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Abstract

Background: Strength and power development are abilities important for athletic performance in many sports.
Generally, resistance training based on gravity is used to improve these qualities. Flywheel training instead utilizes
kinetic energy transferred to a flywheel. This allows for eccentric overload and variable resistance throughout the
movement.

The aim of this review was to identify the effects of flywheel training on multiple strength-related variables
affecting athletic performance. The meta-analysis investigates the effects on (1) muscle growth (cross-sectional area
(CSA) and volume/mass), (2) maximum dynamic strength, (3) development of power, (4) development of horizontal
movement, and (5) development of vertical movement.

Methods: The meta-analysis includes 20 experimental studies that met the inclusion criteria. The quality of included
studies was ranked according to the PEDro scale. Possible bias was identified in Funnel plot analyses. To enable the
compilation of all results analyses, the random effect model was carried out using the software Review Manager
Version 5.3 and presented with Forest plots.

Results: Flywheel training for a period of 4-24 weeks shows statistically significant increases in all strength aspects.
Effect sizes were for hypertrophy, CSA 0.59; volume/mass 0.59; maximum strength 1.33; power 1.19; horizontal 1.01
and vertical movement 0.85. The evidence is particularly strong for beneficial effects from flywheel training in the
development of maximal strength and power in trained younger individuals, and utilization of this training modality
in shorter more intensive blocks.

Conclusions: Flywheel training is an effective method for improving several aspects of strength and power with
importance for sports performance.
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quirement for sport-specific training in many complex
sports allows for less time and focus for improvement of
other more general but important qualities, like strength.
Therefore, strategies employed to increase the efficiency
of strength development are of great importance for
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developing resistance to injury and optimization of ath-
letic performance.

Many different methods to improve strength have
been suggested throughout the years, including the use
of free weights, weight stacks, resistance bands, and ma-
chines using liquid or air pressure as resistance [1]. A
training method to develop strength that has increased
in popularity during the past decades is flywheel train-
ing. Such devices consist of one or more flywheels con-
nected to a rotating shaft (Fig. 1). By pulling a band
wound on a shaft, the flywheel starts rotating. The con-
centric muscle activation thus transfers kinetic energy to
the flywheel. When the band is pulled to its maximum
length, the flywheel continues to spin and winds the
band on the shaft again requiring eccentric muscle ac-
tion to slow the kinetic energy of the flywheel. The more
inertia (kg m?), by using larger or additional flywheels,
the more force is required to increase the speed of the
flywheel [2]. Lower body eccentric training with flywheel
machines is mainly performed with a harness. Utilizing a
harness can reduce injury risk by distributing the center
of gravity throughout the movement, and thereby de-
creasing the length of the movement arm. In this way,
the stress and strain on the lower back in a squat can be
limited. The biomechanical benefits of a harness in fly-
wheel training decrease the technical skills necessary for
proper movement execution.

The aims of strength training are development of mus-
cular hypertrophy, maximal strength (force develop-
ment), and/or power. An increase in hypertrophy
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improves the possibility of developing force. There
seems to be a proportional relationship between hyper-
trophy and force. Power development is a product of
force multiplied by the velocity of the motion. Hence,
there is a correlation between force and power which is
in line with Newton’s second law of motion which speci-
fies that a greater force generates increased acceleration
if the mass of the object is constant. [3—6].

Strength and power correlate well with performance in
multiple sports requiring motion in the vertical and
horizontal plane [1, 7, 8]. Motion in the horizontal plane
(by acceleration) and “flying” sprints are mainly dynamic
repetitive movements that, on top of the initial concen-
tric contraction creating acceleration, stress the ability to
eccentrically slow down and stop the motion, where-
upon starting a new acceleration phase [9]. Eccentric
and concentric strength is thus of importance. A greater
ability of rapidly slowing the eccentric motion contrib-
utes to an increased amount of elastic energy build up in
the tissues and therefore an increased effect of the
stretch-shortening can be utilized. This contributes to
an increase in force in the concentric phase of the mo-
tion [10, 11].

Traditional gravitational-dependent resistance training
with free weights or weight stacks involves muscle action
against a constant external load [12]. The load in the
concentric phase of the movement in traditional resist-
ance training requires adaptation to the angle in the
range of motion where the external moment arm is the
longest. The length of the external moment arm varies

Fig. 1 A typical flywheel machine. Pictured is YoYo™ Ultimate Squat (model #215) with Hooper's Box. Courtesy by nHANCE™ driven by YoYo™
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with joint angle and the ability of the muscle to develop
force is affected by the length of the muscle and the in-
ternal moment arm (the moment arm of the muscle),
resulting in incomplete activation of muscle motor units
in traditional resistance training [12, 13]. In flywheel
training, on the other hand, the resistance is created by
an inner inertia in one or more flywheels. Flywheel train-
ing thereby allows for maximal resistance throughout
the whole range of motion and in every single repetition
in a set, irrespective of the internal and external moment
arm [2, 12, 14-17]. By adjusting the number of fly-
wheels, it is possible to attune the speed of the move-
ment and thereby manipulate the training to achieve the
desired training adaptations.

