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Abstract

Background: Flexibility is an important component of physical fitness for competitive and recreational athletes. It is
generally suggested that flexibility training should start from childhood (6-11 years of age) to optimize joint range of
motion (ROM) increases; however, evidence is limited and inconsistent.

Objective: To examine whether there is a difference in the effect of stretching training on flexibility during childhood
(6-11 years of age) and adolescence (12-18 years of age).

Design: Systematic review and meta-analysis.

Methods: We searched PubMed Central, Web of Science, Scopus, Embase, and SPORTDiscus, to conduct this
systematic review. Randomized controlled trials and non-randomized controlled trials were eligible. No language
and date of publication restrictions 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. GRADE analysis was used to assess the
methodological quality of the studies.

Results: From the 2713 records retrieved 28 studies were included in the meta-analysis (n = 1936 participants). Risk
of bias was low in 56.9% of all criteria. Confidence in cumulative evidence was moderate. We found that stretching
was effective in increasing ROM in both children (SMD=1.09; 95% Cl=0.77-141; Z=6.65; p< 0.001; > =79%) and
adolescents (SMD=0.90; 95% Cl=0.70-1.10; Z=8.88; p < 0.001; > =81%), with no differences between children and
adolescents in ROM improvements (p=0.32; /> = 0%). However, when stretching volume load was considered, chil-
dren exhibited greater increases in ROM with higher than lower stretching volumes (SMD=1.21; 95% Cl = 0.82-1.60;
7=6.09; p<0.007; > =82% and SMD = 0.62; 95% Cl=0.29-0.95; Z=3.65; p < 0.001; > = 0%, respectively; subgroup
difference: p=0.02; > =80.5%), while adolescents responded equally to higher and lower stretching volume loads
(SMD =0.90; 95% Cl=0.47-133; Z=4.08; p<0.001; > =83%, and SMD =0.90; 95% Cl =0.69-1.12; 7=8.18; p < 0.001;
1> =79%, respectively; subgroup difference: p=0.98; > =0%).

Conclusions: Systematic stretching training increases ROM during both childhood and adolescence. However, larger
ROM gains may be induced in childhood than in adolescence when higher stretching volume loads are applied, while
adolescents respond equally to high and low stretching volume loads.

Registration: INPLASY, registration number: INPLASY202190032; https://inplasy.com/inplasy-2021-9-0032/
Keywords: Stretching, Children, Adolescents, Training
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+ Larger ROM gains may be induced in childhood than
in adolescence when higher stretching volume loads
are applied

+ Adolescents respond equally to high and low stretch-
ing volume loads

Background

Long-term athlete development models provide gen-
eral frameworks to prepare children and adolescents for
sports and a physically active lifestyle [1]. These models
aim to align sport practice with growth, maturation, and
early sport specialization and consider factors such as
injury risk [2, 3] and the limitations of the existing train-
ing practice schedules [4]. Muscular strength and power,
speed, agility, mobility, and flexibility are central fitness
components in all the long-term athlete development
models [3, 5, 6]. Most long-term athlete development
models encourage participation in mobility and flexibility
training from a very young age (45 years), with an under-
lying assumption that flexibility can be enhanced more
with early training [7, 8].

Flexibility is an important component of physical fit-
ness for competitive and recreational athletes [9] and a
performance determinant in sports requiring the abil-
ity to move comfortably through a large range of motion
(ROM) [10]. Flexibility is defined as the ROM in a joint
or series of joints [9] and from a functional perspective
represents the ability to move comfortably without con-
straints or pain through a full ROM [11]. The importance
of flexibility in children and adolescents is task and sport
specific [10]. For example, in gymnastics the athlete exe-
cutes skills assuming extreme body positions [12, 13],
while in other sports, a large ROM is utilized to enhance
the mechanical effectiveness of a task [14, 15]. For exam-
ple, in throwing activities an enhanced joint ROM can
increase the distance over which muscle force is applied
or absorbed thus allowing the athlete to generate a higher
power output [15, 16]. In sports such as gymnastics [12,
13] and throwing [16], increased hip and shoulder ROM
are typically associated with higher performance level.
There is also evidence suggesting that decreased joint
ROM is a risk factor for injury in young athletes [17, 18].
For example, adolescent swimmers with limited ROM
were found to have a 3.6 times higher risk of developing
shoulder pain than swimmers with normal ROM [17].

Despite its importance, flexibility is a largely under-
researched area of study within the pediatric populations
[15]. It has been suggested that childhood is a key time
period for flexibility development, with the age range of
6-11 years proposed as being a “window of opportunity”
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for flexibility development [8]. One possible mechanism
for this is the increased pliability and reduced musculo-
tendinous stiffness associated with childhood [19], which
may enable greater ROM to be attained, and this may, in
turn, render flexibility training more effective. For exam-
ple, Kubo et al. [19] reported that the tendon structures
in younger boys (10-11 years old) are more compliant
than those in older boys (14—15 years old) and young
men, although the association between muscle and ten-
don mechanical properties and joint ROM in children
and adolescents has not been investigated. Furthermore,
children and adolescents are generally more flexible than
adults [20, 21], while joint ROM gradually diminishes
with age [22]. However, research on flexibility training in
youth is limited, and evidence regarding the existence of
“windows of opportunity” for different motor skills devel-
opment is controversial [23]. Previous long-term athletic
development models did not suggest an appropriate
period for flexibility development [7]. More recently, the
Youth Physical Development Model [8] suggested that
middle childhood (ages 6-11) may be an optimal time
frame for flexibility and mobility training. According to
the authors of this model, the rationale for this selection
is that it incorporates a period that has previously been
termed a “critical period” of flexibility development,
which is supported mainly by empirical evidence [10,
24]. For example, in sports such as gymnastics and dance,
children are submitted to extensive daily flexibility train-
ing schedules on the assumption that ROM gains may be
maximized with early training [10]. On the other hand,
the levels of flexibility tend to plateau or even decrease at
the time of the adolescent growth spurt and into adult-
hood, especially in boys, thus lending support to the
notion of a “window of opportunity” earlier in childhood,
at least in boys [25].

Short-term stretching training improvements in joint
ROM are usually attributed to increased stretch toler-
ance and/or are related to a decreased tissue resistance
to stretch [9]. The loading characteristics of the stretch-
ing protocol are key elements for chronic joint ROM
increases [26]. Past research in adults has reported
that total stretch duration is more important for ROM
enhancement than the duration of each stretching bout
[27]. Cross-sectional studies in adults also reported
that higher stretching volume load (i.e., the total dura-
tion of stretching applied over the intervention period)
is a crucial factor for improvement in ROM [28]. How-
ever, evidence for the effects of stretching training
on ROM improvement in children and adolescents is
limited and, in many cases, contradictory [29]. Thus,
although a “window of opportunity” for flexibility devel-
opment has been widely suggested, there is only sparse
evidence to verify its existence. Moreover, the effect of
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confounding variables such as the loading characteristics
of the stretching protocols has not yet been collectively
assessed. Therefore, the aim of this systematic review
and meta-analysis was to examine whether there is a dif-
ference in the effect of stretching training on flexibility
during childhood (6-11 years of age) and adolescence
(12-18 years of age).

Methods

Study Design

This systematic review was conducted according to the
Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) guidelines [30] (see Additional
file 1: PRISMA checklist). The review was preregistered
in the International Platform of Registered Systematic
Review and Meta-analysis Protocols (INPLASY, registra-
tion number: INPLASY202190032; https://inplasy.com/
inplasy-2021-9-0032/).

Search and Selection Strategy

Five electronic databases were searched through, until
March 2022 by two independent investigators (OD,
IP): PubMed Central, Scopus, Web of Science, Embase
and SPORTDiscus. No language and date restrictions
were applied. The search was carried out in the field
type “Title and abstract” The topic was systematically
searched using a Boolean search strategy with the opera-
tor AND” and “OR?” The keywords with more than one
word were enclosed in quotes. The keyword algorithm
used in the selected databases can be found in Additional
file 1. Additional records that were not picked up in sys-
tematic searches were identified through: (1) searching
the reference lists of original studies and some related
study reviews, (2) examining the reference citations and
the researchers’ publications, (3) contacting by email
the corresponding authors (if they were not defined, the
first author was used), and (4) screening the researchers’
personal lists in ResearchGate and Google Scholar (first
authors) [31, 32]. Based on our knowledge of the area, we
also contributed additional studies which we had knowl-
edge of but were not picked up in systematic searches.
Two investigators (IP, AK) selected the eligible studies
based on the eligibility criteria. In the case of a disagree-
ment between the investigators, GCB and OD made the
ultimate decision for the searching and selection proce-
dures by majority consensus.

Inclusion and Exclusion Criteria

We followed PICOS (Population, Intervention, Com-
parison, Outcome, Study Design) for selecting stud-
ies for inclusion. We included randomized controlled
trials and non-randomized controlled trials (not ran-
domized trials that include a comparison or control
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group). The included studies investigated the chronic
effects (>2 weeks) of static stretching in healthy (i.e.,
non-clinical) children (5-11 years old), and adolescents
(12-18 years old). We included pupils, recreationally
active, and trained participants. Studies also had to
include an implementation of a static stretching inter-
vention because evidence for other types of stretching
(e.g., dynamic, ballistic, proprioceptive neuromuscular
facilitation stretching, and nerve-directed stretching)
is limited in children and adolescents and these types
of stretching are not commonly used in physical educa-
tion and sport settings in these age groups. Due to the
limited evidence, we also decided to include only stud-
ies that examined lower limbs. The comparison condi-
tions included pre- and post-stretching interventions
in experimental and control conditions. Data regard-
ing ROM maintenance following a detraining period
were not included in the study. We excluded single
group studies, studies without a control group, studies
which had no clearly defined stretching protocol or a
protocol also including a different stimulus (e.g., vibra-
tion or strength training). In addition, studies which
focused on very small joints (e.g., fingers, toes), non-
human studies, and in vitro studies were excluded. Ret-
rospective studies, review papers, case reports, special
communications, letters to the editor, invited commen-
taries, and conference papers were excluded. Related
articles were included up to March 2022.

