
Edited by

Training Methods 
to Improve 
Sports Performance 
and Health

Bruno Gonçalves, Jorge Bravo and Hugo Folgado

Printed Edition of the Special Issue Published in 

International Journal of Environmental Research and Public Health

www.mdpi.com/journal/ijerph



Training Methods to Improve Sports
Performance and Health





Training Methods to Improve Sports
Performance and Health

Editors

Bruno Gonçalves
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Joaquı́n González-Rodenas, Rodrigo Aranda-Malavés, Andrés Tudela-Desantes, Pedro de

Matı́as-Cid and Rafael Aranda

Different Pitch Configurations Constrain the Playing Tactics and the Creation of Goal Scoring

Opportunities during Small Sided Games in Youth Soccer Players

Reprinted from: Int. J. Environ. Res. Public Health 2021, 18, 10500, doi:10.3390/ijerph181910500 . 101

v



Olha Podrihalo, Leonid Podrigalo, Władysław Jagiełło, Sergii Iermakov and Tetiana

Yermakova

Substantiation of Methods for Predicting Success in Artistic Swimming

Reprinted from: Int. J. Environ. Res. Public Health 2021, 18, 8739, doi:10.3390/ijerph18168739 . . . 115

Nuno Batalha, Jose A. Parraca, Daniel A. Marinho, Ana Conceição, Hugo Louro and António

J. Silva et al.

The Acute Effects of a Swimming Session on the Shoulder Rotators Strength and Balance of Age

Group Swimmers

Reprinted from: Int. J. Environ. Res. Public Health 2021, 18, 8109, doi:10.3390/ijerph18158109 . . . 123
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External Focus or Differential Learning: Is There an Additive
Effect on Learning a Futsal Goal Kick?

Sara Oftadeh 1,*, Abbas Bahram 1, Rasoul Yaali 1 , Farhad Ghadiri 1 and Wolfgang I. Schöllhorn 2,*

1 Faculty of Physical Education and Sport Sciences, Kharazmi University of Tehran, Tehran 14155-6455, Iran;

bahram@khu.ac.ir (A.B.); r.yaali@khu.ac.ir (R.Y.); ghadiri@khu.ac.ir (F.G.)
2 Department for Training and Movement Science, Johannes Gutenberg-University Mainz,

55128 Mainz, Germany

* Correspondence: s.oftadeh@khu.ac.ir (S.O.); schoellw@uni-mainz.de (W.I.S.)

Abstract: (1) Background: How to optimally promote the process of acquiring and learning a

new motor skill is still one of the fundamental questions often raised in training and movement

science, rehabilitation, and physical education. This study is aimed at investigating the effects of

differential learning (DL) and the elements of OPTIMAL theory on learning a goal-kicking skill in

futsal, especially under the conditions of external and internal foci. (2) Methods: A total of 40 female

beginners were randomly assigned to, and equally distributed among, five different interventions.

Within a pretest and post-test design, with retention and transfer tests, participants practiced for

12 weeks, involving two 20-min sessions per week. The tests involved a kicking skill test. Data

were analyzed with a one-way ANOVA. (3) Results: Statistically significant differences with large

effect sizes were found between differential learning (DL) with an external focus, DL with an internal

focus, DL with no focus, traditional training with an external focus, and traditional training with

control groups in the post-, retention, and transfer tests. (4) Conclusions: The results indicate the

clear advantages of DL. It is well worth putting further efforts into investigating a more differentiated

application of instructions combined with exercises for DL.

Keywords: differential learning; OPTIMAL theory; external focus; motor learning; futsal

1. Introduction

How to optimally promote the process of acquiring and learning a new motor skill
more effectively is still reckoned as one of the core questions in movement science, therapy,
and training science [1]. Classically, the traditional approach to skill acquisition is based
on reductionist-atomistic thinking, accompanied by an excessive emphasis on cognition
since the “cognitive turn” in the 1960s [2]. This is a way of thinking that is mainly based
on linear models, explicit verbalization, a lot of imitations, and the internalization of
knowledge about a correct prototype that is shown by a lot of repetition and corrective
instructions to avoid making mistakes [3]. In the same context, learners are expected
to copy the role models of motor patterns [4], mostly derived from the averages of the
best athletes in their disciplines. To support the learners during this process, manual [5],
mechanical [6–8], verbal [9], and visual [10] guidance is also suggested in the form of
augmented feedback [11–13]. Following this traditional logic of a control loop with external
feedback, the main theoretically assumed key factors influencing skill learning [14] would
first need to be identified, and their interactions would need to be appropriately understood
by practitioners and coaches to establish a strong theoretical basis for an appropriate
pedagogical approach [15].

More recently, the assumptions proposed for this traditional repetitive and model-
oriented approach have been increasingly challenged by the upcoming system dynamics
and complexity theory in general [16], and football in particular [17]. From a practical
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perspective, the repetitive approach became questioned. The process of acquiring more dif-
ficult gross motor movements, in which all learners typically begin with the same exercise
and then progress to the final learning goal with the identical sequence of exercises, is in-
creasingly being challenged. In this process, each exercise must be repeated until only small
differences are made apparent from the partial target model. When the purported target
movement has been successfully achieved, the approach stagnates in the exclusive repe-
tition of the movements, and only the hope for additional conditional progress provides
further motivation. By reliably identifying individuals not only through their biome-
chanical movement patterns [18,19], but also through a recognition of the emotions [20]
and the fatigue phases [21] within an individual, as well as of individuality, even across
disciplines [22], the main premises of the traditional approach have been deconstructed.
As a result, the question arises about the necessity of repetition and prototypes, since
individuals, situations, and ongoing changes must be dealt with. Given the extremely low
probability of executing two identical movements [21,23,24], particularly during a futsal
match or similar games with an infinite number of player constellations, traditional learning
methods rely primarily on repetitions to realize an ideal movement, and sustainability in
error corrections should be reconsidered [25].

Although differential learning (DL) theory is explicitly silent about psychological
aspects and applies instructions with both internal (joint angles) [26] and external foci
(variable targets) [27], as well as with a metaphoric (moving in animal styles) [28] focus
in its experiments, DL is occasionally associated with the internal focus [29]. In the case
of learning a tennis forehand stroke [30], the focus should be on performing the forehand
with an extended elbow, and then with a flexed elbow, then stiff knees, and so on [31].
In a volleyball experiment, the DL idea of increased noise was realized by means of
moving similar various animals (metaphorically) that were creatively announced by each
server [28]. To achieve maximum variety in field hockey, participants either changed their
bodily positions in response to some internally connected instructions, or they had to
change the target for which they were externally attempting [27]. Nonetheless, systematic
investigations concerning the interdependencies of variable movements and the foci of
instruction are missing.

A quite different and more recently suggested approach to support motor learning
has been developed with the OPTIMAL approach [32]. While the DL approach, in the
beginning, focused more on the variety of external stimuli that result from an interaction
of active and passive forces, as well as on the conditions applied on the organization of
the central nervous structures through variable movements via mechanoreceptors [16,33]
before the increased fluctuations were adapted to an individual’s movement noise [26]
the OPTIMAL approach is more rooted in sports psychology, as it addresses the specific
mental aspects of movements, such as motivation and attention [34]. Lewthwaite and Wulf
proposed the OPTIMAL theory of motor learning, involving two motivational variables
(enhanced expectancies and support for autonomy) and an attention variable (e.g., the focus
of external attention) affecting optimal performance. The enhanced expectancies, mainly
initiated by corresponding instructions, refer to an increase in individual expectations for
positive experiences or success [34], while support for autonomy is said to be a condition
that supports the need of people to be in control or to be autonomous over their actions [35].
As for the attention variable, studies on the OPTIMAL theory indicate that having an
instructed external focus of attention on the intended movement effect (e.g., implement
trajectory, hitting the target, exerting force against the ground) typically results in more
effective and efficient performances or learning, as compared with the internal focus on
body landmarks [36]. In fact, OPTIMAL theory predicts that an external focus of attention
is more beneficial for motor learning than an internal one [37].

Therefore, the general aim of this study was to evaluate the effects of the DL approach
and the elements of the OPTIMAL theory on the goal-kicking performance in futsal, in
comparison to a purely repetitive approach. More specifically, the hypotheses to be tested
were that the DL intervention would not only outperform the external-focus interven-
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tion, but also that both interventions would have significantly larger effects compared to
repetition-only learning, and, finally, that the combination of both interventions would
outperform the DL-only intervention, with or without an internal attentional focus [29,36].

2. Materials and Methods

2.1. Participants

A total of 40 school girls, aged 16 to 18 years and recruited from the city of Baghmalek,
Khuzestan Province, Iran, voluntarily participated in this study, and were randomly as-
signed to five equal groups with different instructions during the interventions: (a) DL with
an external focus (DL/EF n = 8); (b) DL with an internal focus (DL/IF n = 8); (c) DL without
a specific focus (DL/C n = 8); (d) Traditional training with an external focus (T/EF n = 8);
and (e) Traditional training without a specific focus (T/C n = 8). The inclusion criteria
were as follows: no history of formal futsal training, and no reported disease or injury. The
exclusion criterion is specified as follows: absenteeism in any of the training sessions. The
study was approved by the university’s Institutional Review Board, with the ethics code:
“IR.KHU.REC.1399.04”. Using G-Power (version 3.1), the sample size was estimated at the
significance level of 0.05, with a 0.80 statistical power, and an effect size of 0.6 (medium
to large effect size), using the statistical one-way ANOVA method [37,38]. Accordingly,
40 people were assigned to five groups with different interventions.

The demographic information for all the groups is presented in Table 1. Specifically,
the average age of all the participants was 16.97 ± 2.28 years, their mean body mass was
58.62 ± 4.27 kg, and their mean body height was 159.36 ± 3.73 cm.

Table 1. Demographic characteristics of the five intervention groups.

Variable
Total

Mean ± SD
DL/EF

Mean ± SD
DL/IF

Mean ± SD
DL/C

Mean ± SD
T/EF

Mean ± SD
T/C

Mean ± SD

Age (year) 16.97 ± 2.28 17.3 ± 2.27 17.07 ± 2.16 16.87 ± 2.11 16.79 ± 2.33 16.82 ± 2.53

Mass (kg) 58.62± 4.27 59.74 ± 4.09 58.83 ± 4.47 58.74 ± 3.96 58.4 ± 4.16 57.41 ± 4.67

Height (cm) 159.36 ± 3.73 159.28 ± 3.22 159.99 ± 3.92 158.33 ± 3.72 160.12 ± 4.09 159.11 ± 3.74

Number 40 8 8 8 8 8

Having chosen the participants according to the inclusion criteria, the consent form
was completed, and the COVID-19 protocols were observed for all the people who played
a role in the study, including the subjects, their parents, and the examiners. All the health
protocols were applied to all of the individuals, according to the COVID-19 requirements.
All procedures and measurements complied with the Declaration of Helsinki (54th Revision
2008, Korea) regarding human subjects.

2.2. Design

A pretest and post-test design, with retention and transfer tests, was chosen for this
study. Then, a futsal shooting skill was evaluated as an example of learning a gross motor
skill. The chronological schedule of the design is shown in Table 2. After the pretest, all
the subjects participated in a 12-week intervention period, with two 20-min sessions per
week. Ten minutes after the last intervention, a post-test was conducted. One week after
the post-test, all the subjects participated in the retention and transfer tests.

3
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Table 2. Study design.

Groups Pretest Training Post-Test Retention Test Transfer Test

DL/EF
Before the start of the

training period, a futsal
shoot pretest had been
taken by all the groups.

12-week DL exercises (two
20-min sessions per week)

with external focus
Ten minutes after the

end of the last
training session, the
futsal shooting test

was taken.

One week after the
post-test, all the

groups performed a
futsal shooting test.

One week after the
post-test, the futsal

shoot transfer test (in
the presence of

spectators),
immediately after the

retention test was
performed.

DL/IF
12-week DL exercises (two
20-min sessions per week)

with internal focus

DL/C
12-week DL exercises (two
20-min sessions per week)

with no attention instruction

T/EF
12-week traditional exercises

(two 20-min sessions per
week) with external focus

T/C

12-week traditional exercises
(two 20-min sessions per
week) with no attention

instruction

2.3. Tests

All tests and interventions were executed applying a standard futsal ball and a stan-
dard futsal goal in a standard indoor futsal court.

In the goal-shooting test, participants had to shoot the ball from a 6-m line towards
the goal, without a goalkeeper, in seven different situations, with each one repeated five
times. Overall, each participant performed 35 shooting movements in a blocked order
(7 situations × 5 times = 35 trials). We used the average scores obtained in the 35 trials as
the final score of each person in the shooting test. The goal-shooting test was adopted from
Schöllhorn [26,39]. The seven different goal-shooting situations were as follows:

1. Five immobile futsal balls were shot towards the goal after a short approach from
Position 1 (Figure 1);

2. Five futsal balls were shot towards the goal after 10 m of dribbling from Position 1
(Figure 1);

3. Five futsal balls were shot towards the goal after 5 m of dribbling from Position 2
(Figure 1);

4. Five futsal balls were shot towards the goal from Position 1 after a pass from the right
(Figure 1);

5. Five futsal balls were shot towards the goal after 5 m of dribbling from Position 3
(Figure 1);

6. Five futsal balls were shot towards the goal from Position 1 after a pass from the left
(Figure 1);

7. Five futsal balls were shot towards the goal from Position 1 after crossing a 40-cm
height obstacle with a vertical jump (Figure 1).

 
  

 
 

 

 

 

 

 

 

Figure 1. Participant positions for goal-shooting.
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The participants’ shooting positions, and the ways in which they scored their shots,
are shown in Figure 1.

The precision of the shots was measured by dividing the goal into scoring zones. The
zones were chosen based on the likelihood that a goal would be scored in each one of them.
Meanwhile, because of this, the regions that were more difficult to reach by a goalkeeper
were scored higher, and vice versa. Shots that closely missed the goal still scored 1 point
(Figure 2) [39]. Additional spectators were asked to produce a more stressful environment,
and to monitor the learned content for stability against psychological disturbances during
the transfer test. According to the findings by Henz et al. [31,40], differential learning
is accompanied by a downregulation of the frontal lobe that is associated with higher
stress resistance, and it should consequently lead to better test performances in the DL
intervention groups.

 

Figure 2. The goal-shooting test scores (Schöllhorn et al., 2012).

2.4. Interventions

The DL exercises are described in Table 3. Each exercise was assigned a number. The
numbers were written on slips of paper and were all put in a box. The slips of paper with
the numbers were then randomly drawn from the box during each intervention session.
The assigned exercises were then performed by the participants. Up to three of the exercises
listed in Table 3 were combined.
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Table 3. DL Exercises [41,42].

Standing position Smooth and vertical, bend forward and bend backward

Joint position The maximal fixed, the middle position, and the maximal stretched

Hand of the standing foot side Overhead, under the hip, in front, back, and lateral

Joint movement Flexion, extention, abduction, adduction, internal and external rotation

Standing foot Standing on toes, standing on heels, and standing on the whole feet

Shooting direction Shooting to the center, the left, the right, the center, the top, and the bottom

Movement velocity Slow, submaximal, and maximal

Hand of the shooting leg side Overhead, under the hip, in front, back, and lateral

Eyes Both eyes open, both eyes closed, left eye closed, and right eye closed

Foot position Left foot front, right foot front, and feet parallel

Ball Large, small, heavy, light balls, and other sports balls

Muscles Maximally tensed, activated, and relaxed

Depending on the focus of each group, the participants received the following instruc-
tions, with respect to their focus of attention during the kicking movement. The specific
instructions were specified as follows:

DL/EF Practices: Firstly, the DL/EF practice group received verbal instructions for the
movement to be executed according to the combinations chosen from Table 3, and secondly,
they received a verbal instruction for the external focus, where they had to focus on a target
related to the area of the goal they intended to shoot at (e.g., shooting the ball with the
middle of the foot while focusing on the upper left corner of the goal).

DL/IF Practices: The DL/IF practice group received, firstly, verbal instructions for the
movement that had to be executed according to the combinations chosen from Table 3, and
secondly, a verbal instruction for the internal focus, aimed at focusing on a body-related
zone (e.g., shooting the ball with the midfoot, and focusing on the moment the foot hits
the ball.)

DL/C Practices: The DL/C practice group received only verbal instructions for the
movement that had to be executed according to the combinations chosen from Table 3 (e.g.,
shooting the ball with the middle of the foot).

T/EF Practices: The T/EF practice group received a visual nonverbal demonstration
for the most common futsal shooting pattern provided by the teacher. Then, the participants
were asked to follow the prototype pattern provided, with an additional instruction for an
external focus of attention (e.g., shooting the ball with the toes and focusing on the upper
left corner of the goal).

T/C Practices: The T/C practice group only received a visual nonverbal demonstration
for the most common futsal shooting pattern, provided by the teacher to compellingly be
imitated (e.g., shooting at the goal with your toes).

All the practice sessions and instructions were administered by one of the authors of
this article, who is also a futsal expert.

2.5. Statistical Analysis

The acquisition and learning rates were assessed using a one-way ANOVA test. The
variables were tested to assess the normality (Shapiro–Wilk Test), homoscedasticity (Lev-
ene’s test), and sphericity (Mauchly’s test) (p > 0.05). The effect sizes (r or η2) were also
estimated for all of the comparisons [43], and they were comparatively classified as a small
effect (r = 0.10 ~ d = 0.2 or η2 = 0.01), a medium effect (r = 0.25 ~ d = 0.5 or η2 = 0.06), or a
large effect ((r = 0.37 ~ d = 0.8 or η2 = 0.14) [44]. The level of significance was set to 0.05, and
the statistical analyses were conducted using SPSS 23.0 (IBM Corp., Armonk, NY, USA).
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3. Results

The descriptive results obtained after all four tests were conducted on all five groups
are graphically displayed in Figure 3. Specifically, the highest acquisition rates were
achieved by the differential training groups. Within the DL groups, the group with an exter-
nal focus achieved the highest scores in the post-test and in the retention and transfer tests.

 

η

η

Figure 3. Average scores and standard deviations of pre-, post-, retention and transfer test results for

the five intervention groups. DL/EF: differential learning with an external focus; DL/IF: differential

learning with an internal focus; DL/C: differential learning without a specific focus; T/EF: traditional

repetitive training with an external focus; T/C: traditional repetitive training without a specific focus.

* Major statistically significant differences between groups (in all tests, a significant difference was

observed between all groups).

The one-way ANOVA test showed that there was no difference between the subjects
in the pretest, but for the post-test, the data showed a statistically significant difference
between the groups with a large effect size (F(35.4) = 698.55, p = 0.001, η2 = 0.98). Moreover,
the results of the LSD post hoc test revealed a statistically significant difference between the
DL/EF, DL/IF, and DL/C groups compared to the T/EF and T/C groups (p < 0.05; r > 0.83),
with the external, internal, control differential, external, and control traditional groups
accounting for the highest scores, followed by the control traditional group. Moreover, an
ANOVA of the retention test data indicated a statistically significant difference between
the groups (F(35.4) = 2104.9, p = 0.001, η2 = 0.99). The LSD post hoc test results show a
statistically significant difference between the DL/EF, DL/IF, and DL/C groups and the
T/EF and T/C groups (p < 0.05; r > 0.82), and the highest scores indicate the DL groups
with external and internal foci, as well as the control group with no focus instructions,
followed by the traditionally repetitive external and control groups (Table 4).
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Table 4. Fisher’s least significant differences (LSDs) of averages comparing changes in pre- and post-

retention and transfer tests. * Deemed to be statistically highly significant, as observed.

Prepost Test Preretention Test Pretransfer Test

(I) Group (J) Group
Mean

Difference (I-J)
SD

ES
(r)

Mean
Difference (I-J)

SD
ES
(r)

Mean
Difference (I-J)

SD
ES
(r)

DL/EF

DL/IF 1.01 * 0.07 0.95 1.05 * 0.04 0.98 1.21 * 0.07 0.96

DL/C 2.02 * 0.07 0.98 2.06 * 0.04 0.99 2.44 * 0.07 0.99

T/EF 3.05 * 0.07 0.98 3.01 * 0.04 0.99 2.83 * 0.07 0.99

T/C 3.54 * 0.07 0.99 3.3 * 0.04 0.99 3.8 * 0.07 0.99

DL/IF

DL/C 1 * 0.07 0.99 1 * 0.04 0.99 1.23 * 0.07 0.97

T/EF 2.03 * 0.07 0.98 1.95 * 0.04 0.99 1.62 * 0.07 0.98

T/C 2.52 * 0.07 0.99 2.24 * 0.04 0.99 2.58 * 0.07 0.99

DL/C
T/EF 1.02 * 0.07 0.95 0.95 * 0.04 0.98 0.38 * 0.07 0.74

T/C 1.52 * 0.07 0.99 1.23 * 0.04 0.99 1.35 * 0.07 0.98

T/EF T/C 0.49 * 0.07 0.83 0.28 * 0.04 0.82 0.96 * 0.07 0.96

The ANOVA of the transfer test revealed a statistically significant difference between
the groups (F(35.4) = 739.28, p = 0.001, η2 = 0.98). Furthermore, the LSD post hoc test results
show a statistically significant difference between the DL/EF, DL/IF, and DL/C groups
and the T/EF and T/C groups (p < 0.05; r > 0.74), and the highest scores related to the
external, internal, control differential, external, and control traditional groups (Table 4).
Most intriguingly, all the effect sizes were large in both the ANOVA and in all of the post
hoc tests, on the basis of Cohen’s classification [44].

4. Discussion

The purpose of this study was to explore the distinguished effects of various forms of
the differential learning approach [16], combined with elements of OPTIMAL theory [32],
on learning the futsal goal-shooting skill. The statistical analysis revealed significant
differences between the interventions DL/EF, DL/IF, DL/C, T/EF, and T/C training in the
post-, retention, and transfer tests. The present test results were consistent with previous
research conducted on DL (e.g., [45–47]), which show the advantages of DL in comparison
to the rather repetitive approaches in the acquisition and learning phases. However, gender
must be kept in mind as a possible moderator, as other studies have examined students of
the same age, but only male students.

A 12-week intervention was used in this study, as opposed to the 4-to-6-week inter-
ventions used in earlier DL-related football studies [26,39]. Compared to repetition-based
training, it appears that the benefits of differential learning increase over time. This has also
been observed in research on tennis, with varying intervention durations, where the rising
advantage of DL increased over time [48–50]. As the intervention duration increases, the DL
advantages are mainly gained over traditional training in the acquisition phase, and they
remain for the learning phase. These results are also consistent with the assumption that, in
the DL approach, fluctuations in learning subsystems are advantageously used for learning
by destabilizing the system to prepare a self-organized phase transition [45]. By amplifying
such fluctuations, the system can potentially experience new solutions, involving new
combinations of given activations [19]. As a result, a self-organizing process is initiated and
exploited that stimulates the system to develop a new coordination strategy that typically
results in more effective or stable patterns of movement [45]. The amplified fluctuations
and intermittencies tend to increase the variances in other anatomical regions of the body,
and lead to a highly unpredictable adaptation process [45]. The whole process finally
corresponds to the somehow unspecific formulated cybernetic law of requisite variety [51],
or to the “bliss of abundance” [52,53]. The first was formulated with “only variety can
destroy variety”, in general, as a law in cybernetics for the regulation of processes in nature
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and can be observed impressively in this study and the studies connected with DL: The
additional variation in exercise caused the initial large variation in the hit performance to
“destroy” it, resulting in a greater hit performance. Gelfand and Latash [52,53] formulated
something similar, but more poetically, with the “bliss of abundance” as an alternative
view of movement variety that occurs even in repetitive motor learning processes, and thus
plead for a rethinking of the traditional motor control theories that are mainly based on
singular solutions.

In contrast to traditional prototypical training, DL exercises encourage learners to
actively perform movement errors (e.g., throwing to the left instead of forwarding), rather
than avoid them [54]. Participants performed shooting to the left, to the right, upwards,
and shooting straight. Errors are considered as neutral fluctuations (“you never know,
what they are good for”) and are not only experienced to know what is correct, which was
already included in contrast learning and would give the learner convergent guidance in
contrast to divergent self-organization. In DL the fluctuations are essential elements for a
more stable training of the neural nets involved.

Our findings are consistent with those of other researchers [55–57] who have examined
the typology of attention focus, which, according to the OPTIMAL theory, suggests that
an external focus of attention results in increased learning skills when compared to an
internal focus of attention. Nevertheless, based on the results, the focus of external attention
combined with DL, as in the DL/EF condition, resulted in a higher, statistically significant
improvement than the T/EF. These results provide an indication of the stronger influence
of the physically dominated variations of the DL approach, compared to the mentally
supportive traditional training method. Regarding the futsal goal-shooting transfer test,
statistically, significant differences were observed between all five intervention groups.

A neurophysiological explanation for these phenomena would be appealing but has, so
far, been problematic. This is because the available EEG studies on both DL and external foci
always refer to acute effects, but not to medium-term effects, after multiple interventions.
This is complicated by the fact that the EEG studies on DL focus on the effects immediately
after a whole series of movements, whereas the studies on an external focus tend to focus
on the EEG activation immediately before and during a single movement. The EEG studies
on DL show an increase in power primarily in the frontal brain areas in the alpha and
theta frequency bands after the intervention [31,40] whereas a reduction in these frequency
bands in the central brain areas is observed during external focus tasks [58]. A decrease
in alpha power was also observed during a dart-throwing task with an external focus, in
comparison to one with an internal focus [59], but, unfortunately, the theta band was not
analyzed, which is assumed to be of major interest for high-concentration tasks [60]. The
degree to which these phenomena depend on the complexity of the movement task, the
performance level, or the age of the subjects requires further investigation [61,62]. The
same applies to the question of the extent to which a decrease in the alpha frequencies
during training leads to an increase in the alpha frequencies after training, or the extent
to which a sustained increase during sleep leads to a permanent change. Nonetheless, the
practical interventions derived from OPTIMAL theory seem to be a complement to DL that
could be of great interest when it comes to the absolute limits of performance.

The current study findings were based on two assumptions. First, that DL exercises
lead to detecting adaptive solutions through increased fluctuations in the individual, and
they appear to support learning ability [46]. Second, that DL exercise, using an optimal
relation of the internal and external noise frequencies [63], moves the brain to a more
stress-resilient state by downregulating frontal lobe activation [31]. The participants in all
the DL-related groups were able to establish an adaptive response to the task modification,
even though we included spectators in the test and created a more stressful environment.

Epistemologically, the applied statistics and methodology do not claim to be general-
izable. Therefore, what is often interpreted as a limitation turns out, upon closer inspection,
to be an aspect to be considered in future studies. One such aspect is related to the influence
of the sex of the subjects. While this study was conducted on pubescent girls, it would
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be of interest to perform the same study with boys or adults. Moreover, in this research,
long-term follow-ups were not conducted, which should be used in future research. Given
that the present research was performed on beginners in a certain culture, future research
should be performed on skilled individuals with different cultural backgrounds as well.
In future research, other sports skills, including team behavior, should also be considered.
In this study, the highly variable intervention method of differential learning, with as-
sumingly chaotic characteristics, was used to teach a single futsal skill. In the search for
optimal variation structures, future studies should also differentiate gradual and chaotic
differential learning approaches by adapting the noise of the exercises to the noise inherent
to the learner to find the optimal stochastic resonance [49], as well as their interactions
with internal and external foci. Another interesting question is the influence of the test
sequence. Future research would have to clarify to what extent the interventions have
different influences on blocked or random test orders.

5. Conclusions

Since all the DL interventions, whether with external or internal foci, showed better
performance in the post-, retention, and transfer tests than all combinations of traditional
training with the foci, the results suggest the more beneficial influence of the DL train-
ing method compared to the traditional training methods, and compared to the focus
interventions. Nonetheless, attentional foci seem to provide a kind of positive fine-tuning
in addition to DL intervention. It would be of great interest to know what additional
influences the other aspects of OPTIMAL theory have in connection with DL, or whether
these are possibly formed and promoted precisely by DL.

The DL and the OPTIMAL approaches are both still in the beginning stages of their
research course development. Thus, what has been obtained from the present study can be
added as further evidence to the body of theoretical basics in these theories. To enhance
and create more effective exercises for the acquisition of motor skills, research findings
should be made available to instructional and learning designers [64].
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Abstract: This study aims to analyse the effects of floater positioning within futsal Gk + 3vs3 + Gk

and Gk + 2vs2 + Gk small-sided and conditioned games (SSCG) on youth offensive performance

on an action per minute per player basis. Three experimental conditions were carried out through

the manipulation of floater positioning: floaters off (FO), final line floaters (FLF) and lateral floaters

(LF). Thirty male futsal players (U19 age category) participated in the study and played once within

each situation in a random order on different days. Offensive performance based on “action per

minute per player” was analysed through indirect and external systematic observation. Results

showed significant differences between both SSCGs (2vs2 and 3vs3). Specifically, according to the

game principles analysed, 3vs3 is associated with higher values of passing and dribbling action to

progress towards the goal without beating a defensive line (moderate to large effect size), while

2vs2 is associated with higher values of passing and dribbling actions that beating a defensive line

(moderate to very large effect size). In addition, 2vs2 is associated with dribbling and shooting actions

to shoot at goal with the lowest level of opposition (moderate effect size). Indeed, whilst the 2vs2

game format seems to promote more 1vs1 situations, the 3vs3 game format encourages more ball

possession and collective tactical behaviours. Thus, training tasks intended to improve dribbling and

shooting actions should use a smaller number of players whereas tasks intended to improve passing

actions for ball possession should include a higher number of players with or without floaters. It

seems that the number of players can influence the tactical behaviour of the team. These findings

should be considered for the design of futsal training tasks, according to the main objective of the

training session. For example, if the coach aims to promote the number of dribbles and shots within

a SSCG, 2vs2 SSCG situations should be prioritised.

Keywords: ecological dynamics; training tasks; technical–tactical training; game principles

1. Introduction

In team sports such as futsal, in which open motor skills predominate, it is required
that players continuously co-adapt their actions such as positioning, passes, dribbles,
or shots to the movements of opponents, teammates, and the surrounding environment,
leading to the emergence of opportunities for action [1–3] and to ensure functional collective
behaviour [4–6]. In the last few decades, based on the ecological dynamics approach,
non-linear pedagogy has emerged as a new teaching–learning perspective to promote a
holistic approach that highlights the need to maintain the perception–action couple on
the design of practice tasks [5]. For example, manipulating small-sided and conditioned
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games (SSCG), coaches can highlight the actions and the information that will support
players’ performance. SSCG (commonly used modified games that take place in tight
spaces, involving small numbers of players and with modified rules) are modified games
that optimize the physical, physiological, technical, and tactical demands of sports instead
of replicating a real match [7]. However, the advantages of playing SSCG are dependent
on the task’s goals and design [8] that guides players to explore the functional behaviours
of each task according to the coaches’ primary purposes [9].

The manipulation of task constraints in SSCG seems to be an effective approach to skill
acquisition [10] that allows coaches to optimize specific offensive or defensive behaviours
of players by breaking the game into specific game subunits, i.e., Gk + 1vs1 + Gk until
Gk + 3vs3 + Gk [11]. This is likely to maintain the perceptual-motor demands of the match
and the spatial-temporal relations between teammates and opponents, instead of replicating
the technical and tactical demands of sports [7]. Indeed, coaches should go from simplified
units with a low number of players to highlight the informational constraints that promote
the development of offensive or defensive foundations of players to more complex units
until the numerical relation of the game to develop the game principles and strategic
requirements that support collective behaviour of teams according to the perceptual and
action demands of competition [11].

Previous studies have attempted to provide a broader comprehension of the im-
pact of altering SSCG characteristics (task constraints), such as the number of players
per team [12,13], the court size [1], number of targets [14] or even the manipulation of the
numerical relation between teams using floaters (jokers in other studies) [15–21]. Inter-
estingly, one of the task constraints that have been studied recently is the accomplishing
of tactical principles of attack performance [22]. These are referred to as keep possession,
progress towards the goal (with or without beating a defensive line), or shoot at goal with
the lowest level of opposition [23]. For example, regarding the manipulation of floaters,
previous studies suggested that the use of on-field floaters increased players’ decision-
making efficiency due to their distribution over the breadth of the field [24]. Moreover,
on-field floaters might have afforded more opportunities for passing the ball, allowing the
team to maintain ball possession [15]. Hence, manipulation of the relevant task constraints
(e.g., presence of floaters and their positioning) for each goal can guide players to explore
the environment of play, improving their tactical and creative behaviour [25].

The effects of such manipulations to design appropriate learning environments that
help players’ development of adaptative technical–tactical behaviours to changes in the
game environment [8] must be well understood by coaches, particularly in futsal. This
perspective explains the interest of researchers and practitioners in this topic and the
growing number of studies over the last few years [7,26,27]. However, no information
exists regarding the technical–tactical changes promoted by the manipulation of the number
of players and floater positioning. Thus, the main purpose of this study was to analyse
the manipulation on the number of players (Gk + 3vs3 + Gk and Gk + 2vs2 + Gk) and
floater positioning on youth players’ technical–tactical offensive actions according to
game principles.

2. Materials and Methods

2.1. Participants

Thirty male futsal players from the under-19 (U19) category (age, M = 17.714 and
SD = 0.713) of four different Spanish clubs agreed to participate in this study. All the
participants had the same level of expertise (i.e., average skill level) and participated in the
same competition (the first regional league). All teams had the same amount of training
(i.e., players perform two training sessions of 60 min per week with an official match played
on weekends).
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2.2. Design and Procedures

The study designed consisted of an independent measure approach under three
experimental conditions (three SSCG) that manipulated the floater positioning. These
SSCG (Gk + 3vs3 + Gk; Gk + 2vs2 + Gk) were designed using the presence and absence of
“Floaters” (2 Floaters; one per team) as key task constraints: (a) “Floaters Off” (FO); (b) “Fi-
nal Line Floaters” (FLF) (associated with the 3-1 offensive system) and (c) “Lateral Floaters”
(LF) (associated with the 4-0 offensive system). In 3vs3 situations, tests were conducted on
a 30 m long by 15 m wide field. In 2vs2 situations, tests were conducted on a 20 m long by
10 m wide field (see Figure 1). These measures respected the player-space ratio used by
futsal players according to the maximum length and width dimensions (40 m × 20 m) of
the real game (for each team player, 10 m large and 5 m regular, excluding goalkeepers).

Figure 1. 3vs3 and 2vs2 experimental conditions. (a) FO: Floaters Off; (b) FLF: Final Line Floaters;

(c) LF: Lateral Floaters.

Players were randomly distributed into five groups of six individuals for 3vs3 SSCG
(G1 to G5); seven groups of four individuals for 2vs2 SSCG (G1 to G7, two players were
randomly excluded for 2vs2; goalkeepers and floaters with goalkeepers and floaters no
measurements were taken). All participants played once in each situation in random
order and on a different day. Each 3vs3 testing had the following organization: warm-up
(12′) + SSCG of 12′: 3′-1′-3′-1′-3′-1′ (3′ period = playing; 1′ period = resting); and 2vs2 test-
ing: warm-up (10′) + SSCG of 10′: 2′-1′-2′-1′-2′-1′ (2′ period = playing; 1′ period = resting).
During the rest intervals between bouts, players could drink water.

Game situations were explained, and participants were asked to play at their best
level to succeed in the SSCG (score in the opposite goal). Coaches and experimenters did
not provide any verbal feedback during the SSCG. Floater players were only allowed to
perform offensive actions, with a maximum of two touches, and their actions were limited
to the space between two marks parallel to each line (side or final) and could not score a
goal. In addition, goalkeepers could not leave the goal line, and a throw-in was granted
after the ball crossed the lines delimiting the floaters’ area. During the test, players were
asked not to go inside the floaters’ area and balls were placed around the field to allow
a quick restart of the game if the ball went out of play. In between bouts, players were
allowed to drink water.

2.3. Data Collection

All game actions within SSCGs were recorded using a video camera, recording angle
conversion lens (×0.75): VCL-HGA07B and a Hama Gamma tripod Series. The camera
was placed in the corner of the playing field, at the height of 4 m, guaranteeing an optimal
view of all the game actions (see Figure 2). Videos were transferred to a computer (Acer
Aspire E15). Subsequently, data were recorded on a Microsoft Office Excel 2010 sheet and
exported to SPSS Inc., Released 2009 (PASW Statistics for Windows, Version 18.0, Page: 4
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SPSS Inc., Chicago, IL, USA). Offensive performance measured as “action per minute per
player” was analysed through indirect and external systematic observation, a methodology
used in previous studies to measure players’ behaviour in real game situations [28].

Figure 2. Pitch size and camera positioning.

Two external researchers conducted the observations. As a preparatory stage to the
observations, the expert met with the observer to clarify possible doubts about the ob-
servation instrument and the coding criteria of the dependent variable on the actions
mentioned. Then, the observations were carried out using more than 10% of the sam-
ple (n = xxx) [29]. Interobserver reliability was calculated using the following formula:
agreements/(agreements + disagreements) × 100. Once this value was calculated, the
Cohen kappa index was used. Values above 0.90 were obtained for all training sessions,
surpassing the value of 0.81 from which adequate concordance is considered [30], thus
achieving the necessary reliability for the subsequent coding of the dependent variables.
To guarantee the time reliability of the measurement, the same coding was performed at
two different moments, with a time difference of 10 days. Cohen kappa values were found
to be higher than 0.92, which reflected a reliable concordance.

All the passing, dribbling, and shooting actions of each player in the team were
analysed according to the following game principles: 1st principle—to keep possession
(BP) (for passing and dribbling, when the action was developed horizontally or backwards);
2nd A principle—to progress towards the goal without beating a defensive line (P) (for
passing and dribbling, when the action developed was forward, not beating a defensive
line); 2nd B principle—to progress towards the goal beating a defensive line (PDL) (for
passing and dribbling, when the action developed was forward, beating a defensive line);
3rd principle—to shoot at goal with the lowest level of opposition (S) (for passing and
dribbling, when the action ended at the first touch after it, regardless of its direction; and
for any shooting action).

2.4. Statistical Analysis

The statistical analysis was completed using The Jamovi Project (Jamovi). A descrip-
tive analysis is presented on Table 1, with mean and standard deviation (Mean ± SD).
An independent sample t-test was performed to identify differences in considered vari-
ables between the game formats 2vs2 vs. 3vs3. Statistical significance was set at p < 0.05.
Additionally, to overcome the shortcomings associated with traditional N-P null hypothe-
sis significance testing, the standardized Cohen’s d, with 95% confidence intervals were
used as the effect size (ES) of the differences [31–33]. Thresholds for effect size statistics
were: 0.0–0.19, trivial; 0.20–0.59, small; 0.6–1.19, moderate; 1.2–1.99, large; and ≥2.0, very
large [33].

16



Int. J. Environ. Res. Public Health 2021, 18, 7557

Table 1. Descriptive (Mean ± SD) and inferential analysis of the considered variables according to the SSCG formats.

Game
Principle

Actions Constraints
SSCG Mean Difference with

95% CI
Effect Size

2vs2 3vs3

1st

Passing
Floaters Off 4.0 ± 2.5 5.1 ± 2.7 1.1 [−0.3, 2.5] Unclear

Lateral Floaters 4.3 ± 3.4 4.9 ± 2.2 0.6 [−0.9, 2.1] Unclear
Final Lines Floaters 3.0 ± 1.6 3.2 ± 1.7 0.2 [−0.6, 1.1] Unclear

Dribbling
Floaters Off 3.6 ± 2.0 2.6 ± 2 −1.0 [−2.0, 0.1] Small

Lateral Floaters 2.6 ± 1.7 2.0 ± 1.5 −0.7 [−1.6, 0.2] Small
Final Lines Floaters 3.1 ± 2.0 2.2 ± 2.3 −0.8 [−1.9, 0.3] Unclear

2nd A

Passing
Floaters Off 0.8 ± 0.8 4.0 ± 2.3 3.1 [2.2, 4.1] * Large

Lateral Floaters 2.2 ± 2.0 4.7 ± 2.9 2.4 [1.1, 3.7] * Moderate
Final Lines Floaters 0.8 ± 0.9 5.9 ± 2.9 4.9 [3.8, 6.1] * Very Large

Dribbling
Floaters Off 2.9 ± 1.6 3.9 ± 2.9 1.0 [−0.3, 2.2] Unclear

Lateral Floaters 1.7 ± 1.4 3.1 ± 2.5 1.3 [0.2, 2.4] * Moderate
Final Lines Floaters 2.1 ± 1.3 2.5 ± 2.3 0.4 [−0.5, 1.4] Unclear

2nd B

Passing
Floaters Off 2.7 ± 1.6 1.1 ± 1.1 −1.5 [−2.2, −0.7] * Moderate

Lateral Floaters 4.3 ± 2.8 1.1 ± 1.0 −3.3 [−4.4, −2.2] * Large
Final Lines Floaters 4.7 ± 2.0 1.2 ± 1.2 −3.5 [−4.4, −2.7] * Very Large

Dribbling
Floaters Off 3.5 ± 1.8 1.9 ± 1.5 −1.6 [−2.5, −0.7] * Moderate

Lateral Floaters 1.8 ± 1.5 1.9 ± 1.7 0.1 [−0.7, 1.0] Unclear
Final Lines Floaters 2.2 ± 2.1 1.8 ± 1.3 −0.4 [−1.4, 0.5] Unclear

3rd

Passing
Floaters Off 0.7 ± 0.9 0.9 ± 1.1 0.2 [−0.3, 0.7] Unclear

Lateral Floaters 0.6 ± 0.8 1.0 ± 0.9 0.4 [−0.1, 0.8] Small
Final Lines Floaters 0.3 ± 0.5 0.6 ± 0.9 0.4 [−0.1, 0.8] Small

Dribbling
Floaters Off 2.1 ± 1.4 0.6 ± 0.8 −1.4 [−2.0, −0.8] * Large

Lateral Floaters 2.2 ± 1.5 0.8 ± 1.0 −1.4 [−2.1, −0.7] * Moderate
Final Lines Floaters 1.3 ± 0.9 0.4 ± 0.6 −0.8 [−1.2, −0.4] * Moderate

Shooting
Floaters Off 4.0 ± 1.9 2.7 ± 1.8 −1.2 [−2.2, −0.2] * Moderate

Lateral Floaters 3.8 ± 1.5 2.8 ± 1.9 −1.1 [−2.1, −0.1] * Moderate
Final Lines Floaters 3.7 ± 1.6 2.9 ± 1.7 −0.7 [−1.6, 0.2] Small

* p < 0.05. Abbreviations: 1st = to keep possession; 2nd A = to progress towards the goal without beating a defensive line; 2nd B = to
progress towards the goal beating a defensive line; 3rd = to shoot at goal with the lowest level of opposition.

3. Results

For 3vs3 SSCG, a total of 1352 passing (1st principle, n = 573; 2nd A principle, n = 548,
2nd B principle, n = 127; 3rd principle, n = 104); 920 dribbling (1st principle, n = 256;
2nd A principle = 371, 2nd B principle, n = 215; 3rd principle, n = 78); and 342 shooting
(3rd principle, n = 342) actions occurred. For 2vs2 SSCG, a total of 1087 passing (1st
principle, n = 418; 2nd A principle = 155, 2nd B principle, n = 396; 3rd principle, n = 55);
1044 dribbling (1st principle, n = 318; 2nd A principle = 235, 2nd B principle, n = 277; 3rd
principle, n = 214); and 421 shooting (3rd principle, n = 421) actions occurred.

The descriptive and inferential analysis between actions per minute per player de-
veloped in two small-sided and conditioned games (2vs2–3vs3) according to the floater
positioning (task constraint) and the game principle (GP) presented in Table 1. Additionally,
Figure 3 shows the standardized (Cohen) differences for the pairwise comparations.
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Figure 3. Standardized Cohen differences for the pairwise comparations between 2vs2 and 3vs3 for

each action and game principle considered.

Non-significant differences were identified for passing and dribbling actions in the 1st
principle (BP) for any task constraints between both SSCG. According to passing actions
in 2nd A principle (P), the results showed significantly higher values in 3vs3 than in 2vs2
SSCG in FO (mean differences [95% confidence interval]; 3.1 [2.2, 4.1], p < 0.01, large ES),
LF (2.4 [1.1, 3.7], p < 0.01, moderate ES) and FLF (4.9 [3.8, 6.1], p < 0.01, large ES). Regarding
dribbling actions in 2nd A principle (P), results showed significantly higher values in 3vs3
than in 2vs2 SSCG in LF (1.3 [0.2, 2.4], p < 0.05, moderate ES).

When considering the passing actions in 2nd B principle (PDL), results showed
significantly higher values in 2vs2 than in 3vs3 SSCG in FO (−1.5 [−2.2, −0.7], p < 0.01,
moderate ES), LF (−3.3 [−4.4, −2.2], p < 0.01, large ES), and FLF (−3.5 [−4.4, −2.7], p < 0.01,
very large ES). Regarding dribbling actions in 2nd B principle (PDL), results showed
significantly higher values in 2vs2 than in 3vs3 SSCG in FO SSCG (−1.6 [−2.5, −0.7],
p < 0.01, moderate ES).

For passing actions in the 3rd principle (S), no significant difference was identified. For
dribbling actions performed in 3rd principle (S), results showed significantly higher values
in 2vs2 than in 3vs3 SSCG in FO (−1.4 [−2.0, −0.8], p < 0.01, large ES), LF (−1.4 [−2.1, −0.7],
p < 0.01, moderate ES) and FLF (−0.8 [−1.2, −0.4], p < 0.01, moderate ES). Finally, for the
shooting actions in 3rd principle (S), results showed significantly higher values in 2vs2 than
in 3vs3 SSCG in FO (−1.2 [−2.2, −0.2], p < 0.05, moderate ES) and LF (−1.1 [−2.1, −0.1],
p < 0.05, moderate ES).

4. Discussion

This study aimed to analyse the manipulation of the number of players (Gk + 3vs3 + Gk
and Gk + 2vs2 + Gk) and floater positioning on youth players’ technical–tactical offensive
actions according to game principles. The highest values of passing were observed in the
3vs3 SSCG, where most dribbles and shots occurred in the 2vs2 SSCG. These results seem
to indicate that the number of players per team as a task constraint can influence players
and teams’ possibilities for action, and consequently their tactical behaviour. One of the
first constraints that coaches need to consider when designing the practice tasks is the
number of players involved [34]. When the goal is to create passing lines and maintain
ball possession through passing, the 3vs3 SSCG should be used whereas if the focus is on
dribbling and shooting, the 2vs2 situation can ensure a greater number of these actions.
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Furthermore, the manipulation of the number of players constrains not only the actions per
se but the emergence of each action in relation to the game principles that support different
purposes of the teams [35]. However, further studies are required with more participants
from different levels of practice to generalize our results.

4.1. First Game Principle (1st = to Keep Possession)

With regard to the first game principle (BP), no significant difference was observed
between the 2vs2 and the 3vs3 SSCG or the addition of floaters in the side or final line
of the field. Contrary to previous research [15], a different number of players or floaters
seems not to influence the number of passing or dribbling actions by players to maintain
ball possession. Thus, a link between the goal and the manipulations promoted should
be considered to understand the impacts of such manipulations on players’ and teams’
tactical behaviour [36].

4.2. Second Game Principle (2nd = to Progress towards the Goal)

Regarding the second game principle, two different categories were considered: 2nd A
principle—to progress towards the goal without beating a defensive line (P) and 2nd B
principle—to progress towards the goal by beating a defensive line (PDL).

