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of accumulated load and peripherical factors on well-being and assessing the athlete’s readiness.

These main topics allow coaches and sports scientists to make decisions about the more adequate

training approaches to implement in the athletes. An individual training process depends on

well-implemented monitoring systems that provide important information about the thresholds of

increasing or decreasing the load, managing the athlete, and reducing the injury risk associated with

erroneous training plans. Despite too much information provided by monitoring systems, it still
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systematic reviews, and/or meta-analyses conducted in the topics of (i) training load monitoring

and interactions with fitness, injury risk, and sports performance; (ii) well-being monitoring and

interactions with training load, lifestyle, nutrition, and psychological factors; and (iii) readiness

assessment and interactions with fatigue, training load, and well-being.
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Abstract: Background and Objectives: When performing the jump inside kick in Wushu, it is important
to understand the rotation technique while in mid-air. This is because the score varies according to
the mid-air rotation, and when landing after the mid-air rotation, it causes considerable injury to
the knee. This study aimed to compare the differences in kinematic and kinetic variables between
experienced and less experienced knee injuries in the Wushu players who perform 360◦, 540◦, and
720◦ jump inside kicks in self-taolu. Materials and Methods: The participants’ mean (SD) age was
26.12 (2.84) years old. All of them had suffered knee injuries and were all recovering and returning to
training. The group was classified into a group with less than 20 months of injury experience (LESS
IG, n = 6) and a group with more than 20 months of injury experience (MORE IG, n = 6). For kinematic
measurements, jump inside kicks at three rotations were assessed by using high-speed cameras.
For kinetic measurements, the contraction time and maximal displacement of tensiomyography
were assessed in the vastus lateralis, vastus medialis, rectus femoris, biceps femoris, gastrocnemius
lateralis, gastrocnemius medialis, and tibialis anterior. The peak torque, work per repetition, fatigue
index, and total work of isokinetic moments were assessed using knee extension/flexion, ankle
inversion/eversion, and ankle plantarflexion/dorsiflexion tests. Results: Although there was no
difference at the low difficulty level (360◦), there were significant differences at the higher difficulty
levels (540◦ and 720◦) between the LESS IG and the MORE IG. For distance and time, the LESS IG
had a shorter jump distance, but a faster rotation time compared to those in the MORE IG. Due to the
characteristics of the jump inside kick’s rotation to the left, the static and dynamic muscle contractility
properties were mainly found to be higher in the left lower extremity than in the right lower extremity,
and higher in the LESS IG than in the MORE IG. In addition, this study observed that the ankle
plantarflexor in the LESS IG was significantly higher than that in the MORE IG. Conclusion: To become
a world-class self-taolu athlete while avoiding knee injuries, it is necessary to develop the static and
dynamic myofunctions of the lower extremities required for jumping. Moreover, it is considered
desirable to train by focusing on the vertical height and the amount of rotation during jumping.

Keywords: injury experience; jump inside kick; static muscle contractility; dynamic muscle
contractility; ankle plantarflexor

1. Introduction

Wushu is an elite sport that is also practiced as a Chinese martial art. The number of
Wushu practitioners in Korea is slowly increasing and many athletes have won medals
since Wushu was established as an official sport in the Beijing Asian Games in 1990. In
2003, the rules, content, and judging method were changed and new competitions, known
as routine-taolu and self-taolu, were introduced [1,2]. In 2005, the Macao East Asian Games
began to apply self-taolu, which allows individual athletes to showcase their own skills
and abilities in a creative way. The competition of self-taolu should represent the most
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effective movements in a short amount of time for each event on a specialized 8 m × 14 m
carpet [3]. The scoring method involves ten judges who are divided into Groups A, B, and
C. Group A can score five points (quality of operation), Group B can score three points
(level of performance), and Group C can score two points (1.4 points for technical difficulty,
and 0.6 points for connection difficulty). The level of difficulty, divided into A, B, and C
levels, is critical in determining the competition performance of the jump kick motions.
In order to obtain a high score in the self-taolu competition, it is necessary to be able to
perform techniques of high skill levels. For doing this, many spins must be performed in
the air. To date, the spinning skills in self-taolu consist of 360◦, 540◦, and 720◦ rotations in
the air [4,5].

Jump actions in the self-taolu are skills that include running movements just before
jumping, kicking in mid-air, landing posture after performing the jump kick, and quick
connection with the following technique immediately after landing. Most injuries occur
during landing after jumping, and the knee is reported to be the most common among
lower extremity joints [6]. Meanwhile, mid-air moves can only be performed well if
an athlete has learned scientific training methods and acquired skills according to other
difficult moves. For the kinematic aspects of mid-air motions, the velocity change of the
body center in performing the 540◦ rotation was analyzed. Aerial motion can only show
altitude and the internal rotation of the left and right lower extremity joints around the
body vertical axis at the highest apex [3,7]. It is desirable to effectively utilize ground
reactions during rolling, and the right foot should not distribute forces in the left and right
directions to lower the center of gravity and increase the height of the jump [5].

The duration of being in mid-air, the rotation of the upper body before jumping, and
the action of the outside or inside kicks during the jump are important in determining
the level of difficulty of the jump inside kick [8]. A study reported that it is beneficial to
increase acceleration by applying the ground reaction force in the hop motion for the jump
outside kick [7]. Increasing the force on the footplate by lengthening the hop time also
makes it possible to efficiently ascend into the air with greater force [9,10]. It is important
to understand the techniques, such as running, hopping, ground reaction force, jumping,
and spinning time, as well as the kinematic posture of high-ranked athletes to achieve
the required physiological abilities. However, there is a lack of evidence in the literature
regarding the analysis of the Wushu jump inside kick for self-taolu. Moreover, there is a
lack of research on exercise performance in Wushu players, especially the myofunction of
the lower extremities, of athletes who returned to the field after a knee injury.

Therefore, this study investigated the performance of 360◦, 540◦, and 720◦ jump in-
side kicks in Wushu self-taolu for athletes who had injuries related to the aerial rotation
technique. In addition, comparative physiological analyses of the static and dynamic
myofunctions of the athletes were undertaken to help young athletes perform high-latitude
aerial rotation techniques while avoiding damage. The major research hypotheses ad-
dressed in this thesis are as follows: First, there would be differences in the 360◦, 540◦, and
720◦ rotations of jump inside kicks depending on the injury length of knee joints. Second,
there would be differences in the static and dynamic contractile myofunctions depending
on the injury length.

