta and Ørn [19], race performance at age 18 was found to be the
strongest predictor of success at senior level.

In the sport of track and field athletics, the International Association of Athletics Federations
(IAAF) arranges the World Junior Championship every other year, for athletes under the age of 20.
Hollings and Hume [23] retrospectively examined a cohort of 137 athletes who were Olympic or World
Champions, and previous competitors in the World Junior Championship (WJC). Of these, 55% were
former medalists and 80% were top eight finishers in WJC. However, a contrasting picture emerges
from the same data analyzed prospectively, following 1054 medalists at World Junior Championships
from 1986 to 2004. Of the 1054 junior medalists, only 34% became medalists or finalists in international
competitions as seniors, whilst a further 12% competed at international level, but never made it to
an international final. As many as 54% never participated in international competitions as senior
athletes. In a study where the purpose was to examine the lifetime best performance of World Junior
Championship finalists and Olympic Games finalists in athletic events, Foss, Sinex and Chapman [1]
found that World Junior Championship finalists achieved their career-best performance at a younger
age compared to Olympic Games finalists. They also had less performance improvement over the
course of their career compared to Olympic Games finalists. Kearney and Hayes [24] conducted a
retrospective study of top 20 ranked senior track and field athletes in the United Kingdom and found
that performance during youth had only a weak relationship with performance at senior level.

Three Norwegian brothers who have all been European 1500 m champions, were found to have
had very different athletic developments [20]. The oldest (HI) took part in football, cross-country skiing
and distance running during his childhood, and is ranked among the top 10 all-time best in the 1500 m
in Norway in the age groups 15, 16, 17 and 18 years. The 2016 European 1500 m champion (FI), played
football from the age of 7 until the age of 16 and is not among the all-time top ten in any event in any
age group from 13 to 18 years. The youngest brother (JI) however, has been the best runner in Norway
in all age groups from the age of 13 years. FI’s and, to some extent, HI’s development is in accordance
with the findings of Anderson and Mayo [25] who reported that many elite athletes specialize late,
following diversification in other sports during their youth. JI on the other hand, focused on distance
running from an early age [20]. This is in accordance with the findings of a review article by Coutinho,
Mesquita and Fonseca [26], who claim there is considerable evidence in the literature that both early
specialization and diversified experience in other sports can lead to elite development. A study of ten
elite track and field athletes from Australia, who had all finished top ten at the Olympic Games and/or
World Championships, indicates that the main factors accounting for success at senior level are high
self-belief, high motivation with personal goals and achievement and athletics being a central part of
their lives [27].

In athletics, performance can be quantitively measured in minutes and seconds or meters and
centimeters, and to qualify for an international competition such as the European Championships 2020,
an athlete has to achieve the European Athletics Championship 2020—Entry Standards (EAC20ES) [28]
(Table 1). In Norway, the Norwegian Athletic Federation (Norges Friidrettsforbund—NFIF) registers
all-time best results for seniors, juniors and boys and girls in all track and field events from the age
of 13 years. The aim of this retrospective study was to determine how many of the all-time best
Norwegian track and field athletes had performed at an international level (defined as having achieved
the EAC20ES) and how many of these can also be found among the 20 all-time-best results for girls
and boys at the ages of 15 and 18 years. In addition, we wished to examine to what extent Norwegian
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track and field gold medal winners in European Championships, World Championships and Olympic
Games from 1980 to 2019 are represented in the top 20 all-time best lists for girls and boys at ages 15
and 18 years.

Table 1. European Athletics Championships 2020—Entry Standards (https://www.european-athletics.org).

Men Discipline Women

10.28 100 m 11.44
20.80 200 m 23.35
46.40 400 m 52.65

1:47.30 800 m 2:02.50
3:39.50 1500 m 4:11.00

13:44.00 5000 m 15:50.00
28:50.00 10,000 m 33:20.00
8:45.00 3000 m steeplechase 9:55.00
13.90 110 m hurdles/100 m hurdles 13:30
50.70 400 m hurdles 57.95
NES Half-Marathon NES
2.24 High Jump 1.90
5.60 Pole Vault 4.45
7.95 Long Jump 6.60

16.60 Triple jump 13.90
20.00 Shot Put 17.00
63.50 Discus 57.00
74.45 Hammer 69.00
80.50 Javelin 58.00
7850 Combined Events 5850

NES = No entry standard.

2. Materials and Methods

2.1. Data Sample

The present study was conducted in accordance with the declaration of Helsinki. Since data in the
present study are based on publicaly available resources (https://www.friidrett.no/aktivitet/statistikk),
no informed consent was obtained. The study was approved by the Norwegian social science
data services.

The Norwegian Athletic Federation (Norges Friidrettsforbund—NFIF) register all-time best results
for women and men, for juniors and for girls and boys in all track and field events from the age of 13.
The number of athletes who achieved EAC20ES in sprint, middle distance, long distance, jumping,
throwing and combined events, and their best results at 15 and 18 years of age are taken from these
official lists, which were updated on the 31.12.2019.

To avoid an athlete who achieved the EAC20ES in more than one event being registered multiple
times, athletes were divided into the following sub-groups: sprint and hurdles; middle and long
distances; jumping; throwing; combined events. Athletes who, at the age of 15 and/or 18 years, were
among the top 20 in more than one event are only registered once.

Norwegian gold medal winners in European Championships, World Championships and
Olympic Games from 1980 to 2019 are also from The Norwegian Athletic Federation’s (Norges
Friidrettsforbund—NFIF) official statistics.

2.2. Different Equipment in the Throwing Events

Over the last 30 years, some changes have been made to the standards for throwing equipment in
Norway in the age group of 15 years. In the hammer throw, the length of the hammer wire was 110 cm
until the year 2000, after which it was increased to 119.5 cm. As such, the top 20 athletes in the age
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group of 15 years competing with both 110 cm and 119.5 cm hammer wire are registered. Athletes in
the 15 years age group also competed with equipment of differing weights in the javelin, discus and
shot-put events. The equipment weights most frequently registered for each event are included here.
In shot put, this is 3.0 and 5.5 kg for girls and boys, respectively. In discus and javelin, equipment
weights of 1 kg and 600 g, respectively, were used for both girls and boys. In the age group 18 years,
the equipment is of the same weight and standard as that used at senior level.

2.3. Statistical Analyses

The number of men and woman who achieved the EAC20ES in the different subgroups, and
the percentage of these who were ranked among the top 20 in the age groups 15 and 18 years,
were calculated.

Descriptive statistics are presented as means and standard deviations (SD) for the age when
Norwegian track and field gold medals winners in European Championships, World Championships,
and Olympic Games won their first international title.

3. Results

Table 2 shows the total number of Norwegian athletes, and the number of male and female athletes,
who have achieved the EAC20ES, and the number who have achieved the EAC20ES, in the following
sub-groups: sprint and hurdle events (sprints), middle- and long-distances events (distances), jumping
events (jumping), throwing events (throwing), and combined events. The number of these, and the
percentage rank among the top 20 in the age groups 15 and 18 years, are also listed in Table 2.

Table 2. The number of Norwegian athletes who achieved the EAC20ES in sprints, distances, jumping,
throwing and combined events, and the number and percentage (%) of these ranked among the top 20
in the age groups 15 and 18 years.

Group
Number of Norwegian
Athletes Who Achieved

EACS20ES

Number and Percentage (%)
Ranked in the Top 20 Age 15

Number and Percentage (%)
Ranked in the Top 20 Age 18

Total Men Women Total Boys Girls Total Boys Girls

sprints 31 15 16 4
(12.9%) 1 (6.7%) 3

(18.8%)
20

(64.5%)
9

(60.0%)
11

(68.8%)

distances 108 74 34 6 (5.6%) 4 (5.4%) 3 (8.8%) 24
(22.0%)

17
(22.9%)

7
(20.5%)

jumping 22 12 10 7
(31.8%) 4 (5.5%) 3 (30%) 16

(72.7%)
10

(83.4%) 6 (50%)

throwing 31 24 7 8
(25.8%)

5
(20.8%)

3
(42.9%)

21
(67.7%)

16
(66.7%)

5
(71.4%)

combined
events 10 7 3 3

(30.0%)
2

(28.6%)
1

(33.34%)
4

(40.0%)
2

(28.6%)
2

(66.7%)

total 202 132 70 29
(14.4%)

16
(12.1%)

13
(18.6%)

85
(42.1%)

54
(40.9%)

31
(44.3%)

Norwegian athletes who became Olympic Champions (OC), World Champions (WC) and European
Champions (EC) from 1980 to 2019 and their best ranking in any event at ages 15 and 18 years are
listed in Table 3. In addition to the track and field events, marathon is also included. International
champions in cross-country and road races are not included in Table 3. The ages at which the athletes
won their first international title in track and field events or marathons are also included in Table 3.
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Table 3. Norwegian athletes who have become OC, WC and/or EC from 1980 to 2019, their best ranking
in any event at ages 15 and 18 years, and the age at which they won their first international title in track
and field events or marathon. If their best ranking at ages 15 and 18 years is in another event than the
one they have won an international title in, the event is noted in parentheses. M = male, F = female.

Athlete Event Year OC WC EC 15 Years 18 Years Age

GW (F) marathon 1983 X 3 (1500 m) 30 **
IK (F) 10.000 m 1986, 1987 X X 2 (1500 m) * 30

EKH (F) javelin 1993, 1997, 1994, 2000 X XX X 1 1 27
GM (M) 200 m 1994 X 16 (100 m) 25
SH (M) High jump 1994 X 16 2 23
VR (M) 800 m 1996 X 5 24
HH (F) high jump 1997 X 16 1 30

AT (M) javelin 2004, 2008, 2006, 2010,
2009 XX X XX 4 1 24

HI (M) 1500 m 2012 X 9 2 21
FI (M) 1500 m 2016 X 14 (800 m) 23
JI (M) 1500 m, 5000 m 2018 X 1 1 18

KW (M) 400 m hurdles 2017, 2019, 2018 XX X 2 (long jump) 1 (400 m) 21

* IK did not compete in athletics at the age of 18, but instead competed as an international cross-country skier at
junior level. ** GW was also 5 times World Cross-Country Champion; the first time was in 1978 at the age of 25 years.

The average age at which the athletes listed in Table 3 won their first international title in track
and field events or marathon was 24.7 ± 3.9 years.

4. Discussion

A total of 202 Norwegian track and field athletes have during all times achieved the EAC20ES
(Table 1). Of these, 14.4% and 42.1% are ranked among the top 20 all-time best Norwegian athletes in
one or more events at the ages of 15 and 18 years, respectively.

The data from the present study are in line with the findings of Kearney and Hayes [24] who
conducted a retrospective study of the top 20 ranked senior track and field athletes in the United
Kingdom. However, the percentage of top 20 ranked 15 and 18 year old boys and girls in the present
study who later achieved the EAC20ES is even lower than the percentage of the top 20 ranked girls
and boys at age 15 and 17 years who reached top 20 senior level in United kingdom [24]. In the study
by Kearney and Hayes [24], 48% of boys and 58% of girls who were ranked top 20 at an age of 17
years were also among the top 20 ranked senior athletes. In the present study, more female athletes
who achieved the EAC20ES are ranked in the top 20 at the age of 15 and 18 years than their male
counterparts. This is in agreement with the findings in the study by Kearney and Hayes [24] and may
be due to the fact that girls mature earlier than boys [29,30]. However, the absolute numbers of athletes
having achieved the EAC20ES are in all groups, besides sprints, lower for women than for men.

The percentage of athletes ranked in the top 20 at age 15 who later went on to achieve EAC20ES is
highest for jumping (31.8%), throwing (25.8%), and combined events (30%) and lowest for distance
events (5.6%). For the sprint events, the percentage is 12.9%. At age 18, the percentage of top 20 athletes
who later achieve EAC20ES for all events is much higher than at age 15. However, for the middle- and
long-distance events, the percentage is still markedly lower than for the other events. This may be due
to the fact that peak athletic performance in endurance events normally occurs at a later age than in
explosive power/sprint events [31]. However, it has to be underlined that from the data in Table 1, no
information can be drawn from the ranking in the lists to determine the amount of athletics training at
ages 15 and 18 years, and to what extent the athletes at these ages also took part in other sports.

The percentage athletes who were ranked top 20 at the ages of 15 and 18 years is much higher for
those who have won an international title: 66.7% (8 of 12 champions) in age group 15 years and 91.6%
(11 of 12 champions) in age group 18 years. As such, it appears that results at a top national level at the
age of 18 years may be a premise for becoming an international champion. This is in agreement with
the findings of Svendsen et al. (2018), who found that the strongest predictor of senior success among
Norwegian junior road cyclists was race performance at 18 years of age. However, it is in contrast
to the findings of Foss, Sinex, and Chapman [1], who, after finding that World Junior Championship
finalists in athletics reached their career-best performance at an earlier age and had less performance
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improvements during their careers than Olympic Games finalists, challenged the assertion that elite
success at junior level is a prerequisite for success at senior level. It has to be underlined that, despite
the fact that the Norwegian international champions listed in Table 3 showed excellent performance at
the age of 18 years, only one of them (JI) won an international title at U20.

What more do we know about the 12 international athletic champions listed in Table 3? Is early
specialization or early diversification the key for success as an elite senior athlete?

Among the two outstanding former world record holders and World Champions in distance
running events GW and IK, we find similarities in training during their adolescence [32]. They both
participated in an extensive range of sports. In addition to distance running, GW competed in sprints,
jumps and throws, as well as playing handball during her early youth. IK participated in cross-country
skiing and running. One difference between the two is that, up until senior level, GW did more
anaerobic training than IK. The latter got her basic training through aerobics, cross-country skiing and
trail running. GW achieved her best times in the 1500 m and the 3000 m. She was also best in the 800 m.
IK was best over the longest distances. This might have been a consequence of differences in training
during their youth and/or “genetic differences” [32]. We also know that the male distance runners
included in Table 3 have taken part in a variety of sports during childhood and early adolescence. The
1996 Olympic Champion VR competed in both cross-country skiing and athletics up to the age of 16
years [33]. Of the three brothers, HI, FI, and JI, who are all European 1500 m champions, HI played
football from the age of 10 to 14 years. From the age of 13 to 17 years he also competed in cross-country
skiing during the winter season and in distance running during the summer season, and at the age of
17, became Norwegian junior cross-country skiing champion. FI played football from the age of ten,
competed in cross-country skiing and did some track and field training. From the age of 17, he focused
more and more on distance running. The youngest of the brothers, JI, started to train for athletics at
the age of 7 years. He competed in sprints, hurdles, and jumps. He also competed in cross-country
skiing at regional level until the age of 12. From that age he focused entirely on distance running [20].

The female and male javelin throwers in Table 3 have four and five international titles, respectively.
They both showed an outstanding talent for javelin throwing from an early age and are number one
and four in the all-time rankings at age 15, and both number one at age 18. However, EKH also played
handball at a regional level during most of her career and after she retired as a javelin thrower.

The 400 m hurdler, twice World Champion and once European Champion, also achieved
outstanding results in different track and field events from an early age. In the age group 15 years, he
is ranked as the second-best long jumper in Norway of all time, and at the age of 17 years he became
U18 World Champion in combined events (eight events).

Why do the international champions listed in Table 3 to a greater extent show outstanding results in
their youth compared to the EAC20ES in Table 2? It is a frequent topic of discussion whether genes [34]
or environment play the most important role in talent development [35]. Three of the 12 champions are
brothers, which underlines the importance of favorable genes. But, in addition to genetic predisposition,
these brothers are characterized by an active childhood, a gradual progression in training volume,
strong family support, and mental toughness [20]. This is in agreement with Simonton [36] who argued
that talent arises from dynamic processes and is a complex system beyond the environment vs. gender
debate. Simonton [36] explains the development of talent from a mathematical model. In the model,
different factors are weighted by importance, and include genetic dispositions, environmental (e.g.,
social and family support) and development constraints (e.g., structure of training and competition
program). Simonton’s model is in accordance with Mallett and Harrahan [27] who found that elite track
and field athletes have, (1) high motivation with achievement and personal goals, (2) high self-belief,
and (3) athletics being a central part of their lives.

5. Conclusions

In Norway, a total of 202 track and field athletes achieved the European Athletics Championship
2020—Entry Standards (EAC20ES) in one or more events during all times. Of these, 14.4% are ranked
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among the all-time top 20 athletes in Norway in one or more events in the age group 15 years, and
42.1% in the age group 18 years. However, there is no available information regarding the amount of
athletics training at ages 15 and 18 years, or to what extent the athletes at these ages also took part in
other sports.

During the last four decades, 12 Norwegian athletes have won one or more international titles
in track and field events or marathons. Of these champions, the number who were ranked among
the top 20 in the age groups 15 and 18 years is much higher: 66.7% and 91.6%, respectively. This
could indicate that those who go on to become international champions perform at a higher level in
adolescence than other athletes who also reach senior international level. However, due to the low
number of international champions, the date should be interpreted with caution.
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Abstract: Previous studies have shown significant improvement in muscle soreness and muscle
function loss after 300-s foam rolling intervention two days after intense exercise. However, this
duration is assumed to be too long, so investigating the effect of short-term duration foam rolling
intervention on an eccentrically-damaged muscle is needed. This study aimed to eccentrically induce
muscle damage in the leg extensors, and to detect the acute effect of 90-s foam rolling on muscle
soreness and muscle function of the quadriceps muscle. We enrolled 17 healthy and nonathlete male
volunteers. They performed a bout of eccentric exercise of the knee extensors with the dominant
leg and received 90-s foam rolling intervention of the quadriceps two days after the eccentric
exercise. The dependent variables were measured before the eccentric exercise (baseline), and before
(preintervention) and after foam rolling intervention (postintervention), two days after the eccentric
exercise. The results show that the preintervention muscle soreness and muscle strength values were
significantly increased, compared with the baseline values, whereas the postintervention values were
significantly decreased, compared with the preintervention values. Furthermore, 90-s of foam rolling
intervention could improve muscle soreness and muscle function loss.

Keywords: muscle soreness; muscle strength; range of motion; knee extensor

1. Introduction

Compared with resistance training emphasizing concentric contraction, it is well
known that resistance training emphasizing eccentric contraction (ECC) allows for greater
increases in muscle strength and muscle volume [1,2]. However, previous studies have
shown the negative aspects, including delayed-onset muscle soreness (DOMS), muscle
function loss (muscle strength or athletic performance), decrease in range of motion (ROM),
and increase in muscle-tendon stiffness after performing ECC [3–7]. These muscle damage
symptoms peaked in two days and remained for about one week [4,5]. Since DOMS
and muscle function loss impair the individual’s willingness to exercise, and inhibit the
continuation of exercise for a certain period, it is necessary to establish effective intervention
modalities to prevent or treat DOMS and muscle function loss after ECC [8].

In previous studies, the effective intervention modalities to prevent DOMS and muscle
function loss were investigated, and a systematic review concluded that active recovery,
massage, compression garments, immersion, contrast water therapy, and cryotherapy in-
duced a small-to-large decrease in the magnitude of DOMS and muscle damage. However,
there was no significant decrease in the effect of stretching on DOMS [8]. Furthermore, it
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is well known that a bout of ECC exercise confers protection against DOMS and muscle
damage by ECC exercise following a subsequent bout of ECC exercise via the repeated-bout
effect [9,10]. Conversely, to the best of our knowledge, the acute effect of some interventions
on damaged muscle caused by ECC exercise has been investigated in a few studies. One
study investigated the effect of static stretching on eccentrically-damaged muscle two days
after ECC exercise and showed that there was an improvement in muscle soreness, ROM,
and muscle-tendon stiffness after a static stretching intervention [7]. Additionally, the
other studies showed that there was an improvement in muscle soreness and ROM after
static stretching and hold–relax stretching interventions [11,12]. These results revealed
that stretching intervention might not be effective in preventing DOMS, whereas a stretch-
ing intervention could be effective in improving muscle soreness and muscle function in
eccentrically-damaged muscle.

Furthermore, many researchers have focused on the foam rolling effect using a foam
roller, roller massage bars/sticks, or a ball. The foam rolling effects on muscle strength
and athletic performance have not reached consensus [13–18]; however, previous studies
have shown that a foam rolling intervention increased ROM and pain threshold [16,18,19].
Although Behm and Wilke pointed out that the evidence supporting the fact that the
primary mechanisms underlying foam rolling are the release of myofascial restrictions
is insufficient [20], foam rolling intervention could be useful in sports and rehabilitation
settings, because of its increment effect on ROM and pain threshold. Regarding the recovery
effects after foam rolling, previous studies have shown that foam rolling intervention
aids in the recovery from muscle damage immediately after 24, 48, and 72 h after ECC
exercise [21,22]. Moreover, Romero-Moraleda and colleagues investigated the effect of
300-s foam rolling on the damaged muscle two days after exercise, in which the symptoms
of DOMS and muscle function loss peaked, and showed significant improvement in DOMS
and function loss [23,24]. However, after specific ECC exercise studies, it was shown that
the acute effect of foam rolling on DOMS is limited. Furthermore, Romero-Moraleda and
colleagues used the 300-s foam rolling intervention duration, and showed that it is too long
for clinical application in sports and rehabilitation settings. Hence, investigating the effect
of a short-term duration of foam rolling intervention in the clinical settings is needed. One
previous systematic review concluded that a reduction in pain/soreness could be achieved
by >90-s foam rolling [25], and we believed that to change the DOMS and muscle function
loss, >90-s foam rolling duration is required. This study aimed to eccentrically induce
muscle damage of the leg extensors and to investigate the acute effect of 90-s foam rolling
intervention on muscle soreness and loss of muscle function of the quadriceps muscle.

2. Materials and Methods
2.1. Participants

A total of 17 healthy and sedentary male volunteers (mean ± standard deviation (SD):
age 21.1 ± 0.5 years; height, 170.9 ± 5.9 cm; weight, 61.1 ± 6.2 kg), who had not performed
habitual exercise activities at least for the past six months before the measurements, were
enrolled in this study. We excluded participants who had a history of neuromuscular
disease or musculoskeletal injury on the lower extremity. All participants had not been
involved in any regular resistance training or flexibility training. Previous studies have re-
vealed that the repeated muscle contractions—especially ECC—could attenuate the muscle
soreness and muscle function loss: the so-called “repeated-bout effect” [9,10]. Therefore,
we included nontrained male participants in this study. All participants provided written
informed consent. The study was approved by the Ethics Committee (#18220) and complies
with the requirements of the Declaration of Helsinki.

2.2. Experimental Protocol

The participants performed a bout of eccentric exercise of the knee extensors with the
dominant leg (preferred leg for kicking a ball), as described in the following (Figure 1),
and received 90-s foam rolling intervention (30 s × three sets) of the quadriceps two days
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after the eccentric exercise [9–11]. The dependent variables included muscle soreness at
contraction, palpation, and stretching, maximum voluntary isometric contraction (MVC-
ISO) torque and maximum voluntary concentric contraction (MVC-CON) torque of knee
extensors, and range of motion (ROM) of passive knee flexion. These variables were
measured before the eccentric exercise (baseline), and before (preintervention) and after
(postintervention) foam rolling intervention two days after the eccentric exercise. Immedi-
ately after the foam rolling intervention, we performed the postintervention measurements.
All measurements were taken at the same time of the day for each participant between days.
Furthermore, the participants practiced the foam rolling intervention on the opposite side
(nondominant leg) before baseline and preintervention measurements. Additionally, the
participants became familiarized with all measurements and ECC exercises before baseline
measurement in the measurement leg (dominant leg).

Int. J. Environ. Res. Public Health 2021, 18, x 3 of 9 

 

after the eccentric exercise [9–11]. The dependent variables included muscle soreness at 
contraction, palpation, and stretching, maximum voluntary isometric contraction (MVC-
ISO) torque and maximum voluntary concentric contraction (MVC-CON) torque of knee 
extensors, and range of motion (ROM) of passive knee flexion. These variables were meas-
ured before the eccentric exercise (baseline), and before (preintervention) and after 
(postintervention) foam rolling intervention two days after the eccentric exercise. Imme-
diately after the foam rolling intervention, we performed the postintervention measure-
ments. All measurements were taken at the same time of the day for each participant be-
tween days. Furthermore, the participants practiced the foam rolling intervention on the 
opposite side (nondominant leg) before baseline and preintervention measurements. Ad-
ditionally, the participants became familiarized with all measurements and ECC exercises 
before baseline measurement in the measurement leg (dominant leg). 

 
Figure 1. Experimental flowchart. 

2.3. Eccentric Exercise 
On an isokinetic dynamometer (Biodex System 3.0, Biodex Medical Systems Inc., 

Shirley, NY, USA), all participants performed six sets out of 10 maximal ECC of the uni-
lateral knee extensors (dominant leg) [11,12]. Participants were seated in the dynamome-
ter chair at an 80° hip flexion angle, with adjusted Velcro straps fixed over the trunk, pel-
vis, and thigh of the exercised limb. The exercised limb knee joint was aligned with the 
axis of rotation of the dynamometer. According to the previous studies [11,12], the partic-
ipants were instructed to perform the maximal ECC from a slightly flexed position (20°) 
to a flexed position (110°) at an angular velocity of 60°/s. After each ECC, the lever arm 
passively returned the knee joint to the starting position at 10°/s, which gave a 9-s rest 
between contractions. Each set was repeated 10 times, and a 100-s rest was given between 
sets to complete the six sets. To generate maximum force, the participants received strong 
verbal encouragement during each ECC. 

2.4. Foam Rolling Intervention 
A foam roller (Gold’s Gym 18 Foam Roller, Logan, UT, USA), with a total diameter 

of 12.7 cm consisting of a 5-mm thick hollow plastic core covered with a 12-mm layer of 
dense foam, was used to perform the foam rolling [26]. The subjects were instructed to 
perform three sets of 30-s foam rolling intervention with 30-s rest between each set. The 
participants were instructed to be in the plank position with the foam roller at the most 
proximal portion of the quadriceps of the dominant leg only (Figure 2). This study defined 
one cycle of foam rolling intervention as one distal rolling plus one subsequent proximal 
rolling movement, whereas the frequency was defined as 30 cycles per 1 min using a met-
ronome (Smart Metronome; Tomohiro Ihara, Japan). In detail, 15 cycles for each set were 
completed. The foam rolling intervention was performed between the top of the patella 
and the anterior superior iliac spine under the direct supervision of investigators. Based 
on a previous study [27], the pressure was subjectively controlled with a target numerical 
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2.3. Eccentric Exercise

On an isokinetic dynamometer (Biodex System 3.0, Biodex Medical Systems Inc.,
Shirley, NY, USA), all participants performed six sets out of 10 maximal ECC of the unilat-
eral knee extensors (dominant leg) [11,12]. Participants were seated in the dynamometer
chair at an 80◦ hip flexion angle, with adjusted Velcro straps fixed over the trunk, pelvis,
and thigh of the exercised limb. The exercised limb knee joint was aligned with the axis of
rotation of the dynamometer. According to the previous studies [11,12], the participants
were instructed to perform the maximal ECC from a slightly flexed position (20◦) to a flexed
position (110◦) at an angular velocity of 60◦/s. After each ECC, the lever arm passively
returned the knee joint to the starting position at 10◦/s, which gave a 9-s rest between
contractions. Each set was repeated 10 times, and a 100-s rest was given between sets to
complete the six sets. To generate maximum force, the participants received strong verbal
encouragement during each ECC.

2.4. Foam Rolling Intervention

A foam roller (Gold’s Gym 18 Foam Roller, Logan, UT, USA), with a total diameter of
12.7 cm consisting of a 5-mm thick hollow plastic core covered with a 12-mm layer of dense
foam, was used to perform the foam rolling [26]. The subjects were instructed to perform
three sets of 30-s foam rolling intervention with 30-s rest between each set. The participants
were instructed to be in the plank position with the foam roller at the most proximal portion
of the quadriceps of the dominant leg only (Figure 2). This study defined one cycle of foam
rolling intervention as one distal rolling plus one subsequent proximal rolling movement,
whereas the frequency was defined as 30 cycles per 1 min using a metronome (Smart
Metronome; Tomohiro Ihara, Japan). In detail, 15 cycles for each set were completed. The
foam rolling intervention was performed between the top of the patella and the anterior
superior iliac spine under the direct supervision of investigators. Based on a previous
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study [27], the pressure was subjectively controlled with a target numerical rating scale
rating of 7/10 (0 represents no discomfort and 10 represents maximal discomfort) during
the intervention. Additionally, the participants were instructed to control the pressure with
a target numerical rating scale rating of 7/10 before each set.
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2.5. MVC-ISO and MVC-CON

MVC-ISO was measured at two different angles, such as 20◦ and 70◦ knee angles, with
the same setup as the eccentric exercise using the dynamometer after gravity correction [28].
The participants were instructed to perform maximal contraction for 5 s at each angle two
times with 60-s rest between trials, and the average value was adopted for further analysis.

MVC-CON was measured at the angular velocity of 60◦/s for the ROM of 70◦ (20–90◦

knee angles) for five continuous maximal voluntary concentric contractions, for both
directions [11,12]. The highest value among the five trials was adopted for further analysis.
During all tests, verbal encouragement was provided consistently.

2.6. Knee Flexion ROM

Each participant was placed in a side-lying position on a massage bed, and the hip
and knee of the nondominant leg were flexed at 90◦ to prevent the movement of the pelvis
during ROM measurements. The investigator brought the dominant leg to full knee flexion
with the hip joint in a neutral position. A goniometer was used to measure the knee flexion
ROM twice, and the average value was used for further analysis [11,12].

2.7. Muscle Soreness

Using a visual analog scale that had a 100-mm continuous line with “not sore at all” on
one side (0 mm) and “very, very sore” on the other side (100 mm), the magnitude of knee ex-
tensor muscle soreness was assessed by muscle contraction, stretching, and palpation [9,29].
Muscle soreness at contraction was assessed at both MVC-ISO and MVC-CON, and the
average value was adopted for further analysis. For muscle soreness during palpation,
participants laid supine on a massage bed, and the investigator palpated the proximal,
middle, and distal points of the vastus medialis, vastus lateralis, and rectus femoris [28].
The average value of the knee extensor palpation points was used for further analysis. As
for muscle soreness during stretching, muscle soreness during ROM measurement was
measured twice, and the average value was used for further analysis.

2.8. Test–Retest Reliability of the Measurements

Using seven different healthy males other than those in this study (age, 21.3 ± 0.7 years;
height, 173.2 ± 5.9 cm; weight, 62.8 ± 7.3 kg), the test–retest reliability of the measurement
for MVIC-ISO, MVIC-CON, ROM, and muscle soreness at contraction, stretching, and
palpation was determined by coefficient variation (CV) and intraclass correlation coefficient

343



Int. J. Environ. Res. Public Health 2021, 18, 75

(ICC), with 5-min rest interval between the two measures in damaged muscle after the
same ECC exercise protocol. The CV of the measurements for MVIC-ISO, MVIC-CON,
ROM, and muscle soreness at contraction, stretching, and palpation were 4.1% ± 4.1%,
9.2% ± 4.8%, 1.2% ± 0.8%, 10.1% ± 4.5%, 9.9% ± 4.5%, and 8.5% ± 4.2%, respectively, and
the ICC for the measurements were 0.98, 0.80, 0.91, 0.96, 0.97, and 0.88, respectively.

2.9. Statistical Analysis

SPSS (version 24.0; SPSS Japan Inc., Tokyo, Japan) was used for statistical analysis.
By analyzing the standardized residuals using a Shapiro–Wilk test, data were assessed
for assumptions of normality. One-way repeated analysis of variance was used to assess
significant differences in all variables. When a significant effect was found, the Bonferroni
post hoc test was used to determine the differences between measurements taken at baseline,
preintervention, and postintervention. Additionally, the effect size (d) was calculated as
differences in the mean value divided by the pooled SD [30].

The relationship between changes from baseline to preintervention and from pre- to
postintervention in muscle soreness during muscle contraction, stretching, and palpation
was quantified using Pearson’s product-moment correlation coefficient. Moreover, it
was also used to quantify the relationship between relative changes (%) from baseline to
preintervention and from pre- to postintervention in MVC-ISO, MVC-CON, and ROM.
Data are presented as mean ± SD.

3. Results

Table 1 presents all variables in all groups. The one-way analysis of variance indicated
the main effects for all variables. As a result of the post hoc test, muscle soreness at
contraction, stretching, and palpation values was significantly increased at preintervention,
compared with the baseline values (p < 0.01 and d = 1.19; p = 0.012 and d = 0.69, p < 0.01
and d = 1.57, respectively), whereas postintervention values were significantly decreased,
compared with the preintervention values (p < 0.01 and d = 0.63; p < 0.01 and d = 1.02;
p < 0.01 and d = 1.27, respectively).

Table 1. The changes in maximum voluntary isometric contraction (MVC-ISO) torque, maximum
voluntary concentric contraction (MVC-CON) torque of knee extensors, and maximal voluntary
range of motion (ROM) of passive knee flexion and muscle soreness at contraction, palpation, and
stretching at baseline, before foam rolling intervention, and after foam rolling intervention.

Baseline Preintervention Postintervention F Value

MVC-ISO (Nm) 151.4 ± 22.8 96.8 ± 39.5 * 112.4 ± 30.0 *,† 22.6

MVC-CON (Nm) 147.1 ± 23.9 82.3 ± 30.7 * 100.3 ± 31.4 *,† 44.9

ROM (◦) 145.6 ± 7.3 140.5 ± 6.3 * 149.2 ± 6.1 *,† 24.2

Muscle soreness

At contraction (mm) 10.1 ± 8.6 25.3 ± 17.0 * 15.9 ± 12.9 † 10.2

At stretching (mm) 31.8 ± 23.1 47.6 ± 22.6 * 25.1 ± 21.5 † 13.5

At palpation (mm) 19.9 ± 14.4 44.1 ± 16.5 * 25.0 ± 13.6 † 26.5

* A significantly (p < 0.05) different from the baseline value; † A significantly (p < 0.05) different from
the preintervention value.

Furthermore, the preintervention MVC-ISO and MVC-CON values were significantly
decreased, compared with the baseline values (p < 0.01 and d = 1.75; p < 0.01 and d = 2.38,
respectively), whereas the postintervention values were significantly increased, compared
with the preintervention values (p < 0.01 and d = 0.45; p < 0.01 and d = 0.58, respectively).
In addition, the postintervention MVC-ISO and MVC-CON values were significantly lower
than the baseline values (p < 0.01 and d = 0.74; p < 0.01 and d = 0.85, respectively). Similarly,
the preintervention ROM values were significantly decreased, compared with the baseline
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value (p < 0.01 and d = 0.75), whereas the postintervention ROM value was significantly
increased, compared with the baseline and preintervention values (p < 0.01 and d = 0.27;
p < 0.05 and d = 1.41, respectively).

Figures 3 and 4 show the associations between changes from baseline to preinter-
vention and from pre- to postintervention. The results show that there were significant
negative associations between changes (mm) in muscle soreness at muscle contraction,
stretching, and palpation (r = −0.722 and p < 0.01; r = −0.689 and p < 0.01; r = −0.647 and
p < 0.01, respectively) and relative changes (%) in MVC-ISO and ROM (r = −0.641 and
p < 0.01; r = −0.467 and p = 0.059; r = −0.488 and p = 0.047, respectively).
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4. Discussion

This study investigated 90-s (30 s × three sets) foam rolling intervention on DOMS
and muscle function loss 48 h after ECC exercise. The results revealed the following points:
(1) The muscle strength loss was recovered after foam rolling intervention, whereas the
postintervention values were still lower than the baseline values (MVC-ISO: −25.7%, MVC-
CON: −31.9%). (2) After foam rolling intervention, DOMS was recovered, which was
similar to the baseline value. (3) After foam rolling, the loss of flexibility was recovered,
which was higher than the baseline value. (4) Lastly, the abovementioned foam rolling effect
was significantly greater in the participants with higher DOMS and function loss. Romero-
Moraleda and colleagues showed that 300-s foam rolling intervention improved DOMS
and muscle function loss after intense exercises [23,24]. To the best of our knowledge, this
is the first study to investigate the effect of 90-s foam rolling intervention on the damaged
muscle that could be applied in the sports and rehabilitation settings.

Our results support and expand the previous works investigating the effect of 300-s
foam rolling [23,24]. Interestingly, there is a dose–response relationship between foam
rolling duration and foam rolling intervention effect. Moreover, Hughes and Ramer,
in their systematic review (2019), showed that >90-s foam rolling intervention could
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relieve pain/soreness [25]. In this study, DOMS was similarly improved in muscles with
eccentrically-induced muscle damage after 90-s foam rolling intervention. The proposed
global pain modulatory by foam rolling intervention might be involved with the gate
control theory of pain, diffuse noxious inhibitory control, or parasympathetic nervous
system alteration [20]. Although the mechanism underlying pain modulatory by foam
rolling intervention has been unclear, in this study, 90-s foam rolling intervention could
cause pain modulatory and reduce the muscle soreness in eccentrically-damaged muscle.

The findings showed that both MVC-ISO and MVC-CON were improved by foam
rolling intervention, which was consistent with the previous studies [23,24]. However,
although no significant difference in muscle soreness was observed between baseline and
postintervention, there were still significant decrements in MVC-ISO and MVC-CON at
postintervention, rather than at baseline, which showed that there could not be a full
recovery at baseline. The discrepancy between changes in muscle soreness and function
loss after foam rolling intervention has been unclear. Previous studies have shown that
>90-s foam rolling could achieve a short-term reduction in pain/soreness [25], but the
effects of foam rolling intervention on muscle strength and athletic performance have
been debated [13–18]. Therefore, although muscle soreness improvement during muscle
contraction by the foam rolling intervention improved both MVC-ISO and MVC-CON, the
improvement effects on both MVC-ISO and MVC-CON might not be lower than that in
muscle soreness.

Interestingly, Matsuo and colleagues (2015) investigated the effect of 300-s static
stretching on eccentrically-damaged muscle and revealed that static stretching interven-
tion improved DOMS, whereas there were no significant changes in muscle strength [7].
Generally, muscle strength and athletic performance decrease immediately after static
stretching. Therefore, the previous study stated that the possibility of decreased pain sen-
sation counteracted the force loss of eccentrically-damaged muscle after a static stretching
intervention [7]. Conversely, although the effects of foam rolling intervention on muscle
strength and athletic performance have been debated [13–18], to the best of our knowl-
edge, a study showing the decrement effect after foam rolling intervention has not been
conducted yet. Therefore, foam rolling intervention for eccentrically-damaged muscle
could improve muscle strength loss by improving DOMS. Altogether, the foam rolling
intervention could be an effective recovery tool superior to static stretching as an interven-
tion modality for eccentrically-damaged muscle in the sports and rehabilitation settings.
In future studies, a comparison of the effects of foam rolling and static stretching on the
eccentrically-damaged muscles is needed.

This study revealed that there was a significant negative correlation between the
deterioration of DOMS and muscle function loss by ECC exercise and the improvement
effect of foam rolling intervention (Figures 3 and 4). These results showed that the subjects
with greater muscle soreness or decreased muscle function loss after the ECC exercise
were shown to improve greatly after foam rolling intervention. As mentioned above, ECC
exercise can be expected to have a great muscle strengthening/muscular hypertrophy effect;
however, it has the problem of causing muscle soreness and prolonged muscle function
loss. From these study results, since foam rolling intervention on eccentrically-damaged
muscle could improve and attenuate the DOMS and muscle function loss, the foam roller
can be used as a recovery tool for eccentrically-damaged muscle, controlling the muscle
soreness and muscle function loss in sport and rehabilitation settings, especially for the
subjects with greater muscle soreness or decreased muscle function loss after the ECC
exercise.

There are some limitations to the present study. First, there was no control group
(no foam rolling intervention group) in this study. However, the high reliabilities for all
measurements were confirmed in the eccentrically-induced damaged muscles. Therefore,
there was a possibility that the changes in muscle soreness and muscle function loss
could be involved by 90-s foam rolling intervention. Second, since only the acute effect of
90-s foam rolling intervention was investigated in this study, the sustained effect and/or
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dose–response relationship for foam rolling intervention still is unclear. To clarify the
sustained effect or dose–response relationship of foam rolling on eccentrically-damaged
muscle, future studies are needed. Moreover, to investigate the effect of foam rolling on
eccentrically-damaged muscle in the athletic population, further studies are needed, since
the participants of this study were sedentary and nonathletes.