Results of the 2nd A principle (P) revealed significantly higher values of passing in
for the 3vs3 compared to the 2vs2 situation when players try to progress towards the goal
without beating a defensive line in all experimental conditions (FO, FLF and LF). Thus, the
number of players per team might be more determining for the emergence of progression
without breaking a defensive line compared to the presence or absence of floaters. In
agreement with previous research, the use of 3vs3 could be considered a more balanced
defensive structure of play, defined by two defensive lines, not allowing an easy effective
progression. As Gonçalves et al. (2016) and Vilar et al. (2014) pointed out, manipulating the
number of players per team stimulates the emergence of new play patterns that support
the emergence of different individual action possibilities for both attacking and defending
players. Thus, it could be that in the 2vs2 the number of passing possibilities of the attacking
team is limited (specifically, only one), so the defending team increases the pressure on
the attacking players and the possibilities to do successful penetration (i.e., beating a
defensive line) increases too. On the contrary, in the 3vs3 the defending team could retreat
its position on the field by decreasing the distance between teammates and their own
goal. As Pizarro et al. (2021) pointed out, when the defending team retreats its position,
the distance between attacking and defending players increases and consequently, the
probability of developing passing actions without beating the line increases. Furthermore,
in 2vs2 teams, there is only one defensive line, which affords more advantage to progress,
compared to the two existing defensive lines of the 3vs3 conditions that allows a better
space equilibrium. Indeed, when a team has more players, the game is more positional and
less variable, increasing the balance between teams [36].

No significant differences were observed for dribbling except for the condition LF,
which revealed a higher number of dribbling actions favouring 3vs3. For the other side,
the floater in the side-line allows more opportunities for dribbling in 2vs2. In line with
previous research, the addition of the floater probably promoted a retreat of defenders
on the field to guarantee the protection of space near the goal. Usually, when playing
against unfavourable numerical relationships, the defender tends to decrease the space
for action [27], maintaining the space equilibrium between defensive lines, not allowing
passing actions, but inviting more 1vs1 dribbling situations [20,37]. Due to the 3vs3
structure allowing more than one defensive line, usually, such dribbling actions also do not
afford the possibility to beat defensive lines.

Conversely, regarding the 2nd B principle (PDL), results revealed significantly higher
values of passing in favour of 2vs2 when players try to progress towards the goal beating a
defensive line in all experimental conditions (FO, FLF and LF). Interestingly, the effect tends
to increase with the addition of floaters. With the increase in floaters, the number of passing
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actions that beat defensive lines in the 2vs2 conditions tends to increase in comparison
with the 3vs3 conditions. In line with previous assumptions, the use of fewer defensive
players decreased the number of defensive lines, increasing the need for each player to
mark the opponent to maintain the spatial-temporal relations not to allow progression. It
opens new possibilities to increase the mobility of attacking players to create passing lines
for progression [38]. The addition of floaters promoted a numerical unbalance between
teams, giving an advantage to attacking teams and allowing them to progress on the field,
and consequently putting less pressure from defenders on the ball carrier, opening up more
passing lines to the floaters [38]. The use of floaters in the final line in particular increases
the number of passing lines and defenders attracted to the ball and seems to promote
higher spatial unbalance for the emergence of passing opportunities.

Regarding dribbling actions, higher values were obtained in favour of 2vs2 when
players try to progress towards the goal, beating a defensive line without the presence
of floaters. In line with previous research, the absence of floaters and the small number
of players (2vs2) seems to promote the emergence of 1vs1 situations, thus enabling the
attacking players to perform more dribbling actions towards the opposite goal and beating
a defensive line [20,37]. As previously stated, the addition of floaters tends to decrease
the pressure of defenders on a ball carrier’s possibilities for passing actions instead of
possibilities for dribbling [39].

4.3. Third Game Principle (3rd = to Shoot at Goal with the Lowest Level of Opposition)

Concerning the third game principle, only the dribbling and shooting revealed signifi-
cant differences between conditions. No significant differences were observed for passing
actions. The emergence of passing actions that support the shoot is quite similar for both
conditions used, revealing the lower values of actions to support shooting.

The analysis of dribbling actions revealed significant differences in all the experimen-
tal conditions. Specifically, significantly higher values were obtained in favour of 2vs2 in
comparison with 3vs3. Despite defenders in both seeking to maintain their position be-
tween the ball and the goal, not allowing a misalignment between the ball and the goal [40],
variability in the attacking players’ relations with opponents and the ball is attributed
to their constant explorative performances as they seek to break the symmetry with the
defending players because of creating opportunities for scoring goals [41]. However, the
explorative behaviours of the attacking team take place under the constraints imposed
by the defending team. As noted, the defensive team tries to maintain spatiotemporal
relations with the offensive team. In contrast, the offensive team attempts to disrupt the
status quo at opportune times by advancing their position on the field, reaching the free
attacking player, and finding chances for goal-scoring possibilities [42]. Therefore, the
relevant issue is how players change their exploratory behaviours that disrupt the status
quo: in 3vs3 through passing actions and in 2vs2 through dribbling and shooting.

4.4. Study Limitations and Future Research

As this research only involved male futsal players under 19, the generalization of
findings to more diverse samples is limited. Additionally, the small sample size may refrain
from achieving more robust inferences. Future research should overcome these issues and
utilize players of varying ages, ability, and gender. On the other hand, this intervention was
carried out in a natural context, where some contextual variables are challenging to control.

5. Conclusions and Practical Implications

This study has shown that manipulating the number of players (Gk + 3vs3 + Gk and
Gk + 2vs2 + Gk) and floater positioning influence players´ technical–tactical behaviours
in 3vs3 and 2vs2 SSCG. In the 2vs2, players perform more dribbling and shooting actions
than in the 3vs3, where players developed more passing actions. However, these results
vary depending on the game principle analysed. Specifically, 3vs3 is associated with
passing and dribbling action to progress towards the goal without beating a defensive line,
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while 2vs2 is associated with passing and dribbling actions aimed at beating a defensive
line. It probably happens because the defending team in 3vs3 form a zonal defence,
necessitating the prioritization of avoiding creating penetrative passing lines and shooting
at goal and increasing the pressure on the attacking players. Thus, within 2vs2 there
seems to be more opportunities for 1vs1. According to the development steps, the overall
results stress that the 2vs2 seems to highlight individual actions even with the presence of
floaters, while the 3vs3 highlights more relational actions and collective tactical behaviours.
However, as results have shown, there are differences between the individual actions
developed according to the SSCG and the game principle. According to the main objective
of training sessions, such information may support coaches in designing training tasks by
manipulating task constraints (number of players and floaters that should be assigned to
each goal).
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Abstract: This pilot study aimed to determine the effects of differential learning in sprint running with

and without changes of direction (COD) on physical performance parameters in female basketball

players and to determine the feasibility of the training protocol. Nine female basketball players

completed 4 weeks of repeated sprint training (RST) with (COD, n = 4) or without (NCOD, n = 5)

changes of direction. A battery of sprints (0–10 and 0–25 m), vertical jumps (counter movement jump

(CMJ), drop jump, and single-leg CMJs), and COD tests were conducted before and after intervention.

NCOD completed two sets of ten sprints of 20 m, whereas COD performed 20 m sprints with a

180 degree turn at 10 m, returning to the starting line. Before each sprint, participants were instructed

to provide different fluctuations (i.e., differential learning) in terms of varying the sprint. Both groups

had 30 s of passive recovery between two sprints and 3 min between sets. A significant effect of time

for the 0–10 m sprint, CMJ, and single leg-CMJ asymmetries were observed. Adding “erroneous”

fluctuation during RST seems to be a suitable and feasible strategy for coaches to enhance physical

performance in young female basketball players. However, further studies including larger samples

and controlled designs are recommended to strengthen present findings.

Keywords: jumping; sprinting; change-of-direction; fluctuations; bilateral asymmetry

1. Introduction

The success of team sports depends, to a large extent, on the physical abilities of a
player but also on the technical and tactical skills [1]. In team sports (e.g., basketball),
repeated bouts of high-intensity activities (i.e., sprinting, jumping) are interspersed with
periods of low-to-moderate activity or passive recovery [1]. Moreover, the physical de-
mands are complex and challenge athletes to have highly and simultaneously developed
speed, agility, strength, power, and endurance qualities [1]. Therefore, it seems plausible
that practitioners working within team sports design training regimes that adequately
match the specific team sport requirements.
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Players’ ability to perform repeated sprints is one of the critical determinants of team
sports performance [2], including in basketball [3]. In team sports, sprinting activities
correspond to a small percentage of total distance covered or number of activities [4,5];
however, short sprint activities are intercepted by a short period of time (i.e., every 21 to
39 s), for example, in basketball [6]. In this regard, although the total distance covered
during competition has not changed over the years, the requirement for high-intensity
running and longer sprint distances has increased [7]. Consequently, it is astute that
practitioners develop methods of enhancing sprint and repeat sprint ability (RSA) in team
sports athletes. Moreover, since sprints in these contexts are not exclusively straight-line, it
is considered beneficial to prepare athletes to sprint in different directions, challenging the
technical model.

Various methods are used to develop sprint and change of direction (COD) perfor-
mance, including assisted and resisted sprinting techniques, resistance training, plyo-
metrics, and rotational flywheel training [8–10]. A comparison between RSA- and COD-
training revealed comparable performance improvements in soccer-relevant physical per-
formance factors [11]. However, evidence suggests that sprints with COD and short shuttle
runs are more demanding than linear sprints [12], resulting in higher cardiorespiratory
involvement and blood lactate accumulation [12]. Moreover, sprints with COD include de-
celeration and acceleration efforts, creating heightened metabolic and mechanical demands
needed to overcome inertia and rapidly generate propulsive forces in a new direction [13].
This might evoke more significant stimuli in performance components associated with neu-
romuscular factors such as jumps, sprints, and repeated sprint performance [14]. However,
sprints and sprints with COD are performed during the game in unpredictable situations
and in different contexts, so it is warranted to employ training methods that promote both
the ability to adapt and the development of the necessary physical capabilities.

From a dynamical systems perspective, fluctuations play a key role in the adaptation
of living systems when transiting from one stable state to another [15]. On the basis of
bio-mechanically identified, different levels of fluctuations in several highly automatized
movements [16,17], the differential learning (DL) model proposed a concrete practical
transfer of the system dynamics approach to gross motor movements by utilising and
actively increasing fluctuations in an athlete’s movement learning process [18]. In contrast
to the traditional training strategy, where fluctuations are considered errors that must be
minimized, the DL approach considers the fluctuations in moving systems as potential
sources and necessary for learning. In an analogy to artificial neural nets that are modelling
phenomena of real neurons [19], an increase of noise during the learning phase fosters the
process of interpolation and, as a consequence, allows the system a better performance in
the subsequent application phase [15]. Evidence for better performance by interpolation
compared to extrapolation in natural neuro-motor systems was provided by a study by
Catalano and Kleiner [20]. The experiment shows significantly better performance when
testing within the trained range than when testing outside. Accordingly, the DL theory
recommends increasing the range already during training to increase the probability of
being able to interpolate in case of emergency or already during the next movement alone
and thus to be able to react more adequately to the new elements that will surely come.
Fluctuations can be increased along a neuromechanical strategy [18] in which the angles,
angular velocities, and angular accelerations of all joints or their rhythms are varied, since
each biomechanical variable can be associated with a physiological proprioceptor that
provides the information necessary for training to the central nervous system for reorgani-
zation. Fluctuations also can be increased by all kinds of instructions (e.g., or metaphors) or
modification of the surrounding in form of restrictions or enriched environments. Thereby,
a major intention of DL is to increase the possibilities of the athlete rather than constraining
them. Meanwhile, evidence is provided that fluctuations that can be quantified by the
amount or structure of noise can also be increased or modified by means of emotions [21]
or fatigue [22,23].
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Increasing the noise serves to destabilize the learning system and to launch a genuine
self-organizing process. In its most extreme form, DL leads to movement variations without
repetition and without correction [24]. Movement corrections in DL are avoided to enable
the athlete to find their own optimal solution (which would not be the case if the athlete
would be guided by information about “errors”). Moreover, external feedback can be
overestimated and redundant in case of enough variation [25]. Here, it is important to
differentiate augmented (or external) feedback from receiving emotional support, which
could have a different influence on the training process but has not been the subject of
DL research so far. The continuous confrontation with new movement challenges in DL
training results in flexible and adaptable movement patterns [26,27]. According to DL
theory, increased fluctuations result in better skill acquisition and better learning rates than
traditional models [28,29]. Hereby, the noise should be optimized rather than maximized,
which is covered by the stochastic resonance principle of the DL-theory [24,27]. Thereby,
in the ideal case, the noise provided by the given exercises should be adapted to the
individual and momentary noise provided by athlete. Epistemologically, the majority of
studies on DL follow the strategy of conceptual replication instead of direct replication or
reproduction, which logically fall too short because of the Duhem–Quine thesis, and so far
provide corroboration (not verification) of the DL theory [30]. However, a differentiation
of effects comparing models that were influenced and inspired by DL theory, such as the
rather eclectic constraints-led approach [31] or the gradual and stochastic DL [26], are
pending. Indeed, the benefits of the training programs based on DL in both technical and
physical skills have been reported in team sports [32–35].

Based on the previous, including the DL approach, fluctuation in repeated sprints
and sprints with COD in a training program is assumed to have the potential for eliciting
physical performance improvements. Therefore, the aim of this study was to examine the
effect of a four-week training intervention involving repeated differential sprint training
with COD (COD) vs. without COD (NCOD) on a series of physical tests (i.e., jumping,
landing, sprinting, and cutting). A better understanding of the effects of differential
repeated sprint training on various aspects of physical performance may help practitioners
to better schedule and design training tasks to improve these aspects. Due to the lack of
comparable findings, we propose the null hypothesis, i.e., that there will be no difference in
the efficacy of the repeated differential sprint training with or without COD. Furthermore,
we hypothesised that repeated differential sprint training is a feasible training strategy and
beneficial for physical parameters.

2. Materials and Methods

2.1. Participants

Sixteen female basketball players from the under-19 age group up to the amateur
senior level volunteered in this study. All participants completed, in sum, about 270 min
of basketball training (three basketball sessions/week, 90 min/session) and one to two
competitive matches per week. Only participants who participated in at least 90% of
the workouts were considered for data analysis, which resulted in the exclusion of seven
players from post-testing analysis (NCOD, n = 5; COD, n = 4). Nine players were finally
assessed. Post hoc observed power calculations (G*Power, version 3.1.9.7; University of
Düsseldorf; Düsseldorf, Germany) for repeated measures ANOVA, including two groups
and two measurements (α = 0.05, d = 0.25), revealed power (β) between 0.11 and 0.25. Writ-
ten and informed consent was obtained from all participants’ parents, and player approval
was obtained before the beginning of this investigation. The present study was approved
by the Institutional Research Ethics Committee and conformed to the recommendations of
the Declaration of Helsinki.

2.2. Procedures

This pilot study incorporated a parallel-groups, repeated measures design, whereby
participants were randomly divided into two groups with repeated sprinting training with
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(COD, n = 8) and without COD (NCOD, n = 8). The training period lasted 4 weeks and was
carried out within the regular training sessions. The tests were performed one and two
weeks before the commencement of the training period and one week after the intervention.
Physical performance tests (PPT) were performed under the same experimental conditions
(training session time and indoor basketball court). A 10 min standardized warm-up
was performed (5 min jogging, dynamic stretching, 10 bilateral squats, core exercises,
10 unilateral squats, and three vertical unilateral jumps) before all testing. PPTs were
conducted in the following order, respecting the principles of National Strength and
Conditioning Association for testing order [36]: anthropometrical measurements, jumping
tests (countermovement jump (CMJ), single-leg countermovement jumps (SLCMJs)), drop
jumps (DJ), single leg drop jumps (SLDJ), the 505 test, and straight sprinting tests (0–10
and 0–25 m splits time).

2.3. Training Program

The participants included in both training groups participated in two weekly train-
ing sessions during in-court practice in a four-week period. All the intervention drills
were performed at the beginning of the training session, after the warm-up period. The
differential repeated sprint training was comprised by two sets of ten sprints of 20 m
with 30 s of passive recovery between sprints and 3 min of passive recovery between
sets. The NCOD group performed all repetitions straight, while the COD group ran to a
mark situated 10 m from the starting line, performed a 180◦ COD using alternatively the
right or left leg to push off, before returning to the starting line (total of 20 m) (Figure 1).
Before each repetition, all participants were verbally instructed by the main researcher to
perform a different fluctuation (Table 1; Figure 2) or a combination of fluctuations. No
instructed movement fluctuation was repeated more than once in each training session.
These fluctuations were selected based on previous studies involving the DL approach
exercises for motor skills [28,37].

  

Figure 1. Examples of different experimental setups. (A) NCOD group and (B) COD group.
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Table 1. Examples of the fluctuations performed during differential repeated sprint training interventions.

# Body Part Fluctuations # Body Part Fluctuations

1

Head

Head back 29

Trunk

Trunk rotation to the left
2 Head forward 30 Trunk rotation to the right
3 Head back and forth 31 Trunk tilted laterally to the left
4 Head rotated to the left 32 Trunk angled laterally to the right
5 Head rotated to the right 33 Torso tilted back
6 Head rotated left and right 34 Trunk tilted forward

7 Head tilted to the left 35

Hands

Hands on hip
8 Head tilted to the right 36 Right hand on hip

9

Eyes

Closed right eye 37 Left hands on hip
10 Left eye closed 38 Hands behind head
11 Blinking eyes 39 Hands on forehead
12 Look to the right 40 Right hand behind head
13 Look left 41 Left hand behind head

14

Arms

Two arms up 42 Hands behind back
15 Two arms close to the torso 43 Right hand behind back
16 Arm rotation forward 44 Left hand behind back
17 Arm rotation back 45 Clapping ahead
18 Alternate forward arm rotation 46 Clap behind back
19 Alternate backward arm rotation 47 Clap front and back

20 Arms open to the side
21 Arms open down
22 Crossed arms
23 Arms stretched forward
24 Arms stretched back
25 Right arm up + left arm down
26 Left arm up + right arm down
27 Left arm up + right arm to the side
28 Right arm up + left arm to the side

    

    

Figure 2. Examples of differential repeated sprint training fluctuations.
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2.4. Measurements

Bilateral and Unilateral Countermovement Jumps (CMJ). CMJs were assessed accord-
ing to the Bosco Protocol. Participants performed three successful SLCMJs with each leg
in the vertical and horizontal directions. Participants began standing on one leg, then
descended into a countermovement before extending the stance leg to jump as far or as
high as possible in the vertical and horizontal directions. The landing was performed
on both feet simultaneously. A successful trial included hands remaining on the hips
throughout the movement and balance being maintained for at least 3 s after landing. If the
trial was considered unsuccessful, a new trial was performed. In the horizontal direction,
the participants started with the selected leg positioned just behind a starting line. The
jump height was recorded using an infrared optical system (OptoJump Next—Microgate,
Bolzano, Italy).

Bilateral and Unilateral Rebound Drop Jumps (DJ). Participants stood on top of a 30 cm
high box with hands placed on the hips. Then, they dropped down, landed on both legs,
and jumped vertically as high as possible with the shortest ground contact time possible. In
unilateral rebound jumps (SLRJ), they hopped down diagonally (45◦ anterolateral), landed
on the same leg within the infrared optical system, and then jumped vertically as high
as possible with the shortest contact time possible [38]. The reactive strength index (RSI)
was automatically calculated using Optojump Next software, version 1.12.1.0, through the
following formula: jump height/contact time [38].

The 505 test (COD). Each participant was instructed to run to a mark situated 10 m
from the starting line, perform a 180◦ COD using the right or left leg to push off, and
return to a mark located 5 m away, covering a total of 15 m [39]. The participants were
asked to pass the line indicated on the ground with their entire foot at each turn. The
505 test total time was recorded with 90 cm height photoelectric cells separated by 1.5 m
(Witty, Microgate, Bolzano, Italy). Each participant performed three sprints with COD for
each side with 2 min of rest between them. Players began each trial in standing positions
with their feet 0.5 m behind the first timing gate. The lower limb asymmetry index (ASI)
was determined by adhering to the procedures described by Bishop and colleagues [40]
using the following formula: ASI = 100/Max Value (right and left)*Min Value (right and
left)* − 1 + 100. The COD deficit (CODD) for the double 180◦ COD test for each leg was
calculated via the following formula: mean double 180◦ COD time—mean 10 m time [39].

Speed tests. The average running speeds were evaluated by 10 m (0–10 m) and 25 m
(0–25 m) split times. Running times were recorded with 90 cm high photoelectric cells
separated by 1.5 m. Each participant performed three trials with 2 min of rest between each
of the trials. Players began each trial in an upright standing position with their feet 0.5 m
behind the first timing gate.

2.5. Statistical Analyses

Data are presented as mean ± standard deviation (SD). Reliability of test measures
computed using an average measures two-way random intraclass correlation coefficient
(ICC) with absolute agreement, inclusive of 90% confidence intervals, and the coefficient of
variation (CV). The ICC was interpreted as poor (<0.5), moderate (0.5–0.74), good (0.75–0.9),
and excellent (>0.9) [41]. Coefficient of variation values were considered acceptable if
<10% [42]. A paired-samples t-test was used to analyse within-group changes [43]. The
threshold values for Cohen’s d for within-group effect sizes (ES) statistics were 0–0.2 trivial,
>0.2–0.6 small, >0.6–1.2 moderate, >1.2–2.0 large, and >2.0 very large [44]. A 2 × 2 repeated-
measure analysis of variance (ANOVA) was performed based on the absolute values of
all parameters to determine the main effects between groups (NCOD and COD group)
and time (pre- and post-test) [43]. Effect size was evaluated with partial eta squared (η2

p),
and the threshold values were no effect (η2

p < 0.04), minimum effect (0.04 < η2
p < 0.25),

moderate effect (0.25 < η2
p < 0.64), and strong effect (η2

p > 0.64) [45]. This measure has
been widely cited as a measure of effect size and predominantly provided by statistical
software [46]. Tukey’s post-hoc analysis was used to examine the differences between times
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according to THE group. All statistical analyses were performed using the SPSS software
(version 24 for Windows; SPSS Inc., Chicago, IL, USA).

3. Results

3.1. Sample

The mean age of the included subjects was 19.0 years (SD: 2.4). The mean height of
the subjects was 169.8 cm (SD: 5.3). The mean body mass of the subjects in this study was
62.3 kg (SD: 3.9).

3.2. Tests Reliability

Although the concept of systems dynamics with its essential role of fluctuations espe-
cially in phase transitions conflicts with the reliability criterium in test theory, the reliability
of the chosen test diagnosis was determined for reasons of comparison and evaluation.

All ICC values ranged from moderate to excellent (ICC range = 0.54–0.93), and most
(6 of the 10) of CV values were acceptable (CV range = 1.28–16.70%) (Table 2).

Table 2. Reliability data for test variables. Data are presented as value with lower and upper

confidence limits.

Test Variables
ICC

(95% CL)
CV (%)

(95% CL)

CMJ (cm) 0.89 (0.66; 0.97) 5.13 (2.87; 7.64)
DJ (m/s) 0.93 (0.76; 0.98) 16.70 (12.48; 20.84)

0–10 m (s) 0.81 (−0.07; 0.96) 2.63 (1.14; 4.32)
0–25 m (s) 0.84 (0.06; 0.97) 1.28 (0.46; 2.46)
CMJR (cm) 0.77 (0.19; 0.96) 10.67 (6.76; 15.07)
CMJL (cm) 0.95 (0.72; 0.99) 7.23 (4.30; 10.23)

SLRJR (m/s) 0.93 (0.63; 0.99) 14.89 (9.44; 19.37)
SLRJL (m/s) 0.95 (0.82; 0.99) 15.04 (9.43; 21.64)
COD180R (s) 0.54 (−0.24; 0.89) 2.47 (1.39; 3.63)
COD180L (s) 0.86 (−0.12; 0.97) 2.71 (1.35; 4.18)

Abbreviations: ICC = intraclass correlation coefficient; CV = coefficient of variation; CL = confidence limits;
CMJ = countermovement jump height; DJ = drop rebound jump; 0–10 m = 0–10 m sprint time; 0–25 m = 0–25 m
sprint time; SLRJ = diagonal single leg rebound jump; COD180 = change of direction test; R = right; L = left.

3.3. Tests Outcomes

Data from all PPTs were comparable between the two groups at baseline (all p > 0.05;
see Table 3).

A repeated measures ANOVA indicated a significant main effect of time on CMJ
(F = 12.64; p ≤ 0.01; η2

p = 0.64), 0–10m (F = 13.17; p ≤ 0.01; η2
p = 0.65), CMJR (F = 6.43;

p ≤ 0.05; η2
p = 0.48), and CMJASI (F = 5.85; p ≤ 0.05; η2

p = 0.46). Additionally, a significant
main effect of the group on SLRJR (F = 6.03; p ≤ 0.05; η2

p = 0.46), and CODDR (F = 13.79;
p ≤ 0.01; η2

p = 0.66) was observed. Finally, repeated measures ANOVA indicated a
significant interaction effect (group x time) on CMJL (F = 12.39; p ≤ 0.01; η2

p = 0.64) only.
The post hoc t-test revealed a significant difference between pre-test and post-test on CMJL

for the COD training group (p = 0.047).
Within-group changes for both training groups are described in Table 3. The NCOD

training group showed significant improvements in 0–10 m (ES = −1.25, p ≤ 0.05), CMJR

(ES = 1.30, p ≤ 0.05), CMJASI (ES = −1.86, p ≤ 0.05), and SLRJASI (ES = −1.50, p ≤ 0.05).
Figures 3 and 4 display the individual changes in performance from pre- to post-test for
both groups. Interestingly, the majority of athletes are responding in the same direction.
Nevertheless, in both groups, single athletes can be identified who react contrary to the
group trend.
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Table 3. Inferences of the training programs intervention on player’s performance measures.

Variables
Pretest,

Mean ± SD
Postest,

Mean ± SD
p

Within-Group
Effect Size

Between-Groups
Pretest

Differences (p)

Between-Group
Effect Size

CMJ (cm)
NCOD 23.74 ± 3.47 25.17 ± 2.58 0.061 1.16

0.530 0.44
COD 22.55 ± 0.90 24.53 ± 1.19 0.095 1.21

DJ (m/s)
NCOD 0.79 ± 0.32 0.86 ± 0.27 0.418 0.40

0.340 0.67
COD 0.61 ± 0.18 0.63 ± 0.14 0.686 0.22

0–10 m (s)
NCOD 2.09 ± 0.09 2.02 ± 0.07 0.035 * −1.25

0.730 −0.24
COD 2.12 ± 0.10 2.06 ± 0.07 0.132 −1.03

0–25 m (s)
NCOD 4.34 ± 0.17 4.29 ± 0.13 0.322 −0.61

0.266 −0.81
COD 4.46 ± 0.10 4.37 ± 0.14 0.183 −0.86

CMJR (cm)
NCOD 15.10 ± 2.47 16.05 ± 2.45 0.044 * 1.30

0.110 1.22
COD 12.70 ± 0.87 14.90 ± 2.04 0.202 0.82

CMJL (cm)
NCOD 15.96 ± 3.28 14.84 ± 2.91 0.122 −0.87

0.074 1.41
COD 11.83 ± 2.38 14.61 ± 2.53 0.073 1.36

CMJASI (%)
NCOD 21.86 ± 6.93 11.68 ± 2.87 0.014 * −1.86

0.881 −0.10
COD 22.43 ± 2.50 20.30 ± 7.25 0.691 0.22

SLRJR (m/s)
NCOD 0.43 ± 0.12 0.42 ± 0.10 0.672 −0.20

0.123 1.18
COD 0.32 ± 0.06 0.31 ± 0.03 0.847 0.11

SLRJL (m/s)
NCOD 0.42 ± 0.12 0.43 ± 0.10 0.859 0.09

0.063 1.48
COD 0.32 ± 0.06 0.31 ± 0.03 0.073 −0.10

SLRJASI (%)
NCOD 27.67 ± 15.53 22.01 ± 14.10 0.028 * −1.50

0.262 −0.82
COD 39.19 ± 11.92 31.80 ± 8.03 0.405 −0.48

COD180R (s)
NCOD 4.78 ± 0.11 4.76 ± 0.17 0.703 −0.18

0.361 −1.00
COD 4.86 ± 0.13 5.00 ± 0.11 0.131 1.03

COD180L (s)
NCOD 4.78 ± 0.36 4.80 ± 0.18 0.824 0.10

0.550 −0.42
COD 4.91 ± 0.21 4.93 ± 0.18 0.690 0.22

CODASY (%)
NCOD 7.16 ± 2.19 4.44 ± 2.43 0.196 −0.69

0.336 0.69
COD 5.38 ± 3.02 2.77 ± 0.92 0.190 −0.85

CODDR (s)
NCOD 2.74 ± 0.09 2.73 ± 0.14 0.895 −0.06

0.176 −1.01
COD 2.82 ± 0.05 2.98 ± 0.06 0.009 ** 3.06

CODDL (s)
NCOD 2.74 ± 0.24 2.79 ± 0.18 0.533 0.30

0.515 −0.46
COD 2.84 ± 0.16 2.90 ± 0.14 0.074 1.35

Abbreviations: CMJ = countermovement jump height; DJ = drop rebound jump; 0–10 m = 0–10 m sprint time; 0–25 m = 0–25 m sprint time;
SLRJ = diagonal single leg rebound jump; COD180 = change of direction test; CODD = COD deficit; R = right; L = left; ASI = bilateral
asymmetry; * significant differences at p < 0.05; ** significant differences at p < 0.01.
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Figure 3. Individual changes from pretest to posttest for physical performance in NCOD group.
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Figure 4. Individual changes from pretest to posttest for physical performance in COD group.
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4. Discussion

This pilot study aimed to investigate the effects of the DL approach applied to sprint
training with and without COD on physical tests in female basketball players. Methodically,
in addition to the classical mean statistics, the presentation of individual results was
chosen, since, on the one hand, epistemologically, from mean values only to other mean
values can be concluded, but not to the individual athlete, and, on the other hand, for the
effectiveness of training measures, individual reactions to interventions are increasingly
of interest [47–49]. Considering findings and the absence of injuries and complaints,
this study showed that it is feasible to implement DL principles in a repeated sprint
training to improve physical performance. Moreover, the study provided indications
that differential repeated sprint training has a beneficial effect on CMJ, 0–10 m, CMJR,
and CMJASI. Performing differential repeated sprint training without COD resulted in
improved 0–10 m, CMJR, CMJASI, and SLRJASI for all group participants. Furthermore,
including COD during differential repeated sprint training resulted in improved 0–25 m
sprint time and CMJL for all COD group participants.

Differential repeated sprinting training resulted in increased CMJ performance after
4 weeks. This beneficial transfer effect is similar to previous training protocols exploring
DL in team sports [32,35], which suggests common underlying mechanisms explaining the
improved jumping performance. Recent studies using electroencephalography to analyse
brain activation patterns demonstrated neural activation after DL training in frequency
bands and brain areas that are assumed to be supportive, especially for motor learning [50].
Improved motor learning and coordination (i.e., neural adaptations) dominate in the
early phase of training [36]. That said, most participants may have benefited from the
increased experiences of the various combinations of movement fluctuations and repeated
highly intensive neuromuscular activations to improve jumping ability on the short-term
scale. Specifically, increased neural drive is associated with enhanced agonist muscle
recruitment, improved neuronal firing rates, and greater synchronization in the timing of
neural discharge [36]. Likewise, central adaptations arising from higher neural activation
can lead to increased motor unit activation, resulting in increased high-intensity muscular
contraction and increased stiffness (i.e., jumping) [36]. Nevertheless, two of the participants
had contrary responses (one per group) in CMJ, indicating that combining movement
fluctuations and high-intensity muscular contractions places large stress either on their
body or mind, inhibiting their performance. Thus, the present results need to be analysed
with caution, with the need to examine the training response on an individual basis.
Furthermore, practitioners should be aware that training volume, intensity, duration, or
even the frequency of changes can be adjusted for negative or non-responders [51]. More
studies with emphasis on individual responses are needed to better understand the effects
of manipulating these variables on differential repeated sprint training [51].

The present findings suggest that an improvement in CMJ accompanied an increase
in sprint performance. This is in accordance with the relationship between CMJ height
and 0–10 m sprint time (r = −0.51) previously reported in female athletic populations [52].
The underlying commonality is seen in the fact that both activities take advantage of
the stretch-shortening cycle (SSC), where an eccentric action (i.e., stretching) precludes a
concentric action (i.e., shortening) [36]. The use of variable movements generates greater
neuromuscular [53] and neurophysiological adaptations than movement repetitions [50]
and increases the storage of elastic energy during the eccentric phase, leading to larger
release of kinetic energy during the concentric phase. This better exploitation of the SSC
may have allowed a greater training stimulus to occur over time, which, in turn, resulted
in improved sprinting and jumping performance. In fact, after differential repeated sprint
training, participants improved their 0–10 m sprint time. Notably, all participants of
NCOD were positive responders in this test, which can be related to the specificity versus
variability of the practice paradigm [54]. Possibly, the NCOD group may have benefited
from better dynamic similarities between the movement patterns in differential repeated
sprint training and the 0–10 m sprint test [36]. Additionally, the straight sprint and sprint
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with COD require specific running techniques [36], since during the COD training protocol,
participants not only reduced their velocity prior to the 180◦ directional change at 10 m
but also, due to the slowing down, caused increased eccentric contractions, while NCOD
increased their velocity until 20 m.

After the differential repeated sprint training program, participants displayed higher
values of CMJR compared to the pre-test values. This improvement in unilateral jumping
may be indicative of increased strength of ankle- and hip-joint muscles and both static and
dynamic postural balance [9]. However, to what extent these specific reactions depend
on the individual preferences of the jump and play leg or laterality in general should
be clarified by future research. A study analysing the effect of differential jump training
on balance performance and postural control of female volleyball players during single
leg stance observed a decreased sway area and anterior–posterior and mediolateral sway,
indicative of improvements on the aforementioned qualities [34]. Thus, the implementation
of movement variations through DL principles during training generates neuromuscular
stimuli that may result in improved balance performance and ankle stabilization [55], and
consequently, in improved unilateral jumping. Furthermore, previous results demonstrated
impaired postural control (i.e., increased body sway) after high-intensity repeated sprints
(i.e., ten 30 m sprints with two 180◦ COD (10 + 10 + 10 m), interspaced by 30 s of passive
recovery between sprints) [56]. These findings suggest that repeated sprints result in alter-
ations in the sensory information from the proprioceptive and exteroceptive systems [56].
Thus, continuous exposure to the combination of increased movement fluctuations accom-
panied by high-intensity muscular contractions can generate beneficial adaptations at the
proprioceptive and exteroceptive levels that can result in positive transfer to the unilateral
jumping performance in controlled settings. Notwithstanding, apart from one subject, all
participants in the COD group improved CMJR and CMJL after training, including superior
improvements in CMJL when compared to the NCOD group. Although the figures with
individual results are no proof of individuality [48], the different effects on performance
indicate that not all athletes achieved similar adaptations.

Following the principle of stochastic resonance idea within DL-theory [28], future
research should match the noise of the coach’s fluctuations to that of the athletes. Thereby,
the extent to which this involves the amount or structure of noise will also need to be
clarified [57]. This is particularly important in team sports since improving and strengthen-
ing all team members is crucial. The present findings suggest that the inclusion of COD
during differential repeated sprint training can yet be more beneficial in unilateral jumping.
Optimal movement variability during 180◦ COD could increase the need for lower-limb
stabilisation to maintain balance, therefore requiring input from muscular involvement
during triple flexion [58]. Moreover, the 180◦ COD involves the application of considerable
braking and propulsive forces (particularly horizontal) within the final foot contact [59,60],
demanding higher muscle activity of the ankle, knee, and hip-joint stabilizers. That said,
improvements in unilateral jumping are expected based on the neuromuscular stimuli
from simultaneously performing 180◦ COD with movement variation.

The overall adherence to the training programs is highly associated with the injury
rate, enjoyment, motivation, and satisfaction with progress [61]. In this regard, the absence
of injuries or complaints and the improvements in physical performance observed during
this pilot study, in conjunction with previous adherence in experimental studies [32,35,62],
bring increased expectations for a good adherence to the training program in further studies.
These expectations are also sustained in brain activation patterns associated with enhanced
attentional processes and improved learning processes from the use of differential learning
in different motor tasks [50,63,64]. That said, continuous exposure to fluctuations can result
in favorable neurophysiological adaptations, which may induce subjects to be more likely
to be engaged in a training program, including differential learning approach.

We consider this investigation a pilot study due to the small sample size arising from
the dropout rate, frequently observed in youth studies [34,37]. Since we mainly rely on the
original Fisher statistics, extended by the effect sizes according to Neyman–Pearson [65],
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there is no claim for generalization [66]. Rather, we show further supportive evidence for
the effectivity of an alternative training approach that encourages self-organization within
a divergent learner-oriented teaching/coaching style [67]. In agreement with the Fisher’s
statistics, we conclude, based on the p < 0.05 results, that further research on differential
training is promising. Further investigations in less-experienced, semi-professional and
professional players is recommended. Furthermore, it may be worth pursuing longitudi-
nal studies wherein the same participants are tested over months in order to fathom the
complexity of the individual’s continuous changes even more [49]. The original publica-
tion on DL in 1999 was especially focused on “Individuality—a neglected parameter” to
emphasize the need for alternative theoretical and practical approaches for the dominant
group and average oriented streams. Longitudinal changes in each variable could help
better understand the long-term training effects and further support our results.

5. Conclusions

Counterintuitively, the findings of the present study displayed positive effects by
adding “erroneous” fluctuation during sprint training not only in sprint but also in several
jumping performances. Although it is a pilot study with no claim to generalisation, the sig-
nificant changes from pre- to post-test indicate, according to Fisher’s original interpretation,
that pursuing this research field is worthwhile. Whether the results due to increased noise
are side or main effects demands further research. The higher variability of stimuli during
the training also suggests looking for additional effects on prevention of injuries or choking
in basketball of female players. This training type is recommended for further experiments
in female basketball, where coaches and fitness trainers might go beyond their learned
tools and switch from convergent and teacher-oriented training to more divergent thinking
approaches with athlete-oriented training. Fluctuations within repeated sprint training
may influence the individual’s movement patterns towards more effective and stabilized
skills. From an epistemological point of view, together with all the other studies on DL, the
results can be considered as a further corroboration of the DL theory. Nonetheless, much
more research on the structure and amount of noise with respect to the individuality of the
athletes and their momentary physiological and emotional states is necessary.

Author Contributions: Data curation, J.A.; formal analysis, J.A.; funding acquisition, N.L.; inves-

tigation, J.A. and N.L.; methodology, J.A. and N.L.; project administration, J.A.; validation, J.A.;

visualization, J.A.; writing—original draft, J.A., S.P., T.F., J.F., W.I.S. and N.L.; writing—review and

editing, J.A., T.F., J.F., W.I.S. and N.L. All authors have read and agreed to the published version of

the manuscript.

Funding: This work was supported by the Foundation for Science and Technology (FCT, Portugal),

under the project: SFRH/BD/122259/2016 and UID04045/2020.

Institutional Review Board Statement: The present study was approved by the Institutional Research

Ethics Committee and conformed to the recommendations of the Declaration of Helsinki.University of

Trás-os-Montes and Alto Douro, UID04045/2020.

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

Data Availability Statement: The data that support the findings of this study are available from the

corresponding author, J.A., upon reasonable request.

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

References

1. Ziv, G.; Lidor, R. Physical Attributes, Physiological Characteristics, On-Court Performances and Nutritional Strategies of Female

and Male Basketball Players. Sport Med. 2016, 39, 547–568. [CrossRef] [PubMed]

2. Rampinini, E.; Bishop, D.; Marcora, S.M.; Ferrari Bravo, D.; Sassi, R.; Impellizzeri, F.M. Validity of simple field tests as indicators

of match-related physical performance in top-level professional soccer players. Int. J. Sports Med. 2007, 28, 228–235. [CrossRef]

[PubMed]

3. Castagna, C.; Manzi, V.; D’Ottavio, S.; Annino, G.; Padua, E.; Bishop, D. Relation between maximal aerobic power and the ability

to repeat sprints in young basketball players. J. Strength Cond. Res. 2007, 21, 1172–1176. [PubMed]

35



Int. J. Environ. Res. Public Health 2021, 18, 12616

4. Gabbett, T.; King, T.; Jenkins, D. Applied physiology of rugby league. Sport Med. 2008, 38, 119–138. [CrossRef] [PubMed]

5. Conte, D.; Favero, T.G.; Lupo, C.; Francioni, F.M.; Capranica, L.; Tessitore, A. Time-motion analysis of Italian elite women’s

basketball games: Individual and team analyses. J. Strength Cond. Res. 2015, 29, 144–150. [CrossRef]
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Abstract: The aim of this study was to investigate the effects of local (LIPC) and remote (RIPC)

ischemic preconditioning on sprint interval exercise (SIE) performance. Fifteen male collegiate

basketball players underwent a LIPC, RIPC, sham (SHAM), or control (CON) trial before conducting

six sets of a 30-s Wingate-based SIE test. The oxygen uptake and heart rate were continuously

measured during SIE test. The total work in the LIPC (+2.2%) and RIPC (+2.5%) conditions was

significantly higher than that in the CON condition (p < 0.05). The mean power output (MPO) at the

third and fourth sprint in the LIPC (+4.5%) and RIPC (+4.9%) conditions was significantly higher

than that in the CON condition (p < 0.05). The percentage decrement score for MPO in the LIPC and

RIPC condition was significantly lower than that in the CON condition (p < 0.05). No significant

interaction effects were found in pH and blood lactate concentrations. There were no significant

differences in the accumulated exercise time at ≥80%, 90%, and 100% of maximal oxygen uptake

during SIE. Overall, both LIPC and RIPC could improve metabolic efficiency and performance during

SIE in athletes.

Keywords: anaerobic capacity; blood flow occlusion; fatigue resistance; high-intensity interval

training

1. Introduction

In 2010, de Groot et al. [1] extended the concept of ischemic preconditioning (IPC),
which involves brief cycles of ischemia and reperfusion, from the medical field to the
sports science field, and discovered that IPC could help increase maximal oxygen uptake

(
.

VO2max). Since then, many studies have explored the benefits and possible mechanisms
of IPC on sports performance. IPC can be divided into local (LIPC) and remote (RIPC)
ischemic preconditioning according to its location of function. The difference between
the two approaches is whether blood flow is occluded in the same muscle group that is
subsequently used during exercise. For example, for cycling exercise, LIPC refers to appli-
cation of blood flow occlusion to the legs, whereas RIPC refers to application of blood flow
occlusion to the arms. At present, it is thought that both LIPC and RIPC may improve func-
tioning of the mitochondrial ATP-dependent potassium channel, attenuate ATP depletion,
promote phosphocreatine (PCr) resynthesis, enhance metabolic efficiency, and increase
vasodilation, oxygen delivery and extraction, thereby enhancing subsequent endurance
performance [2,3]. However, the acute effect of IPC on the performance of repeated or
interval sprints, in which aerobic contribution is predominant [4], remains controversial.
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Some studies have suggested that LIPC can improve subsequent repeated sprint
performance, including the 12 × 6-s cycling sprint [5], 3 × (6 × [15 + 15-m]) shuttle
sprints [6], and 6 × 50-m swimming sprint [7]. However, others have reported the opposite,
i.e., that for repeated sprints with a short overall exercise time, including 5 × 6-s [8]
and 10 × 6-s cycling sprints [9], LIPC does not enhance performance. Alternatively,
application of LIPC to single short-duration sprints, such as 10–30-m sprints, revealed
no obvious benefits [10,11]. Some studies have indicated that LIPC may be beneficial
only in single sprints powered by glycolysis, such as 50-m swimming sprint [12] and 60-s
cycling sprints [13]. In contrast, a study by Paixao et al. [14] has reported that LIPC cannot
improve the power output of three sets of 30-s Wingate-based sprint with 10-min rest
intervals. During a single 30-s Wingate-based sprint, PCr availability can be restored to
65% of the rest value after 1.5 min of post-exercise rest, or 86% after 6 min of post-exercise
rest [15]. Therefore, LIPC cannot enhance the performance of repeated 30-s Wingate-based
sprints, probably because most PCr availability can be restored through passive recovery
during long rest intervals. It would be relevant to explore whether LIPC can improve the
performance of the subsequent 4–6 sets of 30-s Wingate-based sprint interval exercise (SIE)
with short (4-min) rest intervals, as it is an exercise intervention commonly adopted to
improve aerobic capacity and performance in untrained and trained individuals [16].

For the RIPC research, some studies have suggested that RIPC does not enhance
aerobic or anaerobic performance in exercises such as the 1-h cycling time trial [17], 7 × 200-
m incremental swimming test [18], and 6 × 6-s and 30-s cycling sprint [19]. On the other
hand, others have reported that RIPC can help to shorten the time needed for swimming
100 m [18] and can extend the time to task failure during handgrip exercise [20]. More
recent studies have indicated that RIPC can increase the number of repetitions and total
training volume during resistance exercise [21,22]. Kraus et al. [23] pointed out that RIPC
of bilateral rather than unilateral upper limbs can increase the power output during four
sets of 30-s Wingate-based SIE. They also suggested that inconsistent results may be related
to the number of muscle groups involved during the application of IPC. Therefore, whether
the acute effect of LIPC on the performance of SIE is superior to that of RIPC requires
further clarification.

For team-sport athletes, sprint and high-intensity interval training programs have
been shown to be effective approaches to enhance aerobic capacity and performance [24].
Coaches and sports scientists often find ways to further improve training quality and
training adaptation. Therefore, the purpose of this study was to investigate the acute effects
of LIPC and RIPC on SIE performance in athletes. We hypothesized that both LIPC and
RIPC could improve SIE performance, in terms of both power output and fatigue resistance,
and that LIPC would be more effective than RIPC in this respect. We also hypothesized
that LIPC and RIPC could increase metabolic efficiency during SIE.

2. Materials and Methods

2.1. Participants

Fifteen male Division I collegiate basketball players (age 21 ± 2 years; height 1.87 ± 0.08 m;

body mass 86 ± 13 kg;
.

VO2max, 51.9 ± 7.8 mL·kg−1·min−1; blood pressure 126/68 mmHg)
were recruited to complete this repeated measured crossover study. The priori power
analysis (G*Power 3.1.9.4) was used to calculate the appropriate sample size. Based on
a previous meta-analysis study [3] on the overall impact of IPC on exercise performance
(effect size = 0.43), the minimum sample size of n = 9 was required for this study (α = 0.05,
β = 0.20). All participants completed a medical history and health questionnaire, and
signed informed consent forms before participating in the experiment. The participants
refrained from drinking alcoholic or caffeinated beverages for 24 h before the experiments
began and fasted for at least 4 h prior to visiting the laboratory, in order to reduce the inter-
ference of food in the experiment. The study was conducted according to the guidelines of
the Declaration of Helsinki, and approved by the Research Ethics Committee of National
Taiwan Normal University, Taipei, Taiwan (Approval code: 201612HM010).
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2.2. Experimental Design and Protocols

After a familiarization trial, participants performed an incremental cycling test (GXT)
and two control (CON) trials, separated by at least 3 days, on a cycling ergometer (Cyclus
2, RBM Elektronik, Automation, Leipzig, Germany). The cycling ergometer was equipped
with an electromagnetically-braked system. During the subsequent visits, participants
underwent LIPC, RIPC, or sham (SHAM) treatment in a randomized crossover design,
separated by at least 4 days, before conducting six sets of 30-s Wingate-based SIE test
(Figure 1). When they arrived at the laboratory, their body mass was measured to determine
the load of the SIE test. Before treatment, participants were asked to rest supine for 10 min
for baseline measurements, including their heart rate, blood lactate concentration, and pH

level. The heart rate and oxygen uptake (
.

VO2) were continuously measured during the
SIE test. Blood samples for pH and lactate concentrations were drawn before (baseline)
and 5-min after treatment, and 5-min after the SIE test. The participants completed all
of the trials during the same time-period (±2 h) of testing days to eliminate any effect of
circadian variation.