2. Materials and Methods

2.1. Participants

The participants of this study were selected from male Wushu national athletes who
could perform 360◦, 540◦, and 720◦ rotation drills. They were all right-handed and right-
footed. Their mean (SD) age was 26.12 (2.84) years old. All of them had suffered knee
injuries and were all recovering and returning to training. All players had no cardiovascular
problems and were excluded if they had taken any treatment or medication known to affect
physical condition or had undergone any major surgery except for a knee joint operation
during the one year before the start of this study. The following were also reasons for
exclusion: having a history of cerebrovascular disease, impairment of a primary organ
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system, severe lung disease, cerebral trauma, uncontrolled hypertension, or psychiatric
disorder. Twelve players were enrolled in this study. After taking baseline measurements,
the group was classified into a group with less than 20 months of injury experience (LESS
IG, n = 6) and a group with more than 20 months of injury experience (MORE IG, n = 6).
The reason for classifying the group as 20 months was the application of the Cochran–
Mantel–Haenszel equation, which expresses the injury risk as the number of knees injured
as a percentage of the total number [11]. The subjects of this study were evaluated by
a specialist, and athletes with an injury length of 20 months or more were classified as
having a high risk of repeated injury, whereas those of less than 20 months were classified
as having a moderate injury length. In LESS IG, three patients were diagnosed with
right anterior criuciate ligament (ACL) rupture, but recovered after 5, 7, and 8 months
of rehabilitation treatment, respectively. On the other hand, one player was diagnosed
with a right hamstring sprain and received 5 months of treatment, while the other two
players recovered after 18 and 20 months of postoperative rehabilitation treatment for
partial rupture of the right knee joint cartilage, respectively. In the MORE IG, two players
were diagnosed with a simple right ACL rupture and two players were diagnosed with
ACL+PCL (posterior criuciate ligament) complex rupture of the right knee joint, and
recovered after 7, 14, 16, and 18 months of rehabilitation treatment, respectively. Meanwhile,
one player was diagnosed with a right hamstring rupture and recovered after 12 months
of treatment. However, 7 days later, during training, he ruptured again in the same area
and had to undergo treatment for another 12 months. The other player was diagnosed
with an ACL+PCL complex rupture of the right knee and recovered after 18 months
including surgery and rehabilitation. However, this athlete recovered after 18 months of
rehabilitation after surgery due to a partial rupture of the right knee joint cartilage during
training. Table 1 shows the complete characteristics of the participants.

Table 1. Physical characteristics of the Wushu self-taolu players.

Groups
Z ES p *

LESS IG MORE IG

Age (y) 25.50 ± 2.87 26.75 ± 2.86 −2.683 0.436 0.115

Height (cm) 169.24 ± 3.64 167.80 ± 5.41 1.455 0.312 0.283
Weight (kg) 65.45 ± 6.76 66.64 ± 5.43 −1.327 0.194 0.395

Athletic career
(month)

192.00 ± 51.47 200.00 ± 37.69 −0.167 0.177 0.937

Injury period
(month)

8.17 ± 4.69 20.00 ± 8.85 −2.330 1.670 0.015

All data represent mean ± standard deviation. * Analyzed using Mann–Whitney U test. LESS IG, a group with
less than 20 months of injury experience; MORE IG, a group with more than 20 months of injury experience. ES,
effect size; Z, statistical symbol.

2.2. Experimental Design

This study followed the principles of the Declaration of Helsinki and received approval
from the institutional ethics committee. Prior to the study, the investigator explained all
the procedures to the players who were recruited through advertisements and written
informed consent was obtained before enrollment. All players arrived at the research center
to sign an informed consent form, complete a self-report questionnaire about their health
status included in the physical examination, and to take assessments that consisted of body
composition, jump motion, tensiomyography (TMG), and isokinetic moments tests.

2.3. Measurement Methods

2.3.1. Body Composition Measure

An Inbody 230 (Biospace Co., Ltd., Seoul, Korea) analyzer with the bioelectrical
impedance analysis method was used for the body composition measurements of all
Wushu players. This analyzer is a segmental impedance device that assesses the voltage
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drop in the upper and lower body. The participants were asked to remove all metal objects
and anything else that might interfere with the electric stimuli, including socks, before
stepping onto the platform. They were also asked to hold onto the handles and stand still
for around 3 min [4,12]. Bioelectrical impedance analysis can track fat mass by conducting
high frequency (500~800 KHz) harmless to the human body and using the difference in
electrical resistance between adipose tissue and non-adipose tissue. In order to minimize
the error, in this study, food intake was abstained 4 h before the test, and alcohol was
prohibited 48 h before the test. In addition, exercise was not allowed 12 h before the test.
On the other hand, it was necessary to urinate 30 min before the test.

2.3.2. Kinematic Motion Measure

Two-dimensional imaging was performed to analyze the movements of a Wushu jump
inside kick at 360◦, 540◦, and 720◦, respectively. Wushu players all took the jump inside
kick in a counterclockwise direction. To obtain spatial coordinates for image analysis, a
control point frame with three control points was installed with a width of 1 m, a height of
2 m, and a length of 2 m; therefore, all the players’ movements were captured, as shown in
Figure 1.

Figure 1. Marker attachment locations. To obtain spatial coordinates for image analysis, a control
point frame with three control points was installed. Then, an observer captured images for assessing
hop time, spin time, and total time.

The point frame was photographed for about 1 s, after which the control point frame
was removed. Image analysis was performed using two high-speed cameras (FDR-AX100,
Sony, Japan), and analyzed with Dartfish (Dartfish Live S10 program, Dartfish, Switzerland).
A total of two units were installed to cover all the players’ performance. For the experiment,
each player engaged in warm-up and kicking practice and had three markers attached
to each joint area. Then, they performed five drills while being photographed, and the
motions that were determined to be the most complete were selected and analyzed.

As shown in Figure 2, five events and four phases were used for the kinematic analysis
of three motions of the jump inside kick. Event (E) 1 indicates the preparation stage. E2
indicates the moment of the knee joint of the lower extremity reaching the minimum angle.
E3 indicates the moment that the lower leg leaves the ground. E4 indicates the moment
the kicking leg reaches the highest point and makes impact with a hand. E5 indicates the
moment the foot lands on the ground. Phase (P) 1 indicates the preparation segment from
E1 to E2. P2 indicates the take-off segment from E2 to E3. P3 indicates the kicking action
from E3 to E4. P4 indicates the turning/spinning and landing segments from E4 to E5.

4
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After recording the entire sequence of events using a camera, the anatomical coordinate
points of each frame were digitized.

Figure 2. Events and phases in 360◦, 540◦, and 720◦ jump inside kicks. Two-dimensional images were performed to
analyze the movement of jump inside at 360◦ (up), 540◦ (middle), and 720◦ (bottom). Event (E) 1, preparation stage; E2,
moment of knee joint reaching the minimum angle; E3, moment of the lower leg leaving the ground; E4, moment the
kicking leg reaching the highest point and making impact with a hand; E5, moment of the foot landing on the ground.
Phase (P) 1, preparation segment from E1 to E2; P2, take-off segment from E2 to E3; P3, kicking action from E3 to E4; P4,
turning/spinning and landing segments from E4 to E5.

