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ARTICLE INFO ABSTRACT

Keywords: Background: For adolescent soccer players, good sprinting and jumping abilities are crucial for
Plyometric training their athletic performance. The application of plyometric training on boosting explosive strength
Soccer player in adolescent soccer players is contingent upon the maturation phase, which can mediate the

Explosive strength

. training-induced adaptations.
Maturation & P

Purpose: This systematic review and meta-analysis aim to explore the maturation effect of plyo-
metric training on the lower limb explosive power of adolescent soccer players, with vertical
countermovement jump (CMJ) and 20-m sprint as the main outcome indicators.

Methods: An extensive search of the literature was carried out on various databases including
PubMed, Web of Science, Scopus, ProQuest, and the China National Knowledge Infrastructure
(CNKID), covering the time period from the establishment of each database to February 6, 2023.
The search was conducted using English keywords such as ‘Plyometric,” ‘Adolescent,” ‘football,’
and ‘Explosive strength.’ This study utilized the Cochrane risk of bias assessment tool to conduct a
standardized quality evaluation of all the included literature. Additionally, the Review Manager
5.4 software was employed to perform data analysis on all the extracted data.

Results: A total of 17 studies involving 681 adolescent soccer players aged 10 to 19 were included.
Plyometric training significantly improved CMJ performance across different maturation stages,
especially in the post-peak height velocity stage (POST-PHV) [MD = 4.35, 95 % CI (2.11, 6.59), P
< 0.01, I = 60 %]. The pre-peak height velocity stage (PRE-PHV) showed the next best
improvement [MD = 3.00, 95 % CI (1.63, 4.37)], while the middle-peak height velocity stage
(MID-PHV) showed the least improvement [MD = 2.79, 95 % CI (1.16, 4.41), P < 0.01, 12 = 49
%]. However, improvements in 20 m sprint ability were only observed in the PRE-PHV [MD =
—0.06, 95 % CI (—0.12, 0), P < 0.01, I> = 0 %] and MID-PHV [MD = —0.18, 95 % CI (—0.27,
—0.08), P < 0.01, I2 = 0 %] stages.

Conclusion: Plyometric training serves as a potent strategy for boosting the lower limb explosive
strength of adolescent soccer players, and the training effect is closely related to the players’
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biological maturity. Considering biological maturity is a key aspect that this study deems essential
for the formulation of effective training programs for these adolescent players.

1. Introduction

Soccer is widely celebrated for its extensive appeal, especially among children and adolescents [1-4]. During a 90-min professional
soccer match, athletes routinely carry out a series of explosive movements, such as kicking the ball, tackling, jumping, turning,
sprinting, and changing pace [5,6]. Throughout a standard soccer match, players typically engage in short sprints of 24 s within a 90-s
interval, accounting for approximately 3 % of the total match time [7,8], and 1-11 % of the total distance covered [8,9]. While
sprinting ability is essential, improving jumping ability can provide players with an advantage in aerial duels, interceptions, and
shooting, while also enhancing their explosive strength and technical skills [10,11]. Therefore, abilities in sprinting and jumping,
which are pivotal to the game, are essential for soccer players’ success.

Plyometric training, recognized for its effectiveness, serves as a scientifically validated approach to augment the explosive strength
of athletes [12-17], making it highly applicable to soccer players [18]. A unique muscle activation pattern, referred to as the
stretch-shortening cycle (SSC) [19,20], underpins the efficacy of plyometric training, encompassing eccentric, isometric, and
concentric muscle actions [21]. This cycle efficiently utilizes stored elastic energy and the stretch reflex mechanism to improve
explosiveness [22,23]. However, in the case of adolescents, the development of lower limb explosive strength is influenced not only by
training interventions but also by various other factors, with maturation being one of the primary determinants.

Identical training interventions may yield different effects during different maturation stages in adolescents [24], suggesting that
training adaptations may vary across maturation periods [25]. Biological maturation, which is the process of an individual progressing
towards maturity, is one of the primary factors influencing these adaptations [12]. This process differs in terms of timing and velocity,
and the maturation of different bodily systems is also asynchronous [26]. The adolescent stage epitomizes a paramount epoch of
intrinsic evolution, underscored by swift transformations and maturation within the body’s neurological and physiological systems
[27]. Specifically, adolescents in the pre-pubertal phase exhibit high neuro-muscular plasticity [28]., while adolescents in mid-puberty
experience significant increases in growth hormone and testosterone levels, which promote the development of muscle fiber types and
muscle mass [25,29-31]. These physiological and neurological developments can significantly impact training outcomes. However,
the level, rate, and timing of biological maturity vary among individuals [32,33]. Given this variability, it is particularly recommended
in the Long-Term Athlete Development (LTAD) model to use the age at PHV rather than chronological age to assess changes in body
size, composition, and physiological performance during adolescents’ growth spurts [34]. This approach helps to more accurately
describe the biological and physiological characteristics associated with adolescent growth peaks and provides a scientific basis for
designing targeted training plans.