.
V

■ □ ▲

Figure 1. Protocol schematic. R’t, right thigh or upper arm; L’t, left thigh or upper arm; LIPC, local ischemic preconditioning;

RIPC, remote ischemic preconditioning; �, Occlusion; �, Reperfusion; N, Blood lactate and pH value.

2.3. Incremental Cycling Test

During each participant’s first visit to the laboratory, the cycling ergometer seat
and handlebars were adjusted for comfort. These same settings were restored for each
consecutive exercise trial. Before the GXT, all participants were asked to cycle at different
pedaling rates (70, 80, and 90 rpm) for a while (~1 min), and then chose the most comfortable
rate as their self-selected cadence. Participants first performed 3 min of unloaded baseline
pedaling (0 W); the load was increased by 30 W every min thereafter until volitional
exhaustion. During the GXT, the participants maintained a self-selected cadence for as long
as possible. Strong verbal encouragement was provided throughout the trial. Exhaustion
was defined as a pedaling rate of 10 rpm lower than the self-selected cadence, lasting for
10 s or more.

Pulmonary gas exchanges were measured breath-by-breath throughout the GXT by
having the participants wear a face mask (7400 Vmask series, Hans Rudolph, Kansas
City, MO, USA) attached to a portable gas analysis system (Cortex Metamax 3B; Cortex
Biophysik, Leipzig, Germany). Before the test, the system was calibrated according to the
manufacturer’s guidelines against known concentrations of cylinder gases (15% oxygen,
5% carbon dioxide) and a 3-L calibration syringe (5530 series, Hans Rudolph, Kansas City,
MO, USA). Heart rates were monitored using a telemetry system with a wireless chest strap
(Polar S810i; Polar Electro, Inc., Oy, Kempele, Finland) and were continuously measured

through a link to the Cortex gas analysis system during the exercise test. The greatest
.

VO2

value (averaged every 10 s) measured during the GXT was recorded as the
.

VO2max value.

2.4. IPC Protocols

The LIPC and SHAM treatments were performed in supine position using 14-cm-wide
blood pressure cuffs placed on the most proximal portions of the upper thighs. Bilateral
occlusion was performed simultaneously on the right and left thighs. The cuff was rapidly
inflated to 220 mmHg for the LIPC and 20 mmHg for the SHAM conditions, respectively, by
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means of a cuff inflator (CK-113P, Spirit Corp, Taipei, Taiwan). Absolute cuff pressure was
used in SHAM to allow direct comparison with relevant studies [5,12–14]. This occlusion
procedure was repeated 4 times, each separated by 5 min of reperfusion, as this protocol has
been successfully applied in previous studies investigating the ergogenic effects of LIPC
on exercise performance [5,6,13]. In RIPC treatment, the same blood pressure cuffs were
placed bilaterally on the proximal parts of upper arms. Both cuffs were simultaneously
inflated to 30 mmHg above systolic arterial pressure for 5 min, followed by 5 min deflation.
The average cuff pressure in RIPC was 156 ± 7 mmHg. The cuffs were inflated and deflated
4 times in total, according with a previous study about the effect of RIPC on four sets of
30-s Wingate-based SIE performance [23]. In CON treatment, participants performed a
5-min standardized warm-up followed by a 5-min passive rest without any blood occlusion
before SIE test.

2.5. Wingate-Based 6 × 30-s Sprint Interval Exercise

Prior to each trial, all participants performed a standardized warm-up comprising
5 min of submaximal cycling at 50 W (60–75 rpm), in which three bouts of maximal
accelerations (approximately 5 s) at the end of the second, third and fourth minutes were
performed. After the warm-up, participants rested for 5 min on the cycle ergometer. The
SIE protocol involved participants to complete six sets (S1–S6) of 30-s Wingate-based SIE
with a 4-min rest interval against the given load ([0.7 × body mass]/0.173) as fast as
possible [25]. Thirty seconds before starting each sprint, participants were informed to ride
at a moderate pedal cadence (50–60 rpm), from a seated position. Ten seconds before the
initiation of each sprint, participants were instructed to increase pedaling rate to 80–85 rpm
until given the signal to start pedaling maximally. During the last 2 s of the recovery
period, participants were required to increase the pedaling rate to over 100 rpm (0 N) for
the convenience of the subsequent 30-s cycling sprint test. At the end of the sprint, the
participants remained seated on the bike for recovering between sets. Participants were
given strong verbal encouragement by the same researchers throughout the entire trial.

The total work, peak (PPO) and mean (MPO) power outputs, and percentage decre-
ment score (100 − [{total sprint power outputs/ideal sprint power outputs} × 100]) were
calculated at each cycling sprint. The total sprint power was calculated as the sum of the
peak/mean power outputs from all sprints. The ideal sprint power was defined as the
number of sprints × highest peak/mean power output. The accumulated exercise time at

≥80%, 90%, and 100%
.

VO2max were also calculated during SIE.

2.6. Blood Sampling and Analysis

Capillary blood samples were taken by ear lobe puncture to evaluate lactate concen-
trations. The first blood samples were discarded, and the second blood samples (ca. 0.3 µL)
were used to analyze the lactate concentrations using a lactate chemistry analyzer (Lactate
Pro2, Arkray, Inc., Kyoto, Japan). To measure blood pH values, whole blood samples
(ca. 1 mL) were drawn from an antecubital venous catheter and assessed by a blood gas
analyzer (OPTI CCA-TS; OPTI Medical System, Inc., Roswell, GA, USA).

2.7. Statistical Analysis

The Shapiro–Wilk normality test was performed to determine the homogeneity of the
sample. The performance data (total work, PPO, MPO, percentage decrement score, and
accumulated exercise time), blood lactate and pH values were assessed using repeated-
measures ANOVA. The LSD post-hoc test was applied if a significant difference was
found. The effect size (Cohen’s d) was calculated by dividing the difference between
the mean values of the conditions by the pooled SD. Cohen’s d of <0.5, 0.5–0.79, and
≥0.8 were considered as small, moderate, and large effects, respectively. The intraclass
correlation coefficient (ICC) was used to assess the test–retest reliability of the SIE test
in CON conditions. Statistical significance was set at p < 0.05 and all procedures were
conducted using SPSS for Windows (Version 17, IBM SPSS Inc., Chicago, IL USA).
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3. Results

The PPO (ICC = 0.93–0.98, p < 0.05) and MPO (ICC = 0.77–0.91, p < 0.05) at each sprint,
and total work (ICC = 0.92, p < 0.05) demonstrated good to excellent test–retest reliabilities.
The total work done during the SIE test differed significantly among treatments (F = 3.307,
p < 0.05). The total work in the LIPC (+2.2%, d = 0.98) and RIPC (+2.5%, d = 1.10) conditions
was significantly higher than that in the CON (Table 1). In Figure 2A, the MPO of the third
and fourth sprint in LIPC (S3, +4.9%, d = 1.28; S4, +4.0%, d = 1.10) and RIPC (S3, +4.7%,
d = 1.26; S4, +5.1%, d = 1.18) were significantly higher than those in the CON condition
(p < 0.05). Table 1 also indicates that the percentage decrement scores of MPO in the LIPC
(d = 1.08) and RIPC (d = 1.13) conditions were significantly lower than that in the CON
condition (F = 3.534, p < 0.05). No significant interaction effect of PPO was found (F = 0.998,
p > 0.05; Figure 2B); however, the percentage decrement score of PPO in the LIPC condition
was significantly lower than that in the CON condition (d = 1.27, p < 0.05; Table 1).

There were no significant interaction effects in pH (F = 1.405, p > 0.05) and lactate

(F = 1.035, p > 0.05) concentrations (Table 1). No significant differences in peak
.

VO2 were
found during SIE among treatment conditions (LIPC vs. RIPC vs. SHAM vs. CON,
55.4 ± 7.7 vs. 55.6 ± 7.7 vs. 54.3 ± 10.2 vs. 55.7 ± 7.2 mL·kg−1·min−1, F = 0.296, p > 0.05).
Moreover, there were no significant differences in the accumulated exercise time at ≥80%

(F = 0.679, p > 0.05), 90% (F = 0.422, p > 0.05), and 100% (F = 0.741, p > 0.05)
.

VO2max during
SIE test (Table 1).

Table 1. Effects of local and remote ischemic preconditioning on exercise performance and physiological responses during

sprint interval exercise test.

LIPC (n = 15) RIPC (n = 15) SHAM (n = 15) CON (n = 15)

Total work (kJ) 108.3 ± 8.9 * 108.4 ± 6.9 * 107.1 ± 8.6 106.0 ± 8.6
Percentage decrement score (%)

PPO 5.4 ± 2.3 * 6.2 ± 3.1 6.5 ± 2.9 7.6 ± 3.8
MPO 11.9 ± 4.7 * 11.9 ± 4.6 * 13.1 ± 4.1 15.2 ± 5.3

Accumulated exercise time (s)

≥80%
.

VO2max 95.5 ± 52.7 99.9 ± 53.9 81.2 ± 62.0 95.2 ± 59.5

≥90%
.

VO2max 34.5 ± 28.0 36.7 ± 33.9 28.9 ± 32.9 37.5 ± 40.1

≥100%
.

VO2max 9.1 ± 11.7 10.5 ± 13.1 7.5 ± 11.5 11.6 ± 17.3

Lactate (mmol/L)
Baseline 0.96 ± 0.21 1.01 ± 0.23 0.95 ± 0.27 0.95 ± 0.24

5 min after treatment 1.02 ± 0.24 1.04 ± 0.17 0.95 ± 0.15 -
5 min after SIE 11.09 ± 1.73 10.83 ± 2.02 10.62 ± 2.89 11.59 ± 2.21

pH
Baseline 7.37 ± 0.02 7.39 ± 0.03 7.37 ± 0.02 7.38 ± 0.02

5 min after treatment 7.39 ± 0.02 7.40 ± 0.02 7.39 ± 0.02 -
5 min after SIE 7.20 ± 0.05 7.20 ± 0.05 7.20 ± 0.05 7.19 ± 0.05

LIPC, local ischemic preconditioning; RIPC, remote ischemic preconditioning; SHAM, sham; CON, control; PPO, peak power output; MPO,

mean power output;
.

VO2max, maximal oxygen uptake; SIE, sprint interval exercise; * p < 0.05, compared with CON.
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Figure 2. Effects of local (LIPC) and remote (RIPC) ischemic preconditioning on (A) mean power outputs (MPO) and (B)

peak power outputs (PPO) during a sprint interval exercise (SIE) test. * p < 0.05, significant differences between LIPC and

control (CON); † p < 0.05, significant differences between RIPC and CON; S1–S6, sprint 1–6.

4. Discussion

The purpose of this study was to examine the acute effects of IPC on the SIE perfor-
mance in athletes. We hypothesized that both LIPC and RIPC could improve metabolic
efficiency, and increase power output and fatigue resistance during SIE. To the best of our
knowledge, no previous study has investigated the acute effects of LIPC and RIPC on the
performance of six sets of SIE. The main finding of this study was that, for trained athletes,
both LIPC and RIPC were effective in improving the total work of high-intensity interval
sprints (ca. 2%) as well as the MPO during exercise (ca. 4%). In addition, compared to CON
treatment, LIPC and RIPC treatment could also slow down the decline in power output.
The reason for the escalation in SIE performance is likely that IPC increased metabolic
efficiency during the high-intensity exercise.

Previous studies have reported that LIPC can improve the performance of six sets of
50-m swimming sprints with 3-min rest intervals [7], while RIPC can improve the PPO and
MPO of four sets of Wingate-based sprints with 2-min rest intervals [23]. Our results were
consistent with these findings, in that both LIPC and RIPC could improve the total work
and the MPO of six sets of Wingate-based sprints with 4-min rest intervals. Previous studies
have found that IPC can promote vasodilation as well as oxygen delivery and extraction
by increasing the amount of vascular nitric oxide that can simulate vascular endothelial
cells [5,26,27]. In addition, animal [28] and human trials [29] have discovered that IPC can
facilitate the rate of PCr resynthesis. Reduced PCr availability has been considered as a
limiting factor for power output recovery during multiple sprint exercises [30]. Although
Paixao et al. [14] have reported that LIPC cannot improve the power output of three sets
of Wingate-based sprint (with a rest interval of 10 min), it is more likely due to a long
rest interval than to the effect of IPC on PCr resynthesis, as 6 min of passive rest after
high-intensity exercise can restore PCr availability to 90% of the rest value [15]. Therefore,
both LIPC and RIPC can improve the power output during SIE by promoting oxygen
delivery and extraction as well as by facilitating PCr resynthesis during rest intervals.

Previous studies have suggested that LIPC cannot boost the percentage decrement
score of 5–12 × 6-s cycling sprints [5,8,9]. In contrast, our study found that, compared to
the CON condition, both LIPC and RIPC can increase the percentage decrement score. This
inconsistent result may be attributed to different exercise patterns. First, among studies
that have introduced multiple sets of repeated sprint exercises, Griffin et al. [6] reported
that LIPC can escalate the percentage decrement score of three sets of exercises consisting of
6 × (15 + 15-m) shuttle sprints. In addition, a meta-analysis study by Salvador et al. [3] has
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indicated that, while IPC may have a >99% and a 57.9% chance of benefiting aerobic (>90 s)
and anaerobic (10–90 s) exercise performance, respectively, its effect on the performance of
sprints with a duration of less than 10 s is negligible. Similarly, other studies have pointed
out that LIPC cannot improve the performance of 10–30 m sprints [10,11], while RIPC
cannot enhance the power output and the fatigue index of a single 30-s Wingate sprint [19].
However, LIPC has been shown to improve the power output of both 60 s [13] and 3 min
all-out [31] cycling sprint. Therefore, it appears that IPC can only facilitate repeated sprint
exercises, with an extended single exercise time or total exercise time. Second, some studies
have found that, for SIE, neither LIPC [14] nor RIPC [23] can consistently improve the
fatigue index of every single 30-s Wingate sprint, in contradiction to our results. This is
possibly due to different calculation methods, as these studies [14,23] only calculated the
individual fatigue index of each sprint. As mentioned earlier, LIPC and RIPC can increase
the total work as well as the percentage decrement score, thereby improving the fatigue
resistance of SIE. Although this is probably associated with the promotion of muscle blood
flow and PCr resynthesis during the rest interval, further research is required to explore
the physiological and biochemical effects of LIPC and RIPC on the rest interval of SIE.

For further improvement in cardiopulmonary endurance, the exercise protocols must
allow athletes to work for as much time as possible at an intensity close to or very close

to
.

VO2max to expand the stimulating effect on the cardiopulmonary system [32]. The
present study revealed that, compared to the CON condition, LIPC and RIPC did not
change the accumulated time spent at high-intensity during SIE, and did not alter the blood
lactate concentration or the H+ concentration post-SIE. This is consistent with the results of
previous studies, which reported that the blood lactate concentration remains the same
after high-intensity exercise if LIPC or RIPC is adopted [5–8,14,23,31]. Thus, LIPC and
RIPC can improve the total work and the fatigue resistance of SIE without contributing
to the acidic environment in the body, which indicates that LIPC and RIPC can improve
the metabolic efficiency of SIE. Similarly, Incognito et al. [2] reported that, by increasing
metabolic efficiency, IPC can improve the performance of subsequent exercises. Since LIPC
and RIPC can escalate metabolic efficiency and total work, they can strengthen the training
quality of a sprint interval training (SIT) program. This finding has partly supported the
result of a study conducted by Paradis-Deschênes et al. [33], who found that the inclusion
of LIPC in a 4-week SIT program could improve the aerobic and anaerobic performance of
endurance athletes. However, at present, there has been no research on the chronic effect of
RIPC interventions. Based on the results of this study, the inclusion of RIPC in the long-term
SIT program in future studies is expected to provide additional adaptation benefits.

One limitation of this study was that participants were not completely blinded during
the study. The presence of the placebo effect in IPC experiments remains controversial,
with some studies finding [34,35] and others not findings evidence for this [7,36]. The
use of placebo is a standard control component of most clinical trials, and it attempts
to clarify the potential effect of treatment. It should be noted that a placebo effect relies
on the assumption that participants believe (through conscious or unconscious cues)
an intervention will change outcomes [37]. In general, previous IPC studies used low-
pressure control conditions (e.g., 20 mmHg) as placebo conditions [5,12–14]. Although we
did not inform participants which intervention we thought could improve their exercise
performance, the participants could still distinguish the pressure difference between IPC
and SHAM. The study of Marocolo et al. [35], who informed participants that both IPC
and SHAM (20 mmHg cuff pressure) can increase exercise performance before starting
the experiment, found that compared with CON, both IPC and SHAM could significantly
increase the number of repetitions during the leg extension exercise. However, the study by
Ferreira et al. [7], who told participants that both IPC and SHAM can enhance performance
prior to experiment, using 1-min blood flow occlusions (200 mmHg cuff pressure) as SHAM
to simulate the potential nocebo effect of IPC. The results indicated that SHAM induced
similar levels of discomfort to IPC but comparable exercise performance outcomes to the
CON [7]. In the study of Cheung et al. [36], they informed participants that the effects
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of IPC and SHAM on exercise performance were unclear before starting the study, and
used the therapeutic ultrasound procedure as SHAM condition. They reported that 69%
of participants believed that IPC would hinder exercise performance, whereas SHAM
ultrasound could improve performance [36]. Nevertheless, the results indicated that only
IPC could significantly increase time to exhaustion during incremental cycling test [36].
Therefore, the placebo/nocebo effects still seem to be a limitation of studies focusing on
IPC and exercise performance.

Another limitation of this study was that the external validity and applicability of the
results of this study are limited, as they can be influenced by the particular exercise mode as
well as the training status, sex, and age of the participant. For example, participants in this
study received 6 weeks of structured training using SIT 6 months before the experiment.
Therefore, it needs to be verified whether the same promotion effect is observed when
LIPC and RIPC are applied to untrained and obese individuals or diabetes patients, who
are common research participants in SIT programs.

5. Conclusions

This study found that, for trained athletes, LIPC and RIPC were both ergogenic aids
that could improve the performance and fatigue resistance of SIE. In addition, they did not
alter the stimulus that SIE demonstrated on the cardiopulmonary system, which indicated
that IPC could increase metabolic efficiency during high-intensity interval exercise. Further
research is required to specify the possible mechanism by which IPC improves power
output and delays fatigue during SIE.
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Abstract: A variety of approaches have been proposed for teaching several volleyball techniques to

beginners, ranging from general ball familiarization to model-oriented repetition to highly variable

learning. This study compared the effects of acquiring three volleyball techniques in parallel with

three approaches. Female secondary school students (N = 42; 15.6 ± 0.54 years) participated in a

pretest for three different volleyball techniques (underhand pass, overhand pass, and overhead serve)

with an emphasis on accuracy. Based on their results, they were parallelized into three practice

protocols, a repetitive learning group (RG), a differential learning group (DG), and a control group

(CG). After a period of six weeks with 12 intervention sessions, all participants attended a posttest.

An additional retention test after two weeks revealed a statistically significant difference between

DG, RG, and CG for all single techniques as well as the combined multiple technique. In each

technique—the overhand pass, the underhand pass, the overhand service, and the combination of

the three techniques—DG performed best (each p < 0.001).

Keywords: motor learning; differential learning; volleyball; overhand service; overhand pass; under-

hand pass; multiple techniques; skill acquisition

1. Introduction

Coaches and physical education teachers are always faced with the challenge of
teaching multiple techniques and fostering athlete performance in the most time efficient
manner. To achieve this goal, coaches and athletic trainers are always looking for the
most effective and efficient learning approaches. The four most popular and widely used
approaches to teaching and improving performance and learning, which include innovative
elements that had not been previously considered, are listed in a historical order:

(a) The repetition method approach. This method was first mentioned by Plato
(450 B.C.) in the context of learning by contrast and was later investigated in more detail by
Gentile [1]. The repetitive method approach is based on the assumption that there is an
ideal type of movement that can be perfected by several repetitions of the target movement
during the learning process. This method is still considered the method of choice by many
physical education teachers and coaches.

(b) The original purpose of the methodical series of exercise approach [2] is to learn
more complex target movements through a streamlined (blocked) sequence of preliminary
exercises increasingly similar to the target movement. In this process, each preparatory
exercise follows the logic of the RM. This method is still chosen the most for learning
singular complex movements.

(c) The variability of practice approach [3] is based on Schmidt’s schema theory [4],
which coarsely indicates that invariant elements such as relative timing or relative forces
of an already automatized movement become more stable when trained in combination
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with variable parameters such as absolute forces or absolute durations. Nevertheless, each
exercise is trained repetitively (=blocked), oriented on subgoals as prototype. Although
the area of application was limited to movements without the influence of gravitational
forces [5], this approach inspired teachers and coaches to make the training of a single
technique more variable once it has been learned.

(d) The contextual interference was originally operationalized by Battig [6,7] in the
context of verbal learning and later applied to fine motor learning by Shea and Morgan [8].
From its origin, contextual interference approach is a learning approach in which one
skill is practiced in the context of other skills. The approach is typically associated with
two phenomena, namely impaired acquisition on the one hand, and enhanced learning
on the other [9,10]. Three models from cognitive psychology have been proposed to
explain these phenomena: the elaboration [11], the reconstruction [12], and the retroactive
inhibition hypothesis [13]. All three models assume that a higher cognitive effort is required
for the random schedule compared to a blocked schedule, which is typically associated
with immediately poorer performance due to working memory overload but leads to
better retention.

Originally focused only on the learning of a single (text) motion interspersed with
additional motions (=context), the contextual interference approach is now primarily inves-
tigated for the parallel learning of multiple movements. The approach is still struggling
with its application in sports practice, since, among other things, systematic effects have
only been found for movements with a small number of degrees of freedom [10,14] despite
isolated evidence of positive effects in movements with more degrees of freedom [15].

(e) The differential learning approach [16,17] assumes that improving the performance
or learning of a movement depends largely on an individual’s characteristics and experi-
ences, which are assumed to be embodied in individual neuro-(muscular) structures that
need to be stimulated individually in varying contexts in order to achieve an effective
restructuring for changes in behavior. The reciprocal matching of the exercises provided
by the trainer to the nature or extent of the learner’s individual variations is described by
the principle of stochastic resonance [18–20]. Because the differential learning approach is
the most recent approach proposed to increase technical performance and since it is the
primary subject of the study, it is discussed in some detail below.

The parallel observation of analogies related to fluctuations in three research areas
served as the inspiration for the differential learning approach. First, within the research on
the identification of individual movement patterns, constant fluctuations of biomechanical
parameters were observed [21–23]; second, fluctuations in the field of dissipative dynamic
systems were assigned an essential role especially in phase transitions [24]; third, in the field
of research on artificial neural networks, it was known that they perform better when added
with noisy information during the training phase [25–27]. It is postulated that the learner’s
behavior should be the focus of interest rather than the idea of a collective movement
ideal. Supposedly destructive deviations from the movement ideal became reinterpreted
as constructive fluctuations that should make the learning system unstable and enable self-
organized learning [17,19]. Whereas differential learning was initially applied and studied
only in sports for learning and improving individual techniques [18,28–30], there are now
also confirming studies on its effectiveness in fine motor [31–33] or everyday movements,
as well as in the field of tactics [34,35], strength [36,37], and endurance training. Isolated
studies on the parallel acquisition of two techniques [38,39] suggest its application in the
learning of multiple techniques as well.

The only approach that so far tries to explain the learning of multiple techniques is the
contextual interference approach. However, the studies on the simultaneous acquisition
of multiple techniques in volleyball using this approach have led to ambiguous results.
The acquisition of two volleyball techniques showed partial or no support for benefits
of contextual interference in the form of random compared to blocked order [40]. Fialho,
Benda, and Ugrinovich [41] could not find significant differences between blocked and
interleaved training groups for either the post or the retention test when training two
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service techniques. Similar results were provided by a study on training two techniques
(overhand and underhand service) [42] under the contextual interference approach. Several
other studies [43–45] also failed to find significant effects of training condition in acquisition
or retention performance when training the three basic volleyball techniques. In contrast,
when training the same three techniques, Bortoli et al. [46] reported better transfer for the
random and serial practice groups than for the blocked group.

Interestingly, all of these studies were conducted on adolescent participants with
an average age between 12.4 years [45] and 16.3 years [41]. None of these studies could
fully substantiate the two contextual interference related phenomena; only one study [46]
partially verified the advantageous learning effect. In contrast, a study of three volleyball
techniques with adult students with an average age of 21.5 years found verification of the
full contextual interference effect with impaired acquisition and increased retention [47].
Taken together, all these studies on volleyball suggest that the contextual interference
approach should be restricted to adults [48]. Whereas most contextual interference studies
on athletic movements investigated the parallel training of similar techniques within a
sport and found largely consistent changes for this, the parallel acquisition of a running,
a jumping, and a throwing movement showed discipline-specific trajectories during the
learning process [46].

Apparently, the contextual interference approach does not provide a model that can
explain the different results comprehensively. As suggested above, the differential learning
approach may provide a more general and appropriate framework for understanding
movement learning, at least in movements with more degrees of freedom. In order to
increase external validity by further approximating practical, realistic learning, this study
aims to investigate the effect of differential learning training on the parallel acquisition
and learning of the three volleyball techniques mainly used and taught by beginners.
The expectation, based on previous studies, is that students taught using the differential
learning approach will increase their performance on the posttest and retention test more
than students using the repetitive training method or the general ball familiarization.
To what extent an extension of the applications of the differential learning approach for
novices can be recommended and to what extent the performance developments of the
three approaches differ are the questions that will be investigated.

2. Material and Methods

2.1. Participants

A total of 42 female volleyball novices (15.6 ± 0.54 years) from several Ghanaian state
high schools in Kumasi voluntarily participated in this study. After being informed of
the content and purpose of the study, the participants’ parents provided written informed
consent. All procedures were conducted according to the guidelines of the Declaration of
Helsinki and approved by the Institutional Review Board of Akanten Appiah-Menka Uni-
versity of Skills Training and Entrepreneurial Development (AAMUSTED/K/RO/L.1/219,
31 August 2021).

A pretest in all three techniques was conducted with them in blocked sequence, and
the individual scores for each technique were summed up to form individual total scores
for each of the participants. Based on the individual results, they were parallelized into
three groups of 14 participants each: a repetitive learning group (RG), a differential learning
group (DG), and a control group (CG). The individual scores were summed up to represent
the group score (group means).

2.2. Design

A pre-posttest design with additional retention test (see Section 2.2.2) was chosen for
this investigation. The pretest was followed by an intervention period of six weeks with
a subsequent posttest and a retention test after another two weeks without intervention.
A standardized warm-up was performed before all tests. During the intervention phase,
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the participants trained twice a week (always on Mondays and Thursdays), where each
training session lasted one hour.

2.2.1. Intervention

The RG trained according to the Federation International de volleyball Coaches man-
ual [49]. Each training session was preceded by a five-minute warm-up activity, which
consisted of minor games, such as “three-on-one”, “chase and catch”, and “seven-on-one”.
After completing the warm-up activities, the participants proceeded directly to practice
in their respective groups. After the group training, the session was finished. The RG
training was characterized by taking one of the techniques per session repeating it 15 times
in the blocked form, from overhand service (S) to overhand pass (O), to underhand pass
(U) (SSS . . . , OOO . . . , UUU . . . ) following that order repeatedly with corrective feedback
per session.

The DG training corresponded to the training sequence of the RG in block; however,
their training was characterized first by no repetitions by adding stochastic perturbations
to the three techniques to be learned and second by no corrections. Appendix A Table A1
contains a list of all given tasks from which a number was randomly selected to instruct
the group. Each participant in both intervention groups had 15 trials per training session
for each technique. In total, each participant had 180 relevant ball contacts over the
entire period.

The control group (CG) engaged in ball familiarization games that were not directly
related to volleyball, such as ball throwing and catching games.

2.2.2. Test Design

The test as presented in Figure 1 comprised of three subtests, each corresponding to
one of the techniques to be learned: underhand pass, overhand pass, overhand service. All
subtests were carried out according to the AAHPERD volleyball skill test manual [50] on a
regular outdoor volleyball court.

Subtest underhand pass (Figure 1A): To test the underhand pass accuracy, the student
stood in a 2 m2 square on the right-hand side of the volleyball court (zone Z5) and received
a ball thrown from zone 2 of the other court and passed the ball over a rope (height 2.24 m)
into a 3 m × 2 m target area in zone Z2 of the participant’s court for which 4 points are
awarded if ball lands in the target area and 2 points if it lands on the lines of the target area.

Subtest overhand pass (Figure 1B): To test the accuracy of the overhand pass, the
participant stood in zone Z2, received the ball from zone Z6, and passed the ball over a
2.24 m high rope into two 1 m × 2 m target areas, with the one farther from the participant
scoring 4 points, the one closer scoring 2 points, and the line in between scoring 3 points.

Subtest overhand service (Figure 1C): The participants stood at the end of the field
in a central 2 m wide area and served the ball over their head to the other field over the
2.24 m high net into the 2 m × 2 m rectangular target areas, with points awarded for each
area. The further back and sideways the target area that was hit, the more points a serve
resulted in, ranging from 1 to 4 points. In between the zones, the two zone points were
added and divided by two and the points given.

For all subtests, a score of zero was given if the ball did not land within the target
zones or did not touch any of the lines of the marked target areas. The participants
performed 10 trials in each subtest. The maximum score for each subtest was 40 points and
a minimum of 0. The test was performed in the order from underhand pass to overhand
pass to overhand service and on the same day under comparable conditions.

Six research assistants were trained to assist in the process of training and conducting
the test. The execution of an attempt was counted only if the ball thrown by the research
assistant was receivable by the participant within the marked area. Otherwise, the attempt
was repeated.
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Figure 1. Test designs for the three volleyball techniques including scores. Each subtest corresponds

to one technique: (A) underhand pass, (B) overhead pass, and (C) overhead service.

2.3. Data Analysis

The groups were compared statistically based on their results in each technique and in
combined multiple techniques. To determine the combined multiple techniques, the mean
values of the three individual techniques (overhand pass, underhand pass, and overhand
service) were adjusted using z-standardization. To check the internal consistency of the
tests for the respective techniques, 10 participants each performed the respective test at
intervals of one week. Cronbach’s alpha was determined based on the values from weeks 1
and 2.

Analyses of the data using Shapiro–Wilk tests revealed that some variables violated
the assumption of normal distribution. Consequently, the development of the groups
across the measurement time points and the comparison of the groups at the respective
measurement time points were performed using non-parametric statistical tests.

For the analysis of the development within the groups in the respective techniques
at pre-, post-, and retention-test, the results of the tests were statistically compared using
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Friedman ANOVA. In case of significant results, pairwise Bonferroni-corrected post hoc
Dunn–Bonferroni tests were performed.

In order to compare the different groups at the respective pre-, post-, and retention test,
the test results of the specific techniques were compared statistically using Kruskal–Wallis
tests. The comparison at the time of the pretest here also represents the basis of the test
for homogeneity. Significant results were further statistically compared using pairwise
Bonferroni-corrected post hoc Dunn–Bonferroni tests.

In addition, the effect size r was calculated for the pairwise post-hoc tests of the
Friedman and Kruskal–Wallis tests, respectively. Thereby, 0.1 ≤ r < 0.3 corresponds to a
weak effect, 0.3 ≤ r < 0.5 to a medium effect, and r ≥ 0.5 to a strong effect [51].

The p-value at which it is considered worthwhile to continue research [52] was set
at p = 0.05, with decreasing p increasing the probability that the null hypothesis does not
explain all the facts.

3. Results

The proof for internal consistency of the tests showed acceptable or good results for
the overhand pass (α = 0.774), underhand pass (α = 0.812), and for combined multiple
techniques (α = 0.889) tests. Only the overhand service test was just below the threshold in
the questionable interval (α = 0.678). The test results of each technique and the combined
z-standardized values of each test are shown in Figure 2A–D. The results of the statistical
analyses are presented in Table 1.

Table 1. Statistical comparisons at the three measurement time points within and between groups.

Comparison Friedman-Test or Kruskal-Wallis-Test (Rank Scores) Post Hoc Dunn-Bonferroni-Tests

Overhand Pass

RG:
Pre—Post—Ret

χ
2(2) = 3.720, p = 0.156

(Pre: 1.61; Post: 2.25; Ret: 2.14)
–

DG:
Pre—Post—Ret

χ
2(2) = 25.529, p < 0.001 ***

(Pre: 1.04; Post: 1.96; Ret: 3.00)
Pre vs. Ret: p < 0.001 ***, r = 0.544 +++

Post vs. Ret: p = 0.024 *, r = 0.288 +

CG:
Pre—Post—Ret

χ
2(2) = 11.306, p = 0.004 **

(Pre: 1.57; Post: 2.68; Ret: 1.75)
Pre vs. Post: p = 0.010 *, r = 0.296 +

Post vs. Ret: p = 0.042 *, r = 0.248 +

Pre:
RG—DG—CG

χ
2(2) = 1.709, p = 0.426

(RG: 24.14; DG: 22.11; CG: 18.25)
–

Post:
RG—DG—CG

χ
2(2) = 7.758, p = 0.021 *

(RG: 18.04; DG: 28.89; CG: 17.57)
CG vs. DG: p = 0.042 *, r = 0.465 ++

Ret:
RG—DG—CG

χ
2(2) = 15.508, p < 0.001 ***

(RG: 18.36; DG: 31.42; CG: 13.96)
RG vs. DG: p = 0.013 *, r = 0.550 +++

DG vs. CG: p < 0.001 ***, r = 0.732 +++

Underhand Pass

RG:
Pre—Post—Ret

χ
2(2) = 21.714, p < 0.001 ***

(Pre: 1.07; Post: 2.29; Ret: 2.64)
Pre vs. Post: p = 0.004 **, r = 0.324 ++

Pre vs. Ret: p < 0.001 ***, r = 0.420 ++

DG:
Pre—Post—Ret

χ
2(2) = 23.306, p < 0.001 ***

(Pre: 1.00; Post: 2.19; Ret: 2.81)
Pre vs. Post: p = 0.007 **, r = 0.319 ++

Pre vs. Ret: p < 0.001 ***, r = 0.483 ++

CG:
Pre—Post—Ret

χ
2(2) = 14.000, p < 0.001 ***

(Pre: 1.82; Post: 2.64; Ret: 1.54)
Post vs. Ret: p = 0.010 *, r = 0.296 +

Pre:
RG—DG—CG

χ
2(2) = 0.392, p = 0.822

(RG: 22.79; DG: 20.86; CG: 20.86)

Post:
RG—DG—CG

χ
2(2) = 31.014, p < 0.001 ***

(RG: 20.36; DG: 34.50; CG: 9.64)

RG vs. DG: p = 0.005 **, r = 0.597 +++

RG vs. CG: p = 0.05 *, r = 0.452 ++

DG vs. CG: p < 0.001 ***, r = 1.049 +++

Ret:
RG—DG—CG

χ
2(2) = 36.687, p < 0.001 ***

(RG: 21.43; DG: 35.00; CG: 7.57)

RG vs. DG: p < 0.008 **, r = 0.577 +++

RG vs. CG: p < 0.005 **, r = 0.589 +++

CG vs. DG: p < 0.001 ***, r = 1.165 +++

Overhand Service

RG:
Pre—Post—Ret

χ
2(2) = 8.000, p = 0.018 *

(Pre: 1.86; Post: 2.43; Ret: 1.71)
–

DG:
Pre—Post—Ret

χ
2(2) = 21.347, p < 0.001 ***

(Pre: 1.00; Post: 2.35; Ret: 2.65)
Pre vs. Post: p = 0.002 **, r = 0.360 ++

Pre vs. Ret: p < 0.001 ***, r = 0.442 ++

CG:
Pre—Post—Ret

χ
2(2) = 9.172, p = 0.010 *

(Pre: 1.96; Post: 1.61; Ret: 2.43)
–
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Table 1. Cont.

Comparison Friedman-Test or Kruskal-Wallis-Test (Rank Scores) Post Hoc Dunn-Bonferroni-Tests

Pre:
RG—DG—CG

χ
2(2) = 14.235, p < 0.001 ***

(RG: 16.39; DG: 17.86; CG: 30.25)
RG vs. CG: p = 0.002 **, r = 0.649 +++

DG vs. CG: p = 0.006 **, r = 0.580 +++

Post:
RG—DG—CG

χ
2(2) = 29.276, p < 0.001 ***

(RG: 14.39; DG: 35.43; CG: 14.68)
RG vs. DG: p < 0.001 ***, r = 0.892 +++

DG vs. CG: p < 0.001 ***, r = 0.879 +++

Ret:
RG—DG—CG

χ
2(2) = 35.229, p < 0.001 ***

(RG: 8.21; DG: 34.85; CG: 20.93)

RG vs. DG: p < 0.001 ***, r = 1.142 +++

RG vs. CG: p = 0.012 *, r = 0.546 +++

DG vs. CG: p = 0.006 **, r = 0.597 +++

Combined multiple techniques

RG:
Pre—Post—Ret

χ
2(2) = 18.582, p < 0.001 ***

(Pre: 1.07; Post: 2.54; Ret: 2.39)
Pre vs. Post: p < 0.001 ***, r = 0.391 ++

Pre vs. Ret: p = 0.001 **, r = 0.353 ++

DG:
Pre—Post—Ret

χ
2(2) = 24.571, p < 0.001 ***

(Pre: 1.00; Post: 2.14; Ret: 2.86)
Pre vs. Post: p = 0.007 **, r = 0.305 ++

Pre vs. Ret: p < 0.001 ***, r = 0.496 ++

CG:
Pre—Post—Ret

χ
2(2) = 11.259, p = 0.004 *

(Pre: 1.57; Post: 2.71; Ret: 1.71)
Pre vs. Post: p = 0.007 **, r = 0.305 ++

Post vs. Ret: p = 0.024 *, r = 0.267 +

Pre:
RG—DG—CG

χ
2(2) = 0.288, p = 0.866

(RG: 16.39; DG: 17.86; CG: 30.25)
–

Post:
RG—DG—CG

χ
2(2) = 28.127, p < 0.001 ***

(RG: 14.39; DG: 35.43; CG: 14.68)
RG vs. DG: p < 0.001 ***, r = 0.775 +++

DG vs. CG: p < 0.001 ***, r = 0.938 +++

Ret:
RG—DG—CG

χ
2(2) = 30.205, p < 0.001 ***

(RG: 8.21; DG: 34.85; CG: 20.93)
RG vs. DG: p = 0.001 ***, r = 0.700 +++

DG vs. CG: p < 0.001 ***, r = 1.015 +++

Note. All p-values of the post hoc tests are Bonferroni-corrected. RG = repetitive learning group; DG = differential learning group;
CG = control group; Pre = pretest; Post = posttest; Ret = retention test. * p ≤ 0.05. ** p ≤ 0.01. *** p ≤ 0.001. + 0.1 ≤ r < 0.3. ++ 0.3 ≤ r < 0.5.
+++ r ≥ 0.5.

3.1. Development within Groups over Measurement Time Points

The DG improved statistically significantly over the course of the study in all three
techniques and also in the combined multiple techniques (p < 0.001) and the effect size
was at least medium each time (r > 0.442). In the subtests for the underhand pass, the
overhand service, and the combined multiple techniques, there was a statistically significant
improvement with a medium effect size in each case in the acquisition phase (p < 0.007,
r > 0.305) and a further, however, not significant, improvement in the retention phase.
Solely in the case of the overhand pass there was only a statistical trend in the acquisition
phase (p = 0.056, r = 0.256), although there was a significant increase in the retention phase
(p = 0.024, r = 0.288).

In the overall course, the performance level of RG tended to develop similarly to the
DG in the techniques of the underhand pass and in the combined multiple technique. The
results showed a significant improvement with a medium effect size (p < 0.001, r > 0.391).
In both techniques, significant improvement was also observed in the acquisition phase
(p < 0.004, r > 0.324). However, no significant improvement was shown in the overhand
service and the overhand pass.

The performance level of CG never changed significantly, neither positively nor
negatively, over the course of the study. Nonetheless, significant improvements from
pretest to posttest were seen in the underhand pass and the overhand pass, each followed
by significant decreases to the retention test. In the case of the overhand service, the exact
opposite development was observed.
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Figure 2. Development of the groups in the test on the respective techniques over the duration of the

examination. Values are considered as outliers if they are outside the interval [Q1 − 1.5 * (Q3 − Q1),

Q3 + 1.5 * (Q3 − Q1)]. × = outlier (each × stands for one outlier). Brackets show significant

differences between RG and DG only. (* p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001). Shown are the boxplots of

the overhand pass (A), underhand pass (B), overhand service (C), and combined multiple techniques

(D). For the clarity of the development of the groups, the median curves are also shown by line plots.

RG = repetitive learning group; DG = differential learning group; CG = control group; Pre = pretest;

Post = posttest; Ret = retention test.

3.2. Comparison between Groups across Measurement Time Points

An examination of the homogeneity of the three groups on the pre-test using the
Kruskal–Wallis test revealed no statistically significant differences (p ≥ 0.42) for the over-
hand and underhand pass as well as for the combined techniques. Only for the overhand
service the groups differed significantly (p < 0.001), and pairwise Bonferroni-corrected post
hoc comparisons revealed significant significantly larger values of the control group to the
RG (p = 0.002, r = 0.649) and DG (p = 0.006, r = 0.580); there were no differences between
RG and DG (p = 1.000).

Statistically significant global differences were found between groups for the overhand
pass, underhand pass, overhand service, and combined multiple techniques in both the
posttest and retention test (p < 0.021).

For the overhand pass technique, the posttest showed a significant difference with
a medium effect size between the DG and the CG (p = 0.042, r = 0.465), whereas for the
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retention test, the DG performed significantly better than the RG (p = 0.013, r = 0.550) and
the CG (p < 0.001, r = 0.732) with each a strong effect size.

Pairwise post hoc comparisons in the underhand pass technique showed that in the
posttest and retention test, the DG performed significantly better and with strong effect
size than the RG (p = 0.005, r = 0.597) and the CG (p < 0.001, r = 1.165), with the RG also
performing significantly with a medium effect size better than the CG (p = 0.050, r = 0.452).

The post hoc tests for the overhand service, although the CG was still significantly
better than the RG and DG at pretest, showed that the DG performed significantly better
than the RG (p < 0.001, r > 0.892) and CG (p < 0.006, r > 0.597) in both the post and retention
tests with a strong effect size. The RG also scored significantly better with a strong effect
size than the CG at the retention test (p = 0.012, r = 0.546).

The same picture of DG outperforming RG (p < 0.001, r > 0.700) and CG (p < 0.001,
r > 0.938) in both the post and retention test with strong effect sizes can also be seen in the
combined multiple techniques; there was no statistical difference between RG and CG.

4. Discussion

The purpose of this study was to compare the effects of the repetition-oriented learning
(RG) approach with the differential learning (DG) approach of teaching three volleyball
techniques (underhand pass, overhand pass, and overhand service) to adolescent female
novices in parallel, compared to general ball familiarization exercises (CG). All three
groups started from the same performance level but developed differently depending on
the learning approach. The changes of the CG, whose activities can be understood as
having no direct relation to volleyball techniques, are statistically within the chance level
and represent a fair reference to the other two interventions. The performance of the RG
and DG each improved from pre to posttest, with the DG performing better than the RG on
average for all comparisons. From the post to the retention test, the DG improved a further
time in each technique, although only statistically significantly in the overhand pass. At
the time of the retention test, the DG outperformed the RG in every single technique as
well as in the multiple technique in a statistically significant manner.

First, we consider the results in the acquisition phase from pretest to posttest. With
respect to each of the techniques individually, these findings are in accordance with ear-
lier studies on the comparison of differential learning with repetitive-corrective learn-
ing [18,53–56]. Looking at the results from pre- to posttest as a whole, however, it is
somewhat surprising how clearly the DG outperformed the RG in the individual tech-
niques as well as in the combined multiple technique in the posttest and later in the
retention test. This suggests that the parallel learning of multiple techniques in one sport
with the differential learning approach might have had a particularly positive effect on
learning the respective single techniques.

In order to understand the increased learning outcomes of the combination of indi-
vidual techniques in a theoretical framework, it seems reasonable to use the contextual
interference approach, which is currently the most widely used explanatory approach.
Interestingly, however, the results contradict explanatory models within the contextual
interference theory. These models predicted posttest advantages for the repetition-oriented
groups, because the working memories were so adversely overloaded in the DG that it
was even more likely to perform worse. The effect had to be larger, because the DG was
exposed to such a large number of different movements, which has never been observed in
studies on the contextual interference effect. Surprisingly, the absence of posttest benefits
on the side of blocked-training groups can also be observed in several contextual interfer-
ence studies on athletic movements [43,46]. Within the contextual interference framework,
the favorable results of the DG group at posttest are even more surprising from another
point of view. The theory postulates at least a certain number of correct repetitions of
the prototypical movement as a mandatory prerequisite for successful acquisition and
learning [11].
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In contrast, however, the results of the combined techniques can also be explained
by means of the theory of differential learning. According to this approach, training is
associated with successful learning even without having performed the “ideal” prototypi-
cal movement once, just by practicing mainly movements surrounding the theoretically
presumed target movement. According to differential learning theory, a neural network
becomes more robust to perturbations, which can be considered as the deviations from a
given ideal, when trained with variable input. According to the knowledge of the behavior
of artificial neural networks, which derive their original principles from the properties of
the neurons [25,26,57,58], differential learning theory expects the system to be trained with
additional noise so that the individual not only finds a more global solution [19], but also
prepares the system for more and larger deviations from a mentally constructed prototype
that are highly likely to occur in the future [59]. Moreover, this noise could be amplified by
learning multiple techniques in parallel to the correct degree, which in turn could provide
a rationale for more efficient learning. By training an athlete’s neural network for a wider
solution space, the system uses the ability to interpolate, which appears to be superior to
extrapolation [17]. In addition to what is now generally known about this property in artifi-
cial neural networks, Catalano and Kleiner [60] provided evidence for its validity in human
behavior. They showed that in speed-based tasks variable-trained participants performed
better than block-trained ones not only within the trained range, but also outside of it.
Analogously, differential learning theory recommends increasing the range of experience to
have a higher probability of using the interpolation in the next movement, which is sure to
contain something new. In this context, it is important to mention that the space of solution
is an abstract image that is highly dimensional and spanned by all joint angles, angular
velocities, angular accelerations, spatial limb orientation, muscles activations, and many
other influencing variables. Due to the high dimensionality of the solution space, it seems
very unlikely to find variables that do not change individually and situationally. A very
first computational approach was suggested with the Uncontrolled Manifold Theory [61],
which could so far only be successfully applied to fine motor movements due to the limited
number of influencing variables.

Nevertheless, the contextual interference theory has been developed for explaining
the interference phenomenon after acquisition that can be systematically observed in fine-
motor movements in the laboratory, such as keypress or barrier knock-down tasks. Since
differential learning theory has failed to explain this so far, it is strongly recommended to
develop differentiated explanatory models for fine and for gross motor movements and
abstain from attempts to generalize the theory beyond the original model purpose [62,63].
One starting point could be the differentiated inclusion of various relative demands on
different sensory systems during the specific movement task. Whereas the majority of
contextual interference experiments for small motor movements contain dominant visual-
spatial components (sequence of buttons, sequence of wooden blocks to be thrown) that
are primarily processed sequentially, the majority of experiments for large motor sports
movements contain a dominant proprioceptive and kinesthetic component that is primarily
processed in parallel. When the importance of the visual component increases in gross-
motor movements, such as in baseball [64], where the batter’s decision is highly dependent
on the ability to read approaching balls with different speeds, spin, and directions, or
in basketball [65] and pistol shooting [66], with the problem of estimating the distance
to the basket or the launch angle, the likelihood of finding support for the contextual
interference paradigm also seems to increase. Whether the relative importance of visual
and kinesthetic influence shifts over the course of a long-term learning process or is also
age-dependent in volleyball needs to be clarified by future studies. A suggestion to explore
the interdependencies of the visual and motor systems is given by Gestalt psychologists
with their analysis of the “motor outline of optical shapes” [67].

