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Abstract

:

The aim of this systematic review was to evaluate the current evidence by assessing the effectiveness of integrative neuromuscular training programs in injury prevention and sports performance in young athletes. Different data sources were analyzed up to January 2018. Eligible studies contained information on population (young athletes), intervention (neuromuscular training), comparator (control group or another exercise intervention), outcomes (injury prevention or sport performance), and study design (randomized trials or prospective studies). The trials were restricted based on the language (English) and for publication date (after 1 January 2007). Fourteen randomized controlled trials were included: Seven included dynamic stability-related outcomes. Three assessed the coordination performing fundamental movements and sport-specific skills, while other five studies analyzed muscle strength and two assessed plyometric tests. Agility was evaluated in three studies and speed tests were also considered by four studies. Finally, fatigue resistance in three studies and injury risk in four were assessed. This review provides evidence that integrative neuromuscular training programs can enhance performance and injury prevention in young athletes, taken into account that adherence to the training program is adequate. Collectively, well-designed, randomized studies are necessary to collaborate with the present findings.
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1. Introduction


Integrative neuromuscular training (INT) is defined as a training program aimed to enhance physical fitness and prevent the aggregation of the neuromuscular deficits, along with the improvements of the motor competence, especially in youth with a lower level of motor skills [1]. This type of training in sync with the improved sports-related movement skills could also have an impact on injury prevention [2]. Further, recent literature has displayed that the absence of this training’s type before or during the adolescence can lead to imbalances and incorrect movement patterns. This fact might be associated with a greater injury risk [3,4,5], especially in young female athletes [6] and in those sports involving a high number of landings or change of direction maneuvers, such as football or basketball [7]. Although young athletes present a lower injury ratio in comparison with adults, these injuries entail a longer recovery period. The injuries could even lead to a cessation of the practice due to fear of recurrence [8], with consequent effect on their careers as athletes [9,10].



Recently, Fort-Vanmeerhaeghe et al. [11] developed a classification of the INT components that included two blocks: (a) The first block focused on the development of fundamental movement skills, which includes coordination, strength, plyometric, agility, dynamic stability, speed, and fatigue resistance training, and (b) in the second block sport-specific movement skills were included [11]. It is suggested that all these contents must be exercised in order to improve performance and reduce injury risks. By coordination, within the fundamental movement skills, authors usually refer to locomotor, manipulation, and stability skills (variety of movements and multitasking, including unanticipated reactions). It is believed that these abilities allow control and optimize different sport-specific movements, thus decreasing the injury risks in youth athletes [11]. Additional aspects, such as strength, have been extensively analyzed in the literature. Resistance training might include core and lower limb positions and stability but also the application of upper-body and lower-body exercises and pushing/pulling strength exercises [11]. Strength deficits have been associated with less neuromuscular control and increasing the appearance of injuries in the young population [12].



Moreover, plyometric [13], considered as the development of stretch shortening cycle ability and agility training (development of skills at maximum speed integrating changes of direction actions) [11] also have been suggested in order to improve the performance and decrease injury risks in this population group. Literature also highlighted dynamic stability training (balance training that includes dynamic actions) as a means to manage neuromuscular control because of the improvements in the sensorimotor system, which enhances joint dynamic stability and may also reduce the risk of injury in youth athletes [14]. Furthermore, it seems that speed is the main determinant in the performance of many sports. The inability to produce speed in sprint, optimally during childhood, may decrease the possibility of achieving high competitive levels [15]. This term is closely related with agility and would include the development of skills at maximum speed [11]. On the other hand, fatigue resistance training could be defined as the development of skills under fatigue conditions [11]. It is known that neuromuscular fatigue is an important risk factor in numerous sports injuries [16].



Despite the importance of this type of training, especially in young athletes, the number of studies that include all INT contents in their intervention programs is scarce. The knowledge on its effect of injury prevention and performance has to be determined in this population. Therefore, this systematic review focuses on the analysis of the current evidence assessing the effectiveness of INT programs on injury prevention and sports performance in young athletes.




2. Methods


2.1. Eligibility Criteria


For this systematic review, the Preferred Reporting Items for Systematic Reviews, Meta-Analyses (PRISMA) statement, and checklist were used. The inclusion criteria were studies performed in the young population that assessed the efficacy of INT training compared to a control group, with other types of training or with no training. The population considered was both young and athletes. Children up to 11 years old in girls and 13 years old in boys in addition to adolescents between ages of 12 and 18 years old for girls and 14–18 years old for boys, as previously defined by Lloyd et al. [17] were examined. Exclusively, the studies including two or more components of INT (i.e., fundamental and specific movement skills, strength, plyometrics, speed, agility, coordination, dynamic stability, and fatigue resistance) in the training program, which were compared to a control group (i.e., randomized controlled trial or prospective study) were considered. Further, only studies that clearly detailed parameters of exercise containing a description of at least training intensity or volume were included. Finally, only studies published in English after 1 January 2007 were assessed.




