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Neuromuscular Training and Motor Control in Youth 
Athletes: A Meta-Analysis 

 

Abstract 

Our purpose in this review was to determine the effects of bodyweight-only 

neuromuscular training (NMT) programs on motor control of movement among youth 

athletes. We searched three electronic databases (CrossRef, Google Scholar, and 

PubMed), using the following inclusion criteria for selecting research studies: (a) healthy 

male and female participants aged 8-18 years who were engaged in organized sports; (b) 

interventions up to 16-weeks duration; (c) incorporation of a control group; and (d) 

interventions that utilized only exercises using participants’ body mass. We calculated 

pooled estimates of effect sizes (standardized mean difference) for changes in motor 

control across nine studies (12 comparisons) using the inverse-variance random effects 

model for meta-analyses and 95% confidence intervals. Among the nine studies included 

in our meta-analysis, there was a moderate, significant effect in favor of neuromuscular 

training programs (0.79 [95% CI: 0.38, 1.20], Z = 3.76 [p = 0.0002]) on motor control. 

Heterogeneity was high and significant (I2 = 77% [p = 0.00001]). Moderator analyses for 

age and stature revealed NMT programs to be more effective in younger, shorter, and 

lighter individuals. We found larger effect sizes in males, and for programs > 8 weeks in 

duration. We concluded that the older and heavier an individual is, the less effective 

bodyweight-only NMT programs became, particularly for female participants. These 
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results reinforce the notion that exercise to enhance motor control should be emphasized 

during pre-adolescence.   
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Introduction 

Individual variations in the timing of the adolescent growth spurt, in addition to other 

biological changes associated with growth and maturation (Malina et al., 2015), including 

structural and functional alterations of the brain, and development of the neuroendocrine 

system (Spear, 2013), create complexity in the training and development of young 

athletes (Malina et al., 2015; van der Sluis et al., 2015). The period of maximal growth 

during the adolescent growth spurt has been termed peak height velocity (PHV) (van der 

Sluis et al., 2015), typically occurring between the ages of 10-12 years in girls, and 12-

14 years in boys (Malina et al., 2015). This period can result in changes in stature of ~ 8 

cm/year in girls and ~10 cm/year in boys (Stratton & Oliver, 2019). Importantly, however, 

changes in body mass do not occur in parallel to increases in stature (Pellino et al., 2020).  

Such disparities between growth-related rates of change may be associated with a 

temporary reduction in motor coordination (Kemper et al., 2015) termed “adolescent 

awkwardness,” and they are purported to represent a period of impaired neuromuscular 

control as a result of increases in limb length in advance of muscular changes to strength 

(Corso, 2018), as well as possible temporary limb length discrepancies (Drnach et al., 

2012). In addition, intensive sports-specific training occurring during periods of 

maturational changes are understood to increase the risk of traumatic and overuse injury 

occurrence (van der Sluis et al., 2015). Indeed, substantial literature has addressed 

associated problems of early sports specialization and injury risk (Ford et al., 2011; 
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Leppänen et al., 2017; Lloyd et al., 2015; Mostafavifar et al., 2013; Pomares-Noguera et 

al., 2018), with young athletes’ heightened vulnerability around PHV having been 

previously highlighted in epidemiological studies of youth soccer (Rössler et al., 2016; 

van der Sluis et al., 2015).  

 

The foregoing concerns have led to neuromuscular training (NMT) programs that 

better prepare children for the rigors of their sports (Lloyd et al., 2015; McLeod et al., 

2009; Read et al., 2019).  In this context, NMT has served as an umbrella term for an 

array of these training interventions, incorporated within a program of athletic 

development that includes exercises targeting muscular strength, mobility, balance, and 

impulsive movement (Filipa et al., 2010; Paterno et al., 2004). Accordingly, enhancing 

athletic foundations in young athletes, and presenting a diversity of physical demands to 

the neuromuscular system are considered important means of mitigating the risk of injury 

(Granacher et al., 2018; Lloyd et al., 2015).  

 

A key objective of NMT programs is to improve movement competency (McGill 

et al., 2012). In light of this, NMT programs can be considered important to the 

development of fundamental movement skills (FMS) that are commonly promoted in 

models of youth athletic development (Liefeith et al., 2018) and broadly defined as 

movement patterns that involve two or more body segments (Morgan et al., 2013). 
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Typically utilized in athletic settings, FMS have been assessed against criteria for 

desirable technical execution that are thought to be an indication of movement quality 

and proficiency (McGill et al., 2012). Consequently, FMS relate to motor control and 

represent the central nervous system’s ability to orchestrate coordinated and purposeful 

movement in relation to the body’s interaction with its environment (Latash et al., 2010). 

Further, motor control in the execution of movement may be characterized by the 

maintenance of posture and balance in the presence of expected and unexpected 

perturbations (Winter et al., 1990). Such characteristics are typically evaluated in the 

assessment of FMS proficiency (Morgan et al., 2013).  

 

Generic programs, such as “integrated neuromuscular training” (Faigenbaum & 

Rebullido, 2018), the “FIFA 11+” and “FIFA 11+ kids” warm-up protocols (Pomares-

Noguera et al., 2018; Thompson-Kolesar et al., 2018) have emerged to enhance athletic 

foundations in youth athletes (Faigenbaum & Rebullido, 2018; Lloyd & Oliver, 2019). 

Indeed, these programs have been found to contribute to a reduction in injury risk through 

improved motor control (Lloyd & Oliver, 2019). Importantly, these programs have 

appeared to be efficacious in mitigating the risk factors for injuries when they have been 

implemented in short bouts, such as within warm-up protocols (Steib et al., 2017).  For 

example, following 15 sessions of the “FIFA 11+” warm-up program performed twice 

per week for 7-8 weeks, preadolescent female soccer players were found to have reduced 
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knee valgus moment during a double-legged landing movement (Thompson-Kolesar et 

al., 2018). Similarly, in boys, the “FIFA 11+” kids program, consisting of seven key 

movement patterns, including running, jumping and landing mechanics, and balance and 

coordination tasks (Rössler et al., 2016; Zarei et al., 2020), improved dynamic postural 

control, as well as jumping and change of direction abilities (Pomares-Noguera et al., 

2018).  

