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Abstract
Li, J, Chen, Z, Xu, K, Wang, Y, and Gong, M. Comparison of variable resistance and free weight training on long-term and acute 
effects on different assessments of strength: a systematic review and meta-analysis. J Strength Cond Res XX(X): 000–000, 
2025—Variable resistance training (VRT) addresses biomechanical disadvantages of free weight training (FWT), but its long-term 
and acute effects on strength remain underexplored. This study aimed to compare the effects of VRT and FWT on the following 
variables—maximal strength, velocity, power output, and jump distance—under both long-term and acute interventions. The study 
used cluster analysis to define variable resistance load proportion (VRLP) groups. Pairwise meta-analysis assessed long-term 
outcomes, subgroup analyses by VRLP, VRT equipment (elastic bands or chains), and number of VRT exercises (single or multiple). 
Acute interventions were evaluated using network meta-analysis across VRLP and FWT groups. Effect sizes were reported as 
standardized mean differences (SMD). For long-term effects, VRT outperformed FWT in maximal strength (repetition maximum or 
force output) and jump distance (vertical or horizontal) (0.28 # SMD # 0.37). Specifically, chain-based loading and VRLP #20% 
showed advantages across both outcomes (0.39 # SMD # 0.51). Multiple-exercise VRT improved maximal strength (SMD 5 0.27), 
whereas single-exercise VRT improved jump distance (SMD 5 0.46). For acute effects, VRLP .20% showed superior maximal 
strength (force output) (0.46 # SMD # 0.79), VRLP .37% resulted in lower maximal velocity (movement velocity) and power output 
(SMD # 21.31) compared with FWT. Thus, long-term VRT surpasses FWT in maximal strength and jump distance, with chain-
based or VRLP #20% of VRT optimal; multiple exercises benefit maximal strength, and single exercise improves maximal jump 
distance. Acutely, VRLP of 21–37% VRT results in greater mechanical output in a variety of exercises.

Key Words: accommodating resistance training, constant resistance training, chain resistance, elastic resistance, exercise
prescription, strength and conditioning

Introduction

Resistance training is a well-established strategy for enhancing 
various measures of strength. Among its modalities, free weight 
training (FWT), which does not rely on fixed trajectory machine 
and typically involves multi-joint movements, elicits greater ac-
tivation across a broader range of muscle groups and engages 
multiple physiological systems compared with machine-based 
resistance training, thereby facilitating more comprehensive 
improvements in strength (58,59,61,62). However, FWT still 
presents biomechanical disadvantages. Torque does not appro-
priately match the actual resistance throughout the movement 
range, making it difficult to effectively overcome the load. 
Therefore, when the external load is relatively heavy (e.g., .70% 
of 1 repetition maximum [1RM]), sticking points may occur near 
joint limits or at specific angles (38,39,56). Sticking points can 
lead to unnecessary energy expenditure, increased fatigue, and

disrupted movement rhythm, potentially hindering the comple-
tion of repetitions (39,56).

Variable resistance training (VRT), a derivative of FWT, inte-
grates variable resistance into free-weight exercises. By modifying 
the VRT equipment type (chains or elastic bands), the number of 
VRT exercises (single exercise: using only one VRT exercise in the 
VRT protocol; multiple exercises: incorporating more than one 
VRT exercise in the VRT protocol), and the variable resistance 
load proportion (VRLP), which refers to the percentage of total 
resistance contributed by the variable resistance (from chains or 
elastic bands), VRT allows for diverse adaptations (1,32,52,66). 
In contrast to FWT, VRT adjusts torque based on joint angle and 
moment arm, providing appropriate resistance throughout the 
range of motion and helping subjects overcome sticking points 
(38,39,56).

Building on these biomechanical advantages, long-term VRT 
improves strength adaptations across the range of motion while 
acutely enhancing motor unit recruitment (6,32,52,66). It is the-
orized to produce superior adaptations in maximal strength 
(commonly expressed as a RM or as maximal force output), 
maximal velocity (commonly expressed as the maximal move-
ment velocity of the person or object), and explosiveness (maxi-
mal power output and jump distance) (66,67). Notably, findings
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are inconsistent—some studies report no difference between VRT 
compared with FWT (2,49,52), whereas others show clear ben-
efits of VRT (32,67,78). The optimal VRT setup remains unclear 
and VRT protocols vary notably across studies in VRT equip-
ment type, number of VRT exercises, and VRLP settings 
(1,32,52,66). These methodological discrepancies, particularly in 
VRLP design, preclude the development of clear guidelines for 
identifying the most effective VRT approach (6,56,76).

Although previous meta-analyses have explored the effects of 
VRT on strength outcomes such as maximal strength 
(4,43,46,68,71), there are still several issues that remain un-
addressed. For example, in a meta-analysis of long-term inter-
ventions ($3 weeks), previous researchers reported no significant 
differences in maximal strength between VRT and conventional 
resistance training (4). Yet many included studies used single-joint 
or machine-based exercises rather than direct comparisons be-
tween VRT and FWT. Key VRT variables—such as VRT equip-
ment, number of VRT exercises, and VRLP—were also seldom 
analyzed. Furthermore, other strength outcomes lack detailed 
investigation (52,66). In contrast, acute intervention meta-
analyses—which assess strength during the intervention—found 
that higher VRT loads reduced maximal velocity compared with 
FWT, whereas elastic bands improved maximal force output and 
higher VRLP configurations enhanced maximal power output 
(65). However, these analyses lack comparisons between different 
VRLP within VRT protocols and the effects of specific VRLP 
ranges remain unclear.

Overall, comparisons between VRT and FWT should focus on 
the following aspects: (a) greater emphasis on multi-joint exer-
cises; (b) in long-term interventions, inclusion of strength out-
come beyond maximal strength and investigation of whether 
different VRT protocols; (c) in acute interventions, analysis of 
whether different VRLP-based VRT protocols yield distinct 
effects, both among themselves and FWT. In long-term VRT 
interventions, VRT is typically based on a single specific VRLP, 
resulting in pairwise comparisons (6,7,9,66,70). In contrast, 
acute studies often involve multiple VRT protocols based on 
VRLPs, forming network of interventions (20,21,65,67). Because 
of potential structural gaps in long-term data, a network meta-
analyses may introduce bias, making a pairwise meta-analysis 
a more suitable approach for evaluating long-term VRT versus 
FWT effects.

