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Abstract: Background:  Long-term stretching of human skeletal muscles increases joint range of
motion through altered stretch perception and decreased resistance to stretch. There is
also some evidence that stretching induces changes in muscle morphology. However,
research is limited and inconclusive.
Objective:  To examine the effect of static stretching training on muscle architecture
(i.e., fascicle length and fascicle angle, muscle thickness and cross-sectional area) in
healthy participants.
Design  Systematic review and meta-analysis.
Methods:  PubMed Central, Web of Science, Scopus, and SPORTDiscus were
searched. Randomized controlled trials and controlled trials without randomization
were included. No restrictions to language or date of publication were applied. Risk of
bias was assessed using Cochrane RoB2 and ROBINS-I tools. Meta-analyses were
conducted via an inverse-variance random-effects model. Subgroup analyses and
random-effects meta-regressions were also performed using total stretching volume
and intensity as covariates. GRADE analysis was used to determine the quality of
evidence.
Results:  From the 2946 records retrieved, 19 studies were included in the systematic
review and meta-analysis (n = 467 participants). Risk of bias was low in 83.9% of all
criteria. Confidence in cumulative evidence was high. Stretching training induces trivial
increases in fascicle length at rest (SMD = 0.18; 95% CI = 0.03 to 0.33; p = 0.02) and
small increases in fascicle length during stretching (SMD = 0.47; 95% CI = 0.17 to
0.77; p = 0.002). No increases were observed in fascicle angle or muscle thickness (p
= 0.33 and p = 0.15, respectively). Subgroup analyses showed that fascicle length
increased when high stretching volumes were used (p < 0.001), while no changes were
found for low stretching volumes (p = 0.60; subgroup difference: p = 0.02). High
stretching intensities induced fascicle length increases (p < 0.001), while low stretching
intensities did not have an effect (p = 0.72; subgroup difference: p = 0.03). Also, high
intensity stretching resulted in increased muscle thickness (p = 0.01). Meta-regression
analyses showed that longitudinal fascicle growth was positively associated with
stretching volume (p ˂ 0.02) and intensity (p ˂ 0.04).
Conclusions:  Static stretching training increases fascicle length at rest and during
stretching in healthy participants. High, but not low stretching volumes and intensities
induce longitudinal fascicle growth, while high stretching intensities result in increased
muscle thickness.
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Abstract 24 

Background: Long-term stretching of human skeletal muscles increases joint range of motion 25 

through altered stretch perception and decreased resistance to stretch. There is also some evidence 26 

that stretching induces changes in muscle morphology. However, research is limited and 27 

inconclusive. 28 

Objective: To examine the effect of static stretching training on muscle architecture (i.e., fascicle 29 

length and fascicle angle, muscle thickness and cross-sectional area) in healthy participants. 30 

Design Systematic review and meta-analysis. 31 

Methods: PubMed Central, Web of Science, Scopus, and SPORTDiscus were searched. 32 

Randomized controlled trials and controlled trials without randomization were included. No 33 

restrictions to language or date of publication were applied. Risk of bias was assessed using 34 

Cochrane RoB2 and ROBINS-I tools. Subgroup analyses and random-effects meta-regressions 35 

were also performed using total stretching volume and intensity as covariates. Quality of evidence 36 

was determined by GRADE analysis. 37 

Results: From the 2946 records retrieved, 19 studies were included in the systematic review and 38 

meta-analysis (n = 467 participants). Risk of bias was low in 83.9% of all criteria. Confidence in 39 

cumulative evidence was high. Stretching training induces trivial increases in fascicle length at rest 40 

(SMD = 0.18; 95% CI = 0.03 to 0.33; p = 0.02) and small increases in fascicle length during 41 

stretching (SMD = 0.47; 95% CI = 0.17 to 0.77; p = 0.002). No increases were observed in fascicle 42 

angle or muscle thickness (p = 0.33 and p = 0.15, respectively). Subgroup analyses showed that 43 

fascicle length increased when high stretching volumes were used (p < 0.001), while no changes 44 
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were found for low stretching volumes (p = 0.60; subgroup difference: p = 0.02). High stretching 45 

intensities induced fascicle length increases (p < 0.001), while low stretching intensities did not 46 

have an effect (p = 0.72; subgroup difference: p = 0.03). Also, high intensity stretching resulted in 47 

increased muscle thickness (p = 0.01). Meta-regression analyses showed that longitudinal fascicle 48 

growth was positively associated with stretching volume (p ˂ 0.02) and intensity (p ˂ 0.04). 49 

Conclusions: Static stretching training increases fascicle length at rest and during stretching in 50 

healthy participants. High, but not low stretching volumes and intensities induce longitudinal 51 

fascicle growth, while high stretching intensities result in increased muscle thickness. 52 

Key points:  53 

 Static stretching training induces trivial increases in fascicle length at rest and small 54 

increases in fascicle length during stretching. 55 

 High, but not low stretching volumes and intensities induce longitudinal fascicle growth. 56 

 High stretching intensities result in increased muscle thickness. 57 

 Fascicle angle remains unaffected from static stretching training. 58 

Keywords: fascicle length, muscle thickness, pennation angle, cross-sectional area, stretching, 59 

ultrasound 60 

 61 

 62 

 63 

 64 

 65 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



4 

 

Background 66 

Human skeletal muscle responds to mechanical loading by adapting its structure [1]. Muscle 67 

structure can be described by quantifying its architectural parameters, namely fascicle length and 68 

angle, muscle thickness, and cross-sectional area, using ultrasonography [2, 3]. Mechanical loading 69 

induced either by muscle contraction or muscle stretching triggers alterations in cellular signaling 70 

and gene expression, which modify the physiological, structural, and contractile properties of 71 

muscle fibers [1, 4, 5]. Training using lengthening vs. shortening muscle contractions, leads to 72 

greater increases in strength, fascicle length and cross-sectional area [6]. On the other hand, stretch-73 

induced mechanical tension has been shown to increase fascicle length, muscle mass, mean fiber 74 

thickness, and fiber number in animals [7, 8], but the volumes and intensities of such interventions 75 

are very different from what is typically applied in humans. 76 

Skeletal muscle stretching is commonly used in sports and clinical settings, with the aim to increase 77 

maximum joint range of motion (ROM) and muscle-tendon unit extensibility [9]. Increased ROM 78 