Flywheel training allows for, not only maximal muscle
activation in the concentric phase but also for short pe-
riods of increased resistance in the eccentric phase com-
pared to the concentric phase, also known as overload
[2, 12]. For example, overload is created by resisting the
eccentric force later in the eccentric range of motion.
An overload in the later stage of the eccentric phase of
the motion is possible even with conventional load alter-
natives, like dumbbell and barbell exercises. However,
the velocity of the object (e.g., dumbbell or barbell) in
the eccentric phase makes the object significantly more
difficult to handle, possibly increasing injury risk. In fly-
wheel training, the kinetic energy is almost constant and
independent of duration until eccentric muscle action to
slow down the eccentric phase of the lift. This means
that overload can be achieved in any part of the eccen-
tric phase and in a more controlled manner. Further-
more, by increasing the force applied in the concentric
phase, e.g., by the help of a trainer or by utilizing differ-
ent muscles, one can transfer more kinetic energy to the
flywheel, thereby creating more overload.

Unlike strength training using free weights, the load
on the targeted muscles will not be affected if other
muscles enter and assist in the concentric phase because
the force is applied against an intrinsic inertia when
using flywheel-based hardware.

Any type of training with eccentric overload is ef-
fective in promoting muscular hypertrophy [18] and
maximal strength [3, 19-21]. A recently published
meta-analysis concluded flywheel training with over-
load was superior for muscular hypertrophy, max-
imal strength, and power compared to traditional
strength training [22]. In addition, a study that in-
vestigated the effects of eccentric overload training
compared to isoinertial exercise showed greater in-
creases in maximal force production but no change
in cross-sectional area (CSA) in the eccentric over-
load group [23]. In support of this, a recent review
concludes the use of eccentric overload, not limited
by concentric strength, could be superior to
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traditional resistance training with regards to vari-
ables associated with strength, power and speed per-
formance [24]. Even though superiority is
questionable, flywheel training was shown in several
studies to be effective in developing muscular hyper-
trophy, maximal strength, and power [6, 12, 15, 16,
25-27]. The results of functional tests in the vertical
and horizontal plane, e.g., vertical jump, sprints, and
directional changes, showed positive results in both
acute and long-term studies [10, 28, 29].

Although flywheel training had positive effects on
strength, few systematic reviews or meta-analyses were
done with the aim of compiling its effects on strength and
power outcomes. A limitation with the existing studies is
the use of notably different protocols and executions. For
example, differences in muscle groups trained, sets and
repetitions performed, measuring tools and inertia used,
the age of the participants, and training experience are
some variables that vary widely among studies.

Meta-analyses were published on the effects of fly-
wheel training on the improvement of muscle strength
compared to conventional gravity-dependent resistance
training [30], eccentric overload and effects on muscle
size and functional capacities in athletes and healthy
subjects [22], or effects of chronic flywheel training on
muscle volume and force [31]. However, our analysis in-
cludes more studies than previous meta-analyses, more
recently published data, as well as comparative analyses
on the effects of flywheel training on well-trained indi-
viduals and novices. Therefore, the primary aim of this
meta-analysis was to identify the effect of flywheel train-
ing on strength-related variables affecting athletic per-
formance by examining and compiling relevant studies.

The objectives of this analysis were to investigate the
effect of flywheel training on muscle hypertrophy (CSA
and volume/mass), development of maximal dynamic
strength, development of power, displacement in the
horizontal plane, and displacement in the vertical plane.

Methods

This meta-analysis was conducted in accordance with
Preferred Reporting Items for Systematic Reviews and
Meta-analyses (PRISMA) statement guidelines [32, 33].

Search Strategy

Original articles published in English before August 2018
were located using the databases PubMed and SPORTDis-
cus. The search terms used to identify potential articles for
inclusion were “flywheel training,” “inertia training,” “fly-
wheel inertia,” “flywheel resistance training,” “flywheel re-
sistance exercise,” “training eccentric overload,” “flywheel
muscle exercise,” “isoload,” and “isoinertial.” These search
terms were used due to their association with flywheel

training. The authors of the 20 articles meeting the
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inclusion criteria for final analysis (Fig. 2) were contacted if
data relevant for this meta-analysis were lacking.

Study Selection

Type of Studies

Only original articles with an experimental design using
training interventions lasting between 4 and 24 weeks
were included in this meta-analysis, thus, no acute stud-
ies were included.

Study Participant Characteristics
Only studies in healthy men and women, without
age-restriction, were included in this meta-analysis. In
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the present review, the participants were divided be-
tween untrained, moderately trained, and well-trained.
Classified as untrained were individuals with no or min-
imal experience of resistance training and individuals
without the participation of programmed physical exer-
cise during the last six months. Moderately trained indi-
viduals were those who reported as recreationally active
and moderately active. If no distinction was apparent be-
tween untrained and moderately trained in the studies,
the individuals were classified as moderately trained.
Classified as well-trained were sport-participating indi-
viduals, elite athletes, and individuals with self-reported
high activity level.

