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Abstract: The differential learning approach, which includes fluctuations that occur without move-
ment repetitions and without corrections has received growing interest in the skill acquisition field.
This study aimed to determine the effects of a 9-week training intervention involving differential
repeated sprint training on a series of physical tests in youth basketball players. A total of 29 par-
ticipants with different maturity statuses (pre-peak height velocity (PHV), n = 7; mid-PHV, n = 6;
post-PHV, n = 16) completed 2 sessions per week of differential repeated sprint training for a period
of 9 weeks. Sessions consisted of 2 × 10 repetitions sprints of 20-m whereby participants were
instructed to perform various additional fluctuations for each repetition. Before and after the training
intervention, participants completed jumping tests (countermovement jump (CMJ), single-leg CMJs,
the modified 505 agility test, and straight sprinting tests (0–10 splits time), and maturity status was
evaluated as well. Within-group analysis showed improvement in CMJ asymmetries and changes
in direction asymmetries and 10-m sprint performance for the pre-, mid-, and post-PHV groups,
respectively (p < 0.05), with large to very large effects. Analysis of covariance demonstrated that
changes in sprint time in post-PHV players were greater than in the pre- and mid-PHV groups
(p < 0.05), with moderate effect. Adding random fluctuations during repeated sprint training appear
to be a suitable and feasible training strategy for maintaining and enhancing physical performance
in youth basketball players, irrespective of maturity status. Furthermore, the present findings en-
courage practitioners to implement the present approach in youth athletes to improve their physical
performance, but they should be aware that training response can vary according to maturity status.

Keywords: team sports; variation; movement variability; puberty; adolescence; growth; maturation;
bilateral asymmetry

1. Introduction

The requirement for high-intensity running and longer sprint distances has increased
in basketball [1]. Consequently, practitioners have been developing methods of enhancing
sprint and repeated sprint ability (RSA) in team-sports athletes. Since sprinting in basketball
is not exclusively straight-line, it is considered beneficial to prepare athletes to sprint in
different directions and challenge the technical model.

Nevertheless, practitioners should be aware that adolescent youth basketball players
experience puberty, one period of accelerated somatic growth promoted by the syner-
gistic effect of gonadal hormones with growth hormone and insulin-like growth factor
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1 (IGF-1) [2]. During this period, several physical changes in height, weight, and strength
are observed, resulting in decreased coordination and fine motor control [2]. These changes
could result in increased injury risk, and individualized prevention strategies to reduce
the likelihood of injury should be implemented [2,3]. This approach seems particularly
imperative in “high-risk” or “load-sensitive” athletes, who simultaneously experience the
period of accelerated growth and hold a high degree of sport specialization [4], such as often
occurs with basketball players [5]. This is owing to the few opportunities to experience a
variety of load-adaptive stimuli, resulting in fully developed neuromuscular patterns that
protect against injury [4]. Nonetheless, the body of evidence suggest that underlying mech-
anisms to explain training adaptations are different according maturity status [6]. Whereas
pre-pubertal training adaptations result primarily from nervous system development, pu-
bertal and post-pubertal adaptations are more associated with increases in sex androgen
concentrations (e.g., testosterone, growth hormone, and insulin-like growth factor) [6].
Thus, including variation during training (e.g., using differential learning principles) could
be a suitable strategy for addressing individual needs, mitigating neuromuscular deficits,
and reducing the chance of overloading. However, further studies are needed for better
understanding of the effectiveness of this approach in youth development, whether it is
related to physical performance or health related issues.

In contrast to the traditional training strategy, where fluctuations (i.e., different from
biomechanical models) are viewed as errors that must be minimized, the differential
learning approach [7,8] considers the fluctuations in moving systems as crucial sources
for learning. A major purpose of differential learning is increasing the possibilities of
movement rather than constraining them. Meanwhile, evidence has been provided that
increased movement fluctuations can be quantified by the amount or structure of noise and
can also be increased or modified by means of emotions [9] or fatigue [10]. Increasing noise
serves to destabilize the learning system and to launch a genuine self-organizing process.
In its most extreme form, differential learning includes movement variations without
repetition and without correction [11]. Movement corrections in differential learning are
avoided to enable the athlete to find their own optimal solution (which would not be the
case if the athletes were being guided by information about “errors”). Also according
to differential learning theory, increased fluctuations result in better skill acquisition and
better learning rates than traditional models [12,13]. Thereby, according to the stochastic
resonance principle within the differential learning theory, the noise is to be optimized
rather than maximized [11].

In this regard, the benefits of the training programs based on differential learning
in both technical and physical skills have been reported in team sports [14]. Related to
differential sprint training, the studies by Schöllhorn et al. [12] and Arede et al. [15] are of
special interest. In the first study, the effect of an intensive sprint training 5 times a week
for 6 months, based on repetitions and corrections, was compared with a differential sprint
training twice a week for the same duration in 2 youth male groups [12]. After 6 months,
both groups improved their maximum running speed, but the differential group improved
significantly more. Additionally, a pilot study of basketball-specific sprint training in
differential form in female adolescents [15] provided evidence of beneficial applications
in physical performance. The extent to which differential sprint training depends on the
maturity level of the athletes has not yet been investigated. Based on the previous findings,
including differential learning approach fluctuations in repeated sprints 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 9-week training interven-
tion involving repeated differential sprint training on a series of physical tests (i.e., jumping,
sprinting, and change-of-direction) but also in bilateral asymmetries, according to player
maturity status. A better understanding of the effects of differential repeated sprint train-
ing on various aspects of physical performance may help practitioners to better design
training tasks to improve these aspects, considering individual needs based on growth
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and maturation. Given the lack of previous comparable reports, we expect that repeated
differential sprint training effects are independent of maturity status.

2. Materials and Methods
2.1. Participants

A group of 38 male basketball players from the under-14 to under-18 age groups were
recruited from the Portuguese Basketball Academy to participate in this study. All partic-
ipants completed a total of ~270 min of basketball training (3 basketball sessions/week,
90 min/session) and 1 to 2 competitive matches per week. All participants were healthy,
free of any injury within the last three months, and without previous history of injury
or surgery that might have affected their physical performance. Only participants who
participated in at least 90% of the workouts were considered for data analysis, which
resulted in the exclusion of 1 player from post-testing analysis (Figure 1). Thirty-one play-
ers completed the training program, but only twenty-nine players were finally assessed
(Figure 1). Post hoc observed power calculations (G*Power, version 3.1.9.8; University of
Düsseldorf; Düsseldorf, Germany) for analysis of covariance (ANCOVA), including three
groups and one covariate (α = 0.05, d = 0.25), revealed power (β) of 0.09. Written 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.

Int. J. Environ. Res. Public Health 2022, 19, x  3 of 16 
 

 

according to player maturity status. A better understanding of the effects of differential 
repeated sprint training on various aspects of physical performance may help 
practitioners to better design training tasks to improve these aspects, considering 
individual needs based on growth and maturation. Given the lack of previous comparable 
reports, we expect that repeated differential sprint training effects are independent of 
maturity status. 

2. Materials and Methods 
2.1. Participants 

A group of 38 male basketball players from the under-14 to under-18 age groups were 
recruited from the Portuguese Basketball Academy to participate in this study. All 
participants completed a total of ~270 min of basketball training (3 basketball 
sessions/week, 90 min/session) and 1 to 2 competitive matches per week. All participants 
were healthy, free of any injury within the last three months, and without previous history 
of injury or surgery that might have affected their physical performance. Only participants 
who participated in at least 90% of the workouts were considered for data analysis, which 
resulted in the exclusion of 1 player from post-testing analysis (Figure 1). Thirty-one 
players completed the training program, but only twenty-nine players were finally 
assessed (Figure 1). Post hoc observed power calculations (G*Power, version 3.1.9.8; 
University of Düsseldorf; Düsseldorf, Germany) for analysis of covariance (ANCOVA), 
including three groups and one covariate (α = 0.05, d = 0.25), revealed power (β) of 0.09. 
Written 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. 

 
Figure 1. Flowchart of participant recruitment and follow-up. Figure 1. Flowchart of participant recruitment and follow-up.