following long-term stretching interventions may be explained by increased stretch tolerance [10] 79 

and/or changes in tissue mechanical properties [11, 12, 13], while some recent studies have found 80 

changes in muscle morphology [14, 15]. To date, however, muscle architectural adaptations to 81 

static stretching in humans are unclear [9, 16, 17, 18]. Most studies found no detectable changes in 82 

fascicle angles and muscle thickness following static stretching training [9, 14, 15, 17], with some 83 

notable exceptions [15, 16, 19, 20, 21]. Regarding fascicle length, an increase in resting values has 84 

been found following 6–12 weeks of stretching training [9, 14, 22], while increases in muscle 85 

fascicle length during stretching may appear earlier, i.e., after 3–4 weeks of static stretching 86 

training [23, 24]. In contrast, other studies did not detect changes in muscle architecture following 87 

stretching interventions [23, 25]. The conflicting results between studies can be partly attributed to 88 
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differences in stretching protocols and methodologies used [11]. Longer-term stretching 89 

interventions [9, 15], overloaded static stretching [14], and high-intensity and/or long-duration 90 

stretching bouts [15, 22] may be more effective in inducing changes in muscle morphology. 91 

Collectively, there seems to be no consensus on the feasibility and magnitude of muscle 92 

architectural changes after stretching training in humans, as well as on the stretching load 93 

characteristics required to induce changes in muscle morphology [11, 14, 17, 23, 25]. Since 94 

changes in muscle architecture are linked to muscle contractile properties in healthy participants 95 

(e.g., force and power generation) [26, 27] and clinical populations [28], it would be of great 96 

interest to examine the potential adaptations of muscle architecture to static stretching. Therefore, 97 

the current systematic review aimed to examine the effects of static stretching training on muscle 98 

architecture (fascicle length and fascicle angle, muscle thickness, and cross-sectional area) and to 99 

conduct a meta-analysis. In addition, we examined if stretch-induced adaptations in muscle 100 

architecture are dependent on stretch volume and intensity.  101 

Methods 102 

This systematic review was conducted according to the Preferred Reporting Items for Systematic 103 

Reviews and Meta-Analyses (PRISMA) guidelines [29] (see supplementary file 1 for PRISMA 104 

checklist; S1). The review was preregistered with the International Prospective Register of 105 

Systematic Reviews (PROSPERO; registration number: CRD42021289884). 106 

Search and selection strategy 107 

PICOS (Population, Intervention, Comparison, Outcome, Study Design) was used to form the 108 

research question and to select the search terms. Four electronic databases were searched through 109 
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until July 2022, by four independent reviewers (IP, VG, AD, OD): PubMed Central, Scopus, Web 110 

of Science, and SPORTDiscus to identify studies examining the effect of static stretching training 111 

on muscle architecture (i.e., fascicle length and fascicle angle, muscle thickness and cross-sectional 112 

area). The keywords used in the above databases are reported in the supplementary file 2; S2. No 113 

language, study design and date restrictions were applied in the search algorithm. The field types 114 

used in the search were: “Title”, “Abstract” and “Keywords”. Additional records were found by: 115 

(1) searching the reference lists of relevant review papers and studies meeting the eligibility criteria 116 

(2) screening the researchers’ personal lists (first authors) in ResearchGate and Google Scholar 117 

[30, 31]. Furthermore, two studies which were not identified in the systematic searches were also 118 

included in the meta-analysis, based on our knowledge of the area. Three investigators (AD, AK 119 

and PCD) selected the eligible studies, and disagreements were resolved by GCB and GT by 120 

majority consensus.  121 

Inclusion and exclusion criteria 122 

Randomized control trials (RCTs) and controlled trials without randomization (CTs) using static 123 

stretching training lasting ≥3 weeks were included. Studies with healthy (i.e., non-clinical), 124 

recreationally active or trained participants were included. Comparisons were made between delta 125 

values (i.e., post- minus pre-intervention measurements) of experimental and control groups. 126 

Studies with the following characteristics were excluded: (a) studies examining the acute effects 127 

of static stretching, (b) studies combining static stretching with other interventions, such as strength 128 

training, etc., (c) studies examining very small joints, such as fingers, (d) animal or in vitro studies, 129 

(e) review papers, retrospective studies, case reports, letters to the editor, special communications, 130 

invited commentaries and conference papers. 131 
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Risk of bias assessment and methodological quality 132 

IP and OD independently assessed the risk of bias (RoB) of the included studies, and any conflict 133 

was resolved through discussion with GCB and AK. Risk of bias for randomized controlled trials 134 

and controlled trials without randomization was assessed using the updated Cochrane Risk of Bias 135 

2 (RoB 2) and Risk of Bias in Non-randomized Studies-of Interventions (ROBINS-I), respectively. 136 

The sources of bias included in the updated Risk of Bias 2 (RoB2) Cochrane library were: bias 137 

arising from the randomization process, bias due to deviations from intended interventions (effect 138 

of assignment to intervention and effect of adhering to intervention), bias due to missing outcome 139 

data, bias in the measurement of the outcome, and bias in selection of the reported result [32]. The 140 

sources of bias included in ROBINS-I were: bias due to confounding, bias in selection of 141 

participants into the study, bias in classification of interventions, bias due to deviations from 142 

intended interventions, bias due to missing data, bias in measurement of outcomes, and bias in 143 

selection of the reported results [33].  144 

Confidence in cumulative evidence 145 

Quality and confidence in the cumulative evidence were assessed using the Grading of 146 

Recommendations, Assessment, Development and Evaluations (GRADE) quality rating analysis. 147 

GRADE includes four levels of evidence quality: very low, low, moderate, and high [32, 33]. For 148 

randomized controlled trials, GRADE starts by assuming high quality, which can be downgraded 149 

according to five evaluation components (Risk of Bias, Inconsistency of results, Indirectness, 150 

Imprecision and Publication Bias) [34, 35], while three evaluation components were used to 151 

upgrade quality (Large Effect, Dose Response, Confounding). GRADE analysis was performed 152 

independently by IP and OD and was verified by GCB and PCD. 153 
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Data extraction  154 

Data extraction from the included papers was performed by three independent investigators (IP, 155 

VG, and AK), and was supervised by two referee investigators (GT and PCD). The following data 156 

fields were extracted: (a) authors, (b) date and type of publication  (journal, paper or grey literature), 157 