5. Conclusions

In conclusion, we investigated the effect of 90-s foam rolling intervention on
eccentrically-damaged muscle. The study results indicate that muscle soreness and muscle
function loss were improved, and the effect was greater in the subjects with greater muscle
soreness and decreased muscle function by the ECC exercise. Therefore, foam rolling is
an effective recovery tool for eccentrically-damaged muscles in sports and rehabilitation
settings.
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Abstract: Background: Cycling is a very demanding physical activity that may create various health
disorders during an athlete’s career. Recently, smart mobile and wearable technologies have been
used to monitor physiological responses and possible disturbances during physical activity. Thus,
the application of mHealth methods in sports poses a challenge today. This study used a novel
mobile-Health method to monitor athletes’ physiological responses and to detect health disorders
early during cycling in elite athletes. Methods: Sixteen high-level cyclists participated in this study,
which included a series of measurements in the laboratory; health and performance assessments;
and then application in the field of mHealth monitoring in two training seasons, at the beginning
of their training period and in the race season. A field monitoring test took place during 30 min
of uphill cycling with the participant’s heart rate at the ventilatory threshold. During monitoring
periods, heart rate, oxygen saturation, respiratory rate, and electrocardiogram were monitored via
the mHealth system. Moreover, the SpO2 was estimated continuously, and the symptoms during
effort were reported. Results: A significant correlation was found between the symptoms reported
by the athletes in the two field tests and the findings recorded with the application of the mHealth
monitoring method. However, from the pre-participation screening in the laboratory and from the
spiroergometric tests, no abnormal findings were detected that were to blame for the appearance of
the symptoms. Conclusions: The application of mHealth monitoring during competitive cycling is a
very useful method for the early recording of cardiac and other health disorders of athletes, whose
untimely evaluation could lead to unforeseen events.

Keywords: mHealth; tele-monitoring; cycling; health disorders

1. Introduction

Acute health disorders, such as musculoskeletal injuries, cardiovascular events, etc.,
may occur during long-distance competitive cycling due to prolonged strenuous exercise
and sometimes environmental conditions [1]. Health disorders are more common in young
athletes and particularly at the beginning of the training season [2]. This highly demanding
sport discipline often leads to dehydration that can be further followed by hypotension;
decreased coordination; fatigue; and, in some cases, fainting episodes [3]. More severe
events attributed to cycling include arrhythmias, hypoxia, hypoglycemia, hyperventilation,
and inappropriate dyspnea [4–9].

During a sports competition in real time, e-health monitoring is beneficial for deter-
mining the athlete’s response to the load of the exercise; assessing fatigue; and minimizing
the risk of injury, cardiac problems, and other disorders [10,11]. Conventional measures of
exercise load include power output, speed, time-motion analysis, global positioning system
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(GPS) parameters, and accelerometer-derived parameters [11,12]. Moreover, monitoring
some hemodynamic responses, the cardiac rhythm, respiratory and metabolic indices, body
temperature, and other settings is essential for safe exercise [10,11]. Smart mobile devices
and wearable technologies are becoming increasingly useful for monitoring athletes’ phys-
ical activity and health disorders in sports. The World Health Organization has defined
mHealth as the “use of mobile and wireless technologies to support the achievement of
health objectives”. Mobile health (mHealth)-related applications are popular in health and
fitness, according to recent studies [13,14]. However, there is a lack of continuous and
comprehensive measurement of physiological parameters during cycling by such methods
in elite athletes [15]. The application of such methods in competitive cycling is a challenge
because of the sport’s characteristics.

The present study aimed to evaluate the application of a novel mobile telemetric
procedure to monitor elite cyclists’ physiological parameters during strenuous cycling to
detect health disorders that may appear or evolve during exercise in two training periods.

2. Materials and Methods

Sixteen high-level male cyclists aged 18–33 years from cycling clubs in Northern
Greece with the best ranking participated in the study. Cyclists are ranked by the Greek
Cycling Federation according to their position in domestic competitions (national and
local championships, cups, inter-club competitions, cycling rounds) and abroad (Olympic
Games and world championships, international rounds, Mediterranean and Balkan cham-
pionships) on track, road, and mountain terrain. The design of the study included a series
of measurements in the laboratory and then the application of the mHealth monitoring
method in the field in two training seasons: firstly, at the beginning of the training cy-
cle (November), and secondly at the end of the preparation period (during competition
season—May and June). All measurements were taken in the morning (between 09:00 and
11:00 a.m.), while athletes abstained from alcohol and coffee at least 24 h before the tests.
All the athletes were healthy, as evidenced by their history and the pre-participation health
screening that took place in the Sports Medicine Laboratory of the Aristotle University
of Thessaloniki; were not taking any medications; and completed the informed consent
form. The University Ethics Committee approved the study protocol following the Helsinki
Declaration for human research.

2.1. Laboratory Measurements

Participants were asked to fill in a pre-participation medical history questionnaire
(including demographic, training, personal, and family medical history data). Then,
anthropometric measurements (weight and BMI by FORA TN’G, Moorpark, CA, USA)
and physical examinations were performed. Moreover, glucose measurement (Easy2Check
Card Guard) and resting 12-lead electrocardiograms (ECG-PMP SelfCheck ECG Card
Guard, Rehovot, Israel) were carried out. Finally, a maximal cardiopulmonary exercise
test (CPET) via a breath-by-breath gas analyzing system (Ultima Series Med Graphics,
Saint Paul, MN, USA) was contacted on a Seca Cardiotest 100 cycle ergometer, (Vogel &
Halke Gmbh & Co, Hamburg, Germany). They performed the following maximal ramp
exercise protocol until exhaustion: preheating (5 min at 100 W and 3 min at 150 W); test
(3 min at 200 W, 3 min at 250 W); and then an increase of 25 W every minute to exhaustion.
The pedaling speeds used were 80 to 90 ramp per minute. The athletes’ maximal oxygen
consumption (VO2 max), maximal heart rate (HR max), and ventilator threshold (VT) were
obtained. The HR at the VT point (HRVT) was also detected. All the pre-participation data
were transferred to the previously generated electronic file for each cyclist. The exercise
test was repeated before the second monitoring procedure.

2.2. mHealth Monitoring Procedure

The e-health system architecture, provided by Vidavo SA, a Greek e-Health company,
was composed of four parts (Figure 1): (1) four sensors, suitable for a secure biomedical
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wireless transmission, mounted in a specific wearable belt (Vidavo SA, Zephyr BioHarness,
Annapolis, MD, USA), placed on each cyclist’s chest under the papilla; (2) a receptor
on-board to a Smartphone, where an embedded software allowed the pre-processing of
acquired body sensor data. The Android Studio, which was the official IDE for Android
development, and included everything someone needed to build Android apps, was used
to build the software. In addition, some features were designed: the acquisition of data via
Bluetooth, view of these data, control of the sensors, signaling the presence of noise; (3) a
mobile Smartphone (Google Nexus S Android 4.0 operating system, Mountain View, CA,
USA), which had GPS and Bluetooth connection managing the real-time data transmitting
with the receptor and a GSM for real time data transmitting to the server; (4) a Linux based
data server (laptop computer—Samsung Galaxy Book, Suwon, South Korea) oriented to
store, process, and manage all data. Pilot studies of the mHealth system were performed
before the study to check its reliability.
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Within a week after the pre-participation examination, the cyclists were tested in the
field. The field training test included 30 min of strenuous uphill cycling at each athlete’s
HRVT after a warm up of 10 min of low-intensity straight path cycling. Perceived exertion,
using Borg scale, speed, cadence, and heart-rate measurement via a monitoring system,
was used to measure their effort during field training to maintain the desired level of
cycling intensity. During cycling, each athlete’s ECG (1-lead), heart rate, temperature, and
respiratory rate were recorded via the sensors. Simultaneously, SpO2 was recorded by
a wireless pulse oximeter (OxyPro, Card Guard, Neuhausen am Rheinfall, Switzerland)
placed on each athlete’s wrist and connected to the cover on the top of the finger. While
recording, all available data were automatically transferred through the mobile phone,
which was in the pocket of every cyclist, to the car escort’s laptop and stored in the
electronic file of each cyclist. Moreover, at rest and at the end of each monitoring test, blood
pressure (Omron M7 Intelli IT Comfort, Hoofddorp, Netherlands), glucose (Easy2Check
Card Guard, Rehovot, Israel), and hemoglobin levels (Hemosmart Apex Biotechnology
Corporation, Hsinchu City, Taiwan) were measured and simultaneously transferred to the
athlete’s e-file. The same monitoring test was repeated at the end of the racing period. In
case of a technical problem, such as the inability to communicate between the sensors and
the mobile phone, the measurement was repeated the next day, as happened in one case.

A primary target of the study was to assess the data quality issues on our mHealth
monitoring. Thus, the data collection rate, performance of body sensors, quantity of data
to be pre-processed and transferred (i.e., respecting data quote), as well as the quality
of communication were evaluated. During the field effort, the participants were asked
to report any of the experienced exercise-related symptoms, such as fatigue, dyspnea,
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inappropriate tachycardia, and dizziness. The reported symptoms were also automatically
noted in the electronic file of each athlete. For the accurate evaluation of the m-health
system measurements’ quality, the results of the two field monitoring tests and the athletes’
symptoms were correlated with the data from the pre-participation screening and the
corresponding spiroergometric estimations (VO2max) in the laboratory.

Descriptive statistics were used to describe categorical variables. Continuous variables
were expressed as mean ± SD. The Shapiro–Wilk test was used for testing the normality of
all data. The differences between values registered during the two testing periods were
evaluated using the paired sample t-test. Relationships between categorical variables were
tested using the Chi- Square statistic. For statistical analysis, the SPSS statistical program
(Social Package for Social Sciences, Chicago, IL, USA, version 20.0) was used. A p < 0.05
was accepted as statistically significant.

3. Results

All 16 cyclists participated in all phases of the study. However, six athletes in each
field training test interrupted their effort, due to the appearance of abnormal findings in
mHealth monitoring. These were added in the results. All the cyclists had at least 5 years of
racing experience, and they were trained more than five times per week. The demographic
characteristics and the training habits of the participants are listed in Table 1. The data from
the two maximal cardiopulmonary exercise tests, as well as from the two field monitoring
tests, are presented in Tables 2 and 3.

Table 1. Cyclists’ demographic and training history data.

Age (years) 24.1 ± 4.5
Weight (Kg) 76.0 ± 6.9
Height (cm) 179.3 ± 5.2

BMI 23.3 ± 1.5
Years of training (years) 5.6 ± 1.9

Frequency of training (times/week) 5.3 ± 0.9
Heart rate at rest (b/min) 56.2 ± 5.5

Systolic blood pressure at rest (mm/Hg) 125.8 ± 8.4
Diastolic blood pressure at rest (mm/Hg) 73.8 ± 10.0

Table 2. Results of the two maximal cardiopulmonary exercise tests.

Physiological Parameters Beginning of Training Period Racing Season

Heart Rate at rest (b/min) 71.4 ± 6.5 68.6 ± 8.7
Systolic Blood Pressure at rest (mm/Hg) 126.8 ± 7.1 125.8 ± 6.5
Diastolic Blood Pressure at rest (mm/Hg) 76.6 ± 9.4 75.7 ± 7.8

Heart Rate max (b/min) 195.7 ± 9.6 195.4 ± 10.0
Systolic Blood Pressure max (mm/Hg) 195.4 ± 6.4 194 ± 3.9
Diastolic Blood Pressure max (mm/Hg) 72.6 ± 2.9 71.8 ± 2.3

Time to fatigue (min) 11.69 ± 1.8 13.72 ± 1.3 *
Max Power (Watts) 354.7 ± 46.7 403.1 ± 30.1 *

HRVT (b/min) 176.6 ± 8.7 175.6 ± 9.6
VO2max (mL/kg/min) 55.4 ± 5.3 63.4 ± 6.9 *

HRVT: Heart rate at the ventilatory threshold; VO2max: maximal oxygen consumption. * p < 0.05.

From the first continuous field monitoring of cyclists’ physiological parameters, three
cases of athletes’ peripheral capillary oxygen saturation of 88.5% were detected who also
reported dyspnea, two cases of hypotension were detected who reported dizziness, and one
case of paroxysmal supraventricular tachycardia was detected who reported palpitations
at the beginning of the training period. Moreover, in the training period, field monitoring
detected two athletes with hypotension appearing dizzy, two athletes with SpO2 90% who
reported dyspnea, and two athletes with extrasystoles in ECG describing palpitations
(Figure 2).
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Table 3. Results of the two field monitoring tests.

Physiological Parameters
Start of the Training Period Racing Season

Rest Max Rest Max

Systolic Blood Pressure (mm/Hg) 131.2 ± 8.8 148.3 ± 13.6 130.8 ± 7.5 147.5 ± 8.3
Diastolic Blood Pressure (mm/Hg) 77.8 ± 9.4 76.3 ± 6.3 78 ± 8.5 77.8 ± 8.7

Heart Rate (b/min) 68.4 ± 6.4 165.6 ± 6.6 67.8 ± 6.2 163.6 ± 8.4
Hemoglobin (g/dL) 15.4 ± 1.5 14.5 ± 1.4 a 15.2 ± 1.3 14.7 ± 1.2 b

Hematocrit (%) 46.2 ± 4.5 43.4 ± 4.1 a 45.5 ± 3.8 44.2 ± 3.8 b

Glucose (mg/dL) 105.3 ± 8.4 100.7 ± 8.6 a 99.8 ± 6.4 c 94.8 ± 5.7 b

Oxygen saturation 99.1 ± 0.7 96.4 ± 0.6 a 98.7 ± 0.7 c 96.9 ± 0.8 b

a p < 0.05 between rest and max in the preparation period; b p < 0.05 between rest and max in the racing season;
c p < 0.05 between rest in the preparation period and in the racing season.
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Figure 2. Percentage of athletes that reported health related symptoms during the two monitoring field tests.

One cyclist who developed hypotension was the same with a similar finding on the
first measurement, an athlete who had a feeling of pallor had shown it during the initial
evaluation, and an athlete with dyspnea had a decrease in O2 saturation during the first
procedure. There were no correlations between the above findings and the medical history,
clinical screening, and laboratory evaluation of the athletes. Specifically, the athletes with
the abnormal symptoms from e-health monitoring do not have different values in VO2 max
in comparison with the rest. All the athletes reported positive feedback for applying the
e-health monitoring system, which gave them a feeling of security. All the athletes reported
that the system was easy to use, and did not cause them problems in their movement. All
the vital signs recorded via the monitoring system were legible, without noises.

4. Discussion

The present study results show that the mHealth monitoring system could effectively
and quickly detect health disorders during strenuous cycling training. This leads to a timely
cessation of the athlete’s effort to prevent possible dangerous incidents. At the beginning
of the racing season, training adaptations allowed the better management of the training
load and less frequent health-related problems. Observed physiological changes were not
significant, due to the elite level of the included cyclist and their long-term involvement
in sport.

e-Health monitoring, a modern approach in ambulatory health disorder detection
and management of an athlete or a patient during exercise effort, has demonstrated the
potential for considerable clinical utility in sports medicine [10]. Among other benefits,
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it provides ease of use; is relatively inexpensive; and is highly effective in supporting
the diagnosis of various cardiac, metabolic, musculoskeletal, and other complications,
especially those appearing during strenuous exercise [11]. A monitoring system based on
an e-Health sensor board has been implemented before; it provides follow-up on athletes
and measures vital physiological parameters [10–12]. In recent decades, many e-Health
systems and applications have been developed in sports [10–12,16,17]. The devices in this
class of monitoring can be divided into three categories: wearable-based, ambient-based
(i.e., sensor-based approach), and camera-based (i.e., vision-based approach) [18]. Wearable
detection approaches use sensors, such as accelerometers and gyroscopes, to detect and
measure motion, location, and posture by measuring acceleration and orientation [19].
Ambient detection approaches use devices, such as pressure sensors, for movement de-
tection [20]. They also rely on audio and vibration data analysis. The camera and vision
detection approach, implemented in video tracking systems, relies on video data process-
ing, such as activities in extreme conditions [21]. Wearable sensors have been embedded
into watches, shirts, belts, etc. Such sensors provide real-time physiological information
related to the health condition of the monitored subject. Various biosensors are used, such
as electrocardiography sensors (ECG) used to monitor cardiac activity, electroencephalog-
raphy sensors (EEG) used to monitor brain activity, electromyography sensors (EMG) used
to monitor muscle activity, and electrooculography sensors (EOG) used to monitor eye
movements [11,12]. Pulse oximeters are used to measure the oxygen level of the blood
(i.e., oxygen saturation), while plethysmography sensors (EPG) are used to monitor the
rate of blood flow [22]. Other biomedical parameters can also be evaluated using CO2
gas sensors to evaluate gaseous carbon dioxide levels to monitor respiration. Bluetooth
communications were integrated to link the system to commercial medical devices for
measuring blood pressure, blood glucose levels, etc. [11]. Data can be generated based on
three event types: constant, interval, or instant [23]. Constant events ensure that data are
continuously transmitted. The wearable sensors and mobile devices gathered biological
signals and were connected to a personal digital assistant. The assistant held and processed
biological signals and communicated with a computer server for additional processing,
such as database services.

A number of smart e-platforms have been proposed to monitor a lot of events in
cycling [24–26]. The feedback provided by these platforms is however not sufficient in
real-time efforts. Recently, the CONAMO project (CONtinuous Athlete MOnitoring), which
combined the Wireless Personal-Area Network (WPAN) technology, widely used in cycling
and the 6TiSCH network, has provided a dynamic, real-time, and reliable novel sensing
system that can be used for covering cycling events, in amateur or professional cycling [25].
Gaidos and dos Sandos [26] designed and developed a system of mobile-Health monitoring
and training for cyclists. The hardware application contained sensors for heart rate, oxygen
percentage, speed, distance, time, and room temperature, during and after the training.

Our proposed mHealth monitoring system is very similar to many modern applica-
tions existing in smartphones. Using various sensors allowed exercising users to perform
personal health checks based on their vital signs sent from sensors to the assistant. It can
measure four parameters via biosensors (one lead ECG, heart rate, temperature, and respi-
ratory rate) and the other four parameters (SPO2, blood pressure, glucose, and hemoglobin
levels) by e-health application devices. Besides, it uses security to send the information and
it could be implemented in teams of cyclists due to its easy scalability and cost-effectiveness.
For the sports industry, wearable technology will always have extensive research in the
microcontroller, power management of integrated circuits, and how sensor signal condi-
tioning occurs. When these three are defined, the compatibility of sensory elements can
be known for a required application, such as our mHealth system. Compared with other
mobile health systems, our system has some advantages; it has a user-friendly operation
process and lightweight on-body monitoring sensors. The physiologic parameters are
measured by a wearable belt-like sensor and recorded by an Android smartphone via a
specific software program, offering a real-time response for the abnormal situation. Such
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approaches provide several quality criteria to qualify data, such as accuracy, complete-
ness, timeliness, relevance, legibility, accessibility, and usefulness [27]. In the previous
studies [24,25] the sensors provided real-time feedback about the cyclists’ heart rate and
heart rate training zones only, helping to coach and improving cycling experience and
performance. The strength of our study was to investigate a wearable mHealth system
to monitor a lot of physiological parameters of cyclists during intensive and strenuous
training, in order to detect any health disorders early that may appear or progress during
a race competition which demands an extreme body and mind effort. In comparison
to a similar e-monitoring system for cyclists of Gaidos and Santos [26], there are some
differences regarding the architecture of the mobile system as well as the ability to measure
certain parameters. They monitored the saturation of oxygen; ambient temperature; and
speed, distance, and altitude of the athlete. In addition, using the Karvonen formula,
the maximum and minimum heart rate training range was calculated. Other researchers
used a similar smart phone-based sensor interface technology to monitor some biological
signals, specifically heart rate and body temperature during cycling, as well as riding and
geographical information [28]. One of the results of the mHealth system developed in
this project is the additional specialized examination of athletes that can lead to deeper
insights, which are currently analyzed manually with wide margins of error. The results
of biomedical information led to the conclusion that the developed system can be used to
significantly increase speed and improve the quality and accuracy of monitoring during
exercise. Finally, its management through the cloud facilitates its integration across plat-
forms. Regarding data collection, the frequency of receiving data plays an essential role in
overall system performance.

Continuous field monitoring during the two field tests revealed arrhythmias, hy-
potension, and hypoxemia, which were confirmed by the athletes’ reported symptoms.
Vigorous physical activity in susceptible individuals activates specific mechanisms that
can lead to serious cardiac events [29,30] with cycling being the sporting activity with the
highest number of adverse cardiac events according to a study by Vicent et al. [31]. Addi-
tionally, demanding endurance events followed by electrolyte imbalance and increased
sympathetic activation in some cases can lead to transit myocardial ischemia and repo-
larization changes which are the ground base of severe arrhythmias [29]. Recent research
by Breedt [1] and Killops et al. [4] concluded that medical complaints in cycling predomi-
nantly refer to sustained injuries which are followed by cardiovascular symptoms with the
incidence of life-threatening medical encounters of 0.5 per 1000 athletes. Our study data
showed that symptoms of increased fatigue and tachycardia appeared more commonly
at the beginning of the training season indicating that the telemetric monitoring of elite
cyclists should be considered from the start of the macrocycle. These performance-related
and detraining-induced self-reported symptoms of fatigue and palpitations can be ex-
plained with literature data on injury and illnesses in armature cyclists [32,33]. Namely,
these two studies showed that medical covering of recreational cycling events should
consider heat, fatigue, and abdominal-related non-traumatic injuries. Dyspnea registered
in our cyclists also at the beginning of the training season correlates with data from the
study by McGrath et al., who found asthma and other respiratory-related symptoms to
form 25% of all reported illnesses during mountain cycling events [34]. The results of
the two CPETs also confirmed the high performance of our study’s participants, since
the accomplished VO2max was above 55.4 mL/kg/min during the first assessment and
63.4 mL/kg/min during the second. These values are in agreement with the study by Buck
and McNaughton [35], who found an average VO2max of 57.5 mL/kg/min in high-level
cycling athletes. Notably, the above abnormal findings during mHealth monitoring at the
fields were not expected, since the pre-participation screening of the cyclists at baseline
did not reveal any pathological condition. Most of the athletes that had symptoms in their
first attempt on the field had reappearing symptoms during their second effort. The above
highlights the system’s usefulness in the early detection of disorders during the intense
exercise of “healthy” athletes. However, we should emphasize that we were strict in our
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decision to interrupt the effort in some athletes with mild symptoms, because our primary
concern in this experimental study was to assess the sensitivity of the mHealth system.
Furthermore, our study data confirm the conclusion of a study on the medical coverage
of cycling events that emphasizes the importance of communication systems between
individual medical staff, race officials, and local emergency medical services [36].

The results of our study should be interpreted in light of some limitations. The main
limitation is that only males and high-level cyclists participated in the study. Moreover,
continuous monitoring was applied during an experimental strenuous cycling effort and
not during a competitive cycling race, considering that the race-related stress may pose an
additional health risk.

5. Conclusions

In conclusion, the use of the novel described mHealth monitoring system in sports
such as cycling was a feasible and usable method. Such monitoring during competitive
cycling is an advantageous method for the early recording of cardiac and other health
disorders of athletes, whose untimely evaluation could lead to unforeseen events.
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Abstract: The aim of this study was to investigate the effect of recreational aerobic physical activity (PA)
type and volume on heart rate variability (HRV) in Arab men. This was a retrospective, cross-sectional
study, and included men (n = 75, age = 37.6 ± 7.1 years, body mass index (BMI) = 26.7 ± 3.1 kg/m2)
who were members of a walking group, cycling group, or were inactive controls. Monthly distances
from the past three months were obtained from walking and cycling groups, and the volume
of PA was classified into three subgroups (high, moderate, low). HRV was measured using a
computerized electrocardiographic data acquisition device. R–R interval recordings were performed
while participants rested in a motionless supine position. RR intervals were recorded for 15
minutes, and a five-minute segment with minimal ectopic beats and artifacts was selected for HRV
analysis. Time-domain parameters included the mean R–R interval, standard deviation of the
mean R–R interval (SDNN), and root-mean-squared difference of successive RR intervals (RMSSD).
The frequency-domain parameters included high-frequency power (HF), low-frequency power (LF),
and LF to HF ratio (LF/HF). Results showed that there were no significant differences between walking,
cycling, and control groups for all HRV parameters. Time-domain analyses based on PA volume
showed that age-adjusted SDNN for the high-active group was greater than the low-active group
(P = 0.03), and RMSSD for the moderate-active group was greater than the control group (P = 0.009).
For the frequency domain, LF for the high-active group was greater than the low-active and control
groups (P = 0.006), and HF for the moderate-active group was greater than the low-active group
(P = 0.04). These data indicate that walking >150 km per month, or cycling >100 km per month at a
speed >20 km/h may be necessary to derive cardiac autonomic benefits from PA among Arab men.

Keywords: sedentary; walking; cycling; time and frequency domains; blood pressure

1. Introduction

Heart rate variability (HRV) is a valid marker that reflects cardiac modulation by sympathetic and
parasympathetic components of the autonomic nervous system (ANS) [1]. The clinical applications of
HRV are mainly associated with the prediction of sudden cardiac death and assessing the progression
of cardiovascular and metabolic conditions [2]. Indeed, lower vagal-related HRV indices are associated
with elevated markers of inflammation, blood lipids and triglycerides, blood pressure, and blood
glucose [3]. Computerized electrocardiographic (ECG) recordings are typically used to monitor HRV.
Cardiac cycle length (R–R interval) in relation to the immediately preceding R–R interval can be
converted to a scatter plot. Using specialized software, artifacts and ectopic beats are filtered prior
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to computation of time- and frequency-domain parameters of HRV. These methods of evaluating
HRV are generally accepted for reflecting cardiac parasympathetic nervous system activity (PNSA) [4].
Interactions between sympathetic and parasympathetic activity can be assessed by low-frequency
power/high-frequency power ratio (LF/HF) [2]. Low-frequency power (LF) from 0.04 to 0.15 Hz is
related to baroreceptor sensitivity mediated by vagal and sympathetic systems, whereas high-frequency
power is influenced by respiratory sinus arrhythmia [5].

Physical activity (PA) guidelines for adults consider the volume of PA performed at low–moderate
intensities, which improves many health parameters [6]. Whether such guidelines are applicable
for improving HRV has been the topic of recent investigation. While high-intensity training has
been shown to improve HRV, findings pertaining to the effects of low- and moderate-intensity PA
are inconsistent. For example, the use of high-intensity interval exercise performed at maximal,
near-maximal, or supramaximal aerobic power may have a greater effect on HRV [7]. Another study
found that high-intensity interval training at 130% of maximal oxygen uptake (VO2max) for three weeks
increased HRV threshold [8]. On the other hand, training at moderate intensity levels for 24 sessions
increased (VO2max) by 11% among sedentary middle-age men, but did not increase vagal modulation
as measured using HRV [9]. Similar outcomes were observed after an eight-week exercise intervention
among old adults [10]. Factors such as age and duration of the intervention were hypothesized
to explain these findings [1]. Thus, while athletes can safely train at ≥ maximal intensities, which
improves HRV [11], there are many precautions for performing high-intensity exercise for the general
public [6]. This highlights a need for examining the role of low–moderate-intensity PA on HRV, which
remains inconclusive.

Aerobic training such as walking and cycling are the predominant modes of PA among active
groups with voluntary membership in Saudi Arabia. However, key variables for improving HRV such
as intensity and duration of these free-living activities are rarely well-supervised [12]. A six-month
randomized active-controlled trial showed that structured PA can improve HRV to a greater extent
than unstructured PA in adolescents [13]. Therefore, recreationally active groups may be less
consistent than athletes in performing PA, which may limit the positive effects of training on HRV.
Ethnicity is an additional factor that may influence HRV, with possible implications for metabolic and
psychological outcomes [14,15]. With a lack of studies investigating HRV and PA among Saudis and
Arabs [16], it is important to examine how HRV is affected by regular recreational PA among this
underrepresented population.

Given the association between HRV and various health markers, further investigation into
modifiable factors that can potentially improve HRV is warranted. Performing more PA is a potential
lifestyle intervention that individuals can adopt to improve HRV, although how factors such as type
and volume of PA effect cardiac autonomic function, particularly among individuals of Saudi-Arabian
descent, requires further investigation. Therefore, the current study aimed to examine the effect of
recreational aerobic PA type and volume on HRV in Arab men living in Saudi Arabia. We hypothesized
that men who performed regular walking and cycling would exhibit higher levels of HRV compared to
age- and body composition-matched inactive men. A secondary hypothesis was that higher volumes
of PA would be associated with greater HRV, independent of PA type.

2. Materials and Methods

2.1. Study Design

This was a retrospective cross-sectional study. HRV parameters were dependent variables and the
volume and type of PA were independent variables.

2.2. Participants

Study participants included men (n=75, age=37.6±7.1 years, body mass index (BMI)=26.7±3.1 kg/m2,
fat percent = 24.1% ± 5.4%) without any chronic medications and with normal resting heart rate
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(HRrest), and systolic (SBP) and diastolic (DBP) blood pressure (HRrest = 59.7 ± 6.0 b·min−1,
SBP = 115.3 ± 14.2 mmHg, DBP = 82.6 ± 13.2 mmHg). Participants were members of the general
public and were categorized according to PA type which included a walking group (Riyadh Walkers),
a cycling group (Saudi Cyclists), and an inactive control group. To meet inclusion criteria, it was
required that volunteers must: have engaged in regular PA for the past 3 months (for walking and
cycling groups); be non-smokers; be <60 years old; have a BMI <30 kg/m2; and be free from injury or a
newly diagnosed chronic illness within the past year. Figure 1 shows the flowchart of participants’
inclusion/exclusion in the study. Participants voluntarily expressed their interest by contacting the
principal researcher or research assistant. Study aims and instructions for participation were provided
by the researchers to prospective individuals. All participants signed a consent form of voluntary
participation. This study was approved by the institutional review board (IRB) of King Saud University
(IRB No. E-18-3381) and conformed with the guidelines provided by the Declaration of Helsinki.
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Figure 1. Flowchart of participants’ recruitment and exclusion process.

2.3. Pre-Screening Procedures

Study measures were obtained in the Exercise Physiology Laboratories within the Department of
Exercise Physiology at the College of Sport Sciences and Physical Activity at King Saud University.
All participants were pre-screened for any cardiac abnormalities related to rhythm, ischemia, or
heart size with a standard 12 lead ECG prior to HRV acquisition. All subjects that were included
in the study had normal resting ECG. SBP and DBP were measured using an automatic brachial
sphygmomanometer (Omron HEM-7121, Omron Healthcare manufacturing, Japan).
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Participants were instructed to maintain their habitual lifestyle and declare if they experienced
greater than usual stress during the testing period. They were also asked to limit excess caffeine
consumption and refrain from exercising 24 h prior to testing. Data collection took place early in the
morning, at least 4 h post-prandial, and before interacting in their daily life commitments. Study
measures included body composition and HRV.

2.4. Study Variable Measures

Study variables included laboratory measures and field measures. Laboratory measures included
body composition and HRV, whereas field measures included self-monitored distances of walking
and cycling.

2.4.1. Body Composition

Height was measured to the nearest 0.1 cm using a stadiometer (Seca 213, Seca GmbH & Co.,
Hamburg, Germany), and body weight was measured to the nearest 0.1 kg using a digital scale (PD100
ProDoc, Detecto Scale, Cardinal, Webb City, MO, USA). Body mass index (BMI) was calculated by
dividing body weight in kg by height in square meters. Body composition was measured using
multi-frequency bioelectrical impedance analysis (BIA) (MC-980MA, Tanita Corporation, Tokyo, Japan)
where participants stood barefoot on the scale while holding the handles for approximately 60 sec.
Upon completion of the test, body fat percentage (BF%) was recorded for analysis.

2.4.2. Heart Rate Variability

HRV parameters were measured using a computerized ECG data acquisition device with 16
analog input channels (PL3516 PowerLab 16/35, ADInstruments Pty Ltd. New South Wales, Australia).
R–R interval filtering of artifacts and ectopic beats and computation of time- and frequency-domain
parameters was performed using customized software (LabChart v. 8.1.13 Windows, ADInstruments
Pty Ltd. New South Wales, Australia). Time-domain parameters included the mean R–R interval,
standard deviation of the mean R–R interval (SDNN), and root-mean-squared difference of successive
RR intervals (RMSSD). The frequency-domain parameters included high-frequency power (HF) from
0.15 to 0.40 Hz, low-frequency power (LF) from 0.04 to 0.15 Hz, and LF to HF ratio (LF/HF).

R–R interval recordings were performed in a quiet room with dim lighting while participants
rested in a motionless supine position. Use of electrical devices (e.g., smartphones) was prohibited
during ECG recordings. Three electrodes were applied on the chest following the Einthoven triangle.
Leads were connected from the device to the electrodes to record HRV. A trained instructor supervised
the procedure and did not talk with the participants during the test. Participants were asked to breathe
naturally and avoid swallowing during the recording. Following a 5-minute stabilization period,
RR intervals were recorded for 15 minutes while the researcher monitored signal quality. From the
15-minute recording, a 5-minute segment with minimal ectopic beats and artifacts was selected for
HRV analysis.

2.4.3. Volume of Physical Activity for Walking and Cycling Participants

PA volume was measured with smartphone tracking applications used by the walking (i.e., Nike
Inc.) and cycling (i.e., Strava Inc.) groups. Walkers and cyclists were members of private communication
forums within the applications where they announced their monthly distances to encourage less-active
members to maintain and improve their PA levels. This strategy had been implemented among
the groups for a year prior to the current study. The average distance from the past 3 months of 51
participants was automatically obtained from the application by walking and cycling group supervisors.
Classification of PA volume was standardized independently for walking and cycling groups to account
for the different modalities. The volume of PA for walking was divided into 3 levels as follows: low
(50–<150 km/month), moderate (150–<300 km/month), and high (≥300 km/month). Whereas the
volume of PA for cycling participants was divided into 3 levels as follows: low (50–<100 km/month, at
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average speed 17 ± 2 km/h), moderate (100–<300 km/month, at average speed 23 ± 2 km/h), and high
(>400 km/month, at average speed 30 ± 4 km/h).

2.5. Statistical Analysis

Data were analyzed using SPSS (version 21, IBM). Continuous data were presented as
mean ± standard deviation (SD) for normally distributed variables, and as median and (25th and
75th) percentiles for non-normal variables. All continuous variables were checked for normality using
the Kolmogorov–Smirnov test. Logarithmic transformations were applied to non-normal variables.
Univariate analysis of variance (ANOVA) was used to determine the effect of PA type (walking vs.
cycling vs. control) and volume (high vs. moderate vs. low vs. control) on HRV parameters. If known
confounders, such as age or BF%, differed between groups, analysis of covariance (ANCOVA) was
performed using the significant confounder (e.g., age of BF%) as a covariate. The estimate of effect size
was assessed for all parameters. P-values < 0.05 were considered statistically significant.

3. Results

Results based on activity type are presented in Table 1. There were no significant differences
between groups for age or BF%. Although mean values for all time- and frequency-domain HRV
parameters were higher for walking and cycling groups relative to the control group (or lower for
LF/HF), there were no statistically significant differences between groups.

Table 1. Comparison between physical activity types (walking, cycling, non-active control) for time-
and frequency-domain parameters.

Parameters Walking Cycling Non-Active Effect Size P-Value

N 27 24 24
Age 38.0 ± 8.4 39.3 ± 7.5 35.5 ± 4.4 0.047 0.180

Fat (%) 24.4 ± 6.1 22.4 ± 4.9 25.7 ± 4.6 0.061 0.105
Ln-RR interval (sec) 1.05(0.91–1.12) 1.06 (1.0–1.1) 0.99 (0.92–1.1) 0.035 0.292

Ln-SDNN (ms) 53.3(31.1–69.9) 52.6(35.7–73.8) 45.8(37.9–54.9) 0.017 0.563
Ln-RMSSD (ms) 47.5(26.9–71.2) 39.4 (31.9–60.4) 35.2 (22.1–46.5) 0.039 0.250

Ln-LF (ms2) 918(246–2110) 764(230–1838) 594(414–1069) 0.009 0.765
Ln-HF (ms2) 786(310–2444) 609(345–1352) 408(223–1937) 0.038 0.317

Ln-LF/HF ratio 0.88(0.45–1.2) 0.76 (0.53–1.3) 1.07 (0.70–2.01) 0.025 0.464

Note: Data presented as mean ± SD for normal variables or median (25th–75th) percentile for non-normal variables;
P-values < 0.05 considered significant.

Results based on PA volume are presented in Table 2. There was no significant effect for BF%.
However, age significantly differed between groups. Therefore, age-adjusted values were determined
for HRV parameters. The time-domain analysis showed that after controlling for age, SDNN for the
high-active group was significantly greater than the low-active group (P < 0.05). In addition, RMSSD
for the moderate-active group was significantly greater than the control group (P < 0.01). For the
frequency domain, LF for the high-active group was significantly greater than the low-active and
control groups (P < 0.01). Additionally, HF for the moderate-active group was significantly greater
than the low-active group (P < 0.05). There were no significant differences between the moderate- and
high-active groups or between the low- and inactive control groups for all variables. No between-group
differences were observed for the R–R interval or LF/HF ratio (P > 0.05).
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4. Discussion

This study evaluated differences in HRV based on the type and volume of PA among Arab men.
In disagreement with our first hypothesis, there were no significant differences between walking,
cycling, and inactive control groups for all indices of HRV. In agreement with our second hypothesis,
significant differences were observed between groups based on PA volume, independent of known
confounders such as age and body fat. These findings suggest that the volume of PA could be an
important determinant of HRV in recreationally active Saudi-Arabian men, regardless of PA type.

Unexpectedly, HRV parameters did not differ between active and inactive groups (Table 1).
Conflicting findings have been reported within the available literature. For example, some studies
have shown no differences in HRV between active and in active groups [17,18], while others found
differences favoring active groups [19,20]. Some investigations have reported that even low PA can
improve HRV to a greater extent than being sedentary. For example, a cross-sectional study of 84 adults
suggested that aerobic exercise increased vagal HRV for all levels of PA [21]. Another investigation
compared HRV between a sedentary group and two middle-aged groups with equivalent weekly PA
energy expenditure, but different intensities. They found that HRV indices were greater in the two
active groups compared to the sedentary group [20]. A recent study showed that even slight increments
in PA are beneficial for cardiac autonomic regulation among young men, as RMSSD significantly
increased according to PA categories from low, moderate, high, to highest. The multivariable linear
regression analysis showed a significant positive relationship between self-reported PA and Ln-RMSSD,
independent of BMI, waist circumference and BF% [22]. In short, we found no differences between
active and inactive groups, which may be explained by the considerable heterogeneity in PA volume
among active groups, which was subsequently found to account for differences in HRV (Table 2).
In addition, despite being described as inactive controls, this group exhibited similar BF% values
relative to both walking and cycling groups (Table 1). This may indicate comparable metabolic health
profiles among groups, which may also help explain a lack of between-group differences in HRV [23].

As hypothesized, we observed significant between-group differences in HRV based on PA volume
classifications (Table 2). This finding is in agreement with several previous studies. For example, a
systematic review reported positive associations between moderate-to-vigorous PA and RMSSD [24].
In a study that measured HRV over five consecutive days in 37 men with a mean age of 33 years,
participants were categorized as having low, medium, or high self-reported PA. Significantly higher
HRV (Ln-RMSSD, R–R interval) was observed in the moderate- and high-PA groups compared with
the low PA group [19]. Similarly, we found that recreationally moderate- and high-PA groups showed
comparable levels of time- and frequency-domain HRV. Likewise, inactive and low-active groups
showed comparable levels of time- and frequency-domain HRV, which were significantly lower than
either moderate- or high- active groups.

Our findings indicate that walking up to 150 km per month, or cycling up to 100 km per month
at a speed slower than 20 km/h, were insufficient for improving HRV in the current population.
This finding suggests that a PA volume- or intensity-related threshold likely exists that must be met to
improve HRV. In support of this postulation regarding intensity, a recent investigation demonstrated a
dose–response relationship for the effects of very vigorous PA (>8 metabolic equivalents) on HRV in
1040 adult men and women [25]. Participants were stratified into quintiles according to min per week
of very vigorous PA. Group 5 was greater than Groups 1–3, but did not differ from Group 4 in any
HRV indices, suggesting similar effects at the top quantiles of very vigorous PA [25]. The volume of PA
that improves physical fitness and health markers such as body composition and blood pressure has
been described based on pedometer-derived daily step counts [26], or intensity and duration of PA
per week (e.g., 75 to 150 minutes of high-intensity PA and 150 to 300 minutes of moderate-intensity
PA) [27]. However, the volume of PA that improves HRV is less clearly defined. Thus, further research
is needed to determine volume-based thresholds for PA that increases HRV, particularly for members
of the population where higher intensity exercise may be contraindicated.
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The main limitation of the current study was that we did not measure the intensity of walking.
This factor has been addressed in many previous studies. For example, a five-year follow up from a
large prospective study showed that walking distance and pace were positively associated with higher
SDNN and ultra LF power [28]. It was also found that walking pace may contribute to less erratic
sinus patterns and lower cardiovascular mortality, whereas general total leisure activity time did not
show a similar association [28]. In another investigation, leisure-time PA, quantified as the hours of
metabolic equivalent per week (MET.hr/week), and five-minute HRV were recorded for adults. There
were significant linear trends of higher LF power with the highest quartile of vigorous activity, and
lower HR with increasing quartile of moderate activity, suggesting that vigorous activity showed a
possible mechanism by which PA reduces coronary heart disease risk [29].