2.2. Procedures

This experimental study incorporated a parallel-group, repeated-measures design,
whereby participants were divided into three groups with repeated sprinting training based
on differential learning principles [8] (Pre-PHV, n = 7; Mid-PHV, n = 8; Post-PHV, n = 20).
The groups were clustered according to the percentage of predicted adult height (% PAH).
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The training period lasted 9 weeks and was carried out within the regular in-season 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 were
conducted under the same experimental conditions (training session time and indoor
basketball court). Testing sessions were completed on the same time interval (between
6:30 p.m. and 9:30 p.m.). A 10-min standardized warm-up was performed (5 min jogging,
dynamic stretching, 10 bilateral squats, core exercises, 10 unilateral squats, and 3 vertical
unilateral jumps) before all testing. Tests were conducted in the following order, respecting
the principles of the National Strength and Conditioning Association for testing order [16]:
anthropometrical measurements, jumping tests (countermovement jump (CMJ), single-leg
countermovement jumps (SLCMJs), the modified 505 agility test, and straight sprinting
tests (0–10 splits time).

2.3. Training Program

The athletes included in the different training groups participated in two weekly
training sessions during in-court training sessions (Supplementary Table S1). All the
intervention drills were performed at the beginning of the training session, after the warm-
up period. The differential repeated sprint training comprised 2 sets of 10 sprints for 20 m
with 30 s of passive recovery between sprints and 3 min of passive recovery between sets.
Before each repetition, all participants were verbally instructed by the main researcher to
perform a different fluctuation (Supplementary Table S2) 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 differential
learning approach exercises for motor skills [11,15,17]. While differential learning theory,
based on findings from biomechanical studies on motor learning and neuroanatomical
development [18–20], suggests a coarse orientation on fluctuations that depend on the
learning status [8], in our study, all participants, independent of their maturity status,
executed the same structure of fluctuations. According to differential learning theory,
beginners should focus more on varying variables that are associated with the geometry
of a movement, and with advancing learning status, the focus shifts to variables that are
related to velocity, acceleration, and rhythm [21]. Whether the maturity status corresponds
to learning status in the investigated range of ages needs future extensive research and is
beyond the scope of this study.

2.4. Measurements

Somatic maturation. Height was recorded using a commercially portable stadiometer
(Tanita BF-522W, Japan, nearest 0.1 cm). Body mass was estimated using a scale (Tanita
BF-522W, Japan, nearest 0.1 kg). All measurements were taken following the guidelines
outlined by the International Society for the Advancement of Kinanthropometry (ISAK)
by the same researcher, who holds an ISAK Level 1 accreditation. Players’ height, weight,
chronological age, and mid-parent height were used to predict the adult height of each
player [22]. The heights of the biological parents of each player were self-reported and
adjusted for over-estimation using the previously established equations [23]. The current
height of each player was then expressed as a percentage of their predicted adult height
(% PAH), which can then be used as an index of somatic maturation [24]. Players were
grouped into three maturity bands based on the percentage of predicted adult height
attained at the time of the tournament [25]: <86% (Pre-PHV), 86–95% (Mid-PHV) and >95%
(Post-PHV) of predicted adult stature (Table 1). Only for descriptive reasons, maturity
timing was estimated for each player based on z-scores: average or on-time (z-score
between +0.5 and −0.5), early (z-score > +0.5), and late (z-score < −0.5).



Int. J. Environ. Res. Public Health 2022, 19, 12265 5 of 15

Table 1. Descriptive data of the subjects (Mean ± SD).

Variables Pre-PHV (n = 7) Mid-PHV (n = 6) Post-PHV (n = 16)

Biological age (years) 12.01 ± 0.36 13.32 ± 0.58 16.97 ± 1.15

Height (cm) 149.14 ± 7.31 160.67 ± 7.99 179.31 ± 8.68

Body mass (kg) 39.86 ± 10.78 53.83 ± 10.80 74.13 ± 15.09

PAH (%) 83.71 ± 1.11 88.67 ± 2.50 98.69 ± 1.70

Timing −0.01 ± 0.50 1.75 ± 0.63 0.90 ± 0.39

Maturity Timing
(Z-score)

Early = 1
On-time = 4

Late = 2

Early = 6
On-time = 0

Late = 0

Early = 14
On-time = 2

Late = 0

Training experience
(years) 4.86 ± 0.38 3.50 ± 1.38 5.94 ± 2.79

Legend: PHV = Peak of height velocity; PAH = Percentage of Adult Height. Note: A z-score < −0.5 is late, > +0.5
is early, and between +0.5 and −0.5 is average or on-time.

Bilateral and Unilateral Countermovement Jumps (CMJ). CMJs were assessed according to
the Bosco Protocol [26]. Participants performed three successful single leg CMJs (SLCMJs)
with each leg in the vertical and horizontal directions. Participants began by 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).

The modified 505 agility test (COD). Each participant was instructed to run to a mark
situated 5 m from the starting line, perform a 180◦ COD using the right or left leg to push
off, and return to the starting line, covering a total of 10 m [27]. The participants were asked
to pass the line indicated on the ground with their entire foot at each turn. The modified
505 agility test total time was recorded with 90 cm height photoelectric cells separated by
1.5 m (Witty, Microgate, Bolzano, Italy). Each participant performed 2 sprints with COD for
each side with 2 min of rest between them. Players began each trial in standing staggered
position with their front feet 0.5 m behind the first timing gate. The lower limb asymmetry
index (ASI) was determined using the following formula [28]: 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 modified
505 agility test time—mean 10 m time [27].

Sprint test. The running speed was evaluated as 10 m (0–10 m) split time. Running
times were recorded with single pairs of 90 cm high photoelectric cells separated by 1.5 m.
Each participant performed 2 trials with 2 min of rest between each trial. Players began
each trial in an upright standing position with their feet 0.5 m behind the first timing gate.

2.5. Statistical Analyses

Descriptive data are presented as mean (M) ± standard deviation (SD). The reliability
of test measures was computed using an average-measures two-way random intraclass
correlation coefficient (ICC) with absolute agreement, inclusive of 95% confidence inter-
vals (CI), and the coefficient of variation (CV). The ICC was interpreted as poor (<0.5),
moderate (0.5–0.74), good (0.75–0.9), or excellent (>0.9) [29]. Coefficients of variation were
considered acceptable if <10% [30]. The normality of the data distribution and spheric-
ity were confirmed using the Shapiro–Wilk statistic and Levene’s test for the equality of
variances, respectively. The analysis of variance (ANOVA) with bootstrapping was used
to compare the groups at baseline, and Tukey’s post hoc test was used in conjunction
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to examine the differences between groups. Effect sizes were evaluated using an omega
squared (ω2), with <0.06, 0.06–0.14, and >0.14 indicating a small, medium, or large effect,
respectively. A paired-samples t-test with bootstrapping was used to analyse within-group
changes [31]. Percentage changes were calculated as ([post-training value—pretraining
value]/pre-training value) × 100. Differences between pre- and post-test were calculated
according to criteria described elsewhere [32]. Effect sizes (ES) of the within-group changes
were evaluated using Hedges’ g correcting small sample biases [33]. The effect sizes were
considered <0.2 trivial, >0.2–0.5 small, >0.5–0.8 medium, >0.8–1.3 large, and >1.3 very
large [34]. An ANCOVA with Bonferroni-adjusted post hoc tests was performed to examine
the differences between groups (Pre-PHV, Mid-PHV, and Post-PHV) in post-training values
where the pre-training score was used as a covariate, the post-test scores as the dependent
variable and the maturity status as the independent variable [35]. ES was evaluated with
partial eta squared (η2

p), and the threshold values were no effect (η2
p < 0.04), minimum ef-

fect (0.04 < η2
p < 0.25), moderate effect (0.25 < η2

p < 0.64), and strong effect (η2
p > 0.64) [36].

This measure has been widely cited as a measure of ES and predominantly provided by
statistical software [37]. All statistical analyses were performed using the SPSS software
(version 28 for Windows; SPSS Inc., Chicago, IL, USA).

