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Abstract
While many studies investigated inter-limb asymmetries (ILAs) in different athletes, little is
known about ILAs in the population of gymnasts. The first aim of our study was to compare
differences between gymnasts and their non-gymnast peers in isometric knee maximal and
rapid strength parameters (peak torque - PT and rate of torque development - RTD) and
countermovement jump (CMJ) parameters (height, maximal force), as well as in ILAs in all
outcome measures. The second aim of the study was to assess the relationship between ILA of
maximal force and the ILAs of the isometric knee strength parameters. 15 gymnasts (aged
11.19 + 1.89 years) and 15 non-gymnasts (aged 10.92 + 1.96 years) performed unilateral
isometric maximal voluntary contractions of the knee flexors and extensors on a dynamometer
and CMJ on a force plate. ILAs were calculated and compared between groups across all
outcome measures. We found that gymnasts reached statistically significant better results
than non-gymnasts in most isometric knee strength parameters and CMJ height, but not on
RTD of left knee flexion and maximal force in the CMJ. Meanwhile, we did not find
significant differences between groups in ILAs. Linear regression showed no correlations
between the ILAs measures separately for the groups. Even though we did not find any
differences between the groups in the ILAs, we should be aware of it to prevent injury in
young girls.

Keywords: isometric knee strength, countermovement jump, artistic gymnastics.

INTRODUCTION

Artistic gymnastics is characterized by
early inclusion and consequently early
specialization, with the goal of competing
at an elite level (Caine et al., 2003).
Therefore, the training routine of gymnasts
lasts between 16 to 30 hours (Buckner,
Bacon & Bishop, 2017; Caine et al., 2003,
2008; Frutuoso, Diefenthaeler, Vaz &
Freitas, 2016; Hart, Meechan, Bae,
D'Hemecourt & Stracciolini, 2018) and
even up to 40 hours per week (Caine et al.,
2003; Edouard et al., 2018; Frutuoso et al.,

2016; Hart et al., 2018). Such exposure to
a large number of training hours and high
level of gymnastics are associated with an
increased incidence of injury (Edouard,
Steffen, Junge & Engebretsen, 2018;
O’Kane, Steffen, Junge & Engebretsen,
2011; Saluan, Styron, Ackley, Prinzbach &
Billow, 2015; Seegmiller & McCaw,
2003). The injuries in female gymnasts
most commonly occur at the lower
extremities, particularly at the ankle and at
the knee (Kirialanis et al., 2002; Kirialanis,
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Malliou, Beneka & Giannacopoulos, 2003;
O’Kane et al., 2011; Seegmiller & Mccaw,
2003; Slater, Campbell, Smith & Straker,
2015; Sweeney, 2020). Most studies report
these injuries occur during
landing/jumping  (Moresi,  Bradshaw,
Thomas, Greene & Braybon 2013;
Seegmiller & Mccaw, 2003; Slater et al.,
2015).

Imbalances (e.g., during movement)
and body asymmetries can lead to injury
risk. Asymmetries can be present between
agonist and antagonist muscles, or between
sides of the body (i.e., the inter-limb
asymmetries (ILAs) (Keelley, Plummer &
Oliver, 2011). ILAs can be calculated as
the difference between stronger and
weaker, dominant and non-dominant, right
and left, or injured and non-injured limbs.
ILAs > 15% have been found to place the
athletes at higher risk of injury compared
to those who have less than 15% of ILAs
(Croisier, 2004; Kabacinski, Murawa,
Mackala & Dworak, 2018; Knapik,
Bauman, Jones & Harris, 1991; Murphy,
Connolly & Beynnon, 2003). Meanwhile,
Lilley, Bradshaw & Rice (2007) suggested
that ILAs > 10% already pose a risk of
injury to gymnasts.

When we talk about asymmetries, it is
crucial to detect the risk of injury to
gymnasts. Due to the large number of
jumps/landings (Kirialanis et al., 2002), the
tasks that are associated with most injuries
in gymnastics, it is necessary to evaluate
the strength and explosive qualities that are
crucial in the context of gymnasts’
physical abilities and fitness level
(Impellizzeri, Rampini, Maffiuletti &
Maroca, 2007; Michel, Moném &
Rodriguez, 2014; Moresi, et al., 2013). In
recent years, detecting ILAs in athletes’
populations to prevent lower extremity
injuries has become a popular topic. For
evaluating strength parameters, lower limb
dynamometry is the most commonly used
task (Smajla, Knezevic, Mirkov &
Sarabon, 2020; Thompson, et al., 2013;
Wilson & Murphy, 1996). Variables
representing the strength profile and

muscle strength deficit are peak torque
(PT) and rate of torque development
(RTD) obtained during maximal voluntary
contraction (MVC). RTD is more relevant
for the rapid strength production than PT,
which is less a sensitive measure in the
sports that include movement duration of
less than ~ 100-200ms (Palmer et al., 2015;
Sarabon, Kozinc, Bishop & Maffiuletti,
2020; Thompson, et al., 2013) and may
also be wuseful to distinguish between
athletes versus non-athletes. For detecting
explosive power capacity (e.g., jumping
performance), the countermovement jump
(CMJ) is a widely used test in gymnastics
(Dallas, Savvathi, Dallas & Maridaki,
2019; Donti, Tsolakis & Bogdanis, 2014;
Marina & Torrado, 2013; Michel, Monem
& Ferran, 2014; Pentidis, Mersmann,
Bohm, Giannakou, Aggelousis &
Arampatzis, 2019) and other sports (Bell,
Sanfilippo, Binkley & Heiderscheit, 2014;
Bencke, Damsgaard, Saeckmose, Jorgensen,
Jorgensen & Klausen, 2002; Bishop, Read,
Chavda, Jarvis &  Turner, 2019;
Impellizzeri et al., 2007; Petrigna et al.,
2019; Schons et al., 2019; Sarabon,
Smajla, Maffiuletti & Bishop, 2020;
Thompson et al., 2013;Young, Cormack &
Crichton, 2011). Moreover, it is considered
a reliable and valid test (Fernandez-Santos,
Ruiz, Cohen, Gonzales-Montesion &
Castro-Pifiero, 2015; Markovi¢, Dizdar,
Juki¢ & Cardinale, 2004). CMJ is a
vertical jump that can be performed in
different ways, such as unilateral or
bilateral, with arm swinging or held at the
hip, or with additional loading (Young et
al., 2011).