Therefore, this study will compare VRT and FWT from both 
long-term and acute effects. For the long-term effects, a pair-
wise meta-analysis was used to directly assess the effects of 
VRT versus FWT on maximal strength, maximal velocity, and 
explosiveness (maximal power output and jump distance) after 
long-term interventions, with subgroup analyses conducted 
across different VRT equipment, number of VRT exercises, 
and VRLP-based intervention designs. For acute interventions, 
a network meta-analysis was used to compare the effects of 
different VRT based on VRLP design with FWT on maximal 
strength (force output), maximal velocity, and explosiveness 
(maximal power output). We make the following hypotheses:
(a) for long-term effects, VRT would lead to superior 
improvements in the aforementioned measures of strength, 
with these effects being influenced by different VRT designs;
(b) for acute effects, varying VRLP strategies would differen-
tially influence strength outcomes (51,67). In addition, 
explosiveness—conceptualized as the combined expression of 
maximal strength and velocity—was operationally defined 
using 2 indicators: (a) maximal power output and (b) maximal 
jump distances (vertical or horizontal) (73).

Methods

Experimental Approach to the Problem

This study followed the Preferred Reporting Items for Systematic 
Reviews and Meta-Analyses (PRISMA) guidelines and was reg-
istered in the PROSPERO database (registration number: 
CRD42024550030; date: 16 Mar 2025). All steps were in-
dependently completed by 2 authors (Li, J and Chen, Z), with 
discrepancies resolved by other authors (Xu, K, Wang, Y, and 
Gong. M) and final consensus among all authors.

Search Strategy

The literature search for this study was conducted up until March 
2025 across 6 databases: PubMed, Embase, Scopus, Web of Sci-
ence, SPORTDiscus, and Cochrane Library. A comprehensive 
search strategy was designed using Boolean operators (AND/OR) 
and relevant keywords. The search query for PubMed was used as 
the primary reference, and the Polyglot Search Translator Tool (41) 
was used to adapt the query for other databases. The PubMed 
search query was: (“variable resistance” OR “accommodating 
resistance” OR “resistance training” OR “strength training” OR 
“constant resistance training” OR “free weight” OR “back squat” 
OR “bench press” OR “deadlift” OR “weightlifting”) AND 
(“acute effects” OR “long term effects” OR “kinetic” OR “kine-
matic” OR “force” OR “power” OR “velocity” OR “accelera-
tion” OR “RM” OR “repetitions maximum” OR “strength” OR 
“maximal strength” OR “RFD” OR “rate of force development” 
OR “jump” OR “CMJ” OR “counter movement jump” OR 
“vertical jump” OR “standing long jump” OR “jump height” OR 
“jump distance”) AND (“band” OR “elastic band” OR “rubber 
band” OR “rubber tube” OR “elastic tube” OR “chain” OR 
“thera-band”). The detailed search strategies for each database are 
provided in Supplemental Digital Content (see Table S1, http:// 
links.lww.com/JSCR/A764).

In addition, this study applied backward citation tracking by 
examining reference lists in existing systematic reviews of VRT 
and reached out directly to researchers by ResearchGate to obtain 
articles not indexed by conventional databases. All identified 
records were then systematically organized and managed in 
EndNote 21.4.

Inclusion and Exclusion Criteria

Inclusion and exclusion criteria were based on commonly used 
VRT and FWT protocols reported in previous studies, following 
the PICOS framework (4,15,65,73). Studies with a modified 
PEDro score ,4 were excluded to ensure methodological quality 
(10,13). Detailed criteria are presented in Table 1.

Risk of Bias and Study Quality Assessment

This study will assess the risk of bias in the included studies using 
the second edition of the Cochrane Risk-of-Bias Tool for Ran-
domized Trials (RoB-2) (72), implemented in Review Manager 
5.4. The quality of the included studies will be assessed using the 
modified PEDro scale (13,35), which consists of 8 items.

Baseline Data Extraction

Baseline data were extracted using Microsoft Excel (2019), in-
cluding author, publication year, subject characteristics,
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intervention protocols, outcome measurement methods, and in-
tervention duration (only long-term intervention) for studies. For 
duplicate datasets published in multiple articles, data were 
extracted from the most comprehensive source. When data were 
not available in tables or text, WebPlotDigitizer (17) was used to 
extract values from figures, or the corresponding authors were 
contacted directly.

For the VRLP in VRT during long-term interventions, if dif-
ferent VRLP protocols were applied across weeks, the VRLP for 
each week (Per week VRLP) was calculated as a Weighted VRLP 
based on the number of VRT sessions per week (Frequency of 
VRT) (48). The formula used for this calculation is as follows:

WeightedVRLP ¼ 
+ðPer week VRLP 3 Frequency of VRTÞ

+ðFrequency of VRTÞ

Effect Size Calculation

Because the study involves outcomes with various units, the 
standardized mean difference (SMD) (27) was used as the effect 
size metric for analysis. The SMD was categorized as follows: 
SMD ,0.2 (trivial), 0.2 # SMD , 0.5 (small), 0.5 # SMD , 0.8 
(moderate), and SMD $0.8 (large).