2.3.3. Kinetic Variables Measures
TMG Measure for Static Muscle Contraction

This study employed a TMG device (TMG100, TMG-BMC Ltd., Ljubljana, Slovenia).
The extraction of contractile parameters from TMG responses is straightforward and does
not require special post-processing of filtering [13,14]. The Wushu players were lying in
a prone position on the examination couch. The correct angles in the joints allowing for
relaxation of the examined muscles were ensured using guidelines and recommendations
of the device manufacturers (GK 40 Panoptik d.o.o., Ljubljana, Slovenia). Two adhesive
electrodes stimulating the muscle were placed 2–5 cm apart. The electrodes were placed
in a way that did not affect the tendons and allowed the contraction of the particular
muscle to be isolated and the simultaneous activation of nearby muscles to be avoided.
In the TMG test, the uninjured leg was examined first, and then the leg in the injured
area was examined. The placement of the sensor was selected in order to locate the
thickest part of the muscle. The sensor was applied to the skin halfway between the
electrodes [12]. The electrodes received one 1-millisecond single-phase rectangular pulse
from the electrostimulator inducing percutaneous muscle contraction. The pulse power
was gradually increased by 10 mA until the maximal contraction reaction was achieved.
For minimizing the effects of fatigue, 10 s intervals were taken between the pulses. Typical
maximum contraction reactions were recorded between 40 and 80 mA [15]. Displacement–
time curve recordings allow muscle contractile properties to be assessed for contraction
time (Tc) and maximal displacement (Dm) [13,16,17]. This study measured the Tc and Dm of
TMG in the vastus lateralis, vastus medialis, rectus femoris, biceps femoris, gastrocnemius
lateralis, gastrocnemius medialis, and tibialis anterior in both legs, as shown in Figure 3.
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Figure 3. TMG measures’ samples. TMG is a technique based on the quantification of radial muscle belly displacement
in response to a single electrical stimulus. The measurements are performed in a relaxed position. A digital transducer
measured the radial displacement pressed perpendicularly against the skin above the muscle belly in vastus lateralis, vastus
medialis, rectus femoris, biceps femoris, gastrocnemius lateralis, gastrocnemius medialis, and tibialis anterior in both legs.

Isokinetic Measure for Dynamic Muscle Contraction

All players were positioned in an isokinetic dynamometer (HUMAC®/NORMTM

Testing and Rehabilitation System, CSMi, MA, USA) according to the manufacturer’s
guidelines, as shown in Figure 4. Testing was performed on the uninjured side first, and
then performed on the non-injured side.

Figure 4. Isokinetic moments measures’ samples. The knee joint for knee extension and flexion was
positioned at 90◦. All participants were concentrically tested at 60◦/s and 180◦/s. The test angles
for ankle plantarflexion and dorsiflexion comprised of movement from 50◦ (plantarflexion) to 20◦

(dorsiflexion), where all participants were concentrically tested at 30◦/s and 120◦/s. The test angles
for ankle inversion/eversion comprised of movement from 55◦ (inversion) to 40◦ (eversion, where
all participants were concentrically tested at 60◦/s and 90◦/s.

All players for the knee extension/flexion test were submitted to a warm-up program
before the test. Each participant was placed in the equipment’s adjustable seat. The tested
limb was placed and fixed with a Velcro strap on a support over the quadriceps, and
the knee joint was positioned at 90◦. After the participant was positioned and uniformly
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stabilized, the participant’s leg was statically weighed to provide for gravity compensation.
Each participant was concentrically tested at 60◦/s and at 180◦/s. The range of motion
(RoM) of extension/flexion was at 0◦ and 90◦. Players then performed 4 maximal warm-up
repetitions and 5 maximal test repetitions for evaluating peak torque (Pt) and work per
repetition (Wr) at 60◦/s, and performed 15 maximal test repetitions for evaluating Pt,
fatigue index (Fi), and total work (Tw) at 180◦/s. The rest time between the two angular
speeds was 60 s.

The players also took the ankle inversion/eversion tests [17]. Each participant was
placed in an adjustable seat. The tested limb was placed and fixed with a strap on a support
under the gastrocnemius, and the knee was positioned at 30◦ of flexion. The foot was placed
on the inversion/eversion apparatus and fixed with two straps. The axes of the ankle were
positioned according to the placement proposed by research [18]. The trunk was stabilized
with constraining straps, and an extra strap was used to stabilize the hip at 80◦ flexion.
The arms and the lower limb that was not being tested were placed in a resting position.
Two RoM targets consisting of plastic markers were placed at the level of the footplate
to facilitate inversion/eversion movements [18]. The players performed 4 submaximal
practices at each test speed (60◦/s and 90◦/s); each test comprised of movement from ankle
eversion (40◦) to inversion (55◦). The measured results of isokinetic moments at 60◦/s were
analyzed by Pt and Wr. The measures at 90◦/s were analyzed by Pt, Fi, and Tw. A rest
period of 60 s was given between the tests.

For the ankle plantarflexion/dorsiflexion test, the players were placed in the prone
position with the knee placed in full extension and stabilized at the level of the distal thigh
with straps. The testing side was placed on the footplate attachment and the lever arm of
the dynamometer was aligned with the foot. The motor axis was positioned against the
lateral malleolus. The RoM test for both plantar- and dorsiflexions was set during the first
test. The players performed 4 submaximal practices at each test speed (30◦/s and 120◦/s);
each cycle comprised of movements from ankle plantarflexion (50◦) to dorsiflexion (20◦).
In the concentric test mode, the players were instructed to push the lever arm along the full
angular sector in both directions [19,20]. Both ankles of each participant were assessed and
the same rest time was given. The measured isokinetic moments at 30◦/s were analyzed
by Pt and Wr. The measures at 120◦/s were analyzed by Pt, Fi, and Tw.

2.4. Data Process and Statistical Analyses

The sample size was calculated using G Power Software version 3.1.9.7 [21]. The
necessary sample size of 12 subjects was calculated from data to achieve a power of 0.40
and an effect size of 0.90, with an α level of 0.05. All data were reported as mean ±

standard deviation and carried out using the IBM® SPSS® Statistics software (version 22.0.
IBM Corporation; Armonk, NY, USA). The distribution of all data was checked using the
Shapiro–Wilk test. Due to non-normally distributed data, a non-parametric Mann–Whitney
U test was conducted. Effect sizes were determined by converting partial eta-squared (ES)
to Cohen’s d [22]. For all analyses, the significance level was set at p ≤ 0.05.

3. Results

3.1. Analysis of Demographic Variables

As shown in Table 1, although the injury period was a significant difference between
the groups, there were no significant differences in the remaining variables of the two
groups. The demographic variables of this study indicated the homogeneity of the subjects.

3.2. Kinematic Analysis of Jump Inside Kick

3.2.1. Comparisons of Event Time and Phase Time of Jump Inside Kick

Table 2 shows that the total event time from E1 to E5 at 360◦ in the LESS IG appeared
to be 0.04 s longer than that of the MORE IG. On the other hand, at 540◦, the total event
time from E1 to E5 in the LESS IG was 0.27 s shorter than that of the MORE IG, indicating
that the ability of the LESS IG to rotate in the air was faster than that of the MORE IG. These
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results were similar at 720◦. The results show that the event times of rotation in the LESS
IG was significantly faster than those of the MORE IG for 540◦ and 720◦ jump inside kicks.

Table 2. Event time and phase time of jump inside kick.

