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Abstract

Background: Due to its high relevance in sports and rehabilitation, the exploration of interventions to further optimize flexibility becomes para-
mount. While stretching might be the most common way to enhance range of motion, these increases could be optimized by imposing an addi-
tional activation of the muscle, such as mechanical vibratory stimulation. While several original articles provide promising findings,
contradictory results on flexibility and underlying mechanisms (e.g., stiffness), reasonable effect size (ES) pooling remains scarce. With this
work we systematically reviewed the available literature to explore the possibility of potentiating flexibility, stiffness, and passive torque adapta-
tions by superimposing mechanical vibration stimulation.

Methods: A systematic search of 4 databases (Web of Science, MEDLINE, Scopus, and Cochrane Public Library) was conducted until December
2023 to identify studies comparing mechanical vibratory interventions with passive controls or the same intervention without vibration (sham) on
range of motion and passive muscle stiffness in acute (immediate effects after single session) and chronic conditions (multiple sessions over a
period of time). ES pooling was conducted using robust variance estimation via R to account for multiple study outcomes. Potential moderators
of effects were analyzed using meta regression.

Results: Overall, 65 studies (acute: 1162 participants, chronic: 788 participants) were included. There was moderate certainty of evidence for
acute flexibility (ES=0.71, p <0.001) and stiffness (ES=—0.89, p=0.006) effects of mechanical vibration treatments vs. passive controls
without meaningful results against the sham condition (flexibility: ES=0.20, p < 0.001; stiffness: ES=—0.19, p =0.076). Similarly, moderate
certainty of evidence was found for chronic vibration effects on flexibility (control: ES =0.64, p =0.043; sham: ES=0.65, p < 0.001). Lack of
studies and large outcome heterogeneity prevented ES pooling for underlying mechanisms.

Conclusion: Vibration improved flexibility in acute and chronic interventions compared to the stand-alone intervention, which can possibly be
attributed to an accumulated mechanical stimulus through vibration. However, studies on biological mechanisms are needed to explain flexibility
and stiffness effects in response to specific vibration modalities and timing.
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1. Introduction capacities.' Furthermore, reaching sufficiently high joint range
of motion (ROM) is considered a fundamental ability with
assumed benefits for physical performance,” injury risk,*> or
joint health® in the general population and the elderly. It is
thus not surprising that a plethora of flexibility research has
been performed to facilitate effective training and treatment

3.6—12 . .. e
programs.””~ - Currently, 2 theories explain increases in joint

The American College of Sports Medicine classified flexi-
bility as one of the 5 most important health-related physical
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ROM. The mechanical theory attributes increased ROM to a
decrease in apparent passive joint stiffness at rest (i.e., joint
passive torque change per angle change), changes in mechan-
ical properties (i.e., alterations of tissue stiffness), or structural
adaptations (e.g., increased fascicle length). In contrast, the
sensory theory suggests a reduced sensibility for stretching
pain (i.e., increased pain threshold) with negligible structural
adaptations (resistive torque) after an intervention.'**'*

When seeking improved flexibility, stretching can be
assumed one of the most common interventions. Simply elon-
gating the muscle fibers by increasing the distance between the
muscle origin and attachment creates mechanical tension that
is sufficient for acute™'” and chronic® flexibility enhance-
ments. Although it is proven effective as a stand-alone inter-
vention, the mechanical stress applied to the muscle can be
enhanced by adding contractions in the stretched muscle posi-
tion. One method for inducing this type of stimulation has
been explored in cell,'® animal,'” and recent human studies'®
by using electromyostimulation during stretching.'®'” Alterna-
tively, active contractions at extended muscle lengths are also
considered to be effective by Alizadeh et al.,”” whose review
emphasized that full ROM resistance training can be consid-
ered a form of loaded dynamic stretching. This type of training
involves adding contraction to the end ROM, leading to flexi-
bility improvements with an effect size (ES) of 0.73.

Another method to activate a muscle and induce contrac-
tions was proposed via vibration training.”’ Vibrations can
enhance blood flow and temperature,”” thereby activating
thermo-sensory transient receptor potential ion channels,”***
while mechanical stretch and deformations can actuate
mechano-gated Piezo Channels.””*® These sensory channels
produce action potentials in attempt to reduce the vibratory
waves, which might otherwise cause tissue damage if exces-
sive.”” The so-called tonic vibration reflex (TVR)*® might
induce motor unit activation’”’’ via monosynaptic and poly-
synaptic pathways,”' thus stimulating the length-detecting
la-afferent fibers (primary endings of the muscle spindles).*
The facilitated activation of the «a-motoneurons causes
reflective tonic contraction of the muscle, which can be
superimposed to other interventions, such as stretching.

However, systematic literature reviews on vibration effects
are scarce. The latest systematic reviews from 2022* and
2019** qualitatively investigated whole-body vibration flexi-
bility adaptations, while the only meta-analysis that quantified
vibration effects on flexibility was performed in 2013 and
included 19 studies in total.*> Also, more than a decade has
passed since Cochrane®® examined the effects of vibration
training on sports performance, especially flexibility, in
athletes.

Vibration-induced flexibility improvements were attributed
to a series of physiological responses beyond enhancing blood
circulation, including enhanced motor unit recruitment®” and
increased muscle activation,’’ while effects on passive
muscle—tendon stiffness or passive resistive torque remain
unclear.”* To close this gap in the literature, the goal of this
systematic review is to explore the possibility of improving
flexibility, stiffness, and torque adaptations by superimposing
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mechanical vibration. It was hypothesized that mechanical
vibration would lead to significant improvements in ROM
both acutely (immediately following a single session) and
chronically (long-term intervention with multiple sessions
over a period of time) compared to a passive control. Addition-
ally, it was expected to be more effective against the same
intervention without additional vibratory stimulation (sham
conditions).

2. Methods

In accordance with ethical publishing standards,’® this
systematic review with meta-analysis was registered in the
International Prospective Register for Systematic Reviews
(PROSPERO) under registration-number CRD42023484821.
The review adhered to the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) guidelines
for systematic review with meta-analysis.>”

2.1. Literature search

The search-term guided literature screening was conducted
in 4 online databases (Web of Science, MEDLINE, Scopus,
and Cochrane Public Library) in December 2023. Specific
search terms based on the requirements of each database were
produced, with the exemplary PubMed database search term
provided as follows: ((vibration) AND (muscle OR tendon OR
tissue) AND (tone OR stiffness OR elasticity OR flexibility
OR extensibility OR range of motion))

The remaining search terms can be reviewed in the Supple-
mentary Table 1.

Eligibility criteria were applied under consideration of the
PICO (Participants/patients, Intervention, Comparison,
Outcome) guidelines:***' original research articles in the
English language were included if they used:

(a) Human studies with healthy subjects regardless of age;

(b) Soft tissue vibration treatment (muscle, tendons, liga-
ments, fasciae);

(c) A comparison to another group with the exact same inter-
vention without vibration (sham) or no intervention
(control);

(d) Outcome measurements of soft tissue viscoelastic charac-
teristics (stiffness, tone, elasticity, flexibility, extensi-
bility, ROM, passive torque).

Furthermore, delayed onset muscle soreness studies were
excluded due to measurements taken in a fatigued state.

