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Abstract

Background Running economy (RE) determines the performance of endurance athletes. While stretching has been
practised for decades, and is still one common integral component of warm-up routine, muscle stretching is also
associated with decreased stiffness. For RE energy storage in the tendons which is accompanied with stiffness is

of crucial importance. In turn, avoidance of pre-running stretching was frequently recommended. Although some
studies supported this recommendation, the evidence is controversial. Nevertheless, yet, no systematic review on
the effects of stretching on RE with effect size (ES) quantification was performed. Consequently, with this systematic
review with meta-analysis, we aim to provide the first overview on this topic.

Methods In adherence to PRISMA 2020 guidelines, we meta-analyzed effect sizes from three databases using PICOS
guidelines on stretching effects on RE in healthy participants using robust variance estimation. Heterogeneity was
reduced using subgroup analyses while meta-regression evaluated whether running velocity potentially moderates
results. Risk of Bias was assessed using the PEDro scale, certainty of evidence was classified via GRADE working group
criteria. The study protocol was registered in Open Science Framework https://doi.org/10.17605/OSFIO/MA8DA4).

Results Overall, low certainty of evidence pooled from 15 studies with a total of 181 participants indicated that
stretching did not significantly moderate RE acutely (p=0.21-0.65), neither in general, nor were there any stretching
types (dynamic, static and proprioceptive neuromuscular facilitation) that affected this result. Due to the limited
number of chronic studies found in the literature, long-term stretching effects were exclusively evaluated qualitatively.
Meaningful heterogeneity and reduced methodological quality (PEDro Score: 4.88, fair) contributed to certainty of
evidence downgrading.

Conclusions In contrast to common beliefs that stretching decreased stiffness parameters and would therefore
hamper RE, current evidence does not support any effect of stretching on RE in running athletes. However, several
flaws such as no investigation of the underlying mechanisms (e.g,, stiffness), small sample sizes, determining RE

at different velocities, and the implementation of unreasonable stretching durations strongly biased conclusions.
Especially on chronic effects there is a large demand for improved evidence, including underlying mechanisms
investigation. Yet, it seems unreasonable to avoid pre-running stretching to prevent RE decreases.
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- In general, 15 acute and 2 chronic studies were identified exploring stretching effects on running economy, using
static, dynamic or proprioceptive neuromuscular facilitation stretching.

- There was low certainty of evidence indicating no significant effect of any type of stretching on running economy
acutely (p=0.21-0.65), while the small number of chronic studies prohibited meta-analyzing chronic effects.

- Methodological limitations, including small sample sizes, heterogeneous protocols, and lack of mechanistic
insights (e.g. muscle stiffness), suggest the need for higher-quality studies, particularly on chronic stretching effects.

Background

On the 8th of October 2023, Kelvin Kiptum broke the
men’s marathon world record again, setting a time of
2 h and 35 s. With this performance, he continued the
unmatched phenomenon of Kenyan distance runners’
domination at global events [1]. The goal in running
competitions is always to cover a distance in the short-
est possible time, whereby the athletes’ physiological and
anatomical performance determinants vary depending
on the respective distance. In contrast to sprinters, whose
performance is determined by their ability to gener-
ate maximum impulses, thus converting a large amount
of energy within a relatively short time window [2], the
long-distance runner seeks the most economical move-
ment pattern [3]. This crucial performance parameter is
known as running economy (RE) [4], which is defined
as oxygen consumption at a given running pace (in
ml*min~'*kg™!) [5]. The longer the distance, the more
important RE becomes to consume the lowest amount
of energy while maintaining the highest velocity possible
[4].

As a complex multifactorial construct, Barnes and
Kilding [3] described RE as being influenced by a pleth-
ora of factors, involving metabolic and cardiovascular,
but also neuromuscular and biomechanical measures.
Among these factors, the athlete’s anatomy, such as the
Achilles tendon length, the muscle/tendon torque arms
[6-9], and structural properties such as tendon and mus-
cle stiffness [10, 11] and fascicle lengths [6], is related to a
more economical way to move. Accordingly, energy stor-
age and generation in the stretch-shortening cycle appear
to be dependent on the properties of the muscle-tendon
unit (MTU) [10, 12]. Arampatzis et al. [13] showed that
economical runners generate, on the one hand, higher
contractile forces, and on the other hand, show higher
normalized Achilles tendon stiffness, which is defined as
the relationship between tendon force and tendon strain.
Meanwhile, they also noted that a more compliant quad-
riceps MTU is beneficial. These attributes can result in a
decreased active muscle volume involved in running by
simultaneously increasing the force generation at low-
level forces [13].

As the energy cost caused by muscular activity
seems to crucially determine the overall energy [14]
and oxygen consumption in submaximal runs [15],

attempts have been made to improve the spring-
like properties of the Achilles tendon via exercise
[10, 16]. One suggested approach to increase tendon
stiffness is strength training, even though the study
effects seem contradictory. While a 14-week exercise
program increased the Achilles tendon stiffness and
decreased the rate of oxygen consumption and energy
cost by 4% [17], 12 weeks of 4 x 20 s isometric train-
ing of the calf muscles affected neither tendon stiff-
ness nor RE [18]. The current systematic reviews with
meta-analysis considered different types of training
and showed that high resistance training has a posi-
tive influence on RE, while submaximal methods do
not [19-21]. In this manner, the higher strain of resis-
tance training is correlated with greater increases in
stiffness [22].