In conclusion, the current study found that HRV among regular walking and cycling groups did
not significantly differ from age- and body fat-matched inactive controls. However, when stratified by
PA volume, greater HRV parameters were observed among moderate- and high-PA groups. From a
practical perspective, the current findings indicate that walking >150 km per month, or cycling >100
km per month at a speed >20 km/h, may be necessary to derive cardiac autonomic benefits from PA.
While further investigation is needed to identify more specific volume-related thresholds for improving
HRV, these PA benchmarks may provide practical aiming points for healthy adult men seeking to
improve cardiovascular health.
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Abstract: Some of the more protective and favorable factors for the development and health in children
and teenagers are family and sport, so family involvement in the children’s sports activities is vital in
their sports process. The purpose of this study was to analyze the verbal behavior (positive, negative,
and neutral comments) of family spectators of school-age athletes regarding sociodemographic and
sporting variables. The sample consisted of 190 family spectators of 215 male and female (Mage = 11.66;
SD = 1.60) football, basketball, and volleyball players. The Parents’ Observation Instrument at Sport
Events (POISE) was used for the observation and LINCE was used to codify the verbal comments
made. After registering 38,829 comments, the results showed statistically significant differences in
relation to the comments made and the gender of athletes, geographical area, kind of sport, and the
sporting category. The findings highlight that in a competitive environment, the comments made by
spectators related to athletes do not seem to be initiators of potentially violent situations but rather are
dependent on the atmosphere in question. Further research is required in this area to foster positive
conduct relating to grassroots sports.

Keywords: physical activity; grassroots sports; clubs sports; school sport; families; spectators; verbal
behavior; competitive environment

1. Introduction

In recent years, family participation in grassroots sport has increased significantly [1,2], so that the
verbal behavior of parents is the main method of family participation in children’s sporting events [3].
In this sense, one of the consequences is the increase of inappropriate comments by family members
and spectators [4]. Thus, Walters et al. [5] recorded over ten thousand verbal comments made by
coaches in grassroots sports, of which 35.4% were positive, 21.6% negative, and 43% neutral. The
media has also recorded an increase in aggressive behavior and/or violence in sport [6,7]. In this regard,
several studies have observed parents that incite aggressiveness in the playing field [8], authoritarian
parents who severely sanctioned children in the case of not winning [9], and even parents who exercise
violent behavior in the sports field [10,11].

The comments made and the behavior and attitudes shown have an influence on the wellbeing and
future performance of athletes [12]. Although it has not been possible to establish a cause-and-effect
relationship between inappropriate comments and violent behavior in sport, there is no doubt that
such inappropriate comments generate an aggressive atmosphere that, on occasions, can lead to violent

Int. J. Environ. Res. Public Health 2020, 17, 1286; doi:10.3390/ijerph17041286 www.mdpi.com/journal/ijerph
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behavior. Parental and spectator pressure in games and matches may cause athletes to doubt their
moral decisions on behavior, in line with the ethical foundations of the sport [13]. Parents are the
most relevant socioeducational agents in sport, so the most successful athletes received more support
from their parents [14,15]. Positive parental behavior toward the sporting activity of their children has
been found to be associated with the attainment of the values of the sport transmitted by parents [16],
evidencing that the family participation in the sports practiced by their children is vital in the sporting
process of young athletes [17]. Thus, Witt and Dangi [18] suggest undertaking an intervention with
parents to help them to be better s9pectators and, therefore, not to negatively affect performance or
athlete attitudes. With the aim of optimizing the integral and sport development of young athletes,
these kinds of programs are highly beneficial in sport, given that families are key elements in terms of
their influence on athletes, both in a personal and sporting sense [19].

Hence, the aim of this study was to analyze the verbal behavior (categorized into three kinds of
comments: positive, negative, and neutral) of family spectators of school-age (9–15 years old) sports
teams as well as to study potential sociodemographic and sport-related differences (sex of player,
geographical area, sports club, sport modality, and age group). According to previous studies [20–23],
the preliminary hypothesis is: (1) the number of negative comments made in matches played in rural
areas will be greater than the number recorded in urban areas; (2) in the verbal behavior of family
spectators at basketball games, there will be a higher number of comments (positive, negative, and
neutral) compared with the other sports analyzed; and, (3) the number of negative comments made by
family spectators will rise as the sporting category increases.

2. Materials and Methods

2.1. Design

This study corresponds to a predictive correlational design. The possible influence of certain
demographic and sporting variables in the verbal behavior of the athletes’ relatives who were
watching the matches or games of the grassroots sports teams was measured. The study design
allows collecting data and describes connections between two or more variables at a specific point in
time [24]. Furthermore, these research designs offer efficiency in the collection of extensive data on a
particular subject, while obtaining highly realistic content, which is inherently appealing in solving
practical problems. As such, this kind of research design is rarely criticized for being artificial [25].
Therefore, non-participant systematic observation was used as a data collection technique [20]. The
observation technique is widely used and accepted in studying changeable social problems in a context
of spontaneousness or naturalness of the behavior observed [20,26–29].

2.2. Participants

One hundred and ninety spectators (64 male, 33.7%; 126 female, 66.3%) of 215 athletes of both
sexes (164 male, 74.3%; 51 female, 23.7%), aged between 9 and 15 years (M = 11.66 years old; SD = 1.60),
participated in this study. All athletes belonged to 11 sports clubs (68.2% in urban areas; 31.8% rural
areas), three grassroots sports: football (50.7%), basketball (14%), volleyball (35.3%), established in
different categories: Under-11s (34.4%), Under-13s (49.8%), and Under-16s (15.8%).

Ethical Considerations

Authorization to conduct the research was granted by the Regional Government of the Balearic
Islands (Spain) in its project, Posam Valors a l’esporty. Furthermore, the Department of Physical
Education and Sport of the University of the Balearic Islands (UIB) contacted the different corresponding
federations to obtain their authorization and that of their clubs.

This study analyzes the verbal behavior of human beings and, as such, it must meet the ethical
principles of respect for human dignity, confidentiality, and non-discrimination. A favorable report
by the ethics committee of the University of the Balearic Islands (UIB-93CER18) has been obtained
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regarding the conducting of this study. Therefore, this study was undertaken in accordance with the
1975 Declaration of Helsinki, revised in 2000.

2.3. Instruments

To measure the verbal behavior of the participants, two instruments were used: one for the
observation and another to code the behavior observed. Furthermore, sociodemographic and
sporting data were asked by researchers (geographical area, sex, sports club, the kind of sport,
and sporting category).

To observe the comments made, the Parents’ Observational Instrument at Sport Events (POISE) [30]
was used. Designed to register the verbal behavior of spectators at sports events, it comprises four
areas of observation: (1) Nature of the comment (positive, neutral, negative) (Table 1); (2) Target
of the comment (players, teams, coaches, officials, other parents, children, spectators, individuals);
(3) Event unfolding (ball in play-goal-penalty); and (4) Match or game result (win, loss). It includes
a categorization of possible kinds of behavior for each area observed (this study focused on area of
observation 1: Nature of the verbal comment made (positive, neutral, negative) and area 4: The match
or game result, although it was extended to sporting performance measured in the final classification
(low, medium, high). This instrument has an inter-observer and intra-observer reliability rate of 92%
and 97%, respectively [31].

To code the comments of family spectators, LINCE [32] was used. LINCE is a coding software that
provides computerized procedures in observation methods, facilitating the registering of match actions
or spectator comments during the visualization of different match recordings on the same screen.
LINCE also helps to simultaneously code match actions and comments to verify the quality of observer
data and to export the results obtained to other computer programs for additional analysis [33].

Furthermore, all the match recordings were made using a Toshiba Camileo X-200 video camera
(Toshiba Europe GmbH, Madrid, Spain).

Table 1. Categories of the kind of comments made by family spectators [30].

Positive Neutral Negative

- Reinforcing: comments
aimed at reinforcing and
supporting the behavior of
athletes (e.g., “well done”).

- Hustle: done with the aim
of encouraging athletes so
that they improve
performance (e.g., “go on,
go on, go on”).

- Instructing: telling players what to
do (e.g., “play up the field/court”).

- Direct question (e.g., “Do you want
to come off?”).

- Indirect question: aimed at a player,
but not relating to the event (e.g.,
“Who will be at training next
week?”).

- Rhetorical question: one that does
not require a response (e.g., “Where
was the movement today?”).

- Social: any comment not related to
the event (e.g., “Let’s get a coffee
later”).

- Other: any other comment that does
not fit into another category.

- Correction: comments changing specific
behavior. The comment is usually directly
related to the subject (e.g., “John, arms
up”).

- A telling off: a comment indicating that
the performance was not good enough.
Comments displeasure with the
circumstance (e.g., “Don’t sit there, get
up”).

- Witticism: a comment that often involves
sarcasm or ridicule (e.g., “Your dad could
hit it better than that”).

- Contradicting: comments that could vary
and that players could find confusing (“hit
the ball toward the center. You should
have hit it to the right-hand side!”).

2.4. Procedure

To analyze the verbal comments of family spectators in the stands at matches, 22 observations were
carried out through the POISE, which made one recording per match. It took twenty-two hours and
twenty minutes (1332 min) to complete the observation from the stands at the matches of different sports:
football (U11s, 60 min; U13s, 72 min); basketball (48 min); and volleyball (average of 60 min per match).

One of the researchers captured all the entries with a video camera. The researcher only registered
audio recordings of the comments made by family spectators at matches and games. Furthermore, if
any family member watching the match or game had an issue with the presence of the video camera,
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the researcher reminded them of the main aim of the study. In terms of the recordings, the researcher
was careful to be positioned between the fans of both clubs, depending on the team to be recorded.
The researcher always arrived 15 min before the start of each match to detect the location of the family
spectators of both teams.

2.5. Statistical Analysis

All the statistical analyses were conducted using the SPSS program (IBM, SPSS v.22.0, Armonk,
NY, USA). After the verbal behavior of family spectators was registered, it was coded and tabulated to
represent the nature of the comments made (positive, neutral, negative). To establish the prevalence of
the variable under the study, descriptive statistics (average and standard deviation) and the percentage
of comments made by family spectators at grassroots sports team matches and games were calculated.
Furthermore, Pearson’s Chi-squared (χ2) distribution was used to compare the division of categorical
variables into three sports. The Poisson regression model was used to estimate the comments according
to the variables to compare: geographic area, sex of the player, sports club, kind of sport practiced,
sporting category, and sport performance (using the Wald Chi-Squared Test or the Wald χ2 test). For all
statistical tests, the level adopted for significance was a two-tailed p < 0.05. The effects of the variables
of the geographical area, sex of the player, sports club, kind of sport practiced, sporting category, and
sports performance in the ratio of comments made by family spectators were also analyzed through
the Poisson regression model.

3. Results

3.1. Prevalence of the Comments Made by Family Spectators

The total of all the comments made per sport is set out in Table 2. A total of 38829 were registered in
22 matches or games observed (11 football, 4 basketball, 7 volleyball) at a rate of 29.15 (95% confidence
interval (CI): 22.45−37.82) comments per minute (ratio). The highest number of registered comments
made by family spectators at matches or games corresponded to football (n = 18,024), which also
had a higher play-observation time (720 min), followed by volleyball (n = 12527; 420 min) and, lastly,
basketball games, with the lowest rate (n = 8278; 192 min). However, the highest number of comments
per minute was registered in basketball matches (43.10; 95% CI: 10.92−75.58), followed by volleyball
games (29.83; 95% CI: 16.04−43.67), and lastly by football matches (25.03; 95% CI: 14.28−36.81). That
said, no statistically significant differences were observed between the number of comments made per
minute (ratio) in the three sports observed (Wald χ2

(2) test (n = 22) = 2.42, p > 0.05).

Table 2. Games and matches, comments, minutes, and ratio of comments observed per minute.

Sport Matches/Games Comments Minutes Ratio * (95% CI)

Football 11 18024 720 25.03 (14.28−36.81)

Basketball 4 8278 192 43.10 (10.92−75.58)

Volleyball 7 12527 420 29.83 (16.04−43.67)

Total 22 38829 1332 29.15 (22.45−37.82)

* Comments per minute.

In terms of the nature (positive, neutral, negative) of all the comments made, the highest rate
corresponded to neutral comments (n = 21081; 54.29%), followed by positive comments (n = 13053;
33.62%) and, lastly, negative comments (n = 4695; 12.09%). After establishing the comments made
according to their nature and classifying them by sport, volleyball registered the highest percentage
of neutral comments (n = 7153; 57.10%) and a lower rate of negative comments (n = 1346; 10.74%)
compared with the other sports observed. The sport that registered the highest percentage of positive
comments was football (n = 6427; 35.66%), while basketball registered the highest number of negative
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comments (n = 1194; 14.43%) (Table 3). In this respect, statistically significant differences were detected
between the comments made by family spectators (positive, neutral, negative), according to the sport
of the matches or games observed (Pearson’s χ2

(4) test (n = 38829) = 44.00, p < 0.001; Cramer’s V = 1.00,
p < 0.001).

Table 3. Average, standard deviation, number, and percentage of comments (according to their nature
and established by sport).

Comments

Positive Neutral Negative Total

Sport M ± SD n (%) M ± SD n (%) M ± SD n (%) n (%)

Football 9.09 ± 4.23 6427 (35.66%) 3.18 ± 4.07 9442 (52.39%) 13.18 ± 10.90 2155 (11.96%) 18024

Basketball 13.75 ± 6.13 2598 (31.39%) 6.25 ± 6.19 4486 (54.20%) 23.25 ± 9.18 1194 (14.43%) 8278

Volleyball 9.57 ± 5.06 4028 (32.15%) 3.14 ± 2.61 7153 (57.10%) 17.14 ± 9.19 1346 (10.74%) 12527

Total 10.09 ± 4.94 13053 (33.62%) 3.73 ± 4.10 21081 (54.29%) 16.27 ± 10.36 4695 (12.09%) 38829

3.2. Effects of the Variables in the Positive Comments Made by Family Spectators

After conducting the Poisson regression analysis (n = 22), statistically significant differences were
detected in the relationship between the variable of positive comments made by family spectators and
that of the kind of sport practiced (Wald χ2

(2) test = 6.50, p < 0.05).
With regard to the kind of sport practiced (football, basketball, or volleyball), using football as the

point of reference, the incidence rate [Exp (β)] of positive comments was 1.51 (95% CI: 1.09–2.10) for
basketball. That entails that when basketball games were played, the rate of positive comments made
by family spectators increased 51% on average compared with football matches.

However, no statistical differences were detected in relation to the variable of positive comments
made by family spectators and the geographical area variable (Wald χ2

(1) test = 0.04, p > 0.05), the
variable of the sex of players (Wald χ2

(1) test = 2.47, p > 0.05), the sporting category variable (Wald
χ2

(2) test = 6.35, p > 0.05), and the sports club variable (Wald χ2
(10) test = 24.27, p > 0.05).

3.3. Effects of the Variables in the Neutral Comments Made by Family Spectators

The Poisson regression analysis (n = 22) produced statistically significant differences in the
relationship between the variable of neutral comments made by family spectators and: (1) the variable
of sex of the players (Wald χ2

(1) test = 8.05, p < 0.05); (2) the sporting category variable (Wald χ2
(2) test

= 7.80, p < 0.05); and (3) the sport practiced variable (Wald χ2
(2) test = 8.04, p < 0.05).

With regard to the sex of players, using the male sex as a reference, the incidence rate [Exp (β)]
of neutral comments was 1.89 (95% CI: 1.22–2.93) in female matches and games. That means that
when female teams played, the rate of neutral comments made by family spectators increased 89% on
average compared with football matches played by male teams.

In terms of sporting category (U11s, U13s, and U16s), using the U11s as a reference category, the
incidence rate [Exp (β)] of neutral comments was 0.18 (95% CI: 0.04–0.77) for the U16s. That means
that in U16 matches or games, the rate of neutral comments made by family spectators fell 82% on
average compared with those of the U11s.

With regard to the kind of sport practiced (football, basketball, or volleyball), using football as the
reference category, the incidence rate [Exp (β)] of positive comments was 1.96 (95% CI: 1.18–3.28) for
basketball. That means that when basketball games were played, the rate of neutral comments made
by family spectators increased 96% on average compared with football matches.

No statistically significant differences were detected in the relationship between the neutral
comments of family spectators and the geographical area variable (Wald χ2

(1) test = 0.05, p > 0.05) and
the sports club variable (Wald χ2

(10) test = 23.34, p > 0.05).
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3.4. Effects of the Variables in the Negative Comments Made by Family Spectators

After undertaking the Poisson regression analysis (n = 22), statistically significant differences were
detected in the relationship between the variable of negative comments made by family spectators
and: (1) the geographical area variable (Wald χ2

(1) test = 15.62, p < 0.001); (2) the sporting category
variable (Wald χ2

(2) test = 15.75, p < 0.001); and (3) the sport practiced variable (Wald χ2
(2) test = 18.38,

p < 0.001).
In terms of the geographical area (urban and rural areas), using the urban areas the reference

category, the incidence rate [Exp (β)] of negative comments was 1.53 (95% CI: 1.24–1.89) in games or
matches played in urban area. That means that when the games or matches were played in rural areas,
the rate of negative comments made by family spectators increased 53% on average compared with the
games or matches in urban areas.

In terms of the sporting category (U11s, U13s, and U16s), using the U11s as a reference, the
incidence rate [Exp (β)] of negative comments was 1.28 (95% CI: 1.02–1.66) for the U13s. In this regard,
when U13 games or matches were played, the rate of negative comments made by family spectators
increased 28% on average compared with U11 games or matches.

With regard to the kind of sport practiced (football, basketball, or volleyball), using football as
the reference category, the incidence rate [Exp (β)] of negative comments was 1.76 (95% CI: 1.40–2.29)
for basketball. As such, when basketball games were played, the rate of negative comments made by
family spectators increased by 76% on average compared with football matches.

However, no statistically significant differences were detected in relation to the variable of negative
comments of family spectators, the variable of sex of the players (Wald χ2

(1) test = 2.51, p > 0.05), and
the sports club variable (Wald χ2

(10) test = 75.81, p > 0.05).

4. Discussion

The aim of this study was to analyze the verbal behavior (categorized into three kinds of comments:
positive, negative, and neutral) of family spectators of school-age (9–15 years old) sports teams as well
as to study potential sociodemographic and sport-related differences (sex of player, geographical area,
sports club, sport modality, and age group).

The results obtained allow us to ensure that hypothesis 1 has been confirmed. In effect, there are
statistically significant differences in the negative comments made, according to the geographical area
variable, with a 53% increase in games and matches in rural areas. In this sense, it coincides with
previous authors [20], who have concluded that the sociocultural context is an important variable
between the behavior of spectators at sporting events and how sporting success is interpreted. The
reason is due to the urban areas are characterized by having a higher population density and human
diversity. Conversely, in rural areas availability, people manage to create and develop a sense of
belonging to the territory. Moreover, results have shown that, according to previous studies [20], some
clear connections between the comments made by family spectators and the sport atmosphere.

Furthermore, the second hypothesis has been confirmed, because in basketball the most of
comments were negative, in contrast with previous studies about other psychosocial factors [21,22].
Moreover, a higher percentage of comments was observed (51% positive; 96% neutral; and 76%
negative) compared with the other sports, showing statistically significant differences. Basketball is a
sport in which there is constant physical contact between players, as well as blocks, and covering with
and without the ball, which leads to numerous heated moments. Furthermore, spectators are very
close to the court, which, together, could generate more emotion in the stands, producing a higher
number of comments as a result. It is evident, however, that clarification is required on this shift
through further studies, as it is still to be “observed” by the general media. Negative comments from
parents cause more pressure, insecurity, anxiety, and feelings of guilt, leading to a reduced sporting
performance [20], while also may generate negative psychosocial effects in their kids [10].

The third hypothesis was also confirmed, given that statistically significant differences were
identified in the negative comments made according to the sporting category (28% more were registered
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in the U13s than in the U11s category). In contrast with our findings, in recent studies [23,34], no
association between the age of athletes and the verbal aggression of spectators was found, related to
some theories about [35].

Finally, our results have shown that the comments with the greatest prevalence during games and
matches were the neutral ones, followed by positive and, lastly, negative comments, which coincides
with Reference [5]. In terms of the kind of sport, the highest percentage of positive comments was in
football, while basketball had the highest number of negative comments, contrary to general belief.
This “shift” has already been observed in antisocial situations, such as in the willingness to accept
gamesmanship and cheating [22]. In terms of the number of comments made per minute (ratio),
the highest number was in the basketball games, followed by volleyball games and, lastly, in the
football matches. This distribution is fairly similar, excluding the theoretical distances, to the average
observations made with the CBAS (Cognitive-Behavioral Approach Skills) regarding coaches and the
kind of instructions they give to their players [21].

Limitations and Future Developments

The verbal behavior of family members in the stands is an important form of communication, as
it represents their main method of participation in their children’s sporting events [3]. These same
authors suggest that the description of these kinds of behavior in games and matches could be an aspect
of improving knowledge of parent–child relations, as well as the rules and expectations experienced
by parents in organized youth sports.

It is important, therefore, to conduct research focused on analyzing not only comments but also
the behavior of family members, spectators, and sport-related agents at school-age sports games and
matches. The use of non-participant systematic observation in the research provides an approach to
social problems in a natural context of observed behavior [20]. To do that, studies based on observation
and description of this kind of aspect, as considered in this research, would serve as a starting point
from which to discover the current situation regarding the atmosphere that surrounds athletes on
the field of play. This kind of studies could also lead to the implementation and development of
observation and registration protocols, as well as to their validation, in multiple areas of sport and
physical activity, such as fair play in youth football [36], the influence of contextual variables in the
efficiency of handball goalkeepers [37], and sports leadership behavior in youth football coaches [22,38].

Furthermore, as suggested by Walters et al. [5], the rate of negative comments observed in all
sports is cause for concern, particularly considering the young ages of the child athletes. Even though,
in this study, the percentage of negative comments (12.09%) was below those of neutral and positive
comments, fostering positive behavior (verbal and non-verbal) in everything that surrounds the
physical activity and sport of children is important.

Similarly, analyzing comments according to the sex of family members is an interesting line
to consider for future research. However, due to the number of comments registered in this study
(n = 38,829), coding this variable was too difficult or challenging. As such, there is the possibility
of conducting future observations based on verbal comments (and other variables and aims geared
toward their children’s sport) of a smaller number of parents, previously selected, and carried out
with other data collection techniques, such as semi-structured interviews, like those conducted in
Reference [3]. The findings show that when female teams played, the rate of neutral comments made
by family spectators significantly increased by 89% on average compared with matches played by male
teams. The question of gender, therefore, is a variable to study, due not only to the comments received
by female athletes but also to the comments made by male and female in the stands. However, the two
future studies that we believe most promising that can be developed in the short term are: 1) take into
account the changes in the score of the matches (raw performance) to check if there is a correlation
between the result and the typology of the comments of the parents/spectators at any given time [3];
and 2), since it has been proven that the collective efficacy can predict the performance of a team
-in semi-professional football players, it would be very interesting to study whether individual and

374



Int. J. Environ. Res. Public Health 2020, 17, 1286

collective effectiveness is modified according to the nature of the comments made from the sideline,
considering that it can be understood as one of the basic sources of self-efficacy (verbal persuasion).

5. Conclusions

The main conclusion that can be taken from this study, conducted with a rather complex method
of observation in real competition situations, is that the comments made by family spectators do not
appear to be “initiators” of potentially violent on-pitch or court situations, but rather they depend on
the atmosphere created, which can include group pressure, cognitive dissonance, and involvement.
Therefore, from an applied perspective, psychoeducational endeavors, until now exclusively aimed
at coaches and parents, should be geared toward the sporting culture and structures of clubs. Club
sports participation may be an important component in the promotion of physical fitness and healthy
at younger ages [39]. The way in which spectators create their reference framework for interpreting
sporting success is mediated by sociocultural context, regarding which the media has an important
role to play [25].
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Abstract: Background: We investigated the effects of three different interventions on academic
performance in students enrolled in the first year of high school. Methods: This was a cluster
randomised controlled trial conducted with 1200 students enrolled in the first year of high school.
Schools were randomly assigned to: 1. Doubling physical education (PE) classes (3:20 h of PE/week);
2. workshop with the PE teachers; 3. workshop with the PE teachers and doubling the PE classes;
and 4. control group (1:40 h of PE/week). We assured that the schools within the groups were equal
regarding: The structural condition of the sports court; number of PE teachers; number of school
classes; and the average number of students per classroom. Results: Overall, the intervention was not
effective in improving the students’ academic performance. However, the subgroup analysis showed
that the workshop intervention group increased the academic performance of students who had
failed an academic year (from 16 years of age), compared to their peers in the doubling the PE classes
(1.3 points on average) and the control groups (1.4 points on average). Conclusions: Enhancing the
pedagogical skills of the teachers is a promising approach in improving the academic performance of
students who failed an academic year.

Keywords: adolescent; physical activity; intervention study

1. Introduction

Although schools are identified as an ideal setting for stimulating children and adolescents’
development and health [1], there are a limited number of randomised controlled trials evaluating
the impact of school-based physical activity interventions on the students’ academic performance [2].
Since observational cohort studies and small controlled laboratory studies showed some promising
positive associations between higher physical activity, motor competence and fitness, and better
academic performance [2–9], it is plausible that school-based interventions via the physical education
lessons impact the students’ academic performance. However, large school-based intervention studies
reported conflicting results [10–15].

Most school-based interventions focused on improving the academic performance of the students
by increasing the amount and/or enhancing the quality of the physical education (PE) classes [10–15],
whereas other investigations implemented multicomponent interventions [16–19]. Independent of
the intervention approach, results were inconsistent. Null, positive, and negative effects on academic
performance were reported [2–4,13]. It was not clear which approach was more appropriate at
influencing the students’ academic performance. In addition, some studies only observed effects
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on academic performance in a subgroup of students [15,17,19]. For example, Resaland et al. (2016)
reported higher academic performance after a physical activity intervention only in students with
the poorest academic performance at baseline [17]. Interestingly, the 2019 Nobel Prize of economics
valued the contributions of three scientists who conducted a series of studies targeting poverty [20,21].
Among several means of diminishing poverty, focusing on the students in the worst situation was one
of the most effective approaches in improving the students’ academic performance [20–23]. Therefore,
besides evaluating the effects of school-based interventions on the students’ academic performance, it
was necessary to evaluate whether students with problems at school (i.e., older students who have
failed an academic year) were benefiting from the interventions. Thus, we investigated the effects of
three different interventions on the academic performance of students enrolled in the first year of high
school. In addition, we also evaluated the effects of the interventions on the academic performance of
students based on their age at the beginning of the academic year, as an indicator that the student has
missed an academic year.

2. Materials and Methods

This was a cluster randomised controlled trial, part of the SACODE Project, which was an
intervention in physical education classes to reduce sedentary behaviour and improve cognitive
function. A total of eleven high schools were in the vale do Capibaribe region in the Pernambuco state
in Brazil, and all were eligible for participating in the study. The protocol was approved by the Human
Research Ethics Committee of the University of Pernambuco (protocol no. 55741016.0.0000.5207) and
registered in the Brazilian Clinical trial registry: RBR-88tgky.

2.1. Randomisation

A researcher randomly assigned schools ensuring that groups would be equal in regards to:
(1) The structural condition of the sports court (covered or uncovered); (2) number of PE teachers;
(3) number of school classes; and (4) the average number of students per classroom. This categorisation
resulted in three homogenous groupings of schools based on the aforementioned criteria, which is
illustrated in Figure 1. After grouping the schools, we randomly assigned schools within each grouping
to the following groups: Control group, doubling PE classes; workshop with the PE teachers; and
workshop with PE teachers + doubling PE classes (Figure 1).

Int. J. Environ. Res. Public Health 2020, 17, x 2 of 12 

appropriate at influencing the students’ academic performance. In addition, some studies only 

observed effects on academic performance in a subgroup of students [15,17,19]. For example, 

Resaland et al. (2016) reported higher academic performance after a physical activity intervention 

only in students with the poorest academic performance at baseline [17]. Interestingly, the 2019 Nobel 

Prize of economics valued the contributions of three scientists who conducted a series of studies 

targeting poverty [20,21]. Among several means of diminishing poverty, focusing on the students in 

the worst situation was one of the most effective approaches in improving the students’ academic 

performance [20–23]. Therefore, besides evaluating the effects of school-based interventions on the 

students’ academic performance, it was necessary to evaluate whether students with problems at 

school (i.e., older students who have failed an academic year) were benefiting from the interventions. 

Thus, we investigated the effects of three different interventions on the academic performance of 

students enrolled in the first year of high school. In addition, we also evaluated the effects of the 

interventions on the academic performance of students based on their age at the beginning of the 

academic year, as an indicator that the student has missed an academic year.  

2. Materials and Methods 

This was a cluster randomised controlled trial, part of the SACODE Project, which was an 

intervention in physical education classes to reduce sedentary behaviour and improve cognitive 

function. A total of eleven high schools were in the vale do Capibaribe region in the Pernambuco 

state in Brazil, and all were eligible for participating in the study. The protocol was approved by the 

Human Research Ethics Committee of the University of Pernambuco (protocol no. 

55741016.0.0000.5207) and registered in the Brazilian Clinical trial registry: RBR-88tgky.  

2.1. Randomisation 

A researcher randomly assigned schools ensuring that groups would be equal in regards to: (1) 

The structural condition of the sports court (covered or uncovered); (2) number of PE teachers; (3) 

number of school classes; and (4) the average number of students per classroom. This categorisation 

resulted in three homogenous groupings of schools based on the aforementioned criteria, which is 

illustrated in Figure 1. After grouping the schools, we randomly assigned schools within each 

grouping to the following groups: Control group, doubling PE classes; workshop with the PE 

teachers; and workshop with PE teachers + doubling PE classes (Figure 1). 

 

Figure 1. Randomisation of the schools. Figure 1. Randomisation of the schools.

379



Int. J. Environ. Res. Public Health 2020, 17, 4287

2.2. Participants

All the 1474 students enrolled in the first year of high school were invited to participate. At the
baseline, 1296 students (572 boys and 724 girls) who have returned the informed consent signed by their
parents/guardians were included in the SACODE Project. However, after baseline measures, one school
that should have doubled the amount of PE classes did not agree to implement the intervention and
was excluded from this study. Therefore, 96 students who were enrolled in this school were excluded.
Figure 2 presents a flowchart containing information on the number of adolescents with complete data
in each step of the study.
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2.3. Intervention

The intervention was implemented between April and October. However, the students were on
holidays in July, resulting in six months of intervention. Schools that doubled the PE classes augmented
from two classes to four classes per week, increasing from 1:40 h of PE classes to 3:20 h of PE classes
per week for four months. The workshop with the PE teachers consisted of five lectures, lasting 4 h
on average. Each workshop was structured to present pedagogical and health-related topics to the
PE teachers. After the five workshops, an additional session took place to receive feedback on the
teachers’ experiences regarding the implementation and development of the contents in the PE classes.
Table 1 describes the subjects introduced in each of the five workshops. In summary, the research
team decided on the most relevant pedagogical and health-related topics for the workshops with the
PE teachers. The third intervention group (workshop + doubling PE classes) implemented the same
protocol described in the two abovementioned intervention groups. Schools in the control group
maintained their habitual routine regarding their PE classes, which consisted of 1:40 PE h per week.
Figure 3 presents a detailed description of the timeline of the intervention and measurements.

Table 1. Date and content of the workshop sessions for the workshop with the PE teachers and the
workshop + doubling PE classes intervention groups.

Date of the Sessions
Topics

Pedagogical Health-Related

2 June 2017 Current scenario and future prospects of the
physical education in Brazil

Physical activity and physical fitness in
the physical education classes

30 June 2017 Challenges in the physical education classes
in high school Sedentary behaviours

28 July 2017 Designing objectives and selecting topics
(educational contents) The teenage brain
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Table 1. Cont.

Date of the Sessions
Topics

Pedagogical Health-Related

2 June 2017 Current scenario and future prospects of the
physical education in Brazil

Physical activity and physical fitness in
the physical education classes

30 June 2017 Challenges in the physical education classes
in high school Sedentary behaviours

28 July 2017 Designing objectives and selecting topics
(educational contents) The teenage brain

1 September 2017 The importance of methodological
strategies and process evaluation

Mental health and psychosocial stress
indicators

22 September 2017
The importance of the motivational

atmosphere and the perceived competence
for the development and learning processes

Health eating and sleep quality

27 October 2017 Session for receiving feedback on the teachers’ experiences regarding the
implementation and development of the contents in the PE classes
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2.4. Measures

Only the variables included in the present study will be detailed in this manuscript. Baseline
data were collected during March and April in 2017 (summer and autumn). The postintervention
measures occurred between October and December in 2017 (spring and summer). All the measures
were performed by a trained group of researchers that consisted of Master’s and PhD students and
PhDs from the University of Pernambuco.

2.5. Primary Outcome

Academic performance was assessed by two different tests in mathematics consisting of
10 questions each. The score of each question depended on their level of difficulty. The academic
performance score was the standardised sum of the 10 questions, ranging from 0 to 10 points.
The questions for the academic performance tests were withdrawn from the database of questions from
the Ministry of Education. This database contains questions used in the national surveys evaluating
the educational system in Brazil [24].

2.6. Covariates

We used a questionnaire to obtain information on sex (male, female), age, and maternal education
level (≤8 years of education, >8 years of education). Maternal educational is a proxy measure of the
students’ socioeconomic status and it was used as an adjustment in the main analysis.
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2.7. Statistical Analyses

All statistical analyses were conducted in STATA 15 for windows (StataCorp LP, College Station,
TX, USA). The Fisher chi-square test assessed differences in the proportion of boys and girls and
maternal educational level (<8 years of education and 8+ years of education) between intervention
groups. One-way ANOVA evaluated differences in the variances of age by the intervention group.
The Bonferroni post hoc analysis was used to indicate differences between groups.

The linear mixed model evaluated the effects of the intervention groups on the academic
performance after the intervention period. The analysis was adjusted for academic performance
at the baseline, sex, age, maternal educational level (≤8 years of education, >8 years of education),
the structural condition of the sports court (with and without roof coverage), and the cluster structure
of the data (individuals nested within classrooms). Subgroup analyses evaluated the effect of the
intervention on the participants’ academic performance at postintervention by the age group (in years)
using the linear mixed model. The subgroup analysis was adjusted for academic performance at the
baseline, sex, maternal educational level (≤8 years of education, >8 years of education), the structural
condition of the sports court (with and without roof coverage), and the cluster structure of the data
(individuals nested within classrooms). We accepted a 5% error in all analyses.

3. Results

From the 1200 students included in the study, 56.42% were females. Most of the students were
between 14 and 16 years of age (89.6%), whereas 3.6% were 13 years of age, and 6.8% were older than
16 years of age at baseline. Students from the workshop with the PE teachers group were younger than
their peers in the other groups at baseline (Table 2).

Table 2. Descriptive characteristics of 1200 students in the first year of high school at baseline according
to the intervention group. Values are numbers and (percentages) unless stated otherwise.

Title Doubling
PE Classes

Workshop with
the PE Teachers

Workshop +
Doubling PE

Classes
Control Total p

Age, in years Mean (SD) 15.08 (1.19) 14.66 (0.97) 15.07 (0.76) 15.15 (1.02) 14.99 (1.04) <0.001 *
Female 201 (51.80) 177 (57.84) 133 (57.83) 166 (60.14) 677 (56.42) 0.149 §

<8 years of maternal
education 139 (41.49) 93 (34.07) 84 (39.62) 108 (43.55) 424 (39.70) 0.130 §

Legend: * One-way ANOVA test; § Fisher chi-square test.

The academic performance at baseline was similar across groups. The intervention was not
effective in increasing the academic performance of the participants (Table 3). However, subgroup
analyses showed that one intervention arm increased the academic performance of the students who
had failed an academic year (students older than 15 years at baseline). More specifically, we did not
observe group differences in the academic performance of the students younger than 16 years of age.
From 16 years of age, students from the workshop intervention group presented higher academic
performance in comparison to their peers in the doubling PE classes (1.3 points on average) and the
control groups (1.4 points on average). The academic performance was always similar between the
workshop and the workshop + doubling PE classes intervention groups (Figure 4). See Table 4 for a
detailed description of the predictive academic performance for each age and intervention group.
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Table 3. Academic performance score in relation to the intervention group at baseline and
postintervention and the adjusted difference of the academic performance at postintervention.

Intervention Group

Academic
Performance at
Baseline, Mean

(SD)

Academic
Performance at

Postintervention,
Mean (SD)

Adjusted Difference in Academic
Performance at Postintervention in

Relation to the Control Group* ICC

Coefficient (95% CI) p

Control (n = 188) 3.50 (1.81) 3.64 (2.26)

0.092
Doubling PE classes (n
= 242) 3.65 (1.87) 3.82 (2.16) −0.355 (−1.121 to

0.410) 0.363

Workshop with the PE
teachers (n = 198) 3.89 (2.08) 4.45 (2.70) 0.361 (−0.387 to

1.110) 0.345

Workshop + doubling
PE classes (n = 152) 3.62 (1.93) 3.80 (2.01) 0.292 (−0.496 to

1.079) 0.468

Legend: * Adjusted difference in scores of the academic performance at postintervention between the intervention
groups and the control group; adjusted for academic performance at the baseline, sex, age, maternal educational
level (≤8 years of education, >8 years of education), the structural condition of the sports court (with and without
roof coverage), and the cluster structure of the data (students nested within classrooms).

Int. J. Environ. Res. Public Health 2020, 17, x 7 of 12 

 

Figure 4. Predicted academic performance at postintervention of students from the first year of high 

school according to the intervention group and age. Legend: Adjusted for academic performance 

at the baseline, sex, maternal educational level (≤8 years of education, >8 years of 

education), the structural condition of the sports court (with and without roof coverage), 

and the cluster structure of the data (students nested within classrooms). 

  

Figure 4. Predicted academic performance at postintervention of students from the first year of high
school according to the intervention group and age. Legend: Adjusted for academic performance at the
baseline, sex, maternal educational level (≤8 years of education, >8 years of education), the structural
condition of the sports court (with and without roof coverage), and the cluster structure of the data
(students nested within classrooms).

Table 4. Predicted academic performance of the first year high school students at postintervention
(points), standard deviations (SD), and 95% confidence intervals (CI) for each age and
intervention groups.

Age Intervention Group
Predicted
Academic

Performance
(95% CI)

Difference in
Relation to the

Control

13

Control 4.72 (3.92 to 5.51)
Doubling PE classes 3.96 (3.25 to 4.67) −0.76

Workshop with the PE teachers 4.40 (3.65 to 5.16) −0.31
Workshop + doubling PE classes 4.74 (3.53 to 5.95) 0.02
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Table 4. Cont.

Age Intervention Group
Predicted
Academic

Performance
(95% CI)

Difference in
Relation to the

Control

14

Control 4.33 (3.73 to 4.92)
Doubling PE classes 3.75 (3.17 to 4.33) −0.57

Workshop with the PE teachers 4.39 (3.82 to 4.97) 0.07
Workshop + doubling PE classes 4.48 (3.65 to 5.32) 0.16

15

Control 3.93 (3.42 to 4.45)
Doubling PE classes 3.55 (3.01 to 4.08) −0.39

Workshop with the PE teachers 4.38 (3.81 to 4.96) 0.45
Workshop + doubling PE classes 4.23 (3.60 to 4.86) 0.30

16

Control 3.54 (2.96 to 4.13)
Doubling PE classes 3.34 (2.76 to 3.93) −0.20

Workshop with the PE teachers * 4.37 (3.63 to 5.12) 0.83
Workshop + doubling PE classes 3.98 (3.22 to 4.73) 0.43

17

Control 3.15 (2.38 to 3.92)
Doubling PE classes 3.14 (2.42 to 3.86) −0.01

Workshop with the PE teachers * 4.36 (3.36 to 5.36) 1.21
Workshop + doubling PE classes 3.72 (2.62 to 4.82) 0.57

18

Control 2.76 (1.75 to 3.77)
Doubling PE classes 2.93 (2.04 to 3.83) 0.17

Workshop with the PE teachers * 4.35 (3.05 to 5.65) 1.59
Workshop + doubling PE classes 3.47 (1.94 to 4.99) 0.70

19

Control 2.37 (1.10 to 3.65)
Doubling PE classes 2.73 (1.63 to 3.83) 0.36

Workshop with the PE teachers * 4.34 (2.73 to 5.95) 1.97
Workshop + doubling PE classes 3.21 (1.23 to 5.19) 0.84

Legend: * Higher academic performance in comparison to the doubling PE classes and control groups.