3. Results
3.1. Tests Reliability

All ICCs were excellent (ICC range = 0.97–0.99), and most (5 of the 6) of the CVs were
acceptable (CV range = 1.34–10.11%) (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) 0.98 (0.97; 0.99) 5.66 (3.81; 7.52)
0–10 m (s) 0.99 (0.98; 0.99) 1.34 (0.88; 1.80)
CMJR (cm) 0.98 (0.97; 0.99) 8.19 (6.47; 9.92)
CMJL (cm) 0.98 (0.97; 0.99) 10.11 (7.82; 12.39)
M505R (s) 0.97 (0.92; 0.98) 2.58 (2.01; 3.14)
M505L (s) 0.98 (0.95; 0.99) 1.96 (1.36; 2.56)

Abbreviations: ICC = Intraclass correlation coefficient; CV = Coefficient of variation; CL = Confidence limits;
CMJ = Countermovement jump height; 0–10 m = 0–10 m sprint time; M505 = Modified 505 agility test; R = Right;
L = Left.

3.2. Tests Outcomes

At baseline, the training groups were significantly different in CMJ, 0–10 m sprint
time, CMJR, CMJL, M505R, and M505L (p ≤ 0.05; large effect; see Table 3). Tukey’s post
hoc analysis revealed significant differences between the Pre-PHV and Post-PHV training
groups on these physical performance tests. Within-group changes for both training groups
are described in Table 3. The Pre-PHV training group showed a significant decrease in
CMJASY (p ≤ 0.05, large effect), and the Mid-PHV training group showed a significant
decrease in CODASY (p ≤ 0.05, very large effect). Finally, the Post-PHV training group
showed significant improvement in 0–10 m sprint time (p ≤ 0.01, large effect). According to
the ANCOVA results, significant differences were observed in 0–10 m sprint time (p ≤ 0.05;
moderate effect), with higher results for the Post-PHV than the Pre-PHV.
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Table 3. Inferences of the training programs intervention on subject’s performance measures.

Variables Pretest,
Mean ± SD

Postest,
Mean ± SD ∆ % p Hedge’s g

Between-
Groups
Pretest

Differences (p)

ω2 ANCOVA
(p) η2

p

CMJ (cm)

Pre-PHV 22.06 ± 6.55 23.44 ± 5.41 6.28 0.171

0.007 *
0.26

(−0.04; 0.47) 0.466Mid-PHV 25.23 ± 6.80 26.37 ± 6.63 4.49 0.444

Post-PHV 34.73 ± 9.95 35.51 ± 8.61 2.23 0.372

0–10 m (s)

Pre-PHV 2.18 ± 0.29 2.17 ± 0.28 −0.46 0.731

0.014 *
0.22

(−0.06; 0.43) 0.020 * 0.27Mid-PHV 2.07 ± 0.16 2.03 ± 0.17 −2.25 0.138

Post-PHV 1.88 ± 0.21 1.81 ± 0.17 −3.53 0.000 1.05
(0.42; 1.65)

CMJR (cm)

Pre-PHV 11.74 ± 3.90 12.44 ± 3.99 5.96 0.222

0.014 *
0.22

(−0.06; 0.44) 0.072Mid-PHV 12.28 ± 2.79 14.22 ± 3.21 15.74 0.205

Post-PHV 19.66 ± 8.01 20.86 ± 6.35 6.14 0.052

CMJL (cm)

Pre-PHV 13.67 ± 3.61 13.61 ± 4.17 −0.42 0.945

0.027 *
0.18

(−0.07; 0.40) 0.332Mid-PHV 12.72 ± 2.27 14.82 ± 2.93 16.51 0.131

Post-PHV 19.67 ± 7.45 20.85 ± 7.64 6.01 0.098

CMJASY (%)

Pre-PHV 26.96 ± 6.61 19.67 ± 7.56 −27.04 0.046 0.88
(−0.03; 1.75)

0.195 0.095Mid-PHV 27.57 ± 12.77 26.57 ± 8.28 −3.62 0.819

Post-PHV 20.33 ± 9.96 18.61 ± 11.34 −8.47 0.611

M505R (s)

Pre-PHV 3.15 ± 0.35 3.06 ± 0.38 −2.90 0.112

0.026 *
0.18

(−0.07; 0.40) 0.430Mid-PHV 3.07 ± 0.17 3.01 ± 0.18 −1.90 0.321

Post-PHV 2.78 ± 0.32 2.72 ± 0.22 −2.22 0.164

M505L (s)

Pre-PHV 3.13 ± 0.36 3.10 ± 0.38 −0.91 0.365

0.023
0.19

(−0.00; 0.41) 0.177Mid-PHV 3.15 ± 0.13 3.00 ± 0.22 −4.56 0.063

Post-PHV 2.80 ± 0.33 2.73 ± 0.25 −2.41 0.091

CODASY
(%)

Pre-PHV 4.85 ± 4.05 5.54 ± 2.19 14.42 0.648

0.594 0.326Mid-PHV 6.34 ± 1.62 4.02 ± 1.41 −36.56 0.015 1.94
(0.50; 3.32)

Post-PHV 5.33 ± 2.18 5.68 ± 2.96 6.43 0.705

CODDR (s)

Pre-PHV 1.03 ± 0.14 0.94 ± 0.13 −8.97 0.172

0.192 0.664Mid-PHV 1.04 ± 0.17 0.99 ± 0.12 −4.94 0.326

Post-PHV 0.93 ± 0.14 0.94 ± 0.10 1.00 0.804

CODDL (s)

Pre-PHV 0.99 ± 0.13 0.96 ± 0.10 −2.88 0.541

0.115 0.864Mid-PHV 1.09 ± 0.12 0.97 ± 0.14 −10.70 0.075

Post-PHV 0.95 ± 0.14 0.93 ± 0.11 −1.19 0.782

Abbreviations: CMJ = Countermovement jump height; 0–10 m = 0–10 m sprint time; M505 = Modified 505 agility
test; COD = Change of direction test; CODD = COD deficit; R = Right; L = Left; ASI = Bilateral asymmetry;
* Pre-PHV vs. Post-PHV (p < 0.05).

Figure 2 displays the individual changes in performance from pre- to post-test for
each training group. Most Pre-PHV subjects were better at CMJ (57%) and CMJR (71%)
on the post-test compared with the pre-test. In the same training group, all subjects
improved CMJL. Furthermore, within Pre-PHV, distinct training responses were observed
for 0–10 sprint time. The majority of Mid-PHV subjects were better in M505L (50 %), when
comparing to the pre-test values. However, in the same training group many subjects kept
the same performance in CMJL (33%) and 0–10 sprint time (33%), in post-test. Nevertheless,
in CMJ distinct training response were observed in Mid-PHV subjects. In the post-PHV
group, many subjects improved 0–10 sprint time (63%); however, distinct training response
was observed for different tests, with exception of CMJR.
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(C) Post-PHV.

4. Discussion

The aim of this study was to examine possible group specific effects of differential
repeated sprinting training dependent on maturity status. Although all groups had the
same training content of differential sprint training exercises, every group had a different
training response in distinct variables. We found that the presented training program
resulted in significant decreases in bilateral asymmetries during the physical performance
tests in the Pre- and Mid-PHV subjects. Moreover, the Post-PHV training group improved
their 0–10 m sprint time significantly more than the Pre-PHV subjects. Furthermore, Mid-
PHV had more homogenous training responses (better and/or same), whereas more diverse
training responses were observed in Pre-PHV and Post-PHV. Whether these results depend
on the different levels at the beginning or on the maturity status needs further research.