Studies of potential relevance identified in the databases
PubMed and SPORTDiscus.
(n=426)

Studies excluded by screening abstracts for

Studies retrieved for detailed examination of the
information
(n=34)

v

inclusion criteria
(n=392)

Studies excluded after detailed consideration

Studies included for further contact with the authors
(n=21)

v

of the methods section for inclusion criteria
(n=13)

Studies excluded when incomplete

D> information could not be obtained from the
author.

(n=1)

Studies included for critical appraisal using PEDro scale
(n=20)

v

Studies included after examination according to PEDro
scale
(n=20)

Differentiation of the included studies investigated:
Hypertrophy (CSA n=5, volume/mass n=10)
Maximal strength (n=15)

Power (n=12)

Horizontal movement (n=>5)

Vertical movement (n=7)

Fig. 2 Flow chart of study selection for inclusion in the meta-analysis. n number of studies, CSA cross-sectional area
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Type of Intervention

Only studies measuring flywheel training and its effects
on muscular hypertrophy, maximal dynamic strength,
power, and displacement in the horizontal and vertical
plane were included in this meta-analysis. Four studies
included a non-training passive control group [6, 15, 26,
34]. Three studies performed flywheel training in-season
[30, 35, 36], two of which performed additional training
for the experimental group in addition to the standard
training performed by both groups [29, 37]. One of the
studies included a control group performing conven-
tional resistance training, including free weight strength
training [14]. Measurements of acceleration during 10
and 20 m and “flying” sprints was included in horizontal
displacement. In this paper, countermovement jump,
vertical jump, and drop jump were included in the cat-
egory displacement in the vertical plane.

Measuring Instruments

Studies measuring hypertrophy (CSA or volume/mass)
using magnetic resonance imaging (MRI), dual-energy
X-ray absorptiometry (DXA), or bioelectrical impedance
analysis (BIA) were included in this meta-analysis. Studies
using power measurements in the form of isokinetic de-
vices, linear encoders, or any form of measuring devices
connected to the flywheel apparatus when training were
approved for inclusion. Maximal strength measured with
free weights (1RM or 3RM) and hydraulically driven de-
vices with isokinetic dynamometers were included in this
meta-analysis. Only studies measuring horizontal displace-
ment using photocells or timing gates were included.
Force plates were considered the gold standard for meas-
uring vertical jump height [35]. Vertical displacement
measured using an optical sensor, contact plate, or with a
measuring stick with centimeter scale was included. Op-
tical sensors have been validated against force plates for
squat jump and countermovement jump and have shown
strong concurrent validity and excellent test-retest reliabil-
ity [38]. Measuring changes in jump height with
jump-mat has also proven valid [39].

Presented Results

Only studies presenting raw data in the form of absolute
values, or for which absolute values were obtained from the
authors upon request, were included in the final analysis.

Exclusion Criteria

Studies were excluded if the study participants were in a
state of energy deficit during the study period, in other
catabolic states like for example bed rest, under intake
of any medical supplement, or if the study used
engine-driven flywheel machines, or a flywheel machine
without a straight shaft. In cases where complete infor-
mation, ie., absolute values, of the variables investigated
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in present meta-analysis were not obtained after contact
with the authors, the studies were excluded.

Selection Process

The selection process is outlined in Fig. 2. The initial
search identified 426 studies of potential relevance.
However, after applying and screening for the inclu-
sion and exclusion criteria specified above, 20 studies
met the inclusion criteria and were thus included in
the meta-analysis [2, 6, 12, 15, 16, 26, 27, 29, 34, 36,
37, 40-48].

Quality Assessment

To increase the quality of the meta-analysis, analyses,
and conclusion, quality control was utilized [49]. The
methodological quality of all included studies was
assessed using the Physiotherapy Evidence Database (PE-
Dro) scale. Only studies exceeding three points on the
PEDro scale, meaning medium-level evidence, were in-
cluded in this meta-analysis (Pedro.org.au). The quality
assessment was performed, in concordance with the rec-
ommendations, by two independent researchers [49].

A funnel plot measures every individual study’s effect
based on the size of the study in relation to the differ-
ence between pre and post-test. If a funnel plot shows a
symmetrical shape centered around the area of mean ef-
fect of the studies, the identification and selection
process are considered to be devoid of bias [49]. Funnel
plots are presented as Additional file 1: Figures S1-S6.