In long-term interventions, SMD was calculated using pre–post 
change scores (Change mean and Change SD) to compare dif-
ferences in strength outcomes between VRT and FWT. The 
change mean was obtained by subtracting the pre-intervention 
mean (Pre mean) from the post-intervention mean (Post mean). 
The change SD (Change SD) was calculated using the pre-
intervention and post-intervention SDs (Pre SD and Post SD) 
according to the following formula:

Table 1

Inclusion and exclusion criteria for studies.*

Population Intervention Comparison Outcome Study design

Inclusion criteria

Age more than 18 y old and less 
than 60 y old

VRT based on free weights VRT group was compared with the 
FWT group

Outcome data are available for each 
group 

Original study

For human studies Long-term intervention lasts for at 

least 3 wk

The training load was equal between 

the VRT group and the FWT group

Test results of acute intervention 

need to be obtained during the 

intervention period 

Publish in English

No history of sports injuries or 

other medical conditions

Training involves multiple joint 

involvement

Includes following key variables: 

maximal strength, velocity, and 

explosiveness (maximal power 

output and jump vertical or horizontal 
distance) 

Modified PEDro score $4

Training was carried out under the 

stable plane 

VRLP used in VRT must be specified

Use elastic bands or chains for 

resistance or assistance

Missing data can be obtained by 

contacting the authors or by software 

extraction

Training in a nonspecial environment 
Fixed trajectory instrument not used 

No using blood flow restriction bands 

for training

No other medications or 
supplements were taken during the 

training

Exclusion criteria
Age less than 18 y or more than 

60 y old

Only use elastic bands or chains for 

VRT without using free weights

VRT was not compared with FWT Outcome data were not available in 

each group 

Observational study

Nonhuman studies Duration of the long-term 

intervention was less than 3 wk

The training load was unequal 

between the VRT group and the FWT 
group

Test results of acute intervention 

were not obtained during the 
intervention 

Systematic review or 

meta-analysis

History of sports injuries and other 

medical conditions

Single-joint training Key variables: maximal strength,  

velocity and explosiveness (maximal 

power output and jump vertical or 
horizontal distance) were not 

measured 

Conference

Training was carried out under the 

unstable plane

VRLP used in VRT not be specified Not publish in English

Use elastic straps to hang weights 

from the barbell

Missing data could not have been 

obtained by contacting the authors or 

by software extraction

Modified PEDro score ,4

Fixed trajectory instrument was used 

Training in a special environment 

Using blood flow restriction bands for 

training

Taking medications or other 

supplements during training

*FWT 5 free weight training; VRT 5 variable resistance training; VRLP 5 variable resistance load proportion.
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In the formula above, r represents the correlation coefficient be-
tween the pre-intervention and post-intervention data. According 
to the Cochrane Handbook, r is assumed to be 0.5 (14,47).

For acute interventions, SMD was calculated using the data 
measured during the intervention sessions. Specifically, strength 
variables such as maximal force output, velocity, and power 
output were recorded in real time under both VRT and FWT 
conditions. The mean values and SDs of these measures were then 
compared to evaluate the immediate effects of the 2 training 
modalities (67,74,78).

Cluster Analysis

To further classify the VRT protocols based on VRLP, all 
reported VRLP values were first compiled. Outliers within each 
VRLP dataset were identified and removed using boxplot analysis 
in IBM SPSS Statistics 27. The cleaned data were then subjected to 
k-mean clustering (number of clusters 5 2) using the cluster 
package in R version 4.4.3. The average silhouette coefficient was 
used to evaluate clustering quality. Based on the clustering results, 
the included VRT interventions were grouped according to their 
VRLP characteristics (19,28,45).

Pairwise Meta-analysis and Publication Bias Assessment

For studies involving long-term interventions, pairwise meta-
analysis conducted using a random-effects model in STATA 16. 
Following strength outcomes—maximal strength, maximal ve-
locity and explosiveness (maximal power output and jump dis-
tance)—were analyzed to compare the effects of VRT and FWT. 
For each outcome, subgroup analyses were conducted based on: 
(a) the VRT equipment (chains or elastic bands); (b) the number of 
VRT exercises of VRT (single exercise or multiple exercises); and 
(c) the VRLP-based VRT grouping obtained from clustering 
analysis. Standardized mean differences were calculated with 
95% confidence intervals (CIs), and p-values were used to de-
termine statistical significance (p , 0.05 considered significant) 
(42). In addition, meta-regression analyses were performed for 
each strength outcome to explore potential moderating effects of 
subject age, intervention duration, and weekly VRT frequency 
(75). To assess publication bias, funnel plots and Egger’s test were 
applied to comparisons involving 10 or more studies in the 
pairwise meta-analysis (18).

Network Meta-analysis

In the acute intervention analysis, studies were grouped based on 
VRLP for VRT. A Bayesian network meta-analysis was conducted 
for maximal strength, velocity, and power output outcomes using 
the network package in STATA 16 and the gemtc package in R 
version 4.4.3. The Bayesian framework used the Markov chain 
Monte Carlo method, with the model type set to “consistency” 
(consistency model), running with 4 chains. The likelihood function 
for the data was assumed to follow a normal distribution, and the 
identity link function was used. The model was run using the mtc.run

function, with an initial 20,000 iterations for adaptation to adjust 
parameters, followed by 50,000 iterations in total. Each sample of 
the iteration was retained without thinning. Convergence of each

Markov chain in the network meta-analysis was evaluated using 
trace and density plots, the Gelman–Rubin diagnostic, and calcula-
tion of the potential scale reduction factor (PSRF). Global in-
consistency was assessed by comparing consistency and 
inconsistency models by the deviance information criterion (DIC), 
with a DIC difference .5 indicating significant inconsistency. For the 
comparisons of each outcome, the relative effects of each in-
tervention were ranked using stacked rank plots and cumulative 
ranking results (15,55). Specifically, when the probability of an in-
tervention method approached 100%, it indicated that the method 
was more effective in enhancing the respective strength outcome, 
resulting in a higher ranking compared with the other interventions. 
Conversely, a lower probability suggested that the method was less 
effective, corresponding to a lower ranking. In addition, network 
meta-analysis results were reported as SMD with 95% credible in-
terval (CrI). If the 95% CrI included zero, the result was considered 
not statistically significant because CrI reflects the probability of the 
parameter value given the data and prior, whereas traditional CI in 
the pairwise meta-analysis, based on frequentist methods, do not 
incorporate prior information. The network meta-analysis, con-
ducted under the Bayesian framework, uses CrI to express un-
certainty from both data and prior information (15,23,42).