Risk of Bias Assessment and Methodological Quality

IP and OD independently assessed the risk of bias of the
included studies and any conflict was resolved through
discussion with AK and PCD. The updated Cochrane
Risk of Bias 2 (RoB2) and ROBINS-I tools were used for
the randomized controlled trials and controlled trials
without randomization, respectively. The updated Risk
of Bias 2 (RoB2) Cochrane Library includes the follow-
ing sources of bias: bias arising from the randomization
process, bias due to deviations from intended interven-
tions (effect of assignment to intervention and effect of
adhering to intervention), bias due to missing outcome
data, bias in the measurement of the outcome, and bias in
selection of the reported result [33]. ROBINS-I includes
the following bias domains: bias due to confounding, bias
in selection of participants into the study, bias in clas-
sification of interventions, bias due to deviations from
intended interventions, bias due to missing data, bias in
measurement of outcomes, and bias in selection of the
reported results [34].
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Confidence in the Cumulative Evidence

The Grading of Recommendations, Assessment, Devel-
opment and Evaluations (GRADE) quality rating anal-
ysis was used to assess the quality of the outcomes.
GRADE has four levels of evidence quality: very low,
low, moderate, and high [35, 36]. For GRADE analy-
sis, five evaluation components were adopted to lower
quality (risk of bias, inconsistency of results, indirect-
ness, imprecision, and publication bias) and three
evaluation components to higher quality (large effect,
dose—response, and confounding). All evaluation com-
ponents were assessed independently by OD and IP and
verified by GCB and PCD. The same authors estimated
the overall quality and confidence in the cumulative
evidence.

Data Extraction

Three independent investigators (AK, IP, and OD)
extracted the data from the included papers in the sys-
tematic review. The data extraction was supervised by
two other investigators (PCD and GCB). We extracted
data regarding: (a) author and year of publication, (b) type
of publication (journal paper or grey literature), (c) study
design (randomized controlled trial or controlled trial),
(d) sample size in total, and for the experimental and con-
trol groups, (e) sex (males and females), (f) age (for the
experimental and the control groups), (g) anthropomet-
ric characteristics (body mass, height), (h) participants’
physical activity level (e.g., recreationally active, athlete,
or pupil), (i) the main outcome of the study, and (j) the
means and standard deviations for outcome measures for
both the experimental and the control groups. The term
“Range of motion (ROM)” was used to indicate the lin-
ear or angular distance and direction a joint can move
between the flexed position and the extended position
[10]. The characteristics of the included studies can be
found in Table 1. In addition, we extracted the character-
istics of the stretching interventions, the joint, and mus-
cle examined and the test used to assess ROM. Additional
details regarding the stretching intervention characteris-
tics (i.e., the duration of every stretching bout, the num-
ber of exercises, the number of sets, and the frequency
of stretching training per week) were extracted and from
these data, and we calculated the daily stretching dura-
tion (s) (the duration of each stretching bout x number
of sets x number of exercises), the stretching duration
per week (s) (the duration of the daily stretching x the
number of stretching trainings per week), and the total
duration of the stretching intervention (s) (the stretching
duration per week x the number of weeks). These charac-
teristics can be found in an open repository file (https://
doi.org/10.6084/m9.figshare.17104640).

Page 4 of 24

Data Synthesis and Meta-analysis Methods

All the included studies in the systematic review pro-
vided data for the meta-analysis. We extracted pre- and
post-intervention means and standard deviations. In the
case of data being given in the form of a graph and in the
case of missing data, the corresponding or first authors of
the included studies were contacted via email, to retrieve
these data. We have calculated the A scores of the means
by subtracting the baseline values from the post-inter-
vention values. The standard deviations for the A scores
were calculated according to the following equation:
\/(SD2pre + Sszost) —(2 x 0.70 x SDpre x SD post)
[33]. This approach removed the bias acquired from the
significant differences in baseline values that might have
played a role in the post-intervention differences between
the experimental and control groups. We conducted an
inverse-variance, continuous, random-effects model
meta-analysis using RevMan 5.3 software [34]. We tested
the differences in ROM between an experimental
(stretching group) and a control group (i.e., no stretch-
ing). Heterogeneity was tested using the I* statistic [35].
P values indicate the degree of heterogeneity in the
effects:0-40% were not important, 30-60% moderate
heterogeneity, 50-90% substantial heterogeneity, and
75-100% considerable heterogeneity [36]. A cutoft value
of 75% was adopted as an index of considerable heteroge-
neity. In all the meta-analyses, we used the standardized
mean differences due to the different scale measurements
that the variables displayed [33]. We performed between
group analyses, which included comparisons of age (chil-
dren 5-11 years of age vs. adolescents 12—18 years of age)
irrespective of the stretching protocol, and between
group analyses which included comparisons between
high and low stretching volume loads (<3600 s
vs.> 3600 s) irrespective of age. Subgroups analyses were
performed according to age groups, as follows: child par-
ticipants (<11 years of age) following either a lower
(<3600 s) or a higher stretching volume load protocol
(>3600 s), and adolescents (> 12 years of age) following
either a lower (<3600 s) or a higher stretching volume
load protocol (>3600 s). The age groups were selected
based on evidence of age-related differences in growth
[37, 38], motor skill competence, and health-related
physical fitness [39, 40]. The cutoff value for the stretch-
ing volume load was determined by calculating the total
stretching duration (in s) of 10 weeks of training, includ-
ing three sessions per week, and performing in each ses-
sion two sets of two exercises lasting 30 s each (<3600 s).
This duration was selected to reflect typical stretching
training protocols in sports and school practice [41]. No
comparisons between the athletic and non-athletic popu-
lations were performed because, in the studies involving
primary or secondary school students, extracurricular



https://doi.org/10.6084/m9.figshare.17104640
https://doi.org/10.6084/m9.figshare.17104640

Page 5 of 24

(2022) 8:88

Donti et al. Sports Medicine - Open

Buiuiely buiyoians
JO SYoam | € Jaye
DD 941 YIm
patedwod DS sy}
uy asies ba) 1ybrens
Ul punoy aJam
sjuawarosduwl
uedyIubIS

BORELY

0} paledwod g
31 Ul 21025 yoeal
pue 1s paroiduwil
Ajpuedylubis
Sjoam 9| Joydn
-wilem bulnp sasd
-19xa Bulyd1911s

JO 2dUBWIONY

R

0} paledwod ©g
9Y3 Ul AU|IqISUIXd
sbupiswey siuap
-n1s panoidudl
Ajpuedylubis syaam
1yb1e Joj wesboid
paseq-uoieonpa
[ea1sAyd v

PB)

3y} Ul paAlasqo
2J9M $958.10Ul
ON "a1eJ Aunfuy ui
puNoj 0S|e IaM
S12949 SAIUSOJ
"S9N|eA UOIUIA
-121ul-aud 01
SAI1[2I SHIOIM 7 |
1e UoIXayyIsiop
3pjue pue ‘sajbue
uonelol diy
‘3sies B3| 1ybiess
'9DURISIP 3201INQ
—|93y U sanjea
19ybIy uedLIubIS
pamoys 5S ayL

LY 1-0€'L

(sH1b) 9" 1

(skoq) 880

LC0

LS'1=¥/0

dN ov/'91

dN 0r8¢

Kjpuab pay sem
uonisod yslang 061

uled oN ovee

sjuspPMS HOFLEL

swapnls  L0F98

SUspNIS  SOFSS

swepms  /1-91

193305 80F 9l

YOFLElL IZ4 14 A4 194 0s 124 [0S] epueieg op

SOFV8 Gl 14

led

L0F98 Sl 4 6¢ 6¢ 85 1D 1839 Wepaj0D

lov] 1239 Z9p

L1-91 €S 67 0l 0l 104 -Buls4-eledd9g

[8¥] eASWIOS

80F 9l 09 9 - vl 4 104 pue ewnzy

2W0d}1No ule

p s,usyo>

Aysuau|  (s) swnjoa
yoyaas  buiydansg

Ayanoe
[ea1shyd  (9D) by

(u) [e303-
(0s)aby (u)D) (u)DS sdjeway sajely siuedpnied ubisap Apmis Apms

SalpN1s papn|dUl 9yl JO SoWODINO0 Ulewd pue soiisliaideiey) L ajqelL



Page 6 of 24

(2022) 8:88

Donti et al. Sports Medicine - Open

auoje
Bululely 193205
ueyy ajow siakeid
132205 JUIdS3|0PE
ul dwn( peoiq
pue Ayjibe quuds
W G€ ‘2102S yoeal
pue }is panoidull
SH9IM INOJ 104
Buureny Ayjiqixa|4

|0>0304d
Buyolans Jsyus
Aq pa1oaye jou
sem buiysans
191e 1ybray
dwn(uswarowl
121UnoD 'O Y3
Ul PaAISSCO Sem
INOY Ul 95e31oul
ON 'S}99M 6 JO |0d
-ojoid Buiydians
snonuuod e
JCRUEIVWIEMV]]
ue buimoj|oy
AJJB|IWIS pasealoul
INOY UoIsua}
-xa19dAy diH
SnoNUIIUOD

0} paledwod
AUETVIE eIl [W]}
13b614e| B PalIRjUOD
Buiyolans s
w1l 'dnolb
|013UOD BY3 U
pabueydun
paulewsl ing
SISBUWIAD 9jeway)
YINOA Ul SY99M 7 |
Jo wesboud buy
-U2121315 d11PIS
snonupuod e