(c) study design type (RCT or CT) (d) sample size, sex and age of the experimental and control 158 

groups, (e) anthropometric characteristics of the experimental and control groups (body mass and 159 

height) (f) physical activity level of the participants (g) main outcomes of the study (means and 160 

standard deviations), regarding fascicle length (at rest and during stretching), fascicle angle and 161 

muscle thickness for the experimental and control groups. Cross-sectional area of the 162 

gastrocnemius muscle was measured in only two studies [15, 39] and thus a meta-analysis could 163 

not be performed. The results of these two studies are briefly reported in the Discussion. The 164 

characteristics of the included studies can be found in Table 1. 165 

--Table 1-- 166 

Also, the following information was extracted from the included studies: (a) joint and muscle(s) 167 

examined, (b) the stretching intervention characteristics (i.e., the duration of each stretching bout, 168 

the number of stretching exercises, the number of sets, and the frequency of stretching training per 169 

week). From these data, the following parameters were calculated: (a) daily stretching duration 170 

(duration of each stretching bout × number of sets × number of exercises), (b) the stretching 171 

duration per week (duration of daily stretching × number of stretching trainings per week) and (c) 172 

the total duration of the stretching intervention (stretching duration per week × number of weeks). 173 

Stretch intensity, expressed by the perceived rating of pain, was also extracted. The characteristics 174 

of the stretching protocols can be found in Table 2. 175 
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--Table 2-- 176 

Data synthesis and meta-analysis methods 177 

Data for the meta-analysis were obtained from all the included studies in the systematic review. 178 

Means and standard deviations for each variable of interest, before and after the intervention or 179 

control period, were extracted either from results section of the manuscript or from Tables and 180 

Figures. In the case of missing data, the corresponding authors of the included studies were 181 

contacted via email. Delta scores were calculated from the pre- and post-intervention means, by 182 

subtracting the baseline from the post-intervention values. Standard deviations for the delta scores 183 

were calculated using the following equation: 184 

√(𝑆𝐷2pre + 𝑆𝐷2post)– (2 × 0.70 × SDpre × SD post)  [32]. The standardized mean difference 185 

approach, using the delta scores and SDs of the experimental and control groups, was then used. 186 

The meta-analysis was conducted by employing an inverse-variance, continuous, random-effects 187 

model, using the RevMan 5.4 software [33]. Heterogeneity in the effects was determined by the I² 188 

statistic [34], using a cut off value of 75% as an index of considerable heterogeneity [35]. 189 

For each architectural characteristic (fascicle length, fascicle angle, and muscle thickness), a main 190 

analysis was performed irrespective of the stretching protocol (experimental vs. control group). 191 

This was followed by subgroup analyses, which included comparisons between high and low total 192 

stretching volume load as well as between high and low stretching intensity. The cut-off value for 193 

the stretching volume load was determined according to the median split method (median = 5400 194 

s) [36]. This median value represents the total stretching duration of 6 weeks of training performed 195 

five times per week, with each session including two stretching exercises of 30 s executed for three 196 

sets. Low-intensity studies included those which described stretch intensity as “no pain 197 
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perception”, “stretching preceding pain threshold”, “pain between 6 and 7 on an analog scale”, and 198 

“without suffering discomfort” (Table 2). High-intensity studies included those which described 199 

pain perception as “highest or maximum tolerable”, “point of discomfort”, and “maximum 200 

tolerable after the onset of pain” (Table 2). Thus, primary outcomes were: (a) changes in fascicle 201 

length at rest and during stretching, (b) fascicle angle, and (c) muscle thickness. Subgroup analyses 202 

included differences according to stretching volume (high vs. low) and intensity (high vs. low).  203 

In addition, random effects meta-regression analyses were conducted using the total stretching 204 

volume load and stretching intensity as covariates (IBM SPSS Statistics Version 28.0, IBM 205 

Corporation, Armonk, New York, USA). Standardized mean differences (SMD) were 206 

characterized as trivial (<0.2), small (0.2–0.6), moderate (0.6–1.2), large (1.2–2.0), very large (2.0–207 

4.0), and extremely large (>4.0) [37]. An alpha level of 0.05 was defined for the statistical 208 

significance of all the tests, apart from heterogeneity (p < 0.10). Moreover, Egger’s regression 209 

intercept test and visual inspection of the funnel plots were applied to detect possible publication 210 

bias. 211 

Results 212 

Results of the search procedure 213 

Initially, 2946 papers were retrieved. After duplicates were removed (n = 1433), 1513 papers 214 

remained for eligibility evaluation. Of these 1513 papers, 53 were reviews, 25 examined acute 215 

stretching interventions, 54 involved clinical populations, 122 involved animals, five were case 216 

reports, 15 conference papers, and 1212 were studies not directly relevant to the study purpose. 217 

Finally, 27 papers were eligible for this study, of which one paper could not be obtained, despite 218 

having contacted the corresponding author. The reference lists of the 26 remaining eligible studies 219 
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were then checked for additional relevant studies. Following this additional search of the references 220 

and the inclusion of our own library, two additional papers were identified as being relevant. After 221 

screening the full texts of the 28 eligible papers, 9 papers were excluded for different reasons (see 222 

Fig. 1). Therefore, 19 papers were finally included in this systematic review and were used in the 223 

meta-analyses. A flow chart of the search process is presented in Fig. 1. 224 

--Fig. 1 -- 225 

Characteristics of the included studies 226 

The 19 eligible studies were published between 2013 and 2022 and included 467 participants (342 227 

males), aged 21.1 ± 1.6 years. All the eligible studies used static stretching and all the protocols 228 

targeted the lower limbs. Their characteristics are presented in Table 1. Out of the 19 eligible 229 

studies, five were CTs [14, 18, 19, 38, 39] and 14 were RCTs [9, 15, 16, 17, 20, 21, 22, 23, 24, 25, 230 

40, 41, 42, 43]. Fourteen studies examined resting fascicle length (30 entries), six studies examined 231 

fascicle length during stretching (9 entries), 15 studies (31 entries) examined muscle thickness and 232 