4. Discussion

Overall, none of the intervention arms, in comparison to the control group, increased the academic
performance of the students. However, providing a workshop for the PE teachers positively affected
the academic performance of the students who had failed an academic year in comparison to their peers
in the control group. Moreover, we observed that a workshop updating pedagogical and health-related
topics for PE teachers seemed a better approach in improving the academic performance than doubling
the amount of PE classes for students who failed an academic year. At the end of the academic year,
students who had failed an academic year (older than 15 years of age) presented lower academic
performance compared to the younger peers, except for students exposed to the workshop with the PE
teachers group, in which the academic performance was similar for older and younger students.

Resaland et al. (2016) [17] did not observe an effect of a multicomponent intervention on academic
performance. However, authors reported that students with the poorest academic performance at
baseline benefited from the effects of the intervention, which consisted of three different actions aiming
at increasing the students’ physical activity level during school and at home. In addition, another
study that implemented a quasi-experimental multicomponent intervention reported higher math
scores in low income elementary school children [19]. It is possible that students who needed the most
help are the ones benefiting from the interventions.

Our results reinforce this theory. Students over 15 years of age in the beginning of the first year
of high school were students who failed an academic year. Although, the academic performance
at baseline did not differ between older and younger students, we observed that in the end of the
curricular year older students had lower academic performance in comparison to the youngest peers,
except for students exposed to the workshop with the PE teachers group (Figure 4). The grade retention
is harmful for the social, emotional, and self esteem of the students [25]. Students who fail an academic
year have a low self image and popularity with their peers. Repeaters often do not get social support
and become more reserved and unfriendly with their class fellows [26]. In addition to updating the
teachers in regards to several pedagogical skills, one of the workshop sessions dealt with the teachers
on how to promote a greater integration of these students in the physical education classes. It is
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possible that students in the workshop intervention group felt more integrated and this may have
helped their academic performance.

Importantly, failing an academic year has short- and long-term consequenes. There is a higher
chance of dropping school and developing behavioural problems [23,27] for those students. Moreover,
academic failure is associated with higher rates of infertility, mortality, and unemployment (see the
2018 World Development Report for review [23]). In addition, students with lower grades have lower
earnings even nine years after finishing high school [28]. Therefore, the impact of upgrating the PE
teacher skills on academic performance for students who failed an academic year should be further
evaluated because of the potential attenuating effects on well-known consequences of academic failure.

Overall, our intervention did not affect the academic performance of the students independent of
their age. Bugge et al. (2018) observed no improvements in academic performance in Danish students
in an intervention that provided training sessions for the PE teachers in addition to exposing students
to 4.5 h of PE lessons a week, whereas students in the control schools were exposed to 1.5 h of PE
lessons a week [13]. Bugge et al. (2018) [13] suggested that the lack of improvements in physical
activity and aerobic fitness was one of the main reasons for the nonsignificant effect on academic
performance in their investigation.

In line with this theory, previous observational and controlled laboratory interventional studies
observed a relationship between physical activity, aerobic fitness, and academic performance [2,4,7,8,29].
More specifically, Coe et al. (2006) only observed higher academic performance in children who met
the recommendation for vigorous physical activity in comparison to children who did not perform any
vigorous physical activity [15]. It is possible that effects on academic performance are dependent on
improvements in physical activity and aerobic fitness levels.

Most multicomponent interventions suffered in improving students’ academic performance [13,16–19],
although studies that trained teachers to incorporate physical activity in their lessons (i.e., mathematics
or language) showed encouraging effects on academic performance [30,31]. School-based interventions
that both increased the time in the PE classes and enhanced PE classes by either training PE teachers or
by specialised professionals showed conflicting results [10,12–14,16]. Our results suggested that single
intervention strategies seemed more effective in improving the students’ academic performance.

Strengths and Limitations

Some of the highlighted strengths in our study include the randomised design, the large sample
size, and the national standardised tests as a measure of the students’ academic performance. However,
some limitations should be considered in the interpretation of our results. First, the study evaluated a
short intervention period. Ideally, a longer intervention could have enhanced the interventions effects
and other differences could have been observed between the intervention groups. Second, we did not
assess the follow-up intervention effects in the current study. Third, we did not assess the content of
the physical education lessons during the intervention period. Finally, adding other academic subjects
as measures of academic performance would have been ideal.

5. Conclusions

Overall, the intervention was not effective in improving the students’ academic performance.
However, the workshop with the PE teachers improved the academic performance of students who
had failed an academic year. It seems that providing a workshop for the PE teachers is an effective
approach in avoiding the lower academic performance of the older students at the end of the curricular
year. Based on our results and the existing literature, we believe that enhancing the pedagogical skills
of the teachers is a promising path for improving the students’ academic performance, especially the
ones who need it the most.
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Abstract: Background: There is still no consensus on the most suitable interventions for exercise
practice in breast cancer survivors. Therefore, the aim of this study was to evaluate the effect of a
two-year physical activity intervention (strength, aqua fitness and aerobic exercise programs) on the
self-perceived quality of life and physical functionality of female breast cancer survivors. Methods: A
randomized, controlled, experimental trial with a sample of 316 women (63 ± 7 years), who had been
diagnosed with breast cancer. The evaluations were performed using the Rikli & Jones Senior Fitness
Test, and the Short Form 12 Health Survey (SF-12). Results: The participants in the strength program
showed statistically significant improvements in all the items of the SF-12. The aqua fitness program
obtained significant improvements in Physical Functioning and Limitations, Pain and Emotional
Limitations, General Health, Vitality, Social Functioning and the physical and mental components of
the SF-12. The participants in the aerobic program showed a progressive deterioration of Vitality
and Mental Health. Conclusion: When assigning breast cancer survivors to an exercise program,
the preferential or predominant activity should include strength exercises. On the other hand, as the
second choice, those patients with particularly low levels of Vitality or Physical Limitations will show
greater improvement with an aqua fitness program.

Keywords: breast neoplasms; survival; exercise; quality of life; aged; women

1. Introduction

Breast cancer is among the main causes of morbidity and mortality all over the world,
with approximately 14 million new cases and more than 8 million deaths each year [1]. In the
female population, the most prevalent forms of cancer are breast, colorectal, lung, cervical and stomach
cancer [2]. The relative survival 5 years after diagnosis is above 80% in developed countries, which,
in turn, are also the ones that implement systematized mammography-screening programs [3].

Although the aim of reaching 100% survival in women with breast cancer is still being pursued [4],
improving the quality of life and restoring the optimal functionality levels of the patients are also
objects of study nowadays [5,6].

The benefits of practicing physical activity (PA) on the general population at the physical and
emotional level have been extensively studied [7,8], and cancer patients can also benefit from all those
positive health effects [6]. At the physical level, PA practice in cancer survivors facilitates the recovery
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of the previous functional capacity, strength and flexibility levels, the healthy parameters of body
composition, as well as the reduction of neutropenia, anemia, thrombocytopenia, pain and fatigue
(the latter five are frequent side effects of aggressive cancer treatments) [9,10]. Based on these benefits
and recommendations, there is value to the efforts being made to connect breast cancer survivors
to high-quality strength training programs [11]. Traditionally, more research has been done on the
effects of aerobic exercise on patients with malignant disease. That said, more attention is currently
being paid to the effects of other training modalities (such as strength training or aqua fitness) on
the physical work capacity of cancer patients or survivors. In any case, PA programs should be
evaluated and implemented for their positive effects on muscle atrophy induced by the treatments and
sedentary habits of breast cancer survivors [12]. Aerobic training protocols involve short periods of
exercise at a vigorous intensity, followed by brief, low intensity recovery breaks, which permit the relief
from symptoms such as dyspnea and leg fatigue. Aerobic programs have been tolerated in a wide
range of patient groups, including individuals with chronic obstructive pulmonary disease, metabolic
syndrome, heart failure and obesity. Furthermore, the aerobic interval exercise programs are safe,
and caused low levels of cardiac stress [13]. However, some particularities must be taken into account
when designing interventions aimed at cancer patients, such as avoiding movements that cause pain,
sudden or big changes in blood pressure and heart rate, and the reaching of high levels of dyspnea [5].

In addition to the benefits for the physical clinical parameters, it is important to highlight that,
since the diagnosis of cancer represents a situation of considerable emotional stress, the benefits of PA
practice at the psychological level (such as the reduction of depression levels and the improvement of
strength, self-esteem and emotional control) are of special interest in cancer patients [14,15].

However, there is still no consensus on the most suitable interventions and specific training
parameters for PA practice in breast cancer survivors. Therefore, the aim of this study was to
evaluate the effect of a two-year PA practice program on the self-perceived quality of life and physical
functionality of female breast cancer survivors, and to determine the existence of differences between
three different interventions (strength, aqua fitness and aerobic exercise programs).

2. Materials and Methods

2.1. Experimental Design and Sample

This was a randomized, controlled, experimental trial with a 3 × 3 design. The sample consisted
of 316 women (mean age: 63 ± 7 years) from the region of Ourense (Spain), who had been diagnosed
with breast cancer, surgically treated, and subjected to chemotherapy, which they had completed in the
previous six months. The selection criteria excluded those patients who had heart or coronary diseases
that contraindicated the practice of exercise, hypertension, severe anemia, risk of fracture, disabling
osteoarticular pathology, diabetes or other disabling diseases.

These were distributed in four groups of activity as shown in the flow diagram of Figure 1. For this
research, a program for the promotion of PA and health was designed for women with cancer promoted
through informative posters placed in different social centers and public boards (throughout the six
months prior to the intervention), distributed by all the districts of the city. Participation was voluntary
throughout the program, and distribution in all three physical activity groups and the control group
was performed randomly among the participants. There was an initial medical evaluation confirming
that all participants were able to participate in the intervention program.

The evaluators that recorded data in the different evaluation sessions did not know to which
intervention group the participants belonged. Furthermore, during the statistical analysis, the authors
who calculated the results also did not know how the intervention groups were categorized.

Patients who met the inclusion criteria were randomly assigned to one of four groups. Blank folders
were numbered from 1 to 316, and were given concealed codes for the assigned group, determined by
a random-number generator. When a patient was eligible and gave consent to participate, the treating
monitor drew the next folder from the file, which determined the group of assignment.
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All of them signed informed consent in accordance with the Declaration of Helsinki (rev. 2013)
and the Data Protection Act 15/1999. This research received ethical approval from the Commission of
Ethics of the Faculty of Sciences of Education and Sport of the University of Vigo (Pontevedra, Spain)
(code: 3-0504-16).

2.2. Procedure

The evaluations were performed using the Rikli & Jones Senior Fitness Test [16,17], which evaluated
functional fitness, and the Short Form 12 Health Survey (SF-12) Questionnaire [18–20] that measured
quality of life in relation to health. The strength and flexibility of the upper and lower extremities
were extracted from the Rikli & Jones Senior Fitness Test as study variables (strength is quantified
according to the number of repetitions and flexibility is quantified in centimeters, through four simple
tests) [16,17]. On the other hand, the following variables were extracted from the SF-12 Questionnaire:
the pain, the vitality, the physical and social functions, the general and mental health; the physical and
emotional limitations; and two global scores on the physical and mental components of health (all the
variables provided by this questionnaire are quantified in score points) [18–20].

During the investigation, three data points were taken: (a) Pre-test, prior to the start of the program,
a doctor checked the health status of the participants and the possible limitations or contraindications
to their performance of any of the program’s activities. Then the anthropometric measures of height,
weight and body mass index (BMI) were taken. Finally, the Rikli & Jones Senior Fitness Test (SFT) and
the SF-12 Questionnaire were applied to the participants; (b) Intermediate test, at 12 months of onset
(the same measurements were taken as at the beginning, except for the medical interview); (c) Post-test,
at 24 months from the beginning, with identical parameters to those employed in the intermediate
test. All evaluations were performed by qualified professionals with training in these procedures,
who did not know which intervention group each of the participants belonged to. The participants
who abandoned the study or missed over 25% of the sessions were removed from the final database.
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2.3. Programs of PA

All participants were divided into four groups: one as control (who should not make any changes
in their lifestyle, incorporating any new physical activity) and three activity groups of 79 people
each. For the realization of the classes, the groups were divided into subgroups of 17–18 women.
All programs consisted of two weekly sessions with two weeks of rest at Christmas, one week of rest
at Easter and one month of rest in summer (August). Each year, 45 weeks of training were held and,
in total, the women had to attend a minimum of 135 of the 180 sessions held within the intervention
period. The different programs were given by monitors, who were graduates in PA and Sports Sciences,
and were previously trained for the study.

(a) Strength group: Participants in this activity had a mean age of 63 ± 7 years. The activity
sessions lasted 55–60 min. The work with gym machines had a progression adapted to the tests
performed by the participants. During the first six weeks, the sessions consisted of an initial warm-up
time of 10 min, performing general mobility exercises and stretching, followed by horizontal training
with gym machines of 30–40 min, where the functioning of each muscle machine was progressively
taught, which together formed a circuit of 8 exercises that worked the large muscle groups of the upper
and lower limbs. Two sets of 12 repetitions with loads of 50–60% of the maximum resistance test (MR)
were performed, and the 10 min at the end were dedicated to the stretching of the muscle groups
worked during the session. From the seventh week loads increased, and maximum strength tests (MR)
were performed to find out the individual work percentages. The strength program was initiated in
the seventh week, at 60% of MR, then the repetitions were increased to 20 at weeks 7 and 8, and finally
during the last four weeks the participants completed circuits of 3 series between 60% and 80% of the
MR, with 10 repetitions per set and 2-minute breaks between each set.

(b) Aqua fitness Group: Participants in this activity had a mean age of 62 ± 6 years. The pool used
had a depth of 1.4 m at the central area, and 1.75 m at the end. The classes lasted 55 min and the timing
of this activity was as follows: An initial period of 2 weeks of low intensity. This initial period served
to evaluate the average level of each group. They then went on to an improvement stage, where the
repetitions, and then the intensity, were progressively increased between weeks 3 and 12. The basic
structure of the sessions consisted of 5 initial minutes of joint mobility and warm-up outside the pool,
followed by aerobic and choreographed exercises (25 min), strength-resistance work (10 min) in which
the body regions varied according to the purpose of the session (e.g., chest, shoulder and dorsal region,
arm and forearm region, lower limbs and muscles of the abdomen region), games (10 min), and finally
stretches (5 min).

(c) Aerobic exercise group: This was formed of participants with a mean age of 64 ± 7 years.
These lasted for 55 min, with a minimum warm-up time of 10 min (with choreographed basic aerobic
steps focusing on mobility and short displacements), and 5 min of stretches at the end. All sessions also
included a central component of 40 min in which mainly choreographed aerobic exercises (performed
with a symmetric methodology) and, eventually, some strengthening exercises without loads, were
performed (2 sets of 12 repetitions for each large muscle groups of the upper and lower limbs).

2.4. Data Analysis

The statistical package SPSS (version 22, SPSS Inc., Chicago, IL, USA) was used for the treatment
of the data. The variables showed a normal distribution according to the Kolgomorov–Smirnov test
(p > 0.05), and there was homogeneity of variances, determined by applying the Levene test. A factorial,
repeated measures ANOVA compared the evolution of each activity group throughout the program,
and to compare the effect of the different exercise programs we used the ANOVA statistic with the
Bonferroni correction. The level of significance was set at p < 0.05.
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3. Results

3.1. Strength Program

The participants in the strength program showed statistically significant improvements in all the
items of the SF-12 (Table 1), except in Vitality, in which they obtained a significant worsening at the end
of the intervention (p < 0.05). The results of Social Functioning, Physical and Emotional Limitations
and Pain showed a progressive improvement (p < 0.001), which was more pronounced after the second
year of the intervention (Figure 2). Physical Functioning obtained better results at the end of the study,
although the benefits in this aspect were greater after the first year of the intervention (p < 0.05). Lastly,
Global and Mental Health, and the physical and mental components of the SF-12, showed worse
results after the first year of the intervention; however, there were significant improvements in these
parameters at the end of the intervention, with respect to the initial state of the participants (p < 0.05).

In the SFT, the participants obtained significantly better results relating to the strength of the lower
limbs after the intervention (p < 0.001) (Table 1), although this parameter showed worse results after
the first year of the intervention (Figure 3). The flexibility of all the extremities increased significantly
(p < 0.001). On the other hand, no improvement was found in the strength of the upper limbs in any of
the two re-evaluations. Body weight and BMI were significantly lower after the intervention (p < 0.01).

3.2. Aqua Fitness Program

The participants in the aqua fitness program obtained progressive improvements in Physical
Functioning and Limitations, Pain and Emotional Limitations (p < 0.01) (Table 1). In General Health,
Vitality, Social Functioning and the physical and mental components of the SF-12, the participants
completed the intervention with significantly better results (p < 0.01), although they obtained worse
results in all of them after the first year of the intervention (Figure 2). Lastly, there were no significant
changes in Mental Health. Regarding the SFT, the participants of the aqua fitness group obtained
a significant improvement in flexibility (p < 0.001), although their upper limb strength decreased
significantly (p < 0.001). On the other hand, lower limb strength, body weight and BMI showed no
changes after the intervention (Figure 3).

3.3. Aerobic Exercise Program

The participants in the aerobic exercise program showed progressive improvements in Emotional
Limitations (p < 0.001). On the other hand, they obtained a progressive deterioration of Vitality
and Mental Health (p < 0.01). Physical Functioning, after the intervention, showed significantly
better results (p < 0.05) (Table 1), although such improvement was greater after the first year of the
intervention (Figure 2). Physical Limitations and Pain improved after the first year of the intervention,
and showed an even greater improvement after the second year (p < 0.05). Lastly, General Health,
Social Functioning and the physical and mental components of the SF-12 obtained significantly better
results after the intervention (p < 0.01), although they showed worse results after the first year.

Regarding the results of the SFT, the participants of the aerobic exercise program obtained a
significant improvement in the strength and flexibility of their lower limbs (p < 0.05); however,
they showed a decrease in the strength and flexibility of their upper limbs (p < 0.001). The body weight
and BMI of these participants increased after the intervention, although not significantly (Figure 3).
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Figure 2. SF-12 survey results by intervention group. (PF: physical function; PL: physical limitations; 
P: pain; GH: general health; V: vitality; EL: emotional limitations; SF: social function; MH: mental 

Figure 2. SF-12 survey results by intervention group. (PF: physical function; PL: physical limitations; P:
pain; GH: general health; V: vitality; EL: emotional limitations; SF: social function; MH: mental health;
SF12-P:SF12 physical component; SF12-M: SF12 mental component). Comparison between initial test
vs. final test: * p < 0.05; ** p < 0.01; *** p < 0.0001.
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health; SF12-P:SF12 physical component; SF12-M: SF12 mental component). Comparison between 
initial test vs. final test: * p < 0.05; ** p < 0.01; *** p < 0.0001. 

In the SFT, the participants obtained significantly better results relating to the strength of the 
lower limbs after the intervention (p < 0.001) (Table 1), although this parameter showed worse results 
after the first year of the intervention (Figure 3). The flexibility of all the extremities increased 
significantly (p < 0.001). On the other hand, no improvement was found in the strength of the upper 
limbs in any of the two re-evaluations. Body weight and BMI were significantly lower after the 
intervention (p < 0.01). 
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Figure 3. Senior Fitness Test, weight and body mass index results by intervention group. (LLS: lower 
limbs strength; ULS: upper limbs strength; LLF: lower limbs flexibility; ULF: upper limbs flexibility; 
W: weight; BMI: body mass index). Comparison between initial test vs. final test: * p < 0.05; ** p < 0.01; 
*** p < 0.0001. 

3.2. Aqua Fitness Program 

The participants in the aqua fitness program obtained progressive improvements in Physical 
Functioning and Limitations, Pain and Emotional Limitations (p < 0.01) (Table 1). In General Health, 
Vitality, Social Functioning and the physical and mental components of the SF-12, the participants 
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results in all of them after the first year of the intervention (Figure 2). Lastly, there were no significant 
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significantly (p < 0.001). On the other hand, lower limb strength, body weight and BMI showed no 
changes after the intervention (Figure 3). 
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The participants in the aerobic exercise program showed progressive improvements in 
Emotional Limitations (p < 0.001). On the other hand, they obtained a progressive deterioration of 
Vitality and Mental Health (p < 0.01). Physical Functioning, after the intervention, showed 
significantly better results (p < 0.05) (Table 1), although such improvement was greater after the first 
year of the intervention (Figure 2). Physical Limitations and Pain improved after the first year of the 
intervention, and showed an even greater improvement after the second year (p < 0.05). Lastly, 
General Health, Social Functioning and the physical and mental components of the SF-12 obtained 
significantly better results after the intervention (p < 0.01), although they showed worse results after 
the first year. 

Regarding the results of the SFT, the participants of the aerobic exercise program obtained a 
significant improvement in the strength and flexibility of their lower limbs (p < 0.05); however, they 
showed a decrease in the strength and flexibility of their upper limbs (p < 0.001). The body weight 
and BMI of these participants increased after the intervention, although not significantly (Figure 3). 

3.4. Comparative Results between Groups 

The results of the strength program group were positive in all the analyzed variables, except 
Vitality, which showed worse results at the end of the intervention with respect to the baseline levels. 
Moreover, the results of the strength group were significantly higher than those of the other two 
programs in body weight, BMI, Emotional Limitations, Social Functioning, Mental Health and the 

Figure 3. Senior Fitness Test, weight and body mass index results by intervention group. (LLS: lower
limbs strength; ULS: upper limbs strength; LLF: lower limbs flexibility; ULF: upper limbs flexibility; W:
weight; BMI: body mass index). Comparison between initial test vs. final test: * p < 0.05; ** p < 0.01;
*** p < 0.0001.
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3.4. Comparative Results between Groups

The results of the strength program group were positive in all the analyzed variables, except
Vitality, which showed worse results at the end of the intervention with respect to the baseline levels.
Moreover, the results of the strength group were significantly higher than those of the other two
programs in body weight, BMI, Emotional Limitations, Social Functioning, Mental Health and the
mental components of the SF-12. It was also the intervention that achieved the best results in the SFT
battery, except for the flexibility of the lower limbs, which obtained its best improvement in the aqua
fitness program.

Among the three different interventions, the aqua fitness group showed the best results in Physical
Functioning, Physical Limitations, Vitality, Pain and the physical component of the SF-12. On the other
hand, upper limb strength was the only variable with worse results at the end of this intervention.

Lastly, the aerobic exercise group obtained the best results in General Health. In contrast, it was
the only group with worse results in body weight, BMI, Physical Limitations, Pain, Vitality, Mental
Health, and upper limb flexibility and strength; in fact, the results of the last two variables after the
two years of intervention were worse than those of the control group.

4. Discussion

The aim of this study was to evaluate the effect of a two-year PA practice program on the
self-perceived quality of life and physical functioning of female breast cancer survivors, and to
determine the existence of differences between different exercise-based interventions. After the
analysis of the obtained data, we can conclude that the female breast cancer survivors benefit from
PA practice. In addition, the design of such intervention programs has a considerable impact on the
reachable benefits.

In general, the strength program provided the best, and the most, benefits, especially in the
parameters of physical health, such as body weight, BMI, general health, pain, lower limb strength and
the flexibility of all extremities. These findings are congruent, since strength programs are the ones that
provide the greatest benefits to those who practice them, through the development of the functional
capacity (respiratory and movement capacity), the prevention of sarcopenia and the reduction of
weakness, pain and other side effects derived from medical cancer treatments [21,22]. Regarding the
emotional scope, the strength program induced the greatest benefits in emotional limitations and
mental health, which is in line with the results of previous studies in older populations [23] and women
without cancer [24], with the exception that the vitality of the participants also improved. However,
it is important to take into account that, in cancer survivors, emotional aspects such as self-perceived
vitality can be strongly affected by the psycho-somatic impact of the disease [25,26].

In any case, if the initial valuation of the self-perceived health state of a breast cancer survivor
obtains bad results in Vitality, the results of this study indicate that the most adequate intervention
is that of aqua fitness. However, in the objective valuation of the physical health state through the
SFT, the aqua fitness program only obtained positive results in the flexibility of the limbs, and limb
strength did not improve in any case. This may be due to the fact that aquatic exercises are especially
recommended to improve fatigue levels [27] (a variable of great interest in cancer survivors [28,29])
and abilities like coordination and balance [30]. This explains the positive results obtained in this
study for Physical Functioning and Limitations via the aqua fitness program: by improving fatigue
and coordination, the self-perceived impact on the development of the activities of daily living may be
greater than the impact identified as a consequence of the specific improvement of upper limb strength
(as was the case in the strength program group).

Lastly, the intervention based on aerobic exercise obtained the worst results. This program induced
a worsening in the physical limitations, vitality, mental health, pain and upper limb strength and
flexibility, reaching lower values than the control group in some of these parameters. It is important to
highlighting that aerobic exercise programs can improve two physical capacities: aerobic capacity and
limb movement range [31,32]. Since such improvements can also be obtained with the other two PA
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programs, it can be confirmed that aerobic exercise programs should not be considered as the first
choice when incorporating PA practice after the active treatment of breast cancer, unless the patient
has a special preference for this type of physical activity.

Therefore, when assigning breast cancer survivors to a PA program, the preferential or predominant
activity should include strength exercises. Moreover, if their initial results are worse as regards pain,
general and mental health of the SF-12 or limb strength and flexibility, they are likely to further benefit
from strength training. On the other hand, as the second choice, those patients with particularly low
levels of vitality or physical limitations will show greater improvements under a PA program that
includes aquatic activities, such as aqua fitness. Lastly, if these two options are not suitable for the
patient, an aerobic exercise program can be considered, whose benefits on general health, emotional
limitations and social functioning are greater than those obtained by the aqua fitness program. It is
worth highlighting that the three interventions proved to be safe; no adverse effects were reported by
the participants in any of the exercise sessions throughout the two-year period of the programs (such
as lymphedema, which did not appear in any of the participants). However, it is important to mention
that the mortality of the participants was significantly higher in the aqua fitness group, although this is
a multi-factor phenomenon that is beyond the scope of the present investigation.

Regarding the limitations of this study, more sensitive and specific objective measurements should
have been included (such as cardiovascular and laboratory tests). However, this is the first study
to carry out PA interventions comparatively, using a randomized and controlled methodology for a
period of time long enough to obtain reliable results that can also be extrapolated to those of other
populations of female breast cancer survivors.

Considering future research lines, similar studies could be conducted in other populations to
improve the evidence of the findings presented in this work, including, if possible, medical laboratory
tests, to compare the self-perceived changes of the participants.

5. Conclusions

PA practice in female breast cancer survivors has multiple and considerable health benefits.
Strength training programs obtained the best, and the most, benefits in the quality of life related to
self-perceived health and general physical state. Other valid strategies for the increase of PA practice
for these patients include aqua fitness programs and, as the last option, aerobic exercise programs,
unless the patient has especially important afflictions pertaining to physical limitations and social
functioning, in which case the practice of aerobic exercise should be the first choice.
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Abstract: Cardiometabolic diseases are one of the primary causes of mortality and morbidity
worldwide and sedentary lifestyles are contributing factors to these pathologies. Physical exercise
has been recognized as an important tool in the prevention and treatment of these diseases. However,
there are still some doubts about the efficacy of certain type of physical exercise programs for older
participants. The main goal of this study is to assess the impact of different aquatic-based physical
exercise programs on risk markers of cardiometabolic diseases in older people. The study group will
consist of non-institutionalized individuals, within the age group of 65 or older. The sample will
be randomly divided into four groups, three experimental groups (EG) and one control group (CG).
Participants from the EGs will be exposed to three physical aquatic-based exercise programs for a period
of 28 weeks (continuous aerobic, interval aerobic and combined). The evaluated parameters include
anthropometry, physical functions, mental health, cognitive function, carotid arteries intima-media
thickness, heart rate variability and biochemical markers. The results will allow an interpretation of
the impact of different aquatic-based physical exercise programs on cardiometabolic diseases markers
and can also be used as a tool for professionals to prescribe adequate and more efficient physical
exercise programs.

Keywords: exercise; aquatic-based; hydro gymnastics; elderly; cardiometabolic diseases

1. Introduction

Ageing is considered a progressive and inevitable phenomenon, where the reduction in various
physical and metabolic functions occurs [1]. As they age, humans become increasingly sensitive to
certain pathologies such as cardiometabolic diseases. These diseases are considered to be the main
cause of mortality and morbidity worldwide and have attracted great interest in various fields of
scientific investigation. The World Health Organization (WHO) reports that cardiometabolic diseases
are responsible for 63% of 57 million annual deaths, with a significant correlation of 6 to 10% of these
deaths due to physical inactivity [2].

Nowadays, more than 60% of the elderly population live a sedentary lifestyle [3]. This contributes
to physical and mental frailty. Physical frailty is characterized by a reduction in physical activity levels,
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unintended weight loss, fatigue, reduction in handgrip strength, and a decrease in walking speed [4].
The same authors characterize cognitive frailty as the decline in all functional mental abilities that
regulate the lifestyle of an individual. These mental activities range from simple to complex. Both types
of frailty are associated to the process of physical and mental decline, with a deterioration in physical
and mental capabilities that may lead to a serious decrease in health conditions, loss of autonomy,
institutionalization and mortality [5]. To counteract sedentary lifestyles, WHO has developed strategies
for a more active and healthy society. These strategies include the creation of guidelines that state
the frequency, duration, intensity, type and amount of physical activity that are recommended for
different age groups. Such guidelines target the prevention of non-transmissible chronic diseases [6].
Simultaneously, there has been an increase in research using a set of variables that are related to these
types of pathologies, such as body composition [7], functional fitness [8], and variables related to the
cardiovascular [9], cognitive [4] and immune systems [10].

Physical exercise is considered an effective tool during the process of ageing, as it helps to stabilize
the loss of physical and metabolic capacities, mitigates the overall progress of ageing and enables
more autonomy. Various studies indicate that regular physical exercise plays an important role in the
prevention and treatment of cardiometabolic and cognitive diseases [10–14].

Different studies have been conducted recently to verify the efficacy of various physical
exercise programs (aerobic, muscular strength and combined) on variables related to these
pathologies. Such studies have analyzed the impact of exercise on cognition, cardiovascular, metabolic,
immunological, functional and mental levels [15–18]. However, most of these studies have focused on
land-based exercise and have not involved specific aquatic exercise programs, which are popular and
successful among older participants.

The present investigation and its specific experimental design using different types of aquatic-based
exercise programs aims to assess the impact of different aquatic-based physical exercise programs on
risk markers of cardiometabolic diseases in older people.

2. Materials and Methods

2.1. Design

This investigation will be based on a randomized intervention, using three different aquatic-based
exercise programs conducted in parallel for 28 weeks. The three programs include a continuous aerobic
program, an interval aerobic program and a combined (aerobic and muscular strength) program.
Variables related to cardiometabolic diseases will be evaluated, i.e., cardiovascular, mental health,
and cognitive variables and biochemical markers.

All exercise programs will be conducted at the Piscina Muncipal da Sertã, two times a week
(non-consecutive days), with 45-min sessions. All variables related to cardiometabolic diseases will be
evaluated at two specific assessment moments: M1, before implementation of the physical exercise
programs (baseline) and M2, after the conclusion of the 28 weeks aquatic-based physical exercise
programs (post-intervention).

Each evaluation will be divided into three phases: Phase 1—Anthropometry evaluation,
physical functions, cognitive and mental health levels; Phase 2—Evaluation of carotid arteries’
intima-media thickness and heart rate variability; and Phase 3—Evaluation of biochemical markers.

The blood collection for biochemical analysis will be conducted by a specialized and certified
lab. The measurement of the carotid arteries intima-media thickness will be conducted by a specialist
in the area of cardiology. All the remaining data will be collected and organized by the research
team members.

2.2. Participants

The participants were recruited in the central area of Portugal, more specifically in the region
of Sertã. The sample was recruited by the non-probabilistic method for convenience. One hundred
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and fifty individuals from the community were personally invited, but only 102 agreed to participate
in the study (mean age of 72.32 ± 5.2 and BMI 29.47 ± 4.85). Participants will be selected according
to the following inclusion criteria: individual of both genders; age equal to or above 65 years
of age; non-institutionalized individuals; they give permission to be part of the study and if the
participant presents with a clinical condition or comorbidity, it must be stable and enable participation
in aquatic-based exercises classes as approved by local medical staff. The exclusion criteria are:
individuals less than 65 years of age; individuals with medical diagnosed pathologies that jeopardize
their health while preforming aquatic based exercises, participants that attend less than 50% of all the
sessions and participants who cannot complete all of the proposed tests.

The participants will be distributed randomly into different exercise groups based on their
registration for one of the schedules offered for the hydro-gymnastics sessions. There will be three
distinct schedules (9.00, 9.50 and 10.40), with the constraint being that the participants must attend
the same schedule for the whole year. The 9.00 session includes the continuous aerobic program,
the 9.50 session includes the interval aerobic program, and the 10.40 session includes the combined
exercise program. This information will not be provided to participants before they register for the
sessions so it will not be possible to establish any association between the schedule and the different
exercises programs. Such information will be communicated later in the study. The control group will
be randomly recruited from the community and will include those individuals that have not been
involved in any kind of physical exercise during the last year.

Before each assessment moment, participants will be taken to a testing room, where the assessment
tests will be performed. The room will be large and isolated, and the temperature will be controlled,
and each assessment stages should be organized to provide maximum comfort and privacy to the
participants during the tests. The research team will give the participants information about the tests
they will perform for data collection, explain the purpose of each test, and explain the order and
duration of the tests. Participants will be able to question researchers about any doubts that they may
have regarding the tests and any possible consequences. During the assessment, participants may
pause the evaluation and continue on another day if they feel very fatigued or if they are not able to
complete all the tests at that time. In this situation, a new date will be scheduled to continue the tests.

2.3. Protocols

The percentage of adherence to the physical exercise programs, for each program, will be calculated
considering the total attended sessions: (S× 100)/T, where “S” indicates the number of sessions that have
been attended by the participant during the study and “T” indicates the total number (56) of physical
exercise sessions. The participants’ attendance will be recorded in a database. If a participant has two
consecutive absences, they will be contacted and given motivational reinforcement to incentivize them
to resume their physical exercise sessions.

During the study period, all adverse effects or health problems attributed to the physical exercise
sessions or evaluation tests will be reported. Parameters such as muscle pain, excessive fatigue and
general pain will also be reported and inserted in a database. Exercise technicians and researchers will
be responsible for data collection as well as for gathering and communicating all relevant data.

Three physical exercise programs will be conducted for a time period of 28 weeks, two times
per week (non-consecutive days) and have the following common characteristics: all sessions will
have a duration of 45 min, taking into account previous studies [10] that suggest sessions of this
duration seem to be sufficient to provide changes in several parameters in the elderly population;
they will be aquatic-based (the water level will be between 0.80 and 1.20 m with a temperature
of approximately 32 ◦C); and they will be conducted to the rhythm of music (bpm) that can be
adjusted to achieve the target HR. Sessions are divided into three parts: the initial part, main part
and final part, with common exercises in the initial and final part of the three programs. The initial
part or warm-up has a duration of 10 min and the purpose is to assist participants to adapt to the
water environment, more specifically, for participants’ to acclimatize and prepare for muscular and
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metabolic stimulation. Simple aquatic-based exercises will be conducted, e.g., displacement and
isolated movements. The exercises increase in complexity and intensity during this initial phase.
The final part has a duration of 5 min. This part will be divided into two phases: return to calm
(relaxation) where relaxing exercises are conducted with the purpose of returning the participants’
heart rate (HR) value to a resting level. The second phase is composed of stretching routines that
stretch the most exercised muscle groups stimulated in the main part of the session and reduce the level
of lactic acid and the occurrence of post-exercise pain. The main part is different in the three physical
exercise programs and their characteristics are described in Table 1. All physical exercise programs will
be planned and implemented according to the recommendations of the American College of Sports
Medicine [19] and conducted by specialized physical exercise technicians (with a degree in sports
science) with specialization in hydro-gymnastics (instructor course—level 1).

Table 1. Characteristics of the three physical exercise programs applied for 28 weeks (continuous
aerobic, interval aerobic and combined).

Program Description Intensity
(Week 1–13)

Intensity
(Week 14–28) Exercises

Continuous
Aerobic

30 min exercise aerobic
(moderate intensity) 60–65% maximum HR 65–70% maximum HR

Basic hydro-gymnastics
exercise, with some variations:
running, bounce, kicking,
pendulum jumping, skiing,
twister and horse.

Interval Aerobic

10 min exercise aerobic
(moderate intensity) 60–65% maximum HR 65–70% maximum HR Basic hydro-gymnastics

exercise, with some variations:
running, bounce, kicking,
pendulum jumping, skiing,
twister and horse.

5 min exercise aerobic
(high intensity) 70–75% maximum HR 75–80% maximum HR

10 min exercise aerobic
(moderate intensity) 60–65% maximum HR 65–70% maximum HR

5 min exercise aerobic
(high intensity) 70–75% maximum HR 75–80% maximum HR

Combined
15 min exercise aerobic
(moderate intensity) 60–65% maximum HR 65–70% maximum HR

Basic hydro-gymnastics
exercise, with some variations:
running, bounce, kicking,
pendulum jumping, skiing,
twister and horse.

15 min muscular
strengthening exercises 2 steps 12 repetitions 3 steps 16 repetitions

Exercises with auxiliary
equipment (dumbbells,
pool noodles, etc.):
elbow extension/flexion;
shoulder extension/flexion;
shoulder abduction/adduction;
hip abduction/adduction; hip
flexion/extension; knee
flexion/extension; dorsal and
plantar flexion of the ankle.

HR monitors (Polar V800) will be used on the participants during all sessions of the different
physical exercise program. The intensity of each exercise program will be monitored using the data
provided by the Polar V800 and adjusted accordingly. As a precaution and safety measure, the intensity
will be indirectly calculated using the following equation [20]:

Target HR = ((Maximum HR−Resting HR) % intensity) + Resting HR (1)

Maximum HR is calculated with the following equation for senior populations [21]:

Maximum HR = 207− (0.7× age) (2)

The control group consists of non-institutionalized individual participants who have not partaken
in any physical exercise during the preceding year. These participants will be encouraged to conduct
their daily activities as usual, except for the data collection (M1 and M2) organized by the researchers.
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2.4. Instruments

2.4.1. Individual Characterization

In the first assessment moment (M1), all participants will fill in a clinical survey to help with
the clinical characterization of each participant. This document includes the following information:
civil status, regular medication, infections, allergies, diseases, annual doctor consultations, average hours
of daily sleep, supplement use, latest blood panel, information on dietary habits, smoking habits and
drug use.

2.4.2. Environmental Characteristics

The physical exercise programs are aquatic-based, and will take place in water at temperatures
that follow regional health guidelines (30–32 degrees Celsius) in the swimming pool complex of
Piscina Municipal da Sertã (indoor pool), Portugal. During the study, daily monitoring of parameters
such as the pool water temperature, free chlorine, combined chlorine, pH, relative humidity and pier
external temperature will be conducted and the results will be inserted in a database by two facility
staff members. An external certified company will conduct a bi-weekly analysis of the following
parameters: pH, conductivity, free chlorine, total chlorine, temperature and, bacteriological tests
(total germs, total coliforms, Escherichia coli, fecal enterococci, total staphylococci, coagulase-producing
staphylococci, and pseudomonas aeruginosa).

2.4.3. Anthropometry

Anthropometric measurements will be conducted by a certified investigator by FCDEF-UC.
The following parameters will be evaluated: (i) stature, using a portable stadiometer, Seca Bodymeter®

(model 208, Hamburg, Germany) with a precision of 0.1 cm; (ii) weight, body mass index (BMI), visceral fat,
percentage of fat and muscle mass using a portable scale from Seca® (model 770, Hamburg, Germany)
with 0.1 kg accuracy; and (iii) waist circumference, arms and legs using a retractable fiberglass tape
(model Hoechst mass-Rollfix®, Sulzbach, Germany) with an accuracy of 0.1 cm.