10 JUSRIWIIUI
ue Buimoy|o}
pasealnul NOY

8¥'l

(Buryoians
SNONUNU02) 090
(Bulyn1a43s U}
NS 76'0

(Buryoians
SNONURUOD) 160
(BuIy12435 1U)
“WIB) /7T

1OJUIodSIP

plIW JO U104 124%)
aod 0eve
aod 0s0¥

awodIno urep

p s,usyod

Ausuaju| (s) swnjon
yoians buiysansg

[LS] snog

192305 90F 09l LO0F L'9L 4! LL €z € 1Dy -wejeseydifpey

SISBUWAD  §0FS6  SOFS6 Ll 6l 0€ - 0 1D [prles nuog

SISBUWAD  90F68  8OFE6 0C s Ll - LL 1D [ev]e1snuog
Ayanoe (u) |e103-

[eisAyd (9D)3by (DS)3by (U)DD (u)DS sdjewsy sdfely suedpiied ubisap Apms Apms

(panunuod) L ajqey



Page 7 of 24

(2022) 8:88

Donti et al. Sports Medicine - Open

suiod

QU1 |[e 1B 5|0JIU0D
yum pasedwiod
UoIXa|JIsiop

9pjue Ja1ealb

pue Bululesy jo
SYIUOW € BUIMO|
-|0J UOIX3ISIop
dpjue Ul saseanul
uedyIubIS pateils
-uowiap buyolans
sniwaudoiseb bul
-obiapun sa19|y1y

9294y

Ul PAAISSCO SeMm
1uswaroidull oN
‘INOY Ul spusw
-anoidwl J91ealb
pasnpul jod0304d
BuIyD1911S SUWIN|OA
19yb1Yy ay1 4ans
-MOY ‘SIUSPNIS
1U3253|0pe Ul \OY
paseaIdUl $355eD
uonednps [ea1sAyd
Buunp sawin Jnoy
pa1eadai $3sI1219xd
JnojJjo1as e ul

1O ‘sawil Jnoy
'95U0 pawioyiad
BuIyo1a1s dlelS

Bumas

uonednps [ea1sAyd
e ul buiyoians jo
oM 6 buimo)
-|oj AXJIgISUIX
BuLiswey ur o
0} paledwod g
3y} Ul paAlasqo
sem Juswaroidu
uedyIubIs v

(s[16) €50
(skoq) 520

(SHIB) 180
(skoq) 090

(SHIB) 850
(skog) 00

(S1B) 810
(skoq) ¥2'0

090

dN

aN

ured
ou/ssaulybr|

00%'0S

00ce
008
00¢

00ce
008
00¢

00ce
008
00¢

ovee

llegioxseg 0L F€9l €1F86L SS

0F0GL
SiuspnI§

0F0GL

SO0FCSL €0FLSL 8S

SuspMIS GL—€l GL—€l 47

¥S

SS

9

09

09

L

14

o 901

L0l 6CC

€5 0l

109 [€6] [e1esydeuy

[csl
1D |e12 Slnpuewey

[S¥]
1D eidleN pue i

awodIno urep

p s,usyod

fjsuayu)
ys1ans

(s) awnjoa
buiyolans

Ayanoe

[edshyd  (9D)9by (DS)aby (u) D) (u) DS

sajeway

(u) [e303-
sajely sjuedpiied

ubisap Apnis Apms

(panunuod) L ajqey



Page 8 of 24

(2022) 8:88

Donti et al. Sports Medicine - Open

D) 93 03 pased
-W0D DS Y3 Ul Ay
-IgISuaIXa Jequun|

pue bupiswey
pasealdul Apued
-LIubls sassepd
uonesnps [eaisAyd
Bupnp uonuaa
-191u1 bulyd191S VY

90
dY3 Ul PaAISSQO
SeM 95ea10UI ON
“uaIp|Iyd [ooyds

Alejuswaa Ul
2102S Yoeas pue
1IS paseainu|
uonuaAIul Bul
-UD1941S (S499M G)
WI1-HOYS v/

sdnoib umop

|00 pue dn-ullem
U99M13( PaAISSGO
SEM 9DUI34IP ON
'syuspnis buluen
-ou ueyl AujiqIs
-Ua1xe sbupisuiey
ur sanjeA Jaybly
pey $}99Mm Ua)

10} UMOP |00D

Jo dn-wiem
puLnp Jayue
Bulyd1ahs bul
-wioyad syuspnis

Y0

80

(UMOP 003) |10
(dn-wiem) p0°0 4O BuljRy 23U

ured
ou/ssaulybi|

uled
ou/ssaulybr|

ssauybn
Jo Bulje3) 9jpusD
ssauybn

008

0r8¢e

009¢

009¢

S)USpNIS

Siuspnis

Slu=pnig

Slu=pnig

€0F60L €0Fo60lL €c [44 6l 9C 4

€0F66 €0F66 €C [44 Lc 14 14

C0F06 44

C0F06 C0F06 174 S¢ JAS 9¢ €L

(651119
104 ebHap ebIoAey

[8s]e 12
104 ebap-ebIOAe|

VAN
104 ebap-ebiofepy

awodIno urep

p s,usyod

fjsuaju)
yn1ns

(s) awinjoa
buiyolans

Auanoe
[edisAyd

(u) |e303-
(92)26y (DS)aby (u)DD (u)DS sdjewdq sdjey sjueddied

ubisap Apnis Apms

(panunuod) L ajqey



Page 9 of 24

(2022) 8:88

Donti et al. Sports Medicine - Open

D)3yl 0}
pajedwod Og sy}
Ul 9102s oeal pue
11S Y3 paseasnul
Ajpueoylubis
uonuaAlaUl bul
-U219115 399M-8 Uy

BN

01 pasedwlod g
3Y3 Ul 2102s Yydeal
pue }is paseaidu
SHIIM € 10}
welboid bul
-y21215 uon
-eonpa [ediskyd v

AR

01 pasedwlod g
QU1 Ul AYjIgIsuixa
sBupswey aioul
panoidull sHam 6
10} UOIJUAISIUI
Buiys1ai1s paseq
-uopneonpa
[ea1sAyd v

BN

OM] 34} USamiaq
SEWNENCIREIEN
SDUIRYIP ON
‘DD 0} pasedwod
S oMl Y3 Ul Al
-1qISU1IXa SBbuLS
-Uey panroidul
SSe|> uoeonpa
|ea1sAyd bulinp
399M B 9DIM] IO
92U0 pawliojiad
Buiyolens

S¥0

JA40)

¥C0

€C0

ured
ouy/ssaulybl|

ured
ou/ssaulybi|

ured
ou/ssauiybl|

ured
ou/ssaulybr|

096

0¥0S

0cey

0r8¢

0col

S1U9PNIS

S)USpNIS

Siuspnig

Slu=pnig

Slu=pnig

€E0F6S €0F6S [44 194 6l

06 06 8l 6l 6l

90F¥8 80FS8 S 144 o

90F ¢l s

90F9¢ClL L0F/LCL 85 139 6/

9C 4

&v 68

78 €91

[L9]e1e
104 URQUBN-OULIBIA

(5G] e18
104 ebap-ebIoARY

(951212
104 ebHap-ebIOAR

[¥Slels
104 ebap-eblofepy

awodINno ulep

p s,usyod

fsuaju)
ym1ans

(s) awnjoa
buiyoans

Ayanoe
[edisAyd

(92)3b6y (DS)aby (u)D) (U)DS sdjewd4

(u) [e303-
sajely sjuedpiied

ubisap Apnis Apms

(panunuod) L ajqey



Page 10 of 24

(2022) 8:88

Donti et al. Sports Medicine - Open

63| jonuod

93 03 pasedwiod
pay1ai1s 8yl Ul
1ybiay buidwin( ul
PSAISSCO OS|e Sem
9sealnu| Iayealb

v 69 j0nuod

03 pajedwod
pay1ai1s 8yl Ul
asealdu| Jarealb e
Yyam sba| yiog ul
paseaIdul UOIXaIS
-10p 3pjuUY "[0I3U0D
se B3| |eia1e|eluod
Sy yum B3|

2UO 0} SYPM 7|
1o} paljdde sem
sioxa|} Jeyuerd
a1 Jo buiyolans

211e1s swin|oA-ybiH 5149 adod 006'Gt leqh3|oA ¥ L FSEL ¥ IFGSEL ¥4 L Lc - lc 104 [#9] |e 12 Iplued
S|0U0od O
pasedwod ssjew
1U22Soj0pe Ul A1l
-|IgISUIXa sPuLs
-uley paseaidul

Bujyo1a.s d1els yoians [€9] Apueg

JO SHPIM XIS A RN J lV[EETERIEL) oS SWepNIS 0L FS9L L'LFC9L 24 4 - Sy St 109 pue uos|aN
BRI
Ul PAISSQO Sem
AVETVETNeI (e [W]]
ON "Usip[iys
|ooyDs A1epuodas
ul AljIgIsUaIxa
sbulliswey

panoidwl weib d|qe
-oid Bulysians -19]01 s yonwi
S{OOM XIS Y S0 se buiydlang 09¢ SIUSpNIS L' CF6'LL §LFCCL 0¢ 8¢ 8¢ 0¢ 85 104 [29] [e e elLIoW
Aysuaju|  (s) dawnjoa Auanoe (u) |e303-
awod1no ule p s,usyod yoians buiysansg |ediskyd (9D)9aby (os)aby (u)DD) (u)Ds sajewdq sojey siuedpiued ubisap Apnis Apnis

(panunuod) L ajqey



Page 11 of 24

(2022) 8:88

Donti et al. Sports Medicine - Open

o) 01 paied

-W0d DG 3y3 Ul
21025 Ydeal pue 1is
panroidull sHaom
uIU J2A0 wesboud
Buiydians sbus
-wey anlssed oneis
SINUIW-9UYl VY

90

9y} Ul paseainsp
21025 33 SPUYM
uaIp|Iyd [ooYyds
ISIEVEETENT]
21025 Ydeas pue s
paseaidu| Ajpued|
-JIubIs ‘syoam 7€ Jo
polad e 1oy sassepd
uonednps [eaisAyd
Bunnp buiysiens
JO S9INUIW SN

90

3y} Ul paAlasqo
2JM SDUIIRYIP
Ou 3lIYym 5S oL
U] SSauUyns pue
9210§ 9ANSISAI
aAIssed ‘uopow Jo
abuel uoISUSIXd
99Uy 2AIsSed