The relative retention test performances of the RG and the DG can be explicated
by both theories, the differential learning and the contextual interference theory. The
group with more variation during acquisition performs significantly better than the other.
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The contextual interference theory, however, only expects better results in the relative
comparison, which would occur if both groups decreased in performance, the RG more
than the DG. In contrast, based on the majority of experiments to date, differential learning
is expected to show a further increase in performance on the retention test compared to
the posttest.

If, in addition to the results of the two experimental groups RG and DG, we take
into account the results of the control group CG for analysis, we can notice a relation
to both the “specificity–versus–generalization” problem [68,69] and the resonance prob-
lem [18,19,70], which, strictly speaking, can be considered as the same problem on differ-
ent scales. Whereas the specificity–versus–generalization problem is binary coded (spe-
cific/general), the stochastic resonance with its optimum function is at first sight ternary
coded (too much/exact/too little). Because of its continuous frequency and learning rate
scale, the SR model can actually be viewed as a decimal scale that provides information
on how much noise needs to be added or reduced to achieve optimal resonance. Looking
at the higher improvement rates of the two volleyball-specific approaches (RG and DG)
after acquisition, it is obvious that the interventions of the CG for volleyball were too
general and most likely outside the specific solution space. The interpretation based on
the stochastic resonance phenomenon takes it one step further. The previous distinction
becomes more sophisticated and, analogous to the other two, identifies too much noise for
the CG, but too little noise for the RG and in between the optimal noise in the interventions
for the DG.

From a more application-oriented point of view, this study presents a picture that
alleged errors in movement during the acquisition process should not be regarded as
detrimental to learning, but rather as an advantage for learning [16], indicative of the fact
that the learning base has been broadened. This is because in the differential learning
paradigm, error identification and correction during acquisition were completely absent,
which allowed for self-organization. In the same context, a few issues in motor learning
need more attention in terms of classical learning theories:

(1) Traditional motor learning theories point out errors and seek to correct them (motor
learning), implying that there is a specific way to perform a movement, technique,
or skill [1,11]. These error corrections aim to improve or perfect performance within
a feedback loop [71]. However, from the results of the study, it appears that these
corrections limit the potential of learners by making them stick to certain movement
patterns that are considered the best movements in the techniques to be learned. This
in a way controls the actual potential of the learner and leads to role model learning
that does not allow the learner’s originality and innovation to shine.

(2) Learning theories also attempt to repeat the movement being learned multiple times
in order to perfect the movement. Considering judgment errors only as fluctuations
has the potential to destabilize the system to allow true self-organization [16,17,72].
An intermediate step between teacher-oriented and self-organized learning is already
offered by reform pedagogical approaches according to Basedow, Pestalozzi, or
Dewey, where discovery-based learning is allowed within given limits. Either way,
coaches and trainers may have to reconsider what errors are and to rethink the
idea of role modeling (ideal movement), because learners are not given the freedom
and opportunity to learn and develop naturally as individuals. Again, the physical
education teacher’s task to teach gross-motor movements in sports to beginners
may involve revising their approach towards their lessons, as well as the methods
they employ.

The individual technique performance by the three groups shows that the DG had
more participants who improved their performance throughout the experiment than the RG
and CG. This is at least an indication that constant repetition—even without “repetition”
in Bernstein’s sense [73,74]—is not the only approach to motor skill acquisition, does
not really improve performance quickly, can limit the learner, and hardly allows for
system adaptation.
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This study also had some attendant challenges; (1) the age of the participants, who
were female, indicated that they were undergoing physical maturation and development,
so they were reluctant to be active during the exercises and tests at a time when some
of them had physical changes. (2) Facilities such as playing courts and volleyballs were
not enough; at least three playing courts would be better. (3) The single-hour physical
education class might have been too short to practice adequately.

5. Conclusions

This study compared the effects of the general (CG), repetitive (RG), and differential
motor learning (DG) approaches in parallel acquisition of three volleyball techniques (un-
derhand pass, overhand pass, and overhand service). The results indicate the advantages
of the differential learning approach in comparison to the general ball familiarization and
the repetitive prescriptive approaches not only during the acquisition, but also during
the learning phase. Through differential learning, where no movement was repeated, the
adolescent girls who were absolute beginners in volleyball seemed to have experienced a
broader spectrum of movements compared to before, which allowed their neuro-motor
system to adapt more efficiently to the demands of the three techniques.

Previous models of variable [4] or interleaved practice [8] fail to explain this phe-
nomenon, since they assume either memorization of the to-be learned movements or at
least parts (invariants) of the movements through correct repetitions. Noisy training is
associated with the theory and behavior of artificial neural networks in connection with
the principles of system dynamics. In the first case, noise leads to more stability in the
subsequent application, and in the second case, the increase of noise is a condition for a
self-organized change of states. Although more research will be necessary to understand in
detail the form and extent of the variations (noise) on the situations (e.g., learning phases)
and individuals or groups, the results in conjunction with the findings of other studies
indicate an essential role of increased noise in learning processes of multiple movements.
Learning multiple movements in parallel appears to further positively influence this “dif-
ferential learning effect”. In addition, the highly variable differential learning exercise
protocol could expand the space of experience and thus better prepare athletes to solve
future problems more adequately, as indicated by the retention tests.

Although the statistics applied do not allow for generalization, the numerous signifi-
cant results with corresponding effect sizes may, on the one hand, encourage researchers
(according to Fisher’s original interpretation of his statistics) to continue the study of differ-
ential learning and, on the other hand, provide coaches and physical education teachers
with an effective and time-saving method to support motor learning.
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Appendix A

Table A1. Training exercises for the DG for the techniques underhand pass, overhand pass, and overhand service divided

into different categories.

Standing Position

1 Stand with one leg forward, change leg position while performing.

2 Stand on one leg, change leg while executing.

3 Both legs parallel.

4 Both knees bent, but parallel.

5 Bend knees while performing.

6 Both knees bent, but one leg in front, change leg position while executing.

7 Legs slightly apart.

8 Spread legs slightly while performing.

9 Extend one leg forward.

10 Leg raised, knee bent to chest height, switch with other leg.

11 As in Task 10, but change angle of legs.

12 Stand on the balls of the feet.

13 Stand on the heels of the feet.

Trunk Movement

14 Forward movement during the execution.

15 Sideways movement during execution.

16 Backward movement during execution.

17 Rounding in during execution.

18 Straighten during the execution.

Head Movement

19 Look up.

20 Look down.

21 Head circling.

22 One eye closed.

23 Both eyes blinking.

Hand/Arm Movement

24 Arms higher.

25 Arms (more) forward.

26 Arms sideways.

27 Elbow position slightly back to the side.

28 Elbow position slightly forward and inward.

29 Elbows bent.

30 Elbows extended.

31 Arms crossed.

32 Hands on top of each other.

33 Hands parallel

34 Hands supinated.

35 Hands pronated.
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Table A1. Cont.

Standing Position

36 Hands as fists.

37 Hands wide open.

Mass Movement (Velocity Change)

38 One step forward during the execution.

39 Two steps forward during the execution.

40 One step backward during execution.

41 Two steps backward during the execution.

42 Side steps to the left and right during execution.

43 Moving one leg forward, backward, left, right during the execution.

44 During execution one quick step forward.

45 During execution one quick step backward.

46 During the execution two quick steps to the front.

47 During execution two quick steps backward.

48 During the execution quick lateral steps to the left and right.

49 Quick one-legged movement forward, backward, left, right during execution.

Jumps/Hops

50 During the execution single-leg hops to the front, back, left, right.

51 While performing two-legged hop forward, backward, left, right.

52 Jump with execution of the technique before landing.

53 Jump with execution of the technique exactly at the landing.

Running

54 Fast runs to the execution position.

55 Fast and slow runs during the performance.

Twist and Turns

56 Half turn left/right on command immediately before execution.

57 Execution with hip position 60◦, 120◦, 180◦, 240◦, 300◦ to the stroke direction.

Position Changes

58 Execution in seated position with legs crossed, legs forward, hurdle seat position, legs wide apart, one leg bent.

59 Execution in a seated position with legs crossed, legs forward, hurdle seat position, legs wide apart, one leg bent.

60 Execution lying bent, stretched, on the side.

61 60, but faster.

62 60, but slower.

63 Execution backwards.

Combine at Least two of all Above

64 Jump and turn left while performing.

65 27 and 46 while execution

66 21 and 32 while execution

67 Different type of balls.

68 Different terrains (e.g., on sand, grass, soft floor mat, . . . )
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Abstract: This study was aimed to: (1) investigate the effects of physiological functions of sprint

interval training (SIT) on the aerobic capacity of elite badminton players; and (2) explore the potential

mechanisms of oxygen uptake, transport and recovery within the process. Thirty-two elite badminton

players volunteered to participate and were randomly divided into experimental (Male-SIT and

Female-SIT group) and control groups (Male-CON and Female-CON) within each gender. During

a total of eight weeks, SIT group performed three times of SIT training per week, including two

power bike trainings and one multi-ball training, while the CON group undertook two Fartlek

runs and one regular multi-ball training. The distance of YO-YO IR2 test (which evaluates player’s

ability to recover between high intensity intermittent exercises) for Male-SIT and Female-SIT groups

increased from 1083.0 ± 205.8 m to 1217.5 ± 190.5 m, and from 725 ± 132.9 m to 840 ± 126.5 m

(p < 0.05), respectively, which were significantly higher than both CON groups (p < 0.05). For the Male-

SIT group, the ventilatory anaerobic threshold and ventilatory anaerobic threshold in percentage of

VO2max significantly increased from 3088.4 ± 450.9 mL/min to 3665.3 ± 263.5 mL/min (p < 0.05),and

from 74 ± 10% to 85 ± 3% (p < 0.05) after the intervention, and the increases were significantly

higher than the Male-CON group (p < 0.05); for the Female-SIT group, the ventilatory anaerobic

threshold and ventilatory anaerobic threshold in percentage of VO2max were significantly elevated

from 1940.1 ± 112.8 mL/min to 2176.9 ± 78.6 mL/min, and from 75 ± 4% to 82 ± 4% (p < 0.05)

after the intervention, which also were significantly higher than those of the Female-CON group

(p < 0.05). Finally, the lactate clearance rate was raised from 13 ± 3% to 21 ± 4% (p < 0.05) and from

21 ± 5% to 27 ± 4% for both Male-SIT and Female-SIT groups when compared to the pre-test, and

this increase was significantly higher than the control groups (p < 0.05). As a training method, SIT

could substantially improve maximum aerobic capacity and aerobic recovery ability by improving

the oxygen uptake and delivery, thus enhancing their rapid repeated sprinting ability.

Keywords: interval training; badminton; aerobic; repeated sprint; testing

1. Introduction

Badminton is a fast and dynamic sport, which has high requirements for the player’s
rapid reaction, fast action and high-speed hitting ability. Studies have shown that there
are on average 5–9 strokes in badminton games [1]. Due to its fastball speed, high swing
frequency and short interval time, badminton requires players to mainly compete with fast
running, sudden acceleration, abrupt stop, change of direction and continuously high inten-
sity of multiple rallies, which requires a player’s well-developed aerobic endurance [2,3].
Due to the influence of players’ strength level, badminton competition is easy to form
a multi-round competition, which requires higher aerobic working capacity. Particularly,
a relevant study has indicated that badminton players usually reach an average heart rate
of over 90% of their HRmax during competitive games, which is demanding to both aerobic
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and anaerobic systems: 60–70% on the aerobic system and 30% on the anaerobic system,
with a greater demand on alactic metabolism [3].

Previous research [3,4] has shown that various physiological parameters had a strong
correlation with badminton performance. Particularly, aerobic capacity and intermit-
tent exercise performance are positively correlated, involving VO2max, lactate/anaerobic
threshold and running efficiency [5]. However, practically, due to the limited training
time, the traditional long-period aerobic endurance training would not be the most suitable
modality for the actual needs of current competition. Therefore, it is essential to explore
time-efficient and badminton-specific fitness training programs.

As one of the advocated alternatives to traditional continuous aerobic training, Sprint
Interval Training (SIT) is a training approach that asks athletes to complete the required
actions at maximum effort in a short period of time, and takes active rest with limited
recovery time between two sets of training. Meanwhile, as the active rest often lasts
only 3–5 min between multiple short and full sprint training, SIT can effectively improve
the performance of athletes in intermittent sports with substantially lower overall training
volume [6].

In recent years, there have been many studies on the training effect of SIT on sports
performance in other intermittent sports such as soccer, basketball, volleyball and field
hockey [7]. Among them, Buchan [8] and Bayati et al. [9] conducted a 6-week 30-s full-
speed sprint running and rowing training experiment. Each training was carried out
in 4–6 rounds, with 4 min of low-intensity activities serving as an active rest interval be-
tween groups. The results showed that the maximum oxygen uptake, peak power, average
power and aerobic capacity significantly improved compared with those of the control
group. Meanwhile, the study by Jone et al. [10] proved that field hockey players’ muscle
oxygenation kinetics and performance during the 30–15 intermittent fitness test (30-s shut-
tle runs with 15-s passive recovery) were significantly improved after 6-week of Sprint
Interval Cycling. Additionally, Burgomaster [11] and Gibala et al. [12] also conducted
similar comparative experiments between traditional endurance training and SIT on young
healthy individuals. Their results showed that the SIT group shortened the training time
by about 80%, and the participants’ aerobic capacity was significantly improved.

Nonetheless, currently, there are few attempts to investigate the application of SIT
to badminton training. This study was, therefore aimed to explore the effect of SIT on
improving players’ aerobic capacity, as well as the mechanism of oxygen uptake and
transport, by testing the changes of badminton players’ rapid and repeated sprinting
ability and related aerobic capacity parameters before and after 8 weeks of SIT. It was
hypothesized that such training would induce greater improvement in before-mentioned
parameters compared to traditional continuous aerobic training.

2. Materials and Methods

2.1. Participants

Thirty-two elite players from who had played in or beyond the semi-finals of Bad-
minton Championship at National level volunteered to participate in the study. There were
sixteen male and female players, respectively, and they were randomly divided into male
Sprint Interval Training (SIT) group (n = 8) and control (CON) group (n = 8), and female
SIT group (n = 8) and CON group (n = 8). Detailed information about different groups can
be found in Table 1. All subjects were in good health and had no severe injuries during
the last six months before the study. Prior to the formal experiment and test, the nature and
possible risks were explained to the participants, and they provided their written informed
consent to participate. The tests were conducted at least 48 h after competitive match or
heavy training session. The subjects participated in all the training sessions as well as pre-
and post- training tests. All procedures were approved by Research Ethics Committee of
Beijing Sport University (Approval number: 2020008H). All procedures were conducted
in accordance with the Declaration of Helsinki.
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Table 1. Personal information of participating players.

Group N Age (year) Height (cm) Weight (kg) Training Age (year) HRmax (bpm)

Male-SIT 8 20.0 ± 1.3 179.6 ± 3.6 73.8 ± 6.9 12.1 ± 2.2 190.7 ± 8.8
Male-CON 8 21.5 ± 2.2 177.1 ± 7.1 72.4 ± 6.7 13.2 ± 3.2 191.8 ± 6.2
Female-SIT 8 20.5 ± 1.4 168.5 ± 4.2 62.6 ± 4.2 9.5 ± 1.2 181.9 ± 8.9

Female-CON 8 19.4 ± 1.5 168.2 ± 4.8 61.3 ± 4.2 9.8 ± 1.5 180.4 ± 8.5

Note: SIT = Sprint Interval Training; CON = Control; HRmax = maximum heart rate.

2.2. Procedures

For eight weeks, the CON group followed previous training routines of two Fartlek
running sessions and one regular multi-ball feeding training per week, which was a tra-
ditionally employed aerobic training protocol for these badminton players. Meanwhile,
the SIT group carried out sprint interval training three times a week, including two power
bicycle training sessions with a Monark 894E exercise bike (Monark Exercise AB, Vansbro,
Sweden), which has high reliability of weight loading for anaerobic testing or training [13],
and one SIT-specific multi-ball training session. Pedaling is a closed-chain exercise, and
is relatively easier for the players to acquire correct technique and to achieve expected
training effect from an injury-prevention perspective. Moreover, it is practically applicable
to indoor badminton courts training during winter or in bad weather condition. The train-
ing intervention was designed and modified based on the previous literature [10,14,15].
The detailed training plan and description are shown in Table 2.

The Polar Team2 System (Polar Electro Oy, Kemple, Finland) was used to monitor
the heart rate of each player throughout each training session, with data later extracted
from custom-specific software (Polar Team2, Electro Oy, Kemple, Finland), in order to
obtain maximum heart rate (HRmax), time spent in each HRmax% zone and Training
impulse (TRIMP). TRIMP takes into account the training duration and intensity at the same
time, and reflects the comprehensive effect of training on the internal and external load of
the athlete’s body, as well as the load of medium and high intensity training. The method
to determine the athlete’s TRIMP in the current study is based on the formula proposed by
Edwards [16], where the time in each HRmax% zone is multiplied by the corresponding
weighting factor for that zone and the results summated (see Table 3 for detailed description
of the zone and factors). The HRmax of each player was established using the peak value
recorded by the monitoring system during the training.

Table 2. Weekly training plan for two groups during the study.

Group Monday Wednesday Friday

SIT

SIT Cycling Training
1–2 min 50 W cycling, prepare to 30 s cycling with full force, the load is
0.075/kg of weight individualized to each player’s body weight [17,18],

between-group rest: 5 min
5 groups in total

SIT-specific Multiple Balls Training
30 s × 8 groups × 2 rounds of

multi-ball training, intensity: > 90%
HRmax

between-group rest: 5 min
between-round rest: 8 min

CON
Traditional Training:

40 min of Fartlek Run
(Intensity: 65–79% HRmax)

Traditional Multiple Ball Training:
1 min × 4 groups × 2 rounds of
continuous multi-ball training

between-group rest: 5 min
between-round rest: 8 min
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Table 3. HRmax% zones and corresponding weighting factors.

Zone Weighting Factor HRmax%

I 1 50–60%
II 2 60–70%
III 3 70–80%
IV 4 80–90%
V 5 90–100%

2.3. Test Program

Before and after 8 weeks of training, four groups all participated in a set of testing,
which included YO-YO IR2 intermittent recovery test, analysis of the increasing load gas
metabolism and lactate clearance rate test.

2.3.1. YO-YO Intermittent Recovery Test Level 2 (YO-YO IR2 Test)

Speed endurance level is generally reflected by short bursts of repetitive sprints (RS),
which requires subjects to try their best to accomplish the fastest speed in each repetitive
sprint, and this ability is generally evaluated via the YO-YO IR2 test during field-test [6].
The test is based on increasing and intermittent load protocol, and evaluates player’s ability
to recover between high intensity intermittent exercises. Moreover, it has been proven to
validly monitor training effects [19].

After dynamic warm-up, players perform a combination of running to and fro on
a 20 m course and a 10-s interval of active rest after 40 m, and players quit the test when
the subjective exhaustion occurs or when they drop behind the required pace or make one
of the errors listed below for a second time:

(i) does not come to a complete stop before starting the next 40 m run;
(ii) starts the run before the audio signal;
(iii) does not reach/either line before the audio signal;
(iv) turns at the 20 m mark without touching or crossing the line (therefore running short).

The starting speed starts at 13 km/h, and increases to 15 km/h, 16 km/h, and then
increases by 0.5 km/h thereafter. The final running distance is then recorded. The speed of
each bout is controlled by an audio recorder. All subjects were familiarized with the test
within a one-minute trial.

2.3.2. Analysis of Increasing Load of Gas Metabolism and Test of Lactate Clearance Rate

An incremental load test was performed using an incremental load treadmill (H/P
Cosmos, Germany). Warm-up exercises should be performed for 5–10 min before each test.
At the beginning of the test, the starting speed of the treadmill was set at 6 km/h, increasing
by 1 km/h per minute, until 16 km/h, when the speed was stopped and the slope increased
by 1.5% per minute, until the subject was exhausted. Relevant ventilation indicators such
as maximum oxygen uptake (VO2max), ventilatory anaerobic threshold (VT-VO2) and
ventilatory anaerobic threshold in percentage of VO2max (VT/VO2max) were measured
using a gas metabolism analyzer (Max I, Physio-Dyne Instrument Corp., New York, USA).
Among them, VT is determined according to the following criteria:

In the incremental load test, the VT value is determined (i) when the ratio of ventilation
(VE) to carbon dioxide production (VCO2) shows a non-linear increase in the inflection
point, and (ii) when the load intensity reaches a certain level, and the ratio of VE to
oxygen consumption (VO2) increases sharply [20]. VT is determined by two independent
investigators. When they are not coherent, and if the difference between the two selected
results is remarkable, the value of VT needs to be determined again, while, if the difference
could be overlooked, the average value is taken.

Next, in order to analyze the aerobic recovery speed of athletes after increasing load
and to evaluate their recovery ability after aerobic exercise, blood samples were collected
for rest (before testing with players being seated) and 0, 1, 3, 5, 7 and 10 min immediately
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after the increasing load test via a volume of 20 microliters of fingertip blood. The EKF
Biosen s-line automatic blood lactate analyzer (EKF-diagnostic GmbH, Barleben, Germany)
was used to measure blood lactate, with the results being later recorded with the lactate
clearance rate being calculated using the following formula [21]:

LA10% =

LAmax − LA10

LAmax − LArest
× 100%

where LA10% means the lactate clearance rate at 10 min after testing, LAmax represents
the peak lactic value after testing, LA10 is the lactate value at 10 min after testing and LArest

the value of lactate before testing.

2.4. Statistical Analysis

Experimental data were processed by SPSS statistical software package (version 23.0,
Chicago, IL, USA); all test results before and after training were presented using the average
± standard deviation (x ± s). The normality of the tests results was checked before
the subsequent analysis. A repetitive measure analysis of variance was then used to
compare the within and between group difference in test outcomes for both genders, with
the statistical significance level defined as p < 0.05. Pairwise differences and post hoc
comparisons were tested with the Bonferroni post hoc test. Besides, the effect size (ES) was
calculated using Cohen’s d to quantify the amount of change before and after each group
of training and to reflect the comparison of training effects between SIT and CON groups
based on the following scales: <0.2 trivial, 0.2–0.6 small, 0.6–1.2 moderate, 1.2–2.0 large
and >2.0 very large [22].

3. Results

3.1. Training Intensity and Time Used During Training

Table 4 shows the descriptive statistics of heartrate and time within the 8-week training,
and the results show that the average heart rate and maximum heart rate of both male and
female SIT groups during training were significantly higher than those of the CON groups
(p < 0.05). Moreover, the effective training time of the former was significantly less than
that of the latter (p < 0.05).

Table 4. Intensity monitoring during training.

Group N Avg HR (bpm) HRmax (bpm) Total Training Time (min) Effective Training Time (min)

Male-SIT 8 132.7 ± 7.3 * 190.7 ± 8.8 * 52.7 ± 4.1 19.8 ± 3.0 *
Male-CON 8 126.0 ± 10.2 169.8 ± 6.2 78.5 ± 4.5 40.2 ± 1.8
Female-SIT 8 134.1 ± 6.0 * 181.9 ± 8.9 * 52.7 ± 4.1 19.8 ± 3.0 *

Female-CON 8 115.4 ± 8.4 169.4 ± 8.5 78.5 ± 4.5 40.2 ± 1.8

Note: Values are expressed as means ± SD. * indicates significant difference between SIT and CON group, p < 0.05.

During the 8-week training, the mean weekly effective training time (time spent within
50–100% HRmax zone) and TRIMP in the 80–100% HRmax intensity range of the Male-SIT
group were significantly higher than those in the Male-CON group (p < 0.05), while the total
weekly effective training time and TRIMP for the former were significantly lower than
the latter (p < 0.05). As for female players, the average weekly effective training time and
TRIMP in the 90–100%HRmax intensity range for the Female-SIT group were significantly
higher than those in the Female-CON group (p < 0.05). However, in the intensity range
of 80–90% HRmax, no differences were found between the F-SIT and F-CON groups.
The overall effective training time and TRIMP for Female-SIT were significantly lower than
those in Female-CON as well (p < 0.05), as is shown in Figure 1.
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Figure 1. Comparisons of weekly effective training time and training impulse (TRIMP) between SIT and CON groups. Note:

* Indicates a significant difference between SIT and CON group, p < 0.05.

3.2. Comparisons of Testing Results Before and After Training Intervention

After training, the running distance of the YO-YO IR2 and the lactate clearance rate at
10 min after testing (LA10%) significantly increased in both the Male-SIT and the Female-SIT
group (p < 0.05), and such improvement was significantly higher than that of the CON
groups (p < 0.05), as is shown in Figure 2.

Meanwhile, as Table 5 demonstrates, VO2max, VT-VO2 and VT/VO2max for the SIT
group significantly improved after the intervention (p < 0.05), and the improvement was
significantly higher than that in the Male-CON group and Female-CON group (p < 0.05),
as is shown in Table 4.
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Figure 2. Within- and between-group differences in YO-YO Intermittent Recovery Test Level 2 (IR2) distance and lactate

clearance rate for SIT and CON groups before and after intervention. Note: * Indicates significant difference between

SIT and CON group, p < 0.05; # indicates significant within-group difference before and after intervention, p < 0.05; ES:

effect size.

Table 5. Within- and between-group differences in gas metabolism analysis for SIT and CON groups

before and after intervention.

Group
VO2max

(mL/kg/min)
VT-VO2 (mL/min) VT/VO2max (%)

Male-SIT

pre 56.8 ± 7.0 3088.4 ± 450.9 73.8 ± 9.7
post 63.6 ± 4.7 #,* 3665.3 ± 263.5 #,* 84.8 ± 3.37 #,*
ES 1.14 1.56 1.51

Male-CON

pre 55.8 ± 8.0 2962.5 ± 743.4 80.2 ± 1.5
post 57.7 ± 6.7 3004.1 ± 738.1 80.8 ± 2.3
ES 0.26 0.06 0.31

Female-SIT

pre 42.5 ± 2.9 1940.1 ± 112.9 0.75 ± 0.04
post 46.2 ± 3.0 *,# 2176.9 ± 78.6 *,# 0.82 ± 0.04 *,#

ES 1.28 1.11 1.75

Female-CON

pre 42.9 ± 1.6 1930.7 ± 151.8 0.75 ± 0.06
post 43.3 ± 2.1 2055.3 ± 160.7 0.78 ± 0.08
ES 0.21 0.79 0.42

Note: * Indicates significant difference between SIT and CON group, p < 0.05; # indicates significant
within-group difference before and after intervention, p < 0.05; ES: effect size.

4. Discussion

This study was aimed to explore the effect of 8-weeks of SIT on the aerobic capacity
of badminton players. The results showed that their performance in the YO-YO IR2 test,
the lactate clearance rate, VO2max, VT-VO2 and VT/VO2max were significantly enhanced
in a time-efficient manner, compared to the control group, which confirms the hypothesis
of this research.

The badminton match is highly demanding to a player’s aerobic capacity due to the dif-
ferences in individual physical fitness and the appearance of the new scoring model [4,5].
Under such situation, the competition rhythm is obviously accelerated and the proportion
of multiple rallies is gradually increased, which forces players to endure longer periods
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of rapid and repeated accelerations and decelerations [23]. In the Male-SIT and Female-
SIT groups, the time spent and TRIMP values in the 80–100% HRmax intensity interval
accounted for the highest proportion, suggesting that SIT enables the body to complete
multiple short-time and high-intensity outputs under the continuous incomplete recov-
ery state, which is more in line with the current badminton competition characteristics
and demands. In contrast to the previous training programs where all subjects routinely
undertook Fartlek running, the 30-s SIT is a training mode closer to the maximum phys-
iological load intensity of players, and the features of its time structure are also closer
to the actual combat of badminton competition. It is an effective training program to
improve a player’s aerobic capacity. Previously, it was reported that SIT could induce
skeletal muscle metabolism, increase capillaries and mitochondrial proliferation, enhance
oxidase activity and improve peripheral vascular function and peripheral fitness of skeletal
muscle [24]. When training intensity exceeded 90%VO2max, SIT could simultaneously
improve oxygen uptake and transport ability of the cardiopulmonary system and skeletal
muscle [25]. Ermanno et al., found that intermittent exercise could activate the energy
supply of the aerobic system in advance and reduce the proportion of the energy sup-
ply of the anaerobic system, thus delaying the generation of fatigue [25]. These changes
in the body were physiological feedback for SIT. While the training improved the player’s
ability to maintain high-intensity exercise for a long time in competition and training, their
ability to recover from fast running could be improved, consequently achieving the goal of
improving aerobic capacity.

Moreover, this study found that after 8 weeks of SIT, players’ VO2max, VT-VO2 and
VT/VO2max increased significantly, implying that the proportion of exercise intensity
lower than the anaerobic threshold for the body was increased under the same testing
protocol. The time players take to enter the anaerobic glycolytic process would be post-
poned, thus reducing the consumption of glycogen. At the same time, the movement of
the body would become more efficient, and eventually the maximum aerobic capacity of
the players would be improved [26]. Previous studies showed that by inducing skeletal
muscle metabolism, SIT could increase capillary proliferation, mitochondrial prolifera-
tion, enhance the activity and oxidation of glycolytic oxidase and improve peripheral
vascular function and skeletal muscle peripheral adaptability [14,27]. Studies with similar
schemes applied to the general population showed that the oxygen uptake and transport
capacity were improved via a series of changes, such as increased capillary density and
blood volume, decreased heart rate and increased stroke output, when the same exercise
intensity was completed. At this time, the body showed certain adaptability. In practice,
with the improvement of the body’s oxygen uptake ability, elite badminton players could
prolong the time of oxygen supply and enter the hypoxemia state later in the competition,
which could effectively improve their match performance during the competition. Besides,
although some research showed certain discrepancies in results, we found that after the SIT,
no significant increase in VO2max was indicated. It would be inferred that the effect of such
modality would be conditioned by factors such as the level of training, whether the subjects
undertake regular training and the body weight.

Aerobic recovery ability has a direct impact on players’ on-court performance. High-
intensity and high-load activity during competition would produce physiological fatigue
and large amount of lactate accumulation in the skeletal muscle. Changes in the internal
responses of the body may cause players’ physical dysfunction and decline in athletic per-
formance [28,29]. Therefore, rapid recovery ability is the key prerequisite for decent physi-
cal and technical performance during the competition. This study analyzed the changes
in skeletal muscle’s oxygen recovery ability from both physiological and biochemical
perspectives.

Blood lactate is one of the most commonly used biochemical indicators to detect
the body fatigue recovery status [30], and the accumulation of lactate may indirectly lead
to reduced performance, because the conversion of lactic acid to lactate releases H+ that
leads to a metabolic acidosis with subsequent inhibition of glycolytic rate-limiting enzymes,
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lipolysis and contractility of the skeletal muscles [31]. From the results, it was shown that
SIT performed at a higher level of intensity could positively influence the clearance of
lactate after exercise, increasing intra-cellular alkali reserve and slowing the pH reduction
in muscles, and delaying the onset of fatigue [21]. Consequently, players’ ability to recover
from intermittent activities was enhanced and they would be better prepared for the next
point and game [32]. In particular, at the final game and the last points of each game, each
point would be ended with prolonged multiple-strokes and high-intensity movements,
which might even last couple of minutes. Under such circumstances, possessing rapid
aerobic recovery would become a key factor determining elite player’s aerobic endurance
and technical-tactical performance in the next point [33]. In the study conducted by Jones
et al. [10], near-infrared spectroscopy was used to measure muscle oxygenation of the vastus
lateralis of elite women hockey players for SIT groups and endurance training groups.
Their results showed that there were significant increases in tissue deoxyhaemoglobin +
deoxymyoglobin (HHb + HMb) and tissue oxygenation (TSI%), and a significant decrease
in tissue oxyhaemoglobin + oxymyoglobin (HbO2 + MbO2), which indicated ‘positive
peripheral muscle oxygen adaptations’ occurring in response to SIT training. Moreover,
existing literature also stated that the higher exercise intensity provided during SIT would
increase the probability of favorable adaptations in both type one and type two fibers
as opposed to the generally lower intensity of endurance training [34]. Although as
a limitation, the current study was unable to measure blood saturation, it could be implied
that the SIT protocol might promote the skeletal muscle oxidative capacity of badminton
players after the training. Nonetheless, future studies should look into the changes of
EPOC (excess post-exercise oxygen consumption), body temperature and ventilation to
comprehensively verify the improvement in recovery after such intervention.

5. Conclusions

Eight-week SIT effectively improved the aerobic exercise capacity of elite badminton
players, particularly considering oxygen uptake and recovery ability, and the adaptability
of skeletal muscle to exercising load. Eventually, the rapidly repeated sprint ability and
physical performance of players were enhanced. The study has provided evidence-based
findings that as a time-efficient training alternative, SIT could be suitable to be included
in the training routine for badminton players.

However, it is acknowledged that this study also has certain limitations. The technical
and tactical performance was not considered, which might be another representative
indicator of improved aerobic capacity. Moreover, anaerobic endurance training, strength
training and functional training are also of vital importance for badminton players and their
joint effect on aerobic training was not investigated within the current program. Future
research is suggested to look into these aspects to better inform sport-specific training
prescription.
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Abstract: The purpose of this study was to compare measures of anthropometry characteristics and

physical fitness performance between rugby union players (17.9 ± 0.5 years old) recruited (n = 39)

and non-recruited (n = 145) to the Portuguese under-19 (U19) national team, controlling for their

playing position (forwards or backs). Standardized anthropometric, physical, and performance

assessment tests included players’ body mass and height, push up and pull-up test, squat test, sit-

and-reach test, 20 m shuttle run test, flexed arm hang test, Sargent test, handgrip strength test, Illinois

agility test, and 20-m and 50-m sprint test. Results showed that recruited forwards players had better

agility scores (p = 0.02, ES = −0.55) than the non-recruited forwards, whereas recruited backs players

had higher right (p < 0.01, ES = 0.84) and left (p = 0.01, ES = 0.74) handgrip strength scores than their

counterparts. Logistic regression showed that better agility (for the forwards) and right handgrip

strength scores (for the backs) were the only variables significantly associated with an increased

likelihood of being recruited to the national team. In sum, these findings suggest that certain well-

developed physical qualities, namely, agility for the forwards players and upper-body strength for

the back players, partially explain the selection of U19 rugby players to their national team.

Keywords: talent identification; rugby union; prediction of performance outcomes; selective factors.

1. Introduction

The expanded professionalism in rugby union has elicited fast changes in the athletic
profile of rugby elite players [1]. Effective talent identification is an important issue in
rugby union, as success at the international level conveys significant commercial bene-
fits. Usually, the recruitment and development of rugby union players have focused on
training interventions and game-play performance, with less attention on the anthropo-
metric and physical performance characteristics [2]. However, the understanding of the
rugby union movement patterns during competition, and the related physical demands, is
critical to developing effective rugby training programs aiming to improve both athletes’
and teams’ performance [3]. Previous investigations have shown differences in fitness
and morphological aspects between teams [4,5], levels of competition [6,7], and players’
positions [8,9].

According to this reasoning, some studies [10] reported that elite rugby players (backs
and forwards) have specific skills, motor and physical abilities, and anthropometrical
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characteristics that distinguish them from the non-elite players. Under this scope, many
studies have stressed the importance of anthropometric characteristics on team success
in rugby union [11,12]. Indeed, previous studies demonstrated that teams with stronger
players who possess heavier forwards and faster backs frequently achieve high success in
elite international and club competitions; some physical fitness and player performance
measures have also been found to be associated with game-related statistics [13]. Indeed,
anthropometric characteristics, such as sprinting, tackling, muscular strength, and aerobic
and anaerobic power, were reported as important factors to play at the elite level and
illustrate the heterogeneous nature among rugby players.

The efficacy of training in youth and adolescent rugby players has been investi-
gated [14], showing that substantial developments can be achieved with different ap-
proaches of effective rugby training programs to improve performance. However, the
specific demands of competition differ markedly between forwards and backs [15], making
it necessary to better understand these (potential) differences across the different play-
ing positions.

Considering the important implications for rugby union, it is understandable that
a degree of reluctance occurs concerning the explicit requirements in the prediction of
performance outcomes in young talented rugby union players. Therefore, it is important to
further investigate how rugby players’ anthropometry characteristics and physical and per-
formance assessment tests can help to recruit, select, and develop rugby union elite players
progression. The assessment of elite rugby players performance is frequently performed as
part of their routine monitoring procedures, both to improve high-performance models for
the elite player and monitor the player success according to training regimens. Considering
the abovementioned information, the purpose of the current study is to compare measures
of anthropometry characteristics and physical fitness performance between recruited and
non-recruited rugby union players of under-19 (U19) national team, controlling for their
playing position (forwards or backs).

2. Materials and Methods

2.1. Subjects

A total of 184 male junior rugby players from 2017/2018 Portuguese rugby academies
were evaluated (age 17.9 ± 0.5 years old, height 1.79 ± 0.7 m, and body mass 84.2 ± 13.5 kg).
Subjects were separated into two groups, based on recruited (n = 39) and non-recruited
(n = 145), to represent the 2018 Portuguese rugby U19 national team, as well as according
to their playing position (forwards or backs).

To be recruited, eligibility criteria to represent U19 national team included skills,
selection policy, and principles established from “checklists” of technical and medical
staff selectors (e.g., general knowledge and practical knowledge of the game, eligibility,
time and availability, purpose of selection, personal and team profile ideas and systems,
attributes, rugby experience, physical conditioning relative to rugby and specific positions,
attitude, development, and game plan). All subjects were in the four-week pre-season
period of their training plan, which included developing physical conditioning, strength
and explosive power, acceleration, and power endurance and stamina. Throughout the
preparation for the national competition, subjects performed 5 to 6 rugby training sessions
with their clubs, usually 10 to 12 h weekly.

During the training camp week, all recruited players trained with the U19 national
team twice a day (training volume of 4 to 6 h per day) and completed specific strength
training sessions focused on the development of player´s physical conditioning.

After being fully informed about the experimental procedures, subjects agreed to
participate in this study, and written guardian or parental consent was obtained before
subjects were permitted to participate. Additionally, the subjects were informed that they
were free to withdraw at any time without penalty.

None of the subjects reported any physical, psychological, or orthopedic limitation or
injury that could limit their full participation. The study protocol was performed following
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the guidelines stated in the Declaration of Helsinki and was approved by the institutional
University Ethical Committee (CE.UTAD 27/2016).

2.2. Anthropometric, Physical, and Performance Assessment Tests

Fitness testing results from the rugby elite development national academies repre-
sentative squads were collected for each participant during the pre-season phase in the
national camp each year. The total sample executed a set of anthropometric measures and
physical tests on the initial day of the training camp week, as planned by the Portugal
rugby U19 technical staff. All the tests were accomplished in a single day and under similar
environmental conditions; the local temperature in October was 14.0 ± 2 ◦C, compared
to 16.1 ± 2 ◦C in March. While the anthropometrics assessments started in the morning
(≈9 a.m.) in a kinanthropometry laboratory, the physical performance assessment tests
were held in the afternoon and were performed in outdoor natural turf rugby pitch and on
running track (finished at ≈5 p.m.).

All assessments were carried out by medical and technical supervision of the staff
of Portuguese rugby U19 team. Testing was led by competent technical staff who were
adequately trained to use the devices and had the ability to perform the testing protocols.

A full dynamic warm-up drill with a gradual progression through a series of rugby
movements was performed, including running at a moderate intensity, squats for 5-min,
followed by 5-min of lunge twist active stretching and detailed exercises (e.g., submaximal
jumps and accelerations before Sargent test, agility test, and acceleration and speed tests).
After the warm-up (±3-min), players were required to perform the tests. Moreover, stretch-
ing exercises and a standardized recovery protocol were completed by all players after the
final test sessions of the day. As part of these players’ training routines in rugby academies,
all subjects were highly familiarized with the anthropometric and physical performance
tests.

Players were allowed to ingest water during recovery periods (3 ± 2 min.). Anthro-
pometrics measurements only included body height (m) and body mass (kg), whereas
fitness testing battery included pull-up test, push up test, and free-standing squat [16]. The
weight lifted and the number of repetitions done was used to calculate the 1RM [17]. The
outdoor assessment tests included: Sargent test, flexed arm hang test, sit-and-reach test,
and maximal aerobic power (20 m shuttle-run test) [18]. The VO2 max was estimated using
regression equations described by [19]. Handgrip strength test (left and right hand) was
performed as described by [20]. Acceleration and speed (10, 20, and 50 m sprint) using
electronic timing gates and Illinois agility test (10 × 5 m) [21] were performed. A more
detailed description of all tests may also be found in Table S1 (Supplementary Material).
Test-retest reliability, typical error, and validity of measurement of all assessment tests
used for this study have been previously confirmed in literature and their descriptions are
documented elsewhere [22–24].

2.3. Procedures and Data Processing

Initially, data were inspected for normality using visual inspection (histograms and
Q-Q plots of residuals) and analysis of skewness and kurtosis. Both procedures showed
appropriate distributions and values.

Independent t-tests were used to identify significant differences between groups.
Cohen’s d effect size statistics were calculated (ES), and respective 95% confidence intervals
were also computed. Magnitudes of observed effects, and thresholds, were 0–0.20, trivial;
0.20–0.60, small; 0.60–1.20, moderate; 1.20–2.00, large; and >2.00, very large [25].

Multivariable forward logistic regression analyses [26] were performed separately for
each playing position in order to identify potential significant predictors of being selected
to the national team.

Statistical significance was set at p < 0.05, and calculations were carried out using SPSS
software, 23.0, Version (IBM SPSS Statistics for Windows, Armonk, NY, USA: IBM Corp.).
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3. Results

The descriptive results of the anthropometry characteristics and physical fitness
measures are shown in Table 1 for the total sample and for playing positions (forwards
and backs).

Table 1. Descriptive statistics of the anthropometry characteristics and physical fitness performance measures for the total

sample and for playing positions.

Variables
Total Sample (n = 184)

M ± SD
Forwards (n = 106)

M ± SD
Backs (n = 78)

M ± SD

Body mass (kg) 84.28 ± 13.53 87.58 ± 13.38 79.81 ± 12.48
Body height (m) 1.79 ± 0.07 1.81 ± 0.07 1.78 ± 0.05
Push up test (reps) 43.25 ± 11.10 44.68 ± 12.00 41.30 ± 9.46
Pull up test (reps) 11.83 ± 4.29 10.96 ± 4.67 13.00 ± 3.40
Flexed arm hang test (s) 40.42 ± 13.63 39.75 ± 13.99 41.33 ± 13.15
Handgrip strength—right (kg) 48.00 ± 4.88 47.84 ± 4.16 48.21 ± 5.75
Handgrip strength—left (kg) 46.03 ± 4.65 45.28 ± 4.00 47.06 ± 5.27
Free standing squat (1RM) 140.77 ± 31.09 143.80 ± 31.89 136.67 ± 29.68
Sargent test (cm) 44.95 ± 5.06 45.07 ± 5.49 44.80 ± 4.45
20 m sprint (s) 2.99 ± 0.18 3.08 ± 0.13 2.89 ± 0.18
50 m sprint (s) 6.85 ± 0.27 6.91 ± 0.27 6.78 ± 0.26
Illinois agility test (s) 15.15 ± 0.96 15.37 ± 1.15 14.86 ± 0.49
Sit-and-reach test (cm) 32.93 ± 4.88 31.85 ± 5.26 34.38 ± 3.90

VO2max (mL kg−1 min−1) 49.69 ± 3.96 49.43 ± 3.93 50.03 ± 3.99

Forward players had greater body mass (p < 0.001, ES = 0.60), body height (p < 0.01,
ES = 0.48), and push up performance (p = 0.04, ES = 0.31), whereas back players showed
greater pull up (p < 0.01, ES = −0.49), left handgrip strength (p = 0.01, ES = −0.39),
20 m sprint (p < 0.001, ES = 1.26), 50 m sprint (p < 0.001, ES = 0.51), agility (p < 0.001,
ES = 0.56), and flexibility performance (p < 0.001, ES = −0.53). No between-group sig-
nificant differences were observed in the flexed arm hang (ES = −0.12), right handgrip
strength (ES = −0.08), free standing squat (ES = 0.23), Sargent (ES = 0.05), and VO2max
tests (ES = −0.15).

Table 2 presents the comparison results of the anthropometry characteristics and
physical fitness scores between the recruited (n = 23) and non-recruited forwards (n = 83).

Table 2. Descriptive and comparative statistics of the anthropometry characteristics and physical fitness performance

between recruited and non-recruited forwards.

Variables
Recruited (n = 23)

M ± SD
Non-Recruited (n = 83)

M ± SD
p

ES
(95%CI)

Body mass (kg) 89.97 ± 14.36 86.91 ± 13.11 0.33 0.23 (−0.24, 0.69)
Body height (m) 1.82 ± 0.11 1.81 ± 0.07 0.31 0.24 (−0.22, 0.71)
Push up test (reps) 43.83 ± 14.56 44.92 ± 11.29 0.70 −0.09 (−0.55, 0.37)
Pull up test (reps) 11.78 ± 5.13 10.74 ± 4.54 0.34 0.22 (−0.24, 0.69)
Flexed arm hang test (s) 36.60 ± 10.44 40.62 ± 14.76 0.22 −0.29 (−0.75, 0.18)
Handgrip strength—right (kg) 48.53 ± 5.39 47.65 ± 3.76 0.38 0.21 (−0.25, 0.67)
Handgrip strength—left (kg) 46.35 ± 5.04 44.98 ± 3.64 0.15 0.34 (−0.12, 0.81)
Free standing squat (1RM) 140.57 ± 34.36 144.70 ± 31.33 0.59 −0.13 (−0.59, 0.33)
Sargent test (cm) 44.96 ± 4.71 45.10 ± 5.71 0.91 −0.03 (−0.49, 0.44)
20 m sprint (s) 3.05 ± 0.14 3.09 ± 0.13 0.16 −0.33 (−0.80, 0.13)
50 m sprint (s) 6.88 ± 0.31 6.92 ± 0.26 0.55 −0.14 (−0.60, 0.32)
Illinois agility test (s) 14.89 ± 1.40 15.50 ± 1.04 0.02 −0.55 (−1.01,−0.08)
Sit-and-reach test (cm) 32.09 ± 5.36 31.80 ± 5.26 0.81 0.06 (−0.41, 0.52)

VO2max (mL kg−1 min−1) 49.34 ± 4.77 49.46 ± 3.69 0.90 −0.03 (−0.49, 0.43)
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Descriptive and comparative results showed that the recruited forwards players had
significantly better agility scores than their non-recruited counterparts, with a small to
moderate size effect (p = 0.02, ES = −0.55). No other significant differences were observed
between these groups.

Table 3 presents the comparison results of the anthropometry characteristics and
physical fitness scores between the recruited (n = 16) and non-recruited backs (n = 62).

Table 3. Descriptive and comparative statistics of the anthropometry characteristics and physical fitness performance

between recruited and non-recruited backs.