Given the lack of comparative studies on the training response by maturity status, this
study should be viewed as the starting point for further studies on this topic as a further
intermediate step on the way to individuality of learning [38]. The results indicate that
9 weeks of differential repeated sprinting training of adolescent male basketball players
had a beneficial impact in 0–10 m sprint time in different maturity statuses, especially
in Post-PHV subjects, as the effect was significantly higher than Pre-PHV. The extent to
which the lower increase in performance in the Pre-PHV group is indicative of either
too much variation or wrong variations for the performance level and thus suggests that
a more traditional approach or individually adapted variations to sprint training are
recommended, which at this level still has sufficient variation for optimal learning even
with repetition. Whether there is a principle level dependency, needs to be clarified in
future studies [11,39]. However, performance advances should not forget the long-term
development of athletes, where other parameters like higher symmetry in CMJs could be
a preventive and precondition for further performance gains. The beneficial impact in
0–10 m sprint time is in line with previously results obtained in a pilot study on female
basketball players [15]. Nonetheless, results from other studies differ in magnitude. For
example, 6 weeks of plyometric training resulted less effective improvement in 0–10 m
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sprint time in youth basketball players [40], whereas other short- to medium-term training
protocols (combined strength and conditioning, small-sided games training, high-intensity
interval training, and plyometric, strength and change-of-direction training) were more
effective at improving the 0–10 m sprint time in pubertal youth basketball players, based
in their maturity offset [41–43]. In contrast, the current protocol gives indication to be
superior to 6-week eccentric overload training that was direction-specific [44], and 10-week
strength training program with random recovery times [45] to achieve gains in 0–10 m
sprint time. These findings are in line with Rumpf and colleagues [46] who suggested that
other methods (e.g., plyometrics and strength) can be more effective to improve speed
during puberty, whereas the combination of methods in athletes with accumulated training
and well-developed training skills combination of training methods, forms and purposes in
a single drill can be particularly effective [47]. Thereby, discrepancies between studies, and
between maturity status can have substantial influence on neuromotor development aspects
which underlie possible training adaptations to the differential repeated sprint training.
However, with respect to the actual more generally discussed replication crisis [48,49] and
the critical discussion of the applied statistics therein the results are rather to be considered
as helpful proposals and cannot be generalized [50]. Including our own investigation, they
at best provide suggestions that it is worthwhile to conduct further research in this area.

During differential repeated sprinting training, many alternating variants of sprinting
occur in a single session. In this regard, in comparison with normal sprinting patterns,
differential sprints provide a multitude of kinematic and kinetic changes [12,51–56]. Here,
the general idea of differential learning theory is to also use restrictions in one area to
increase fluctuations in another area in the short term and then increase the number of
opportunities in general in the long term by combining the again released constrained
area with the increased fluctuations in the other areas. Thereby it is important to notice
that the restrictions are explicitly not used for guiding the system towards an externally
given problem solution but to initiate a self-organizing process. For example, sprinting
with the arms held across the chest or running with the arms held behind the back resulted
in increased peak lateral ground reaction forces and higher peak hip internal rotation, and
knee flexion [54]. Moreover, forward trunk lean sprinting resulted in greater lengths of all
the three hamstring muscles at foot strike and toe-off [53]. Evidence was also provided
that the restriction of scapula movement influenced the stance-leg motion and whole-
body position during the first step, but also the sprint speed [55]. Restricted arm action
(i.e., crossed arms) resulted in compensatory upper body motions that could provide the
rotational forces needed to offset the lower body angular momentum generated by the
swinging legs [52]. Adding “erroneous” and non-representative -movements by increasing
the existing fluctuation during repeated sprint training generate short term co-contractions
(i.e., simultaneous contraction of agonist and antagonist muscles around a joint), which
provide more joint stability and higher accelerating forces [57,58]. However, combining
higher levels of noise, speed, and co-contractions may reduce the momentary speed of
movement but provide stronger and movement adequate stimuli for muscle groups that
are requested in situations of high competitive stress [56,59]. Greater physical performance
requires a balance between maximizing the movement intensity, controlling movement
through co-contractions, faster relaxation, and reducing muscle slack [56,59]. In this regard,
the transient shift from protective, long-latency reflexes to pre-active, short-latency reflex
recruitment throughout maturation, particularly the reduction of inhibitory mechanisms to
protect the Musculo-tendon unit [60] can result in more efficient stretch shortening cycle
(SSC) actions [58], explaining better training response in 0–10 m sprint time of Post-PHV
subjects comparing to the Pre-PHV.

Closely connected to the increase in the multitude of muscle activation patterns due to
changed joint lever conditions and, consequently, due to the changed proprioception are
changes in the brain activation. Neurophysiological adaptations resulting from differential
learning include electroencephalographic frequencies in the alpha- and theta-bands which
benefits short-term memory and learning [61]. Moreover, there is evidence that differential
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learning results in increased theta activity in contralateral parieto–occipital regions [61]
but also stimulates the somatosensory and motor system and engages more regions of the
cortex [62]. Notwithstanding these meaningful findings, brain activity after differential
learning has been only analyzed in young adults, and the effects of differential learning,
including the brain activity, may be different during neurodevelopment in childhood
and puberty, resulting in inter-individual differences in terms of physical performance.
Indeed, during young adulthood occurs a peaking of white matter volume [63], an area
which controls the signals that neurons share, coordinating how well brain regions work
together [64]; whereas, the peak of grey matter (i.e., area with large number of neurons)
volume occurs before typical age of puberty onset [63]. Moreover, the process of myelination
(i.e., acquisition of the highly specialized myelin membrane around axons) occurs from the
back of the cerebral cortex to front, and from subcortical regions to higher centers of the
central nervous system (e.g., cerebellum and cortex) [65]. This suggests that the learning of
complex skills may lead to distinct neurological adaptations with respect to the maturity
status. In fact, learning complex skills results in noticeable changes in the white matter;
however, learning after adolescence is associated with increased white matter development
in regions that are still undergoing myelination, such as the forebrain [64]. This region
integrates different brain areas, such as the prefrontal cortex, the premotor cortex, and the
primary motor cortex associated with voluntary movement [65]. Altogether, Post-PHV
may have benefited from both brain maturity patterns and neurophysiological adaptations
of training in specific brain areas, resulting in improved performance during voluntary
actions, such as short sprinting.

After the differential repeated sprint training program, irrespective of maturity status,
participants displayed higher values of unilateral vertical jumping (except for CMJL in
pre-PHV) compared to the pre-test values. Similar benefits for unilateral vertical jump-
ing were observed in a pilot study [15]; whereas different effects occurred after a group
of youth basketball players completed different training programs [44,45,66]. Albeit en-
hanced neuromuscular qualities can be achieved using movement variability [67], overload
and assist musculature of hip and knee regions involved in the SSC may be beneficial
(e.g., higher peak activity of knee stabilizers muscles or considering concentric peak verti-
cal power/body weight) [68,69], to have higher unilateral jumping height in youth athletes.

Furthermore, differential repeated sprint training program was particularly beneficial
for Mid-PHV athletes regarding vertical unilateral jumping. These results are particularly
promising because using the present training strategy, practitioners can simultaneously
achieve positive adaptations resulting from natural improvements in maximal muscular
power during puberty [60], but also adjust load patterns considering particularities of
accelerated growth period. Thereby, during puberty muscle strength increases, but there is
no increase in proportion to limb inertial properties; and, excessive physical loading may
cause skeletal injury, particularly through overuse mechanism. Therefore, jumping training
during puberty should be carefully prescribed because the increased risk of joint overload,
and coordination training (movement adaptability) should be particularly emphasized [2].
In this regard, practitioners can provide a relatively safe, enjoyable, and effective training
program more based on individual needs, frequently alternating many variants of sprinting
in a single session using differential learning, resulting in improved multifaceted adaptabil-
ity, and consequently improved vertical unilateral jumping. Moreover, subjects may benefit
from an immediate transfer to specific sport such as previously observed after differential
learning based jumping training in handball [21].

In addition, it is widely established that change-of-direction speed is an essential
skill among youth athletes engaging in team sports [70]. The current training program
was beneficial (but without statistical significance) during the agility test including 180◦

change of direction. This change of direction involves a more aggressive cutting angle
(≥75◦) which includes higher braking requirements [71]. In this regard, fastest performance
in 180◦ change of direction includes higher propulsive and braking forces (particularly
horizontal) on the final foot contact [72], and has been associated with higher eccentric
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and isometric strength [70]. Moreover, the 180◦ change of direction involves high peak
muscle activity of the knee stabilizers (vastus medialis and lateralis) which play a key
role in frontal play control [69]. Thus, chronic exposure to frequently alternating variants
of sprinting in a single session can generate structural and functional adaptations which
positively influences biomechanical determinants of 180◦ change of direction, resulting in
improved performance in a controlled setting. Furthermore, youth athletes may have bene-
fited from continued neural development and hormonal changes throughout childhood
and adolescence, resulting in improved change of direction performance [73]. Nevertheless,
a previous study involving 16 years old male basketball players which included multidi-
rectional eccentric overload training resulted in similar gains in the same 180◦ change of
direction test [44]. Thus, older players may benefit from multidimensional adaptations
(i.e., biomechanical, morphological, and neuromuscular levels) resulting from eccentric
training [74], which could provide an advantage in high-intensity actions, such as cutting.
Moreover, athletes may have benefited from performing resistance exercises (i.e., unilateral
lateral eccentric overload training) including frontal and transverse plane-dominated tasks,
similar to a 180◦ COD test. Notwithstanding, the present findings are promising because the
training strategy is low in cost due to no equipment requirements and the results are bene-
ficial in 180◦ change of direction, including the potential of increased neurophysiological
adaptations [61].

