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Abstract

Background Stretching has garnered significant attention in sports sciences, resulting in numerous studies. However, there
is no comprehensive overview on investigation of stretching in healthy athletes.

Objectives To perform a systematic scoping review with an evidence gap map of stretching studies in healthy athletes,
identify current gaps in the literature, and provide stakeholders with priorities for future research.

Methods Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) 2020 and PRISMA-ScR guide-
lines were followed. We included studies comprising healthy athletes exposed to acute and/or chronic stretching interventions.
Six databases were searched (CINAHL, EMBASE, PubMed, Scopus, SPORTDiscus, and Web of Science) until 1 January
2023. The relevant data were narratively synthesized; quantitative data summaries were provided for key data items. An
evidence gap map was developed to offer an overview of the existing research and relevant gaps.

Results Of ~220,000 screened records, we included 300 trials involving 7080 athletes [mostly males (~65% versus ~20%
female, and ~ 15% unreported) under 36 years of age; tiers 2 and 3 of the Participant Classification Framework] across
43 sports. Sports requiring extreme range of motion (e.g., gymnastics) were underrepresented. Most trials assessed the
acute effects of stretching, with chronic effects being scrutinized in less than 20% of trials. Chronic interventions averaged
7.4+5.1 weeks and never exceeded 6 months. Most trials (~85%) implemented stretching within the warm-up, with other
application timings (e.g., post-exercise) being under-researched. Most trials examined static active stretching (62.3%), fol-
lowed by dynamic stretching (38.3%) and proprioceptive neuromuscular facilitation (PNF) stretching (12.0%), with scarce
research on alternative methods (e.g., ballistic stretching). Comparators were mostly limited to passive controls, with~25%
of trials including active controls (e.g., strength training). The lower limbs were primarily targeted by interventions (~ 75%).
Reporting of dose was heterogeneous in style (e.g., 10 repetitions versus 10 s for dynamic stretching) and completeness
of information (i.e., with disparities in the comprehensiveness of the provided information). Most trials (~90%) reported
performance-related outcomes (mainly strength/power and range of motion); sport-specific outcomes were collected in less
than 15% of trials. Biomechanical, physiological, and neural/psychological outcomes were assessed sparsely and heteroge-
neously; only five trials investigated injury-related outcomes.

Conclusions There is room for improvement, with many areas of research on stretching being underexplored and others cur-
rently too heterogeneous for reliable comparisons between studies. There is limited representation of elite-level athletes (~ 5%
tier 4 and no tier 5) and underpowered sample sizes (<20 participants). Research was biased toward adult male athletes of
sports not requiring extreme ranges of motion, and mostly assessed the acute effects of static active stretching and dynamic
stretching during the warm-up. Dose—response relationships remain largely underexplored. Outcomes were mostly limited
to general performance testing. Injury prevention and other effects of stretching remain poorly investigated. These relevant
research gaps should be prioritized by funding policies.
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Research investigating stretching in healthy athletes is
mostly limited to small-scale trials of adult, nonelite
male athletes, assessing acute effects of static active
stretching or dynamic stretching applied to the lower
limbs during the warm-up, commonly compared with
passive controls.

Outcomes have mostly been limited to general perfor-
mance tests, with scarce information on the underlying
mechanisms and on sport-specific performance data.
Dose-response relationships were seldom explored.

Surprisingly, only five trials assessed injury data. Their
results do not support a role for stretching in injury pre-
vention, but further research is required on the topic.

Future research and funding policies should devote more
effort toward investigating the gaps identified in this
scoping review.

1 Introduction

In the context of sports and physical exercise, stretch-
ing refers to a set of interventions focused primarily on
improving joint flexibility or range of motion (ROM)
[1-3]. The benefits of stretching on flexibility and ROM
seem consensual in the scientific milieu [4-10] (i.e., large
and mostly homogeneous body of research supporting
this effect) and are integrated into internationally rec-
ognized guidelines for exercise prescription [1, 2]. The
mechanisms mediating stretching effects on flexibil-
ity include structural (e.g., increased fascicle length),
mechanical (e.g., decreased muscle stiffness), and sen-
sorial/neural changes (e.g., improved stretch tolerance)
[8, 10—14]. The most commonly used stretching methods
are static (passive or active), dynamic, ballistic (a form
of dynamic stretching where the velocity of limb motion
is very high), and passive stretching coupled with iso-
metric muscle actions, commonly termed proprioceptive
neuromuscular facilitation (PNF) [1, 3]. These stretch-
ing modalities may operate through partially overlapping
mechanisms and produce differentiated effects [3, 4, 8, 9,
15]. Stretching volume, intensity, and weekly frequency
may have far-reaching impacts on the dose-response rela-
tionships [15].

Although stretching interventions conducted in
athletes are commonly focused on improving ROM,

arguments in favor of stretching also revolve around its
value for injury prevention [4, 16-18], warm-up [4, 19,
20], and cool-down/recovery [21-23]. Nonetheless, the
evidence for the overall effectivity of stretching in the
aforementioned contexts is unclear and heterogeneous
at best [5]. Furthermore, answering the question “Can I
stretch?” does not answer the question “Must I stretch?”
[5]: for the purposes of ROM gains, injury risk, warm-up,
and cool-down, stretching can be performed but possibly
does not need to be mandatory. Conceivable exceptions
are a few selected sports with very specific demands (i.e.,
gymnastics), although targeted research on this topic is
required. Aside from the lack of robust evidence favoring
stretching, recent evidence suggests that alternative inter-
ventions, such as strength training or foam rolling, may
offer similar ROM gains [5, 24-29]. However, such find-
ings should not be used as an argument against stretch-
ing, as its applications are not limited to improving ROM
(e.g., it may improve strength and muscle hypertrophy
[30-32]), and other effects of stretching warrant greater
research efforts.

Focusing overly on the acute effects of stretching
when applied during the warm-up and/or the cool-down,
as well as on the acute and/or chronic effects on ROM
and injury risk, may systematically allocate more and
more resources (human, financial, and time based) to the
same areas of research, while risking neglecting or over-
looking other opportunities for implementing stretching
interventions focused on alternative outcome measures.
For example, the acute nonlocal effects of stretching on
ROM and strength [13, 14] are based on generalized
mechanisms that may be harnessed when considering
injury rehabilitation, as stretching the noninjured areas
may generate effects on the injured areas. Stretching has
also been shown to generate acute changes in the auto-
nomic nervous system [33-35] and in the cardiovascu-
lar system [34, 36, 37]. Moreover, despite the existing
research on the chronic effects of stretching focusing on
muscle architecture, scarce research is available assessing
the effects on nerves and other structures [38]. Athletic
preparation may potentially benefit from extending the
scope of research on stretching.

Within the traditionally analyzed topics, much research
is focused on static stretching (active and passive), PNF
(albeit only in a few select types of PNF), and dynamic
stretching [4]. How, when, and why athletes could benefit
from lesser-known stretching modalities such as global
active stretching (SGA, from the original French expres-
sion) [39] and Gyrotonic stretching [40], among others,
is largely unknown and warrants further exploration.
How these interventions may be substantially changed
by manipulating the set of provided instructions consti-
tutes another emerging field of research [41]. It is also
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troublesome that a few purported applications of stretch-
ing have remained for decades despite the absence of
research to sustain them, as is the case with stretching
for the recovery from groin pain or injury in athletes [18].
Overall, valuable research opportunities and potentially
relevant applications of stretching in sporting and athletic
environments are possibly being wasted due to overem-
phasis on specific domains (e.g., ROM) and poor invest-
ment in relevant others (e.g., nonlocal neural effects).

Scoping reviews perform a systematic mapping of
existing evidence and identify relevant gaps in the litera-
ture [42, 43]; their aim is not to provide pooled results or
analytical comparisons, but to map the existing evidence
[43]. Future research would benefit from clear guidance
based on an evidence gap map (EGM) [44, 45], and scop-
ing reviews provide a suitable and systematic approach to
building such maps [43]. Fitting into the broad approach
of most scoping reviews, EGMs graphically represent the
body of evidence, conveying an intuitive visual interpre-
tation of research efforts allocation (i.e., where the evi-
dence is rich versus where it is scarce) [44—46]. Such data
assist in developing policies and guidelines and exposes
areas requiring further research [44—-46]. Sports med-
icine-related reviews with EGMs have been published
in recent years [47-49]. Therefore, a scoping review
with EGM will provide a clearer picture of what are the
research trends, as well as what is known and unknown
(i.e., gaps in research) about stretching in athletes, which
can inform future policies and funding.