2.2. Methodological study quality and risk of bias

Risk of bias assessment was performed by 2 independent
investigators (DJ and LHL) using the Physiotherapy Evidence
Database (PEDro) scale.**** In the event of a disagreement, it
was resolved by a 3rd examiner (AK) who made the final deci-
sion. Additionally, publication bias risk was assessed by visu-
ally inspecting the modified funnel plots for multiple study
outcomes.”* Egger’s regression tests were used with an
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extension for dependent ES to provide additional quantifica-
tion.”* According to the Grading of Recommendations,
Assessments, Developments, and Evaluations (GRADE)
criteria,”” the certainty of evidence was initially classified as
high and adjusted afterwards based on the risk of bias score,
inconsistency, uncertainty of directness, imprecise data,
reporting bias (all of which downgrade), strong evidence of
association, evidence of a dose—response gradient, and plau-
sible confounders (all of which upgrade the level of evidence).
Certainty was categorized as “very low” (effect estimate very
uncertain), “low” (further research very likely to change the
effect estimate), “moderate” (further research may change the
effect estimate), or “high” (further research unlikely to change
the effect estimate).

2.3. Treatment characteristics

All included vibration studies were evaluated according to
the reporting guidelines for whole-body vibration studies in
humans, animals, and cell cultures: a consensus statement
from an international group of experts’® superseding the
previous reporting recommendations.’” According to these
guidelines, a total of 26 items should be reported, including
details about the device used (2 items), the type of vibration (5
items), the administration of vibration (9 items), the protocol
(7 items), and the participants (3 items). When focusing on
whole-body vibration studies, not all items apply to other
forms of vibration, such as vibration dumbbells.

2.4. Definitions and terms

Vibration is often added to foam rolling and/or stretching.
Foam rolling is described as dynamically rolling the body (or
segments of it) with prescribed velocity and duration over a
foam roll.”'*** Stretching definitions are less intuitive. The
concept of static stretching is defined according to Behm™’ as
the lengthening of a muscle until a stretch sensation or point of
discomfort is reached while holding this position for a
prescribed duration. When a (sub)maximal contraction is
added, this technique is considered proprioceptive neuromus-
cular facilitation (PNF) stretching. For dynamic stretching,
different authors have provided different approaches and defi-
nitions. This analysis has adopted the definition from Warneke
and Lohmann,’® which refers to controlled back-and-forth
movements in the end ROM. In contrast, ballistic stretching,
as defined, involves less controlled, bouncing movements in
the end ROM.’ This differentiation separates dynamic
stretching from full ROM resistance training (full ROM
dynamic movements over full ROM?"). Since this review also
included dynamic activities with added vibration stimuli, this
type of movement was not associated with the dynamic
stretching subgroup.

Apart from intervention definitions, it is important for us to
define flexibility and ROM. According to Gleim and
McHugh,”' static flexibility can be defined as “the range of
motion. . .available to a joint or series of joints” (p.289) while
dynamic flexibility “refers to the ease of movement within an
obtainable ROM” (p.290). Therefore, ROM is related to
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flexibility, but they are not identical. Another outcome to
consider is passive peak torque, which is often used inter-
changeably with onset of stretching pain.’

Stiffness is defined as force change per unit length adapta-
tion in linear movement or as torque per unit angle change.
This review only utilizes passive stiffness, which refers to the
muscle’s state at rest without active contraction. Increases in
passive stiffness may emerge either from thickened or short-
ened fascial tissues or from increased residual muscle stiffness,
which may limit ROM and be detrimental to flexibility.

The current analysis includes studies of acute and chronic
stimulation on ROM, stiffness, and passive torque properties.
Acute studies measure effects immediately following an inter-
vention, while chronic studies involve interventions performed
over a period of at least 2 weeks with a minimum of 1 session
per week.™

2.5. Data processing and statistics

Data were extracted by DJ and KW and double-checked by
JR and DC. For further processing, collected means (M) and
standard deviations (SDs) were inserted into a Microsoft Excel
(Version 16.84; Microsoft, Redmond, WA, USA) spreadsheet
and mean differences as well as pooled SD were calculated
using (as required for the robust variance estimation (RVE)
package in R** (Version 4.4.2; The R foundation for Statistical
Computing, Vienna, Austria) using the following formulas:

M (difference) = M (posttest) — M (pretest) Eq. (1)
SD were pooled as follows:
(n; — 1) x SD? + (ny — 1) x SD3
SD = Eq. (2
pooled \/ (nl — 1) + (nz — 1) q ( )

As suggested by Fisher and Tipton,”* the RVE meta-analytical
calculation model was chosen to account for dependent multiple
study outcomes with unknown origin of variance as performed in
other recently published meta-analyses.''”">> The ES for the
vibration group and comparisons (active-sham or passive control)
are given as standardized mean differences (SMD) and 95%
confidence intervals (95%CIs). To minimize methods and
outcome heterogeneity (%), subgroup analyses were performed
for local vibration applications, stretching, body-weight exer-
cises, and foam rolling with and without superimposed vibration
on ROM and tissue passive properties. The investigation methods
were further differentiated for ROM (active and passive move-
ment), passive stiffness (ultrasound with shear-wave elastography
and indentation methods with myotonometry and hardness
meter), and passive torque (passive resistive torque at joint
neutral position, passive peak torque at maximum ROM, passive
torque at first sensation of stretch, passive stiffness as ratio
between torque variation and ROM, as well as tendon stiffness
measured by tendon elongation). Furthermore, meta-regression
was conducted to assess ES correlation (By) with vibration
training parameters (vibration frequency, amplitude, accelera-
tion, and training duration). Pooled ES were interpreted as
follows: trivial: 0 < ES < 0.2, small: 0.2 < ES < 0.5,
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moderate: 0.5 < ES < 0.8, and large: ES > 0.8.°° All calcula-
tions were performed using R and the robumeta package,”
considering study design (parallel and cross-over design).
Results were visualized with Excel (Version 16.84, Microsoft).

3. Results
3.1. Qualitative analysis

3.1.1. Search results

The literature search procedure, which resulted in 65 stud-
ies”'?! meeting the inclusion criteria, is illustrated in Fig. 1.
A description of each study is given in the narrative table in
the supplemental material (Supplementary Table 2).

If eligible studies did not provide original values (mean +
SD), data were requested from the authors or taken from
graphics where possible. Accordingly, studies could exclu-
sively be considered for further inclusion if (a) authors sent the
requested data,'’” or (b) M and SD could be imputed from
graphics.58’63’(’4’71’85’89’98’102’108’1 13,121 In all Other cases,
studies had to be excluded.

The 65 included studies”” '*' contained 246 ES with data
from a total of 1884 participants, comprising males (z = 1000),
females (n = 719), and without information regarding sex (n =
165); 4 studies included 165 participants without information
regarding sex.®”*>7*!''* Note that 22 studies investigated
males’7-50-64.68.75,79.85.86,88—90,93.94.96,100,104,105,107,108, 111,113,
" and 14 studies looked at females only.
81.83,87.9L10L102, 112,117 The age was 25+ 11 years, with 2
studies not reporting age.' 1418 Tywo studies investigated older
adults over 60,°"'"” and 4 studies included young subjects
around 10 years old.*””""''3 Participant characteristics are
presented in Supplementary Table 3.

