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ARTICLE INFO ABSTRACT

Keywords: Objectives: This study aimed to quantitatively analyze the effects of neuromuscular training (NMT)
Neuromuscular training on dynamic balance in healthy athletes through a systematic review and meta-analysis of ran-
Athletes

domized controlled trials.

Methods: Searches on six databases for randomized controlled trials examining the impact of NMT
on athletes’ balance ability. The search period extended from the inception of the database to
March 16, 2024, languages are limited to Chinese and English. Review Manager 5.1 was used for
literature quality assessment and data analysis. Stata 15.0 software was used for assessing pub-
lication bias, employing the clipping method, and conducting sensitivity analysis. The Grading of
recommendations assessment development and evaluation (GRADE) was used to assess the cer-
tainty of evidence. Effect size (ES) was used to evaluate the impact effect of the results.

Results: (1) Meta-analysis: A total of 7 papers met the inclusion criteria, and the meta-analysis
indicated that NMT had a positive impact on the dynamic balance ability of the right (SMD =
0.74) and left (SMD = 0.70) lower limb of athletes, and a statistically significant difference was
observed (p < 0.01). Subgroup analysis revealed that NMT did not have a positive effect (p >
0.05) on the right anterior (SMD = 0.35); However, it had a positive effect (p < 0.05) on the right
posteromedial (SMD = 1.22), right posterolateral (SMD = 0.82), right composite score (SMD =
0.79), left anterior (SMD = 0.38), left posteromedial (SMD = 1.19), left posterolateral (SMD =
0.57) and left composite score (SMD = 0.86). (2) Reporting bias: Funnel plot indicated evidence
of publication bias, but there was no significant asymmetry in the funnel plot after trimming and
filling. The results were not reversed, indicating the robustness of the combined results. (3)
Sensitivity analysis: The results of the sensitivity analysis suggest that the data in this meta-
analysis are relatively stable and credible. (4) Grading the evidence: Based on GRADE scale the
certainty of evidence from the included studies was determined to be moderate.

Conclusion: Neuromuscular training can enhance the dynamic balance ability of athletes on both
the left and right sides. Therefore, neuromuscular training is an effective method for enhancing
the unilateral dynamic balance ability of athletes.

Dynamic balance ability
Meta-analysis
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Table 1
Inclusion and exclusion criteria.
Project  Inclusion criteria Exclusion criteria
P Athletes (Trained/developmental, Highly Trained/National) Non-athletes;
with no injuries, illnesses, or other clinical symptoms Athletes (Recreationally Active Elite/International, World Class) with injuries,
illnesses, or other clinical symptoms
I NMT Cognitive-Based Neuromuscular Training, CoBAgi training
C special training, regular physical training Other training, neuromuscular training combined with other training (It is not clear
whether neuromuscular training or other training is responsible for the results.)
o SEBT, YBT Inconsistent indicators: center of pressure, single-limb postural stability, flamingo

test, balance index, inertial measurement units
Means and standard deviations before and after the intervention were not available or
reported

S Randomized controlled trial self-controlled trial, case analysis

1. Introduction

The 2024 ACSM worldwide fitness trends indicate that developing muscular strength and power, as well as improving balance and
proprioception, are essential for all individuals [1]. These improvements are inseparable from neuromuscular control. Neuromuscular
control refers to the ability to maintain stability in the body’s center of gravity [2]. Among them, nerves assess body posture and
balance through sensory information and internal models, and generate appropriate neural commands to adjust muscle activity.
Muscles initiate contractions through nerve impulses, generating forces and torques that create control forces around the joints to
maintain stable posture and control the body’s center of gravity [3]. Neuromuscular control plays a crucial role in influencing athletes’
balance ability, which is essential for enhancing athletic performance and reducing the risk of sports injuries [2]. It encompasses both
static and dynamic balance abilities [4,5]. Among these abilities, dynamic balance can help athletes maintain body stability and reduce
the risk of injury (e.g. risk of falls and sprains, risk of muscle strains, etc.) during high-speed sports and strenuous activities [6]. The
Star Excursion Balance Test (SEBT) and Y-Balance Test (YBT) are two widely used tests for assessing dynamic balance and motor
control [7]. During these tests, the athlete tried to reach as far as possible with the opposite limb while maintaining a one-legged
stance. The anterior, posteromedial, posterolateral, and composite score components of the YBT and SEBT were utilized to assess
neuromuscular characteristics, including lower extremity coordination, balance, flexibility, and strength [8].

Neuromuscular training (NMT) is defined as a conceptual training program [9] that incorporates general (e.g., fundamental
movements) and specific strength and conditioning tasks (e.g., resistance, balance, agility, plyometric) with the aim of preventing
injuries, enhancing injury resilience, and improving sporting and motor skill performance [10,11]. At present, there is another
development and extension of NMT — Integrative neuromuscular training (INT). Both NMT and INT emphasize the coordination of the
nervous and muscular systems by increasing nerve conduction velocity, improving muscle contraction, enhancing sensory feedback to
improve dynamic joint stability, enhancing motor patterns and skills, enhancing neuromuscular control, and enhancing strength [12,
13]. Therefore, the two training methods are uniformly referred to as NMT in this study. NMT combine strength, speed, ultra-length
and balance training together with typical functional training [14], and have been shown to improve multiple aspects of physical
performance in athletes in many sports [15], such as basketball and football, including strength [16], power [17], balance [18], and
speed [17].

Previous studies have conducted meta-analyses on NMT for sports injury recovery [19] (e.g., anterior cruciate ligament and ankle
sprains), sports injury prevention [20-22], muscle strength [16], and change of direction [23]. No meta-analysis has been conducted to
explore the effects of NMT on balance. Although some studies have investigated the effect of NMT on the balance ability of athletes, the
results are inconsistent [24-26]. Therefore, this systematic review, combined with meta-analysis, aims to quantitatively analyze the
effects of NMT on the dynamic balance ability of athletes and provide reference value for the application of neuromuscular training in
sports training.

2. Information and research methods

The present systematic review and meta-analysis followed the PRISMA guidelines, and the protocol has been registered in
PROSPERO (ID: CRD42024524275).

2.1. Study selection

This meta-analysis followed the Cochrane Collaboration [27] and adhered to the PRISMA guidelines (Preferred Reporting Items for
Systematic Reviews and Meta-Analyses) [28]. The PICOS methodology (population, intervention, comparator, outcome, study design)
was applied as follows: (P) inclusion of athletes (Trained/developmental, Highly Trained/National) with no injuries, illnesses, or other
clinical symptoms; (I) implementation of neuromuscular training or neuromuscular training-based warm-up; (C) comparison with
special training, regular physical training; (O) assessment of dynamic balance before and after the intervention; (S) inclusion of
randomized controlled trials. Specific inclusion and exclusion criteria are outlined in Table 1.
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Table 2

The filters for each database.
Database Algorithm Language
Web of Science Topic English
PubMed Title/Abstract English
ScienceDirect Title/abstract/author-specified keywords -
Scopus TITLE-ABS-KEY English, Chinese
CNKI Topic English, Chinese

#1:TS = ("balance" OR "equilibrium" OR "balancing" OR "OR "balanced" OR
"equilibrated" OR "equilibrium" OR "equalize" OR "balance ability" OR "balance
capacity"

#2:TS = ("neuromuscular training” OR "neuromuscular exercise” OR
“neuromuscular rehabilitation” OR "neuromuscular intervention" OR "neuromuscular
conditioning" OR "integrative neuromuscular training"” OR "INT" OR "NMT")

#3: TS = ("athlete" OR "players" OR "sports man" OR "player")

#4: #1 AND #2 AND #3

Fig. 1. Web of science literature selection strategy.
2.2. Search strategy

The present systematic review and meta-analysis conducted searches in databases such as PubMed, Web of Science, Scopus, Sci-
enceDirect, and China National Knowledge Infrastructure (CNKI) (Table 2). The search time frame extended from the inception of
records in each database to March 16, 2024, languages are limited to Chinese and English.

The search process is illustrated in Fig. 1 (Web of Science was used as an example). To ensure the accuracy of the search, two
researchers cross-checked the search keywords. If there were any disagreements on keyword selection between the two researchers, a
third researcher would make the final decision. If necessary, manual searches will be conducted to supplement the literature.

2.3. Data extraction

Two researchers searched each database using the same search formula and utilized Google Translation to independently translate
and read the titles and abstracts for preliminary screening. After screening the literature in each database, it was imported into
EndNote X9 software for sorting. Additionally, two researchers utilized Google Translation to review the full text and determine which
literature met the inclusion and exclusion criteria. The literature screening process was conducted independently by two researchers,
and any disputes that arose were resolved by a third researcher.