2.2. Search Strategy


A literature search was performed in the following electronic databases: PubMed, Cochrane Central Register of Controlled Trials, Web of Science, CINAHL, MEDLINE, and SPORTDiscus. The last search was conducted in January 2018. The search strategies varied according to the different databases and used the following systematic search terms: Neuromuscular control or neuromuscular training or integrative neuromuscular training and strength training, or plyometric training or speed training or agility training or fundamental movement skills or specific movements skills or coordination training or dynamic stability or fatigue resistance and youth athletes or young or adolescents and injury prevention or sport performance. Language was limited to English and participants were all human.




2.3. Data Collection Process and Quality Analysis


Two authors (J.S. and B.S.) independently screened titles and abstracts to choose potential eligible studies. Full-text articles were obtained and independently evaluated for inclusion in the present review based on the inclusion criteria. Disagreements were resolved by consensus and, if necessary, the study’s authors were contacted for clarification guidance. The flow chart can be observed in Figure 1. Each study that met the inclusion criteria was abstracted for information regarding: Number of trained and untrained athletes, age and sex, sport, main and secondary outcomes, main results, INT contents included, frequency, duration, and intensity of the training program.



The methodological quality was individually assessed by using an adaptation of the Cochrane methods [18], which included the generation of randomization sequence, the allocation concealment, blinding of participants or assessors and description of withdrawals and dropouts (see Table 1).





3. Results


The literature search identified 471 potentially relevant studies (Figure 1). Following the screening of the titles, 305 studies were excluded in addition to 97 duplicates. Concerning the eligibility criteria, the remaining 69 studies were analyzed. Ultimately, 55 studies were excluded, 27 were due to the mean age which was higher than 18 years old, 13 included only one component of INT in their training protocols, seven were performed before 2007 and eight studies did not include a control group. This resulted in 14 included studies to be analyzed in the present review.



3.1. Characteristics of the Included Studies


Table 2 shows that most studies were executed exclusively on young female population [20,25,26,27,28,30,31,32], four studies analyzed both male and female athletes [19,22,23,29], while two studies [21,24] included only male athletes.



Seven studies analyzed soccer players [22,25,26,27,30,31,32] and other studies were performed in handball [19], tennis [24] and basketball players [28]. Moreover, we found one study in players of different sports (i.e., field hockey, volleyball, soccer, and basketball) [20], and three remaining studies were developed in unspecified sports [21,23,29]. Regarding the age of the athletes and the peak of height velocity (PHV), which normally occurs around the age 12 in females and 14 in males [33], in twelve studies [19,20,21,22,24,25,26,27,28,30,31,32] mean age was post-PHV (>14 years old), while only in two studies [23,29] the mean age of the athletes was pre-PHV (<14 years old).




3.2. Outcomes Measures


Dynamic stability related outcomes were assessed in seven studies [19,21,23,25,27,28,32]. As defined by Fort-Vanmeerhaeghe et al. [11], the term “dynamic stability” was considered as the training of lower limb dynamic stabilization (with three categories of progression: Static balance, dynamic balance, and dynamic stabilization) and core dynamic stability. Further studies assessed coordination performing fundamental movements [19,20,26] and sport-specific skills [31], while other studies analyzed muscle strength [21,23,24,27,31] and plyometric [27,32] tests. Agility [21,23,27] and speed [21,24,27,31] tests were also considered by different studies. Finally, fatigue resistance [23,24,29] and injury risk [22,29,30,32] were also examined.



Among the selected studies, five [19,21,25,28,32] found significant improvements in dynamic stability. Four of them reported significant increments in Star excursion balance test (SEBT) in the intervention group compared with control participants [21,25,28,32]. Furthermore, positive changes in single leg stability (one-leg hop test) were found [19]. Nevertheless, two studies [23,27] did not report changes between-groups in this outcome.