Out of 46 acute studiesd’ 362 71:75.77.79.80,84,85.88,
90—100,102—109,111—-114,116,119,121 inCluding 1162 participants
(males = 774, females = 333, not reported = 55) with an age of
23.06 £ 8.70 years, 17 compared vibration training with a

. 59,62,69,79,80,88,94,99,100,104—107
passive control group,” 007 TSI ’
111,112,114,116

while 39 sham intervention comparisons were
d.57-58:62-71,75,77,80,84,85,88,90—93,95-98,100,102—106,108,109,
bl

meaning 10  studies included both

62,69,80,88,100,104—106,111,112 Conceming sham condi-
69,85,90—-92,100,102,106,

60,63,69,70,73,76,

include
111—113,119,121
conditions.
tions, 12 studies investigated stretching,
HLIBI9I2L 1 foam rolling, 62:80-54:88.90-98.104.105,108.112 g
16 body-weight exercises® = H0368.70.71.75.77:93,95,103,109 gy

and without superimposed vibration. Of all acute studies, 41
57—59,62—67,69—71,75,77,79,84,85,88,90— 100,102
addressed ROM,”" % ’ 2125115 1P588,69,85, 0%

104—108,111—-114,119,121 11 68,79,80,88,99,
103—105,108,114,116

addressed  stiffness,
and 5 addressed a form of passive
torque.'*>'07 19111 Exercise durations ranged from 10s to
60 s for stretching, 20 s to 2 min for foam rolling, and 15 s to
6 min for body-weight exercises, with 1—10 repetitions and
local vibration applications up to 15min (Supplementary

Table 4).
Chronic training effects were examined in 22
studies®0-61:67:71-74,76,78,81-83,86,87,89,101,110,113,115,117,118,120

including 788 participants (males=251, females =405, not
reported =132) with an age of 28 £ 15 years. Ten studies
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P . 60,73,74,76,81,86,87,110
compared vibration to a passive control®’’?/*70-8L86ELII0.

15118 and 14 to an active sham condition,®!:07>71-7274.78.82,
3 (6 . . .

B389 10LIOTS 7120 meaning 2 studies  included  both
conditions.”*"'” Concerning sham conditions, 2 studies inves-

tigated stretching,’*'"" 2 studies investigated foam
rolling,”** and 10 studies investigated body-weight
exercises®! 0717278 I0LITOIITI20 (with and without superim-

posed vibration. Of all chronic studies, 18 studies investigated
ROM’()O,(»7,71 74,76,78,82,83,86,87,89,101,113,117,118,120 2 Studies
investigated stiffness,”""''” and 4 studies investigated a type of
passive torque.”**"**"1° Long-term (chronic) study intervention
periods ranged from 3 to 16 weeks with 1—5 sessions per week
and compared stretching for 10 s to 30 s, foam rolling for 60,
and exercise training for 30 s to 120 s (Supplementary Table 5).

Passive torque measurement methods differentiated passive
resistive torque at joint neutral position,'”® passive peak
torque at maximum ROM, *#%105-107-111 pagsive torque at the
first sensation of stretch,'””''" passive stiffness as a ratio
between torque variation and ROM,*”'°"!'! a5 well as tendon
stiffness measured by tendon elongation.®'-'?%-!10

3.1.2. Methodological quality, risk of bias, and certainty
about the evidence

Overall, the quality of the 65 included studies averaged
4.4+ 1.0 on the PEDro scale (range: 3—S8; acute: 4.2 £0.8,
Supplementary Table 6; chronic: 4.9 + 1.3, Supplementary
Table 7). Depending on the investigated topic, the risk of bias
assessment ranged from 4.0 + 0.8 to 5.6 £ 1.3, indicating fair
study quality'*” in all analysis groups.

Certainty of evidence was initially rated as high as almost all
included studies were randomized controlled trials (RCTs). The
level of evidence for acute (PEDro=4.2+0.8) and chronic
effects (PEDro=4.9 £ 1.3) had to be downgraded for risk of
bias (1 level, PEDro score being fair). All other criteria did not
lead to either down- or upgrading, resulting in an overall level
of evidence considered to have moderate certainty for acute or
chronic stimulation on ROM and stiffness.

3.1.3. Treatment characteristics
The included studies were conducted using different forms

: . : . 57,58,61,63—77,82,83
of vibration treatment, with 39 studies””>""" 2050
85-87,90,91,93,95,101—103,106,109,110,113,117—121 __ _:

TS ST using whole-body

. . . e G —
vibration platforms, 12 studies9-60-78.79.92,94,100,107, 111,114~ 116

using local vibration (with 2 percussive vibration), and 14

- 62,80,82,84,88,89,96—99, 104,105,108,112 _ . I
studies®*°™0 70882079, TULIUS 0SS ysing vibration foam

. . . 69,74,85,90—92,100
rollers. Thirteen of the included studies™ ™" R
102,106,111,113,119,121

performed stretching exercises with super-
imposed vibration either using a vibration platform (10/13) or
a local vibration device (3/13). The exercise characteristics for
acute studies are presented in Supplementary Table 4 and for
chronic studies in Supplementary Table 5.

Of the 26 items that should be described according to the
reporting guidelines for whole-body vibration studies,” the 65
included studies in this meta-analysis reported an average of
13.5 + 3.1 of these items (range: 5—20, Supplementary Table 8).

The mean vibration frequency was 35.6 £25.8 Hz in 63
reporting studies®’ ' %07F7 #9121 (range: 6.2—170.0 Hz),
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Identification of studies via databases and registers

Records identified from

(n = 4639)

e Web of Science (n = 1848)
* MEDLINE (n = 1930)

® Scopus (n = 346)

¢ Cochrane (n = 515)

Identification

Records removed automatically

A4

Records screened
(n=3701)

\4

before screening: Duplicate
records removed (n = 938)

Records excluded (n = 2741)
e Title containing no vibration
treatment (n = 2385)

A4

Reports assessed for eligibility
(n=960)

Screening

A4

e Not detected duplicates
(n = 356)

Reports not retrieved (n = 646)
o No soft tissues or their

4

Reports sought for retrieval
(n=314)

viscoelastic characteristics
(n=577)
¢ Review (n = 69)

A4

Reports excluded (n = 249):
e Animal study (n = 20)

e Case report (n=12)

e Delayed onset of muscle

A4

Studies included in review
(n=65)

Reports of included studies
(n=65)

Included

v

soreness (n = 15)

No full text (n = 45)

Not healthy (n = 39)

Not in English (n = 16)
No control group (n = 34)
Not exactly sham (n = 32)
Parameter (n = 22)

Other vibration (n = 7)
Request of data (n = 7)

Fig. 1. Flowchart of the literature search.

mean vibration amplitude was 3.6 2.3 mm in 46 reporting
studies>7—59-61:63~78.82,83,85-87.90,91,95,100—104,106,107,109—111,

H3 121 (range: 0.01-9.36 mm), with 22 studies™ %"
67,68.71-73.76,77.86.87.90,101,103,109, 110, IS, 11618120121 1 acanting
peak-to-peak amplitude with 4.4 +2.7 mm, and mean vibra-
tion acceleration was 13.2+232g in 13 reporting
studies®7-01046771.73.80,103,106,107.109.110.120 (1o no6. 208 )
Six studies investigated more than one vibra-
tion condition. Vibration characteristics are presented in
Supplementary Table 9.

