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A systematic review of the effects of resistance training on neuromuscular adaptations related to 
maximal strength enhances our understanding of the mechanisms and dose–response relationships 
involved. This evidence supports the scientific application of maximal strength to improve athletic 
performance in practice. Methods: We retrieved literature from CNKI, PubMed, and Web of 
Science databases. We utilised Review Manager 5.4.1 software to construct forest plots and assess 
methodological quality based on the standards outlined in the Cochrane Handbook for Systematic 
Reviews of Interventions (version 5.1.0). Review Manager 5.3 was employed to analyse the outcome 
measures of the included studies. Given that the outcome measures were continuous variables, we 
chose the standardised mean difference (SMD) as the effect size metric for statistical analysis. We used 
Stata-SE 18.0 to conduct publication bias analysis. Results: Twenty studies examined the relationship 
between resistance training and maximal skeletal muscle strength, revealing low heterogeneity 
(I2 = 17%, P = 0.24). The results indicated an SMD of 0.77 (95% CI 0.57–0.98, P < 0.05), demonstrating 
a significant effect. The publication bias test yielded t = 4.12 (P < 0.05). Fifty-four studies examined 
the relationship between resistance training and peak torque, revealing moderate heterogeneity 
(I2 = 48%, P < 0.05). The results indicated an SMD of 0.77 (95% CI 0.62–0.93, P < 0.05), demonstrating a 
significant difference. The publication bias test yielded t = 6.69 (P < 0.05). Eighteen studies examined 
the relationship between resistance training and the percentages of Type I, Type IIa, and Type IIx 
muscle fibres, revealing significant moderate heterogeneity (I2 = 85%, P < 0.05). The results indicated 
an SMD of 0.14 (95% CI − 0.45–0.74, P = 0.63). The publication bias test yielded z = 3.62 (P < 0.05). 
Forty-one studies examined the relationship between resistance training and muscle thickness, 
revealing no heterogeneity (I2 = 0%, P = 0.80). The results indicated that resistance training programs 
significantly increase participants’ skeletal muscle thickness (SMD = 0.55, 95% CI 0.41–0.69, P < 0.05). 
The publication bias test yielded z = 2.09 (P < 0.05). Ten studies examined the relationship between 
resistance training and pennation angle, revealing moderate heterogeneity (I2 = 54%, P < 0.05). The 
results indicated an SMD of 0.36 (95% CI − 0.02–0.74, P = 0.06). The publication bias test yielded 
z =  − 2.71 (P < 0.05). Twenty-eight studies examined the relationship between resistance training and 
EMG, revealing moderate heterogeneity (I2 = 58%, P < 0.05). The results indicated that resistance 
training programs significantly increase participants’ squat strength (SMD = 0.54, 95% CI 0.26–0.81, 
P < 0.05). The publication bias test yielded z = 5.62 (P < 0.05). Maximal resistance training enhances 
maximum strength and peak torque in bench presses and squats. Muscle adaptations include increased 
agonist muscle thickness, a higher proportion of Type I and Type IIa fibres, a reduction in Type IIx fibres, 
and an increase in pennation angle. Neural adaptations are reflected in heightened EMG amplitude, 
though the effect size varies with muscle contraction type and training experience. Physiologically, 
maximal resistance training activates satellite cells and the mTOR signalling pathway, contributing to 
muscle repair, hypertrophy, and strength improvement.
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Resistance training is an effective exercise intervention widely used in athletes’ training and promoting health 
among the general population. The primary objective of resistance training is to enhance maximum muscle 
strength and functional performance through a systematic approach. Recently, many studies have examined the 
effects of resistance training on neuromuscular adaptations in developing maximum muscle strength, revealing 
the physiological mechanisms that enhance muscle strength. These mechanisms include structural changes in 
muscle fibres and adaptive responses in the nervous system. Neuromuscular adaptation refers to the physiological 
changes due to the interaction between the nervous and muscular systems during strength training. Resistance 
training can remodel the nervous and muscular systems, allowing muscles to exert strength more effectively 
under high-intensity loads1,2. However, current research indicates variability in training methods, models, and 
subjects regarding maximum strength development. Some studies suggest different muscle contraction forms 
correlate with motor unit activation patterns3. These factors may result in variations in training outcomes 
observed in muscles during exercise4,5. However, the mechanisms by which resistance training induces 
neuromuscular adaptations for maximum strength and the dose–response relationships that contribute to these 
adaptations remain poorly understood. Therefore, a systematic meta-analysis integrating existing literature will 
comprehensively understand how resistance training influences neuromuscular adaptations and the associated 
dose–response relationships, addressing current research gaps. Research on neuromuscular adaptations related 
to developing maximum strength through strength training has significant theoretical and practical implications, 
offering valuable scientific guidance and a foundation for future research and practical applications.

Research methods
Search strategy
Search terms: (“Strength training” OR “Strength” OR “Resistance training” OR “Strengthening programs” OR 
“Progressive strength training” OR “Resistance exercise” OR “Weight lifting” OR “Weight exercise” OR “Strength 
exercise” OR “Weight training” OR “Intensive strength training”) AND (“Neuroadaptation” OR “Neuromuscular 
adaptations” OR “Neuromuscular function” OR "Muscle adaptation”) 2000-01-01/2024-9-02. Form China 
National Knowledge Infrastructure, Wan fang Database, PubMed, Web of Science, Scopus, EBSCOhost (SPORT 
Discus) databases. See Appendix 1 for specific search strategies.

Selection criteria
The present meta-analysis selected studies that adhered to the PICOS framework. This standardized methodology 
encompasses five key components for systematic review and meta-analysis: population (P), interventions (I), 
comparators (C), outcomes (O), and study design (S)6. Two independent evaluators (YZ and XRZ) conducted 
a comprehensive assessment of potentially relevant studies according to the established inclusion and exclusion 
criteria. This process involved reviewing the titles, abstracts, and full texts of the studies to determine their 
eligibility for inclusion in the meta-analysis. If the two authors (YZ and XRZ) disagreed on the inclusion or 
exclusion of an article, a third author (KGS) was consulted to resolve the disagreement.

Data extraction
The data extraction process was carried out by the first reviewer (SS) using a standardized form developed in 
Microsoft Excel. The second reviewer (HCM) then independently verified all the extracted data. In cases where 
discrepancies arose between the two reviewers, the study information was rechecked to resolve any differences. 
From each included study, the following information was extracted: (1) general publication details (e.g., author 
name, year of publication); (2) participant details (e.g., age, sample size, sex); (3) intervention specifics (e.g., 
duration, frequency); and (4) outcome measures related to the indicators of neuromuscular adaptation.

Literature inclusion and exclusion criteria
Entry criteria
(1) Studies must employ a randomised controlled design. The research subjects and methods must clearly define 
the experimental or control groups, ensuring uniform distribution of samples by age, sex, etc., with random and 
parallel interventions; (2) Study subjects should include three populations: well-trained competitive athletes, 
fitness enthusiasts with general training experience, and healthy adults without training experience; (3)  The 
study design must involve pure resistance training, with detailed descriptions of training type, load volume, 
intensity, frequency, and cycle; 4.The results section must include detailed data analysis tables showing pre- and 
post-training changes in physiological and biochemical indicators between experimental and control groups, 
along with statistical tests.