Groups

LESS IG MORE IG Z ES

Event
360◦

Event 1 (s) 0.00 ± 0.00 0.00 ± 0.00 - -
Event 2 (s) 0.20 ± 0.04 0.20 ± 0.01 - 0.00
Event 3 (s) 0.42 ± 0.02 0.40 ± 0.10 −1.000 0.277
Event 4 (s) 0.70 ± 0.00 0.68 ± 0.02 −1.000 0.277
Event 5 (s) 1.07 ± 0.00 1.07 ± 0.00 - -

Total (s) 2.39 ± 0.07 2.35 ± 0.02 −0.775 0.777

Event
540◦

Event 1 (s) 0.00 ± 0.00 0.00 ± 0.00 - -
Event 2 (s) 0.18 ± 0.03 0.23 ± 0.00 −1.633 0.777
Event 3 (s) 0.38 ± 0.02 0.45 ± 0.02 −1.549 3.500
Event 4 (s) 0.62 ± 0.02 0.72 ± 0.02 −2.549 * 5.000
Event 5 (s) 1.05 ± 0.03 1.10 ± 0.00 −1.633 5.000

Total (s) 2.23 ± 0.01 2.50 ± 0.05 −2.562 * 7.488

Event
720◦

Event 1 (s) 0.00 ± 0.00 0.00 ± 0.00 - -
Event 2 (s) 0.17 ± 0.05 0.17 ± 0.00 - 7.488
Event 3 (s) 0.36 ± 0.00 0.40 ± 0.00 −1.633 7.488
Event 4 (s) 0.62 ± 0.02 0.63 ± 0.00 - 7.488
Event 5 (s) 1.07 ± 0.05 1.05 ± 0.02 0.001 0.525

Total (s) 2.11 ± 0.11 2.75 ± 0.02 −2.532 * 8.095

Phase
360◦

Phase 1 (s) 0.12 ± 0.16 0.20 ± 0.00 0.001 8.095
Phase 2 (s) 0.19 ± 0.02 0.20 ± 0.00 - 8.095
Phase 3 (s) 0.34 ± 0.09 0.32 ± 0.02 0.001 0.306
Phase 4 (s) 0.54 ± 0.23 0.39 ± 0.02 −0.408 0.918

Total (s) 1.17 ± 0.14 1.10 ± 0.04 −1.608 0.679

Phase
540◦

Phase 1 (s) 0.10 ± 0.14 0.23 ± 0.00 −2.633 * 0.679
Phase 2 (s) 0.20 ± 0.05 0.22 ± 0.03 −0.775 0.485
Phase 3 (s) 0.32 ± 0.12 0.27 ± 0.01 0.001 0.587
Phase 4 (s) 0.55 ± 0.11 0.39 ± 0.02 −2.549 * 2.023

Total (s) 1.16 ± 0.04 1.10 ± 0.00 −1.633 2.023

Phase
720◦

Phase 1 (s) 0.10 ± 0.14 0.17 ± 0.00 0.001 27.457
Phase 2 (s) 0.15 ± 0.02 0.23 ± 0.00 −2.633 * 27.457
Phase 3 (s) 0.32 ± 0.06 0.24 ± 0.00 −2.651 27.457
Phase 4 (s) 0.14 ± 0.09 0.37 ± 0.05 −2.549 * 3.159

Total (s) 1.10 ± 0.01 2.09 ± 0.05 −2.862 * 27.457
All data represent mean ± standard deviation. LESS IG, a group with less than 20 months of injury experience;
MORE IG, a group with more than 20 months of injury experience. ES, effect size; *, p < 0.05.

Table 2 also shows that the total phase times at 360◦ and at 540◦ did not show a
significant difference between the two groups, but at 720◦ rotation, it was confirmed that
the LESS IG was significantly faster than the MORE IG.

3.2.2. Comparisons of Distance and Time of Jump Inside Kick

Table 3 represents the distance and time from take-off to landing between the LESS IG
and the MORE IG. For the total distance covered in the 360◦ jump inside kick, the LESS IG
was shorter than the MORE IG. This trend was similar in 540◦ and 720◦ rotation, and it can
be observed that there is a statistically significant difference between the groups.
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Table 3. Distance and time required by events of jump inside kick.

Groups

LESS IG MORE IG Z ES

360◦

DPB
d (m) 2.19 ± 0.99 2.94 ± 0.42 −0.775 0.986
t (s) 1.72 ± 0.55 2.59 ± 0.73 −0.786 1.346

DSL
d (m) 0.95 ± 0.74 1.66 ± 0.68 −0.775 0.999
t (s) 0.98 ± 0.21 0.77 ± 0.14 −0.775 1.176

TDPL
d (m) 3.14 ± 1.73 4.60 ± 1.10 −2.973 * 1.007
t (s) 2.70 ± 0.33 3.35 ± 0.59 −2.775 * 1.359

540◦

DPB
d (m) 2.51 ± 1.00 2.89 ± 0.11 0.001 0.534
t (s) 1.49 ± 0.45 1.82 ± 0.12 −0.775 1.002

DSL
d (m) 1.14 ± 0.70 1.34 ± 0.01 0.001 0.404
t (s) 0.98 ± 0.16 0.75 ± 0.17 −1.225 1.393

TDPL
d (m) 3.04 ± 1.70 4.23 ± 0.11 2.589 * 0.987
t (s) 2.47 ± 0.28 3.57 ± 0.28 −2.775 * 3.928

720◦

DPB
d (m) 2.87 ± 0.78 3.36 ± 0.44 −2.917 * 0.773
t (s) 1.95 ± 0.21 2.27 ± 0.42 −2.768 * 0.963

DSL
d (m) 1.28 ± 0.96 1.44 ± 0.41 −1.091 0.216
t (s) 1.10 ± 0.00 0.90 ± 0.00 −1.633 0.216

TDPL
d (m) 3.15 ± 1.75 4.80 ± 0.85 −2.675 * 1.199
t (s) 3.05 ± 0.21 4.17 ± 0.42 −2.901 * 3.373

All data represent mean ± standard deviation (SD). LESS IG, a group with less than 20 months of injury experience;
MORE IG, a group with more than 20 months of injury experience; ES, effect size; d, distance; t, time. DPB,
Distance from prior jump to before jump; DSL, Distance from spinning to landing; TDPL, Total distance from
take-off to landing. * p < 0.05.

3.3. Kinetic Analysis of Jump Inside Kick

3.3.1. Analysis of Static Muscle Contractions in Lower Legs

Table 4 shows that there was a significant difference in Tc between the LESS IG and
the MORE IG. The Tcs of the right gastrocnemius lateralis, right gastrocnemius medialis,
and right tibialis anterior of the LESS IG were significantly higher than those of the MORE
IG. Meanwhile, the Tcs of left rectus femoris, left tibialis anterior and left vastus medialis
of the LESS IG were significantly higher than those of the MORE IG. Dm also showed a
similar tendency to Tc. This tendency can be seen as a phenomenon that occurs because
the Wushu athletes must rotate to the left with the center point on their left leg in order to
perform a jump inside kick.