Statistics and Data Analysis

To compare and quantify the results of the included stud-
ies, all gathered data were analyzed using the random ef-
fect model and presented in Forest plots. The obtained
values from the included studies were analyzed using the
program Review Manager (RevMan. Version 5.3.
Copenhagen: The Nordic Cochrane Centre, The Cochrane
Collaboration, 2014). Data were gathered from each study,
and required a mean value and + standard deviation (SD)
from pre- and post-test to be included. Data were then
published as the differences in means in our analyses. All
studies could include one value for every strength-related
variable. Studies containing several values for the same
variable were added and the SD was pooled according to
the equation presented in Fig. 3.

The effect sizes are presented in Forest plots with 95%
confidence interval (CI). The effect sizes are defined as
negligible (< 0.2), small (0.2-0.49), moderate (0.5-0.79),
large (0.8—1.19), very large (1.2-1.9), or extremely large
(>2.0) in accordance to Cohen [50] and Sawilowsky
[51]. Significance levels were set to p < 0.05. The changes
between pre- and post-test are also presented with a per-
centage, which is weighed in relation to the number of
participants.


http://pedro.org.au
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(n, — 1)SD? + (n, — 1)SD?

SD =

(ny +n, —2)

Fig. 3 The equation used for the calculation of pooled standard deviations. SD standard deviation, n number of study participants

Results

The 20 selected studies and subject characteristics are
presented in Table 1. One study presenting data on ver-
tical and horizontal displacement was excluded due to
lack of presented information [10]. The size of the inter-
vention groups in the included studies ranged from 7 to
37 and ages 17-69 years. Fourteen studies only included
male participants, no study used solely female partici-
pants, and 7 studies included participants from both
sexes. Regarding exercise selection, there was a large
variation (4 studies used squat, 2 used leg press, 11 used
knee extension, 2 used leg curl, 2 used lunges, 1 used
shoulder adduction and abduction, and 1 used elbow
flexion and extension).

Nine of the analyzed studies included well-trained in-
dividuals, six of the studies included moderately trained
individuals, and five studies included untrained individ-
uals. The degree of inertia in the included studies varied
between 0.07 and 0.145 kg m? The rest times between
sets varied between 1 and 5 min (1 study had 1 min, 1
study had 1.5 min, 11 studies had 2 min, 5 studies had
3 min, and 2 studies had 5 min). In four of the studies
[37, 44, 52], the intervention period coincided with the
competition season and the other 16 studies were per-
formed during pre-season or when there was no other
physical activity at the time of the study period.

Strength

Hypertrophy

Opverall, there was a significant increase in hypertrophy
of 7.4% in muscle CSA and 7.8% in muscle volume/mass
with moderate effect sizes after 5-8 weeks of flywheel
training 2—-3 times per week (Figs. 4 and 5).

Maximal Strength

Overall, a significant increase of 17.3% in maximal
strength was seen with a very large effect size from pre-
to post-test (Fig. 6). The post-test was completed after
4-10 weeks of flywheel training 1-3 times per week.

Power
Overall, a significant increase of 25.2% in power was
seen with a large effect size from pre- to post-test

(Fig. 7). The post-test was completed after 4—24 weeks
of flywheel training 1-3 times per week.

Functional Tests

Horizontal Displacement

Overall, a significant improvement of 2.4% in horizontal
displacement (i.e., decreased times) was seen with a large
effect size from pre- to post-test (Fig. 8). The post-test
was completed after 6-10 weeks of flywheel training 1-
3 times per week.

Vertical Displacement

Overall, a significant increase of 6.8% in vertical displace-
ment was seen with a large effect size from test pre- to
post-test (Fig. 9). The post-test was completed after 5—
24 weeks of flywheel training 1-3 times per week.

Discussion

In total, 20 studies met the inclusion criteria and mea-
sured one or more of the effects investigated. Of the
studies included, 12 assessed the effect on muscle hyper-
trophy, 15 on maximal strength, 12 on power, 5 on hori-
zontal displacement, and 7 on vertical displacement. The
studies included intervention periods of 4 to 24 weeks
with 2—4 sets, 6 to 34 repetitions, and rest periods of 1—
5 min between sets. The results from this compilation
show that flywheel training appears to be an effective
tool to develop strength and induce improvements in
functional tests. Below, these effects are discussed in re-
lation to various variables of strength and functional
tests.

This meta-analysis only includes studies on healthy in-
dividuals. Even though flywheel training was used previ-
ously in different types of patient groups for
rehabilitation purposes, the results from this review are
not necessarily generalizable to patients.

Strength
All included studies in this meta-analysis showed benefi-
cial results on strength variables after a period of fly-
wheel training.

However, the results, based on effect size, differ for
different dependent variables; the beneficial effect on
hypertrophy (CSA and muscle volume/mass) had a
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P
After Before Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Rand 95% CI
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Fig. 4 Forest plot showing effect size comparing pre and post-test muscle cross-sectional area during a period of 5 to 8 weeks of flywheel training
[15, 36, 42, 43, 47. [+] indicates positive effect of flywheel training. SD standard deviation, Std standardized, /V inverse variance, C/ confidence interval

moderate effect size (0.59 and 0.59), maximal strength
showed a very large effect size (1.33), and power showed
a large effect size (1.19) from flywheel training (Figs. 4,
5,6,7,8,and 9).