Exclusion criteria
(1) Studies with independent variables not involving resistance training; (2) Studies combining resistance 
training with pharmacological or nutritional interventions; (3) Studies combining resistance training with 
psychological interventions. (4) Studies involving minors. (5) Animal studies; (6) Studies combining resistance 
training with other interventions (e.g., blood flow restriction, electrical stimulation, oxygen restriction, or 
hypoxic environments); (7) Grey literature (e.g., conference papers, theses, and unpublished studies); (8) Studies 
involving participants with diseases or injuries. (9) Studies involving older adults; (10) Studies focusing on 
explosive Strength or endurance training; (11) Non-randomized controlled trials.
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Methodological quality evaluation
The methodological quality assessment is conducted using Review Manager 5.4.1 software, following the quality 
assessment criteria outlined in the Cochrane Handbook for Systematic Reviews of Interventions (version 
5.1.0)7. The assessment criteria comprise seven evaluation indicators: random sequence generation, allocation 
concealment, blinding of participants and personnel, blinding of outcome assessment, incomplete outcome data, 
selective reporting, and other biases. The overall evaluation of the risk of bias in the included literature results in 
three judgment categories: low risk of bias, unclear risk of bias, and high risk of bias. Study quality is classified 
into three levels based on the number of fulfilled evaluation criteria: Grade A for ≥ 4, Grade B for 2–3, and Grade 
C for ≤ 1. The methodological quality assessment is performed on the 24 included studies.

Statistical processing
Review Manager 5.3 was used to analyse the outcome measures of the included studies. Given that the outcome 
measures were continuous variables, we chose the standardised mean difference (SMD) as the effect size metric 
for statistical analysis. We used the SMD statistic to evaluate effect size, where SMD < 0.2 indicates a very small 
or negligible effect size, 0.2 ≤ SMD < 0.5 indicates a small effect size, 0.5 ≤ SMD < 0.8 indicates a moderate effect 
size, SMD ≥ 0.8 indicates a large effect size8. We employed the I2 statistic to test for heterogeneity, with I2 < 40% 
indicating low heterogeneity, 40% ≤ I2 ≤ 70% indicating moderate heterogeneity, and I2 > 70% indicating high 
heterogeneity9. We applied fixed-effect models for analyses with no or low heterogeneity and random-effect 
models for analyses with moderate to high heterogeneity. We conducted subgroup analyses for studies exhibiting 
substantial heterogeneity9. We used Stata-SE 18.0 for publication bias analysis, setting the significance level at 
P < 0.05.

Publication bias analysis
In this study, Begg’s test was uniformly applied as the primary method to detect potential publication bias. Begg’s 
test evaluates the correlation between effect sizes and their standard errors using Kendall’s rank correlation 
coefficient to identify significant small-study effects, which may indicate publication bias. Significant publication 
bias was considered present if Begg’s test yielded P < 0.05; otherwise, P > 0.05 indicated no significant bias10.

Results
Study selection
A preliminary search of the database generated 3312 documents. After deleting duplicates, the number of unique 
records is reduced to 2177. After screening the title, abstract and full text, 24 studies remained. See Fig. 1.

Study characteristics
A detailed overview of participant characteristics and the resistance training programs used in the included 
studies in Table 1. This study included a total of 587 participants. Among them, 24 studies exclusively assessed 
male subjects (n = 471), while 9 focused solely on female subjects (n = 164)11–19. Additionally, 8 studies included 
both male and female athletes11,12,14,15,17–20. Regarding resistance training experience, 7 studies investigated 
participants with prior resistance training experience21–27, whereas 17 studies focused on those without resistance 
training experience11–20,28–34. The duration of training interventions ranged from 4 to 14 weeks. Specifically, one 
study implemented a 7-week training program34, and another conducted a 14-week intervention16. Two studies 
employed a 10-week program24,31, three studies implemented a 4-week program18,20,29, four studies used a 6-week 
protocol14,17,21, seven studies adopted an 8-week training program12,15,22,25,27,30,33, and six studies conducted a 
12-week intervention11,13,19,23,26,32. Regarding muscle contraction types, concentric and eccentric contractions 
were applied in 22 studies11,14,21,22,28, while isokinetic and isometric contractions were each utilized in study10,35. 
Regarding targeted muscle groups, 10 studies focused on upper limb resistance training18,20,23,24,26,29–33, whereas 
17 studies investigated lower limb resistance training11–17,19,21–23,25–29,34.

Adaptations of skeletal muscle strength performance to strength training
Meta-analysis of the effects of resistance training on maximal skeletal muscle strength
Twenty studies have reported on the relationship between resistance training and maximum muscle streng
th23,24,26,30,32–34. The heterogeneity analysis showed low heterogeneity (I2 = 17%, P = 0.24). The meta-analysis 
forest plot is shown in Fig.  2; therefore, a fixed-effects model was employed for the meta-analysis. The 
results demonstrate that resistance training programs significantly increase participants’ maximum strength 
[SMD = 0.77, 95% CI (0.57, 0.98), P < 0.05]. The publication bias test results (z = 4.12, P < 0.05) were statistically 
significant, indicating the presence of publication bias.

Eight studies investigated the relationship between resistance training and squat strength benefits23,26,33,34. 
The heterogeneity analysis showed low heterogeneity (I2 = 39%, P = 0.12); therefore, a fixed-effects model 
was applied in the meta-analysis. The results demonstrate that resistance training programs significantly 
enhance participants’ squat strength [SMD = 1.14, 95% CI (0.79, 1.49), P < 0.05], showing a significant effect. 
Publication bias is not assessed due to insufficient studies (fewer than 10)8. Twelve studies investigated the 
relationship between resistance training and bench press strength24,30,32,33. The heterogeneity analysis showed 
low heterogeneity (I2 = 0%, P = 0.93); therefore, a fixed-effects model was applied for the meta-analysis. The 
results demonstrate that resistance training programs significantly enhance participants’ bench press strength 
[SMD = 0.6, 95% CI (0.35, 0.84), P < 0.05], showing a significant effect. The publication bias test results (z = 1.83, 
P = 0.0671) failed to reach statistical significance, suggesting no substantial evidence of publication bias. The 
meta-analysis forest plot is shown in Fig. 3.

This study investigates the relationship between resistance training and maximum strength benefits for 
subjects with prior resistance training experience. Eight studies examined the relationship between resistance 
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training and maximum strength in subjects with prior resistance training experience23,24,26. The heterogeneity 
analysis revealed moderate heterogeneity (I2 = 50%, P = 0.05), so a random-effects model was applied for the meta-
analysis. The results demonstrate that resistance training programs significantly increase maximum strength in 
subjects with prior resistance training experience [SMD = 1.09, 95% CI (0.62, 1.56), P < 0.05]. After excluding 
the fourth study, heterogeneity significantly decreased (I2 = 7%, P = 0.37). Although most existing literature has 
concentrated on comparing training volumes between 1 to 4 sets, research on volumes exceeding four sets, 
especially within the context of resistance training participants, remains relatively scarce36–38. Therefore, adopting 
excessively high training volumes (e.g., 8 sets) may exceed the adaptive capacity of many individuals, resulting 
in more significant variation in neuromuscular adaptations between individuals23. Notably, in individuals with 
extensive resistance training experience, such high training volumes may exacerbate adaptation differences. Given 
the variability in individuals’ physical conditions, training backgrounds, and recovery capabilities, excessively 
high training volumes may prevent some individuals from adapting effectively, leading to more significant 
neurological discrepancies39. This disparity could further amplify inconsistencies in strength improvements 
and increase heterogeneity within groups, thereby impacting the stability and consistency of subgroup analysis 
results. Therefore, excluding training groups using 8 sets in subgroup analyses of experienced trainees helps 
reduce confounding due to differences in training volume, ensuring more consistent and comparable results. 
After exclusion, the result was [SMD = 0.89, 95% CI (0.55, 1.23), P < 0.05], showing a significant effect. Since 
fewer than 10 studies were included, publication bias was not assessed. The meta-analysis forest plot is shown 
in Fig. 4.