66,77,81,93,103,107

3.2. Quantitative analysis

3.2.1. Acute vibration effects on ROM

Fig. 2 and Fig. 3 present pooled ES for acute effects of
vibration, with respective exercise subgroups and method
subgroups. Compared with the passive controls, the results

show moderate magnitude flexibility increases (SMD=0.71,
P <0.001 from 15 studies™-026%79:55.94.99.100,104 107,11 1,112,114
with 28 ES). When attributing flexibility effects to vibration,
the comparison to the sham condition revealed small
magnitude effects (SMD=0.20, <0.001 from 35

s a57,58,62—67,69—71,75,77,84,85,88,90—-93,95—-98,100,102,104—106,
studies ?

HO8 TS 9.021 (with 56 ES). The passive control comparison
subgroups showed significant effects of stretching with vibra-
tion (SMD =0.62, p=0.023) and local vibration (SMD =0.95,
p=0.007). The comparison of stretching, foam rolling, and
body-weight exercises with and without superimposed vibra-
tion (sham subgroups) revealed significant small-magnitude
effects only for stretching (SMD =0.32, p=0.006) and trivial
effects for body-weight exercises (SMD=0.19, p < 0.001).
Concerning methods used, ROM measurements with active
and passive movements showed similar effects in control
(SMD=0.38, p=0.020; SMD=0.75, p=0.024, respectively)



D. Jochum et al.

J Sport Health Sci 2025;14:101033

Acute- exercise: Main effect size (95%ClI)

ROM vibration vs.Passive control —h— SMD =0.71 (95%Cl: 0.35 to 1.05), p<0.001, 72=0.116, n/ES=15/28
Vibration+stretching vs. Control s SMD =0.62 (95%Cl:0.16 to 1.09), p=0.023, 2=0.005, n/ES=4/8
Vibration foam roll vs. Control e — | SMD =0.43 (95%Cl: -0.18 t0 1.03), P=0.129, 72=0.137, n/ES=6/8
Vibration+exercise vs. Control n/ES=0/0
Localvibration vs. Control A SMD = 0.95 (95%Cl: 0.37 to 1.54), P=0.007, 72=0.002, n/ES=7/12
ROM vibration vs. Sham condition A SMD =0.20 (95%Cl: 0.13 t0 0.26), P<0.001, 7*=0.000, n/ES = 35/56
Vibration+stretching vs. Stretching A SMD =0.32 (95%Cl: 0.11 t0 0.52), p=0.006, 7*=0.073, n/ES=12/20
Vibration foam roll vs. Foam roll F—— SMD =0.10 (95%Cl: -0.03 t0 0.24), p=0.127, 72=0.000, n/ES = 10/15
Vibration+exercise vs. Exercise A SMD =0.19 (95%Cl:0.12 t0 0.26), P<0.001, 7*>=0.000, n/ES = 13/20
Stiffnessvibration vs. Passive control — SMD =-0.89 (95%Cl: -1.45 to -0.34), p=0.006, 7*=0.277, nlES=8/14
Vibration+stretching vs. Control n/ES=0/0
Vibration foam roll vs. Control L SMD =-0.91 (95%Cl: -1.48 to -0.33), p=0.012, 2=0.067, n/ES=5/8
Vibration+exercise vs. Control n/lES=0/0
Localvibration vs. Control o SMD =-0.66 (95%Cl: -3.37 10 2.04), p=0.402, ¢*=1.113, n/ES=3/5
Stiffness vibration vs. Sham condition —A— SMD =-0.19 (95%Cl: -0.40 to 0.03), p=0.076, 72=0.000, n/ES=7/23
Vibration+stretching vs. Stretching n/ES = 0/0
Vibration foam roll vs. Foam roll —_—r SMD =-0.29 (95%Cl: -0.70 t0 0.12), p=0.122, 7>=0.000, n/ES =5/10
Vibration+exercise vs. Exercise —_—r— SMD =-0.08 (95%Cl: -0.55 to 0.39), P = 0.474, *=0.000, n/ES=2/13
-2.00 -1.50 -1.00 -0.50 0.00 0.50 1.00 1.50 2.00

Fig. 2. ES pooling of acute vibration effects vs. passive control or sham conditions (A ), ES of subgroups based on vibration exercise (A) providing ES (SMD)
with 95%ClI, level of significance (p), heterogeneity (), as well as study number with the number of pre-post effects (#/ES) for r and stiffness. 95%CI=95%
confidence interval; ES = effect size; ROM = range of motion; SMD = standardized mean difference.

and sham comparisons (SMD=0.22, p < 0.001; SMD =0.32,
p=0.006).

3.2.2. Acute vibration effects on passive stiffness

Acutely, stiffness was largely reduced compared to a
passive control (SMD=-0.89, p=0.006), while the ES
against sham condition was found to be trivial and non-
significant (SMD = —0.19, p =0.076). Subgroup analysis of
exercises (Fig. 2) showed significant effects with large
effects only for vibration foam rolling against control
(SMD=-0.91, p=0.012). Concerning measurement
methods (Fig. 3), only indentation methods (myotonometry
and hardness meter) (SMD=-0.97, p=0.018) showed
large significant effects of vibration treatment against non-
intervened control comparisons.

3.2.3. Chronic vibration effects on ROM

Pooled ES for chronic effects of vibration are presented with
respective exercise subgroups in Fig. 4 and method subgroups
in Fig. 5. Compared to acute effects, only a few chronic studies
matched this review’s eligibility  criteria.  Seven
studies®®H7H70-808T1E wwith 9 ES of vibration interventions
showed moderate magnitude chronic ROM improvements
(SMD=0.64, p=0.043) compared to non-intervened control
conditions. Similar effects were obtained from 12
Studies()7,7l,72,74,78,82,83,89,101,1 13,117,120 with 43 ES when

vibration training was compared with sham interventions
(SMD=0.65, p < 0.001, Fig. 6). Sham subgroups (Fig. 4) foam
rolling (2 studies®**” with 5 ES) and body-weight exercises (8
studies®’>"!72 /883 10LIT.120 ieh 35 ES) with vs. without vibra-
tion reached the level of significance (SMD =0.46, p =0.022;
and SMD =0.66, p < 0.001, respectively).

3.2.4. Chronic vibration effects on passive stiffness

As only 2 studies®’*''” investigated chronic vibration effects
on stiffness (n =1 for passive control,''” n=1 for sham condi-
tion®"), no analysis was performed due to lack of data quality

(Fig. 5).