Another common intervention with the potential to
affect muscle-tendon properties is stretching [23-26].
In contrast to resistance training, a single stretch-
ing exercise [25], as well as stretch training for several
weeks [23, 24], is mostly associated with decreased
stiffness in the muscle-tendon tissue, besides other
mechanisms such as neurological changes (e.g., pain
perception) [27, 28]. Due to the speculated positive
influence on muscle-tendon injuries [29], the inclusion
of stretching in warm-up programs for running athletes
is stated frequently in the literature [30]. However, the
acute and chronic effects of passive [31], static [32] or
dynamic [32-35] stretching on RE have been a subject
of controversy in the literature, with negative [31, 33],
positive [32, 34], and no effects [35] being reported. It
appears that there is an optimal degree of stiffness and
flexibility for maximizing RE [3]. While there have been
several reviews on the effects of resistance training on
RE, to date, only one scoping review, but no systematic
review was performed on stretching effects on RE. Only
one scoping review [36] has drawn conclusions based on
qualitative individual study results and favored dynamic
stretching over static stretching in warm-up routines for
runners.

Due to its possible impact on muscle-tendon proper-
ties and the demand for high-level evidence, this sys-
tematic review’s objective is to pool the effect sizes (ES)
from the available evidence to establish the potential
harm or benefit on RE of movement preparations using
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stretching (i.e., warm-up effects) and whether the avail-
able literature suggests that the implementation of regu-
lar stretching sessions can induce chronic responses in
RE.

Methods

Adhering to the PRISMA 2020 (Preferred Reporting
Items for Systematic Reviews and Meta-Analyses) guide-
lines, we conducted a systematic review with multilevel
meta-analysis (a checklist is attached to the Supplemen-
tary Material). We considered ethical publishing stan-
dards [37] and registered the study in the Open Science
Framework (registration https://doi.org/10.17605/OSE.
I0/MA8D4). Registration was completed after the preli
minary search to identify the proper study design (meta-
analysis or qualitative systematic review depending on
number of eligible studies/number of studies with com-
parable study design).

Literature Search

Eligibility criteria

Only studies in English language published in peer-
reviewed journals were considered. According to “Par-
ticipants, Intervention, Control, Outcome and Study
design” (PICOS) guidelines, studies were considered as
eligible for inclusion if they:

1) P: Included healthy adults (group mean > 18 years of
age) participants without restriction by sex or their
training status.
I: Performed any type of (unloaded) stretching
(e.g., static, dynamic/ballistic, proprioceptive
neuromuscular facilitation (PNF)). The different
types of stretching were defined in accordance
with Warneke and Lohmann [38] and Behm [39].
Therefore, stretching was considered static if the
muscle was lengthened until the onset of a stretch
sensation or to the point of discomfort. By definition,
this position is to be held and can be performed
passively via partner, external weight, or tool, or
actively via antagonist contraction. PNF stretching
consists of a (sub)-maximal voluntary contraction
to a stretching bout with or without antagonist
contraction, while dynamic stretching is defined
as controlled back-and-forth movement at the end
range of motion (ROM), with ballistic stretching
as a sub-category with less controlled, bouncing
movements [40].
3) C: In the control condition, participants either
performed a general warm-up (e.g., jogging)
or rested. The control condition was defined as
performing the same warm-up exercises as in the
intervention condition, except for the stretching
component.

2

~
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4) O: Assessed acute or chronic effects on RE and
related parameters (oxygen consumption, energy
cost of running), whereby effects were considered as
chronic when more than one intervention session
was conducted and pre- and post-test were divided
by at least two weeks.

5) S: Used Randomized or non-randomized Controlled
Trials with pre-post or post-only Comparisons.

Information sources, search strategy and selection process
Two authors (SDS and LB) independently conducted
the search using three databases: MEDLINE/PubMed,
Web of Science (Core Collection), and Scopus (inception
to April 2024, updated January 2025). This was supple-
mented by manual search in Google Scholar and a review
of the reference lists of identified articles (KW).

The following search terms were:

((((((((“runn*“[ Title/Abstract]) OR  “aerob*“[Title/
Abstract]) OR “anaerob*“[Title/Abstract]) OR “run-
ning economy*“[Title/ Abstract]) OR “running
performance”[Title/Abstract]) OR VO2[Title/Abstract])
OR “oxygen uptake[Title/Abstract]) OR “energy
cost“[Title/Abstract]) AND ((“stretch*“[Title/Abstract])
OR “flexibility training”“[ Title/ Abstract])

Studies were excluded if they assessed stretching effects
in unhealthy populations/patients or children. Further-
more, direct RE or related parameters of interest (oxygen
consumption, energy cost of running) had to be provided.
If the authors did not provide means and standard devia-
tions, and these could not be imputed from a graphic,
we contacted the authors via e-mail or ResearchGate.
However, if the authors did not respond, we excluded the
study from the review.

Data items

Our outcome of interest was RE [4], which is defined as
oxygen consumption (VO2) at a given workload or veloc-
ity [5]. Therefore, we extracted also the intensity at which
VO2 was tested as well as the duration of the test. Fur-
ther, we included several related parameters, for instance,
but not limited to oxygen consumption at several intensi-
ties or energy consumption in kilocalories (kcal) [41] or
kilojoules per kilogram bodyweight per minute (kJ/min)
[42] at a given workload.

Other extracted variables included participants char-
acteristics (age, weight, height) as well as their running
training status (as defined by the study, e.g. recreationally
trained; number of training sessions per week). Further,
intervention characteristics of stretching included type of
stretching as well as exercise descriptions (e.g. targeted
muscle, number of sets, reps, time per rep, inter-set rest,
overall volume, stretching intensity). These are provided
in Table 1.
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Methodological study quality and risk of bias

The study quality was rated using the “Physical Evidence
Database Scale” (PEDro) for the assessment of method-
ological study quality [43, 44]. Scoring was performed by
two independent investigators (MZ and SDS). If consen-
sus was not reached, a third examiner provided the deci-
sive vote (KW).