Twelve studies examined the relationship between resistance training and maximum strength in subjects 
without prior resistance training experience30,32–34. The heterogeneity analysis showed low heterogeneity 
(I2 = 0%, P = 0.89); thus, a fixed-effects model was applied for the meta-analysis. The results demonstrate that 

Fig. 1.  Literature search flow.
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References Subjects Intervention: intensity, sets, frequency, weeks Outcomes

Duan21 T1: 8 trained males; T2: 8 No RT 
experience males; LRT T1,T2: Barbell weight-bearing half squat at8RM, 1 set, 2times / week, 6 weeks Upper and lower limb 

agonist muscle sEMG

Abe11 No RT experience T1: 17 males; T2: 20 
females; LRT

T1,T2: Dynamic resistance training with knee extension (KE) and chest press 
(CP), 8–12(RM), to fatigue, 3 times /week, 12 weeks

Biceps brachii, triceps 
brachii, pectoralis major MT

Alegre12
No RT experience; T1: (n = 10, 8 men 
and 2 women); T2: (n = 9, 6 men and 3 
women); LRT

T1: Single-leg isometric knee extension with knee flexed 90° (K90); T2: Single-leg 
isometric knee extension with knee flexed 50° (K50); T1, T2: 5–7 reps, 5 s, 3–4 
sets at 60–80% MVC, 3 times/week, 8 weeks

Vastus lateralis MT; 
pennation angle

Botton13
43 untrained young women T1: Unilateral 
training group (UG); T2: Bilateral training 
group (BG); LRT

T1, T2: Same inertia knee flexion and extension machine training, 1–3 weeks 
2 sets of 12-15RM; 4–6 weeks 3 sets of 9-12RM; 7–9 weeks 3 sets of 7-10RM; 
10–12 weeks 4 sets of 5-8RM, 2 times /week, 12 weeks

Lower limb peak torque; 
upper limb, lower limb 
agonist muscle sEMG

Brigatto22 with RT experience; T1: males, (n = 10); 
T2: males, (n = 10); LRT

T1, T2: concentric + eccentric resistance training 8–12 RM, T1: 16 sets, 1 times/
week,8 weeks; T2: 8 sets, 2 times/week, 8 weeks

Biceps brachii MT; Triceps 
brachii MT

Cadore14
No RT experience for 1 year; T1: 7 males 
and 4 females (CON); T2: 7 males and 4 
females (ECC,); LRT

T1:4 s maximum isometric contraction from 60° to full extension (0°). T2:4 s 
maximum isometric contraction from 0° to 60°; T1, T2: 8 to 10 reps, 2 to 5 sets, 
within 6 weeks, 2 times/week

Lower limb PT; Agonist 
muscle sEMG of upper 
limb and lower limb; Rectus 
femoris MT

Ema28 37 untrained; T1: young males; T2: young 
males; LRT

T1, T2: 20 s: 30%, 50%, 70% and 100% of MVC; 2 times/week, 6 weeks; T1: 4 
intensities, 10 reps each: hip flexors; T2: 4 intensities, 10 reps each: knee extensors

Rectus femoris MT; 
Pennation angle

Hostler15 No RT experience; T1: Male (n = 10)
T2: Female (n = 13); LRT

T1, T2: Single-leg squats and leg extensions, 50 reps per minute, 2 reps per week 
for the first 5 weeks; Last 3 weeks: 3 times/week, 8 weeks

Type I, IIa, IIx muscle 
fibres %

Jenkins29 NO RT experience; T1: Male (n = 8); T2: 
Male (n = 7); URT

T1, T2: Forearm flexion resistance training, each intensity to exhaustion, 3 times/
week, 4 weeks. T1: 80%1RM; T2: 30%1RM Biceps brachii MT

Marshall23 RT exercise ≥ 2 years; T1, T2, T3: young 
males(n = 30); URT

T1: 80% of 1-RM squat, to failure, 1 set; T2: 80% of 1-RM squat, to failure, 4 sets; 
T3: 80% of 1-RM squat, to failure, 8 sets. T1, T2, T3 2 times/week, 12 weeks

Maximum strength in the 
squat

Martínez-Cava24
RT experience; T1: Young men (n = 11); 
T2: Young men (n = 13); T3: Young men 
(n = 12); C: Young men (n = 14); URT

T1, T2, T3: 60% 1RM: 4–5 sets × 8 reps (1–2 weeks); 65% 1RM: 4–5 sets × 8 reps 
(3–4 weeks); 70% 1RM: 4–5 sets × 6 reps (5–6 weeks); 75% 1RM: 4–5 sets × 5 reps 
(7–8 weeks); 80% 1RM: 4–5 sets × 4 reps (9–10 weeks); 2 times/week, 10 weeks; 
T1, T2, T3: Full, 2/3, 1/3 range bench press

Maximum strength in the 
bench press

Nuzzo20
No RT experience; T: n = 10; 7 females; 3 
males; C: n = 11; 2 females and 9 males; 
URT

T: Isometric strength training, 1 week: 70mvc; second week: 75mvc: third week: 
80mvc:fourth week: 85mvc; 4sets × 8 reps, 3times/week, 4 weeks C: Daily activities

Peak torque of the upper 
limb

Chaves30 No RT experience; Male T1 T2: (n = 15) 
T3(n = 17); URT

T1: Horizontal bench press; T2: Incline bench press; T3: (horizontal + incline) 8 to 
12 RM, to failure, 4 to 6 sets, 1time/week, 8 weeks

Maximum strength in the 
bench press; Pectoralis 
major MT

Paddon-Jones 
200131

No RT experiences; T1: Male (n = 7); T2: 
Male (n = 6); C: Male (n = 7); URT

T1, T2: Eccentric isokinetic contraction training, 4 sets × 6 reps, 3time /week, 
10 weeks. T1 speed: 3.14 rad/s; T2 speed: 0.52 rad/s. C: Daily activities

Type I, IIa, IIx muscle 
fibres %

Ogasawara32 No RT; T1, T2: Total 15 males; URT
T1: Continuous Resistance Training (CTr);T2: Interrupted Resistance Training 
(Itr);T1, T2: 75% 1RM, 3 sets × 10 reps, 3 times/week, 12 weeks, Rest for 
7–9 weeks

Maximum strength in the 
bench press

Remaud25 RT experience. T1: Male (n = 11); T2: Male 
(n = 11); C: Male (n = 8); LRT

T1: Isotonic, 70° (40% of max isometric torque), 5 sets × 8 reps; T2: Isokinetic, 
150° and 180°/s, 5 sets of “n” reps; T1, T2: 3x/week, 8 weeks; C: Daily activities

Peak torque of the lower 
limb; Agonist muscle sEMG 
of the upper and lower limbs

Schoenfeld26 With RT experience; T1: Male (n = 9); T2: 
Male (n = 9); URT and LRT

T1: 8–12 reps (70–80% 1RM), 3 sets, 2 times /week, 12 weeks; T2: 25–35 reps 
(30–50% 1RM), 3 sets, 2 times/week, 12 weeks

1RM in the squat; Biceps 
brachii, Triceps brachii, 
Rectus femoris MT

Ullrich16 Women with no RT experience; T1: 
(n = 10); T2: (n = 10); LRT

T1: traditional periodization, 5 sets of 10 reps at 60% MVC; 80% training phase: 
5 sets of 6 reps at 80% MVC; T2: Daily undulating periodization, daily changes 
between 60%, 80% MVC. T1, T2: 2 times/week, 14 weeks

Vastus lateralis MT

Wilson17 No RT experiences; T: 10 males/12 females 
C: 10 males/8 females; LRT T: 70–80% 5RM*8–12, 3–5 reps, 2 times/week, 6 weeks; C: Habitual activities Pennation angle

Zaroni33 No RT experiences; T1: Male (n = 9); T2: 
Male (n = 9); URT

T1, T2: Barbell exercises; T1: 10-12RM, 1 time/week, 8 weeks
T2: 10-12RM,5 times/week, 8 weeks

Maximum strength in the 
squat, bench press; Vastus 
lateralis MT

Jateen Baruah34 No RT experiences; T: n = 14 males; C: 
n = 8 males; LRT T1: 70–80%1RM, 3-4sets, 3-7reps, 2 times/week, 7 weeks Maximum strength in the 

squat

Riku Yoshida18 No RT experiences; T1, T2, T3, C: 
(n = 8male, 4 females); URT

T1: MVC,1 time/week; T2: 2/3 MVC, T3: 1/3 MVC. 6eccentric contractions, 3 s 
each, with 9 s of rest, 5 times/week, 4 weeks

