SUN, Liang, LUO, Lanfang, YANG, Yi and LUO, Jiong. The effectiveness of neuromuscular training in preventing sports injuries of
different genders, body parts, and types in adolescents: a systematic review of meta-analysis. Quality in Sport. 2024;34:56154. eISSN
2450-3118.

https://dx.doi.org/10.12775/0QS.2024.34.56154

https://apcz.umk.pl/QS/article/view/56154

The journal has been 20 points in the Ministry of Higher Education and Science of Poland parametric evaluation. Annex to the
announcement of the Minister of Higher Education and Science of 05.01.2024. No. 32553.

Has a Journal's Unique Identifier: 201398. Scientific disciplines assig589 ned: Economics and finance (Field of social sciences);
Management and Quality Sciences (Field of social sciences).

Punkty Ministerialne z 2019 - aktualny rok 20 punktow. Zatacznik do komunikatu Ministra Szkolnictwa Wyzszego i Nauki z dnia
05.01.2024 r. Lp. 32553. Posiada Unikatowy Identyfikator Czasopisma: 201398.

Przypisane dyscypliny naukowe: Ekonomia i finanse (Dziedzina nauk spofecznych); Nauki o zarzadzaniu i jakosci (Dziedzina nauk
spotecznych).

© The Authors 2024;

This article is published with open access at Licensee Open Journal Systems of Nicolaus Copernicus University in Torun, Poland

Open Access. This article is distributed under the terms of the Creative Commons Attribution Noncommercial License which permits any
noncommercial use, distribution, and reproduction in any medium, provided the original author (s) and source are credited. This is an open
access article licensed under the terms of the Creative Commons Attribution Non commercial license Share alike.
(http://creativecommons.org/licenses/by-nc-sa/4.0/) which permits unrestricted, non commercial use, distribution and reproduction in any
medium, provided the work is properly cited.

The authors declare that there is no conflict of interests regarding the publication of this paper.

Received: 13.11.2024. Revised: 20.11.2024. Accepted: 29.11.2024. Published: 29.11.2024.

The effectiveness of neuromuscular training in preventing sports injuries of
different genders, body parts, and types in adolescents: a systematic review
of meta-analysis

Liang Sun

School of Physical Education, Sports Rehabilitation Center, Southwestern University,
Chongqing, China

https://orcid.org/0009-0003-2660-6828

Lanfang Luo

Chongqing Mining Engineering School, Chongqing, China, 400700
https://orcid.org/0009-0001-8367-6780

Yi Yang

School of Physical Education, Sports Rehabilitation Center, Southwestern University,
Chongqing, China

Jiong Luo

Research Centre for Exercise Detoxification, College of Physical Education, Southwest
University, Chongqing, China, 400715

https://orcid.org/0009-0006-2158-5804


https://dx.doi.org/10.12775/QS.2024.34.56154
https://apcz.umk.pl/QS/article/view/56154

Keywords: Neuromuscular training; injury care; sports rehabilitation;

meta-analysis

Abstract

Objective: Neuromuscular training is a relatively new comprehensive rehabilitation treatment
method in recent years. Although its preventive effect on adolescent sports injuries is
indisputable, its specific effects on gender, injury site, and type are still poorly understood.
This study evaluated the clinical efficacy of neuromuscular training on adolescents of

different genders, injury sites, and types through systematic meta-analysis.

Method: A comprehensive search was conducted on clinical randomized controlled trials
related to the prevention of adolescent sports injuries through neuromuscular training in
databases such as PubMed, Web of Science, EBSCO, and Scopus. The databases were
established until May 2024. The neuromuscular training group (experimental group) used
neuromuscular training or neuromuscular training as the main intervention method; The
control group is either a blank group or a routine exercise group, without paying special
attention to neuromuscular control. Outcome measures include any form of muscle, ligament,
or bone injury, including acute or chronic injury data. The quality of the included literature
was determined using the Cochrane bias risk assessment tool and the physical therapy
evidence database scale, and statistical analysis was conducted using RevMan 5.4 and Stata
16.0 software.This study is registered with the International Platform of Registered
Systematic Review and Meta-analysis Protocols (INPLASY), INPLASY?2024110054.

Result: A total of 32 clinical randomized controlled trials were included, with a sample size of
34581 cases. The meta-analysis results showed that: 1. The overall effect of neuromuscular
training: the experimental group was better than the control group, with a combined IRR of
0.67 (95% CI2 0.57-0.79); Z = 4.78;P < 0.00001). The male group had a higher risk of loss

compared to females in the experiment; 2. Upper limb motor injury: combined IRR of 0.73



(95% CI12 0.59-0.9); Z = 3.12;P =0.002). The male group had a lower risk of injury compared
to females in the experiment. 3. Lower limb motor injury: combined IRR of 0.66 (95% CI2
0.56-0.77); Z = 5.12;P< 0.00001). The male group had a higher risk of loss compared to the
female group in the experiment. 4. Knee movement injury: combined IRR of 0.73 (95% CI2
0.63-0.84); Z = 4.44;P< 0.00001). The female group had a higher risk of loss compared to the
male group in the experiment. 5. Ankle sports injury: combined IRR of 0.54 (95% CI2 0.40-
0.74); Z = 3.90;P< 0.00001). The male group had a higher risk of loss compared to females in
the experiment. 6. Acute sports injury: The combined IRR is 0.60 (95% CI2 0.49-0.74); Z =
4.84;P< 0.00001), The male group had a similar reduced risk of loss compared to females in
the experiment. 7. Chronic sports injury: The combined IRR was 0.72 (95% CI2 0.52-0.98;

7=2.07; P=0.04), and the female group had a higher risk of loss compared to males in the trial.

Conclusion: Neuromuscular training has significant effects in preventing upper and lower
limbs, knees, ankles, and acute and chronic sports injuries of different genders. Research has
shown that neuromuscular training has similar effects on different genders, effectively
reducing the burden of public health and promoting participation in sports activities. However,
more high-quality randomized controlled trials are still needed to further validate these

findings.

Keywords: Neuromuscular training; injury care; sports rehabilitation;

meta-analysis

1. Introduction

The rate of sports participation among adolescents is very high, significantly impacting th



eir health. It provides psychosocial benefits such as increased self-
esteem, motor skill development, socialization, teamwork, competitiveness, and stress reducti
on. However, sports are also a major cause of injury among adolescents, accounting for 30%
of all adolescent injuries in many countries (-
4. Annually, 35% of adolescents injured in sports require medical rehabilitation, with lower e
xtremity injuries being the most common, constituting over 60% of all youth sports injuries [>
61, Sports injuries can lead to decreased participation and are associated with all-
cause morbidity, overweight or obesity, and post-
traumatic osteoarthritis [- 8], Hence, reducing the public health burden from youth sports injuri
es is critical. The combination of high sport-
specific participation rates and high injury rates results in adolescents producing the highest v
olume of injuries in related sports, especially in team sports for both boys and girls. Boys exp
erience the highest injury rates in ice hockey, rugby, basketball, soccer, wrestling, and runnin
g. Girls face the highest injury rates in basketball, soccer, ice hockey, European handball, run

9, 10]

ning, and field hockey Reducing  injury rates in  high-
burden sports can promote physical activity and significantly improve the quality of life.
Completely eliminating all injuries in adolescent sports is impossible, but adopting injury
prevention strategies can reduce the number and severity of injuries. In recent years, an increa
sing number of injury prevention programs have been developed. Among these, neuromuscula

1-14] ~ A recent meta-

r training has been shown to positively impact adult injury rates !
analysis found that neuromuscular training for soccer can reduce injury rates by 20-
50% [, Regarding ankle injuries, neuromuscular interventions and proprioception programs
have been found to reduce the risk for physically active adults by 35-
50% [12, 14]. Similar effects have been reported for adolescent athletes, with three meta-
analyses showing a reduction in lower extremity injury risk by approximately 25-35% 13171,
Although the preventative and therapeutic effects of neuromuscular training on adolescen
t sports injuries are well-

established, little is known about its specific impact on gender, injury site, and type. Neuromu

scular injury prevention programs for adolescent athletes have been studied across various spo



rts, including basketball [18-21] soccer [21-

261 and volleyball 2 27], In addition to specific sports content, these programs often include m
ultiple components or focus on balance exercises ?® 2. Common elements of multi-
intervention programs include strength, balance, flexibility, plyometric, speed, and agility trai
ning, emphasizing neuromuscular control and proactive joint stability. Consequently, it is chal
lenging to deduce methods for different genders or sports-
specific injury sites or types based on individual studies. From a practical perspective, a deepe
r understanding of the specific effects of neuromuscular training on gender, injury site, and ty
pe is crucial for tailoring training programs to specific populations, thereby increasing the con
fidence of coaches and athletes in implementing these programs.