2.4.4. Physical Function

Physical function will be assessed using the Senior Fitness Test, developed and reviewed by Rikli
and Jones [22] and validated for the Portuguese population [23]. It is composed of the following
test items:

• Chair stand, assesses lower body strength and consists of the maximum number of full stands
that can be concluded in 30 s. Necessary equipment: chair and stopwatch.

• Arm curl, assesses upper body strength and consists of the maximum number of bicep curls that
can be completed in 30 s while holding a hand weight. Necessary equipment: 2.27 kg hand weight
for women and 3.63 kg for men, chair and stopwatch.

• 2-min step, assesses aerobic endurance and consists of maximum number of full steps completed
in 2 min, a full step is recorded when each knee reaches the point midway between the patella
(kneecap) and iliac crest (top hip bone). Necessary equipment: stopwatch, sticky-tape and ruler.

• Chair sit and reach, assesses lower body flexibility and is conducted from a sitting position
where one of the participant’s legs is extended while the other is flexed and where hands are
reaching towards the toes. This test is assessed in cm and is positive (+) if the extended fingers
pass the tip of the toes or negative (−) if the extended fingers do not pass the tip of the toes.
Necessary equipment: chair and ruler.

• Back scratch, assesses upper body flexibility and is conducted with one hand reaching over the
shoulder in the direction of the floor and the other hand up the middle of the back in the direction
of the head. This test is assessed in cm and is positive (+) if both hands overlap and is negative (−)
if overlapping does not occur. Necessary equipment: ruler.
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• Timed up and go, assesses agility and dynamic balance and is conducted from a starting sitting
position where the participant stands up and walks, as fast as possible, to and from a distance
2.44 m (marked by a cone). Necessary equipment: chair, cone and stopwatch.

• Hand grip, assesses hand grip strength and consists of asking the participant to grip a dynamometer
with maximum achievable force, the output value of the device is then registered. Necessary
equipment: Lafayette hydraulic manual dynamometer (model J00105).

2.4.5. Cognitive Function

Cognitive function will be assessed with the Portuguese version of the Mini Mental State
Examination (MMSE) [24]. The MMSE, evaluates the following cognitive areas: orientation, short term
memory, attention and calculation capacities, long term memory and language capabilities. The final
score has a maximum of 30 points, and scores below 24 can be used as an aid in the assessment of
dementia. The test will be used as an instrument to create a cognitive profile with the following
criterium [25]: severe cognitive impairment (scores between 1 and 9 points); moderate cognitive
impairment (scores between 10 and 18 points); mild impairment (score between 19 and 24 points),
normal cognitive profile (scores between 25 and 30 points).

2.4.6. Mental Health

Mental health will be assessed using the following scales and questionnaires validated for the
Portuguese population: the Rosenberg Self-Esteem Scale (RSES) [26]; Physical Self-Perception Profile
for Clinical Populations (CPSPP) [27]; World Health Organization Well-Being Index (WHO-5) [28];
Satisfaction With Life Scale (SWLS) [29]; EuroQol (EQ-5D) [30]; Geriatric Depression Scale (GDS) [31]
and; Perceived Stress Scale (PSS) [32].

• RSES, assesses global self-esteem and is composed of 10 items that are answered using a 4-point
Likert scale, the answers vary from “I totally agree” to “I totally disagree”. In items 1, 2, 4, 6 and 7
the score is reversed. Global self-esteem is represented by the summation of all individual scores,
providing a final score ranging from 10 to 40 points, where higher scores indicate higher self-esteem.

• CPSPP, is an instrument designed to provide a self-assessment summary of the physical
characteristics of elderly groups in clinical and rehabilitation settings. A scale is defined by six
subscales of three items that evaluate the following subdomains: functionality, physical health,
sports competence, physical attractiveness, physical strength and physical self-worth. Answers to
the items are displayed in an alternative structured format that is designed to eliminate
social desirability bias. The score can vary between 3 to 12, with higher scores representing
better performance.

• WHO-5, is an instrument that assesses psychological well-being. It is a self-administrated short
questionnaire composed of 5 items with positive words, these words are related to a positive
mood (good mood, relaxation), vitality (being active and waking up fresh and rested) and general
interests. Each item is classified on a 5-point Likert scale, ranging from 0 (not present) to 5
(constantly present). The scores are summed, with the final score ranging from 0 to 25 points.
The final score is then converted to a scale of 0 to 100 (by multiplying by 4), where higher scores
represent a higher level of well-being and better quality of life. A final score equal to or below 50
points represents poor well-being but does not necessarily mean depression. A final score equal
to or below 28 possibly indicates clinical depression.

• SWLS, assesses global cognitive parameters of life satisfaction. It is composed of 5 items with
a 7-point Likert scale. The answers indicate the level of agreement the participant feels with
each item. The final score ranges from 1 to 35 points, where higher final scores indicate higher
satisfaction with life.

• EQ-5D, is an instrument that assesses general health status. It consists of two parts: the EQ-5D
health descriptive system and the EQ visual analogue scale. The descriptive system consists of
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five dimensions (mobility, personal care, usual activities, pain/discomfort and anxiety/depression).
The participant is asked to indicate their health status by selecting the most appropriate options in
the five dimensions. The visual analogue is self-assessed and is conducted in a scale from the
lowest rate (0) “the worst health you can imagine” to the highest rate (100) “the best health you
can imagine”.

• GDS, assesses life satisfaction, interruptions in activities, annoyances, isolation, energy, joy and
memory problems. It consists of fifteen easy to understand questions and has a binary answer
system (0 or 1 point) for answers of “no” and “yes”, respectively. A participant who obtains a final
score between 0 and 5 points is considered healthy; scores between 6 and 10 points indicate signs of
mild to moderate depression; scores between 11 and 15 points indicate signs of severe depression.

• PSS, is an instrument to measure perceptions of stress. It is composed of 14 items, where 7 items
are considered as positive aspects while the rest are considered as negative aspects. The questions
are about feelings and thoughts during the last month. A point reversal is conducted on items 4, 5,
6, 7, 9, 10 and 13. The final score may vary between 14 and 70 points and a higher score indicates
higher stress levels.

2.4.7. Assessment of Carotid Arteries Intima-Media Thickness

The carotid arteries intima-media thickness assessment takes place with the participant lying
down in a dorsal position. Then, the following parameters are evaluated using a sphygmomanometer
from Riester (Model RI-championN®, Jungingen, Germany): heart rate (HR), systolic blood pressure
(SP) and diastolic blood pressure (DP). The intima-media thickness of the right and left carotid
arteries are measured with a Doppler two-dimensional ultrasound and are assessed with the AIRC
study protocol [33]. The following values are then recorded through a portable ultrasound from
General Electric® (VIDe, Vancouver, Canada) with probe linear 11 L: Intima-media thickness (IMT);
systolic diameter (SD), diastolic diameter (DD), peak systolic velocity (PSV) and end-diastolic
velocity (EDV).

2.4.8. Heart Rate Variability (HRV) Measurement

HRV will be assessed according to the procedures of Abad et al. [34] using Polar V800 heart rate
monitors. Participants will place the sensor, which is synchronized with the V800 clock, on their chest
beneath their pectoral muscles. Then, the participants will be asked to lie down in a dorsal position,
in silence, with open eyes and with a calm respiration. The test will have a duration of 10 min in a
calm, silent and low-light environment. After the conclusion of the test, HRV measurement data are
downloaded from the Polar Flow Web Service.

2.4.9. Biochemical Markers

Blood samples will be drawn via venipuncture from fasting participants. For each participant a total
of 18.5 mL of blood will be drawn. Of the 18.5 mL, 3.5 mL will be used by the clinic to assess lipid panel
values (HDL, LDL, glucose, triglycerides). The remaining 15 mL, processed by the college laboratory,
will be divided into three tubes: two serum separator tubes and one ethylenediaminetetraacetic acid
(EDTA) tube. Once the test tubes arrive at the university laboratory a complete blood count (CBC) will
be conducted using an automatic hematology analyzer Coulter Act Diff, Beckman Coulter, USA. Next,
the test tubes are centrifuged for10 min at 3500× g rotations per minute and stored in cryogenic test
tubes. Levels of HbA1C, IL-1, IL-1ra, IL-6, IL-10, TNF-alpha, Adiponectin, Leptin, MIP-1alpha, MCP-1,
SOD, MMP-9, are subsequently analyzed with ELISA Invitrogen® CA kits (Bender MedSystems GmbH,
Vienna, Austria).
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2.5. Ethical Aspects

The researcher will be responsible for the data integrity and validity during the entire study.
All data collected will be confidential and used exclusively for scientific purposes. Anonymization
procedures will be conducted under the Data Protection Regulation of 25 May 2018. Data anonymization
will be implemented by attributing a code to each participant. Each participant will receive a unique
identification code that will correspond to their process; this code will be visually accessible with the use
of “code cards”. These “code cards” will be used by the participants during data collection. Once the
data collection is finalized the participants will be asked to destroy their “code cards”, thus finalizing
the anonymization process.

Data will be stored in an Excel Microsoft Office 2016 database. Access to this database will
be protected with a password and will be restricted to the main researcher responsible for the data
collection. Data backups will be carried out regularly by the main researcher.

Participation in this study is purely voluntary, with no reprisals for non-participation. All subjects
will be asked for their informed consent before they start participating in the study. The study will
be conducted in accordance with the Declaration of Helsinki, and the protocol was approved by the
Ethics Committee for Health of the Faculty of Sport Sciences and Physical Education of the University
of Coimbra (reference: CE/FCDEF-UC/00462019).

The results from this study will be disseminated through publication in various scientific journals.
The participants, if desired, will receive a copy of the main results and publications.

2.6. Statistical Analysis

The size and statistical power of the sample will be calculated using the G*Power software
application [35]. The following parameters will be considered: F test (ANOVA); effect size: 0.25;
α-level: 0.05; statistical power: 0.95; number of groups: 4; number of measures: 2 (pré and post
intervention); a 30% margin for possible losses and refusals. Therefore, the initial size of the total
sample was estimated at 76 participants.

The collected data will be subjected to descriptive statistical analysis where values such as
maximum, minimum, mean and standard deviation will be calculated for each variable in each
assessment moment. Afterwards, data normality will be tested by considering the response to three
conditions: z-values from Skewness and Kurtosis tests; p-value from Shapiro-Wilk test; and visual
inspection of generated histograms. Parametric data will be analyzed using the Student’s t-test for
independent samples to compare the groups and two paired samples to compare the different moments
(M1 and M2). Nonparametric data will be analyzed using the Mann–Whitney U test to compare the
groups and the Wilcoxon test to compare the different moments (M1 and M2). Statistical analysis will be
performed using the Statistical Package for the Social Sciences (SPSS) statistical software, version 25.0.
The level of significance used will be p ≤ 0.05.

3. Expected Results/Discussion

The main aim of this study is to assess the impact of different aquatic exercise programs
(a continuous aerobic program, aerobic interval program and combined program) on risk markers
of cardiometabolic diseases in older people. The study is guided by scientific-based evidence on the
practice of physical exercise in the elderly population [11,36].

The practice of regular physical exercise is considered as the optimum tool in the prevention
and treatment of various types of cardiometabolic diseases. Thus, it is important that research on
this topic continues; by doing so, new intervention methods can be identified and their efficacy
validated. The offer of aquatic physical exercise programs is highly successful among the elderly
because they transform physical exercise into something more pleasant and suitable for this particular
population. However, the high costs of maintaining aquatic environments and the additional difficulties
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associated with assessment methodologies and specific equipment needed to monitor exercise in
aquatic environments, means this topic not yet been sufficiently explored in the literature.

After completion of the data collection and analysis, the participants in the experimental groups
are expected to show positive developments with regard to the anthropometric level, physical function,
the intima-media thickness of the carotid arteries, heart rate variability, cognitive function, mental health
and a number of biochemical markers. It is also expected that statistically significant differences will
be found between the exercise groups for some of the variables. In the control group, no changes are
expected in the analyzed variables. It is believed that the expected results can be attributed to the
physical and physiological effects of the aquatic environment associated with the different proposed
exercise protocols. The results will be published after the study is completed.
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Abstract: Background: This field experiment investigated the acute effects of brief mindfulness-based
intervention (MBI) coupled with carbohydrate (CHO) intake on players’ recovery from half-time break
in a simulated soccer competition. Methods: In a single-blinded randomized crossover experiment,
14 male players received 3 treatments (Control: non-carbohydrate solution + travelling introduction
audio; CHO: CHO–electrolyte solution + travelling introduction audio; and CHO_M: CHO–electrolyte
solution + MBI) during simulated half-time breaks. Vertical jump, sprint performance, mindfulness
level, rate of perceived exertion, muscle pain, mental fatigue, blood glucose, and lactate were
measured immediately before, during, and after the exercise. Results: (1) MBI significantly increased
participants’ mindfulness level (Control vs. CHO_M, p < 0.01; CHO vs. CHO_M, p < 0.01) and
decreased mental fatigue for CHO_M condition (pre vs. post, p < 0.01); (2) participants in the CHO_M
condition performed better in the repeated sprint tests than in the Control and CHO condition
(Control vs. CHO_M, p = 0.02; CHO vs. CHO_M, p = 0.02). Conclusion: Findings of this study provide
preliminary evidence of the positive effect of MBI coupled with CHO ingestion on athletes’ recovery
from fatigue in the early stage of the second half of a game.

Keywords: recovery; team sport; fatigue

1. Introduction

The game of soccer involves high-intensity intermittent exercise that can cause physiological
and mental fatigue [1]. Physiological fatigue is generally defined as maximal voluntary muscle force
reduction caused by exercise, while mental fatigue refers to a psychobiological status involving feelings
of tiredness and lack of energy [1]. Laboratory-based research has demonstrated that both types
of fatigue could adversely affect athletic performance. For example, muscle damage, resulting in
physiological fatigue, impairs an athlete’s performance by increasing muscle pain and decreasing
muscle force [2]. Meanwhile, research has shown that mental fatigue causes altered attentional focus
and reduces the speed and preciseness of responses [3]. Thus, fast recovery from fatigue is crucial to
an athlete’s performance. In soccer, the half-time break has been regarded as a good opportunity to
recover from fatigue [4]. Therefore, it is necessary to investigate whether any strategies could facilitate
soccer players’ recovery from physiological and mental fatigue during that critical period.

Fluid intake in the form of common sports drinks is one of the most popular recovery strategies,
as it prevents excessive dehydration and provides various nutrients for recovery. Nutrients with fluids,
such as carbohydrate (CHO), have been found to be important for both anaerobic and aerobic energy
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systems [5]. Research suggests that CHO ingestion during a soccer match maintains the blood glucose
concentration and spares muscle glycogen, which may improve performance in soccer [6].

Although numerous studies have investigated the effects of fluid intake on recovery from
physiological fatigue, little attention has been paid to understand the recovery of mental fatigue.
Recently, the potential benefits of mindfulness have been researched widely by scholars in a diverse
number of fields, including psychology, education, healthcare, and sports (e.g., athletes’ sleep [7,8]
and burnout [9]). Mindfulness is defined as the awareness that emerges from paying attention
to objects on purpose and without judging the unfolding of experience moment by moment [10].
The mindfulness-based intervention (MBI) programs that typically last for 8–12 weeks have been shown
to reduce stress, anxiety, burnout, and pain [11]. In addition, brief MBI (i.e., 5–20 min/session) programs
have been found to reduce chronic pain or increase pain tolerance [12,13], benefit cardiovascular and
respiratory modulation [14], and help physiological relaxation responses [15].

To date, MBI has not been studied as a recovery tool in the context of sports competition.
Considering the effectiveness of MBI in improving psychological outcomes [12–17], it is highly possible
that MBI may provide beneficial effects in fatigue recovery after a 45 min soccer match. The present
study therefore investigated the effect of brief MBI as an adjunct to CHO fluid intake to reenergize
soccer players during half-time breaks. We hypothesized that the combination strategy would yield
the best effect on recovery when compared with the other two conditions, i.e., CHO fluid intake with
control audio and non-CHO fluid intake with control audio, respectively.

2. Materials and Methods

2.1. Participants

In total, 18 male soccer players were recruited, of which 14 completed the whole experiment
(age: 24.3 ± 3.7 year, height: 1.74 ± 0.05 cm, weight: 68.3 ± 5.1 kg, VO2max: 47.0 ± 4.4 mL/kg/min;
average training years: 2.5 years; drop-out rate: 22%). Participants reported no history of MBI
practice. The present research was approved by the University Human Research Ethics Committee
(Ref. no. 2018-2019-0221). All the participants gave their written consent prior to joining the experiment.

2.2. Experimental Protocol

A 3-treatment, single-blinded, randomized, crossover design was used [17]. All the participants
completed 1 pretrial and 3 main trials in 1 month. To prevent a carry-over effect and the effect of
individual differences in recovery, washout periods of at least 72 h were arranged [2]. On the trial
day, participants were refrained from ingesting any food or drink with caffeine, alcohol, or nicotine.
In addition, they had restrictions on performing heavy exercises on the day before the main trial.
For the main trials, participants were allocated to different small groups based on their maximal
oxygen consumption (VO2max), i.e., participants with similar VO2max were assigned to the same group.
Each participant was randomized to a sequence of three treatments (i.e., Control; CHO; CHO_M) by
using Excel (Microsoft, Redmond, WA, USA).

2.2.1. Pretrial

To estimate VO2max in the pretrial, the participants were instructed to finish a 20 m beep test
(starting at 8.0 km/h and increasing by 0.5 km/h for each one-minute stage) after a warm-up session [18].
The warm-up protocol involved running for five laps around the field (i.e., 600 m) with low to moderate
intensity, both static and dynamic stretching, 20 m of running at 55% VO2max, 20 m of running at 95%
VO2max, and vertical jump (as high as possible) for three times. Participants could change warm-up
intensity and time based on their personal habits, as long as it was finished within ten minutes.
After that, participants had their body height and weight measured, and a detailed demographic
information form completed. Furthermore, participants read the hard copy of the experimental
protocol of the main trial to familiarize themselves with the study procedures.
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2.2.2. Main Trial

The main trials were conducted during the daytime (i.e., 9:00 a.m.–5:30 p.m.). The average
temperature was 28.9 ± 5.2 ◦C and average air humidity was 75.7% ± 5.8%. Two hours before entering
the test field, participants were instructed to drink 500 mL of plain water to be normally hydrated [19].
Bladders were to be completely emptied before the main trials

The Loughborough Intermittent Shuttle Test [20] was selected, given that it is a reliable action
mode to simulate athletic performance in soccer matches. The protocol consists of six 15-min blocks of
exercise separated by 3-min rest periods. The exercises of each block include 10–12 cycles of different
activities (i.e., a 20-min walk, 20-min maximal sprint, 4-s standing rest, 20-min run at approximately
55% VO2max pace, and 20-min run at approximately 95% VO2max pace). In the main trials, participants
were instructed to finish the first 3 blocks of protocol to simulate the exercise intensity of the first half
of a soccer match, and to finish the Stroop test on screen during the interval of each block to simulate
the cognitive consumption of playing a soccer match. [21].

Participants’ blood samples in the pretest were collected after they arrived at the test field. Then they
were instructed to complete a 10-min warm-up following a standard protocol as described in pretrial.
Subsequently, the warm-up vertical jump, 20-m sprint, rating of perceived exertion (RPE), muscle pain,
and mental fatigue were measured. During the break between two blocks, participants were asked to
report their RPE level (i.e., second and third tests) and complete one Stroop test to induce mental fatigue.

After finishing the first 3 blocks of exercise protocol, all participants had a half-time break that
simulated the half-time break of a real soccer match. At the start of half-time, participants were asked
to report their RPE (i.e., fourth test), provide a blood sample (i.e., mid-test), and drink a beverage.
There were 2 different beverages (i.e., with and without CHO) contained in unmarked paper cups.
Then they were required to listen to a 6-min audio labelled with numbers followed by the report of
mindfulness level, muscle pain and mental fatigue. To avoid injury and maintain sport performance,
they were instructed to do a standardized warm-up for 3 min (i.e., 200 m running, dynamic stretches,
a 90% VO2max sprint for 50 m and 2 vertical jumps) before the posttest for vertical jump and sprint
performance. The processes of post tests were the same as those of the pretest except that the sprint
performance test was repeated 6 times with a 30-s interval. Finally, participants’ RPE (posttest) and
blood samples (i.e., posttest) were collected. The protocol is illustrated in Figure 1.

2.3. Treatment

In the half-time break, three different treatments (i.e., CHO, CHO_M, and Control, as defined
below) were applied.

Treatment CHO involved a CHO-electrolyte solution (Aquarius®, Coca-Cola Co., Hong Kong, China),
contained with 4.2 g CHO, 30 mg sodium, 7 mg potassium, 0.7 mg calcium, 1.1 mg magnesium, and
18 kca energy, 3 mL/kg of which was to be consumed by the participants in each trial [22]. In addition, the
researchers instructed them to listen to a 6-min travelling introduction, an audio recording of a Chinese
tourist attraction, without mindfulness content, as an active control.

Treatment CHO_M involved the same CHO-electrolyte solution as well as a 6-min MBI comprising
mindful breathing and body scanning.

The Control treatment involved the same electrolyte solution but without CHO and energy
(Aquarius Zero®, Coca-Cola Co., Hong Kong, China), with the same volume, time, and steps, as stated in
CHO treatment.
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Figure 1. Adopted from the Loughborough Intermittent Shuttle Test.

2.4. Measurements

2.4.1. Heart Rate

The researchers recorded the heart rate (HR) during the half-time using an HR monitor (Polar H10,
Polar Electro Oy, Kempele, Finland) and an iPad (2018 version, Apple Inc., Cupertino, CA, USA).

2.4.2. Blood Samples

Blood glucose was measured using a portable glucose analyzer (Accu-Chek Performa Nano,
Roche, Germany). Blood lactate was assessed using a handheld portable lactate analyzer (Lactate Plus,
Nova Biomedical, Waltham, MA, USA).

2.4.3. Vertical Jump

Vertical jump performance (i.e., jump height, flight time, velocity, force, and power) was assessed
through the application “My Jump II” on the iPad (2018 version, Apple Inc., Cupertino, CA, USA).
Jump height is determined by the app using the equation h = t2 × 1.22625, described by Bosco et al.,
where h stands for the jump height and t for flight time [23]. All collections were made with the same
iPad and by the same researcher with no professional experience in video analysis. The researcher was
always recording from the same position and with the same distance from the participants (i.e., 1.5 m).
The validity and reliability of the application has previously been proven [24].

2.4.4. Sprint Performance

The 20-m sprint performance was measured using the Kinematic Measurement System ((KMS)
Innervation, Perth, Australia), a visible red-light system modulated by a single beam with 2 sets of
gates and polarizing filters. The time between the points when the participants passed through the
first and second gates was recorded as the sprint performance.
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2.4.5. Mindfulness State

Similar to other studies [17], the researchers asked the participants to answer 2 statements (“I felt
in touch with my body” and “I focused on my breathing”) as a manipulation check of mindfulness
induction immediately after completing the treatments. A 7-point Likert scale, ranging from 0
(very slightly or not at all) to 6 (extremely), was used for responses. A higher mindfulness score by
averaging the two responses indicated a higher mindfulness level.

2.4.6. Muscle Pain

Levels of muscle pain were evaluated by a pain intensity scale ranging from 0 (no pain at all) to 10
(extremely unbearable), as used in previous research [25].

2.4.7. Perceived Exertion

The RPE was assessed using the Borg 15-point RPE scale [26], ranging from 6 (very light) to 20
(extremely unbearable).

2.5. Statistical Analysis

A normality test was assessed for all variables. ANOVAs were performed, as the F-test remains a
valid statistical procedure under non-normality in a variety of conditions [27,28]. A two-way repeated
measures analysis of variance (ANOVA) was used to detect the main and interactive effects of treatments
(i.e., Control, CHO, and CHO_M) and time (i.e., pretest and posttest) on participants’ performance
(i.e., vertical jump, sprint performance, RPE level, blood glucose and lactate, muscle pain, and mental
fatigue). A one-way repeated ANOVA was used to test the difference of mindfulness state among
three groups. For variables that adopted multiple posttests (i.e., sprint), the difference between pretest
and each posttest was computed for further analysis. If a significant effect was observed, post hoc
tests with Bonferroni correction were conducted. The significance level was set at α = 0.05, and effect
size was referred to by ŋ2 (partial eta squared). The analyses were conducted in SPSS 25.0 (SPSS, Inc.,
Chicago, IL, USA).

3. Results

3.1. Vertical Jump

Table 1 presents the mean (M) and standard deviation (SD) of five indices of vertical jump
(i.e., height, flight time, velocity, force, and power). The five indices did not exhibit any interactive and
treatment effects. Three indices exhibited significant time differences, with the values of pretest being
higher than those of posttest (p < 0.01, partial ŋ2 = 0.65 for flight time; p < 0.01, partial ŋ2 = 0.65 for
velocity; and p < 0.01, partial ŋ2 = 0.67 for height).

Table 1. The performance of five dimensions for vertical jump between pre and post-test (M ± SD).

Variable
Pre Post

Control CHO CHO_M Control CHO CHO_M

Height (cm) 42.92 42.08 43.27 39.45 40.32 41.84
(6.93) (8.10) (8.08) (7.48) (8.15) (8.28)

Flight time (ms) 589.93 583.43 591.71 564.86 570.93 581.64
(46.81) (55.51) (54.41) (53.42) (56.72) (56.68)

Velocity (m/s) 1.45 1.43 1.45 1.39 1.40 1.43
(0.11) (0.14) (0.13) (0.13) (0.14) (0.14)

Force (N) 1308.92 1365.90 1360.36 1294.10 1376.68 1356.29
(139.02) (232.93) (179.85) (188.70) (213.91) (177.09)

Power (W) 1905.58 1976.70 1988.99 1809.15 1945.52 1941.32
(337.06) (500.84) (405.81) (396.63) (454.65) (413.26)
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3.2. Sprint Performance

3.2.1. Sprint Performance—Difference between Pretest and Each of the Posttests

Table 2 presents the difference of sprint performance between pretest and each of six posttests.
A significant interactive effect (p = 0.02, partial ŋ2 = 0.20) and treatment effect (p = 0.01, partial ŋ2 = 0.30)
was observed. Post hoc analysis revealed that the CHO_M group performed better than the CHO
(p = 0.02) and Control groups (p = 0.02) in post repeated sprint tests. No group differences were
detected between CHO and Control groups (p = 1.00) (Table 2).

Table 2. The sprint performance—difference between pretest and each of the posttests (M ± SD).

Post

1 2 3 4 5 6

Control 0.10 (0.20) 0.10 (0.26) 0.15 (0.16) 0.19 (0.24) 0.48 (0.14) 0.11 (0.12)
CHO 0.15 (0.20) 0.15 (0.22) 0.13 (0.14) 0.10 (0.17) 0.85 (0.12) 0.07 (0.15)

CHO_M a,b 0.14 (0.19) 0.06 (0.23) 0.16 (0.15) 0.05 (0.19) 0.07 (0.12) −0.01 (0.15)
a p < 0.05, CHO_M vs. Control; b p < 0.05, CHO_M vs. CHO.

3.2.2. Sprint Performance—Pretest and First Posttest

No significant interaction effect on sprint performance (p = 0.12, partial ŋ2 = 0.30) was found.
There was no significant treatment effect on sprint performance (p = 0.60, partial ŋ2 = 0.08), but time had
a significant main effect (p < 0.01, partial ŋ2 = 0.50). Post hoc analysis revealed that sprint performance
in the pretest (M = 3.32, SD = 0.03) was significantly better than that in the first posttest (M = 3.42,
SD = 0.05; p < 0.01).

3.3. Mindfulness State

The mindfulness state of the three groups showed significant differences (p < 0.01, partial η2 = 0.97).
The post hoc tests showed that participants in the CHO_M group had significantly higher mindfulness levels
(M = 5.32; SD = 0.15) than those in the Control (M = 2.11; SD = 0.19; p < 0.01) and CHO groups (M = 2.43;
SD = 0.27; p < 0.01). However, the Control and CHO groups showed no significant difference (p = 1.00).

3.4. Blood Glucose and Lactate

The interaction effect was not statistically significant in terms of blood glucose (p = 0.60,
partial ŋ2 = 0.22). The treatment had no significant effect (p = 0.86, partial ŋ2 = 0.03), but there
was significant time effect on blood glucose (p < 0.01, partial ŋ2 = 0.60). Post hoc analysis revealed
that the mid-test glucose level (M = 6.61, SD = 0.21) was significantly higher than that of the posttest
(M = 5.74, SD = 0.11; p < 0.01).

For lactate, there was no interactive effect (p = 0.31, partial ŋ2 = 0.09). A significant main effect was
revealed in terms of time (p < 0.01, partial ŋ2 = 0.96) but not on treatment (p = 0.15, partial ŋ2 = 0.27).
The post hoc test showed that the mid-test lactate level (M = 6.06, SD = 0.33) was significantly higher
than that of the pretest (M = 1.58, SD = 0.16; p < 0.01) and posttest (M = 5.82, SD = 0.29; p < 0.01).
Moreover, the posttest lactate level was higher than that of the pretest (p < 0.01).

3.5. Muscle Pain and Mental Fatigue

The interaction effect between treatment and time was not statistically significant in terms of muscle
pain (p = 0.29, partial ŋ2 = 0.19). There was no significant treatment effect (p = 0.51, partial ŋ2 = 0.11),
but time had a significant main effect (p < 0.01, partial ŋ2 = 0.89). Post hoc analysis revealed that
the muscle pain in the pretest (M = 1.93, SD = 0.24) was significantly lower than that in the posttest
(M = 4.76, SD = 0.26; p < 0.01).
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Regarding mental fatigue, a significant interactive effect was observed (p < 0.01, partial ŋ2 = 0.65). Post hoc
analysis showed that there was a significant treatment effect in posttest (Control vs. CHO vs. CHO_M:
52.14 ± 7.43 vs. 67.14 ± 4.25 vs. 28.57 ± 6.10; p = 0.23 for Control vs. CHO; p = 0.05 for
CHO vs. CHO_M and p < 0.01 for Control vs. CHO_M). A significant within group difference
was also observed in both CHO (pre vs. post: 47.86 ± 23.92 vs. 67.14 ± 15.90, p < 0.01) and
CHO_M groups (pre vs. post: 59.29 ± 15.92 vs. 28.57 ± 22.82, p < 0.01) but not in the control group
(pre vs. post: 55.00 ± 14.01 vs. 52.14 ± 27.78, p = 0.68) (Figure 2).
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3.6. Rate of Perceived Exertion

The interaction was not significant (p = 0.44, partial ŋ2 = 0.07). No significant treatment effect
was detected (p = 0.77, partial ŋ2 = 0.04), but the main effect of time was significant (p < 0.01,
partial ŋ2 = 0.95). According to the post hoc analysis, the pretest scores (M = 8.33, SD = 0.42) were
significantly lower than other following scores. Scores of the third (M = 18.69, SD = 0.41) and fourth
tests (M = 19.31, SD = 0.23) were the two highest, followed by the second (M = 16.244, SD = 0.41) and
posttest (M = 16.17, SD = 0.27). No difference was found between the third and mid-tests and between
the second and posttest.

3.7. Heart Rate

Results indicated that no interactive effect was detected (p = 0.26, partial ŋ2 = 0.09). There was
no significant treatment effect (p = 0.24, partial ŋ2 = 0.20), but a significant time effect (p < 0.01,
partial ŋ2 = 0.73). Post hoc analysis showed that participants’ heartrate decreased significantly during
the intervention period (pre vs. post: M = 129.14, SD = 11.27; M = 115.19, SD = 11.71, p < 0.01).

4. Discussion

To our knowledge, this study is the first field trial that investigated the application of brief MBI
coupled with CHO on soccer players’ recovery during a half-time break. Applying brief MBI coupled
with CHO ingestion during half-time breaks was found to significantly increase athletes’ mindfulness
levels and decrease athletes’ mental fatigue. In addition, compared with the participants in Control
and CHO groups, participants in the CHO_M performed better in the repeated sprint tests but not in
single measures (e.g., vertical jump, pretest, and first posttest in sprint performance).

As hypothesized, participants who received brief MBI coupled with CHO during the half-time
break performed better in some facets when compared with those who received other treatments
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(e.g., sprint performance). Brief MBI was also helpful for recovery from mental fatigue. As previous
literature has demonstrated that both acceptant mood and relaxing breath positively affect the brain,
the capacity of mindfulness to improve acceptance and relaxation can affect the biological system that
regulates the generation of mental fatigue [29]. With regard to our observations about mental fatigue,
three potential mechanisms were raised. First, as Smith [30] pointed out in a review study, the causation
of mental fatigue during a soccer games is influenced by the anterior cingulate cortex (i.e., it increases
adenosine and decreases dopamine). Given that previous studies have demonstrated stronger
subgenual and adjacent ventral anterior cingulate cortex activity, which controls parasympathetic
activity, in the MBI condition through imaging data [31], it is possible to restore mental fatigue through
MBI. Second, MBI has been proven to improve respiratory sinus arrhythmia [32], a variation of heart
rate in synchrony with respiration [33] that increases in the resting state and decreases in conditions
of stress or tension. Therefore, possibly, the increase of respiratory sinus arrhythmia is closer to the
resting state and thus relieves mental fatigue. Third, respiratory sinus arrhythmia is a valid and reliable
biomarker of emotional regulation capacity in humans, and has been frequently used as a noninvasive
method for investigating cardiac vagal tone [34,35]. In addition, mindfulness is beneficial to the
prefrontal cortex, which can modulate brain activities in multiple emotion-processing systems [36].
Therefore, mindfulness has potential effects on emotional regulation and mental fatigue.

One explanation for the observed improvement in repetitive sprinting is that, in general,
the sympathetic nervous system (SNS) and parasympathetic nervous system (PNS) are in equilibrium in
the rest state. During exercise, increased levels of SNS activity upsets the balance, leading to biological
changes such as pupil dilation, faster heart beats, atelectasis, and blood pressure elevation [37].
After receiving the acceptance hint (i.e., MBI), the activity levels of the PNS are induced, thus promoting
the “rest and digest” response that calms the body down [16]. Another reason for the observed
improvement in repeated sprinting is that it might be affected by cerebral oxygenation, which is related
to the prefrontal cortex [38]. Previous fMRI studies have determined that MBI regulates the activity
of the prefrontal cortex [36]. Therefore, we observed an increase in repeated sprinting performance.
For vertical jump, three of the five indices exhibited significant pre–post differences, while the other two
did not. This is not very surprising, as a previous review study has indicated that compared with other
indices, power should be reported with caution [39]. Additionally, one possible explanation is that
after half time break, athletes’ power and force recovered relatively faster than the other three indices.

Although some previous studies have confirmed the immediate effect of MBI on releasing pathological
pain [13], the same results were not observed in the present research. Probably, short-term mindfulness
training for acute pain is not always effective [40]. This is because the mechanisms that cause pathological
pain and those that cause exercise-induced muscle pain are different from each other [41,42]. As the
improved immune system is probably the mediator between MBI and pathological pain [11], such a link
may be absent in sports-related muscle damage. Another potential reason might be that there was no
effect of mindfulness on adjusting endorphin levels, which can cause muscle pain [43].

Further, although previous studies have asserted that MBI positively affects HR recovery by
improving cardiac efficiency [14], no statistically significant group difference was observed in our
research. This is probably due to participants in this study being beginners in the use of mindfulness
techniques. Another possible reason is that the period of receiving MBI in this study was also the
period of a transition from high-intensity exercise to a relaxed state. Therefore, the heart rate changes
due to the difference of activity state may buffer the change caused by MBI. Further research on this
phenomenon is necessary.

No statistically significant influence was observed on the values of blood glucose and lactate
between the Control, CHO, and CHO_M groups. This result is consistent with previous studies in
which both ingestion of a CHO beverage before and during a competition had no effect on participants’
blood glucose [44]. A possible explanation is that respiratory sinus arrhythmia may have evolved to
save energy for both cardiac and respiratory systems by suppressing unnecessary heartbeats during
exhalation and ineffective ventilation during the ebb of perfusion (delivery of blood from arteries to
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capillaries for oxygenation and nutrition) [33,45]. Therefore, MBI practice may delay the effect of CHO
digestion and glucose absorption at the capillaries during the test.

Our findings also indicate that the ingestion of CHO during a half-time break may have both
positive and negative effects on the initial stage of second-half performance. Although previous
review studies have reported that the ingestion of CHO in prolonged exercise can enhance athletes’
performance and maintain their endurance [6], this study found CHO to have a significant negative
effect on mental fatigue. This is in line with a previous meta-analysis that concluded that CHO ingestion
does not have a beneficial effect on mood and may increase fatigue within 30 min post-consumption [46].
In reference to the mentioned results, MBI seems to have the effect of buffering the negative influence
of CHO. This point also requires further investigation.

The results of our study have practical implications. It has been confirmed that MBI can be used
during half-time breaks of soccer games. Although mindfulness resulted in a significant increase in RSA
compared with a relaxation strategy in a nonathletic- or nonexercise-population [32], considering that
half-time is short and important, MBI’s superiority to other mainstream psychological interventions
(e.g., self-talk, goal setting, imagery) needs to be further investigated. The current study was a field
test that could simulate exercise intensity but not athletes’ moods during the game. Future studies
should be conducted in real games.

This study has several limitations. First, although the current trial simulated the exercise intensity
of half of a soccer match, the atmosphere of competition was not simulated. As previous studies have
suggested, athletes’ moods could affect their performance [47], and it is possible that the atmosphere
of real competition may affect the physiological and psychological measurements in the current study.
Future studies may consider conducting trials in a real soccer competition. Second, although ingesting
CHO is a convenient and common recovery strategy during the half-time break, no control group with
MBI alone was involved in the current study. Future research may consider investigating the unique
effect of brief MBI alone on soccer players.

5. Conclusions

In conclusion, our field experiment provides preliminary evidence of the positive effects of brief
MBI coupled with ingestion of CHO on athletes’ recovery from fatigue in the initial stage of the second
half of a game.
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Abstract: Sport science research has done little to elaborate on the cognitive factors that turn a
collection of individual players into a coordinated elite team. The purpose of this paper is to clarify if
the players and coach of an elite soccer team express shared situational awareness. Ten players and
one coach were exposed to twelve video pictures from a previous soccer match, and their statements
for each picture were recorded and analyzed using a qualitative approach. Two of five game situations
were with ball possession and three out of seven were without ball possession; the player statements
are contradictory, with a high threat for inadequate coordination. In seven of the twelve game
situations, the players’ statements coincided and expressed a shared situational awareness, with good
opportunities for adequate defensive and offensive coordination. In two of the game situations,
there was a high threat for inadequate coordination. There was consensus among 9 out of 10 players,
but the player with the divergent statement was central in the situation. The procedure followed in
the study could be used to elucidate if a team has shared situational awareness and clarify in which
situations there exists discrepancies and data that can be used to improve team coordination on and
off the field.

Keywords: team performance; coordination; situational assessment; qualitative interview

1. Introduction

Soccer teams can be described as action teams, where performance is characterized by rapid,
complex, and coordinated task behavior [1], and where the team dynamically adapts proactively and
reactively to the environments within which they operate [2]. The players’ actions create a continuous
stream of playing situations, where the effect of an action depends on the actions of other actors.
Coordination between team members becomes therefore critical, considering how the team as an entity
dynamically solves defensive and offensive tasks, where different team members primarily undertake
different tasks [3]. Hence, team cognitive properties were considered by several authors to be a
team performance prerequisite [4,5]. Therefore, elite soccer players must acquire team competencies
that include requisite knowledge, principles, and concepts underlying the team’s performance [6].
Collective guidelines of the players’ perception, what Collins and Collins [7] refer to as the master
plan of the coach, are task-solving cursors that can be conceptualized as a shared mental model
(SMM). Cannon-Bowers, Salas, and Converse [8] describe the SMM as knowledge structures held by
members of a team that enable them to form accurate explanations and expectations of the task by
coordinating their actions and adapting their behavior to the demands of the task and other team
members. In basketball, Phil Jackson, the legendary coach of the Chicago Bulls and Los Angeles Lakers,
has an offensive system named “the triangle”, which can be considered as a shared mental model of
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task sharing. Jackson describes the “triangle” as “five-man tai chi”, because it involves the players
moving together in response to the way the defense players position themselves [9]. In other words,
the shared knowledge makes it possible for the players to move together in unison so they can take
advantage of openings the other team’s defense offers. The purpose of the SMM is to permit team
members to draw their own structured knowledge as a source for choosing actions that are consistent
and coordinated with those of their teammates, and as the level of task interdependence increases,
teams rely more on team member coordination as a central process for effective functioning [10].