Significant changes compared to the control group were also observed in coordination performing fundamental movement skills (i.e., jumping and landing technique) in two studies [19,20]. Barendrecth et al. [19] showed that the in-season training group had the greatest benefits on knee kinematics and single leg stability. Although, Brown et al. [20] showed a greater peak knee flexion of landings in the neuromuscular training group in both bilateral (p = 0.027) and unilateral landings (p = 0.076). By contrast, non-significant between-group differences were observed by Klugman et al. [26]. With respect to the sport-specific skills, the only study that assessed this outcome [31] observed no differences between group performances of soccer players after a period of neuromuscular training.



Among the five studies that assessed muscle strength, three reported significant improvements [21,23,24]. Fernandez et al. [24] showed a 2% increment in countermovement jump (CMJ) in the experimental group. Moreover, Chaouachi et al. [21] found improvements in 1RM leg press test, CMJ and maximal hopping test in the neuromuscular training group compared with the control group. This agrees with Faigenbaum et al. [23] who reported significant changes in the training group (girls in physical education classes) in the curl up, long jump and single leg hop tests. Notwithstanding, two studies [27,31] did not find any improvement in strength after the training protocol. Neither of the two studies which analyzed plyometric performance reported positive changes between training and control groups [27,32].



Once the agility tests were analyzed, again contradictory results were found. Uniquely, the study performed by Chaouachi et al. [21] reported increments in shuttle run performance (d = 0.52). However, non-significant improvements were seen on agility tests in two additional studies [23,27]. This controversy persists in the speed tests results, while two studies found significant differences in 10-m sprint [21,24] and one in 30-m sprint [21], the remaining two studies did not show changes in this outcome [27,31].



With respect to the outcome of fatigue resistance, one study [23] conducted in girls, found positive changes. Moreover, a different study [24] observed significant changes in repeated sprint ability (RSA), with performance increments of ≈1.5%, but did not find changes in the 30-15 intermittent fitness test. Contrarily, Richmond et al. [29] showed that the experimental group, submitted to strength and dynamic stability training, had significant improvements in oxygen uptake (VO2max) in the Leger 20-meter shuttle run test.



With respect to the injury risk, three studies [22,29,32] found significant improvements in the training group compared to the control group. In their study, Emery et al. [22] reported lower injury rates in the training group (2.08 injuries/1000 h) when compared to the control group (3.35 injuries/1000 h). Moreover, Richmond et al. [29] presented an injury rate of 7.1 per 100 students in the experimental group and 14.5 per 100 students in the control group. In a study, Steffen et al. [32] included an experimental group that performed a protocol combining strength, plyometrics, dynamic stability, and agility during four months with two, three sessions per week. It was reported that the injury risk is significantly lower in the high adherence group in lower extremities (IRR = 0.28, 95% CI 0.10 to 0.79) when compared with the control group. Uniquely, one of the analyzed studies [30] described no significant changes between groups in injury risk after a period of strength, plyometric, and dynamic stability training (training group = 3.6 injuries/1000 h, control group = 3.7/1000 h).




3.3. Characteristics of the Intervention Programs


The strength and dynamic stability showed in Table 3 were the contents of INT and were included in the analyzed studies [19,20,21,22,23,25,26,27,28,29,30,31,32]. Plyometric training was used in ten studies [19,20,21,22,24,26,28,30,31,32]. Three studies [19,20,27] included coordination performance fundamental movement skills training in their intervention programs, while four [22,24,28,32] used agility training and two-speed training [20,24].



The length of the exercise programs varied in the included studies from six weeks to eight months. Study duration was six weeks in two studies [20,28], eight weeks in four [21,23,24,25], and 10 weeks in other three studies [19,26,31]. The remaining studies had a duration of: 11 weeks [27], 12 weeks [29], 16 weeks [32], 20 weeks [22], and eight months [30].



The frequency of the sessions for most studies was two times per week [19,23,24,25,27,28]. The exceptions were four studies in which participants had three training sessions per week [20,21,26,31] and two studies that had a variable duration between two and three sessions per week [29,32]. Conjointly, in one study [30], the intervention group was trained 15 consecutive sessions and thereafter one session per week. Information regarding the number of training sessions per week was not provided in one study [22].



The duration of the sessions was between 15 and 20 min in most studies [19,22,23,27,29,30,31,32], throughout the time, in other three studies, the sessions lasted 60 min or more (20,25,28). Three studies [21,24,26] did not provide any information related to the duration of the sessions. In these studies, participants performed five to six exercises of strength, plyometric and dynamic stability training [21,26], or plyometric, agility and speed training after eight minutes of dynamic warm-up [24].