In summary, although neuromuscular training has been shown to have preventative effect
s in adolescent athletes, existing literature does not provide consistent recommendations regar
ding its impact on different genders, injury sites, and types. This understanding aids practition
ers in designing tailored programs and enhances the compliance of coaches and athletes with t
hese interventions [3% 31, This is particularly important for young athletes, as differences in the
ir maturation status can lead to significant individual variations in anthropometric and neurom
uscular performance. Therefore, this study primarily reviews the aspects of different genders,
injury sites, and injury types, revealing the effects and potential mechanisms of neuromuscula
r training in preventing adolescent sports injuries. This provides critical insights for future pre

vention and management of sports injuries in adolescents.

2. METHODS
We followed the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) guidelines!®?! in this systematic review. As this study was a review, no ethical
approval was necessary. The methods and protocol registration were preregistered prior to
conducting the review: INPLASY, n0.2024110054, DOI:10.37766/inplasy2024.11.0054.
2.1 Data sources and search strategy
Two researchers independently searched PubMed, Web of Science, EBSCO, and Scopus

databases for literature on using neuromuscular training to prevent lower limb sports injuries i



n adolescent athletes. The search scope included published clinical studies, with the search per
iod extending from the establishment of each database to May 2024. The search languages we
re English. The search terms combined subject terms and free terms. The search keywords inc
luded: "Neuromuscular training, balance training, proprioceptive training, wobbleboard traini
ng, athletic injuries, sport injury, injury, child, youth, team sport, injury prevention, interventi

on, warm-up". The search strategy is detailed in Table 1.

Table 1 English Search Strategies

#1“neuromuscular training”[Mesh] OR (balance training OR proprioceptive training )
[Title/Abstract]

#2“athletic injuries”[Mesh|OR (sport injury OR injury ) [Title/Abstract]

#3*“child”[Mesh] OR (youth OR team sport) [Title/Abstract]

#4“injury prevention”[Mesh] OR (intervention OR warm-up ) [Title/Abstract]

#5 #1 AND #2 AND #3 AND #4

2.2 Selection Criteria

Based on the PICOS strategy, the following criteria had tobe fulfilled in order for studies
to be considered in thismeta-analysis: (i) the study population consisted of youths of 21 years
or younger, participating instructured/organized sport programs on a competitive level (P);(ii)
a neuromuscular training program (including componentssuch as balance, agility, strength,
neuromuscular control) wasevaluated with no co-interventions (e.g., education) provided(I);
(ii1) the study contained a control arm either performingusual practice routine or sham
exercises without specific focuson neuromuscular control (C); (iv) any form of muscle,
ligament, or bone injury in different genders, including acute or chronic injury data (O); (v)an
analytical design was used (RCTs, quasi-experimental trials,cohort studies) (S). Studies
without original data (review articles)or without obtainable data for meta-analysis were
excluded.
2.3 Risk of Bias Assessment

We analyzed risk of bias of included studies using the PEDroscale. This scale consists of
eleven items,addressing internal validity (8 items), interpretability (2 items),and external
validity (1 item). A point was scored for each itemclearly fulfilling the criterion, allowing a
maximal score of 11points. Two reviewers (SST, ALR) independently performed thequality

rating. Disagreements between ratings were discussedand solved via consensus. This process



was piloted on threestudies not included in the review before actual quality rating
wasperformed.
2.4 Data Extraction

Two researchers independently reviewed the titles and abstracts of the literature accordin
g to the inclusion and exclusion criteria, excluding irrelevant studies. After reading the full tex
ts, they further screened and identified the final included studies. Once literature screening wa
s completed, two researchers independently extracted data, including: 1) general information s
uch as the first author and publication date; 2) study design and groups; 3) sample size, gender,
type of sport, and level; 4) intervention methods and duration; 5) outcome measures, includin
g types and sites of injuries. In case of any discrepancies, decisions were made through discus
sion with other research team members.
2.5 Statistical analyses

Statistical analyses were conducted using RevMan 5.4 and Stata 16.0 software. Multiple r
esearchers verified data entry to ensure accuracy. The injury rate ratio (IRR) and correspondin
g 95% confidence interval (CI) were calculated, representing the effect estimate for each inclu
ded study. The IRR was determined as follows: IRR = (number of injuries in the NMT group /
player exposure) / (number of injuries in the control group / player exposure). When player e
xposure time was unavailable, the IRR was calculated based on the number of practice and ga
me exposures. An IRR value less than 1 indicates a reduction in injury risk favoring neuromus
cular training, with values closer to 0 showing greater effectiveness. Heterogeneity among the
included studies was quantitatively analyzed using the I* statistic. When I < 50%, a fixed-
effects model was used; otherwise, a random-
effects model was employed *%). Sensitivity analyses tested the stability of the results, and sub
group analyses by gender, injury site, and type explored the impact of study characteristics on
outcome variables and sources of heterogeneity. Publication bias was assessed using Egger's t

est.

3. Results

3.1 Trial Flow



A total of 544 studies were initially screened. After removing 333 duplicates and excludin

g 264 studies based on their titles and abstracts, 69 studies were selected for full-

text evaluation. Ultimately,

32 studies were included in the meta-analysis

[27, 34-

61 with a combined sample size of 34,581 participants.

The literature screening process is illustrated in Figure 1, and the basic information of the

included studies is summarized in Table 2.

Identification

Screening

Eligibility

Included

Records identified through databasesearching (n=524) Additional records identified

y

throughhand search(n=20)

Total records identified

from allsources (n=544)

h 4

A4

Duplicates removed (n=333)

Title and abstracts screened(n=333)

Records excluded (n=264) Main

A

reason: inadequate content

Full-text articles assessed for eligibility (n=69)

Full-text articles excluded (n=37):
Incomplete result data (n=32)

A

4

Non randomized controlled trials (n=3)
Unable to retrieve the full text (n=1)
Meeting Summary (n=1)

Studies included in meta-analysis(n=32)

FIGURE 1 | PRISMA flow chart.