Considering the well-established benefits of plyometric exercises for enhancing the explosive power of the lower limbs among
adolescent soccer players, the intricacies of maturation-related training responses are a notable concern. Specifically, uncertainty
persists regarding whether plyometric exercises, when integrated into maturation phases, can yield more pronounced adaptations
surpassing those of the natural maturation process in isolation. Given the importance, research must focus on the relationship between
plyometric training and maturation’s role in developing lower-limb explosive strength in adolescent soccer players. For this purpose,
this study aiming to explore the maturation effects of plyometric training on the explosive strength of adolescent athletes, using the
countermovement jump (CMJ) and 20-m sprint as outcome measures.

2. Information and research methods
2.1. Search strategy

The present systematic review and meta-analysis executed a comprehensive search of five databases, namely PubMed, Web of

Table 1
Presentation of literature search process.
Databases Search process Search period
PubMed, Web of Science, #1 TS = (“Lower limb explosive strength” OR “Explosive strength” OR The search period spanned from the inception
Scopus, ProQuest, “explosive force” OR “Explosive power” OR “power” OR “Countermovement years of the respective databases to February 6,
CNKI jump” OR “CMJ” OR “squat jump” OR “SJ” OR “standing long jump” OR “SLJ” 2023

OR “drop jump” OR “DJ” OR “sprint performance” OR "10 m” OR "20 m” OR
"30 m” OR "50 m” OR “vertical jump” OR “VJ")

#2 TS = (“Adolescent” OR “Adolescents” OR “Adolescence” OR “Teens” OR
“Teen” OR “Teenagers” OR “Teenager” OR “Youth” OR “Youths” OR “Female
Adolescent” OR “Female Adolescents” OR “Male Adolescent” OR “Male
Adolescents” OR “Child” OR “Children")

#3 TS = (“plyometric” OR “plyometrics” OR “PT” OR “pliometrique” OR
“entrainement pliometrique” OR “salto pliome’trico” OR “velocidad")

#5 #1 AND #2 AND #3
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Science, Scopus, ProQuest, and China National Knowledge Infrastructure (CNKI), with the search period extending from the databases’
inception to February 6, 2023. The search terms used included Plyometric, Adolescent, Teenagers, Children, Football, Soccer, Lower
limb explosive strength, and Explosive power. The study has been registered according to the relevant protocol (PROSPERO:
CRD42023485762). As an example, the search results from Web of Science are presented in Table 1 below.

2.2. Study selection

This systematic review and meta-analysis strictly followed the PICOS principles of evidence-based medicine to formulate the
literature inclusion criteria (Table 2). The meticulous application of this well-established framework ensured the scientific rigor and
systematic nature of the research methodology employed in this study.

The analysis encompassed a total of 17 studies, with the process of inclusion and exclusion detailed in Fig. 1.

2.3. Data extraction

The use of EndNote X9 software enabled the elimination of duplication across all the included literature. After finalizing the se-
lection of relevant literature, two researchers gathered the data using Microsoft Excel spreadsheets as the primary tool for data or-
ganization. Meticulous attention was paid to collating essential information, including author details, publication chronology,
participant demographics (such as age, maturation stage, and gender), pre- and post-intervention outcomes, and comprehensive
intervention details (duration, training frequency, duration, and protocols for both experimental and control groups). To address any
inconsistencies in data extraction, an additional researcher independently conducted the extraction process and made a conclusive
decision. For all studies included in the review, data from both pre- and post-intervention tests were recorded as mean + standard
deviation. The research team then standardized these values into change scores + standard deviation for the subsequent analysis.
When full-text articles or specific data were not readily available, the strategy involved contacting the corresponding authors to obtain
the necessary documentation. Studies were only excluded due to lack of access to the full text if, after these attempts, the required
information remained unavailable.

2.4. Assessment of risk of bias

The quality of each article was independently assessed by two researchers using the Cochrane Risk of Bias assessment tool to
conduct a comprehensive evaluation of the literature. The assessment results were categorized as ‘low risk of bias,” ‘unknown risk of
bias,” or ‘high risk of bias’ for each domain. Based on the assessment results, the articles were assigned into three different quality
levels: A, B, or C. Specifically, if the number of domains with a ‘low risk of bias’ was four or more, the article was designated as level A;
if the number was between two and three, it was designated as level B; if the number was one or none, it was designated as level C [13].