4. Discussion


To the best of our knowledge, this is the first systematic review that analyzes the effects of INT in young population considering the contents used in the intervention programs. The primary purpose of this research was to determine which contents of INT provide better results in terms of injury prevention and performance in young athletes. However, there was a desire to advance one step further in the description of the different parameters that determine the application of the training type (i.e., which frequency, intensity, and volume can optimize the benefits of this type of training).



4.1. Characteristics of the Included Studies


Most of the studies in this review included only female athletes [20,25,26,27,28,30,31,32], in addition, there is a lack of studies assessing exclusively male athletes [21,24]. This fact makes it difficult to extrapolate the results to other populations. Furthermore, there is a clear tendency to analyze only soccer players [22,25,26,27,30,31,32], suggesting the need to extend the results in other sports. Once the age of the participants was analyzed, we found again that most of the studies focused on post-PHV athletes [19,20,21,22,24,25,26,27,28,30,31,32] and only two studies [23,29] analyzed the effects of INT on pre-PHV athletes. This is an important factor, since we cannot generalize the results obtained from athletes at different maturation stages [34]. In their study, Granacher et al. [34] suggested training different contents depending on the athletes’ maturation stage. The study considered that focus on coordination, agility, dynamic stability, and strength is more significant in early stages, which aim to improve the movement techniques at a controlled speed. Whilst in a more advanced stage, youths should be trained more frequently on plyometrics, core, and strength exercises with a greater sport specificity and execution speed. This is a tendency generally followed by the reviewed articles. We observed that in the particular studies that trained pre-PHV athletes only strength and dynamic stability training were utilized [23,29], while the studies performed on post-PHV athletes included alternative contents, such as plyometric training [19,20,21,22,24,26,28,30,31,32].




4.2. Outcomes Measured


Concerning the effects of INT in youth injury prevention and performance, it was suggested that dynamic stability can be improved [19,21,25,28,32] with an INT program. Notwithstanding, most studies reported improvements in this outcome. While two studies [23,27] did not find changes, possibly by the cause of the training, it did not have the magnitude or stimulus required to enhance this outcome [23,27], also possibly due to a low player attendance in the training sessions [27].



When the coordination of performing fundamental movement skills was assessed, we found some contradictory results. While significant changes after an INT protocol were reported in two studies [19,20], one study [26] observed non-significant between-group changes. Again, an insufficient application of exercise could give an explanation to these results as the authors themselves indicated. There might be a dose response relationship for improving the fundamental movement skills with INT [26]. By taking a closer look at this study it was found that the training protocol consisted of only six exercises focused on hamstring strength, plyometrics, and dynamic stability. Nevertheless, there were no specific coordination exercises including fundamental movement skills. Furthermore, the same tendency can be observed with the sport-specific skills. One study [31] did not report between-group differences. Subsequently, an INT program of 15 min per session composed of 10 exercises focusing on strength, plyometric, and dynamic stability training was accomplished. It also concluded that the training volume and intensity for each of the exercises were too low to result in performance improvements. It is necessary that at least 20 min of INT replace the ordinary warm-up exercises used by the team [31].



As previously reported, there is also a controversy in strength and plyometrics after a neuromuscular training protocol. Further, three of five studies found positive changes in strength [21,23,24], while the remaining of two [27,31] did not report any differences between groups. One possible explanation to this lack of effect could be attributable, at least in one of the studies [27], to a low training adherence (59.6 ± 14.3%). It is assumed that a higher adherence to the training program would be necessary to improve this outcome [27,31]. Along the same line, non-significant changes between groups were found in plyometric tests after a period of INT in two studies [27,32]. This was probably due to a combination of the lack of stimulus and low adherence to the training program [27,32].



Moreover, contradictory results were found once more with respect to agility and speed tests. Most of the studies did not report significant changes between-groups in agility [23,27] or speed [27,29] performance. As it was described above, it appears that the adherence to the training programs and training stimulus should have been greater in order to enhance agility or speed performance [23,27,29]. Notwithstanding, another possible explanation of the discrepancies in this outcome is the number of contents performed. It has been suggested that performing a 15 min INT program, two times per week, training on only strength and dynamic stability contents [23,27,29], are not enough to improve agility and speed performance.



Fatigue resistance was the only INT content that improved in the three studies, which measured this capacity [23,24,29]. Therefore, it can be suggested that an INT program can improve this outcome in young athletes. This can happen after a period of training of 8–12 weeks with two/three sessions per week focused on around 15 min training of dynamic stability and strength contents [23,29] or plyometrics, agility, and speed contents [24].