Table 2. Basic characteristics of the included studies

Sampl . Duration
Interventio . .
Author, year e Sport nerou (minute Primary outcome
size(n) group s)
?5%‘[32 ctal, F:1506  Soccer NMT 20-25 Knee injury
?OS (t)ggf]t ctal, M:194  Soccer NMT+RW  / Overall injury
Bertet al., F:1570 ..
2005156! 3 Soccer NMT+RW 20 Knee injury
Emery and Mee M&F: Overall injury, acute injury, lower extremity injury, an
uwisse, 201208 1744 Soceer NMT 30 le injury, knee injury
g(?;gg]ll]l ctal, 11\;[;5691: " Basketball NMT 10 Lower extremity injury




Carolyn et al., M&F: Overall injury, chronic injury, lower extremity injury,

2019601 11076 / NMTHRW 15 ankle injury, knee injury, Different genders injury
Carolyn et al., M&F: Overall injury, acute injury, lower extremity injury, an
2007153 1920 Basketball NMT+RW 25 Kle injury
Cynthia et al., F:1149 Acute injury, chronic injury, lower extremity injury, a
201167 2 Soccer NMT 20 nkle injury, knee injury
Dorine et al., M&F: ..
2010055 12011 / NMT 10 Overall injury
;83366[6‘? al, M:723  Soccer NMT 30 Upper extremity injury, lower extremity injury
Elke et al., M&F: .
20071541 154 Basketball NMT+RW  5-10 Overall injury
g(;lzﬂllg?lo etal, F:122 Athletics NMT 30 Ankle injury, knee injury
;1(1)1'{ ;[ggl" M:237  Baseball NMT 10 Upper extremity injury
Steffen et al., F:1209 Oyerallll. injury, acute injury, C.hI:OHIC injury, upper extre
200847] 5 Soccer FIFA 11+ 15 ¥n¥ty injury, lower extremity injury, ankle injury, knee
injury

Savn et R138s Soccer  NMT 20 Overall injury, lower extremity injury

Basketbal
Kim et al., . L 10-15,20 - .. ..
201861 F:1474 soccer, NMT 25 Overall injury, ankle injury, knee injury

volleyball
Lesley et al., F1109 / NMT 10+ 2 Overall injury, acute injury, chronic injury, lower extre
2021857 ’ 0. 40 mity injury, ankle injury, knee injury
McHugh et al., 2 . American .
007539 M:175 football NMT 10 Ankle injury

. M:112
Iél(;lzshigf tal, 3 Soccer NMT 20 Lower extremity injury
F:1280

Hislop et al., M:318 American NMT 20 Overall injury, upper extremity injury, lower extremity
20171421 8 football injury
Wedderkopp . . L
etal., 199917 F:1237 Handball NMT 10-15 Overall injury, chronic injury
Wedderkopp . ..
et al., 20035 F:1163 Handball NMT 10-15 Overall injury
Olsen et al., M&F: Overall injury, acute injury, chronic injury, lower extre
20050511 11837 Handball NMT 15-20 mity injury
ooﬁgfly cetal,2 M:416  Soccer FIFA 11+ / Overall injury, upper extremity injury
Owoeye etal.,2 M&F: Basketbal .
0176l 12265 1, soccer NMT 15 Ankle injury

Basketbal
Pfeiffer et al., F:1143 1, ..
200649] 9 soccer, NMT 20 Knee injury

volleyball
Richmond etal., M&F: / NMT / Overall injury, chronic injury, lower extremity injury,
20151621 1725 ankle injury, knee injury
Saulo et al., M&F: Overall injury, acute injury, chronic injury, upper extre
20191601 1291 Hockey NMT 12 mity injury, lower extremity injury
Timothy etal.,2 M&F: Basketbal -
006140 1765 1, soccer ML 10 Ankle injury

Basketbal
Hewett et al., . 1, ..
1999 F:1829 soccer, NMT 60-90 Knee injury

volleyball
Soh%;ard etal.,2 F:1189 Soccer FIFA 11+ 20 Overall injury,acute injury, chronic injury, ankle injur
008081 2 y, knee injury
Umlle}éet al., M:121  Basketball NMT 20 Overall injury,acute injury, chronic injury, ankle injur
20128 y, knee injury

M: male, F: female, NMT: neuromuscular training, RW: regular warm-up



3.2 Methodological Quality

Among the included studies, 32 mentioned "randomization" or "randomized controlled trials" (RCTs).

Twelve studies specified allocation concealment measure

S [34, 36, 38, 40, 41, 46, 48, 50, 52, 57, 62, 63]’ with one

study using blinding for physical therapists?®’) and another for assessors’**. None of the studies exhibited

selective reporting or incomplete data, nor did they mention other sources of bias. The proportion of bias

risk and study results are presented in Figures 3 and 4. According to the PEDro scale, all 32 included

studies were of high quality, scoring above 6. The overall quality of the included studies was high, with

scores concentrated between 6 and 7. The PEDro scale scores are detailed in Table 3.

Random sequence generation (selection bias) _

Allocation concealment (selection bias) _ I

Blinding of participants and personnel (performance bias) _
Blinding of outcome assessment (detection bias) _
Incomplete outcome data (attrition bias) _

Selective reporting (reporting bias) _

Other bias

25% 50% 75%  100%

0%
[ Low risk of bias [ ] Unclear risk of bias [l High risk of bias
Figure 3 | Risk of bias as a percentage graph
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Figure 4 | Risk of bias summary
Table 3 | Physiotherapy Evidence Database score of the included studies
First author,  Eligibilit =~ Randomizatio = Conceale = Baseline Patients Care Adequat  Intention  Between- Scor
year y n d comparabilit ~ blinded provide e - group e
criteria allocation y r follow to-treat comparison
specified blinded  up s
Ashkan et + + - + - - - + + + + 6
al., 20101431
Astrid et al.,, + + - + - - -+ + + + 6
200244

10




Bert et al, + + - + - - - + + + + 6
200556

Emery and + + + + - - - + + + + 6
Meeuwisse

, 201288

Carolyn et + + + + - - -+ + + + 6
al., 202241

Carolyn et + + + + - - -+ + + + 6
al., 201905

Carolyn et + + + + - - -+ + + + 6
al., 20071631

Cynthia et + + + + B + + + 7
al., 201167

Dorine et + + - + - - -+ + + + 6
al., 201053

Scase et al., + + - + .. .+ + + 4 6
2006!4!

Elke et al, + + - + - - -1 + + + 6
2007064

Guillermo + + - + EEEE + + + 7
et al.,

202183

Juw %, + + + + B + + + 6
201964

Steffen et + + - + - - -1 + + + 6
al., 2008147

Kathrin et + + - + - - -+ + + + 6
al., 201562

Kim et al, + + - + - - -1 + + + 6
201861

Lesley et + + + + - - -1 + + + 6
al., 2021057

McHugh et - + - + - - -+ + + + 6
al., 20070

Hilska et + + + + - - -+ + + + 6
al., 2021148

Hislop et + + + + - - -+ + + + 6
al., 2017142

Wedderkop - + - + - - -+ + + + 6
p et al,

1999127

Wedderkop  + + - + - - -+ + + + 6
p et al,

20030

Olsen et al., + + - + B + + + 6
200561

Owoeye et + + - + - - .+ + + + 6
al., 201403

Owoeye et - + - + - - -+ + + + 6
al., 2017046

Pfeiffer et - + + + - - -+ + + + 6
al., 200614

Richmond + + + + - - -+ + + + 6
et al.,

201512

Saulo et al., + + - + B + + + 6
201910

Timothy et + - + + - - -+ + + + 6
al., 20064

Hewett et - + - + - - -+ + + + 6
al,, 1999

Soligard et + + - + - - -1 + + + 6
al., 2008158

Umile et al., + + + + - - - + + + + 6
2012036

3.3 Meta-Analysis Results
3.3.1 Overall Effect of NMT

A total of 21 randomized controlled trials (RCTs) encompassing 4,375 sports injuries were included,
resulting in a combined Incidence Rate Ratio (IRR) of 0.67 (95% CI 0.57-0.79; Z = 4.78; P < 0.00001),

indicating a statistically significant 33% reduction in overall sports injury risk. There was significant

11



heterogeneity among gender subgroups (I> = 74.0; Q = 4.54; P = 0.1), suggesting differences in the
combined effect estimates within subgroups (Figure 5). Trials involving male (IRR = 0.69; 95% CI 0.54-
0.88) or mixed-gender participants (IRR = 0.57; 95% CI 0.43-0.76) showed a greater reduction in injury
risk compared to those involving females (IRR = 0.84; 95% CI 0.69-1.02). To explore the source of
heterogeneity, a sensitivity analysis was conducted by sequentially excluding each study included in the
overall analysis to evaluate its impact on the IRR. The results indicated minimal heterogeneity among the
studies, with the exclusion of any single study having a negligible impact on the IRR effect size. Thus, the

results of the meta-analysis were relatively stable (Figure 6).