A quick search in PubMed (using “stretching [Ti/Ab]
AND sport* [Ti/Ab] OR exercise* [Ti/Ab]”) yielded
1611 records from inception to 2012 and 2177 records
from 2013 to 2022, showing that more than half of all
studies on the subject of stretching in healthy athletes
have been published in the last~ 10 years and highlight-
ing the fast-growing pace of research on stretching.
Therefore, our goal was to perform a systematic scoping
review with EGM of stretching-related studies in healthy
athletes to identify trends and gaps in the literature and
inform stakeholders in priorities for future research.

2 Methods

This systematic scoping review with EGM followed the
Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) 2020 [50], the PRISMA exten-
sion for Scoping Reviews (PRISMA-ScR) [42], and the
Cochrane guidelines [51] (e.g., search for errata before
closing the final list of included studies).

2.1 Eligibility Criteria

Research articles published in peer-reviewed journals
were considered, with no limitations imposed on publi-
cation date or language. Eligibility criteria were set based
on the Participants, Intervention, Comparators, Outcomes
and Study Design (PICOS) framework:

(P) Healthy athletes of any age, sex, or sport, with
a competitive level corresponding to tier 2 (trained/
developmental) or higher of the Participant Classifica-
tion Framework (PCF; tiers O and 1 are not athletes, fall-
ing outside the scope of this review) [52], regardless of
how the original studies have classified them. Studies
with injured (e.g., studies on rehabilitation or return to
sports) or disabled athletes (e.g., cerebral palsy) were
excluded. Since the goal was to provide an overview of
the research field and not provide meta-analytical sum-
maries of data, no minimum number of participants per
study was stipulated.

(I) Acute (single session or multiple sessions but with
assessments of acute responses up to 72 h postinterven-
tion) or chronic (multiple sessions with assessment of
pre- to post- differences) interventions exclusively using
any form of stretching (e.g., static active or passive
stretching, dynamic stretching, PNF, other), either single
mode (e.g., static passive stretching only) or combined
mode (e.g., static passive stretching combined with static
active stretching). Multimodal interventions (e.g., stretch-
ing + foam rolling or stretching + strength training) were
not considered. We chose not to predefine a minimum
length for an intervention to be considered chronic (e.g.,
4 weeks or 8 weeks), since these thresholds may vary
depending on the specific outcome (i.e., some outcomes
may experience faster adaptations than others) and on the
characteristics and doses of the interventions. Moreover,
these thresholds are largely arbitrary.

(C) Comparators were not compulsory (because we
were not directly comparing the effectiveness or efficacy
of stretching interventions). However, if available, these
were considered and could include stretching interven-
tions with different modalities, intensities and/or dura-
tions, nonstretching-based interventions, multimodal
interventions (e.g., stretching + strength training), or
passive controls.

(O) At least one of the following: acute or chronic
physiological, biomechanical, psychological, perfor-
mance-related outcomes/adaptations, and/or data on
injury risk (from prevention-focused studies).

(S) All types of experimental and observational studies
[single- or multi-arm, randomized (parallel, crossover, clus-
ter, other) or nonrandomized], including case series and case
studies.
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2.2 Information Sources and Search Strategy

CINAHL, EMBASE, PubMed, Scopus, SPORTDiscus (via
EBSCO), and Web of Science were searched on 15 July 2022,
and again on 1 January 2023. As per the preregistered proto-
col, additional procedures (e.g., snowballing citation tracking,
expert consultation) were not performed, due to the large num-
ber of included studies (>300). A comprehensive reporting of
information sources and of the search strategy is provided in the
Electronic Supplementary Material (ESM Sects. 1.1 and 1.2.).

2.3 Selection Process

Three authors (JA, SRR, and AP) independently screened
all retrieved records. A third author (RA) arbitrated in case
of disagreements. Automated removal of duplicates was
performed using EndNote 20.3 for Mac (Clarivate), but
further manual removal of duplicates was required.

2.4 Data Collection Process

Eight authors (JA, SRR, FYN, AFS, LL, ZA, RC, AP) indepen-
dently extracted data from the included studies. The coordinator
author (JA) double-checked all assessments. After completion of
data collection, four authors (RA, HS, RRC, FMC) reanalyzed
40 randomly selected studies (~ 13%) to further ensure proper
data quality and completeness of data extraction. Data on com-
petitive level were recoded by three authors (JA, SSR, and AP)
using the PCF [52], but excluding tiers 0 and 1 participants: (i)
tier 2: Trained/developmental; (ii) tier 3: Highly trained/national
level, (iii) tier 4: Elite/international level; (iv) tier 5: World class.
A fourth author (RA) arbitrated in case of disagreements.

2.5 Data Items and Management

Data were extracted within six domains: (i) participant-
related information, (ii) intervention-related information,
(iii) comparator-related information, (iv) outcome-related
information, (v) study design, and (vi) context of interven-
tions. Full details and explanations can be found in the
ESM (Sect. 1.3). Given that stretching interventions were
at the core of this work, we followed a mainstream, reader-
friendly approach to the classification of stretching modal-
ities [3]: (i) static stretching involving the lengthening of
a muscle until a feeling of stretch or point of discomfort
are reached, and keeping that position, with (passive) or
without (active) assistance from an external force (e.g., a
person or a machine); (ii) dynamic stretching involving
controlled movements through the joint ROM; (iii) bal-
listic stretching as an extreme form of dynamic stretching
performed at high speeds and with bouncing actions near
or at the end-ROM; (iv) PNF stretching combining static

stretching and isometric contractions in a cyclical pattern;
and (v) other forms of stretching (e.g., SGA). A complete
description of data management procedures, including fur-
ther details regarding how stretching interventions were
classified, is provided in the ESM (Sect. 1.4).

2.6 Data Synthesis Methods

A narrative synthesis was performed, accompanied by
data summaries (number, percentage) for the previously
defined data items. To provide an overview of the existing
body and the corresponding gaps in research, an EGM
was constructed to graphically represent the body of evi-
dence and intuitively convey an overview of the existing
evidence and the current research gaps [44-46]. In the
EGM, the different circles have proportional sizes, reflect-
ing the number of trials; however, this proportionality is
only applied within each cell, and not between cells.

3 Results
3.1 Study Selection

The initial and updated database searches resulted
in~220,000 records, of which 316 studies (corresponding to
300 independent trials) [39, 53-367] complied with eligibil-
ity criteria and were included in this scoping review (Fig. 1).
This means that 300 independent trials gave origin to 316
publications, as some trial authors chose to report different
outcomes in different publications (suggesting a high risk
of bias for selective reporting, especially in the absence of a
preregistered protocol). More detailed information on study
selection is provided in the ESM (Sect. 2.1).

3.2 Publication-Level Information
3.2.1 Publication Date and Study Design

The 300 trials were published between 1980 and 2022
(ESM Sect. 2.2), resulting in 316 publications (i.e., some
trial authors chose to report different outcomes from a single
experiment in different publications). Date of publication
was evenly distributed before or after 2015 (48.7% before
2015 and 51.3% from 2015 onwards; Fig. 2a), meaning that
more than half of research was performed in the last 7 years
(last search on 1 January 2023). Since 2008, research on the
topic has steadily generated over ten publications each year.
Most trials (n=227, 75.7%) were randomized (Fig. 2b), fol-
lowed by nonrandomized multi-arm/condition trials (k= 64,
21.3%), and a minority of nonrandomized single-arm/condi-
tion trials (k=9, 3.0%).
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Initial searches (July 15, 2022)

Updated searches (January 1%, 2023)

Records identified from
databases (n = 198,725)
CINAHL (n = 8,185), EMBASE
(n=22,092), PubMed (n =
18,391), Scopus (n = 55,956),
SPORTDiscus (n = 15,730), Web
of Science (n = 78,371)

v

Records removed before
screening:
Duplicate records removed
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CINAHL (n = 590), EMBASE (n
= 4,406), PubMed (n = 1,983),
Scopus (n = 4,967), SPORTDiscus
(n=376), Web of Science (n =
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Studies included in review

A

(n =316, corresponding to 300
independent trials)

Fig. 1 PRISMA 2020 flow diagram

3.2.2 Publication Language and Geographical Location

English was the predominant language of publication
(266 trials, 88.7%). Other languages each represented less
than 5% of trials, and when combined represented 11.3%
(Fig. 2c). Most trials were performed in Europe (k =94,
31.3%), followed by North America (k=63, 21.0%), Asia
(k=155, 18.3%), South America (k=33, 11.0%), and
Turkey (technically, belonging to both Europe and Asia;
k=32, 10.7%). Africa contributed with 11 trials (3.7%, of
which 10 were from Tunisia), Oceania also delivered 11
trials (3.7%, all from Australia), while one research had
unclear origin (either Europe or South America). Out of
nearly 40 countries contributing with research, the USA
produced the largest number of trials (k= 60, 20.0%), fol-
lowed by Turkey (k=32, 10.7%), Brazil (k=31, 10.3%),
Greece (k=28, 9.3%), Iran (k=19, 6.3%), and UK (k= 15,
5.0%) (Fig. 2d and e). More detailed information is avail-
able in the ESM (Sect. 2.2).