Finally, regarding the injury surveillance, most of the analyzed studies observed a decrease in the rate of injuries [22,29,30,32]. Exclusively, one study [30] did not report significant results, probably considering the low compliance of the training program. The intervention teams included the INT program (composed of 20 min sessions where 10 exercises were performed focusing on strength, dynamic stability, and plyometrics) in only 60% of their training sessions during the first half of the season [30]. Due to these findings, the injury risk in athletes is likely to be reduced after an INT program with adequate adherence.




4.3. Characteristics of the Intervention Programs


In the literature, strength training is considered as one of the best paradigms to enhance physical performance in youth athletes [35,36]. Together with dynamic stability training, the INT content was used more in the training programs analyzed in the current study [19,20,21,22,23,25,26,27,28,29,30,31,32]. Furthermore, strength deficits have been associated with less neuromuscular control, which increases the occurrence of injuries mainly in the lower limbs [12]. In this systematic review, those studies which included strength training in their INT programs reduced the rates of injury [22,29,32]. However, these changes were also accompanied by improvements in dynamic stability [19,21,25,28,32], functional movement skills [19,20], strength [21,23], agility [21], speed [21], or fatigue resistance [23,29]. Nonetheless, four [26,27,30,31] of the 13 articles [19,20,21,22,23,25,26,27,28,29,30,31,32] that used strength training did not find positive changes in any of the outcomes measured. This generates a controversy due to the program characteristics in these articles, which were very similar to those studies that did find significant improvements.



Numerous explanations might be suggested for these discrepancies: (a) Application of exercise, (b) age of participants, and (c) contents included in the program. It could be speculated that it is the combination of training contents, rather than the sum of them individually, that confers the benefits on these young people. In fact, the four studies that did not find positive changes employed only three contents: Strength, plyometrics, and dynamic stability in three studies [26,30,31] and strength, dynamic stability and coordination in another one [27]. The age should be another key factor when programing this content. While pre-PHV athletes will have a neuromuscular type of adaptation, exercises must focus on techniques, postural control, and circum-PHV. Post-PHV athletes will not have just neuromuscular but also structural adaptations. The proposed task should additionally focus on improving technique in more advanced and sport-specific exercises and increasing execution speed [11]. Among the aforementioned studies with limited results, all were post-PHV (>14 years old) and one [31] presented the highest mean age of all analyzed studies. This suggests the need for an adjustment of adequate training loads and progression in each content.



Dynamic stability was the other main content used in the intervention programs [19,20,21,22,23,25,26,27,28,29,30,31,32]. Evidence supports the need to train this content due to improvements in the sensorimotor system, which can improve neuromuscular control. This leads to a better joint dynamic stability and, therefore, a decrement in the injury risk [37]. In fact, the youth athletes’ inability to maintain postural balance in static and dynamic actions has been associated with an increased likelihood of injury [38]. In the reviewed articles, those which included dynamic stability training in their INT programs also included strength training [19,20,21,22,23,25,26,27,28,29,30,31,32]. Thus, similar improvements were found for both contents, which allowed us to suggest that dynamic stability along with strength training might be a good strategy to improve performance and prevent injuries in young athletes. The literature shows that dynamic stability should be trained through exercises focused on the lower limbs and core [39], which challenges the feed-forward mechanism. This is described as anticipated actions that occur before the sensorimotor system detects changes in the environment [40]. This mechanism is the most important factor of training in order to maintain balance in landing, deceleration and cut off maneuvers, which helps to decrease injury risk [41]. Nonetheless, the lack of these types of exercises can be clearly detected in the training programs described in the reviewed articles [19,20,21,22,23,24,25,26,27,28,29,30,31,32].



Plyometric training was the other content of INT widely included in the intervention programs [19,20,21,22,24,26,28,30,31,32], which has been shown to improve performance and to decrease injury risk in young athletes [13]. In the current review, studies which included plyometric training in their INT programs improved dynamic stability [19,21,28,32], functional movement skills [19,20], strength [21,24], agility [21], speed [21,24], fatigue resistance [24] tests, and reduced injury risk [22,32]. Only three [26,30,31] of the 10 studies [19,20,21,22,24,26,28,30,31,32] that used plyometric training did not report significant changes between-groups. One of the particularities of this INT content is the need for an adequate progression. This progression should start with low-intensity exercises performed at a slow velocity with a proper technique and develop at later stages to higher velocity and intensity drills [13].