This study aimed: a) to compare
differences in strength and power
parameters between gymnasts and their
non-gymnast peers, and b) to examine the
relationship ~ between @ CMJ  ILAs
parameters and knee isometric strength
parameters (knee flexion and extension
parameters - Tmax, RTD), separately for the
observed groups. Knee strength parameters
and lower limb explosive power are
important for performance and injury
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prevention in gymnasts. Practitioners
should be able to detect ILAs and provide
interventions to reduce them if needed. It is
useful to know whether ILAs in multi-joint
movement are related to single-joint ILAs,
both from the testing and the intervention
perspective. The rationale for the
comparison to the control group was to
explore whether the selected ILA
outcomes can be attributed to specific
adaptations to gymnastic training or are
present in young people in general.

METHODS

Fifteen female artistic gymnastic
athletes (age: 11.19 + 1.89 years; height:
143.63 £12.28 cm; weight: 37.25 + 10.34
kg; BMI: 17.62 + 2.40; training years 3.4 +
1.8; weekly training hours: 22 + 6) and 15
similar-aged female non-gymnast controls
(10.92 + 1.96 years; 146.71 = 11.28 cm;
35.80 = 11.03 kg; BMI: 16.36 + 3.04)
participated in the study. Inclusion criteria
for our sample was age between 9 and 15
years. The main inclusion criteria for the
non-gymnasts were a maximum of 2 hours
of physical activity peer week and no
skeletal, muscles, nerve or connective
tissue injuries during the last 12 months.
Inclusion criteria for the gymnasts were
good physical health during the
measurements and participation in the
training process of one of the gymnastic
clubs in Slovenia (e.g., SK Salto).

The study was conducted in
accordance with the Declaration of
Helsinki and the experiment was approved
by the National Medical Ethics Committee
of the Republic of Slovenia for research on
children and adolescents, obtained on 23
of January 2018, (Approval No: 0120-
631/2017/2). The subjects, their coaches
and their parents/legal guardians were
informed about the testing procedures and
provided written informed consent prior to
the study.

The study was performed in the
laboratory of the Faculty of Health
Sciences, University of Primorska. The test

session lasted approximately 90 min per
participant.  The  participants  first
completed a 6-min walk on a stepper,
followed by dynamic stretches of the main
muscle groups, and an activation exercise
— 10 squats. The study consisted of five
different sections: a) dynamometry of
trunk, knee and ankle, b) lower limb
passive range of motion assessments, c)
handgrip and shoulder strength tests, d)
jumps on a force plate, and e)
dynamometry of hip. The order of the
sections was randomly determined for each
participant. In the present work we will
consider measurements of isometric knee
strength and CMJ on a force plate. Prior to
the main measurements, participants
underwent familiarization trials of each
tasks (knee dynamometry and CMJ).

For the strength tests, the participants
were seated in an isometric knee
dynamometer (S2P, Science to Practice,
Ltd., Ljubljana, Slovenia). The knee angle
was set to 60° (0° = full extension) and the
hips were set at 100° (0° = neutral
position). Each participant was tightly
fixed over the distal thigh and pelvis by a
tight belt. The distal shin pad of the
dynamometer was fixed with a strap 3-5
cm proximal to the medial malleolus. The
seat position was individually adjusted and
during the measurements, the participants
were holding the hand grips along the seat
(Figure 1). The participants were instructed
to perform the tasks “as fast and as
forcefully as possible” (Maffiuletti et al.,
2016; Sleivert & Wenger, 1994) and to
maintain the maximal effort for 3-5 sec.
After the familiarization, the participants
performed 3 maximal  voluntary
contractions (MVC) per task (flexion (FL)
and 3 extensions (EX)) unilaterally, in a
random order. The participants were loudly
verbally encouraged throughout the trial in
order to facilitate maximal effort. Between
each trial on the same side, the participants
rested for 30s, and for 60s when they
needed to switch the leg. The rest interval
was determined in accordance with
previous studies (Harbo, Brincks &
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Andersen, 2012; Koblbauer et al., 2011;
Kozinc & Sarabon, 2020; Sarabon et al.,
2020). We analysed both the maximal
torque (Tmax) and the rate of torque
development (RTD) at 0-100ms time
window. For all tasks the peak torque was
determined as the maximum value in a 1-
second interval. The outcome measures of
isometric knee strength were normalized
with the body weight of participants.

dynamometer.

The jumping tests were performed on
a Dbilateral force plate (Kistler 3D,
9260AA, Winthertur, Switzerland). After
familiarization trials, the participants
performed 3 maximal countermovement
jumps (CMJ). The rest between repetitions
was at least 30 seconds. The participants
were instructed to jump ‘“as high as
possible” and verbal encouragement was
given to ensure maximal effort. The jump
task was performed with the hands on the
hips (Figure 2). The outcome measures
were automatically calculated from the
force-time data by the acquisition software
(MARS, Kistler, Winthertur, Switzerland).
The outcome measures that we included in
the analysis were: a) jump height from
take-off velocity, maximal force of the left
leg, and maximal force of the right leg.

Figure 1. Participant in the isometric knee |

Figure 2. Position of the hands during
vertical jump.