3.2.5. Meta-regression with vibration characteristics

Meta-regression with vibration characteristics (Supplemen-
tary Tables 10 and 11) showed that most vibration characteris-
tics did not influence the study outcomes meaningfully.
However, there were some significant regressions found for
the effect of vibration frequency on acute ROM compared to
control (p < 0.001) and sham (p=0.003) as well as stiffness
against control (p =0.014). Additionally, there were effects of
session duration (min) for acute stiffness compared to sham
(»=0.036) and total training duration (number of
sessions x session duration in min) for chronic ROM effects
compared to control (p =0.026), but the ES were trivial (SMD:
—0.049 to 0.007).
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Acute - methods: Main effect size (95%Cl)

ROM vibration vs. Passive control —h— SMD =0.71 (95%Cl: 0.35 to 1.05), p<0.001, 7=0.116, n/ES= 15/28
Active ROM —aA— SMD =0.38 (95%Cl: 0.07 to 0.70), P=0.020, 7*=0.000, W/ES=5/7
Passive ROM —_—A— SMD =0.75 (95%Cl: 0.16 to 1.09), p=0.024, 7=0.005, n/ES=4/8
ROM vibration vs.Sham condition A SMD =0.20 (95%Cl:0.13 to 0.26), p<0.001, 2=0.000, n/ES = 35/56
Active ROM (=] SMD =0.22 (95%Cl: 0.14 t0 0.30), p<0.001, 7=0.000, n/ES=29/48
Passive ROM —A— SMD =0.32 (95%Cl: 0.11t0 0.52), p=0.006, 7*=0.073, n/ES= 12/20
Stiffness vibration vs. Passive control [ SMD =-0.89 (95%Cl: -1.45 to -0.34), p=0.006, ©*=0.277, nlES=8/14
Ultrasound A SMD =-0.78 (95%Cl: -3.25 t0 1.69), P=0.309, 7= 0.667, n/ES = 2/6
Ultrasound (Shear elastic modulus) SMD =-0.12 (95%Cl: -4.39t0 4.16), P=0.789, 7°=0.041, n/ES=2/3
Indentation (Myoton + Hardness meter) —A— SMD =-0.97 (95%Cl: -1.66 to -0.28), p=0.018, = 0.100, n/ES=5/8
Indentation (Myoton) SMD =-0.97 (95%Cl: -2.63t0 0.70), p=0.130, ©=0.394, n/ES=3/5
Indentation (Hardness meter) A SMD =-0.93 (95%Cl: -2.95t0 1.09), p=0.108, 7= 0.000, n/ES=2/3
Stiffness vibration vs. Sham condition —A—i SMD =-0.19 (95%Cl: -0.40 t0 0.03), p=0.076, =0.000, n/ES=7/23
Ultrasound (Stiffness) —_— SMD =-0.22 (95%Cl: -0.60 t0 0.16), p=0.157, ©=0.000, N/ES=4/19
Ultrasound (Shear elastic modulus) —A— SMD =-0.14 (95%Cl: -0.30 t0 0.03), p= 0.069, 7*=0.000, n/ES=3/16
Indentation (Myoton + Hardness meter) —aT— SMD =-0.05 (95%Cl: -0.41t0 0.31), P=0.318, ©=0.000, N/ES=2/3
Indentation (Myoton) n/ES=0/0
Indentation (Hardness meter) A SMD =-0.05 (95%Cl: -0.41 t0 0.31), p=0.318, 7=0.000, n/ES=2/3
-2.00 -1.50 -1.00 -0.50 0.00 0.50 1.00 1.50 2.00

Fig. 3. ES pooling of acute vibration effects vs. passive control or sham conditions (A ), ES of subgroups based on measurement methods (A) providing ES (SMD)
with 95%CI, level of significance (p), heterogeneity (7°), as well as study number with the number of pre-post effects (#/ES) for ROM and stiffness. 95%CI=95%
confidence interval; ES = effect size; ROM = range of motion; SMD = standardized mean difference.

3.3. Publication bias

Visual funnel plot inspection revealed no publication bias
(Supplementary Fig. 1), which was confirmed by the Eggers
regression test (ROM acute control: p=0.927, ROM acute
sham: p=0.476; ROM chronic control: p=0.665; ROM
chronic sham: p=0.107; stiffness acute control: p=0.221;
stiffness acute sham: p=0.710).

4. Discussion

The current analysis showed that mechanical vibration
interventions improved flexibility acutely compared to a
passive control with trivial effects in addition to the same
main exercise without vibration (sham). Passive stiffness was
similarly affected in acute vibration interventions and might,
therefore, act as a potential mediator for acute ROM increases.

When used over a period of weeks, superimposed vibration
provided a significant merit of moderate magnitude compared
to non-intervened controls and the respective sham condition.
Due to insufficient outcomes, no chronic ES pooling was
performed for passive stiffness. When considering the most
common flexibility routines—stretching and foam rolling—
additional vibration only induced a benefit in foam rolling
when considering chronic effects. However, the effects of
stretching could be improved acutely. The small coefficients
of vibration parameters in meta-regression bring the relevance

of moderators like frequency, amplitude, and duration of
vibration into question.

4.1. Acute responses of ROM and underlying mechanisms

The current analysis contrasts with the findings of the
Osawa and Oguma® meta-analysis, which found no additional
effect of mechanical vibration on ROM in acute interventions
(» =0.23). However, we excluded 8 of their articles as they did
not align with our defined inclusion criteria for the parameters
used,'”'?* control,'**'*” or sham'** " groups. When split-
ting up the subgroups, they found a similar merit of superim-
posed vibration for stretching with 7 ES (SMD=0.33,
p =0.03) but no significant difference in body-weight exercises
with 3 ES (SMD=0.17, p=0.47), although both results used
pooled data from acute and chronic studies. Wilke and
colleagues'” found no benefit of adding vibration to foam
rolling (4 ES, p=0.32), which was confirmed by the present
analysis with 15 ES. As initially hypothesized, only stretching
and body-weight exercises acutely benefit from superimposed
vibration.

4.1.1. Neural factors

It has been proposed that the TVR could optimize flexibility
when added to stretching effects.’®'*” This reflex is elicited by
overstimulating la-afferent fibers, causing contractions during
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Chronic - exercise: Main effect size (95%Cl)

ROM vibration vs. Passive control i SMD = 0.64 (95%Cl:0.03 to 1.24), p=0.043, =0.311, nlES=7/9
Vibration+stretching vs.Control n/ES =1/1
Vibration foam roll vs. Control n/ES=0/0
Vibration+exercise vs. Control —A— SMD =0.31 (95%Cl:0.08 to 0.53), p = 0.021, 72=0.000, n/ES=5/7
Localvibration vs.Control nEs=1/1
ROM vibration vs. Sham condition —h— SMD =0.65 (95%Cl:0.48 t0 0.81), p<0.001, 2= 0.055, n/ES=12/43
Vibration+stretching vs. Stretching A SMD =0.85 (95%Cl: -2.99 to 4.70), p=0.218, =0.000, NES=2/3
Vibration foam roll vs. Foam roll A SMD = 0.46 (95%CI:0.26 to 0.66), p=0.022, 2=0.000, W/ES=2/5
Vibration+exercise vs. Exercise A SMD = 0.66 (95%Cl:0.47 t0 0.85), p<0.001, 72=0.094, n/ES=8/35
Stiffness vibration vs. Passive control nES=1/1
Vibration+stretching vs.Control n/ES=0/0
Vibration foam roll vs. Control n/lES=0/0
Vibration+exercise vs. Control nlES=0/0
Localvibration vs. Control nES=1/1
Stiffness vibration vs. Sham condition nlES=1/4
Vibration+stretching vs. Stretching nlES=0/0
Vibration foam roll vs. Foam roll n/ES=0/0
Vibration+exercise vs. Exercise nlES=1/4
-2.00 -1.50 -1.00 -0.50 0.00 0.50 1.00 1.50 2.00

Fig. 4. ES pooling of chronic vibration effects vs. passive control or sham conditions (A ), ES of subgroups based on vibration exercise (A) providing ES (SMD)
with 95%ClI, level of significance (p), heterogeneity (%), as well as study number with the number of pre-post effects (#/ES) for ROM and stiffness. 95%CI=95%
confidence interval; ES = effect size; ROM = range of motion; SMD = standardized mean difference.

