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Objective:  The  primary  aim  of this  systematic  review  was  to  determine  if inertial  flywheel  resistance
training  is  superior  to gravity-dependent  resistance  training  in  improving  muscle  strength.  The secondary
aim  was  to  determine  whether  inertial  flywheel  resistance  training  is superior  to gravity-dependent
resistance  training  in improving  other  muscular  adaptations.
Design:  A  systematic  review  with  meta-analyses  of randomised  and  non-randomised  controlled  trials.
Methods: We searched  MEDLINE,  Scopus,  SPORTDiscus,  Web  of  Science  and  Cochrane  Central  Register
of  Controlled  Trials  with  no publication  date  restrictions  until  November  2016.  We  performed  meta-
analyses  on  randomised  and  non-randomised  controlled  trials  to determine  the  standardized  mean
difference  between  the  effects  of  inertial  flywheel  and  gravity-dependent  resistance  training  on mus-
cle  strength.  A total  of 76  and  71  participants  were  included  in  the  primary  and  secondary  analyses,
respectively.
Results:  After systematic  review,  we included  three  randomised  and  four non-randomised  controlled
trials.  In  the primary  analysis  for the  primary  outcome  muscle  strength,  the  pooled  results  from ran-
domised  controlled  trials showed  no difference  (SMD  =  − 0.05;  95%CI  − 0.51 to  0.40;  p = 0.82;  I2 =  0%).  In
the  secondary  analyses  of the  primary  outcome,  the  pooled  results  from  non-randomised  controlled  trials
showed  no  difference  (SMD  =  0.02; 95%CI  − 0.45  to 0.49;  p =  0.93;  I2 =  0%;  and  SMD  = 0.03;  95%CI  − 0.43  to
0.50;  p  =  0.88;  I2 = 0%).  Meta-analysis  on  secondary  outcomes  could  not be  performed.
Conclusion:  Based  on  the  available  data, inertial  flywheel  resistance  training  was  not  superior  to  gravity-
dependent  resistance  training  in enhancing  muscle  strength.  Data  for other  strength  variables  and  other
muscular  adaptations  was insufficient  to draw  firm  conclusions  from.

©  2017  Sports  Medicine  Australia.  Published  by  Elsevier  Ltd.  All  rights  reserved.

1. Introduction

Resistance training, also known as strength or weight training, is
becoming more popular and widely used nowadays by a large num-
ber of people with a diversity of aims and goals.1,2 Many modes and
methods of resistance training exist and a multitude of variables
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can be adjusted in order to improve performance and physiolog-
ical adaptations.3,4 Most research on resistance training has used
free weights and weight stack machines,1,5 considered in this sys-
tematic review as gravity-dependent (GD) resistance training.

GD resistance exercises involve sequences of concentric, isomet-
ric and eccentric actions. During GD resistance exercises, a person’s
ability to perform a maximal concentric-isometric-eccentric cycle
is limited by the force-velocity relationship.6 When the concentric-
isometric-eccentric cycle is performed during GD training bouts,
muscles are capable of achieving greater absolute forces during
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eccentric than concentric actions,7 therefore the eccentric phase is
considerably under-loaded as it is limited by the load lifted during
the concentric phase.8 Eccentric actions using supramaximal loads,
that is, loads greater than 1 repetition maximum (RM), is a potent
stimulus for enhancements in neural and muscular adaptations9

and could be considered crucial for optimising the effects of resis-
tance training.10–13 Accentuated eccentric training can be produced
using GD devices, but a third-party assistance is required which
may  be a limitation in many circumstances. Unquestionably, neu-
ral and muscular adaptations and the rate of their development
depend on the mode and method of training, initial training status,
and the muscle group investigated.1,14

Berg and Tesch15 introduced the first inertial flywheel resis-
tance (FW) device for space travellers exposed to non-gravity
environments.16,17 Since then, FW resistance training has been
used in detrained populations,18 disabled populations,19 healthy
adults20–23 and also amateur and semi-professional athletes.24–28