Peak torque of the upper 
limb; Biceps brachii MT

Saša Vuk27 RT experiences; G1: (n = 13 males)
G3: (n = 13 males); LRT G1, G3; 70%1RM; 2sets, 12reps, 3 times/week, 8 weeks Peak torque of the upper 

limb and lower limb

Sterczala19 No RT experiences T1: (n = 14 females); 
T1: (n = 19 males); LRT T1: 3-4sets, 3-10reps, 3 times/week, 12 weeks Type I, IIa, IIx muscle 

fibres %

Table 1.  Basic characteristics of resistance training interventions included in the study. Muscle thickness 
(MT); Peak torque (PT); Resistance training (RT); Lower Resistance training (LRT); Upper limb resistance 
training (URT); Rest one minute between sets (G1); Rest three minutes between sets (G3); Experimental group 
(T); Control group (C).
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resistance training programs significantly increase maximum strength in subjects without prior resistance 
training experience [SMD = 0.64, 95% CI (0.38, 0.89), P < 0.0001]. The publication bias test result (z = 2.00, 
P < 0.05) was statistically significant, suggesting the presence of publication bias.

Fig. 3.  Forest plot of meta-analysis of maximal squat and bench press performance.

 

Fig. 2.  Forest plot of the meta-analysis on maximal strength.
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Meta-analysis of the effects of resistance training on peak torque
Fifty-four studies examined the relationship between resistance training and peak torque13,14,18,20,25,27,29. The 
meta-analysis results showed moderate heterogeneity (I2 = 48%, P < 0.05), warranting a random-effects model. 
The results indicated a significant effect with SMD = 0.77, 95% CI (0.62, 0.93), P < 0.05. The meta-analysis 
forest plot is presented in Fig. 5. Studies on the effects of resistance training on peak torque exhibited moderate 
heterogeneity. The publication bias test (z = 6.69, P < 0.001) was statistically significant, suggesting the presence 
of publication bias. Subgroup analysis indicated that the source of heterogeneity could stem from test sites and 
testing methods.

To further explore the relationship between resistance training and peak torque at different test sites, 24 
studies examined the relationship between resistance training and lower limb peak torque13,14,25,27. Heterogeneity 
analysis revealed statistically significant moderate heterogeneity (I2 = 44%, P < 0.05), warranting a random-
effects model. The results demonstrated that resistance training programs significantly increase lower limb 
peak torque [SMD = 1.06, 95% CI (0.82, 1.29), P < 0.00001]. The publication bias test (z = 5.08, P < 0.05) was 
statistically significant, suggesting the presence of publication bias.

Thirty studies examined the relationship between resistance training and upper limb peak torque18,20,27. 
Heterogeneity analysis revealed statistically significant low heterogeneity (I2 = 35%, P = 0.03), leading to the use 
of a fixed-effects model. The results demonstrated that resistance training programs significantly increase upper 
limb peak torque [SMD = 0.54, 95% CI (0.40, 0.69), P < 0.05]. The publication bias test (z = 4.25, P < 0.05) was 
statistically significant, suggesting the presence of publication bias.

For upper limb peak torque, the intensity ranged from 45 to 85% of 1RM, with repetitions ranging from 8 to 
failure, mainly focusing on 12 repetitions. The number of sets ranged from 2 to 5, primarily 5 sets. The duration 
ranged from 8 to 12 weeks, primarily 8 weeks, with training frequency ranging from 2 to 3 sessions per week, 
mainly 3 sessions. All of these ranges can yield training benefits.

Eleven studies investigated the relationship between peak torque and upper limb concentric testing 
methods18,20,27. The analysis showed low heterogeneity (I2 = 0%, P = 0.45), leading to using a fixed-effects model 
for the meta-analysis. Results indicated that concentric contraction testing of upper limb muscles significantly 
affected peak torque [SMD = 0.69, 95% CI (0.44, 0.93), P < 0.05]. The publication bias test (z = 1.16, P = 0.2458) 
was not statistically significant, suggesting no publication bias.

Ten studies examined the relationship between peak torque and lower limb concentric testing methods13,14,27. 
The heterogeneity analysis showed moderate heterogeneity (I2 = 39%, P = 0.10), prompting the use of a fixed-
effects model. Results revealed that concentric contraction testing of lower limb muscles significantly influenced 
peak torque [SMD = 1.18, 95% CI (0.84, 1.52), P < 0.05]. Though the effect was not statistically significant. The 
publication bias test (z = 6.81, P < 0.05) was statistically significant, indicating potential publication bias.

Ten studies examined the relationship between peak torque and upper limb eccentric testing methods18,27. 
The heterogeneity analysis showed low heterogeneity (I2 = 0%, P = 0.78), leading to the use of a fixed-effects 
model. Results indicated that eccentric contraction testing of upper limb muscles significantly affected peak 

Fig. 4.  Forest plot of meta-analysis of maximal bench press performance.
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torque [SMD = 0.52, 95% CI (0.27, 0.77), P < 0.05]. The publication bias test (z = 1.67, P = 0.0959) was not 
statistically significant, suggesting no publication bias.

Six studies explored the relationship between peak torque and lower limb eccentric testing methods14,27. 
The heterogeneity analysis showed statistically significant moderate heterogeneity (I2 = 49%, P = 0.08), leading 
to using a random-effects model. Results showed that eccentric contraction testing of lower limb muscles 
influenced peak torque [SMD = 1.57, 95% CI (1.05, 2.10), P < 0.05]. The results remained statistically significant. 
Due to the limited number of studies, publication bias was not assessed.

Nine studies examined the relationship between peak torque and upper limb isometric testing methods18. 
The analysis indicated low heterogeneity (I2 = 0%, P = 1.00), leading to using a fixed-effects model for the 
meta-analysis. Results showed that isometric contraction testing of upper limb muscles affected peak torque 
[SMD = 0.19, 95% CI (− 0.08, 0.46), P = 0.17], though the effect was not statistically significant. Due to the limited 
number of studies, publication bias was not assessed.

Eight studies examined the relationship between peak torque and lower limb isometric testing methods25. The 
heterogeneity analysis showed low heterogeneity (I2 = 0%, P = 0.90), leading to using a fixed-effects model for the 
meta-analysis. Results indicated that isometric contraction testing of lower limb muscles significantly affected 
peak torque [SMD = 0.55, 95% CI (0.25, 0.85), P < 0.05]. Due to the limited number of studies, publication bias 
was not assessed.

Muscle physiology adaptations to strength training
Meta-analysis of the effects of resistance training on muscle fibres composition
Eighteen studies examined the relationship between resistance training and muscle fibres percentages15,19,31. 
Meta-analysis revealed high heterogeneity between studies (I2 = 85%, P < 0.05), leading to the use of a random-
effects model. The meta-analysis showed no significant effect [SMD = 0.14, 95% CI (− 0.45, 0.74), P = 0.63]. The 
publication bias test (z = 0.53, P = 0.5959) was not statistically significant, indicating no publication bias. Studies 
on the effects of resistance training on muscle fibre percentages exhibited moderate heterogeneity. Subgroup 
analysis suggested that muscle fibre types may be the source of heterogeneity.

The relationship between resistance training and muscle fibre types (Type I, Type IIa, Type IIx) was 
investigated. The meta-analysis forest plot is shown in Fig. 6. Six studies have reported the relationship between 
Type I muscle fibres percentage15,19,31. Heterogeneity analysis showed low heterogeneity (I2 = 0%, P = 0.47), so 
a fixed-effects model was applied in the meta-analysis. The results indicated that resistance training programs 
increased Type I muscle fibre percentage [SMD = 0.31, 95% CI (− 0.03, 0.65), P = 0.08], although the effect was 
insignificant. Publication bias was not assessed due to the limited number of studies.