U] $95310UJ JURD
-ylubis paonpul
UOIUSAISIUI
Buiyd1ais

puiuren

JO S3oam g Uaye
9D 01 pasedwod
DS 9Y1 Ul $21005
UOISUIXD d3UY
anIssed pue yanoy
-903 ‘95184 B3|
1ybiesis paseaiul
Buiyolens

0€0

€60

aod ovce

002’61
URIET

870 4o buiesy apudn 00761

Sl

660—-£10

dN 002¢

4212435 3|qRI3|0L 0zL

sjuspnis  ¥0F6/L VvOF6L [44 44

sjuepnls /0FGEL LO0FSEL 0¢ IZ4

sSjuepnls €0F€E0L €0FE0lL 4 S¢

SiuspMS 60F /LGl L'LF8SL 0¢ €c

193305 gLFeCl gLFETC Lc Lc

IZ4

€

9C

0¢ 124

0¢ 9

&v &v

474 474

[£9] e 19
104 seayzaydues

[99]
1D |e319zenbupoy

[89]
104 JIENDW pue piay

[59] ‘e 19 zanbu
D4 -poy-sessnbig

awodINno ulep

P su340d

Ausuaju| (s) swnjon
yoions buiysansg

Ayanoe

[ed1shyd (9D)aby (DS)aby (u) D) (u) DS sdjewd4

(u) [e303-
sajely sjuedpiied

ubisap Apnis Apms

(panunuod) L ajqey



Page 12 of 24

(2022) 8:88

Donti et al. Sports Medicine - Open

9D 943 M
patedwod DS sy}
Ul paseasnul A|igis
-Ua1xa sbunisuiey
‘Buiysiais oneis
JO SY99M XIS YV

BRI
yum paseduwod
21025 Ydeal pue

S J1sy1 panoidull
(plo siesk £1-G1)
s19Ae|d ||eqi00}
19ped 3y} Jo

95 a1 Ajuo
‘Buiyanis
Josyeam 9|
BuImo||o4

BARLY

0} paledwod ©g
3y} Ul 2102S Ydeal
pue IS 35ea.0U|
10U pIp SYuoW
10} UOISSas buluien
3y} JO pua 3y}

1e pauljopiad
Buiyd1213s dIRIS

Sse|> uopeonpa
[ea1sAyd piepuels
e PaMO][0} 1B}
dnoib joiuod
9y} 03 pasedwod
sdnolb |eyusw
-1190dx3 0M1 BY3 Ul
Buuren Ayjiqixay
4O (syauow 6)
ulia} jooyds e
13146 PaAIBSQO
UM NOY Ul
sjuswiaAoldull
uedyIubIg

1744

090
(0j40)

090

0¥'0

(63114bp) 01°C
(631 21) 89'L

(63114B1) €60
(631 421) 060

SSou
1461 Jo uiod

pusq
3|qissod Jayun4

dN

Y212415
JOJSIVIEETIETVEL)

00s¢

0798

0798

0798

09501

0¢66

0961

SITETelM L1-€1

Y0F9SL

[[eqicod ¥ O0FOPL

SOF6LL

192205 ¥'0F0vL

Slu=pnig

SHLpNIS  €0F €0l

L1-€EL

90Fo6'Sl

SOF8EL

¥0F0¢Cl

SOF8EL

90FS0L

SOF €0l

868 SL6

0c¢ 0¢ oy

cl cl

4} cl

ol 0l 89

cl cl - 14

0¢

8l S¢ dN dN

(u)
9¢61 syuedpied ||V

[69] 2921200 pue

ot 104 bingsuay suep

[L7]

89 1D [eis feyxewlss

[ov]

7 1D 219 feyxeuuss

[09] ‘|e19
€9 1D eulpap efuoiues

awodIno urep

p s,usyod

fjsuaju)
yn1ns

(s) awinjoa
buiyolans

Auanoe

[eishyd (D) 3by (DS)aby (u)DD (u)DS sdjewsy sdfely suedpiied ubissp Apms

(u) [e303-
Apnis

(panunuod) L ajqey



Page 13 of 24

(2022) 8:88

Donti et al. Sports Medicine - Open

pa3i0dal 10U YN pue IojwodsIp

40 ju10d :gOd ‘dnoib |013u0d 15 ‘dnoib BuIYd1IIS :DS ‘|ell) P||0JIU0D PAZIWOPUEI 1| DY /el Pa]|0J3uod 1] D ‘sdnoib [eluswIadxa a3 J0j UOIIUSAIRIUI-ISOd 01 -21d WO SINeA :p :p S,UdYOD ‘Uoilow Jo abuey :NOY

)
sieak 7| < siued
€S €0/ 8¢l -Plued
(u)
sieak || > siued
ya%s e s9 -121ed
A)suaju|  (s) dawnjoa Auanoe (u) |e303-
2Wod1no ule p s,usyod yolans buiysens |ediskyd (9D)aby (Ds)aby (u)D) (u)Ds sajewadq sdjey siuedpiued ubisap Apmis Apms

(PanunUOd) | 3jqey



Donti et al. Sports Medicine - Open (2022) 8:88

activities (e.g., sport participation) were either not con-
trolled for or not reported. In addition, no subgroup
comparisons between male and female participants were
conducted because the studies including both males and
females reported collective values for both sexes. Accord-
ing to Hopkins et al. [42], we defined the effects for a
standardized mean difference (SMD) of<0.2, 0.2-0.6,
0.6-1.2, 1.2-2.0, 2.0-4.0, and > 4.0 as trivial, small, mod-
erate, large, very large, and extremely large, respectively.
An alpha level of 0.05 was defined for the statistical sig-
nificance of all the tests, apart from heterogeneity
(p<0.10). Moreover, visual inspection of the funnel plot
was applied to detect possible publication bias.

Results

Results of the Searching Procedure

The initial search procedure retrieved 2713 papers.
After duplicates were removed (n=>523), 2190 papers
remained for eligibility evaluation. From these 2190
papers, 163 were conference papers, one was a letter to
the editor, 162 papers were reviews, 25 were published
proceedings and 1791 were considered irrelevant because
they examined adult or clinical populations, acute inter-
ventions, or interventions not relevant to the study pur-
pose. Finally, 48 papers were found to be eligible for this
study. We then checked the reference lists and citations
of the eligible studies to determine whether additional
studies were relevant. Following this additional search, 8
more relevant papers were identified, of which 6 papers
were eligible. Also, two more papers were added from
our own library. After the screening of the full texts of
the 56 eligible papers, 28 papers were excluded for differ-
ent reasons (i.e., the study had no control group, or the
study included some other type of stretching or stretch-
ing was combined with other interventions such as vibra-
tion or strength training). Therefore, in total, 28 papers
(54 entries) were included in this systematic review and
were used in the meta-analysis. A flowchart of the search
process is presented in Fig. 1.

Characteristics of the Included Studies

The 28 eligible studies in this systematic review and
meta-analysis were published between 2004 and 2021
and involved 1936 participants (975 males). In total,
652 participants were between 5 and 11 years of age and
1284 participants were between 12 and 18 years (mean
age: 9.3+1.4 years vs. 14.0£2.7 years, respectively).
The characteristics of the participants can be found in
Table 1. Out of the 28 eligible studies, six were controlled
trials (CTs) [29, 43—-47], and 22 were randomized con-
trolled trials (RCTs) [48—69]. All the eligible studies used
static stretching, and all the protocols targeted the lower
limbs.
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Risk of Bias Within Studies

A summary of the risk of bias assessment is illustrated
in Figs. 2 and 3 for the RCTs and CTs, respectively. A
detailed description of the risk of bias assessment for all
the included studies in the current systematic review can
be found in Additional file 1.

Meta-analysis Outcomes

Primary outcomes were any assessments related to
ROM changes, both short-term (>2 weeks) and long-
term (~9 months) in children and adolescents (<11
vs.> 12 years of age, respectively). These outcomes were
used only if there were pre- and post-intervention assess-
ments. Secondary outcomes included differences in
ROM according to the stretching volume load (<3600 s
vs.> 3600 s of total stretching duration). Subgroups anal-
yses were performed according to age groups, as follows:
child participants (<11 years of age) following either a
lower (< 3600 s) or a higher stretching volume load proto-
col (>3600 s), and adolescents (> 12 years of age) follow-
ing either a lower (<3600 s) or a higher stretching volume
load protocol (>3600 s).

Primary Outcomes

After all the participants had been analyzed together, it
was found that stretching interventions were moderately
effective in increasing ROM in the experimental groups
compared with age-matched controls (SMD =0.96; 95%
CI=0.79-1.13; Z=11.23; p<0.001; *=80%; Fig. 4).
In particular, the results showed that stretching was
moderately effective in increasing ROM in children
(SMD=1.09; 95% CI=0.77-141; Z=6.65; p<0.001;
P=79%; Fig. 4) and adolescents (SMD=0.90; 95%
CI=0.70-1.10; Z=8.88; p <0.001; *=81%; Fig. 4). How-
ever, no differences were found in ROM improvements
between age groups (<11 years of age vs.>12 years of
age; SMD: 1.09 vs. 0.90, p=0.32; I> = 0%; Fig. 4).

Secondary Outcomes
Out of the 54 entries analyzed, 27 had “low” total volume
(i.e.,<3600 s) and 27 had “high” total volume (> 3600 s).
The characteristics of stretching interventions in the two
subgroups (“high” and “low” volume) differed only in the
number of exercises per session (two exercises vs. six
exercises, p ©0.001), and in the duration of the interven-
tion (8.2 + 2.7 weeks vs. 18.44+9.5 weeks, p <0.001), while
the number of sets, the duration of each stretching bout,
and the frequency of training per week were similar (p
" 0.08) (see, published file: https://doi.org/10.6084/m9.
figshare.17104640).