3.2.3 Funding and Competing Interests

A total of 102 studies included a funding statement, with
48 trials (16.0%) reporting not having funding and 54
trials (18.0%) reporting their funding sources; however,
the majority of trials (k=198, 66.0%) did not provide
any (published) funding statement. A single trial (0.3%)

reported having a conflict of interest, while 102 trials
(34.0%) declared having no competing interests; again,
the majority of trials (k=197, 65.6%) failed to provide a
published competing interests statement. Overall, 159 tri-
als (53.0%) failed to report both funding and competing
interests (Fig. 2f). Considering the 153 trials published
from 2015 onward, the percentage of nonreported informa-
tion on funding (51.6%) and competing interests (41.8%) is
lower in comparison with the 147 trials published before
2015 (81.0% and 89.1%, respectively).

3.3 Participant-Related Characteristics
3.3.1 Sample Size and Sex

Across the 300 trials, a combined aggregate of 7080 ath-
letes were involved, of which 6005 performed stretching
and 1075 athletes only participated in nonstretching-related
control groups. Trials averaged 23.3 +20.8 athletes per trial
(median: 18), ranging from 5 [173] to 220 athletes [177]. A
total of 282 trials (94.0%) had fewer than 51 athletes (more
detailed information in ESM Sect. 2.2).

A total of 168 trials (56.0%) only included male athletes
(n=4035), 54 trials (18.0%) only included female ath-
letes (n=1079), and 36 trials (12.0%) included both male
(n=589) and female athletes (n=378). In one study, there
was a nonanalyzed participant, but it was unclear whether
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this individual was male or female, and this participant was  3.3.2 Age

therefore not considered here. In total, there were 4624 male
(65.3%) and 1457 female athletes (20.6%). Two trials [124,
135] included male and female athletes (n=48) but failed to
report the number or percentage of each. Forty trials (13.3%)
including 950 athletes did not report on sex. A summary of
sample size and sex can be found in Sect. 3.7 (EGM).

Most trials (k=290, 96.7%) reported age, but not in an
easily comparable manner, which precluded a simplified
cross-study synthesis. The reasons for that and a more
complete reporting can be found in the ESM (Sect. 2.2).
Considering the 25 trials (8.3%) that provided ranges,
age varied from to 8 [149, 338] to 36 [177] years. The
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narrowest range was 14—15 years of age [265] and the broad-
est range was 17-36 years [177]. Only four trials included
athletes < 12 years of age [86, 141, 149, 338], seven trials
included athletes > 30 years of age [105, 177, 218, 232, 311,
329, 358], and a single trial included athletes up to 36 years
[177]. Age was reported in the form of mean=+ SD in 264
trials (88.0%): at the lower end, a mean age of 9.6+ 1.5 years
was reported [55], while at the upper end the mean age was
35.7+6.1 years [137].

159
39
Only competing  Unreported
interests

3.3.3 Sports and Competitive Level

Most trials (k=260 trials, 86.7%) were conducted within a
single sport. Thirty-six trials (12.0%) included athletes from
multiple sports, and four trials (1.3%) [81, 82, 108, 261]
provided insufficient information to assess this item. The
available information showed that at least 43 sports were
represented (possibly more). Soccer was represented in 98
trials (26.2%), track and field in 41 (11.0%), volleyball in 32
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(8.6%), basketball in 29 (7.8%), and artistic gymnastics in 19
(5.1%). All other sports were represented in less than 4% of
trials each. More details are provided in the ESM (Sect. 2.2).
Regarding the competitive level (PCF), no trial was
found including tier 5 athletes. Most trials (k=175, 46.8%)
included tier 2 athletes, followed by tier 3 (k=95, 25.4%).
Tier 4 (k=18, 4.8%), mixed tiers 2 and 3 (k=8, 2.1%), and
mixed tiers 3 and 4 (k=4, 1.1%) were less common. The
few tier 4 trials were spread across several different sports
(artistic gymnastics, Brazilian jiu-jitsu, fencing, handball,
judo, kickboxing, rhythmic gymnastics, rowing, soccer,
synchronized swimming, tackwondo, tennis, track and field,
volleyball, wrestling), while the mixed tiers 3 and 4 trials
included field hockey, futsal, and rhythmic gymnastics (one
study reported multiple individual and team sports, but it
was unclear which [117]). A visual summary of sport and
competitive level can be found in Sect. 3.7 (EGM).

3.4 Context of Intervention

Fully detailed, context-level reporting of stretching interven-
tions is provided in the ESM (Sect. 2.2), while summary data
for key features (e.g., length of interventions) are provided
in Sect. 3.7 (EGM).

3.4.1 Length of Interventions

Most trials focused on acute stretching effects (k=244,
81.3%), while 51 trials (17.0%) assessed chronic effects
(see ESM Sect. 2.2 for the remaining cases). Trials assess-
ing chronic effects lasted between 1 and 21 weeks [90, 285,
312, 351], with an average of 7.4+5.1 and a median of 6.0
[interquartile range (IQR) 4.0-10.5] weeks. Eleven trials,
from 12 studies, (3.7%) failed to reach a minimum length
of 4 weeks [78, 90, 154, 161, 211, 237, 285, 299, 300, 304,
329, 351] that would suffice to generate adaptations to
stretching interventions in humans [368]. Trials lasting up
to 8 weeks represented 13.0% of the publications (k=39),
and only six trials, from 10 studies, (2.0%) lasted > 16 weeks
[99, 188, 259, 265, 305-309, 312]. Additional information
is available in the ESM (Sect. 2.2).

3.4.2 Number of Weekly Sessions and Total Number
of Sessions in Chronic Trials

The number of weekly stretching sessions in chronic inter-
ventions varied from < 1 per week [188] to 14 weekly ses-
sions [329], with an average of 3.4 +2.0 and a median of 3
(IQR 3.0-4.0). Thirty-three trials (67.3%) had less than 4
weekly sessions, 15 trials (27.2%) had between 4 and 7 ses-
sions, and a single trial exceeded 7 weekly sessions [329].
Six of the 55 relevant trials (10.9%) did not report the num-
ber of weekly sessions [78, 105, 177, 211, 258, 304].

The total number of stretching sessions in trials assess-
ing chronic effects ranged from 3 to 150 [90, 154, 237, 312,
351], with an average of 24.6 +24.1, a median of 19 (IQR
10.3-31.5), and was unreported and impossible to assess in
three trials [105, 211, 304].

3.4.3 Within-Season Timing

Most trials (k=180, 60.0%) failed to report the within-
season timing and provided insufficient information for
the reviewers to infer this (e.g., by providing specific date
ranges for data collection). Of the trials that reported this
information, 70 (23.3%) were performed during the com-
petitive season, 24 (8.0%) in the off-season and 22 (7.3%)
in the pre-season. The remaining trials (k=4, 1.2%) were
either mixed (e.g., pre-season and competitive season) [125,
177, 365] or the authors reported the specific weeks of the
season, but it was unclear whether that still represented the
pre-season or was already in the competitive season (i.e.,
coded as unclear) [182].

3.4.4 Within-Session Timing

Most trials (k=252, 84.0%) implemented stretching as
warm-up or within the context of a warm-up. Postexercise
stretching was analyzed in isolation in 22 trials published
in 26 studies (7.3%) [57, 99, 105, 111, 113, 115, 123, 139,
160, 177, 245, 259, 277, 278, 285-287, 294, 305-3009,
336, 347, 357], in conjunction with warm-up (i.e., stretch-
ing in the warm-up and also postexercise) in two trials
[124, 175], optionally in the warm-up or postexercise in
one trial [150], and combined with independent sessions
in another trial [87]. Trials studying the effects of postex-
ercise stretching in athletes began to be published in 2003
and seem to be growing, albeit there is fluctuating interest
in the topic (Fig. 3).