Data processing and statistics

For each outcome of interest, the mean and standard
deviation were extracted by MZ and transferred to a sep-
arate Excel sheet, while LB and SDS double-checked the
results. If studies reported other than means with stan-
dard deviations, the required metrics were calculated to
include the studies in our analysis. ES were calculated
using the post-test values from the intervention and con-
trol groups to determine mean differences and pooled
standard deviations. Therefore, posttest only designs
were included due to study procedure heterogeneity:
Several studies did not include pre-posttest design as the
pre-test (running) was performed on a separate occasion.
Therefore, effect sizes were calculated based on post-test
comparisons. Most of the included studies determined
the VO, .« on a separate day whereas RE assessment
protocols varied depending on the study design.

To account for multiple dependent study outcomes
and the heteroscedasticity of the data distribution, Fisher
and Tipton suggested using the robust variance estima-
tion (RVE) model to pool standardized mean differences
(SMDs) and 95% confidence intervals (CIs) between
the intervention and control groups [45]. The between-
study variance component was estimated using %, while
the intra-study heterogeneity was quantified using Q2.
Pooled ES were interpreted as follows: 0<ES<0.2 =triv-
ial, 0.2<ES<0.5=small, 0.5<ES<0.8=moderate, and
ES>0.8=large [46]. In addition to the omnibus analyses
on the overall effects of stretching, we performed sub-
group analyses for stretching types, as it was speculated
that different stretching types could cause different adap-
tations [47], while methodological heterogeneity was
accounted for by sensitivity analyses, if applicable. All the
calculations and graphical illustration were performed
using R with the robumeta package [48].

The risk of publication bias was assessed using funnel
plots that were modified to account for dependent multi-
ple-study outcomes [49].

Certainty of evidence

The certainty of evidence was classified in adherence to
the “Grading of Recommendations, Assessment, Devel-
opment and Evaluation” (GRADE) working group crite-
ria [50]. Starting with the assumption of a high quality of
evidence when considering randomized controlled tri-
als, the quality of evidence was adjusted considering the
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provided criteria. In detail, limitations in study design or
execution, inconsistency of results, indirectness of evi-
dence, imprecision or publication bias would each cause
one point reduction until the certainty of evidence could
be graded as very low. On the contrary, for example, large
magnitude effects or a dose-response gradient were crite-
ria that upgraded the certainty level.

Results

Study selection

Collectively, the search terms retrieved 7746 hits from
the three databases. After title, abstract, and full text
screening based on the inclusion and exclusion criteria,
a total of 17 eligible studies [31-35, 41, 42, 47, 51-59] for
the systematic review were identified (Fig. 1).

Study characteristics

While two studies [47, 53] included seven participants,
the maximum sample size was recruited by Godges
et al. [52], with 25. The training status within stud-
ies was heterogeneous, with studies including healthy
“recreationally trained” participants [32, 34, 42, 52, 59].
Nomenclatures from original research were adopted and
summarized as recreationally trained ranging from “rec-
reational male runners with a training volume of about
15 km/week” [32] to “Men with at least five years of con-
sistent participation in aerobic exercise (4 times a week)”
[31].

Allison et al. [51], Hayes & Walker [53], Konrad et al.
[54], Maior et al. [31], Mojock et al. [41], Nelson et al.
[55], Wilson et al. [56], all the Yamaguchi et al. studies
[33, 47, 57, 58], and Zourdos et al. [35] investigated the
effects of stretching on RE in “well-trained endurance
athletes”. This included groups like “Competitive male
middle and long-distance runners with a training vol-
ume about 68 km per week” [53] or “Trained male run-
ners with a training volume of at least 20 miles per week,
a VO2 max>55 ml/kg/min, a recent (<3 months) par-
ticipation in a competitive running endurance event (>5
km), at least 3 years of competition experience” [35].

Methodological quality

On average, the methodological quality of the included
studies was rated as fair [61] (mean 4.88 out of 10 points;
range 4 to 6 points; see Table S1 in the Supplementary
Material) assessed by PEDro. All studies performed ran-
dom group allocation (17/17), while in no study was the
allocation concealed (0/17). 35% of the studies reported
that the investigated groups were similar at baseline
(6/17). Blinding was never achieved, neither for partici-
pants (0/17), nor therapists (0/17), nor assessors (0/17).
Only half of the studies specifically stated or showed in
their data that at least 85% of the initially included sub-
jects were analyzed (8/17). All studies adhered to the
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Fig. 1 Flowchart of the literature search for the effects of stretching on RE [60]. For more information, visit: http://www.prisma-statement.org/)
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Fig.2 Funnel plot accounting for multiple intra-study effects for visual in-
spection of the publication bias, with the numbers near the circles show-
ing the included effect sizes within a cluster

principle of “intention to treat” (17/17). All reported sta-
tistical between-group comparisons (17/17) and all pro-
vided point measures and measures of variability (17/17).

Risk of publication bias
The visual inspection indicated no risk of publication bias
(Fig. 2).

Qualitative study results

Participant characteristics

A total of 16 studies were evaluated, with 14 studies
addressing acute effects in 181 (169 m, 12f) participants
(age: 26.06 + 5.3 years (one study did not provide detailed
participant characteristics [41])), while two investigated
chronic adaptations in 57 (41 m, 16f) participants (age:
21 years; neither study provided detailed participant
characteristics) [52, 55] (Table 1). Overall, the qualitative
study results are illustrated in Fig. 3.