Experimental Control Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight 1V, Random, 95% CI IV, Random, 95% CI
1.1.1 Male
Astrid et al.,2002 77 11475 111 13090 5.2% 0.79 [0.59, 1.06] i
Carolyn et al.,2019 25 18949 69 36566 4.2% 0.70 [0.44, 1.10] —]
Hislop et al.,2017 291 37346 262 32375 5.8% 0.96 [0.81, 1.14] T
Owoeye et al.,2014 36 51017 94 61045 4.6% 0.46 [0.31, 0.67] =
Scase et al.,2006 66 2507 330 8569 5.3% 0.68 [0.52, 0.88] e
Umile et al., 2012 14 23640 17 12648 2.9% 0.44 [0.22, 0.89] —
Subtotal (95% CI) 144934 164293 28.1% 0.69 [0.54, 0.88] &
Total events 509 883

Heterogeneity: Tau? = 0.06; Chi® = 17.28, df = 5 (P = 0.004); I’ = 71%
Test for overall effect: Z = 2.97 (P = 0.003)

1.1.2 Female

Carolyn et al.,2019 29 17616 49 18794 4.2% 0.63 [0.40, 1.00] p——
Kathrin et al., , 2015 47 7965 21 3996 3.8% 1.12 [0.67, 1.88] T
Kim et al.,2018 107 22906 134 19875 5.4% 0.69 [0.54, 0.89] =3
Lesley et al.,2021 138 7709 60 3974 5.1% 1.19 [0.88, 1.61] o e
Soligard et al.,2008 161 45428 215 49899 5.7% 0.82 [0.67, 1.01] =
Steffen et al.,2008 64 19093 241 65725 5.3% 0.91 [0.69, 1.20] - o
Wedderkopp et al.,2003 6 11546 16 11487 2.0% 0.37 [0.15, 0.95] —
Subtotal (95% CI) 132263 173750 31.5% 0.84 [0.69, 1.02] L
Total events 552 736

Heterogeneity: Tau? = 0.03; Chi® = 13.20, df = 6 (P = 0.04); I’ = 55%
Test for overall effect: Z = 1.81 (P = 0.07)

1.1.3 Mixed

Carolyn et al.,2007 130 39369 141 34955 5.5% 0.82 [0.64, 1.04] ==
Carolyn et al.,2019 54 33424 69 36566 4.8% 0.86 [0.60, 1.22] i
Dorine et al.,2010 100 263168 104 216667 5.3% 0.79[0.60, 1.04]

Elke et al.,2007 119 100000 354 100000 5.7% 0.34 [0.27, 0.41] =l
Emery and Meeuwisse, 2012 50 24051 79 23597 4.8% 0.62 [0.44, 0.88] =
Olsen et al.,2005 103 93812 195 87483 5.5% 0.49 [0.39, 0.62] o
Richmond et al.,2015 26 24660 60 16907 4.2% 0.30[0.19, 0.47] —
Saulo et al.,2019 44 10766 67 10404 4.7% 0.63 [0.43, 0.93] =
Subtotal (95% CI) 589250 526579 40.4% 0.57 [0.43, 0.76] -3
Total events 626 1069

Heterogeneity: Tau® = 0.15; Chi* = 53.74, df = 7 (P < 0.00001); I’ = 87%
Test for overall effect: Z = 3.83 (P = 0.0001)

Total (95% CI) 866447 864622 100.0% 0.67 [0.57, 0.79] $

Total events 1687 2688

Het ity: Tau? = 0.11; Chi® = 117.81, df = 20 (P < 0.00001); I* = 83% ; + t J

T:sfrt%?i:grzu e?:ect' Z=4 79I(P < 0.00001) e : %01 P 10 100
e S = Favours [experimental] Favours [control]

Test for subgroup differences: Chi® = 5.05, df = 2 (P = 0.08), I° = 60.4%

Figure 5 | Subgroup analysis of the IRR effect of gender on the overall injury effect of neuromuscular training
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Meta-analysis estimates, given named study is omitted

Lower CI Limit

Astrid et al., 2002 | |
Carolyn et al., 2019 |
Hislop et al., 2017
Owoeye et al., 2014
Scase et al., 2006 |
Umile et al., 2012 |
Carolyn et al., 2019 |
Kathrin et al., 2015
Kim et al., 2018
Lesley et al., 2021
Soligard et al., 2008
Steffen et al., 2008
Wedderkopp et al., 2003
Carolyn et al., 2007 ||
Carolyn et al., 2019
Dorine et al., 2010 | |
Elke et al., 2007
Emery and Meeuwisse, 2012
Olsen et al., 2005
Richmond et al., 2015
Saulo et al., 2019

0.580.57

O Estimate

0.67

Figure 6 | Sensitivity analysis of overall damage effect

3.3.2 Effect of upper limb sports injury

| Upper CI Limit

079 082

A total of six RCTs involving 432 sports injuries were included, resulting in a combined Incidence

Rate Ratio (IRR) of 0.73 (95% CI 0.59-0.9; Z = 3.12; P = 0.002), indicating a statistically significant 27%

reduction in upper limb sports injury risk. Heterogeneity among gender subgroups was not significant (1> =

0; Q = 2.00; P = 0.37), suggesting no notable differences in combined effect estimates within subgroups

(Figure 7). Trials involving male participants (IRR = 0.76; 95% CI 0.59-0.99) or mixed-gender groups

(IRR = 0.73; 95% CI 0.59-0.89) showed a lower reduction in injury risk compared to those involving

female participants (IRR = 0.36; 95% CI 0.13-1.00).

Experimental Control Risk Ratio Risk Ratio

Study or Subgroup  Events Total Events Total Weight IV, Fixed, 95% CI 1V, Fixed, 95% CI
1.2.1 Male
Hislop et al.,2017 65 47346 60 32375 33.1% 0.74[0.52, 1.05] —
Jun et al.,2019 17 10000 31 10000 11.7% 0.55 [0.30, 0.99] —]
Scase et al.,2006 19 2507 62 8569 15.5% 1.05 [0.63, 1.75] —_r
Subtotal (95% CI) 59853 50944 60.4% 0.76 [0.59, 0.99] &
Total events 101 153
Heterogeneity: Chi? = 2.70, df = 2 (P = 0.26); I’ = 26%
Test for overall effect: Z = 2.03 (P = 0.04)
1.2.2 Female
Steffen et al.,2008 4 19093 37 62725 3.8% 0.36[0.13, 1.00] - —
Subtotal (95% CI) 19093 62725 3.8% 0.36 [0.13, 1.00] —~al—
Total events 4 37
Heterogeneity: Not applicable
Test for overall effect: Z = 1.97 (P = 0.05)
1.2.3 Mixed
Carolyn et al.,2019 54 36566 69 33424 32.2% 0.72[0.50, 1.02] —
Saulo et al., 2019 6 10766 8 10404  3.6% 0.72[0.25,2.09] —_—
Subtotal (95% CI) 47332 43828 35.8% 0.72[0.51, 1.00] L 2
Total events 60 77
Heterogeneity: Chi? = 0.00, df = 1 (P = 0.98); I = 0%
Test for overall effect: Z = 1.94 (P = 0.05)
Total (95% CI) 126278 157497 100.0% 0.73 [0.59, 0.89] <
Total events 165 267

v I 2 } 1 4 4
Heterogeneity: Chi* = 4.70, df = 5 (P = 0.45); I = 0% ho1 01 1o 100

Test for overall effect: Z = 3.12 (P = 0.002)

Test for subgroup differences: Chi? = 2.00, df = 2 (P = 0.37), I> = 0.0%

Favours [experimental] Favours [control]

Figure 7 | Subgroup analysis of the impact of gender on the IRR of upper limb sports injuries
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3.3.3 Effect of lower limb sports injury

A total of 23 RCTs involving 3,187 sports injuries were included, resulting in a combined Incidence
Rate Ratio (IRR) of 0.66 (95% CI 0.56-0.77; Z = 5.12; P < 0.00001), indicating a statistically significant
34% reduction in upper limb sports injury risk. Heterogeneity among gender subgroups was not significant
(P =0; Q =0.51; P = 0.78), suggesting no notable differences in combined effect estimates within
subgroups (Figure 8). Trials involving male participants (IRR = 0.61; 95% CI 0.48-0.76) or mixed-gender
groups (IRR = 0.64; 95% CI 0.50-0.82) showed a greater reduction in injury risk compared to those

involving female participants (IRR = 0.70; 95% CI 0.50-0.99).