The remaining categories (e.g., inter-set, independent ses-
sions, at night) combined were represented in only 13 trials
(4.2%) (see ESM Sect. 2.2 for full details) [87, 95, 124, 150,
154, 175, 191, 247, 262, 268, 273, 312, 352]. Of note, all
inter-set research with athletes was performed between 2009
and 2015 and limited to males [95, 247, 262, 352]. Addition-
ally, the within-session timing of the stretching intervention
was unclear or unreported in 13 trials (4.3%) [85, 90, 92,
106, 131, 141, 171, 188, 208, 235, 265, 274, 311].

3.5 Intervention-Level Information

The full details of intervention-level related features can be
found in the ESM (Sect. 2.3) and a summary of key features
is presented in Sect. 3.7 (EGM).
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Fig.3 Time map of research on postexercise stretching

3.5.1 Stretching Interventions

Static active stretching was the most common modality (k=187,
62.3%), followed by dynamic stretching (k=115, 38.3%), and
static passive stretching (k=77, 25.7%). PNF was implemented
in 36 trials [12.0%, mostly contract-relax (k=22), with the
remaining methods being represented in less than 4 trials each],
ballistic stretching in 13 trials (4.3%), and static stretching
(unclear if active or passive) in 6 trials (2.0%). The remaining
stretching modalities (e.g., SGA) were applied in two or less
studies each (see ESM Sect. 2.3 for further details).

Overall, 154 trials (51.3%) applied a single stretching
modality (e.g., ballistic stretching [205], PNF [142]), 133
trials (44.3%) compared two or more stretching modalities
(e.g., dynamic stretching versus static active stretching [61]),
and 11 trials (3.7%) implemented a single combination of
stretching modalities (e.g., dynamic stretching + static active
stretching within the same intervention group [314]). Twelve
trials (4.0%) had at least one group performing some stretch-
ing modality with superimposed vibration (e.g., static active
stretching + vibration [235]) (k=10, 3.3%), heat (k=2, 0.6%
[106, 176]), or ice (k=1, 0.3% [106]); considering the eli-
gibility criteria, these were classified as being comparators.

Twenty-two trials (7.3%) compared different doses within
a given stretching modality (e.g., 1 versus 2 versus 3 sets
of ballistic stretching [205]; 6 versus 12 versus 18 repeti-
tions of dynamic stretching [121]; and 35 s repetitions versus
65 s repetitions of PNF contract-relax [142]). There were
specific comparisons within dynamic stretching: three tri-
als (1.0%) compared stationary dynamic stretching versus
dynamic stretching while moving [97, 167, 168], and one
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trial (0.3%) compared dynamic stretching performed at self-
paced versus self-paced with additional forces versus maxi-
mal speed [343]. Five trials (1.7%) compared continuous
with intermittent static active or passive stretching [82, 103,
114, 147, 149]. A single trial (0.3%) included a comparison
of static active stretching to differing intensity thresholds:
less than to the point of discomfort versus to the point of
discomfort [117]. Occasionally (k=7, 2.3%), the order of
the interventions (e.g., dynamic stretching + static active
stretching versus static active stretching + dynamic stretch-
ing [322]) was compared [70, 77, 91, 117, 216, 315, 322].
Additional information is available in the ESM (Sect. 2.3).

3.5.2 Nonstretching Comparators

A total of 169 trials (56.3%) included a no-stretching control
group (i.e., passive controls or no-stretching on contralat-
eral limb), while 76 trials (25.3%) included > 1 comparator
groups involving nonstretching interventions (e.g., parallel
squat [202], FIFA 11+[79]), or stretching combined with
additional interventions (e.g., dynamic stretching followed
by vibration foam rolling [229]). Nonstretching-related com-
parators were highly heterogeneous, and most were under-
represented. Strength-based training (e.g., resistance training
[255], plyometrics [283]; 25 trials, 8.3%) and multimodal
exercise and/or warm-up programs (e.g., FIFA 11 +[79]; 20
trials, 6.7%) were the most common comparisons, followed
by aerobic-based activities (e.g., cycling [247]; 13 trials,
4.3%). A more detailed explanation is available in the ESM
(Sect. 2.3).
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3.5.3 Anatomical Regions Stretched

Most trials (k=224, 74.7%) focused on stretching the lower
limbs (Fig. 4a). An additional 13 trials (4.3%) stretched the
lower limbs and the trunk. The upper limbs were stretched
in 23 trials (7.7%), while 31 trials (10.3%) stretched the full
body. Full details are provided in the ESM (Sect. 2.3).

3.5.4 Number of Stretches Per Intervention

When reported, the number of stretching exercises per inter-
vention (Fig. 4b) ranged from one in 54 trials (18.0%; e.g.,
[60, 89]) to 22 (single stretching modality [172]) or 30 (com-
bined stretching modalities, e.g., dynamic stretching + static
active stretching group [250]). We refrained from calculating
pooled means and standard deviations, as there was con-
siderable complexity that could result in miscalculations (a
detailed explanation is provided in ESM Sect. 2.3).

a. Regions stretched (trials)

240 224
200
160
120
80
40 31 23
' 6 2 1
o B B - 2 2
Lower Full-body Upper Lower Unclear Trunk Upper
limbs limbs  limbs + limbs +
trunk trunk

¢. Minimum and maximum (time per set, rest intervals,
MSVS)

3000 2880
2500
2000
1500
1000 900
500 420
5 0 220 5 . 7
0 =
Time per set(s) Restintervals(s)  MSVS (no. MSVS (s)
repetitions)

3.5.5 Number of Sets

The number of sets was not always explicitly stated but,
in most cases, it could be inferred from the description
that a single set was performed (for exceptions, see ESM
Sect. 2.3). When reported, the minimum number of sets was
one (83 trials, 27.7%), while the maximum was 32 (high-
volume group in [363]) (Fig. 4b). For purposes of mak-
ing terminology more uniform across different stretching
modalities, in cases such as static stretching, each repetition
was deemed a set and we then reported time per repetition.

Four chronic trials [55, 287, 327, 336] (1.3%) had a pro-
gressive number of sets, i.e., the number of sets increased
throughout the weeks (e.g., 2 sets in week 1 versus 5 sets
in week 4 [336]). Fifteen trials from 16 studies (5.0%)
compared different numbers of sets [75, 82, 98, 110, 178,
203-205, 249, 332, 340, 359-363] (e.g., 4 versus 8 versus
12 sets [98]), with difference between the minimum and
the maximum number of sets ranging from twofold (e.g., 2
versus 4 sets [75]) to 16-fold (e.g., 1 versus 16 sets [362]).
Trials comparing continuous versus intermittent static active

b. Minimum and maximum (no. of stretches, no. of sets,
and no. of repetitions per set)

40
32
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0 — o -
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d. Reporting of information on stretching velocity and
intensity (trials)
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91
77
80
40
18
0
Velocity only Intensity only Velocity + None
intensity

Fig.4 Summary of prescription of stretching interventions. For the stretching modalities, refer to Sect. 3.7 (EGM). *Only considering the trials
that reported the relevant values. MSVS, minimum stretching volume per session
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or passive stretching [103, 114, 147, 149] also had groups
performing a different number of sets (e.g., single, longer set
for continuous stretching versus six smaller sets for intermit-
tent stretching [147]). For other less common cases, see the
ESM (Sect. 2.3).

Trials of multiple stretching interventions also presented
relevant specificities regarding the number of sets. For exam-
ple, in 30 trials (10.0%) the number of sets was not equated
between the interventions (e.g., one set for static active
stretching versus three sets for dynamic stretching [66]). The
difference in number of sets ranged from a 133.3% increase
(three sets for Mulligan stretching versus four sets for static
passive stretching [90]) to a 500% increase (two sets for
static passive stretching versus ten sets for dynamic stretch-
ing [146]). In a subset of trials, the difference in the number
of sets was mostly between combined versus noncombined
interventions, but the implementation could be the reverse.
For example, one trial applied two sets for the static passive
stretching and dynamic stretching interventions, but only
one set for the combined dynamic + static passive stretch-
ing groups [77], possibly in an attempt to match training
volume. Conversely, another trial implemented two sets of
dynamic stretching, but a combined group performed three
sets of static passive stretching in addition to the two sets
of dynamic stretching [167], effectively increasing training
volume.