Stretching intervention

Out of 15 studies directly exploring the effects of stretch-
ing on RE, six used exclusively static stretching [31, 41,
42, 51, 52, 55], while in another six studies only dynamic
stretching [33-35, 53, 57, 58] was used [33, 34, 47, 54, 57]
with one using PNF stretching [54]. In three additional
studies, both static and dynamic stretching were utilized
[32, 53, 59].


http://www.prisma-statement.org/

Warneke et al. Sports Medicine - Open (2025) 11:61

Forest Plot

Studies

Allison et al. (2008) (51
VO2 (ml/kg/min)
Energy expenditure (EE) (kJ/min)

Damasceno et al. (2014) (42!
Running economy (ml/kg/min)
Caloric unit cost (kcal/kg/min)

Faelli et al. (2021) 32

VO2 at 70% vWO2max (ml/min/kg)
VO2 at 70% vWO2max (ml/min/kg)
Running economy (ml/kg/min)
Running economy (ml/kg/min)

Hayes & Walker (2007) (53]
Running economy SS (ml/kg/km)
Running economy PS (ml/kg/km)
Running economy CVDS (ml/kg/km)

Konrad et al. (2022) (54
Oxygen consumption PNFtriceps (L/min)
Oxygen consumption PNFquadriceps (L/min)

Mojock et al. (2011) 41!
Preload energy (kcal)
Preload 65% VO2max (ml/kg/min)

Pamboris et al. (2022) (34
VO2- y-intercept (m/kg/min)
VO2 (1st stage) (mL/kg/min)
VO2 (2nd stage) (ml/kg/min)
VO2 (3rd stage) (ml/kg/min)
VO2 (4th stage) (ml/kg/min)

Panasci et al. (2024) (59
VO2 at 75% VT2 (mL/kg/min)
RE at 75% VT2 (ml/kg/min)
VO2 at 85% VT2 (mL/kg/min)
RE at 85% VT2 (ml/kg/min)
VO2 at 75% VT2 (mL/kg/min) —
RE at 75% VT2 (ml/kg/min)
VO2 at 85% VT2 (mL/kg/min)
RE at 85% VT2 (ml/kg/min)

s

s

Wilson et al. (2010) 50
Energy cost (SS of IG or Rest of CG included) (kcal) —

4444|,4444

Yamaguchi et al. (2019) 133
Warmup VO2 (L/min)

Yamaguchi et al. (2020) (58]
Endurance Performing test (VO2) (L/min)
Exhaustion VO2 (L/min)

Yamaguchi et al. (2023) (57]

DS+5min rest Until 5 minutes from start of performance test VO2 (L/min)
DS+10min rest Until 5 minutes from start of performance test VO2 (L/min)
DS+5min rest Performance Test VO2 (L/min)

DS+10min rest Performance Test VO2 (L/min)

DS+5min rest Exhaustion VO2 (L/min)

DS+10min rest Exhaustion VO2 (L/min)

Yamaguchi et al.( 2015) [47]
Exhaustion VO2 (L/min)

Zourdos et al. (2012) 53]
Energy cost (kcal)

Effect Size

Effect size

-0.064
-0.070

0.310
0.399

5.261
4.900
2.824
2971

-0.160
0.148
0.042

-0.116
-0.168

0.000
-0.037

-0.012
0.221
0.019
0.024
0.095

0.888
0.999
1.019
0.947
0.432
0.379
0.359
0.293

-0.400

0.093

-0.348
-0.166

-0.021
-0.126
-0.056
-0.330
-0.081
-0.362

0.071

-0.365

Page 19 of 27

Weigh

2113
2113

2.207
2.198

0.536
0.591
1.084
1.038

1.688
1.688
1.692

2.729
2727

2.318
2.317

2317
2310
2317
2317
2.316

2.207
2.180
2175
2.193
2.290
2.297
2.299
2.305

2.089

1.851

2.601
2614

1.852
1.850
1.852
1.835
1.851
1.831

1.691

2.464

Fig. 3 Forest plot for overall acute effects for static stretching (SS), dynamic stretching (DS), proprioceptive neuromuscular facilitation stretching (PNF),
and prolonged stretching (PS) on running economy (RE) or oxygen consumption (VO,), at prescribed velocities, ranging between 65% VO, ,,, to 90%

VO,a0 OF as fixed velocities, as described by the authors
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In the static stretching studies, the total stretching
duration per session ranged from 150 s [32] to 960 s [51]
and was applied with a minimum of one [32] to four rep-
etitions [41, 56].

The time required for each repetition varied between
15s [55] and 60 s [51, 59], with an inter-set rest of
between 0 [31, 59] to 15 s [51]. Six studies were unable to
find any effect of the stretching intervention on RE, with
p-values of between >0.72 [51] and 0.943 [53].

Dynamic/PNF stretching interventions ranged between
36 s [34] and 300 s [53], with the number of repetitions
varying from one [35, 59] to 20 [34]. The only studies to
provide a clear time for the inter-set rest was Pamboris
et al. [34], namely 5 s, while there was no inter-set rest in
the study of Panasci et al. [59]. Studies showed “negative
to positive” effect sizes ranging from —0.362 [57] to 0.789
[32], indicating detrimental to improving effects on RE
[32], with only a small number of studies indicating posi-
tive influence of stretching on RE [32, 59].