After all the participants had been analyzed together,
lower stretching volume loads (<3600 s) increased
ROM in the experimental groups compared with the


https://doi.org/10.6084/m9.figshare.17104640
https://doi.org/10.6084/m9.figshare.17104640
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Fig. 1 PRISMA flowchart illustrating different phases of the search and study selection [30]
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Measurement bias [

Missing data bias

]
|
Adherence bias _
]

Assignment bias [
Randomization bias | |
0% 25% 50% 75% 100%

OLOW OSOME CONCERNS mHIGH

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

age-matched controls (SMD =0.87; 95% CI=0.67-1.06; I*=83%; Fig. 5). No differences were observed in ROM
Z=8.74; p<0.001; *=76%; Fig. 5) and the same was increases between higher and lower stretching volume
found for higher stretching volume loads (>3600 s) loads when children and adolescents were analyzed
(SMD=1.08; 95% CI=0.78-1.37; Z=7.16; p<0.001; together (SMD: 0.87 vs. 1.08; p =0.25; P =23.3%; Fig. 5).
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Reporting bias
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Missing data bias
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I |

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

0% 25%
OLOW QOSOME CONCERNS mHIGH

T T T T T T T

50%

75% 100%

Subgroup Analyses: Age and Stretching Volume

Interaction

Subgroup analyses in children (<11 years of age)
showed that both lower (<3600 s) and higher (> 3600 s)
stretching volume loads were effective in increasing
ROM in the experimental groups compared with the
controls (SMD=1.09; 95% CI=0.77-1.41; Z=6.65;
p<0.001; 2 =79%; Fig. 6). However, higher stretch-
ing volume loads were more effective in increasing
ROM during childhood (SMD=1.21; 95% CI=0.82—
1.60; Z=6.09; p<0.001; > =82%; Fig. 6) compared
with lower stretching volume loads (SMD =0.62; 95%
CI=0.29-0.95; Z=3.65; p=0.0003; *=0%; Fig. 6;
SMD: 0.62 vs. 1.21, subgroup difference: p=0.02;
I? =80.5%; Fig. 6).

Subgroup analyses in adolescents (> 12 years of age)
showed that both stretching volume loads, i.e., lower
(<3600 s) and higher (>3600 s), were effective in
increasing ROM in the experimental groups compared
with the controls (SMD=0.90; 95% CI=0.70-1.10;
Z=8.88; p<0.001; > =81%; Fig. 7). Higher stretch-
ing volume loads increased ROM during adolescence
(SMD=0.90; 95% CI=0.47-1.33; Z=4.08; p<0.001;
> =83%; Fig. 7), and the same was found for lower
stretching volume loads (SMD =0.90; 95% CI=0.69—
1.12; Z=8.18; p<0.001; > =79%; Fig. 7). No differences
were found in ROM increases in adolescents between
the two stretching volume loads (SMD =0.90 vs. 0.90;
subgroup difference: p =0.98; I =0%; Fig. 7).

Confidence in Cumulative Evidence

Confidence in the cumulative evidence is equivalent to
the quality of the evidence [35]. GRADE assessments are
presented in Additional file 1. For randomized controlled
trials, GRADE starts by assuming high quality, which
can be downgraded according to five dimensions (risk of
bias, inconsistency of results, indirectness, imprecision,
and publication bias) [35, 36]. In this study, randomized
controlled trials and controlled trials were included and
GRADE thus started assuming moderate quality. The
quality of evidence was not downgraded for risk of bias
but was downgraded due to inconsistency of the results
(one level) and indirectness (one level). For GRADE anal-
ysis, the following evaluation components were adopted
to higher quality (large effect, dose—response, and con-
founding). Overall, the analysis showed that we can be
moderately confident in the effect estimates. This implies
that the true effect is likely to be close to the estimate of
the effect. Visual inspection of the funnel plot implied no
publication bias (Additional file 2: Fig. S1).

Discussion

The aim of this systematic review and meta-analysis was
to examine whether there is a difference in the effect of
stretching training on flexibility during childhood and
adolescence. The main meta-analysis, which included 28
studies and 54 effect sizes, indicated an increase in joint
ROM after training in both children and adolescents with
a medium magnitude of change (SMD=0.96, p <0.001),
but no difference between children and adolescents when



Heterogeneity: Tau? = 0.30; Chi? = 263.93, df = 53 (P < 0.00001); I* = 80%

Test for overall effect: Z = 11.23 (P < 0.00001)

Test for subaroup differences: Chiz = 0.99, df = 1 (P = 0.32), I = 0%
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Stretching Control Std. Mean Difference Std. Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI

1.1.1 <11 years

Coledam et al. (FEMALES) [29] 4.18 3.72 14 -0.3 375 15 1.6% 1.17[0.37, 1.96]

Coledam et al. (MALES) [29] 4.89 3.17 14 0.37 4.83 15 1.6% 1.07 [0.28, 1.85]

Donti et al. (CON) [43] 5.86 5.57 57 -2.05 6.85 20 1.9% 1.32[0.77, 1.88] I—

Donti et al. (CON) [44] 28 36 19 -0.2 2.36 1 1.6% 0.91[0.13, 1.69]

Donti et al. (INT) [43] 9.59 3.31 57 -3.28 3.74 20 1.6% 3.72[2.93, 4.51] —

Donti et al. (INT) [44] 3.5 3.03 19 1.3 3.49 11 1.6% 0.67 [-0.10, 1.43] 1

Mayorga-Vega et al. (GROUP_1) [57] -0.3 2.71 25 -2.7 4.06 24 1.9% 0.69[0.11, 1.26] —

Mayorga-Vega et al. [55] 3.6 4 19 -0.2 579 18 1.8% 0.75[0.08, 1.42]

Mayorga-Vega et al. [56] 2.7 445 44 0.1 3.92 45 2.1% 0.62[0.19, 1.04] I

Mayorga-Vega et al. [58] 159 44 22 04 323 23 1.9% 0.30 [-0.28, 0.89] T

Mayorga-Vega et al. [59] 25 573 22 -03 6.58 23 1.9% 0.45[-0.15, 1.04] T

Mayorga-Vega ey al. (GROUP_2) [57] 0.5 3.66 24 27 4.06 24 1.9% 0.81[0.22, 1.41] —

Merino-Marban et al. [61] 24 423 23 0 3.84 22 1.9% 0.58 [-0.01, 1.18] —

Rodriguez et al. (GROUP_1) [66] 195 56 25 -438 7.23 21 1.8% 0.97 [0.36, 1.59] ——

Sanchez Rivas et al. [67] 1.1 2.83 24 -06 43 22 1.9% 0.46 [-0.12, 1.05] T

Santonja Medina et al. (GROUP_1_LL) [60] 8.1 6.79 25 -21 852 18  1.8% 1.33[0.65, 2.00]

Santonja Medina et al. (GROUP_1_RL) [60] 9 8.62 25 -15 937 18  1.8% 1.15[0.50, 1.81] -

Santonja Medina et al. (GROUP_2_LL) [60] 16.9 7.59 20 -2.1 852 18  1.5% 2.31[1.47,3.15]

Santonja Medina et al. (GROUP_2_RL) [60] 17 8.22 20 -1.5 937 18  1.6% 2.06 [1.26, 2.87]

Subtotal (95% CI) 498 386 33.5% 1.09 [0.77, 1.41] <&

Heterogeneity: Tau? = 0.39; Chi? = 84.03, df = 18 (P < 0.00001); I* = 79%

Test for overall effect: Z = 6.65 (P < 0.00001)

1.1.2 >12 years

Azuma and Someya (DKE) [48] 43 38 64 1.2 3.99 60 22% 0.79[0.43, 1.16] -

Azuma and Someya (DKF) [48] 4.3 3.99 64 05 4.07 60 22% 0.94 [0.57, 1.31] I

Azuma and Someya (ER) [48] 4.3 3.99 64 0.6 4.03 60 22% 0.92[0.55, 1.29] I

Azuma and Someya (HBD) [48] 6.5 4.84 64 -03 4.92 60 22% 1.39[0.99, 1.78] I

Azuma and Someya (HR) [48] 8.4 6.59 64 03 7.14 60 2.2% 1.17[0.79, 1.56] I

Azuma and Someya (IR) [48] 4.2 443 64 -0.3 445 60 2.2% 1.01[0.63, 1.38] I

Azuma and Someya (SLR) [48] 11.6 597 64 -0.2 6.24 60 2.1% 1.92 [1.49, 2.35] —

Beccera-Fernadez et al. [49] 1.9 55 49 -26 43 53 2.1% 0.91[0.50, 1.32] -

de Baranda (GROUP_1) [50] 71 44 26 -1.7 86 24 1.8% 1.28 [0.67, 1.90]

de Baranda (GROUP_2) [50] 8.2 5 26 -19 9.1 24 1.8% 1.37[0.75, 1.99] I

Hadjicharalambous [51] 7.2 3.89 11 -0.5 3.61 12 1.3% 1.98 [0.95, 3.01]

Hill and Najera [45] 3 4.06 60 -1.33 4.07 42 21% 1.06 [0.64, 1.48] R

Kamandulis et al. (FEMALES_1x1) [52] 1 4.42 33 05 578 30 2.0% 0.10 [-0.40, 0.59] ]

Kamandulis et al. (FEMALES_1x4) [52] 29 3.88 31 0.5 578 30 2.0% 0.48 [-0.03, 0.99]

Kamandulis et al. (FEMALES_4x4) [52] 46 44 28 05 578 30 2.0% 0.78[0.25, 1.32] I

Kamandulis et al. (MALES_1x1) [52] 1.3 4.19 29 02 6.13 28 2.0% 0.21[-0.31, 0.73] T

Kamandulis et al. (MALES_1x4) [52] 26 5.05 24 02 6.13 28 1.9% 0.42[-0.13, 0.97] T

Kamandulis et al. (MALES_4x4) [52] 4.9 6.34 26 02 6.13 28 1.9% 0.74[0.19, 1.30] —

Knapik et al. (FEMALES) [53] 1.1 3.57 51 1 35 55  2.2% 0.03 [-0.35, 0.41] T

Knapik et al. (MALES) [53] 27 397 51 1.6 3.68 55  2.2% 0.29 [-0.10, 0.67] I

Mayorga-Vega et al. (GROUP_1) [54] 1.5 5.15 53 0.3 5.59 58  2.2% 0.22 [-0.15, 0.59] T