Assessment of Heterogeneity and Sensitivity Analysis

Heterogeneity in each comparison of both the pairwise and net-
work meta-analyses was evaluated using the I 2 statistic (26). For 
comparisons showing high heterogeneity (I 2 . 75%) or apparent 
publication bias (in pairwise meta-analysis only), sensitivity 
analyses were conducted to detect potential outliers. If outliers 
were identified, they were removed one by one, and the analyses 
was repeated to assess the robustness and stability of the 
results (24).

Certainty of Evidence Assessment

Certainty of evidence for each outcome comparison in both the 
pairwise and network meta-analyses was evaluated using the 
Grading of Recommendations Assessment, Development and 
Evaluation (GRADE) approach (60). According to GRADE, the 
certainty of evidence is classified into 4 levels: very low (very 
uncertain about the estimated result), low (limited confidence in 
the estimate result; the true result may be substantially different), 
moderate (the result is likely close to the true estimate, but some 
uncertainty remains), and high (high confidence that the result 
estimate is close to the true result).

Results

Search Results

This systematic review and meta-analysis identified a total of 
5,899 studies, with the detailed search process outlined in the

Change SD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi 
Pre SD 2 1 Post SD 2 2 ð2 3 r 3 Pre SD 3 Post SDÞ 

q 
:
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Figure 1. Finally, 31 studies were included in this systematic re-
view and meta-analysis, with 22 studies involving long-term 
interventions included in the paired meta-analysis 
(1,6–9,11,12,22,31,32,34,36,44,49,52,53,57,64,66,69,70,77) 
and 9 studies involving acute interventions included in the net-
work meta-analysis (2,3,20,21,30,40,67,74,76).

Risk of Bias and Study Quality

Among the 31 studies assessed for risk of bias (long-term: 22; 
acute: 9), 9.7% (long-term: 2; acute: 1) were rated as having 
a high overall risk of bias. The remaining 90.3% (20 long-term; 8 
acute) were rated as having an unclear overall risk of bias. None 
found to have a low overall risk of bias. A detailed summary of the 
risk of bias assessment is presented in Figure 2.

The quality of the 31 included studies (long-term: 22; acute: 
9) was assessed using the modified PEDro scale. Scores ranged 
from 4 to 7 (long-term: 4–7; acute: 4–5), with an overall mean 
score of 5.12 6 0.76 (long-term: 5.27 6 0.83; acute: 4.77 6 
0.44). Detailed quality assessment results are shown in the 
Supplemental Digital Content (see Table S2, http://links.lww. 
com/JSCR/A764).

Subjects and Intervention Characteristics

Among the 31 studies included in this review, 22 involved long-
term interventions, comprising a total of 572 subjects (VRT 5 
304; FWT 5 268). Regarding sex distribution, 422 were male and 
150 were female. In training background, 4 studies included un-
trained subjects (n 5 124), whereas the remaining subjects (n 5 
448) had at least 6 months of training experience. Two studies 
(32,49) (n 5 42) did not mention the use of randomized con-
trolled trials in their interventions. Detailed subject and in-
tervention characteristics for the long-term intervention studies 
are provided in the Supplemental Digital Content (see Table 
S3–S4, http://links.lww.com/JSCR/A764).

In the 9 studies involving acute interventions, a total of 126 sub-
jects were included. All subjects were male and had at least 6 months

of training experience. One study (30) (n 5 10) did not mention the 
use of randomized controlled trials in their interventions. A detailed 
summary of subjects and intervention characteristics for the acute 
intervention studies is provided in the online Supplemental Digital 
Content (see Table S5–S6, http://links.lww.com/JSCR/A764).

Definition and Classification of Outcome Measures

Based on the outcome variables reported in the included studies, 
this review extracted and categorized 3 primary strength out-
comes for meta-analysis: maximal strength, maximal velocity, 
and explosiveness. These outcomes were further classified 
according to the type of intervention (long-term or acute) and the 
specific assessment methods used. Detailed classifications of 
outcome types and their corresponding assessment methods are 
presented in Table 2.

For explosiveness, 2 subtypes were analyzed: (a) maximal 
power output; (b) maximal jump distances. Maximal power 
output was examined under both long-term and acute in-
tervention conditions, whereas jump distance were analyzed only 
within long-term intervention studies to compare the effects be-
tween VRT and FWT (73).

Cluster Analysis Results

Boxplots were used to identify outliers in the 47 VRLPs (long-
term: 24; acute: 23) included in the studies. The VRLP in all 
studies ranged from 5 to 80% (long-term: 5–80%; acute: 
15–41%). After excluding one outlier VRLP based on the boxplot 
(28,45), k-means clustering was performed on the VRLP data. 
The results showed that the cluster centers of VRLP were 20.03 
and 37.40, with an average silhouette coefficient of 0.67, which is 
close to 1, indicating a good clustering outcome.

Based on the clustering results and previous literature 
(1,11,32,52,67), the 2 authors (Li, J and Chen, Z) reached 
a consensus to classify VRLP into 3 categories. The VRT with 
0% , VRLP # 20% was defined as the low variable re-
sistance load proportion (LVRLP) group, VRT with 20% , 
VRLP # 37% was defined as the moderate variable resistance

Figure 1. PRISMA flow diagram. PRISMA 5 Preferred Reporting Items for Systematic Reviews and Meta-Analyses.

Variable Resistance Training vs. Free Weight Training (2025) 00:00 | www.nsca.com

5

Copyright © 2025 National Strength and Conditioning Association. Unauthorized reproduction of this article is prohibited.

http://links.lww.com/JSCR/A764
http://links.lww.com/JSCR/A764
http://links.lww.com/JSCR/A764
http://links.lww.com/JSCR/A764
www.nsca.com


load proportion (MVRLP) group, and VRT with 
VRLP .37% was defined as the high variable resistance load 
proportion (HVRLP) group. Detailed VRLP values and their 
cluster analysis results are provided in the Supplemental 
Digital Content (see Figure S1, http://links.lww.com/JSCR/ 
A764).