Nearly all the studies conducted the intervention in all
the lower extremity muscles. Only in the study by Konrad
et al. [54] did the intervention group engage in stretching
exercises targeting either the triceps surae or the quad-
riceps muscles, while Pamboris et al. [34] exclusively
stretched the gastrocnemius and soleus muscles.

Running economy

The running protocols used to assess RE ranged from
40 to 90% of VO, ., over measurement durations from
30 s to 30 min and running speeds from 2.3 m/s to
17.36 km/h. Several studies used intensities between 65%
35, 41, 56] and 70% VO, [32, 51, 54, 55] for 30 min
and 5 min measurement durations, respectively. Other
protocols used were 3 min incremental step tests, with
RE averaged over the last 30 s of each step [34] or at
VO,,..x and the anaerobic threshold [31], while Yamagu-
chi et al. had subjects run at 90% VO,,,,, until exhaustion
[33, 57, 58]. Panasci et al. tested the VO, and RE at 75%
and 85% of VT2 [59].

Energy consumption

The reporting of energy consumption varied across the
studies. Allison et al. [51] quantified energy expenditure
in kilojoules per minute (kJ/min), Mojock et al. [41] mea-
sured energy in kilocalories (kcal), and Damasceno et al.
[42] identified the caloric unit cost in kilocalorie per kilo-
gram bodyweight per minute (kcal/kg/min). Two addi-
tional studies quantified energy cost in the form of kcal
[35, 56].

In the static stretching studies, only Damasceno et al.
[42] and Allison et al. [51] provided information on the
stretching time, which ranged from 630 to 960 s. The
time per repetition ranged from 30 s [42] to 40 s [51].
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The effect sizes ranged from -0.399 [42] to 0.4 [56],
while only Wilson et al. [56] found a significant effect
(p<0.05), indicating increased energy costs after dynamic
stretching.

The study by Zourdos et al. [35] indicated a detrimen-
tal dynamic effect of stretching on energy expenditure
(d=0.356, p<0.05).

The general effectivity of stretching was measured
via ROM testing [35, 41, 51], which showed significant
increases (p=0.001 to 0.05).

Quantitative analysis of acute effects

The 15 included studies provided 40 effect sizes that
could be considered for the meta-analytical effect calcu-
lation. Of these studies, six performed static stretching
for 15 to 120 s, while nine studies performed dynamic or
PNF stretching. Neither the overall analysis (ES=0.25, -
0.16 to 0.66 [95% CI], p=0.21, 12 =0.25, Q*=0, see Fig. 4)
nor the subgroups for static (ES =0.33, —0.25 to 0.92 [95%
CI], p=0.21, 12=0.31, Q*=0, seven studies and 15 effect
sizes) or dynamic (ES=0.21, -0.27 to 0.69 [95% ClI],
p=0.34, 12=0.24, Q*>=0, ten studies and 25 effect sizes)
stretching reported any significant acute effect of stretch-
ing on RE. Due to methodological heterogeneity, a sensi-
tivity analysis was performed excluding Faelli et al. [32]
and Maior et al. [31] for subgroup analyses as one study
showed either larger effects compared to all the other
studies [31], and the other only provided interquartile
values instead of common standard deviations or errors
[32] (probably stemming from a lack of normal distri-
bution of data) which only allows estimates of the stan-
dard deviation. Nevertheless, this did not significantly
affect the effect size classification/significance classifi-
cation (static: ES=0.14, - 0.15 to 0.43 [95% CI], p=0.28,
=0, Q?=0, dynamic: ES=0.08, —0.32 to 0.49 [95% CI],
p=0.65, 12=0, Q*=0. Therefore, the hypothesized outlier
had no statistically relevant effect here. Graphical sum-
mary of the qualitative effects of stretching on running
economy (RE) and energy consumption (EC), with p-val-
ues cited from the original studies, effect sizes calculated
via robust variance estimation analysis, and colors sym-
bolizing the muscles targeted by the stretching program
within the intervention session. Green tick=improve-
ment in RE or EC, - =no significant effect on RE or EC,
red cross = negative effect on RE or EC.

Qualitative analysis of chronic effects

As only two studies, with each providing one effect
size, were found that investigated the chronic effects of
stretching on RE, no quantitative analysis was performed.
Both studies were performed more than 20 years ago [52,
55] and explored the effects of three weeks and ten weeks
of static stretching on RE at velocities corresponding to
40% and 80% VO, [52] and 70% VO,,,.,. Interestingly,
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Fig. 4 Graphical summary of the qualitative effects of stretching on running economy (RE) and energy consumption (EC), with p-values cited from the
original studies, effect sizes calculated via robust variance estimation analysis, and colors symbolizing the muscles targeted by the stretching program
within the intervention session. Green tick=improvement in RE or EC, -=no significant effect on RE or EC, red cross =negative effect on RE or EC

while Godges et al. [52] hypothesized a positive influence
of static stretching (two times per week for 6 min on each
thigh), Nelson et al. [55] suggested that stretching could
impair RE. Nevertheless, in both groups, the authors
reported no significant effects, positive or negative.

Certainty of evidence

Considering the GRADE criteria, the certainty of evi-
dence was initially rated as high due to the inclusion of
(randomized) controlled trials on acute stretching and
running economy (RE). However, the level of evidence
was finally graded as very low, with a three level down-
grade primarily due to risk of bias (lack of blinding and
allocation concealment, fair to poor PEDro scores),
risk of publication bias (indicated by Fig. 2 and Egger’s
test) and large heterogeneity for the overall calculation.
Although the meta-analysis suggests no significant acute
influence of stretching on RE, the overall confidence in
this null finding remains limited.