3.3.2. Analysis of Dynamic Muscle Contractions in Isokinetic Low Angular Speed

Table 5 shows that there were significant differences in the isokinetic knee extensor
and flexor at 60◦/s between the LESS IG and the MORE IG. Specifically, Pt and Wr in the
left extensor and flexor of the LESS IG were significantly higher than those of the MORE
IG. A similar tendency was observed in the ankle invertor/evertor, although there were no
significant differences between both groups. In the ankle plantarflexion/dorsiflexion test
at 30◦/s, the Pt and Wr in the right plantarflexor of the LESS IG were significantly higher
than those of the MORE IG.
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Table 4. Comparison of contraction time from TMG of lower legs.

Measured
Muscles

TMG Variables
Groups

LESS IG MORE IG Z ES

Biceps Femoris

Tc (ms) of Lt 21.42 ± 0.13 23.63 ± 4.57 −0.684 0.683
Dm (mm) of Lt 3.27 ± 2.69 2.31 ± 0.67 0.493 0.489

Tc (ms) of Rt 22.68 ± 3.90 19.61 ± 6.99 0.543 0.542
Dm (mm) of Rt 1.09 ± 0.42 4.85 ± 0.40 −5.425 ** 9.168

Gastrocnemius
Lateralis

Tc (ms) of Lt 26.82 ± 11.19 25.80 ± 3.06 0.125 0.124
Dm (mm) of Lt 2.11 ± 0.74 4.25 ± 0.62 −4.504 ** 3.134

Tc (ms) of Rt 32.69 ± 3.76 16.23 ± 24.13 2.957 * 0.953
Dm (mm) of Rt 1.87 ± 1.73 5.79 ± 1.56 −2.784 * 2.379

Gastrocnemius
Medialis

Tc (ms) of Lt 24.04 ± 11.82 20.55 ± 0.03 0.417 0.417
Dm (mm) of Lt 1.65 ± 0.62 1.92 ± 0.08 −0.608 0.610

Tc (ms) of Rt 37.17 ± 26.65 15.82 ± 2.61 3.428 * 1.127
Dm (mm) of Rt 0.72 ± 0.61 0.96 ± 0.76 −1.115 0.348

Rectus Femoris

Tc (ms) of Lt 21.99 ± 0.27 13.74 ± 0.25 4.418 ** 31.707
Dm (mm) of Lt 4.37 ± 1.15 8.80 ± 1.78 −2.376 * 2.956

Tc (ms) of Rt 18.33 ± 5.43 18.75 ± 2.01 −0.103 0.102
Dm (mm) of Rt 4.34 ± 1.48 4.74 ± 0.06 −0.376 0.381

Tibialis Anterior

Tc (ms) of Lt 29.01 ± 2.84 17.28 ± 6.06 2.746 * 2.478
Dm (mm) of Lt 0.83 ± 0.42 1.03 ± 0.37 −0.504 0.505

Tc (ms) of Rt 49.17 ± 0.49 22.86 ± 42.41 2.990 * 0.877
Dm (mm) of Rt 2.07 ± 0.76 2.11 ± 1.73 −0.030 0.029

Vastus Lateralis

Tc (ms) of Lt 22.73 ± 5.56 20.94 ± 1.07 0.301 0.447
Dm (mm) of Lt 3.20 ± 2.88 4.92 ± 1.66 −0.732 0.731

Tc (ms) of Rt 19.00 ± 10.92 18.78 ± 2.84 0.348 0.027
Dm (mm) of Rt 3.43 ± 4.54 3.41 ± 0.42 0.006 0.006

Vastus Medialis

Tc (ms) of Lt 29.94 ± 1.75 17.56 ± 3.67 2.916 * 4.306
Dm (mm) of Lt 2.26 ± 2.75 5.56 ± 0.25 −1.383 1.690

Tc (ms) of Rt 22.74 ± 6.81 25.14 ± 3.85 −0.434 0.433
Dm (mm) of Rt 4.46 ± 0.56 4.70 ± 0.86 −0.332 0.330

All data represent mean ± standard deviation (SD). LESS IG, a group with less than 20 months of injury experience; MORE IG, a group
with more than 20 months of injury experience; ES, effect size; TMG, tensiomyography; Tc, contraction time; Dm, maximal displacement.
*, p < 0.05; **, p < 0.01.

Table 5. Comparison results of isokinetic knee extension/flexion at 60◦/s, ankle inversion/eversion at 60◦/s, and ankle
plantarflexion/dorsiflexion at 30◦/s.

Measured
Muscles

Pt/Wr of Sides
Groups

LESS IG MORE IG Z ES

Knee
Extensor

Pt (Nm) of Rt 194.00 ± 69.30 145.50 ± 13.44 0.972 0.971
Pt (Nm) of Lt 220.00 ± 29.70 156.50 ± 21.92 2.433 * 2.432
Wr (Nm) of Rt 174.50 ± 40.31 145.50 ± 10.61 0.984 0.983
Wr (Nm) of Lt 208.00 ± 14.14 151.00 ± 29.70 2.451 * 2.450

Knee
Flexor

Pt (Nm) of Rt 152.00 ± 48.08 105.50 ± 7.78 1.350 1.350
Pt (Nm) of Lt 156.50 ± 4.95 96.00 ± 24.04 3.486 ** 3.485
Wr (Nm) of Rt 158.00 ± 8.49 125.00 ± 24.04 1.831 1.830
Wr (Nm) of Lt 167.00 ± 22.63 102.00 ± 29.70 2.462 * 2.461

Ankle
Invertor

Pt (Nm) of Rt 18.00 ± 0.01 18.50 ± 0.71 −1.000 0.995
Pt (Nm) of Lt 23.00 ± 5.66 16.00 ± 2.83 1.565 1.564
Wr (Nm) of Rt 10.00 ± 1.41 11.00 ± 0.01 −1.000 1.002
Wr (Nm) of Lt 15.50 ± 6.36 11.00 ± 0.01 1.000 1.000
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Table 5. Cont.

Measured
Muscles

Pt/Wr of Sides
Groups

LESS IG MORE IG Z ES

Ankle
Evertor

Pt (Nm) of Rt 17.00 ± 2.83 16.50 ± 3.54 0.156 0.156
Pt (Nm) of Lt 19.00 ± 0.01 17.50 ± 2.12 1.000 1.000
Wr (Nm) of Rt 11.00 ± 0.01 10.50 ± 2.12 0.333 0.333
Wr (Nm) of Lt 14.50 ± 4.95 13.00 ± 1.41 0.412 0.412

Ankle
Plantarflexor

Pt (Nm) of Rt 123.00 ± 14.14 104.00 ± 8.49 2.629 * 1.629
Pt (Nm) of Lt 101.50 ± 7.78 105.00 ± 8.49 −0.430 0.429
Wr (Nm) of Rt 71.00 ± 2.83 43.50 ± 13.44 2.833 * 2.831
Wr (Nm) of Lt 50.50 ± 4.95 47.50 ± 2.12 0.788 0.787

Ankle Dorsiflexor

Pt (Nm) of Rt 37.00 ± 5.66 39.00 ± 5.66 −0.354 0.353
Pt (Nm) of Lt 39.50 ± 3.54 33.50 ± 4.95 1.395 1.394
Wr (Nm) of Rt 24.50 ± 7.78 17.00 ± 1.41 1.342 1.341
Wr (Nm) of Lt 24.00 ± 5.66 15.00 ± 4.24 1.800 1.799

All data represent mean ± standard deviation. LESS IG, a group with less than 20 months of injury experience; MORE IG, a group with
more than 20 months of injury experience; ES, effect size; Pt, peak torque; Wr, work per repetition; Rt, right; Lt, left. *, p < 0.05; **, p < 0.01.