2.5. Statistical analysis

Data analysis was executed using the Review Manager 5.4 software (RevMan, The Nordic Cochrane Centre, Copenhagen,
Denmark). For the purpose of enhancing the study’s credibility and impact, we limited meta-analysis and subgroup analysis to those
outcome measures that included at least four complete sets of experimental data [36]. To standardize the units of the measures (e.g.,
converting all length units to centimeters), this study utilized the mean difference (MD) as a summary effect measure, accompanied by
a 95 % confidence interval for all outcome measures in the final analysis. Using the I-squared (I?) statistic, the study evaluated the
degree of heterogeneity across included studies, revealing the proportion of variation that is not due to chance. When I? was less than
25 %, the heterogeneity was considered negligible; when I? was between 25 % and 75 %, the heterogeneity was considered moderate;
when I? was greater than 75 %, the heterogeneity was considered high [37]. For studies with heterogeneity less than 25 %, a
fixed-effects model was used to analyze the outcome measures. For studies with heterogeneity greater than 25 %, a random-effects

Table 2
Meta-Analysis eligibility: inclusion and exclusion standards.

Category Inclusion criteria Exclusion criteria

Population Adolescent soccer players aged 10-19 years, categorized according to the (1) Study participants not belonging to the soccer player
World Health Organization (WHO) maturation classification (10-12.99 population; (2) Age of study participants exceeding or not meeting
years as PRE-PHV, 13-15.99 years as MID-PHV, and 16-18.99 years as the adolescent stage
POST-PHV [35].

Intervention  After undergoing the plyometric training intervention, the experimental The experimental group participated in plyometric training and
group engaged in soccer-specific drills that were consistent with the also received other forms of training outside of soccer-specific
exercises performed by the control group. drills.

Control The control group either served as a blank control or engaged in identical ~ (1) Absence of control group; (2) The control group participated in
soccer-specific drills as those performed by the experimental group. training modalities other than soccer-specific drills.

Outcome CMJ and 20-m sprint (1) Unable to obtain study data; (2) Studies for which full text

remained inaccessible even after attempting to contact the authors

Study Randomized controlled trials (RCTs) Non-randomized controlled trials, self-controlled experiments, or

design randomized crossover experiments
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Fig. 1. Flowchart of the inclusion and exclusion criteria following PRISMA standards.
model was used for the analysis. A P value of less than 0.05 was considered statistically significant.

3. Results

3.1. Study characteristics

This meta-analysis included 17 studies encompassing 24 randomized controlled trials. The total sample size was 681 participants,
all of whom were adolescent soccer players ranging from 10 to 19 years of age. The intervention group received plyometric training. In
contrast, the control group performed sport-specific training without any other training interventions. Most studies employed 20-40
min training sessions, 2 times per week, over a 6-12 weeks intervention period (Table 3).

3.2. Risk of bias in the included articles

The quality of all included studies was evaluated using the Cochrane risk of bias assessment tool. Allocation concealment was
applied in 5 studies, and among these, 3 also employed comprehensive blinding for researchers and participants. All such trials were
randomized and rated as low risk of bias (Fig. 2).

4. Meta-analysis results

4.1. Jumping performance

The meta-analysis encompassed 14 studies with 21 groups of trials and 605 participants were included to assess the impact of
plyometric training on CMJ performance in adolescent soccer players (Fig. 3). The result showed an overall positive effect of plyo-
metric training on CMJ performance in adolescent soccer players (MD = 3.23, 95%ClI (2.32, 4.14)), with moderate heterogeneity (I* =
58 %) and statistical significance (P < 0.01). Subgroup analysis revealed positive effects of plyometric training on CMJ performance in
adolescent soccer players at all three different maturations stages: PRE-PHV (MD = 3.00, 95%CI (1.63, 4.37), P < 0.01, 12 = 65 %);
MID-PHV (MD = 2.79, 95%CI (1.16,4.41, P = 0.08, I = 49 %); POST-PHV(MD = 4.35, 95%CI (2.11,6.8859), P < 0.01, I = 60 %).
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Table 3

Comprehensive characteristics of participants.
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Studies Genders  Number of Maturation Characteristics Exercise Parameters
Participants
PT CON PT CON Maturation ~ Session Frequency  Period
Duration

Asadi 2018(Pre-PHV) [31] M 10 10 115+ 11.7 + PRE 30-40 min 2/weeks 6 weeks
0.8 0.4

Asadi 2018 (Mid-PHV) [31] M 10 10 14.0 £ 14.2 + MID 30-40 min 2/weeks 6 weeks
0.7 0.6

Asadi 2018(Post-PHV) [31] M 10 10 16.6 + 16.2 + POST 30-40 min 2/weeks 6 weeks
0.6 0.3

Drouzas 2020 [38] M 23 22 10.0 + 10.2 + PRE 15 min 2/weeks 10 weeks
0.5 1.6

Hammami 2016 [39] M 15 13 15.7 + 15.8 + MID 35 min 2/weeks 8 weeks
0.2 0.2

Hammami 2019 [40] M 14 12 15.7 + 15.8 + MID 35 min 2/weeks 8 weeks
0.2 0.2

Jlid 2019 [41] M 14 14 11.8 + 11.6 + PRE 20-25 min 2/weeks 8 weeks
0.4 0.5

Michailidis 2013 [42] M 24 21 10.6 + 10.6 + PRE 20-25 min 2/weeks 12 weeks
0.6 0.5