Fig. 5.  Forest plot of meta-analysis of peak torque performance.
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Six studies examined the relationship with Type IIa muscle fibres percentage15,19,31. Heterogeneity analysis 
revealed low heterogeneity (I2 = 15%, P = 0.32), leading to using a fixed-effects model in the meta-analysis. The 
results showed that resistance training programs increased Type IIa muscle fibres percentage [SMD = 0.05, 95% 
CI (− 0.29, 0.39), P = 0.76], with no significant effect. Publication bias was not assessed due to the limited number 
of studies (fewer than 10). Six studies reported the relationship with Type IIx muscle fibres percentage15,19,31. 
Heterogeneity analysis indicated low heterogeneity (I2 = 30%, P = 0.21), leading to using a fixed-effects model 
in the meta-analysis. The results showed that resistance training programs reduced Type IIx muscle fibres 
percentage [SMD =  − 0.52, 95% CI (− 0.96, − 0.17), P = 0.76], though this effect was insignificant. Publication 
bias was not assessed due to the limited number of studies.

Meta-analysis of resistance training and muscle thickness
Forty studies investigated the relationship between resistance training and muscle thickness. Heterogeneity 
analysis showed medium heterogeneity (I2 = 53%, P < 0.05), leading to using a Radom-effects model for meta-an
alysis11,12,14,16,18,22,26,28–30,33. The results indicated that resistance training significantly increased skeletal muscle 
thickness in participants [SMD = 0.28, 95% CI (0.20, 0.69), P < 0.05]. The publication bias test (z = 2.09, P < 0.05) 
was statistically significant, indicating the presence of publication bias.

To further explore the effect of resistance training on different agonist muscles, subgroup analyses were 
conducted for the biceps brachii, triceps brachii, pectoralis major, rectus femoris, and vastus lateralis. The forest 
plot from the meta-analysis is shown in Fig. 7.

Seventeen studies examined the relationship between resistance training and biceps brachii thickness11,18,26,29,33. 
Heterogeneity analysis showed low heterogeneity (I2 = 0%, P = 0.99), leading to using a fixed-effects model for 
meta-analysis. The results indicated a significant increase in biceps brachii thickness following resistance training 
[SMD = 0.61, 95% CI (0.40, 0.83), P < 0.05]. The publication bias test (z = 1.57, P = 0.117) was not statistically 
significant, indicating no publication bias.

Six studies examined the relationship between resistance training and triceps brachii thickness11,22,26. 
Heterogeneity analysis showed low heterogeneity (I2 = 0%, P = 0.64), leading to using a fixed-effects model 
for meta-analysis. The results indicated a significant increase in triceps brachii thickness following resistance 
training [SMD = 0.65, 95% CI (0.27, 1.03), P < 0.05]. Since there were fewer than 10 studies, publication bias was 
not assessed.

Six studies examined the relationship between resistance training and pectoralis primary thickness11,30. 
Heterogeneity analysis showed low heterogeneity (I2 = 0%, P = 0.43), leading to using a fixed-effects model for 
meta-analysis. The results indicated a significant increase in pectoralis primary thickness following resistance 
training [SMD = 1.39, 95% CI (0.1.01, 1.77), P < 0.05]. Since there were fewer than 10 studies, publication bias 
was not assessed.

Six studies examined the relationship between resistance training and vastus lateralis thickness12,16,33. 
Heterogeneity analysis showed moderate heterogeneity (I2 = 46%, P = 0.10), leading to using a random-effects 
model for meta-analysis. The results indicated no significant increase in vastus lateralis thickness following 
resistance training [SMD = 0.07, 95% CI (− 0.31, 0.45), P = 0.72]. Since there were fewer than 10 studies, 
publication bias was not assessed.

Fig. 6.  Meta-analysis forest plot of muscle fibres composition percentages.
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Six studies examined the relationship between resistance training and rectus femoris thickness14,26,28. 
Heterogeneity analysis showed moderate heterogeneity (I2 = 54%, P = 0.10), leading to using a random-effects 
model for meta-analysis. The results indicated no significant increase in rectus femoris thickness following 
resistance training [SMD = 0.61, 95% CI (0.26, 0.97), P = 0.75]. Since there were fewer than 10 studies, publication 
bias was not assessed.

Meta-analysis of the effect of resistance training on pennation angle
Ten studies examined the relationship between resistance training and pennation angle12,17,28. Heterogeneity 
analysis showed moderate heterogeneity (I2 = 54%, P  < 0.05), leading to using a random-effects model for the 
meta-analysis. The results suggested that resistance training may increase the pennation angle of skeletal muscles 
[SMD = 0.36, 95% CI (− 0.02, 0.74), P = 0.06], but the effect was not statistically significant. The forest plot from 
the meta-analysis is shown in Fig. 8. The publication bias test (z =  − 2.71, P < 0.05) was statistically significant, 
indicating the presence of publication bias.

Neural adaptations to strength training
Meta-analysis of the effect of resistance training on electromyographic (EMG) activity
Twenty-eight studies examined the relationship between resistance training and EMG. Heterogeneity analysis 
indicated moderate heterogeneity (I2 = 58%, P < 0.05), leading to using a random effects model for the meta-
analysis13,14,21,25. The results showed that resistance training programs significantly improved squat strength 
[SMD = 0.54, 95% CI (0.26, 0.81), P < 0.05]. The publication bias test (z = 5.62, P < 0.05) was statistically significant, 
indicating the presence of publication bias.

A subgroup analysis explored the effects of resistance training on upper and lower limb EMG, separating 
muscles into upper and lower limbs. Eighteen studies examined the relationship with upper limb EMG14,25. 
Heterogeneity analysis showed low heterogeneity (I2 = 3%, P = 0.42), so a fixed-effects model was applied. The 
results showed a significant effect [SMD = 0.97, 95% CI (0.74, 1.20), P < 0.05]. The publication bias test (z = 3.97, 
P < 0.001) was statistically significant, indicating the presence of publication bias.

Ten studies examined the relationship with lower limb EMG13,21. Heterogeneity analysis showed low 
heterogeneity (I2 = 30%, P = 0.17), so a fixed effects model was applied. The results showed a significant effect 
[SMD = 0.92, 95% CI (0.61, 1.24), P < 0.05]. The publication bias test (z = 3.97, P < 0.001) was statistically 
significant, indicating the presence of publication bias. Figure 9 shows the forest plots for the effects of resistance 
training on upper and lower limb EMG.

Discussion
Moderator and subgroup analyses of resistance training effects on maximal strength
According to the results of our meta-analysis, training aimed at enhancing participants’ maximal strength 
typically employs intensity levels ranging from 60 to 85% of 1RM. The repetition range is generally between 3 

Fig. 7.  Meta-analysis forest plot of skeletal muscle thickness.
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and failure, with a primary focus on 10–12 repetitions per set. The number of sets varies from 1 to 8, with the 
most common range being 3–4. Training durations generally span 6–8 weeks, with a frequency of 1–5 sessions 
per week, typically 2–3 times. This training protocol has resulted in moderate to substantial improvements 
in maximal strength. The analysis results indicate that resistance training led to a moderate improvement in 
maximal muscle strength (SMD = 0.77). The strength assessment methods employed included the one-repetition 
maximum (1RM) squat test, knee extension test, elbow extension test, and bench press test.

The equipment included the Smith machine, barbells, free weights, and close-grip seated presses. Subgroup 
analysis was conducted to explore the effects of resistance training on maximal strength in the upper and lower 
limbs. The results revealed that the strength improvements in the upper limbs were less pronounced than those 
in the lower limbs, with a significant difference between groups (P < 0.05). Additionally, subgroup analysis was 
performed to assess the effects of resistance training on participants with and without prior resistance training 
experience. This study found that participants with resistance training experience significantly improved 

Fig. 9.  Meta-analysis forest plot of EMG in the upper and lower limbs.