Pairwise Meta-analysis of Long-Term Interventions

In the pairwise meta-analysis, detailed results of each comparison 
are presented in Figure 3. The results indicated that VRT elicited 
significantly greater improvements in maximal strength

compared with FWT (SMD 5 0.28; 95% CI: 0.14–0.42; 
GRADE: low). Subgroup analyses further demonstrated that 
using chains as a form of variable resistance resulted in superior 
maximal strength gains compared with FWT (SMD 5 0.51; 95% 
CI: 0.23–0.79; GRADE: low). In addition, multiple exercises 
VRT (SMD 5 0.29; 95% CI: 0.12–0.46; GRADE: low) and 
LVRLP VRT (SMD 5 0.39; 95% CI: 0.15–0.63; GRADE: 
moderate) were also more effective than FWT. No significant 
differences were found between VRT and FWT in maximal ve-
locity (SMD 5 0.33; 95% CI: 21.01 to 0.34; GRADE: very low). 
As only 3 included studies assessed this outcome, no subgroup or 
meta-regression analyses were conducted. Regarding maximal

Figure 2. Risk of bias assessment diagram. Long 5 long-term intervention; acute 5 acute intervention.
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Table 2

Characteristics and measurement criteria of outcome indicators.*

Strength outcome indicators Intervention type Measurement criteria

Maximal strength Long-term intervention Measure the RM (e.g., 1RM and 2RM) of a specific exercise 

Force obtained was measured using isokinetic maximum voluntary 
contraction 

Acute intervention Measure the force exerted on the force platform during a specific  

exercise 

Maximal velocity Long-term intervention Ball throwing velocity measured by infrared-based motion capture   
system 

Acute intervention Barbell movement velocity measured by linear position transducer  

Explosiveness (maximal power output) Long-term intervention Power output measured by jump testing using the established equipment      

Power output measured using the Wingate test 
Acute intervention Measured based on the force-velocity relationship with the established  

equipment 

Explosiveness (maximal jump distance) Long-term intervention Vertical height or horizontal distance measured by jump test    

*RM 5 repetition maximum.

Figure 3. Pairwise meta-analysis forest plot for long-term interventions. All data were calculated based on a random 
effects model. FWT 5 free weight training; GRADE 5 Grading of Recommendations Assessment, Development and 
Evaluation; HVRLP 5 variable resistance training is conducted using a high variable resistance load proportion (.37%); 
k 5 number of comparisons; LVRLP 5 variable resistance training is conducted using a low variable resistance load 
proportion (0–20%); MVRLP 5 variable resistance training is conducted using a moderate variable resistance load 
proportion (21–37%); sample 5 sample size; SMD 5 standardized mean difference; VRT 5 variable resistance training; 
95% CI 5 95% confidence interval; * 5 publication bias existed in the comparison.
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power output, no significant difference was observed between 
VRT and FWT (p . 0.05; GRADE: very low–moderate). With 
respect to maximal jump distance, VRT remained superior to 
FWT (SMD 5 0.37; 95% CI: 0.10–0.63; GRADE: low). Sub-
group analyses indicated that interventions using chains (SMD 5 
0.52; 95% CI: 0.02–1.02; GRADE: low), using a single-exercise 
VRT modality (SMD 5 0.45; 95% CI: 0.12–0.78; GRADE: 
moderate), and applying LVRLP (SMD 5 0.39; 95% CI: 
0.03–0.75; GRADE: moderate), all demonstrated more favorable 
outcomes than FWT.

None of the long-term intervention comparisons showed high 
heterogeneity (I 2 , 75%). Publication bias was assessed for 
comparisons involving 10 or more studies, and sensitivity analysis 
was subsequently performed based on the results of publication 
bias assessment. No potential outliers were identified, supporting 
the robustness of the findings. Detailed publication bias test and 
sensitivity analysis results can be found in the Supplemental 
Digital Content (see Table S7–S10, Figure S2–S3, http://links. 
lww.com/JSCR/A764). In addition, meta-regression analysis did 
not show any moderating effects of subjects’ age, intervention 
duration, or weekly VRT frequency on the differences in in-
tervention effects between VRT and FWT (p . 0.05). Detailed 
meta-regression results can be found in the Supplemental Digital 
Content (see Table S11–S13, http://links.lww.com/JSCR/A764).

Network Meta-analysis of Acute Interventions

All indicators in the network meta-analysis demonstrated good 
convergence. The trajectory plots of multiple Markov chain 
Monte Carlo showed that the parameter values stabilized after 
sufficient iterations, and the posterior distribution density plots 
were concentrated, indicating stable parameter estimation. In 
addition, the Gelman-Rubin diagnostic results for each in-
dicator were close to 1, suggesting that the convergence across 
different chains was consistent. Furthermore, the DIC differ-
ences between the consistency and inconsistency models for each 
network were all less than 5, indicating no global inconsistency. 
Detailed convergence diagnostics and DIC results of the net-
work meta-analysis are presented in Supplemental Digital 
Content (see Table S14–S15, Figure S4–S5, http://links.lww. 
com/JSCR/A764).

Figure 4 illustrates the network geometry for each strength 
outcome, and Figure 5 summarizes the network comparison 
results. Seven studies were included for the network analysis of 
maximal strength, involving 30 direct comparisons and 468 
samples (referring to the number of data points in each

comparison condition, not the number of independent subjects). 
Network comparison indicating that under acute intervention, 
subjects performed better in MVRLP (SMD 5 0.46; 95% CrI: 
0.01–0.90; GRADE: moderate) and HVRLP (SMD 5 0.79; 95% 
CrI: 0.32–1.24; GRADE: moderate) VRT compared with FWT, 
whereas HVRLP VRT outperformed LVRLP VRT (SMD 5 0.58; 
95% CrI: 0.09–1.06; GRADE: moderate). Comparisons between 
HVRLP VRT and FWT included 6 direct comparisons with 106 
samples. Moderate variable resistance load proportion, variable 
resistance training and free weight training had 7 direct com-
parisons with 93 samples. High variable resistance load pro-
portion and low variable resistance load proportion, variable 
resistance training were compared directly in 5 comparisons with 
91 samples. For maximal velocity, 7 studies were included, with 
30 direct comparisons and 497 samples. Network comparison 
results revealing that HVRLP VRT performed worse than FWT 
(SMD 5 21.32; 95% CrI: 22.45 to 20.17; GRADE: moderate), 
involving 5 direct comparisons with 91 samples. In addition, re-
garding maximal power output, 5 studies were included, with 25 
direct comparisons and 391 samples. Network comparison 
results for power output are shown with no differences found in 
the comparisons between intervention methods (95% CrI in-
cluded zero; GRADE: very low–moderate).