While the results of intervention studies provide evidence for the effectiveness of 

NMT in contributing to injury risk reduction, it remains unclear if changes in motor 

control are influenced by an individual’s stage of biological maturation, as has been found 

in relation to other types of training (Moran et al., 2017a, 2017b). It has previously been 

suggested that, due to children’s high neural plasticity, FMS should be developed in 

preadolescence (Behringer et al., 2011; Ford et al., 2011; Liefeith et al., 2018). Spear 

(2013) theorized that repeated exposure to FMS activities in middle childhood leads to a 

greater display of retained skills as individuals mature through adolescence. This notion, 

however, has yet to be confirmed within the relevant literature. In the case of NMT 

specifically, there has been no review of pooled data from prior research to determine the 

effects of those NMT programs that exclusively rely on bodyweight training on motor 

control for tasks such as jumping, dynamic balance or coordination. While a recent 

systematic review and meta-analysis by Faude et al. (2017) investigated the efficacy of 

injury prevention programs on neuromuscular performance, that study did not examine 
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the effects of these programs on motor control. In this systematic review and meta-

analysis, we aimed to determine the effects of bodyweight-only NMT programs on motor 

control of movement among youth athletes, and to evaluate the moderating effects of 

factors related to growth and maturation, sex, and program duration. We suspected that 

the effects of NMT programs on motor control moderated by body size and mass would 

be of value in the surveillance of youth athletes and add to research related to allometric 

scaling across stages of maturation (Pellino et al., 2020; Lovecchio & Zago, 2019). 

 

Method 

Experimental Approach to the Problem 

We conducted this meta-analytical review in accordance with the Preferred Reporting 

Items for Systematic Reviews and Meta-Analyses (PRISMA) statement (Liberati et al., 

2009).  

Literature Search 

In October 2020, we searched three electronic databases (CrossRef, Google Scholar, and 

PubMed) without date restrictions. We first performed a systematic search followed by 

manual searches of electronic data bases and reference lists of relevant studies and 

reviews, including only articles published in the English language. We used the following 

search terms: “Youth” OR “adolescents” AND “maturation” AND “neuromuscular 

programme” OR “foundational movement skills” OR “fundamental movement skills” 
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AND “movement quality” OR “movement control.” In selecting studies for inclusion, we 

reviewed all seemingly relevant article titles within each data base before examining 

article abstracts and then full published articles.  

Procedures 

We entered data related to the main study characteristics from the included articles 

into a spreadsheet created in Microsoft Excel. In instances where data were not reported 

clearly, we contacted article authors for clarification. In cases where this was not possible, 

we removed the respective data set from further analyses.  

We selected only original, peer-reviewed research articles for inclusion, and we 

required that each study involve only healthy males and females with a mean age 8-18 

years who were engaged in organized sports. To reduce the likelihood of influence from 

participants’ maturational changes, we selected only studies with interventions up to 16-

weeks in duration (Moran et al., 2017). We required each included study to have 

compared an intervention group against a control group (continuing to participate in their 

typical sports practices), and we required intervention programs to have utilized only 

exercises that depended upon participants’ body mass. However, in accordance with the 

definition of NMT, the training program could incorporate FMS and strength and 

conditioning activities, such as (bodyweight) resistance exercise, and plyometric training 

(Hopper et al., 2017). The outcome measures must have assessed motor control 

movement tasks involving the lower limb wherein either technique was measured against 
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biomechanically desirable criterion (McGill et al., 2012), or dynamic balance was 

quantified. Therefore, these requirements included measures related to kinematic 

variables in tasks such as jumping, measures of dynamic balance and coordination 

(including qualitatively assessed movement patterns), and quantitively measured control 

of center of mass, such as time-to-stabilization. We excluded measures related to 

concentric force production. We did not consider study designs that did not involve 

comparative research of two or more independent groups, nor did we consider cross-over 

designs. The characteristics of the study participants in selected studies are displayed in 

Table 1. 

 

[Insert Table 1. Descriptive Summary of Included Studies.] 

 

Data Analysis  

Meta-analyses were conducted to determine the effects of NMT programs in 

youth participants using the computer program, Review Manager (RevMan version 5.4, 

The Cochrane Collaboration. 2020). We used means and standard deviations for a post-

training measure of movement control to calculate effect sizes (ES) across studies. 

Applying a decision rule related to the most relevant outcomes to the research question 

(McKenzie et al., 2019) alongside a “logically defensible rationale” (Turner & Bernard, 

2006), we included Y-balance and star excursion test scores and measures of knee valgus 
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and time to stabilization on landing tasks. We used the inverse-variance random-effects 

model for meta-analysis to allocate a proportionate weight to trials based on the size of 

their individual standard errors (Higgins & Green, 2008), and this also accounted for 

heterogeneity across studies (Kontopantelis et al., 2013). The obtained ES values were 

represented by the standardized mean difference and presented alongside 95% confidence 

intervals (CI). The calculated ES values were interpreted using the conventions outlined 

for standardized mean difference by Hopkins et al. (2009) (< 0.2 = trivial; 0.2-0.6 = small, 

0.6-1.2 = moderate, 1.2-2.0 = large, 2.0-4.0 = very large, > 4.0 = extremely large). In 

cases where there was more than one intervention group in a study, the number of 

participants in the control group was proportionately divided (means and standard 

deviations left unchanged) to facilitate comparisons across all participants (Higgins et al., 

2019).  