stretching maneuvers. Both early animal research'’ and recent
human studies'® have shown that adding contractions to a
regular stretching routine using electrical muscle stimulation
at high muscle lengths can further increase flexibility. Further,
the excitation of Golgi-tendon-organs (Ib-afferent fibers) due
to vibration inhibits the stretch-reflex'®' as well as the
Hofmann-reflex (H-reflex)'*” and is followed by muscle
relaxation.'””'*? Referred to as the “vibration paradox”,'*
pathways relating to vibration are excited, while pathways
responding to stretch are inhibited.'*”

4.1.2. Mechano-chemical signal conversion

Mechanical actuation via stretch or deformation can activate
mechano-gated ion channels in all tissues and cell types,
thereby converting mechanical stimulation into biochemical
signals by opening ion channels—a process referred to as
mechanotransduction.'*® Since their recent discovery,” Piezo
channels have raised particular attention.'*’'*” While Piezo-1
is, among other functions, essential for sensing tendon stretch,
Piezo-2 transduces pain and senses proprioception.'** Both
channels were shown to respond to mechanical stimulation,
with efficiency varying by stimulation frequency.'*’

4.1.3. Circulatory and thermoregulatory factors
While most acute and highly specific stretch responses such
as H-reflexes and exteroceptive E-reflexes are expected to

disappear within seconds,*’ the intervention specificity of

acute ROM increases was recently challenged.'' Warneke and
colleagues'' compared stretching and foam rolling to other
types of active exercise (e.g., cycling, running, walking, resis-
tance training) including mechanical vibration and found no
significant acute differences in ROM, stiffness, or passive
peak torque. The authors initially hypothesized that warm-up
effects might be responsible for such responses. Vibration-
induced flexibility increases are due to neural, circulatory, and
thermoregulatory factors,'*' which are attributable to, among
other things, increased blood circulation and heat generation.””
A meta-analysis conducted by Nakano et al.'** underlined this
hypothesis and reported higher ROM increases after stretching
with heat in both acute and chronic settings. Accordingly, fric-
tion'*’ and the shock-absorbing mechanisms due to vibration
within the muscle may transform mechanical energy via
several pathways into heat.'** While the exact impact of vibra-
tion on intramuscular temperature is still debated,”” some
research attributes this to increased muscle perfusion™ and
temperature.'*> Since improved blood circulation and heat
generation are linked to enhanced flexibility,'*' it is plausible
that vibration may also increase ROM.

4.1.4. Pain sensations
The pain threshold serves as a natural limit for stretching
exercises.'*° Some authors suggest that physical activity,
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Chronic-methods: Main effect size (95%Cl)

ROM vibration vs.Passive control —_—h— SMD = 0.64 (95%CI:0.03 to 1.24), P=0.043, *=0.311, n/ES=7/9
Active ROM A SMD =0.31 (95%CI:0.08 t0 0.53), p=0.021, #*=0.000, n/ES=5/7
Passive ROM £ SMD = 1.75 (95%Cl: -0.36 to 3.85), P=0.06, 7=0.000, NES=2/2
ROM vibration vs. Sham condition —A— SMD =0.65 (95%CI:0.48 t0 0.81), p<0.001, 7>=0.055, WES=12/43
Active ROM —A— SMD = 0.61 (95%Cl: 0.41 to 0.82), p<0.001, 7=0.000, n/ES=8/26
Passive ROM —A— SMD =0.68 (95%CI:0.44 t0 0.92), p=0.001, 2=0.006, n/ES=5/17
Stiffness vibration vs. Passive control nES=1/1
Ultrasound (Stiffness) n/ES=0/0
Ultrasound (Shear elastic modulus) n/ES = 0/0
Indentation (Myoton + Hardness meter) nlES=1/1
Indentation (Myoton) nES=1/1
Indentation (Hardness meter) nlES =0/0
Stiffness vibration vs. Sham condition n/ES=1/4
Ultrasound (Stiffness) n/ES=0/0
Ultrasound (Shear elastic modulus) n/ES=0/0
Indentation (Myoton + Hardness meter) nlES=1/4
Indentation (Myoton) nlES =1/4
Indentation (Hardness meter) n/ES =0/0
-2.00 -1.50 -1.00 -0.50 0.00 0.50 1.00 1.50 2.00

Fig. 5. ES pooling of chronic vibration effects vs. passive control or sham conditions (A ), ES of subgroups based on measurement methods (A) providing ES
(SMD) with 95%CI, level of significance (p), heterogeneity (%), as well as study number with the number of pre—post effects (#/ES) for ROM and stiffness.
95%CI =95% confidence interval; ES = effect size; ROM =range of motion; SMD = standardized mean difference.

including vibration, can have an analgesic effect during and
after its application.'””"'*” Vibration can potentially alter pain
sensation, **'*” especially local vibration with high frequen-
cies acting on the spinal gate control.'”” However, its effect on
stretch-induced pain remains subjective'*' and requires further
investigation. Despite aiming to explore the effects of vibra-
tion and the associated underlying mechanisms, we were
unable to investigate its effects on passive torque parameters.
The large number of studies (n=9)"%58%105107 111 that
included torque parameters in their investigations initially
suggested that it might be possible to provide an improved
perspective by pooling reported effects; however, the signifi-
cant variation in methods required us to separate the study
results into subgroups. These subgroups exhibited unaccept-
able differences in outcome between studies or within the
same study, or there were too few studies to combine the
results, which prevented us from quantifying these aspects in
our analysis.

4.1.5. Muscle stiffness

Considering the muscle tuning theory, several authors
suggested that the musculoskeletal structures must quickly modu-
late muscle stiffness to cope with the vibratory waves.'>” In accor-
dance with previously described potential warm-up effects, the
main passive resistive component of muscle tissue is intramus-
cular collagen type I fibers and their fiber architecture,'>*'>*

30,151

which slightly extends'> and decreases Young’s modulus'*®
with increasing physiological temperature. Accordingly, and to
distinguish between specific vibration and general warm-up-
related flexibility and stiffness responses, more specific and
biological outcome investigations are warranted, especially since
the vibration vs. sham comparison did not reach the level of
significance and so currently provides no compelling evidence for
specific vibration effects in acute stiffness adaptations.'’ Also,
whether repeated stimulations might enhance this effect is unclear
due to insufficient data. This remaining uncertainty is attributed to
the lack of high-quality studies of underlying biological mecha-
nisms as well as a very restricted number of studies that were
eligible for inclusion.

4.2. Chronic effects on ROM and underlying mechanisms

In the long term, the results show a significant benefit of
vibration on ROM. The effects of vibration were notably
moderate to large when compared to a passive control, and the
sham comparisons became significant for foam rolling and
body-weight exercises. However, no additional benefit was
reported for stretching.

4.2.1. Specific exercises
While RCTs provide valuable insights, it is important to
interpret them correctly. When comparing interventions that
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Study Effect Weight
Dallas etal.” ‘

WBV+Ex vs. Ex sit-and-reach ROM . - -0.067 2.269
Di Giminani etal.” :

WBV+EXx vs. Ex finger-floor distance ROM - . 0.217  2.029
WBV+Ex vs. Ex finger-floor distance ROM D 0.321  2.020

Emerenziani etal.”