3.5.6 Number of Repetitions or Time Per Set

For interventions reporting time, values ranged from 5 s
(e.g., [178, 343]) to 900 s [39, 60] (Fig. 4c). In nine trials
(3.0%) [81, 82, 142, 151, 180, 224, 340, 359, 360], dif-
ferent durations were compared (e.g., 5 s for the five-set
group versus 30 s for the single-set group [359, 360] or
35 s for the low-volume group versus 65 s for the high-
volume group [142]). This was obviously extended to the
trials comparing continuous versus intermittent stretch-
ing [103, 114, 147, 149]. In some experiments, the dura-
tion could vary [237, 252, 259, 279, 280, 336, 367] (e.g.,
19-30 s [336]), but without a rationale being provided
and without an analysis of whether that varying duration
had an impact on the results. Two trials [270, 327] imple-
mented a progressively increasing duration (e.g., 45 s in
the first 3 weeks versus 75 s in the last 6 weeks [270]).
For interventions reporting repetitions per set, val-
ues ranged from 3 (for the ballistic stretching group in
[331]) to 30 (for the dynamic stretching groups in [330])
(Fig. 4b). One trial compared different volumes (6 ver-
sus 12 versus 18 repetitions) [121]. Five trials from seven
studies (1.7%) presented a variable number of repetitions
[237, 243, 279-281, 321, 337] (e.g., 3—10 repetitions for
the dynamic stretching group [243]), but without a ration-
ale behind it or any monitoring being implemented to

assess the impact of such variation on the results. One
trial implemented a progressive increase in the number of
repetitions, starting with 15 and adding 5 repetitions every
three sessions [258].

Trials of multiple stretching modalities could either
report all modalities in time (e.g., 30 s for both dynamic and
static active stretching [220, 221]) or report some modali-
ties in time and others in repetitions (e.g., 10 repetitions for
dynamic stretching, 90 s for static active stretching [314]).
Accordingly, combined interventions could be reported in
uniform units (e.g., 120 s of dynamic stretching + 300 s
of static passive stretching [244]) or in nonuniform units
(e.g., 30 s of ballistic stretching + 15 repetitions of dynamic
stretching [219]). However, multiple reporting problems
were identified and are detailed in the ESM (Sect. 2.3).

3.5.7 Rest Intervals

When reported (k=187, 62.3%), it was not always clear
whether the rest intervals were between exercises or between
sets. Regardless, rest intervals ranged from O s (e.g., [105,
276]) to 120 s [57] (Fig. 4c). While most trials reporting
rest intervals provided fixed values, some provided a nar-
row (e.g., 5-8 s [281]) or large (e.g., 45-60 s [93]) range
of possible values. Some dynamic stretching trials reported
recovery in terms of a walked distance (e.g., 20 m walking
recovery [167]). It should be highlighted that some trials
provided rest intervals that were longer than the duration
of each set [56, 57, 184, 242, 249, 335, 342, 343, 351]. For
example, one trial requested the athletes to perform 3 sets
of 10 s repetitions of combined static active and passive
stretching, but the rest between exercises lasted 30 s [184],
i.e., the work to rest ratio was 1:3. Additional information is
available in the ESM (Sect. 2.3).

3.5.8 Minimum Stretching Volume Per Session

There was insufficient information to assess minimum
stretching volume per session in 32 trials (10.7%). For
interventions reported in seconds, the minimum stretch-
ing volume per session ranged from 7 s of static passive
stretching [218] to 2880 s of PNF (contract-relax) in the
last 2 weeks of the intervention [327] (Fig. 4c). For those
reported in number of repetitions, the minimum stretching
volume per session was 5 repetitions [267] and the maxi-
mum was 420 [330] (Fig. 4c). As for other variables (e.g.,
age, number of stretches per intervention), we refrained
from providing pooled means and standard deviations due
to the mixed character of several trials, such as: (i) having
different volume groups (e.g., low versus intermediate versus
high volume groups, ranging from 100 to 300 repetitions
[205], or 200 s in the smaller duration group versus 1200 s
in the larger duration group [82]); (ii) presenting a dynamic,
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evolving volume across the trial (e.g., 60 repetitions dur-
ing the first week sessions versus 160 repetitions in the last
week sessions [258]); (iii) having mixed reporting (e.g.,
a combined group performing 70 repetitions of dynamic
stretching + 810 s of static active stretching [314]); or (iv)
having groups with sufficient versus insufficient information
to assess this variable (e.g., 360 s for static active stretching
but insufficient information regarding ballistic and dynamic
stretching [174]).

3.5.9 Stretching Velocity and Intensity

Stretching velocity (e.g., 1 repetition every 2 s for dynamic
stretching [79], slowly for static active stretching [114]) and
intensity (e.g., to point of discomfort [81], maximum ROM
while avoiding pain [141]) were unreported in 77 trials
(23.3%), 114 trials (48.0%) reported stretching intensity but
not stretching velocity, and 18 trials (6.0%) reported stretch-
ing velocity but not intensity. Overall, 91 trials (30.3%)
reported both stretching velocity and intensity (Fig. 4d).

Reporting of stretching intensity presented consider-
able variation, making intertrial comparisons challenging;
however, some common trends emerged. For the few cases
where intensity was prescribed (or at least reported) for bal-
listic stretching, it varied from reaching the point of light
discomfort (e.g., [181]), to maximum ROM while avoiding
pain (e.g., [238]), to extreme ROM (e.g., [174]). Report-
ing of intensity for dynamic stretching commonly ranged
from “through active ROM” (e.g., [97]) to maximum ROM
(e.g., [122]), but other descriptions were provided as well
(e.g., with slight pain [281], to point of discomfort [247],
or from low to high intensity [255]). Static active and pas-
sive stretching, as well as PNF, were commonly reported
as being performed to certain degrees of discomfort (e.g.,
to point of mild discomfort [75, 167, 182], to point of dis-
comfort [61, 142, 216]), feeling a stretch (e.g., [154, 222,
285]), or to maximum ROM (e.g., [76, 90, 201]). Often,
the request to achieve maximum ROM in static active and
passive stretching was followed by qualifiers such as “while
avoiding pain” (e.g., [141, 327, 364]). One trial assessed
static active stretching to point of discomfort versus to~90%
of point of discomfort [117].

Reporting of stretching intensity was not always the same
for different stretching modalities within a given trial. Three
scenarios occurred: (i) some trials had comparable descrip-
tions of intensity for all included stretching modalities (e.g.,
maximum ROM while avoiding pain for ballistic stretch-
ing, PNF, and static active stretching [238]); (ii) other trials
had different descriptions for different stretching modali-
ties (e.g., progressing from moderate to high intensity in
dynamic stretching versus maximum ROM for static active
stretching [76]); (iii) still other trials specified intensity for
one stretching modality, but not for the others (e.g., to point

before discomfort for static active stretching but unreported
for dynamic stretching [232]). Thus, the requested intensity
levels were not always equated (or even reported) between
groups or conditions.

The reporting of stretching velocity varied depending
on the stretching modality. For example, ballistic stretch-
ing was commonly prescribed at a rate of one repetition per
second (e.g., [174, 181, 202]), but some descriptions were
considerably vaguer (e.g., “in rapid fashion” [331] or “with
velocity” [339]). Reporting of dynamic stretching velocity
ranged from highly specific information (e.g., 1 repetition
every 2 s [79]) to vaguer qualitative descriptions such as
“slowly” [96] or “gently” [203], sometimes specifically stat-
ing the movements had to be performed without ballistic or
abrupt movements [97] or without bouncing [121]. In some
cases, there was a progression in velocity (e.g., five repeti-
tions slowly, then ten repetitions quickly [129]). One trial
compared dynamic stretching at self-selected speed versus
at maximal speed [343].

Stretching velocity was rarely reported for PNF, static
active stretching, and static passive stretching, presum-
ably because these modalities tend to be performed at slow
velocities by default (e.g., slow progression until reaching
maximum ROM, followed by even slower progression to
even greater ROM during the stretch). When it was reported,
it was usually using the term “slowly” (e.g., [115, 267, 360])
or similar expressions such as “gently” [349] or “smoothly”
[318]. A single trial, using static passive stretching, provided
an objective measure of stretching velocity, set at 20 degrees
per second [187].

3.5.10 Within-Trial Inconsistencies in Intervention Volume

There were considerable within-trial inconsistencies that
may have compromised the interpretation of results (see
ESM Sect. 2.3 for more details). An example emerges from
trials that aimed to compare different interventions that were
not volume equated (within reasonable limits). As an exam-
ple, one trial compared 90 s of static active stretching to
20 min of moist heat pack application [176]. Another trial
compared 150 s of static active stretching with 750 s of com-
bined static active and dynamic stretching [232].