Variables
Recruited (n = 16)

M ± SD
Non-Recruited (n = 62)

M ± SD
p

ES
(95%CI)

Body mass (kg) 82.05 ± 8.38 79.23 ± 13.33 0.42 0.23 (−0.33, 0.78)
Body height (m) 1.77 ± 0.06 1.77 ± 0.05 0.69 −0.11 (−0.66, 0.44)
Push up test (reps) 40.94 ± 8.87 41.39 ± 9.67 0.87 −0.05 (−0.60, 0.50)
Pull up test (reps) 13.19 ± 3.64 12.95 ± 3.36 0.81 0.07 (−0.48, 0.62)
Flexed arm hang test (s) 42.00 ± 9.64 41.15 ± 13.97 0.82 0.06 (−0.49, 0.61)
Handgrip strength—right (kg) 51.85 ± 7.66 47.27 ± 4.78 <0.01 0.84 (0.27, 1.40)
Handgrip strength—left (kg) 50.03 ± 6.70 46.29 ± 4.59 0.01 0.74 (0.17, 1.30)
Free standing squat (1RM) 144.81 ± 26.95 134.57 ± 30.19 0.22 0.35 (−0.21, 0.90)
Sargent test (cm) 44.63 ± 6.00 44.84 ± 4.02 0.87 −0.05 (−0.60, 0.50)
20 m sprint (s) 2.86 ± 0.10 2.90 ± 0.19 0.47 −0.20 (−0.75, 0.35)
50 m sprint (s) 6.79 ± 0.15 6.77 ± 0.28 0.85 0.05 (−0.50, 0.60)
Illinois agility test (s) 14.78 ± 0.33 14.88 ± 0.53 0.49 −0.20 (−0.74, 0.36)
Sit-and-reach test (cm) 34.44 ± 3.25 34.37 ± 4.10 0.95 0.02 (−0.53, 0.57)

VO2max (mL kg−1 min−1) 50.01 ± 3.65 50.03 ± 4.11 0.99 −0.01 (−0.56, 0.54)

Results indicated that the recruited back players had significantly higher handgrip
strength scores than their non-recruited counterparts. Both right (p < 0.01, ES = 0.84) and
left (p = 0.01, ES = 0.74) values showed moderate size effects.

In order to better understand the potential effects of the anthropometry data and
the physical fitness scores on the likelihood of rugby players being recruited for the U19
national team, separate logistic regressions were performed for each playing position.

With respect to the forward players, the logistic regression model was statistically
significant (χ(2) = 8.88, p = 0.01), explained 12.4% of the variance in the national team
selection, and correctly classified 80.2% of cases. Better (lower) scores on the agility
test were associated with an increased likelihood of being recruited to the national team
(β = −0.56, p = 0.02).

When analyzing the back players, the logistic regression model was also statistically
significant (χ(1) = 7.48, p < 0.01), explained 14.3% of the variance in the national team
selection, and correctly classified 82.1% of cases. Only better (higher) scores on the right
handgrip strength test were associated with an increased likelihood of being recruited to
the national team (β = 0.13, p < 0.01).

4. Discussion

This study aimed to quantify and explore how anthropometry and physical perfor-
mance outcomes, according to playing position (forwards or backs), can help to recruit
elite junior rugby union players. The results highlight an important association between
handgrip strength and agility ability, and team recruitment in junior elite rugby union, and
suggest that certain well-developed physical qualities, namely, agility for the forwards and
upper-body strength for the backs, can help to predict the selection of U19 rugby players
to their national team. Our findings are consistent with previous studies [27] describing
forwards as having greater body mass and body height and exhibiting greater push-up
performance when compared with faster, leaner, and smaller backs, who display greater
values in 20 m and 50 m sprint, agility, and flexibility performance. No other significant
differences were observed between these groups. The lack of clear differences illustrates
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the importance of supervision if the rugby development program aims to improve physi-
cal attributes. Therefore, physical characteristics should be developed from an early age
to ensure the rugby player is physically ready for elite professional rugby union. Body
composition, greater levels of strength and power, agility, and sprint ability appear to be
important physical characteristics in rugby union players due to superior performances at
higher playing levels and their relationship with game behaviors. Furthermore, the logistic
regression results showed better agility scores for forwards and better right handgrip
strength scores for backs. These variables were significantly associated with an increased
likelihood of being recruited for the U19 Portugal team. The results indicate that hand
strength can be considered an important capability and selective factor in elite junior rugby
union players, especially considering that no previous study has examined the importance
of the handgrip strength test in rugby players. In general, the evaluation of the importance
of the handgrip strength used in rugby is not explored; however, hand dynamometry
is simple, not expensive, and is a well-established method for assessing the strength of
hand muscles.

In fact, the reliable evaluation of handgrip strength in rugby players appears to
be an essential and somehow neglected component in strength monitoring, planning
of strength training programs, as well as injury prevention and recovery. This test is
suitable to assess players as it is a simple, inexpensive, and important diagnostic criterion.
Frequently measured as a proxy for global muscle strength, this test is a well-established
and recognized protocol and method for assessing hand strength [28].

In order to better understand the potential effects of the anthropometry data and
the physical fitness scores on the likelihood of rugby players being recruited for the
U19 national team, separate logistic regressions were performed for each playing position.
Overall, the results were generally consistent with those of other rugby union studies [29,30]
which demonstrated that different characteristics between forwards and backs players
can be caused by specific player-position demands. Backs need to be leaner, faster, and
aerobically fitter to defend in more open spaces, cover more distance during a rugby union
match, perform more accelerations, and try to score more opportunities [31]. Conversely,
forwards [32] need to be larger and stronger for scrumming with more force and to assist
teammates winning line outs. Moreover, they need to gain and retain possession of the ball
and receive more collisions (i.e., tackles, ball carries, and collisions).

Although we limited our investigation to the anthropometric characteristics and phys-
ical performances that discriminated between recruited and non-recruited rugby players
according to playing position (forwards or backs) to U19 national team, it was previously
reported that technical, tactical, and psychological skills were positively associated with
game-specific position and performance measures; therefore, they can help to discriminate
rugby elite players [33]. Indeed, the ability to make the appropriate decisions in game-play
and during interactions between players is also a significant aspect of performance [34].

The non-use of motivation, learning effect, motor coordination, individual training
status, and biomechanical factors (e.g., hand size) is another limitation of the current
investigation. It is a possible claim that concentric or eccentric measures should have been
evaluated rather than isometric strength. However, it should be noted that assessment of
isometric strength can be easily obtained in practical contexts. To date, no studies have
tested the possibility of using these study measures to understand this conflict’s effects to
help improve the task of effective selection in elite junior rugby union players. Therefore,
further research is required to understand the contribution of handgrip strength with other
variables (e.g., physical training programs, player progress, strength control practices,
and game behaviors). Lastly, a small sample size of subjects within each positional group
(forwards and backs) would be useful for establishing a reliable testing protocol and/or the
normative values for rugby players and to help selectors in the evaluation and recruitment
of rugby union players.
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5. Conclusions

In sum, the results of this study demonstrate the importance of handgrip strength and
agility ability for the rugby national team selection process. Furthermore, objective mea-
sures can be useful for quantifying and evaluating player anthropometric characteristics
and physical fitness performance progress. Thus, by combining further objective measures,
rugby player recruitment and progress will be better monitored.

Indeed, the variables used allowed us to distinguish between recruited and non-
recruited rugby union players for the Portugal U19 team. In addition to normal age-group
criteria, subjective evaluation, or training and game perception aspects of performance,
coaches can use this information to help in player recruitment approaches. The main
findings have several implications for the effective selection process design, particularly by
helping to identify and to improve the accuracy of elite junior rugby talent identification
programs through a physical fitness assessment.
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Abstract: This study examined the effects of 8 weeks of twice-weekly combined plyometric and sprint

with change-of-direction (CPSCoD) training into habitual training regimes of young male soccer play-

ers. Participants were randomly allocated to an experimental group (n = 17, age: 14.6 ± 0.44 years,

body mass: 61.2 ± 7.34 kg, height: 1.67 ± 0.09 m, body fat: 11.2 ± 1.56%) and a control group (n = 16,

age: 14.6 ± 0.39 years, body mass: 61.1 ± 3.96 kg, height: 1.67 ± 0.05 m, body fat: 11.8 ± 1.47%).

Measures obtained pre- and post intervention included vertical and horizontal jump performance

(i.e., squat jump (SJ), countermovement jump (CMJ), and standing long jump (SLJ)), and sprint perfor-

mance (i.e., 5 m and 20 m sprint). In addition, Measures obtained pre- and post-intervention included

change-of-direction ability (4 × 5 m sprint test (S 4 × 5 m) and sprint 9–3–6–3–9 m with backward

and forward running (SBF)), repeated change of direction (RCoD), and static balance performance

(stork balance test). The training group experienced superior jump (all p < 0.05; d ≥ 0.61), sprint (all

p < 0.05; d ≥ 0.58), change-of-direction (CoD) ability (all p < 0.05; d ≥ 0.58), RCoD (all parameters

except the fatigue index p < 0.01; effect size (d) ≥ 0.71), and static balance (all p < 0.05; d ≥ 0.66)

improvement. Adding twice-weekly CPSCoD training to standard training improves the anaerobic

performance of U15 male soccer players.

Keywords: team sports; muscle power; complex performance diagnostic; training intervention

1. Introduction

Fitness is an important determinant of soccer performance [1]. During a 90 min match,
elite young soccer players (13–18 years) complete intermittent running and often cover
more than 6 km, emphasizing the importance of the aerobic metabolic pathway [2]. In
a similar vein, players commonly perform high-speed actions over short distances (i.e.,
sprinting, acceleration, and deceleration), and their particular movements are associated
with soccer-specific actions such as tackling, defending, or creating space during pos-
session, with sprints being the most common action before scoring a goal [3–5]. The
distance of six locomotor categories (CATs) and the total distance (TD) were chosen as
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performance results [6]. The following CATs were analyzed: standing (0.0–0.7 km/h),
walking (0.7–7.2 km/h), jogging (7.2–14.4 km/h), running (14.4–19.8 km/h), high-speed
running (19.8–25.2 km/h), and sprinting (>25.2 km/h). To quantify high-to-moderate ac-
celerations, the number of peaks above a threshold of 2 ms−2 was determined [7,8]. In this
context, Di Salvo et al. [9] investigated the physical demands of Spanish Premier League
football players in relation to their playing position. These researchers reported that wide
(11,990 m) and central (12,027 m) midfielders covered the greatest distance. In addition,
they reported that wide midfielders covered the greatest distances in high-intensity speed
zones (19.1–23.0 km/h: 738 m; >23.0 km/h: 446 m), as well as central midfielders had the
highest volume in the mid-intensity zones (11.1 to 14.0 km/h: 1965 m; 14.1 to 19.0 km/h:
2116 m). Furthermore, soccer players complete an average of 50 turns per match [10] and
complete a total of 723 ± 203 turns and dodges in a match [11].

Analysis of physical matches has shown that in elite soccer matches, players perform a
significant number of high-intensity changes of direction (CoDs) using a broad spectrum of
turning angles [11,12]. Some authors have proposed that the number and quality of CoDs
in a match influence the outcome of the match in professional soccer [13,14]. Possibly as a
result of this association, the ability to perform CoDs in a match is considered an important
fitness component in all soccer abilities, and levels of competitions [14–16]. Recently,
Lloyd et al. [17] reported that the application of optimal CoD training stimulus during the
duration of athlete development was crucial for effective programming and improvement
of CoD performance in youth. Several studies have reported CoD training improved CoD
ability, [11,13]. However, more encouraging for practitioners is the efficacious nature of
CoD training on other parameters such as jumping performance, sprint performance, and
balance ability in young soccer players [11,13].

Plyometric training is effective at improving jump performance [14] (the mean rel-
ative improvement varied between 14% and 29% on vertical jump), given the specific
nature of the training method [14–16]. However, much similar to CoD, the cross-training
effects on CoD ability and sprint performance are encouraging for practitioners and ath-
letes alike [14–16]. In addition to performance benefits, plyometric training also exerts
healthogenic effects such as increased bone mineral density, improved neuromuscular
function, body mass control, improved psychosocial well-being, improved cardiovascular
risk profile, and decreased risk of [18–20]. A recent systematic review [21] indicated that a
twice-weekly plyometric training for 8 to 10 weeks with a 72 h rest period between training
sessions improves high-intensity physical abilities (e.g., jump, sprint, agility) in the young
soccer player population aged 10 to 17 years, in both sexes.

Despite the increasingly abundant literature on combined training in several sport
disciplines and different age categories, there is little research related to applications of
this training method in young male soccer players [22–25]. Recently, Aloui et al. [22]
studied the effects of 8 weeks bi-weekly combined plyometric and sprint with change-
of-direction (CPSCoD) training in elite under-17 (U17) soccer players. Jumping (∆19%
on a squat jump; ∆21% on countermovement jump), sprinting (∆−11% on 5 m; ∆−8%
on 20 m) and changing-direction ability (∆−9% sprint 4 × 5 m test), repeated sprinting
ability performance (∆−7% on fastest time; ∆−8% on mean time), and balance performance
improved as a result of this training method. Additionally, Beato et al. [23] noted that
CPSCoD training improved jump and sprint performance in elite U19 soccer players.
Additionally, Jlid et al. [26] reported multidirectional plyometric training improved jump
performance, CoD ability, and dynamic postural control in prepubertal soccer players.

Despite the efficacious nature of CPSCoD training to enhance anaerobic fitness in
soccer, there are only a handful of studies that have examined this phenomenon, and
mostly in adolescents >15 years of age. Therefore, the purpose of this investigation was to
examine the effects of 8 weeks of twice-weekly CPSCoD training on anaerobic performance
(i.e., jumping, speed, and CoD ability) and balance ability in elite male U15 soccer players
during the competitive season. Particular tests of interest were vertical and horizontal jump
performance (i.e., squat jump (SJ), countermovement-jump (CMJA), standing long jump
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test (SLJ)), sprint performance (i.e., 5 m and 20 m sprint), and CoD ability (4 × 5 m sprint
test (S 4 × 5 m) and sprint 9–3–6–3–9 m with backward and forward running (SBF). In
addition, repeated CoD (RCoD) ability and static balance performance (stork balance test)
were examined. We hypothesized a priori that CPSCoD would improve physical fitness,
particularly jump performance, sprint performance, and CoD ability, when compared with
a control group, who maintained regular training during the season.

2. Materials and Methods

2.1. Participants

The 33 participants of all playing positions from a single male soccer team in the first
national division took part in this study. Participants had 4.6 ± 0.9 years of systematic
soccer training background comprising of five training sessions per week. Participants
were examined by the team physician to ensure players were healthy enough to complete
CPSCoD training. Participants were randomly assigned between an experimental group
(n = 17, age: 14.6 ± 0.44 years, body mass: 61.2 ± 7.3 kg, height: 1.67 ± 0.09 m, body fat:
11.2 ± 1.6%) and a control group (n = 16, age: 14.6 ± 0.4 years, body mass: 61.1 ± 4.0 kg,
height: 1.67 ± 0.05 m, body fat: 11.8 ± 1.5%). Participants were free from injury during
the 6-month period before the beginning of the study and throughout the study. No
baseline inter-group differences existed for anthropometric characteristics between groups
(p ≥ 0.05).

Prior to the study, participants had completed a 6-week preparation period (pre-
season training) (5–6 sessions per week). The first 3 of these weeks were to focus on
improving aerobic capacity by following low-to-moderate intensity interval training, and
on improving resistance and muscle strength by following low-to-moderate intensity circuit
training resistance. The last 3 weeks have been focused on improving aerobic power by
following high-intensity interval training (HIIT) and small-sided games, and improving
muscle power by following high-intensity circuit training, supplemented participation in a
non-competitive training match.

Procedures were approved by the University Institutional Review Committee for
ethical human experimentation (reference number: KS000002020 and date of approval
10 December 2020). Participants (and their guardians, in the case of minors) provided
informed written consent. Two familiarization sessions were conducted 2 weeks before
testing, which was 2 months into the competitive season.

2.2. Experimental Design

Participants’ only physical training during the experimental phase was associated
with the soccer team and one weekly 60 min school physical education session. The usual
micro-training cycle for both groups consists of five sessions per week (approximately
90 min each session), with a competitive game each weekend. During the first three sessions
of micro-cycle training each week, approximately 60% of the total time of the session was
focused on technical–tactical training, as well as 40% of the time was focused on physical
training. In addition, during the last two training sessions of each week, approximately
75% of the micro-cycle of training was focused on technical–tactical training, as well as 25%
of the time was focused on physical training (Table 1).

The control group maintained its normal training program throughout the intervention
of 8 weeks. While every Tuesday and Thursday, the experimental group replaced the
technical–tactical part of their standard training program with a combined plyometric and
sprint with CoD training. Indeed, the first session of the micro-cycle training of each week
was focused on the development of aerobic capacity through skill drills/circuit training
with medium volume and low intensity. The second training session included HIIT and
small-sided games aimed at developing maximum aerobic power [27]. The third training
session included dynamic exercises based on bodyweight only and jumping and sprinting
exercises aimed at maximum anaerobic power. The fourth and fifth training sessions of
each week included agility and vivacity training, respectively.
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Table 1. Details of general training routine during the week performed by both control and experi-

mental groups over the 8-week intervention.

Days Objectives

Mondays Rest
Tuesdays Aerobic capacity training and defensive tactics training

Wednesdays Aerobic power training and defensive tactics training
Thursdays Power anaerobic training and defensive and offensive tactics training

Fridays Agility training and technical training and offensive tactics training
Saturdays Vivacity training and technical training and offensive tactics training

Sunday Official matches

The investigation was completed during a local soccer season in 2020/2021.

2.3. Details of Combined Plyometric and Short Sprints with Change-of-Direction Training

The CPSCoD training program consisted of four drills, with increasing repetitions over
the training period, twice per week (as visualized in Figure 1 and quantified in Table 2).

Each CPSCoD drill began with plyometric exercises and finished with a sprint with
CoD. It should be noted that participants were used to applying plyometrics and CoD drills
and had achieved good technical competency through training activities before starting the
investigation.

Plyometric training variables were based on recommendations for volume and inten-
sity from Bedoya et al. [21]. Furthermore, CoD angles were based on previously published
recommendations [23].

Figure 1. Exercise used in combined plyometric and sprint with a change-of-direction training program.
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Table 2. Plyometric components were introduced into the program of the experimental group.

Week Drill 1 Drill 2 Drill 3 Drill 4 Total (Contact)

1 3 Repetitions 3 Repetitions 3 Repetitions 3 Repetitions 72
2 3 Repetitions 3 Repetitions 3 Repetitions 3 Repetitions 72
3 4 Repetitions 4 Repetitions 4 Repetitions 4 Repetitions 96
4 4 Repetitions 4 Repetitions 4 Repetitions 4 Repetitions 96
5 5 Repetitions 5 Repetitions 5 Repetitions 5 Repetitions 120
6 5 Repetitions 5 Repetitions 5 Repetitions 5 Repetitions 120
7 6 Repetitions 6 Repetitions 6 Repetitions 6 Repetitions 144
8 6 Repetitions 6 Repetitions 6 Repetitions 6 Repetitions 144

All repetitions and sessions were separated by 90 s recovery intervals.

2.4. Testing Schedule

Tests were conducted at least 3 days after the last competitive match and 5–9 days after
the previous training session. Testing was conducted on a tartan surface, which was part
of the players’ weekly training schedule. Standardized warm-up preceded each test. Tests
were completed over three separate testing days in the following order: anthropometric
assessment, squat jump (SJ), countermovement jump (CMJ), sprint 4 × 5 m test (S 4 × 5 m)
(all day 1); the stork balance test, 5 and 20 m sprint, and sprint 9–3–6–3–9 m with backward
and forward running (SBF) (all day 2); the standing long jump (SLJ) and the repeated CoD
ability (RCoD) (both day 3).

The 5 and 20 m sprint performance, S 4 × 5 m, SBF, SJ, CMJ, SLJ, stork balance test,
and the RCoD have all been previously described in detail [28–30] and therefore are not
detailed here to avoid self-plagiarism. Anthropometric characteristics (body mass and
body fat percentage) were evaluated after an overnight fast, in the morning (7–8 am), bare
foot, with the bioelectrical impedance analysis (BIA) method (BC-602, Tanita Co., Tokyo,
Japan) [31].

2.5. Statistical Analyses

All analysis was conducted on SPSS version 25.0 for Windows (IBM, Armonk, NY,
USA). Normal distribution was tested using the Shapiro–Wilk test. Homogeneity of
variance was determined using Levene’s test. Independent samples t-tests examined
between-group differences at baseline. An effect of training was considered by a mixed
method of two-way (time × group) analysis of variance (ANOVA) with repeated measures.
Subsequently, dependent samples t-tests tested for within-group training changes from pre-
to post intervention were examined with Tukey’s post hoc procedure applied to avoid type
I error. Alpha level is reported as exact p values, as suggested by the American Statistical
Association [31]. The effect size for paired comparisons is reported as Cohen’s d [32] and
interpreted as trivial (<0.35), small (≥0.35–0.80), moderate (≥0.80–1.50), and large (≥1.50),
based on the recommendations of Rhea [33] for recreationally trained subjects. Percentage
changes were calculated as ((post-training value−pre-training value)/pre-training value)
×100. Reliability was evaluated using intraclass correlation coefficients (ICC) [34] and
the coefficients of variation (CV) over consecutive pairs of intra-participant trials [35]. All
performance measures had an ICC > 0.80 and a CV < 5% (Table 3). Data are reported as
mean ± standard deviation (SD).
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Table 3. Interclass correlation coefficient (ICC, 95% confidence intervals (95% CI)) and coefficient of

variation (CV) showing acceptable reliability for all performance. ICC > 0.75 and CV < 10% marked

in bold.

ICC (95% CI) CV (95%CI) [%]

Sprint times

5 m (s) 0.93 (0.90–0.97) 2.0 (1.7–2.4)

20 m (s) 0.94 (0.91–0.97) 1.9 (1.5–2.3)

Change of direction

Sprint 4 × 5 m (s) 0.89 (0.84–0.93) 2.2 (1.8–2.7)

SBF (s) 0.87 (0.83–0.91) 2.1 (1.7–2.5)

Vertical jump

SJ (cm) 0.95 (0.90–0.98) 2.4 (1.9–2.8)

CMJ (cm) 0.94 (0.89–0.98) 2.8 (2.4–3.2)

Horizontal jump

SLJ (m) 0.91 (0.87–0.95) 3.8 (3.4–4.3)

Stork balance test

Right leg (s) 0.82 (0.72–0.88) 4.7 (4.3–5.4)

Left leg (s) 0.80 (0.70–0.87) 4.9 (4.4–5.5)

ICC: Intraclass Correlation Coefficients; 95% CI: 95% Confidence Intervals; CV: Coefficients of Variation; SBF:
Sprint 9–3–6–3–9 m with backward and forward running; SJ: Squat Jump; SLJ: Standing Long Jump.

3. Results

3.1. Normal Distribution and Homogeneity of Variance

The results of the Shapiro–Wilk exhibited approximately half the parameters (14/29,
48%) were not normally distributed. The following parameters were not normally dis-
tributed: height (p = 0.002), body fat (p = 0.030), SJ 1 (p = 0.036), SJ 2 (p = 0.001), SLJ
2: p = 0.014, sprint 20 m 2 (p = 0.033), RSAbest 2 (p = 0.011), RSAmean 2 (p = 0.020), RSA
fatigue index 1 (p = 0.037), RSA fatigue index 2 (p = 0.003), and all stork balance parameters
(p < 0.001).

In total, 33% (4/12) of variance tests indicated heterogeneity of variance (SJ: p = 0.003,
CMJ: p = 0.048, RSA Fatigue index: p = 0.005, and stork balance of left leg: p = 0.040).

3.2. Reliability

Measured reliability is displayed in Table 3. There were no baseline between-group
differences.

3.3. Effect of Training on Jump Performance

In terms of vertical and horizontal jump performance, the present results showed
significant intervention effects (group × time interaction), in the experimental group
compared to the control, (∆22%; p < 0.05; d = 0.61 on squat jump ∆20%; p < 0.05; d = 0.71
on countermovement jump and ∆15%; p < 0.05; d = 0.66 on standing long jump test,
respectively, for the experimental group) (Table 4).

3.4. Effect of Training on Sprint Performance

There was a group × time interaction in sprint performance with the experimental
group (EG) improving more than the control group (CG) over distances of 5 (∆−3%;
p < 0.001; d = 0.39 and ∆−11%; p < 0.001; d = 1.81) and 20 m (∆−3%; p < 0.001; d = 0.48 and
∆−10%; p < 0.001; d = 1.51), respectively, for the EG (Table 4).
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3.5. Effect of Training on Change-of-Direction Ability

The sprint 4 × 5 m test displayed the largest group × time interaction effect (p = 0.002,
d = 0.82) for all jump and change-of-direction performance parameters (Table 4). Especially,
the EG (p < 0.001, d = 2.12) benefited from the intervention compared with the CG (p < 0.001,
d = 0.68).

The SBF test showed an intervention effect with the EG improving more than CG
(∆−3%; p < 0.001; d = 0.62 and ∆−8%; p < 0.001; d = 1.65, respectively, for the EG) (Table 4).

3.6. Effect of Training on Repeated Change-of-Direction Ability

The RCoD test showed group × time interactions for RCoDfastest (p = 0.006, d = 0.72)
and RCoDmean (p = 0.006, d = 0.71). Over the time, the improvement of performance
was much higher in the EG (dfastest = 2.01, dmean = 2.02) than in the CG (dfastest = 0.42,
dmean = 0.43) (Table 5).

3.7. Effect of Training on Balance Performance

Balance performance was improved more in the experimental group, compared with
the control group (right leg: ∆68%; p < 0.05; d = 0.66; left leg: ∆79%; p < 0.01; d = 0.72,
respectively for the experimental group) (Table 5).
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Table 4. Vertical and horizontal jump tests, sprint times, and change-of-direction performance performances in experimental and control groups before and after the 8-week intervention.

Experimental (n = 17) Paired t-Test Control (n = 16) Paired t-Test ANOVA (Group × Time)

Pre Post % ∆ p ES Pre Post % ∆ p ES p ES

Vertical jump

SJ (cm) 25.1 ± 4.00 30.1 ± 4.75 20.2 ± 1.22 <0.001 1.15 24.5 ± 2.06 25.4 ± 2.16 3.70 ± 1.21 <0.001 0.43 0.018 0.61 (small)
CMJ (cm) 27.7 ± 3.66 33.2 ± 3.90 20.1 ± 2.26 <0.001 1.46 27.5 ± 2.50 28.6 ± 2.55 3.94 ± 1.42 <0.001 0.43 0.007 0.71 (small)

Horizontal jump

SLJ (m) 1.81 ± 0.13 2.08 ± 0.11 14.8 ± 2.78 <0.001 2.28 1.78 ± 0.18 1.85 ± 0.17 4.31 ± 1.68 <0.001 0.43 0.012 0.66 (small)

Sprint

5 m (s) 1.28 ± 0.10 1.12 ± 0.06 −11.3 ± 2.35 <0.001 1.81 1.24 ± 0.09 1.21 ± 0.09 −2.82 ± 0.71 <0.001 0.39 0.013 0.65 (small)
20 m (s) 3.61 ± 0.26 3.26 ± 0.19 −9.52 ± 1.30 <0.001 1.51 3.59 ± 0.21 3.49 ± 0.21 −2.81 ± 0.61 <0.001 0.48 0.027 0.58 (small)

Change of direction Performance

Sprint 4 × 5 m (s) 6.60 ± 0.32 5.97 ± 0.27 −9.39 ± 0.83 <0.001 2.12 6.60 ± 0.26 6.42 ± 0.27 −2.71 ± 0.72 <0.001 0.68 0.002 0.82 (moderate)
SBF (s) 9.09 ± 0.46 8.34 ± 0.44 −8.19 ± 0.78 <0.001 1.65 9.09 ± 0.42 8.83 ± 0.41 −2.68 ± 0.68 <0.001 0.62 0.026 0.58 (small)

ES: effect size; ANOVA: Analyze of Variance; CMJ: Countermovement Jump; ∆: percentage difference; t-test: t is the calculated difference in units of the standard error.

Table 5. Repeated change-of-direction ability and stork balance test performances in experimental and control groups before and after the 8-week intervention.

Experimental (n = 17) Paired t-Test Control (n = 16) Paired t-Test ANOVA (Group × Time)

Pre Post % ∆ p ES Pre Post % ∆ p ES p ES

Repeated Change of Direction Ability parameters
Fastest time (s) 7.14 ± 0.29 6.57 ± 0.40 −7.85 ± 0.67 <0.001 2.01 7.15 ± 0.31 7.01 ± 0.33 −1.93 ± 0.56 <0.001 0.42 0.006 0.72 (small)
Mean time (s) 7.28 ± 0.31 6.69 ± 0.41 −7.85 ± 0.65 <0.001 2.02 7.26 ± 0.32 7.12 ± 0.34 −1.94 ± 0.58 <0.001 0.43 0.006 0.71 (small)

Fatigue index (%) 1.97 ± 0.79 1.93 ± 0.40 1.96 ± 13.8 0.408 0.10 1.51 ± 0.32 1.49 ± 0.24 0.47 ± 9.91 0.844 0.04 0.844 0.06 (trivial)

Stork balance test
Right leg (s) 11.9 ± 4.39 19.6 ± 6.12 67.6 ± 10.8 <0.001 1.45 12.9 ± 4.04 14.6 ± 4.06 14.4 ± 7.07 <0.001 0.42 0.012 0.66 (small)
Left leg (s) 10.4 ± 4.28 18.2 ± 6.00 78.6 ± 14.3 <0.001 1.50 10.5 ± 3.03 12.3 ± 3.17 18.0 ± 8.11 <0.001 0.58 0.006 0.72 (small)
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4. Discussion

This investigation examined the effect of 8 weeks of CPSCoD training on anaerobic
performance and balance ability in elite U15 soccer players. We observed that adding
CPSCoD to habitual training enhanced jump performance, sprint performance, CoD ability,
RCoD ability, and balance performance.

4.1. Effect of Training on Jump Performance

In soccer, vertical jumps are performed when a player jumps toward a ball in an
attempt to head direct the ball for an attacking (scoring/passing) or defensive (clear-
ance/interception) task and is decisive action during matches [32]. We observed inter-
vention effects in the experimental group, compared with the control, on vertical and
horizontal jump performance (Table 4). The positive effects of CPSCoD in the present
investigation are in line with Aloui et al. [22], who studied the effects of 8 weeks of CPSCoD
training on U17 male soccer players and found this type of training improved vertical and
horizontal jump performance. In addition, Beato et al. [23] reported significant increases in
horizontal jump performance following CPSCoD training, in male young soccer players
(U18). Although mechanisms for adaptation cannot be fully determined in the present
study, it is likely improved jump performance was mediated by neural adaptation such
as motor unit recruitment and the Hoffman reflex [20,33]. We suggest eccentric muscular
contractions necessitated by the plyometric training are able to produce greater force and
thus may provide a large stimulus above and beyond concentric contractions alone [34].

4.2. Effect of Training on Sprint Performance

In professional soccer match play, sprints in a straight line (45%), followed by vertical
jumping (16%) were the two most commonly observed actions immediately prior to a goal
being scored [35]. It is well known that muscle strength and contraction speed (i.e., muscle
power) are determining factors in sprint speed [36–38], and the improved sprint ability
evoked by CPSCoD training in the present study may translate to enhanced match play
abilities and preferential match outcomes. We observed intervention effects in the EG,
compared with the control for CoD ability (Table 4). Our results are aligned with those of
Hammami et al. [28], who reported improved sprint performance over 5 and 20 m following
CPSCoD training in young male handball players. Similarly, Michailidis et al. [25] observed
improved 10 m, but not 30 m, sprint performance after CPSCoD training in prepubertal
male soccer players. Improvement in sprinting performance after CoD training could be
due to improved leg extensor power and the ability to produce lower limb strength more
effectively after training [39,40]. In addition, temporal sequencing of muscle activation for
more efficient movement, preferential recruitment of the fastest motor units, or increased
nerve conduction speed promoted by plyometric training may be responsible for the
improved sprint times [41].

4.3. Effect of Training on Change-of-Direction Ability

The CoD improvement observed herein following CPSCoD training is encouraging
for trainers, as CoD ability is an important trait in competitive soccer [42,43]. Our data,
especially the moderate interaction (d = 0.82) and the large (d = 2.12) effect for the EG
regarding sprint 4 × 5 m, are in accordance with the existing literature, which has demon-
strated improved CoD ability after several programs, including CPSCoD training [22–24],
plyometric training [28,44], and CoD training [45,46]. Recently, Michailidis et al. [25] and
Makhlouf et al. [24] reported improved CoD ability following CPSCoD training in prepu-
bertal males. Improvements may have been caused by reduced contact times as a result of
increased muscle strength and power, and efficiency of movement, as this has been noted
previously following plyometric [20,47]. Similarly, enhanced eccentric lower limb strength
could enhance the ability to accelerate and decelerate during CoDs [48]. In this context,
Chaalali et al. [45] suggested the observed CoD enhancement may be related to improved
CoD technique and increased strength and power of the leg extensors, after CoD training.
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4.4. Effect of Training on Repeated Change-of-Direction Ability

Soccer players must complete high-intensity repeated efforts and/or sprints to com-
pete at a high level [49]. We reported improved RCoD ability in the EG, compared with the
CG for all parameters except the fatigue index. Reinforcing our results, Aloui et al. [22]
observed improvement in RCoD ability following CPSCoD training in male U17 soccer
players. Conversely, Hammami et al. [28] reported no improvement in RCoD ability fol-
lowing CPSCoD training in U15 male handball players. Improved RCoD observed herein
was likely resultant from improved anaerobic fitness such as CoD ability, sprint ability,
and jumping ability [50,51]. Particularly, RCoD ability improvements were most likely the
result of improvements in stretch-shortening cycle efficiency, motor unit synchronization,
or tendon stiffness [52].

4.5. Effect of Training on Balance Performance

Balance is the ability to maintain postural control during an and is classified can be
classified as dynamic and static [53]. In soccer, players benefit from the ability to regain
postural control to attenuate injury risk while landing from a dynamic movement, such
as a pronounced deceleration, cut, or jump [54]. The EG in this study improved the static
balance, compared with the control group, which confirms the results of Aloui et al. [22],
who observed improved static balance after CPSCoD training in U17 male soccer players.
Recently, Makhlouf et al. [18] reported improved static and dynamic balance following
CPSCoD training in prepubertal male soccer players. These adaptations may be caused
by neural factors such as improved reaction time or precision of movement [55]. Another
possible reason for improved balance performance could be the increase in muscle strength
of the lower limbs, the increase in muscle coordination, and the facilitation of fast-twitch
motor units [56]. Ondra et al. [57] reported that a high level of postural stability is believed
to be the factor reducing the risk of lower limb injury, emphasizing the importance of
balance in this cohort.

4.6. Limitations

Results of this study suggest CPSCoD training confers advantages in anaerobic capac-
ity and balance performance in elite U15 soccer players. These mostly small adaptations
were observed after only 8 weeks, alongside other in-season training, and should be related
to the higher risk of injury from performing plyometric movements. Thus, CPSCoD train-
ing during the in-season period may promote reduced injury risk in addition to improved
anaerobic fitness. However, before we can promote CPSCoD training for all soccer squads,
a larger confirmatory study may be required to elucidate if these effects are manifest across
all age groups, players levels, and sexes. Moreover, as our participants were already
well-trained and well-versed in the type of training included in the CPSCoD program,
caution should be exercised when inducting untrained or novice athletes onto a CPSCoD
training program.

5. Conclusions

CPSCoD training enhanced balance performance and anaerobic capacity (jumping,
sprinting, CoD ability, and RCoD ability) during the competition season. However, 83%
(10/12) of the interaction effects were small. Only for sprint 4 × 5 m, a moderate effect was
observed. Note that during the intervention period, no injury was reported. Therefore,
CPSCoD training can be considered safe for well-trained and well-versed young male
soccer players provided progression guidelines are followed.
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Abstract: The aim of this study was to explore the tactical effects of different pitch configurations on

the collective playing tactics and the creation of goal scoring opportunities (GSO) during small sided

soccer games (SSG) in youth players. A total of 22 players performed a 7 vs. 7 + 1 floater (including

goalkeepers) under three different pitch configurations (“Standard”, 53 × 38 m; “Long”, 63 × 32 m;

and “Wide”, 43 × 47 m). Eleven tactical indicators related to the development and the end of the team

possessions were evaluated by systematic observation. Friedman tests (non-parametric ANOVA for

repeated measures) revealed that the long and wide configurations produced more counterattacks

(p = 0.0028; ES = 0.3), higher offensive penetration (p = 0.007; ES = 0.41), and more GSO (p = 0.018;

ES = 0.30) than the standard format. Regarding the creation of GSO, the wide configuration produced

more assists in the form of crosses than the long and standard formats (p = 0.025; ES = 0.31), more

utilization of wide subspaces to assist the final player (p = 0.022; ES = 0.35), more number of headers

as the final action (p = 0.022; ES = 0.32), and less assists in the form of passes in behind the defense

(p = 0.034; ES = 0.28), than the long configuration. The modulation of the pitch configuration during

SSG produced different tactical demands, requiring players to implement different tactical solutions

to create GSO.

Keywords: non-linear pedagogy; constraints led approach; sport pedagogy; practice design;

football training

1. Introduction

The key offensive aim of soccer is to disorder the defensive organization of the op-
posing team to achieve goal scoring opportunities (GSO) and goals. During that process,
the last actions such as the assist and the final shot are decisive and both depend on the
spatial–temporal relationship between the penultimate and the last player as well as the
interaction between the offensive and defensive organizations [1–4]. Due to its complex-
ity and importance, one of the most challenging duties of professional soccer clubs is to
develop or recruit players who have the capacity to score or create high amounts of GSO.
In fact, recent studies have observed that goal scorers and players with high quantity of
assists demonstrated to have higher levels of cognitive functions such as creativity and
working memory, compared with other players [5,6]. In addition, the study of Kempe and
Memmet [7] observed that showing high creativity in the last two actions before the actual
shot on goal proved to be the best predictor for game success in elite soccer.

Regarding the tactical development of GSO and goals, existing literature found that
the actions that led to goal were predominantly originated in central and advanced areas
of the opposing half, while the crosses have been shown to represent around 30–40% of
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the goal assists [8]. Furthermore, the majority of goals and GSO seem to be produced by
collective plays, so that the individual actions produced less than 20% of them [9–11]. For
instance, the study of González-Rodenas et al. [12] analyzed 1172 GSO from top European
teams and observed that crosses comprised the 19.6% of penultimate actions prior to GSO,
while passes comprised the 62.4% and individual actions the 9.1%.

Nevertheless, the tactical actions performed prior to goals or GSO are influenced by
the interaction with the opposing team [2,3,13] In this regard, González-Rodenas et al. [4]
observed that crosses were more frequent against organized defenses, while passes in
behind the defense or actions as dribbling or running with the ball had a greater percentage
of goals against circumstantial defenses. Regarding the final action, 70.1% of the goals
were scored by using only one contact to the ball in organized defenses but 46.6% in
circumstantial defenses. These tactical facts suggest that players should be able to adapt to
the defensive context and interact with their teammates to choose the best solution in order
to disrupt the opposing team and create a GSO or a goal.

However, despite the growing emergence of research about small sided games (SSG) in
soccer [14], there is a lack of studies that specifically focus on how different types of SSG can
influence the way GSO and goals are achieved in training. In recent years, the analysis of
SSG in soccer has focused on physiological variables [15], motion analysis [16,17], collective
behavior [18,19], and technical and tactical performance of players [20–22].

Consequently, it seems necessary to explore training methods to optimize the creation
of GSO in youth soccer. In this sense, the constraints-led approach based on non-lineal
pedagogy has emerged as an optimal framework to create representative learning designs
in collective sports [23]. Under this framework, coaches should manipulate task constraints
during the SSG such as space, time, rules, goals, or number of players in order to create
learning environments where players can interact with their teammates and opponents to
explore opportunities for action and adapt to the specific tactical context. This manipulation
of task constrains encourage the player’s co-adaptive and exploratory behavior to search
for effective solutions, embracing problem-solving situations [24].

One of the easiest constraints for coaches to modify in SSG is the space. In this sense,
the effect of the manipulation of the space size on physical and technical demands has been
analyzed in multiple studies about SSG [25]. However, no study to date has analyzed the
effect of modifying the pitch configuration on the playing tactics and creation of GSO in
soccer. In this sense, Coutinho et al. [19] analyzed the effect of different pitch configuration
on the physical demands and movement behavior in young players, concluding that using
different pitch configurations might help players to improve their ability to identify the
most relevant cues that support the emergence of functional behaviors. Likewise, Folgado
et al. [26] observed that a longer pitch configuration (40 × 30 m) during a 4 vs. 4 + GKs
game registered more distance covered at high intensities, more passes, and dribbles than
a wider format (30 × 40 m), which had more lateral passes and shots and a wider team
positioning.

According to this background, our hypothesis is that the design of SSG with different
pitch configurations (i.e., wide pitch vs. long pitch vs. standard pitch) may modulate the
emergence of collective tactical behaviors and encourage players to explore different ways
to build and create GSO. Therefore, the aim of this study was to check the tactical effects
of different pitch configurations on the collective playing tactics and the creation of GSO
during SSG in youth players.

2. Materials and Methods

2.1. Sample

A total of 22 elite youth players (age: 13.80 ± 0.58, years of experience: 6.30 ± 0.95)
from an American professional soccer club participated in the study. The participants,
parents, and the club were informed about the research procedures and provided written
informed consent. This study followed the ethical standards for study in humans as
outlined in the Declaration of Helsinki. The sample comprised 296 offensive possessions
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according to the definition of Pollard and Reep [27] that teams performed during the small
sided soccer games.

2.2. Small Sided Games

The players performed the same type of SSG (7 vs. 7 + 1 floater, including goalkeepers)
under three different pitch configurations (“Standard”, 53 × 38 m; “Long”, 63 × 32 m; and
“Wide”, 43 × 47 m) (Figure 1). The SSG were performed two times per week for a period
of 3 weeks as part of the normal routine training sessions of the U14 team [28], following
a standardized warm-up protocol consisting of 5 min of dynamic mobility and 5 min of
technical actions. All the training sessions took place in the spring season, during the same
hours (7.00 p.m.), on the same artificial turf surface. The SSG were recorded with one
digital camera (Panasonic HC-V180) from an aerial perspective (10 m above the ground)
to capture entirely the collective movements of both teams, following the routine way of
filming of the team’s coaching staff.

(“Standard”, 53 ; “Long”, 63 
“Wide”, 43 

 

’

Figure 1. Different pitch configurations and field sizes of the small sided soccer games.

The order in which the SSG formats were performed during the course of the training
sessions was randomized (order in week 1: standard, long, and wide; order in week 2:
long, wide, and standard; order in week 3: wide, standard, and long).

Table 1 shows the main features of the SSG conducted in this study. The SSG design
included official goals and goalkeepers, and the coach did not provide direct instructions
about how to solve the tactical situations or to adapt to the different spatial constraints. In
addition, the teams had identical tactical objectives and tactical formations during the SGG

The SSG implemented were part of the real tactical training of the team during the
spring season. To contextualize, the team’s game model was based on building-up from the
back, having long ball possessions to disorder the opposing team and creating GSO. This
style of play required high passing accuracy and speed but also high amount of patience
to decide when and where to break lines of the defensive team to reach the opposing
goal. Within this game model, the team’s structure and dynamic encouraged the wingers
(forwards in our design) to play in interior channels near the midfielders to create offensive
superiority in central spaces. Meanwhile, the full backs were encouraged to advance
through the wide channels to reach offensive zones, playing an important role in the
attacking process to create GSO.
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Table 1. Design of the small sided games.

Task Constraints Description

Player number (including goalkeepers) 7 vs. 7

Floaters 1 (playing as a central back)

Area per player (m2) 132 m2

Time (work: passive recovery) (5:2 min)

Tactical objective
Offensive: To create goal scoring opportunities and goals

Defensive: To stay compact in a low block defense to protect the goal

Team systems
Offensive: 1.2.3.2

Defensive: 1.3.3

Feedback No direct instructions

Rules
Official soccer rules (including offside). The only exception is that all the restarts

are taken as goal kicks (no throw ins, corner kicks, or free kicks)

Pitch configurations

Standard (53 × 38 m)

Long (63 × 32 m)

Wide (43 × 47 m)

Due to this tactical context, the objective of the coaching staff was to design repre-
sentative learning designs [29] for players to experience different spatial scenarios where
to dominate the ball possession and to create GSO, while they could interact with their
teammates and opponents in their real positions.

Therefore, the team’s system during the SSG (Figure 2B) tried to reproduce the actual
game model in the attacking moment, having:

- One goalkeeper and one central back that should lead the process of building-up from
the back.

- One midfielder that had the role of connecting the build-up with the finishing process.
- Two forwards that should occupy interior channels to create superiority in the build-

up process and to play a relevant role in the finishing process.
- Two full backs that, in addition to build-up, had an important role reaching offensive

zones and creating GSO.
- Additionally, one offensive in-floater was added to, according to the existing sci-

entific literature, increase the passing possibilities and interactions of the attacking
team [30,31] as well as to encourage the defensive team to stay compact and to priori-
tize the protection of the goal, [32], as we can observe in Figure 2A.

It is important to mention that although teams were structured in specific positions
and roles, players were free to make their own decisions, movements, and actions to solve
the different tactical situations during the SSG, in interaction with their teammates.

Regarding the pitch sizes and configurations selected, the coaching staff decided to
compare the standard configuration with an extra-wide and an extra-long format, in order
to expose players to different spatial constraints. The final design was based on the work
of previous studies [19,26,33] that suggested that modifying the pitch configurations by
changing the width and length affects team’s spatial and temporal interaction. Although
the pitch configuration was changed, the area per player was maintained stable across the
three formats. This size (132 m2 per player) was established considering previous literature
on SSG [14,25] since most of the studies used pitch sizes that involved a range between
100 and 150 m2 per player.

Furthermore, in order to promote the build-up of GSO from the back, the SSG did
not have throw-ins, corner kicks, or free kicks, so that all the restarts were initiated as goal
kicks by the team in possession of the ball.
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Finally, the teams were balanced according to the technical and tactical ability of the
players in order to have very competitive games and teams were maintained throughout
the duration of the study.

2.3. Performance Analysis

The study was based on systematic observation [34]. Eleven tactical dimensions
(Tables 2–4) related to the offensive team possessions were analyzed using the REOFUT
theoretical framework [35] that provides a valid and reliable tool to analyze multiple tactical
and technical dimensions related to the start, development, penultimate, and last action of
teams’ possessions as well as their association with achieving offensive performance [9,12].

For the analysis, a soccer coach/researcher experienced in match performance ana-
lyzed each possession post-event as many times as necessary. The Lince software [36] was
used to code and register the data. The reliability of data was calculated by the intra and
inter-observer agreement (Cohen’s Kappa). For this purpose, the principal researcher, and
another researcher with broad experience in soccer tactical analysis (UEFA Pro Soccer Coach
and PhD in Sport Sciences) evaluated 100 random possessions (33% of the sample). This
analysis showed good and very good level of reliability according to Altman criteria [37]
(inter-observer kappa coefficient = 0.82–1.00; intra-observer kappa coefficient = 0.84–1.00).

Table 2. Description and categories for the dimensions related to the start and development of the team possession.

1-Possession type: way to start a team possession according to if the ball is in play or out of play. Two categories were considered:

(A) Transition play: when a player gains the possession of the ball by any means other than from a player of the same team with
the ball in play.

(B) Restart: when a player initiates the team possession after the ball was out of play. In these SSG, all the restarts were taken as
goal kicks by the goalkeeper.

2-Type of attack: degree of offensive directness and elaboration during the offensive process [38–41]. Two categories
were considered:

(A) Organized attack: (a) the possession starts by winning the ball in play or restarting the game; (b) in this type of team
possession the opposing team is organized defensively or is able to re-organize its collective defensive system during
the possession.

(B) Counterattack: the possession starts by winning the ball in play; the opponent is not organized defensively and is not
allowed to re-organize their collective defensive system during the team possession; the progression towards the goal
attempts to utilize a degree of imbalance right from start to the end with high tempo [39]; the circulation of the ball takes place
more in depth than in width, using a high percentage of penetrative passes. The intention of the team is to exploit the space
left by the opponent when they were attacking.