11 studies (25 entries) examined fascicle pennation angle. A detailed description of the stretching 233 

protocols (i.e., the duration of each stretching bout, number of exercises and sets, joints involved, 234 

and total stretching duration) is provided in Table 2. 235 

Risk of bias assessment  236 

A summary of the risk of the bias assessment is provided in Figures 2 and 3 for the RCTs and CTs, 237 

respectively. Detailed descriptions of the risk of the bias assessment for all the included studies are 238 

presented in the supplementary files 3 (S3) and 4 (S4) for the RCTs and CTs, respectively. 239 

--Fig. 2-- 240 
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--Fig. 3-- 241 

Primary outcomes 242 

The meta-analysis of fascicle length indicated that the stretching interventions induced trivial 243 

increases in resting fascicle length in the experimental groups, compared with the control groups 244 

(SMD = 0.18; 95% CI = 0.03 to 0.33; Z = 2.42; p = 0.02; I2 = 18%; Fig 4). Furthermore, stretching 245 

training resulted in small increases of fascicle length during stretching (SMD = 0.47; 95% CI = 246 

0.17 to 0.77; Z = 3.09; p = 0.002; I2 = 40%; Fig 5).  247 

--Fig. 4-- 248 

--Fig. 5-- 249 

No differences were found in fascicle angles (SMD = 0.07; 95% CI = -0.07 to 0.22; Z = 0.98; p = 250 

0.33; I2 = 6%; Fig 6) or in muscle thickness following the stretching interventions (SMD = 0.12; 251 

95% CI = -0.04 to 0.28; Z = 1.45; p = 0.15; I2 = 33%).  252 

--Fig. 6-- 253 

 254 

Subgroup and meta-regression analyses 255 

Fascicle length by stretching volume interaction 256 

Out of the 30 entries analyzed, 11 had a low total volume (i.e., <5400 s) and 19 had a high total 257 

volume (≥5400 s). The low and high volume load groups differed in total stretching volume (3030 258 

± 1057 vs. 24953 ± 17099 s, p = 0.003), due to the 2.5-fold longer stretching bout duration 104 ± 259 

92 vs. 42 ± 15 s) and the longer intervention duration in the high vs. low volume load group (10.6 260 
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± 6.2 vs. 5.1 ± 1.6 weeks, respectively, p = 0.028), while the number of exercises, sets and the 261 

frequency of training per week were similar. High total stretching volumes induced small increases 262 

in fascicle length (SMD = 0.30; 95% CI = 0.12 to 0.48; Z = 3.24; p = 0.001; I2 = 20%; Fig 4), while 263 

low stretching volumes did not have any effect on fascicle length (SMD = -0.06; 95% CI = -0.30 264 

to 0.17; Z = 0.52; p = 0.60; I2 = 0%; subgroup difference: p = 0.02; Fig 4). Random effects meta-265 

regression analysis also showed that total stretching volume is a moderator of longitudinal fascicle 266 

increases (p = 0.02, R2 = 0.76). 267 

Fascicle length by stretching intensity interaction 268 

Out of the 30 entries analyzed, 10 had low intensity and 20 had high intensity. Only the high 269 

stretching intensities induced small increases in fascicle length following stretching (SMD = 0.29; 270 

95% CI = 0.11 to 0.46; Z = 3.20; p = 0.001; I2 = 16%; Fig 7). In contrast, low stretching intensities 271 

did not affect fascicle length in the experimental groups (SMD = -0.04; 95% CI = -0.28 to 0.20; Z 272 

= 0.36; p = 0.72; I2 = 0%; Subgroup difference: p = 0.03; Fig 7). Random effects meta-regression 273 

analysis showed that stretching intensity is a moderator of longitudinal fascicle increases (p ˂ 0.04, 274 

R2 = 0.52). 275 

--Fig. 7-- 276 

 277 

Fascicle angle by stretching volume interaction 278 

Out of the 25 entries analyzed, 10 had low volume and 15 had high volume. High or low stretching 279 

volumes did not induce changes in fascicle angle following stretching (SMD = -0.02; 95% CI = -280 

0.19 to 0.16, Z = 0.18; p = 0.86; I2 = 0% and SMD = 0.30; 95% CI = -0.08 to 0.89, Z = 1.55; p = 281 

0.12; I2 = 58%, respectively; Subgroup difference: p = 0.14; Fig 6). 282 
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Fascicle angle by stretching intensity interaction 283 

Out of the 25 entries analyzed, 11 had low intensity and 14 had high intensity. High or low 284 

stretching intensities did not induce changes in fascicle angle following stretching, (SMD = 0.06; 285 

95% CI = -0.18 to 0.30, Z = 0.49; p = 0.63; I2 = 38% and SMD = 0.12; 95% CI = -0.11 to 0.35, Z 286 

= 1.00; p = 0.32; I2 = 0%, respectively; Subgroup difference: p = 0.74). 287 

Muscle thickness by stretching volume interaction 288 

Out of the 31 entries analyzed, 11 had low volume and 20 had high volume. High or low stretching 289 

volumes did not induce changes in muscle thickness following stretching, (SMD = 0.13; 95% CI 290 

= -0.05 to 0.30, Z = 1.39; p = 0.16; I2 = 23% and SMD = 0.13; 95% CI = -0.21 to 0.47, Z = 0.74; 291 

p = 0.46; I2 = 50%, respectively; subgroup difference: p = 0.99). 292 

Muscle thickness by stretching intensity interaction 293 

Out of the 31 entries analyzed, 13 had low intensity and 18 had high intensity. Subgroup analysis 294 

showed that stretching training with high intensity induced a small increase in muscle thickness, 295 

(SMD = 0.27; 95% CI = 0.05 to 0.49, Z = 2.45; p = 0.01; I2 = 40%), while low intensity stretching 296 

had no effect (SMD = -0.11; 95% CI = -0.31 to 0.10, Z = 1.02; p = 0.31; I2 = 0%; subgroup 297 

difference: p = 0.01, Fig. 8) 298 

--Fig. 8-- 299 

 300 

Confidence in cumulative evidence 301 

Derailed GRADE analyses can be found in supplementary file 5 (S5). In this study, 13 randomized 302 

controlled trials and four controlled trials were included thus, GRADE started assuming high 303 
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quality. The quality of evidence was not downgraded for Risk of Bias, inconsistency of the results 304 

or indirectness but was downgraded by one level for publication bias. Since a dose-response effect 305 

was found for fascicle length, the studies examining longitudinal fascicle length were upgraded. 306 