After confirming the final inclusion of all literature in the analysis, two researchers extracted the data into a Microsoft Excel
spreadsheet. The extracted data included the article title, year of publication, author(s) name, subject characteristics (e.g., age, number
of participants in the experimental and control groups, training protocol, period, outcome, results), training regimen (intervention
period, training frequency, duration, intervention means for experimental and control groups), and pre- and post-test data for outcome
indicators (YBT and SEBT). The pre- and post-test data are as mean =+ standard deviation, and all data are available from text and
tables. If the data extracted by the two researchers was biased, it was reviewed and finalized by a third researcher. If the full text or
study data could not be accessed, the authors of the literature were contacted via email for the content.

2.4. Assessment of risk of bias

The Cochrane Risk of Bias Tool in Review Manager software version 5.4 was used by two independent researchers to assess the
methodological quality of each eligible randomized controlled trial (RCT). The included studies were scored for risk of bias along seven
dimensions: 1) random sequence generation, 2) allocation concealment, 3) blinding of participants and personnel, 4) blinding of
outcome assessment, 5) incomplete outcome data, 6) selective reporting, and 7) other bias. The assessment employed the criteria of
‘Low risk’, ‘Unclear risk’, and ‘High risk’ (>4: Low, 2-3: Unclear, and 0-1: High). The final results formed the basis for evaluating the
quality of the literature.
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Fig. 2. PRISMA flow chart for inclusion and exclusion of studies.

2.5. Statistical analysis

Data were analyzed using Review Manager software version 5.4 and Stata 15.0. The standardized mean difference (SMD) with 95 %
confidence intervals (CI) was utilized as the combined effect indicator for continuous outcome variables. I was used to evaluate the
heterogeneity of the studies and was considered insignificant (0 %~25 %), moderate (25 %~75 %) or high (75 %~100 %) [29]. If <
25 %, the fixed-effects model was used to analyze the outcome indicators. Otherwise, a random effects model was used. P < 0.05 was
deemed statistically significant. Effect sizes (ES) were classified according to Cohen’s d index as small (0.2 < ES < 0.5), medium (0.5 <
ES < 0.8) or large (ES > 0.8). The Cochrane Risk of Bias Tool was utilized to evaluate the quality of the studies that met the inclusion
criteria to ascertain their internal and external validity. Subgroup analyses were conducted using within-study contrasts to investigate
the influence of results in various directions on the final outcomes. The funnel plot and Egger’s regression were used to assess the
publication bias of the included studies. When publication bias was present in the included studies, Duval and Tweedie’s trim-and-fill
procedure was utilized to adjust the funnel plot, and the publication bias was assessed post-adjustment. Sensitivity analysis was
conducted to assess the robustness and reliability of the aggregated findings from the meta-analysis. The certainty of the body of
evidence was assessed using Grading of Recommendations Assessment, Development and Evaluation (GRADE).

3. Results
3.1. Literature search

A total of 426 studies were retrieved (Fig. 1). Based on the information in the title and abstract, 75 citations were left for removing
duplicate. After removing duplicate citations, 55 studies remained for full-text screening. After full-text screening, eight studies were
non-randomized controlled trials and were therefore excluded [21,22,30-35]. The subjects in these two studies were injured athletes;
therefore, these two studies were excluded [36,37]. Three studies were excluded because they did not meet the established definitions
of intervention [38-40]. A total of 15 studies were excluded because the outcome measures did not meet the inclusion criteria [15,
41-54], and 6 studies were excluded because YBT or SBRT tests were performed to differentiate between the left and right legs
[55-60]. Finally, 7 articles, meeting the eligibility criteria, were included for further analysis [8,24-26,61-63].

3.2. Study characteristics

A total of 7 studies [8,24-26,61-63] involving 376 athletes were ultimately included in this paper, as they met the inclusion criteria
for the analysis. The detailed inclusion and exclusion process is illustrated in Fig. 2 below. The experimental group (N = 200) received
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Table 3
Summary of reviewed studies including study design, level of evidence, period, outcome and result.

Studies Participants INT protocols CON protocols Period Outcome  Result

Benis 2016 Female NMT research focuses on core Light aerobic exercises, 8 YBT 1.Improvement over baseline
[81 basketball stability and plyometrics, and the basketball and team drills, weeks [0]0]6]0] scores was noted in the

players actions involved include: plankon  and dynamic stretching of 2 per posteromedial and posterolateral
N (NMT) =14  elbows, side bridge, one-leg hip the major muscle groups week reach directions and in the
N (CON) =14 lift, split squat, front lunges, two- before the regular practice 30 min composite scores of the NMT.
Age =20+ 2 legged calf raise on step, sessions 2.No differences in anterior reach
abdominal crunches, lateral jump were detected in either group (p >
and hold, back hyperextension on 0.05).
ground, and tuck jump and soft 3.Differences were noted in
landing postintervention scores for
posteromedial reach and
composite scores between the NMT
and CON.

Bonato Female NMT main focus of training was to  Light aerobic exercises, 28 YBT 1.NMT showed significant
2018 basketball improve awareness and basketball and team drills, ~ weeks ©) improvement in composite scores
[26] players neuromuscular control during and dynamic stretching of 4 per (p < 0.05).

N (NMT) =86  standing, running, planting, the major muscle groups week 2.Significant differences in post-
N (CON) =74  cutting, jumping, and landing. before the regular practice 30 min intervention composite scores
Age=20+2 Including 5 parts: running sessions between the NMT and the CON

exercises at low speed with the were observed (p < 0.05).

ball, 7 exercises of active

stretching, 4 exercises focused on

general strength, 4 sets of

plyometric, balance, and jumping

exercising, speed running

combined with basketball

movements with sudden changes

of direction.

Hopper Female Plyometric exercises, strength Normal netball training 6 SEBT NMT only demonstrated increased
2017 basketball training, and the strength training ~ and games weeks @006 reach in the anterior and
[62] players sections used barbells, medicine 3 per posteromedial directions for the

N (NMT) =13  balls, and resistance bands. week right leg and left leg, and in the
N (CON) =10  Actions include: % squat, lateral 60 min posterolateral direction for the left
Age =12.17 bound with stick, single leg push leg.
+ 0.94 off (low box), 90° spin jump, back
squat, medicine ball static lunge
(bent arms), military press,
horizontal pull-up (knees bent).

Lindblom Female Targeting core stability, balance, Usual football training 11 SEBT No significant effect of the
2012 football landing technique, and proper weeks @e® intervention was found for any of
[24] players knee alignment. The exercises are 2 per the performance measures (p >

N (NMT) =23  as follows: one-legged knee squat, week 0.05).
N (CON) =18  pelvic lift, two-legged knee squat, 15 min

Age =142 + the bench, the lunge, and jump/

1.1 landing.

O’Malley Male football The focus of the intervention was ~ Usual football training 8 YBT NMT showed Moderate effect sizes
2017 and hurleys to develop neuromuscular control weeks DOO® in favor for right (d = 0.59) and left
[25] players in bilateral and unilateral lower- 2 per (d = 0.69) composite scores, with

N (NMT) = 41 limb activities, develop muscular week adjusted mean differences between
N (CON) = 37 strength and activation, and 15 min NMT and CON for right and left
Age =18.6 + develop improved jump-landing legs (p < 0.01).
0.4 techniques (to land in positions of

hip, knee, and ankle stability and

increasing hip and knee flexion) to

decrease landing forces.

Vitale Male skiing NMT focus on the quality of the Light aerobic exercises 8 YBT NMT achieved positive effects from
2018 players movement and put emphasis on and dynamic stretching of ~ weeks ©) pre to post measures in the
[61] N (NMT) =12  core stability, hip control, and the major muscle groups 2 per anterior, posteromedial,

N (CON) =12 proper knee alignment. The main before the regular practice =~ week posterolateral, and composite score
Age=18+1 focus of training was to improve sessions 30 min for both lower limbs, whereas no

awareness and neuromuscular
control during standing, running,
planting, cutting, jumping, and
landing.

Actions include: plank on elbows,
side bridge, one-leg hip lift, split
squat, front lunges, two-legged
calf raise on step, abdominal

significant differences were
detected for CON (p < 0.05).

(continued on next page)
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Table 3 (continued)

Studies Participants INT protocols CON protocols Period Outcome  Result

crunches, lateral jump and hold,
back hyperextension on ground,
and tuck jump and soft landing.