3-Possession width: occupation of the interior and/or exterior channels within the space of defensive occupation of the opponent
(SDO) [42] (Figure 2A). Three categories were considered:

(A) Minimum width: During the possession, the ball moves through one channel of the SDO.

Medium width: During the possession, the ball moves through two channels of the SDO© Maximum width: During the
possession, the ball moves through the three channels of the SDO.

4-Passes per possession: number of passes performed by the offensive team during the possession.
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Table 3. Description and categories for the dimensions related to the penultimate and last action of the possession.

5-Penultimate action: technical-tactical action performed immediately before the final action that allows the final player to have
the opportunity of shooting at goal. This action may be performed by the same player that shoots at goal (individual action) or by a
teammate that pass the ball to the final player (collective play). Four categories were considered:

(A) Individual action: the final player receives the ball without having a scoring opportunity but he succeeds in creating one by
means of an individual action such as dribbling, running with the ball, collecting a free ball, or shooting from distance (the
players shoot from outside the penalty box (Figure 1).

(B) Collective play: the penultimate player in the team possession performs a pass that allows the last player to have an
immediate scoring opportunity. This category has three sub-categories.

(C) b.1 Pass in behind the defense: pass from central channels of the field that breaks the opposing defensive line and allows the
receiver to have an immediate scoring opportunity in front of the goalkeeper.

(D) b.2 Cross: pass performed from the wide channels of the field in the opposing half (Figure 1) towards the penalty box [28]
that allows the receiver to have an immediate scoring opportunity.

(E) b.3. Goal pass: the final player receives an assist in form of a pass (different from a pass in behind and cross) from a different
player that allows him to have an immediate scoring opportunity.

6-Penultimate player: specific position of the player that performs the penultimate action. Five categories were considered
(A) Goalkeeper, (B) Central defender, (C) Full back, (D) Central midfielder, (EF) Forward

7-Penultimate invasive subspace: area within the space of defensive occupation (SDO) [42] of the opponent where penultimate
action is done (Figure 2A). Three categories were considered:

(A) Subspaces behind the defense (WBL, CB, WBR).
(B) Defensive subspace. (WDL, CD, WDL).
(C) Forward subspace (WFR, CF, WFL).

8-Last player: specific position of the player that performs the last action. Five categories were considered (A) Goalkeeper,
(B) Central defender, (C) Full back, (D) Central midfielder, EF) Forward.

9-Last action: technical action performed by the last player who had the GSO. Three categories were considered:

(A) Shoot with 1 contact: the possession ends with a shot on goal by means of a single contact.
(B) Shoot with 2 or more contacts: the possession ends with a shot on goal by means of two or more contacts.
(C) Header: the final player shoots at goal by heading the ball.

10-Offensive performance: degree of offensive success of the possession, based on the degree of penetration over the opposing
team and the achievement of GSO and goals. Three categories were considered:

(A) Scoring opportunity: the possession ends with a clear chance of scoring a goal during team possession (goals are included).
This includes all shots and all the chances of shooting that one player has inside the penalty box (the player is facing the goal,
there is not any opponents between him and the goal, and he has enough space and time to make a playing decision). The
shots taken from outside the penalty box are considered GSO when the ball passes near the goal (2 m or less with respect to
the goal).

(B) Offensive penetration: the team possession achieves to beat the forwards and midfielders’ lines of the opponent and face
directly the defensive line during the offensive sequence. However, the possession ends without creating any GSO. The
player(s) facing the defensive line has/have enough time and space to perform intended actions on the ball at the moment of
receiving the ball.

(C) No offensive penetration: the team possession does not achieve disorder and beat the forwards or midfielders’ lines of the
opposing team during the offensive sequence.

11-Last invasive zone: area within the space of defensive occupation (SDO) [42] of the opponent where last action is performed
(Figure 2A). Three categories and nine sub-categories were considered:

(A) Subspaces behind the defense (WBL, CB, WBR).
(B) Defensive subspace. (WDL, CD, WDL).
(C) Forward subspace (WFR, CF, WFL).
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Table 4. Comparison of playing tactics between the three different pitch configurations.

Category
Standard Long Wide

p * ES #

Mean ± SD (Median) Mean ± SD (Median) Mean ± SD (Median)

Type of attack
Counterattack 20.7 ± 13.4 (17.1) 34.6 ± 12.4 a (33.3) 27.4 ± 12.6 (26.8) 0.028 0.30
Positional attack 79.3 ± 13.4 (82.8) 65,3 ± 12.4 (67.7) a 72.6 ± 12.4 (73.2) 0.028 0.30

Passes per possession 5.0 ± 0.8 (4.9) 4.2 ± 1.2 (4.2) 4.53 ± 0.87 (4.6) 0.105 0.18

Transition play 45.7 ± 18.8 (46.4) 60.83 ± 15.95 (60.0) a 62.2 ± 12.4(63.5) a 0.010 0.39

Restart 54.4 ± 18.8 (54.0) 39.16 ± 17.21 (40.0) a 37.7 ± 12.4(36.4) a 0.010 0.39

Offensive width
Maximum width 29.7 ± 11.8 (29.3) 35.5 ± 19.6(36.6) 45.8 ± 17.0 (44.4) 0.083 0.21
Medium width 42.9 ± 17.7 (45.0) 37.8 ± 13.9 (38.7) 43.3 ± 18.1 (43.7) 0.517 0.06
Reduced width 27.3 ± 13.5 (25.0) 26.7 ± 17.8 (19.4) 10.9 ± 9.9 (12.5) a 0.018 0.34

Offensive penetration 49.1± 17.7 (50.0) 63.0 ± 15.2 (63.3) a 71.7 ± 17.4 (70.8) a 0.007 0.41

Scoring opportunity 26.9 ± 14.6 (28.6) 40.9 ± 21.0 (42.7) a 43.2 ± 17.8 (43.6) a 0.026 0.30

* Friedman Test. Values in bold indicate significant differences between pitch configurations. # Effect size calculated using the Kendall’s W
(coefficient of concordance; 0.1–0.3 = small effect; 0.3–0.69 = moderate effect; 0.70–1.0 = large effect size. a = significantly different (p < 0.05)
from the “standard” configuration.

Gréhaigne [43] as the “space that is constituted by the positions of the players located, at a given moment, in the periphery
the goalkeeper”. This space is subdivided into 9 different subspaces that define the level of 
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Figure 2. (A) Space of defensive occupation (SDO) of the defensive team [42]. This spatial organization is defined by

Gréhaigne [43] as the “space that is constituted by the positions of the players located, at a given moment, in the periphery

of a team in play, except the goalkeeper”. This space is subdivided into 9 different subspaces that define the level of

penetration and width in relation to the opponent (adapted from previous studies, [42–44]). These subspaces are dynamic

and change every second depending on the positioning on the opposing players. (B) Playing positions of players considered

in this study.

2.4. Statistical Analysis

Data was transcribed to a database created in the SPSS 20.0 program (SPSS, Chicago,
IL, USA). All results are reported as mean, standard deviations (mean ± SD), and medians.
Data represents the mean percentage of playing tactics or scoring opportunities imple-
mented or created by the teams in each pitch configuration format. To show the differences
between formats in the offensive penetration and creation of GSO, boxplot graphs were
displayed to assess and compare the shape, central tendency, and variability of the sample.
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The non-normality of the data was verified using the Shapiro–Wilk test. The Friedman
test (non-parametric ANOVA for repeated measures) was used to detect tactical differences
(dependent variables) between the three pitch configurations (independent variables).
Dunn–Bonferroni post hoc tests were carried out to determine the differences between
pairs. The confidence interval was set at 95%. The effect sizes were calculated using the
Kendall’s W (coefficient of concordance), (0.1–0.3 = small effect; 0.3–0.69 = moderate effect;
0.69–1.0 = large effect size).

3. Results

3.1. Collective Playing Tactics

Table 4 shows the playing tactics implemented by the teams during the SSG with
different pitch configurations. The long configuration registered higher percentage of
counterattacks (34.6 ± 12.4%) than the standard one (20.7 ± 13.4%) (p < 0.05) and both
long and wide had more team possessions that started by means of transition play than the
standard format (60.8 ± 15.9% and 62.2 ± 12.4% vs. 45.7 ± 18.8%, respectively) (p < 0.05).
Additionally, the wide configuration registered less team possessions that achieved reduced
width (10.9 ± 9.9%) in comparison with the standard format (27.3 ± 13.5%) (p < 0.05).
3.2. Offensive Performance

Figure 3 shows that both long (63.0 ± 15.2%) and wide (71.7 ± 17.4%) formats achieved
more offensive penetration than the standard format (49.1 ± 17.7%) (p < 0.05). In addition,
both long (40.9 ± 21.0%) and wide (43.2 ± 17.8%) were more effective in creating GSO than
the standard configuration (26.9 ± 14.6%) (p < 0.05).

– – –
˂ “standard” configuration.

˂

˂

 

˂ 0.05) from the “standard” configuration.

Figure 3. Box plot of the percentage of team possession that achieved (A) goal scoring opportunities

and (B) offensive penetration during the different pitch configuration of the SSG. The box indicates

the 25th and 75th quartiles and the central line is the median. The ends of the whiskers are the 2.5%

and 97.5% values. Values outside the range of the whiskers are extreme values. Mean is represented

with a black dot. a = significantly different (p < 0.05) from the “standard” configuration.
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3.3. Goal Scoring Opportunities

Table 5 shows the playing tactics implemented when creating GSO. No significant
differences were found for all the dimensions except for the offensive width, where the
wide format registered lesser frequency of team possessions that had reduced width
(10.9 ± 14.8%) than the long format (30.1 ± 31.8%) (p < 0.05).

Table 5. Comparison of playing tactics between the three different pitch configurations in the team possessions that led

to GS.

Category
Standard Long Wide

p * ES #

Mean ± SD (Median) Mean ± SD (Median) Mean ± SD (Median)

Type of attack
Counterattack 35.3 ± 35.2 (35.9) 47.8 ± 33.5 (40.0) 25.8 ± 22.1 (33.3) 0.412 0.07
Positional attack 64.7 ± 35.18 (55.5) 52.2 ± 33.5 (60.0) 74.2 ± 22.1(67.2) 0.412 0.07

Pass number 4.5 ± 2.24 (4.9) 4.5 ± 2.7 (3.90) 4.5 ± 1.3 (4.5) 0.667 0.03

Type of start
Transition play 47.8 ± 41.2 (53.3) 75.4 ± 20.9 (70.8) 55.1 ± 32.1 (60.0) 0.233 0.12
Restart 52.2 ± 41.2 (46.6) 24.6 ± 20.9 (29.1) 44.8 ± 32.1 (40.0) 0.233 0.12

Offensive width

Maximum width 29.7 ± 37.8 (16.6) 43.7 ± 36.4 (40.0) 48.9 ± 30.73(45.5) 0.636 0.38
Medium width 54.4 ± 41.2 (58.3) 26.1 ± 28.9 (20.00) 40.1 ± 34.5 (40.0) 0.320 0.95
Reduced width 15.8 ± 24.5 (0.0) 30.1 ± 31.8 (22.50) 10.9 ± 14.8 (0.0) b 0.018 0.36

* Friedman Test. Values in bold indicate significant differences between pitch configurations. # Effect size calculated using the Kendall’s W

(coefficient of concordance; 0.1–0.3 = small effect; 0.3–0.69 = moderate effect; 0.70–1.0 = large effect size b = significantly different (p < 0.05)
from the “long” configuration.

Regarding the penultimate action when creating GSO (Table 6), the wide configuration
produced more assists in the form of crosses (43.0 ± 25.1%) than the long (13.3 ± 20.5%)
and standard formats (16.6 ± 28.6) (p < 0.05). In addition, the wide configuration had
more utilization of wide subspaces (65.3 ± 20.8%) to assist the final player than the long
configuration (29.2 ± 22.0%) (p < 0.05). Finally, the long configuration registered more
passes in behind the defense (30.8 ± 31.5 than the wide format (12.8 ± 24.0%) (p < 0.05).

Table 6. Comparison of the penultimate action between the three different pitch configurations in the team possessions that

led to GSO.

Category
Standard Long Wide

p * ES #

Mean ± SD (Median) Mean ± SD (Median) Mean ± SD (Median)

Penultimate action
Individual play 55.0 ± 43.9 (53.3) 34.4 ± 30.4 (36.6) 37.6 ± 30.2 (33.3) 0.368 0.08
Cross 16.6 ± 28.6 (0) 13.3 ± 20.5 (0) 43.0 ± 25.1 (36.6) a,b 0.025 0.31

Pass in behind 11.4 ± 18.0 (0) 30.8 ± 31.5 (20.0) 12.8 ± 24.0 (0) b 0.034 0.28
Goal pass 16.9 ± 30.9 (0) 21.4 ± 30.2 (10.0) 6.5 ± 12.1 (0) 0.629 0.39

Assisting player

Central Back 0 (0) 5.5 ± 16.6 (0.0) 10.6 ± 18.6 (0.0) 0.368 0.14
Full Back 56.7 ± 31.3 (50.0) 37.9 ± 42.4 (20.0) 65.9 ± 33.8 (66.7) 0.432 0.12
Midfielder 24.3 ± 38.2 (0.0) 20.00 ± 33.5 (0.0) 11.4 ± 30.3 (0.0) 0.444 0.12
Forward 19.0 ± 24.4 (0.0) 37.6 ± 43.3 (33.3) 12.1 ± 16.8 (0.0) 0.390 0.13

Assisting Space (width level)
Central subspaces 56.1 ± 34.0 (50.0) 68.7 ± 20.1 (66.7) 34.7 ± 20.8 (33.3) b 0.016 0.35

Wide subspaces 43.9 ± 34.0 (50.0) 29.2 ± 22.0 (33.3) 65.3 ± 20.8 (66.7) b 0.016 0.35
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Table 6. Cont.

Category
Standard Long Wide

p * ES #

Mean ± SD (Median) Mean ± SD (Median) Mean ± SD (Median)

Assisting space (penetration level)
Subspace behind the defense 19.4 ± 32.4 (0) 27.5 ± 31.7 (25.0) 26.5 ± 24.1 (29.1) 0.704 0.03
Defensive subspace 80.6 ± 32.4 (100) 72.5 ± 31.7 (75.0) 73.5 ± 24.1 (70.8) 0.704 0.03

* Friedman Test. Values in bold indicate significant differences between pitch configurations. # Effect size calculated using the Kendall’s W
(coefficient of concordance; 0.1–0.3 = small effect; 0.3–0.69 = moderate effect; 0.70–1.0 = large effect size. a = significantly different (p < 0.05)

from the “standard” configuration. b = significantly different (p < 0.05) from the “long” configuration.

As for the last action when creating GSO, Table 7 shows that no significant differences
were found for the final player and the final subspaces either in width or penetration level.
As regards the last technical action, a greater number of headers was found in the wide
configuration (16.6 ± 18.4%), in comparison with the long format (1.7 ± 5.8%).

Table 7. Comparison of the final action between the three different pitch configurations in the team possessions that led

to GSO.

Category
Standard Long Wide

p * ES #

Mean ± SD (Median) Mean ± SD (Median) Mean ± SD (Median)

Final player
Central Back 5.5 ± 12.9 (0) 7.5 ± 11.7 (0) 2.1 ± 7.2 (0) 0.431 0.07
Full Back 18.3 ± 29.7 (0) 23.0 ± 30.7 (10.0) 7.9 ± 12.9 (0) 0.449 0.07
Midfielder 16.7 ± 38.9 (0) 8.9 ± 16.1 (0) 16.9 ± 22.8 (8.3) 0.446 0.07
Forward 59.4 ± 43.3 (73.3) 60.5 ± 29.8 (60.0) 71.0 ± 25.2 (70.8) 0.452 0.07

Final Space (width level)
Central subspaces 74.7 ± 32.9 (10.0) 73.6 ± 30.9 (81.6) 74.4 ± 20.2 (75.0) 0.836 0.01
Wide subspaces 25.3 ± 32.9 (90.0) 26.5 ± 30.9 (18.8) 25.5 ± 20.2 (25.0) 0.836 0.01

Final space (penetration
level)
Behind the defense 60.0 ± 37.5 (50.0) 52.16 ± 33.38 (45.0) 53.5 ± 29.1 (50.0) 0.832 0.01
Defensive subspace 40.0 ± 37.6 (50.0) 47.91 ± 33.34 (55.0) 46.5 ± 29.1 (50.0) 0.832 0.01

Last action
Shot (2 contacts) 76.9 ± 25.1 (83.3) 55.8 ± 38.6 (66.7) 47.2 ± 29.5 (50.0) 0.232 0.12
Shot (1contact) 18.8 ± 24.4 (0) 42.5 ± 40.1 (33.30) 36.1 ± 34.8 (29.1) 0.423 0.07
Header 4.2 ± 14.4 (0) 1.7 ± 5.8 (0) 16.6 ± 18.4 (12.5) b 0.022 0.32

* Friedman Test. Values in bold indicate significant differences between pitch configurations. # Effect size calculated using the Kendall’s W

(coefficient of concordance; 0.1–0.3 = small effect; 0.3–0.69 = moderate effect; 0.70–1.0 = large effect size. b = significantly different (p < 0.05)
from the “long” configuration.

4. Discussion

The aim of this study was to explore the tactical effects of different pitch configurations
on the collective playing tactics and the creation of goal scoring opportunities during SSG
in youth soccer players. Our research observed that manipulating the pitch configuration
during SSG to make the field “longer” or “wider” can modulate some of the technical and
tactical actions performed by players and teams to create GSO.

To our knowledge, this study is the first to analyze the tactical creation of GSO in
SSG with different pitch configurations by means of observational methodology. This
fact makes it difficult to compare our findings with other studies, since previous studies
evaluated the effects of different pitch shapes on physical and physiological variables [45],
as well as on collective team behaviors [19,33] and technical actions [26] However, some of
their findings may be useful for the interpretation of our results.

First of all, both the long and the wide configurations created more ball transitions
between teams in open play, more counterattacks, more offensive penetration, and more
GSO than the standard format. These tactical aspects may be due to the change in the
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space constraints experienced by the players. For instance, the study of Coutinho et al. [19]
observed that SSG with standard condition registered higher collective movement synchro-
nization in both longitudinal and lateral directions, in comparison to other formats such as a
sided configuration. Although the methodology used in the research of Coutinho et al. [19]
is very different from our study, their findings could help in the interpretation of our
results. In this regard, a possible higher collective synchronization in the standard format
would create a more defensively organized scenario in which penetrating and creating GSO
could be more difficult than in the other formats, in which the different spatial constraints
may reduce the collective organization and create a more open context to break lines of
the opponent.

For example, the long configuration offers a tactical context where the reduced spatial
width may provoke teams trying to advance the opposing goal with more verticality. This
scenario may cause more ball losses and changes in the ball possessions between teams
in open play, but also it could contribute to creating more “attempts” to break opposing
lines, which would explain the higher offensive penetration and number of GSO than the
standard format. In addition, the long configuration increases the distance that teams need
to cover to reach the opposing goal or to move back to defend the own goal. In fact, the
study of Folgado et al. [26] observed that increasing the field’s length contributes to an
increase in team’s length and the distances between the team’s centroids, which can create
more space between the lines of the defensive team. This tactical constraint can increase the
opportunities to perform counterattacks to exploit the space left behind by the opponent
when trying to attack, which could lead to more offensive penetration and GSO than in the
standard configuration.

As for the wide configuration, two main constraints can influence the modulation of
the offensive process in comparison with other formats. On one hand, the wide format
reduces the length of the field in comparison to the standard or long formats, which reduces
the distance between goals and may make it easier to reach shooting areas, explaining the
higher degree of offensive penetration and GSO. Our results agree with Folgado et al. [26]
who observed more shots per player in a wider field (30 × 40 m) rather than in a standard
one (40 × 30 m). On the other hand, this configuration allows the offensive team to have
more space to progress in the wide channels, which makes it more demanding for the
defensive team to move laterally and prevent the offensive penetration. In this sense,
the study of Folgado et al. [26] observed that increasing the field’s width contributes to
increases in the team’s width, which indicates that teams need to increase the distance
between teammates to cover more space laterally, which can also help the offensive team
penetrate through the interior subspaces of the defensive team. In addition to a higher
team’s width, Coutinho et al. [19] observed that a sided pitch did not lead to a higher time
spent synchronized compared to the standard configuration. These findings defend the
idea that in wider fields, the coordination between teammates decreases, which could lead
to more opportunities for the offensive team to penetrate and create GSO.

Regarding the team possessions that led to GSO, the main findings of our study
revealed that the wide configuration created more GSO by crossing than the rest of the
formats, as well as more headers as the final action than the long configuration. Meanwhile,
the long format had a higher frequency of penultimate actions in the form of passing in
behind the defense than the wide format.

These results indicate that players explored and implemented different solutions to
achieve GSO during the different SSG. For example, the long configuration offers a tactical
context where the defensive team may not only have more length but they could also leave
more space between their defensive line and the goalkeeper. Under these conditions, the
offensive team may have more opportunities to make runs in behind the defensive line to
try to exploit this subspace and create GSO. Interestingly, Folgado et al. [26] observed that
more elongated pitch elicited more distance covered at high intensities, higher number of
forward passes, and a larger distance between the goalkeeper and the last defender. In
this tactical context, teams seem to play more vertical in order to gain advantage of the
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unoccupied space between the last defender and the goalkeeper, which makes players
explore a different way of creating GSO than in a wider field, where the spatial constraints
offer another tactical context.

In the wide configuration, offensive teams took advantage of the higher field width
to perform more crosses from exterior channels of the field and wide subspaces of the
opponent. Probably due to the higher frequency of crosses, more headers were found in
this configuration. In this line, Frencken et al. [33] suggested that the availability of more
lateral space at wider pitches offers players the opportunity to move into these regions,
increasing teams’ lateral displacement. In this manner, making the field wider seems to
increase the importance of crossing and heading to create GSO.

Our study agrees with previous studies [19,26] in suggesting that altering the length
and width of the pitch influences players’ tendencies to explore along the goal-to-goal
and lateral-to-lateral axes. This modulation of the pitch configuration adds variability to
the SSG and promotes the players’ tactical exploration and movement variability, which
promotes the emergence of different tactical solutions to create GSO.

Limitations and Practical Applications

This study has several limitations. Firstly, the fact of only using observational method-
ology may not capture the entire complexity of soccer actions and interactions, as previous
studies based on ecological models have claimed [46–48]. Secondly, this study did not
measure collective and positional variables (team width and length, centroid distance, etc.),
physical or physiological variables (heart rate, distance covered, accelerations, decelera-
tions, etc.), or the accumulated training load, as other similar studies did [19,26,33,45,49].
Finally, this study only focused on offensive dimensions, while the possible effects of
different pitch configurations on the defensive playing tactics were not analyzed.

Nevertheless, this study has important practical applications. Our findings suggest
that soccer coaches should consider the manipulation of the pitch configuration to ex-
pose players to different spatial constraints and make them explore multiple solutions to
create GSO.

5. Conclusions

In conclusion, the long and wide configurations produced more counterattacks, higher
offensive penetration, and more GSO than the standard format. Regarding the creation of
GSO, the wide configuration produced more assists in the form of crosses than the long
and standard formats, more utilization of wide subspaces to assist the final player, greater
number of headers as the final action, and less assists in the form of passes in behind the
defense than the standard configuration.

Thus, the modulation of the spatial constraints by changing the pitch configuration
during small sided soccer games produces different tactical demands, which requires play-
ers to adapt to the spatial context and implement different tactical solutions to create GSO.
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Abstract: To develop a methodology for predicting success in artistic swimming based on a set of

morphofunctional indicators and indices, 30 schoolgirls, average age (12.00 ± 0.22), were divided

into two groups. Group 1: 15 athletes, training experience 4–5 years. Group 2: 15 schoolgirls without

training experience. For each participant, we determined the length and weight of the body, the

circumference of the chest, vital lung capacity, and the circumference of the biceps in a tense and

at rest. The Erisman index, biceps index, and the ratio of proper and actual vital lung capacity

was calculated. Them, we conducted the Stange and Genchi hypoxic tests, and flexibility tests for

“Split”, “Crab position”, and “Forward bend”. Prediction was conducted using the Wald test with

the calculation of predictive coefficients and their informativeness. A predictive table containing

results of functional tests and indices of artistic swimming athletes is developed. It includes nine

criteria, which informativeness varied in the range of 395.70–31.98. The content of the prediction

consists of evaluating the results, determining the appropriate predictive coefficient, and summing

these coefficients before reaching one of the predictive thresholds. The conducted research allowed

us to substantiate and develop a method for predicting the success of female athletes with the use of

morphofunctional indicators and indices.

Keywords: artistic swimming; prognosis; success; morphofunctional; indicators; indices; func-

tional tests

1. Introduction

The selection and prediction of the growth of athletes’ skills are the priority tasks of
modern sports science [1–4]. Predicting, in a broad sense, means anticipatory reflection of
the future and the identification of trends in the dynamics of a particular object based on
an analysis of its condition in the past and present. The development of the prediction in
the narrow sense is a special scientific research of concrete development prospects of any
phenomenon. Predicting sports performance involves identifying predictors of success,
analyzing their informativeness and making the dependent between them.

Sports prediction is an important part of sports statistics, the development of which is
closely related to interdisciplinary integration. Huang and Shen [5] analyzed research on
sports prediction and highlighted the main problems and shortcomings. It is concluded
that the theory of sports predicting requires improvement.

Another study analyzed the possibility of applying different methods for sports pre-
diction of results [6]. The authors concluded that the combination of methods significantly
increases the probability of prediction. The study by Roberts et al. [7] was dedicated to
identifying talented athletes based on predicting. The review and meta-analysis revealed a
key topic of “coach instinct” as a main component of talent identification decisions.
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Other authors suggest that the application of various mathematical methods allows
us to obtain more accurate predictions in sports than subjective expert assessments [8]. It
is argued that statistics and analytical methods are becoming increasingly important in
basketball [9]. It is determined that players’ performance prediction is a serious problem.
The authors propose a methodology based on methods of processing rare and irregular
data. The results demonstrate the competitiveness of the approach used.

Analyzing the features of sports prediction, Aldous [10] concludes that the use of
special algorithms is important. Sports prediction should consider the rating system,
answering questions arising in the process of model analysis. Other researchers developed
a method for predicting an increase in the efficiency of training 400 m runners [11]. This
method allows us to quickly assess the dynamics of physical fitness. It ensures the reliability
and quality of prediction based on the training plan.

Other studies present approaches to assess the probability of talent selection in hand-
ball [12]. The system used included the general and special tests; assessments made by
qualified professionals during training camp; and analysis of athletes’ activities in the game
based on video. The results of tests revealed the major coincidence of predictions.

Kalina et al. [13] justified the use of various tests to diagnose the abilities and capabili-
ties of athletes. A conclusion is made about the effectiveness of hardware and simulation
techniques. Another study considered predicting the results of an anaerobic sprint and
800 m running test at critical speed [14]. The ability of anaerobic distance was determined
to be a significant predictor of anaerobic sprint test results and 800 m running results.

Thus, the available literature suggests the possibility of predicting success in sports
based on the use of functional tests and the application of various mathematical methods.
However, in artistic swimming (AS), this problem does not yet have a final solution. This
determined the relevance of this study.

The aim of the study is to develop a method for predicting the success in artistic
swimming based on a set of morphofunctional indicators and indices.

2. Materials and Methods

2.1. Ethics Statement and Participants

This study was approved by the Bioethics Committee for Clinical Research and con-
ducted according to the Declaration of Helsinki (protocol of the Commission on Bioethics
of the Kharkiv State Academy of Physical Culture No. 25).

The results of the survey of 30 schoolgirls, average age (12.00 ± 0.22) was used as
the main materials of the study. The participants were divided into two groups. The first
group included 15 AS athletes with 4–5 years training experience, and the second group
included 15 schoolgirls who are not engaged in sports. All participants and their parents
were informed about the purpose and objectives of the study, informed about the absence
of possible harm to their health and gave the written consent to participate in the study.

2.2. The Design of the Study

The following parameters were determined to assess physical development: the body
length (BL) and body weight (BW), chest circumference (CC) in the pause, vital lung
capacity (VLC), and biceps circumference in a tense and at rest. The measurements were
performed according to the requirements of the international unified methodology of
anthropometric research [15].

The level and harmony of physical development was determined using the available
age and gender standards of physical development of schoolchildren [16]. The regression
scale method was used. The interval represented by body length determined the level of
physical development. Development was considered harmonious if body weight and chest
circumference were in the range M ± δR.

The following indices of physical development were calculated:
(1) Erisman index

ie = t − 0.5 · l (1)
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where ie is the index, t is the chest circumference at rest (cm), and l is the body length (cm).
(2) The proper vital lung capacity (pvlc) was calculated using the formula:

pvlc = (l · 0.041) − (b · 0.018) − 3.7 (2)

where l is the body length (cm) and b is age (years).
The ratio of pvlc to actual vlc was found.
(3) biceps index

ib = (lb1 − lb2)/lb2 (3)

where lb1 is the biceps circumference in a tense condition (cm) and lb2 is the biceps
circumference at rest (cm).

Hypoxic Stange (inhalation delay time, s) and Genchi (exhalation delay time, s) tests
were used to assess the functional condition of the respiratory system.

The “Splits”, “Crab position”, and “Forward bend” tests were used as specific func-
tional tests. These tests are used for selection in the AP according to the current training
programs in this sport.

The “Splits” test: The participant is asked to perform the forward split. Behind her
is a tripod, on which bars lie on the head. The distance from the floor to the inguinal
region (cm) is measured. In the AS athletes, the leg is put forward, the heel resting on the
gymnastic bench.

The “Crab position” test: The athlete is lying flat on her back. The athlete pulls her
feet close to her buttocks, rests her hands at shoulder level and stretches upwards. The
distance between the palms and heels (cm) is measured.

The “Forward bend” test: The athlete is in a standing position, feet together. The
athlete bends forward while holding the leg grip. The bend time (s) is fixed.

2.3. Statistical Analysis

The analysis of the obtained data was performed using licensed MS Excel. The Wald
test was used as a tool for solving the predictive problem [17,18]. The method is a predictive
table, which includes predictive coefficients of signs and their informativeness. Predictive
coefficients were calculated using the formula:

pc = 10 · log {[p1 · (d1/s)]/[p2 · (d2/s)]} (4)

where pc is a predictive coefficient; s is the total number of people in the group; d1 is the
number of test persons who had a value more than the average value in group 1; d2 is the
number of test persons who had a value more than the average value in group 2; p1 is
the probability of exceeding the average value in group 1; and p2 is the probability of
exceeding the average value in group 2.

The predictive coefficients, in the case of the value being lower than average, were
found similarly.

The informativeness is calculated by the formula:

i = pc · 0.5 · {[p1 · (d1/s)]/[p2 · (d2/s)]} (5)

where i is the informativeness, and other designations are the same as in the previous
Formula (4).

3. Results

The developed methodology for predicting success is given in Table 1.
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Table 1. Methods for predicting the athletes’ success in artistic swimming.

Indicators
Predictive Coefficients

Informativeness
Availability Absence

The ratio of VLC to the PVLC is
more than 1

10.8 −6.7 395.70

Biceps index more 6.7% 10.0 −4.5 300.00
Weight deficit of body in relation to

age norms
9.5 −3.7 254.46

The time to perform the “Forward
bend” test more than 10 s

6.7 −10.8 245.30

Splits less than 0 cm 6.7 −10.8 245.30
The result of the Stange test higher

than the age norm, s
3.8 −5.2 88.72

The result of the Genchi test higher
than the age norm, s

3.0 −4.8 60.21

The Erisman index less than 0 cm 2.4 −8.5 48.61
The “Crab position” test result is less

than 60 cm
1.9 −7.8 31.98

The predictive table includes the indicator title, the value of its predictive coefficients
and the value of informativeness. The indicators in the table are arranged in descending
order of informativeness. This minimizes the number of steps in the predicting procedure
and reduces the number of possible errors. In the case of the same value of informativeness,
the order of location is determined randomly. The value of informativeness below 30.0 is
considered insignificant. Indicators with the same or less informativeness are excluded in
the table.

The individual prediction is made by successive summation of the values of the predic-
tive coefficients peculiar to the inspected before reaching one of the thresholds. When the
indicator specified in the table is performed, the availability indicator is summed. When the
indicator specified in the table is not performed, the absence factor is summed. The value
of the allowable error is 5%, which corresponds to the value of the threshold of 13 points.
Upon reaching the threshold (+13), a conclusion is made about the high probability of
success and growth of athletes’ skills (p < 0.05). Upon reaching the threshold (−13), a
conclusion is made about the low probability of success (p < 0.05). If, after completion of
the table, none of the thresholds are reached, it is concluded that the prediction is uncertain
and additional research is necessary.

4. Discussion

Artistic swimming is a unique sport with complex choreographic exercises performed
both above the water surface and underwater. This sport requires athletes to have a high
level of physical training, mastery of complex technical skills, and artistry. Viana et al. [19]
emphasizes the high physical and physiological requirements for the athlete in this sport.
The most significant are the need to adapt to long periods of apnea underwater during
performing intense activities.

The development of a methodology for predicting success is most relevant at the
stage of preliminary basic training. It is due to the specifics of this stage. Athletes had a
certain level of morphofunctional indicator development, important for success. The level
of mastering specific technical skills and abilities is still insufficient. Thus, predicting at
this stage allows us to determine the feasibility of further training of athletes.

The Wald test is widely used in biomedical research for prediction [17,18]. The
application of this method allowed us to develop methods for predicting the success of
arm wrestling athletes [20] and kickboxing athletes [21]. The advantages of this method
include the ability to choose the probability of prediction [17,18]. The probability of the
prediction can vary in the range of 80–99.9%, depending on the selected threshold value
(8–30 points). It allows us to significantly increase the efficiency of the prediction. To obtain
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a reliable prediction, 7–10 indicators in the prediction table are enough. The technique
developed by us includes nine indicators. This allows us to consider it informative.

The sequential analysis procedure requires a comparison of two groups. In the context
of our study, these are groups of AS athletes and non-athletes. Such a research design is
common in sports science.

Li et al. [22] compared the condition of the elite AS athletes with the condition of non-
athlete female students of the same age. A similar design was used in another study [23].
The authors compared anthropometric data of preschool children. It is a positive effect
of the AS classes on the physical development of children. Another review presents data
from the analysis of physiological parameters of the AS athletes and persons who did not
engage in this sport [24]. The authors note the need to standardize the results.

The developed predictive table includes indices and results of functional tests, which
determine the success in AS. This approach allows us to provide an integrated assessment
of the condition of athletes, to increase the efficiency of the prediction. Similar data are
available in the literature. Solana-Tramunt et al. [25] studied the possibility of monitoring
the effect of training of AS athletes. The conclusion is made about the need for an integrated
approach, with the use of various methods and indicators.

The available results confirm the legitimacy of including the results of functional
tests in the predictive methodology. Escriva-Selles et al. [26] note the prospects of using
functional tests to assess the effectiveness of training in the AS.

The index method is used for sports selection and prediction [27–29]. Harty et al. [30]
used a fat mass index for selection in AS. The values of this index were significantly lower
than in strength sport athletes. It is assessed as an illustration of the specifics of the impact
of sport on the body of female athletes.

The functional state of the respiratory system should be recognized as a major factor in
the success of AS athletes. The index of the ratio of actual and proper VLC and the results
of Stange and Genchi tests are used for predicting. An increase in this index confirms the
growth of functionality. The results of functional tests exceeding the age norm illustrate
high resistance to hypoxia. It reflects the expansion of the functionality of athletes.

The data available in the literature confirm the validity of these assumptions. Garcia
et al. [28] reported an increase in hypoxia resistance of the elite AS athletes compared to
age standards.

Rovnaya et al. [31] confirmed the increased functionality of the external respiratory
system of AS athletes. There was a direct correlation between the increase in functionality
and the level of sportsmanship in the AS. The maximum value of the tidal volume and the
minimum value of the respiratory rate were established at all stages of the hypoxic test in
elite athletes of artistic swimming in comparison with beginners and sub-elite athletes.

The results of the biceps index obtained by us confirm the high level of development
of shoulder muscles in AS athletes. It also illustrates the specifics of training in this sport.
Exercises for the arm muscles are an important component of training; this quality is
necessary to perform complex technical elements in such a sport as AS.

Similar results were obtained in another study [32]. The authors conclude that it is
necessary to perform weightlifting exercises in the training of the AS athletes. Another
study confirmed the importance of shoulder muscle balance in the AS athletes [33].

The deficit of body weight in AS athletes is due to the peculiarities of their mor-
phological and nutritional status. Gracilization is one of the predictors of success in this
sport. Its main manifestation is a deficit of body weight due to the reduction in the fat
component. This coincides with the available literature data. It is determined that the
increase in training experience in AS contributes to the increase in disharmony of physical
development due to body weight deficit [34].

The assumption confirmed by the Erisman index, which is included in the predictive
method. This index reflects the harmony of physical development due to the body muscles.
The negative value of this indicator confirms the disharmony of development.
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Other researchers provided similar data [35]. The authors determine changes in the
homeostatic status of the AS athletes. This refers to changes in body weight under the
influence of prolonged and intense training.

Similar results were obtained by Grznar et al. [36]. The authors concluded that the
predictor of success in AS is low body weight (lower percentage of fat). In another study, the
features of body composition and nutritional status in AS athletes were investigated [37].

A review by Robertson and Mountjoy [38] reported a high prevalence of specific
energy deficiency syndrome in sports (RED-S) in AS athletes. This syndrome refers to
impaired physiological function, including metabolic rate, menstrual function, bone health,
immunity, protein synthesis, and cardiovascular health. It leads to psychological conse-
quences that can either precede (due to restrictive dietary habits) or be the result of RED-S.

The motor tests “Crab position,” “Forward bend”, and “Splits” allow us to estimate
the level of flexibility of AS athletes. The high level of flexibility allows athletes to perform
difficult technical elements of such a sport as AS. The importance of this quality for success
in AS has also been confirmed by a number of studies. Cho et al. [39] determine that
synchronous swimmers had an increased range of motion in the joints of the spine and
upper and lower extremities compared to swimming athletes. Other authors have studied
the diagnostic validity of various functional tests in the AS athletes to assess functional
disorders of the upper extremities [40]. The amplitude of movements of the shoulder and
elbow joint can be used as tests of the strength of the upper extremities, criteria for the
effectiveness of rehabilitation after injury.

5. Conclusions

Our research allowed us to develop a method for predicting success in the AS. The
method is based on the Wald test and includes morphological parameters, results of
functional tests, and indices based on them. The proposed method is a simple, informative,
and objective tool for monitoring and managing the condition of AS athletes. Determining
the indicators used is simple and accessible. It allows us to conclude the availability, clarity,
and financial feasibility of the prediction.

The developed methodology can be used by coaches when selecting for artistic swim-
ming, as well as a tool for controlling the fitness of athletes. In monitoring the state of
artistic swimming athletes, it is necessary to use a set of indicators reflecting physical
development (body weight deficit), indices of the state of the respiratory system (ratio of
VLC to proper VLC), muscular system (Erisman index and biceps index), results of tests of
the state of the respiratory system (Stange test and Genchi test) and flexibility (tests “Crab
position”, “Forward bend”, and “Splits”).
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Abstract: The purpose of this study was to analyze the acute effects of a standardized water training

session on the shoulder rotators strength and balance in age group swimmers, in order to understand

whether a muscle-strengthening workout immediately after the water training is appropriate. A

repeated measures design was implemented with two measurements performed before and after a

standardized swim session. 127 participants were assembled in male (n = 72; age: 16.28 ± 1.55 years,

height: 174.15 ± 7.89 cm, weight: 63.97 ± 6.51 kg) and female (n = 55; age: 15.29 ± 1.28 years,

height: 163.03 ± 7.19 cm, weight: 52.72 ± 5.48 kg) cohorts. The isometric torque of the shoulder

internal (IR) and external (ER) rotators, as well as the ER/IR ratios, were assessed using a hand-held

dynamometer. Paired sample t-tests and effect sizes (Cohen’s d) were used (p ≤ 0.05). No significant

differences were found on the shoulder rotators strength or balance in males after training. Females

exhibited unchanged strength values after practice, but there was a considerable decrease in the

shoulder rotators balance of the non-dominant limb (p < 0.01 d = 0.366). This indicates that a single

practice seems not to affect the shoulders strength and balance of adolescent swimmers, but this

can be a gender specific phenomenon. While muscle-strengthening workout after the water session

may be appropriate for males, it can be questionable regarding females. Swimming coaches should

regularly assess shoulder strength levels in order to individually identify swimmers who may or

may not be able to practice muscle strengthening after the water training.

Keywords: swimming; isometric strength; muscle balance; shoulder rotators

1. Introduction

The shoulder rotator muscles play a critical role in providing stability and mobility
to the glenohumeral joint and shoulder joint complex [1]. In competitive swimming, the
propulsive forces responsible for the total body displacement are produced mainly by the
upper limbs through the arm adduction and shoulder internal rotation [2]. As such, the
swimmers are classified as overhead athletes [3] because high levels of stress are installed
in the upper body sections.

There is evidence that water training induces shoulder muscle imbalances [4]. The
shoulder adductor and the internal rotator (IR) show a tendency to become proportionally
stronger when compared to their antagonists. In addition, higher volumes of swimming
training are associated with shoulder pain and injury [5]. Without the addition of preven-
tive measures, this can lead to an acute or chronic injury process [6].
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Shoulder strengthening programs are part of the training season and require detailed
planning [3,7]. Evidence suggests that dryland workouts must be maintained throughout
the entire sports season, otherwise the effects of detraining are felt [4]. Few studies have
focused on shoulder rotator strengthening in competitive swimmers. Batalha et al. [8] found
that a 10-week dryland training program reduced muscle imbalance and fatigue. Kluemper
et al. [2] also reported increases in the shoulder rotators strength after a 6-week training
program with consequent postural improvements. So, regular shoulder strength workouts
are essential to maintain the integrity and longevity of the swimmers’ glenohumeral
joint [8].

Most times dryland strength training and in-water training are applied within the
same training session. Coaches regularly assign dryland strength training before the
swimming practice due to time-consuming issues [3,9]. However, it remains unclear when
these workouts should be implemented and the impact an in-water session has on shoulder
fatigue. It is not consensual if a single water session will compromise the shoulder joint
and muscles, and what would be the degree of fatigue installed. The increasing fatigue in
shoulder muscles, especially in the rotator cuff group, was identified as a possible cause of
shoulder dysfunction [10] and was associated with performance decrements and a higher
risk of injury [11]. Regarding the performance of muscle strengthening programs before the
water training, Batalha et al. [9] evaluated the acute effects on the shoulder rotator strength.
They concluded that shoulder rotator endurance and balance do not seem to be impaired
after undergoing a shoulder rotator injury-prevention training program. However, to the
best of our knowledge, there are no studies that assess the effects water training may have
on the strength and balance of the shoulder rotators. Hence, it is crucial to understand
whether it would be possible to implement a shoulder rotator strengthening program
after swimming practice. Thus, the aim of this study was to analyze the acute effects of a
standardized water training session on the strength and balance of the shoulder rotators
in adolescent swimmers. It was hypothesized that a swimming training session would
significantly reduce the shoulder rotator strength levels and muscle balance, limiting the
performance of the dryland training afterward.

2. Materials and Methods

2.1. Participants

One hundred and twenty-seven national-level adolescent swimmers participated
in this study. All participants were recruited from the clubs that agreed to participate
in the study. Seventy two participants were males (age: 16.28 ± 1.55 years, height:
174.15 ± 7.89 cm, weight: 63.97 ± 6.51 kg, training/week: 6.75 ± 0.86 sessions, train-
ing time/day: 126 ± 26.39 min), and 55 were females (age: 15.29 ± 1.28 years, height:
163.03 ± 7.19 cm, weight: 52.72 ± 5.48 kg, training/week: 6.52 ± 0.57 sessions, training
time/day: 115 ± 16.23 min) who met the following inclusion criteria: (i) do not have any
clinical history of upper limb disorders; (ii) compete at the national level; and (iii) have
a minimum of 10 h of training per week. The main goals of the study were explained
to all participants and their legal guardians, who signed an informed consent allowing
their participation. This research was approved by the ethics committee of the seeding
institution. The research was undertaken in compliance with the Declaration of Helsinki
and the international principles governing research on humans and animals.

2.2. Procedures

Before the data collection, all participants completed a questionnaire that included
questions on hand dominance, shoulder injury, pain, and swimming training frequency. All
subjects performed a 5-min shoulder warm-up with articular mobility and resistance tubing
with the same directions used for testing. The IR and ER cuff strength data were collected
during isometric actions performed with the microfet 2™ Digital Handheld Muscle Tester
(Hoggan health, Draper, UT, USA), which is an accurate, portable Force Evaluation and
Testing device, with a sample frequency of 10 sample/second. It is a modern adaptation
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of the time-tested art of hands-on manual muscle testing. The hand-held dynamometer
(HHD) has wireless capability, is battery operated, and is ergonomically designed to fit
comfortably in the palm of the hand. The reliability of this device to measure ER/IR ratios
has already been documented [12]. An experienced tester with more than 10 years of
experience performing muscle strength measurement with an HHD conducted all the tests.

Shoulder ER and IR strength were evaluated with the exact same methodology before
and after a standardized swimming training. Tests were performed bilaterally in prone
position with 90◦ of shoulder abduction and 0◦ of rotation with the elbow flexed to 90◦

(Figure 1). This position was considered the most suitable to replicate the arm position
during the stroke, while also being repeatable [13,14]. Additionally, it has been used in
previous studies within the same topic [3,15]. The order of testing position, sides (dominant,
non-dominant), and motions (internal rotation, external rotation) was randomized. The
tester stabilized the humerus distally against the stretcher, and the participants used the
opposite arm to grasp it next to the test table for support. The HHD was placed just
proximal to the ulnar styloid process on the anterior surface of the forearm to assess the IR
strength. To assess the ER strength, the HHD was positioned using the same anatomical
landmarks but on the posterior surface of the forearm. After positioning, the participants
performed a warm-up protocol that consisted of 2 submaximal and 1 maximal isometric
contraction in each direction, separated by 30 s of rest [14]. The maximal IR and ER
isometric strength was evaluated with two repetitions for each shoulder and each rotation
(2 × IR and 2 × ER), using a make-type test in which the participants were instructed
to slowly produce and sustain a full isometric contraction (five seconds) of the involved
muscle group until they were told to relax. The maximum value recorded from the two
repetitions of each test session was used for analysis. In order to analyze muscle balance,
the ER/IR ratio [(ER/IR) ×100] was calculated [16]. All tests had a resting period of 10 s
between each repetition and 60 s between each strength test. During the entire period of
force production, the tester verbally motivated the participants.
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Figure 1. Shoulder external and internal rotation measurements. (A)—Shoulder external rotation

measurement; (B)—Shoulder internal rotation measurement.

A “standard” swimming training session was performed between measurements.
The training session was carried out according to the recommendations of the Portuguese
Swimming Federation regarding the activities of the youth national squads participating
in international competitions [17]. The total volume of the training session was 4600 m,
including: (i) 900 m of warming-up tasks with low-intensity bouts; (ii) 800 m of technical
training with technical drills; (iii) 400 m of velocity tasks with sprint bouts; (iv) 1000 m of
aerobic capacity bouts; (v) 600 m of aerobic power bouts; and (vi) 900 m of recovery sets
with low-intensity tasks. The session was previously sent to all coaches for approval and
to be part of the training unit within each testing day.
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2.3. Statistical Analysis

Assumptions of statistical tests such as normal distribution (Shapiro-Wilk test, p > 0.05)
and sphericity (Mauchly test, p > 0.05) of data were checked as appropriate. All the
parameters were normally distributed. Paired sample t-tests were conducted to compare
the means of the shoulder strength, before and after the water training. In addition to
the p values, the researchers provided detailed statistics, including the mean, the mean
differences, and 95% confidence interval, to better depict the changes between the two
testing points. Effect sizes were calculated using Cohen’s d and interpreted as: null if
<0.2, small if 0.2 to <0.6, medium if 0.6 to <1.2, and large if ≥1.2 [18]. All analyses were
performed with SPSS (version 23.0; SPSS Inc, Chicago, IL, USA), and the significance level
was set at p ≤ 0.05 for all tests.