When using FW resistance devices, the rotation of the devices’
flywheel is initiated by a concentric muscle action – unwinding
the flywheel’s strap – followed by an eccentric muscle action –
rewinding the flywheel’s strap –, immediately producing subse-
quent concentric-eccentric cycles. The force applied in the eccentric
action to bring the flywheel to a stop will rely on the kinetic energy
generated during the concentric action and also the strategy to
apply force to the last third of the eccentric action.15 Hence, FW
resistance devices allow for maximal concentric force throughout
the range of motion and short periods of greater eccentric than
concentric force, provided maximal effort and the appropriate tech-
nique are employed.20,29 Moreover, the inertia used during the FW
resistance exercise will alter the force, power and work relation-
ship, affecting also the use of the stretch-shortening cycle during
the coupled concentric-eccentric actions.30 Finally, compared to
isotonic loading (e.g. gravity-dependent), inertial loading ensures
accommodated resistance, which permits maximal forces to be
produced from the very first repetition and force decline through-
out the set.31 In comparison, the maximal muscle activation during
gravity-dependent exercises seems to be present at contraction
failure or “sticking point”32 where a third-party assistance may  be
needed.

It has been shown that FW resistance training is effective
in producing early gains and combating the deleterious effects
in muscle mass and strength during simulated microgravity
and bed rest conditions17,33,34 and in chronic stroke patients.19

Likewise, marked maximum voluntary isometric contractions
improvements,21 and early gains in muscle hypertrophy have
been promoted in adults with only 5 weeks of training.20,35,36

Some studies have found FW resistance training to be effective
in injury prevention27,37 and rehabilitation.38,39 In addition, per-
formance improvements40 and a potentiation effect28 have also
been promoted following training with FW resistance training
devices in trained individuals. Moreover, it has been shown that
a combination of different FW exercises25 or a combination of FW
exercises with superimposed vibration enhances cutting perfor-
mance in soccer players.26 Considering that most daily activities
and human motions (e.g. walking, running, climbing and lifting)
include coupled concentric and eccentric muscle actions, involving
the stretch-shortening cycle,41,42 FW resistance training enables
athletes to emphasize the eccentric phase of the action using a spe-
cific movement pattern with no need of a third party-assistance,
compared to other training modes, which may  optimally contribute
to enhanced performance adaptations.25,26,30 Although a recent
systematic review43 has been published comparing FW resistance
training and GD resistance training for improving muscle strength,
this current study is the first study to provide Level 1 evidence,
solely based upon randomised controlled trials, on the topic. Hence,

at this point it is not known whether FW resistance training is supe-
rior in improving performance and physiological adaptations when
compared to GD resistance training.

The primary aim of this systematic review was to determine
if inertial flywheel resistance training is superior to gravity-
dependent resistance training in improving muscle strength. The
secondary aim of this review was to estimate whether inertial
flywheel resistance training is superior to gravity-dependent resis-
tance training in improving other muscular adaptations, such as
muscle structure, muscle activation and/or muscle histology.

2. Methods

The Preferred Reporting Items for Systematic Reviews and
Meta-analyses (PRISMA)44 was used as a guideline for report-
ing of this study. Prior to the search, a review protocol based
on PRISMA-P45 was completed and registered at PROSPERO
(ID = CRD42015020337). The review protocol was updated during
the review process and is publically available at http://www.crd.
york.ac.uk/PROSPERO/display record.asp?ID=CRD42015020337.

MEDLINE, Scopus, SPORTDiscus, Web  of Science and Cochrane
Central Register of Controlled Trials (CENTRAL) were electronically
searched with no publication date restrictions. The search included
articles prior to 3 November 2016. Two  blocks of keywords related
to (1) inertial flywheel resistance device and (2) training interven-
tion composed the search strategy. The complete search strategy
can be seen in the supplementary material. The searches were cus-
tomized to accommodate the layout and characteristics of each
search engine and the application of additional free text words were
based on the coverage of subject terms. A hand-search of the refer-
ence lists of relevant articles was also conducted for other potential
relevant References.

Titles and abstracts identified in the search were down-
loaded into Mendeley Desktop (Glyph & Cog) cross references
and duplicates were deleted. All publications potentially relevant
for inclusion were independently assessed for inclusion by two
reviewers (JVB and EE) and full texts were obtained if neces-
sary. Any discrepancies were resolved during a consensus meeting,
and a third reviewer was  available if needed. Data from ran-
domised (RCTs) and non-randomised (non-RCTs) controlled trials
were included. We  included studies with humans that partici-
pated into a resistance training intervention using an FW resistance
device, as the sole intervention for the studied muscle group, and
a comparator of GD resistance device. Studies had to report a mea-
sure of muscle strength as outcome. Whenever several publications
reported data from the same trial, the “primary publication” was
used. Only full text publications in English were considered.