Experimental Control Risk Ratio Risk Ratio
Study or Subgroup Events Total Events Total Weight IV, Random, 95% CI 1V, Random, 95% CI
1.3.1 Male
Carolyn et al.,2019 17 18949 11 14630 2.6% 1.19 [0.56, 2.55] ==
Carolyn et al.,2022 79 11523 216 17774 5.5% 0.56 [0.44, 0.73] —
Hilska et al.,2021 40 10000 53 10000 4.5% 0.75[0.50, 1.14] =T
Owoeye et al.,2014 26 51917 76 61045 4.3% 0.40 [0.26, 0.63] e
Scase et al.,2006 37 2507 199 8569 4.9% 0.64 [0.45, 0.90] e
Umile et al.,2012 10 23640 11 12648  2.3%  0.49[0.21, 1.14] —_—
Subtotal (95% CI) 118536 124666 24.2% 0.61 [0.48, 0.76] ’
Total events 209 566
Heterogeneity: Tau? = 0.03; Chi® = 8.02, df = 5 (P = 0.16); I* = 38%
Test for overall effect: Z = 4.36 (P < 0.0001)
1.3.2 Female
Ashkan et al.,2010 3 66981 13 66505 1.3% 0.23 [0.07, 0.80] T
Carolyn et al.,2019 18 17616 40 18794 3.6% 0.48 [0.28, 0.84] e
Carolyn et al.,2022 123 14963 138 12160 5.6% 0.72 [0.57, 0.92] =
Cynthia et al.,2011 50 20345 96 12467 5.0% 0.32[0.23, 0.45]) -
Hilska et al.,2021 62 10000 62 10000 4.9% 1.00 [0.70, 1.42] o
Kathrin et al., , 2015 37 7965 18 3996 3.6% 1.03 [0.59, 1.81] e
Lesley et al.,2021 94 7709 42 3974 4.9% 1.15 [0.80, 1.66] = L
Steffen et al.,2008 49 19093 173 65725 5.2% 0.98 [0.71, 1.34] ==
Subtotal (95% CI) 164672 193621 34.1% 0.70 [0.50, 0.99] L 2
Total events 436 582
Heterogeneity: Tau? = 0.19; Chi® = 41.93, df = 7 (P < 0.00001); I = 83%
Test for overall effect: Z = 2.00 (P = 0.05)
1.3.3 Mixed
Caralyn et al., 2007 106 39369 111 34955 5.5% 0.85[0.65, 1.11] ==
Carolyn et al.,2019 35 36566 51 33424 4.4% 0.63 [0.41, 0.96] 1]
Carolyn et al.,2022 202 26486 354 29933 6.0% 0.64 [0.54, 0.77] ol
Emery and Meeuwisse, 2012 42 24051 60 23597 4.6% 0.69 [0.46, 1.02] .
Hilska et al.,2021 44 10000 53 10000 4.6% 0.83 [0.56, 1.24] ==
Hislop et al.,2017 67 37346 46 32375 4.8% 1.26 [0.87, 1.84] g
Olsen et al.,2005 26 93812 76 87483 4.3% 0.32 [0.20, 0.50] =
Richmond et al.,2015 19 24660 42 16907 3.7% 0.31[0.18, 0.53] e
Saulo et al.,2019 22 10766 38 10404 3.8% 0.56 [0.33, 0.95] ——
Subtotal (95% CI) 303056 279078 41.7% 0.64 [0.50, 0.82] L 3
Total events 563 831
Heterogeneity: Tau? = 0.10; Chi? = 34.26, df = 8 (P < 0.0001); I = 77%
Test for overall effect: Z = 3.53 (P = 0.0004)
Total (95% CI) 586264 597365 100.0% 0.66 [0.56, 0.77] L
Total events 1208 1979
Heterogeneity: Tau? = 0.10; Chi* = 88.21, df = 22 (P < 0.00001); I* = 75% 50 o1 051 110 100‘

Test for overall effect: Z = 5.12 (P < 0.00001)
Test for subgroup differences: Chi? = 0.51, df = 2 (P = 0.78), I = 0%

Figure 8 | Subgroup analysis of the impact of gender on the IRR of lower limb sports injuries

Favours [experimental] Favours [control]

3.3.4 Effect of knee sports injury

A total of 16 RCTs involving 856 sports injuries were included, resulting in a combined Incidence
Rate Ratio (IRR) of 0.73 (95% CI 0.63-0.84; Z = 4.44; P < 0.00001), indicating a statistically significant
27% reduction in upper limb sports injury risk. Heterogeneity among gender subgroups was not significant

(> = 10.2; Q = 2.23; P = 0.33), suggesting no notable differences in combined effect estimates within
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subgroups (Figure 9). Trials involving female participants (IRR = 0.54; 95% CI 0.37-0.81) or mixed-gender
groups (IRR = 0.40; 95% CI 0.23-0.70) showed a greater reduction in injury risk compared to those

involving male participants (IRR = 0.97; 95% CI 0.34-2.80).

Experimental Control Risk Ratio Risk Ratio
Study or Subgroup Events Total Events Total Weight IV, Random, 95% CI 1V, Random, 95% CI
1.4.1 Male
Carolyn et al,,2019 4 18949 4 14630  3.8% 0.77[0.19, 3.09] _—
Umile et al.,2012 5 23640 2 12648  2.9% 1.34 [0.26, 6.89] —
Subtotal (95% CI) 42589 27278 6.7% 0.97 [0.34, 2.80] —i
Total events 9 6

Heterogeneity: Tau® = 0.00; Chi® = 0.25, df = 1 (P = 0.62); I° = 0%
Test for overall effect: Z = 0.06 (P = 0.96)

1.4.2 Female

Ashkan et al.,2010 3 66981 13 66505 4.4% 0.23 [0.07, 0.80]

Bert et al.,2005 6 67850 67 137448 7.5% 0.18 [0.08, 0.42] =

Carolyn et al.,2019 4 17616 12 18794 5.1% 0.36[0.11, 1.10] — T
Cynthia et al.,2011 6 20345 11 12467 6.1% 0.33 [0.12, 0.90] SR S
Cuillermo et al.,2021 3 1215 6 1174 3.8% 0.48 [0.12, 1.93] —
Hewett et al.,1999 2 17222 10 23138 3.3% 0.27 [0.06, 1.23] [
Kim et al.,2018 60 22906 72 19875 13.8% 0.72 [0.51, 1.02] =
Lesley et al.,2021 31 7709 12 3974 9.4% 1.33 [0.68, 2.59] T
Pfeiffer et al.,2006 3 17954 3 38662 3.0%  2.15[0.43, 10.67] —]
Soligard et al.,2008 27 45428 37 49889 11.6% 0.80 [0.49, 1.32] —
Steffen et al.,2008 5 19093 30 65725 6.5% 0.57 [0.22, 1.48] —
Subtotal (95% CI) 304319 437651 74.6% 0.54 [0.37, 0.81] E- 3
Total events 150 273