The rankings for each intervention method and its corre-
sponding outcome were derived from the probabilities obtained 
using stacked rank plots (i.e., a higher probability corresponds to 
a higher ranking, reflecting greater intervention effectiveness). 
For maximal strength under acute interventions, the overall 
rankings of the VRT and FWT intervention methods from highest 
to lowest were as follows: HVRLP (95.9%), MVRLP (63.9%), 
LVRLP (39.9%), and FWT (6.1%). For maximal velocity under 
acute VRT and FWT interventions, the overall rankings from 
highest to lowest were as follows: FWT (80.0%), MVRLP 
(79.1%), LVRLP (35.3%), and HVRLP (5.5%). In maximal 
power output, the overall rankings from highest to lowest were as 
follows: FWT (74.7%), MVRLP (68.6%), LVRLP (41.9%), and 
HVRLP (14.9%). The detailed ranking probabilities of various 
intervention methods for their corresponding strength outcomes 
are presented in Figure 6.

After performing sensitivity analysis on comparisons with high 
heterogeneity (I 2 . 75%), it was found that in the acute in-
tervention for maximal power output, the comparison between 
HVRLP and FWT showed outliers in 2 instances (40,67). De-
tailed details are provided in Supplemental Digital Content (see 
Table S16–S26, http://links.lww.com/JSCR/A764). After ex-
cluding these outliers and reconducting the network meta-

Figure 4. Network geometry for acute interventions. FWT 5 free weight training; HVRLP 5 variable resistance training is 
conducted using a high variable resistance load proportion (.37%); k 5 number of comparisons; LVRLP 5 variable 
resistance training is conducted using a low variable resistance load proportion (0–20%); MVRLP 5 variable resistance 
training is conducted using a moderate variable resistance load proportion (21–37%); VRT 5 variable resistance training; 
sample 5 sample size; : 5 comparison includes outliers in the sensitivity analysis.
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Figure 5. Network comparison results for acute interventions. All data were calculated based on a random effects model. 
FWT 5 free weight training; GRADE 5 Grading of Recommendations Assessment, Development and Evaluation; 
HVRLP 5 variable resistance training is conducted using a high variable resistance load proportion (.37%); LVRLP 5 
variable resistance training is conducted using a low variable resistance load proportion (0–20%); MVRLP 5 variable 
resistance training is conducted using a moderate variable resistance load proportion (21–37%); sample 5 sample size; 
SMD 5 standardized mean difference; VRT 5 variable resistance training; : 5 comparison includes outliers in the 
sensitivity analysis.

Figure 6. Ranking chart of the network meta-analysis of acute intervention. FWT 5 free weight training; HVRLP 5 variable 
resistance training is conducted using a high variable resistance load proportion (.37%); LVRLP 5 variable resistance 
training is conducted using a low variable resistance load proportion (0–20%); MVRLP 5 variable resistance training is 
conducted using a moderate variable resistance load proportion (21–37%); VRT 5 variable resistance training.
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analysis for power output, the adjusted results revealed that acute 
maximal power output under HVRLP VRT was worse than FWT 
(SMD 5 21.31; 95%: 22.41 to 20.23; GRADE: moderate). The 
VRT and FWT treatment ranking probabilities were, in 
descending order: FWT (76.4%), MVRLP (76.2%), LVRLP 
(45.1%), and HVRLP (2.4%). The adjusted network meta‐ 
analysis results of power output are provided in Supplemental 
Digital Content (see Figure S6–S8, http://links.lww.com/JSCR/ 
A764).

Discussion

This study used pairwise and network meta-analyses to compare 
the effects of long-term and acute VRT versus FWT on maximal 
strength, maximal velocity, and explosiveness. To focus on multi-
joint exercises, studies involving single-joint or fixed-path 
machines were excluded. In long-term interventions ($3 weeks) 
(4), VRT led to greater improvements in maximal strength and 
jump distance compared with FWT—particularly with chain-
based and LVRLP protocols. Notably, VRT protocols in-
corporating multiple exercises further enhanced maximal 
strength gains, whereas single-exercise protocols were more ef-
fective for improving maximal jump distance. In acute inter-
ventions, both HVRLP and MVRLP VRT produced greater 
maximal strength than FWT, although HVRLP impaired maxi-
mal velocity and power output.

Pairwise meta-analysis of long-term VRT showed that VRT 
elicited significantly greater maximal strength gains than FWT 
(SMD 5 0.28), a finding that is consistent with Andersen et al. (6). 
Compared with FWT, VRT provides more biomechanically ap-
propriate dynamic loading by reducing resistance at mechanically 
disadvantaged positions and increasing it where mechanical ad-
vantage is greater (4,16,38). This facilitates passage through 
sticking points, thereby enhancing muscle recruitment at specific 
joint angles and during particular phases of contraction (3,5,25). 
For example, during the concentric phase, muscle activation eli-
cited by VRT squats is greater than that of FWT (67). In addition, 
long-term VRT has been shown to increase quadriceps activation 
by 15% at a 60° knee angle (1). Collectively, these findings sug-
gest that enhanced neuromuscular recruitment underlies the su-
perior maximal strength adaptations produced by VRT and 
underscore the greater potential of long-term VRT to improve 
muscle activation. Our analysis revealed that chain-based VRT 
produced larger maximal-strength gains than FWT (SMD 5 
0.51), further supporting the recommendations proposed by 
Saeterbakken et al. (56) in their research. The advantage is likely 
because of the resistance profile of chains, which better matches 
the human strength curve than elastic bands and therefore helps 
subjects work through the sticking point. It is likely that, com-
pared with elastic bands, chain-based VRT more effectively 
enhances coordination among muscle groups (e.g., agonists, 
synergists, and stabilizers), improving the trainee’s control of the 
load throughout the entire movement and, over time, leading to 
superior maximal strength development (38,39,56). Moreover, 
long-term VRT interventions using multiple exercises consistently 
yielded superior maximal strength improvements over FWT 
(SMD 5 0.29), a finding that aligns with Joy et al. (32). A plau-
sible explanation is that VRT raises the load as the lever arm 
shortens, producing high muscle tension throughout the 
lift—unlike free weights, where tension drops in the second half. 
That sustained tension heightens type II fiber loading and time-
under-tension, accelerating hypertrophy and maximal strength;