We determined heterogeneity by I2 values, which provide a percentage of the total 

variability in the ES owed to between studies variability (Huedo-Medina et al., 2006). 

Tentative classifications of heterogeneity were low, moderate, and high, and 

corresponded to I2 values of 25%, 50%, and 75%, respectively (Higgins, 2003). 

Heterogeneity was assessed with the Chi2 test to determine whether the observed 

differences were compatible with chance alone or, as indicated by a low p value, the 

variation in effect was beyond chance alone (Deeks et al., 2019).  
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We used the Physiotherapy Evidence Database (PEDro) scale to assess the risk of 

bias and methodological quality of the eligible studies included in the meta-analysis, 

which evaluated the internal study validity using a 10-point scale (0-10; 0 = low risk; 10 

= high risk) (Maher et al., 2003). The median value of ≥ 6 was the threshold considered 

to represent a low risk of bias.  

Analysis of Moderator Variables 

To assess the potential effects of moderator variables, we performed subgroup 

analyses on moderators likely to influence the outcomes of the NMT programs. Using the 

median split technique to form the subgroups, the selected moderators we analyzed 

included chronological age, stature, body mass, sex, and intervention duration. Studies in 

which the recruited sample included males and females were removed when we analyzed 

sex as a moderator variable among the remaining sub-group of studies.  

Results 

Study Selection 

Nine studies met our inclusion criteria and were included in our meta-analysis. 

Figure 1 shows the PRISMA flow diagram illustrating the number of excluded studies at 

each stage of the systematic review process. One study was not included because of the 

lack of data.  The included studies met the required standard to be considered at low risk 

of bias (median quality score = 6.0). These data are presented in Table 2. 
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[Insert Figure 1. PRISMA Flow Chart Illustrating the Search and Study Selection 

Process]  

[Insert Table 2. Results of Risk of Bias Analysis of Included Studies] 

NMT Program Characteristics 

The NMT programs from the included studies utilized a range of training 

modalities, including plyometric, lower limb and trunk strength, balance, and running 

based exercises (see Table 1.). Three of the nine included studies used the “FIFA 11+” 

warm-up programme (Ayala et al., 2017; Baeza et al., 2017; Thompson-Kolesar et al., 

2018), which incorporated unilateral lower limb movement patterns, jumping and 

bounding exercises, and the “Nordic hamstring” curl. Other included studies implemented 

very similar programs to the “FIFA 11+” that also included various forms of unilateral 

lower limb balance and multi-directional jumping-based exercises, as well as the “Nordic 

hamstring” exercise (De Ste Croix et al., 2015; OʼMalley et al., 2017; Zech et al., 2014). 

However, in two studies (DiStefano et al., 2010; Lindblom et al., 2020) as well as in the 

“Harmonknee” program in Ayala et al. (2017), the NMT programs did not include the 

“Nordic hamstring” exercise. One study (Pomares-Noguera et al., 2018) utilized the 

“FIFA 11+ Kids” program, specifically aimed at children below 14 years of age to 

develop general balance and coordination. Across all NMT programs, prescribed sets for 

each exercise ranged from one to three. However, depending upon the exercise type, 

prescriptions of repetitions, distances, and durations differed between NMT programs.  
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Main Effect 

The primary meta-analysis in this study compared the effects of NMT programs 

versus control groups on movement control in youth athletes. From the nine studies 

included, there were 12 experimental and 12 control groups included in the meta-analysis. 

From this analysis, there was a moderate, significant ES in favor of NMT programs (0.79 

[95% CI: 0.38, 1.20], Z = 3.76 [p = 0.0002]) on measures relating to motor control on 

movement tasks requiring dynamic balance or biomechanically desirable technique. 

Heterogeneity was high and significant (I2 = 77% [p = 0.00001]). These results are 

displayed in Figure 2.  

[Insert Figure 2. Forest Plot for all Included studies.] 

Effect of Moderator Variables  

A summary of the effect of moderator variables can be found in Table 3. We found 

heterogeneity between trials to be high across subgroups, except for intervention duration 

< 8-weeks, which was moderate. The subgroup analyses for age and stature revealed 

bodyweight-only NMT programs to be more effective among younger (< 13.8 years), and 

shorter (< 162.6 cm) than among older and taller individuals. In terms of body mass, there 

was a larger effect among  lighter individuals compared to heavier individuals. Regarding 

sex, larger effect sizes were found among males than females. For program duration, there 
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was a larger effect size for longer programs (> 8 weeks) than shorter programs (< 8 

weeks). 

[InsertTable 3. Summary of Subgroup Effect.] 

Discussion 

The purpose of this systematic review and meta-analysis was to assess the effects 

of bodyweight-only NMT programs on motor control among youth athletes. Our main 

findings revealed that bodyweight NMT programs are effective in improving motor 

control on tasks requiring dynamic balance and/or a biomechanically desirable movement 

strategy. Since poor movement quality has been considered a risk factor for lower limb 

injury (Whittaker et al., 2017), our results imply that NMT can be an effective training 

method for modifying such risk factors among youth athletes.  

NMT programs have been thought to enhance neural and muscular adaptations 

that occur in development (Ford et al., 2011; Myer et al., 2011). Our meta-analysis 

supported this impression and highlighted the effectiveness of bodyweight-only NMT 

programs on improving motor control among child and adolescent athletes. This finding 

is particularly interesting given the disparities in the exercises included and the exercise 

volumes prescribed within NMT programs among the studies we analyzed. In fact, the 

diversity of training modalities included within these NMT programs is important to the 

enhanced development of motor control in this population.  