3.3.3. Analysis of Dynamic Muscle Contractions in Isokinetic Moderate to High
Angular Speed

Table 6 shows that there were significant differences in isokinetic knee extensor and
flexor at 180◦/s between the LESS IG and the MORE IG. The knee extensor that serves as
a crutch when rotating to the left was significantly higher in the left leg of the LESS IG,
whereas the knee flexor that acts as a crutch when performing a jump was significantly
higher in the right leg. A similar tendency was also observed in the isokinetic ankle
invertor/evertor and ankle plantarflexor/dorsiflexor.

Table 6. Comparison results of isokinetic knee extension/flexion at 180◦/s, ankle inversion/eversion at 90◦/s, and ankle
plantarflexion/dorsiflexion at 120◦/s.

Measured
Muscles

Pt/Fi/Tw of Sides
Groups

LESS IG MORE IG Z ES

Knee
Extensor

Pt (Nm) of Rt 131.00 ± 35.36 110.50 ± 6.36 0.807 0.806
Pt (Nm) of Lt 147.50 ± 16.26 95.50 ± 37.48 2.800 * 1.799

Fi of Rt 10.00 ± 9.90 8.50 ± 0.71 0.214 0.213
Fi of Lt 20.50 ± 7.78 −2.50 ± 20.51 3.483 ** 1.482

Tw (Nm) of Rt 1661.00 ± 65.05 1652.50 ± 133.64 0.081 0.080
Tw (Nm) of Lt 1824.50 ± 65.76 1350.50 ± 525.38 2.566 * 1.266

Knee
Flexor

Pt (Nm) of Rt 110.50 ± 4.95 83.50 ± 6.36 2.736 * 4.737
Pt (Nm) of Lt 122.50 ± 10.61 68.50 ± 27.58 3.585 ** 2.584

Fi of Rt 9.50 ± 2.12 9.00 ± 19.80 0.036 0.035
Fi of Lt 14.00 ± 1.41 −8.00 ± 46.67 1.666 0.666

Tw (Nm) of Rt 1504.00 ± 333.75 1266.50 ± 125.16 2.942 * 0.942
Tw (Nm) of Lt 1614.50 ± 365.57 1028.00 ± 258.80 2.852 * 1.851

Ankle
Invertor

Pt (Nm) of Rt 16.00 ± 0.01 14.50 ± 0.71 1.256 2.987
Pt (Nm) of Lt 16.00 ± 2.83 15.00 ± 4.24 0.277 0.274

Fi of Rt 21.00 ± 18.38 4.50 ± 13.44 3.025 ** 1.024
Fi of Lt 5.00 ± 1.41 21.50 ± 23.33 −3.998 ** 0.998

Tw (Nm) of Rt 124.00 ± 19.80 135.00 ± 19.80 −0.556 0.555
Tw (Nm) of Lt 168.50 ± 75.66 125.50 ± 6.36 1.801 0.800
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Table 6. Cont.

Measured
Muscles

Pt/Fi/Tw of Sides
Groups

LESS IG MORE IG Z ES

Ankle
Evertor

Pt (Nm) of Rt 16.00 ± 2.83 13.00 ± 2.83 1.061 1.060
Pt (Nm) of Lt 17.00 ± 1.41 16.50 ± 3.54 0.186 0.185

Fi of Rt 28.00 ± 4.24 19.50 ± 4.95 1.844 1.844
Fi of Lt 24.00 ± 8.49 38.00 ± 2.83 −1.972 2.212

Tw (Nm) of Rt 122.00 ± 19.80 106.50 ± 12.02 0.946 0.944
Tw (Nm) of Lt 169.50 ± 61.52 126.00 ± 1.41 2.030 0.999

Ankle
Plantarflexor

Pt (Nm) of Rt 72.00 ± 11.31 54.50 ± 7.78 1.803 0.021
Pt (Nm) of Lt 62.00 ± 8.49 52.50 ± 4.95 1.368 1.367

Fi of Rt 17.00 ± 18.38 21.00 ± 1.41 −0.307 0.306
Fi of Lt 9.50 ± 20.51 21.50 ± 7.78 −0.774 0.773

Tw (Nm) of Rt 594.00 ± 48.08 322.50 ± 137.89 4.629 ** 2.629
Tw (Nm) of Lt 520.50 ± 159.10 372.50 ± 126.57 2.730 * 1.029

Ankle Dorsiflexor

Pt (Nm) of Rt 22.50 ± 0.71 25.00 ± 4.24 −0.822 1.151
Pt (Nm) of Lt 26.00 ± 0.01 23.50 ± 0.71 5.000 2.987

Fi of Rt 18.00 ± 5.66 22.00 ± 29.70 −0.187 0.233
Fi of Lt 14.00 ± 11.31 20.00 ± 7.07 −0.636 0.742

Tw (Nm) of Rt 186.50 ± 17.68 153.50 ± 36.06 1.866 1.174
Tw (Nm) of Lt 198.50 ± 58.69 152.50 ± 33.23 1.965 0.964

All data represent mean ± standard deviation. LESS IG, a group with less than 20 months of injury experience; MORE IG, a group with
more than 20 months of injury experience; ES, effect size; Pt, peak torque; Fi, fatigue index; Tw, total work; Rt, right; Lt, left. *, p < 0.05;
**, p < 0.01.

4. Discussion

The findings of this study revealed that when comparing the Wushu self-taolu athletes
who have had different injury periods, there was no significant difference in body composi-
tion and the 360◦ jump inside kick. However, there were significant differences between
the groups for the 540◦ and 720◦ jump inside kicks. In addition, in the event and phase time
related to rotational time, there were no differences between the groups for the 360◦ jump
inside kick, but there were significant differences between the groups at the higher difficulty
levels. In other words, the LESS IG had a shorter jump distance, but faster rotational time,
although there was no significant difference in body composition compared to the MORE
IG. Specifically, this study found that there were significant differences between the groups
in the static and dynamic myofunctions between the LESS IG and the MORE IG.

When the jump inside kick was performed, the time in mid-air for the LESS IG was
longer than that of the MORE IG prior to completing the inside kick. In this study, it is
thought that the LESS IG efficiently performed the jump with sufficient space and elapsed
time during the inside kick motions at 360◦, 540◦, and 720◦. The distance and time from
take-off to landing between the LESS IG and the MORE IG also showed that the LESS
IG had a shorter jump distance, but a faster rotational time; such a fast rotation time
must be supported by the myofunction capable of exerting force. The jump inside kick
is a technique that starts with running from a distance, jumping counterclockwise while
jumping (Phases two to three), and kicking with the inside surface of the right foot while
jumping (Event four). In other words, touching the sole of the right foot during the three
types of jump inside kicks occurred close to the end of Event four. For a better jump front
kick, an athlete needs to be able to jump vertically. For this purpose, the forward speed
just before hopping should be fast; during the hopping period, it is important to shift
this forward speed vertically [6]. The better the athlete is, the shorter the hop time in
the run before and after the jump is; the shorter the intersection between the vertical and
horizontal speeds in the section immediately before and after the jump is, the more efficient
the performance is [23].