For the same reason, studies examining the effects of stretching intensity on muscle thickness were 307 

also upgraded. Overall, the analysis showed that we can have a lot of confidence that the true effect 308 

is similar to the estimated effect. Visual inspection of the funnel plots implied no publication bias 309 

(see supplementary Figures 1-3 for funnel plots). In addition, Egger’s regression intercept test 310 

revealed no publication bias for fascicle length, fascicle angle and muscle thickness (intercept = 311 

0.525, p = 0.313, -0.743, p = 0.292 and -0.195, p = 0.802, respectively). 312 

 313 

Discussion 314 

The aim of this systematic review and meta-analysis was to examine the effects of static stretching 315 

training on muscle architecture. The main meta-analysis, including a total of 19 studies and 467 316 

participants, indicated that static stretching training induces trivial increases in fascicle length at 317 

rest and small increases in fascicle length during stretching in healthy participants. As shown by 318 

subgroup analyses and meta-regression, increases in fascicle length and muscle thickness are 319 

moderated by stretching volume and intensity. Specifically, high stretching volumes and intensities 320 

induce longitudinal fascicle growth, while high stretching intensities result in increased muscle 321 

thickness. Fascicle angle remains unaffected from static stretching training. 322 

It has been shown that fascicle length reflects the number of sarcomeres in series and is related to 323 

maximum muscle excursion [27]. In animal studies, long-term immobilization in lengthened 324 

position induces increases in muscle fiber length [7, 44, 45], possibly due to the addition of 325 
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sarcomeres in series [8]. However, an increase in fascicle length following stretching in humans 326 

has not been clearly demonstrated, up to now. The main meta-analysis showed a significant, albeit 327 

trivial, increase in resting fascicle length following static stretching training (ES = 0.18, p = 0.02). 328 

Since static stretching is commonly used in sports, rehabilitation, and clinical settings [9], even 329 

trivial changes in fascicle length may be of importance.  330 

During stretching, mechanical stress and, most importantly, total time under tension, contributes 331 

to morphological adaptations [46]. It has been hypothesized that when a muscle is systematically 332 

stretched to long muscle lengths, sarcomere number in series may increase to reduce passive 333 

tension and to maintain optimal actin-myosin overlap [46, 47]. The results of the present meta-334 

analysis indicated that only high stretching volumes or high stretching intensities induce increases 335 

in fascicle length (SMD = 0.30, p = 0.001 and SMD = 0.29 p = 0.001, respectively) while low 336 

stretching volumes and intensities did not induce changes in muscle morphology (SMD = -0.06, p 337 

= 0.60 and SMD = -0.04 p = 0.72, respectively). Thus, it seems that total mechanical stress, as 338 

expressed by volume load and intensity, is an important modulator of the increases in fascicle 339 

length during stretching training [11, 17]. For example, significant increases in gastrocnemius 340 

medialis fascicle length at rest and in gastrocnemius lateralis fascicle length during stretching, were 341 

found after 12 weeks of daily high-intensity and high volume stretching [9, 15]. In contrast, a 6-342 

month intervention using low intensity stretching did not result in fascicle length changes of 343 

gastrocnemius [17].  344 

The cut-off value for the stretching volume in the present study (i.e., 5400 s or 90 min), represents 345 

the total stretching duration of six 30 s sets performed five times per week for 6 weeks, and is 346 

higher than what is commonly used in sports practice [48]. The high and low volume subgroups 347 

differed largely in total stretching volume (3030 ± 1057 vs. 24953 ± 17099 s, p = 0.003), due to 348 
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the 2.5-fold longer stretching bout duration and the longer intervention duration in the high vs. low 349 

volume load group, while the number of exercises, sets and the frequency of training per week 350 

were similar (Table 2). These findings highlight the importance of long stretching bout duration 351 

(from 30 to 300 s, average of 101 s) to achieve an increase in fascicle length. Notably, these 352 

stretching bout durations are much higher than those used by athletes (10-20 s, average of 14.5 s) 353 

during their practice [48], suggesting that longer stretching bouts should be employed when 354 

morphological changes in muscles are required. Moreover, the difference in the intervention 355 

duration between high and low volume groups (10.6 ± 6.2 vs. 5.1 ± 1.6 weeks, respectively, p = 356 

0.028) may suggest that, besides stretching bout duration, morphological adaptations may require 357 

longer time to occur. Although some fascicle length increases were reported following 6 weeks of 358 

overloaded stretch training [14], the greater fascicle length that is observed in cross-sectional 359 

studies in dancers [17] and gymnasts [49, 50] compared with athletes from other sports, suggests 360 

that long-term stretching training with high-volume and intensity is important for adaptations in 361 

muscle morphology. In this respect, more evidence is needed regarding the effects of long-term 362 

stretching protocols on longitudinal fascicle growth, applied throughout childhood and 363 

adolescence, which may be a suggestion for future studies. 364 

A greater fascicle length during stretching was observed in the experimental groups, compared 365 

with the control groups, with a small effect size (SMD = 0.47, p = 0.002). Previous cross-sectional 366 

studies observed greater fascicle length during stretching in flexibility trained compared to 367 

untrained adults [23, 51] and the same was found in flexibility trained children [15]. The limited 368 

evidence provided by the few studies that measured fascicle length during stretching (n=6), has 369 

shown relatively larger increases compared with those observed at rest (10.9 vs.5.3%) [23, 24]. 370 

The large increases in fascicle extensibility found in this meta-analysis is an important finding. It 371 
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is not known if the increased fascicle extensibility following stretching training reflects changes in 372 

series elastic (e.g., the muscle internal aponeuroses, the structural protein “titin”, the elastic 373 

elements in the cross-bridges aponeurosis) or contractile elements (i.e. sarcomeres), and it remains 374 

undetermined how these changes may affect the mechanics of muscle contraction, the metabolic 375 

cost of movement and the storage and release of elastic energy [52]. 376 

The main meta-analysis showed no differences in fascicle angle following static stretching training 377 

(SMD = 0.07, p = 0.33) and no changes were found following high or low stretching volumes (p = 378 