3. Results

Table 1 shows the strength and balance measures of the overall sample in pre and
post-test. Although slight decreases in the strength and muscle balance are seen, those are
not significant between both time points. Even though the result of the ER/RI ratio of the
non-dominant shoulder was near the cut-off value for significance (p = 0.050; d = −0.175)
this should be highlighted as a considerable reduction.

Table 1. Maximal isometric strength of internal and external, dominant and non-dominant shoulders,

before and after training.

Before
Training
N = 127

After
Training
N = 127

Mean Difference
(95% CI)

p

IR_D (N) 169.40 ± 68.6 167.84 ± 45.3 −1.49 (−5.89, 2.92) 0.505

IR_ND (N) 172.60 ± 50.1 168.40 ± 50.9 −4.20 (−8.62, 0.48) 0.079

ER_D (N) 131.50 ± 35.3 130.63 ± 33.6 −0.87 (−4.08, 3.59) 0.901

ER_ND (N) 120.46 ± 28.88 121.10 ± 29.21 0.64 (−2.33, 3.61) 0.672

Ratio_D (%) 77.90 ± 11.71 78.50 ± 12.75 0.55 (−1.6, 2.71) 0.612

Ratio_ND (%) 78.65 ± 22.22 74.57 ± 13.84 −4.08 (−8.15, 0) 0.050

p-values for Paired sample t-tests; IR—Internal Rotation; ER—External Rotation; D—Dominant; ND—Non-
Dominant.

Table 2 presents the shoulder rotators strength of male swimmers. Since there were
no significant differences between testing points, there were no acute effects of aquatic
training in this group. All the effect size values were under 0.2, indicating a null effect.
Thus, there seems to be no issue carrying out shoulder-strengthening training programs
following the water training with male swimmers.

Table 2. Maximal isometric strength of internal and external, dominant and non-dominant shoulders,

before and after training.

Before
Training
N = 72

After
Training
N = 72

Mean Difference
(95% CI)

p

IR_D (N) 196.30 ± 37.5 191.69 ± 40.60 −4.61 (−11.27, 2.06) 0.173

IR_ND (N) 200.83 ± 42.88 196.43 ± 45.18 −4.4 (−11.22, 2.42) 0.202

ER_D (N) 151.15 ± 30.54 150.31 ± 32.98 −0.84 (−7.16, 5.48) 0.791

ER_ND (N) 137.73 ± 23.9 137.04 ± 24.63 −0.69 (−5.04, 3.67) 0.755

Ratio_D (%) 77.60 ± 11.72 79.50 ± 14.58 1.9 (−1.27, 5.07) 0.236

Ratio_ND (%) 70.22 ± 12.80 71.62 ± 13.83 1.4 (−1.69, 4.49) 0.369

p-values for Paired sample t-tests; IR—Internal Rotation; ER—External Rotation; D—Dominant; ND—Non-
Dominant.
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Table 3 shows the results for female swimmers, revealing some differences compared
to their male counterparts. Although there were unchanged strength values between testing
points, there was a considerable decrease in the balance of the shoulder rotators of the
non-dominant limb after practice. These results suggest that there should be some caution
when conducting strengthening programs after aquatic training with female swimmers.

Table 3. Maximal isometric strength of internal and external, dominant and non-dominant shoulders,

before and after training.

Before
Training
N = 55

After
Training
N = 55

Mean Difference
(95% CI)

p

IR_D (N) 134.03 ± 25.39 136.62 ± 29.33 2.6 (−2.65, 7.85) 0.326

IR_ND (N) 134.02 ± 29.43 130.39 ± 29.01 −3.64 (−9.42, 2.14) 0.212

ER_D (N) 103.61 ± 19.24 104.16 ± 21.65 0.55 (−2.88, 3.97) 0.750

ER_ND (N) 97.86 ± 16.59 100.23 ± 20.08 2.37 (−1.55, 6.29) 0.231

Ratio_D (%) 78.29 ± 11.66 77.07 ± 9.64 −1.21 (−3.99, 1.57) 0.386

Ratio_ND (%) 89.69 ± 26.78 78.45 ± 12.98 −11.24 (−19.53, −2.96) 0.009

p-values for Paired sample t-tests; IR—Internal Rotation; ER—External Rotation; D—Dominant; ND—Non-
Dominant.

The analysis of the different effect sizes in the distinct measurements is presented in
Figure 2. The acute effect of the water training is related to a decrease in the ER/IR ratio
mostly in the non-dominant shoulder of female swimmers (p < 0.01, d = 0.366).
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Figure 2. Cohen’s d values (Mean ± SD) of pre and post water training. Paired-sample t-test,

* p ≤ 0.05.

4. Discussion

The aim of this study was to analyze the acute effects of a standardized water training
session on the shoulder rotator strength and balance in adolescent competitive swimmers.
The results do not fully confirm the initial hypothesis that an in-water training session is
enough to reduce the shoulder rotator strength levels and muscle balance. In fact, this
seems to be a gender specific phenomenon. While the male swimmers revealed no acute
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effect after the water session, the female swimmers showed a significant increase in muscle
imbalance in the non-dominant shoulder.

The comparative analysis of the strength levels between ER and IR is consistent
in the total sample and between genders. This allows us to confirm that the muscle
groups responsible for the internal rotation are in fact the strongest, and this is in line
with previous studies that included swimmers [3,9], athletes from other sports [6,19], and
sedentary people [20]. This can be explained by the size and number of the muscles around
the glenohumeral joint. The muscular groups which produce the IR are not only greater in
number, but are also anatomically larger and naturally stronger than their antagonists [21].

Additionally, in relation to IR and ER strength, it is a fact that shoulder muscles fatigue
induces sensory motor perturbations that consequently alter the kinematics of the shoulder
joint, overloading different structures in order to maintain the level of performance [22].
It is still unclear whether rotator cuff-specific muscle fatigue or general scapular muscle
fatigue has the greatest influence on upper limb malfunction; however, it is a fact that
there is a difference in the behavior and reaction regarding muscle fatigue around the
shoulder joint, IRs appearing to be more fatigue-resistant than ERs in both physically-
active people [23] and sedentary ones [20]. Our results do not fully support this statement
since, in general, the IR strength values showed greater reductions compared to the ER,
although with no significant values. In the analysis of the total sample results (Table 1),
we can see that, despite there being no significant differences between the pre and post
aquatic training, the reductions in the IRs strength levels are higher than those of the ERs
(in the non-dominant shoulder there was no reduction). These results may point out that,
contrary to what happens in other sports, swimming induces a greater degree of fatigue
in the IR, which can be explained by the predominant internal-rotator forces that occur
during pull-out and recovery [24]. During all stroke phases, the subscapularis muscle is
always active, stabilizing the glenohumeral joint, because of the repetitive internal rotator
forces [25]. It should be emphasized that IRs strength deficits may affect stroke dynamics
and should be considered an important injury risk factor for swimmers [26].

When analyzing the results of the ER and IR strength values by gender, there was no
acute effect in any of the variables after performing the aquatic training, but it showed
some specific trends. In male swimmers, the strength values slightly decreased in the
post-test, mostly in the IRs. Contrarily, in females, there was only a reduction in the IR
values for the non-dominant shoulder, which can be seen as an alarming cue. Overall,
the results for both genders are in agreement with the study by Matthews et al. [27]. The
authors reported no significant strength differences between pre- and post-fatigue in the
internal and external rotators of both shoulders. The changes were exclusively reductions
in the stroke length, and in the IR and ER range of motion on both shoulders. More
recently, Yoma et al. [24] observed that shoulder rotation isometric peak torque decreased
immediately after a high-intensity training session but remained unchanged after a low-
intensity session. These results highlight the importance of evaluating the strength values
of the shoulder rotators, while controlling the training intensity. In this study, we did
not perform an effective control of intensity, so no conclusions can be drawn. However,
considering the characteristics of the swimming tasks (pointing to a medium/low intensity
effort), we may argue that the intensity was not enough to induce fatigue as it happened in
previous studies.

Regarding the shoulder rotators balance (ER/IR ratios), numerous studies reported
that swimmers had greater IRs strength because of the repetitive concentric actions required
during the propulsive phases of the swimming strokes [3,7]. In contrast, ER strength is
weaker, which often leads to shoulder muscle imbalances. The ER/IR ratio assessment
can be a useful measure to identify muscle imbalances in the swimmers’ shoulders, and
it is also associated with shoulder injuries [28], and scapular dyskinesis [29]. Previous
normative data consider ER/IR ratios between 66 and 75% to be adequate [28,30]. Val-
ues below this threshold are commonly associated with muscle imbalance and instability
in the glenohumeral joint [23]. In this study, the ER/IR ratios are within the consid-
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ered normal standards for a healthy joint [28,30], varying between 70.22% ± 12.80% and
79.50% ± 14.58% in male swimmers, and between 77.07% ± 9.64% and 89.69 ± 26.78%
in female swimmers in pre- and post-tests. In addition, these results are in line with
previous studies that included swimmers [12], in which the authors carried out a relia-
bility study, with the same evaluation technique, with ratios between 78.71% ± 9.36 and
81.81% ± 10.24%. The similarity of the results remained when compared to the study
by Batalha et al. [9], but in this case the authors evaluated swimmers with an isokinetic
dynamometer. The ratios were between 72.31% ± 15.66% and 77.37% ± 16.40%. On the
other hand, Riemann et al. [14], in order to compare different evaluation positions with a
handheld dynamometer, used a position and methodology similar to the one used in the
current study. The ER/IR ratios presented were considerably higher (between 90% and
92% in boys, and 98 and 99% in girls). However, the sample was composed of healthy
non-sports individuals, which may prove that swimmers have greater shoulder muscle
imbalances when compared to non-sports individuals [20].

When we analyze the results of the ER/IR ratios, we can see that in male swimmers
there was no acute effect of aquatic training on the shoulder rotators balance, since the
ratio values are practically identical in pre- and post-training. In female swimmers, there
was a slight reduction in the ratio in the dominant limb, although without a significant
result. However, in the non-dominant shoulder there was a considerable acute effect
of the water training (p = 0.009; d = 0.366). While this significant reduction is within
the normal thresholds [30], coaches must be aware of it. Since the muscular strength
balance between agonist and antagonist muscles is crucial for joint stability and ensures a
dynamic centralization of the humeral head [29], this can be even more compromised if a
strengthening training is to be implemented after a swim session.

Some limitations should be considered for further discussion: (i) no strict control of the
training intensity may have compromised the strength response from swimmers; although
the session was carefully planned, the effort during each training task was dependent on
the athlete (ii) the assessment of strength deficits after the swimming practice was limited
to the shoulder group, not allowing the study of those effects in other muscles in action.

5. Conclusions

The results of this study indicate that a single practice seems not to affect shoulders
strength and balance of adolescent swimmers, but this can be a gender specific phenomenon.
While a muscle-strengthening workout after the water session may be appropriate for males,
this can be questionable for females, since the shoulder rotators’ muscular balance, mostly
of the non-dominant limbs, was compromised after training.

We believe these results have important practical implications for swimmers and
coaches. In fact, swimming coaches should be careful if they intend to carry out shoulder-
strengthening programs immediately after swim practice. It should be important to identify
deficits in post swim rotation strength, serving as a practical way to reduce the athlete’s
susceptibility to shoulder injury. In addition, an individualized regular exercise program to
improve shoulder rotation strength should be performed to minimize the post swimming
adaptations. Finally, we believe that if swimming coaches regularly assess strength levels,
they can easily find a method to check individual trends and see who will be able or not to
maintain the strengthening workouts after the water training sessions.
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Abstract: Research in instability has focused on the analysis of muscle activation. The aim of this

systematic review was to analyse the effects of unstable devices on speed, strength and muscle power

measurements administered in the form of controlled trials to healthy individuals in adulthood. A

computerized systematic literature search was performed through electronic databases. According to

the criteria for preparing systematic reviews PRISMA, nine studies met the inclusion criteria. The

quality of the selected studies was evaluated using STROBE. The average score was 14.3 points,

and the highest scores were located in ‘Introduction’ (100%) and ‘Discussion’ (80%). There is great

heterogeneity in terms of performance variables. However, instability seems to affect these variables

negatively. The strength variable was affected to a greater degree, but with intensities near to the

1RM, no differences are observed. As for power, a greater number of repetitions seems to benefit

the production of this variable in instability in the upper limb. Instability, in comparison to a

stable condition, decreases the parameters of strength, power, and muscular speed in adults. The

differences shown are quite significant in most situations although slight decreases can be seen in

certain situations.

Keywords: instability; resistance training; exercise ball; suspension training; performance

1. Introduction

Strength training under unstable conditions, as well as destabilizing devices, have
gained popularity in the last decade for athletes in order to strengthen core muscles, im-
prove balance, proprioception and increase performance [1–4]. Muscle power is considered
to be one of the main determinants of many short-term explosive sporting events [5].
Power has been defined by different authors throughout history. Bompa [6], defined mus-
cle power as the ability to perform different actions, developing maximum strength in a
short period. For this reason, power is a manifestation of the strength that most athletes in
different disciplines consider to be of greater importance for the development of certain
movements [7–12].

A potential reason for similar training-induced adaptations observed after unstable
situations compared to stable ones could be related to similar or even higher levels of mus-
cle activation in favour of unstable conditions [13,14]. In the case of the evidence shown
concerning the use of unstable situations concerning strength, power and speed, maximum
tests have been used to evaluate muscle strength; and tests to determine muscle power (i.e.,
abdominal power test, medicine ball throwing and different types of jumps) [15–20]. How-
ever, current results indicate that at least for non-elite athletes, there is a stress/strength and
power training intensity pathway that is sufficient to induce positive training adaptations.
In their review, Behm and Colado [21] reported that the average strength deficit in unstable
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situations compared to similar stable exercises was 29%. Furthermore, in healthy young
adults, strength training with low loads compared to high loads is equally effective when
improving muscle strength [22,23].

Because sport is not usually practised under stable conditions, such as throws, jumps,
changes of direction, where the body must be stabilized while a specific action is being
performed, training should try to represent the requirements of the specific sport [24–27].
Also, training under unstable conditions or unbalanced conditions can resemble training
and daily activities, providing effective transference [1]. The use of unstable training
has been proposed to improve movement specific effect through increased activation of
stabilizers and core muscles [14,25,27].

Although initially unstable surface training was reserved for rehabilitation and pre-
vention programs to reduce the rate of injury, due to the proprioceptive overload they
provide [28–31] this type of training is now included in strength and conditioning pro-
grams [10,32–34]. Currently, the use of these devices has been incorporated into traditional
exercises to promote neuromuscular coordination and recruitment but there is contro-
versy regarding the effects of this combination on sports performance and core stability
activation [27,35].

There are various ways of generating instability in the performance of exercises but
the most common has been through the use of different devices [36–39]. The use of unstable
devices in strength training has led to the development of numerous investigations focused
on the analysis of muscle activation [40–46]. Nowadays, the use of different training
methods that retain the stabilising capacity of athletes has become a common and frequent
practice. The use of specific devices to create unstable environments, such as exercise or
Swiss ball [47], the semi-sphere balance balls, like BOSU [48] and the suspension devices,
like TRX [49] have been widely used in sports centres and are widely used throughout the
population. Therefore, this review has focused on testing the use of these types of devices
and not others, to clarify their influence on sports performance.

1.1. Swiss Balls or Exercise Balls

Swiss ball are air-filled balls covered with soft elastic material with a diameter of
approximately 35 to 85 cm [47]. The use of unstable surfaces, such as the exercise ball,
began to be used in strength and muscle conditioning training as a method of strengthening
core, stabilizing muscles, that is the musculature with a deep location which is responsible
for a good body posture both in our daily life and in the practice of sports [36,50–52]. The
response of muscle activity to this unstable surface can be variable and depends on the type
of exercise or muscles being tested. Patterns of muscle activation during bench presses have
reported variable results based on muscle function. In the stabilising or core muscles, it has
been shown that there is an increase in the activation of the internal obliques, the external
obliques and the rectus abdominis [25,53–56] and spinal erectors [56] while having minimal
effect on the rectus abdominis [13,56]. In the upper extremities, compared with a stable
bench press, a greater increase in anterior deltoid, pectoralis major, triceps and serratus
anterior activity has been demonstrated during execution on a stability ball [30,51,55,57–59].
However, improvement in muscle activation has not always been evident. In the case of
the central or stabilising muscles, other studies have not shown any change in the oblique
and internal spinal erectors [60]. In addition, other studies have shown higher data for
the stable condition as opposed to the unstable condition, in the main motor musculature
responsible for movement, as in the case of the pectorals and triceps in the bench press [43],
or no main motor muscle in the shoulder press [59].

1.2. Semi-Sphere of Balance

The BOSU Balance Trainer ® (DW Fitness, LLC, Clifton, NJ, USA), or “both sides
up” is an exercise device used to improve balance, core muscle or torso strength, and
proprioception created for military service veterans [61]. The flat part of the device is a
25-inch platform with two built-in handles, and the other part is an inflatable rubber dome
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that rises about one foot above the ground. Each side can be used in different ways to
create different situations depending on the exercise.

Different studies have analyzed the influence of the semi-sphere ball for training,
providing a great variety of results. Authors found increased muscle activity in the rec-
tus abdominis and external oblique in the performance of abdominal plates and gluteal
bridge [53]. Anderson and Behm [14] reported increased EMG activity in the vast lat-
eral, soleus and superficial trunk muscles, but not in the femoral biceps when comparing
squatting with free weight on a stable versus an unstable surface. In bench press, greater
activation of the internal oblique, spinal erector, soleus and biceps femoris was also evi-
dent [56]. However, Willardson et al. [35] compared EMG activity in the core performing
50% of 1RM in squats on a stable surface and in a semi-sphere ball and observed no dif-
ferences between conditions. Authors examined the activity of the brachial triceps, spinal
erector, rectus abdominis, internal oblique, and soleus while performing traditional and
unstable bending in a single (hands or feet on the unstable surface) or dual (both hands
and feet on the unstable surface) instability and found that the dual condition caused the
highest percentage of change (>150%) for all muscles analyzed; compared with the other
conditions [62].

1.3. Suspension Training Devices

A new method available to increase muscle activation is suspension training. This
type of training uses the principles of body weight and strength boosting to improve motor
unit recruitment [63]. The most applied suspension device is the TRX Home Suspension
Training Kit (Fitness Anywhere LLC, San Francisco, CA, USA). In suspension training, a
specific device is required to create an unstable condition. This method uses a system of
straps with handles on the bottom and which are attached to a single anchor point [64].
Among the different strength training possibilities, suspension training is widely applied
in various contexts. It is considered an effective technique for improving neuromuscular
activation that precedes the use of heavy loads in traditional exercises [65]. Besides,
improvements in speed and strength indicators have been found by the use of suspension
training, suggesting increased recruitment of core/stabilizing muscles [66].

Regarding evidence from suspension devices, the effects of usage on both lower body
muscle activity [41,67,68] and trunk stabilizing muscle [65,69–71] have been investigated.
Clear evidence has been established regarding these devices that witnessed increased
muscle activation in the stabilizing and synergistic muscles when performing exercises
under these conditions [65,69,71,72]. Concerning lower body exercises, very high activa-
tion has been shown for the femoral and semitendinous biceps (>90% MVIC) [68], the
hamstring, the gluteus maximus, the gluteus medius and the long adductor. Although
no significant differences were found in the rectus femoris [41,67]. Also for the Bulgarian
squat exercise, no difference in muscle activation was found between the stable and the
suspended condition [64]. For the exercises of the upper part of the trunk and the stabilising
muscles, they have been studied with the performance of the Push-up exercise. It has
been shown that greater muscular activation in the core, rectus abdominis and external
oblique muscles [69,73], however, the stable situation reported greater activation for the
pectoral and deltoid muscles [65,69,71] the brachial triceps [65] and the clavicular portion
of the pectoralis [71]. However, for the frontal plate exercise, Byrne et al. [70] reported no
significant differences when studying exercise with suspension devices.

Research has focused on the analysis of muscle activation, determining different
considerations, claiming their strengths and weaknesses. However, when the training
objective is hypertrophy, or gain in muscle mass, strength, or power, it has not been
recommended that the exercises be carried out using unstable situations [5].

As mentioned earlier, muscle activation has been shown to improve the stabilising
muscles and reduce the main motor muscles involved in performing the task, but it is not
known whether these activations can lead to improved performance.
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In terms of the choice of devices, the 3 devices have been widely used for both
rehabilitation, proprioception, and development of muscular capacity. With any one of
them, there are numerous proposals for working on muscular strength, and all of them
focus on the argument of greater activation of the central or core muscles. In fact, the use
of suspension devices alone cannot bring about an improvement in strength or power by
itself, since one always works with one’s own body weight, without external loads that
increase the intensity of the tasks to be carried out. Semi-spherical and exercise ball devices
are not only an implement that increases instability, but there are concrete references that
indicate that it could be a way to improve strength and power [30,43,59,74]. Although it
could have certain limitations, therefore it has been decided to include it, to be able to
evaluate all devices and tools that generate instability to a greater or lesser degree.

Therefore, a synthesis of the literature seems necessary to determine whether per-
forming exercises with unstable material provides additional effects on measures of speed,
strength and muscle power compared to stable execution. The existing controversy re-
garding the use and results provided by instability training, and the variability of surfaces,
devices, instability positions, samples and exercises generated a heterogeneity of results
that makes this review necessary. The aim of this systematic review was to provide a
scientifically based study regarding the effects of unstable devices on speed, strength
and muscle power measurements administered in the form of controlled trials to healthy
individuals in adulthood, apart from muscular activation. It is hypothesized that unstable
devices produce similar or not excessively inferior performance improvements to stable
conditions because performance with instability is very demanding on the neuromuscular
system (i.e., additional stability of joints and posture during exercise is required).

2. Materials and Methods

The present research was designed to qualitatively synthesize the available scientific
evidence concerning the effect of instability in strength, power, and speed training. The
stages of the review procedure and subsequent analysis of the original articles stayed
within the guidelines set out in the Preferred Reporting Items for Systematic Reviews and
Meta-Analysis (PRISMA) [75] checklist and the Population, Interventions, Comparisons,
Outcomes and Study Design (PICOS) question model for the definition of inclusion criteria.

2.1. Study Selection and Eligibility Criteria

Primary and original studies to evaluate the strength, power or execution speed
in instability were included. Furthermore, studies had to have been published in any
language, in peer-reviewed journals with an impact factor included in the Journal Citation
Reports of the Web of Science (JCR of WoS) or Scimago Journal & Country Rank (SJR of
Scopus) until November 2020.

According to the ‘PICOS’ question model, the inclusion criteria were: (1) ‘Population’:
physically active and healthy participants (both men and women) between 18 and 65 years.
This age range includes all participants considered to be of adult age; (2) ‘Intervention’:
acute training effects on strength, power and/or speed of execution using a Swiss ball, semi-
sphere ball or suspension devices; (3) ‘Comparison’: differences in tasks multi-articular
upper or lower limb between the execution of exercises in stable conditions and execution
in unstable situations; (4) ‘Outcomes’: at least one strength, power and/or speed result
had to be reported in the study; (5) ‘Study Design’: descriptive and quasi-experimental
research based on a comparison between stable and unstable situations.

The exclusion criteria were: (1) the studies were for intervention periods, randomized
control trials, and clinical trials; (2) they included patients or persons with disease or injury;
(3) any data about muscle activation, because it is not a performance variable; (4) the
subjects were not of adult age (under 18; e.g., children and adolescents and over 65’s as
the elderly) (5) the chronic effects of the situations under investigation were assessed; (6)
Any other type of unstable device other than Swiss ball, semi-sphere ball or suspension
devices, because these are the most frequently used devices; (7) any measurement that

136



Int. J. Environ. Res. Public Health 2021, 18, 1026

includes unilateral exercises or with different types of support such as exercises executed
in a monopodal position.

2.2. Literature Search

A systematic computerized literature search of the Web of Science, PubMed and EB-
SCOhost with full text was conducted until November 2020 to capture all relevant articles
investigating the effectiveness of instability versus stability. The following Boolean search
strategy was applied using the operators ‘AND’, ‘OR’ and ‘NOT’: (‘instability resistance
training’ OR ‘instability strength training’ OR ‘free-weight training’ OR ‘suspension train-
ing’ OR ‘unstable devices’) AND (‘power’ OR ‘power performance’ OR ‘speed’) AND
(‘strength’ OR ‘muscle strength’ OR ‘muscle power’ OR ‘muscular power’) NOT (‘natural
surfaces’) AND (‘stability balls’ OR ‘bosu’ OR ‘suspension devices’ OR ‘unstable devices’).
The unrestricted language search was limited to the human species and the availability
of the full text of original articles reporting on a quasi-experimental trial in an academic
journal. Also, we checked the reference lists of each included article and reviewed relevant
review articles to identify additional studies suitable for inclusion in the database.

2.3. Systematic Review Protocol

The authors worked separately and independently to ensure the reliability of the
process and the suitable eligibility of the studies. According to the criteria for prepar-
ing systematic reviews “Preferred Reporting Items for Systematic Reviews and Meta-
Analysis”—PRISMA [75], the protocol carried out in the months of July, August and
September 2020 and it was made up of four stages (Figure 1): (1) Identification: the first
author (M.M.) found 167 studies in the four digital databases; (2) Screening: the first
author (M.M.) eliminated the duplicate files (n = 8) and excluded those considered not
relevant through a previous reading of the title, abstract and keywords (n = 90). Further-
more, the first author (M.M.), jointly with the second (J.L.C.) and third (J.R.G.), rejected
the studies linked to the instability according to the exclusion criteria through a full-text
reading (n = 55); (3) Eligibility: the first (M.M.), second (J.L.C.) and third author (J.R.G.)
eliminated full-text studies from the selection process by the eligibility criteria (n = 45); (4)
Inclusion: the remaining studies (n = 8) based on the relationship between the execution of
the exercises in a stable condition and their execution in an unstable condition were finally
considered. An additional article was identified from the reference lists of included papers
and review articles already published [24,63,76,77].

2.4. Data Extraction and Management

A standardized form was used to extract data from the studies included in the review
for assessment study quality and scientific evidence. Thus, information about (A) ‘authors
and year of publication’, (B) ‘sample experience’ (C) ‘sample size and sex’ (number of
players, sex), (D) ‘sample characteristics’ (age, height and weight), (E) ‘variable measured’
(strength, power and/or speed), (F) ‘type of exercise’ (G) ‘number of situations’ whether
the tasks were executed by comparing only the stable condition vs. the unstable condition
or whether more variations were included), (H) ‘device’ (unstable device implemented),
(I) ‘training volume’ (number of sets/repeats/rest per exercise), (J) ‘intensity’ (percentage
of one maximum repetition (1RM)), (K) ‘strength results’ (maximum strength (e.g., 1RM),
mean strength), (L) ‘power results’ (maximum power, mean power and concentric phase
power) and (M) ‘speed results’ (maximum and mean speed) were collected. The results
data reflect the percentage of decrease or increase in instability concerning stability. If the
included studies did not report the results (i.e., means and standard deviations) of the
pre-and post-tests, the authors of those studies were contacted.
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Figure 1. Flow chart illustrating the different phases of search and survey selection.

2.5. Study Quality Assessment

The quality of all eligible cross-sectional studies was evaluated using the criteria for
strengthening the reporting of observational studies in epidemiology “STROBE” [78]. The
following scale was used to rate the quality of studies: (a) good quality (>14 points, low
risk of major or minor bias), (b) acceptable quality (7–4 points, moderate risk of major
bias), and (c) poor quality (<7 points, high risk of major bias). The score was obtained
through the 22 points on the STROBE checklist. Two independent reviewers (M.M. and
J.L.) conducted study quality assessment. Rating disagreements were resolved by J.R. and
inter-rater reliability calculated.

3. Results

3.1. Synthesis of Findings (Qualitative Analysis)

Scientific evidence on the sample characteristics (B, C, D), variables (E), exercise and
variation (F, G) device used (H) volume and intensity training (I, J) and results for strength,
power and speed is shown in Tables 1–3. Format and design, including the author and
the year of publication, the sample characteristics (overall number, gender, age, height
and weight), the variable measured (strength, power and/or speed), type and number of
variations, the device used (exercise ball, semi-sphere ball or suspension device), training
volume (number of sets/repeats/rest per exercise), intensity training (percentage of one
maximum repetition (1RM)), strength results (maximum strength, mean strength), power
results (maximum power, mean power and concentric phase power) and speed results
(maximum and mean speed) are included.
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Table 1. Scientific evidence on the sample characteristics (B, C, D) and variables (E).

Reference (A)
Sample Variables (E)

Experience (B) Size and Sex (C) Characteristics (D)

Anderson et al. (2004) [13]
Trained in strength, Instability

1 year earlier
10 (M)

a: 26.2 ± 6.0 years
Strengthh: 177.3 ± 6.0 cm

w: 87.3 ± 12.2 kg

Behm et al. (2002) [79] Trained 8 (M)
a: 24.3 ± 6.7 years

Strengthh:178.1 ± 6.1 cm
w: 82.3 ± 8.9 kg

Chulvi-Medrano (2010) [80]
Trained in strength Experience

with instability
31 (M)

a: 24.29 ± 0.48 years
Strengthh: 167.98 ± 8,11 cm

w: 79.08 ± 2,37 kg

Goodman et al. (2008) [81] Recreational 13 (10 M, 3 W)
a: 24.1 ± 1.6 years

Strengthh: 176.7 ± 3.0 cm
w: 76.0 ± 3.9 kg

Koshida et al. (2008) [82] Trained 20 (M)
a: 21.3 ± 1.5 years Strength
h: 167.7 ± 7.7 cm Power
w: 75.9 ± 17.5 kg Speed

Saeterbakken & Fimland
(2013) [83]

Trained 15 (M)
a: 23.3 ± 2.7

Strengthh: 181 ± 0.09 cm
w: 80.5 ± 8.5 kg

Sannicandro et al. (2015) [84]
No previous experience in

strength or instability is
indicated

24 (M)
a: 17.8 ± 0.8 years

Strength
Power

h: 179.1 ± 5.6 cm
w: 73 ± 4.9 kg

Zemkova (2012) [85]
Trained in strength, no
experience in instability

16 (M)
a: 23.4 ± 1.9 years

Powerh: 181.5 ± 6.1cm
w: 75.1 ± 6.1 kg

Zemkova et al. (2017) [86]
Trained in strength, no
experience in instability

24 (M)
a: 22.1 ± 1.8 years

Powerh: 184.5 ± 8.3 cm
w: 79.8 ± 9.4 kg

M = men; W = women; a = age; h = height; w = weight; cm = centimetres; kg = kilograms.

3.2. Sample Characteristics

Table 1 shows scientific evidence on the sample characteristics (B, C, D) and variables
(E). Format and design, including the author and the year of publication, the sample
characteristics (overall number, gender, age, height, and weight), the variable measured
(strength, power and/or speed).

Evaluation of the characteristics of the sample: (B) Experience. The experience of the
sample was quite heterogeneous, with the participants standing out trained (n = 3; 33.34%);
trained in strength without experience in instability (n = 2; 22.22%), trained in strength
and instability 1 year earlier (n = 2; 22.22%); recreational (n = 1; 11.11%); no previous
experience in strength or instability indicated (n = 1; 11.11%); (C) Sex. The distribution
of the sample was very unbalanced with more male participants (n = 158; 98.14%) than
female participants (n = 3; 1.86%); (D) Characteristics of the sample. The whole sample
was identified as being between 18 (lower limit) and 25 (upper limit) years of age. The
height range was identified as 167 cm to 185 cm. The weight range was identified as 79 kg
to 88 kg.
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Table 2. Scientific evidence on exercise and variation (F, G) device used (H) volume and intensity training (I, J).

Reference (A) Tasks (F) Situations (G) Devices (H)
Volume

Training (I)
Intensity

Training (J)

Anderson et al.
(2004) [13]

Bench Press
Stable and

unstable device
Swiss ball

1 set

75% 1 RM2 rps
2–3 min rest

Behm et al.
(2002) [79]

Leg Extension
Plantar Flexors

Stable and
unstable device

Swiss ball

1 set

No external load2–3 rps isometric
3 min rest

Chulvi-Medrano
(2010) [80]

Deadweight Stable and
unstable device

Semi-sphere ball
1 set

70% 1 RM6 rps
5 min rest

Goodman et al.
(2008) [81]

Bench Press
Stable and

unstable device
Swiss ball

1 set

1 RM3–6 rps
3 min rest

Koshida et al.
(2008) [82]

Bench Press
Stable and

unstable device
Swiss ball

1 set
50% 1 RM

3 rps
Saeterbakken &

Fimland (2013) [83]
Squat Stable and

unstable device
Semi-sphere ball

1 set
20 kg

Isometrics
Sannicandro et al.

(2015) [84]
Squat Stable and

unstable device
Suspension device

1 set
No external load

3 rps
Zemkova
(2012) [85]

Bench Press Stable and
unstable device

Swiss ball 6 sets
75% 1 RM

Squat Semi-sphere ball 8 rps
Zemkova et al.

(2017) [86]
Bench Press Stable and

unstable device

Swiss ball 1 set
75% 1 RM

Squat Semi-sphere ball 25 rps

rps = repetitions; min = minutes; RM = repetition maximum.

3.3. Tasks, Devices, and Training Parameters

Table 2 Shows scientific evidence on exercise and variation (F, G) device used (H)
volume and intensity training (I, J). Format and design, including type and number of
variations, the device used (exercise ball, semi-sphere ball or suspension device), training
volume (number of sets/repeats/rest per exercise), intensity training (percentage of one
maximum repetition (1RM)).

According to exercise (F): The most evaluated sports task was the “bench press” in
five studies (41.67%) and “squat” in four (33.33%). “Deadweight”, “plantar flexions” and
“leg extension” were also evaluated (8.33% each of the exercises). (G) The number of
situations. The number of comparisons between stable and unstable exercises was 100%
of the situations that only compared the stable situation with an unstable one. (H) Type
of device. The use of Swiss ball material was 54.55% (n = 6); the use of the semi-sphere
ball was 36.36% of the studies analysed (n = 4). In only one study was a suspension device
(TRX) used (n = 1; 9.09%). (I) Training volume. The number of series, repetitions and rest
was quite heterogeneous. In the case of the series, only two studies are evident, comprising
between three and six series. In the case of the repetitions, they varied from isometric
execution to 25 repetitions, with the execution of 3–6 repetitions being the most used (60%).
In terms of rest, they vary between 3 and 5 min. (J) Training intensity. In the case of the
intensity of training, the percentage of load most used was 75% of 1RM (n = 3; 30%). 20%
of the investigations did not use external load (n = 2). The rest of the investigations ranged
from maximum repetition to 40% of 1RM.

Table 3 shows scientific evidence on strength results (K), power results (L) and speed
results (M). Format and design, including strength results (maximum strength, mean
strength), power results (maximum power, mean power and concentric phase power) and
speed results (maximum and mean speed).
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Table 3. Scientific evidence on strength results (K), power results (L) and speed results (M).

Reference (A)

Performance Measures

Strength Results in
Newtons (K)

Power Results in Watios (L)
Speed Results in

cm/s (M)

Anderson et al. (2004) [13] INS (S) = ↓59.4% MIVC

Behm et al. (2002) [79]
INS (LE-S) = ↓75.4% MVC
INS (PF-S) = ↓20.2% MVC

Chulvi-Medrano (2010) [80] INS (B) = ↓10.2% MIVC
Goodman et al. (2008) [81] INS (S) = No Differences MáxS
Koshida et al. (2008) [82] INS (S) = ↓5.9% MS INS (S) = ↓9.9% MP INS (S) = ↓9.1% MV
Saeterbakken & Fimland

(2013) [83]
INS (B) = −19% MS

Sannicandro et al. (2015) [84]

INS (EF-LF-T) = ↓13.8 MS
INS (EF-LF-T) = ↓46.8 MáxS
INS (CF-LF-T) = ↓12.8 MS

INS (CF-LF-T) = ↓12.6 MáxS
INS (EF-RF-T) = ↓11.7 MS

INS (EF-RF-T) = ↓42.9 MáxS
INS (CF-RF-T) = ↓13.2 MS

INS (CF-RF-T) = ↓11.9 MáxS

Zemkova (2012) [85]

INS (BP-S) = ↓10.3% MP
INS (BP-S) = ↓7.3% Pmáx
INS (BP-S) = ↓11.5% CF
INS (SQ-B) = ↓15.7% MP
INS (SQ-B) = ↓17% Pmáx
INS (SQ-B) = ↓15.1% CF

Zemkova et al. (2017) [86]

INS (BP-S) = ↓12.9% MP (1–3 rps)
INS (BP-S) = ↑5.6% MP (22–25 rps)

INS (BP-S) = ↓6.9% MP (25 rps)
INS (BP-S) = ↓13.8% CF (1–3 rps)

INS (BP-S) = ↑13.2% CF (22–25 rps)
INS (BP-S) = ↓4.6% CF (25 rps)

INS (SQ-B) = ↓17.1% MP (1–3 rps)
INS (SQ-B) = ↓21.4% MP (22–25 rps)

INS (SQ-B) = ↓19.3% MP (25 rps)
INS (SQ-B) = ↓16.2% CF (1–3 rps)

INS (SQ-B) = ↓20.6% CF (22–25 rps)
INS (SQ-B) = ↓18% CF (25 rps)

INS = instability; S = Swiss ball; B = Semi-sphere ball; T = Suspension device; LE = leg extension; PF = plantar flexors; EF = eccentric phase;
CF = concentric phase; MVIC = maximum voluntary isometric contractions; MVC = maximum voluntary contractions; MS = mean strength;
MáxS = maximum strength; LF = left foot; RF = right foot; BP = bench press; SQ = squat; MP = mean power; PMáx = maximum power.

In performance measures, it can be seen how the use of instability decreases in some
cases substantially in relation to the stable condition. Although with loads close to the RM
no differences are appreciated. In terms of power, the difference seems to be slighter in
stable and unstable condition and even at a higher number of repetitions the instability
seems to improve power production. The execution speed also shows a lower production
when instability is added.

3.4. Strength Results

Concerning the strength parameter with a Swiss ball, the bench press exercise showed
59.4% less isometric strength in instability [13], 5.9% [82], but no differences were found in
1RM [81]. For the lower limb exercises, 70.5% less was evidenced in the unstable condition
in leg extension exercises than in the stable condition while the unstable force in plantar
flexors was 20.2% less than the stable condition [79]. Also with the same exercise, a decrease
with the execution with the semi-sphere ball concerning the stable condition of 19% was
evidenced [83]. In the case of the deadweight exercise, the decrease in the maximum
isometric contraction between the stable condition and the execution with semi-sphere
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ball was 10.2% [80]. Regarding suspension training squat exercise with bipodal execution,
in the eccentric phase, peak and average force showed a decrease of 46.8% and 13.8%
respectively for the lower left limb. In the concentric phase, the use of the suspension
training tool caused a decrease of 12.6% in peak force and 12.8% in mean force. For the
right lower limb, in the eccentric phase, during execution with the suspension training
tool, the force decreased by 42.9% and the mean force by 11.7%. In the concentric phase,
during execution with the suspension training tool, the peak and average force decreased
respectively by 11.9% and 13.2%. During monopodal execution, the eccentric phase in the
left limb, the peak force suffered a decrease of 41.8% and the average force a decrease of
18.1%. In the concentric phase, on the other hand, the use of the suspension training tool
caused a decrease of 13.5% in peak force and 15.8% in average force. For the right limb
during monopodal execution, in the eccentric phase, the force has decreased by 45.1% and
the average force by 17.4%. In the concentric phase, the use of the suspension training tool
caused a decrease of 12.4% in the force and 14.3% in the mean force [84].

3.5. Power Results

For the variable of power with a Swiss ball, a decrease in the unstable situation of
9.9% concerning the stable situation has been evidenced with the chest press exercise [82],
and of 10.3% in the average power, 7.3% in the maximum power and 11.5% in the power
exercised in the concentric phase [85]. For the average power, with the execution of 25
repetitions, a decrease of 6.9% was found in the unstable bench press, although in the last
three repetitions the average power exercised in the unstable condition was 5.6% higher
than the stable condition. On the contrary, among the first three repetitions, the unstable
data was 12.9% lower than the stable condition. The power exercised in the concentric
phase of the bench press was reported to be 4.6% lower in the unstable bench press,
although in the last three repetitions the power exercised in the concentric phase of the
unstable condition was 13.2% higher than the stable condition. On the contrary, among the
first three repetitions, the unstable data was 13.8% lower than the stable condition [86]. To
average power, 25 repetitions showed a decrease of 19.3% in the unstable squat, although
in the last three repetitions the average power exercised in the unstable condition was
21.4% higher than the stable condition. On the contrary, among the first three repetitions,
the unstable condition was 17.1% lower than the stable condition. The power exercised
in the concentric phase of the squat was reported to be 18% lower in the unstable squat,
although in the last three repetitions the power exercised in the concentric phase of the
unstable condition was 20.6% lower than the stable condition. On the contrary, among the
first 3 repetitions, the unstable condition was 16.2% lower than the stable condition [86].

3.6. Speed Results

Only one research study has been shown to consider the execution speed of strength
exercises measured in instability. In the case of the speed variable with a Swiss ball, there
has been a 9.1% decrease in the unstable condition concerning the stable banking press [82].

3.7. Study Selection and Assessment (Qualitative Analysis)

The quality analysis (STROBE’ checklist) yielded the following results (Table 4): (a)
The quality scores ranged from 13–16; (b) The average score was 14.3 points; (c) Of the 9
included studies, 5 (55.55%) were considered to ‘fair quality’ (13–14 points); and 4 (44.44%)
were categorized as ‘good quality’ (15–16 points).
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Table 4. The study quality analysis (STROBE’ checklist).

Reference

Title and
Abstract

Introduction Methods Results
Other

Analysis
Discussion

Other
Information

Strobe
Points

Study
Quality

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22

Anderson et al.
(2004) [13]

+ + + - - + + + - - + + - - + + - + - + + - 13 FAIR

Behm et al.
(2002) [79]

+ + + - - + + + - - + + - - + + + + - + + - 14 FAIR

Chulvi-Medrano
(2010) [80]

+ + + + + + + + - - + + - - + + - + + + + - 16 GOOD

Goodman et al.
(2008) [81]

+ + + + + + + + - - + + - - + + + + - + + - 16 GOOD

Koshida et al.
(2008) [82]

+ + + + - + + + - - + + - - + + - + + + + - 15 GOOD

Saeterbakken &
Fimland (2013) [83]

+ + + + - + + + - - + + - - + + - + - + + - 13 FAIR

Sannicandro et al.
(2015) [84]

+ + + - - + + + - - + + - - + + + + - + + + 15 GOOD

Zemkova
(2012) [85]

+ + + - - + + + - - + + - - + + - + + + + + 14 FAIR

Zemkova et al.
(2017) [86]

+ + + - - + + + - - + + - - + + - + - + + - 13 FAIR
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By sections, the highest scores were located in ‘introduction’ (100%) and ‘discussion’
(80%) and among the highest quality studies, items no. 2 (background/rationale); no. 3
(‘Objectives—State specific objectives and/or any pre-specified hypothesis’); no. 6 (par-
ticipants); no. 7 (variables); no. 8 (‘data source—procedure for determining performance
measurement’), no. 11 (‘descriptive results—the number (absolute frequency) or percentage
(relative frequency) of participants found in each grouping category and subcategory’); no.
12 (statistical methods); no. 15 (outcome data); no. 16 (main results); no. 18 (‘key results—a
summary of key results concerning study objectives’); no. 20 (interpretation) and no. 21
(generalisability) were considered complete (100%), while the most commonly absent or
incomplete item (0 points) was found in items no. 9, 10, 13 and 14 (‘main results—a measure
of effect size’). The lowest scores were found in the ‘funding’ section (20%).

4. Discussion

This is the first systematic review of the literature to examine the effects of instability
on measures of muscle strength, power, and speed, administered in the form of quasi-
experimental studies in healthy individuals during adulthood.

About the production of force, for the exercises of the upper limb, high decreases
in values have been observed for the unstable condition. These differences have ranged
from 20 to 75% loss in force development in unstable conditions. According to Kornecki,
Kebel, and Siemieński [87], the stabilising function of the skeletal muscles is necessary for
the coordinated performance of any voluntary movement, and it significantly influences
muscle coordination patterns. Therefore, significant reductions in muscle production
probably occurred because the muscles around the shoulder complex needed to give
priority to stability over force production. Furthermore, under conditions of instability, the
stiffness of the joints that act can limit gains in strength, power and speed of movement [88].

However, in the data evidenced in the study by Koshida et al. [82], the losses in force
values are much lower than in the rest of the studies (5.9% loss in instability) compared
with 59.4% loss in Anderson and Behm [13] and in the case of Goodman et al. [81], no
significant differences are observed. This inconsistency between the previous research can
be attributed to the type of muscle contraction, the degree of instability during the recorded
task and the equipment. In Koshida et al. [82] the bench press movement was performed
in a supine position with the Swiss ball placed in the thoracic area, which provided a
broader support base than for other activities performed in a sitting or standing position.
Therefore, the instability imposed on the trunk stabilising muscles would probably be less
significant than in previous research. Besides, both studies used dynamic contractions
with an Olympic bar with weight plates, while Anderson and Behm [13] used isometric
contractions with two independent handles held by straps to force the transducers into
the ground. The difference in equipment could impose different levels of instability on the
shoulder joint and trunk muscles. Although bilateral contractions were performed in both
studies, the independence of each hand in the study by Anderson and Behm [13] may have
increased the effort required to maintain balance and the need for the muscles to stabilize
during maximum isometric contractions, therefore reducing the net force output. In the
case of Goodman et al. [81], where no differences were found, it could be due to the use of
different loads, since 1RM was used while in Anderson and Behm [13] 75% of 1RM loads
were used and in Goodman et al. [81] were used 50% of 1RM. These data could indicate
that the percentage of external load can influence the effect of the instability in the training.

In the case of force production in the lower limbs, there have been notable decreases
when comparing tasks performed in instability concerning stable conditions. These de-
creases ranged from 10% to 19%, so it seems that instability affects the upper body more
than the lower. With the use of the semi-sphere ball, analysed in terms of strength, with
the performance of a dominant hip exercise such as deadweight the decrease in strength
was 10.2% [80] while with a dominant knee exercise such as squat it was 19% [83]. This
could indicate that certain movements could be affected to a lesser extent depending on
the instability. However, as detailed above the methods and loads used were very different.
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It is noteworthy that many of the studies to check force production in the lower limb using
isometric contractions. However, isometric contractions are not usually used in strength
training. Despite this, results obtained under isometric contractions have reported that
conditions are strongly correlated with dynamic mobility performance [89]. However, due
to the isometric test mode, subjects could gradually build up strength while stabilizing
and maintaining balance on different surfaces. During the 3 s of maximum effort, the
subjects may have been able to stabilize the limbs and trunk and therefore be able to exert
a considerable amount of force in unstable conditions. We only know of one study that
investigates the production of maximum force in squats on a stable and unstable surface [3].
These researchers used an inflatable balance disk and reported a decrease of approximately
46% in peak force. Although there was a greater decrease in force in that study, it could be
attributed to the lack of a familiarization session, which the rest of the studies did consider
appropriate.