Negra 2020 (4weeks) [43] M 11 11 12.7 + 12.8 + PRE 20-25 min 2/weeks 4 weeks
0.3 0.3

Negra 2020 (8weeks) [43] M 11 11 12.7 + 12.8 + PRE 20-25 min 2/weeks 8 weeks
0.1 0.1

Negra 2020 (12weeks) [43] M 11 11 12.7 + 12.8 + PRE 20-25 min 2/weeks 12 weeks
0.1 0.1

Negra 2020 [44] M 13 11 12.7 + 12.7 + PRE 25-35 min 2/weeks 8 weeks
0.2 0.2

Nurper 2014 [45] F 9 9 18.3 + 18.0 + POST 60 min 1/weeks 8 weeks
2.6 2.0

Padrén-Cabo 2021 [46] M 10 10 12.6 + 124 + PRE 20-35 min 2/weeks 6 weeks
0.7 0.5

Vera-Assaoka2019 (T1-3) [12] M 16 16 11.2 + 11.5 + PRE 21 min 2/weeks 7 weeks
0.8 0.9

Vera-Assaoka 2019 (T4-5) [12] M 22 22 14.4 + 145 + MID 21 min 2/weeks 7 weeks
1.0 1.1

Ramirez-Campillo 2019 [47] M 19 20 13.2 + 135+ MID 20 min 2/weeks 7 weeks
1.8 1.9

Ramirez-Campillo 2020 [48] M 8 7 129 + 12.6 + PRE 10-15 min 2/weeks 8 weeks
1.9 1.8

Ramirez-Campillo 2018 (IDE) [49] M 24 24 131 + 13.7 + MID 13 min 2/weeks 7 weeks
1.7 1.6

Ramirez-Campillo 2018 (CST) [49] M 25 24 139 + 13.7 £ MID 13 min 2/weeks 7 weeks
1.9 1.6

Sammoud 2022 [50] M 11 11 12.7 £ 12.8 + PRE 35-40 min 3/weeks 12 weeks
0.3 0.3

Sedano 2011 [51] / 11 11 18.4 + 18.2 + POST / 3/weeks 10 weeks
1.1 0.9

Ramirez-Campillo 2020 (Pre-soccer) [52] M 14 12 17.1 + 17.1 + POST 20 min 2/weeks 7 weeks
0.3 0.5

Ramirez-Campillo 2020 (Post-soccer) M 12 12 169 + 17.1 + POST 20 min 2/weeks 7 weeks

[52] 0.7 0.5

Note: M: male; F: female; T1-3: the Tanner stages that mark early adolescence are 1 through 3; T4-5: the Tanner stages that indicate late adolescence
are 4 through 5; CST: maintained a constant drop-box height; IDE: ideal drop-box height achieved; Pre-soccer: plyometric training occurs prior to the
soccer drill; Post-soccer: plyometric training takes place after soccer drill; PT: plyometric training; CON: control group.

4.2. Sprint performance

The meta-analysis encompassed 13 studies with 20 groups of trials and 590 participants were included to assess the impact of
plyometric training on 20-m sprint performance in adolescent soccer players (Fig. 4). The result showed an overall positive effect of
plyometric training on 20-m sprint performance in adolescent soccer players (MD = —0.12, 95%CI(-0.18,-0.05)), with no heteroge-
neity (12 = 38 %) and statistical significance (P < 0.01). Subgroup analysis showed that plyometric training significantly enhanced
sprint performance in both the PRE-PHV [MD = —0.06, 95 % CI: (—0.12, 0), P < 0.01, =0 %] and MID-PHV stages [MD = —0.18, 95
% CI: (—-0.27, —0.08), P < 0.01, =0 %]; however, the improvement was not significant in the POST-PHV stage [MD = —0.36, 95 %
CIL: (—0.73, —0.05), P = 0.06, I = 79 %].
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Fig. 2. Assessments of risk-of-bias aspects within each study, with the prevalence of each bias item depicted as a percentage among all studies.

4.3. Reporting bias

A symmetrical distribution in the funnel plot indicates that the study has low risk of publication bias (Fig. 5).

5. Discussion

The primary objective of this research was to investigate the maturation-dependent effects of plyometric training on lower-
extremity explosive power capabilities in adolescent soccer players, as evaluated through CMJ performance and 20-m sprint times.
The current systematic review and meta-analysis, which synthesized findings from 17 relevant studies, revealed that plyometric
training interventions elicited significant improvements in CMJ performance across all stages of PHV within the adolescent soccer
player population. Notably, the positive trend of training was most pronounced in the POST-PHV stage, while the improvements were
relatively weaker in the MID-PHYV stage. Furthermore, 20-m sprint ability was enhanced in the PRE-PHV and MID-PHYV stages, but no
significant improvements were found in the POST-PHV stage.