For all outcome measures of jumps
(height, maximal force of the left leg —
FmaxL, maximal force of the right leg —
FmaxR) and isometric knee FL and EX
strength (Tmax and RTD), the maximal
value of the three trials for each task and
each side was considered for calculating
inter-limb asymmetry (ILA), using the
equation:

stronger - weeker limh)

fnter ~ limb asymmetry (%) ( stongerlnb

Statistical analysis was conducted
with IBM SPSS Statistic 26 (IBM, New
York, USA). For all outcome measures we
calculated descriptive statistics (mean
value + standard deviation, minimum and
maximum value). We used the intraclass
correlation coefficient (ICC) to test the
intra-rater reliability of the strength and
jump measurements, which reflects the
variation of data measured by 1 rater. ICCs
were interpreted according to Koo and Li
(2016), where ICC >0.90 = excellent,
0.75-0.90 = good, 0.50-0.74 = moderate
and <0.50 = poor. Before analysing the
differences, we tested normality of
distribution using the Shapiro-Wilk test.
To determine the differences between
gymnast and non-gymnasts in the strength
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parameters of the knee and CMJ
parameters, we used the t-test for
independent  samples  for  normally
distributed parameters and Mann-Whitney
U-test for the non-normally distributed
parameters. To determine the effect size
(ES) between the two observed groups
(GG and NG), we used Hadges'g (i.e.
corrected effect size) due to the small
sample size (below 20). The associations
between ILA outcomes were assessed with
Pearson correlation coefficient which was
interpreted as negligible (< 0.1), weak
(0.1-0.4), moderate (0.4—0.7), strong (0.7—
0.9) or very strong (> 0.9) (Akoglu, 2018).
To investigate if the ILAs in single-joint
strength outcomes could predict ILA in
CMJ, we used a multiple linear regression,
whereby the dependent variable was ILA
of the maximal force during CMJ, while
independent variables were those of the
ILAs of the knee isometric strength (KFL
Tmax, KEX Tmax, KFL RTD, KEX RTD).
Significance level was set at a < 0.05.

RESULTS

From analysis of isometric knee
strength, we excluded 1 participant from
gymnasts due to the injury. Also, we
excluded 1 participant from gymnasts
(injury) and one non-gymnasts (incorrectly
performed jump) from the analysis of
CMJ. Note that we considered three
measurements per participant that were
included in the analysis of the reliability
test, that demonstrated for the isometric
knee outcomes and for the CMJ outcomes,
good test reliability, with the confidence
interval spanning from moderate to
excellent (0.80; range = 0.65 - 0.95; 0.80;
range = 0.67 - 0.98, respectively).
Bogdanis et al. (2019) detect excellent ICC
for the CMJ height of the young gymnasts
(0.94).

Descriptive  statistics and  the
differences between gymnasts and non-
gymnasts in all outcome measures of the
isometric  knee strength and CMJ
parameters are presented in Table 1.
Statistically significant differences
between groups (p < 0.05; ES = 0.94 —
1.19) were found in most of the isometric
knee strength and in the height of the CMJ
(p = 0.02; ES = 0.86), in favor of
gymnasts. Meanwhile, there were no
differences detected in the parameter of
KFL RTD left (p =0.13, ES = 0.56), and in
the maximal force of left and right legs of
the CMJ (p > 0.05; ES =0.30 - 0.41).

Table 2 summarizes the differences
between gymnast and non-gymnasts in the
ILAs of the Tmax and RTD of the knee
flexion and extension and of the maximal
force obtained during CMJ. The results
showed no  statistically significant
differences between the observed groups in
the ILAs outcome measures.

The Pearson correlation was run to
determine ILAs correlations of the knee
isometric strength parameters and maximal
force of CMIJ. Table 3 demonstrates
moderate, negative correlation only
between Tmax of KFL and KEX, which was
statistically significant (r = - 0.471, n = 29,
p = 0.01). Meanwhile, there were no
statistically significant correlations
between other ILAs parameters.

Multiple  linear regression  was
conducted to explain dependent variable,
ILA of maximal force of the CMJ, with the
independent variables of the ILAs of knee
strength parameters (KFL and KEX Tmax,
KFL and KEX RTD), separately for the
observed groups. The results showed that
the single-joint ILA outcomes could not
explain the ILA in CMJ, in none of the
observed groups between parameters (G: R
=.290, F = 207, p = .928 and NG: R =
287, F =.179, p = .943, respectively).
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Table 1
Differences between gymnast and non-gymnasts for all outcome measures normalized with
the body weight.
Outcome/task Gymnasts (G) Non-gymnasts (NG)
(N=14) (N=14)
Mean SD Mean SD P ES
KFL Tmax left (Nm/kg) 1.19 0.26 0.94 0.22 0.01* 0.99
Tmax right (Nm/kg) 1.35 0.25 1.10 0.24 0.01* 0.94
RTDigo left (Nm/kg s) 2.87 1.98 2.33 1.40 0.13 0.56
RTDigp right (Nm/kg s) 4.02 2.71 2.06 1.40 0.01* 0.98
KEX Tmax left (Nm/kg) 2.16 0.58 1.59 0.28 0.01%* 0.99
Tonax right (Nm/kg) 221 047 1.73 030  0.01*  1.00
RTDjgo left (Nm/kg s) 8.09 4.56 3.70 1.85 0.005%* 1.11
RTD 00 right (Nm/kg s) 8.51 3.5 4.16 2690  0.003* 1.19
CMJ Height (m) 0.23 0.04 0.19 0.05 0.02* 0.86
F left (% BW) 117.66 11.19 122.02 16.15 0.41 0.30
F right (% BW) 118.97 9.67 124.60 16.04 0.27 0.41

Note: KFL—knee flexors, KEX—knee extensors, CMJ—countermovement jump, Tmax—maximal torque,
RTD-rate of torque development, F-relative maximal force, BW-body weight, SD-standard
deviation, ES—effect size (Hedges), * - p <0.05, ** - p <0.001

Table 2
Differences in ILAs parameters between the gymnast and the non-gymnast group.
Gymnasts (G) Non-gymnasts (NG)
ILAs (N = 14) (N = 14)
Mean SD Mean SD P ES
KFL Trmax 13.52 8.16 17.15 10.21 0.31 0.38
RTD 34.17 21.58 32.92 26.99 0.89 0.05
KEX Tinax 14.59 9.23 11.74 7.63 0.38 0.33
RTD 29.56 13.70 33.68 21.45 0.55 0.22
CMJ Finax 5.14 3.1 6.88 5.93 0.34 0.36

Note: KFL-knee flexors, KEX—knee extensors, CMJ—countermovement jump, ILAs—inter-limb
asymmetries, Tmax—maximal torque, RTD-rate of torque development, F-relative maximal force, SD—
standard deviation, ES—effect size (Hedges), * - p <0.05, ** - p <0.001