For primary outcome, changes in muscle strength, such as
maximal voluntary isometric and/or dynamic force (N), torque
(Nm, Nm/kg, Nm/cm2), power (W,  W/kg, W/cm2) and/or rate
of force development (N/s) were considered. For secondary out-
comes, changes in: muscle structure, such as muscle size measured
as cross-sectional area (cm2), muscle volume (cm3 or mL), sig-
nal intensity (mean grey value), fascicle length (mm)  and/or
pennation angle (degrees); muscle activation, such as volun-
tary activation measured as electromyographic activity (!V, mV,
%EMGmax); muscle histology, such as muscle proteins involved in
hypertrophic signalling or substrate breakdown (mmol/kg dry wt,
mmol  kg− 1 min− 1), water content proportion (%), and/or muscle
fiber distribution (proportion fiber types (%), fiber CSA (!m);  and
possible adverse events as a result of the intervention, such as pain,
discomfort or muscle soreness were considered.

Two reviewers (JVB and EE) independently extracted data using
a specifically designed standardized form (see supplementary
material). General study information, participants and intervention

http://www.crd.york.ac.uk/PROSPERO/display_record.asp?ID=CRD42015020337
http://www.crd.york.ac.uk/PROSPERO/display_record.asp?ID=CRD42015020337
http://www.crd.york.ac.uk/PROSPERO/display_record.asp?ID=CRD42015020337
http://www.crd.york.ac.uk/PROSPERO/display_record.asp?ID=CRD42015020337
http://www.crd.york.ac.uk/PROSPERO/display_record.asp?ID=CRD42015020337
http://www.crd.york.ac.uk/PROSPERO/display_record.asp?ID=CRD42015020337
http://www.crd.york.ac.uk/PROSPERO/display_record.asp?ID=CRD42015020337
http://www.crd.york.ac.uk/PROSPERO/display_record.asp?ID=CRD42015020337
http://www.crd.york.ac.uk/PROSPERO/display_record.asp?ID=CRD42015020337
http://www.crd.york.ac.uk/PROSPERO/display_record.asp?ID=CRD42015020337


J. Vicens-Bordas et al. / Journal of Science and Medicine in Sport 21 (2018) 75–83  77

Fig. 1. Flow chart of included studies.

characteristics, and outcome measures were extracted. If data were
not available from tables or the result section, the first author of the
systematic review requested the missing data from the author(s).
If the authors did not have access to their data, data on outcome
measures were extracted from figures and graphs using AutoCAD
2015 (Autodesk, Inc., USA) by one author (JV). Another author (EE)
verified the validity of the data extraction.

The studies included were assessed for the risk of bias by two
independent raters (JVB and EE), with any disagreements resolved
by consultation with a third party (KT). An assessment of the
methodological quality was not implemented, as no evidence for
such appraisals and judgments exists and therefore can be con-
fusing when interpreting the results.46 Using quality scales and
summary scores is considered problematic, due to substantial vari-
ations between items and dimensions in scales covered, with little
support relating to the internal validity of these evaluations.47

When assessing the RCTs mandatory bias items, the ‘Cochrane
Collaboration’s tool for assessing risk of bias in randomised trials’48

was used. Each bias domain was judged as high, low or unclear and
provides a quote from the study report together with a justification
for the judgment in the ‘Risk of bias’ table. When assessing the non-
RCTs mandatory bias items, the ‘Risk Of Bias in Non-Randomised
Studies – of Interventions (ROBINS-I)’49 was used. The ROBINS-I
includes signalling questions alongside free-text boxes within each
domain of bias to facilitate the judgements about the risk of bias.
Each domain was judged as (1—low risk of bias; 2—moderate risk
of bias; 3—serious risk of bias; 4—critical risk of bias; and, 5—no
information). The risks of bias judgments were summarized across
all studies included for each of the domains listed. Where informa-
tion on risk of bias relates to unpublished data or correspondence
with a trial list, it was noted in the ‘Risk of bias’ table.