At international competitions, there are many foreign Wushu athletes who perform
at C level, and the results are excellent. In Korea, there are only few athletes who can
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perform at C level. Self-taolu athletes must perform advanced skills in order to excel in
the Asian Games and World Championships. Therefore, this study intended to present the
analysis and application method for performing high-difficulty techniques. Recently, many
quantified data and instruction models have been proposed through these analyses. Most
studies have only analyzed difficulty levels for A and B, such as the 360◦ and 540◦ jump
inside kicks, while research on C-level techniques, such as the 720◦ jump inside kick, is
rare. When performing the three types of jump inside kicks, the LESS IG showed superior
time and distance compared to the MORE IG. In this regard, Leporace et al. reported that it
is desirable to increase the vertical velocity in the jump motion, and to perform the motion
using the rotation of the lower joint on the long axis [6]. This study found that although
there were no differences at 360◦ between both groups, there were significant differences in
the technical skills in the 540◦ and 720◦ jump inside kicks between the groups. That is, for
the higher-ranking levels of Wushu athletes in Korea, more technical training is needed at
over 360◦ spinning skill such as a shorter spinning time [1,4,24].

In order to perform the higher levels of difficulty for the jump inside kick, the muscle
contractility of the lower extremities is very important [6,25]. In this regard, this study
investigated the static muscle contractility of the lower extremity in the Wushu self-taolu
players. In the results of this study, Dm in the right biceps femoris of the LESS IG was
significantly lower than that of the MORE IG. This indicates a high muscle tone expressed
in the hamstrings of the LESS IG may be a concern in the future due to excessive stiffness.
It is also evidence that the training related to jumping is repeated periodically. In addition,
the high Tc and low Dm of the right gastrocnemius lateralis of the LESS IG showed a
significant difference with the values of the MORE IG, and gastrocnemius medialis of the
LESS IG showed similar results. On the other hand, compared to the MORE IG, the low Dm
of the left gastrocnemius lateralis of the LESS IG, the high Tc and low Dm of the left rectus
femoris, and the high Tc of the left tibialis anterior and vastus medialis can be interpreted to
mean that the LESS IG is better trained or rehabilitated for jumping and rotating compared
to the MORE IG. In this regard, García-Manso et al. reported that the post-activation
potentiation after strength exercises was responsible for the observed changes in muscle
response at the end of the first set [26]. This mechanism becomes significant with changes
in increased Tc and decreased Dm. Several researchers also suggested that a low Dm
indicates a high muscle tone and excessive stiffness in the muscle structures, whereas an
elevated Dm indicates a lack of muscle tone or the appearance of muscle fatigue [12,13,26].
Considering that Dm varies depending on the load of strength training, the recovery time
between repetitions, and the type of muscle contraction, it can be estimated that the LESS IG
analyzed in this study had a higher training volume than the MORE IG. The normal curve
from TMG has a steep shape, and Tc appears at short intervals [27]. Characteristically, the
shape of the overall curve appears to collapse after the injury, which is due to the fact that
muscle contraction does not proceed normally and rapidly [26,27]. The two parameters
enable the muscular composition of the studied muscular groups to be increased [28],
correlated with the increase in the contraction time, and the decrease in the muscular
displacement amplitude [12,29]. These parameters have normal average values for Tc,
namely, 32.83 ms, and for all muscular groups, the average Dm value is 8.17 mm [29,30].
In the static muscle contractions in this study, there was no significant difference in Tc
between the LESS IG and the MORE IG, but the Tc of the left rectus femoris, the Dm of
the right biceps femoris, and the Dm of the gastrocnemius lateralis in the LESS IG were
significantly higher than those in the MORE IG. The Tc of the right biceps femoris in the
LESS IG was also significantly higher than the MORE IG. In other words, the left rectus
femoris, right biceps femoris, and right gastrocnemius lateralis are all muscle groups that
are required for leaping and kicking, which are significantly higher in the LESS IG than the
MORE IG. In particular, the Tc of right biceps femoris was very high in the LESS IG, and
it was found to satisfy the hypothesis of this study. It was also found that Dm was most
effective in detecting muscle hypertrophy, and that muscle stiffness secondary to muscle
hypertrophy could induce a decrease in the Dm of Wushu self-taolu athletes. These results
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show the fact that when the injury period is short when landing after an inside jump, it is
possible to show a little better performance. In other words, as a Wushu athlete, in order to
become a superior athlete, it is necessary to have some level of static muscle function in the
lower extremities, and this result is considered to be the only way to prevent injuries [31].

Some of the contractile parameters measured by TMG have been found to correlate
with muscle peak torque [32], and with the spatial distribution of fiber types in human
muscles [14,16,28]. In addition to this relation, the dynamic phenomenon in sports shows
that the role of dynamic myofunction as well as static myofunction is very important [33].
From this point of view, this study also investigated the static as well as the dynamic
myofunctions, and the following results were observed. The knee extensor muscles that
include the vastus medialis, vastus lateralis, and rectus femoris, fixed the knee joint upon
landing after the jump. These muscle groups did not differ significantly between the
groups in this study. However, the biceps femoris, an important knee flexor muscle at the
time of the jump, appeared very predominantly in the LESS IG. In examining the dynamic
muscle contractility, the moments of isokinetic low angular speeds in the LESS IG were
higher than those of the MORE IG. Specifically, the Pt and Wr of the left knee extensor and
flexor of the LESS IG were significantly higher than those of the MORE IG. Through this
myofunction of the thigh, explosive jumps are made, and it helps to maintain balance even
when landing after a mid-air rotation. This phenomenon is thought to be the development
of extensor and flexor muscles in the center of the knee joint, which must withstand the
force applied to the left lower extremity just before the jump when athletes need to jump
in the left direction. Moreover, the right ankle plantarflexor, which triggers the jumping
force to the left, was significantly higher in the LESS IG than in the MORE IG, which is
interpreted to suggest the importance of the right plantarflexor that triggers the jumping
time to the left. These results seem to support the results shown in the TMG test presented
in Table 4. That is, the Tc of the right gastrocnemius lateralis was 32.69 ± 3.76 ms in the
LESS IG, while it was 16.23 ± 24.13 ms in the MORE IG, which is consistent with the result
of the dynamic contractility of the right ankle plantarflexor.