In various studies [19,20,27], coordination of fundamental movement skills’ training was included in their intervention programs. From these studies, we found two reported significant improvements in fundamental movement skills [19,20] and dynamic stability tests [19]. One study [27] could not find significant changes probably due to the low compliance with the training program (mean player attendance at the training sessions was 59.6 ± 14.3%). These skills are particularly important in pre PHV athletes during sport-specific skills development in circum-PHV and post-PHV athletes [42]. Coordination should be trained at early stages due to the greater neural plasticity that children have at this age [43]. Moreover, children are encouraged to be involved in a variety of sports at this age in order to develop neural adaptations for many skills before sport specialization [11]. Likewise, a proper movement competency not only enhances physical ability but, in addition, is suggested to decrease injury risk [44]. However, none of the studies that included coordination in the program subsequently analyzed the injury rates. Furthermore, it should also be highlighted that the protocol of sport-specific skills was not clearly defined in the analyzed studies. Throughout the same line, four articles [22,24,28,32] that included agility training in their protocols were found. Literature has defined agility as the combination of decision-making process and change of direction [45]. Decision-making will improve overall during adolescence based on the experience acquired by the athletes. Nevertheless, the change of direction technique can be enhanced in pre-PHV [15], probably as the result of the great neural plasticity of these youth athletes [43]. From the reviewed articles that used agility training in their protocols, we found improvements in dynamic stability [28,32], strength [24], speed [24], fatigue resistance [24] tests, and injury prevention [22,32]. Hence, it would be interesting to include these outcomes in the youth training programs to enhance performance and to reduce injury risk.



Regarding speed training, evidence suggests developing this INT content across the different stages of growth [15]. From the reviewed literature, we found two studies [20,24] that included speed training in their programs. These studies reported significant improvements in strength [24], speed [24], fatigue resistance [24], and fundamental movement skills [20]. Athletes should start training with the high-velocity capacity and the proper running biomechanics, with plyometric, coordination, and sprint technique exercises. Prior to puberty and before maturation, these parameters are easier to change [46]. However, post-PHV athletes may improve more with a combination of neural basis training mainly focused on strength training [15]. Contrarily, it is remarkable that none of the reviewed studies included detailed fatigue resistance training in their protocols. Since we know that neuromuscular fatigue is an important risk factor in numerous sports injuries [16], central fatigue can decrease the ability to perform complex tasks in sports, which will reduce performance and increase injury risk [47]. Again, at early stages, this content should be focused on the correct technical execution of basic movements (pre PHV) to gradually progress towards small-sided games with higher intensity. Once an athlete has enough competencies, a combination of small-sided games and high-intensity interval training should be included in the training program [11,48].



If the parameters of the exercise are analyzed, the length of the exercise programs varied between six weeks to eight months, with most programs lasting eight weeks [21,23,24,25]. As it was reported in previous literature, at least four weeks are necessary to generate adaptations [15]. Nonetheless, the goal of INT will be to achieve long-term athlete development, with a multi-year training approach following all stages of growth in youth athletes [15]. Moreover, training frequency varies between one and three sessions per week, with two days per week at the most used frequency [23,24,25,27,28,31]. According to this finding, manifestly practicing high-intensity INT with two/three days per week on non-consecutive days may be sufficient to produce adaptations in youth athletes [49]. Moreover, the duration of the sessions (which was between 15 min and 60 min or more) was 15 min on average in most of the selected studies [22,23,27,29,31]. With respect to this outcome, the literature suggests sessions of 60 min [50] or between 30 and 90 min for young athletes [51]. However, for physical education classes, it is also scientifically proven that 15 min sessions are effective in reducing injury risk [51]. Further analysis of this parameter in future studies is warranted.



It is interesting to note that while most studies disclosed significant improvements with these characteristics [19,20,21,22,23,24,25,28,29,32], some others [26,27,30,31] did not find improvements with similar protocols in terms of length of the program, frequency, duration, or INT contents trained. Therefore, it was hypothesized that the main reason for this controversy is the grade of adherence to the training program. Due to the fact that those studies which could not find significant improvements in any outcome measure, reported low adherence to the protocols as the main cause of their results [26,27,30,31]. Consequently, this makes the training stimulus lower than previously planned.




4.4. Limitations and Strengths of This Review


The main limitation of our systematic review was the lack of a detailed description of the training protocols employed by the included studies. However, in order to overcome this limitation, the authors were contacted to collect the missing data (although the lack of some data persisted in some cases). Moreover, the methodological quality of the included studies is moderate as a result of notable bias in at least six of 14 studies reported. Further, the heterogeneity of the studies (e.g., sample size) limits the discussion of the results. Moreover, only studies published in English language were considered in the current review.