Hang 2023 Female The training schedule consisted of ~ rope skipping x 4, push- 8 YBT NMT had significant improvements
[63] basketball two parts, core stability training up x 4, five full speed weeks @006 anterior, posteromedial,
players and plyometric training. runs, strength training 3 per posterolateral and composite score
N (NMT) =11 week (p < 0.05).
N (CON) =11 30 min
Age=20+£2

Note: NMT, Neuromuscular training; CON, Control; Y, Y-balance; SEBT, Star excursion balance test; @, Composite score; @, Posterolateral; ®,
Posteromedial; @, Anterior.

= | Blinding of participants and personnel {perfarmance hias)

= | Other bias

Random sequence generation (selection bias) _
Alcaton conceaiment selection bios) [ NERERE

Blinding of and personnel (perfo hias) _:l

Benis, R. 2016

% | @ | Blinding of outcome assessment (detection bias)

. . . . . . . Incomplete outcome data (atfrition hias)

Bonato, M. 2018

. . . . . . . Random sequence generation (selection bias)
® O ® O O ®| @ ~ocatonconcesment selection bias)
5| @
® O O O O O ®|-seeereporng feporting bias)
-

Hang 2023 3 ? Blinding of outcome assessment (detection bias) -:l
Incomplete cutcome data Gatiton bia<) NN

Hopper, & 2017 IO 2 U ¢

Selective reporting (reporting bias)
2 2

Lindblom, H. 2012 ] ? Gtherbias | |
OMalley, E. 2017 el e = 0% 5% 50% 7% 100%
vitale, J. 4. 2018 2|2 ? ‘ [ Low risk of bias [ unclear risk of bias Wl Hioh risk of bias |

Fig. 3. Risk of bias assessment chart.

neuromuscular training, while the control group (N = 176) only underwent routine training without any additional intervention. In the
studies included, the sample size ranged from 10 to 86. The intervention period in the included studies varied from 6 to 28 weeks, the
frequency of intervention ranged from 2 to 4 times per week, and the duration of each intervention varied from 15 to 60 min (Table 3).

3.3. Risk of bias in the included articles

The Cochrane Risk of Bias assessment tool was utilized to evaluate the quality of all the literature included in this meta-analysis. All
the studies included in this analysis were randomized controlled trials. Seven studies reported allocation concealment, and two studies
implemented blinding of the researchers and participants. All the studies included in this meta-analysis were rated as having a low risk
of bias (Fig. 3).

3.4. Meta-analysis results

The impact of neuromuscular training on right limb dynamic balance ability.

A total of 7 studies, comprising 20 experimental groups and 866 participants, were included in this meta-analysis to assess the effect
of NMT on athletes’ anterior thigh dynamic balance ability (Fig. 4). Overall, the effect sizes indicate that NMT has a significant impact
on athletes’ dynamic balance ability in their right limb [SMD = 0.75, 95 % CI (0.42, 1.08)], with high heterogeneity (I* = 80.5 %) and
statistical significance (P < 0.01). Subgroup analysis revealed that NMT had no significant effect on the dynamic balance ability of the
right anterior [SMD = 0.35, 95 % CI (—0.03, 0.72), P = 0.19, 2 = 34.3 %]. However, it had a significant effect on the dynamic balance
ability of the right posteromedial [SMD = 1.22, 95 % CI (0.18, 2.25), P = 0.00, 1 =89.2 %] and right posterolateral [SMD = 0.82, 95 %
CI(-0.04,1.68), P =0.00, 1’=85.6 %], as well as on the right composite score [SMD = 0.79, 95 % CI (0.17, 1,41), P = 0.00, 2 =827
%].

The impact of neuromuscular training on left limb dynamic balance ability.

A total of 7 studies, comprising 20 experimental groups and 866 participants, were included in this meta-analysis to assess the effect
of NMT on athletes’ anterior thigh dynamic balance ability (Fig. 5). Overall, the effect sizes indicate that NMT has a significant impact
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%

direction and study (years) Effect (95% CI) Weight

Anterior

Hopper (2017) —f—Q— 1.19(0.29. 2.09) 450

Lindblom {2012) — -0.03 (-0.64, 0.59) 5.48

O'Malley (2017) - 0.11 (-0.33, 0.56) 6.04

Benis (2016) —+— 0.40 (-0.35, 1.14) 502

Hang (2023) 1 0.61(-0.24,1.47) 465

Subgroup, DL (I” = 34.3%, p = 0.192) > 0.35(-003,072) 2569
1

Posteromedial :

Hopper (2017) | —— 207 (1.04,311) 406

Lindblom (2012) — -0.37 (-0.99, 0.25) 546

O'Malley (2017) a 0.43 (-0.02, 0.88) 6.02

Benis (2016) —— 0.91(0.12, 1.69) 491

Hang (2023) : ——&—— 323(238.528) 293

Subgroup, DL (I° = 89.2%, p = 0.000) - 1.22(0.18,2.25) 2338
1

Posterolateral :

Hopper (2017) —— 0.54 (-0.30, 1.38) 47

Lindblom {2012) —_—— -0.46 (-1.09, 0.16) 545

O'Malley (2017) - 0.58 (0.12, 1.03) 6.01

Benis (2016) —— 0.79 (0.02, 1.56) 494

Hang (2023) : ——— 343(207.478) 317

Subgroup, DL (I° = 85.6%, p = 0.000) <> 0.82 (-0.04, 1.68) 2428
[

compositescore :

Lindblom (2012) —e -0.34 (-0.96, 0.28) 5.46

O'Malley (2017) —- 052 (0.07,097) 6.02

Benis (2016) : —_—— 1.89(0.99. 2.79) 450

Bonato (2018) -+ 0.56 (0.24, 0.87) 6.38

Vitale (2018) —— 1.84 (0.88, 2.81) 428

Subgroup, DL (I = 82.7%, p = 0.000) <:> 0.79 (0.17, 1.41) 26.64
1

Heterogeneity between groups: p = 0.299 '

Overall, DL (I = 80.5%, p = 0.000) o 0.75(0.42, 1.08) 100.00

T I
-5 0 5

NOTE: Weights and between-subgroup heterogenaity test are from random-efiecis model

Fig. 4. Forest plot of the effect of neuromuscular training on right limb dynamic balance ability.

on athletes’ dynamic balance ability in their left limb [SMD = 0.70, 95 % CI (0.36, 1.05)], with high heterogeneity (12 = 82 %) and
statistical significance (P < 0.01). Subgroup analysis revealed that NMT had significant effect on the dynamic balance ability of the left
anterior [SMD = 0.38, 95 % CI (—0.17, 0.92), P = 0.02, I? = 67.6 %], left posteromedial [SMD = 1.19, 95 % CI (0.12, 2.26), P = 0.00, 12
= 89.9 %], left posterolateral [SMD = 0.57, 95 % CI (—0.07, 1.21), P = 0.00, 1’=76.2 %], and left composite score [SMD = 0.86, 95 %
CI (0.10, 1.61), P = 0.00, 12 =88.2 %].

3.5. Reporting bias

Visual inspection of the funnel plot (Fig. 6) showed evidence for publication bias. Distribution of effect sizes was asymmetry. For
both left and right dynamic balance abilities, half of the effect values fall within the funnel, while asymmetric effect sizes are observed
outside the funnel. Egger’s regression test showed significant results on the right (p = 0.010) and left (p = 0.023) sides, respectively. As
with the funnel plot, the presence of publication bias is also indicated.

It was found that a total of 7 studies were missing (Fig. 7), with 4 items missing in the right dynamic balance ability and 3 items
missing in the left dynamic balance ability. The random-effects model was utilized for the meta-analysis on the right (Q = 97.22, P =
0.00), yielding a combined effect index of 0.75 (95 % CI: 0.42-1.08). The linear method was used to estimate that there were 4 missing
studies after 4 iterations (final diff = 0). After imputation of missing studies, the meta-analysis result was Q = 161.34, P = 0.00, and the
combined result of the random-effects model was 1.52 (95 % CI: 1.05-2.21). The random-effects model was utilized for the meta-
analysis on the left side (Q = 105.83, p = 0.00), and the combined effect index of the random-effects model was 0.71 (95 % CI:
0.36-1.05). The linear method was used to estimate that the number of missing studies was 2 after three iterations (final diff = 0). After
including the missing studies, the meta-analysis yielded a Q value of 137.90 with a P value of 0.00. The combined result from the
random-effects model was 1.71 (95 % CI: 1.18-2.46). There was no significant asymmetry in the funnel plot after trimming and filling,
and the results were not reversed, indicating the robustness of the combined results.