Heterogeneity: Tau? = 0.22; Chi? = 23.61, df = 10 (P = 0.009); I = 58%
Test for overall effect: Z = 3.04 (P = 0.002)

1.4.3 Mixed

Carolyn et al.,2019 8 36566 16 33424 7.4% 0.46 [0.20, 1.07] =
Emery and Meeuwisse, 2012 3 24051 8 23597 4.1% 0.37 [0.10, 1.39] =
Richmond et al.,2015 8 24660 15 16907 7.3% 0.37 [0.16, 0.86] —
Subtotal (95% CI) 85277 73928 18.7% 0.40 [0.23, 0.70] ‘
Total events 19 39

Heterogeneity: Tau? = 0.00; Chi? = 0.15, df = 2 (P = 0.93); I = 0%
Test for overall effect: Z = 3.25 (P = 0.001)

Total (95% ClI) 432185 538857 100.0% 0.54 [0.40, 0.74] <>
Total events 178 318
i - 7 2 _ - = F = I 4 g
_Il-_ie!erfogeneuvl.lT;;;} = gESS gl{;n P— Zgéé(,);jf =15 (P = 0.03); I° = 45% 0ol o1 10 100
est for overall e ec-t. = 3.90 ( f i ) . Favours [experimental] Favours [control]
Test for subgroup differences: Chi* = 2.23, df = 2 (P = 0.33), I = 10.2%

Figure 9 | Subgroup analysis of the impact of gender on the IRR of knee sports injuries
3.3.5 Effect of ankle sports injury

A total of 16 RCTs involving 496 sports injuries were included, resulting in a combined Incidence
Rate Ratio (IRR) of 0.54 (95% CI 0.40-0.74; Z = 3.90; P < 0.00001), indicating a statistically significant
46% reduction in upper limb sports injury risk. Significant heterogeneity was observed among gender
subgroups (I2 = 77.9; Q = 9.05; P = 0.01), suggesting notable differences in combined effect estimates
within subgroups ( Figure 10). Trials involving male participants (IRR = 0.32; 95% CI 0.16-0.67) or
mixed-gender groups (IRR = 0.67; 95% CI 0.55-0.80) showed a greater reduction in injury risk compared
to those involving female participants (IRR = 0.90; 95% CI 0.72-1.13). To explore the source of
heterogeneity, a sensitivity analysis was conducted by sequentially excluding each study included in the
overall analysis to evaluate its impact on the IRR. The results indicated minimal heterogeneity among the
studies, with the exclusion of any single study having a negligible impact on the IRR effect size. Thus, the

results of the meta-analysis were relatively stable ( Figure 11).
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Study or Subgroup

Experimental Control Risk Ratio
Events Total Events Total Weight IV, Fixed, 95% CI

1.5.1 Male
Carolyn et al.,2019
McHugh et al.,2007

Umile et al.,2012
Subtotal (95% CI)

Total events

3 18949 6 14630 1.0% 0.39[0.10, 1.54]
5 10000 22 10000 2.1% 0.23[0.09, 0.60]
3 23640 2 12648 0.6% 0.80[0.13, 4.80]
52589 37278 3.7% 0.32[0.16, 0.67]

11 30

Heterogeneity: Chi* = 1.56, df = 2 (P = 0.46); I* = 0%
Test for overall effect: Z = 3.04 (P = 0.002)

1.5.2 Female
Carolyn et al.,2019
Cynthia et al.,2011
Cuillermo et al., 2021
Kim et al.,2018
Lesley et al.,2021
Soligard et al.,2008
Steffen et al.,2008
Subtotal (95% CI)
Total events

9 17616 14 14630 2.8% 0.53[0.23, 1.23]
7 20345 11 12467 2.2% 0.39[0.15, 1.01]
1 1215 4 1174 0.4% 0.24[0.03, 2.16]
27 22906 30 19875 7.3% 0.78[0.46, 1.31]

20 7709 10 3974 3.4% 1.03[0.48, 2.20]
51 45428 52 49899 13.2% 1.08[0.73, 1.58]
24 19093 74 65725 9.3% 1.12[0.70, 1.77]

134312 167744 38.7% 0.90[0.72, 1.13]

139 195

Heterogeneity: Chi? = 7.96, df = 6 (P = 0.24); I = 25%
Test for overall effect: Z = 0.92 (P = 0.36)

1.5.3 Mixed

Carolyn et al., 2007 62 39369 76 34955 17.5% 0.72[0.52, 1.01]
Carolyn et al.,2019 15 36566 17 33424 4.1% 0.81[0.40, 1.61]
Emery and Meeuwisse, 2012 14 24051 27 23597 4.7% 0.51[0.27, 0.97]
Owoeye et al.,2017 64 63420 124 87398 21.7% 0.71[0.53, 0.96]
Richmond et al.,2015 6 24660 14 16907 2.2% 0.29(0.11, 0.76]
Timothy et al.,2006 23 20250 39 20828 7.4% 0.61[0.36, 1.02]
Subtotal (95% Cl) 208316 217109 57.6% 0.67 [0.55, 0.80]
Total events 184 297

Heterogeneity: Chi’ = 4.33, df = 5 (P = 0.50); I = 0%
Test for overall effect: Z = 4.32 (P < 0.0001)

Total (95% Cl)
Total events
Heterogeneity: Chi? = 22

395217 422131 100.0% 0.73 [0.63, 0.84]

334 522
.90, df = 15 (P = 0.09); I* = 35%

Test for overall effect: Z = 4.44 (P < 0.00001)
Test for subgroup differences: Chi® = 9.05, df = 2 (P = 0.01), I = 77.9%

Risk Ratio
IV, Fixed, 95% Cl
b

]

-

*
¢

0.01 0.1 1 10 100

Favours [experimental] Favours [control]

Figure 10 | Subgroup analysis of the impact of gender on the IRR of ankle sports injuries

Carolyn et al., 2019
McHugh et al., 2007
Umile et al., 2012
Carolyn et al., 2019
Cynthia et al., 2011
Guillermo et al., 2021
Kim et al., 2018
Lesley et al., 2021
Soligard et al., 2008
Steffen et al., 2008
Carolyn et al., 2007
Carolyn et al., 2019
Emery and Meeuwisse, 2012
Owoeye et al., 2017
Richmond et al., 2015
Timothy et al., 2006

Meta-analysis estimates, given named study is omitted

Lower CI Limit  Estimate | Upper CI Limit

QO

[ [
0.54 0.57 0.69

Figure 11 | Sensitivity analysis of aankle sports injuries

3.3.6 Effect of acute sports injury

|
T 1
0.84 0.87

A total of 13 randomized controlled trials (RCTs) involving 1,690 sports injuries were included,

resulting in a combined Incidence Rate Ratio (IRR) of 0.60 (95% CI 0.49-0.74; Z = 4.84; P < 0.00001),

indicating a statistically significant 40% reduction in upper limb sports injury risk. Heterogeneity among

gender subgroups was not significant (I> = 0; Q = 0.07; P = 0.97), suggesting no notable differences in
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combined effect estimates within subgroups (Figure 12). Trials involving male participants (IRR = 0.59;

95% CI 0.19-1.81), female participants (IRR = 0.62; 95% CI 0.43-0.88), and mixed-gender groups (IRR =

0.58; 95% CI 0.45-0.75) showed similar reductions in injury risk. To explore the source of heterogeneity, a

sensitivity analysis was conducted by sequentially excluding each study included in the overall analysis to

evaluate its impact on the IRR. The results indicated minimal heterogeneity among the studies, with the

exclusion of any single study having a negligible impact on the IRR effect size. Thus, the results of the

meta-analysis were relatively stable (Figure 13).