Hypertrophy

Twelve of the 20 included studies investigated muscular
hypertrophy. It is well known that resistance exercise
promotes both neural and muscular adaptations [53—
57]. In this meta-analysis, all 11 studies that investigated
both muscular hypertrophy and development of max-
imal strength during the same training period of 5-
10 weeks noted a greater relative increase in maximal
strength than in hypertrophy. This provides support for
previous research suggesting neural adaptations account
for the majority of strength development in the initial
3-8 weeks of strength training [1, 54, 56, 58].

The results from this meta-analysis show a mean in-
crease in muscular hypertrophy, muscle volume/mass of
0.20%, and cross-sectional area, 0.19% per day during 5-
10 weeks of flywheel training 2-3 times per week. In a
comprehensive review by Wernbom et al. [59], they ana-
lyzed 44 studies investigating healthy individuals (< 60 years
old) and their muscular development of quadriceps femoris
and biceps brachii after conventional resistance training
with a constant external load. In their review, the authors
concluded an increase in muscle hypertrophy of 0.03—

0.26% per day and a mean of 0.11% [59]. Interestingly, the
average number of days per intervention in the review by
Wernbom et al. [59] was 76 days compared to an average
of 41 days in the present meta-analysis. The finding of
similar total muscular hypertrophy between conventional
resistance training and flywheel training, despite substan-
tially shorter study duration in the flywheel studies, is inter-
esting, especially since the muscle hypertrophy response is
usually more prominent after several weeks [1, 54, 56, 58].
It is difficult to scientifically compare the difference in
training frequency using flywheel training due to the lim-
ited number of studies. Earlier data point toward a higher
effect after three sessions of conventional resistance train-
ing per week compared to once per week, even when
training volume was matched [59]. Training frequency
was recently suggested to be a key variable to induce
muscle hypertrophy [60]. However, there are studies ques-
tioning the validity of a larger muscle hypertrophy in-
crease after only 20 days, claiming the initial increase was
instead due to edema, as a result of muscle breakdown ra-
ther than an actual increase in muscle protein and muscle
tissue [61]. If this were to be the case, it could be specu-
lated that the maximal strength would decrease, which
was not the case in the studies included in this
meta-analysis. In the present data set, there seems to be
no correlation between the number of training sessions
per week and the increase of muscle CSA. The second
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Lundberg et al. 2012 (42) 1,250 274.5 10 1,129 256.58 10 7.3%  0.44 [-0.45, 1.33] —

Lundberg et al. 2014 (43) 1,279 242.05 10 1,228 238.62 10 7.4%  0.20[-0.68, 1.08) —_—

Naczk et al. 2016 (26) 278  0.51 20 2.44 0.5 20 11.7% 0.66 [0.02, 1.30] i

Naczk et al. 2016 (34) 43.49 4.17 37 39.18 4.4 37 16.1% 0.99 [0.51, 1.48] s

Norrbrand et al. 2008 (2) 1,380 235 7 1,300 210 7 5.5%  0.34[-0.72, 1.39] —
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Test for overall effect: Z = 4.21 (P < 0.0001) -1 [+]
Fig. 5 Forest plot showing effect size comparing pre and post-test muscle volume/mass during a period of 5 to 8 weeks of flywheel training [2, 16, 26, 27,
34, 36, 41-43, 45]. [+] indicates positive effect of flywheel training. SD standard deviation, Std standardized, IV inverse variance, Cl confidence interval