multiple exercises VRT modes in multi-joint training amplifies the 
effect (32,52,73). In the context of VRLP, long-term interventions 
using LVRLP for VRT demonstrated superior maximal strength 
improvements compared with FWT (SMD 5 0.39), a finding that 
is consistent with Pan et al. (51). In contrast, when long-term VRT 
uses an excessive VRLP, McCurdy et al. (49) suggested that using 
chains to constitute 80% of the VRLP in the bench press led to 
greater improvements in 1RM in the chain-resisted (barbell 
combined with chains) bench press. However, no significant 
difference was found in free-weight 1RM compared with FWT. 
Combined with the findings of our study, it can be concluded that 
using a HVRLP VRT produces excessively large fluctuations in 
resistance, leading to biomechanical characteristics that diverge 
too greatly from those in FWT. In contrast, LVRLP VRT retains 
a substantial proportion of free-weight loading while still in-
troducing dynamic resistance, thereby facilitating better transfer 
of maximal strength gains from VRT to FWT than HVRLP VRT 
(6,31,67). Collectively, these findings corroborate our initial hy-
pothesis that VRT is superior to FWT in improving maximal 
strength. Furthermore, different VRT design variables modulate 
the extent of this beneficial effect during long-term training.

However, during acute interventions, subjects generated 
greater maximal force output during exercise with MVRLP and 
HVRLP VRT compared with FWT (0.46 # SMD # 0.79). The 
differences in these results may be attributed to load variations 
within VRT. During acute interventions, HVRLP VRT induces 
larger load fluctuations than both LVRLP VRT and FWT, de-
livering higher muscle stimulation at specific angles and eliciting 
greater muscle activation. This likely activates more muscle fibers, 
particularly high-threshold fast-twitch fibers, resulting in higher 
maximal force output in a single training session (65,67). Con-
sequently, although high load variability can enhance force out-
put and muscle activation in acute training, prolonged exposure 
to excessive VRLP without integration with the biomechanical 
characteristics of actual movement may not enhance of long-term 
training adaptations.

Regarding maximal velocity, long-term VRT did not demon-
strate a statistically significant advantage over FWT (p 5 0.333) 
(22,77), a result that contrasts with our initial hypothesis. It has 
been suggested that, although overall maximal velocity gains may 
be comparable, VRT can confer greater enhancement at specific 
movement phases—e.g., after long-term VRT, concentric-phase 
maximal velocity during subsequent FWT may be superior (65). 
Rivi` ere et al. (54) observed that elite junior rugby players who 
completed 6 weeks of VRT at 20% VRLP experienced greater 
increases in barbell bench‐press maximal velocity at both 75 and 
85% 1RM compared with FWT, suggesting a potential advan-
tage of VRT for maximal velocity development. However, there 
remains a paucity of research examining whether VRT can sim-
ilarly enhance maximal velocity in healthy adult populations. 
Future investigations should therefore evaluate the effects of VRT 
on maximal velocity across different exercises, movement phases, 
and athletic disciplines in healthy adults while also probing the 
underlying mechanisms.

In acute interventions under equal loads, HVRLP VRT pro-
duced lower maximal velocity than FWT (SMD 5 21.32). No-
tably, this conclusion exhibits a high level of heterogeneity (I 2 5 
90.6%), which can be explained by the choice of VRT equipment. 
Swinton et al. (74) found that when chains were used in VRT, an 
increase in VRLP led to a decrease in maximal velocity during 
training. In contrast, this negative impact on maximal velocity 
was not observed in other studies using elastic bands for VRT 
(40,67). Chains differ from elastic bands, which generate
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resistance solely through elastic deformation; chains have both 
mass and inertia (50). Each chain link must be accelerated from 
rest to barbell velocity, resulting in additional momentum 
changes and resistance. When using chains for VRT, as VRLP 
increases, the inertia of the chain that the trainee must overcome 
also increases (56). At the same time, as the chain is lifted off the 
ground, it begins to swing, and the trainee may need to reduce 
movement velocity to maintain stability (50). The impact of the 
swinging chains may also increase as VRLP rises. However, there 
is currently a lack of acute experimental research that simulta-
neously investigates the effects of both VRLP and VRT equip-
ment. Future research should further explore the potential impact 
of these 2 factors on various strength outcomes. Coaches should 
also consider the balance between strength, VRLP, and VRT 
equipment in training to maximize benefits.

Although long-term VRT did not produce significantly greater 
maximal power output improvements than FWT (p 5 
0.145–0.697), network meta-analysis of acute intervention—after 
excluding outliers—revealed that HVRLP VRT acutely impairs 
maximal power output (SMD 5 21.31). Not only do these findings 
support the perspective of Wallace et al. (78), but the collective evi-
dence from acute interventions also corroborates the hypothesis that 
varying VRLP strategies differentially influence strength outcomes. 
The reason may be that, although HVRLP VRT produces greater 
maximal force output, it does not fully compensate for the reduced 
maximal velocity and the technical deviations caused by large load 
fluctuations throughout the movement. Shi et al. (65) reported in 
their meta‐regression of acute interventions that, when VRT and 
FWT loads were equated, VRLP positively moderated maximal 
power output. However, most of the data points they included fell 
within a 0–37% VRLP range, with only one exceeding that 
threshold, leaving the effects of HVRLP (.37%) underexplored. In 
our study, the cumulative ranking analysis showed that VRT using 
the MVRLP protocol ranked higher than the LVRLP protocol for 
maximal power output. Although no statistically significant differ-
ence emerged between the MVRLP and LVRLP protocols for acute 
maximal power output, the effect sizes still favored MVRLP (before 
outlier removal: SMD 5 0.31; after outlier removal: SMD 5 0.39). 
These observations are not contradictory to the findings by Shi et al.; 
rather, they suggest that the relationship between VRLP and acute 
maximal power output in acute interventions is not strictly linear. 
Taken together, existing evidence shows a positive influence of 
VRLP on acute maximal power output within the 0–37% range, 
whereas excessively high VRLP (.37%) seems to reverse this effect 
(20,40,65,74,78).