3.6 Outcome-Level Information
3.6.1 Overview of Outcome-Level Information

Complete details of outcome-level features can be found in the
ESM (Sect. 2.4) and a summary of the most salient features
in Sect. 3.7 of the manuscript (EGM). In summary, five out-
come domains were considered: physiological, biomechanical,
neural/psychological, performance related, and injury related.
No trial assessed outcomes across more than three domains,
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e.g., physiological, biomechanical, and performance [169, 170].
Biomechanical outcomes were assessed in 54 trials (18.0%),
physiological outcomes in 31 (10.3%), and neural/psychological
in 26 trials (8.7%). Only five trials (1.7%) assessed injury-related
outcomes [e.g., injury incidence, risk ratios (RR)] [87, 99, 105,
177, 312], none of which supported the purported preventive
role of stretching. Considering the disparity between the wide-
spread interest on the topic of stretching for injury prevention
and the scarcity of studies on the subject (at least with athletes),
we provide more in-depth information in the ESM (Sect. 2.5).
Most trials (k=269, 89.7%) reported performance-related
outcomes, mainly focusing on strength/power and ROM
(49.7% and 41.0% of trials, respectively), followed by speed
(20.3% of trials), and change of direction (COD; 12.3% of
trials). All other performance-related outcomes (e.g., bal-
ance, endurance, proprioception) were assessed in fewer
than 5% of trials. Importantly, sport-specific performance
tests were applied in only 38 trials published in 43 studies
(12.7%) across 17 sports (most commonly soccer, swim-
ming, artistic gymnastics, and volleyball, in order). Figure 5
synthesizes the research trends for outcome domains.

3.6.2 Main Outcomes Assessed Per Domain

Regarding physiological outcomes, blood lactate [115,
203-205, 247, 262, 271, 347, 367] and heart rate [169,
170, 174, 203-205, 208, 247, 248, 287, 315, 347, 349,
353, 354, 357] were the most commonly reported, but a
diverse range of other outcomes were reported, such as
core temperature [169, 170] and inflammation [60].

Biomechanical outcomes ranged from kinetic and/or
kinematic analysis of sport-specific actions (e.g., [64, 206,
253]) to measures of muscle properties such as fascicle
length and muscle thickness, among others (e.g., [122,
148, 270]). In this context, 22 trials (7.3%) assessed elec-
tromyographic activity, but only two focused on the upper
limb [200, 215].

Performance (any outcome)

Biomechanical

I 54

Performance (sport-specific only) NG 33

Physiological [N 31

Neural /psychological [N 26

Injury M 5

20 40 60 80

Fig.5 Number of trials assessing each outcome domain
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Neural/psychological outcomes including perceived
pain [57, 99, 187, 251, 292, 304], soreness [139, 245,
277,278, 286, 320, 324], and exertion [174, 203-205, 245,
248, 264, 287, 315, 349, 353] were the most commonly
reported outcomes in this context, but other outcomes
were considered as well (e.g., mood state [245, 347]).

Among performance outcomes, the strength/power-related
outcomes (e.g., isokinetic knee flexion and extension [322],
medicine ball throw [39]) dominated the research, having
been assessed in 149 trials (49.7%). ROM (e.g., sit and reach
[331], trunk lateral flexion [343]) was assessed in 123 trials
(41.0%), followed by speed (e.g., 15 m sprint [275], curved
55 m sprint [200]) in 61 trials (20.3%). COD (e.g., Illinois
Agility Test [63, 326]) was reported in 37 trials (12.3%), and
balance (e.g., Star Excursion Balance Test [131, 154]) in 12
trials (4.0%) [53, 55, 65, 98, 120, 131, 154, 200, 252, 276,
289, 301]. Speed endurance (e.g., 6 X20 m sprints [95]) was
assessed in 11 trials published in 12 studies (3.7%) [75, 95, 97,
191, 203-205, 223, 231, 315, 351, 365]. Endurance (e.g., time
to exhaustion in supramaximal cycling [247]) was reported in
ten trials (3.3%) [137, 233, 247, 248, 342, 349, 352-354, 366].
Proprioception (e.g., knee joint position sense [266, 345]) was
reported in six trials (2.0%) [119, 160, 266, 289, 296, 345].
Other outcomes (e.g., global coordination testing [174], func-
tional independence measure score [304], strength endurance
[187]) were usually assessed in only one to three trials and had
no overall expression.

Sport-specific performance tests were applied in only 38
trials (12.7%) across 17 sports: archery [334], artistic gym-
nastics [53, 166, 209, 243, 313], badminton [229], baseball
[190], Brazilian jiu-jitsu [115], handball [239, 258], fenc-
ing [331], ice hockey [288], judo [39], rhythmic gymnastics
[145], rowing [286], soccer [67, 69, 174, 182, 189, 210, 252,
305-309], swimming [54, 134, 212, 228, 254, 271], table
tennis [199], tennis [184, 238], track and field [283], and
volleyball [114, 132, 279-281].
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4 Evidence Gap Map

Figure 6 shows the EGM that synthesizes the patterns and
gaps that were previously identified. Beyond visually con-
veying the information in a user-friendly manner, some
data are shown with a slightly different perspective to avoid
redundancy with the previously presented figures.
Inspection of the EGM reveals some key findings: (1)
there was an over-abundance of trials with up to 20 partici-
pants, but very few large-scale (> 100 participants) trials;

(2) most research was performed with male participants, and
several trials failed to report on sex; (3) soccer dominated
the research efforts, while sports such as artistic gymnastics
and martial arts were severely underrepresented; (4) most
athletes were tier 2, with scarce research with tier 4 athletes
and none with tier 5 athletes; (5) most information derived
from acute trials, while chronic trials were mostly <8 weeks
in length and rarely surpassed 16 weeks; (6) trials mostly
explored stretching interventions with 3 weekly sessions,
with 12-23 total sessions, performed in the context of the
warm-up part of the training session; (7) most trials did not
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Fig.6 Evidence gap map of stretching research with healthy athletes
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report season timing; (8) static active stretching predomi-
nated the body of research and was mostly compared with
nonstretching passive controls; (9) performance outcomes
were very commonly assessed, while biomechanical, physi-
ological, and neural/psychological assessments were less
often performed; (10) within performance-related outcomes,
trials mostly focused on strength/power and ROM; and (11)
only scarce data were available regarding injuries.

5 Discussion

Stretching is implemented widespread in multiple sports
and different contextual settings. Due to the high number of
studies investigating the effects of stretching using differ-
ent methodologies and protocols, an updated and reliable
summary from direct comparisons between studies becomes
cumbersome and often challenging. Aiming to guide and
inform future research and funding policies, we system-
atically reviewed the existing literature to map the existing
research and identify the trends and current gaps relating to
stretching interventions in healthy athletes with a minimum
competitive level of tier 2 or higher [52].

5.1 Are All Athletes the Same? Who is Being
Studied?

Roughly 7000 athletes were included across the 300 trials,
but the median of athletes per trial was 18, and 94.0% of
trials had less than 50 athletes. This means that most trials
were likely underpowered, and their results lack generaliz-
ability, a common problem within the sports science field
[369-372]. Such a pattern would be expected if there was a
predominance of trials of the most high-level athletes (i.e.,
tiers 4 and 5), as these populations are statistically small
and challenging to enrol in research [52, 372] (being pos-
sibly concerned that experimental interventions may disrupt
their training routines and, eventually, impair performance).
Notwithstanding, there was a complete lack of stretching-
related research with tier 5 athletes (a noticeable gap in
itself), and research including tier 4 athletes (k=22) repre-
sented only 7.3% of all trials. The field of elite sport research
faces significant challenges arising from the limited avail-
ability of elite athletes as study participants. Longitudinal
case studies, ensuring a large number of data points while
upholding the fundamental principles that underlie success-
ful clinical trials, could potentially be devised to investigate
such high-level athletes [372]. Currently, most knowledge
on stretching in athletes is likely limited to underpowered
trials and involving nonelite athletes whose results should
not be lightly transferred to elite athletes [372]. The results

from our scoping review pertain only to the healthy athletic
populations (i.e., tier 2 or higher [52]) and should not be
extrapolated to other populations, including athletes in reha-
bilitation contexts.

5.1.1 Sex

Typical of sex imbalances in sports sciences publications
[373-379], female athletes are underrepresented in the
stretching literature (~20% versus ~65% of male athletes).
The missing percentage refers to trials that failed to report
sex, potentially meaning they were also male, considering
societal biases. The observed disparity in sex representation
also aligns with the broader imbalance in samples within the
field of sport and exercise psychology [379] and extends to
research authorship as well [380]. A discussion of the soci-
etal biases that may underlie this phenomenon is beyond
the scope of our review, but we strongly support increasing
research efforts in female athletes. To rectify this sex-based
imbalance, it is crucial for funders, researchers, and journal
editors to collaborate actively and diligently toward making
significant advancements in addressing this issue.