Shared cognitions have primarily been studied outside of sports, and a review of the literature
has shown that there is a strong, positive relationship between team cognition and behavioral process,
motivational state, and performance in military, educational, medicine, industrial, and high-tech
settings [11]. In the last two decades, there has been emerging interest in sport science, and the SMM has
been explored in collegiate basketball teams [12], soccer teams [13,14], rugby officials [15], ice hockey,
and handball teams [16,17]. Research shows further that a lack of shared knowledge could lead to
weak coordination and reduce the team’s ability to adapt to changing environmental demands [8],
and teams experiencing communication breakdown are more likely to experience difficulties with
coordination [18]. In an elite team sport setting, Apitzsch [19] showed that two out of five major factors
that lead to a collective collapse in handball were failure of the role system and negative communication
within the team. Reimer, Park, and Hinsz [20] propose that assigning players to particular roles should
enhance coordination and team performance, because the ambiguity concerning who is doing what is
reduced. Giske and colleagues [17] underpinned this assumption when they demonstrated a strong
positive relationship between role clarity and the SMM in elite team handball and ice hockey. Moreover,
an understanding of what to do and when to do it are a precursor to a mental model of task sharing.

To date, SMM research on interactional team sports has shown that shared knowledge among
players could probably promote better understanding of players’ synchronized actions during the
game. Salas, Stout, and Cannon-Bowers [21] suggest that there is a positive relationship between shared
knowledge and team situational awareness, and propose that information that is shared in strategic
models allows members to have common explanations of the meaning of the task cues, as well as make
compatible assessments of the situation and form common expectations. Endsley [22] simply states
that individual situational awareness is knowing what is going on around the individual, whereas
Wellens [23] expands the definition to group situational awareness, defining it as “the sharing of a
common perspective between two or more individuals regarding current environmental events, their
meaning and projected future status” (p. 272). In other words, what to do and when to do it in unison
in interactional team sports presuppose shared situational awareness. In sports, however, Eccles and
Tenenbaum [5] develop a “flower” model illustrating knowledge unique to each team member
and general and specific knowledge shared by multiple team members. Bourbousson, R’Kiouak,
and Eccles [24] adapt and refine this model to cover situational awareness, and suggest that team
members’ connections are numerous and local, indicating that dyadic or triadic arrangements of players
are well-connected, where one player heeds the other’s actions. In a team setting, common interpretation
of cues or overlap of each member’s individual level of situational awareness allow for action that is both
accurate and expected by teammates [21,22,25]. On the other hand, insufficient shared awareness could
lead to weak coordination, and reduce the team’s ability to adapt to changing environmental demands.
It was further suggested that repeated experience in an environment allows one to develop expectations
about future events, and introduces immediate pattern-matching mechanisms as fundamental for
developing situational awareness [22]. Klein [26] claims that once a situation is assessed, the appropriate
course of action will usually be apparent without deliberation, indicating that assessing a situation
and retrieving information on how to deal with it are part of the same process, something known as
recognition-primed decision-making. In line with this idea, Eccles and Tran [27] suggest that practice
sessions and games in sports provide opportunities for team members to acquire situational probability
related to their own team and individual teammates.
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To our knowledge, few studies have been empirically concerned about the players’ shared
situational awareness, which in SMM theory is considered essential to establish synchronized team
behavior. Bourbousson, Poizat, Saury, and Sève [28] interviewed five basketball players when they
viewed a videotape of a previous 10 min real match. The results from the post-match interviews show
that the same typical concerns were relatively rare, but partial sharedness occurred more frequently and
the same typical concern was evoked when they all recognized the same situation type. Bourbousson,
Kiouak, and Eccles [24] revealed in a similar basketball research design using a social network analysis
that team members had a low level of awareness of their teammates, and that one team member in
each team often heeded or was heeded by his teammate, indicating that some players appear more
important in coordinating the team. Therefore, several authors argue that descriptive and empirical
studies are needed to improve our understanding of how team sports function [4,29,30]. However,
most of the research on SMMs has been non-empirical [5,20,31], or done by questionnaires [16,17] and
interviews [13]. Previous post-performance interviews with video exposure are primarily conducted in
youth basketball [24,28]. Therefore, the purpose of the present study is to gain insight into the shared
situational awareness of a professional soccer team and their coach by exposing them to a video from a
real match where all participant players were in the line-up.

2. Materials and Methods

2.1. Research Design

Yin [32] argues that the case study is an especially appropriate research strategy if the researcher
wants to understand a phenomenon in depth and within its real context. Investigating a professional
soccer team can be considered an extreme case, which is a research strategy that generally follows
an idiographic approach [33], and often reveals more information and more basic mechanisms in
situation studies [34]. Classical case studies usually focus on an individual person as the case, but the
research methodology is also applicable to small groups [32]. The research design is exploratory,
and two types of data were gathered: (a) video recordings of the team performance of a real match,
and (b) verbalizations during post-performance interviews. Cook and colleagues [35] recommend
process tracing techniques, which are methods for collecting data concurrently with task performance,
as an approach to gather data about knowledge underlying task performance. Thinking aloud during
performance was considered as a methodology for gathering process data, but it strongly interferes
with the players’ task completion. Direct access to process data that reveal something about knowledge
heterogeneity in an elite soccer team is therefore challenging, indicating that the research design in the
present study is probably the most appropriate knowledge elicitation method.

Based on primary aircraft studies, Endsley [22] developed the situational awareness concept,
suggesting different zones extending outward in time and space from the individual (i.e., immediate,
intermediate, and long-term), where the immediate surroundings seem to be the most relevant for
synchronized group behavior in soccer. Yin´s [32] argument is that a real-world case study assumes that
important contextual conditions are pertinent in the case. Since context-dependent knowledge appears
as the heart of expert activity [34], professional soccer players’ verbalization of given game situations
could reveal the degree of shared awareness in the team. Therefore, participants in this study were
exposed to twelve video situations from a previous match and were questioned about those situations.
Based on the individual player’s and the coach’s statements, the analysis intended to explore shared
cognition in selected game situations, and this procedure was inspired by the suggestions of Eccles
and Tenenbaum [5] related to the measurement of shared knowledge in sports, and Bourbousson,
Kiouak, and Eccles’ [24] study of a basketball team. Furthermore, Cooke and colleagues [35] argue that
a holistic approach to team knowledge measurement requires new methods; for example, interviewing
the team as a whole. A basic assumption in this holistic approach is that team knowledge is more
than a collection of aggregated individual team member knowledge. Cooke with colleagues [35]
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argue that we need knowledge elicitation methodologies that address a more fleeting, context-specific
understanding of a situation.

2.2. Participants

An elite professional soccer team consisting of 10 players and their head coach volunteered to
participate in the present study. The participants were 26.1 (SD = 4.7) years old, with playing experience
on the same team of 4.27 (SD = 4.3) years. Eight players were in the line-up most of the games in the
season. A criterion for inclusion was that the players were in the starting line-up in the match where
the exposed video sequences were recorded. The study was conducted according to the Helsinki
Declaration and the Norwegian National Committees for Research Ethics. This study is approved by
the Norwegian Center for Research Data (id: 738807). Table 1 shows the participants´ characteristics
in detail.

Table 1. Participants’ experience, number of national and youth matches, interview length, and number
of transcriptase pages.

ID
Elite Player

Experience in
Norway (Years) 1

National
Matches

Youth
National
Matches

Number
of Matches 2

Interview
Length

Time (min)

Transcript
Pages

Player 1 13 No Yes 120+ 35 11
Player 2 3 No Yes 40+ 28 8
Player 3 7 No No 140+ 35 10
Player 4 3 Yes Yes 70+ 30 10
Player 5 5 No Yes 100+ 27 7
Player 6 15 Yes Yes 300+ 35 10
Player 7 6 Yes Yes 70+ 28 7
Player 8 4 No Yes 20+ 28 10
Player 9 2 No No 30+ 31 8

Player 10 3 No No 70+ 42 14
Coach 38 12

1 Years of experience in the premier league in Norway. 2 Exact information about the number of matches is not
given due to the possibility of identifying the player.

2.3. Video

Soccer is an intermitted game where the ball is in and out of play, and research has shown that
effective playing time in the World Cup final is decreasing. In 2010, it was approximately 52% of
match time [36]. The game dynamically changes, and situations grow and disappear continuously,
primarily because of the distribution of ball possession between the opponents. Twelve videos out
of this stream of situations were selected from a match, seven situations while the team was not in
possession of the ball and five situations while in possession of the ball. Bergo, Johansen, Larsen,
and Morisbak’s [37] categorization of playing situations formed the basis of the selected situations.
Therefore, there were four situations in established defense (when the team has balance, is in control of
threatening spaces, and has enough players on the right side of the ball); three situations in defensive
transition (the team has lost the ball, there is an imbalance between the ball and the team’s own
goal, and the players are not in control of threatening spaces); four situations in established attack
(the attacks start with ball possession in the rear or central parts against a team with good defense
balance); and one situation in offensive transition (the team captures the ball and the opponent is in
defensive imbalance). All situations were taken from the first half of the game, and the score was 1−1.
One of the three defensive transition situations resulted in a goal against the examined team.

2.4. Procedure

A video camera (Canon XA20, Tokyo, Japan) was used to record participants’ statements and,
in addition, a tape recorder was used to ensure voice documentation. The playing situations were
exposed by a projector (NEC np-m300w projector, Tokyo, Japan) on a canvas. All technical equipment
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and appropriate facilities were made available for the research team from the club at the club stadium.
After each exposed video picture, the player was simply asked: “Describe what you perceive in
this situation?” Depending on the player’s answer, different follow-up questions were utilized to
add nuance to, concretize, and explore all (newly) mentioned sources of information in the players’
statements [38]. In addition to these questions, probes were made to create a natural and effortless
conversation with the subjects [39]. After video sequences, the players were asked if they perceived
that the team in general was guided by a shared understanding during matches, and if so, in what way.
The interview length among the players varied between 27–42 min or 7–14 transcribed pages (Table 1).
A basic assumption in this study was that elite soccer players are experts that are able to verbalize
their continuing thoughts [40] when exposed to the video of their team in a game situation where
they might be centrally or peripherally localized. A similar research design was used in basketball [4],
soccer, and team handball [41]. However, there is most likely unconscious information from the game
situation encounters with teammates that the player is unable to verbalize that might be crucial in
co-acting. These elements are left unaddressed in the analysis.

2.5. Data Analysis

Endsley [22] and Bourbousson and colleagues [24] suggest that team situational awareness can be
visually illustrated by overlapping circles between individual team members’ situational awareness,
and they propose that this knowledge state may serve as an index of team coordination. According to
Eccles and Tran [27], team coordination is the process of arranging team members’ actions (type of action,
timing, and location) so that, when combined, they are in a suitable relation for the most effective result.
The data corpus was therefore analyzed to reveal similarity or differences between players’ perception
of each of the twelve videos. Contradictory statements between players are considered a threat
for inadequate coordination, while similarity provides good possibilities for adequate coordination.
The criteria used were the situational description (theme—terminology—playing area—positions)
and situational solution (e.g., “We have complete control in this situation. They have one player in
the box and one that is on his way to the box. We have 5–6 players located in the situation, so we
are playing six against three. We should have complete control, but player 4 has the totally wrong
position.”). This situational description and solution stating that player 4 has the wrong position
and that the team is in the numeric majority were held by eight of the respondents. An example of
contradictory statements is the following: “we shall defend in zones” and “we shall defend man–man”.
The number of players with contradictory statements was considered a greater threat for coordination.
The location (central or peripheral) of the player in the situation and coordinative solution were
also emphasized in the analysis (e.g., in situation 9, the player with the ball had a deviant statement
compared with the others, and because he is in possession of the ball (central), it became a threat for
inadequate coordination). All transcripts were conducted using NVivo software (version 11.1.0.411)
(QSR International, Burlington, NJ, USA) for organizing the qualitative data. The analysis was
organized based on defensive pictures (the opponent has the ball in possession) and offensive pictures
(investigated team in possession of the ball), and to avoid subjectivity, all authors were involved in
the analysis.

3. Results

Table 1 shows that the length of interviews diverged considerably, and this may reflect different
abilities to articulate answers or verbalized meaningful information when the players are exposed to
the videos. Years of experience, number of matches, and experience from national matches seem to be
unrelated to the quantity and quality of the interviews.

When the respondents were asked if they experienced that the team was influenced by a shared
mental model, some of the players were unsure about the question. However, most of the players and
coach argued that the defensive part (pressure on the player with the ball and right positioning) was
more pertinent and somehow easier, and it was more challenging to create a shared understanding in
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the offensive part of the teams’ behavior. Interestingly, one of the players specified changes in position,
playing formation, and turnovers as obstacles to building shared cognition in the team.

The results displayed in Figure 1 show the compliance of the players’ (and coach’s) statements in
seven game situations where the opponent had ball possession. In three of the situations, the players’
statements were contradictory, with a high threat of inadequate coordination. There was a consensus
among 9 out of 10 players in situation number three, but there was still a high threat of inadequate
coordination because the player with the divergent statement was central in the situation. In four of
the exposed defensive situations, the statements expressed shared situational awareness and good
opportunities for adequate coordination.
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The results displayed in Figure 2 show the compliance of the players’ (and coach’s) statements
in five game situations where the examined team had ball possession. In three of the situations,
the players’ statements coincided and expressed a shared situational awareness and good opportunities
for adequate coordination. In two of the situations, where the team was in possession of the ball,
the player statements were contradictory with a high threat of inadequate coordination. There was
a consensus among 9 out of 10 players in situation number nine, which should indicate sufficiently
shared situational awareness, but there was still a high threat of inadequate coordination because the
player with the divergent statement was central in the situation.
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players’ responses in situations two, four, and 10 reveal a minority group of four players or five 
players, and in situations three and nine, one centrally located player expresses a contradictory point 
of view compared with the rest of the group. Based on Eccles and Tenenbaum’s [5] assumption that 
similar knowledge is required when establishing team coordination, an increased number of deviant 
statements are undesirable, and it becomes more critical if the players are central in the coordination 
solution. Salas et al. [25] argues that a complete overlap is probably not the most expedient, because 
it is time-consuming to establish and preservative in the sense that it reduces the availability of 
solutions. They suggest that each member is required to have sufficient similar and compatible 
mental models guiding them towards team objectives. These five situations, which are assessed with 
a high threat for inadequate coordination, have contradictory verbal statements and incompatible 
solutions from relevant players in the game situation. In the remaining seven exposed videos, the 
players’ statements and their localization reveal sufficient overlap, and their shared awareness of the 

Situation 12 

Figure 2. Offensive situations and the distribution of player responses in categories. Players with
numbers represent the inquired team and the arrow specifies the attacking direction. Player 0 is the
player that did not participate in the study.

4. Discussion

The purpose of presenting an empirical study is to gain insight into the shared situational
awareness of an elite soccer team and their correspondent coach by exposing them to videos from a
previous match. Endsley [22] argues that there is evidence that a person’s manner of characterizing a
situation will determine the decision process of solving a problem, and that every team member must
have situational awareness for all of his or her requirements or will risk becoming the proverbial chain’s
weakest link, independent of overlap demands. Eccles and Tenenbaum [5] claim that similar knowledge
is required to establish team coordination, and an increased number of equivalent player statements
related to the individual exposed video should therefore be desirable. The results from Figures 1 and 2
reveal variegated depictions, and show that the verbal statements from the players in seven of the
exposed game situations correspond in such a way that the team has sufficient shared situational
awareness and therefore good opportunities for adequate coordination. Interestingly, Bourbousson
with colleagues [4] argue that the coordinated network was quite hetrogenus, and essentially built
on local coordination where one player heeds the co-action in such a way that the team does not
necessarily form a single unit. However, to have knowledge and to understand that the players’ task
in this situation is not to move or make an initiative is also a vital part in the process of appearing as a
unit. Local coordination on this performance level presupposes that the players that are not directly
involved do not interfere.

In five of the exposed game situations, the comparison of the verbal statements reveals contradictory
situational awareness, and there is a critical threat for inadequate coordination. The players’ responses
in situations two, four, and 10 reveal a minority group of four players or five players, and in situations
three and nine, one centrally located player expresses a contradictory point of view compared with the
rest of the group. Based on Eccles and Tenenbaum’s [5] assumption that similar knowledge is required
when establishing team coordination, an increased number of deviant statements are undesirable,
and it becomes more critical if the players are central in the coordination solution. Salas et al. [25]
argues that a complete overlap is probably not the most expedient, because it is time-consuming
to establish and preservative in the sense that it reduces the availability of solutions. They suggest
that each member is required to have sufficient similar and compatible mental models guiding them
towards team objectives. These five situations, which are assessed with a high threat for inadequate
coordination, have contradictory verbal statements and incompatible solutions from relevant players
in the game situation. In the remaining seven exposed videos, the players’ statements and their
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localization reveal sufficient overlap, and their shared awareness of the situation might influence their
individual decision process in such a way that it enables efficient team coordination.

The analysis also has considered the players’ locations in the game situation when the threat
for inadequate coordination is assessed. Since previous findings have primarily been obtained in
basketball, such as Bourbousson with colleagues [4,24,28], where the playing area is smaller and the
number of players fewer, the localization of the player in game situations appears more significant in
coordination in soccer. In situation three, the player that held a contradictory point of view compared
with the rest of the team members could lead to coordinative difficulties because he has a central
position in that situation. This is not the case in situation five, where the statement from the deviant
player is characterized as irrelevant because he is localized as peripheral in the situation. Even though
there is only one player in both of these situations who has a statement that deviates from the rest
of the team, this deviation could have a negative effect on team coordination [20]. Contradictory
statements among players that are central in the situation are considered by far more devastating for
team coordination than a blurred statement from a peripherally located player.

The findings underpin the dynamics of shared situation awareness among team members,
and designate great demands on continuously monitoring and updating the situation to enable the
players’ coaction. Previous observational research on elite soccer players shows that higher frequencies
of head movements (explorative actions) are positively related to the individual player’s game
performance [42–45]. The shared situational awareness perspective in the present study complements
this individually player-oriented research avenue, and points out that perception in elite soccer also
has an essentially collective dimension and how the team as an entity dynamically solves defensive
and offensive tasks [3]. However, these overarching de-contextual defensive and offensive tasks must
be further elaborated on by establishing mutual expectations in different offensive and defensive
game situations before they can promote internal predictability, which is critical in co-acting [8].
Because the behavioral expectations are so closely related to game situations (the players’ task is more
or less continuously defined by the situation), providing equal or approximately identical situational
assessments becomes an important prerequisite for coordinated player behavior in an elite soccer team.

Previous research on team coordination has not been particularly concerned with the distinction
between defensive and offensive situations, despite the fact that the defensive part of the game
(the team is not in the possession of the ball) seems to be more reactive, while the offensive part can be
considered more proactive. Comparing the results displayed in Figures 1 and 2, both offensive and
defensive situations reveal comparable statements with good opportunities for adequate coordination
and contradictory statements that pose a high threat of inadequate coordination. This finding indicates
that shared situational awareness in an elite soccer team is a coaching issue for both offensive and
defensive situations. However, the answers from the open questions and responses from the exposed
videos reveal that there are differences between the players’ responses comparing offensive and
defensive situations. The defensive situation evoked more contradictory statements, while differences
in offensive situations seem to be more aimed at the degree of specificity (e.g., situations 11 and 12).
Established attack and offensive transition situations may reduce available solutions with a detailed
coordination plan that impairs team effectiveness, because the idea is often to take the opponent by
surprise, which means a higher risk [37]. Defending against established attack and offensive transitions
may be considered as more reactive with fewer solutions, lower risk, and defined backup behavior.
Shared coordinated solutions in defensive situations thus become more expedient.

Cannon-Bowers and Salas [46] categorized the content of shared mental models in task and
team member knowledge, and previous qualitative research among elite soccer players reveals
that knowledge about teammates’ strengths, weaknesses, and preferences in specific situations are
important as a source in the decision-making process during the game [20,47]. The exposure of one of
the offensive videos (12) awoke a response among seven of the respondents related to team member
knowledge. Player three expressed: “We know that player 10 is extreme in the one against one
situations”, and player five said: “Then he will be set up in situations where we know that he is good”.
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There are several aspects of the responses worth commenting on. First, player three uses the plural
pronoun “we”, which indicates that this knowledge is shared in the team. Secondly, player five’s
responses show that the team endeavors to create situations where Number 10 can display his special
skills. This finding seems to be in line with Giske et al. [47], suggesting that in games like soccer,
it is possible to create a situational development that gives team members an opportunity for pattern
recognition. Furthermore, it shows how interviewed team member knowledge is in specific game
situations. Previous research has primarily been concerned with situational awareness, more like
monitoring or visual search [42,48], but, in elite team sports, it is also about creating situational
conditions that provide a chance for pattern recognition, preferably without disclosing the intention to
the opponent [47]. This is about the difference between the ability to see opportunities and the ability
to create opportunities in the game.

Video number four is a cross-defensive situation, and the responses reveal the most conflicting
viewpoints among the players in the squad. Most of the players and the coach say that the team shall
defend cross situations by zone organization. However, four of the players express that the team shall
defend these situations by man-to-man marking. Two of these four players are defenders, where one of
their primary tasks is to solve these situations. One of the players (number four) stated: “We haven’t
discussed so carefully if we are organized in zone or man-to-man marking. I think zone, but obviously
you attack the ball and mark the man in your zone.” The quote is complex, and can be interpreted in
several different ways, but in this context, the most obvious is that he is unsure of the solution because
it has not been accentuated in the coaching process. In other words, he makes a reservation before
he states his point of view. This reservation supports the findings by showing conflicting differences
between the players’ points of view, and indicates that there is no accurate shared knowledge in
the team concerning how this situation should be solved [8]. This finding reveals a potential for a
coordination breakdown [27], and should therefore be accommodated by a teaching sequence.

Mutual performance monitoring has been defined as the ability to keep track of fellow members’
work to ensure that everything is running as expected and, in addition, ensure that they are following
procedures correctly [49]. According to Eccles and Tran [27], effective mutual performance monitoring
requires shared knowledge of the task responsibility, and they suggest that if the team does not share
the same mental model for how the team should appear, performance monitoring becomes ineffective.
The findings when the players were exposed to video number five show a high degree of agreement
about the major task in the situation (cover dangerous space in front of goal), but a closer inspection of
the data also reveals that six of the respondents claim that the team has a feeble marking in a cross
situation, and that there is a shared understanding among them that the team has not perceived the
situation well enough. These six players also share a common monitoring of team coordination in
the situation, which presupposes a shared knowledge of an ideal coordinative solution. The players’
responses to video eight show that all of the respondents (the coach included) monitored the situation
in the same manner, and they suggest the same team solution to solve the situation. According to Salas
et al. [25], the SMM is important for mutual performance monitoring, as it provides co-players with an
understanding of what team members are supposed to be doing in a given situation and also acts as an
anchor for feedback. Exposing players to previous team action with videos may make performance
monitoring expedient through precise feedback, which, in the next step, may make team member
models more accurate.

The team leader’s failure to guide and structure team experiences to facilitate coordinative
and adaptive action can be a key factor in ineffective team performance [50]. Deviant situational
awareness between the majority of the players and the coach may be a major leadership threat,
because it places greater demands on communication. Clarity in these expectations in specific game
situations enables the team to adapt, and might increase leadership trust [25]. McComb [51] suggests
that mental model convergence may be the key to understanding how individuals are transformed
into team members, and the results show that the coach is on the same page as the majority of the
players in all of the exposed videos, except video number two. To our knowledge, these facets of
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leadership in elite team ball games have not been considered in the literature and should be further
elaborated on. This finding indicates that the coach and the players have similar preconditions to
form accurate expectations for the task. Giving feedback and supervising players’ decisions in the
game presuppose approximately identical situational awareness, otherwise coaching is about bringing
similar situational awareness. By influencing situational awareness, the coach may also impact the
players’ decision-making process [22]. This can be done, for example, by illuminating different options
in the situations and clarifying priorities. To disclose players’ situational awareness, one should
presume a dialogical coaching approach, where the players are invited to explore and verbalize their
experiences from the game. Such a coaching practice seems to be in line with Salas et al. [25], who argue
that team leadership affects team effectiveness, not by handing down solutions to the team, but by
joint problem solving.

5. Conclusions and Practical Implications

The results from the present study reveal situations that point to the existence of shared situational
awareness, whereas others display contradictory perceptions. However, being central or peripheral
in the situation are conditions that also determine the possibility for adequate team coordination in
soccer. According to Salas with colleagues [52], team training should only prioritize team competencies
that yield the greatest impact on performance, and a major coaching task is therefore to uncover
contradictory perceptions among the players in the most critical game situations. Exposing teams to
videos from previous games, where the players individually express their opinion, may both improve
their skills in monitoring team performance and strengthen their shared knowledge. The opinions
from the players can uncover if the team has shared knowledge and in which situations there might
exist discrepancies. Such information makes it possible to tailor teaching sequences directly towards
situations where there are coordinative challenges. Furthermore, this approach gives information
about each individual player’s cognition, and can therefore generate knowledge, which in the next
step can be used to facilitate individual player development. Such a procedure is probably especially
important with new players in the squad. However, further research is needed to confirm the usefulness
of this approach. We encourage other researchers to investigate if our findings are comparable to
other professional soccer teams. We would suggest a longitudinal approach to explore how teams
develop and maintain shared situational awareness, and which methods in team training yield the best
result. A main challenge in research with professional teams is getting access to do in-depth studies.
Overcoming this obstacle would help expand our knowledge of cognitive factors in professional teams
that are central in team coordination.

This study is not without its limitations, and these issues should be considered when the findings
are interpreted. First, decision-making and situational awareness in sports is understood in a completely
different way than in an ecological dynamics approach, where there is a direct link between perception
and action [53]. This paper is, however, based on team literature, where knowledge or cognition is
considered as essential, guiding players’ actions in some game situations. Second, the players and
coach responded to twelve videos from one match. The selection of videos was based on the research
group’s subjective perception of relevance. Other pictures from the match or other matches might
have given a different result. However, the first author has been working as a professional with the
responsibility of match analysis in a premier league club for several years, which should ensure both
the relevance of the videos and trustworthiness in the interpretation of the data. In our opinion,
the empirical material does “saturate” the phenomenon.
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Abstract: Nighttime walking is becoming a popular exercise for many middle-aged and older people
in Asian countries. However, the health benefits of nighttime walking in urban areas and green
spaces are still unclear. This study evaluated the physiological and psychological responses of
48 middle-aged and older people who walked 1.6 km through a green space and an urban area
during daytime and nighttime. The Positive and Negative Affect Schedule (PANAS), Profile of Mood
States (POMS), Perceived Restorativeness Scale (PRS), and Restorative Outcome Scale (ROS) were
employed to measure the psychological responses, and pulse rate and blood pressure (SBP, DBP and
MAP) were measured to evaluate the physiological responses. The results showed that the daytime
green walking induced psychological improvements and lowered blood pressure (p < 0.05), while
the daytime urban walking resulted in slight deterioration of all the measured parameters (p > 0.05).
On the other hand, the nighttime green walking induced lowered blood pressure (p < 0.05), whilst
the nighttime urban walking resulted in psychological improvements and lowered blood pressure
(p < 0.05), and no significant difference was found in any measured parameter between the two
nighttime walking groups. In conclusion, urban areas are noisy and irritating in the daytime, and
not suitable for walking, but may become pleasurable and attractive at night. The psychological
benefits of green walking may decrease at night, and nighttime walking in either an urban area or a
green space may achieve similar health benefits. Therefore, we recommend that urban citizens start
nighttime walking in a green space or an urban area to keep fit when the air is less polluted.

Keywords: walking; green space; urban; nighttime; blood pressure; physiological; psychological

1. Introduction

As populations become increasingly urbanized, urban living is associated with a series
of stressors, including noise, air pollution, and crowding [1–3], which have resulted in
a range of negative effects on public health, such as the increased risk of cardiovascular
diseases and mental problems [4,5]. In response, various attempts have been made to
relieve stress and maintain health, and green walking is one of the important solutions,
which refers to walking in forests or other natural environments with plants [6]. As
both natural settings and physical activities have been considered to benefit physical
and mental health [7–10], the green walking has thus been expected to bring additional
health benefits [11].
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Numerous studies have found that walking in forests or urban parks could lower
blood pressure, increase parasympathetic activities, and improve emotional
outcomes [12–15]. On the contrary, walking in urban areas seems to be less attractive
and lack health benefits [16–18]. However, there was evidence that the physical and psy-
chological responses could be related to the characteristics of environments, and some
urban scenes may also exert positive effects on physical exercise [19], which has implied the
possibility of urban surroundings in improving physio-psychological health. For instance,
potential health benefits derive from walking through a clean and orderly street, or exercise
in a city with less air pollution. Although the importance of nature is irrefutable, the world-
wide urbanization makes it harder for people to reach forests or other completely natural
environments, and there is thus a rising demand to explore places with restorativeness and
positive effects among cities [20].

In recent years, more and more urban citizens choose walking as their daily exercise,
especially those middle-aged and older people, who prefer moderate exercises without
technical difficulty [21,22]. For most citizens who are employed, nighttime walking is
one of their best options. For one, a few hours after dinner are their only time available
to exercise. For another, the nighttime exercise may be more effective in lowering blood
pressure [23], and may also help to moderate nocturnal blood pressure in active people [24].
Besides, mild exercise, like walking, is unlikely to be a threat to sleep quality [25]. In fact,
nighttime exercises are popular in many Asian countries due to the local cultures, and a
vast number of people have already got involved in the nighttime walking [26,27], which
may be considered as an easy and safe exercise owing to the bright urban illumination, the
fine walking facilities, and the good public order. Many middle-aged and older people
in China usually go on nighttime walking together, which not only meets their needs of
keeping fit, but also provides opportunities for social communication, thus make them
adhere to long-term physical exercise. In terms of nighttime walking environment, the
urban citizens today can easily access to various green spaces owing to the advanced urban
greening [28,29]. Nevertheless, there are quite a few people who tend to carry out nighttime
walking in urban areas instead of green spaces, and the reasons were unknown. Whereas
the daytime green walking and urban walking have been well studied, less attention
has been paid to the cases in the nighttime, and the characteristics of the two nighttime
environments remain to be further investigated.

Theoretically, visual experience plays an important role in green walking [30], and
greenness of plants can help to achieve positive changes in physical and mental indices [31].
Therefore, improper lighting at night may interfere with the cognition of greenness and
thus reduce the effects from natural elements. Moreover, plants are the key for carbon
sequestration and oxygen generation [32], which may exert positive impacts on the res-
piratory and related nervous system. However, the photosynthesis is becoming inactive
at night, and plants’ respiration may even lead to higher carbon dioxide concentration,
which may also reduce the health benefits brought by the green walking. On the other
hand, urban areas have better illumination, the artificial lights in cities may improve the
scenic experience and sense of safety [33], and further add joy to nighttime recreations.
Besides, the traffic emission, one of the main street air pollutants that prevent people from
urban activities, may reduce at night, and so do the noise and crowding, which may make
nighttime urban walking more comfortable and enjoyable. Thereby, our experimental
study was aimed to assess the effects of green walking and urban walking in daytime and
nighttime, and further reveal the differences between the nighttime walking in green space
and urban area. The specific hypotheses were:

(1) The daytime urban walking has negative effects while the nighttime urban walking
has positive effects on the investigated psychological and physiological responses;

(2) The daytime green walking has positive effects while the nighttime green walking
has negative effects;

(3) Compared to the nighttime green walking, the urban walking has greater positive
effects and is more attractive to urban citizens.
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2. Materials and Methods
2.1. Participants

The inclusion criteria for recruiting the middle-aged and older people who were
eligible for the study are:

(1) Aged between 40 and 75 years.
(2) Absence of serious cardiovascular disease.
(3) Absence of chronic symptoms causing walking problems.
(4) Absence of cognitive impairment and mental disorders.

As a result, 48 people (40–71 years old) were recruited from a community in
Chengdu, Sichuan Province, China. Participants were informed of experimental proce-
dures and the possible risks and benefits of their participation. All participants were
randomly divided into the following four groups by computer (Table 1). There was no
statistically significant difference in age or BMI index among the different groups (analyzed
using Kruska–Wallis test).

(1) Daytime green walking (DG).
(2) Nighttime green walking (NG).
(3) Daytime urban walking (DU).
(4) Nighttime urban walking (NU).

Table 1. Basic information of participants from each group.

Groups Number Age BMI Index

Group1 (DG) 12 (5 males) 56.92 ± 2.29 36.30 ± 0.98
Group2 (NG) 12 (4 males) 51.50 ± 2.61 36.16 ± 1.16
Group3 (DU) 12 (3 males) 56.41 ± 2.79 34.79 ± 1.55
Group3 (NU) 12 (4 males) 53.42 ± 2.60 35.95 ± 1.31

Note: Data are expressed as mean ± stand error (N = 12).

As analyzed in a previous study, a sample size between 9 and 19 participants is enough
to achieve acceptable statistical power for the predefined hypotheses [12], therefore our
sample size is appropriate. All experimental procedures undertaken in the present study
were under regulations of and approved by the Ethics Committee of the Physical Education
College of Southwest University, China.

2.2. Study Sites

After a field investigation, a green space and an urban area in Wenjing District,
Chengdu, were selected for walking (Figure 1). Both sites are flat without slope, and less
than half a kilometer from the participants’ community. The green space is located in the
middle of two residential zones, decorated with trees, shrubs, and grass, and close to a
river. The urban area contains a street among commercial and residential zones, decorated
with a few trees, and there are wide pedestrian areas on both sides of the street.

In order to ensure the safety of the participants, two circular routes (1.6 km each)
were set up in flat and illuminated walkways among the green space and urban area,
respectively, which need approximately 20 min to finish (Figure 1). Besides, three staff were
arranged to stay in the routes to monitor the whole walking program, and a community
doctor was also hired to stay at the check point to provide medical attention. The main
views of the two routes in daytime and nighttime are demonstrated in Figure 2. An indoor
check point was established in each route for measurements of pre-tests and post-tests.

440



Int. J. Environ. Res. Public Health 2021, 18, 90Int. J. Environ. Res. Public Health 2021, 18, x FOR PEER REVIEW 4 of 19 
 

 

 
Figure 1. Location of the study area and the two walking routes in the green space and urban area. 

In order to ensure the safety of the participants, two circular routes (1.6 km each) 
were set up in flat and illuminated walkways among the green space and urban area, 
respectively, which need approximately 20 min to finish (Figure 1). Besides, three staff 
were arranged to stay in the routes to monitor the whole walking program, and a com-
munity doctor was also hired to stay at the check point to provide medical attention. The 
main views of the two routes in daytime and nighttime are demonstrated in Figure 2. An 
indoor check point was established in each route for measurements of pre-tests and post-
tests. 

 
Figure 2. The main views of the two walking routes in daytime and nighttime. 

2.3. Process and Contents of Walking Experiment 
The experiment was carried out in October. As the experiment sites were in the par-

ticipants’ neighborhoods, the participants were asked to reach the check points on their 
own before the beginning of the experiment. Thereafter, all the participants were seated 
in the waiting rooms for a half-hour rest. During the rest, the participants were provided 
with route maps and informed of walking and measurement details by the research staff. 
The experiment was introduced as self-paced walking, and the participants were asked to 
walk alone at their easy and comfortable speeds. Psychological questionnaires, measure-
ments of blood pressure, and measurement of pulse rate were completed before and after 
the walking (Table 2). 

Figure 1. Location of the study area and the two walking routes in the green space and urban area.

Int. J. Environ. Res. Public Health 2021, 18, x FOR PEER REVIEW 4 of 19 
 

 

 
Figure 1. Location of the study area and the two walking routes in the green space and urban area. 

In order to ensure the safety of the participants, two circular routes (1.6 km each) 
were set up in flat and illuminated walkways among the green space and urban area, 
respectively, which need approximately 20 min to finish (Figure 1). Besides, three staff 
were arranged to stay in the routes to monitor the whole walking program, and a com-
munity doctor was also hired to stay at the check point to provide medical attention. The 
main views of the two routes in daytime and nighttime are demonstrated in Figure 2. An 
indoor check point was established in each route for measurements of pre-tests and post-
tests. 

 
Figure 2. The main views of the two walking routes in daytime and nighttime. 

2.3. Process and Contents of Walking Experiment 
The experiment was carried out in October. As the experiment sites were in the par-

ticipants’ neighborhoods, the participants were asked to reach the check points on their 
own before the beginning of the experiment. Thereafter, all the participants were seated 
in the waiting rooms for a half-hour rest. During the rest, the participants were provided 
with route maps and informed of walking and measurement details by the research staff. 
The experiment was introduced as self-paced walking, and the participants were asked to 
walk alone at their easy and comfortable speeds. Psychological questionnaires, measure-
ments of blood pressure, and measurement of pulse rate were completed before and after 
the walking (Table 2). 

Figure 2. The main views of the two walking routes in daytime and nighttime.

2.3. Process and Contents of Walking Experiment

The experiment was carried out in October. As the experiment sites were in the
participants’ neighborhoods, the participants were asked to reach the check points on their
own before the beginning of the experiment. Thereafter, all the participants were seated in
the waiting rooms for a half-hour rest. During the rest, the participants were provided with
route maps and informed of walking and measurement details by the research staff. The
experiment was introduced as self-paced walking, and the participants were asked to walk
alone at their easy and comfortable speeds. Psychological questionnaires, measurements
of blood pressure, and measurement of pulse rate were completed before and after the
walking (Table 2).
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Table 2. Process and test contents of the experiment.

Time Daytime Walking (3:30–5:00 PM) Nighttime Walking (8:30–10:00 PM)

Day 1 Green Walking Green Walking

Day 2 Urban Walking Urban Walking

Test Psychological
Item

Measuring
Time

Physiological
Item

Measuring
Time

Pre-test PANAS, POMS 15 min before
walk

SBP, DBP, Pulse
rate Just before walk

Post-test PANAS, POMS,
PRS, ROS

Immediately
after walk

SBP, DBP, Pulse
rate

15 min after
walk

The data of illumination, temperature, and noise were collected every 300 m of the
routes using a light detector (Suwei-SW6013), an ambient thermometer (SmartSensor-
AS817), and a cell-phone noise detection software, respectively. In addition, the real-time
air quality index was also obtained from the website of the Chengdu Meteorological Bureau.
The relevant data are shown in Table 3.

Table 3. The environmental parameters in the experiment.

Group Illumination
(lx)

Humidity
(%)

Temperature
(◦C)

Noise
(dB) AQI

DG 3510.67 ±
192.21b 63.27 ± 1.4a 21.73 ± 0.21a 46.33 ± 1.23a 18

NG 8 ± 3.64a 71.07 ± 1.46b 19.02 ± 0.21c 45.33 ± 1.87a 23

DU 7982.5 ±
1642.74c 67.83 ± 1.16b 19.6 ± 0.13b 60.83 ± 2.12c 19

NU 29.5 ± 7.41a 78.25 ± 0.73c 17.5 ± 0.14d 52.17 ± 0.54b 25

Note: The DG, NG, DU, and NU represent daytime green walking, nighttime green walking, daytime
urban walking, and nighttime urban walking, respectively. AQI represents Air Quality Index, and
AQI < 50 means excellent air quality. Data are expressed as mean ± stand error. Different lowercase
letters after the numbers represent statistically significant differences in different trials (p < 0.05),
analyzed using one-way ANOVA and Duncan’s multiple range test (N = 6).

After the walk, an interview was conducted to evaluate the preference of participants.
After confirming that all the participants were familiar with the nighttime and daytime
images of the study area, the participants were required to make two choices, one was to
choose between the daytime urban area and daytime green space, another was to choose
between the nighttime urban area and nighttime green space, and the reasons for their like
or dislike were also asked and recorded.

2.4. Measurement of the Outcomes
2.4.1. Physiological Parameters

Systolic blood pressure (SBP), diastolic blood pressure (DBP), and pulse rate were
measured using portable electronic sphygmomanometers (OMRON HEM-7211) at the
check points before and after the walk. Measurements were performed in a relaxed sitting
position and the instrument was placed at heart height. The mean arterial pressure (MAP)
was calculated as ((DBP × 2) + SBP)/3.