Experimental Control Risk Ratio Risk Ratio
Study or Subgroup Events Total Events Total Weight IV, Random, 95% CI 1V, Random, 95% CI
1.6.1 Male
Carolyn et al., 2019 21 18949 16 14630  5.2%  1.01[0.53,1.94] —
Umile et al.,2012 9 23640 15 12648 4.0% 0.32 [0.14, 0.73] i
Subtotal (95% CI) 42589 27278 9.2% 0.59 [0.19, 1.81] .
Total events 30 31
Heterogeneity: Tau? = 0.52; Chi® = 4.59, df = 1 (P = 0.03); I = 78%
Test for overall effect: Z = 0.93 (P = 0.35)
1.6.2 Female
Carolyn et al.,2019 23 17616 46 18794 6.7% 0.53 [0.32, 0.88] ==
Cynthia et al.,2011 18 20345 32 12467 5.9% 0.34[0.19, 0.61] ——
Lesley et al.,2021 57 7709 32 3974 7.4% 0.92 [0.60, 1.41] e
Soligard et al.,2008 136 45428 163 49899 9.7% 0.92 [0.73, 1.15] o B
Steffen et al.,2008 53 19093 210 65725 8.9% 0.87 [0.64, 1.17] B
Wedderkopp et al.,1999 13 14578 58 17945 5.7% 0.28 [0.15, 0.50] e
Subtotal (95% CI) 124769 168804 44.2% 0.62 [0.43, 0.88] <
Total events 300 541
Heterogeneity: Tau® = 0.15; Chi® = 24.14, df = 5 (P = 0.0002); I = 79%
Test for overall effect: Z = 2.65 (P = 0.008)
1.6.3 Mixed
Carolyn et al., 2007 109 39369 134 34955 9.4% 0.72 [0.56, 0.93] ==
Carolyn et al.,2019 47 33424 59 36566 8.0% 0.87 [0.59, 1.28] =
Emery and Meeuwisse, 2012 42 24051 72 23597 8.0% 0.57 [0.39, 0.84] —r—
Olsen et al.,2005 78 93812 134 87483 9.1% 0.54 [0.41, 0.72] -
Richmond et al.,2015 16 24660 41 16907 5.9% 0.27 [0.15, 0.48] S
Saulo et al.,2019 20 10766 36 10404 6.2% 0.54 [0.31, 0.93] e
Subtotal (95% CI) 226082 209912 46.6% 0.58 [0.45, 0.75] &
Total events 312 476
Heterogeneity: Tau? = 0.06; Chi® = 13.87, df = 5 (P = 0.02); I’ = 64%
Test for overall effect: Z = 4.17 (P < 0.0001)
Total (95% CI) 393440 405994 100.0% 0.60 [0.49, 0.74] L 2
Total events 642 1048
Heterogeneity: Tau® = 0.10; Chi® = 46.39, df = 13 (P < 0.0001); I’ = 72% :0 o1 051 110 100’

Test for overall effect: Z = 4.84 (P < 0.00001)
Test for subgroup differences: Chi2 = 0.07, df = 2 (P = 0.97), I = 0%

Figure 12 | Subgroup analysis of the impact of gender on the IRR of acute sports injuries

Meta-analysis estimates, given named study is omitted
Lower CI Limit © Estimate Upper CI Limit

Carolyn et al., 2019 |
Umile et al., 2012
Carolyn et al., 2019 [
Cynthia et al., 2011 |
Lesley et al., 2021
Soligard et al., 2008
Steffen et al., 2008
Wedderkopp et al., 1999
Carolyn et al., 2007
Carolyn et al., 2019
Emery and Meeuwisse, 2012
Olsen et al., 2005
Richmond et al., 2015
Saulo et al., 2019

0.490.52 0.72

Figure 13 | Sensitivity analysis of acute sports injuries
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3.3.7 Effect of chronic sports injury

A total of 14 RCTs involving 461 sports injuries were included, resulting in a combined Incidence
Rate Ratio (IRR) of 0.72 (95% CI 0.52-0.98; Z = 2.07; P = 0.04), indicating a statistically significant 28%
reduction in upper limb sports injury risk. Heterogeneity among gender subgroups was not significant (I =
0; Q = 0.65; P = 0.72), suggesting no notable differences in combined effect estimates within subgroups
(see Figure 14). Trials involving female participants (IRR = 0.75; 95% CI 0.44-1.28) or mixed-gender
groups (IRR = 0.63; 95% CI 0.42-0.98) showed a greater reduction in injury risk compared to those

involving male participants (IRR = 0.97; 95% CI 0.34-2.80).

Figure 14 | Subgroup analysis of the impact of gender on the IRR of chronic sports injuries

Experimental Control Risk Ratio Risk Ratio
Study or Subgroup Events Total Events Total Weight 1V, Fixed, 95% CI 1V, Fixed, 95% CI
1.7.1 Male
Carolyn et al.,2019 4 18949 4 14630 2.6% 0.771[0.19, 3.09] N T E—
Umile et al.,2012 5 23640 2 12648 1.8% 1.34[0.26, 6.89] —
Subtotal (95% CI) 42589 27278 4.4% 0.97 [0.34, 2.80] e
Total events 9 6

Heterogeneity: Chi? = 0.25, df = 1 (P = 0.62); I> = 0%
Test for overall effect: Z = 0.06 (P = 0.96)

1.7.2 Female

Carolyn et al.,2019 3 17616 6 18794 2.6% 0.53[0.13, 2.13] —_—r
Cynthia et al.,2011 11 20345 14 12467 7.9% 0.48[0.22, 1.06] =T
Lesley et al.,2021 81 7709 28 3974 Not estimable

Soligard et al.,2008 25 42428 52 49889 21.6% 0.57[0.35,0.91] ——
Steffen et al.,2008 11 19093 31 65725 10.4% 1.22[0.61, 2.43] =i
Wedderkopp et al.,1999 1 14578 8 17945 1.1% 0.15[0.02, 1.23]

Subtotal (95% CI) 114060 164820 43.6% 0.64 [0.45, 0.89] L3

Total events 51 111

Heterogeneity: Chi? = 6.02, df = 4 (P = 0.20); I’ = 34%
Test for overall effect: Z = 2.64 (P = 0.008)

1.7.3 Mixed

Carolyn et al.,2007 21 39369 17 34955 12.0% 1.10[0.58, 2.08] —_—
Carolyn et al.,2019 3 17616 6 14630 2.6% 0.42[0.10, 1.66] —
Emery and Meeuwisse, 2012 8 24051 7 23597 4.8% 1.12[0.41, 3.09] S
Olsen et al.,2005 18 93812 39 87483 15.8% 0.43[0.25, 0.75] —
Richmond et al.,2015 10 24660 19 16907 8.4% 0.36[0.17, 0.78] ——

Saulo et al.,2019 12 10766 15 10404 8.5% 0.77[0.36, 1.65] ——
Subtotal (95% CI) 210274 187976 52.0% 0.62 [0.46, 0.85] L 2

Total events 72 103

Heterogeneity: Chi* = 8.58, df = 5 (P = 0.13); I = 42%
Test for overall effect: Z = 3.02 (P = 0.003)

Total (95% CI) 366923 380074 100.0% 0.64 [0.51, 0.80] L
Total events 132 220
i 2= = = P = [ + 1
_lb—_ieterfogenenyl.lclr\fl ; ;5;42,:; . 120(%002.22), | 22% b1 o 1o 100
astioroverallie EF 1Z2=3.93( : ' ) . Favours [experimental] Favours [control]
Test for subgroup differences: Chi* = 0.63,df =2 (P = 0.73), I’ = 0%

3.4 Risk of Publication Bias Assessment

Using the Egger's test to evaluate publication bias in the included studies, the results are shown in
Table 3. The P-values for overall injuries (P=0.405), upper limb injuries (P=0.419), lower limb injuries
(P=0.494), knee injuries (P=0.582), and chronic injuries (P=0.307) are all greater than 0.05, indicating no
significant publication bias in the included studies for these outcome indicators, and the results are

relatively stable. However, the P-values for ankle injuries (P=0.034) and acute injuries (P=0.022) are less
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than 0.05, indicating significant publication bias.