 

Fig. 8.  Meta-analysis forest plot of pennation angle.
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maximal strength more than those without such knowledge. However, the difference between groups was 
insignificant (P = 0.24). These results are consistent with previous research, which indicates that resistance 
training can moderately enhance maximal muscle strength, but responses to the same training stimulus vary 
across muscle groups. One study comparing single-set and multiple-set resistance training for improvements in 
upper and lower limb strength and muscle mass found that the increase in lower limb strength was significantly 
more significant than in the upper limbs, with statistical differences between the two40. This suggests that the 
lower limbs may be more sensitive to resistance training due to the larger muscle group volume and higher 
proportion of load-bearing fibres. A similar trend was observed in athletes as well. A previous study on elite 
male handball players reported that after 8 weeks of heavy resistance training, strength improvements differed 
between the upper and lower limbs, with the lower limbs showing greater enhancement, further confirming 
the region-specific nature of muscle adaptation41. In another study, personalized stimulus for different muscle 
groups is crucial in training programs due to the differences in muscle group responses to training loads and 
their physiological foundations.

Furthermore, regarding the impact of prior resistance training experience on strength improvements, studies 
have noted that individuals with previous experience typically experience more significant absolute gains in 
maximal strength than those with no such experience40. Moreover, research also shows that adaptations in lower 
limb strength are more pronounced within the resistance training group. In contrast, the impact on upper limbs 
is less affected by prior resistance training history42.

Moderator and subgroup analyses of resistance training effects on peak torque
The results of this meta-analysis indicate that for upper limb peak torque, the intensity ranged from 45 to 85% 
of 1RM, with repetitions ranging from 8 to failure, primarily focusing on 12 repetitions. The number of sets 
ranged from 2 to 5, with 5 being the most used. The duration ranged from 8 to 12 weeks, primarily 8 weeks, 
with the training frequency ranging from 2 to 3 sessions per week, mainly 3 sessions. This protocol resulted in 
a moderate to large improvement in the peak torque of the muscles. For lower limb peak torque, the intensity 
ranged from 30 to 100% of 1RM, with repetitions ranging from 6 to 12 and sets ranging from 2 to 4. The 
duration ranged from 4 to 8 weeks, primarily 4 weeks. The training frequency ranged from 3 to 5 sessions per 
week, with 3 being the most common. This protocol also led to moderate to significant improvements in the 
peak torque of the muscles. The analysis revealed a moderate improvement in peak torque following resistance 
training (SMD = 0.77). The strength assessment methods employed included concentric contraction, eccentric 
contraction, isometric contraction, and isokinetic contraction, with a contraction speed of 0.52  rad/s. The 
equipment included the Smith machine, barbells, free weights, and close-grip seated presses. Subgroup analysis 
was conducted to investigate the impact of resistance training on peak torque improvement for both upper 
and lower limbs. The results showed that the improvement in peak torque for the upper limbs was less than 
that for the lower limbs, with a significant difference between the groups (P < 0.001). Further subgroup analysis 
examined the effects of concentric contraction on peak torque, revealing that the improvement in upper limb 
peak torque was lower than that in the lower limbs, with a significant difference between the groups (P < 0.05).

Additionally, subgroup analysis examined the effects of eccentric contraction on peak torque improvement, 
showing that the improvement in upper limb peak torque was lower than that in the lower limbs, with a 
significant difference between the groups (P < 0.05). Subgroup analysis was also conducted to assess the effects 
of isometric contraction on peak torque improvement, and the results showed that the improvement in upper 
limb peak torque was lower than that in the lower limbs. However, this difference was not statistically significant 
(P = 0.08). These results are consistent with previous studies, which have shown that when total training volume 
is matched. However, upper and lower limb muscles experience increased strength and volume. Region-specific 
responses demonstrate that the lower limbs generate greater torque than the upper limbs during concentric and 
eccentric contractions43,44. In isometric contraction tests, both upper and lower limbs exhibited neuromuscular 
adaptations due to resistance training, but the lower limbs showed more significant changes in peak torque45,46.

Moderator and subgroup analyses of resistance training effects on muscle fibres composition
According to the results of our meta-analysis, the intensity required for muscle fibres adaptation for maximal 
strength typically ranges from 60 to 90% of 1RM, with 3 to 10 repetitions, 2–4 sets, throughout 8 to 12 weeks, 
and a frequency of 2–3 sessions per week, predominantly 3 times per week. This training protocol can lead 
to negligible to minor improvements. The analysis revealed that resistance training resulted in a minimal 
improvement in muscle fibres composition (SMD = 0.14). The assessment method used for muscle fibres 
composition was the 6  mm Bergstrom percutaneous biopsy needle. Subgroup analysis was conducted to 
investigate the effects of resistance training on the percentage changes in different muscle fibres types. The 
results showed that, after resistance training, the percentage of type I muscle fibres was higher than that of type 
IIa, which was, in turn, higher than that of type IIx, with a statistically significant difference between groups 
(P < 0.05). Previous studies have demonstrated that resistance or strength training can induce adaptive changes 
in muscle fibres type composition, specifically characterized by a significant reduction in the proportion of 
type IIx fibres, accompanied by a shift toward type IIa and even type I fibres. In contrast, the proportion of type 
I fibres is maintained or slightly increased. This transformation in fibres composition reflects an adaptation 
of muscle tissue toward more oxidative and fatigue-resistant characteristics, contributing to improvements in 
maximal strength output47–50. This fibres remodeling process during training typically manifests as a hierarchical 
distribution of the type I > type IIa > type IIx fibres, which has been validated by changes in myosin heavy chain 
(MHC) expression, namely, an increase in MHC IIa expression and a decrease in MHC IIx expression. These 
prior findings support the results of our analysis47–50.
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Moderator and subgroup analyses of resistance training effects on muscle thickness
According to the results of our meta-analysis, in resistance training protocols where load intensity is expressed 
as a percentage of maximal voluntary contraction (MVC), the training intensity predominantly ranged from 
60 to 100% MVC, with repetitions mostly between 6 and 10, sets ranging from 1 to 5, a frequency of 2 to 5 
sessions per week, and training duration varying from 4 to 14 weeks. In contrast, protocols using repetition 
maximum (RM) to express load intensity mainly focused on a range of 70% to 80% 1RM (approximately 8–12 
RM), with repetitions between 6 and 12, sets typically between 3 and 6, a frequency of 1 to 3 sessions per week, 
and a training duration primarily concentrated between 8 and 12 weeks. These protocols led to a small effect 
size improvement in the overall muscle thickness of both upper and lower limbs. The analysis showed a small 
improvement following resistance training (SMD = 0.28). The assessment methods for muscle thickness included 
B-mode ultrasonography (probe frequency range: 2.5–7.5  MHz) and high-resolution magnetic resonance 
imaging (repetition time: 520 ms; echo time: 20 ms).

Subgroup analysis in this study explored the effects of resistance training on the thickness of different muscles. 
Results indicated that post-training increases in the thickness of the pectoralis major > triceps brachii > biceps 
brachii, and rectus femoris > vastus lateralis, with statistically significant differences between groups (P < 0.05). 
Previous studies have demonstrated that maximal strength training promotes muscle hypertrophy by imposing 
high mechanical tension, thereby increasing muscle cross-sectional area51,52. Among upper limb muscle groups, 
compound strength training exercises such as the bench press primarily activate the pectoralis major, the central 
agonist in pushing movements and are subjected to substantial mechanical load and contraction amplitude. 
Consequently, the hypertrophic response of the pectoralis major is significantly greater than that of other 
synergistic muscles.