2.4.2. Psychological Parameters

Four psychological scales were employed to measure the emotional outcomes and
restorative effects.

The Positive and Negative Affect Schedule (PANAS), which consists of 20 items and
is evaluated by a Likert five-point scale, is widely used to evaluate changes in positive
and negative emotions [34,35]. The reliability and validity of PANAS were tested in
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previous studies [36,37]. A validated Chinese version of PANAS scale was employed in
this study [38].

A simplified Chinese version of Mood States questionnaire (POMS), which contains
40 items and is evaluated by a four-point Likert scale, was employed to measure personal
moods. The Chinese version has been proved to be suitable for the Chinese population, and
has been widely used [39,40]. Results of the POMS scale can help to explain six subscales
of mood: Tension or anxiety (T), anger or hostility (A), fatigue (F), depression or dejection
(D), vigor (V), and confusion or bewilderment (C). Besides, the Chinese POMS contains
5 items (items 7, 14, 27, 34, and 40) that are related to self-esteem. Meanwhile, the total
mood disturbance (TMD) can be evaluated from the subscales (TMD = the sum of negative
emotions − the sum of positive emotions + 100).

Restorativeness is defined as the potential of certain surroundings for restoring certain
cognitive capacities related to human information [41]. Two relevant scales were used in
the present study to observe the restorative effects of environments.

A shortened version of the Perceived Restorativeness Scale (PRS) was used to measure
perceived restorativeness of environment based on the Attention Restoration
Theory [42–44]. The reliability and validity of the short scale were tested previously [45].
The scale consists of five items with a 10-point Likert scale.

The Restorative Outcome Scale (ROS), which contains six items and is evaluated
by a seven-point Likert scale, was used to evaluate properties of the environments that
contributed to the restorative outcomes. According to previous research, the scale has been
confirmed with high reliability and validity. [46,47].

As there are no Chinese version of the short PRS and ROS, they were translated into
Chinese, and checked by back-and-forth translation in our study.

2.5. Statistical Methods

All the data were processed via SPSS 25.0 (SPSS Inc., Chicago, IL, USA). Given our
sample size, the Shapiro–Wilk test was employed to determine the distribution of all data.
Due to some data that were hard to normalize, the nonparametric test was employed
for non-normal data. When comparing the difference between pre- and post-test, the
paired t-test was employed to compare normal data, and the Wilcoxon signed-rank test
was employed to compare non-normal data. When comparing the difference between
multiple scenarios, if normal distribution and variance homogeneity were confirmed, then
the one-way ANOVA was employed, and followed with post hoc comparisons using the
Duncan’s multiple range test. On the other hand, the Kruskal–Wallis test was employed for
comparisons of non-normal data between different groups. When determining the effects
of time and sites, if the data were normally distributed and consistent with homogeneity
of variance, the two-way ANOVA was performed. If there was a significant interaction,
the simple effect was tested using the post hoc LSD method. The Fisher’s exact test
was performed to check the difference in the proportion of participants with a positive
response between different groups, and followed with post hoc multiple tests adjusted
with Bonferroni correction. The Chi-squared test was employed to check the difference
in participants’ preference between the two walking environments. A p-value < 0.05 was
considered statistically significant in the present study.

3. Results
3.1. Validation of the Psychological Measurements

The Cronbach’s α showed good internal consistency (>0.7) for the PANAS and PRS in
the all scenarios (Table 4). In the case of the POMS, though good reliabilities were found
in nighttime green walking, daytime urban walking, and nighttime urban walking, the
coherence in daytime green walking did not meet a satisfactory level (Cronbach’s α = 0.56).
Moreover, the reliabilities of ROS in daytime green walking (Cronbach’s α = 0.62) and
nighttime green walking (Cronbach’s α = 0.69) were barely within the acceptable level
(Cronbach’s α between 0.6 and 0.7).
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Table 4. Internal consistency of the scales in each scenario.

Parameter
Cronbach’s α

DG NG DU NU

PANAS 0.76 0.77 0.82 0.73
POMS 0.56 0.86 0.94 0.84

PRS 0.95 0.88 0.96 0.80
ROS 0.62 0.69 0.78 0.93

Note: The DG, NG, DU, and NU represent daytime green walking, nighttime green walking, daytime
urban walking, and nighttime urban walking, respectively.

3.2. Pyschological Outcomes of Walking in Different Scenarios

The median score of PANAS-positive significantly increased after daytime green
walking (p = 0.03) and nighttime urban walking (p = 0.046), and the value after night-
time green walking also increased but not statistically significantly (p > 0.05) (Figure 3).
However, no statistically significant change was found in PANAS-negative score of any
scenario (Figure 3).
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In terms of the POMS subscales, the median scores of tension-anxiety, anger-hostility,
fatigue, depression-dejection, and confusion-bewilderment slightly decreased after walking
in all scenarios without statistical significance (p > 0.05). The median score of vigor
significantly increased after daytime green walking (p = 0.034) and nighttime urban walking
(p = 0.024) (Figure 4a,d).

The median score of TMD decreased in all scenarios, but only the decreases after
daytime green walking (p = 0.018) and nighttime urban walking (p = 0.003) were statistically
significant (Figure 5a,d).

444



Int. J. Environ. Res. Public Health 2021, 18, 90Int. J. Environ. Res. Public Health 2021, 18, x FOR PEER REVIEW 8 of 19 
 

 

 
Figure 4. Outcomes of Profile of Mood States (POMS) subscales in: (a) daytime green walking; (b) 
nighttime green walking; (c) daytime urban walking; and (d) nighttime urban walking. T: Tension 
or anxiety; A: Anger or hostility; F: Fatigue; D: Depression or dejection; V: Vigor; C: Confusion or 
bewilderment. The error bar represents standard error, and * represents p < 0.05. Analyzed using 
Wilcoxon signed-rank test (N = 12). 

The median score of TMD decreased in all scenarios, but only the decreases after 
daytime green walking (p = 0.018) and nighttime urban walking (p = 0.003) were statisti-
cally significant (Figure 5a,d). 

 
Figure 5. Outcomes of POMS-total mood disturbance (TMD) in: (a) daytime green walking; (b) nighttime green walking; 
(c) daytime urban walking; and (d) nighttime urban walking. The error bar represents standard error, and * represents p 
< 0.05, ** represent p < 0.01. Analyzed using Wilcoxon signed-rank test (N = 12). 

Due to the non-normal psychological data, the mean changes of measured parame-
ters were calculated to reveal the differences of walking in different scenarios. The psy-
chological changes demonstrated that the increase in score of PANAS-positive in daytime 
green walking was significantly greater than that in daytime urban walking (p = 0.032) 
(Figure 6a). The decrease in score of POMS-TMD in nighttime urban walking was signif-
icantly greater than that in daytime urban walking (p = 0.02) (Figure 6c). No statistically 
significant difference was found in the psychological changes between nighttime green 
walking and nighttime urban walking. 

Figure 4. Outcomes of Profile of Mood States (POMS) subscales in: (a) daytime green walking; (b) nighttime green walking;
(c) daytime urban walking; and (d) nighttime urban walking. T: Tension or anxiety; A: Anger or hostility; F: Fatigue;
D: Depression or dejection; V: Vigor; C: Confusion or bewilderment. The error bar represents standard error, and * represents
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Due to the non-normal psychological data, the mean changes of measured parameters
were calculated to reveal the differences of walking in different scenarios. The psycho-
logical changes demonstrated that the increase in score of PANAS-positive in daytime
green walking was significantly greater than that in daytime urban walking (p = 0.032)
(Figure 6a). The decrease in score of POMS-TMD in nighttime urban walking was signifi-
cantly greater than that in daytime urban walking (p = 0.02) (Figure 6c). No statistically
significant difference was found in the psychological changes between nighttime green
walking and nighttime urban walking.
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Figure 6. The psychological changes of walking in different scenarios. The (a), (b), and (c) represent
changes in scores of PANAS-positive, PANAS-negative, and POMS-TMD respectively. The DG, NG,
DU, and NU represent daytime green walking, nighttime green walking, daytime urban walking,
and nighttime urban walking respectively. The error bar represents standard error, and * represents
p < 0.05. Analyzed using the Kruskal–Wallis test (N = 12).

The proportions of participants who exhibited positive responses were also calculated
to reveal the difference among different walking scenarios. However, no statistically
significant difference was found among the scenarios (Table 5).

Table 5. Proportions of participants with positive responses in psychological parameters after
walking in different scenarios.

Psychological
Parameter DG NG DU NU p

PANAS-Positive 9 (75%) 7 (58.3%) 3 (25%) 7 (58.3%) p = 0.084
PANAS-Negative 3 (25%) 1 (8.3%) 1 (8.3%) 1 (8.3%) p = 0.693

POMS-TMD 8 (66.7%) 8 (66.7%) 3 (25%) 11 (91.7%) p = 0.10

Note: The DG, NG, DU, and NU represent daytime green walking, nighttime green walking, daytime
urban walking, and nighttime urban walking respectively. Analyzed using the Fisher’s exact test.

3.3. Restorativeness of Different Walking Environments

The restorativeness of the environments was assessed using the PRS and ROS scales
after the walks. Similar results were observed in the two scales, and a significant correlation
was found between the two measurements (Pearson’s r = 0.834, p < 0.001). Due to the
non-normal distribution of ROS outcomes, the Kruskal–Wallis test was performed and
revealed a statistically significant difference between nighttime green walking and daytime
urban walking (p = 0.022) (Figure 7).
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Analyzed using the Kruskal–Wallis test (N = 12).
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In the case of PRS, the two-way ANOVA revealed that there was a statistically signifi-
cant difference between sites, but no significant difference between time frames (Table 6).
A significant interaction between time frames and sites was also observed (Table 6).

Table 6. Results of two-way ANOVA for ROS outcomes.

df F p

Site 1 16.418 <0.001
Time 1 0.701 0.407

Site × Time 1 4.885 0.032

The analysis of simple effects revealed that during the daytime, the score of PRS in
green walking was significantly higher than that in urban walking (p < 0.001) (Figure 8a),
but no statistically significant difference was found between them during nighttime
(Figure 8b). In the urban walking, the score of PRS in nighttime walking was signifi-
cantly higher than that in daytime walking (p = 0.037) (Figure 8d), but no significant
difference was found between the time frames in green walking (Figure 8c).
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Figure 8. Restorative outcomes of Perceived Restorativeness Scale (PRS) in: (a) daytime walking;
(b) nighttime walking; (c) green walking; and (d) urban walking. The * represents p < 0.05, and
*** represents p < 0.001. Compared using Post Hoc Multiple comparisons (LSD method) (N = 12).

3.4. Physiological Outcomes of Walking in Different Scenarios

The SBP significantly decreased after daytime green walking (p = 0.038), nighttime
green walking (p = 0.005), and nighttime urban walking (p = 0.006). The DBP significantly
decreased after daytime green walking (p = 0.006) and nighttime green walking (p = 0.009).
The MAP significantly decreased after daytime green walking (p = 0.008), nighttime green
walking (p = 0.005), and nighttime urban walking (p = 0.045). However, no statistically
significant change difference was found in the pulse rate in any scenario (Figure 9).

Due to the diurnal variation of physiological parameters, the mean changes of physio-
logical outcomes were calculated to reveal the differences in walking in different scenarios.
The physiological changes demonstrated that the decreases of SBP in both nighttime green
walking (p = 0.04) and nighttime urban walking (p = 0.048) were significantly greater than
that in daytime urban walking (Figure 10a). The decreases of DBP in both daytime green
walking (p = 0.06) and nighttime green walking (p = 0.03) were significantly greater than
that in daytime urban walking (Figure 10b). The decrease of MAP in nighttime urban walk-
ing was significantly greater than that in daytime urban walking (p = 0.033) (Figure 10c).
No statistically significant difference was found in the physiological changes between
nighttime green walking and nighttime urban walking.
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Figure 10. The physiological changes of walking in different scenarios. The (a), (b), (c), and (d) represent changes in SBP,
DBP, MAP, and pulse rate respectively. The DG, NG, DU, and NU represent daytime green walking, nighttime green
walking, daytime urban walking, and nighttime urban walking, respectively. The error bar represents standard error,
* represents p < 0.05, and ** represents p < 0.01. Analyzed using the Kruskal–Wallis test (N = 12).

The Fisher’s Exact Test revealed statistically significant differences in proportions of
participants with positive responses in SBP (p = 0.002), DBP (p = 0.005), and MAP (p = 0.004)
among different scenarios (Table 7).

Table 7. Proportions of participants with positive responses in measured parameters after walking in
different scenarios.

Physiological
Parameter DG NG DU NU p

SBP 11 (91.7%) a 11 (91.7%) a 4 (33.3%) b 9 (75%) ab p = 0.002
DBP 11 (91.7%) a 11 (91.7%) a 5 (41.7%) a 11 (91.7%) a p = 0.005
MAP 11 (91.7%) a 11 (91.7%) a 4 (33.3%) b 10 (83.3%) ab p = 0.004

Pulse rate 6 (50%) a 8 (66.7%) a 7 (58.3%) a 9 (75%) a p = 0.753

Note: The DG, NG, DU, and NU represent daytime green walking, nighttime green walking, daytime
urban walking, and nighttime urban walking, respectively. Lowercase letters indicate significant
difference (p < 0.05). Analyzed using the Fisher’s exact test.
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3.5. Walking Environment Preference of Participants

In terms of daytime walking environments, 93.7% of the participants preferred the
daytime green space (Figure 11a). However, in terms of nighttime walking environments,
only 52.1% of participants chose the nighttime green space (Figure 11b). In the interview,
only some participants could give explicit reasons for their options, and these reasons
could be classified into several points (Figure 11).
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4. Discussion

The present study aimed to check how green walking and urban walking in different
time frames affect the physiological and psychological characteristics of the participants.
The main findings indicated that both the daytime green walking and nighttime urban
walking induced significant positive changes in blood pressure and psychological outcomes,
and the nighttime green walking also induced lowered blood pressure. The daytime
urban walking was inferior to the other three scenarios in psychological or physiological
improvements, but no significant difference was found among the daytime green walking,
nighttime green walking, and nighttime urban walking.

4.1. Urban Walking

In the present experimental study, blood pressure (SBP, DBP, and MAP), and some
psychological parameters (PANAS-positive and POMS-Vigor) demonstrated reduction
after the daytime urban walking. In contrast, the nighttime urban walking was associated
with significant improvements in moods (PANAS-positive, POMS-vigor, and POMS-TMD)
and blood pressure (SBP and MAP). In addition, the nighttime PRS score of the urban
area was significantly higher than the daytime counterpart. These findings supported our
first hypothesis that the daytime urban walking has negative effects while the nighttime
urban walking has positive effects. Since the two walking options were carried out in the
same area, these differences might be due to the change of the properties of the urban
environment at night.

449



Int. J. Environ. Res. Public Health 2021, 18, 90

Compared with previous works, our results of daytime urban walking agreed with
the finding of Ji, et al. [14], Hassan, et al. [48], and Song, et al. [49], who have also reported
negative effects of urban environments on blood pressure as well as some psychological
outcomes. However, there is a difference between the participants: Our study only included
middle-aged and older people, while the above studies only included young participants,
which indicates that the daytime urban environment may have negative impacts on people
of different ages. Besides, these negative impacts, according to Ji, et al. [14], and Hassan,
et al. [48], were caused by increased stress levels in urban surroundings, and the stress
responses were detected in the test of amylase and brain wave. Theoretically, physical
activity can benefit physiological and psychological health [10,50,51], and walking, the
basic exercise that we were concerned with, has been proved to lower blood pressure
and improve moods [50,51]. However, the health benefits of physical activity may be
counteracted by urban stressors such as noise, crowding, and pollution [52,53]. For ex-
ample, the autonomic nervous system, an important regulator for peripheral resistance
and cardiac outputs [54], can be inhibited by certain traffic noise, and thus increase blood
pressure [55–57]. In the following interview of the present study, these urban conditions
were also considered as unpleasant factors by some participants (Figure 11). Therefore,
the poorer effects observed in the daytime urban walking suggest that the daytime urban
environment exerts a dominant influence, which might attenuate or even mask the benefits
of walking.

In terms of the nighttime urban walking, responses were found more positive. In
a relevant study, Fullick, et al. [24] found that a night exercise carried out indoors re-
sulted in postexercise hypotension, which was similar to our results, indicating that the
effects of physical activity remained in the outdoor urban environment. Based on the
field investigation, a significant decrease in noise was observed in the nighttime urban
area (Table 3). Meanwhile, according to our observation during the experiment, the pedes-
trians were obviously fewer at night, which could also reduce feelings of being exposed
and make participants feel safe and comfortable [58]. Besides, some participants in our
study also mentioned that the urban area was quiet and peaceful at night (Figure 11). These
changes might partly explain the better responses at night. Moreover, another important
reason might be the enhanced safety and visuality owing to artificial lighting [33]. De-
spite current concerns over light pollution, artificial lights do bring convenience to the
urban citizen’s nighttime activities. Cajochen, et al. [59] has reported that exposure to
commercial light at 6500K resulted in enhanced subjective alertness, well-being, and visual
comfort. Another study further emphasized the psychological experiences affected by
light properties, and reported that the exposure to an artificial morning dawn simulation
light improved participants’ well-being, mood, and cognitive performance [60]. Our data
showed that the urban street had the best illumination in all scenarios (Table 3), and the
lights from streetlights and shops were generally warm, which made some participants
feel warm and comfortable (Figure 11). Overall, our findings confirm the negative impacts
of the daytime urban area, but indicate that nighttime urban walking may have positive
effects. Given that many cities have pedestrian streets or areas that are open and free of
vehicles, these places at night, especially the quiet ones, are probably suitable places for
nighttime walking after work.

4.2. Green Walking

In the present study, the daytime green walking has resulted in significant improve-
ments in psychological (PANAS-positive, POMS-vigor, and POMS-TMD) and physiological
(SBP, DBP, and MAP) parameters. By comparison, though the psychological improvements
were not statistically significant at night, similar positive trends were found, and decreases
in blood pressure (SBP, DBP, and MAP) were statistically significant. In terms of the PRS
and ROS, both scenarios received similar good scores. These results do not support our
second hypothesis that the daytime green walking has positive while the nighttime green
walking has negative effects.
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In the published literature, the benefits of green walking in lowering blood pressure
and improving psychological outcomes have been recorded [12,13,61]. Our findings of
daytime green walking have reconfirmed the effects of lowering blood pressure and
improving moods. However, there is still a notable difference, the green environments in
previous studies were forests or urban parks, in contrast to the urban greenway in our
study. Unlike forests or parks with relatively independent large areas, urban green spaces
are usually distributed in cities, close to the building area, have smaller green coverage,
and may be parked with cars like the present study area (Figure 2). This difference suggests
that small-scale or incomplete natural green environments in cities may also exert positive
effects on walking exercise. The finding is similar to that by Janeczko, et al. [62] who also
concluded that walking in an urban environment with greenery and walking in a forest
environment induced similar effects on physiological and psychological relaxation. Taken
together, these results further confirm the positive roles of urban green space in stress relief
and health improvement.

In terms of the nighttime green walking, the reasons for the non-significant psycho-
logical improvements and the decreased blood pressure were still unclear. As speculated
previously, visual experience might play an important role in green walking [30]. A simu-
lation by Briki and Majed [31] has confirmed the calming and relaxing effect of the color
green on the human organism, which further implied the importance of visual interacting
with plants during green walking. As the night went on, though considerable lights were
placed in the green space, the illumination situation was still the worst due to the shading
of tree crowns (Table 3). Theoretically, the color vision and foveal acuity seriously reduced
in nighttime due to characteristics of human rod-mediated vision. Reeves, et al. [63] found
that human night vision is very slow to adapt to changes in light levels. Therefore, in
addition to insufficient illumination, uneven illumination caused by plant shading may
also interfere with visual interacting when walking through the green space. In a simi-
lar study, Horiuchi et al. (2014) found that staying in a forest without visual interacting
had led to lowered blood pressure, but the outcomes of POMS were not affected. Our
findings were very similar to those recorded by Horiuchi et al. (2014), which indicate
that visual interacting may play a key role in psychological responses. Considering that
some participants disliked the nighttime green space for its poor scenic views (Figure 11),
the non-significant psychological responses in nighttime green walking could be partly
explained by the insufficient visual interacting with green elements. Moreover, the low-
ered blood pressure, according to Horiuchi et al. (2014), was possibly induced by other
environmental factors such as smell and sound. In the present study, the green space had
the lowest noise level (Table 3), which might help participants to stay calm and lower
their blood pressure [64]. Besides, some studies have found that smell materials produced
by trees may increase parasympathetic activity, thereby lowering blood pressure [65,66].
However, these mechanisms are not confirmed in the present study. Our findings suggest
that nighttime green walking may not effectively improve moods, but it is still effective in
lowering blood pressure. The green space in cities is still a feasible option for daytime and
nighttime walking.

4.3. Nighttime Walking

In the present study, nighttime walking in both the green space and urban area
induced positive changes, but no statistically significant differences were found in the
post-test or the proportion of participants with positive responses. In terms of the PRS and
ROS, though the green space scored a little higher than the urban area, the difference is
not statistically significant. These results do not support our third hypothesis that urban
walking has more positive and is more attractive than green walking at nighttime.

In recent years, green environments have been widely recognized to be more advanta-
geous to human health than urban environments [67,68]. Pratiwi, et al. [12] have found
greater improvements in blood pressure (SBP and DBP) and psychological parameters
(POMS-TMD and STAI) after walking in an urban park than walking in the city. Likewise,
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similar results were also reported in other walking studies [49,69]. However, these dif-
ferences were not seen in the nighttime green walking, which might be explained by the
changes in environmental properties as we discussed above. These results indicate the
similar benefits of nighttime walking in urban areas and green spaces.

In addition, the results of restorativeness were not in accordance with the findings
by Sonntag-Öström, et al. [58], who reported that four types of green environments all
scored much higher than a city environment. There was an assumption that urban environ-
ments were inherently lacking stress-reducing and mood-enhancing functions [18], and
the restorative effects of urban areas were possibly associated with urban greening [45].
However, in the present study, only a few plants were observed in the urban area, and the
restorativeness of the nighttime urban environment did not seem to be strongly associated
with plants. Han [70] reported that in addition to the scenic beauty, the restorativeness was
also related to viewers’ preference, which may help to understand our results. Our inter-
view results showed that nearly half of the participants preferred the urban environment
in the nighttime walking (Figure 11), which might be the reason for the similar restorative
effects in the urban area and green space. Overall, our findings imply that in addition to
natural environments, other artificial environments may also be positive and restorative in
a specific population or under certain conditions.

4.4. Limitations

With intriguing findings in the present study, there are still some limitations. Firstly,
because of the non-normally distributed data, the diurnal variation of measured physio-
logical parameters, we could not explore the interaction between time and sites. Secondly,
detailed physiological responses such as stress hormones and brain waves were not in-
vestigated due to the limited experimental conditions. Therefore, the mechanisms of
benefits in in different walking scenarios were not further discussed. Thirdly, the main
reason to walk in green environments is the air purification function of trees [71,72].
However, the experiment was carried out in October, which is just in the rainy sea-
son of Chengdu Plain, and the air pollution was at very low levels during the whole
experiment (Table 3), so the influences of air pollution were not investigated, which limits
us to generalize our findings to less polluted periods or areas. Besides, the impact of air
pollution on the nighttime walking and whether a small green space such as a greenway
can purify air need to be verified in future studies. Lastly, we ran the physiological and
psychological tests immediately after the walking program, therefore only the acute effects
were considered, and the long-term effects may remain a future topic.

5. Conclusions

This study provided scientific evidence for the physiological and psychological effects
of walking in urban areas and green spaces. Our findings suggest that the daytime
green environments are advantageous to mental relaxation and can help to lower blood
pressure, while the urban environments are negatively associated with walking exercise
and may attenuate positive effects of physical activities. However, the urban area may
become attractive and show positive effects in nighttime walking, while the psychological
influences may be subtle during the nighttime green walking, and nighttime walking in
both urban areas and green spaces may provide similar benefits. Taking into account the
limitations of the present study, we would recommend the urban citizens start nighttime
green walking after work, and nighttime urban walking is also advisable when the air is
less polluted.
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Abstract: The purpose of this paper is to develop and investigate a new theoretical model explaining
variance in job performance and uncertainty among nurses and physicians. The study adopted a
cross-sectional survey. Data was collected from 2946 nurses and 556 physicians employed at four
public hospitals in Norway. We analysed data using descriptive statistics, correlations, Cronbach’s
alpha, confirmatory factor analyses and structural equation modelling. To explain job performance
and uncertainty, two sets of explanatory variables were used: first, satisfactions of three psychological
needs—namely autonomy, social support and competence development—and second, employee
perceptions of hospital management quality (HMQ) and local leadership quality (LLQ). The results
supported the theoretical model among nurses and physicians; (1) HMQ was positively associated
with LLQ; (2) LLQ was positively associated with psychological needs; (3) the majority of psy-
chological needs were positively associated with job performance and negatively associated with
uncertainty, but more of these relations were significant among nurses than physicians. The results
suggest that job performance and uncertainty among nurses and physicians can be improved by
helping personnel meet their psychological needs. Improving job design and staff involvement
will be important to strengthen need satisfaction. Results suggest enhancement of HMQ and LLQ
will be positively related to need satisfaction among nurses and physicians and will strengthen job
performance and reduce uncertainty.

Keywords: management; leadership; psychological needs; healthcare services; job performance;
uncertainty; job resources

1. Introduction

The complexity of healthcare systems, tasks and patient care can develop high levels
of uncertainty among healthcare workers. In virtually all clinical situations experienced by
patients and health professionals, uncertainty is interwoven on a daily basis. Uncertainty
is influenced by numerous unknowns. Will a patient develop a particular condition? How
will that condition evolve? Is the treatment beneficial? Is the patient receiving the right
care at the right time, in the right place, and from the right people? Hence, the variety of
these unknowns, behaviours and feelings, reflects the concept of uncertainty and “make
uncertainty a ubiquitous problem in health care” [1]. Uncertainty influences how people
think, feel or behave [1]. Moreover, based on the rapid emergence and development of
new medical technologies, uncertainty is a growing problem in healthcare. Uncertainty
has many potential psychological effects and is a critical phenomenon in healthcare. Un-
certainty can provoke fear, worry, anxiety and avoidance of decision-making. Individuals
will, therefore, engage in a variety of different responses to minimise the negative effects of
uncertainty. Some will try to avoid uncertainty, while others will seek information to reduce
uncertainty. The responses to uncertainty will also depend on the specific context [1,2].
Given the increasing exposure of health providers to uncertain situations and information,
researchers should develop knowledge that can be used to reduce uncertainty and improve
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uncertainty tolerance in healthcare. For this to happen, we need research that can increase
the general understanding of uncertainty in healthcare settings [1], a clearer understanding
of the causes of uncertainty, and new response strategies [3].

Many factors are related to uncertainty among clinicians, and this study aims to de-
velop a taxonomy explaining direct and indirect causes of uncertainty and job performance
among nurses and physicians. Since many factors at different levels influence clinicians,
both micro- and macro-organisational factors will be included in the development of a
theoretical model. First, we assume that both managers and leaders influence the work
setting and psychological need satisfaction among clinicians. Moreover, we assume that
psychological need satisfaction significantly influences uncertainty and job performance.
In summary, we use these assumptions to develop a new taxonomy linking hospital man-
agement quality (HMQ), local leadership quality (LLQ), psychological need satisfaction,
uncertainty and job performance. This new taxonomy is to be tested among nurses and
physicians. The study provides new insights into the system dynamics of hospitals, starting
from the top management down to each individual worker who treats patients in clinical
settings. Furthermore, the study aims to contribute new knowledge that can be used to
understand clinical mechanisms and to improve hospital performance and delivery of care
in various settings. To cross-validate the research findings and potentially explore unique
findings across different groups, hypothesis testing will be conducted separately for nurses
and physicians.

Psychological health has a moderate to strong correlation with job performance across
scientific studies [4]. Indisputably, healthcare institutions aim to avoid burnout of staff
and develop healthy working conditions that support job performance. Unfortunately,
healthcare institutions are often characterised as the opposite, with working conditions
poorer than other sectors’ increasing the likelihood of burnout and reduced quality of
care [5].

Many factors influence system outcomes and quality of care. Hence, it may be nec-
essary to integrate individual factors with micro- and macro-organisational factors when
trying to understand systems’ dynamics [6]. Both managers and leaders influence the
work context of healthcare staff [7], and research suggests that the work environment
significantly influences patient care [8–10]. In the current study, we take these principles
into account. Therefore, we develop and present a new theoretical model illustrating how
hospital management quality (HMQ) is positively related to local leadership quality (LLQ).
Furthermore, LLQ of hospital wards is expected to be positively related to the satisfaction
of employees’ important psychological needs, namely autonomy, competence development
and colleague support [11]. Since delivery of care is mediated by the performance of each
individual healthcare worker, we also suggest that fulfilling the psychological needs of
hospital employees has the potential to improve job performance and reduce uncertainty
among staff. Hence, the current study focuses on incorporating and integrating impor-
tant system components influencing healthcare workers’ delivery of care. A new holistic
framework is developed which integrates HMQ and LLQ with the level of need satisfac-
tion, which in turn is expected to improve job performance and reduce uncertainty. This
framework will be tested with survey data collected from nurses and physicians. Further-
more, we will test the validity of a structural model reflecting the theoretical framework,
validating this model based on data.

1.1. Theoretical Framework and Hypotheses

This study draws upon theories originating from various bodies of literature. First,
using knowledge from leadership and management literature, HMQ and LLQ are con-
ceptualised and theoretically linked to each other. Next, insights from self-determination
literature are used to conceptualise how HMQ and LLQ are linked to the satisfaction of
psychological needs of healthcare personnel. Finally, theoretical arguments are built to
hypothesise two model outcomes: uncertainty and job performance (Figure 1). Hence, we
combine insights from management and leadership theory with organisational psychology
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and apply these sources to study uncertainty and job performance among physicians and
nurses in a hospital context.

1.1.1. Managers’ Influence on Leaders

Management and leadership have been substantially studied for decades, have multi-
ple approaches and definitions [12], and have been empirically linked to outcomes both
in healthcare [8,13,14] and other industries, e.g., [15].In the current study, we focus on
core areas of leadership and management: HMQ and LLQ. Hospital management must
cope with financial pressures and conflicting demands while dealing with pressure from
the board. Research suggests that managers select different coping strategies to handle
conflicting values and that these mechanisms challenge the integrity of managers [16] as
well as their choices and priorities. Furthermore, to correctly prioritise, hospital managers
need to have knowledge at both the institutional and regional levels. Hence, we suggest
that HMQ consists of the following managerial skills: (1) correct prioritisation, (2) ade-
quate knowledge at the institutional level, and (3) knowledge at the regional level which
constitutes the hospital context.

Hospital managers define a large share of hospital agendas and implement prioritisa-
tions top-down in hospital organisations [17]. On the other hand, leaders at lower levels
must potentially handle pressure from staff, patients and next of kin. In the daily care of
patients; therefore, it is likely that the perception of HMQ and LLQ will vary across staff.
Specifically, we include three leadership elements we regard as most important related
to LLQ: (1) relational skills to retain workers, (2) overview and knowledge at the local
hospital level, and (3) the ability to develop employees. Summarised, we expect HMQ to
strengthen LLQ, which leads to the following hypothesis:

H1: HMQ will be positively related to LLQ.

1.1.2. Leadership Is Related to Psychological Needs

Next, we consider the potential positive influence LLQ has on the satisfaction of
hospital staff’s psychological needs. According to the self-determination theory, relatedness
and inclusion in social groups constitute an important psychological need [18]. Leaders
have the potential to build, develop and influence the social relationships in wards and
units. Developing relationships is a potential way in which managers can influence
perceived social belonging among employees. Healthcare professionals need to interact
with one another as well as with professionals in other fields, developing mutual respect
that will positively affect the work environment and social support [18].

Another topic concerns the potential influence leaders have on the need for autonomy.
Research suggests the leaders have the potential to empower employees [19]. We, therefore,
expect that managers can have a great effect on the autonomy of workers by either restrict-
ing or increasing it. The control that local managers have over different aspects of the
workplace considerably influences the ways in which the employees perceive their work
environment as controlling versus autonomous, which, according to self-determination
theory, is important for motivation [20]. An independent and autonomous employee will
have the opportunity to express what needs to be done, how and when. An employee may
still autonomously complete a task that has been assigned by a supervisor as long as the
employee believes that the nature of the task is inherently interesting and congruent with
his or her values [21]. A leader may support autonomy through empowerment strategies,
through sharing control over how the work gets done, and through trying to understand
employees’ perspectives on the work [19,22].

The need for and development of competence is the third important psychological
need, according to Deci and Ryan [20]. We expect that managers have the capability to
satisfy the need for competence by delegating tasks that fit well with individual employees’
skills and abilities and by developing such skills and abilities according to goals, tasks and
patient treatment challenges. Earlier research suggests that a transformational leadership
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style is positively related to competence, while management by exception is negatively
related to competence [11].

Baard et al. [22] found that leadership behaviours that promote the satisfaction of
employees’ basic psychological needs produced positive outcomes, such as motivation,
whereas behaviours that prevented need satisfaction led to negative outcomes. In summary,
we expect LLQ to be positively related to employees’ need satisfaction of autonomy,
competence development and support [20]. Accordingly, the following hypothesis was
formulated:

H2: LLQ is positively related to psychological need (competence development, colleague support
and autonomy) satisfaction.

1.1.3. Psychological Needs Are Related to Uncertainty and Job Performance

Next, we will examine the potential outcomes of satisfying employees’ psychological
needs. Various studies have indicated that when people’s basic psychological needs are
satisfied, they behave with a sense of willingness and choice, e.g., [23]. Such positivity
and engagement among staff have the potential to improve patient care [24–26]. On the
contrary, lower engagement reflected in burnout is expected to be negatively related to
patient safety and satisfaction outcomes [27–29].

Satisfaction of the three basic psychological needs is expected to positively influence
health and well-being [30,31] as well as performance [22,32]. Individual job performance
consists of distinct sets of activities that contribute to an organisation’s output. When
employees have satisfied their needs for competence, autonomy and social support, they
will be motivated to invest their physical, cognitive and emotional energies into their
work, e.g., [20,33–35]. This, again, may enhance job performance among hospital staff.
Furthermore, by satisfying employees’ need for autonomy, competence and relatedness,
leaders are creating an environment where all employees can perform better, with positive
emotions and higher engagement levels [36]. The research connecting need satisfaction
to well-being and high-quality performance has been demonstrated in many fields [35],
including healthcare [34].

Meta-analyses [37] of organisational studies suggest that poor worker health, e.g.,
as exemplified by burnout, is positively associated with adverse events and accidents.
On the other hand, job resources, such as autonomy and social support, are related to less
burnout and higher job engagement [37]. Transferring findings from the meta-analysis,
we expect need satisfaction to be positively related to job performance and negatively
related to uncertainty. Therefore, we expect that the fulfilment of psychological needs will
be negatively related to uncertainty and positively related to job performance. This leads
to the following hypothesis:

H3: Satisfaction of psychological needs are (a) negatively related to uncertainty and (b) positively
related to job performance.

1.1.4. Final Model to Be Tested

This study contributes to the development and testing of a theoretical framework
illustrated in Figure 1. This framework explains the direct and indirect links from hospital
top management (HMQ) and local leadership (LLQ) to psychological need satisfaction,
which is related to two outcomes in hospitals: uncertainty and job performance. A mul-
tilevel organisational perspective is integrated into the model, suggesting that managers
indirectly influence the psychological needs of hospital employees and that local leaders
directly influence need satisfaction. To cross-validate the research findings and potentially
explore unique findings across different groups, hypothesis testing is conducted separately
for nurses and physicians.
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Figure 1. Research model. HMQ: Hospital management quality; LLQ: Local leadership quality.

2. Material and Methods
2.1. Sample and Data Collection

The current study was carried out in a Norwegian health region providing services
to a population of 1.1 million citizens. The human resource departments across the hospi-
tals generated employee email listings. A cross-sectional web-based survey design was
employed, and 22,883 employees working across four hospitals in the health region were
engaged. The overall response rate was 40% (N = 9162). For the purpose of this study,
physicians (N = 556) and nurses (N = 2946) were selected from the total sample. Hence,
3502 respondents were included in the current study.

2.2. Measures

All study variables were based on employees’ perception, with the use of Likert
type scales. All measurement concepts were operationalised with the use of multi-item
measures.

Hospital management quality (HMQ) and local leadership quality (LLQ) were adopted
and developed based on earlier studies using the Work Research and Quality Improvement
Questionnaire [38–40].

HMQ was measured with three items using a five-point scale (1 = not correct, 5 = to-
tally correct). The items assessed whether hospital management had knowledge about
departments, whether management priorities were correctly based on holistic understand-
ing, and whether regional management possessed strong knowledge about the hospital.
An example item reads, “The hospital management has good knowledge about the work
in the different departments.” Cronbach’s alpha was 0.84.

LLQ was measured using three items on a five-point scale (1 = not correct, 5 = totally
correct). The items assessed the leaders’ ability to retain workers, to possess general
knowledge, and to develop employees. An example item reads, “My closest leader has
good knowledge about my working situation.” Cronbach’s alpha was 0.86.

Autonomy [41] was based on an index consisting of four items measured on a five-
point scale (1 = to a very small extent, 5 = to a great extent). An example item reads,
“Employees have good opportunities to influence how work is carried out.” Cronbach’s
alpha was 0.91.

Competence development [42] was assessed with four items on a five-point scale
(1 = to a very small extent, 5 = to a great extent). An example item reads, “Do you have the
opportunity to learn new things through your work?”. Cronbach’s alpha was 0.76.

Colleague support [43] was assessed with three items on a five-point scale (1 = never,
5 = very often). An example item being “Are your colleagues able to appreciate the value
of your work and see the results of it?”. Cronbach’s alpha was 0.74.

Job performance [44] comprised four items measured on a five-point scale (1 = very
seldom/never, 5 = very often/always). An example item reads, “Are you satisfied with
the quality of the work you carry out?”. The other items concerned their ability to solve
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problems at work, capacity to maintain good working relationships with colleagues, and
satisfaction related to the amount of work conducted. Cronbach’s alpha was 0.77.

Uncertainty comprised six items measuring job-related situations associated with
uncertainty on a four-point scale (1 = never, 4 = very often). Perception of uncertainty
was, for instance, related to insufficient information and doubt regarding whether patients’
relatives should be informed of patients’ medical condition and treatment. The items were
adopted from the Nurses Early Exit Study (http://www.next-study.net). An example item
reads, “Uncertainty regarding the use and function of special equipment.” Cronbach’s
alpha was 0.65.

2.3. Data Analysis

Descriptive statistics and multivariate analysis of variance (MANOVA) were per-
formed with SPSS 26.0, while the remaining assessments were performed using AMOS
25.0. Pearson’s correlations indicated some overlap between concepts. Since social phe-
nomena were expected to vary across groups, MANOVA (Wilks’ lambda) was conducted
to test differences between the means of identified groups of subjects on a combination of
variables. Variance across demographic variables should be expected and should support
the discriminant validity of the study.

Confirmatory factor analyses (CFA) with the use of maximum likelihood estimation
(MLE) was performed to test the validity of constructs. All the latent variables and observed
variables were entered simultaneously to assess the construct validity. CFA is important
since survey instruments are evolving, and the validity of measurements may differ across
contexts. Second, structural equation modelling (SEM) with the use of MLE was performed
to test the hypothetical model developed. The following indicators and thresholds were
used to evaluate the fit: the root mean square error of approximation (RMSEA), Tucker–
Lewis Index (TLI), incremental fit index (IFI > 0.90) and comparative fit index (CFI > 0.90).
An RMSEA of less than 0.05 indicates a “good” fit, and an RMSEA of less than 0.08
corresponds to an “acceptable” fit [45]. Values of 0.90 or greater for other indicators
indicate a “good” fit [45,46]. Chi-square is normally not recommended to evaluate fit for
larger samples and was, therefore, not employed [47].

Based on the two target groups selected for the current study, descriptive statistics,
CFA and structural modelling were run separately for nurses and physicians to cross-
validate findings.

3. Results
3.1. Demographics

A total of 2946 nurses and 556 physicians participated in the study. Among nurses,
2661 were female (90.3%), 636 were less than 31 years old (21.6%), 316 were short-term
employees (10.7%), 1572 were full-time employees (53.4%), 1576 had specialisation or
further education (53.5%) and 508 had less than 4 years of experience (17.2%). Among
physicians, 287 were female (51.6%), 57 were less than 31 years old (10.3%), 244 were
short-term employees (43.9%), 509 were full-time employees (91.5%), 351 had specialisation
or further education (63.1%) and 112 had less than 4 years of experience (20.1%). Other
demographic data are presented in Table 1.
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Table 1. Participants in the study.