Table 3
Pearson correlation coefficient of the ILAs knee strength parameters and ILAs force of CMJ.
ILAs parameters KFL—Tmax KEX—Tmax KFL-RTD KEX-RTD CMJ-F
KFL~Tmax
KEX—Tmax -471%*
.010
KFL-RTD -.035 -.321
.856 .089
KEX-RTD -.026 .037 288
.893 .850 130
CMIJ-F .057 -.083 221 .049
779 .681 .268 .808

Note: KFL—knee flexors, KEX—knee extensors, CMJ—countermovement jump, Tmax—maximal torque,
RTD-rate of force development, F—relative maximal force
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DISCUSSION

The purpose of the present study was
twofold: a) to determine differences in
isometric knee strength parameters and
CMJ parameters between gymnasts and
non-gymnasts, and b) to investigate the
relationship between ILAs parameters of
CMJ and isometric knee strength
parameters (KFL Tmax, KEX Tmax, KFL
RTD, KEX RTD), separately for the
observed groups. The results showed
statistically significant differences between
the groups for most knee strength
parameters and the height of the CMJ, but
not for the maximal force of the CMJ. The
results showed that there were no
correlations in any of the observed
parameters, separately for the groups.

To the best of our knowledge, there is
no published study that has examined the
differences in isometric knee strength
between gymnasts and non-gymnasts. Our
results showed that gymnasts had
significantly higher peak torque (PT) and
rate of torque development (RTD) of both
legs during flexion and extension of
isometric knee strength compared to their
non-gymnast peers. One previous study
examined the differences between female
collegiate basketball players and gymnasts
in PT and RTD of isometric knee strength
normalized to participant body weight
(Thompson et al., 2017), as we did in our
analysis. In our study, gymnasts reached
lower values of PT and RTD compared to
the values of gymnasts in the Thompson et
al. (2017) study. It is likely that the
differences between the studies are due to
the age of the participants, since our study
included younger gymnasts (age 11.19
years; compared to 19.5 years of age). In
addition, other researchers examining
differences between elite athletes and
control groups found that PT of knee
extensors differed significantly between
groups, but not in PT of knee flexors
(Markstrom, Grip, Schelin & Héger,
2019), which partially contrasts with our
study as it shows significant differences in

both outcome measures. Adequate
isometric knee strength provides the basis
for the ability to perform many of the
primary athletic tasks and prevent lower
extremity injuries, particularly anterior
cruciate ligament (ACL) injuries, which
are more common in female athletes than
male athletes (Hewett, Ford, Hoogenboom
& Myer, 2010; Keelley et al., 2011;
Thompson et al., 2017).

Our study also included force
parameters and jump height of the CMJ.
The study by Bencke et al. (2002)
compared CMJ height between gymnasts,
swimmers, handball and tennis players and
a study by Bogdanis et al. (2019)
compared CMJ height between gymnasts
and a control group after the intervention.
They found no significant differences in
jump height between the observed groups,
unlike the studies by Pentidis et al., (2019,
2020) that observed gymnasts and a
control group of non-athletes, and the
studies (Dallas, Kirialanis & Mellos, 2014;
Dallas et al., 2019; Hall et al., 2016;
Karagianni et al., 2020; Kinser et al., 2008)
conducted on a gymnast and a control
group after the intervention. The studies
reported significant differences in jump
height between the observed groups. Our
results are consistent with the findings of
previously mentioned studies, showing that
gymnasts reached significantly higher
jump heights than the control groups.
Furthermore, the study by Ceroni, Martin,
Delhumeau & Farpour-Lambert (2012),
conducted on a large sample of female
teenagers, found no significant differences
between left and right peak force during
CMJ. Since we did not find significant
differences between the peak forces, our
results could not be compared with the
abovementioned study that was performed
on non-athletes because they performed
the single-leg CMJ, while we performed it
with both legs.

Unfortunately, there are no published
studies examining inter-limb asymmetries
(ILAs) in young female gymnasts.
Previous studies conducted on different
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athletes with varying age and performance
levels (garabon, Kozinc..., 2020; Sarabon,
Smajla..., 2020) reported different results
of ILAs from isometric knee strength
measurements as we did. Our results
showed  slightly higher ILAs for
parameters of isometric knee strength,
while ILAs of maximal force of CMJ are
slightly lower in comparison with the
mentioned studies. It has to be noted that
ILAs in RTD were very large (13.7-34.1 %
in the gymnast group), compared to
commonly suggested thresholds of 10-15
% for clinical relevance. However, it has
been shown that the magnitude of the RTD
ILAs is much larger than peak torque ILAs
(Sarabon, Kozinc, et al.,, 2020), which
means that the aforementioned magnitude
of the threshold for clinical relevance
should probably not be applied to RTD
outcomes. Bilateral strength asymmetry
calculated from CMJ and isometric knee
strength measurements are highly reliable
measures (Impellizzeri et al., 2007). In this
study, correlations among knee isometric
strength parameters and CMJ were present
only between PT knee flexion and knee
extension, unlike in the study of
Impellizzeri et al. (2007) conducted on
male athletes, which showed a moderate
correlation coefficient between two tests
(the isometric knee leg press and the CMJ).
The results are in contrast with our
findings, = which  demonstrated  no
significant correlation between the CMJ
and the isometric knee tests. Different
results of aforementioned studies can be
explained by different knee tests (isometric
knee leg press vs. our isometric knee
extension/flexion test using dynamometry)
and participant samples (older male
athletes vs. our young female gymnasts).
In contrast to the aforementioned study,
Kozinc & Sarabon (2020) showed that
most coefficients were small and not
statistically significant. The choice for
assessing each type of ILA should be
based on previous evidence and the aim of
the testing. For instance, ILAs in strength
may be detrimental to jumping and

kicking, and ILAs in jumping could be
detrimental to agility (Bishop et al., 2018).
In case of injury risk tracking, or making
decision regarding return to support, both
single-joint and multi-joint tasks are
probably needed for comprehensive
assessment (Kotsifaki et al.,, 2021).
Together with findings from previous
studies, our results suggest a largely
independent nature of ILAs between multi-
joint and single-joint tasks, and even
within the tasks to some degree. Therefore,
the practitioners cannot generalize ILAs
across tasks, i.e., each task should be
assessed separately.