J




Petré et al. Sports Medicine - Open (2018) 4:55 Page 10 of 15
P
After Before Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Rand 95% CI
Askling et al. 2003 (40) 163.5 24.08 15 139.5 22.55 15 6.5% 1.00 [0.24, 1.77]
Bruseghini et al. 2015 (36) 204.5 30.32 12 192.25 25.28 12 6.4% 0.42 [-0.39, 1.23] T
Caruso et al. 2005 (41) 118.25 11.43 10 11555 1222 10 6.2%  0.22 [-0.66, 1.10] —1
Fernando Gonzalo et al. 2014 (27)  289.8 14.53 32 2358 9.92 32 6.1% 4,29 [3.38, 5.20) —_—
Lundberg et al. 2012 (42) 279.5 60.01 10 217.5 33.06 10 6.0% 1.23 [0.25, 2.20] =
Lundberg et al. 2014 (43) 277 44.84 10 250 35.53 10  6.2%  0.64 [-0.26, 1.54] 1
Maroto-lzquierdo et al. 2017 (44) 290.3 12,5 15 2587 9.5 15  5.8% 2.77 [1.73, 3.81] _—
Naczk et al. 2014 (6) 99,5 16.32 33 87.64 16.38 33  7.2% 0.72 [0.22, 1.22) —_—
Naczk et al. 2016 (26) 245 18.16 37 195 20.81 37  6.9% 2.53 [1.91, 3.15] S
Naczk et al. 2016 (34) 142.25 14.46 20 124 17.47 20  6.8% 1.12 [0.44, 1.79] e
Norrbrand et al. 2008 (2) 503.5 94.75 7 468 80.69 7 5.7%  0.38[-0.68, 1.44] ——
Norrbrand et al, 2010 (12) 622 91 ] 575 90 9 6.1%  0.49 [-0.45, 1.44] e
Owerkowicz et al. 2016 (47) 184,98 26.56 17 160.83 23 17 6.7% 0.95 [0.24, 1.66] —_
Owerkowicz et al. 2016 (47) 291.5 43.87 17 247 4069 17  6.6% 1.03 [0.31, 1.75] ——
Sabido et al. 2017 (48) 132.4 7.2 11 1159 107 11  5.9% 1.74 [0.73, 2.75] —_—
Seynnes et al. 2007 (15) 273.9 43.53 7 197.5 27.01 7 4.9% 1.97 [0.62, 3.33)
Total (95% CI) 262 262 100.0% 1.33 [0.82, 1.83] e
Heterogeneity: Tau® = 0.86; Chi* = 91.61, df = 15 (P < 0.00001); I* = 84% _54 — 3 1 ‘i
Test for overall effect: Z = 5.16 (P < 0.00001) -] [+]
Fig. 6 Forest plot showing effect size comparing pre and post-test maximal strength during a period of 4 to 10 weeks of flywheel training [2, 6, 12, 15, 26, 27,
34, 36, 40-44, 47, 48]. [+] indicates positive effect of flywheel training. SD standard deviation, Std standardized, IV inverse variance, CI confidence interval
.

greatest muscle hypertrophy response of 0.27% increase
per day was noted in a study with only two training ses-
sions per week during a 5-week period [47].

Eight of the 12 included studies measured increases in
hypertrophy using MRI, which is considered the gold
standard for this type of measurements [62]. In addition,
many studies included strategies for minimizing the risk
of this error in their study design, for example by allowing
the participants to lie down 30—60 min before MRI mea-
surements [63]. Two of the studies performed measure-
ments using DXA, which, according to those authors,
correlates well with MRI [27].

For optimal hypertrophy, it is suggested that training
should be performed until complete voluntary muscle ex-
haustion [64]. Significantly higher metabolic and percep-
tual fatigue was shown with flywheel training compared to
resistance training with a Smith machine. [8] An increased
physiological stress was also demonstrated, but without
significant differences in muscle fatigue when comparing
barbell squat training and squats with a flywheel device

with the same sets and repetitions [65]. In these studies,
the relative load (% of 1RM) was different for the flywheel
training (all-out) and the traditional weight training proto-
cols (75—85% of 1RM), potentially affecting the outcome.

Maximal Strength

The development of maximal strength was the dependent
variable with the largest effect size in this meta-analysis,
1.33. Maximal strength is a combination of both neural
and muscular factors. As mentioned previously, the neural
factors are responsible for the initial strength increases
during the training period. Therefore, the greater relative
increase in strength compared to hypertrophy after fly-
wheel training is not surprising [1, 54—56, 58].

It is well documented that untrained individuals experi-
ence a greater response in strength than trained individ-
uals [1]. The results from this meta-analysis show,
surprisingly, the opposite relationship. The percentage in-
crease in well-trained individuals, 0.41% per day, exceeds
the increase in untrained individuals, 0.23% per day. In a

After Before Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
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Nifez et al. 2018 (45) 7.92 168 27 6.09 133 27 9.4% 1.19 [0.61, 1.77) ——
Onambele et al. 2008 (46) 1,075 161 12 841 125 12 7.4% 1.57 [0.63, 2.50]
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Total (95% CI) 241 241 100.0% 1.19 [0.76, 1.63] .
Heterogeneity: Tau® = 0.44; Chi® = 48.74, df = 11 (P < 0.00001); P = 77% — — ) } j
Test for overall effect: Z = 5.38 (P < 0.00001) ] [+]
Fig. 7 Forest plot showing effect size comparing pre and post-test power during a period of 4 to 24 weeks of flywheel training [2, 6, 26, 27, 34,
37,4246, 48]. [+] indicates positive effect of flywheel training. SD standard deviation, Std standardized, /V inverse variance, C/ confidence interval
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Fig. 8 Forest plot showing effect size comparing pre and post-test horizontal displacement during a period of 6 to 10 weeks of flywheel training
[29, 40, 44, 45, 48]. [-] indicates positive effect of flywheel training, i.e. decreased times. SD standard deviation, Std standardized, IV inverse