3.6. Sensitivity analysis
A sensitivity analysis was conducted using Stata 17.0 to assess the potential impact of each study on the outcome of the meta-

analysis (Fig. 8). The results of the sensitivity test of neuromuscular training on right limb dynamic balance ability fluctuate
around 0.75, while the results of the sensitivity test of neuromuscular training on left limb dynamic balance ability fluctuate around
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%
direction and auther (years) Effect (95% CI} Weight
Anterior
Hopper (2017) —— 154 (0.60, 2.49) 438
Lindblom {2012) - -0.41(-1.04,0.21) 541
O'Malley (2017) 1 0.22 (-0.22, 0.67) 593
Benis (2016) B 0.26 (-0.49, 1.00) 503
Hang (2023) T 0.65 (-0.21, 1.51) 466
Subgroup, DL (I” = 67.6%, p = 0.015) <> 0.38 (-0.17, 0.92) 25.41
1
!
Posteromedial I
Hopper (2017) —— 158 (063, 2.54) 436
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Fig. 5. Forest plot of the effect of neuromuscular training on left limb dynamic balance ability.
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Fig. 6. Funnel plot of the effect of neuromuscular training on dynamic balance ability.
0.70. The results of the sensitivity analysis suggest that the data in this meta-analysis are relatively stable and credible.

3.7. Grading the evidence

Based on the grading analysis, the certainty of evidence from the included studies was determined to be moderate because the risks
of bias, indirectness, and imprecision were highly graded, while inconsistency and publication bias were graded as low (Table 4).

4. Discussion

The purpose of this meta-analysis was to evaluate the effect of NMT on dynamic balance in athletes. Although NMT did not
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significantly improve the anterior extension distance of the right limbs, it had a positive impact on the overall score of the bilateral
limbs and the extension distance of the bilateral limbs in other directions. Therefore, we believe that NMT is an effective approach for
improving the dynamic balance ability of athletes. This also supports the previous idea that NMT can improve dynamic balance [8,34].

Dynamic balance is considered a crucial factor that influences athletic performance, as it allows athletes to maintain a stable center
of gravity when executing specific technical movements [64,65]. The enhancement in the extension distance of both limbs in various
directions through NMT may be attributed to improved neuromuscular control and dynamic balance [66,67]. NMT is defined as a
comprehensive training program that integrates fundamental movements and specific training tasks, including resistance, balance,
agility, and plyometric [10,11]. Core stability training, plyometric training, and balance training were the primary methods of
neuromuscular training included in this study. Among them, core stability is crucial for athletes as it enables them to maintain control
of the torso on the pelvis and effectively generate and manage power in the extremities during exercise [66]. Core stability training has
been shown to enhance trunk muscle strength, Y balance test performance, and the maximum extension distance on SEBT [68,69].
Core stability training not only strengthens the core muscle groups but also enhances the trunk’s ability to control the end of the
movement chain. Plyometric training involves elongation-shortening cycles, the storage of energy during the eccentric loading phase,
and the stimulation of muscle spindles to maximize energy production during the concentric phase of exercise [70,71]. Studies have
found that plyometric training can enhance muscle strength, speed, and agility [70,72]. Balance training has been shown to improve
performance on balance-related tests [73-75]. Gandevia et al. [75]stated that balance training can improve proprioceptive feedback
and facilitate quicker and more efficient neuromuscular activation during movement.

NMT integrates various training methods to facilitate adaptive changes in the nervous system by repeatedly stimulating the
neuromuscular system [76,77]. Long-Term Potentiation (LTP) of the nervous system enhances the efficiency of synaptic transmission
by repeatedly stimulating synapses. This process strengthens connections between neurons and improves the speed of neuromuscular
responses. As a result, athletes can promptly and accurately respond to balance threats [78]. At the same time, it can enhance the
efficiency of the neuromuscular junction, enabling the muscles to respond better to stretching actions and maintain balance and
stability more effectively during the extension process [79]. The muscular system can increase its cross-sectional area, muscle fiber
number, and protein synthesis through proper strength training, thereby enhancing strength [3]. Strong muscles can provide a more
stable base of support, reduce the risk of balance imbalance, and enhance athletes’ adaptability to changes in movement direction.
Through coordination training, individuals can enhance their cooperative activities and control abilities, strengthen the efficiency of
neuromuscular connections, improve muscle contribution to balance control, and enhance motor skills and movement fluency [80].
Overall, NMT may have a positive impact on athletes’ dynamic balance ability by improving neuroadaptability, muscle strength, and
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Table 4

GRADE evidence table for the effect of neuromuscular training on dynamic balance ability.

Certainty assessment

N2 of patients Effect Certainty Importance

N° of Study design Risk of Inconsistency Indirectness Imprecision Publication [NMY] [CON] Relative (95 % Absolute (95 %

studies bias bias (@] Cch

Right limb dynamic balance ability

20 Randomized controlled not serious  Serious” Not serious Not serious Serious" 459 407 - SMD DPPoo  Important
trial 0.75 (0.42,1.08) Moderate

Left limb dynamic balance ability

20 Randomized controlled not serious  Serious” Not serious Not serious Serious* 459 407 - SMD DPPoo  Important
trial 0.70 (0.36,1.05) Moderate

CI: confidence interval; MD: mean difference.

High certainty: we are very confident that the true effect lies close to that of the estimate of the effect.

Moderate certainty: we are moderately confident in the effect estimate; the true effect is likely to be close to the estimate of the effect, but there is a possibility that it is substantially different.
Low certainty: our confidence in the effect estimate is limited; the true effect may be substantially different from the estimate of the effect.

Very low certainty: we have very little confidence in the effect estimate; the true effect is likely to be substantially different from the estimate of effect.

. Serious inconsistency since I> = 80.5 %. Downgrade.

b Serious inconsistency since'? = 82 %. Downgrade.

c
d

. The funnel plot of 20 randomized trials indicated that 9 studies were beyond the funnel plot or on the border of the funnel plot. The certainty of the evidence was lowered.
. The funnel plot of 20 randomized trials indicated that 8 studies were beyond the funnel plot or on the border of the funnel plot. The certainty of the evidence was lowered.
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stability. These physiological changes may help improve the accuracy, efficiency, and stability of balance control, thereby enhancing
athletes’ ability to maintain balance in different movement directions.

In addition, we observed that there was no significant improvement in the forward extension distance of the right limb. The
occurrence of this phenomenon may be due to the fact that the NMT included did not specifically target the practice of the ankle
dorsiflexion range. However, the forward extension distance of the SEBT and YBT is related to ankle dorsiflexion, explaining 28 % of
the forward extension performance [68]. Additionally, the left side (supporting leg) is the non-dominant side for most individuals, and
the enhancement of the left limb is relatively minimal without targeted training. The modest improvement in the distance of the right
forelimb may be a response to defects in the training protocol, but it did not affect our findings.

YBT, a validated adaptation of the SEBT, has been shown to be effective in identifying imbalances in homeostasis [81-83]. Poor
performance on the YBT has been associated with an increased risk of non-contact lower extremity injurie [84]. Although we did not
directly study the effect of NMT on lower extremity injuries, it can be speculated that NMT may help prevent lower extremity injuries.
This is suggested by the improvement in YBT test performance. NMT can result in various biomechanical effects, including a reduction
in ground force and abduction-adduction moments, and an increase in the hamstrings to quadriceps femoris ratio [83]. Some studies
have indicated that the concurrent contraction of the hamstrings and quadriceps femoris can provide dynamic joint stability, thereby
protecting the knee joint during exercise tasks [84]. It is evident that NMT are effective in preventing lower limb sports injuries. In
daily training, coaches can integrate NMT into the program to prevent lower limb injuries, improve physical fitness, and prolong the
athletic careers of athletes. In addition, NMT can be integrated into physical exercise training focused on functional and dynamic
balance to improve muscle strength and limb coordination non-athletes, improve motor ability, postural control, and limb stability,
and help reduce the risk of falls.

5. Limitations

Based on extensive experimental research on neuromuscular training for athletes, this study conducted an in-depth statistical
analysis of how neuromuscular training affects dynamic balance ability. However, it is undeniable that the error caused by the het-
erogeneity of the results cannot be excluded from our comprehensive and accurate understanding of the effects of neuromuscular
training. At the same time, there were relatively few experimental studies included in this meta-analysis, which could introduce errors
into the research results. Therefore, we recognize the need for more extensive and accurate exploration of the effects of neuromuscular
training on balance in athletes in the future.