Increases in bilateral asymmetries are observed during early stages of adolescence or
in the period of accelerated growth, particularly when rapid gains in limb length occur [75].
In this regard, young athletes can be more predisposed to various injuries in high-intensity
activities (e.g., cutting and landings), because of additional stress placed on the weaker leg
due to bilateral asymmetry [75]. In the present study, most of subjects had CMJASY above
10% cut-off criterion for bilateral asymmetries becoming more likely to have an injury.
Indeed, the participants of our study had larger CMJASY and CODASY than previously
observed in youth tennis players, irrespective of maturity status based in maturity off-
set [76]. Notwithstanding, the applied training strategy was effective to decrease CMJASY
and CODASY, in Pre- and Mid-PHV, respectively. In this regard, differential repeated sprint
training which generates neurophysiological adaptations seems to be similarly beneficial
to other methods to reduce discrepancies between lower limbs (e.g., bilateral and unilateral
strength and plyometric training, and balance and core training) [77], in young subjects
where neural mechanisms are mainly responsible for training adaptations [47]. On the
contrary to previously observed after 10-week strength training program with random
recovery times involving post-pubertal male basketball players [45], the decrease in CMJASY
was substantially lower in the present study. This comparison between studies suggests
that resistance training may be more effective to induce positive changes in CMJASY.

In addition, contrary to what was observed in the pilot study, probably one reason
of a lower starting performance level [15], the present protocol did not result in increased
CMJ performance. In previous studies including young male basketball players, CMJ
values showed higher improvements after completing different short- to medium-term
training programs (most of them including jumps) compared to that of the present study,
irrespective of maturity status [41–43,78–81]. It appears that a greater dynamic correspon-
dence of CMJ with different exercises (vertical jumps, axial based resistance exercises,
etc.) may be responsible for achieving the CMJ improvement. Also, in older basketball
players (≥16 years old), short- to medium resistance training programs (6–10 week) in
unilateral and bilateral fashion resulted more [45,82], albeit lower magnitude was observed
in direction-specific eccentric overload training [44]. It suggests different between-studies
underlying mechanisms explaining the adaptations in jumping performance, particularly
in pre- and pubertal stages, where higher improvements were observed. Thereby, the
adaptative response to frequently alternating variants of sprinting in a single session using
differential learning which result in improved ability to use the positive effect of SSC to the
vertical jumping performance, could be related to neural improvements in these stages [47].
Notwithstanding, in prepubertal and pubertal stages, the magnitude of improvement in
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a key physiological mechanism underlying efficient movement, such as utilization of the
SSC, seems to be greater according the level of neuromuscular load experienced in this
plane, how occurs in plyometric training [60].

5. Conclusions

Often interpreted at a first superficial glance as arbitrary variations, on a slightly closer
look the variations proposed under the differential learning approach turn out to be tar-
geted interventions for a holistic neuromuscular and specific training that must be adjusted
to every discipline and level of performance [8]. Through constantly changing postures
within the context of the discipline (crossed arms in front of the body, arms above the head,
etc.) there is not only a stronger tuning of targeted muscle groups through correspondingly
changed levers, but also a more versatile or noisy tuning of the neuronal system (e.g., motor
and somatosensory cortices), which thus becomes more robust against future disturbances.
Thereby, the body and especially head rotations around various axis are of special im-
portance since they train the versatile interactions of the vestibular apparatus with the
activating and perceiving apparatus [20,56]. Our findings indicate that adding “erroneous”
fluctuation and non-representative movements during repeated sprint training can result
in a significant reduction of bilateral asymmetries during physical performance tests, in
pre- and mid-PHV basketball players. Furthermore, Post-PHV athletes improved their
10-m sprint to a greater extent than Pre- and Mid-PHV. Generally, the Mid-PHV had more
positive and homogenous training response (better and/or same), whereas more varied
response was observed in their Pre- and Post-PHV counterparts. Indeed, the inclusion of
these fluctuations within repeated sprint training may positively influence the basketball
players’ movement patterns towards more effective and stabilized skills. The positive
adaptations are potentially owing to concomitant neurophysiological adaptations induced
by the differential repeated sprint training. Nonetheless, how much of the learning progress
is influenced by the continuously changing biomechanical conditions and how much by
the cognitive effect of not having errors corrected in connection with the accompanied
disadvantageous brain activations needs to be clarified in future. Nevertheless, the present
findings may encourage practitioners to implement similar protocols in youth athletes to
improve physical performance, although always being aware that training response can be
variable according to maturity status. Furthermore, the higher variability of stimuli during
the training also suggests looking for additional effects on prevention of injuries, which
have higher incidence during periods of accelerated growth. Finally, further studies should
examine the real differences between the application of differential repeated sprint training
to the natural development without any training protocol (i.e., control group), advancing
towards more individuality in training.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijerph191912265/s1, Table S1: Training program variations. Table
S2: Examples of the fluctuations performed during differential repeated sprint training interventions.

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., J.F.T.F., W.I.S. and N.L.; Writing—review & edit-
ing, J.A., J.F.T.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 UIDB 04045/2020.

Institutional Review Board Statement: The present study was approved by the Institutional Re-
search Ethics Committee and conformed to the recommendations of the Declaration of Helsinki.

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.

https://www.mdpi.com/article/10.3390/ijerph191912265/s1
https://www.mdpi.com/article/10.3390/ijerph191912265/s1


Int. J. Environ. Res. Public Health 2022, 19, 12265 13 of 15

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

References
1. Ferioli, D.; Schelling, X.; Bosio, A.; la Torre, A.; Rucco, D.; Rampinini, E. Match activities in basketball games: Comparison

between different competitive levels. J. Strength Cond. Res. 2020, 34, 172–182. [CrossRef] [PubMed]
2. Hume, P.; Russell, K. Overuse injuries and injury prevention strategies for youths. In Strength and Conditioning for Young Athletes:

Science and Application; Routledge: Oxford, UK, 2014; pp. 200–212.
3. Johnson, D.M.; Cumming, S.P.; Bradley, B.; Williams, S. The influence of exposure, growth and maturation on injury risk in male

academy football players. J. Sports Sci. 2022, 40, 1127–1136. [CrossRef] [PubMed]
4. Jayanthi, N.; Schley, S.; Cumming, S.P.; Myer, G.D.; Saffel, H.; Hartwig, T.; Gabbett, T.J. Developmental Training Model for the

Sport Specialized Youth Athlete: A Dynamic Strategy for Individualizing Load-Response During Maturation. Sports Health 2022,
14, 142–153. [CrossRef] [PubMed]

5. Arede, J.; Esteves, P.; Ferreira, A.P.; Sampaio, J.; Leite, N. Jump higher, run faster: Effects of diversified sport participation on
talent identification and selection in youth basketball identification and selection in youth basketball. J. Sports Sci. 2019, 37,
2220–2227. [CrossRef] [PubMed]

6. Lloyd, R.S.; Oliver, J.L. The youth physical development model: A new approach to long-term athletic development. Strength
Cond. J. 2012, 34, 61–72. [CrossRef]

7. Schöllhorn, W. Practical consequences of biomechanically determined individuality and fluctuations on motor learning. In
Proceedings of the International Society of Biomechanics Conference, Calgary, AB, Canada, 8–13 August 1999.

8. Schöllhorn, W. Applications of systems dynamic principles to technique and strength training. Acta Acad. Olymp. Est. 2000, 8,
67–85.