With three or more RCTs included, we performed meta-analysis
(primary analysis) using Review Manager Version 5.3 (Copen-
hagen: The Nordic Cochrane Centre, The Cochrane Collaboration,
2014). For the primary outcome, changes in muscle strength,
intervention effects were calculated using standardised mean dif-

ferences (SMD) with 95% confidence intervals (CI), since all data
were continuous. The mean change scores and standard devia-
tions of the change scores from the intervention and control groups
were used to calculate the SMD. If the standard deviations of the
change scores were not reported, these were calculated using the
formula,46 where correlation coefficients were conservatively set at
0.5.50 A positive SMD  represents an effect in favour of FW resistance
training interventions and a negative SMD  an effect in favour of
GD resistance training interventions. Effect sizes were categorised
as small (0.2), medium (0.5) or large (0.8 or greater).51 Statis-
tical heterogeneity was  explored using chi-squared statistic and
visual inspection of the forest plot; and inconsistency was calcu-
lated using I2 statistic. The chi-squared and I2 statistics describe
heterogeneity or homogeneity of the comparisons with p < 0.05
indicating heterogeneity.52 A random-effects model was selected
for the analysis.

With three or more non-RCTs included we  performed meta-
analyses (secondary analyses) on the primary outcome – changes
in muscle strength –. Whenever three or more RCTs and non-RCTs
reported data on secondary outcomes – changes in other muscular
adaptations –, meta-analyses were performed.

The within-groups effect sizes and 95%CI on measures of
strength and other muscular adaptations were calculated (post-
hoc analyses) in order to analyse the magnitude of the differences
within groups. Effect sizes were calculated for each study using
the Hedges and Olkin’s g and using the correction factor for small
samples.53 A positive effect size translates to positive adaptations
to training.

3. Results

The initial search identified 1091 unique references (Fig. 1). One
additional record was  identified through examination of reference
lists and citations of relevant articles. After identification of dupli-
cates, 535 titles and abstracts were screened. Twenty-seven studies
remained for further full text analysis. Subsequently, 20 studies
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Table  1a
Characteristics of the included randomised controlled trials.

Study Population
N (m/f); age

Group: exercise
(equipment)

Primary outcomes Secondary outcomes Results

Greenwood et al.39 History of knee injury
FW 15 (9/6)
GD 14 (7/7)
37 ±  13 years

FW:  knee extension (Yoyo
Technology Inc, Sweden)
GD: knee extension
(Health and Leisure, UK)

MVIC at 80◦ (N)
CON and ECC peak force at
60◦ s− 1 and CON at 180◦ s− 1

(N)
Peak power (W)

CSA (cm2)
Central neural
activation (twitch
superimposition)

MVIC: no differences between
groups
CON and ECC peak force
(60◦ s− 1): No differences
between groups
CON and ECC peak force
(180◦ s− 1): No differences
between groups
Peak power: no differences
between groups
CSA: no differences between
groups
Central neural activation: no
differences between groups$

Onambélé et al.54 Healthy older subjects
FW 12 (6/6)
GD 12 (6/6)
69.9 ±  SD 1.3 years

FW:  knee extension (Yoyo
Technology Inc, Sweden)
GD: knee extension
(Technogym, Italy)

MVIC at 90◦ (Nm)
Peak isokinetic power (W)
at 180◦ s− 1

EMG-RMS (mV) MVIC: no differences between
groups
Peak power: Significant
differences in favour to FW*

EMG-RMS: no differences
between groups

de  Hoyo et al.22 Healthy and physically
active subjects
FW 11 male
GD 12 male
22 ±  SD 2 years

FW:  front step on inertial
device (Sport Teach &
Tools, Spain)
GD: half-squat on smith
machine (FITLAND, Spain)

MVIC at 90◦ (N) MVIC: no differences between
groups

CON: concentric; CSA: cross-sectional area; ECC: eccentric; EMG-RMS: electromyographic activity root-mean square; FW:  flywheel; GD: gravity-dependent; MVIC: maximum
voluntary contraction; (m/f): (male/female).

* Significance at p < 0.05.
$ Significant differences at baseline (p < 0.05).

Table 1b
Characteristics of the included non-randomised controlled trials.

Study Population
N (m/f); age

Exercise (equipment) Primary outcomes Secondary
outcomes

Results

Caruso et al.23 Healthy untrained
subjects
FW 11 male;
58.6 ±  SEM 2.2
GD 12 male;
56.2 ±  SEM 2.8

FW:  seated leg press (Yoyo
Technology Inc, Sweden)
GD: standard leg press

CON and ECC peak
torque at 93◦ s− 1 and
278◦ s− 1 (Nm)

Leg muscle mass
(kg)

CON and ECC peak torque
(93◦ s− 1): no differences
between groups
CON and ECC peak torque
(278◦ s− 1): no differences
between groups
Leg muscle mass: no
differences between groups