5.1.2 Age

Age was reported very differently across trials, but a rough
simplification highlights an age range from 8 to~40 years,
and mostly limited to athletes under 30 years of age. There-
fore, it can be concluded that research on stretching is mostly
focused on adolescents and young adults in their most physi-
cally active years and when organized sports participation
and engagement in physical activity in general are most com-
mon [381, 382]. Notwithstanding, there has been increased
participation in sports by older adults, with rising aware-
ness of the specificity of the master athlete in the sports
science literature [383-388]. Our scoping review showed
that research on stretching in master athletes is largely lack-
ing, and so how these older athletes respond to stretching
interventions is currently unclear.

5.1.3 Sports

While at least 43 sports were represented (soccer being the
most studied), there was a noticeable scarcity of trials per-
formed in sports such as artistic or rhythmic gymnastics,
or in martial arts. Stretching, as the most popular exercise
modality for improving ROM [3, 4], might be more deter-
minant for performance in some of these sports (e.g., gym-
nastics, martial arts), where extreme ROM is required [265,
314, 389]. As these types of sports are greatly underrepre-
sented in the stretching literature (as our scoping review has
shown), no strong conclusions can be made as to the role of
stretching in these sports, and it is unclear whether findings
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from other sports (e.g., soccer, volleyball) can be extrapo-
lated to gymnastics or martial arts [5]. Even in sports not
requiring extreme ROM, there may be important differences
in the typical ROMs presented [390], i.e., different sports
will pose specific necessities and therefore stretching may
play different roles.

5.2 Context Matters! In What Circumstances are
Athletes Being Studied?

Over 80% of stretching research in athletic populations
focused only on the acute effects. Knowledge about chronic
effects of stretching in athletes derives from a much narrower
body of research, and no trial lasted more than 21 weeks.
Therefore, all knowledge concerning the chronic effects of
stretching in athletes derives from trials lasting < 6 months.
However, this is an overly optimistic scenario because trials
assessing chronic effects lasted a median of 6 weeks, and
only 2.0% of trials lasted > 16 weeks. This seems a com-
mon limitation within research dealing with other training
methods and concepts (e.g., plyometric training [374], perio-
dization [391]). Furthermore, almost 70% of chronic trials
implemented <3 weekly stretching sessions, which may be
inferior to common practice in many sports (e.g., artistic
gymnastics [392]), especially at higher levels of practice.
Possibly, future terminological revisions should consider a
category between acute and chronic (e.g., delayed effects?).
As explained in Sect. 2, we avoided stipulating an arbitrary
temporal threshold for what should be considered a chronic
intervention. Regardless, we also feel that trials lasting
1 week or having only three sessions in total should probably
not be considered chronic. In summary, there is still a huge
knowledge gap about the chronic effects of stretching inter-
ventions in athletes, which may result from the extensive
resources required and the challenges inherent in performing
such longitudinal studies [393].

Season timing may influence the athletes’ fitness status at
the time of testing [52, 394]. It may also impact the willing-
ness of athletes to engage in experimental interventions; for
example, weekly matches may result in time constraints and
concerns about recovery [395, 396], which may influence
the weekly contents and workload. Overall, 40% of stretch-
ing research with athletes reported the within-season timing.
When reported, the competitive season was more common
than the off-season and preseason combined. This seems simi-
lar to other research training methods (e.g., [397]). Future
studies should more consistently report within-season timing.

Most trials (~85%) implemented stretching in the context
of a warm-up (either in isolation or as a part of the warm-
up), denoting a considerable imbalance in the literature and
providing a very limited account of stretching effects when
applied in other settings. For example, postexercise stretch-
ing represented only ~ 7% of all trials. Despite widespread

use of [398—401], and support for post-exercise stretching
[402, 403], it seems largely ineffective as a recovery method
[21, 404], and there is little scientific scrutiny of its effects
in athletes. Even less is known about other applications of
stretching (e.g., inter-set, at night before falling asleep), rep-
resenting a major gap in research.

5.3 All Stretching is Not the Same: What Stretching
Modalities are Being Implemented?

According to the literature, static active, static passive,
dynamic, ballistic, and PNF are the most commonly used
stretching methods [1, 3]. Stretching research with healthy
athletes is dominated by static active stretching, represented
in>60% of trials, followed by dynamic stretching (< 40%
of trials). Of note, trials could implement multiple stretch-
ing modalities and doses. Static passive stretching and PNF
(mostly limited to the contract—relax method) were analyzed
in only ~25% and 12% of trials, respectively, and ballistic
stretching represented less than 5% of trials. This means that
further research is required to better understand the effects
of static passive stretching, PNF, and ballistic stretching in
athletes. It is possible that static passive stretching and PNF
may play a more determinant role in performance in sports
requiring extreme ROM (e.g., gymnastics, martial arts), and
this literature gap may therefore differentially affect distinct
sports.

Alternative stretching methods (e.g., SGA) are being
largely neglected by research, which does not benefit sci-
entific advances and fails to either support or recommend
against their application. The effects of combining stretching
with heat, cold, or vibration superimposed on the stretches
are also largely unexplored. Finally, ~75% of the trials
applied stretching to the lower limbs, with much less infor-
mation being available concerning the trunk and the upper
limbs. This is problematic, as the upper limbs and the trunk
play a major role in several sports (e.g., handball, throwing-
based track and field events, volleyball, and weightlifting,
among others). The existing imbalance in the body of knowl-
edge concerning the primary areas of intervention raises
concerns about the potential generalization of evidence that
is specifically researched. To mitigate this issue, it is crucial
to foster a greater proportion of research in less explored
domains and to incorporate an analysis of anatomical vari-
ability. Such an approach would shed light on the diverse
mechanisms of adaptation and underscore the significance
of considering case studies that reflect this variability.

5.4 Everything May be Superior to Nothing: What
Comparisons are Being Performed?

Beyond comparisons between different stretching modali-
ties and doses, more than half of the trials included a
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no-stretching control group that otherwise was subjected to
the same procedures as the stretching groups. This is highly
relevant to ascertain the effects of stretching compared with
individuals who were maintained at rest (i.e., passive con-
trols), and can be used to justify stretching. However, alter-
native interventions may show equal or superior efficacy
or effectiveness (e.g., strength training versus stretching
for small ROM improvements [24, 405]). Moreover, such
relative effectiveness is likely to vary depending on the
specific outcome being assessed and with potential varying
adherence. Unfortunately, only ~25% of all trials included
active, nonstretching-related comparators (e.g., FIFA 11 +),
or stretching added to some other intervention not included
in the stretching-only groups (e.g., stretching followed by
vibration foam rolling). These trials were spread across more
than 15 classes of comparators (e.g., foam rolling, aerobic
training), and within each class there were considerable dif-
ferences in the interventions. Moreover, these interventions
were often not equated for volume. Therefore, systematic
comparisons between stretching and alternative interven-
tions are lacking, with some exceptions regarding strength
training and multimodal exercise programs.

5.5 How Much? Is Dose-Response Being
Scrutinized?

Volume, intensity, and weekly frequency may strongly influ-
ence the effects of stretching [15]. However, less than 8%
of all trials compared different doses of stretching (usually,
through manipulation of duration, number of repetitions and/
or number of sets), and only one trial compared different
intensity thresholds [117]. Overall, the number of stretches
varied widely (1-22), occasionally even between two stretch-
ing groups within the same trial (e.g., [232]). The same was
true for the number of sets (1-32), number of repetitions
(3-30), time per set (5-900 s), rest intervals (0-120 s), and,
consequently, in the minimum stretching volume per ses-
sion (5-420 repetitions; 7-2880 s). Information concerning
stretching velocity and intensity was reported very inconsist-
ently across and within trials, and only less than ~33% of all
trials provided sufficient information to assess both velocity
and intensity. Although some protocol variability is required
to search for the most suitable stretching protocol(s), there is
also the need for replicability and reproducibility. Likewise,
equalizing the volume between stretching methods is chal-
lenging but needed. Perhaps time under tension could be
applied, but it is difficult to assess this variable in dynamic
or ballistic stretching as the tension is not uniform during the
course of the movement. More research is required to better
understand how to properly equate training volume when
comparing different stretching interventions.

As aresult, there is a paucity of information pertaining to
dose-response relationships in the context of implementing

stretching protocols for athletes, despite the importance
of understanding such relationships to more appropriately
design and prescribe exercise interventions [406—410].
Relatedly, it is further imperative to incorporate the concept
of individualization into training practices and consider the
impact of human variability when addressing dose-response
relationships [411-414]. However, our understanding of this
individualized training approach remains limited, necessitat-
ing the establishment of new research avenues to explore this
direction comprehensively.