L. Chen et al. Heliyon 10 (2024) 33063

Experimental Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV. Random.95% ClI IV, Random, 95% CI
1.2.1 PRE
Assaoka 2019 Cearly) 1.2 3.2 16 1 3.18 16 6.1% 0.20 [-2.01, 2.41] ]
Negra 2020 (4 weeks) 1.46 6 11 0.86 2.59 11 3.5% 0.60 [-3.26, 4.46] |
Drouzas 2020 0.9 5 23  -0.7 6.21 22 4.2% 1.60 [-1.70, 4.90] ]
Jlid 2019 2 2 14 0 173 14 7.9% 2.00[0.61, 3.39]
Campilo 2020 2 66 8 -02 735 7 1.4% 2.20 [-4.91, 9.31] -
Negra 2020 (8 weeks) 3.68 5.61 11 0.88 3.32 11 3.5% 2.80 [-1.05, 6.65] ]
Asadi 2018 (Pre-PHV) 5 1.44 10 09 1.28 10 82% 4.10[2.91, 5.29]
Negra 2020 (12 weeks) 5.28 6 11 0.86 2.59 11 3.5% 4.42[0.56, 8.28]
Padron-Cabo 2021 7 39 9 25 429 9 36% 4.50[0.71, 8.29]
Michailidis 2013 747 259 24 115 3.82 21 6.7% 6.32[4.39, 8.25]
Subtotal (95% CI) 137 132 48.7% 3.00 [1.63, 4.37]

Heterogeneity: Tau? = 2.65; Chi* = 25.72, df = 9 (P = 0.002); I* = 65%
Test for overall effect: Z = 4.28 (P < 0.0001)

1.2.2MID

Assaoka 2019 (late) 1 476 22 0.2 3.72 22  55% 0.80[-1.72, 3.32] ]
Campillo 2019 1.2 5.65 19 0.2 4.61 20 43% 1.00 [-2.25, 4.25] ]
Campillo 2018 (FIXED) 2 556 25 0.6 4.49 24 5.0% 1.40 [-1.42, 4.22] ]
Campillo 2018 (OPT) 42 55 24 0.6 4.49 24 5.0% 3.60[0.76, 6.44]

Asadi 2018 (Mid-PHV) 58 25 10 1.2 2.56 10 6.1% 4.60[2.38, 6.82]

Hammami 2019 52 527 14 -0.7 5.01 12 3.4% 5.90 [1.94, 9.86]

Subtotal (95% CI) 114 12 29.3% 2.79 [1.16, 4.41]

Heterogeneity: Tau? = 1.97; Chi*=9.73, df = 5 (P = 0.08); I = 49%
Test for overall effect: Z = 3.36 (P = 0.0008)

1.2.3 POST

Campillo 2020 (After) 1.7 648 14 -02 43 12 32% 1.90 [-2.28, 6.08] ]
Sedano 2011 34 215 " 0.6 1.95 1" 7.2% 2.80[1.08, 4.52]

Campillo 2020 (Before) 4.1 5 12 -02 43 12 3.7% 4.30[0.57, 8.03]

Nurper 2014 7 39 9 25 429 9 3.6% 4.50[0.71, 8.29]

Asadi 2018 (Post-PHV) 11 391 10 26 3.46 10 4.3% 8.40 [5.16, 11.64]

Subtotal (95% CI) 56 54 22.0% 4.35[2.11, 6.59]

Heterogeneity: Tau? = 3.77; Chi* = 10.03, df =4 (P = 0.04); I* = 60%
Test for overall effect: Z = 3.80 (P = 0.0001)

Total (95% CI) 307 298 100.0% 3.23 [2.32, 4.14]
Heterogeneity: Tau? = 2.25; Chi* = 47.17, df = 20 (P = 0.0006); I> = 58%

Test for overall effect: Z = 6.96 (P < 0.00001)

Test for subaroun differences: Chi? = 1.33. df =2 (P = 0.51). 2= 0%

o (UKL

+ t t t
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Fig. 3. Visual representation of CMJ results based on a forest plot analysis.

These findings highlight the crucial influence of biological maturity on training adaptations in adolescent soccer players. The
results provide a theoretical foundation for tailoring training programs to the specific maturity levels of adolescent athletes. This
research may hold important implications for the design and implementation of training regimens targeting adolescent soccer players,
particularly when accounting for their stage of biological maturation.