Mayorga-Vega et al. (GROUP_2) [54] 19 6.18 52 0.3 5.59 58 22% 0.27 [-0.11, 0.65] T

Moreira et al. [62] 3.38 5.08 28 059 495 30 2.0% 0.55[0.02, 1.07] —

Nelson and Bandy [63] 12.05 5.45 21 117 465 24 1.7% 2.12[1.38, 2.87]

Panidi aet al. [64] 129 2.92 21 5.2 267 21 1.5% 2.70 [1.84, 3.56]

Piqueras-Rodriguez et al. (Left-PKE) [65] 44 425 21 14 582 21 1.8% 0.58 [-0.04, 1.20] _

Piqueras-Rodriguez et al. (Right-PKE) [65] 15 86 21 0.2 5.14 21 1.9% 0.18 [-0.43, 0.79] -

Piqueras-Rodriguez et al. (TT) [65] 44 345 21 0.1 4.45 21 1.8% 1.06 [0.41, 1.71] -

Reid and McNair [68] 10.1 5.39 23 26 7.22 20 1.8% 1.17 [0.51, 1.82] -

Rodriguez et al. (GROUP_2) [66] 7.22 599 24 -231 534 20 1.7% 1.64 [0.95, 2.33]

Sermaxhaj et al. (GROUP_1) [47] 24 3.16 10 24 583 10 1.5% 0.00 [-0.88, 0.88] -

Sermaxhaj et al. (GROUP_2) [47] 3.07 6.04 12 -0.91 457 12 1.5% 0.72[-0.11, 1.55] 1

Sermaxhaj et al. (GROUP_3) [47] 4.67 6 12 2.84 3.86 12 1.6% 0.35[-0.46, 1.16] -1

Sermaxhaj et al. [46] 3.07 6.04 12 -0.91 437 12 1.5% 0.73[-0.10, 1.56] 1

Vans Rensburg and Coetzee [69] 244 712 20 -04 98 20 1.4% 2.84[1.94,3.74]

Subtotal (95% CI) 1244 1219  66.5% 0.90 [0.70, 1.10] L J

Heterogeneity: Tau? = 0.27; Chi? = 176.40, df = 34 (P < 0.00001); I* = 81%

Test for overall effect: Z = 8.88 (P < 0.00001)

Total (95% Cl) 1742 1605 100.0% 0.96 [0.79, 1.13] *

4 0 1 2
Control  Stretching

Fig. 4 Effect of static stretching training on joint range of motion in children and adolescents. SD: standard deviation, 95% Cl: confidence interval.
Note: CON: continuous stretching; INT: intermittent stretching; LL: left leg; RL: right leg; DKE: dorsiflexion with knee extension; DKF: dorsiflexion with
knee flexion; HR: hip rotation; ER: external rotation; IR: internal rotation; HBD: heel-to-buttocks distance; SLR: straight leg raise; SAR: sit and reach; TT:

toe-touch; and PKE: passive knee extension
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Stretching Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
1.2.1 <3600 s
Azuma and Someya (DKE) [48] 43 38 64 12 399 60 22% 0.79[0.43, 1.16] -
Azuma and Someya (DKF) [48] 43 399 64 05 407 60 22% 0.94 [0.57, 1.31] -
Azuma and Someya (ER) [48] 43 399 64 06 403 60 22% 0.92[0.55, 1.29] -
Azuma and Someya (HBD) [48] 65 484 64 -03 492 60 22% 1.39[0.99, 1.78] —
Azuma and Someya (HR) [48] 8.4 6.59 64 03 7.14 60 2.2% 1.17 [0.79, 1.56] -
Azuma and Someya (IR) [48] 42 443 64 -0.3 445 60 2.2% 1.01[0.63, 1.38] -
Azuma and Someya (SLR) [48] 11.6 5.97 64 -0.2 6.24 60 21% 1.92 [1.49, 2.35] -
Beccera-Fernadez et al. [49] 19 55 49 26 43 53 2.1% 0.91[0.50, 1.32] I
Donti et al. (CON) [44] 28 36 19 -0.2 2.36 11 1.6% 0.91[0.13, 1.69] —
Donti et al. (INT) [44] 3.5 3.03 19 1.3 3.49 11 1.6% 0.67 [-0.10, 1.43]
Hill and Najera [45] 3 4.06 60 -1.33 4.07 42 21% 1.06 [0.64, 1.48] -
Kamandulis et al. (FEMALES_1x1) [52] 1 442 33 05 578 30 20% 0.10 [-0.40, 0.59] T
Kamandulis et al. (FEMALES_1x4) [52] 29 3.88 31 0.5 578 30 2.0% 0.48 [-0.03, 0.99] —
Kamandulis et al. (FEMALES_4x4) [52] 46 44 28 05 578 30 2.0% 0.78 [0.25, 1.32] -
Kamandulis et al. (MALES_1x1) [52] 1.3 419 29 02 613 28 20% 0.21[-0.31, 0.73] T
Kamandulis et al. (MALES_1x4) [52] 26 5.05 24 0.2 6.13 28 1.9% 0.42[-0.13, 0.97] I
Kamandulis et al. (MALES_4x4) [52] 49 6.34 26 0.2 6.13 28 1.9% 0.74 [0.19, 1.30] -
Mayorga-Vega et al. (GROUP_1) [54] 15 515 53 03 559 58 22% 0.22 [-0.15, 0.59] ™
Merino-Marban et al. [61] 24 423 23 0 3.84 22 1.9% 0.58 [-0.01, 1.18] —
Moreira et al. [62] 3.38 5.08 28 0.59 4.95 30 2.0% 0.55[0.02, 1.07] _
Nelson and Bandy [63] 12.05 5.45 21 117 465 24 1.7% 2.12[1.38, 2.87] I
Piqueras-Rodriguez et al. (Left-PKE) [65] 44 425 21 14 582 21 1.8% 0.58 [-0.04, 1.20] —
Piqueras-Rodriguez et al. (Right-PKE) [65] 15 86 21 0.2 5.14 21 1.9% 0.18 [-0.43, 0.79] -1
Piqueras-Rodriguez et al. (TT) [65] 4.4 345 21 0.1 4.45 21 1.8% 1.06 [0.41, 1.71] —
Reid and McNair [68] 10.1 5.39 23 26 7.22 20 1.8% 1.17 [0.51, 1.82] —
Sanchez Rivas et al. [67] 1.1 2.83 24 -06 43 22 1.9% 0.46 [-0.12, 1.05] T
Vans Rensburg and Coetzee [69] 244 712 20 -04 98 20 1.4% 2.84[1.94, 3.74]
Subtotal (95% Cl) 1021 970 52.7% 0.87 [0.67, 1.06] ¢
Heterogeneity: Tau? = 0.19; Chi? = 106.74, df = 26 (P < 0.00001); I> = 76%
Test for overall effect: Z = 8.74 (P < 0.00001)
1.2.2 23600 s
Coledam et al. (FEMALES) [29] 418 3.72 14 -03 3.75 15 1.6% 1.17 [0.37, 1.96] -
Coledam et al. (MALES) [29] 4.89 3.17 14 0.37 4.83 15 1.6% 1.07 [0.28, 1.85] —
de Baranda (GROUP_1) [50] 71 44 26 -1.7 86 24 18% 1.28[0.67, 1.90] I
de Baranda (GROUP_2) [50] 8.2 5 26 -19 9.1 24 18% 1.37[0.75, 1.99] I
Donti et al. (CON) [43] 5.86 5.57 57 -2.05 6.85 20 1.9% 1.32[0.77, 1.88] -
Donti et al. (INT) [43] 959 331 57 -328 374 20 1.6% 3.72[2.93, 4.51] —_—
Hadjicharalambous [51] 7.2 3.89 11 -0.5 3.61 12 1.3% 1.98 [0.95, 3.01]
Knapik et al. (FEMALES) [53] 1.1 357 51 1 35 55 22% 0.03 [-0.35, 0.41] -
Knapik et al. (MALES) [53] 27 397 51 1.6 368 55 22% 0.29 -0.10, 0.67] —
Mayorga-Vega et al. (GROUP_1) [57] 03 271 25 27 406 24 1.9% 0.69[0.11, 1.26] I
Mayorga-Vega et al. (GROUP_2) [54] 19 618 52 03 559 58 22% 0.27 [-0.11, 0.65] —
Mayorga-Vega et al. [55] 36 4 19 -02 579 18 1.8% 0.75[0.08, 1.42] —_—
Mayorga-Vega et al. [56] 27 445 44 01 392 45 21% 0.62[0.19, 1.04] —
Mayorga-Vega et al. [58] 159 44 22 04 328 23 1.9% 0.30 [-0.28, 0.89] T
Mayorga-Vega et al. [59] 25 573 22 -0.3 6.58 23 1.9% 0.45[-0.15, 1.04] T
Mayorga-Vega ey al. (GROUP_2) [57] 0.5 3.66 24  -27 4.06 24 1.9% 0.81[0.22, 1.41] D
Panidi aet al. [64] 129 2.92 21 5.2 267 21 1.5% 2.70 [1.84, 3.56] -
Rodriguez et al. (GROUP_1) [66] 195 56 25 -438 7.23 21 1.8% 0.97 [0.36, 1.59] I
Rodriguez et al. (GROUP_2) [66] 7.22 599 24 -231 534 20 17% 1.64 [0.95, 2.33] -
Santonja Medina et al. (GROUP_1_LL) [60] 8.1 6.79 25 -21 852 18  1.8% 1.33[0.65, 2.00] I
Santonja Medina et al. (GROUP_1_RL) [60] 9 862 25 -15 937 18  1.8% 1.15[0.50, 1.81] —
Santonja Medina et al. (GROUP_2_LL) [60] 169 759 20 -21 852 18 1.5% 2.31[1.47, 3.15] —_—
Santonja Medina et al. (GROUP_2_RL) [60] 17 822 20 -15 937 18 16% 2.06 [1.26, 2.87] e
Sermaxhaj et al. (GROUP_1) [47] 24 316 10 24 583 10 15% 0.00 [-0.88, 0.88] —
Sermaxhaj et al. (GROUP_2) [47] 307 6.04 12 -091 457 12 15% 0.72[-0.11, 1.55] —
Sermaxhaj et al. (GROUP_3) [47] 467 6 12 284 387 12 16% 0.35[-0.46, 1.16] -
Sermaxhaj et al. [46] 3.07 6.04 12 -0.91 437 12 1.5% 0.73[-0.10, 1.56] I
Subtotal (95% Cl) 721 635 47.3% 1.08 [0.78, 1.37] <&
Heterogeneity: Tau? = 0.49; Chi? = 157.16, df = 26 (P < 0.00001); I* = 83%
Test for overall effect: Z=7.16 (P < 0.00001)
Total (95% Cl) 1742 1605 100.0% 0.96 [0.79, 1.13] ¢
Heterogeneity: Tau? = 0.30; Chi2 = 263.94, df = 53 (P < 0.00001); I> = 80% 4 2 o 2 i
Test for overall effect: Z = 11.23 (P < 0.00001) Control  Stretching