There are a few important limitations
of our study that we would like to
highlight. The sample size was relatively
small, but on the other hand, the groups
were matched in sample size and age. The
size of the sample could be the reason that
some moderate differences (e.g., ES = 0.41
for the left leg force in CMJ) between the
groups were not statistically confirmed. As
for the differences in RTD, it has to be
stressed that this metric has a very high
between-participant variability, which also
reduced the effect sizes and precluded
confirming between-group differences. In
addition, the biological maturation (Tanner
stages) of the gymnasts was not examined,
which could affect the results of the
asymmetries, since it is known that the
observed age of the participants is crucial
for biological maturation. In the studies
with observed isometric knee strength or
CMJ parameters, the sample size varied
but is comparable to our study (Bogdanis
et al.,, 2019; Pentidis et al., 2019, 2020;
Thompson et al., 2017), while other studies
had larger sample sizes (Bencke et al.,
2002; Ceroni et al., 2012; Hall et al., 2016;
Karagianni et al., 2020; Kinser et al., 2008;
Markstrom et al., 2019). However, the
results showed good reliability for all
observed parameters.
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CONCLUSIONS

This study examined differences in
knee isometric strength and CMJ
parameters and investigated correlations
between ILAs of observed outcome
measures between gymnasts and non-
gymnast peers. The group of gymnasts
showed superior performance in most knee
flexion and all knee extension parameters,
as well as in CMJ height, compared to the
non-gymnast. The results of the ILAs
showed that the gymnasts obtained ILAs of
knee flexion and extension for the
parameter maximal torque of less than
15%, while the group of non-gymnasts
achieved for knee flexion 17%.
Interestingly, the ILAs parameters were
not statistically significantly different
between the two groups. Nevertheless, we
should be cautious and consider ILAs as an
important factor for the prevention of
injuries in gymnasts. It is already known
that an adequate ration and ILAs of
isometric knee strength below 15 %
(Croisier, 2004; Kabacinski et al., 2018;
Knapik et al., 1991; Murphy et al., 2003),
and even below 10 % in gymnasts (Lilley
et al., 2007), are crucial to prevent ACL
injuries. Furthermore, there were no
correlations in any of the knee strength
parameters and maximal force of CMJ for
each group. Therefore, whether in regard
to injury risk or performance assessment,
the practitioners cannot generalize ILAs
across tasks, which means that each task
should be assessed separately.

ACKNOWLEDGEMENT

We would like to thank all
participants, their parents or legal
guardians and coaches of SK Salto that
allowed us to performed project entitled
“The Impact of Lifestyle on the Health of
Young Athletes”. Also, our gratitude goes
to the students who helped and realized the
project that was supported by the European
Social Fund Agency, the Public
Scholarship, Development, Disability and

Maintenance Fund of the Republic of
Slovenia, and the Ministry of Education,
Science and Sport for funding the student
innovation project — SIPK. The Slovenian
Research Agency provided author NS with
support in the form of salary through the
programme 'Kinesiology of
monostructural, polystructural and
conventional sports’ [P5-0147 (B)] and the
project TELASI-PREVENT [L5-1845]
(Body asymmetries as a risk factor in
musculoskeletal — injury  development:
studying aetiological mechanisms and
designing corrective interventions for
primary and tertiary preventive care).

REFERENCES

Akoglu, H. (2018). User’s guide to
correlation coefficients. Turkish Journal of
Emergency  Medicine, 18(3), 91-93.
https://doi.org/10.1016/j.tjem.2018.08.001

Bell, D. R., Sanfilippo, J. L., Binkley,
N., & Heiderscheit, B. C. (2014). Lean
mass asymmetry influences force and
power asymmetry during jumping in
collegiate athletes. Journal of Strength and
Conditioning Research, 28(4), 884-891.
https://doi.org/10.1519/JSC.000000000000
0367

Bencke, J., Damsgaard, R., Sackmose,
A., Jorgensen, P., Jorgensen, K., &
Klausen, K. (2002). Anaerobic power and
muscle strength characteristics of 11 years
old elite and non-elite boys and girls from
gymnastics, team handball, tennis and
swimming. Scandinavian Journal of
Medicine and Science in Sports, 12(3),
171-178.  https://doi.org/10.1034/j.1600-
0838.2002.01128.x

Bishop, C., Read, P., Chavda, S.,
Jarvis, P., & Turner, A. (2019). Using
Unilateral Strength, Power and Reactive
Strength Tests to Detect the Magnitude and
Direction of Asymmetry: A Test-Retest
Design. Sports, 7(3), 58.
https://doi.org/10.3390/sports7030058

Bishop, C., Turner, A., & Read, P.
(2018). Effects of inter-limb asymmetries
on physical and sports performance: a

Science of Gymnastics Journal

Science of Gymnastics Journal



Cekli¢ U., Sarabon N.:STRENGTH AND JUMPING ASYMMETRIES IN GYMNAST...

Vol. 13 Issue 3: 411 - 424

systematic review. Journal of Sports
Sciences, 36(10), 1135-1144.
https://doi.org/10.1080/02640414.2017.13
61894

Bogdanis, G. C., Donti, O., Papia, A.,
Donti, A., Apostolidis, N., & Sands, W. A.
(2019). Effect of Plyometric Training on
Jumping, Sprinting and Change of
Direction Speed in Child Female Athletes.
Sports, 7(5), 116.
https://doi.org/10.3390/sports7050116

Bogdanis, G. C., Donti, O., Tsolakis,
C., Smilios, 1., & Bishop, D. J. (2019).
Intermittent but Not Continuous Static
Stretching Improves Subsequent Vertical
Jump Performance in Flexibility-Trained
Athletes. Journal of Strength and
Conditioning Research, 33(1), 203-210.
https://doi.org/10.1519/JSC.000000000000
1870

Buckner, S. B., Bacon, N. T., &
Bishop, P. A. (2017). Recovery in
Gymnastics Women ’ S Usa. International
Journal of Exercise Science, 10(5), 734—
742. http://www.intjexersci.com