The main strength of this study is the description of the most used INT contents in the literature and their effects on injury prevention and sports performance in the youth population. Additionally, this review analyzed the program characteristics, reporting the most common length, frequency, and duration used by the studies, which accomplished our inclusion criteria.





5. Conclusions


In conclusion, this review presents that INT programs can enhance performance and injury prevention in young athletes, as long as the adherence to the training program is adequate. The most INT contents used in the reviewed studies were strength, dynamic stability, and plyometrics. These contents were followed by coordination of fundamental movement skills, speed, and agility training. However, none of the studies included all the discussed contents in the same protocol. Finally, lack of protocols that included fatigue resistance and specific movement skills training was reported. This is contrary to the recommendations of the literature highlights, with respect to the benefits of discussed INT contents in young athletes.



Future studies are recommended to analyze the effects of a protocol that include all INT contents in young athletes at different growth stages. Researchers need to pay specific attention to pre-PHV athletes and in boys, where a lack of evidence in the literature was found. Needless to say, new lines of research should include INT programs with more drills that challenge the feed-forward mechanisms. This has been described in the literature as one of the most important factors in order to decrease injury risk.
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Figure 1. Flow diagram of the search process of integrative neuromuscular training effects in injury prevention and performance on youth athletes. 
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Table 1. Quality assessment of studies.






Table 1. Quality assessment of studies.





	Study (Author, Year)
	Generation of Randomized Sequence
	Allocation Concealment
	Blinding of Participants or Assessors
	Description of Withdrawals and Dropouts





	Barendrecht [19]
	No
	No
	No
	Yes



	Brown [20]
	Yes
	No
	No
	Yes



	Chaouachi [21]
	Yes
	No
	No
	No



	Emery [22]
	Yes
	Yes
	No
	Yes



	Faigenbaum [23]
	Yes
	No
	No
	Yes



	Fernandez [24]
	No
	No
	No
	Yes



	Filipa [25]
	No
	No
	No
	Yes



	Klugman [26]
	No
	No
	No
	Yes



	Lindblom [27]
	Yes
	No
	No
	Yes



	Mcleod [28]
	No
	No
	Participants and assessors
	Yes



	Richmond [29]
	Yes
	Yes
	No
	Yes



	Steffen [30]
	Yes
	No
	No
	Yes



	Steffen [31]
	Yes
	No
	No
	Yes



	Steffen [32]
	Yes
	No
	No
	Yes
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Table 2. Characteristics of the included studies.






Table 2. Characteristics of the included studies.





	Author
	Participants
	Sport
	Age
	Main and Secondary Outcomes
	Main Results





	Brown [20]
	N = 43 female athletes.

NMT, n = 10, CORE, n = 7, PLYO, n = 13, CG, n = 13.
	Basketball, field hockey, soccer, and volleyball.
	NMT: 14.1 ± 1.2 years, CORE: 15.0 ± 0.6 years, PLYO: 14.8 ± 0.6 years, CG: 14.7 ± 2.6 years.
	FUNDAMENTAL MOVEMENT SKILLS: Sagittal and frontal planes hip and knee kinematics and kinetics.
	Greater peak knee flexion following training, during both bilateral (p = 0.027) and unilateral landings (p = 0.076, d = 0.6) was reported in NMT. PLYO demonstrated reduced hip adduction (p = 0.010) and greater knee flexion (p = 0.065, d = 0.6) during bilateral landings following training. A significant time interaction was observed in CG showing a significant reduction in peak stance knee abduction moment (p = 0.003).



	Chaouachi [21]
	N = 42 male athletes. PLYO, n = 14. Balance and plyometric group (Bal-PLYO), n = 14. CG, n = 14.
	Public school students with no after school activities or formalized strength and conditioning training programs.
	PLYO: 13.7 ± 0.8 years, Bal-PLYO: 13.3 ± 0.8 years, CG: 13.5 ± 0.8 years.
	STREGNTH, SPEED, DYNAMIC STABILITY, AND AGILITY: Lower-body strength test (one repetition maximum -1RM- leg press), power test (horizontal and vertical jumps, triple hop for distance, reactive strength, and leg stiffness), running speed (10-m and 30-m sprint), static and dynamic balance (standing Stork test and SEBT), and agility (shuttle run).
	Bal-PLYO training was considered likely to be superior to PLYO training in leg stiffness (d = 0.7), 10-m sprint (d = 0.6), and shuttle run (d = 0.5). In 8 of the 11 dependent variables, the difference between Bal-PLYO vs. PLYO training was unclear. Bal-PLYO training was considered likely to be meaningfully better than CG in all dependent variables (d = 0.6–1.4). PLYO training was considered likely to be meaningfully better than CG in all dependent variables (d = 0.3–1.2) except leg stiffness and 10-m sprint.