In terms of strength, there seems to be a differentiation in the data concerning the
devices used. When the main movement involves the muscles of the upper body the Swiss
ball has been used and in the case of the main movement being performed on the lower
body, the semi-sphere ball has been used. The exceptional case was the execution of an
exercise such as squatting where the instability with the device in suspension was placed
in the upper body. In the case of the Swiss ball, it seems to have a greater influence on
the decrease of the force values (differences of 20–75%) compared to the semi-sphere ball
(differences between the and 10% and 19%) suspended device (detriments between 12–
47%). However, in some cases, the Swiss ball did not produce any differences between the
conditions. So, it does not seem to be a determining factor in the case of muscle strength.

Concerning the production of muscular power in the upper limb, decreases in the
unstable condition have been observed. Decreases with the unstable condition ranged
from 7% to 17%. The data found in the studies that analyzed the bench press with Swiss
ball reported a very similar percentage decrease in terms of average power (10.3% [85];
9.9% [82]; and 12.9% [86]). These small deviations found may again be due to the different
percentage of load used (50% vs. 75%) and the different volume of training applied.
However, in some situations, instability has produced better power data than a stable
condition. These better data have been produced in the last repetitions of the executions
with high numbers of repetitions in the exercise (22–25 repetitions). The improvements
observed in average power were 5.6% and in the concentric phase 13.2%.

The increase in power observed could be due to previous evidence that has shown
that producing a high power output with a light to moderate load would be more effective
in developing maximum power than using a heavy load [90,91]. Thus, it appears that
such a low rate of reduction may still allow muscle power to be gained from strength
exercise in the unstable condition. The mechanism of energy production using the stretch-
shortening cycle employs the energy storage capacity of several elastic components and the
stimulation of the stretching reflex to facilitate muscle contraction for a minimum period.
The concentric muscle action does not occur immediately after the eccentric, the stored
energy is dissipated and lost in the form of heat and also the strengthening stretching reflex
is not activated. Resistance to instability exercise can compromise the three phases of the
stretching-shortening cycle, including the amortization phase. Around this turning point,
where the eccentric phase becomes concentric, the maximum force is produced. At the
same time, the subjects must stabilize the torso on an unstable surface to provide firm
support for the contracted muscles. This additional task can compromise the contraction of
the muscles acting on the bar. Their less intense contraction not only prolongs the change
of direction of movement but, due to the lower maximum force, impairs the accumulation
of elastic energy. The consequence is less speed and power in the subsequent concentric
phase [92,93]. However, the subjects of the study by Zemkova et al. [86] were able to
produce greater power during the executions on an unstable surface than on a stable one.
This higher energy production can be attributed to the so-called ball bounce effect.
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In terms of power, there seems to be a differentiation in the data about the devices
used. The use of semi-sphere ball seems to have a greater influence on the decrease in
power since the detriments with this device varied between 15% and 22%. In the case of the
Swiss ball, the decrease in power oscillated between 7% and 14%, with better power data
being found in unstable conditions with this device (5–13%). However, when the instability
was placed where there was no movement, as in the case of the device in suspension
and the squat, improvements of between 5% and 10% in power production were shown.
Therefore, placing the instability where the main movement does not occur seems to be a
good option for power improvement.

Finally, about the speed of execution, a decrease in the values in unstable conditions
in comparison to stable conditions is observed, but the analysis of this variable has hardly
been studied. According to Adkin et al. [94], a postural threat in a subject (fear of falling)
will lead to a reduction in the magnitude and speed of voluntary movements. Thus, muscle
stabilization seems to compromise gains in strength, power and speed of movement [95].
It should also be noted that new patterns of movement are generally learned at low speed,
while sport-specific motor actions are executed at high speed [26].

The great heterogeneity in terms of volume and intensity of the load is remarkable.
Also, instability seems to affect the force variable to a higher degree, but with intensities
close to 1RM no differences are observed. As for power, a greater number of repetitions
seems to benefit the production of this variable in instability in the upper limb. Finally,
speed has barely been analysed and seems to show losses of speed in instability but not
excessively so.

5. Implications for Practice

The great heterogeneity found is a limitation of the study, however, the results of
this study can be applied in various ways. It would be interesting to include training
in instability in athletes trained in this type of situation. All the information about this
is with beginner athletes, and what is interesting about the application of instability is
the individualization of the subjects. Unstable surfaces can be very interesting tools for
optimising training, because although decreases in performance variables have been shown,
this may not be the case for experienced athletes. As for integrated work, where besides
strength, power and speed, other qualities such as balance can be analysed. Also, the angles
with which the work is done in instability are different concerning stable conditions, so
that other complementary muscles are worked. Finally, variety in environments, methods
and exercises is one of the principles of training and these unstable situations provide it.

The complexity of execution in this type of unstable situation, where the technique
can be affected, is noteworthy. For this reason, the level of experience of the athletes is
important to be able to apply this type of training. Besides, the population requires the
help of a qualified professional who can help and direct the sessions or tasks with this type
of device, with an appropriate and individualised programme according to the different
users.

6. Conclusions

The main findings of this review were that there is great heterogeneity in analysing
the acute effects of instability on performance variables. Instability compared to a stable
condition decreases the parameters of strength, power, and muscular speed in adults. The
differences shown are quite significant in most situations although slight decreases can be
seen in certain situations. However, for the upper limb, a greater number of repetitions
seems to increase the power values in instability compared to the stable situation. The
variables of force, power and speed seem to be affected when instability is implemented.
However, it seems necessary to extend the investigation of instability with the performance
variables because the results are very heterogeneous and there are no unified criteria to
evaluate the different conditions, subjects, tasks and devices.
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Abstract: Exercise-induced improvements in the VO2peak of cardiac rehabilitation participants

are well documented. However, optimal exercise intensity remains doubtful. This study aimed

to identify the optimal exercise intensity and program length to improve VO2peak in patients

with cardiovascular diseases (CVDs) following cardiac rehabilitation. Randomized controlled trials

(RCTs) included a control group and at least one exercise group. RCTs assessed cardiorespira-

tory fitness (CRF) changes resulting from exercise interventions and reported exercise intensity,

risk ratio, and confidence intervals (CIs). The primary outcome was CRF (VO2peak or VO2 at

anaerobic threshold). Two hundred and twenty-one studies were found from the initial search

(CENTRAL, MEDLINE, CINAHL and SPORTDiscus). Following inclusion criteria, 16 RCTs were

considered. Meta-regression analyses revealed that VO2peak significantly increased in all intensity

categories. Moderate-intensity interventions were associated with a moderate increase in relative

VO2peak (SMD = 0.71 mL-kg−1-min−1; 95% CI = [0.27–1.15]; p = 0.001) with moderate heterogeneity

(I2 = 45%). Moderate-to-vigorous-intensity and vigorous-intensity interventions were associated

with a large increase in relative VO2peak (SMD = 1.84 mL-kg−1-min−1; 95% CI = [1.18–2.50],

p < 0.001 and SMD = 1.80 mL-kg−1-min−1; 95% CI = [0.82–2.78] p = 0.001, respectively), and were also

highly heterogeneous with I2 values of 91% and 95% (p < 0.001), respectively. Moderate-to-vigorous

and vigorous-intensity interventions, conducted for 6–12 weeks, were more effective at improving

CVD patients’ CRF.

Keywords: cardiac rehabilitation; cardiorespiratory fitness; exercise therapy; heart diseases;

high-intensity intermittent exercise

1. Introduction

Cardiovascular diseases (CVDs) are the leading cause of mortality in today’s society,
being responsible for up to one-third of all deaths worldwide and 50% of all deaths in
Europe, and this scenario is expected to worsen in the coming years [1].

The concept of cardiac rehabilitation (CR) has been defined as the effort towards
cardiovascular risk factor reduction, designed to lessen the chance of a subsequent cardiac
event, and to slow and perhaps stop the progression of the disease process. In the context
of CR programs, exercise training has been recognized as one of the main components,
combined with education, control, pharmacological adherence and lifestyle changes of
cardiovascular risk factors [2]. Physical exercise inclusion in CR programs resulted in
several beneficial effects on cardiovascular functional capacity, quality of life, risk factor
modification, psychological profile, hospital readmissions, and mortality [3,4]. Such ben-
efits can be justified by a 20% reduction in mortality from all causes and in the levels of
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cardiorespiratory fitness (CRF) for each metabolic equivalent improvement (MET) in CRF
of patients with CVD [5].

Exercise programs for patients with CVD traditionally involve mostly low- to moderate-
intensity continuous aerobic exercise training, with the consensus that one of the benefits of
aerobic exercise is the increase in peak oxygen uptake (VO2peak) [6–8]. Continuous aerobic
exercise training implicates higher durations under moderate-intensity and nonvariable
aerobic activity (60–80% of VO2peak) [9–12], compared to high-intensity protocols, which
consist of intermittent, short high-intensity work periods (85–100% of VO2peak) with
relative resting periods [13,14].

Exercise intensity appears to influence the number of cardioprotective benefits achieved
from aerobic exercise [15,16]. The current consensus recommends that exercise intensity
prescribed for patients with CVD should be approximately 60% of the maximal heart rate
(MHR), 50% of the heart rate reserve (HRR), or 12–13 on the Borg scale. Intensities around
85% MHR, 80% HRR, or 15–16 on the Borg scale should represent the upper limits [6]. Ad-
ditionally, high-intensity protocols (85–100% of VO2peak) appear to be of particular interest
to scientists, considering their application in patients with CVD based on the effects on the
cardiorespiratory and muscle systems [7]. High-intensity protocols elicit a greater training
stimulus than moderate continuous exercise in improving maximal aerobic capacity [8–19].
In addition, high-intensity exercise appears to improve the limiting factors of VO2peak,
and VO2peak itself has been found to be more effective in improving cardiovascular risk
factors than moderate-intensity exercise [17,19].

Training sessions based on moderate-intensity continuous exercise have shown im-
provements in HRR after eight weeks [20] and after 12 weeks [21,22]. Moderate- to high-
intensity continuous exercise (6 and 12 MET, corresponding to 21 and 42 mL-kg−1-min−1

of VO2peak) has also been shown to reduce all-cause mortality in healthy individuals,
independent of activity duration [7], and reduce the risk of heart disease [15], supporting
the need to further investigate the potential health effects of protocols based on higher
intensities. Therefore, during the last two decades, several studies have demonstrated
that high-intensity exercise protocols induce more beneficial cardiovascular adaptations in
patients with mild-to-severe heart disease when compared to moderate-intensity exercise
protocols [8,17–19].

A recent meta-analysis [23] reported higher improvements in maximal aerobic capacity
after high-intensity interval training (HIIT) programs compared to moderate-intensity
programs. Nevertheless, the optimum exercise intensity prescription in patients with CVD
is still a subject of debate. A recent systematic review on the topic [24] did not report
optimal intensity prescription (e.g., the intensity interval that is most effective during
exercise interventions to induce favorable changes in aerobic capacity). Thus, despite
the literature being replete with studies showing that regular and structured exercise is
beneficial for CVD patients, the optimal intensity and length of exercise interventions
that bring about greater benefits remain equivocal. Hence, the objective of this systematic
review with meta-analysis was to identify, through Randomized Controlled Trials (RCTs) of
exercise-based CR, the most effective exercise intensity and intervention length to optimize
VO2peak in patients with CVD.

2. Materials and Methods

This systematic review was undertaken as detailed in the protocol registered with
PROSPERO (Registration Number CRD42018097319).

2.1. Search Strategy

The search strategies were designed in accordance with the methods suggested by
the Cochrane Handbook for Systematic Reviews of Interventions [25]. The following
databases were searched from their inception to January 2021: Cochrane Central Register
of Controlled Trials (CENTRAL), MEDLINE (Ovid), CINAHL (EBSCO) and SPORTDiscus.
Data are provided as the risk difference (95% CI), based on RCTs published until January
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2021, ensuring that all studies have been included if reporting data on established outcomes.
Reference lists of eligible studies were also systematically searched.

We used the PICO model [26] to identify free text terms and controlled vocabulary
terms to create our searches. The following key concepts were chosen: “Patients with
cardiovascular diseases” AND “Cardiac Rehabilitation” AND “Exercise Intensity” AND
“Cardiorespiratory Fitness”. The search strategy for the MEDLINE (Ovid) database is
available in the Supplementary Materials of this manuscript.

2.2. Inclusion Criteria

The inclusion criteria were full-length research articles published in peer-reviewed
journals in the English language with no limits set on the date of first publication or gender.
Only RCTs up to January 2021 were eligible. Studies included participants who were
diagnosed with CVD, such as those involved in some exercise programs, assessed by
analyzing expired air during a maximal cardiopulmonary exercise test at baseline and
postintervention.

We included RCTs to compare aerobic capacity changes resulting from exercise inter-
ventions, with an exercise group (or groups), that described exercise intensities, including
data for risk ratio and CI.

Studies were required to detail the exercise prescription in patients with CVD, in-
cluding the frequency, intensity and duration of each session, mode of exercise and the
overall length of intervention. The main authors of studies and experts in this field were
asked for any missed, unreported, or ongoing trials. The quantitative synthesis included
studies reporting sample size and the mean and standard deviations (SDs) for VO2peak
preintervention and postintervention.

2.3. Exclusion Criteria

Abstracts, conference presentations or posters, letters to editors or book chapters,
unpublished papers, and retrospective design studies were excluded. In addition, studies
were excluded if participants had documented heart failure (ejection fraction < 40%) or
arrhythmia, they were targeting a specific comorbidity (e.g., diabetes, chronic obstructive
pulmonary disease, or stroke) and they featured interventions involving resistance exercises
only. We also excluded studies based on exercise prescriptions including testing food
supplements and nutritional or pharmacological aids.

Studies were also excluded if baseline or postintervention data were not published,
and the authors were not available for contact or did not wish to provide the missing data.

2.4. Study Selection and Data Extraction

All data were extracted by the principal investigator and their accuracy was assessed
by the second author. The EndNote software (Clarivate Analytics, Philadelphia, PA, USA)
was used to import, manage and remove duplicated articles for final review. After removing
the duplicates, the two reviewers independently reviewed titles and abstracts against the
inclusion/exclusion criteria. If in doubt, the full texts were evaluated to verify if they met
the criteria. Subsequently, abstracts were selected for eligibility, and full manuscripts were
retrieved for further evaluation of eligibility. Discrepancies were resolved between both
authors, and a third expert, not involved in the previous procedures, was consulted to
verify the ratings. The selection process was entered into a Preferred Reporting Items for
Systematic Reviews and Meta-analysis (PRISMA) diagram [27] (Figure 1).
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Figure 1. Preferred Reporting Items for Systematic Reviews and Meta-analysis (PRISMA) diagram of literature

search strategies.

For each RCT, the author, year of publication, participant characteristics (age, gender,
and primary diagnosis), description of the exercise testing protocol and description of
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the intervention (session frequency and duration, intervention length, exercise modal-
ity, resistance training, type of training (interval/continuous), supervision (clinic/home)
and intervention type) were extracted. The pre- and post-VO2peak values and change
in VO2peak were also extracted to assess change in CRF. Outcomes were extracted in
relative (mL-kg−1-min−1) and absolute (L-min−1) terms. Outcomes reported in METs were
converted to relative terms (METs × 3.5 mL-kg−1-min−1).

2.5. Assessment of Potential Bias

The risk of bias was assessed using the modified Cochrane collaboration tool [25],
developed in 2005 to assess and report the risk of bias in RCTs. Bias assessment results
from the judgment (high, low, or unclear) of individual elements from seven sources of bias
covered six domains: random sequence generation (selection bias), allocation concealment
(selection bias), blinding of participants and personnel (performance bias), blinding of
outcome assessment (detection bias), incomplete outcome data (attrition bias), selective
reporting (reporting bias) and other bias (criteria for selected patients in the studies and
the country in which the study was conducted). A detailed description of each source
of bias and support for judgement is available elsewhere [25]. The lead reviewer found
16 studies, and discrepancies were discussed and resolved.

2.6. Data Treatment and Analysis

The systematic review was stratified by intensities based on proposed cut-offs [28].
Thereby, each exercise program was ranked as light-, moderate- or vigorous-intensity
aerobic exercise (Table 1).

Table 1. Classification of exercise intensity based on physiological and perceived exertion responses.

%VO2max %HRpeak
%HRreserve/
%VO2reserve

Perceived Exertion *

Light 37–45 57–63 30–39 RPE 9–11
Moderate 46–63 64–76 40–59 RPE 12–13
Vigorous 64–90 77–95 60–89 RPE 14–17

Near maximal to
maximal

≥91 ≥95 ≥90 RPE ≥ 18

Table adapted from American College of Sports Medicine (ACSM) [28] and Mitchell et al. [23]. * As per the Borg

6–20 RPE scale. %VO2max, percentage of maximal oxygen uptake; %HRpeak, percentage of peak heart rate;

%HRreserve, percentage of heart rate reserve; %VO2reserve, percentage of oxygen uptake reserve; RPE, rating of

perceived exertion.

Studies reporting an intensity that covers the categories of moderate intensity and
vigorous intensity (e.g., 60–70% of VO2peak) were classified as “moderate-to-vigorous”
intensity [28]. A separate meta-analysis was performed for each intensity category and
length of the trial—e.g., “short-term” (0–6 weeks), “medium-term” (7–12 weeks), and
“long-term” (>12 weeks).

The following subgroup analysis was conducted to explore significant heterogeneity:
participant characteristics, including (1) age, (2) gender and (3) primary diagnosis; descrip-
tion of the exercise testing protocol and description of the intervention, including (4) session
frequency and (5) duration, (6) intervention length, (7) exercise modality, (8) resistance
training, (9) type of training (interval/continuous), (10) supervision (clinic/home), (11)
intervention type (exercise only/comprehensive); and (12) pre- and postpeak VO2 values
or change in VO2peak.

Heterogeneity amongst the included studies was first explored qualitatively by com-
paring the characteristics of the included trials and then by visually inspecting forest plots.
It was also assessed quantitatively by the Chi2 and I2 statistics. Heterogeneity was con-
sidered minimal if I2 fell between 0–30%, moderate if 30–50%, substantial if 50–90%, and
considerable if >90% [25]. I2 and Chi2 were considered significant at p < 0.1.
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Due to the heterogeneity of the protocol, mean differences (MDs) were used, dividing
the mean values between different intensities. The differences in means were grouped
using the random-effects model. A random-effects model and a standardized means model
of averages were used to explain the differences in the methodology of the studies included
both in the intensities and length of intervention to ensure a conservative estimate was
calculated. A sensitivity analysis was conducted to investigate the possible effects of
specific studies on heterogeneity and overall effect.

The dichotomous and continuous variables of the studies were compared with the
extracted potential VO2peak moderator factors. The effect of treatment was calculated for
each study for the change in VO2peak over the intervention using the pooled between-
subject SD at both time points. Effects were quantified as trivial (<0.20), small (0.21–0.60),
moderate (0.61–1.20), large (1.21–2.00) and very large (>2.00) [29], with the precision of
effect size estimates assessed using 95% CI. Pooled SMD was back-transformed using
the pooled between-subject SD at baseline within each intensity category. If SD for the
mean change in VO2peak across the intervention was not published [30], it was used for
p-value entry. If no p-values or standard deviations were published, the standard error
(SE) of the MD was inputted based on the correlation between preintervention and postin-
tervention outcomes [31]. The imputed SE was then used to calculate the 95% CI for the
standardized effect of each study. For outcomes expressed as change in relative VO2peak
(mL-kg−1-min−1), a correlation of r = 0.54 from a similar meta-analysis [32] was used. A
sensitivity analysis was performed using the estimated correlations of r = 0.30 and 0.70.

Publication bias was analyzed using a funnel plot derived in RevMan5.3 software [30].
The publication bias for the different conditions analyzed (pre- vs. postintervention) was
assessed by examining the asymmetry of a funnel plot using Egger’s test, and p ≤ 0.05 was
considered to be statistically significant.

3. Results

The initial search resulted in 221 studies. All data were extracted by the principal
investigator and their accuracy was assessed by a second author. Search results were
entered into EndNote software (Clarivate Analytics, Philadelphia, PA, USA), a reference
management tool, and duplicates were removed. After the duplicates were removed, the
titles of 212 studies were reviewed. Following a screening of potential records, 49 articles were
reviewed for eligibility and their reference lists screened. Twenty-two RCTs met eligibility
criteria for the systematic review and meta-analysis. According to our inclusion criteria,
sixteen studies [9–14,20–22,33–39] were included in this systematic review (Figure 1).

The main characteristics of the studies and training interventions are described in
Tables 2 and 3, respectively.

Table 2. Subgroup analyses assessing potential moderating factors for VO2peak increase in studies included in the

meta-analysis by population characteristics.

Research Studies Peak VO2

Group N References MD (95% CI) I2 pa p-Difference b

No. of
participants

<20 4
Ghroubi et al. [20], Tamburus et al.

[14], Wu et al. [33], Chuang et al. [34]
2.62 (1.65, 3.58) 88 <0.001

0.78

≥20 12

Abolahrari-Shirazi et al. [9],
Blumenthal et al. [21], Giallauria et al.

[10–12,36], Kitzman et al. [22],
Kraal et al. [36], Kubo et al. [38],

Legramante et al. [37],
Villelabeitia et al. [13],

Zheng et al. [35]

2.75 (2.58, 2.93) 97 <0.001

156



Int. J. Environ. Res. Public Health 2021, 18, 3574

Table 2. Cont.

Research Studies Peak VO2

Group N References MD (95% CI) I2 pa p-Difference b

Age, years

<60 9

Abolahrari-Shirazi et al. [9],
Ghroubi et al. [20], Giallauria et al.

[10,12,36], Kraal et al. [39], Kubo et al.
[38], Tamburus et al. [14],

Villelabeitia et al. [13]

4.40 (0.79, 8.01) 97 0.02

0.75

≥60 6

Blumenthal et al. [21], Chuang et al.
[34], Giallauria et al. [11],

Kitzman et al. [22], Legramante et al.
[37], Wu et al. [33]

3.48 (2.09, 4.87) 79 <0.001

Not
reported

1 Zheng et al. [35] 3.10 (2.06, 4.14) 0 <0.001

Diagnosis

CAD only 3
Blumenthal et al. [21], Tamburus et al.

[14], Villelabeitia et al. [13]
6.41 (−2.70, 15.53) 99 0.17

0.03

CABG
only

4
Chuang et al. [34], Ghroubi et al. [20],
Legramante et al. [37], Wu et al. [33]

4.27 (1.60, 6.94) 85 0.002

PCI only 1 Abolahrari-Shirazi et al. [9] 8.20 (4.68, 11.72) 0 <0.001

CABG/PCI 1 Kraal et al. [39] 3.20 (0.36, 6.04) 0 0.03

MI 6
Giallauria et al. [10–12,36], Kubo et al.

[38], Zheng et al. [35]
2.65 (0.56, 4.74) 91 0.01

FMD 1 Kitzman et al. [22] 1.60 (−0.13, 3.33) 0 0.07

Study location

America 2
Kitzman et al. [22],

Tamburus et al. [14]
1.38 (0.39, 2.36) 0 0.006

0.01

Africa 1 Ghroubi et al. [20] 1.70 (−1.07, 4.47) 0 0.23

Asia 5
Abolahrari-Shirazi et al. [9], Chuang
et al. [34], Kubo et al. [38], Wu et al.

[33], Zheng et al. [35]
5.33 (2.90, 7.76) 80 <0.001

Europe 8

Blumenthal et al. [21], Giallauria et al.
[10–12,36], Kraal et al. [39],

Legramante et al. [37],
Villelabeitia et al. [13]

4.23 (1.50, 6.95) 98 0.002

95% CI, 95% confidence interval. I2, heterogeneity. MD, mean difference. Peak VO2, peak oxygen uptake. Conditions: MI, myocardial
infarction. CABG, coronary artery bypass graft. PCI, percutaneous coronary intervention. CAD, coronary artery disease. FMD, endothelial-
dependent flow-mediated arterial dilation. Certain enrolled studies were not included because the value used for subgroup analysis was
not reported in them. a Test for overall effect. b Test for subgroup differences.
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Table 3. Subgroup analyses assessing potential moderating factors for VO2peak increase in studies included in the

meta-analysis by population characteristics.

Research Studies Peak VO2

Group N References MD (95% CI) I2 p a p-Difference b

Length, weeks

<6 1 Legramante et al. [37] 2.60 (2.41, 2.79) 0 <0.001

0.42
6–12 9

Abolahrari-Shirazi et al. [9],
Chuang et al. [34], Ghroubi et al. [20],

Giallauria et al. [10,36], Kraal et al. [39],
Kubo et al. [38], Villelabeitia et al. [13],

Wu et al. [33]

5.31 (1.24, 9.38) 97 0.01

>12 6
Blumenthal et al. [21], Giallauria et al.

[11,12], Kitzman et al. [22],
Tamburus et al. [14], Zheng et al. [35]

2.50 (1.60, 3.41) 52 <0.001

Frequency, sessions/week

1–2 2 Chuang et al. [34], Kraal et al. [39] 3.98 (1.96, 6.01) 0 0.001

0.173–4 13

Abolahrari-Shirazi et al. [9],
Blumenthal et al. [21], Ghroubi et al.

[20], Giallauria et al. [10–12,36],
Kitzman et al. [22], Kubo et al. [38],

Tamburus et al. [14], Villelabeitia et al.
[13], Wu et al. [33], Zheng et al. [35]

4.21 (1.82, 6.60) 96 0.006

5–7 1 Legramante et al. [37] 2.60 (2.41, 2.79) 0 <0.001

Supervision

Clinic 12

Blumenthal et al. [21], Chuang et al.
[34], Ghroubi et al. [20], Giallauria et al.
[10–12], Kitzman et al. [22], Kubo et al.
[38], Legramante et al. [37], Tamburus

et al. [14], Villelabeitia et al. [13],
Zheng et al. [35]

4.01 (2.30, 5.72) 96 <0.001

0.02

Home 1 Wu et al. [33] 8.50 (5.78, 11.22) 0 <0.001

Mixed 3
Abolahrari-Shirazi et al. [9], Giallauria

et al. [36], Kraal et al. [39]
2.99 (−2.89, 8.87) 94 0.32

Intervention type

Continuous 13

Abolahrari-Shirazi et al. [9],
Blumenthal et al. [21], Chuang et al.

[34], Giallauria et al. [11,12,36],
Kitzman et al. [22], Kraal et al. [39],

Kubo et al. [38], Legramante et al. [37],
Wu et al. [33], Zheng et al. [35]

3.27 (2.23, 4.32) 87 <0.001

0.44

Interval 2
Tamburus et al. [14],

Villelabeitia et al. [13]
8.67 (−5.86, 23.21) 99 0.24

Mixed 1 Ghroubi et al. [20] 1.70 (−1.07, 4.47) 0 0.23
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Table 3. Cont.

Research Studies Peak VO2

Group N References MD (95% CI) I2 p a p-Difference b

Mode

Cycle
ergometer

7
Ghroubi et al. [20], Giallauria et al.

[10–12], Tamburus et al. [14],
Villelabeitia et al. [13], Zheng et al. [35]

4.90 [1.52, 8.27) 97 0.005

0.23
Treadmill 1 Chuang et al. [34] 4.80 (1.91, 7.69) 0 0.001

Walking 1 Blumenthal et al. [21] 1.90 (0.20, 3.60) 0 0.03

Mixed
(treadmill,
walking,
cycling,

calisthenics
or/and
arm/leg

ergometer)

7

Abolahrari-Shirazi et al. [9], Giallauria
et al. [36], Kitzman et al. [22],

Kraal et al. [39], Kubo et al. [37],
Legramante et al. [37], Wu et al. [33]

3.28 (1.17, 5.39) 92 0.002

Exercise type

Aerobic 13

Blumenthal et al. [21], Chuang et al.
[34], Ghroubi et al. [20], Giallauria et al.

[10,12,36], Kitzman et al. [22],
Kraal et al. [39], Kubo et al. [38],

Tamburus et al. [14], Villelabeitia et al.
[13], Wu et al. [33], Zheng et al. [35]

3.94 (1.55, 6.34) 96 0.001
0.86

Aerobic and
Resistance

3
Abolahrari-Shirazi et al. [9], Giallauria

et al. [11], Legramante et al. [37]
4.24 (1.82, 6.67) 81 0.001

Intensity

Moderate 3
Giallauria et al. [10], Kubo et al. [38],

Villelabeitia et al. [13]
2.90 (1.64, 4.16) 0 <0.001

0.03

Moderate-to-
vigorous

10

Abolahrari-Shirazi et al. [9], Chuang
et al. [34], Giallauria et al. [11,12,36],

Kitzman et al. [22], Kraal et al. [39], Wu
et al. [33], Zheng et al. [35]

5.07 (3.43, 6.72) 92 <0.001

Vigorous 3

Blumenthal et al. [21], Ghroubi et al.
[20], Giallauria et al. [10],

Legramante et al. [37], Tamburus et al.
[14], Villelabeitia et al. [13]

2.43 (1.33, 3.54) 75 <0.001

95% CI, 95% confidence interval. I2, heterogeneity. MD, mean difference. Peak VO2, peak oxygen uptake. Certain enrolled studies were not

included because the value used for subgroup analysis was not reported in them. a Test for overall effect. b Test for subgroup differences.

3.1. Risk of Bias

Sixteen studies were scored by two reviewers, and an absolute agreement (r = 0.94)
was obtained from the intraclass correlation coefficient (ICC). Bias was assessed as a
judgment (high, low, or unclear) for individual elements from seven sources of bias and the
following ICCs for absolute agreement between the two reviewers were obtained: random
sequence generation for selection bias (r = 0.90), allocation concealment for selection bias
(r = 0.92), blinding of participants and personnel for performance bias (r = 0.98), blinding of
outcome assessment for detection bias (r = 0.94), incomplete outcome data for attrition bias
(r = 0.79), selective reporting for reporting bias (r = 0.98) and inclusion criteria of patients
in the studies and the country in which the study was conducted for other bias (r = 0.88).
The risk of bias in the 16 included trials is summarized in Figure 2.
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Figure 2. Assessment of risk of bias in included randomized controlled trials.

Of the 16 studies, the risk of bias was low in four or more of the seven sources of
bias. Many studies were attributed to high risk in random sequence generation, allocation
concealment and blinding of outcome assessment due to the nature of the exercise program.
It was high in almost all studies due to the lack of blinding of participants and personnel.
However, this issue could not be omitted due to the peculiarity of the intervention (exercise
vs. no exercise) and should be taken into consideration.

The most prevalent methodological issues were an inadequate description of random-
ization (60%), allocation of concealment (50%) and blinding of outcome assessment (70%).
Most studies were low risk for incomplete outcome data (90%).

3.2. Study and Participant Characteristics

The total number of CVD participants analyzed across all studies was 969 (267 coro-
nary artery disease (CAD) only, 200 coronary artery bypass graft (CABG) only, 75 percu-
taneous coronary intervention (PCI) only, 50 CABG/PCI, 310 myocardial infarction (MI),
and 63 carotid artery stiffness (CAS)). A summary of study characteristics is shown in the
Supplementary Materials.

The number of participants per group ranged between 15 and 48, with four studies
reporting <20 participants and twelve studies reporting ≥20 participants, with the majority
being males (n = 419). The age range of participants was 52–69 years, with nine studies
reporting mean ages <60 years, six studies reporting mean ages ≥60 years, and one that
did not report any age information. Individual patient characteristics for each study can be
seen in Table 2.

Regarding the characteristics of the patients, the meta-analysis identified statistically
significant improvements in VO2peak in each subgroup of patients with PCI (p < 0.001), as
well as in patients with MI (p < 0.01), CABG (p < 0.02) and both CABG/PCI (p < 0.03).

3.3. Intervention Characteristics

The included trials tested a variety of interventions to increase VO2peak (Table 3).
In many trials, the interventions were performed with exercise-based clinical
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supervision [10–14,20–22,34,37,38], a few studies implemented an unsupervised home-
based program [33], and some studies performed both programs [9,30,36].

Exercise training was typically continuous [9–12,21,22,33–39], as opposed to inter-
val [13,14], or mixed training [20], and this type of training was shown to be significantly
superior in improving VO2peak (3.27 mL-kg−1-min−1; 95% CI = 2.23–4.32; p < 0.001;
I2 = 87%).

The frequency of training was typically 3–4 days/week [9–14,20–22,33–35,38], and
aerobic training was the most used type of intervention [10,12–14,20–22,33–36,38,39]. Three
studies tested aerobic and resistance training together during the intervention [9,11,37].
The meta-analysis identified that cycle-ergometers (p < 0.05) and treadmill (p < 0.01)
significantly favored changes in VO2peak.

Studies were separated into three groups depending upon length (<six, 6–12,
and >12 weeks). The intervention length ranged from two to 24 weeks, with one study that
reported data for less than six weeks [37], nine studies reported data for 6 to
12 weeks [9,10,13,20,31,33,34,36,37], and six studies reported data for
>12 weeks [11,12,14,21,22,35]. The subgroup that included studies of >12 weeks in length
was significantly superior in terms of improvements in VO2peak (2.50 mL-kg−1-min−1;
95% CI = 2.23–4.32; p < 0.001; I2 = 52%). Interventions 6 to 12 weeks in length also produced
a large increase (p < 0.01), demonstrating moderate heterogeneity (5.31 mL-kg−1-min−1;
95% CI = 1.24–9.38; I2 = 52%).

Based on the American College of Sports Medicine (ACSM) [28] cut-off points, three
studies prescribed moderate-intensity exercise (n = 18, 75%) [10,33,38], three
prescribed vigorous-intensity exercise (n = 18, 75%) [14,20,21] and ten interventions
(n = 62,5%) [9,11,13,22,35–37,39] prescribed a range of intensities that placed them within
both the moderate-intensity and vigorous-intensity categories. The meta-analyzed effects
found the intervention was beneficial in terms of changing VO2peak in both intensities
(p < 0.001).

3.4. Subgroup Analyses—Intensity

When interpreting these results (Figure 3), it is essential to consider how exercise
intensity was classified. We used a categorical-based approach, in which interventions
were categorized according to the prescribed exercise intensity reported in each study,
based on the recommendations of the ACSM [28].

The meta-regression analysis displayed in Figure 3 revealed that relative VO2peak
was significantly increased in all intensity categories. Moderate-intensity interventions pro-
duced a moderate increase in relative VO2peak (0.71 mL-kg−1-min−1;
95% CI = 0.27–1.15; p = 0.001) with moderate heterogeneity (I2 = 45%). Moderate-to-
vigorous-intensity and vigorous-intensity interventions produced a large increase in rela-
tive VO2peak (1.84 mL-kg−1-min−1; 95% CI = 1.18–2.50; p < 0.001 and 1.80 mL-kg−1-min−1;
95% CI = 0.82–2.78; p = 0.0003, respectively), and were also highly heterogeneous with I2

values of 91 and 95% (p < 0.001), respectively.

3.5. Subgroup Analyses—Intensity and Length

In the analyses of studies lasting less than six weeks, we evaluated studies that ex-
ercised at vigorous intensity. The results (Figure 4) showed a large increase in VO2peak
(3.81 mL-kg−1-min−1; 95% CI = 0.16–7.45; p = 0.04) and demonstrated significant hetero-
geneity (I2 = 98%).
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Figure 3. Effect of moderate-, moderate-to-vigorous- and vigorous-intensity exercise during exercise programs on change

in relative VO2peak (mL-kg−1-min−1). NS, not stated/missing. HRR, heart rate reserve. HRp, heat rate peak. RPE, rate

of perceived exertion. AT, anaerobic threshold. VAT, ventilatory anaerobic threshold. 95% CI, 95% confidence interval.

SMD, standardized mean difference. IV, Random: a random-effects meta-analysis was applied, with weights based on

inverse variances. SE, standard error. Tau2 and I2, heterogeneity statistics. df, degree of freedom. Chi2, the chi-squared

test value. Z, Z-value for test of the overall effect. P, p-value. Conditions: MI, myocardial infarction. CABG, coronary

artery bypass graft. PCI, percutaneous coronary intervention. CAD, coronary artery disease. IHD, ischsemic heart disease.

EMI, exercise-induced myocardial ischemia. FMD, endothelial-dependent flow-mediated arterial dilation. CAS, carotid

artery stiffness.

For interventions of 6 to 12 weeks length, moderate-to-vigorous-intensity interven-
tions showed a further increase in VO2peak (2.28 mL-kg−1-min−1; 95% CI = 1.23–3.32;
p < 0.001; I2 = 93%) compared to moderate-intensity (0.71 mL-kg−1-min−1; 95%
CI = 0.12–1.29; p = 0.02; I2 = 0%) and vigorous-intensity interventions (1.57 mL-kg−1-min−1;
95% CI = 0.12–3.02; p = 0.02; I2 = 0%).

For studies that intervened more than 12 weeks, moderate-to-vigorous-intensity inter-
ventions were significantly superior (1.07 mL-kg−1-min−1; 95% CI = 0.64–1.50; p < 0.001;
I2 = 51%) to vigorous-intensity interventions (0.92 mL-kg−1-min−1; 95% CI = −0.12–1.96;
p = 0.08; I2 = 82%) in improving VO2peak.

3.6. Publication Bias

There was no significant publication bias for studies with moderate-intensity (Egger’s
test: β = 7.29; p = 0.26) and vigorous-intensity (Egger’s test: β = 8.67; p = 0.15) interventions
reporting relative VO2peak. However, there was significant publication bias for studies
with moderate-to-vigorous-intensity interventions (Egger’s test: β = 13.19; p = 0.00). The
funnel plot with all studies (Figure 5) showed a significant degree of asymmetry (Egger’s
test: p = 0.00). Nevertheless, false-positive results may occur due to substantial between-
study heterogeneity [40], making the disparity in the number of studies included in each
intensity category likely to cause significant asymmetry in the funnel plot.
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4. Discussion

The main aim of this systematic review and meta-analysis was to identify the opti-
mal intensity to optimize VO2peak in patients with CVD following exercise programs.
Furthermore, we aimed to gauge whether the length of interventions had an effect on
the results.

Our results support the crucial role of physical exercise in patients with CVD. They
have shown significant improvements for all cardiac impairments at all ages, regardless of
the aerobic exercise mode.

A comparison of the mean effects between intensity classifications showed signif-
icant improvements, with moderate-to-vigorous-intensity interventions providing the
greatest improvements of VO2peak. The differences were considered clinically significant
(p = 0.03) and the retro transformation of the SMD suggested that the difference between
the intensities was 3.92 mL-kg−1-min−1. However, when comparing the effects grouped
among the intensity classifications, it was found that moderate-to-vigorous-intensity exer-
cises can provide the most significant improvements in VO2peak. Even so, the differences
were not considered clinically significant once the retro transformation of the SMD sug-
gested that the differences between the intensities were, at most, only 1.67 mL-kg−1-min−1.
In this regard, our study confirmed the results of previous systematic reviews, pointing
out that moderate-to-vigorous- and vigorous-intensity interventions improved CRF to a
larger extent than moderate-intensity ones [23].

The difference between moderate-to-vigorous- and vigorous-intensity in our study
was 0.4 mL-kg−1-min−1 and the difference between moderate- and moderate-to-vigorous-
intensity was more significant (1.13 mL-kg−1-min−1). Although these analyses did not
yield any consistent findings, they highlighted considerable variability in outcomes for
interventions based on VO2peak that appeared to be consistent across intensities. Although
unexpected, this finding is not surprising. Given that VO2 is not an appropriate variable
to regulate intensity during training, in practice, prescriptions are converted to heart rate
(HR) estimated to elicit the target VO2. This approach is confounded in a CR setting
by medications (e.g., β-blockers) that alter HR responses, which may cause dissociation
of the HR and VO2 relationship, where a small change in HR may result in varied and
disproportionate changes to work rate or VO2peak [8,17,22].

The first meta-analyses that investigated improvements in CRF following exercise-
based CR reported a small improvement in CRF (SMD ±: 95% CI = 0.46 ± 0.02) [41]. Our
study confirmed the results of Mitchell et al. [23] who verified that moderate- and moderate-
to-vigorous-intensity interventions were associated with a moderate increase in relative
VO2peak (SMD ±: 95% CI = 0.94 ± 0.30 and 0.93 ± 0.17, respectively), and vigorous-
intensity exercise with a large increase (SMD ±: 95% CI = 1.10 ± 0.25), and moderate- and
vigorous-intensity interventions were associated with moderate improvements in absolute
VO2peak (SMD ±: 95% CI = 0.63 ± 0.34 and SMD ±: 95% CI = 0.93 ± 0.20, respectively),
whereas moderate-to-vigorous- intensity interventions elicited a large effect (SMD ±: 95%
CI = 1.27 ± 0.75).

When we subdivided the intensities by length to obtain a more in-depth view of the
effect of the different intensities, we found that the vigorous-intensity interventions below
six weeks had more significant results in improving the VO2peak (3.81 mL-kg−1-min−1).
Based on the sensitivity analysis, although the results suggest that interventions conducted
bidirectionally six times a week resulted in more significant gains of CRF favoring vigorous
intensity, the analysis only included two studies and may not be practical to implement. In
this sense, not being able to compare with other studies and other intensities within the
division by length, the best result obtained was between 6 and 12 weeks in moderate-to-
vigorous-intensity exercise, in which there was a significant increase in VO2peak in relation
to the vigorous- and moderate-intensity categories.

Interventions >12 weeks did not show significantly greater gains in CRF compared to
other lengths. However, there was a significant improvement in VO2peak with moderate-
to-vigorous intensity. Additionally, there was no significant improvement in VO2peak
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with vigorous-intensity interventions, and there were no studies of moderate-intensity
RCTs available for comparison. Furthermore, patients with CVD did not obtain significant
VO2peak improvements when the vigorous-intensity protocol was >12 weeks.

Our results indicate that moderate-to-vigorous-intensity exercise is superior to other
intensities in improving aerobic capacity and is likely to be an underestimation of the true
differences between groups. This is supported by the methodological decisions favoring
the use of a conservative approach in the meta-analysis (by choosing random effects and
SMDs) and using the highest calculated SD for studies where no information was published
to allow SD calculations.

Thereby, our findings suggest higher benefits from moderate-to-vigorous-intensity ex-
ercise lasting 6 to 12 weeks in terms of VO2peak improvements in patients with CVD. Over-
all, our findings are in agreement with reports from previous meta-analyses [19,23,32,42,43].
Hannan et al. [24] concluded that HIIT (e.g., of moderate-to-vigorous- and vigorous inten-
sity) is more effective than moderate-intensity exercise in improving CRF in participants
of CR (0.34 mL-kg−1-min−1; 95% CI = 0.2–0.48; p < 0.001; I2 = 28%). Still, improvements
in CRF were higher in >six-week exercise programs, and the largest improvements in
CRF for patients with CAD resulted from programs lasting 7 to 12 weeks, as our study
confirmed [24].

Some limitations of this systematic review and meta-analysis should be considered.
First, the poor level of reporting within the available RCTs made it difficult to evaluate
the most effective doses of intensity on CRF in cardiac patients. Second, the RCTs did
not use the same methods to control the exercise intensity and the different variables
used to establish exercise intensity added complexity to the analyses. While the variables
were based on interrelated physiological constructs (e.g., HR and VO2), they were not
directly comparable. Even in what appears to be the narrow domain of HIIT, there is much
heterogeneity in clearly defining what high intensity is.

In our study, each reported intervention was categorized according to the prescribed
exercise intensity, based on ACSM recommendations [28]. This approach has two limita-
tions. While some studies reported precise exercise intensities (e.g., 60% VO2peak), most CR
studies prescribed large intervals based on HR responses to exercise
(e.g., 40–70% VO2peak). As these studies often covered several intensity categories, making
them difficult to categorize, it was necessary to add an extra intensity category, moderate-
to-vigorous intensity. In this category, participants were assumed to have performed
similar training interventions, when in fact they may have experienced quite different
exercise prescriptions.

We recognized the lack of available data for some intensity analyses when split by
program length. For example, in the analysis of subgroups of studies below six weeks, we
only had studies that prescribed vigorous-intensity exercise, as well as in the length above
12 weeks, we had no studies that used in their intervention a moderate-intensity program.
Furthermore, subgroup analyses for the combined effect of vigorous-intensity programs
with lengths below six weeks were based on only two groups of patients, both from the
same study that completed the same intervention. As such, we recommend caution when
interpreting results where the lack of available data may have limited analyses.

We should consider that medication can influence exercise and therefore should be
considered by the therapist when prescribing exercise. Beta-blockers decrease exercise
capacity because they create a ceiling effect, meaning the HR will not rise beyond a certain
point. Thus, the target HR for monitoring should not be used. Rather, the therapist should
use the rate of perceived exertion or calculate the target HR with a graded stress test while
the patient is using the medication. Similarly, vasodilators and alpha- and calcium channel
blockers may lead to a sudden blood pressure drop while exercising or afterwards.

Therefore, the variables that should be taken into consideration are trainability (result
of CRF level, muscular endurance and strength) and risk stratification on the basis of
completed medical history. Consequently, these factors may provide options for the
optimal type of exercise and intensity level.
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Future studies would benefit from being between 6 and 12 weeks in length with
an intervention activity carried out at least three times weekly, ensuring that the correct
intensity is maintained. For example, appropriate goals for vigorous-intensity exercise
include ≥85% VO2peak or ≥85% HRR or ≥90% HRM and, for moderate intensity, 50–75%
VO2peak or 50–75% HRR or 50–80% HRM. In addition, large ranges of exercise intensities
should not be prescribed based on HR responses to exercise. This would allow a more
accurate calculation of the exact effects of intensities on CRF and to determine the ideal
and most effective “dose” for people with heart problems. Future research should include
methods to appropriately describe the compliance of participants with the prescribed
exercise intensity and attendance of exercise sessions.

Studies should report standard deviations, conceal allocation, and blind assessors to
improve study quality. Moreover, future studies should aim to recruit more women and
older participants (<76 years) to ensure vigorous-intensity interventions are more effective
than moderate-intensity ones in improving CRF for a broader range of patients with
CVD. Finally, further studies that investigate the longer-term benefits of vigorous-intensity
interventions and whether these adaptations are maintained would also be beneficial.

5. Conclusions

The most effective doses of exercise intensity to optimize CRF were moderate-to-
vigorous and vigorous exercise. Interventions to enhance CRF in patients with CVD are
most effective if conducted for 6 to 12 weeks. More research is needed to understand within
the moderate-to-vigorous-intensity category which percentage results in increased CRF,
assisting in the design of specific prescription protocols.

This review may suggest that countries without guidelines for patients with CVD
regarding the intensity of exercise programs, as well as countries with guidelines that
recommend lower intensity exercise, should include moderate-to-vigorous intensity and
vigorous intensity.

What is already known:

� Cardiovascular diseases are the leading causes of mortality in today’s society. They
are responsible for up to 30% of all deaths worldwide and 48% of deaths in Europe,
and it is expected that these figures will increase in the coming years.

� Exercise programs in patients with cardiovascular disease have several beneficial
effects on cardiovascular functional capacity, quality of life, risk factors modification,
psychological profile, hospital readmissions, and mortality.

� Exercise-based interventions seem to significantly improve cardiorespiratory fitness
in patients following a cardiac event or surgery, but little is known regarding the
differential effects of prescribed exercise intensity.

What are the new findings?

� Exercise interventions for patients with cardiovascular disease tend include large
ranges of exercise intensities based on heart rate responses to exercise.

� The most effective doses of exercise intensity to optimize cardiorespiratory fitness
were moderate-to-vigorous and vigorous-intensity exercises, being more effective
when conducted for 6 to 12 weeks.

� More research is needed to understand within the moderate-to-vigorous- and vigorous-
intensity categories the percentage that specifically helps to increase cardiorespiratory
fitness and the ability to establish specific prescription protocols.
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