16 
 

 
 

Another important feature of our results is that these improvements were attained 

through time-efficient warm-up programs. This presents an attractive training method that 

can be applied within traditional sports practice structures (Jeffreys, 2019). However, the 

efficacy of this approach may vary according to the existing level of individual motor 

control and movement competence (DiStefano et al., 2009). In NMT studies that have 

compared the effects for participants that were categorized by their level of initial 

proficiency, greater improvements were found among less proficient individuals 

(DiStefano et al., 2009; Thompson-Kolesar et al., 2018). However, the limited availability 

of this type of data in these reviewed studies prohibited us from analyzing initial 

proficiency as a potential moderator. Nonetheless, we speculate that implementing 

generic NMT programs will be unlikely to present all individuals with an appropriate 

stimulus as there is apt to be a  need for some level of individualization in applying NMT 

programs (De Ste Croix et al., 2015).   

Concerning our subgroup analyses, potentially important moderators were related 

to participant maturational characteristics. Though some subgroup differences remained 

non-significant, we found that NMT programs were less effective among heavier, taller, 

and chronologically older youth athletes, suggesting that maturation could have a 

disruptive effect on the extent to which an individual adapts to the imposed NMT stimuli. 

Importantly, these results suggest greater that challenges are posed to motor control 

training for larger and more mature individuals.  
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Our findings support the notion that motor control and movement skill acquisition 

are easier to develop in prepubescent children (Lloyd et al., 2015a; 2015b). In the first 

decade of life, levels of neural plasticity and new myelin formation are high (Purger et 

al., 2016). As individuals approach adolescence, there is a peak in grey matter 

development before a non-linear decline occurs (Lenroot & Giedd, 2006), and this may 

contribute to the more difficult acquisition of new motor skills in older individuals. 

Similar to our findings, Wälchli et al. (2018) previously found that dynamic balance 

improved more in younger children (< 12 years of age) than in older children. 

Furthermore, a meta-analytic review by Behringer et al. (2011) examined the effects of 

strength training on motor performance skills and found age to be negatively correlated 

(r = -0.25; p < .05) with training-related improvements in motor skills that included 

jumping, running, and throwing. Collectively, these studies support the presence of a 

sensitive or golden period for motor learning in pre-adolescent children (Penhune, 2011; 

Solum et al., 2020).  

Another interesting result from our moderator analysis was that NMT programs 

were more effective among males than females. This finding may relate to differences in 

female maturation processes, including decreased neuromuscular control, and associated 

imbalances in muscle strength and activation patterns (Hopper et al., 2017). However, 

another important consideration is allometric scaling, which may provide greater insight 
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into the effects of physical growth on males and females (Pellino et al., 2020).  Previously, 

Pellino et al. (2020) found that girls outperformed boys in the standing broad jump when 

allometric modelling was used to normalize performance for anthropometric 

characteristics, further highlighting the complex effect of growth and maturation on 

physical performance. Indeed, increases in mass and stature, alongside increases in knee 

valgus angle (Lloyd & Oliver, 2012), cause different challenges for females, and these 

might help explain findings in our meta-analysis. Females typically display decreased 

knee stability with a concomitant increase in joint torque loads following PHV (Hewett 

et al., 2015).  Therefore, NMT programs should gradually become more divergent in their 

designs in order to account for sex differences  around PHV (Lloyd et al., 2015).   

In terms of intervention duration, we found advantages to longer intervention 

periods (>8 weeks),  supporting  Faude et al. (2017) who also found larger effects from 

longer training periods. These findings may be explained by the combined effects of 

exercise diversity and relatively low magnitude stimuli in NMT programs. The programs 

included in the present meta-analysis each incorporated a broad range of activities, 

including landing tasks, multi-directional movement patterns, and sprinting within 

singular training bouts. Such diverse within-session activity logically limits the 

magnitude of the adaptations that can occur due to low levels of exposure to the applied 

stimuli within a given session. Accordingly, this increases the duration of the training 

period necessary to elicit a tangible adaptation. In support of this, NMT programs 
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implemented within warm-up protocols have previously been found to be effective for a 

training period of up to six months (Steib et al., 2017). Indeed, in the meta-analysis by 

Faude et al. (2017), a moderate effect was found in balance/ stability tasks for NMT 

training > 23 weeks, while < 23 weeks revealed an effect size that was negligible. A trade-

off may therefore exist between the convenience of NMT programs implemented within 

the warm-up and the required duration to yield improvements in motor control over time. 

On this basis, timeframes > 8 weeks may be required for positive alterations in motor 

control to be achieved.  

Limitations and Directions for Further Research 

There are limitations to the current study requiring they be interpreted with a 

degree of caution. First, two of our included studies (Baeza et al., 2017; Thompson-

Kolesar et al., 2018) scored below the median quality score for risk of bias (see Table 2). 

These low scores for both studies related to the criterion for blinding of the respective 

participants and assessors that increased potential bias within the outcome measures. In 

addition, heterogeneity owing to between-study variability limited the generalizability of 

these findings (Higgins, 2003). This between-study variability may relate to the disparate 

methods used within them. Furthermore, the univariate analysis of our subgroup analyses 

limited an understanding of the study interventions’ broader outcomes and any 

multivariate interactions. Beyond these limitations, the included studies did not include 

an assessment of the participants’ maturity status. Such an assessment may provide a 
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better insight into the effects of NMT programs based upon the participants’ stage of 

maturation. Such information would provide improved understanding of the impact of 

growth on motor control and substantiate the believed importance of broad and diverse 

development of FMS and general physical fitness qualities in youth populations that 

extend beyond sports performance (García-Hermoso et al., 2020).  