Caine, D., Knutzen, K., Howe, W.,
Keeler, L., Sheppard, L., Henrichs, D., &
Fast, J. (2003). A three-year
epidemiological study of injuries affecting
young female gymnasts. Physical Therapy
in Sport, 4(1), 10-23.
https://doi.org/10.1016/S1466-
853X(02)00070-6

Caine, D., Maffulli, N., & Caine, C.
(2008). Epidemiology of Injury in Child
and Adolescent Sports: Injury Rates, Risk
Factors, and Prevention. Clinics in Sports
Medicine, 27(1), 19-50.
https://doi.org/10.1016/j.csm.2007.10.008

Ceroni, D., Martin, X. E., Delhumeau,
C., Farpour-Lambert, N. J. (2012).
Bilateral and Gander Differences During
Single-Legged Vertical Jump Performance
in Healthy Teeneagers. Journal of Strength
and Cond, 26(2), 452-457.

Croisier Jean-Louis. (2004). Muscular
imbalance and acute lower extremity
muscle injuries in sport. International
SportMed Journal, 5 (3), 169—-176.

Dallas, G., Kirialanis, P., & Mellos,

V. (2014). The acute effect of whole body
vibration training on flexibility and
explosive strength of young gymnasts.
Biology of Sport, 31(3), 233-237.
https://doi.org/10.5604/20831862.1111852

Dallas, G., Savvathi, A., Dallas, K., &
Maridaki, M. (2019). The effect of 6-
weeks whole body vibration on muscular
performance on young non-competitive
female artistic gymnasts. Science of
Gymnastics Journal, 11(2), 151-162.

Donti, O., Tsolakis, C., & Bogdanis,
G. C. (2014). Effects of baseline levels of
flexibility and vertical jump ability on
performance following different volumes
of static stretching and potentiating
exercises in elite gymnasts. Journal of
Sports Science & Medicine, 13(1), 105—
113.
http://www.ncbi.nlm.nih.gov/pubmed/2457
0613

Edouard, P., Steffen, K., Junge, A.,
Leglise, M., Soligard, T., & Engebretsen,
L. (2018). Gymnastics injury incidence
during the 2008, 2012 and 2016 Olympic
Games: Analysis of prospectively collected
surveillance data from 963 registered
gymnasts during Olympic Games. British
Journal of Sports Medicine, 52(7), 475—
481. https://doi.org/10.1136/bjsports-2017-
097972

Fernandez-Santos, J. R., Ruiz, J. R.,
Cohen,, D. D., Gonzalez-Montesionos, J.
L., Castro-Pinero, J. (2015). Reliabilty and
Validity of Tests to Assess Lower-Body
Muscular Power in Children. J Strength
Cond Res, 29(8), 2277-2285.

Frutuoso, A. S., Diefenthaeler, F.,
Vaz, M. A., & Freitas, C. de la R. (2016).
Lower Limb Asymmetries in Rhythmic
Gymnastics Athletes. International
Journal of Sports Physical Therapy, 11(1),
34-43.
http://www.ncbi.nlm.nih.gov/pubmed/2690
0498

Hall, E., Bishop, D. C., & Gee, T. 1.
(2016). Effect of plyometric training on
handspring  vault performance and
functional power in youth female
gymnasts. PLoS ONE, 11(2).

Science of Gymnastics Journal

Science of Gymnastics Journal



Cekli¢ U., Sarabon N.:STRENGTH AND JUMPING ASYMMETRIES IN GYMNAST...

Vol. 13 Issue 3: 411 - 424

https://doi.org/10.1371/journal.pone.01487
90

Harbo, T., Brincks, J., & Andersen, H.
(2012). Maximal isokinetic and isometric
muscle strength of major muscle groups
related to age, body mass, height, and sex
in 178 healthy subjects. European Journal
of Applied Physiology, 112(1), 267-275.
https://doi.org/10.1007/s00421-011-1975-3

Hart, E., Meehan, W. P., Bae, D. S.,
D’Hemecourt, P., & Stracciolini, A.
(2018). The Young Injured Gymnast: A
Literature Review and Discussion. Current
Sports Medicine Reports, 17(11), 366-375.
https://doi.org/10.1249/JSR.000000000000
0536

Hewett, T. E. Ford, K. R,
Hoogenboom, B. J., & Myer, G. D. (2010).
Understanding and preventing acl injuries:
current biomechanical and epidemiologic
considerations - update 2010. North
American Journal of Sports Physical
Therapy : NAJSPT, 5(4), 234-251.
http://www.ncbi.nlm.nih.gov/pubmed/2165
5382%0Ahttp://www.pubmedcentral.nih.g
ov/articlerender.fcgi?artid=PMC3096145

Impellizzeri, F. M., Rampinini, E.,
Maffiuletti, N., & Marcora, S. M. (2007).
A vertical jump force test for assessing
bilateral strength asymmetry in athletes.
Medicine and Science in Sports and
Exercise, 39(11), 2044-2050.
https://doi.org/10.1249/mss.0b013e31814f
b55¢

Kabacinski, J., Murawa, M., Mackala,
K., & Dworak, L. B. (2018). Knee strength
ratios in competitive female athletes. PLoS
ONE, 13(1), 1-12.
https://doi.org/10.1371/journal.pone.01910
77

Karagianni, K., Donti, O., Katsikas,
C., & Bogdanis, G. C. (2020). Effects of
Supplementary Strength—Power Training
on Neuromuscular Performance in Young
Female Athletes. Sports, 8(8), 104.
https://doi.org/10.3390/sports8080104

Keelley, D. W., Plummer, H. A,
Oliver, G. D. (2011). Predicting
Asymmetrical Lower Extremity Strength
Deficits in College-aged Men and Women

Using Common Horizontal and Vertical
Power Field Tests: A Piossible Screening
Mechanism. Journal of Strength and
Conditioning Research, 25(6), 1632—1637.
https://journals.lww.com/nsca-
jscr/Fulltext/2011/06000/Predicting Asym
metrical Lower Extremity Strength.21.as
px