0.86 and p = 0.12, respectively) and intensities (p = 0.63 and p = 0.32, respectively). In line with 379 

the results of this systematic review, several studies reported unaltered fascicle angles following 380 

stretching training [16, 25, 4], while one study reported trivial decreases in gastrocnemius lateralis 381 

fascicle angle [14]. Fascicle angle, defined as the angle between a fascicle’s orientation and the 382 

aponeurosis axis, is thought to determine force contribution of the fascicle during skeletal 383 

movement [53]. However, it has recently been suggested that fascicle angle represents 384 

predominantly a “packing” strategy with little functional significance, which is unrelated to the 385 

magnitude of force generation through the tendon structure [53]. In this respect, current evidence 386 

suggests that the tension generated from stretching induces no changes in fascicle angle. 387 

Also, this meta-analysis showed that there was no difference in muscle thickness following static 388 

stretching training (SMD = 0.12, p = 0.15). Most studies reported no changes in muscle thickness 389 

following static stretching training (Fig. 8). However, subgroup analyses showed a small effect of 390 

high intensity stretching on muscle thickness (SMD=0.27, p = 0.01). As can be seen in Fig. 8, this 391 

was due to four studies that combined high intensity and very high total volume protocols (i.e., 392 

accumulation of >450 min of total stretching duration) applied on the gastrocnemius muscle [9, 15, 393 

16, 39]. Notably, the fifth study which showed a large improvement in muscle thickness with high-394 
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intensity, but low-volume stretching, involved the vastus lateralis muscle [20]. Thus, it may be 395 

argued that a combination of high intensity and very high volume of stretching (>7.5 hours) is 396 

required to increase muscle thickness of the gastrocnemius [9, 15, 16, 39]. Despite the apparent 397 

importance of high intensity and high-volume combination to induce a hypertrophic response 398 

following static stretching training, further investigation is required to determine the magnitude 399 

and the characteristics or the appropriate programs. 400 

Regarding muscle cross-sectional area, only two studies examined [15, 39] the effect of static 401 

stretching training on gastrocnemius muscle anatomical cross-sectional area in humans. In one 402 

study examining adolescent female volleyball players it was found that intense static stretching 403 

increased cross-sectional area in the gastrocnemius of the stretched leg (by 23%), while the non-404 

stretched leg also hypertrophied, albeit by a significantly smaller percentage (13%, p < 0.01) [15]. 405 

The difference in the percent increase of the cross-sectional area between the stretched and the 406 

control legs may be attributed to the interaction of volleyball and stretching training, which further 407 

enhanced muscle hypertrophy [15]. In the second study that measured the effects of stretching on 408 

cross-sectional area, no changes were found in the gastrocnemius muscle following, 10-weeks of 409 

low volume and intensity stretching [39]. 410 

Since high volume and high intensity static stretching has the potential to induce longitudinal 411 

fascicle growth, muscle thickness and muscle cross sectional area, future studies should examine 412 

how these changes in muscle morphology may influence muscle mechanical function (e.g., force 413 

– length relationship). Some interventions indicate that increased fascicle length may shift the 414 

optimal muscle length for force production [54] and may widen the entire force-length relationship 415 

[55], but this remains to be verified for stretching training interventions. In addition, future research 416 
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should examine the effect of longitudinal fascicle growth following stretching on velocity of 417 

contraction during shortening [46], as well as on the torque-angle relationship.  418 

Limitations 419 

One limitation is that in this systematic review the effects of stretching training could not be 420 

separated for males and females, as only one study reported results for females [15], while seven 421 

out of the 19 studies reported collective values for both sexes [9, 16, 17, 19, 20, 25, 43]. 422 

Furthermore, comparisons between athletic and non-athletic populations were not feasible, as only 423 

one study used athletic population [15]. Another limitation concerns the characterization of 424 

stretching intensity, which was based on perceived discomfort and pain and not on any objective 425 

measures of intensity. This is an inherent limitation of almost all stretching interventions which 426 

should be addressed in future studies.  Finally, most of the included studies examined the ankle 427 

joint (16 out of 19 studies), while there is limited information regarding other joints. 428 

Conclusions 429 

Static stretching training induces trivial increases in fascicle length at rest and small increases in 430 

fascicle length during stretching in young, healthy participants. High volumes of static stretching 431 

and high stretching intensities are necessary to induce increases in fascicle length and muscle 432 

thickness, while fascicle angle remains unaffected from static stretching. These results show that 433 

long-term static stretching, using extended bouts of intense muscle elongation may modify muscle 434 

architecture, with possible effects on muscle function. In that respect, static stretching may be used 435 

not only to increase ROM, but also to enhance muscle performance, either alone or in combination 436 

with other interventions, in health and disease. 437 
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Figure Legends 475 

Fig. 1 PRISMA flowchart illustrating different phases of the search and study selection 476 

Fig. 2 Summary of risk of bias assessment for randomized controlled trials 477 

Fig. 3 Summary of risk of bias assessment for controlled trials 478 

Fig. 4 Effect of static stretching training on fascicle length at rest (overall effect and 479 

according to the total stretching volume). SD: standard deviation, 95% CI: Confidence 480 

Interval. Note: GM: gastrocnemius medialis; GL: gastrocnemius lateralis; VL: vastus 481 

lateralis; BF: biceps femoris; SOL: soleus; PER: peroneus muscle; TIB: tibialis muscle. 482 

Fig. 5 Effect of static stretching training on fascicle length during stretching. SD: standard 483 

deviation, 95% CI: Confidence Interval. Note: GM: gastrocnemius medialis; GL: 484 

gastrocnemius lateralis.  485 

Fig. 6 Effect of static stretching training on fascicle angle (overall effect and subgroups 486 

comparisons by total stretching volume). SD: standard deviation, 95% CI: Confidence 487 

Interval. Note: GM: gastrocnemius medialis; GL: gastrocnemius lateralis; VL: vastus 488 

lateralis; BF: biceps femoris; SOL: soleus; PER: peroneus muscle; TIB: tibialis muscle. 489 

Fig. 7. Effect of high and low stretching intensity on fascicle length; SD: standard 490 

deviation, 95% CI: Confidence Interval. Note: GM: gastrocnemius medialis; GL: 491 

gastrocnemius lateralis; VL: vastus lateralis; BF: biceps femoris; SOL: soleus; PER: 492 

peroneus muscle; TIB: tibialis muscle. 493 
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Fig. 8. Effect of static stretching training on muscle thickness (overall effect and subgroups 494 

comparisons by stretching intensity). SD: standard deviation, 95% CI: Confidence Interval. 495 