Conclusion 

The implementation of  NMT programs are understood to better prepare children 

for participation in organized sport (Lloyd et al., 2015; McLeod et al., 2009; Read et al., 

2019). Such programs target improved motor control, which is of particular importance 

in individuals around the period of the adolescent growth spurt when coordination may 

be temporarily impaired (Corso, 2018). Based on the findings of this meta-analysis, the 

incorporation of bodyweight NMT programs, within the pre-training warm-up, appear to 

be effective in improving motor control in youth athletic populations. Importantly, these 

effects appear to be larger in less mature individuals as indicated chronological age 

stature, and body mass. These findings may relate to increased neural plasticity occurring 

in preadolescence, representing a golden period for motor learning. Based upon the 

characteristics of the included studies, as a general recommendation to improve motor 

control, strength and conditioning practitioners could expose youth athletes to NMT-

based warm-ups performed 2-3 times per week across a timeframe of ≥ 8-weeks. 

Importantly, these programs should target a range of physical qualities relating to 
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neuromuscular control. In this regard, it appears that generic programs such as the “FIFA 

11+” can provide adequate stimulus. However, for older and larger youth athletes, more 

individually tailored content may be warranted and may include greater training volumes.  

 
References 

 
Ayala, F., Pomares-Noguera, C., Robles-Palazón, F., del Pilar García-Vaquero, M., 

Ruiz-Pérez, I., Hernández-Sánchez, S., & De Ste Croix, M. (2017). Training 
Effects of the FIFA 11+ and Harmoknee on Several Neuromuscular Parameters 
of Physical Performance Measures. International Journal of Sports Medicine, 
38(04), 278–289. https://doi.org/10.1055/s-0042-121260 

Baeza, G., Paredes, G., Vega, P., Monrroy, M., & Gajardo-Burgos, R. (2017). Effect of 
“FIFA 11+" on the pattern of fundamental movements in under-14 soccer 
players. Revista Brasileira de Medicina Do Esporte, 23(6), 465–468. 
https://doi.org/10.1590/1517-869220172306173456 

Behringer, M., Heede, A. vom, Matthews, M., & Mester, J. (2011). Effects of Strength 
Training on Motor Performance Skills in Children and Adolescents: A Meta-
Analysis. Pediatric Exercise Science, 23(2), 186–206. 
https://doi.org/10.1123/pes.23.2.186 

Carnevale Pellino, V., Giuriato, M., Ceccarelli, G., Codella, R., Vandoni, M., 
Lovecchio, N., & Nevill, A. M. (2020). Explosive Strength Modeling in 
Children: Trends According to Growth and Prediction Equation. Applied 
Sciences, 10(18), 6430. https://doi.org/10.3390/app10186430 

Corso, M. (2018). Developmental changes in the youth athlete: Implications for 
movement, skills acquisition, performance and injuries. The Journal of the 
Canadian Chiropractic Association, 62(3), 150–160. 

De Ste Croix, M. B. A., Priestley, A. M., Lloyd, R. S., & Oliver, J. L. (2015). ACL 
injury risk in elite female youth soccer: Changes in neuromuscular control of the 
knee following soccer-specific fatigue: Female youth soccer and fatigue. 
Scandinavian Journal of Medicine & Science in Sports, 25(5), e531–e538. 
https://doi.org/10.1111/sms.12355 

Deeks, J., Higgins, J., & Altman, D. G. (2019). Analysing data and undertaking meta-
analyses. In JPT Higgins, J. Chandler, M. Cumpston, T. Li, M. Page, & V. 
Welch (Eds.), Cochrane Handbook for Systematic Reviews of Interventions 
version 6. Cochrane. https://training.cochrane.org/handbook/current/chapter-
10#_Ref180060313 



22 
 

 
 

DiStefano, L. J., Padua, D. A., Blackburn, J. T., Garrett, W. E., Guskiewicz, K. M., & 
Marshall, S. W. (2010). Integrated Injury Prevention Program Improves Balance 
and Vertical Jump Height in Children: Journal of Strength and Conditioning 
Research, 24(2), 332–342. https://doi.org/10.1519/JSC.0b013e3181cc2225 

DiStefano, L. J., Padua, D. A., DiStefano, M. J., & Marshall, S. W. (2009). Influence of 
Age, Sex, Technique, and Exercise Program on Movement Patterns after an 
Anterior Cruciate Ligament Injury Prevention Program in Youth Soccer Players. 
The American Journal of Sports Medicine, 37(3), 495–505. 
https://doi.org/10.1177/0363546508327542 

Drnach, M., Kreger, A., Corliss, C., & Kocher, D. (2012). Limb Length Discrepancies 
Among 8- to 12-Year-Old Children Who Are Developing Typically: Pediatric 
Physical Therapy, 24(4), 334–337. 
https://doi.org/10.1097/PEP.0b013e3182691c48 

Faigenbaum, A. D., & Rial Rebullido, T. (2018). Understanding Physical Literacy in 
Youth: Strength and Conditioning Journal, 40(6), 90–94. 
https://doi.org/10.1519/SSC.0000000000000417 

Faude, O., Rössler, R., Petushek, E. J., Roth, R., Zahner, L., & Donath, L. (2017). 
Neuromuscular Adaptations to Multimodal Injury Prevention Programs in Youth 
Sports: A Systematic Review with Meta-Analysis of Randomized Controlled 
Trials. Frontiers in Physiology, 8, 791. 
https://doi.org/10.3389/fphys.2017.00791 

Filipa, A., Byrnes, R., Paterno, M. V., Myer, G. D., & Hewett, T. E. (2010). 
Neuromuscular Training Improves Performance on the Star Excursion Balance 
Test in Young Female Athletes. Journal of Orthopaedic & Sports Physical 
Therapy, 40(9), 551–558. https://doi.org/10.2519/jospt.2010.3325 

Ford, P., De Ste Croix, M., Lloyd, R., Meyers, R., Moosavi, M., Oliver, J., Till, K., & 
Williams, C. (2011). The Long-Term Athlete Development model: 
Physiological evidence and application. Journal of Sports Sciences, 29(4), 389–
402. https://doi.org/10.1080/02640414.2010.536849 