Simultaneously, although subjected to less mechanical tension than the pectoralis major, the triceps brachii, 
as a synergist in extension during pushing actions, still participates actively in movement execution, leading to 
a notable hypertrophic effect. In contrast, the biceps brachii, which mainly contributes to pulling and auxiliary 
movements, is less activated during pushing-type training, resulting in comparatively limited hypertrophic 
adaptation53,54. For lower limb muscles, multi-joint compound exercises such as squats can significantly trigger 
the entire quadriceps group; however, functional differentiation among the muscle heads leads to variability 
in hypertrophic responses. For example, the rectus femoris possesses unique anatomical and physiological 
advantages in coordinating knee extension. Under maximal strength training conditions, its hypertrophic 
reaction is often more significant than the vastus lateralis. This can be partially attributed to the rectus femoris 
being a biarticular muscle crossing both the hip and knee joints. It requires it to undertake more complex roles 
in stability control and force transmission during training, making it more prone to adaptive enlargement under 
high mechanical tension55,56.

Moderator and subgroup analyses of resistance training effects on pennation angle
According to the findings of our meta-analysis, studies employing training intensity expressed as a percentage 
of maximal voluntary contraction (MVC) predominantly utilized load intensities ranging from 60 to 100% 
MVC, with 5–10 repetitions per set, 3–5 sets per session, a training frequency of 2 to 3 sessions per week, 
and intervention durations spanning 6 to 8  weeks. In contrast, training protocols quantifying intensity by 
repetition maximum (RM) primarily applied loads corresponding to 70% to 80% of one-repetition maximum 
(approximately equivalent to 8–12 RM)57, with 3 to 5 repetitions per set, performed twice weekly over 6 weeks. 
Such training parameters were found to elicit a moderate effect on enhancements in muscle pennation 
angle. Quantitative synthesis revealed a small but statistically significant effect size in the pennation angle 
following resistance training (SMD = 0.36). Muscle architectural assessments were conducted using B-mode 
ultrasonography. Previous literature has demonstrated that increases in muscle thickness are often accompanied 
by corresponding increases in pennation angle among adults, suggesting that resistance training induces 
muscular hypertrophy and facilitates the reorganization of intramuscular architecture58. Comparative analyses 
between resistance-trained individuals and untrained controls have corroborated these findings, with trained 
participants exhibiting significantly more significant increases in pennation angle59. Moreover, existing evidence 
suggests that changes in pennation angle frequently occur in tandem with alterations in muscle thickness and 
other architectural variables, such as muscle fascicle length. The extent to which pennation angle modifications 
contribute to maximal strength improvements appears to be muscle-specific and may vary based on the nature 
of the resistance training stimulus58–60. Consequently, changes in pennation angle should be interpreted as part 
of a multifactorial adaptation process rather than in isolation.

Moderator and subgroup analyses of resistance training effects on muscle activation (RMS 
values)
According to the results of the meta-analysis, studies employing training intensity based on the percentage 
of maximal voluntary contraction (MVC) typically involved 1 to 5 sets of 6 to 15 repetitions, with a training 
frequency of 2–3 sessions per week and an intervention duration ranging from 6 to 12  weeks. In resistance 
training protocols where the intensity was expressed in terms of repetition maximum (RM), training loads 
generally ranged from 60 to 80% of one-repetition maximum (1RM), with 6–12 repetitions per set, 2–5 sets per 
session, and training frequencies of 2 to 3 times per week over a 6–12-week period. The analysis demonstrated a 
small effect size for changes in the root mean square (RMS) muscle activity values following resistance training 
(SMD = 0.49). RMS values were assessed using surface electromyography sensors, specifically the Bagnoli 16 
EMG system, with a sampling rate of 1,000 Hz and a band-pass filter set between 10 and 500 Hz in this study. 
Subgroup analyses were conducted to examine the effects of resistance training on RMS values in upper versus 
lower limb muscles. Results indicated that the improvement in RMS values was more significant in upper limb 
muscles than in lower limb muscles; however, the difference was not statistically significant (P = 0.81). Previous 
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studies have reported that upper limb muscles exhibit higher levels of electrophysiological activation during 
resistance training, which may be attributed to differences in muscle fiber composition, neural drive, and the 
anatomical and physiological characteristics of movement patterns61. Furthermore, earlier research has explored 
bilateral and ipsilateral coupling effects in muscle activation across upper and lower limbs, revealing that 
voluntary contractions of upper limb muscles during specific motor tasks are often accompanied by enhanced 
neural activation and muscle recruitment. This phenomenon may help explain the more pronounced increases 
in RMS values observed in upper limb muscles following resistance training62.

Physiological mechanisms of strength training in enhancing maximal skeletal muscle 
strength
Strength training affects muscle adaptation by altering factors like muscle thickness, pennation angle, and muscle 
fibre composition, with skeletal muscle fibres classified into three types: Type I, Type IIa, and Type IIx. Increasing 
maximal strength involves various physiological adaptations, such as greater muscle thickness, changes in 
pennation angle, and shifts in muscle fibre types. The following sections will detail how these adaptations 
influence maximal strength development, supported by research explaining the underlying physiological 
mechanisms.

Increase in muscle thickness: One of the most prominent adaptations to strength training is muscle 
hypertrophy, which increases muscle thickness. Strength training induces micro-damage in muscle fibres, 
activating satellite cells that fuse with existing fibres, increasing their cross-sectional area63. Research shows that 
muscle cross-sectional area positively correlates with maximal strength, and increased muscle thickness directly 
enhances strength performance64,65.

Strength training also activates the mTOR (mammalian target of rapamycin) signalling pathway, which is 
crucial for protein synthesis and muscle growth. mTOR activation promotes the expression of muscle synthesis-
related genes66,67, enhancing hypertrophy and increasing maximal strength. Changes in pennation angle: The 
pennation angle, or the angle between muscle fibres and tendons, affects muscle lever arm and contraction 
efficiency68. While the increase in pennation angle after strength training is minimal, it still has some impact 
on strength output. A larger pennation angle allows more muscle fibres to contract simultaneously, increasing 
muscle force output and overall strength capacity69. However, pennation angle adaptation is relatively tiny 
because significant changes require long-term training. Studies show that pennation angle adaptations are not 
evident in early training stages. As training progresses, adaptations mainly focus on shifts in muscle fibre types 
and increases in muscle thickness70.

Shifts in muscle fibre types: Strength training significantly influences muscle fibre types, a key factor in 
developing maximal strength. After strength training, Type I fibres increase, Type IIa fibres slightly increase, 
and Type IIx fibres significantly decrease. These changes reflect muscle adaptations to high-intensity training, 
enhancing strength output capacity71,72. The increase in Type I fibres, known for their endurance and durability, 
helps athletes exert strength more effectively during high-intensity training. Strength training activates 
growth factors like IGF-1 (insulin-like growth factor), promoting muscle growth and repair and increasing 
the number and function of Type I fibres73. Additionally, strength training boosts mitochondrial content in 
muscles, enhancing aerobic metabolism. Given Type I fibbers’ high aerobic capacity, strength training improves 
mitochondrial function to meet their energy demands, supporting their growth and function74.

Another crucial physiological mechanism is the transformation of muscle fibre types. Type IIa fibres, which 
are fast-twitch by nature, are characterised by high strength output and endurance. During strength training, 
Type IIb fibres can partially convert to Type IIa fibres to meet training demands. Factors like training intensity, 
frequency, and duration influence this conversion. Research shows that systematic strength training significantly 
boosts Type IIb-to-Type IIa conversion, increasing the proportion of Type IIa fibres75. The significant decrease 
in Type IIx fibres likely occurs due to their susceptibility to fatigue in high-intensity training, leading the body 
to retain fibres with better endurance and strength. Type IIx fibres primarily contribute to short-term, high-
intensity bursts of power but have poor fatigue resistance. Hence, during maximal strength adaptation, the 
body retains Type I and Type IIa fibres to enhance overall strength performance39,76. Strength training promotes 
maximal strength development by increasing muscle thickness, adjusting the pennation angle, and altering 
muscle fibre types.