Caruso  et al.24 Healthy college-age
subjects
FW 9 (7/2)
GD 10 (7/3)
Control 9 (6/3)

FW:  seated leg press (Yoyo
Technology Inc, Sweden)
GD: standard leg press

Average peak torque 3
first reps at 180◦ s− 1

(Nm)

Estimated CSA
(cm2)

Average peak torque: no
differences between groups
CSA: no differences between
groups

Norrbrand
et  al.20

Healthy subjects
FW 7 male; 39.1 ±  SD
9.1
GD 8 male; 39.4 ±  SD
8.1

FW:  unilateral Knee
extension (Yoyo
Technology Inc, Sweden)
GD: knee extension (World
Class, Sweden)

MVIC at 90◦ and 120◦

(N)
Knee extension Power
(W)

Muscle volume
(ml)

MVIC 90◦: differences in favour
to FW*

MVIC 120◦: no differences
between groups

Norrbrand
et  al.21

Healthy subjects
FW 9 male; 38.8 ±  SD 5
GD 8 male; 39.4 ±  SD
8.1

FW:  unilateral Knee
extension (Yoyo
Technology Inc, Sweden)
GD: unilateral Knee
extension (World Class,
Sweden)

MVIC at 120◦ (N)
RFD

EMG-RMS (mV) MVIC: non-significant
differences
EMG-RMS: differences on
eccentric EMG in favour to FW*

CON: concentric; CSA: cross-sectional area; ECC: eccentric; EMG-RMS: electromyographic activity root-mean square; FW:  flywheel; GD: gravity-dependent; MVIC: maximum
voluntary contraction; RFD: rate of force development; (m/f): (male/female).

* Significance at p < 0.05.

were excluded. The most common reason for exclusion (7 stud-
ies) was that an FW resistance device was not used. Five references
were conference proceedings and were also excluded. In the end, 7
studies were included in the final review process.

The most relevant characteristics of the included studies are
summarized in Table 1a for RCTs and Table 1b for non-RCTs. For
an overview of the training parameters used in each study, see

Supplementary Table 1a for RCTs and Supplementary Table 1b for
non-RCTs.

Three individually RCTs22,39,54 involving 76 participants are
included in the review. Two RCTs39,54 assessed both male and
females while the other RCT22 assessed only males. Participants
in the RCTs were identified as either untrained54 or physically
active with limited experience in resistance training (less than 3
months).22 The ages differed between studies, from young22 to
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old54 and a mixture of ages.39 One study39 included participants
with a history of knee injury and did not report the training age
or experience of the participants. Exercise selection for both the
FW and GD groups was the same (knee extension).39,54 Instead, the
exercise differed between interventions in the other study (front
step (FW) and half squat (GD)).22 The duration of resistance train-
ing programs diverged from 6 to 12 weeks. The load used during
GD interventions were 10 RM,39 80% of 1 RM54 and also one study
used the load that elicited the maximum power output.22 During
FW interventions, one study did not mention the inertia used dur-
ing training,39 while the others used the inertia that elicited the
maximum power output.22,54

Four non-RCTs trials20,21,23,24 comprising 83 participants are
included in the review. Three of them20,21,23 assessed only male
while the other24 assessed both males and females. One study did
not report participant’s age24 while the others were performed in
middle-aged and old subjects. Participants in the non-RCT stud-
ies were identified as either healthy untrained23 or healthy.20,21,24

Exercise selection for both the FW and GD groups was  the same, leg
press23,24 or knee extension.20,21 The duration of resistance train-
ing programs diverged from 5 to 10 weeks. The load used during GD
interventions ranged from 7 RM to 10 RM.  During FW interventions,
two studies did not mention the inertia used during training,23,24

while the other two used a 4.2 kg flywheel with a moment inertia
of 0.11 kg m.2,20,21

The authors of the three RCTs22,39,54 were contacted to pro-
vide extra information on the study’s data. Only data from one
author could be obtained,39 one was extracted from the graphs22

and for the other, standard deviations from change scores were
calculated.54

Results of the risk of bias assessment are presented in Sup-
plementary Table 2a for RCTs and Supplementary Table 2b for
non-RCTs. For RCTs, the main source of bias was blinding of partici-
pants and outcome assessors. For the non-RCTs, moderate bias was
found relating to confounding factors inherent to lack of randomi-
sation, and also the blinding of outcome assessors and participants.