5.6 Are We Looking for the Most Relevant
Outcomes? What Has the Literature Assessed?

Physiological outcomes were assessed in only ~ 10% of tri-
als, (most commonly, blood lactate and heart rate), and the
same applies to neural and/or psychological outcomes (com-
monly perceived pain, perceived soreness, and perceived
exertion). More information is available on how stretching
affects biomechanical outcomes, but less than 20% of trials
reported such outcomes. The limited reporting on physiolog-
ical, neural/psychological, and biomechanical outcomes pre-
cludes a robust understanding of the mechanisms underlying
changes in the commonly assessed performance outcomes,
which affects knowledge on causal relationships and thus
provides limited information regarding the optimization of
training prescription [415].

Performance outcomes were reported in~90% of trials.
However, most reporting referred to strength/power and
ROM, with less information available concerning speed and
COD (~ 10 to 20% of trials). Outcomes reported in less than
5% of trials included balance, speed endurance, endurance,
and proprioception, among others. The predominance of
strength/power outcomes was expected, as these constructs
are strongly associated with performance in athletes (e.g.,
[416—419]), while ROM is perhaps the most obvious out-
come to check when implementing stretching interventions.
What is surprising is the very limited exploration of how
stretching affects other parameters such as balance, endur-
ance, or proprioception. Furthermore, sport-specific per-
formance tests were applied in < 15% of trials. Currently,
most knowledge on performance-related effects of stretching
derives from general tests (e.g., 20 m sprint, 1 RM strength
tests, sit and reach) that are transversal but lack specificity,
with much less being known about the effects of stretching
on sport-specific performance.

A glaring gap is the lack of trials investigating the effects
of stretching on injury prevention/injury risk reduction. We
identified a lacklustre total of five trials (mostly chronic pos-
texercise stretching interventions with male athletes) that
assessed injury (i.e., that provided data on injury incidence,
prevalence, or risk, instead of relying exclusively on surro-
gate measures of injury risk, such as strength). These trials
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failed to support the notion that stretching reduces injury
risk and, despite being limited to athlete tiers 2 or higher,
align well with the results of several reviews on the topic [4,
16, 17, 420-425]. Of note, not all reviews on the topic reach
the same conclusions [426], and these reviews were not nec-
essarily limited by the minimum PCEF tier 2. This is perhaps
the most striking gap in our knowledge, and probably should
be the focus of ample research investment in the near future.

Additional opportunities for research with athletes (some
of which have started being scrutinized in different popula-
tions) would include exploration of the effects of stretching
on venous and lymphatic circulation [427, 428], nonlocal
effects of stretching [13, 14], and the effect of previous
knowledge/expectations on the efficacy of stretching inter-
ventions [429].

5.7 What Lies Ahead? Priorities for Future Research

Based on the most relevant gaps that were identified, Fig. 7
shows suggested research priorities. This summary provides
opportunities for funders and researchers to focus on less
researched areas of stretching, while potentially eliminat-
ing wasteful research on further investigating topics that are
already well researched. We also propose that more funding
is provided for the development of stretching-based research

in African countries, as research on the topic performed in
this continent is mostly limited to Tunisia. Additionally, any
information concerning funding and competing interests
should be mandatory, and all journals should define them
as a prerequisite for publication. Finally, we highlight the
need to implement efforts to avoid selective reporting of
outcomes, which may bias not only the original research
findings, but also future reviews on selected topics. Prereg-
istration of experimental studies is highly advisable.

5.8 Limitations

By focusing solely on athletes and establishing the PCF’s
tier 2 as the minimum for inclusion, it is possible that other
well-trained populations have been left out (e.g., regular gym
goers engaging in noncompetitive CrossFit or bodybuilding,
dancers). However, a threshold had to be established, and
participation in competitions was deemed necessary to use
the term “athlete.” Regardless, the sample of 316 published
studies showed trends that would likely remain robust even
if some extra trials had been considered. The exclusion of
injured athletes precludes us from making any statements
regarding the role of stretching in injury rehabilitation, while
the exclusion of athletes with disabilities inhibits any state-
ments concerning the status of stretching research in these

Participants Interventions and comparators Outcomes Explicitly report
Female athletes Chronic trials, especially >16 weeks Direct assessment Funding and
of injury rates competing interests
Tiers 4 and Static passive stretching, PNF
5 athletes (preferably, other than CR), ballistic Physiological Sex/gender
stretching, SGA, other. data —
Master athletes \.Nlt.hm-scason
Intra-set, post-exercise, outside the Biomechanical timing
Athletes from main training sessions data - -
extreme ROM Dose (in a detailed
sports ] . . manner, including
Y Analyze dose-response relationships Neural/psycholog stretching velocity
ical data . .
. . . and intensity)
Trials with >20 Systematic volume-equated
participants comparisons between stretching and Sport-specific
All assessed

comparators (e.g., aerobic training,
strength training)

Preferably, use active comparators
instead of passive comparators

performance data

Stretching applied to the upper
limbs

(i.e., specific to outcomes,

one sport) rt?garc!lcss of the
direction or
magnitude of their

General results.

performance data:

balance,

endurance,

proprioception

Fig.7 Research priorities regarding stretching interventions with athletes. CR contract-relax, PNF proprioceptive neuromuscular facilitation,
ROM range of motion, SGA global active stretching (from the French original Stretching Global Actif)
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populations. However, these specific populations were out-
side the scope we intended for our scoping review. Interpret-
ing the results of the included trials should be moderated by
knowledge that 66.0% did not provide a published funding
statement (i.e., whether there was funding or not) and 65.6%
did not provide a published statement pertaining competing
interests.

5.9 Should We Reconsider the Terminology
and Description of Stretching Exercises?

An additional limitation that may impact the findings
deserves to be highlighted. Commonly, static stretching is
deemed passive if an external agent (e.g., coach, teammate)
applies the stretch to the athlete, and our scoping review
followed that logic and terminology to facilitate an intuitive
understanding for most readers. However, future discussions
on the terminology should be considered, as in many of the
so-called active stretching exercises the athletes used a part
of their body to stretch another part, or they used external
surfaces (e.g., walls). Therefore, those exercises would tech-
nically have a passive component. Moreover, in such cases,
it was unclear whether the “self-passive” assistance was
used from the beginning of the stretching until reaching the
desired endpoint, or if it was used exclusively near or at the
endpoint. It was further unclear how long each phase lasted,
i.e., whether the stretching was mostly active with a slight
passive component or the reverse. We encourage the scien-
tific community to engage in a debate surrounding the ter-
minology, and perhaps less commonly used taxonomy such
as self-stretching [91] is appropriate. Within the concept of
self-stretching, authors should carefully describe the details
of each exercise, including an estimate of the role played by
the active and passive phases (when applicable). The fact
that so-called static active stretching may, in fact, include a
considerable passive phase could impact the interpretation
of findings from stretching studies.

6 Conclusions

There are noticeable gaps in stretching research in ath-
letic populations, precluding a thorough knowledge of
its effects. Some problems are common to most research
in sports sciences (e.g., small samples; poor representa-
tion of females, master athletes, and tiers 4 and 5 ath-
letes; lack of long-term chronic trials; scarce exploration
of dose-response relationships), but there are additional
relevant gaps. Most evident is the negligible number of tri-
als assessing the effects of stretching on injury rates (and
those that exist do not support a preventive effect). This
refers specifically to trials containing explicit information
to allow considering the participants as tier 2 or higher,

and so may not be directly comparable to most reviews
on the topic, which usually have broader eligibility cri-
teria, including participants below tier 2. Therefore, the
possibility of stretching reducing overall or specific (e.g.,
musculotendinous) injury risk in athletes (tier 2 or higher)
requires more extensive research.

Furthermore, the outcomes assessed in the included tri-
als have been largely limited to general performance tests,
with reduced exploration of sport-specific performance
tests and mechanistic assessments (e.g., biomechanical,
physiological). Also relevant is the scarcity of trials with
participants from sports demanding extreme ROM (e.g.,
gymnastics), and the underrepresentation of static passive
stretching, PNF, and especially ballistic stretching.

Currently, most knowledge regarding applications of
stretching with athletes derives from underpowered trials
of nonelite athletes, assessing the acute effects of static
active or dynamic stretching applied to the lower limbs
compared with passive controls, and mostly performed in
the context of a warm-up. This field of research seems
to be limiting itself, focusing on a very narrow range of
possibilities and therefore providing only a limited win-
dow for stretching and its potential effects in athletes. We
advise a change in research priorities, policies, and fund-
ing, focusing future research on fulfiling the extensive
existing gaps.
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