In the adaptation process of maximal strength training, the root mean square (RMS) value of skeletal muscle 
electromyographic signals is commonly used as a key electrophysiological indicator to assess muscle electrical 
activity intensity and neural drive levels57. A significant increase in RMS values generally indicates an enhanced 
number of active motor units, improved neural drive efficiency, and greater control by the central nervous 
system39,48.

As a high-intensity, high-load training modality, maximal strength training induces multidimensional 
adaptations in the neuromuscular system. First, training promotes the recruitment of more high-threshold 
motor units, which primarily innervate fast-twitch muscle fibers (Type II fibers). These fibers have higher 
excitation thresholds and contraction capabilities, enabling them to quickly generate large amounts of tension, 
serving as the key neural foundation for maximal strength gains48. Second, training increases the discharge 
frequency of motor units, causing action potentials to be transmitted to muscle fibers faster, thereby enhancing 
muscle contractions’ stability and endurance50. Additionally, synchronization of discharge between motor units 
is improved, resulting in the coordinated activation of multiple muscle fibers and generating a greater resultant 
force within a given time, further enhancing overall muscle output51.

Moreover, regarding central regulatory mechanisms, training significantly enhances the excitability of 
the motor cortex, corticospinal tract, and spinal anterior horn neurons, allowing for more rapid and efficient 
transmission of neural impulses along the central-peripheral pathway. This increased excitability implies that the 
nervous system responds to training stimuli with greater sensitivity and precision, facilitating quicker and more 
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extensive recruitment of target muscle groups to complete movements48. Therefore, the elevation of RMS values 
reflects increased muscle excitability and serves as a comprehensive indicator of neuromuscular adaptation, 
reflecting improved neural control, muscle functional integration, and synergistic efficiency of muscle groups 
following strength training54,55.

Conclusion
This meta-analysis aimed to assess the effects of resistance training on maximal strength, peak torque, muscle 
fibres composition, muscle thickness, pennation angle, and electromyographic signals (RMS values). The analysis 
results indicate that resistance training significantly affected most of the measured outcomes, particularly in 
maximal strength and peak torque, where resistance training significantly improved (SMD = 0.77). In comparing 
the upper and lower limbs, the improvements in the lower limbs were substantially more significant than those 
in the upper limbs, with statistical differences between the groups (P < 0.05).

Regarding changes in muscle fibres composition, after resistance training, the percentage of Type I muscle 
fibres increased, and the changes in Type I fibres were significantly more significant than those in Type IIa and 
Type IIx fibres, with statistically significant differences between the groups (P < 0.05). Although the overall effect 
on muscle thickness was relatively small (SMD = 0.28), resistance training had a more pronounced effect on the 
pectoralis major and rectus femoris (P < 0.05), suggesting that resistance training can effectively promote muscle 
hypertrophy in both the upper and lower limbs, particularly in the pectoralis major and rectus femoris.

Regarding electromyographic signals (RMS values), resistance training also showed a small effect size 
improvement (SMD = 0.49), with a substantially more significant improvement in RMS values for the upper 
limbs than the lower limbs. However, the inter-group difference was insignificant (P = 0.81). Additionally, the 
change in pennation angle (SMD = 0.36) indicates that resistance training promotes muscle structural adaptation.

Overall, this study provides strong evidence for the adaptive effects of resistance training on maximal 
strength, peak torque, muscle fibres composition, muscle thickness, pennation angle, and electromyographic 
signals, supporting resistance training as an effective intervention for enhancing athletic performance and 
muscle structure.

Limitations of the study
In this study, differences in training experience were considered a potential limiting factor. Although participants 
were categorised into three groups—those with no training experience, those with physical activity experience, 
and those with training experience—it is important to note that individuals within the “training experience” 
category may differ significantly. Specifically, training experience can be further subdivided into multiple 
levels, such as "highly experienced," "moderately experienced," and "slightly experienced." These different levels 
of training experience may have varying degrees of impact on training outcomes. For instance, individuals 
with “highly experienced” training backgrounds typically exhibit higher strength levels and better motor 
skills, and their physiological adaptation mechanisms may differ significantly from those of individuals with 
“slightly experienced” or “moderately experienced” backgrounds. Therefore, differences in the levels of training 
experience may influence research results concerning strength gains and neuromuscular adaptations to some 
extent.

To minimise the potential impact of training experience differences on the meta-analysis results, future 
studies should further refine the categorisation of training experience when grouping participants and 
ensure that different levels of training experience are described in sufficient detail. Researchers should specify 
participants’ strength levels or athletic grades to allow for a more precise assessment of the effect of training 
experience on training outcomes. Additionally, adopting a unified and standardised classification system for 
training experience will help improve the consistency and comparability of studies and enhance the external 
validity and interpretability of results.

In conclusion, future research should pay particular attention to the impact of training experience levels 
on training outcomes, ensuring that this factor is adequately considered in participant selection and research 
design. This will provide a stronger theoretical basis for the personalised design of training programs and further 
promote the precision and broad applicability of research in training.

Practical applications
This study focuses on resistance training interventions explicitly aimed at the development of maximal strength, 
revealing the heterogeneous adaptations between upper and lower limb muscle groups. The findings indicate 
that different muscle groups exhibit significantly distinct adaptive mechanisms in response to the same training 
loads. This suggests that training programs to enhance maximal strength should fully account for various muscle 
groups’ structural properties and functional roles. Training content, intensity, and periodization for the upper 
and lower limbs should be differentially regulated following athletes’ specific needs and individualized goals. 
These results align with the concept of specificity of adaptation77, emphasizing that maximal strength training 
should not adopt a one-size-fits-all model but rather pursue precise interventions based on divergent response 
mechanisms to improve training efficiency and outcome conversion.

Furthermore, the study found that resistance training targeting maximal strength can induce a mild increase 
in the proportion of type I muscle fibers. In contrast, its effect on transforming type IIa and IIx fibers remains 
limited. Although fiber-type transitions play a role in maximal strength adaptations, the effect sizes are relatively 
small. These adaptations are more closely related to improvements in muscular endurance and fatigue resistance 
rather than directly enhancing neuromuscular force production. Therefore, when designing strength-focused 
training interventions, the pre-existing muscle fiber composition of the athlete should be taken into account 
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to match appropriate training loads and modalities, thereby increasing the specificity and precision of the 
intervention.

Theoretically, improvements in maximal strength are driven by the synergistic interaction between neural 
regulation mechanisms and morphological adaptations in muscle structure. In the early stages of training, 
strength gains are primarily attributed to neural adaptations, including reduced motor unit recruitment 
thresholds, increased firing rates, and enhanced synchronization of motor units. Muscle cross-sectional area 
(CSA) increases as training continues, and structural remodeling becomes dominant. Consequently, the 
design of training programs aimed at enhancing maximal strength should be based on the principle of neuro-
muscular dual adaptation1, with scientifically structured periodization and loading strategies to ensure dynamic 
coordination and mutual reinforcement between neural stimuli and structural loading.

In terms of practical application, this study provides theoretical support and operational guidance for 
addressing a long-standing question in resistance training: effectively promoting maximal strength gains 
through evidence-based training methods. While training intensity and periodization remain foundational to 
program success, individual factors such as training history, sport-specific demands, and muscle group function 
also play critical roles in modulating adaptive outcomes. Therefore, it is recommended that coaches and athletes 
follow evidence-based training principles and draw on the empirical data presented in this study to construct 
highly individualized and task-oriented maximal strength programs. Avoiding standardized training templates 
can improve interventions’ specificity, adaptability, and effectiveness. Overall, this study enriches the theoretical 
framework of maximal strength training and provides actionable evidence to support optimized resistance 
training strategies focused on maximal strength development.

Data availability
The datasets generated and analysed during the current study are provided in Appendix 1. No additional data 
are available.
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