Test for subaroup differences: Chi? = 1.30, df = 1 (P = 0.25), I> = 23.3%
Fig. 5 Effect of high and low stretching volume load on joint range of motion. SD: standard deviation, 95% Cl: confidence interval. Note: CON:
continuous stretching; INT: intermittent stretching; LL: left leg; RL: right leg; DKE: dorsiflexion with knee extension; DKF: dorsiflexion with knee
flexion; HR: hip rotation; ER: external rotation; IR: internal rotation; HBD: heel-to-buttocks distance; SLR: straight leg raise; SAR: sit and reach; TT:
toe-touch; and PKE: passive knee extension
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Stretching Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
2.1.1<3600 s
Donti et al. (CON) [44] 28 36 19 -02 236 1" 4.9% 0.91[0.13, 1.69] e
Donti et al. (INT) [44] 3.5 3.03 19 1.3 3.49 1 4.9% 0.67 [-0.10, 1.43] —
Merino-Marban et al. [61] 24 423 23 0 3.84 22 5.5% 0.58 [-0.01, 1.18] —
Sanchez Rivas et al. [67] 11 283 24 06 43 22 56% 0.46 [-0.12, 1.05] —
Subtotal (95% Cl) 85 66 20.8% 0.62[0.29, 0.95] : 2
Heterogeneity: Tau? = 0.00; Chi? = 0.83, df = 3 (P = 0.84); I = 0%
Test for overall effect: Z = 3.65 (P = 0.0003)
2.1.2>3600 s
Coledam et al. (FEMALES) [29] 4.18 3.72 14 -03 375 15 4.8% 1.17 [0.37, 1.96] —
Coledam et al. (MALES) [29] 489 317 14 037 483 15 4.8% 1.07 [0.28, 1.85] —_—
Donti et al. (CON) [43] 586 5.57 57 -2.05 6.85 20 5.7% 1.32[0.77, 1.88] —
Donti et al. (INT) [43] 9.59 3.31 57 -3.28 3.74 20 4.8% 3.72[2.93, 4.51] -
Mayorga-Vega et al. (GROUP_1) [57] 03 271 25 27 406 24 56% 0.69[0.11, 1.26] -
Mayorga-Vega et al. [55] 3.6 4 19 -02 579 18 5.3% 0.75[0.08, 1.42] —
Mayorga-Vega et al. [56] 27 445 44 01 392 45 6.1% 0.62[0.19, 1.04] —_
Mayorga-Vega et al. [58] 159 44 22 04 323 23 56% 0.30 [-0.28, 0.89] -
Mayorga-Vega et al. [59] 25 573 22 -03 658 23 55% 0.45 [0.15, 1.04] —
Mayorga-Vega ey al. (GROUP_2) [57] 05 366 24 -27 406 24 55% 0.81[0.22, 1.41] —_—
Rodriguez et al. (GROUP_1) [66] 195 56 25 -438 723 21 55% 0.97 [0.36, 1.59] —_—
Santonja Medina et al. (GROUP_1_LL) [60] 8.1 6.79 25 -21 852 18 5.2% 1.33[0.65, 2.00] I
Santonja Medina et al. (GROUP_1_RL) [60] 9 8.62 25 15 937 18 5.3% 1.15[0.50, 1.81] —
Santonja Medina et al. (GROUP_2_LL) [60] 16.9 7.59 20 -21 852 18 4.6% 2.31[1.47,3.15] -
Santonja Medina et al. (GROUP_2_RL) [60] 17 822 20 -15 937 18 4.8% 2.06 [1.26, 2.87] —
Subtotal (95% Cl) 413 320 79.2% 1.21[0.82, 1.60] L 2
Heterogeneity: Tau? = 0.48; Chi? = 77.58, df = 14 (P < 0.00001); I> = 82%
Test for overall effect: Z = 6.09 (P < 0.00001)
Total (95% Cl) 498 386 100.0% 1.09 [0.77, 1.41] L 2
Heterogeneity: Tau? = 0.39; Chi? = 84.03, df = 18 (P < 0.00001); I> = 79% 4 + 2 2
Test for overall eﬁe.ct: Z=6.65 (P.< 0.00001) Control ~ Stretching
Test for subaroup differences: Chi? = 5.13, df = 1 (P = 0.02), I = 80.5%

Fig. 6 Effect of high and low stretching volume load on joint range of motion in children. SD: standard deviation, 95% Cl: confidence interval. Note:
CON: continuous stretching; INT: intermittent stretching; LL: left leg; and RL: right leg

the effect of stretching volume load was not considered.
However, the subgroup analyses showed that higher
stretching volume loads result in larger ROM gains only
during childhood and not in adolescence.

The main meta-analysis showed an equal increase in
ROM in children (6-11 years of age) and adolescents
(12-18 years of age), following stretching training. This
finding appears to contradict the current suggestions in
the pediatric literature regarding a “window of oppor-
tunity” for flexibility, i.e., an age range where training
responses are maximized [3, 70]. Consequently, it has
been suggested that if appropriate training is not per-
formed during this “window,” maximum potential may
not be reached [7]. The long-term athlete development
model and the youth development model have sug-
gested that middle childhood serves as an important
time frame for flexibility development because it incor-
porates a period that has been termed “critical” for ROM
enhancement [4, 8]. Although this suggestion may pro-
vide coaches and clinicians with a valuable insight into
the components of a successful athletic development
program, there is still no conclusive evidence to support
this suggestion [1]. This is because evidence regarding
ROM improvement following stretching training in chil-
dren and adolescents is limited and inconsistent [71, 72],
despite the fact that flexibility in young athletes is often
associated with a higher performance, at least in sports
such as gymnastics, swimming, and dance. The results
of the current meta-analysis show that flexibility can be

developed throughout childhood and adolescence, and
there does not appear to be an effect of age on ROM
development, at least for the training periods examined
in the current systematic review (2-9 months). Along
this line, Lloyd et al. [3] recently suggested that the con-
cept of a “window of opportunity” is questionable and
that most fitness components are trainable throughout
childhood and adolescence, while training should not be
considered as more effective in certain ages.