9. Janssen, D.; Schöllhorn, W.I.; Lubienetzki, J.; Fölling, K.; Kokenge, H.; Davids, K. Recognition of Emotions in Gait Patterns by
Means of Artificial Neural Nets. J. Nonverbal Behav. 2008, 32, 79–92. [CrossRef]

10. Janssen, D.; Schöllhorn, W.I.; Newell, K.M.; Jäger, J.M.; Rost, F.; Vehof, K. Diagnosing fatigue in gait patterns by support vector
machines and self-organizing maps. Hum. Mov. Sci. 2011, 30, 966–975. [CrossRef] [PubMed]

11. Schöllhorn, W.; Michelbrink, M.; Welminsiki, D.; Davids, K. Increasing stochastic perturbations enhances acquisition and learning
of complex sport movements. Perspect. Cogn. Action Sport 2009, 59–73.

12. Schöllhorn, W.; Röber, F.; Jaitner, T.; Hellstem, W.; Käubler, W. Discrete and continuous effects of traditional and differential sprint
training. In Proceedings of the 6th Annual Congress of the European College of Sport Science, Köln, Germany, 24–28 July 2001.

13. Tassignon, B.; Verschueren, J.; Baeyens, J.-P.; Benjaminse, A.; Gokeler, A.; Serrien, B.; Clijsen, R. An Exploratory Meta-Analytic
Review on the Empirical Evidence of Differential Learning as an Enhanced Motor Learning Method. Front. Psychol. 2021, 12, 1186.
[CrossRef]

14. Coutinho, D.; Santos, S.; Gonçalves, B.; Travassos, B.; Wong, D.P.; Schöllhorn, W.; Sampaio, J. The effects of an enrichment training
program for youth football attackers. PLoS ONE 2018, 13, e0199008. [CrossRef] [PubMed]

15. Arede, J.; Poureghbali, S.; Freitas, T.; Fernandes, J.; Schöllhorn, W.I.; Leite, N. The Effect of Differential Repeated Sprint Training
on Physical Performance in Female Basketball Players: A Pilot Study. Int. J. Environ. Res. Public Health 2021, 18, 12616. [CrossRef]

16. Haff, G.G.; Triplett, T. Essentials of Strength Training and Conditioning, 4th ed.; Human Kinetics Publishers Inc.: Champaign, IL,
USA, 2016.

17. Schollhorn, W.I. The Nonlinear Nature of Learning - A Differential Learning Approach. Open Sports Sci. J. 2012, 5, 100–112.
[CrossRef]

18. Creutzfeldt, O. Cortex Cerebri; Springer: Berlin/Heidelberg, Germany, 1983.
19. Nieuwenhuys, R.; Voogd, J.; Van Huijzen, C. The Human Central Nervous System: A Synopsis and Atlas; Springer: Berlin/Heidelberg,

Germany, 1991.
20. Schöllhorn, W. Systemdynamische Betrachtung komplexer Bewegungsmuster im Lernprozess—Prozessorientierte Strukturierung der

Entwicklung Eines Bewegungsablaufs Mit Hilfe Biomechanischer Beschreibungsgrößen; Peter Lang Verlag: Frankfurt, Germany, 1998.
21. Jainer, T.; Pfeiffer, M. Developing jumping strength based on systems dynamics principles. In European Workshop on Movement

Science Mechanics and Physiology; Schöllhorn, W., Bohn, C., Jäger, J.M., Schaper, H., Alichmann, M., Eds.; Sportverlag Strauß:
Münster, Germany, 2003.

22. Khamis, H.; Roche, A. Predicting Adult Stature Without Using Skeletal Age: The Khamis-Roche Method. Pediatrics 1994, 94,
504–507.

23. Epstein, L.H.; Valoski, A.M.; Kalarchian, M.; McCurley, J. Do Children Lose and Maintain Weight Easier Than Adults: A
Comparison of Child and Parent Weight Changes From Six Months to Ten Years. Obes. Res. 1995, 3, 411–417. [CrossRef] [PubMed]

24. Roche, A.F.; Tyleshevski, F.; Rogers, E. Non-Invasive Measurements of Physical Maturity in Children. Res. Q. Exerc. Sport 1983, 54,
364–371. [CrossRef]

25. Cumming, S.P.; Lloyd, R.S.; Oliver, J.L.; Eisenmann, J.C.; Malina, R.M. Bio-banding in Sport: Applications to Competition, Talent
Identification, and Strength and Conditioning of Youth Athletes. Strength Cond. J. 2017, 39, 34–47. [CrossRef]

26. Bosco, C.; Luhtanen, P.; Komi, P.V. A simple method for measurement of mechanical power in jumping. Eur. J. Appl. Physiol.
Occup. Physiol. 1983, 50, 273–282. [CrossRef]

http://doi.org/10.1519/JSC.0000000000003039
http://www.ncbi.nlm.nih.gov/pubmed/30741861
http://doi.org/10.1080/02640414.2022.2051380
http://www.ncbi.nlm.nih.gov/pubmed/35285754
http://doi.org/10.1177/19417381211056088
http://www.ncbi.nlm.nih.gov/pubmed/34763556
http://doi.org/10.1080/02640414.2019.1626114
http://www.ncbi.nlm.nih.gov/pubmed/31164046
http://doi.org/10.1519/SSC.0b013e31825760ea
http://doi.org/10.1007/s10919-007-0045-3
http://doi.org/10.1016/j.humov.2010.08.010
http://www.ncbi.nlm.nih.gov/pubmed/21195495
http://doi.org/10.3389/fpsyg.2021.533033
http://doi.org/10.1371/journal.pone.0199008
http://www.ncbi.nlm.nih.gov/pubmed/29897985
http://doi.org/10.3390/ijerph182312616
http://doi.org/10.2174/1875399X01205010100
http://doi.org/10.1002/j.1550-8528.1995.tb00170.x
http://www.ncbi.nlm.nih.gov/pubmed/8521160
http://doi.org/10.1080/02701367.1983.10605321
http://doi.org/10.1519/SSC.0000000000000281
http://doi.org/10.1007/BF00422166


Int. J. Environ. Res. Public Health 2022, 19, 12265 14 of 15

27. Nimphius, S.; Callaghan, S.J.; Spiteri, T.; Lockie, R.G. Change of Direction Deficit: A More Isolated Measure of Change of Direction
Performance Than Total 505 Time. J. Strength Cond. Res. 2016, 30, 3024–3032. [CrossRef] [PubMed]

28. Bishop, C.; Read, P.; Lake, J.; Chavda, S.; Turner, A. Inter-limb asymmetries: Understanding how to calculate differences from
bilateral and unilateral tests. Strength Cond. J. 2018, 40, 1–6. [CrossRef]

29. Koo, T.K.; Li, M.Y. A Guideline of Selecting and Reporting Intraclass Correlation Coefficients for Reliability Research. J. Chiropr.
Med. 2016, 15, 155–163. [CrossRef]

30. Cormack, S.J.; Newton, R.U.; McGuigan, M.R.; Doyle, T.L.A. Reliability of Measures Obtained During Single and Repeated
Countermovement Jumps. Int. J. Sports Physiol. Perform. 2008, 3, 131–144. [CrossRef]

31. Marôco, J. Análise Estatística com o SPSS Statistics, 6th ed.; ReportNumber Lda: Pêro Pinheiro, Portugal, 2014; p. 990.
32. Turner, A. But did my athlete improve? Assessing performance changes when N = 1. Prof. Strength Cond. 2022, 63, 27–31.
33. Cumming, G. Understanding the New Statistics: Effect Sizes, Confidence Intervals, and Meta-Analysis; Routledge: New York, NY,

USA, 2012.
34. Cohen, J. Statistical power analysis for the behavioral sciences. In Statistical Power Analysis for the Behavioral Sciences, 2nd ed.;

Routledge: London, UK, 1988; p. 567.
35. Van Breukelen, V.; Gerard, P.J. ANCOVA versus change from baseline had more power in randomized studies and more bias in

nonrandomized studies. J. Clin. Epidemiol. 2006, 59, 920–925. [CrossRef]
36. Ferguson, C.J. An Effect Size Primer: A Guide for Clinicians and Researchers. Prof. Psychol. Res. Pract. 2009, 40, 532–538.

[CrossRef]
37. Lakens, D. Calculating and reporting effect sizes to facilitate cumulative science: A practical primer for t -tests and ANOVAs.