6. Conclusion

Neuromuscular training can improve athletes’ dynamic balance ability on both the left and right sides. Therefore, we believe that
neuromuscular training is an effective approach for enhancing athletes’ unilateral dynamic balance ability, even though the
improvement may not be significant in the right anterior. The use of neuromuscular training to improve balance could be a valuable
training method for athletes and coaches. However, it is essential to consider individual differences and training goals in order to
develop personalized training programs.
Ethical statement

None declared. This work does not require ethical approval.
Data availability statement

The datasets used and/or analyst during the current study are available from the corresponding author on reasonable request.

CRediT authorship contribution statement

Peiling Wang: Writing — review & editing, Writing — original draft, Software, Resources, Methodology, Data curation. Yongfu Liu:
Writing — original draft, Resources, Methodology, Data curation. Chao Chen: Validation, Supervision, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.

References

[1] A.N.M. Newsome, R. Reed, J. Sansone, A. Batrakoulis, C. McAvoy, M. W. Parrott, ACSM worldwide fitness trends: future directions of the health and fitness
industry, ACSM’s Health & Fit. J. 28 (1) (2024), 2024.

[2] T.E. Hewett, G.D. Myer, K.R. Ford, R.S. Heidt, A.J. Colosimo, S.G. McLean, A.J. van den Bogert, M.V. Paterno, P. Succop, Biomechanical measures of
neuromuscular control and valgus loading of the knee predict anterior cruciate ligament injury risk in female athletes: a prospective study, Am. J. Sports Med.
33 (4) (2005) 492-501, https://doi.org/10.1177/0363546504269591.

11


http://refhub.elsevier.com/S2405-8440(24)11854-3/sref1
http://refhub.elsevier.com/S2405-8440(24)11854-3/sref1
https://doi.org/10.1177/0363546504269591

P. Wang et al. Heliyon 10 (2024) 35823

[3]
[4]
[5]

[6]

[7

—

[81
[91
[10]
[11]

[12]

[13]
[14]
[15]
[16]
[17]
[18]
[19]
[20]
[21]
[22]
[23]
[24]

[25]

[26]
[27]
[28]

[29]
[30]

[31]
[32]
[33]
[34]
[35]

[36]

[37]
[38]
[39]
[40]

[41]

G.G. Haff, N.T. Triplett, Essentials of Strength Training and Conditioning [M], 2016.

D.A. Winter, A.E. Patla, J.S. Frank, Assessment of balance control in humans, Med. Prog. Technol. 16 (1-2) (1990) 31-51.

E. Bressel, J.C. Yonker, J. Kras, E.M. Heath, Comparison of static and dynamic balance in female collegiate soccer, basketball, and gymnastics athletes, J. Athl.
Train. 42 (1) (2007) 42.

G. Mendez-Rebolledo, R. Figueroa-Ureta, F. Moya-Mura, E. Guzman-Mufioz, R. Ramirez-Campillo, R.S. Lloyd, The protective effect of neuromuscular training on
the medial tibial stress syndrome in youth female track-and-field athletes: a clinical trial and cohort study, J. Sport Rehabil. 30 (7) (2021) 1019-1027, https://
doi.org/10.1123/jsr.2020-0376.

P.A. Gribble, J. Hertel, P. Plisky, Using the Star Excursion Balance Test to assess dynamic postural-control deficits and outcomes in lower extremity injury: a
literature and systematic review, J. Athl. Train. 47 (3) (2012) 339-357.

R. Benis, M. Bonato, A. La Torre, Elite female basketball players’ body-weight neuromuscular training and performance on the Y-balance test, J. Athl. Train. 51
(9) (2016) 688-695, https://doi.org/10.4085/1062-6050-51.12.03.

A. Fort-Vanmeerhaeghe, D. Romero-Rodriguez, R.S. Lloyd, A. Kushner, G.D. Myer, Integrative neuromuscular training in youth athletes. Part II: strategies to
prevent injuries and improve performance, Strength Condit. J. 38 (4) (2016).

G.D. Myer, A.D. Faigenbaum, D.A. Chu, J. Falkel, K.R. Ford, T.M. Best, T.E. Hewett, Integrative training for children and adolescents: techniques and practices
for reducing sports-related injuries and enhancing athletic performance, Physician Sportsmed. 39 (1) (2011) 74-84.

G.D. Myer, A.D. Faigenbaum, K.R. Ford, T.M. Best, M.F. Bergeron, T.E. Hewett, When to initiate integrative neuromuscular training to reduce sports-related
injuries and enhance health in youth? Curr. Sports Med. Rep. 10 (3) (2011) 155-166.

E. Alentorn-Geli, G.D. Myer, H.J. Silvers, G. Samitier, D. Romero, C. Lazaro-Haro, R. Cugat, Prevention of non-contact anterior cruciate ligament injuries in
soccer players. Part 2: a review of prevention programs aimed to modify risk factors and to reduce injury rates, Knee Surg. Sports Traumatol. Arthrosc. 17 (2009)
859-879.

D.G. Behm, A.D. Faigenbaum, B. Falk, P. Klentrou, Canadian Society for Exercise Physiology position paper: resistance training in children and adolescents,
Appl. Physiol. Nutr. Metabol. 33 (3) (2008) 547-561.

A.E. Carolyn, R. Thierry-Olivier, L.W. Jackie, N.-A. Alberto, van M. Willem, Neuromuscular training injury prevention strategies in youth sport: a systematic
review and meta-analysis, Br. J. Sports Med. 49 (13) (2015) 865, https://doi.org/10.1136/bjsports-2015-094639.

J. Xiong, S. Li, A. Cao, L. Qian, B. Peng, D. Xiao, Effects of integrative neuromuscular training intervention on physical performance in elite female table tennis
players: a randomized controlled trial, PLoS One 17 (1) (2022) 0262775, https://doi.org/10.1371/journal.pone.0262775.

D. Sugimoto, G.D. Myer, H.M. Bush, T.E. Hewett, Effects of compliance on trunk and hip integrative neuromuscular training on hip abductor strength in female
athletes, J. Strength Condit Res. 28 (5) (2014).

K. Pasanen, J. Parkkari, M. Pasanen, P. Kannus, Effect of a neuromuscular warm-up programme on muscle power, balance, speed and agility: a randomised
controlled study, Br. J. Sports Med. 43 (13) (2009) 1073, https://doi.org/10.1136/bjsm.2009.061747.

T.C.V. McLeod, T. Armstrong, M. Miller, J.L. Sauers, Balance improvements in female high school basketball players after a 6-week neuromuscular-training
program, J. Sport Rehabil. 18 (4) (2009) 465-481, https://doi.org/10.1123/jsr.18.4.465.

J. Zeng, Q. Liu, Z. Lei, Z. Sun, Y. Wang, Evaluation of integrated neuromuscular training on the recovery of joint injury A protocol for systematic review and
meta-analysis, Medicine 101 (5) (2022), https://doi.org/10.1097/md.0000000000028737.

D. Sugimoto, G.D. Myer, K.D.B. Foss, M.J. Pepin, L.J. Micheli, T.E. Hewett, Critical components of neuromuscular training to reduce ACL injury risk in female
athletes: meta-regression analysis, Br. J. Sports Med. 50 (20) (2016) 1259, https://doi.org/10.1136/bjsports-2015-095596.

S. Steib, A.L. Rahlf, K. Pfeifer, A. Zech, Dose-response relationship of Neuromuscular training for injury prevention in youth athletes: a meta-analysis, Front.
Physiol. 8 (2017), https://doi.org/10.3389/fphys.2017.00920.

J.H. Yoo, B.O. Lim, M. Ha, S.W. Lee, S.J. Oh, Y.S. Lee, J.G. Kim, A meta-analysis of the effect of neuromuscular training on the prevention of the anterior cruciate
ligament injury in female athletes, Knee Surg. Sports Traumatol. Arthrosc. 18 (6) (2010) 824-830, https://doi.org/10.1007/s00167-009-0901-2.

J. Zhang, J. Mi, R. Liu, Effects of integrative neuromuscular training on change of direction performance in court-based sports players: a systematic review and
meta-analysis, Int. J. Sports Sci. Coach. 18 (6) (2023) 2306-2320, https://doi.org/10.1177/17479541231184554.

Waldén Lindblom, Hgglund. No effect on performance tests from a neuromuscular warm-up programme in youth female football: a randomised controlled trial,
Knee Surg. Sports Traumatol. Arthrosc.: official journal of the ESSKA 20 (10) (2012) 2116-2123.