The three RCTs were included in the primary analysis.22,39,54

In the primary analysis for the primary outcome, changes in mus-
cle strength (MVIC), the pooled results showed no difference
(SMD = − 0.05; 95%CI − 0.51 to 0.40; p = 0.82; Fig. 2a). No hetero-
geneity was present I2 = 0% in this analysis.

The four non-RCTs20,21,23,24 were included in the secondary
analyses for the primary outcome (changes in muscle strength).
Two analyses were performed which only differed in the inclusion
of either the concentric or the eccentric peak torque from Caruso
et al.23 The pooled results showed no difference in any of the sec-
ondary analyses (SMD = 0.02; 95%CI − 0.45 to 0.49; p = 0.93; I2 = 0%;
Fig. 2b; and SMD  = 0.03; 95%CI − 0.43 to 0.50; p = 0.88; I2 = 0%;
Fig. 2c). Finally, analyses on secondary outcomes could not be per-
formed for any RCT or non-RCT due to heterogeneity of outcomes
between studies.

Within-groups effect sizes were calculated (post-hoc analyses)
for each study in order to present the magnitude of the effects of
each training intervention on primary and secondary outcomes for
RCTs and non-RCTs. On primary outcome for RCTs (Supplementary
Table 3a), small to large effects were present on MVIC and concen-
tric and eccentric peak force for both FW and GD interventions. In
addition, small effects were present on peak power for both FW and
GD interventions. On secondary outcomes, medium effects were
present for both FW and GD interventions. For the FW group, a
large effect on central neural activation but a small negative effect
on EMG-RMS was present, whereas small effects were present for
GD in both central neural activation and EMG-RMS. For non-RCTs
(Supplementary Table 3b), on primary outcome, small and medium
effect sizes were present on MVIC, whereas no effect or small effects

were present for concentric and eccentric peak torque. On muscle
volume and CSA, no effects were present for GD and small effects
for FW.

4. Discussion

In this systematic review and meta-analyses where the pri-
mary aim was  to determine whether FW resistance training was
superior to GD resistance training in improving muscle strength,
superiority of FW compared to GD resistance training could not be
documented.

A recent systematic review including a meta-analysis by
Maroto-Izquierdo et al.43 was published in 2017. The study inves-
tigated muscle size and functional adaptations to FW resistance
training compared to GD resistance exercise in athletes and healthy
subjects. While this study claimed to compare FW resistance train-
ing against GD resistance training on RCTs, most of the studies
included in the review did not use GD resistance training group as
a comparator.55 To the best of our knowledge, the present study is
therefore the first systematic review and meta-analysis to exclu-
sively provide Level 1 evidence of the efficacy of FW resistance
training compared to GD resistance training on muscle strength
and other muscular adaptations.

Our study reveals that for maximal voluntary isometric con-
traction (MVIC), no differences are present in RCTs between FW
and GD resistance training (SMD = − 0.05; 95%CI − 0.51 to 0.40).
Unfortunately, concentric and eccentric muscle strength measures
could not be included in the meta-analyses of RCTs, as only one
study39 covered this outcome. However, two non-RCTs23,24 were
included in the secondary analyses using measures of concentric
and eccentric muscle strength. The pooled results for non-RCTs
showed no differences on muscle strength in any of the secondary
analyses (SMD = 0.02; 95%CI − 0.45 to 0.49 and SMD = 0.03; 95%CI
− 0.43 to 0.50). Although CIs for these estimates overlapped both
groups, suggesting uncertainty in the point estimate, we interpret
these findings as being unclear and that more data are required to
improve confidence in the interpretation of these outcomes.

Based on post-hoc analyses, small to large within-group effect
sizes were found in RCTs for both FW and GD resistance training
interventions on muscle strength measures. Those results indicate
similar improvements in strength can be achieved using both resis-
tance training modes. In non-RCTs greater within-group effect sizes
were found for FW resistance training on MVIC strength measures
but greater within-group effect sizes were found for GD on con-
centric and eccentric measures of strength. The diversity on the
improvements could either be due to a lack of randomization, the
heterogeneity between participants or even differences in exer-
cise selection and loading used in each study. Nonetheless, those
results only represent within-group effect sizes and comparisons
between FW and GD cannot be drawn from these post-hoc anal-
yses. Other studies in the literature not using an active control
group, showed improvements on MVIC of 39%36 and 10–12%56 fol-
lowing 5 weeks of FW resistance training. Askling et al.37 found
improvements in both concentric and eccentric isokinetic strength
at 60◦ s− 1, after a FW resistance training intervention on the ham-
string muscle group. Fernandez-Gonzalo et al.18 found a 25% and
20% improvement on 1 RM for men  and women  respectively, after
6 weeks of training on a FW supine squat device without a con-
trol group. A previous systematic review with meta-analyses10