6. Jumping performance

The present systematic review and meta-analysis indicate that, overall, plyometric training has a significant positive effect on jump
performance in youth. This finding is consistent with the conclusions of many previous meta-analyses examining the impact of
plyometric training on jumping abilities in young athletes [53,54]. Subgroup analysis results demonstrate that the CMJ performance
among adolescent soccer players through plyometric training varies with maturation, with a tendency for higher values in the
POST-PHYV stage [MD = 4.35 (2.11, 6.59), P < 0.01], followed by the PRE-PHV stage [MD = 3.00 (1.63, 4.37), P < 0.01], and the
lowest tendency observed in the MID-PHV stage [MD = 2.79 (1.16, 4.41), P < 0.01]. This pattern aligns with the findings of Moran
et al. [54], indicating a trend where adolescents in the POST-PHV stage show the greatest improvement in inducing jumping ability,
followed by those in the PRE-PHV stage, while the improvement during the MID-PHV stage is less pronounced.

The augmentation of the SSC is identified as a pivotal mechanism by which plyometric training elevates jumping capabilities. This
enhancement is linked to a range of neuromuscular improvements, including heightened neural stimulation to the muscles engaged,
refined muscle coordination due to optimized muscle activation sequences, and an overall increase in the excitability of the SSC [55,
56]. Furthermore, Plyometric training can also induce adaptations within the plantar flexor muscle-tendon complex, including
increased stiffness of the elastic components, as well as alterations in muscle size and structure, which directly lead to improvements in
jumping performance [57]. However, in plyometric training, the improvement in SSC shows a nonlinear increase with maturation
[58]. Research indicates that there may be two key windows of opportunity in the development of lower limb SSC [59]. During these
periods of natural accelerated adaptation, adolescents are more responsive to plyometric training, suggesting that the specific phys-
iological adaptations induced by training are synergistic with the natural adaptations occurring during the maturation process [34].
This study suggests that individuals in the PRE-PHV and POST-PHV stages exhibit better training adaptations during plyometric
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Experimental Control Mean Difference Mean Difference

Mean SD Total Mean SD Total Weight IV, Random.95% Cl IV, Random, 95% ClI
1.3.1 PRE
Asadi 2018 (Pre-PHV) -0.18 0.8 10 -0.02 0.79 10 0.8% -0.16 [-0.86, 0.54] _
Assaoka 2019 Cearly) -0.03 03 16 01 03 16  57% -0.13 [-0.34, 0.08] T
Drouzas 2020 -0.07 0.25 23 0.01 0.34 22 69% -0.08 [-0.25, 0.09] -
Michailidis 2013 -0.14 0.26 24 -0.05 0.2 21 8.8% -0.09 [-0.22, 0.04] -
Negra 2020B -0.1 0.2 13 -02 02 11 7.6% 0.10 [-0.06, 0.26] ™
Negra 2020 (12 weeks) -0.15 0.24 11 0.01 02 11 6.6% -0.16 [-0.34, 0.02] B
Negra 2020 (4 weeks) -0.02 0.24 11 -0.01 0.16 1 71% -0.01[-0.18, 0.16] T
Negra 2020 (8 weeks) -0.11 0.25 11 -0.06 0.16 11 6.9% -0.05[-0.23, 0.13] -
Padron-Cabo 2021 -0.08 0.22 10 -0.05 0.25 10 5.8% -0.03 [-0.24, 0.18] -
Sammoud 2022 -0.15 0.26 11 001 0.2 11 6.2% -0.16 [-0.35, 0.03] 1
Subtotal (95% CI) 140 134 624%  -0.06[-0.12, -0.00] ¢
Heterogeneity: Tau? = 0.00; Chi?=7.13, df = 9 (P = 0.62); I? = 0%
Test for overall effect: Z =2.12 (P = 0.03)
1.3.2MID
Asadi 2018 (Mid-PHV) -0.29 047 10 -0.05 0.35 10 2.6% -0.24 [-0.60, 0.12] R
Assaoka 2019 (late) -0.02 0.46 22 0.18 0.36 22 4T7% -0.20 [-0.44, 0.04] /7
Campillo 2018 (FIXED) 0.07 05 25 0.06 05 24 38% 0.01[-0.27, 0.29] -
Campillo 2018 (OPT) -0.16 0.6 24 0.06 05 24 33% -0.22 [-0.53, 0.09] — =1
Campillo 2019 -0.04 0.54 19 012 047 20  3.2% -0.16 [-0.48, 0.16] I
Hammami 2016 -0.15 0.14 15 0.05 0.24 13 8.1% -0.20 [-0.35, -0.05] -
Subtotal (95% Cl) 115 113 25.6%  -0.18 [-0.27, -0.08] ¢
Heterogeneity: Tau? = 0.00; Chi? = 2.04, df = 5 (P = 0.84); I = 0%
Test for overall effect: Z = 3.47 (P = 0.0005)
1.3.3 POST
Asadi 2018 (Post-PHV) -1.03 047 10 -0.02 0.64 10 1.5% -1.01[-1.50,-0.52) —  —
Campillo 2020 (After) -0.02 0.25 14 -0.06 04 12 4.2% 0.04 [-0.22, 0.30] =
Campillo 2020 (Before) -0.29 0.36 12 -0.06 04 12 3.4% -0.23 [-0.53, 0.07] /T
Nurper 2014 -0.3 0.26 9 0.1 046 9 28%  -0.40[-0.75, -0.05] -
Subtotal (95% Cl) 45 43 12.0%  -0.36 [-0.73,0.01] -
Heterogeneity: Tau? = 0.11; Chi? = 14.63, df = 3 (P = 0.002); I* = 79%
Test for overall effect: Z = 1.89 (P = 0.06)
Total (95% CI) 300 290 100.0%  -0.12[-0.18, -0.05] ¢