For the two studies examining chronic stretching inter-
ventions (3 to 10 weeks) on RE, the certainty of evidence
was likewise initially rated as high but was ultimately
downgraded to very low. This reflects major concerns
about risk of bias, small sample sizes, and insufficient
reporting—no allocation concealment or blinding was
reported, and both trials were conducted over two
decades ago. Consequently, the available data do not

allow any firm conclusions regarding a long-term effect
of stretching on RE.

Discussion

In several articles, RE was highlighted as a crucial deter-
minant for success in middle- and long-distance run-
ners [4, 62, 63]. Comparable to the stretch-induced force
deficit [38, 64, 65], recommendations to avoid stretch-
ing before running lack evidence. Due to the low qual-
ity and methodological issues, drawing final conclusions
about the effects of stretching on RE based on the avail-
able studies seems problematic. Nevertheless, without
reaching the level of significance, the current evidence
does not support endorsements to avoid stretching prior
to running, and there are no current studies exploring
chronic effects.

In the existing literature, it is assumed that a stiffer
MTU has a beneficial influence on energy storage and
release capacity [12], with an assumed influence on RE.
A stiffer tendon facilitates the rapid return of stored elas-
tic energy during the stretch-shortening cycle, potentially
reducing the metabolic cost of running by decreasing
the reliance on active muscle contractions. Conversely, a
more compliant tendon may enable the muscle to operate
closer to an isometric state, which can also enhance effi-
ciency by minimizing energy expenditure for active force
generation. The optimal balance between tendon stiffness



Warneke et al. Sports Medicine - Open (2025) 11:61

and compliance likely depends on factors such as running
speed, ground reaction forces, and neuromuscular coor-
dination [18, 66]. Several articles applied different inter-
ventions to affect the stiffness of the respective tissue and
showed that increased stiffness was related to improved
RE [12, 13]. Meanwhile, a large body of evidence supports
the beneficial effects of resistance training on RE [19, 20],
which has also been attributed to increased stiffness [67],
while well-designed stretching studies are scarce.

Heavy resistance training and jump training/plyomet-
rics indicated significant effects on oxygen consump-
tion and RE (resistance training: ES=-0.426 to —0.32,
p=0.018 [20, 21]) (jump- and plyometrics: ES=-0.307 to
0.55, p=0.012 to 0.028) [20, 68]. In contrast, submaximal
(ES=-0.365, p=0.131) and isometric resistance train-
ing (ES=-0.269, p=0.253) have been reported as hav-
ing no effect on RE [20, 69]. Concerning stiffness as a
potential underlying parameter of RE [70], while concur-
rent strength and endurance training have been reported
to have no effect on triceps surae stiffness (ES=0.60,
p>0.05) [71], a meta-analysis showed that plyometrics
increases lower limb stiffness (ES=0.33, p=0.01) [72].
In this manner, a meta-regression revealed that stiffness
increased with the strain intensity of the resistance train-
ing protocol [22]. Unfortunately, due to the study design
heterogeneity, no conclusive statement on the impact of
stretching intensity on RE can be provided as a result of
this analysis, avoiding conclusive statements regarding
underlying mechanisms.

Acute effects of stretching

Stretching is a known moderator of flexibility and stiff-
ness [23, 73]. Consequently, it has been hypothesized that
static stretching of the muscle-tendon complex prior to
running in training or competition would impair RE [74],
especially for shorter distances, as the detrimental effects
seem to be limited to the first minutes of an endurance
exercise [75].

The literature provides inconclusive and controversial
evidence on stretching effects on RE. These conflicting
results are reflected in the results of this review, showing
neither significant overall effects for all types of stretch-
ing (p=0.21), nor there was any stretching type subgroup
effect (0.21-0.34). In the following sections, several
issues are discussed that might explain these results. The
comparatively large heterogeneity and 95% Cls should
be noted, calling for careful results interpretation. This
problem could not be solved by performing sensitiv-
ity analyses for larger effects in both subgroup analyses.
Only Maior et al. [31], Panasci et al. [59], Faelli et al. [32]
and Yamaguchi et al. [33] indicated significant positive
effects of stretching on RE, while all remaining studies
had no significant influence on the RE.
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Muscle, tendon and muscle-tendon-stiffness as a potential
moderator of RE

Assuming that stretching would alter the plantar flexor/
Achilles tendon complex stiffness, which would, in turn,
decrease energy storage and release capacity [12], this
effect could negatively impact RE. In contrast, Pamboris
et al. [34] described that a more compliant tendon would
store even more elastic energy [76], and a stiffer tendon
and aponeurosis would enhance the energy consumption
during the propulsion phase in running tasks. We refer
to a modeling study by Ettema [77], who proposed that
a more compliant MTU would optimize the storage and
release of series elastic energy. This suggestion is in line
with the results from Kubo et al. [78], who argued that
increased ground contact times would allow a greater
percentage release of stored energy within the tendinous
tissue [12]. Arampatzis et al. [13] suggested that a more
compliant MTU could slow down the rate of muscle
contraction. According to the force-velocity curve of a
muscle, as noted by Hill [79], a muscle can thus gener-
ate more force, which in turn could lead to less muscle
activity being needed for the same force production.
Therefore, while there is consensus that high metabolic
cost dominantly determines the required energy in loco-
motion [80, 81], and thus depends on the muscle activ-
ity, there is a discrepancy in the underlying assumption
of whether a tendon should be stiff, or not. Moreover,
it seems that stiffness requirements could be body seg-
ment specific, meaning that high Achilles tendon stiff-
ness could be beneficial, while this does not necessarily
apply to the muscle-tendon properties of the upper thigh
muscles. Indeed, Arampatzis et al. [13] and Bohm et al.
[82] showed higher compliance in the quadriceps tendon
and aponeurosis to positively impact RE, while the same
author group simultaneously found that a stiffer Achil-
les tendon could also provide benefits. Since almost all
the included studies used a whole lower body stretching
program, Konrad et al. [54] hypothesized that positive
(reduced quadriceps stiffness) and negative stretching
effects (reduced Achilles tendon stiffness) could be coun-
terbalanced, which might result in zero effect. To coun-
teract, these authors were the only ones to use isolated
quadriceps and plantar flexor PNF stretching (4x 15 s).
However, none of the interventions significantly influ-
enced RE.