However, the subgroup analyses revealed a very inter-
esting finding, i.e., that higher stretching volume loads
result in larger ROM gains only in children and not in
adolescents (Fig. 6). In contrast with the lack of difference
in ROM improvements between children and adoles-
cents, the interaction of age and stretching volume load
seems to suggest that there may be indeed a “window of
opportunity” during childhood for flexibility develop-
ment, provided that the stretching volume load is more
than 3600 s. It should be noted that the importance of
flexibility is sport specific, and in sports such as gymnas-
tics and dance, athletes are required to perform techni-
cal elements requiring large ROM from a very young age
(7-9 years old) [72]. Therefore, if it is important to have
a large joint ROM, then higher stretching volume loads
could be successfully implemented during childhood.
This finding warrants further investigation, because of
the small number of studies implementing low-volume
stretching protocols (i.e., lower than 3600 s) in children.
Nevertheless, it was shown that, in childhood, higher
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Stretching Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
2.2.1 <3600 s
Azuma and Someya (DKE) [48] 43 38 64 1.2 3.99 60 3.3% 0.79[0.43, 1.16] -
Azuma and Someya (DKF) [48] 4.3 3.99 64 0.5 4.07 60 3.3% 0.94 [0.57, 1.31] -
Azuma and Someya (ER) [48] 4.3 3.99 64 0.6 4.03 60 3.3% 0.92[0.55, 1.29] -
Azuma and Someya (HBD) [48] 6.5 4.84 64 -0.3 4.92 60 3.3% 1.39[0.99, 1.78] -
Azuma and Someya (HR) [48] 8.4 6.59 64 03 7.14 60 3.3% 1.17[0.79, 1.56] -
Azuma and Someya (IR) [48] 4.2 443 64 -0.3 4.45 60 3.3% 1.01[0.63, 1.38] -
Azuma and Someya (SLR) [48] 11.6 5.97 64 -0.2 6.24 60 3.2% 1.92[1.49, 2.35] -
Beccera-Fernadez et al. [49] 19 55 49 26 43 53 3.2% 0.91[0.50, 1.32] I
Hill and Najera [45] 3 4.06 60 -1.33 4.07 42 32% 1.06 [0.64, 1.48] -
Kamandulis et al. (FEMALES_1x1) [52] 1 4.42 33 0.5 578 30 3.0% 0.10 [-0.40, 0.59] T
Kamandulis et al. (FEMALES_1x4) [52] 29 3.88 31 0.5 5.78 30 3.0% 0.48 [-0.03, 0.99] —
Kamandulis et al. (FEMALES_4x4) [52] 46 44 28 0.5 578 30 2.9% 0.78 [0.25, 1.32] —
Kamandulis et al. (MALES_1x1) [52] 1.3 4.19 29 0.2 6.13 28  3.0% 0.21[-0.31,0.73] T
Kamandulis et al. (MALES_1x4) [52] 26 5.05 24 0.2 6.13 28  2.9% 0.42[-0.13, 0.97] T
Kamandulis et al. (MALES_4x4) [52] 49 6.34 26 0.2 6.13 28 2.9% 0.74[0.19, 1.30] I
Mayorga-Vega et al. (GROUP_1) [54] 15 5.15 53 0.3 5.59 58  3.3% 0.22[-0.15, 0.59] T
Moreira et al. [62] 3.38 5.08 28 0.59 4.95 30 3.0% 0.55[0.02, 1.07] —
Nelson and Bandy [63] 12.05 5.45 21 117 465 24 25% 2.12[1.38, 2.87] I
Piqueras-Rodriguez et al. (Left-PKE) [65] 44 425 21 14 5.82 21 2.7% 0.58 [-0.04, 1.20] —
Piqueras-Rodriguez et al. (Right-PKE) [65] 15 86 21 0.2 5.14 21 2.8% 0.18 [-0.43, 0.79] 1T
Piqueras-Rodriguez et al. (TT) [65] 4.4 3.45 21 0.1 4.45 21 2.7% 1.06 [0.41, 1.71] -
Reid and McNair [68] 10.1 5.39 23 26 722 20 2.7% 1.17 [0.51, 1.82] D
Vans Rensburg and Coetzee [69] 244 712 20 -04 98 20 2.1% 2.84[1.94, 3.74]
Subtotal (95% Cl) 936 904 69.0% 0.90 [0.69, 1.12] *
Heterogeneity: Tau? = 0.21; Chi? = 103.63, df = 22 (P < 0.00001); I* = 79%
Test for overall effect: Z = 8.18 (P < 0.00001)
2.2.2>3600s
de Baranda (GROUP_1) [50] 71 44 26 -17 86 24 28% 1.28 [0.67, 1.90] I
de Baranda (GROUP_2) [50] 8.2 5 26 -19 91 24 27% 1.37[0.75, 1.99] B
Hadjicharalambous [51] 7.2 3.89 11 -0.5 3.61 12 1.9% 1.98 [0.95, 3.01]
Knapik et al. (FEMALES) [53] 1.1 3.57 51 1 35 55 3.3% 0.03 [-0.35, 0.41] -
Knapik et al. (MALES) [53] 27 397 51 1.6 3.68 55  3.3% 0.29 [-0.10, 0.67] T
Mayorga-Vega et al. (GROUP_2) [54] 19 6.18 52 0.3 5.59 58  3.3% 0.27 [-0.11, 0.65] T
Panidi aet al. [64] 12,9 2.92 21 52 267 21 2.2% 2.70 [1.84, 3.56] -
Rodriguez et al. (GROUP_2) [66] 7.22 599 24 -231 534 20 2.6% 1.64 [0.95, 2.33] -
Sermaxhaj et al. (GROUP_1) [47] 24 6.16 10 24 583 10  22% 0.00 [-0.88, 0.88] -1
Sermaxhaj et al. (GROUP_2) [47] 3.07 6.03 12 -0.91 457 12 23% 0.72[-0.11, 1.55] T
Sermaxhaj et al. (GROUP_3) [47] 4.67 6 12 2.84 3.87 12 23% 0.35[-0.46, 1.16] T
Sermaxhaj et al. [46] 3.07 6.04 12 -0.91 4.37 12 23% 0.73[-0.10, 1.56] T
Subtotal (95% Cl) 308 315  31.0% 0.90 [0.47, 1.33] <
Heterogeneity: Tau? = 0.45; Chi? = 65.72, df = 11 (P < 0.00001); I> = 83%
Test for overall effect: Z = 4.08 (P < 0.0001)
Total (95% Cl) 1244 1219 100.0% 0.90 [0.70, 1.10] ¢
Heterogeneity: Tau? = 0.27; Chi? = 176.40, df = 34 (P < 0.00001); I> = 81% 4 2 s 2 j‘
Test for overall effect: Z = 8.88 (P < 0.00001) Control ~ Stretching

Test for subaroup differences: Chi? = 0.00, df = 1 (P = 0.98), I> = 0%

Fig. 7 Effect of high and low stretching volume load on joint range of motion in adolescents. SD: standard deviation, 95% Cl: Confidence Interval.
Note: LL: left leg; RL: right leg; DKE: dorsiflexion with knee extension; DKF: dorsiflexion with knee flexion; HR: hip rotation; ER: external rotation; IR:
internal rotation; HBD: heel-to-buttocks distance; SLR: straight leg raise; TT: toe-touch; and PKE: passive knee extension

training volumes can induce larger ROM gains, a find-
ing possibly associated with the increased pliability and
reduced musculotendinous stiffness observed during
this period of development which may enable greater
ROM to be attained [19]. A recent study found that the
greater ankle dorsiflexion in the stretched compared with
the control leg after 12 weeks of high-volume stretching
training was accompanied by a concomitant increase in
resting fascicle length of gastrocnemius medialis, greater
fascicle elongation of gastrocnemius medialis and lat-
eralis, and larger increases in gastrocnemius cross-
sectional area in female adolescent athletes [64]. There
is, however, a paucity of studies that have examined the

association between joint ROM and muscle morphology,
as well as other factors (i.e., growth, age, sex, training sta-
tus, and type of joint/muscle examined) affecting flexibil-
ity at different developmental ages.

On the other hand, the subgroup analyses showed that
in adolescence, higher and lower stretching volume loads
both induce similar increases in ROM. The mechanisms
associated with the response of children and adolescents
to high-volume stretching have not yet been studied.
Growth, maturation, muscle and tendon morphology,
and neurophysiological differences between children
and adolescents may underpin this response [19, 73-75].
During puberty, the growth of bones is faster than that
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of muscles, which can result in reduced muscle—tendon
extensibility in postural and biarticular muscles, and sub-
stantial limitations on ROM [76-78]. In addition, the rise
of hormone levels associated with puberty (e.g., testos-
terone) [79] may affect tendon stiffness and consequently
ROM, at least in boys [80]. Since levels of flexibility tend
to temporarily plateau or even decrease at the time of the
adolescent growth spurt [81], the results of this meta-
analysis suggest that higher stretching volume loads may
not result in larger ROM gains at this age range. This
finding is important because it suggests that the main-
tenance of the previously acquired levels of flexibility
should be the training focus in adolescents for future ath-
letic development [15].

The cutoff value for the stretching volume load in this
systematic review (i.e., 3600 s), was determined by calcu-
lating the total stretching duration of 10 weeks of train-
ing, including three sessions per week, and two sets of
two exercises performed for 30 s each. These stretching
characteristics are commonly used in sports practice
[41]. It should be noted that the two subgroups (“high”
and “low” volume load) differed only in the number
of exercises per session (two exercises vs. six exer-
cises, p<0.001), and in the duration of the intervention
(8.2+2.7 weeks vs. 18.4+9.5 weeks, p<0.001), while
the number of sets and the frequency of training per
week were similar. Thus, the sixfold difference in the
mean stretching volume between the two subgroups
(2062 vs. 12436 s) (see dataset file/https://doi.org/10.
6084/m?9.figshare.17104640) was mainly due to the num-
ber of exercises per session and the training duration in
weeks. The more than twofold training duration of the
studies in the “high” subgroup (8.2 weeks vs. 18.4 weeks)
may indicate that flexibility is a fitness component that
is improved slowly, possibly due to the morphologi-
cal adaptations that require more time to develop [64].
Although some flexibility gains may be noticed follow-
ing only a few weeks of training, the large ROM adapta-
tions observed in certain sports such as gymnastics and
dance may need several months or even years to occur
[43]. In this respect, more evidence is needed regard-
ing the effects of long-term stretching protocols applied
throughout childhood and adolescence, which could be
a suggestion for future studies. Furthermore, it would be
interesting to compare the effects of other types of train-
ing, such as strength and eccentric exercises, on ROM at
developmental ages [82, 83].

To the best of the authors’ knowledge, this is the first
systematic review and meta-analysis to have examined
flexibility development during childhood and adoles-
cence despite the importance of flexibility for young ath-
letes. In this systematic review, a robust methodology
was implemented [84—86], together with well-established
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tools to assess the quality of the included studies [87].
As indicated by the GRADE analysis, the findings of this
meta-analysis are based on studies with a moderate qual-
ity of evidence, and thus, we are confident that the true
effect is likely to be close to the estimate of the effect. In
terms of population, a large sample of children (n=652)
and adolescents (n=1284) was included in this meta-
analysis, and thus, generalization of the findings to the
respective populations is possible.

Limitations

One limitation is that in this systematic review no com-
parisons were made between male and female par-
ticipants because the studies including both males and
females reported collective values for both sexes, with
the exception of three studies [29, 52, 53]. Furthermore,
no comparisons between athletic and non-athletic popu-
lations were performed because in the studies involving
primary or secondary school students, extracurricular
activities (e.g., sport participation) were not controlled for
or were not reported. Finally, most of the included studies
examined the hip joint (22 out of 28 studies, see https://
doi.org/10.6084/m9.figshare.17104640), while there is a
sparsity of information regarding upper limb flexibility.

Conclusions

In conclusion, this meta-analysis indicated that systematic
stretching training increases ROM during both childhood
and adolescence. This may initially suggest that a “window
of opportunity” for flexibility development during child-
hood which has been widely suggested in the literature is
not evident, and flexibility can be developed throughout
childhood and adolescence. However, the subgroup analy-
ses showed that higher stretching volume loads result in
larger ROM gains only in children and not in adolescents,
thus suggesting that the interaction of age and stretching
volume load may create a “window of opportunity” dur-
ing childhood for flexibility development, provided that the
stretching volume load is more than 3600 s. In contrast, the
lack of a stretching volume load effect in adolescents may
be due to the faster linear growth of bones compared with
muscles, which may reduce muscle-tendon extensibility
in postural and biarticular muscles and induce substantial
limitations on ROM [76-78]. Thus, during adolescence,
flexibility training seems to be independent of stretch-
ing volume load. It should be noted that these findings are
based on limited evidence from the subgroup analyses, so
that future randomized studies examining the effect of dif-
ferent stretching protocols on flexibility enhancement at
different stages of development as well as on the factors
associated with flexibility in young athletic and non-ath-
letic populations are needed.
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