García-Hermoso, A., Alonso-Martínez, A. M., Ramírez-Vélez, R., Pérez-Sousa, M. Á., 
Ramírez-Campillo, R., & Izquierdo, M. (2020). Association of Physical 
Education With Improvement of Health-Related Physical Fitness Outcomes and 
Fundamental Motor Skills Among Youths: A Systematic Review and Meta-
analysis. JAMA Pediatrics, 174(6), e200223–e200223. 
https://doi.org/10.1001/jamapediatrics.2020.0223 

Granacher, U., Puta, C., Gabriel, H. H. W., Behm, D. G., & Arampatzis, A. (2018). 
Editorial: Neuromuscular Training and Adaptations in Youth Athletes. Frontiers 
in Physiology, 9, 1264. https://doi.org/10.3389/fphys.2018.01264 

Hewett, T. E., Myer, G. D., Kiefer, A. W., & Ford, K. R. (2015). Longitudinal Increases 
in Knee Abduction Moments in Females during Adolescent Growth. Medicine 



23 
 

 
 

and Science in Sports and Exercise, 47(12), 2579–2585. 
https://doi.org/10.1249/MSS.0000000000000700 

Higgins, J. (2003). Measuring inconsistency in meta-analyses. BMJ, 327(7414), 557–
560. https://doi.org/10.1136/bmj.327.7414.557 

Higgins, J, Eldridge, S., & Li, T. (2019). Including variants on randomized trials. In JPT 
Higgins, J. Chandler, M. Cumpston, T. Li, M. Page, & V. Welch (Eds.), 
Cochrane Handbook for Systematic Reviews of Interventions version 6. 
Cochrane. https://training.cochrane.org/handbook/current/chapter-
10#_Ref180060313 

Higgins, J, & Green, S. (Eds.). (2008). Front Matter. In Cochrane Handbook for 
Systematic Reviews of Interventions (pp. 243–296). John Wiley & Sons, Ltd. 
https://doi.org/10.1002/9780470712184.fmatter 

Hopkins, W. G., Marshall, S. W., Batterham, A. M., & Hanin, J. (2009). Progressive 
Statistics for Studies in Sports Medicine and Exercise Science: Medicine & 
Science in Sports & Exercise, 41(1), 3–13. 
https://doi.org/10.1249/MSS.0b013e31818cb278 

Hopper, A. J., Haff, E. E., Joyce, C., Lloyd, R. S., & Haff, G. G. (2017). Neuromuscular 
Training Improves Lower Extremity Biomechanics Associated with Knee Injury 
during Landing in 11–13 Year Old Female Netball Athletes: A Randomized 
Control Study. Frontiers in Physiology, 8, 883. 
https://doi.org/10.3389/fphys.2017.00883 

Huedo-Medina, T. B., Sánchez-Meca, J., Marín-Martínez, F., & Botella, J. (2006). 
Assessing heterogeneity in meta-analysis: Q statistic or I2 index? Psychological 
Methods, 11(2), 193–206. https://doi.org/10.1037/1082-989X.11.2.193 

Jeffreys, I. (2019). The Warm-up: A Behavioral Solution to the Challenge of Initiating a 
Long-Term Athlete Development Program. Strength and Conditioning Journal, 
41(2), 52–56. https://doi.org/10.1519/SSC.0000000000000466 

Kemper, G., van der Sluis, A., Brink, M., Visscher, C., Frencken, W., & Elferink-
Gemser, M. (2015). Anthropometric Injury Risk Factors in Elite-standard Youth 
Soccer. International Journal of Sports Medicine, 36(13), 1112–1117. 
https://doi.org/10.1055/s-0035-1555778 

Kontopantelis, E., Springate, D. A., & Reeves, D. (2013). A Re-Analysis of the 
Cochrane Library Data: The Dangers of Unobserved Heterogeneity in Meta-
Analyses. PLoS ONE, 8(7). https://doi.org/10.1371/journal.pone.0069930 

Latash, M. L., Levin, M. F., Scholz, J. P., & Schöner, G. (2010). Motor Control 
Theories and Their Applications. Medicina (Kaunas, Lithuania), 46(6), 382–
392. 

Lenroot, R. K., & Giedd, J. N. (2006). Brain development in children and adolescents: 
Insights from anatomical magnetic resonance imaging. Neuroscience & 



24 
 

 
 

Biobehavioral Reviews, 30(6), 718–729. 
https://doi.org/10.1016/j.neubiorev.2006.06.001 

Leppänen, M., Pasanen, K., Kannus, P., Vasankari, T., Kujala, U., Heinonen, A., & 
Parkkari, J. (2017). Epidemiology of Overuse Injuries in Youth Team Sports: A 
3-year Prospective Study. International Journal of Sports Medicine, 38(11), 
847–856. https://doi.org/10.1055/s-0043-114864 

Liberati, A., Altman, D. G., Tetzlaff, J., Mulrow, C., Gotzsche, P. C., Ioannidis, J. P. A., 
Clarke, M., Devereaux, P. J., Kleijnen, J., & Moher, D. (2009). The PRISMA 
statement for reporting systematic reviews and meta-analyses of studies that 
evaluate healthcare interventions: Explanation and elaboration. BMJ, 339(jul21 
1), b2700–b2700. https://doi.org/10.1136/bmj.b2700 

Liefeith, A., Kiely, J., Collins, D., & Richards, J. (2018). Back to the Future – in 
support of a renewed emphasis on generic agility training within sports-specific 
developmental pathways. Journal of Sports Sciences, 36(19), 2250–2255. 
https://doi.org/10.1080/02640414.2018.1449088 

Lindblom, H., Waldén, M., Carlfjord, S., & Hägglund, M. (2020). Limited positive 
effects on jump-landing technique in girls but not in boys after 8 weeks of injury 
prevention exercise training in youth football. Knee Surgery, Sports 
Traumatology, Arthroscopy, 28(2), 528–537. https://doi.org/10.1007/s00167-
019-05721-x 

Lloyd, Rhodri S., & Oliver, J. L. (2012). The Youth Physical Development Model: A 
New Approach to Long-Term Athletic Development. Strength and Conditioning 
Journal, 34(3), 61–72. https://doi.org/10.1519/SSC.0b013e31825760ea 

Lloyd, Rhodri S., & Oliver, J. L. (Eds.). (2019). Strength and conditioning for young 
athletes: Science and application (Second Edition). Routledge. 