E. O'Malley, J.C. Murphy, U.M. Persson, C. Gissane, C. Blake, The effects of the gaelic athletic association 15 training program on neuromuscular outcomes in
gaelic football and hurling players: a randomized cluster trial, J. Strength Condit Res. 31 (8) (2017) 2119-2130, https://doi.org/10.1519/
jsc.0000000000001564.

M. Bonato, R. Benis, A. La Torre, Neuromuscular training reduces lower limb injuries in elite female basketball players. A cluster randomized controlled trial,
Scand. J. Med. Sci. Sports 28 (4) (2018) 1451-1460, https://doi.org/10.1111/sms.13034.

M. Cumpston, T. Li, M.J. Page, J. Chandler, V.A. Welch, J.P. Higgins, J. Thomas, Cochrane Database Syst. Rev. 2019 (10) (2019). Updated guidance for trusted
systematic reviews: a new edition of the Cochrane Handbook for Systematic Reviews of Interventions.

D. Moher, A. Liberati, J. Tetzlaff, D.G. Altman, P. Group, Preferred reporting items for systematic reviews and meta-analyses: the PRISMA statement, Int. J. Surg.
8 (5) (2010) 336-341.

J.P. Higgins, S.G. Thompson, J.J. Deeks, D.G. Altman, Measuring inconsistency in meta-analyses, BMJ Case Rep. 327 (7414) (2003) 557-560.

S. Akbar, K.G. Soh, Mohd Nasiruddin N. Jazaily, M. Bashir, S. Cao, K.L. Soh, Effects of neuromuscular training on athletes physical fitness in sports: a systematic
review, Front. Physiol. 13 (2022) 939042, https://doi.org/10.3389/fphys.2022.939042.

B. Sanudo, J. Sanchez-Hernandez, M. Bernardo-Filho, E. Abdi, R. Taiar, J. Nunez, Integrative neuromuscular training in young athletes, injury prevention, and
performance optimization: a systematic review, Appl Sci-Basel 9 (18) (2019), https://doi.org/10.3390/app9183839.

M.D. Williams, R. Ramirez-Campillo, H. Chaabene, J. Moran, Neuromuscular training and motor control in youth athletes: a meta-analysis, Percept. Mot. Skills
128 (5) (2021) 1975-1997, https://doi.org/10.1177/00315125211029006.

L.E. Caldemeyer, S.M. Brown, M.K. Mulcahey, Neuromuscular training for the prevention of ankle sprains in female athletes: a systematic review, Physician
Sportsmed. 48 (4) (2020) 363-369, https://doi.org/10.1080/00913847.2020.1732246.

A. Filipa, R. Byrnes, M.V. Paterno, G.D. Myer, T.E. Hewett, Neuromuscular training improves performance on the star excursion balance test in young female
athletes, J. Orthop. Sports Phys. Ther. 40 (9) (2010) 551-558, https://doi.org/10.2519/jospt.2010.3325.

M.R. Muller, {.R. Lemes, M.S. d C. Silva, N.S. Silva, A.G.M. Hernandez, R.Z. Pinto, The efficacy of neuromuscular training, with minimal or no equipment, on
performance of youth athletes: a systematic review with meta-analysis, Phys. Ther. Sport 64 (2023) 104-116, https://doi.org/10.1016/j.ptsp.2023.09.010.
H. Mohammadi, N.F. Rad, M. Khosravani, N. Adibhesami, J. Sarvestan, Core strength, dynamic balance and performance enhancement in female athletes with
ligament dominance in response to sports-specific SportsMetrics neuromuscular training programs, Sport Sci. Health 19 (4) (2023) 1381-1389, https://doi.org/
10.1007/511332-023-01114-3.

X. Zhang, M. Hu, Z. Lou, B. Liao, Effects of strength and neuromuscular training on functional performance in athletes after partial medial meniscectomy,
Journal of exercise rehabilitation 13 (1) (2017) 110-116, https://doi.org/10.12965/jer.1732864.432.

M. Emirzeoglu, O. Ulger, The acute effects of cognitive-based neuromuscular training and game-based training on the dynamic balance and speed performance
of healthy young soccer players: a randomized controlled trial, Game. Health J. 10 (2) (2021) 121-129, https://doi.org/10.1089/g4h.2020.0051.

M.H.B. Mohamad Puzi, L.A. Choo, The effect of six weeks cobagi training on coordination, dynamic balance & agility of adolescent handball players, Pedagogy
Phys Cult Sports 25 (1) (2021) 31-38, https://doi.org/10.15561/26649837.2021.0105.

A. Asadi, E. Saez de Villarreal, H. Arazi, The effects of plyometric type neuromuscular training on postural control performance of male team basketball players,
J. Strength Condit Res. 29 (7) (2015) 1870-1875, https://doi.org/10.1519/jsc.0000000000000832.

S.D. Barber-Westin, A.A. Hermeto, F.R. Noyes, A six-week neuromuscular training program for competitive junior tennis players, J. Strength Condit Res. 24 (9)
(2010) 2372-2382, https://doi.org/10.1519/JSC.0b013e3181e8a47f.

12


http://refhub.elsevier.com/S2405-8440(24)11854-3/sref3
http://refhub.elsevier.com/S2405-8440(24)11854-3/sref4
http://refhub.elsevier.com/S2405-8440(24)11854-3/sref5
http://refhub.elsevier.com/S2405-8440(24)11854-3/sref5
https://doi.org/10.1123/jsr.2020-0376
https://doi.org/10.1123/jsr.2020-0376
http://refhub.elsevier.com/S2405-8440(24)11854-3/sref7
http://refhub.elsevier.com/S2405-8440(24)11854-3/sref7
https://doi.org/10.4085/1062-6050-51.12.03
http://refhub.elsevier.com/S2405-8440(24)11854-3/sref9
http://refhub.elsevier.com/S2405-8440(24)11854-3/sref9
http://refhub.elsevier.com/S2405-8440(24)11854-3/sref10
http://refhub.elsevier.com/S2405-8440(24)11854-3/sref10
http://refhub.elsevier.com/S2405-8440(24)11854-3/sref11
http://refhub.elsevier.com/S2405-8440(24)11854-3/sref11
http://refhub.elsevier.com/S2405-8440(24)11854-3/sref12
http://refhub.elsevier.com/S2405-8440(24)11854-3/sref12
http://refhub.elsevier.com/S2405-8440(24)11854-3/sref12
http://refhub.elsevier.com/S2405-8440(24)11854-3/sref13
http://refhub.elsevier.com/S2405-8440(24)11854-3/sref13
https://doi.org/10.1136/bjsports-2015-094639
https://doi.org/10.1371/journal.pone.0262775
http://refhub.elsevier.com/S2405-8440(24)11854-3/sref16
http://refhub.elsevier.com/S2405-8440(24)11854-3/sref16
https://doi.org/10.1136/bjsm.2009.061747
https://doi.org/10.1123/jsr.18.4.465
https://doi.org/10.1097/md.0000000000028737
https://doi.org/10.1136/bjsports-2015-095596
https://doi.org/10.3389/fphys.2017.00920
https://doi.org/10.1007/s00167-009-0901-2
https://doi.org/10.1177/17479541231184554
http://refhub.elsevier.com/S2405-8440(24)11854-3/sref24
http://refhub.elsevier.com/S2405-8440(24)11854-3/sref24
https://doi.org/10.1519/jsc.0000000000001564
https://doi.org/10.1519/jsc.0000000000001564
https://doi.org/10.1111/sms.13034
http://refhub.elsevier.com/S2405-8440(24)11854-3/sref27
http://refhub.elsevier.com/S2405-8440(24)11854-3/sref27
http://refhub.elsevier.com/S2405-8440(24)11854-3/sref28
http://refhub.elsevier.com/S2405-8440(24)11854-3/sref28
http://refhub.elsevier.com/S2405-8440(24)11854-3/sref29
https://doi.org/10.3389/fphys.2022.939042
https://doi.org/10.3390/app9183839
https://doi.org/10.1177/00315125211029006
https://doi.org/10.1080/00913847.2020.1732246
https://doi.org/10.2519/jospt.2010.3325
https://doi.org/10.1016/j.ptsp.2023.09.010
https://doi.org/10.1007/s11332-023-01114-3
https://doi.org/10.1007/s11332-023-01114-3
https://doi.org/10.12965/jer.1732864.432
https://doi.org/10.1089/g4h.2020.0051
https://doi.org/10.15561/26649837.2021.0105
https://doi.org/10.1519/jsc.0000000000000832
https://doi.org/10.1519/JSC.0b013e3181e8a47f

P. Wang et al. Heliyon 10 (2024) 35823

[42]
[43]
[44]
[45]

[46]

[47]
[48]
[49]
[50]
[51]

[52]

[53]
[54]

[55]

[56]

[57]

[58]
[59]
[60]
[61]
[62]
[63]
[64]
[65]
[66]
[67]

[68]
[69]

[70]
[71]

[72]
[73]
[74]
[75]
[76]
[77]

[78]
[79]

[80]
[81]

L.C. Benson, A.M. Réisanen, S.S. Sidhu, C.A. Emery, Comparison of measured and observed exercise fidelity during a neuromuscular training warm-up,
Biomechanics 2 (3) (2022) 361-373, https://doi.org/10.3390/biomechanics2030029.