Heterogeneity: Tau? = 0.01; Chi? = 30.79, df = 19 (P = 0.04); I = 38%
Test for overall effect: Z = 3.57 (P = 0.0004)
Test for subaroun differences: Chi2 = 5.65. df = 2 (P = 0.06). 12 = 64 6%

-1 05 0 05 1
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Fig. 4. Visual representation of 20-m sprint results based on a forest plot analysis.
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Fig. 5. Visual presentation of publication bias for CMJ and 20-m sprint indicators in included studies.

training compared to those in the MID-PHV stage. This disparity may stem from the accelerated adaptation period observed in
adolescent SSC performance [60].

(1) The first accelerated adaptation period occurs in the PRE-PHV stage and is mainly associated with age-related improvements in
neuromuscular efficiency because PRE-PHV is a stage of rapid development of neuromuscular coordination and the central
nervous system [61,62]. The neural adaptations induced by plyometric training coincide with the natural adaptations caused by
growth and maturation during PRE-PHV, and this synergy may enhance the adaptability of PRE-PHV to plyometric training
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[62]. This synergistic relationship is likely not a mere coincidence, but rather the result of an interaction between specific
training demands and the natural physiological changes occurring during growth and developmental stages. Overall, in ado-
lescents in the pre-PHV stage, the synergistic effects of training and natural growth could amplify their response to age-related
training adaptations, a point that is supported by existing literature [63]. Furthermore, Adolescents in the PRE-PHV stage
demonstrate relatively higher efficiency in storing and utilizing elastic energy during slow SSC. The SSC is controlled by
neuromuscular function and requires interaction between the neuromuscular system and the muscle-tendon unit structure [64].
During adolescence, tendon stiffness increases with age [65], At the age of 10, children possess tendons that are significantly
less stiff than those of their counterparts at 13 years of age and adults. This disparity narrows as they mature, with tendon
stiffness at 15 years of age closely mirroring that observed in adults, indicating a developmental convergence in musculoskeletal
properties [66]. Therefore, tendon flexibility in adolescents during the PRE-PHV stage facilitates the more efficient storage and
utilization of elastic energy under identical loading conditions [67,68]. During the slow SSC (CMJ) phase, the muscle-tendon
complex in PRE-PHV adolescents undergoes more pronounced elongation, thereby accumulating a higher amount of elastic
energy [69].

(2) The second accelerated adaptation period of the SSC in adolescents occurs in the POST-PHV stage and is primarily associated
with significant increases in anabolic hormone levels, muscle fiber type transitions, and muscle mass [60]. Peak muscular
strength gains usually occur during the POST-PHV stage [70]. Compared to the PRE-PHV stage, adolescents in the POST-PHV
stage have higher levels of hormones such as testosterone, growth hormone, and insulin-like growth factor. Plyometric training
promotes the discharge of growth factors similar to insulin [71], leading to greater muscle hypertrophy effects and promoting
increased muscle mass in adolescents [72]. Additionally, the central nervous system of adolescents approaches maturity,
making it easier to recruit high-threshold motor units. As adolescents age, muscle activation strategies also evolve; the
co-contraction of agonist-antagonist muscle pairs may decrease owing to desensitization of the Golgi tendon organs, thereby
improving neuromuscular coordination, reducing energy loss during movements, and resulting in greater net force output [27,
55]. These adaptations can positively influence the performance of the SSC, allowing for more effective utilization of the SSC
and generating greater training adaptations in CMJ.

However, during the MID-PHV stage, the improvement in CMJ performance among adolescents diminishes, which may be related
to poor posture control abilities in this stage [73]. As adolescents rapidly grow in height and weight, the body’s center of mass
gradually rises, while the growth rates of the legs and trunk are not synchronized [70], making it more difficult for adolescents to
maintain trunk stability during SSC. Therefore, in this stage, the neural pathways of adolescents need time to adapt to these growth
changes [74], and their coordination may temporarily decline, thereby limiting the training adaptations related to plyometric
training”.

7. Sprint performance

The present systematic review and meta-analysis suggests that the impacts of plyometric training on young soccer players across
maturation stages. Specifically, players in the PRE-PHV [MD = —0.06 (—0.12, —0.00), p = 0.03] and MID-PHV [MD = —0.18
(—0.27,0.08), p = 0.0005] stages exhibited significant performance improvements. However, for players in the POST-PHV [MD =
—0.36 (—0.73,0.01), p = 0.06] stage, similar improvements were not observed. This finding emphasizes that training effects may vary
with the degree of physiological maturation, suggesting the specific characteristics of the maturation stage warrant consideration
when designing training programs for adolescent athletes.