Lloyd, Rhodri S, Oliver, J. L., Faigenbaum, A. D., & Howard, R. (2015). Long-term 
athletic development- part 1: A pathway for all youth. Journal of Strength and 
Conditioning Research, 29(5), 12. 
https://doi.org/10.1519/JSC.0000000000000756 

Lloyd, Rhodri S., Oliver, J. L., Faigenbaum, A. D., Howard, R., De Ste Croix, M. B. A., 
Williams, C. A., Best, T. M., Alvar, B. A., Micheli, L. J., Thomas, D. P., 
Hatfield, D. L., Cronin, J. B., & Myer, G. D. (2015). Long-Term Athletic 
Development, Part 2: Barriers to Success and Potential Solutions. Journal of 
Strength and Conditioning Research, 29(5), 1451–1464. 
https://doi.org/10.1519/01.JSC.0000465424.75389.56 

Lovecchio, N., & Zago, M. (2019). Fitness differences according to BMI categories: A 
new point of view. The Journal of Sports Medicine and Physical Fitness, 59(2), 
298–303. https://doi.org/10.23736/S0022-4707.18.08271-3 



25 
 

 
 

Maher CG, Sherrington C, Herbert RD, Moseley AM, & Elkins M. (2003). Reliability 
of the PEDro Scale for rating quality of randomized controlled trials. Physical 
Therapy, 83(8), 713–721. CINAHL Complete. 

Malina, R. M., Rogol, A. D., Cumming, S. P., Coelho e Silva, M. J., & Figueiredo, A. J. 
(2015). Biological maturation of youth athletes: Assessment and implications. 
British Journal of Sports Medicine, 49(13), 852–859. 
https://doi.org/10.1136/bjsports-2015-094623 

McGill, S. M., Andersen, J. T., & Horne, A. D. (2012). Predicting Performance and 
Injury Resilience From Movement Quality and Fitness Scores in a Basketball 
Team Over 2 Years. Journal of Strength and Conditioning Research, 26(7), 
1731–1739. https://doi.org/10.1519/JSC.0b013e3182576a76 

McKenzie, J. E., Brennan, S. E., Ryan, R. E., Thomson, H. J., & Johnston, R. V. (2019). 
Summarizing study characteristics and preparing for synthesis. In J Higgins, J. 
Thomas, J. Chandler, M. Cumpston, T. Li, M. J. Page, & V. A. Welch (Eds.), 
Cochrane Handbook for Systematic Reviews of Interventions (1st ed., pp. 229–
240). Wiley. https://doi.org/10.1002/9781119536604.ch9 

McLeod, T. C. V., Armstrong, T., Miller, M., & Sauers, J. L. (2009). Balance 
Improvements in Female High School Basketball Players after a 6-Week 
Neuromuscular-Training Program. Journal of Sport Rehabilitation, 18(4), 465–
481. https://doi.org/10.1123/jsr.18.4.465 

Moran, J., Sandercock, G. R. H., Ramírez-Campillo, R., Meylan, C., Collison, J., & 
Parry, D. A. (2017a). A meta-analysis of maturation-related variation in 
adolescent boy athletes’ adaptations to short-term resistance training. Journal of 
Sports Sciences, 35(11), 1041–1051. 
https://doi.org/10.1080/02640414.2016.1209306 

Moran, J., Sandercock, G. R. H., Ramírez-Campillo, R., Meylan, C. M. P., Collison, J. 
A., & Parry, D. A. (2017b). Age-Related Variation in Male Youth Athletesʼ 
Countermovement Jump After Plyometric Training: A Meta-Analysis of 
Controlled Trials. Journal of Strength and Conditioning Research, 31(2), 552–
565. https://doi.org/10.1519/JSC.0000000000001444 

Morgan, P. J., Barnett, L. M., Cliff, D. P., Okely, A. D., Scott, H. A., Cohen, K. E., & 
Lubans, D. R. (2013). Fundamental Movement Skill Interventions in Youth: A 
Systematic Review and Meta-analysis. Pediatrics, 132(5), e1361–e1383. 
https://doi.org/10.1542/peds.2013-1167 

Mostafavifar, A. M., Best, T. M., & Myer, G. D. (2013). Early sport specialisation, does 
it lead to long-term problems? British Journal of Sports Medicine, 47(17), 1060–
1061. https://doi.org/10.1136/bjsports-2012-092005 

Myer, G. D., Faigenbaum, A. D., Ford, K. R., Best, T. M., Bergeron, M. F., & Hewett, 
T. E. (2011). When to initiate integrative neuromuscular training to reduce 



26 
 

 
 

sports-related injuries in youth? Current Sports Medicine Reports, 10(3), 155–
166. https://doi.org/10.1249/JSR.0b013e31821b1442 

OʼMalley, E., Murphy, J. C., McCarthy Persson, U., Gissane, C., & Blake, C. (2017). 
The Effects of the Gaelic Athletic Association 15 Training Program on 
Neuromuscular Outcomes in Gaelic Football and Hurling Players: A 
Randomized Cluster Trial. Journal of Strength and Conditioning Research, 
31(8), 2119–2130. https://doi.org/10.1519/JSC.0000000000001564 

Paterno, M. V., Myer, G. D., Ford, K. R., & Hewett, T. E. (2004). Neuromuscular 
Training Improves Single-Limb Stability in Young Female Athletes. Journal of 
Orthopaedic & Sports Physical Therapy, 34(6), 19. 