J. O'Driscoll, F. Kerin, E. Delahunt, Effect of a 6-week dynamic neuromuscular training programme on ankle joint function: a Case report. Sports medicine,
arthroscopy, rehabilitation, therapy & technology, SMARTT 3 (2011) 13, https://doi.org/10.1186/1758-2555-3-13.

M. Zarei, Z. Soltani, M. Hosseinzadeh, Effect of a proprioceptive balance board training program on functional and neuromotor performance in volleyball
players predisposed to musculoskeletal injuries, Sport Sci. Health 18 (3) (2022) 975-982, https://doi.org/10.1007/s11332-021-00882-0.

L. Ondra, P. Natésta, L. Bizovska, E. Kubonova, Z. Svoboda, Effect of in-season neuromuscular and proprioceptive training on postural stability in male youth
basketball players, Acta Gymnica 47 (3) (2017) 144-149, https://doi.org/10.5507/ag.2017.019.

1. Holm, M.A. Fosdahl, A. Friis, M.A. Risberg, G. Myklebust, H. Steen, Effect of neuromuscular training on proprioception, balance, muscle strength, and lower
limb function in female team handball players, Clin. J. Sport Med. : official journal of the Canadian Academy of Sport Medicine 14 (2) (2004) 88-94, https://
doi.org/10.1097,/00042752-200403000-00006.

J. Bauer, T. Muehlbauer, Effects of a 6 week core strengthening training on measures of physical and athletic performance in adolescent male sub-elite handball
players, Frontiers in sports and active living 4 (2022) 1037078, https://doi.org/10.3389/fspor.2022.1037078.

A. Roso-Moliner, E. Mainer-Pardos, A. Cartén-Llorente, H. Nobari, S.A. Pettersen, D. Lozano, Effects of a neuromuscular training program on physical
performance and asymmetries in female soccer, Front. Physiol. 14 (2023) 1171636, https://doi.org/10.3389/fphys.2023.1171636.

G.B. Menezes, D.R.O. Alexandre, J.C.B.L. Pinto, T.V.L. Assis, A.D. Faigenbaum, A.L. Mortatti, Effects of integrative neuromuscular training on motor
performance in prepubertal soccer players, J. Strength Condit Res. 36 (6) (2022) 1667-1674, https://doi.org/10.1519/jsc.0000000000003666.

M.V. Paterno, G.D. Myer, K.R. Ford, T.E. Hewett, Neuromuscular training improves single-limb stability in young female athletes, J. Orthop. Sports Phys. Ther.
34 (6) (2004) 305-316, https://doi.org/10.2519/jospt.2004.34.6.305.

1. Vriend, V. Gouttebarge, W. van Mechelen, E.A.L.M. Verhagen, Neuromuscular training is effective to prevent ankle sprains in a sporting population: a meta-
analysis translating evidence into optimal prevention strategies, Journal of ISAKOS 1 (4) (2016) 202-213, https://doi.org/10.1136/jisakos-2016-000062.

D. Sugimoto, G.D. Myer, K.D.B. Foss, T.E. Hewett, Specific exercise effects of preventive neuromuscular training intervention on anterior cruciate ligament
injury risk reduction in young females: meta-analysis and subgroup analysis, Br. J. Sports Med. 49 (5) (2015) 282-289, https://doi.org/10.1136/bjsports-2014-
093461.

M. Kowalczyk, P. Tomaszewski, N. Bartoszek, M. Popieluch, Three-week intensive neuromuscular training improves postural control in professional male soccer
players, Pol J Sport Tour 26 (2) (2019) 14-20, https://doi.org/10.2478/pjst-2019-0009.

Ping Li, Chuanzhen Liu, Daoyu Chen, Xueqiang Zhu, Effect of neuromuscular training on lower limb function of sprinters, Zhejiang Sports Science 43 (5) (2021)
68-74.

D. Sariati, R. Hammami, M. Chtara, A. Zagatto, D. Boullosa, C.C.T. Clark, A.C. Hackney, U. Granacher, N. Souissi, H. Zouhal, Change-of-Direction performance
in elite soccer players: preliminary analysis according to their playing positions, Int. J. Environ. Res. Publ. Health 17 (22) (2020), https://doi.org/10.3390/
ijerph17228360.

K.M. Kim, A. Estepa-Gallego, M.D. Estudillo-Martinez, Y. Castellote-Caballero, D. Cruz-Diaz, Comparative effects of neuromuscular- and strength-training
protocols on pathomechanical, sensory-perceptual, and motor-behavioral impairments in patients with chronic ankle instability: randomized controlled trial,
Healthcare 10 (8) (2022), https://doi.org/10.3390/healthcare10081364.

R. Hammami, Y. Negra, A. Nebigh, R. Ramirez-Campillo, J. Moran, H. Chaabene, Preseason integrative neuromuscular training improves selected measures of
physical fitness in highly trained, youth, male soccer players, J. Strength Condit Res. 37 (6) (2023) e384-e390, https://doi.org/10.1519/
js¢.0000000000004394.

A. Zech, P. Klahn, J. Hoeft, C.Z. Eulenburg, S. Steib, Time course and dimensions of postural control changes following neuromuscular training in youth field
hockey athletes, Eur. J. Appl. Physiol. 114 (2) (2014) 395-403, https://doi.org/10.1007/500421-013-2786-5.

S. Steib, P. Zahn, C. Zu Eulenburg, K. Pfeifer, A. Zech, Time-dependent postural control adaptations following a neuromuscular warm-up in female handball
players: a randomized controlled trial, BMC sports science, medicine & rehabilitation 8 (2016) 33, https://doi.org/10.1186/513102-016-0058-5.

Ping Li, Xueqiang Zhu, Nan Bi, Application of star offset balance test in evaluating the effect of neuromuscular training in female volleyball players, Journal of
Tianjin Institute of Physical Education 33 (1) (2018) 86-92, https://doi.org/10.13297/j.cnki.issn1005-0000.2018.01.014.

J.A. Vitale, A. La Torre, G. Banfi, M. Bonato, Effects of an 8-week body-weight neuromuscular training on dynamic balance and vertical jump performances in
elite junior skiing athletes: a randomized controlled trial, J. Strength Condit Res. 32 (4) (2018) 911-920, https://doi.org/10.1519/jsc.0000000000002478.
A. Hopper, E.E. Haff, O.R. Barley, C. Joyce, R.S. Lloyd, G.G. Haff, Neuromuscular training improves movement competency and physical performance measures
in 11-13-year-old female netball athletes, J. Strength Condit Res. 31 (5) (2017) 1165-1176, https://doi.org/10.1519/jsc.0000000000001794.

Zhenggiang Han, Jinbang Zhang, Application of Y balance test in evaluating the effect of neuromuscular Training in Cuban female basketball Players, Journal of
Pingdingshan University 38 (2) (2023) 113-117.

J.L. Thorpe, K.T. Ebersole, Unilateral balance performance in female collegiate soccer athletes, J. Strength Condit Res. 22 (5) (2008) 1429-1433.

M.C. Hoch, G.S. Staton, P.O. McKeon, Dorsiflexion range of motion significantly influences dynamic balance, J. Sci. Med. Sport 14 (1) (2011) 90-92.

W.B. Kibler, J. Press, A. Sciascia, The role of core stability in athletic function, Sports Med. 36 (2006) 189-198.

U. Granacher, J. Schellbach, K. Klein, O. Prieske, J.-P. Baeyens, T. Muehlbauer, Effects of core strength training using stable versus unstable surfaces on physical
fitness in adolescents: a randomized controlled trial, BMC sports science, medicine rehabilitation Research Policy and Education 6 (1) (2014) 1-11.