	Emery [22]
	N = 744 male and females. NMT, n = 380. CG, n = 364
	Soccer
	NMT: U13-15 = 46.6%, U16-U18 = 53.4%, Female = 42.4%, Male = 57.6%, CG: U13-15 = 48.9%, U16-U18 = 51.1%, Female = 69%, Male = 31%.
	INJURY SURVEILLANCE: Injury definition was soccer injury resulting in medical attention and/or removal from a session and/or time loss.
	Significant differences were found in injury rates between NMT (2.08 injuries/1000 player-hours) and CG (3.35 injuries/1000 player-hours).



	Faigenbaum [23]
	N = 40 males and females. NMT, n = 10 boys and 11 girls. CG, n = 6 boys and 13 girls.
	Children from two second-grade PE classes in a public school
	All groups: Boys = 7.6 ± 0.3 years, Girls = 7.5 ± 0.3 years. Total = 7.6 ± 0.3 years.
	STRENGTH, DYNAMIC STABILITY, AGILITY, AND FATIGUE RESISTANCE: Push-up, curl-up, standing long jump, single-legged hop, single-legged balance, sit-and-reach flexibility test, shuttle run, and 0.8-km run.
	Intervention effects in the girls enhanced NMT-induced gains in performance relative to CG on the curl-up, long jump, single-legged hop, and 0.8-km run (P < 0.05) after controlling for baseline. Boys did not demonstrate similar adaptations from the NMT program (P ≥ 0.05).



	Fernández [24]
	N = 16 male athletes. NMT, n = 8, CG, n = 8.
	Tennis
	All groups: 16.9 ± 0.5 years.
	STRENGTH, SPEED, AND FATIGUE RESISTANCE: Sprint test (10 and 30 meters) CMJ, RSA, and maximal aerobic performance using a 30-15 intermittent fitness test (30-15 IFT).
	After training, 10-m sprint, CMJ, and RSA were significantly improved in NMT (P ≤ 0.05).



	Filipa [25]
	N = 20 female athletes. NMT, n = 13. CG, n = 7.
	Soccer
	NMT: 15.4 ± 1.5 years, CG: 14.7 ± 0.8 years.
	DYNAMIC STABILITY: SEBT
	Significant improvements in SEBT were observed in both limbs for NMT in the posterolateral direction and in the posteromedial direction of the left limb.



	Klugman [26]
	N = 49 female athletes. NMT, n = 15. CG, n = 34.
	Soccer
	ETG: 14.1 ± 0.4 years. CG: 14.7 ± 1.0 years.
	FUNDAMENTAL MOVEMENT SKILLS: Tuck jump test.
	Both groups significantly reduced their landing and jumping deficits. There was not a significant interaction of training status between groups.



	Lindblom [27]
	N = 41 female athletes. NMT, n = 23, CG, n = 18.
	Soccer
	NMT: 14.2 ± 0.7 years. CG: 14.2 ± 1.1 years.
	DYNAMIC STABILITY, STRENGTH, PLYOMETRICS, AGILITY, ADN SPEED: SEBT, CMJ, triple-hop for distance test, a modified Illinois agility test, and 10-m and 20-m sprint tests.
	Non-significant time effects were observed in NMT from baseline to follow-up. Changes were observed in CG compared to NMT for a sub-score of the SEBT and in the modified Illinois agility test (p < 0.05).



	Mcleod [28]
	N = 62 female athletes. NMT, n = 37, CG, n = 25.
	Basketball
	NMT: 15.6 ± 1.1 years, CG: 16.0 ± 1.3 years.
	DYNAMIC STABILITY: BESS and SEBT.
	A significant decrease in total BESS errors in NMT compared with CON (P = 0.003) was found. NMT subjects also reported significantly fewer BESS errors in the single-foam and tandem-foam conditions than CG and demonstrated improvements in the single-foam compared with their pre-test (P = 0.033). Between-group changes at posttest were observed in the lateral, anteromedial, medial, and posterior directions. They also improved in NMT compared with CG (P < 0.05) using the SEBT.



	Richmond [29]
	N = 725. NMT, n = 353 (female 57.2%, male 42.8%), CG, n = 372 (f