Front. Psychol. 2013, 4, 863. [CrossRef] [PubMed]
38. Horst, F.; Janssen, D.; Beckmann, H.; Schöllhorn, W.I. Can Individual Movement Characteristics Across Different Throwing

Disciplines Be Identified in High-Performance Decathletes? Front. Psychol. 2020, 11, 2262. [CrossRef]
39. Schöllhorn, W. Differenzielles Lehren und Lernen von Bewegung - durch veränderte Annahmen zu neuen Konsequenzen. In Zur

Vernetzung von Forschung und Lehre in Biomechanik, Sportmotorik und Trainingswissenschaft; Gabler, H., Göhner, U., Schiebl, F., Eds.;
DVS Symposium 2004 Tübingen; Czwalina: Hamburg, Germany, 2005; pp. 125–135.

40. Palma-Muñoz, I.; Ramírez-Campillo, R.; Azocar-Gallardo, J.; Álvarez, C.; Asadi, A.; Moran, J.; Chaabene, H. Effects of Progressed
and Nonprogressed Volume-Based Overload Plyometric Training on Components of Physical Fitness and Body Composition
Variables in Youth Male Basketball Players. J. Strength Cond. Res. 2021, 35, 1642–1649. [CrossRef]

41. Arede, J.; Vaz, R.; Franceschi, A.; Gonzalo-Skok, O.; Leite, N. Effects of a combined strength and conditioning training program
on physical abilities in adolescent male basketball players. J. Sports Med. Phys. Fit. 2019, 59, 1298–1305. [CrossRef]

42. Arslan, E.; Kilit, B.; Clemente, F.M.; Murawska-Ciałowicz, E.; Soylu, Y.; Sogut, M.; Akca, F.; Gokkaya, M.; Silva, A.F. Effects of
Small-Sided Games Training versus High-Intensity Interval Training Approaches in Young Basketball Players. Int. J. Environ. Res.
Public Health 2022, 19, 2931. [CrossRef]

43. Sáez de Villarreal, E.; Molina, J.G.; de Castro-Maqueda, G.; Gutiérrez-Manzanedo, J.V. Effects of Plyometric, Strength and Change
of Direction Training on High-School Basketball Player’s Physical Fitness. J. Hum. Kinet. 2021, 78, 175–186. [CrossRef] [PubMed]

44. Gonzalo-Skok, O.; Sánchez-Sabaté, J.; Tous-Fajardo, J.; Mendez-Villanueva, A.; Bishop, C.; Piedrafita, E. Effects of Direction-
Specific Training Interventions on Physical Performance and Inter-Limb Asymmetries. Int. J. Environ. Res. Public Health 2022,
19, 1029. [CrossRef]

45. Arede, J.; Leite, N.; Tous-Fajardo, J.; Bishop, C.; Gonzalo-Skok, O. Enhancing High-Intensity Actions During a Basketball Game
After a Strength Training Program with Random Recovery Times Between Sets. J. Strength Cond. Res. 2021, 36, 1989–1997.
[CrossRef] [PubMed]

46. Rumpf, M.C.; Cronin, J.B.; Pinder, S.D.; Oliver, J.; Hughes, M. Effect of different training methods on running sprint times in male
youth. Pediatr. Exerc. Sci. 2012, 24, 170–186. [CrossRef] [PubMed]

47. Oliver, J.L.; Rumpf, M.C. Speed development in youths. In Strength and Conditioning for Young Athletes: Science and Application;
Lloyd, R.S., Oliver, J.L., Eds.; Routledge: London, UK, 2014.

48. Baker, M.; Penny, D. 1500 scientists lift the lid on reproducibility. Nature 2016, 533, 452–454. [CrossRef] [PubMed]
49. Ioannidis, J.P.A. Why Most Published Research Findings Are False. PLoS Med. 2005, 2, e124. [CrossRef]
50. Schöllhorn, W.I. Studies of specific movements and their stabilization do not allow general inferences on motor learning, even at

the neurophysiological level - comment on Lage et al (2021). Braz. J. Mot. Behav. 2022, 16, 8–10. [CrossRef]
51. Schöllhorn, W. DVD—Schnelligkeitstraining: Wie Werde Ich Schneller? Sprint-Koordination; Prinzip: Differenzielles Lernen; Saller:

Weikersheim, Germany, 2006.
52. Brooks, L.C.; Weyand, P.G.; Clark, K.P. Does restricting arm motion compromise short sprint running performance? Gait Posture

2022, 94, 114–118. [CrossRef] [PubMed]
53. Higashihara, A.; Nagano, Y.; Takahashi, K.; Fukubayashi, T. Effects of forward trunk lean on hamstring muscle kinematics during

sprinting. J. Sports Sci. 2014, 33, 1366–1375. [CrossRef] [PubMed]
54. Miller, R.H.; Caldwell, G.E.; Van Emmerik, R.E.A.; Umberger, B.R.; Hamill, J. Ground Reaction Forces and Lower Extremity

Kinematics When Running with Suppressed Arm Swing. J. Biomech. Eng. 2009, 131, 124502. [CrossRef]
55. Otsuka, M.; Ito, T.; Honjo, T.; Isaka, T. Scapula behavior associates with fast sprinting in first accelerated running. Springerplus

2016, 5, 1–9. [CrossRef] [PubMed]

http://doi.org/10.1519/JSC.0000000000001421
http://www.ncbi.nlm.nih.gov/pubmed/26982972
http://doi.org/10.1519/SSC.0000000000000371
http://doi.org/10.1016/j.jcm.2016.02.012
http://doi.org/10.1123/ijspp.3.2.131
http://doi.org/10.1016/j.jclinepi.2006.02.007
http://doi.org/10.1037/a0015808
http://doi.org/10.3389/fpsyg.2013.00863
http://www.ncbi.nlm.nih.gov/pubmed/24324449
http://doi.org/10.3389/fpsyg.2020.02262
http://doi.org/10.1519/JSC.0000000000002950
http://doi.org/10.23736/S0022-4707.18.08961-2
http://doi.org/10.3390/ijerph19052931
http://doi.org/10.2478/hukin-2021-0036
http://www.ncbi.nlm.nih.gov/pubmed/34025875
http://doi.org/10.3390/ijerph19031029
http://doi.org/10.1519/JSC.0000000000004002
http://www.ncbi.nlm.nih.gov/pubmed/33651731
http://doi.org/10.1123/pes.24.2.170
http://www.ncbi.nlm.nih.gov/pubmed/22728410
http://doi.org/10.1038/533452a
http://www.ncbi.nlm.nih.gov/pubmed/27225100
http://doi.org/10.1371/journal.pmed.0020124
http://doi.org/10.20338/bjmb.v16i1.295
http://doi.org/10.1016/j.gaitpost.2022.03.001
http://www.ncbi.nlm.nih.gov/pubmed/35276457
http://doi.org/10.1080/02640414.2014.990483
http://www.ncbi.nlm.nih.gov/pubmed/25514378
http://doi.org/10.1115/1.4000088
http://doi.org/10.1186/s40064-016-2291-5
http://www.ncbi.nlm.nih.gov/pubmed/27350917


Int. J. Environ. Res. Public Health 2022, 19, 12265 15 of 15

56. Schöllhorn, W. Schnelligkeitstraining für alle Sportarten; Rowohlt: Reinbek, Germany, 1995.
57. Radnor, J.M.; Oliver, J.L.; Waugh, C.M.; Myer, G.D.; Moore, I.S.; Lloyd, R.S. The Influence of Growth and Maturation on

Stretch-Shortening Cycle Function in Youth. Sports Med. 2017, 48, 57–71. [CrossRef] [PubMed]
58. Schöllhorn, W.; Frick, U.; Schmidtbleicher, D. Der Einfluß der Landetechnik im reaktiven Sprungkrafttraining auf biomechanische

Kennwerte des Bewegungsverhaltens. In Proceedings of the Techniques in Athletics-The First International Conference, Cologne,
Germany, 7–9 June 1990; Brüggemann, G.P., Rühl, J.K., Eds.; pp. 808–814.

59. Bosch, F. Strength Training and Coordination: An Integrative Approach; 2010 Publishers: Rotterdam, The Netherlands, 2010.
60. Lloyd, R.S.; Cronin, J.B. Plyometric development in youths. In Strength and Conditioning for Young Athletes: Science and Application;

Routledge: London, UK, 2014; pp. 94–106.
61. Henz, D.; Schöllhorn, W. Differential training facilitates early consolidation in motor learning. Front. Behav. Neurosci. 2016, 10, 199.