Table 3 | Meta-analysis of Egger test results

Sk Std_Eff Coef. Std.Err t1H P1E 95%CI
BRI slope -0.176922  0.2271373 -0.78 0.446 -0.6523259 —
0.2984819
bias -1.306713  1.533905 -0.85 0.405 -4.517214—1.903787
R slope - 0.2674994 -0.37 0.731 -0.8414584 —
0.0987609 0.6439367
bias - 1.060447 -0.90 0.419 -3.899071—1.989475
0.9547981
TR slope - 0.2028871 -1.27 0216 -0.6805847 —
0.2586579 0.1632689
bias - 1.116434 -0.70 0.494 -3.098005—1.545498
0.7762531
RZEH slope 1596636  0.2832558 -0.56 0.582 -7671869 —
0 .4478597
bias -9444249  0.6995385 -1.35 0.198 -2.444786—0.555936
BENRE 45145 slope 0.0339364  0.1685086 0.20 0.843 -3274785—0.3953514
bias -1.383283  0.5883232 235 0.034" -2.645111—-.1214555
& slope 0.1558872  0.2231528 0.70 0.498 -330321—0.6420953
bias 23.046717  1.157345 -2.63 0.022° -5.568355—-.525078
R slope 0.0816667  0.3567236 0.23 0.823 -.6955674—0.8589007
bias -1.01316  0.9493771 -1.07 0.307 -3.081676—1.055355

FECRREEE  Std Eff RRHIER; Slope KRB IR ; Bias (KRR ; Coef X R ETRE; Std.Err {ERIR AR,
4. Discussion

In the early stages of training, adolescents should engage in a variety of sports and movement patterns,
gradually increasing training intensity as they age and adapt physiologically to develop comprehensive
physical capabilities. Initially, they should learn basic movement techniques and train their physical
abilities, transitioning these abilities to specialized sports techniques to optimize athletic performance.
Literature suggests that diverse training helps build the physical foundation of young athletes, serving as
the basis for specialized sports skills and reducing the risk of sports injuries. Neuromuscular adaptation is a
crucial factor in the progress of children's and adolescents' athletic performance, so training during this
period should emphasize neuromuscular stimuli. NMT, which incorporates various physical elements such
as strength, explosiveness, speed, agility, and balance, is often used as a warm-up before specialized
training or as an independent training session. Additionally, practicing the basic techniques of various
physical elements in NMT promotes athletic performance and prevents sports injuries. One notable and
effective NMT program is the injury prevention initiative (FIFA 11+ Kids) developed by the International
Federation of Association Football (FIFA), combining core stability, eccentric strength, balance,
plyometrics, and fall techniques to prevent injuries and enhance performance.

The primary objective of this meta-analysis is to determine the efficacy of NMT in different genders,
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body parts, and injury types to develop more targeted training methods to reduce the risk of sports injuries
in adolescents. Overall, consistent with previous research, the included studies show that NMT
significantly prevents injuries (IRR 0.67, 95% CI 0.57-0.79), reducing injury risk by 33%. Subgroup
analysis reveals that the reduction in sports injury risk is more pronounced in male and mixed-gender
groups, with effect sizes within these groups all less than 1. In contrast, two studies in the female group
indicate that NMT is ineffective in preventing sports injuries. In Steffen et al.'s study, the compliance rate
of coaches and players was only 52%, which might explain the non-significant results. Differences in
attitudes and beliefs about the importance of injury prevention training and injury prevention among youth

[74-78] The study suggests that coaches who undergo methods such

sports coaches and adolescents may exist
as coaching workshops to learn preventive programs are more likely to effectively implement prevention
plans based on a correct understanding of the techniques. Given the lack of injury prevention training and
medical follow-up resources for adolescents, it is crucial to make injury prevention a mandatory part of
coach education certification at all levels.

In young female football, basketball, and gymnastics athletes, the ankle, knee, and thigh are the most
common injury sites. Another study indicates that the ankle and knee are the most common injury sites in
young females, further supporting the need for lower limb injury prevention programs in young females. In
subgroup analyses by site and gender, almost all groups show that NMT significantly prevents injuries and
greatly reduces injury risk. However, we found no significant differences in the prevention of male knee
injuries (P=0.96) and female ankle injuries (P=0.36). The limited number of studies reporting male knee
injury outcomes (only two) may affect the results, highlighting the need for further studies. In the studies
included for female ankle injuries, three studies reported IRR effect sizes greater than 1. In Steffen and
Soligard et al.'s studies, issues with low compliance among coaches and adolescents during training might
contribute to the ineffectiveness of NMT in reducing injury probability. Finally, in studies on injury types,
NMT significantly prevents both acute and chronic injuries.

Despite the increasing number of studies providing effective methods for preventing adolescent sports
injuries, there is still a lack of learning, absorption, and continued use of these methods after systematic
evaluation. This highlights the need to focus on the implementation context and real-world effectiveness
when evaluating adolescent sports injury prevention programs®>#4. In team sports like football, these

programs must be customized for specific sports, particularly emphasizing coach training to ensure
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effective implementation. It is also important to propose a tiered responsibility system, assigning the lowest
responsibility to adolescents and the highest responsibility to organizations or groups that can have the
most significant impact. This approach is based on the rationale that simply relying on behavior changes
from adolescents and parents and the cognitive development level of adolescents to demonstrate the
program's effectiveness is insufficient, as their level is inadequate to bear primary responsibility for their
safety in sports. Additionally, more attention should be paid to implementation-related research, including
fundamental behavior changes in the adolescent athletic population and the key role of coaches in injury
prevention, which is critical for knowledge dissemination, behavior change, and sustainable injury
prevention practices and policies.

In conclusion, NMT can prevent the occurrence of sports injuries in adolescents. Given the issues of
limited studies in certain subgroups and low methodological quality in this meta-analysis, large-sample,
high-quality clinical randomized controlled trials are still needed to further explore the impact of NMT on
sports injuries of different genders, sites, and types. Overall, NMT is an effective and safe intervention that
can be implemented before specialized training or as an independent training session to prevent sports

injuries in adolescents.

5. Limitations

Some of the included studies had low quality and did not specify the implementation of allocation
concealment and blinding. Significant heterogeneity existed among the included studies, affecting the
reliability of the results. The intervention frequency, duration, and intensity varied among the studies,
introducing potential bias. The participants exhibited diversity in sports type and level, ranging from
amateur to high school and professional. Soomro et al.B”) and Réssler et al.l®8! noted that studies involving
amateurs showed a more significant risk reduction compared to those targeting professional-level
adolescents. Body weight and prior injury history also play crucial roles in sports injuries. Therefore, the
heterogeneity observed in the meta-analysis may not only be due to differences in the content and dosage of
neuromuscular training programs but also the specific characteristics of the study populations. Adherence is
a key factor in evaluating the effectiveness of injury prevention programs®® %, Coach-reported adherence
may be overestimated since most coaches did not use all prescribed exercises, and several studies failed to

collect adherence data from coaches and adolescents, thus not included in the analysis. Future research
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should focus on large-scale, high-quality randomized controlled trials to further investigate the effects of
neuromuscular training on preventing sports injuries in different populations and intervention methods.
6. Conclusion

This paper analyzes recent advancements in the application of NMT for preventing sports injuries
among adolescents, initially describing its positive effects. Studies indicate that NMT effectively prevents
upper and lower limb, knee, ankle, as well as acute and chronic sports injuries across different genders,
with similar efficacy. This training ensures safety during sports, improves physical and mental health,
reduces public health burdens, and promotes participation in physical activities. However, the effectiveness
of NMT is influenced by factors such as age, body weight, sports level, injury history, and training content
design. Therefore, future research should develop more refined NMT programs tailored to different types

of participants, providing more evidence for clinical practice to achieve optimal prevention outcomes.
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