Kinser, A. M., Ramsey, M. W,
O’Bryant, H. S., Ayres, C. A., Sands, W.
A., & Stone, M. H. (2008). Vibration and
stretching effects on flexibility and
explosive strength in young gymnasts.
Medicine and Science in Sports and
Exercise, 40(1), 133-140.
https://doi.org/10.1249/mss.0b013e318158
6b13

Kirialanis, P., Malliou, P., Beneka, A.,
& Giannakopoulos, K. (2003). Occurrence
of acute lower limb injuries in artistic
gymnasts in relation to event and exercise
phase. British Journal of Sports Medicine,
37(2), 137-139.
https://doi.org/10.1136/bjsm.37.2.137

Kirialanis, P., Malliou, P., Beneka, A.,
Gourgoulis, V., Giofstidou, A., &
Godolias, G. (2002). Injuries in artistic
gymnastic elite adolescent male and
female athletes. Journal of Back and
Musculoskeletal  Rehabilitation, 16(4),
145-151.  https://doi.org/10.3233/BMR-
2002-16405

Knapik J. J., Bauman C. L., Jones B.
H., Harris J. McA.,, V. L. (1991).
Preseason  strength and  flexibility
imbalances associated with athletic injuries
in female collegiate athletes. Clinic J Spot
Med, 76-81.

Koblbauer, 1. F. H., Lambrecht, Y.,
Van Der Hulst, M. L., Neeter, C.,
Engelbert, R. H. H., Poolman, R. W., &
Scholtes, V. A. (2011). Reliability of
maximal isometric knee strength testing
with modified hand-held dynamometry in
patients awaiting total knee arthroplasty:
Useful in research and individual patient
settings? A reliability study. BMC
Musculoskeletal — Disorders, 12, 1-9.
https://doi.org/10.1186/1471-2474-12-249

Kotsifaki, A., Whiteley, R., Van

Science of Gymnastics Journal

Science of Gymnastics Journal



Cekli¢ U., Sarabon N.:STRENGTH AND JUMPING ASYMMETRIES IN GYMNAST...

Vol. 13 Issue 3: 411 - 424

Rossom, S., Korakakis, V., Bahr, R.,
Sideris, V., Graham-Smith, P., & Jonkers,
[. (2021). Single leg hop for distance
symmetry masks lower limb biomechanics:
Time to discuss hop distance as decision
criterion for return to sport after ACL
reconstruction? British Journal of Sports
Medicine, April.
https://doi.org/10.1136/bjsports-2020-
103677

Kozinc, Z., & Sarabon, N. (2020).
Inter-limb  asymmetries in  volleyball
players: Differences between testing
approaches and  association  with
performance. Journal of Sports Science
and Medicine, 19(4), 745-752.

Lilley, E., Bradshaw, E., & Rice, V.
(2007). Is jumping and landing technique
symmetrical in female gymnasts? In H.-J.
M. H. C. Menzel (Ed.), Proceedings of the
XXV International  Symposium  on
Biomechanics; in Sports (pp. 345-348).
Department of Sports, Federal University
of Minas Gerais.

Maffiuletti, N. A., Aagaard, P.,
Blazevich, A. J., Folland, J., Tillin, N., &
Duchateau, J. (2016). Rate of force
development: physiological and
methodological considerations. European
Journal of Applied Physiology, 116(6),
1091-1116.
https://doi.org/10.1007/s00421-016-3346-6

Marina, M., & Torrado, P. (2013).
Does gymnastics practice improve vertical
jump reliability from the age of 8 to 10
years? Journal of Sports Sciences, 31(11),
1177-1186.
https://doi.org/10.1080/02640414.2013.77
1816

Markovié, G., Dizdar, D., Juki¢, I.,
Cardinale, M. (2004). Reliability and
Factorial ~ Validity of Squat and
Countermovement Jump Test. Journal of
Strength And Conditioning Research,
18(3), 551-555.

Markstrom, J. L., Grip, H., Schelin,
L., & Héger, C. K. (2019). Dynamic knee
control and movement strategies in athletes
and non-athletes in side hops: Implications
for knee injury. Scandinavian Journal of

Medicine and Science in Sports, 29(8),
1181-1189.
https://doi.org/10.1111/sms.13432

Michel, M., Moném, J., & Rodriguez,
F. A. (2014). A two-season longitudinal
follow-up study of jumps with added
weights and counter movement jumps in
well-trained pre-pubertal female gymnasts.
J Sports Med Phys Fitness, 54(6), 730—
741.
https://doi.org/10.13140/RG.2.1.5129.4169

Michel, M., Moném, J., & Ferran, R.
(2014). A two-season longitudinal follow-
up study of jumps with added weights and
counter movement jumps in well-trained
pre-pubertal female gymnasts. The Journal
of Sports Medicine and Physical Fitness,
54(6), 730-741.

Moresi, M., Bradshaw, E. J., Thomas,
K., Greene, D., & Braybon, W. (2013).
Intra-Limb  Variability and Inter-Limb
Asymmetry in Gymnastics Jump Tests.
ISBS - Conference Proceedings Archive,
1(1), 8-12. https://ojs.ub.uni-
konstanz.de/cpa/article/view/5592%5Cnhtt
ps://ojs.ub.uni-
konstanz.de/cpa/article/download/5592/50
86

Murphy, D. F., Connolly, D. A. J., &
Beynnon, B. D. (2003). Risk factors for
lower extremity injury: A review of the
literature.  British Journal of Sports
Medicine, 37(1), 13-29.
https://doi.org/10.1136/bjsm.37.1.13

O’Kane, J. W., Levy, M. R., Pietila,
K. E., Caine, D. J., & Schiff, M. A. (2011).
Survey of injuries in seattle area levels 4 to
10 female club gymnasts. Clinical Journal
of Sport Medicine, 21(6), 486-492.
https://doi.org/10.1097/JSM.0b013e31822
e89a8

Palmer, T. B., Hawkey, M. J., Thiele,
R. M., Conchola, E. C., Adams, B. M.,
Akehi, K., Smith, D. B., & Thompson, B.
J. (2015). The influence of athletic status
on maximal and rapid isometric torque
characteristics and postural balance
performance in Division I female soccer
athletes and non-athlete controls. Clinical
Physiology and Functional Imaging, 35(4),

Science of Gymnastics Journal

Science of Gymnastics Journal



Cekli¢ U., Sarabon N.:STRENGTH AND JUMPING ASYMMETRIES IN GYMNAST...