WBV+SS vs. SS passive knee extension ROM

Feland etal.”*
WBV+SS vs. SS passive knee extension ROM
Goebel etal.”
WBV+EXx vs. Ex passive knee extension ROM

Han etal.®

VFR vs. FR active hip flexion ROM

VFR vs. FR active hip extension ROM

VFR vs. FR active hip internal rotation ROM
VFR vs. FR active hip external rotation ROM
Hawkey et al.®

WBV+Ex vs. Ex sit-and-reach ROM
WBV+Ex vs. Ex sit-and-reach ROM

Kasahara etal.”

VFR vs. FR passive ankle dorsiflexion ROM
Marshall etal."”

WBV+Ex vs. Ex active developpe right ROM
WBV+Ex vs. Ex active developpe left ROM

Sands etal."®
WBV+SS vs. SS rear split right ROM
WBV+SS vs. SS rear split left ROM

Tomiak etal."”

WBV+EXx vs. Ex passive hip flexion left ROM
WBV+Ex vs. Ex passive hip flexion left ROM
WBV+Ex vs. Ex passive hip extension left ROM
WBV+Ex vs. Ex passive hip flexion right ROM
WBV+EX vs. Ex passive hip flexion right ROM
WBV+Ex vs. Ex passive hip extension right ROM
WBV+EXx vs. Ex passive hip flexion left ROM
WBV+EX vs. Ex passive hip flexion left ROM
WBV+EXx vs. Ex passive hip extension left ROM
WBV+Ex vs. Ex passive hip flexion right ROM
WBV+Ex vs. Ex passive hip flexion right ROM
WBV+EX vs. Ex passive hip extension right ROM
WBV+Ex vs. Ex active hip flexion left ROM
WBV+Ex vs. Ex active hip flexion left ROM
WBV+Ex vs. Ex active hip extension left ROM
WBV+EX vs. Ex active hip flexion right ROM
WBV+Ex vs. Ex active hip flexion right ROM
WBV+EX vs. Ex active hip extension right ROM
WBV+Ex vs. Ex active hip flexion left ROM
WBV+EXx vs. Ex active hip flexion left ROM
WBV+Ex vs. Ex active hip extension left ROM
WBV+EXx vs. Ex active hip flexion right ROM
WBV+Ex vs. Ex active hip flexion right ROM
WBV+EX vs. Ex active hip extension right ROM

Yaiiez-Alvarez et al.'
WBV+EX vs. Ex passive knee extension ROM
WBV+Ex vs. Ex passive knee flexion ROM
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Fig. 6. Forest plot for chronic vibration interventions compared to a sham condition with ES=0.65, p <0.001 from 12 studies and 43 ES. ES = effect size;
Ex =body-weight exercises; FR = foam rolling; ROM =range of motion; SS = static stretching; VFR = vibration foam rolling; WBV = whole-body vibration.
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include vibration to a passive control, it is not possible to attri-
bute these effects solely to vibration, rather they should be
attributed to the combination of exercise and vibration
employed. Thus, concluding vibration alone effectively
improves ROM would be a misinterpretation of the findings,
as these effects could be a result of overall enhanced perfor-
mance levels due to activity or of the exercise itself upon
which vibration was superimposed.'' To evaluate the “pure”
effect of vibration, one could consult chronic studies using
only (local) vibration applications against a passive control—
which are rare®—or separate combined interventions into
exercise and vibration to assess the individual impact of both
components. Compared to the sham condition, the benefits of
superimposed vibration combined with stretching had no
discernible benefits. However, there was a significant differ-
ence for foam rolling and body-weight exercises, both of
which favored the vibration combination. While stretching as
a stand-alone intervention is known to increase ROM
chronically,® the findings for foam rolling are not as evident
(1 analysis’ revealed significant effects, 2 others did not'***).
This suggests that foam rolling alone did not provide a suffi-
cient stimulus to enhance flexibility, and the improvements
observed in this analysis could be attributed to the addition of
vibration. A similar argument can be made for body-weight
exercises, though the heterogeneity of exercise protocols
complicates drawing a direct conclusion regarding the efficacy
of improving flexibility on their own.

4.2.2. Mechanical tissue tension

Since flexibility increases are mainly attributed to neuro-
muscular and morphological aspects (e.g., stretching pain
sensation and stiffness), whereby both are moderated by
stretching'*'>” and resistance training,”" Warneke et al.””
discussed the relevance of mechanical tension with a potential
effect on muscle length. Considering pain as a warning signal
for harmful joint positions, structural adaptations that result in
increased muscle lengths, thus serial sarcomere accumulation,
could result in both delayed stretching pain as well as
improved active ROM. Longitudinal hypertrophy was only
found in animals, leaving evidence in humans
speculative.'”®'>’ Nevertheless, assuming that superimposed
active muscle contractions might provide an additional stim-
ulus leading to more pronounced effects, vibration could be
reasonably assumed to improve the effectivity of such inter-
ventions. Williams et al."” found immobilization of rabbits’
hindlimbs to modulate the serial sarcomere number. In a
stretched position, the number increased, and in a shortened
position, the number decreased. Adding electrical stimula-
tion—thus, contraction—increased the effectivity. It was
therefore hypothesized that sarcomeres seek optimal contrac-
tion positions and, thus, increase in number when stretched
due to insufficient overlap to form the actomyosin crossbridge,
while too many sarcomeres in series could be assumed an
unpreferable contraction precondition. While no direct
evidence in humans exists, recent measures support this
hypothesis, indicating higher effects on muscle thickness
when electrical stimulation was superimposed to stretch.'®'”

J Sport Health Sci 2025;14:101033

Vibration elicits contractions due to the TVR***" (as previ-
ously described in the acute section), and so it could be specu-
lated that these effects, at least in part, account for the benefits
of superimposed vibration in the sham comparison. However,
following this hypothesis, it is surprising that no additional
benefit from vibration was found for the stretching comparison
in this meta-analysis.

4.2.3. Transmission

One possible explanation may be found in the transmission
of vibration throughout the body: mechanical vibration and its
transmission'®’ are strongly dependent on vibration
frequency'®’ and how the vibration is imposed. Several
approaches based on the concept of resonance have been
explored.'®'® According to this concept, if the excitation
frequency of the stimulus matches the natural frequency of the
resonator, its amplitude increases.'®* Stimulation at the reso-
nant frequency was shown to elevate muscle activity'**'® to
counteract and thereby damp the vibration.'®* Here, mechan-
ical responses of the muscles change in relation to posture,'®’
with muscle length determining the TVR response.'®® This
was shown by Wang et al,'®” as the resonance frequency of the
patellar tendon (measured by its displacement in response to
vibration frequencies from 15 Hz to 60 Hz with an accelerom-
eter) increased with knee flexion, thus with tension on the
tendon itself. Therefore, though hypothesized to be effective
in a stretched position,””'®” altered muscle activations might
call for adapted vibration protocols to elevate effects.

Nevertheless, it should be noted that only 2 studies
were included in the stretching comparison, while most
included chronic studies were investigated for other forms of
exercise, including foam rolling and body-weight training.
This is of special interest since Alizadeh et al.”’ suggested full
ROM resistance training could also be described as dynamic
stretching, which complicates the differentiation between
several body-weight exercises and stretching.