Note: GM: gastrocnemius medialis; GL: gastrocnemius lateralis; VL: vastus lateralis; BF: 496 

biceps femoris; SOL: soleus; PER: peroneus muscle; TIB: tibialis muscle; ST: 497 

semitendinosus. 498 

 499 

Supplementary Fig. 1 Funnel plot for fascicle length 500 

Supplementary Fig. 2 Funnel plot for fascicle angle 501 

Supplementary Fig. 3 Funnel plot for muscle thickness 502 
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Table 1. Characteristics and main outcomes of the included studies 

Study  
Study 
design 

Participants -
total (n) 

Males Females SG (n) CG (n) 
Age 
(SG) 

Age 
(CG) 

Participants 
physical activity 

Architectrural 
Caracteristics 

Main outcome 

Akagi and 
Takahashi [40] 

RCT 19 19 - Unilateral design 23.7 ± 2.3 
Sedentary or 

recreationally active 
participants 

TH 

A 5-week unilateral stretching intervention 
decreased gastrocnemius muscle hardness but 
did not change muscle thickness and the ratio 
of GM hardness to GL hardness. 

Andrade et al. 
[9] 

RCT 39 19 20 21 18 21.0 ± 2.4 21.1 ± 2.0 
Physical education 

& sport science 
university students 

FL, TH 

Compared with the control group, muscle 
directed static stretching for 12 weeks, showed 
increased ROM, decreased shear wave velocity 
of triceps surae, decreased passive torque and 
greater GM fascicle length. There were no 
significant changes in GL fascicle length and in 
GM and GL thickness.  

Blazevich et 
al. [23] 
  

RCT 24 24 - 15 9 18.6 ± 0.9 18.6 ± 0.9 NR FL 

A 3-week stretching training increased 
dorsiflexion ROM and passive joint moment at 
end ROM in the stretched compared with the 
control group. Muscle and fascicle strain 
increased along with a decrease in muscle 
stiffness during stretch to a constant joint angle. 
Muscle length at end ROM increased without a 
change in fascicle length, fascicle rotation, 
tendon elongation and tendon stiffness, 
following training. No change in maximum 
voluntary contraction moment and rate of force 
development at any joint angle was observed.  

Brusco et al. 
[38] 

CT 10 10 - Unilateral design 24.4 ± 4.1 
Untrained 

participants  
TH 

After 6 weeks of unilateral static stretching, hip 
ROM increased only in the experimental leg. 
Biceps femoris thickness was significalty 
inreased at all time points and semitendinous  
thickness and echo intensity significanlty 
increased at 72 hours post stretching. However, 
no significant differences were found between 
the stretched and the control leg. 

Freitas and 
Mil-Homens 
[22] RCT 10 10 - 5 5 21.2 ± 0.8 21.2 ± 0.8 University students FL, PA, TH 

An 8-week stretching intervention significantly 
increased BF fascicle length and hip joint ROM 
in the stretching compared with the control 
group. No changes were found in BF muscle 
thickness and pennation angle.  

Table 1 Click here to access/download;Table;Table_1.docx

https://www.editorialmanager.com/smoa/download.aspx?id=53644&guid=f5cea4a3-6c23-4b12-a6f7-c75fed657643&scheme=1
https://www.editorialmanager.com/smoa/download.aspx?id=53644&guid=f5cea4a3-6c23-4b12-a6f7-c75fed657643&scheme=1
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Kay et al. [20] 

RCT 26 16 10 13 13 27.8 ± 8.0 27.8 ± 8.0 
Recreationally 

active participants 
FL, PA, TH 

After a 6-week active stretch training program, 
significant increases were found in eccentric 
and isometric moments, stretch tolerance, 
elastic energy storage, VL thickness, pennation 
angle and tendon stiffness. No change was 
observed in VL resting fascicle length and VL 
passive muscle-tendon stiffness. 

Konrad and 
Tilp [25] 

RCT 49 35 14 25 24 23.3 ± 3.1 22.9 ± 2.4 Police Cadets FL, PA 

Following 6 weeks of static stretching,  ankle 
ROM increased in the intervention group 
compared with the control. However, GM 
fascicle length, pennation angle, muscle 
stiffness and tendon stiffness remained 
unaltered post-intervention. 

Lima et al. 
[41]  

RCT 23 23 - 12 11 19.1 ± 1.4 9.0 ± 0.2 
Physically active 

participants 
FL, PA, TH 

After 8 weeks of stretching no significant 
changes were observed in VL and BF muscle 
architecture,  extension torque and knee flexion 
angle. However, knee extension angle increased 
significantly in the experimental compared with 
the control group. 

Longo et al. 
[16] 

  

RCT 30 18 12 15 15 22.3 ± 0.8 23.4 ± 0.8 
Recreationally 

active participants 
FL, PA, TH 

Compared to pre-intervention, a static 
stretching intervention of 12-weeks increased 
ankle ROM in the intervention group while 
muscle tendon complex stiffness decreased. No 
changes were found in triceps surae 
architecture (FL,PA, TH), and plantar flexors 
force generating capacity. No changes occured 
in the control group in any variable. 

Mizuno [19] 

CT 24 15 9 12 12 18.5 ± 0.7 18.8 ± 0.7 University students PA, TH 

A static stretching intervention of 8 weeks 
significantly increased ankle ROM and GM 
muscle thickness in the stretching compared 
with the control group. In addition, there were 
significant increases in plantar flexion one-
repetition maximum strength and pennation 
angle in the strething and the control group. 

Moltubakk et 
al. [17] 

RCT 26 9 17 UnIlateral design 22.0 ± 1.6 
Recreationally 

active university 
students 

FL, PA, TH 

Following 24 weeks of static stretching, ankle 
ROM increased and passive torque and 
normalized EMG amplitude at a standardized 
dorsiflexion decreased. Increases were seen in 
passive tendon elongation at a standardized 
force and in maximal passive muscle and 
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tendon elongation. No changes were seen in 
tendon stiffness, resting tendon length or GM 
fascicle length. No changes were found in GM 
thickness and pennation angle in the stretched 
leg. 