Vol. 13 Issue 3: 411 - 424

314-322.
https://doi.org/10.1111/cpf.12167

Pentidis, N., Mersmann, F., Bohm, S.,
Giannakou, E., Aggelousis, N., &
Arampatzis, A. (2019). Triceps surae
muscle-tendon  unit  properties  in
preadolescent children: A Comparison of
Artistic Gymnastic Athletes and Non-
athletes.  Frontiers in  Physiology,
10(MAY).
https://doi.org/10.3389/fphys.2019.00615

Pentidis, N., Mersmann, F., Bohm, S.,
Giannakou, E., Aggelousis, N., &
Arampatzis, A. (2020). Effects of long-
term athletic training on  muscle
morphology and tendon stiffness in
preadolescence: association with jump
performance. European Journal of Applied
Physiology, 120(12), 2715-27217.
https://doi.org/10.1007/s00421-020-04490-
7

Petrigna, L., Karsten, B., Marcolin,
G., Paoli, A., D’Antona, G., Palma, A., &
Bianco, A. (2019). A Review of
Countermovement and Squat Jump Testing
Methods in the Context of Public Health
Examination in Adolescence: Reliability
and Feasibility of Current Testing
Procedures. Frontiers in Physiology, 10.
https://doi.org/10.3389/fphys.2019.01384

Saluan, P., Styron, J., Freeland
Ackley, J., Prinzbach, A., & Billow, D.
(2015). Injury types and incidence rates in
precollegiate female gymnasts: A 21-year
experience at a single training facility.
Orthopaedic Journal of Sports Medicine,
3(4), 1-6.
https://doi.org/10.1177/232596711557759
6

Sarabon, N., Kozinc, Z., Bishop, C.,
& Maffiuletti, N. A. (2020). Factors
influencing bilateral deficit and inter-limb
asymmetry of maximal and explosive
strength: motor task, outcome measure and
muscle group. FEuropean Journal of
Applied Physiology, 120(7), 1681-1688.
https://doi.org/10.1007/s00421-020-04399-
1

Sarabon, Nejc, Smajla, D., Maffiuletti,
N. A., & Bishop, C. (2020). Strength,

jumping and change of direction speed
asymmetries in soccer, basketball and
tennis players. Symmetry, 12(10), 1-13.
https://doi.org/10.3390/sym12101664

Schons, P., Da Rosa, R. G., Fischer,
G., Berriel, G. P., Fritsch, C. G,
Nakamura, F. Y., Baroni, B. M., & Peyré-
Tartaruga, L. A. (2019). The relationship
between strength asymmetries and jumping
performance in professional volleyball
players. Sports Biomechanics, 18(5), 515—
526.
https://doi.org/10.1080/14763141.2018.14
35712

Seegmiller, J. G., & Mccaw, S. T.
(2003). and Recreational Athletes in Drop
Landings. Differences, 38(4), 311-314.

Slater, A., Campbell, A., Smith, A., &
Straker, L. (2015). Greater lower limb
flexion in gymnastic landings is associated
with reduced landing force: a repeated
measures study. Sports Biomechanics,
14(1), 45-56.
https://doi.org/10.1080/14763141.2015.10
29514

Sleivert, G. G., & Wenger, H. A.
(1994). Reliability of measuring isometric
and isokinetic peak torque, rate of torque
development, integrated
electromyography, and tibial nerve
conduction velocity. Archives of Physical
Medicine and Rehabilitation, 75(12),
1315-1321. https://doi.org/10.1016/0003-
9993(94)90279-8

Smajla, D., Knezevic, O. M., Mirkov,
D. M., Sarabon, N. (2020). Interlimb
Asymmetries and Ipsilateral Associations
of Plantar Flexors and Knee Extensors
Rate-of-Force ~ Development  Scaling
Factor. Symmetry, 12, 1522-1529.

Sweeney, E. (2020). Gymnastics
Medicine. In  Gymnastics Medicine.
https://doi.org/10.1007/978-3-030-26288-4

Thompson, B. J.,, Ryan, E. D,
Sobolewski, E. J., Smith, D. B., Akehi K.,
Conchola, E. C., Buckminister, T. (2013).
Relationships Between Rapid Isometric
Torque Characteristics and Vertical Jump
Performance in Division I Collegiate
American Football Players: Inflence of

Science of Gymnastics Journal

Science of Gymnastics Journal



Cekli¢ U., Sarabon N.:STRENGTH AND JUMPING ASYMMETRIES IN GYMNAST... Vol. 13 Issue 3: 411 - 424

Body Mass Normalization. J Strength
Cond Res 27(10):, 27(10), 2737-2742.

Thompson, B. J., Cazier, C. S,
Bressel, E., & Dolny, D. G. (2017). A
lower extremity strength-based profile of
NCAA Division I women’s basketball and
gymnastics athletes: implications for knee
joint injury risk assessment. Journal of
Sports  Sciences, 36(15), 1749-1756.
https://doi.org/10.1080/02640414.2017.14
12245

Wilson, G. J., & Murphy, A. J.
(1996). The use of isometric tests of
muscular function in athletic assessment.
Sports Medicine, 22(1), 19-37.
https://doi.org/10.2165/00007256-
199622010-00003

Young, W., Cormack, S., & Crichton,
M. (2011). Which jump variables should
be used to assess explosive leg muscle
function? International Journal of Sports
Physiology and Performance, 6(1), 51-57.
https://doi.org/10.1123/ijspp.6.1.51

Corresponding author:

Urska Cekli¢

University of Primorska, Faculty of Health
Science

Polje 42, 6310 Izola, Slovenia

Phone: + 386 5 309 34 74

Email: urska.ceklic@fvz.upr.si

Article received: 7.7.2021
Article accepted: 18.8.2021

Science of Gymnastics Journal

424

Science of Gymnastics Journal