N.L. Kahle, P.A. Gribble, Core stability training in dynamic balance testing among young, healthy adults, Athl. Train. Sports Health Care 1 (2) (2009) 65-73.
H. Arazi, B. Coetzee, A. Asadi, Comparative effect of land-and aquatic-based plyometric training on jumping ability and agility of young basketball players.
South African Journal for Research in Sport, Physical Education Recreation 34 (2) (2012) 1-14.

A. Asadi, Effects of in-season short-term plyometric training on jumping and agility performance of basketball players, Sport Sci. Health 9 (2013) 133-137.
B. Mirzaei, A.A. Norasteh, A. Asadi, Neuromuscular adaptations to plyometric training: depth jump vs. countermovement jump on sand, Sport Sci. Health 9
(2013) 145-149.

B. Mirzaei, A. Asghar Norasteh, E. Saez de Villarreal, A. Asadi, Effects of six weeks of depth jump vs. countermovement jump training on sand on muscle
soreness and performance, Kinesiology 46 (1) (2014) 97-108.

U. Granacher, T. Muehlbauer, L. Maestrini, L. Zahner, A. Gollhofer, Can balance training promote balance and strength in prepubertal children? J. Strength
Condit Res. 25 (6) (2011) 1759-1766.

C.O. Kean, D.G. Behm, W.B. Young, Fixed foot balance training increases rectus femoris activation during landing and jump height in recreationally active
women, Journal of sports science medicine & Science in Sports & Exercise 5 (1) (2006) 138.

S.C. Gandevia, Spinal and supraspinal factors in human muscle fatigue, Physiological reviews 81 (4) (2001) 1725-1789, https://doi.org/10.1152/
physrev.2001.81.4.1725.

M.A. Risberg, M. Mgrk, H.K. Jenssen, 1.J. J. o O. Holm, S.P. Therapy, Design and implementation of a neuromuscular training program following anterior
cruciate ligament reconstruction 31 (11) (2001) 620-631.

K.D. Shelbourne, T.J.J.T. Davis, Evaluation of knee stability before and after participation in a functional sports agility program during rehabilitation after
anterior cruciate ligament reconstruction 27 (2) (1999) 156-161.

N. Doidge, The Brain’s Way of Healing: Remarkable Discoveries and Recoveries from the Frontiers of Neuroplasticity [M], Penguin Life, 2016.

R. Schmidt, T. Lee, Motor Learning and Performance 6th Edition with Web Study Guide-Loose-Leaf Edition: from Principles to Application, Human Kinetics
Publishers, 2019.

R. Magill, D.I. Anderson, Motor Learning and Control [M], McGraw-Hill Publishing, New York, 2010.

P.A. Gribble, J. Hertel, C.R. Denegar, W.E. Buckley, The effects of fatigue and chronic ankle instability on dynamic postural control, J. Athl. Train. 39 (4) (2004)
321.

13


https://doi.org/10.3390/biomechanics2030029
https://doi.org/10.1186/1758-2555-3-13
https://doi.org/10.1007/s11332-021-00882-0
https://doi.org/10.5507/ag.2017.019
https://doi.org/10.1097/00042752-200403000-00006
https://doi.org/10.1097/00042752-200403000-00006
https://doi.org/10.3389/fspor.2022.1037078
https://doi.org/10.3389/fphys.2023.1171636
https://doi.org/10.1519/jsc.0000000000003666
https://doi.org/10.2519/jospt.2004.34.6.305
https://doi.org/10.1136/jisakos-2016-000062
https://doi.org/10.1136/bjsports-2014-093461
https://doi.org/10.1136/bjsports-2014-093461
https://doi.org/10.2478/pjst-2019-0009
http://refhub.elsevier.com/S2405-8440(24)11854-3/sref54
http://refhub.elsevier.com/S2405-8440(24)11854-3/sref54
https://doi.org/10.3390/ijerph17228360
https://doi.org/10.3390/ijerph17228360
https://doi.org/10.3390/healthcare10081364
https://doi.org/10.1519/jsc.0000000000004394
https://doi.org/10.1519/jsc.0000000000004394
https://doi.org/10.1007/s00421-013-2786-5
https://doi.org/10.1186/s13102-016-0058-5
https://doi.org/10.13297/j.cnki.issn1005-0000.2018.01.014
https://doi.org/10.1519/jsc.0000000000002478
https://doi.org/10.1519/jsc.0000000000001794
http://refhub.elsevier.com/S2405-8440(24)11854-3/sref63
http://refhub.elsevier.com/S2405-8440(24)11854-3/sref63
http://refhub.elsevier.com/S2405-8440(24)11854-3/sref64
http://refhub.elsevier.com/S2405-8440(24)11854-3/sref65
http://refhub.elsevier.com/S2405-8440(24)11854-3/sref66
http://refhub.elsevier.com/S2405-8440(24)11854-3/sref67
http://refhub.elsevier.com/S2405-8440(24)11854-3/sref67
http://refhub.elsevier.com/S2405-8440(24)11854-3/sref68
http://refhub.elsevier.com/S2405-8440(24)11854-3/sref69
http://refhub.elsevier.com/S2405-8440(24)11854-3/sref69
http://refhub.elsevier.com/S2405-8440(24)11854-3/sref70
http://refhub.elsevier.com/S2405-8440(24)11854-3/sref71
http://refhub.elsevier.com/S2405-8440(24)11854-3/sref71
http://refhub.elsevier.com/S2405-8440(24)11854-3/sref72
http://refhub.elsevier.com/S2405-8440(24)11854-3/sref72
http://refhub.elsevier.com/S2405-8440(24)11854-3/sref73
http://refhub.elsevier.com/S2405-8440(24)11854-3/sref73
http://refhub.elsevier.com/S2405-8440(24)11854-3/sref74
http://refhub.elsevier.com/S2405-8440(24)11854-3/sref74
https://doi.org/10.1152/physrev.2001.81.4.1725
https://doi.org/10.1152/physrev.2001.81.4.1725
http://refhub.elsevier.com/S2405-8440(24)11854-3/sref76
http://refhub.elsevier.com/S2405-8440(24)11854-3/sref76
http://refhub.elsevier.com/S2405-8440(24)11854-3/sref77
http://refhub.elsevier.com/S2405-8440(24)11854-3/sref77
http://refhub.elsevier.com/S2405-8440(24)11854-3/sref78
http://refhub.elsevier.com/S2405-8440(24)11854-3/sref79
http://refhub.elsevier.com/S2405-8440(24)11854-3/sref79
http://refhub.elsevier.com/S2405-8440(24)11854-3/sref80
http://refhub.elsevier.com/S2405-8440(24)11854-3/sref81
http://refhub.elsevier.com/S2405-8440(24)11854-3/sref81

P. Wang et al. Heliyon 10 (2024) 35823

[82] P.J. Plisky, M.J. Rauh, T.W. Kaminski, F.B. Underwood, Star Excursion Balance Test as a predictor of lower extremity injury in high school basketball players,
J. Orthop. Sports Phys. Ther. 36 (12) (2006) 911-919.

[83] M.H. Ter Stege, J.M. Dallinga, A. Benjaminse, K.A. Lemmink, Effect of interventions on potential, modifiable risk factors for knee injury in team ball sports: a
systematic review, Sports Med. 44 (2014) 1403-1426.

[84] K.R. Ford, A.J. van den Bogert, G.D. Myer, R. Shapiro, T.E. Hewett, The effects of age and skill level on knee musculature co-contraction during functional
activities: a systematic review, British journal of sports medicine 42 (7) (2008) 561-566, https://doi.org/10.1136/bjsm.2007.044883doi.

14


http://refhub.elsevier.com/S2405-8440(24)11854-3/sref82
http://refhub.elsevier.com/S2405-8440(24)11854-3/sref82
http://refhub.elsevier.com/S2405-8440(24)11854-3/sref83
http://refhub.elsevier.com/S2405-8440(24)11854-3/sref83
https://doi.org/10.1136/bjsm.2007.044883doi

	Effects of neuromuscular training on dynamic balance ability in athletes: A systematic review and meta-analysis
	1 Introduction
	2 Information and research methods
	2.1 Study selection
	2.2 Search strategy
	2.3 Data extraction
	2.4 Assessment of risk of bias
	2.5 Statistical analysis

	3 Results
	3.1 Literature search
	3.2 Study characteristics
	3.3 Risk of bias in the included articles
	3.4 Meta-analysis results
	3.5 Reporting bias
	3.6 Sensitivity analysis
	3.7 Grading the evidence

	4 Discussion
	5 Limitations
	6 Conclusion
	Ethical statement
	Data availability statement
	CRediT authorship contribution statement
	Declaration of competing interest
	References