Long-term VRT offers greater improvements in maximal jump 
distance compared with FWT (SMD 5 0.37). Subgroup analyses 
further demonstrated that chain-based VRT, single-exercise VRT, 
and LVRLP VRT each produced superior maximal jump distance 
gains compared with FWT (0.39 # SMD # 0.52), which is consis-
tent with our initial hypothesis. This may stem from the variable 
resistance in VRT, which can further optimize force transmission 
between the limbs and the trunk—compared with FWT—thereby 
enhancing maximal jump distance. By mimicking the terminal take-
off phase, lower limb VRT optimizes the stretch-shortening cycle, 
thereby enhancing the maximal force output and velocity (37,66). 
Regarding number of VRT exercises, targeted single-exercise VRT 
protocols conferred larger maximal jump distance improvements 
(SMD 5 0.45), suggesting that focusing on one VRT movement 
alongside complementary plyometrics is most effective; in-
corporating too many VRT exercises may introduce unnecessary 
fatigue and yield diminishing returns in maximal jump distance 
(66,73). In VRT equipment and VRLP, the mechanism by which

chain-based VRT enhances maximal jump distance is linked to the 
mechanisms previously discussed for improving maximal strength 
and velocity (56,74). Specifically, the use of chains may enhance 
intermuscular coordination, whereas their inertial characteristics 
require subjects to overcome resistance in a way that mimics the 
static inertia encountered in actual jumps (50,56,74). Notably, 
among the studies included in the analysis of this strength outcome, 
those implementing chain-based VRT used a VRLP range of 
12.5–20% (7,9,31). This suggests that lowering VRLP may help 
avoid the acute negative effects on maximal velocity while simulta-
neously capitalizing on the inertial properties of chains to maximize 
improvements in jump distance (74). Furthermore, excessively VRLP 
(.37%), regardless of VRT equipment type, may all disrupt maxi-
mal power output sequencing and movement stability. Collectively, 
these findings indicate that VRT with VRLP below 20% achieved 
the greatest maximal jump distance gains (SMD 5 0.39) (29,33).

Despite comparing VRT and FWT across the dimensions of 
maximal strength, maximal velocity, and explosiveness, the present 
study did not conduct an in-depth analysis of distinct movement 
phases—such as the sticking point and various muscle contraction 
stages—and the various strength outcomes within these phases may 
be influenced by factors such as training method, subjects’ training 
status, and individual anatomical characteristics (65,67). Future re-
search should use high precision data capture technologies to explore 
these temporal performance patterns.

Moreover, although VRLP was clustered into discrete ranges and 
evaluated by paired and network meta-analyses in both acute and 
long-term contexts, this approach only yields relative VRLP inter-
vals. Given that the relationship between VRLP and strength 
enhancements seems nonlinear and may be moderated by factors 
including exercise selection (5,6,56), overall training intensity, 
subject sex, training experience, and joint structure. Future meta-
analyses should adopt multivariate random-effects model and 
nonlinear meta-regression models to pinpoint optimal VRT 
parameters across multiple strength outcome (65,75). In long-term 
interventions, there are currently few studies directly comparing 
different VRLP within VRT protocols (51). The current research 
remains largely focused on comparing the long-term effects of VRT 
versus FWT. Further investigations are needed to explore the 
comparative efficacy of various VRT protocols, to optimize and 
refine training program design. In addition, future research should 
compare VRT and FWT for enhancing sprint time, muscular en-
durance, muscle activation levels, and other relevant metrics; eval-
uate VRT’s efficacy and implementation as a postactivation 
performance enhancement protocol; and explore its impact across 
various populations and sports. Such work will reinforce VRT’s 
theoretical foundation and practical value in training (51,63,68,79).

Practical Applications

This study demonstrates that when coaches use VRT as 
a long-term intervention, subjects achieve greater gains in 
maximal strength and vertical jump distance compared with 
traditional FWT at the equal load. Improvements in maximal 
velocity and power output, however, are comparable between 
VRT and FWT. Moreover, the type of VRT equipment, the 
number of VRT exercises, and the VRLP all influence the long-
term effectiveness of VRT. For enhancing maximal strength 
and jump distance, we recommend coaches prioritize chains as 
the source of variable resistance and combine VRT with free 
weights using a VRLP of #20%. Regarding number of VRT 
exercises, a multiple and diverse array of VRT exercise is
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advised to develop maximal strength, whereas a single and 
targeted VRT exercise is preferable for targeting maximal 
jump distance. When VRT is applied as an acute intervention, 
subjects’ maximal strength, velocity, and power output are all 
affected by VRLP. As VRLP increases, acute maximal strength 
during VRT gradually rises; when VRLP exceeds 20%, VRT 
yields higher acute maximal strength levels than FWT under 
equal load. Increases in VRLP within the 0–37% range posi-
tively enhance acute velocity and power output. However, 
when VRLP surpasses 37%, excessive load fluctuation may 
lead to declines in maximal velocity and power output below 
those achieved with FWT at equal load. This phenomenon 
may occur more frequently during chain-based VRT because 
subjects must overcome the additional challenges posed by 
chain inertia and swing during the movement. In contrast to 
excessively high VRLP, low or moderate VRLP may help 
avoid this negative effect. Taken together, we suggest that 
coaches set VRLP between 21 and 37% when using VRT for 
acute interventions to best support greater mechanical output.
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