Nakamura et 
al. [21] 
  

RCT 40 40 - 14 13 21.4 ± 1.0 21.9 ± 1.3 University students 

FL, PA, TH 

High-intesity stretching improved ankle ROM 
and decreased muscle stiffness more than low 
intensity stretching. No significant changes 
were observed for muscle strength, drop jump 
height, and muscle architecture (FL, PA, TH) in 
both stretching groups compared to controls. 

    13  21.4 ± 1.1  University students 

Nakamura et 
al. [24] 

RCT 18 18 - 9 9 21.1 ± 2.3 21.8 ± 0.8 NR FL 

Following 4 weeks of stretching, ankle ROM and 
gastrocnemius medialis MTJ displacement 
significantly increased while passive torque at 
30° significanlty decreased in the stretching 
compared with the control group. No increase 
was found in GM fascicle length in the 
stretching group. 

Panidi et al. 
[15] 

RCT 21 - 21 Unilateral design 13.5 ± 1.4 Volleyball athletes 
FL, PA, TH, 

ACSA 

Following 12 weeks of sretching, ankle 
dorsiflexion increased in both legs with a 
greater increase in the stretched compared 
with the control leg. Fascicle length in the 
middle part of GM at rest and during stretching 
and fascicle length in the distal part of GL during 
stretching, increased only in the stretched leg. 
No changes were found in GM and GL penation 
angle and thickness. A greater increase was 
found in CSA and in one-leg jumping height in 
the stretched compared with the control leg. 

Peixinho et al. 
[39] 

RCT 20 20 - 12 8 18.9 ± 0.5 Physically active FL, PA, ACSA 

Following 10 weeks of static stretching training 
maximum dorsiflexion, peak passive torque, 
and muscle-tendon unit maximum length 
singificantly increased. No other differences 
were found related to muscle architecture. 

Şekir et al. [42] 
CT 23 23 - 12 11 23.1 ± 3.1 22.2 ± 2.9 

Recreational level  
athletes 

FL, PA, TH 
Following a 6-week stretching intervention, no 
significant increases were found for peroneal 
and tibial muscles architecture (FL, PA, TH). 

Simpson et al. 
[14] CT 22 11 11 Unilateral design 22.0 ± 2.0 NR FL, PA, TH 

After 6 weeks of overloaded static stretching 
gastrocnemius muscle thickness increased by 
5.6%. Overall fascicles lengthened by 25% in the 
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Note: CT: controlled trial; RCT: randomized controlled trial; SG: stretching group; CG: control group; FL: fascicle length; PA: pennation angle; TH: muscle thickness; ACSA: 

anatomical cross sectional area; NR: not reported; GM: gastrocnemius medialis; GL: gastrocnemius lateralis; VL: vastus lateralis; BF: biceps femoris; ROM: range of motion; 

MTJ: muscle-tendon junction 

 
 
 
 

muscle tendon junction and 5.1% in the muscle 
belly. The fascicles in GL lengthened to a greater 
extend than in GM. Pennation angles remained 
unaltered in GM but decreased in GL. No 
change was observed in maximm voluntary 
contraction, voluntary activation, tendon length 
or thickness. 

Warneke et al. 
[43] 

CT 27 16 11 Unilateral design 27.4 ± 3.1 26.8 ± 3.9 
Athletically active 

subjects 
TH 

After a 6 weeks static stretching intervention 
using an orthosis, maximal isometric strength, 
1RM and ROM significantly increased. In 
addition, there was a significant contralateral 
tranfer in maximal strength. A significant 
increase was observed in muscle thickness in 
the GL of the stretched leg. 

Yahata et al. 
[18] 

CT 16 16 - Unilateral design 21.4 ± 1.5 NR FL, PA, TH 

After a 5 week strething intervention, 
significant increases were found in maximum 
voluntary isometric contraction, at neutral 
ankle position. No changes were found in 
muscle architecture (FL, PA, TH) for both the 
intervention and the control legs. 

Participants 
total 

 
 

467 
 

342 125     
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Table 2. Characteristics of the stretching interventions 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Note: POD: point of discomfort 

Study  
Stretching 
duration 
(bout) (s) 

Number 
of 

exercises 

Number 
of sets 

Frequency 
per week 

Daily stretch 
in a week (s) 

Weekly 
load (s) 

Study duration 
(weeks) 

Total stretching 
duration 

Stretching intensity 

Akagi and Takahashi 
[40] 120 1 3 6 360 2160 5 10800 

Low (without suffering 
discomfort or pain) 

Andrade et al. [9] 45 2 5 5 450 2250 12 27000 High (max, onset of pain) 

Blazevich et al. [23] 
  

30 1 8 7 240 1680 3 5400 
Low (within the limit of 

pain) 

Brusco et al. [38] 60 1 8 2 480 960 6 5760 High (max-tolerable) 

Freitas and  
Mil-Homens [22] 

90 1 5 5 450 2250 8 18000 High (POD) 

Kay et al. [20] 36 1 5 2 180 360 6 2160 High (POD) 

Konrad and Tilp [25] 30 1 4 5 120 600 6 3600 High (POD) 

Lima et al. [41]  30 1 3 3 90 270 8 2160 Low (before pain threshold 

Longo et al. [16] 
  

45 2 5 5 450 2250 12 27000 High (POD) 

Mizuno [19] 30 1 4 3 120 360 8 2880 Low (without feeling pain) 

Moltubakk et al. [17] 60 4 4 7 240 1680 24 40320 Low (without pain) 

Nakamura et al. [21] 
60 1 3 3 180 540 4 2160 Low (6-7 out of 10) 

60 1 3 3 180 540 4 2160 
Low (greatest toleraterd 

dorsiflexion with no or little 
pain) 

Nakamura et al. [24] 60 1 2 7 120 840 4 3360 High (POD) 

Panidi et al. [15] 78.75 6 2 5 945 4725 12 56700 High (POD) 

Peixinho et al. [39] 30 2 2 4 120 480 10 4800 Low (tolerable discomfort) 

Şekir et al. [42] 30 1 4 5 120 600 6 3600 Low (mild discomfort) 

30 2 4 5 240 1200 6 7200 Low (mild discomfort) 

Simpson et al. [14] 180 1 1 5 180 900 6 5400 Low (mild discomfort 

Warneke et al. [43] 3600 1 1 7 3600 25200 6 151200 High (POD) 

Yahata et al. [18] 300 1 6 2 1800 3600 5 18000 High (POD) 
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