Lack of underlying mechanism evaluation in stretching
studies on running economy

Since almost all of the included studies in the review
hypothesized that RE would be affected by muscle/ten-
don/MTU stiffness, it seems highly surprising that none
of the included studies actually measured stiffness param-
eters. In addition, the study rationale derivation seems
biased by unbalanced stretching results presentation [41,
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42, 56], as they focused on studies that showed signifi-
cant stretching effects on stiffness, while neglecting study
results showing that stretching did not modulate stiffness
parameters. For instance, while Konrad et al. [25] showed
that static, ballistic, and PNF stretching decreased the
stiffness of the MTU, the effects could also be attrib-
uted to impacted nociceptive nerve endings, and thus
delayed occurrence of stretching pain [83]. Krause et al.
[84] also found that stretch-induced ROM enhancements
were not accompanied by significant stiffness changes
after conducting 2 x 60 s of static stretching, while Mag-
nusson also cast doubt on passive property changes by
attributing the effects to stretch tolerance increases [85].
Even though the most recent meta-analysis by Takeuchi
et al. [24] indicated that stretching can affect MTU stiff-
ness acutely when compared to passive controls, these
effects were also reported after several concurrent exer-
cise routines, and thus cannot be attributed exclusively
to the stretching [27]. Speculative effects on RE are fur-
ther complicated as MTU stiffness cannot be considered
equal to tendon stiffness, which was the assumed moder-
ator for RE [54]. Even though Konrad et al. [54, 86] stated
that PNF stretching could potentially affect tendon stift-
ness [25, 87] in their RE study [54], they did not measure
such effects. Thus, by assuming stiffness would impact
RE, the conducted research designs were not valid to
evaluate this hypothesis.

Stretching duration and its impact on running economy
Crucial for this assumption might be the duration of the
stretching, as only medium durations of <90 s have been
shown to improve RE [36], while longer stretch dura-
tions also correlate acutely with the magnitude of the
effect on MTU stiffness (coefficient = - 0.0061, p=0.011),
indicating that a longer stretch duration decreases stiff-
ness to a greater extent [23]. Significant decreases in stiff-
ness occurred with stretching durations of >90 s [88]
and >180 s [89, 90]. Due to this discrepancy between the
effects on RE (short stretching durations) and the effects
on stiffness (longer stretching durations), the effects
might counterbalance each other.

Another interpretational problem might arise from
a simplified approach, as almost all the studies derived
their study rationale under the assumption that stretch-
ing would affect stiffness, which, in turn, would moder-
ate RE. Even though this approach seems reasonable,
simplification to one-dimensional approaches seems to
neglect several further parameters in a multifactorial
construct. Accordingly, in their review, Barnes and Kild-
ing [3] identified several further biomechanical and met-
abolic parameters that could influence RE. Out of many,
another parameter that has been frequently addressed is
neuromuscular efficiency.
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Confusing underlying physiology of explosive strength
and running economy

It is also conceivable that a stretching intervention
changes the running technique, which could further
explain the improvement or deterioration in RE. There-
fore, it will be necessary to include these parameters in
future studies to more comprehensively understand the
effects of a stretching intervention [91]. Luthanen and
Komi reported contact times of <200 ms for endur-
ance runners [92, 93]. As strongly related to stretch-
shortening cycle (SSC) activities, some authors [42, 74]
have assumed that (explosive) strength would critically
affect RE. Therefore, several studies [54] have referred
to evidence that showed that prolonged static stretch-
ing would impair subsequent speed performance related
parameters [64, 65, 94]. This assumption must be con-
sidered a misinterpretation, as (explosive) strength is
predominantly determined by maximal central nervous
innervation, reflected in maximal frequency of synchro-
nous fiber recruitment [95]. If the ability to explosively/
maximally exert force, and thus maximally innervate the
muscle, critically determines middle- and long-distance
running performance, a marathon would be, in fact,
impossible. Meanwhile, for sprinters, the ability to exert
maximal force within a very small time window is of
crucial importance [2], due to the completely contrast-
ing physiological mechanisms [96, 97]. Therefore, it is
important to distinguish between explosive strength and
most economic running. Even though, in both, tendinous
properties play a role (and thus energy storage in the ten-
don), these parameters do not refer to explosive strength.
Therefore, referring to studies that show stretch-induced
impaired explosive and speed strength performance
is invalid when explaining RE effects, especially since
updated evidence did not confirm stretch-induced ath-
letic performance impairments [38].

Chronic effects of stretching

To date, there are only two studies that have investigated
the effects of chronic stretching interventions with 3 to
10 weeks’ duration on RE. While 3 weeks of stretching
seems insufficient to induce any structural adaptations
per se [98], high stretching intensities and volumes must
be implemented in future research to reasonably assume
structural adaptations [99, 100], and thus potentially
affect RE. In their review article, Barnes and Kilding [3]
graphically illustrated the potential influencing factors on
RE. Stiffness was just one factor. When aiming to inves-
tigate the influence of just one parameter in a multifac-
torial construct that is impacted by several factors, in
the case of stretching, dosages that are enough to cause
large-magnitude effects should be induced to first explore
if any effects can be assumed, before implementing short
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stretching durations. Unfortunately, to date, no such
intervention has been conducted.