74,113

4.2.4. Structural mechanisms

Structural adaptations (i.e., muscle elongation) can
contribute to improved ROM. While not clarified in humans,
animal studies have shown a serial sarcomere accumulation in
response to diverse overload strategies.””” Among other
things, stretching has been reported to result in such longitu-
dinal hypertrophy.'®® It has been suggested that the addition of
sarcomeres elongates the muscle to enhance its contractility,
as insufficient overlap of the actomyosin crossbridges nega-
tively influences contraction forces.'® To adapt to these unfa-
vorable contraction preconditions, serial sarcomeres might
thus be added to reduce the stretch of individual sarcomeres,
thereby optimizing the contractile filament overlap.'®”'”
Interestingly, muscle adaptations to intervention-induced
changes in the contraction baseline were enhanced by superim-
posing muscle innervations. Since longitudinal hypertrophy is
considered a structural adaptation, several articles highlighted
an increase in protein synthesis in response to stretching”>'®’
that is commonly associated with resistance training.'’" Syner-
gizing underlying mechanisms were also highlighted in the
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. 55.158 . .. . . .
literature,”>'>® which is in accordance with Alizadeh’s discus-

sion”’ of the potential for classifying resistance training as a
type of weighted dynamic stretching. Additionally, mechanical
vibration can induce contractions at high muscle lengths
(stretched muscle with decreased overlap between
myofilaments' '>'"%), leading to the hypothesis of similar
physiological adaptations.

Interestingly, both stretching'”® as well as resistance
training' "' produced an enhanced protein synthesis rate. In this
regard, it is noteworthy that Warneke and colleagues’’
discussed the effects of a lengthened muscle fiber on stiffness
and suggested that the increase in length (assuming a fixed
distance between the origin and insertion of the muscle) could
cause a reduction in passive stiffness (per the definition
described in our Methods). The results on passive peak torque,
also known as stretching pain, could be explained by an
increased fiber length, considering that pain is a muscle
warning against potential harm. Reaching high muscle length
(thus minimal contractile filament overlap) that results in
reduced force production capacity of the muscle'®” could
cause potential harm to the unstable joint. If the muscle fiber is
elongated via serial sarcomere addition, stretching pain would
be induced at a higher muscle length, which could explain an
increased passive peak torque. However, since the only
marker for increased fiber length was an increased fascicle
length/decreased pennation angle and a direct sarcomere count
over the full muscle length seems impossible to establish in
humans, these explanations remain theoretical. Currently,
chronic ROM increases are most commonly attributed to
decreases in tissue stiffness or increases in stretch
tolerance.®*’ While vibration may influence muscle function
and neural control,” the high heterogeneity and substantial
lack of high-quality and comparable study designs prevented
the reasonable pooling of effects on stiffness and torque.
Although some studies of single interventions suggest possible
trends, further comparable research is strongly needed to
conduct a robust meta-analysis of the effects of vibration.
While several studies found no additional effects on passive
torque parameters,”*'*>!"" there is evidence that stiffness
can be influenced by repeated interventions.®'' "

4.3. Importance of vibration characteristics

The loading parameters of the stimulus, such as vibration
characteristics, need to be precisely determined, applied, and
controlled. Different types of vibration exposure may poten-
tially affect the biological response in various ways.'*
Accordingly, several authors suggest that low frequencies of
8—15 Hz tend to reduce muscle tone, while higher frequencies
of 20—35 Hz increase muscle tone,'”* though this relationship
was never demonstrated with direct measurements of muscle
stiffness.'”*'”> Contrary to this assumption, our meta-regres-
sion suggests correlations of frequency with the ES of vibra-
tion against control for ROM (By=0.007) and stiffness
(Bp=0.007), indicating that higher frequencies in certain
ranges might increase the output. However, the comparison to
the sham condition showed the opposite trend for ROM
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(Bo=—0.003). Since all coefficients were rather small, we
question the relevance of these findings. Furthermore, as the
studies were performed with different vibration devices
(Supplementary Table 9), this introduced heterogeneity,
making precise comparisons and analyses difficult as further
subgroups might be small and still diverse. The analysis of
amplitude (mm) may also be biased as many included studies

did not declare whether they wused peak-to-peak

. 5 Q 3 3.0 [e
amphtude'57,58,6l,(wh,(»(),() 9,70,74,75,78,81,83,91,95,100,105—-107,111,113,
117,119

While a vibration frequency of 26 Hz was shown to elicit
the greatest electromyography response for a given muscle,'”®
most of the included studies used frequencies around 30 Hz
(35.6 £ 25.8 Hz). Interestingly, Di Giminiani et al.”' proposed
that the optimum frequency for vibration varies between indi-
viduals, whereas Masud et al.'’” further argued that the
optimal frequency is muscle-dependent. Therefore, frequency
optimization in a whole-body vibration setting appears to be
rather complex. However, the development of personalized
vibration conditions might be beneficial to increase exercise
outcomes.

4.4. Limitations of this meta-analysis

Although incorporating vibration into interventions with trivial
to moderate effects was shown to improve ROM and passive
stiffness, there are several limitations that restrict the generaliz-
ability of these findings. Consistent reporting of such studies
would be essential and the community would benefit significantly
by introducing a reporting scheme. As meta-analyses require high
homogeneity regarding study designs to draw reasonable
conclusions, the high heterogeneity—especially concerning
stiffness and passive torque methods—may bias the final
conclusion of our analysis. In this manner, the use of different
forms of vibration used and inconsistent reporting of vibration
characteristics counteract the results of the meta-regression.
Therefore, the quality of included studies may be overrated by
the PEDro score as important parameters of vibration studies
cannot be considered here. It is noteworthy that the lack of
blinding of study personnel was evident in most studies, and
the absence of a general warm-up before the first measurement
might have biased the studies’ results, both of which highlight
the need for a more standardized research design in exercise
intervention studies. Furthermore, discussions about the
possible mechanisms of the additional effects of vibration in
exercise training are often hypothetical as there is lack of
biological evidence, which calls for further research in this
area. Finally, our meta-analysis was based on the assumption
that vibration might add further improvement to an exercise
(sham) condition. However, for this assumption to be valid,
the basic exercise itself must have a positive effect on the
investigated parameter. Therefore, we acknowledged the
effects of the basic interventions (e.g., stretching) but they
were not always affirmative, as was seen with foam rolling in
chronic investigations. This raises the question of whether the
observed improvements can be attributed to the addition of
vibration and exercise or to the vibration alone.
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5. Conclusion

In summary, vibration provides additional benefits upon
single and repeated interventions. Note, though, that our
conclusions only apply to the conditions tested in the set of
studies considered here as excessive vibration has also been
shown to have adverse health effects.'’*'”® While the additive
effect of an acute vibration intervention compared to the same
intervention without vibration may be trivial, the addition
might complement and increase a warm-up effect. Stiffness
also appears to be similarly affected immediately, which may
explain corresponding increases in ROM. In long-term
(chronic) settings, superimposed vibration increases training
outcomes, particularly flexibility. Given the ease of use for
populations with compromised health, who find it difficult to
undertake conventional exercises, mild but not excessive
vibration might provide another avenue for increasing ROM if
administered as described in the reviewed studies. This may
have a positive influence on mobility and balance for older
adults. Athletes in sports with the need for high flexibility
(e.g., gymnastics, figure skating) or in sports where athletes
typically struggle with their general ROM (e.g., running, road
cycling) might also benefit from the additional stimulus, which
provides a variation in their flexibility training routine and
may lead to increased performance output.
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