Demographic Variables Physicians (N = 556) Nurses (N = 2946) Total Sample
(N = 3502)

n % n % n %
Gender

Female 287 51.6 2661 90.3 2948 84.2
Male 269 48.4 285 9.7 554 15.8

Age
<31 57 10.3 636 21.6 693 19.8

31–40 243 43.7 753 25.6 996 28.4
41–50 130 23.4 749 25.4 879 25.1
51–60 80 14.4 651 22.1 731 20.9
>60 46 8.3 157 5.3 203 5.8

Employment (long-/short-term)
Long-term employee 312 56.1 2630 89.3 2942 84.0
Short-term employee 244 43.9 316 10.7 560 16.0

Employment (full-/part-time)
Full-time employee 509 91.5 1572 53.4 2081 59.4
Part-time employee 47 8.5 1374 46.6 1421 40.6

Specialisation/further
education

Yes 351 63.1 1576 53.5 1927 55.0
No 205 36.9 1370 46.5 1575 45.0

Years of experience
≤4 112 20.1 508 17.2 620 21.7

5–10 140 25.2 512 17.4 652 22.8
11–20 117 21.0 709 24.1 826 28.9
≥21 95 17.1 668 22.7 763 26.7

3.2. Descriptive Statistics

Descriptive statistics for the different target groups are presented in Table 2. Compe-
tence development had the highest score among physicians (mean = 4.47, SD = 0.55) and
nurses (mean = 4.45, SD = 0.53). Job performance had the second highest scores among
physicians (mean = 4.05, SD = 0.46) and nurses (mean = 4.07, SD = 0.45). Uncertainty in
patient treatment had the lowest score among physicians (mean = 1.84, SD = 0.40) and
nurses (mean = 1.80, SD = 0.36). The statistical variation on the different indicators was
generally considered satisfactory.

Table 2. Descriptive statistics.

Physicians Nurses Total

Mean SD Mean SD Mean SD

Hospital management quality
(HMQ) 3.00 0.87 3.11 0.79 3.10 0.80

Local leadership quality (LLQ) 3.75 1.01 3.75 0.97 3.75 0.97
Autonomy 3.07 0.87 3.24 0.79 3.21 0.81

Competence development 4.47 0.55 4.45 0.53 4.45 0.53
Colleague support 3.52 0.70 3.47 0.67 3.48 0.67
Job performance 4.05 0.46 4.07 0.45 4.07 0.46

Uncertainty 1.84 0.40 1.80 0.36 1.81 0.37

3.3. Variance across Sub-Groups

The results of MANOVA (Wilks’ lambda) indicated that age, gender and personnel
category (physician or nurse) were significantly (p < 0.05) related to the variance of the
seven dimensions included in Table 1. Hence, results generally indicated different scorings
based on age, gender and personnel category. This indicates statistical variance and
distribution, which is in accordance with expectancies in social science studies [48,49].
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3.4. Correlations

In general, HMQ, LLQ, competence development, autonomy, colleague support and
job performance were positively correlated with one another. On the other hand, uncer-
tainty was negatively correlated with all the other dimensions, which is not unexpected. All
correlations and Cronbach’s alpha can be seen in Table 3. Generally, all correlations were
significant (p < 0.01), and the level of overlaps between concepts and internal consistency
(Cronbach’s alpha) are considered satisfactory.

Table 3. Cronbach’s alpha (total sample in parentheses) and correlations among nurses (below
diagonal) and physicians (above diagonal).

1 2 3 4 5 6 7

1. Hospital management
quality (HMQ) (0.84) 0.42 0.23 0.48 0.11 0.19 −0.54

2. Local leadership quality
(LLQ) 0.52 (0.86) 0.39 0.67 0.22 0.24 −0.44

3. Competence
development 0.18 0.33 (0.70) 0.35 0.23 0.30 −0.20

4. Autonomy 0.43 0.66 0.32 (0.91) 0.27 0.18 −0.49
5. Colleague support 0.12 0.18 0.32 0.24 (0.74) 0.25 −0.14
6. Job performance 0.21 0.21 0.29 0.22 0.28 (0.77) −0.30

7. Uncertainty −0.43 −0.39 −0.12 −0.36 −0.06 −0.29 (0.65)
Note: All correlations are significant at p < 0.001 (two-tailed test).

Ad hoc assessments were conducted to control for the different demographic variables
listed in Table 1. Among the demographic variables, age had the strongest correlation with
the concepts included in the study, and uncertainty was most strongly correlated with age
among nurses (r = −0.23, p < 0.01) and physicians (r = −0.19, p < 0.01).

3.5. Confirmatory Factor Analyses

Confirmatory factor analyses (CFA) was performed using maximum likelihood extrac-
tion (MLE) to assess the validity of all concepts among nurses and physicians. All dimen-
sions with associated items were included in the assessments (Table 4). CFA supported the
use of the measurement concepts among nurses (IFI = 0.93, TLI = 0.91, CFI = 0.93, RMSEA
= 0.049, 90% confidence interval = 0.047–0.051) and physicians (IFI = 0.93, TLI = 0.91,
CFI = 0.93, RMSEA = 0.050, 90% confidence interval = 0.046–0.055). Among nurses, the
standardised factor to item loadings ranged from 0.34–0.90, and among physicians loading
ranged from 0.33–0.90. Uncertainty had the lowest loadings on “uncertainty regarding the
use and function of special equipment”, which was 0.34 and 0.33 among nurses and physi-
cians, respectively. Additionally, the loading on the items “Doubt if a patient’s relatives
should get informed about the patient’s medical condition and treatment” was 0.37 among
physicians. Even though two items had factor loading below 0.44, these items were not re-
moved because the content of the items was relevant for capturing the theoretical domains
they measure. Moreover, the theoretical concepts were operationalised with relatively few
items, and none of the items were, therefore, considered redundant. Based on the fit indices
and the overall results, the factor-to-item relations were considered satisfactory, indicating
robust and valid measures. Thus, the structural model could be tested with the use of
validated measurement concepts.
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Table 4. Standardised factor loadings based on confirmatory factor analyses (CFA).

Dimension/Item Standardised Factor Loadings
Nurses Physicians

Competence development
Does your work require you to change? 0.63 0.55

Does your work require you to take initiative? 0.64 0.60
Can you use your skills and your expertise in your job? 0.68 0.76

Do you have the opportunity to learn new things through your work? 0.68 0.75
Autonomy

In my department, we often influence goals or measures 0.87 0.86
Employees have the possibility to influence the work situations 0.89 0.90

All of the employees in my department are involved in important decisions that affect them 0.85 0.87
In my department, we can influence requirements associated with doing a good job 0.80 0.78

Colleague support
Give your colleagues constructive advice 0.74 0.72

Do your colleagues express their opinions about your work? 0.81 0.79
Are your colleagues able to appreciate the value of your work and see the results of it? 0.58 0.57

Local leadership quality (LLQ)
The leader of my unit emphasises the development of employees 0.84 0.90
My nearest leader has good knowledge about my work situation 0.71 0.67

The leader of my unit emphasises keeping employees 0.86 0.89
Hospital management quality (HMQ)

The hospital management has good knowledge about the situation in the departments 0.79 0.85
In my hospital, the management priorities are correctly based on a holistic understanding 0.90 0.88

The regional hospital management has good knowledge of our hospital 0.73 0.73
Uncertainty

Insufficient information from other healthcare professionals regarding a patient’s medical
condition 0.52 0.42

Providing wrong treatment to a patient 0.54 0.43
No doctor present at a medical emergency 0.46 0.44

Too few personnel to provide reasonable treatment 0.58 0.65
Doubt if a patient’s relatives should be informed about the patient’s medical condition and

treatment 0.48 0.37

Uncertainty regarding the use and function of special equipment 0.34 0.33
Job performance

Are you satisfied with the quality of the work you perform? 0.80 0.70
Are you satisfied with the amount of work you get done? 0.78 0.60

Are you satisfied with your ability to resolve problems that pop up during your work? 0.70 0.79
Are you satisfied with your ability to have a good relationship with your work colleagues? 0.48 0.54

3.6. Results of Structural Equation Modelling (SEM)

The full structural model was tested (MLE) with all the latent and manifest variables.
Among nurses, all fit indicators (Figure 2) were acceptable and above recommended
thresholds. All beta coefficients were in the expected directions. HMQ was positively
related to LLQ (b = 0.54, p < 0.001), supporting hypothesis 1. Further, LLQ was significantly
related to competence development (b = 0.36, p < 0.001), colleague support (b = 0.21,
p < 0.001) and autonomy (b = 0.68), supporting hypothesis 2. Additionally, job performance
was significantly related to competence development (b = 0.21, p < 0.001), colleague
support (b = 0.20, p < 0.001) and autonomy (b = 0.12, p < 0.001), as specified in hypothesis 3.
Lastly, also supporting hypothesis 3, uncertainty was related to competence development
(b = −0.05, p < 0.05) and autonomy (b = −0.35, p < 0.001), but not with colleague support
(b = 0.02, p = not significant). Hence, the majority of the relations were significant and in
expected directions, supporting the theoretical model among nurses. In total, the model
explained 12% of the variance related to job performance, and 14% of the variance related
to uncertainty among nurses.
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Figure 2. Structural modelling conducted on nurses and physicians. Note: * p < 0.05, *** p < 0.001. HMQ: Hospital
management quality; LLQ: Local leadership quality.

The model fit was also considered adequate among physicians (Figure 2) even though
TLI (0.89) was marginally below the 0.90 threshold. Further, all beta coefficients were in the
expected directions. HMQ was positively related to LLQ (b = 0.45, < 0.001), supporting
hypothesis 1. LLQ was significantly related to competence development (b = 0.41, p < 0.001),
colleague support (b = 0.24, p < 0.001) and autonomy (b = 0.70, < 0.001), supporting
hypothesis 2. According to hypothesis 3, psychological needs should be positively related
to job performance and negatively related to uncertainty. Findings revealed that colleague
support (b = 0.19, p < 0.001) and competence development (b = 0.26, p < 0.001) were
positively related to job performance. Furthermore, autonomy was negatively related to
uncertainty (b = −0.47, p < 0.001). Some non-significant results were also revealed among
physicians. Autonomy was not significantly related to job performance, and uncertainty
was not significantly related to competence development and colleague support. Among
physicians, the model explained 13% of the variance related to job performance and 24% of
the uncertainty.

Ad hoc assessments were conducted to control for the influence of age on uncertainty
and job performance. Results revealed that age was significantly and negatively related to
uncertainty both among nurses (b = −0.13, p < 0.001) and physicians (b = −0.13, p < 0.05)
but did not influence job performance. However, the inclusion of age in the model reduced
the model fit below the recommended thresholds and was, therefore, not included in the
final model and presentation of the results (Figure 2).

4. Discussion

Overall, the majority of the results supported the theoretical framework proposed
in this study: (1) HMQ is positively related to the quality of local leadership; (2) LLQ is
positively related to psychological needs; (3) the majority of the psychological needs are
positively related to job performance and negatively related to uncertainty. Moreover, the
model is relevant and explains a substantial portion of variance related to uncertainty and
job performance among nurses and physicians.
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4.1. Theoretical and Practical Implications

Daily care of patients in hospital wards, typically provided by physicians, nurses and
other hospital staff, depends on many factors that constitute the microsystems in hospitals.
The working conditions of these employees, as well as their needs satisfaction in hospital
microsystems are influenced by local managers, as suggested by the theoretical model
developed in the current study. Furthermore, the model developed and tested in this study
illustrates how HMQ can positively influence LLQ. Sometimes, this perspective is referred
to as a multilevel organisational approach since top-level management has a responsibility
to define organisational goals and strategies [50,51], which, in turn, influence local leaders
and staff. In summary, this study suggests that line management, including both the
hospital top-management and local leaders, have a significant and positive influence on
psychological need satisfaction of both nurses and physicians. Moreover, the theoretical
model developed in this study demonstrates that increased psychological need satisfaction
will improve job performance and reduce uncertainty among nurses and physicians.

Managers develop and influence budgets, staff-to-patient ratios and opportunities for
staff to develop competence through courses, learning activities and other initiatives. The
approach used in the current study suggests multilevel organisational paths, indicating
that managers indirectly influence the psychological needs of hospital employees while
local leaders influence these needs directly. Since the fulfilment of psychological needs
is expected to have a direct influence on both job performance and uncertainty, hospital
top managers and local leaders play important roles in developing well-functioning and
efficient microsystems, which take into consideration the psychological needs of physicians
and nurses.

Hospital systems are hierarchical and complex structures comprising separate but
interconnected components. The components of organisations are supposed to play comple-
mentary roles to accomplish their joint tasks [52–54]. However, shifts and different working
hours make hospital teams and systems less stable, with the rotation of staff, individuals
and patients [55]. Other barriers and challenges can be related to temporal resources, nega-
tive peer opinion, legislative hindrances and reimbursement shortfalls [56]. Additionally,
complex organisations usually have competing agendas, values and goals [57,58] that may
lead to fragmentation, competition and malpractice instead of integration, collaboration
and cooperation between different actors of the system [58].

With different challenges and barriers towards providing quality care [56], the results
of the current study suggest that hospital top-management and local leaders play crucial
roles in adequately meeting the psychological needs of staff. Across sub-samples consisting
of nurses and physicians, this finding is substantial. Local leaders strongly influence
the competence development, autonomy and colleague support, although autonomy
appears to have the strongest relation with LLQ across the sub-groups. Interestingly,
the relation between autonomy and job performance is not significant among physicians.
Autonomy might be related to more advanced and difficult tasks, which may explain
why colleague support and competence development are generally more significantly
related to job performance. Hence, local leaders and work process designers should be
aware that higher levels of autonomy do not necessarily provide higher levels of job
performance among physicians. Moreover, competence development and support from
colleagues might have a more positive influence on job performance, which implies that
local leaders should emphasise competence development and support from colleagues to
improve wards and clinical working conditions. However, nurses’ autonomy significantly
influences job performance. As a general approach, increasing autonomy among nurses
seems to be an adequate strategy. However, the results suggest that colleague support and
competence development are more important when trying to improve job performance
among physicians.

Research and literature [55,59,60] emphasise that managers and leaders need to es-
tablish integrated care and address other challenges, such as the development of strong
patient safety cultures [61]. According to the theoretical model developed and examined in
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the current study, the fulfilment of the psychological needs of nurses and physicians may
be more important in the development of integrated care and patient safety cultures than
earlier assumed and emphasised in research. As such, the findings suggest that attention to
psychological need satisfaction among hospital staff can or should be higher on the agenda
when developing leadership development programs in hospitals. Further, the fulfilment
of psychological needs should be incorporated and emphasised in hospital improvement
programs and the design of the working conditions for hospital staff.

4.2. Research Limitations

The findings of this study should be considered in view of the following limitations.
The sample size comprising nurses (N = 2946) was much greater compared to that of
physicians (N = 556). Nevertheless, the statistical power should be considered relatively
robust in the physician sample. Future studies, however, should aim at using large samples
to reduce the likelihood of type II error. Moreover, this study is conducted using a sample
of physicians and nurses in a single country, and more studies should be conducted in
other cultures and contexts before the generalisation of the results. The cross-sectional
design incorporates staff perception and does not establish evidence of causal relationships.
Hence, other types of research design, analysing multiple time periods, are suggested for
follow-up studies. In addition, future studies can consider the use of different types of job
performance indicators, as job performance is a difficult concept to measure [62].

5. Conclusions

The results suggest hospitals and their line managers should aim at increasing job
performance and reducing uncertainty by fulfilling the psychological needs of their employ-
ees. The results suggest that psychological needs perspectives should be integrated into
quality-improvement interventions and strategies for nurses and physicians. The findings
illustrate how hospital line managers need to address the psychological needs of nurses
and physicians in hospital settings. For health professionals to be efficient and confident in
what they do, the social environment must provide experiences that will satisfy their basic
psychological needs [63]. The results of the current study suggest that the job performance
of hospital staff will suffer without psychological nutrients, and because of this, patients
are likely to suffer as well. The hospitals’ HR practices should incorporate perspectives
related to the satisfaction of workers’ psychological needs in the development of managers
while considering job characteristics and organisational systems. To be able to deliver high
quality care, the psychological needs of nurses and physicians must be met. Achieving a
fit between individuals and their jobs is an important approach to increase psychological
need satisfaction.
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Abstract: Physical activity has long been associated with chronic diseases. However, the association
between physical activity and renal progression in hypertensive patients remains unclear. This study
investigated the relationship between the level of physical activity and renal function in hypertensive
patients. We analyzed 3543 patients with hypertension. Data on patients’ demographic characteristics,
comorbidities, physical activity, and lifestyle characteristics were collected via questionnaires. An
estimated glomerular filtration rate (eGFR) that was reduced by more than 25% from the baseline
eGFR was defined as renal progression. This study divided physical activity into three levels (low,
moderate, and high) based on their metabolic equivalent of tasks (METs) levels. The mean age was
63.32 ± 12.29 years. After we adjusted for covariates, renal progression was significantly higher
among patients with low levels of physical activity (odds ratio (OR), 1.39; 95% confidence interval (CI),
1.01–1.90)) and moderate levels of physical activity (OR, 1.39; 95% CI, 1.04–1.86) than among patients
with high levels of physical activity. We found a significant association between physical activity
and renal progression in hypertensive patients, especially in elderly patients and men. Therefore,
to reduce the risk of renal progression, we recommend that clinicians should encourage patients to
improve their physical activity.

Keywords: physical activity; renal progression; hypertension

1. Introduction

Hypertension is a tremendous global public health threat. It contributes to the burden of coronary
artery disease, heart attack, and stroke, as well as chronic kidney disease (CKD) and end-stage renal
disease (ESRD) [1,2]. Hypertension is closely related to renal progression and nondiabetic CKD [3,4].
According to the United States Renal Data System (USRDS) reports, 28% of newly diagnosed ESRD
is the result of hypertension [5]. It has been reported that the prevalence of ESRD in Taiwan is the
highest in the world [5]. In Taiwan, the three most common comorbidities among ESRD patients were
hypertension, cardiovascular disease, and diabetes, which were present in 82%, 56.2%, and 49.3%,
respectively [6]. Patients with hypertension gradually develop ischemic glomeruli owing to vascular
injury [7]. Hypertension that is inadequately or inappropriately treated could progress rapidly to renal
failure [7]. In summary, patients with hypertension may experience a decline in renal function and
develop renal dysfunction throughout their lives.

Previous studies have proposed that physical exercise has a protective effect against a number
of chronic diseases [8,9]. According to World Health Organization (WHO) recommendations, adults
should perform at least 150 min of moderate-intensity aerobic physical activity per week, at least 75 min
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of vigorous-intensity aerobic physical activity per week, or an equivalent combination of moderate-
and vigorous-intensity activity [10]. Previous meta-analyses showed that people who reached an
overall level of physical exercise that was several times higher than the currently recommended
minimum amount of exercise had significantly lower risks of breast cancer, colon cancer, diabetes,
ischemic heart disease, and ischemic stroke events [8]. The Kidney Disease Outcomes Quality Initiative
(K/DOQI) Clinical Practice Guidelines suggest that increased physical function and a higher level of
physical activity could reduce the risk of cardiovascular disease in dialysis patients [11]. Additional
benefits may improve patents’ ability to perform basic activities of daily living and quality of life [12].
Among patients with diabetes, not only leisure-time physical activity, but also daily commuting and
occupational activity can reduce the risk of cardiovascular disease mortality [13]. Non-vigorous activity
as well as vigorous physical activity was associated with insulin sensitivity [14].

Despite the causal relationships between physical inactivity and chronic diseases [15], there is a
lack of data regarding the association between the risk of renal progression in hypertensive patients
and the level of total physical activity. Therefore, we examined the relationship between the level of
physical activity and changes in renal function in hypertensive patients. This analysis will help future
interventions to prevent renal progression in high-risk populations.

2. Materials and Methods

2.1. Study Population

The study data were obtained from the Epidemiology and Risk Factors Surveillance of CKD
database (2008–2016); these data were collected at 14 medical centers and communities in Taiwan from
October 2008 to February 2016. In this study, we identified data from at least two serum creatinine
measurements in patients aged ≥18 years, with a total of 10,823 participants. Patients were excluded
from the analysis based on the following criteria: follow-up periods were less than 12 months, missing
data on the level of physical activity, and inability to assess renal function. Our study used a self-report
questionnaire to define patients with hypertension. The diagnosis question was “Have you ever been
diagnosed with hypertension by a doctor”? (Answer: “Yes/No”). If the patient answered yes, the
patient was defined as having hypertension. In total, 3543 patients with hypertension were enrolled;
Figure 1.
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2.2. Study Variables and Definitions

Data on patients’ demographic characteristics, comorbidities, physical activity, and lifestyle were
collected via self-report questionnaires, including sex, age, hypertension, CKD, diabetes mellitus,
dyslipidemia, stroke, gout, cigarette smoking, alcohol consumption, sitting time, and levels of physical
activity. Patients’ physical examination data were obtained via clinical chart review, including serum
creatinine, baseline estimated glomerular filtration rate (eGFR), height, weight, body mass index (BMI),
fasting glucose, systolic blood pressure (SBP), diastolic blood pressure (DBP), and total cholesterol.

The definition of CKD was determined according to the Kidney Disease Outcomes Quality Initiative
guidelines [16]. The eGFR was calculated using the Chronic Kidney Epidemiology Collaboration
(CKD-EPI) The Taiwan equation is as follows: eGFR (mL/min/1.73 m2) = 1.262 × (141 ×min (serum
creatinine (SCr)/κ, 1)α ×max (SCr/κ, 1)−1.209 × 0.993age × 1.018 (if female) × 1.159 (if black))0.914, κ = 0.7
(for female) and 0.9 (for male), α = −0.329 (female), and −0.411 (male); min denotes the minimum of
SCr/κ or 1, and max denotes the maximum of SCr/κ or 1 [17].

An eGFR that was reduced by more than 25% from the baseline eGFR was defined as renal
progression [18]. Each patients’ renal function was evaluated at the same medical center to reduce
variability. Cigarette smoking was classified as smoking or never smoking. Smoking was defined
as at least 100 cigarettes in a lifetime [19]. Alcohol consumption was classified as current alcohol
consumption or never.

Because all of the participating research medical centers and communities used the same medical
laboratory standards and protocols, research serum creatinine values from the different contributing
research units can be compared and standardized with each other. This study was approved by the Joint
Institutional Review Board of Tri-Service General Hospital (TSGHIRB 100-05-197), Kaohsiung Medical
University Chung-Ho Memorial Hospital (KMUHIRB 20120019), Taipei Medical University (TMU-JIRB
20124036), National Cheng Kung University Hospital (A-ER-101-117), Kaohsiung Chang Gung
Memorial Hospital (101-1096B), Cardinal Tien Hospital (TMU-JIRB 201204035), Changhua Christian
Hospital (CCHIRB 120405), and China Medical University Hospital (DMR101-IRB2-273(CR-1). Written
informed consent was obtained from the study participants before any data collection occurred.

2.3. Physical Activities Definitions

This study used the Taiwan version of the International Physical Activity Questionnaire (IPAQ), a
short, last-seven-day self-administered format, to measure physical activity (http://www.ipaq.ki.se).
The IPAQ is a validated instrument used to assess cross-national physical activity. It is a validated
questionnaire that has been translated into multiple languages and has been extensively tested in
many countries around the world [20–22]. The questionnaire collected information on the frequency of
physical activity and measured vigorous-intensity activity, moderate-intensity activity, and walking
activities in the past seven days. The IPAQ asks participants to report physical activities performed for
more than 10 continuous minutes [23].

The metabolic equivalent of tasks (METs) represents the amount of oxygen consumed while
sitting at rest and is equal to 3.5 mL/kg/min of VO2 Max [24]. METs were calculated based on the
IPAQ questions in this study by assigning standard MET values for walking as well as moderate- and
vigorous-intensity activity: 3.3 METs, 4.0 METs, and 8.0 METs, respectively (http://www.ipaq.ki.se).
These values were used to calculate vigorous-intensity activity, moderate-intensity activity, and walking
activity METs (minutes per week) as follows: walking activity METs = 3.3 ×walking minutes ×walking
days; moderate-intensity activity METs = 4.0 ×moderate-intensity activity minutes ×moderate days;
and vigorous activity METs = 8.0 × vigorous-intensity activity minutes × vigorous-intensity days.
Total physical activity = sum of walking + moderate + vigorous MET minutes/week scores [23,25].

This study divided physical activity into three levels (low, moderate, and high) based on the
following criteria: low physical activity was defined as not meeting the criteria of the moderate or high
category; moderate physical activity was defined as meeting any of the following three conditions:
(a) three or more days of vigorous-intensity activity of at least 20 min/day; (b) five or more days
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of moderate-intensity activity and/or walking of at least 30 min/day; or (c) five or more days of
any combination of walking, moderate-intensity, or vigorous-intensity activities achieving at least
600 MET-minutes/week. High physical activity was defined as meeting any of the following two
conditions: (a) vigorous-intensity activity on at least three days/week and accumulating at least 1500
MET-minutes/week; (b) seven or more days of any combination of walking, moderate-intensity, or
vigorous-intensity activities achieving at least 3000 MET-minutes/week [23,25].

2.4. Statistical Analysis

The patient characteristics data were analyzed by descriptive statistics. The chi-square test and
Student’s t test were used to determine the significant differences between patients with and without
renal progression. The chi-square test and one-way analysis of variance test were used to determine
the significant differences between levels of physical activity. The odds ratio (OR) and 95% confidence
interval (CI) for the risk of renal progression were calculated for the levels of physical activity. After
adjusting for all covariates, we used multivariate logistic regression models to evaluate the relationship
between the level of physical activity and risk of renal progression. Covariates included sex, age,
CKD, diabetes mellitus, dyslipidemia, stroke, gout, body mass index (BMI), serum creatinine, cigarette
smoking, and alcohol consumption. We further performed a stratified analysis by sex and age to assess
the association between levels of physical activity and renal progression. All analyses and calculations
were performed using Statistical Analysis System (SAS) software (SAS Institute), version 9.4. The
results were considered statistically significant at p < 0.05.

3. Results

A total of 30.29% of patients with hypertension revealed renal progression. The average follow-up
time was 35.42 (SD ±16.13) months. Table 1 lists the baseline demographic and clinical characteristics
of renal non-progression and renal progression among hypertensive patients. The mean age was
63.32 (SD ±12.29) years, and males accounted for 2043 (57.66%) of the hypertensive patients. The
patients with renal progression had a higher prevalence of CKD (1016 (94.69%)), diabetes mellitus (573
(53.40%)), stroke (124 (11.56%)), and gout (409 (38.12%)), as well as lower levels of physical activity
than those without renal progression.
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Table 1. The baseline characteristics subjects.

Characteristic
Overall Renal Non-Progression Renal Progression p-Value

(n = 3543) (n = 2470) (n = 1073)

Sex, % 0.052
Female 1500 (42.34) 1019 (41.26) 481 (44.83)
Male 2043 (57.66) 1451 (58.74) 592 (55.17)

Age (years), mean ± SD 63.32 ± 12.29 63.02 ± 12.21 63.99 ± 12.45 0.031

Comorbidities, %
CKD 2771 (78.21) 1755 (71.05) 1016 (94.69) <0.001

Diabetes mellitus 1642 (46.34) 1069 (43.28) 573 (53.40) <0.001
Dyslipidemia 1428 (40.30) 992 (40.16) 436 (40.63) 0.821

Stroke 330 (9.31) 206 (8.34) 124 (11.56) 0.003
Gout 1005 (28.37) 596 (24.13) 409 (38.12) <0.001

Physical examination, mean ± SD
Serum creatinine (mg/dL) 1.58 ± 1.22 1.29 ± 0.98 2.25 ± 1.44 <0.001

Baseline eGFR (mL/min per 1.73 m2) 52.70 ± 24.66 59.27 ± 22.43 37.57 ± 22.86 <0.001
Height (cm) 161.39 ± 8.28 161.71 ± 8.32 160.65 ± 8.12 <0.001
Weight (kg) 67.58 ± 12.91 68.03 ± 13.03 66.55 ± 12.58 0.002
BMI (kg/m2) 25.87 ± 4.11 25.93 ± 4.10 25.73 ± 4.14 0.181

Fasting glucose (mg/dL) 115.63 ± 36.33 113.54 ± 33.92 120.32 ± 40.87 <0.001
SBP (mmHg) 133.88 ± 16.70 133.07 ± 16.64 135.73 ± 16.70 <0.001
DBP (mmHg) 77.33 ± 11.61 77.63 ± 11.35 76.62 ± 12.17 0.022

Total cholesterol (mg/dL) 181.91 ± 38.58 181.45 ± 37.02 182.96 ± 41.88 0.332

Lifestyle, %
Cigarette smoking 919 (25.95) 630 (25.51) 289 (26.96) 0.387

Alcohol consumption 423 (11.94) 304 (12.31) 119 (11.09) 0.332
Sitting Time (HR/per day), mean ± SD 242.84 ± 136.91 241.90 ± 137.36 244.53 ± 136.20 0.717

Levels of Physical Activity, % <0.001
Low 2235 (63.08) 1519 (61.50) 716 (66.73)

Moderate 926 (26.14) 653 (26.44) 273 (25.44)
High 382 (10.78) 298 (12.06) 84 (7.83)

Data expressed as percentage or mean ± SD. Abbreviations: CKD, chronic kidney disease; BMI, body mass index;
SBP, systolic blood pressure; DBP, diastolic blood pressure; HR, heart rate; eGFR, estimated glomerular filtration rate.

Table 2 presents the baseline characteristics and level of physical activity of the study hypertensive
patients. Among the 3543 patients in the overall cohort, 2235 (63.08%), 926 (26.14%), and 382 (10.78%)
were in the low, moderate, and high level of physical activity, respectively. The patients in the low
level of physical activity were older (63.29 (SD ±12.70)) than those in the moderate (64.19 [(SD ±11.33))
and high level (61.34 (SD ±11.86)). The low level of physical activity also had higher proportions of
diabetes mellitus (1085 (48.55%)). Compared with the moderate and high level of physical activity, the
low level of physical activity had a higher serum creatinine (0.73 (SD ±0.15)), BMI (25.98 (SD ±4.26)),
and fasting glucose (116.90 (SD ±38.76)).
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Table 2. Levels of physical activity by patient characteristics.

Characteristic
Low Moderate High p-Value

n = 2235 n = 926 n = 382

Sex, % <0.001
Female 1021 (45.68) 380 (41.04) 99 (25.92)
Male 1214 (54.32) 546 (58.96) 283 (74.08)

Age (years), mean ± SD 63.29 ± 12.70 64.19 ± 11.33 61.34 ± 11.86 <0.001

Comorbidities, %
CKD 1765 (78.97) 725 (78.29) 281 (73.56) 0.061

Diabetes mellitus 1085 (48.55) 404 (43.63) 153 (40.05) 0.001
Dyslipidemia 881 (39.42) 375 (40.50) 172 (45.03) 0.118

Stroke 214 (9.57) 83 (8.96) 33 (8.64) 0.771
Gout 619 (27.70) 262 (28.29) 124 (32.46) 0.161

Physical examination, mean ± SD
Serum creatinine (mg/dL) 1.63 ± 1.28 1.52 ± 1.16 1.46 ± 1.02 0.010

Baseline eGFR (mL/min per 1.73 m2) 51.89 ± 25.26 53.31 ± 23.77 55.90 ± 22.97 0.009
Height (cm) 161.14 ± 8.34 161.23 ± 8.17 163.16 ± 7.96 <0.001
Weight (kg) 67.66 ± 13.31 66.64 ± 11.87 69.37 ± 12.84 0.002
BMI (kg/m2) 25.98 ± 4.26 25.58 ± 3.85 25.96 ± 3.80 0.044

Fasting glucose (mg/dL) 116.90 ± 38.76 114.31 ± 32.27 111.53 ± 30.44 0.016
SBP (mmHg) 133.94 ± 16.82 133.81 ± 16.63 133.67 ± 16.18 0.948
DBP (mmHg) 77.18 ± 11.35 77.61 ± 12.22 77.51 ± 11.58 0.609

Total cholesterol (mg/dL) 181.97 ± 39.65 182.32 ± 38.26 180.59 ± 32.74 0.777

Lifestyle, %
Cigarette smoking 561 (25.10) 237 (25.62) 121 (31.68) 0.025

Alcohol consumption 261 (11.68) 102 (11.02) 60 (15.71) 0.048
Sitting time, mean ± SD 246.43 ± 139.73 240.75 ± 135.73 232.71 ± 127.43 0.396

Abbreviations: CKD, chronic kidney disease; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic
blood pressure.

Table 3 shows the crude and adjusted odds ratio (OR) of the risk of renal progression across
different levels of physical activity in hypertensive patients, calculated using the logistic regression
model. The crude OR of renal progression was 1.67 (1.29–2.16) for low levels of physical activity and
1.48 (1.12–1.96) for moderate levels of physical activity compared with high levels of physical activity.
After we adjusted for covariates, a higher risk of renal progression was still significantly associated
with a low level of physical activity (OR, 1.39; 95% CI, 1.01–1.90) and a moderate level of physical
activity (OR, 1.39; 95% CI, 1.04–1.86) compared with a high level of physical activity.
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Table 3. Risk of renal progression across different levels of physical activity.

Variable Crude Odds Ratio (95% CI) Adjusted Odds Ratio (95% CI)

Levels of Physical Activity
High Reference Reference

Moderate 1.48 (1.12–1.96) 1.39 (1.01–1.90)
Low 1.67 (1.29–2.16) 1.39 (1.04–1.86)

Sex
Male Reference Reference

Female 1.16 (1.00–1.33) 1.16 (1.00–1.33)
Age (years) 1.01 (1.00–1.01) 1.00 (0.99–1.00)

Comorbidities, %
CKD 7.26 (5.48–9.61) 3.87 (2.86–5.24)

Diabetes mellitus 1.50 (1.30–1.73) 1.75 (1.48–2.08)
Dyslipidemia 1.02 (0.88–1.18) 1.01 (0.85–1.19)

Stroke 1.44 (1.14–1.82) 1.30 (1.00–1.70)
Gout 1.94 (1.66–2.26) 1.47 (1.23–1.77)

BMI (kg/m2) 0.99 (0.97–1.01) 0.99 (0.97–1.01)
Serum creatinine (mg/dL) 2.05 (1.90–2.21) 2.00 (1.83–2.18)

Cigarette smoking 1.08 (0.92–1.27) 1.09 (0.88–1.35)
Alcohol consumption 0.87 (0.71–1.11) 0.98 (0.76–1.28)

Abbreviations: CI, confidence interval; CKD, chronic kidney disease; BMI, body mass index; SBP, systolic blood
pressure; DBP, diastolic blood pressure; OR, odds ratio.

Table 4 lists the OR for the risk of renal progression across different levels of physical activity
in hypertensive patients stratified by sex and age group. In males, the multivariate adjustment for
age, CKD, diabetes mellitus, dyslipidemia, stroke, gout, BMI, serum creatinine, cigarette smoking,
and alcohol consumption resulted in an OR for renal progression that was significantly associated
with a low level of physical activity (OR, 1.56; 95% CI, 1.10–2.20) relative to the high level of physical
activity (p for trend is <0.020). In females, there was no association between levels of physical activity
and developing renal progression. In patients aged ≥60 years, after we adjusted for covariates, the
resulting OR for renal progression was significantly associated with a low level of physical activity
(OR, 1.54; 95% CI, 1.08–2.22) and a moderate level of physical activity (OR, 1.50; 95% CI, 1.02–2.21)
relative to the high level of physical activity (p for trend is 0.052). The results for patients aged <60
years were not significant.

Table 4. Risk of renal progression across different levels of physical activity by gender and age.

Subgroups High Moderate Odds
Ratio (95% CI)

Low Odds Ratio
(95% CI) p for Trend

Male Reference 1.45 (0.99–2.12) 1.56 (1.10–2.20) <0.020
Female Reference 1.20 (0.63–1.87) 1.09 (0.67–2.12) 0.866

Age ≥ 60 Reference 1.50 (1.02–2.21) 1.54 (1.08–2.22) 0.052
Age < 60 Reference 1.52 (0.87–2.64) 1.51 (0.92–2.48) 0.191

Reference group is high. Odds ratio were adjusted for covariate factors, including age, CKD, diabetes mellitus,
dyslipidemia, stroke, gout, BMI, serum creatinine, cigarette smoking, and alcohol consumption.

4. Discussion

This multicenter prospective cohort study enrolled subjects with hypertension to demonstrate that
the level of physical activity was an independent predictor of renal progression. We found that a low
level of physical activity and a moderate level of physical activity were associated with an increased
risk of renal progression compared with a high level of physical activity. In particular, in male or
elderly patients, different levels of physical activity were significantly associated with renal function.
To our knowledge, this is the first prospective cohort study to elucidate the effects of physical activity
differences on kidney damage in patients with hypertension.
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Low levels of physical activity and low physical function are associated with adverse clinical
outcomes [12]. A previous study indicated that higher levels of physical activity are attributed to
a lower prevalence of CKD, which is broadly consistent with this study [26]. Insufficient physical
activity is associated with increased morbidity and mortality, both in the general population and in
patients with noncommunicable diseases [27,28]. Therefore, physical activity is related to primary
prevention in the general population and the secondary and tertiary care of the patient population [29].
Many scientific studies indicate that most physiological systems can be positively altered by physical
activity [30–32]. Participation also plays a role in the prevention and treatment of chronic diseases [33].
Therefore, physical activity could be a natural treatment for many diseases [34].

Our results indicated a trend toward men having a higher risk of renal progression with lower
levels of physical activity than women. Previous studies have proposed that men show a lower risk of
CKD with higher levels of vigorous intensity physical activity compared with women, while shorter
sitting times are associated with CKD in women, but not in men [26]. A possible explanation for this
finding is that cultural and social environmental differences and biological effects have caused sex
differences [35–37]. It has been reported that estrogens may bring into play potent antioxidant action
and may have protective effects on renal progression in women [38]. A previous study also shows sex
steroids and sex chromosomes play a mediating role in causing kidney disease [39].

Our findings suggest that the level of physical activity is related to renal progression in older
patients, but not in younger patients. These findings are consistent with those of previous studies that
show that exercising with sufficient intensity and frequency can improve health in older adults [40,41].
The meta-analysis also reported that increased physical activity could prevent and slow down the
onset of dysfunction and the progression of functional decline in the elderly [42]. However, with
increasing age, the prevalence of physical exercise decreases [43]. In addition, our research shows that
hypertensive patients with CKD, diabetes, stroke, or gout were associated with kidney function decline,
which is consistent with previous studies. Diabetes mellitus, CKD, stroke, and gout are independent
risk factors for renal disease [35,44–46].

Our study uses the IPAQ questionnaire to assess physical activity and calculate the level of
physical activity (low, medium, and high) through MET. The IPAQ questionnaire has been validated
and widely used in other studies [20–22,26]. MET is defined as the ratio of working metabolic rate to
resting metabolic rate, and is usually used to indicate the intensity of physical activity [26]. According
to the World Health Organization guidelines, four METs are assigned to the time spent doing moderate
activities, and eight METs to the time spent doing vigorous activities [47].

Our study has advantages. First, our study provided evidence in a large cohort study showing
that a low level of physical activity was an independent predictor of kidney function decline in patients
with hypertension. Second, data on patient demographics, comorbidities, physical activity, and lifestyle
were collected through face-to-face interviews. To ensure the quality of our data, our interviewers
were given in-depth training. However, the authors acknowledge some limitations. First, voluntary
participation in research may lead to selection bias. Second, misclassification of physical activity, which
was recorded from the self-report questionnaires at baseline, is possible. However, this misclassification
may be non-differential, thus leading to an underestimation of certain test results. Third, because the
participants’ physical examination data were collected from multiple centers, equipment variations
may affect the test results. Nonetheless, all supervisors tried to minimize measurement errors.

5. Conclusions

This study offers evidence demonstrating that physical activity is related to renal progression
among patients with hypertension. We observed that a low level of physical activity had significant
adverse effects, especially in male and elderly patients. Therefore, to reduce the risk of renal progression,
we recommend that clinicians should encourage patients to improve physical activity. In addition, we
recommend that healthcare providers develop strategies and clinical interventions to increase patients’
motivation for exercise.
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