The role of training-independent parameters

“You are born as a sprinter” is still a popular belief, refer-
ring to a specific type II fiber distribution in sprinters,
which might be the result of a specific gene pool [2].
However, in middle- and long-distance running athletes,
there also seem to be factors which are determined by
specific anatomical attributes and possible genes, which
might be hardly modifiable. For instance, there have been
extensive and also controversial discussions on the Achil-
les tendon moment arm, which seems to be moderately
to highly correlated (r<0.75) with running speed and
metabolic consumption [8, 101, 102]. Returning to the
subject of Kenyan running dominance, Kunimasa et al.
[103] showed that the shank and Achilles tendon archi-
tecture of elite Kenyan runners differed significantly to
those of Japanese runners and attributed the specificity of
the muscle-tendon and foot architecture of elite Kenyan
runners to genetic factors. Accordingly, running perfor-
mance was moderately determined by tendon length and
muscle pennation/fiber lengths, indicating anatomical
attributes that resulted in a more economical way to run
[1, 103, 104].

Methodological considerations of the included studies

As all the included studies investigated RE on a tread-
mill, it has to be considered that the treadmill running
technique is different from running on the ground [32],
as runners need to produce less propulsive force due to
the lack of wind resistance on the treadmill [105], affect-
ing VO,. Most of the included studies did not report if
runners were familiarized [3] with treadmill running
mechanics, which could limit adaptations in RE. The
assessment of RE is also influenced by the different gas
analysis equipment, protocol variations, and data analy-
sis techniques [3, 70]. Furthermore, the training levels of
the included runners in the investigated studies differed,
with some including highly trained athletes with VO, .,
of >60 ml/min/kg [33, 35, 47, 51, 53, 56-58], while oth-
ers used recreationally active subjects [31, 32, 34, 41,
42, 52, 54, 55, 59]. Therefore, the heterogeneity, first, in
stretching techniques (different durations, lack of inten-
sity quantification, different types of stretching) as well
as lack of consensus on velocities in which RE should
be measured implies future, more homogeneous study
designs to provide more valid conclusions on exercise
interventions on RE parameters.

Outlook

Assuming that RE is a multifactorial construct, depend-
ing on biomechanical and metabolic parameters [3], the
focus on conflicting stretching study results on tendon
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stiffness without distinguishing between specific leg seg-
ments (there are different stiffness requirements in dif-
ferent leg segments) [54] might explain the lack of clear
evidence. Furthermore, even though stiffness could cru-
cially impact RE, moderating one factor in a complex
construct must show large-magnitude effects to induce
meaningful and practical relevant effects. Therefore, to
affect structural properties acutely and chronically, rea-
sonable stretching durations must be induced, as mor-
phological changes might require adequate volumes and
intensities [99, 100]. This should be explored in studies
with larger sample sizes, as the current literature par-
ticipant numbers ranged from seven participants [53]
to a maximum participant number of 25 [52]. About
three years ago, Konrad et al. [36] noted that there is an
increased requirement for stretching studies on RE in
female participants. However, the numbers of female par-
ticipants have not increased since then, underlining the
need for further well-designed research. Lastly, if hypoth-
esizing that stiffness moderates RE, controlling the inter-
vention effects on stiffness is essential. Therefore, studies
with large stretching dosages considering specific mus-
cle-tendon requirements (Achilles tendon/quadriceps)
are warranted, as the current stretching research on RE
is unsatisfactory, and does not allow any final conclusion.

Limitations

Meta-analyses assume homogeneity in their included
individual study results [106]. While this fact limits the
validity of meta-analytical approaches in sports and
exercise science in general, almost none of the included
studies used a comparable research design. Even though
inter-study and intra-study heterogeneity were consid-
ered non-existent to low, these values only account for
outcome heterogeneity, while not quantifying method
heterogeneity. Especially since Barnes and Kilding [70]
described the high effect specificity of training effects
depending on the used velocity in RE determination, it is
noteworthy that all the studies used different prescribed
velocities, if quantified. Even though it was possible
to apply a meta-regression, due to the small number of
studies and effects, the results must be interpreted with
caution. “Garbage in— garbage out” [107] fits very well
for meta-analytical effect size pooling, so there is a para-
mount requirement for high-quality stretching research
on RE to improve the current scientific evidence.

Conclusions

With our review we showed that overall, stretching did
not significantly affect running performance, ie. RE
acutely, while there is a substantial lack of chronic stud-
ies. Several flaws in research design prohibit conclusive
statements about underlying mechanisms, as the fre-
quently proposed main hypothesis, that plantar flexor
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stretching would negatively affect RE was not explored
in the original articles. Almost none of the included
studies investigated muscle-, tendon-, or muscle ten-
don unit stiffness, and thus the main hypothesis was not
evaluated. Furthermore, only one study performed sep-
arated stretching of the lower leg muscles, while others
intervened on whole lower extremity muscles. This is of
importance as supposed negative effects from plantar
flexor stretching could be counteracted by positive effects
of the quadriceps (reduced stiffness was suggested to
positively affect RE). Therefore, we conclude that, in con-
trast to resistance- and plyometric training studies, much
work needs to be done in the future to provide high qual-
ity evidence on stretching effects on RE.
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