[CrossRef]
62. Henz, D.; John, A.; Merz, C.; Schöllhorn, W.I. Post-task Effects on EEG Brain Activity Differ for Various Differential Learning and

Contextual Interference Protocols. Front. Hum. Neurosci. 2018, 12, 19. [CrossRef]
63. Bethlehem, R.A.I.; Seidlitz, J.; White, S.R.; Vogel, J.W.; Anderson, K.M.; Adamson, C.; Adler, S.; Alexopoulos, G.S.; Anagnostou, E.;

Areces-Gonzalez, A.; et al. Brain charts for the human lifespan. Nature 2022, 604, 525–533. [CrossRef]
64. Fields, R.D. White matter matters. Sci. Am. 2008, 298, 54–61. [CrossRef]
65. Abernethy, B.; Kippers, V.; Hanrahan, S.; Pandy, M.; McManus, A.; Mackinnon, L. Biophysical Foundations of Human Movement;

Human Kinetics: Champaign, IL, USA, 2013; p. 394.
66. Gonzalo-Skok, O.; Sánchez-Sabaté, J.; Izquierdo-Lupón, L.; De Villarreal, E.S. Influence of force-vector and force application

plyometric training in young elite basketball players. Eur. J. Sport Sci. 2018, 19, 305–314. [CrossRef]
67. Arede, J.; Gonzalo-Skok, O.; Bishop, C.; Schöllhorn, W.I.; Leite, N. Rotational flywheel training in youth female team sport

athletes: Could inter-repetition movement variability be beneficial? J. Sports Med. Phys. Fit. 2020, 60, 1444–1452. [CrossRef]
68. Meylan, C.M.P.; Nosaka, K.; Green, J.; Cronin, J.B. Temporal and kinetic analysis of unilateral jumping in the vertical, horizontal,

and lateral directions. J. Sports Sci. 2010, 28, 545–554. [CrossRef]
69. Falch, H.N.; Rædergård, H.G.; Van Den Tillaar, R. Relationship of performance measures and muscle activity between a 180◦

change of direction task and different countermovement jumps. Sports 2020, 8, 47. [CrossRef] [PubMed]
70. Spiteri, T.; Newton, R.U.; Binetti, M.; Hart, N.H.; Sheppard, J.M.; Nimphius, S. Mechanical Determinants of Faster Change of

Direction and Agility Performance in Female Basketball Athletes. J. Strength Cond. Res. 2015, 29, 2205–2214. [CrossRef] [PubMed]
71. Deweese, B.; Nimphius, S. Program Design and Technique for Speed and Agility Training. In Essentials of Strength and Conditioning;

Haff, G.G., Triplett, T.N., Eds.; Human Kinetics: Champaign, IL, USA, 2016; pp. 521–558.
72. Dos’Santos, T.; Thomas, C.; Jones, P.A.; Comfort, P. Mechanical Determinants of Faster Change of Direction Speed Performance in

Male Athletes. J. Strength Cond. Res. 2017, 31, 696–705. [CrossRef]
73. Lloyd, R.S.; Read, P.; Oliver, J.L.; Meyers, R.W.; Nimphius, S.; Jeffreys, I. Considerations for the Development of Agility During

Childhood and Adolescence. Strength Cond. J. 2013, 35, 2–11. [CrossRef]
74. Douglas, J.; Pearson, S.; Ross, A.; McGuigan, M. Chronic Adaptations to Eccentric Training: A Systematic Review. Sports Med.

2016, 47, 917–941. [CrossRef]
75. Read, P.J.; Oliver, J.L.; Croix, M.B.A.D.S.; Myer, G.D.; Lloyd, R.S. Neuromuscular Risk Factors for Knee and Ankle Ligament

Injuries in Male Youth Soccer Players. Sports Med. 2016, 46, 1059–1066. [CrossRef] [PubMed]
76. Madruga-Parera, M.; Romero-Rodríguez, D.; Bishop, C.; Beltran-Valls, M.R.; Latinjak, A.T.; Beato, M.; Fort-Vanmeerhaeghe, A.

Effects of Maturation on Lower Limb Neuromuscular Asymmetries in Elite Youth Tennis Players. Sports 2019, 7, 106. [CrossRef]
[PubMed]

77. Bishop, C.; Turner, A.; Read, P. Training Methods and Considerations for Practitioners to Reduce Interlimb Asymmetries. Strength
Cond. J. 2018, 40, 40–46. [CrossRef]

78. Zribi, A.; Zouch, M.; Chaari, H.; Bouajina, E.; Ben Nasr, H.; Zaouali, M.; Tabka, Z. Short-Term Lower-Body Plyometric Training
Improves Whole-Body BMC, Bone Metabolic Markers, and Physical Fitness in Early Pubertal Male Basketball Players. Pediatr.
Exerc. Sci. 2014, 26, 22–32. [CrossRef]

79. Santos, E.J.A.M.; Janeira, M.A.A.S. Effects of complex training on explosive strength in adolescent male basketball players.
J. Strength Cond. Res. Natl. Strength Cond. Assoc. 2008, 22, 903–909. [CrossRef] [PubMed]

80. Santos, E.J.; Janeira, M.A. The Effects of Plyometric Training Followed by Detraining and Reduced Training Periods on Explosive
Strength in Adolescent Male Basketball Players. J. Strength Cond. Res. 2011, 25, 441–452. [CrossRef]

81. Latorre Román, P.Á.; Villar Macias, F.J.; García Pinillos, F. Effects of a contrast training programme on jumping, sprinting and
agility performance of prepubertal basketball players. J. Sports Sci. 2017, 36, 802–808. [CrossRef] [PubMed]

82. Gonzalo-Skok, O.; Tous-Fajardo, J.; Suarez-Arrones, L.; Arjol, J.L.; Casajús, J.A.; Mendez-Villanueva, A. Single-Leg Power Output
and Between-Limbs Imbalances in Team-Sport Players: Unilateral Versus Bilateral Combined Resistance Training. Int. J. Sports
Physiol. Perform. 2017, 12, 106–114. [CrossRef] [PubMed]

http://doi.org/10.1007/s40279-017-0785-0
http://www.ncbi.nlm.nih.gov/pubmed/28900862
http://doi.org/10.3389/fnbeh.2016.00199
http://doi.org/10.3389/fnhum.2018.00019
http://doi.org/10.1038/s41586-022-04554-y
http://doi.org/10.1038/scientificamerican0308-54
http://doi.org/10.1080/17461391.2018.1502357
http://doi.org/10.23736/S0022-4707.20.10962-9
http://doi.org/10.1080/02640411003628048
http://doi.org/10.3390/sports8040047
http://www.ncbi.nlm.nih.gov/pubmed/32290048
http://doi.org/10.1519/JSC.0000000000000876
http://www.ncbi.nlm.nih.gov/pubmed/25734779
http://doi.org/10.1519/JSC.0000000000001535
http://doi.org/10.1519/SSC.0b013e31827ab08c
http://doi.org/10.1007/s40279-016-0628-4
http://doi.org/10.1007/s40279-016-0479-z
http://www.ncbi.nlm.nih.gov/pubmed/26856339
http://doi.org/10.3390/sports7050106
http://www.ncbi.nlm.nih.gov/pubmed/31071938
http://doi.org/10.1519/SSC.0000000000000354
http://doi.org/10.1123/pes.2013-0053
http://doi.org/10.1519/JSC.0b013e31816a59f2
http://www.ncbi.nlm.nih.gov/pubmed/18438223
http://doi.org/10.1519/JSC.0b013e3181b62be3
http://doi.org/10.1080/02640414.2017.1340662
http://www.ncbi.nlm.nih.gov/pubmed/28636435
http://doi.org/10.1123/ijspp.2015-0743
http://www.ncbi.nlm.nih.gov/pubmed/27140680

	Introduction 
	Materials and Methods 
	Participants 
	Procedures 
	Training Program 
	Measurements 
	Statistical Analyses 

	Results 
	Tests Reliability 
	Tests Outcomes 

	Discussion 
	Conclusions 
	References