0
[-] [+]

meta-analysis on traditional strength training, the authors
conclude that untrained individuals develop maximal
strength most effectively with moderate loads, corre-
sponding to 60% of 1RM, with four sets, three times per
week [66]. Moderately trained individuals, on the other
hand, obtain the greatest response with loads at 80% of
1RM, two times per week performing four sets [66].
Well-trained individuals seem to need a greater relative
load, 85% of 1RM, and a training volume of eight sets per-
formed two times per week for optimal strength develop-
ment. However, designing the optimal training program
requires consideration of many variables as well as a focus
on specificity and individualization. Since study partici-
pants included in this meta-analysis were requested to
produce maximal acceleration of the flywheel with each
repetition, and the number of training sessions per week
ranged from 1 to 3 sessions, the resulting load could po-
tentially have become too heavy for the untrained individ-
uals and more optimal for the moderately trained and
well-trained participants. One dilemma with such a hy-
pothesis, however, is that higher load requires an in-
creased neural activation which likely is beneficial for
strength development [67, 68].

Skeletal muscles have the ability to produce between
20 and 50% more force in the eccentric compared to the
concentric phase of the motion [12, 13]. Therefore, max-
imal eccentric training could be speculated to be an ef-
fective way to achieve maximal neural activation.

The ability to activate the muscle seems to differ be-
tween trained and untrained individuals [69-71]. The
accommodated resistance from the flywheel means that
the intensity is completely controlled by the effort of the
individual. This allows for a high muscle activation both
in the concentric and eccentric phase of the movement,
which seems to benefit more trained rather than un-
trained individuals. A possibility is that stronger individ-
uals, who have some experience in strength training, can
be more active during both concentric and eccentric ac-
tions, and therefore acquire greater gains. It should also
be noted that the mean study period was similar in
length for the untrained (44 days) and well-trained
group (43 days) in this meta-analysis.

The results from this meta-analysis also show that
younger individuals (< 39 years old) [2, 6, 12, 15, 26, 27,
34, 40, 42-44, 47] seem to get greater benefits from fly-
wheel training compared to older individuals (> 59 years
old) [36, 41] (0.47% and 0.07% increase per day, respect-
ively). This was observed even though the average num-
ber of days per intervention for the older individuals was
63 days compared with 39 days for the younger individ-
uals and with no great difference in training frequency.
As we grow older, the amount of muscle mass is reduced,
called sarcopenia. This reduction seems to be mediated by
both muscular and neural factors, and after 60 years of
age, this reduction is accelerated which could be a possible
explanation for the higher force development seen in
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Fig. 9 Forest plot showing effect size comparing pre and post-test vertical displacement during a period of 5 to 24 weeks of flywheel training [27, 29,
34, 37,44, 45, 48]. [+] indicates positive effect of flywheel training. SD standard deviation, Std standardized, IV inverse variance, C/ confidence interval
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younger individuals compared to older individuals with
flywheel training [72, 73].

A relationship exists between the ability of a muscle to
develop force and the contraction velocity when lengthened
or shortened. As speed in the concentric phase increases,
the muscle’s ability to develop high force decreases [74—77].
Therefore, a progressively increased load is recommended
for continuous development of strength to avoid the risk of
an excessively rapid concentric phase of the movement [11,
62]. None of the included studies used progressively greater
inertia during the training period. This means that as the
subjects became stronger, the speed of the flywheel in-
creased. Thus, the relative degree of muscle activation prob-
ably decreased the stronger the study participants became
and the neural activation, therefore, became suboptimal.

As a comparison, a 19% increase in maximal strength
was observed after conventional heavy resistance train-
ing in untrained middle-aged women and older men
during a period of 12 weeks [78]. The results from this
meta-analysis show an average increase of 9.6% in max-
imal strength for untrained individuals. However, this
was during a shorter intervention period of 6 weeks, and
thus it seems reasonable to conclude flywheel training is
as effective as traditional resistance training for the de-
velopment of maximal strength.

Power

Similar to the development of maximal strength, fly-
wheel training seems to cause greater improvements in
power for well-trained individuals compared to un-
trained and moderately trained individuals. The average
power development in well-trained individuals was +
0.60% per day, compared to an increase of + 0.44% and
+0.32% for moderately trained and untrained individ-
uals, respectively. Since force together with velocity con-
stitutes power, it is therefore not surprising that power
development follows a similar trend as maximal strength
following training programs with similar volume and in-
tensity conditions during the intervention period.

Functional Tests

Tests such as jumps, accelerations, and sprints are clas-
sified as functional tests. Improvements in muscle hyper-
trophy maximal strength and ability to develop power
do not always carry over to athletic performance. In con-
trast, improvements in functional tests usually carry over
to a higher extent. Based on the effect sizes, all the in-
vestigated components of the functional tests improved;
horizontal displacement with a large effect size of 1.01
and vertical displacement also with a large effect size of
0.85. It should be noted that a large effect on functional
tests with greater athletic specificity is probably more
relevant to athletic performance than a higher effect size
in a less functional test (i.e., with less athletic specificity).
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Horizontal Displacement

This meta-analysis reveals that displacement in the horizon-
tal plane was one of three variables with the highest improve-
ment following flywheel training. The differences in effect
size between different distances in short straight sprints could
be dependent on the degree of activation of different muscles
at different distances. For example, due to changes in run-
ning techniques at different velocities, the hamstring muscu-
lature, adductor magnus, and gluteus maximus musculature
could likely be more activated in 30-m “flying” straight
sprints compared to 10-m sprints from a stationary position
[79, 80]. The specific muscles used in the training and sprint-
ing would produce greater improvements in one test com-
pared to another, and it is therefore important to choose
training and tests based on the principle of specificity.