Penhune, V. B. (2011). Sensitive periods in human development: Evidence from 
musical training. Cortex, 47(9), 1126–1137. 
https://doi.org/10.1016/j.cortex.2011.05.010 

Pomares-Noguera, C., Ayala, F., Robles-Palazón, F. J., Alomoto-Burneo, J. F., López-
Valenciano, A., Elvira, J. L. L., Hernández-Sánchez, S., & De Ste Croix, M. 
(2018). Training Effects of the FIFA 11+ Kids on Physical Performance in 
Youth Football Players: A Randomized Control Trial. Frontiers in Pediatrics, 6, 
40. https://doi.org/10.3389/fped.2018.00040 

Purger, D., Gibson, E. M., & Monje, M. (2016). Myelin plasticity in the central nervous 
system. Neuropharmacology, 110, 563–573. 
https://doi.org/10.1016/j.neuropharm.2015.08.001 

Read, P. J., Oliver, J. L., Myer, G. D., & Lloyd, R. S. (2019). Reducing injury risk in 
young athletes. In Rhodri S Lloyd (Ed.), Strength and Conditioning for Young 
Athletes: Science and Application (2nd ed., pp. 336–362). Routledge. 

Rössler, R, Donath, L., Bizzini, M., & Faude, O. (2016). A new injury prevention 
programme for children’s football – FIFA 11+ Kids – can improve motor 
performance: A cluster-randomised controlled trial. Journal of Sports Sciences, 
34(6), 549–556. https://doi.org/10.1080/02640414.2015.1099715 

Rössler, Roland, Junge, A., Chomiak, J., Dvorak, J., & Faude, O. (2016). Soccer 
Injuries in Players Aged 7 to 12 Years: A Descriptive Epidemiological Study 
Over 2 Seasons. The American Journal of Sports Medicine, 44(2), 309–317. 
https://doi.org/10.1177/0363546515614816 

Solum, M., Lorås, H., & Pedersen, A. V. (2020). A Golden Age for Motor Skill 
Learning? Learning of an Unfamiliar Motor Task in 10-Year-Olds, Young 
Adults, and Adults, When Starting From Similar Baselines. Frontiers in 
Psychology, 11, 538. https://doi.org/10.3389/fpsyg.2020.00538 

Spear, L. P. (2013). Adolescent Neurodevelopment. The Journal of Adolescent Health : 
Official Publication of the Society for Adolescent Medicine, 52(2 0 2), S7-13. 
https://doi.org/10.1016/j.jadohealth.2012.05.006 



27 
 

 
 

Steib, S., Rahlf, A. L., Pfeifer, K., & Zech, A. (2017). Dose-Response Relationship of 
Neuromuscular Training for Injury Prevention in Youth Athletes: A Meta-
Analysis. Frontiers in Physiology, 8, 920. 
https://doi.org/10.3389/fphys.2017.00920 

Stratton, G., & Oliver, J. L. (2019). The impact of growth and maturation on physical 
performance. In R. S. Lloyd & J. L. Oliver (Eds.), Strength and Conditioning for 
Young Athletes: Science and Application (Second Edition, pp. 3–21). Routledge. 

Thompson-Kolesar, J. A., Gatewood, C. T., Tran, A. A., Silder, A., Shultz, R., Delp, S. 
L., & Dragoo, J. L. (2018). Age Influences Biomechanical Changes After 
Participation in an Anterior Cruciate Ligament Injury Prevention Program. The 
American Journal of Sports Medicine, 46(3), 598–606. 
https://doi.org/10.1177/0363546517744313 

Turner, H. M., III, & Bernard, R. M. (2006). Calculating and Synthesizing Effect Sizes. 
Contemporary Issues in Communication Science and Disorders, 33(Spring), 42–
55. https://doi.org/10.1044/cicsd_33_S_42 

van der Sluis, A., Elferink-Gemser, M., Brink, M., & Visscher, C. (2015). Importance 
of Peak Height Velocity Timing in Terms of Injuries in Talented Soccer Players. 
International Journal of Sports Medicine, 36(04), 327–332. 
https://doi.org/10.1055/s-0034-1385879 

Wälchli, M., Ruffieux, J., Mouthon, A., Keller, M., & Taube, W. (2018). Is Young Age 
a Limiting Factor When Training Balance? Effects of Child-Oriented Balance 
Training in Children and Adolescents. Pediatric Exercise Science, 30(1), 176–
184. https://doi.org/10.1123/pes.2017-0061 

Whittaker, J. L., Booysen, N., de la Motte, S., Dennett, L., Lewis, C. L., Wilson, D., 
McKay, C., Warner, M., Padua, D., Emery, C. A., & Stokes, M. (2017). 
Predicting sport and occupational lower extremity injury risk through movement 
quality screening: A systematic review. British Journal of Sports Medicine, 
51(7), 580–585. https://doi.org/10.1136/bjsports-2016-096760 

Winter, D. A., Patla, A. E., & Frank, J. S. (1990). Assessment of balance control in 
humans. Medical Progress Through Technology, 16(1–2), 31–51. 

Zarei, M., Abbasi, H., Daneshjoo, A., Gheitasi, M., Johari, K., Faude, O., Rommers, N., 
& Rössler, R. (2020). The Effect of the ‘11+ Kids’ Program on the Isokinetic 
Strength of Young Football Players. International Journal of Sports Physiology 
& Performance, 15(1), 25–30. 

Zech, A., Klahn, P., Hoeft, J., zu Eulenburg, C., & Steib, S. (2014). Time course and 
dimensions of postural control changes following neuromuscular training in 
youth field hockey athletes. European Journal of Applied Physiology, 114(2), 
395–403. https://doi.org/10.1007/s00421-013-2786-5 



28 
 

 
 

 