Consistent with most studies on the effects of plyometric training on sprinting performance, this meta-analysis concludes that
plyometric training can improve sprinting performance in adolescents [13,75,76]. Ramirez-Campillo et al. [76] performed a sys-
tematic review and meta-analysis examining the effects of plyometric training on sprint performance in young male soccer players,
concluding that plyometric training is an effective method for enhancing sprint capacity in this population. However, It is crucial to
recognize that their study focused on a population of young male soccer players, which is different from adolescent soccer players, and
did not specifically explore the maturation effects of plyometric training on adolescent soccer players. Silva et al. [77], on the other
hand, conducted a systematic review and meta-analysis examining the maturation effects of plyometric training on youth male team
sports players. However, their results suggested that plyometric training does not significantly improve sprinting performance in
adolescent soccer players, and the changes across each maturation stage were similar. This observed inconsistency in results poten-
tially arises from the relatively small sample of studies that comprised their evaluation.

Contrary to the findings of Silva et al. [77], the present systematic review and meta-analysis demonstrate a significant improvement
in sprinting performance among adolescent soccer players through plyometric training, with the existence of maturation effects. The
movement characteristics of plyometric training can reduce ground contact time during sprinting, thereby enhancing sprinting per-
formance [78]; Additionally, the training-induced enhancements associated with plyometric training involve peripheral, central
nervous system, and neuromuscular factors, which can improve joint proprioception and kinematics, ultimately leading to improved
sprinting performance [79,80]. Interestingly, a trend of gradual improvement in sprinting performance was observed during the
PRE-PHV and MID-PHV stages, while no significant improvement was observed during the POST-PHV stage. Several factors may
contribute to the increasing trend in sprinting performance during the PRE-PHV and MID-PHV stages, including:
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(1) Asadolescents undergo natural growth and development, changes occur in muscle dimensions, lower limb segment lengths, and
muscle-tendon properties due to individual maturation and growth. These changes lead to improved movement quality and
positively impact sprinting performance [27,77,81].

(2) With accumulated experience in various movements and sports, adolescents further develop their neuromuscular coordination
abilities. This development enables them to more effectively utilize SSC capabilities, resulting in greater kinetic output and
enhanced energy utilization efficiency during movement [82].

However, the expected training effects of plyometric training were not observed in adolescent soccer players during the POST-PHV
stage. During the PRE-PHV and MID-PHYV stages, the nervous system is still undergoing development, and there is a higher capacity for
neuromuscular coordination and motor skill learning [83]. Plyometric training can stimulate the nervous system, improve neuro-
muscular coordination, and enhance motor skills, thereby improving 20-m sprint performance [55,56]. However, in the POST-PHV
stage, the nervous system of adolescents may have reached a certain level of maturity, and further training may not lead to signifi-
cant improvements [84].

8. Conclusion

Plyometric training can effectively enhance the lower limb explosive strength of adolescent soccer players, but there are
maturation-related effects among players at different stages of maturation. Plyometric training can effectively enhance the CMJ
performance of adolescent soccer players, with the greatest adaptations observed in those who undergo training during the POST-PHV
and PRE-PHYV stages, followed by the MID-PHV stage. However, when it comes to the 20-m sprint, the improvements in sprint per-

formance are more significant during the MID-PHV stage compared to the PRE-PHV stage, while no significant improvements were
observed in adolescent soccer players during the POST-PHV stage.

9. Practical application
Plyometric training is an effective method that can be incorporated into the daily training routines of adolescent soccer players to
enhance their lower limb performance. It is crucial, however, to consider the different stages of development when implementing

plyometric training in this population, as our results have demonstrated. By tailoring the training protocols to align with specific
developmental stages, coaches and trainers can optimize training adaptations and outcomes.

10. Limitations
In this study, we have utilized the maturation categorization standards established by the WHO to delineate the stages of matu-
ration in adolescents. Although this strategy indicates a robust link to an individual’s biological maturity, it is essential to be aware of

the inherent risk of bias. To enhance the accuracy and reliability of future research, it is recommended to incorporate more precise
tools for assessing biological maturity.
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Abbreviations

SsC Stretch-shortening cycle

CMJ Countermovement jump

20 m 20-m sprint

RCTs Randomized controlled trial studies

PRISMA Preferred Reporting Items for Systematic Reviews and Meta-Analyses
MD mean difference

PT Plyometric training

CON Control group

PRE-PHV Pre-peak height velocity

MID-PHV Middle-peak height velocity
POST-PHV Post-peak height velocity

PPT Progressed plyometric training
NPPT Non-progressed plyometric training
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