found no differences in MVIC improvements between partici-
pants exercising either eccentrically or concentrically suggesting
both training stimulus produce similar MVIC adaptations. Roig
and colleagues10 showed that eccentric training is more effective
at increasing eccentric strength and muscle mass than concen-
tric training. The large effect size found in Greenwood et al.39
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Fig. 2. (a) Strength changes (MVIC) of RCTs forest plot. (b) Strength changes of non-RCTs forest plot (concentric peak torque at 93◦ s− 1). (c) Strength changes of non-RCTs
forest  plot (eccentric peak torque at 93◦ s− 1).

on eccentric peak torque at 60◦ s− 1 after FW resistance training
might indicate a great stimulus for eccentric adaptations. However,
this point remains unclear at this moment since meta-analyses of
eccentric measures could not be performed due to lack of studies
covering this outcome and eccentric adaptations therefore need
further attention in future investigations.

Meta-analysis of other muscular adaptations could not be
implemented due to the heterogeneity of type of outcomes from
the included studies. Based on post-hoc analyses, both GD and FW
resistance training showed medium within-group effect sizes in the
increment of the vastus lateralis CSA.39 For non-RCTs, no within-
group effects were found for GD resistance training but small effects
were found for FW resistance training in CSA and muscle volume.
Similar increases were found in healthy men  and women after FW
resistance training, such as a 5% in leg muscle mass,18 a 6% in
muscle volume35 and a 7% in CSA.36 Other muscular adaptations
such fascicle length and pennation angles have been found to be
a 10% and 8% increase respectively after 5 weeks of FW resistance
training.36 As it has been demonstrated,57–60 concentric loading
leads to greater muscle pennation angles by adding sarcomeres in
parallel, and eccentric loading leads to longer fascicles lengths and

decreased pennation angles by adding sarcomeres in series, with
disparities between muscle groups. Pennation angles and fascicle
lengths adaptations after FW resistance training remain unclear
at present. In addition, on behalf of muscle volume and muscle
mass, FW resistance training shows some potential but no com-
parison against GD resistance training can be made at this point.
Importantly, considerations regarding (1) the equipment, such as
magnetic resonance imaging, computed tomography or ultrasound,
used to measure other muscular adaptations, (2) the methodology
and (3) reliability of the measures from practitioners are needed
in order to obtain valid results and be able to compare muscle
adaptations after training interventions.61

Based on post-hoc analyses, one of the RCTs54 analysed the
adaptations on muscle activation using EMG-RMS, while another
RCT39 analysed adaptations on the central neural activation using
the twitch superimposition technique. While Greenwood et al.39

found greater central neural activation, Onambélé et al.54 found
reduced muscle activation after FW resistance training. The only
non-RCT analysing muscle activation21 found that FW resistance
training increased the vastus lateralis activation (EMG-RMS) while
GD resistance training did not. The same study also showed that
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muscle activity was angle-specific depending on exercise mode.
During FW resistance training, the greater muscle activity was
present at the eccentric phase (almost isometric at 90◦), instead
during GD resistance training, the greater muscle activity was
present at the concentric phase near full extension at 150◦. This
greater eccentric muscle activation is indicative of greater mechan-
ical tension during the eccentric phase when using FW compared to
GD resistance training, resulting in more robust stimulus promot-
ing enhanced protein synthesis and eventually leading to greater
muscle hypertrophy.21 However, other factors such as nutrition,
recovery and the training methods used also need to be considered
when assessing muscle hypertrophy.4,62,63 Other studies confirm
the greater muscle activation during FW resistance training29,36,64

while others do not.35 Although muscle activity will not explain
muscle hypertrophy65,66 it will explain the intensity of a muscle’s
contraction. Hence, a combination of muscle activity and muscle
hypertrophy outcomes will be needed to monitor both training
adaptations.