Vertical Displacement

Seven of the 20 included studies measured the effect of
flywheel training on functional tests in the vertical direc-
tion, e.g., squat jump, countermovement jump, or drop
jump. Six of the studies included well-trained individuals
and study designs differed regarding the number of ses-
sions per week and the length of the intervention period.
The protocol for one study [34] differed from the other
studies in that it utilized a high repetition protocol with
high velocity. This study showed the greatest improve-
ment, +10.8%, in vertical displacement, despite having
the highest baseline value (44.56 cm) and the shortest
intervention period (4 weeks versus 5-24). Thus, a high
speed for flywheel training seems effective in improving
vertical displacement on functional tests.

Conclusions

Practical Application

Flywheel training seems to be a useful load-alternative
for development of several variables of strength and to
improve results on functional tests. Many of the flywheel
machines also offer immediate real-time feedback on
several training variables, which can be used to guide
training intensity and volume.

Beneficial training protocols with flywheel-based hardware
seem to utilize a compressed and intense protocol for a
shorter time. Furthermore, according to this meta-analysis,
flywheel training appears to be more effective in well-trained
individuals than in untrained. Additionally, our analysis
showed that younger individuals get a more robust response
following flywheel training compared to older individuals.

Limitations and Future Research Directions

This meta-analysis provides new information on the ef-
fectiveness and relevant application of flywheel training
for athletes. However, it should be noted that this paper
has some limitations. One limitation is the lack of pas-
sive control groups in 16 of the 20 included studies. The
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main reason for using such a design is probably due to
the assumption that a control group would likely stay at
baseline and flywheel training could, therefore, be com-
pared to a theoretical control group. This supposition is
supported by all the studies that used a passive control
group [6, 15, 26, 34]. When the number of studies on
flywheel training increases and more studies have in-
cluded a passive control group, including only these
studies in a future meta-analysis would provide more ro-
bust scientific evidence. Furthermore, one study present-
ing values for vertical and horizontal displacement was
excluded due to lack of complete information [52].

Difficulties arise regarding standardization of range of
motion and break force with an accommodated resist-
ance. The accommodated resistance impairs the
standardization of methods and the possibility of com-
paring force production between study participants, thus
complicating evaluation of the individual training
response.

It should be noted that the degree of inertia has not
been considered. This is because inertia is affected by
many variables beyond the size, number, and weight of
the flywheel, variables that have not been reported in the
published studies, e.g., the width of the axis, the thick-
ness of the strap/belt, and the friction coefficient affects
the inertia. Thus, the degree of inertia can vary consider-
ably among flywheel machines from different producers
despite using the same size, number, and weight of the
flywheel. Studies investigating the difference between
groups training with different inertia but with a similar
number of sets and time under tension fail to show sig-
nificant differences in maximal strength, power, and
functional tests in the vertical direction during an inter-
vention period of 4-5 weeks [6, 26]. An intervention
period of 4—5 weeks was probably too short for the iner-
tia to be a crucial factor in these studies.

Finally, the results from this meta-analysis should be
interpreted with caution due to the relatively low num-
ber of studies included, especially for hypertrophy, hori-
zontal, and vertical displacement. To provide more
nuanced analyses and more robust evidence, there is a
need for a greater basis of studies investigating and com-
paring different setups and variables.

At the present date, there is a scarcity of studies inves-
tigating relevant outcomes for sports performance, such
as change of direction, and level of inertia, from flywheel
training. Future research should, therefore, aim to ad-
dress questions like “Does the effect differ between chil-
dren and adults?”, “Is flywheel training an effective
training modality for improving sports performance in
children and adolescents?”, “Can a protocol utilizing a
progressively increased resistance (by increasing the in-
ertia as the subjects increase their strength throughout
the intervention period) result in superior effects?”
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Summary
Flywheel training is a strength training modality offering
the possibility of performing exercises with eccentric
overload and variable resistance that therefore differs
from conventional gravity-based resistance training. Fly-
wheel training seems to be a viable alternative to regular
resistance exercise with comparable positive strength
and hypertrophic adaptations in untrained, moderately
trained, and well-trained individuals, with, surprisingly,
greater strength improvements in the well-trained group
and among younger individuals.

In conclusion, flywheel training is an effective method
for improving several aspects of strength and power with
importance for sports performance.
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