Although meta-analyses of performance adaptations such as
jumping or sprinting were not the aim of this study, two  RCTs22,39

and one non-RCT24 reported outcomes on performance adapta-
tions. Greenwood et al.39 showed no difference between groups
on vertical jumping performance. de Hoyo et al.22 showed greater
effects after GD than FW resistance training in the counter-
movement jump and similar effects in change of direction sprints.
Finally, Caruso et al.24 showed similar adaptations on jumping per-
formances, but the FW group tended to be better on depth jumps
involving the longer stretch-shortening cycle, while the GD group
tended to be better on a four-jump test, where faster stretch-
shortening cycle is needed. It has to be mentioned that this study
combined the leg press exercise with a calf press exercise, which
may  have contributed to the greater performance in a four-jump
test. Therefore, further studies giving information regarding the
loading protocol (inertia) and the strategy used to stop the FW may
be needed in order to better understand adaptations to jumping
performance. Other studies in the literature have shown the effi-
cacy of FW resistance training on performance adaptations.25,27,37

Although more evidence is needed, the potential application of
FW resistance training to performance adaptations is promising
because of the high level of specificity that can be applied during
some tasks. Accordingly, in some sports where decelerations and
changes of directions are crucial, FW devices allow to include both
bilateral and unilateral exercises with an eccentric emphasis. Fur-
thermore, FW devices such as conic pulleys allow for performance
of exercises on a multi-planar accentuation – specifically in the
sagittal and transverse planes –, in order to produce performance
enhancements.25

While FW resistance training produces higher eccentric forces
compared to GD resistance training,21 when an appropriate strat-
egy is used, adverse effects such as injuries or delayed onset of
muscle soreness after FW resistance training have not been doc-
umented. However, as with any training mode, adverse effects
such as delayed onset of muscle soreness can be present but pre-
vented by appropriately progressing the loading scheme.67 Even
though a loading scheme for FW resistance training remains to
be established, the subjects can modulate their effort during FW
resistance training.16 As FW resistance training is an accommo-
dated resistance, it also permits to modulate the intensity during
the exercise.16 Therefore FW resistance training is considered to be
a safe training mode provided that is supervised by qualified pro-
fessionals and consistent with the needs, goals and abilities of the
subjects.

The main limitations of this study is that a very few RCTs on this
subject are published and that a wide range of the participants age
exists in the included studies. FW resistance training is a unique
training mode that is increasing its popularity among the research

community. However, more studies, preferably RCTs, are needed
in order to diminish the risk of bias as this will allow researchers
to draw more robust conclusions. In addition, more homogeneous
research on studies’ outcomes, exercise interventions (exercise
selection and loading) and subjects’ training experience is needed
to understand the efficacy of FW resistance training compared to
GD resistance training. Certainly, experienced athletes in FW resis-
tance training maximize the benefits of this training by having
greater coordination and using an appropriate technique.29 None
of the interventions of the included studies lasted longer than 12
weeks. The short-term nature of those interventions may  impede
to draw conclusions regarding the long-term effectiveness of FW
resistance training. For RCTs, the main source of bias was lack
of blinding of participants and outcome assessors. For the non-
RCTs, moderate biases were found relating to confounding factors
inherent to lack of randomisation, and also the lack of blinding
of participants and outcome assessors. Although the inclusion of
non-RCTs in the review broadens the spectrum of evidence, the
results from the RCTs should be considered the greatest source of
evidence.46 Another limitation of this review with meta-analyses
may  be the inclusion of power and rate of force development as
measures of strength. However, this limitation did not affect any
conclusions in relation to the primary outcome (strength), as no
data on power was included in the analysis regarding the primary
outcome. In the future it may  be important not to include measures
of strength and power in combination in future updates, and look
at these physical qualities separately.

5. Conclusions

This systematic review and meta-analyses showed that inertial
flywheel resistance training is not superior to gravity-dependent
resistance training on enhancing muscle strength. The conclusion is
based upon the current available literature where only three RCTs
qualified for meta-analysis. Data for other strength variables and
other muscular adaptations were insufficient to draw firm conclu-
sions. We  encourage practitioners to try to perform RCTs in order to
control for confounding variables and produce a convincing body
of evidence. Future research should aim to investigate eccentric
strength adaptations and performance and structural adaptations
in order to understand the role of inertial flywheel resistance train-
ing.

Practical implications

• Inertial flywheel resistance training is not superior to gravity-
dependent resistance training for muscle strength improve-
ments.

• Outcomes on eccentric muscle strength, muscle structural and
performance adaptations comparing inertial flywheel to gravity-
dependent resistance training could not be documented.
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