As shown in Table 6, the moments of isokinetic moderate to high angular speeds
are shown similarly to the moments of low angular speed, although it shows specific
results. That is, the Pt of the left knee extensor of the LESS IG was significantly higher than
that of the MORE IG, and the Tw also showed a similar result, suggesting that the role
of the left lower extremity is important before jumping and during landing [4,6,33]. The
Fi in the LESS IG is significantly higher than in the MORE IG, which means that muscle
fatigue in the LESS IG is high in the left thigh, confirming the meaning of the results once
again [31]. On the other hand, unlike the extensor of the knee, Pt and Tw of the knee
flexor of the LESS IG were significantly higher than those of the MORE IG on both the
left and right sides, whereas there was no difference in Fi. This result shows that the knee
flexor should be excellent in bending the knee joint before jumping and absorbing the
shock during landing, while the muscle fatigue should be low. Meanwhile, the Tw of
the right ankle plantarflexor in the LESS IG was 594.00 ± 48.08 Nm, whereas that in the
MORE IG was 322.50 ± 137.89 Nm, which shows a significant difference between both
groups. The Tw of the left ankle plantarflexor in the LESS IG was 520.50 ± 159.10 Nm,
whereas that of the MORE IG was 372.50 ± 126.57 Nm, which shows a significant difference
between both groups. This result shows that when performing the Wushu jump inside kick,
the ankle plantarflexor for extending the ankle should be able to perform myofunction
without fatigue for a long time. This study confirmed that the excellent rotational skills of
jump inside kicks in the Wushu self-taolu athletes come from the well-equipped static and
dynamic muscle contractile properties while minimizing the injury frequency or length.
Ultimately, this study found that when Wushu players rotate 360, 540, and 720 degrees in
the air, the rotation speed varies according to the three target rotation angles, and there is a
significant difference according to the length of the injury. However, when the length of
the injuries of the athletes is long, the muscle function of the lower extremities to cause
rotation in the air is low, and moreover, when the number of rotations is high, it is more
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evident. These results suggest that even if an athlete is injured, treatment should be carried
out quickly so that the frequency or length of the injury does not occur as often.

5. Conclusions

First, the event time, phase time, and distance/time for 540◦ and 720◦ jump inside
kicks of the LESS IG were higher than those of the MORE IG. Second, there were significant
differences in the Tc and Dm between the LESS IG and the MORE IG. The left lower
extremity of the LESS IG was well developed. The right biceps femoris was significantly
higher in the LESS IG than in the MORE IG. This tendency was similarly observed at
isokinetic low to high angular speeds. It can be interpreted that the static and dynamic
muscle contractile properties required for the jump inside kicks were significantly higher in
the less experienced injury of lower legs in the Wushu athletes. This study confirmed that
in order to be a non-injured self-taolu athlete, it is necessary to develop myofunctions of the
knee extensor, knee flexor, and ankle plantarflexor for jump inside kicks. In other words, in
preparation for injury to the lower extremities that may occur during jumping and landing,
muscle function training should be continued. Additionally, it can be concluded that it is
desirable to train and to rehabilitate accordingly because there is less torsion of the lower
extremities upon landing after a high air jump. However, this study had a small sample
size due to the limited number of Wushu players in Korea. In addition, healthy Wushu
players were not included in the study. Therefore, there are limitations in being able to
generalize these results to other populations and types of competitions.
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Abstract: Background and Objectives: Blood flow restriction during low-load exercise stimulates
similar muscle adaptations to those normally observed with higher loads. Differences in the arterial
occlusion pressure (AOP) between limbs and between sexes are unclear. We compared the AOP of
the superficial femoral artery in the dominant and non-dominant legs, and the relationship between
blood flow and occlusion pressure in 35 (16 males, 19 females) young adults. Materials and Methods:
Using ultrasound, we measured the AOP of the superficial femoral artery in both legs. Blood flow at
occlusion pressures ranging from 0% to 100% of the AOP was measured in the dominant leg. Results:
There was a significant difference in the AOP between males and females in the dominant (230 ± 41
vs. 191 ± 27 mmHg; p = 0.002) and non-dominant (209 ± 37 vs. 178 ± 21 mmHg; p = 0.004) legs, and
between the dominant and non-dominant legs in males (230 ± 41 vs. 209 ± 37 mmHg; p = 0.009)
but not females (191 ± 27 vs. 178 ± 21 mmHg; p = 0.053), respectively. Leg circumference was the
most influential independent predictor of the AOP. There was a linear relationship between blood
flow (expressed as a percentage of unoccluded blood flow) and occlusion pressure (expressed as a
percentage of AOP). Conclusions: Arterial occlusion pressure is not always greater in the dominant leg
or the larger leg. Practitioners should measure AOP in both limbs to determine if occlusion pressures
used during exercise should be limb specific. Occlusion pressures used during blood flow restriction
exercise should be chosen carefully.

Keywords: resistance exercise; blood flow restriction; blood flow restriction exercise

1. Introduction

Blood flow restriction (BFR) applied to the arms or legs during low-load resistance
training is effective in promoting hypertrophy and increasing or maintaining muscle
strength [1–5]. Blood flow restriction exercise (BFRE) can be part of musculoskeletal reha-
bilitation following an injury or surgery or for those trying to counter muscle wasting due
to chronic disease [4,6,7]. The muscular adaptations to BFRE contribute to the popularity
of this method of resistance training among athletes and in the fitness industry.

Blood flow restriction partially restricts arterial blood flow into the limb and occludes
venous blood flow out of the muscle [6–9]. Some studies [10,11] used elastic wraps as
a “practical” method of BFR, but this could produce inconsistent blood flow restriction
between two limbs and between exercise sessions. Most studies have restricted blood
flow with an inflatable cuff. Early studies used absolute cuff pressures [7,8,12–16] ranging
from 50 to 300 mmHg, but this is problematic in that a given cuff pressure represents
a different level of occlusion and blood flow restriction for each person. The current
recommendation [5,17] is to use a percentage of the arterial occlusion pressure (AOP) to
restrict blood flow during BFRE. Although further research is needed to determine the
optimal pressure to use during BFRE, it appears that a pressure equivalent to 50% to 80%
of the AOP is appropriate during low-load resistance training [5].
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Although a plethora of papers have been published on the topic of BFR and BFRE,
some things remain unclear, including the relationship between blood flow and occlusion
pressure, sex differences in AOP, and differences in AOP between dominant and non-
dominant limbs. Differences in the AOP between individuals is attributed primarily to
differences in limb circumference [5,18]. To date, studies have not reported the AOP in
the dominant and non-dominant limbs in an individual. In most of the literature where
occlusion pressure is based on a percentage of AOP, dominance of the occluded limb is not
reported in unilateral interventions and any differences between limbs are not reported in
bilateral studies [19–24]. Any differences in AOP between the dominant and non-dominant
limbs may be due to differences in limb circumference. Although previous studies have
included male and female participants, sex differences in AOP have not been reported.
After accounting for potential differences in limb circumference, little evidence suggests
that there is a sex difference in AOP. Some authors have reported that the relationship
between arterial blood flow and absolute cuff pressure in the leg is linear [7,8,12,25] but a
recent study [26] reported a nonlinear relationship between relative arterial blood flow and
cuff pressures with a plateau in blood flow at pressures between 40–80% AOP.

The purposes of this study were to compare the AOP of the superficial femoral
artery (SFA) in the dominant and non-dominant legs, and blood flow at relative occlusion
pressures (0–100% AOP) in the dominant leg at rest in young healthy men and women.
We hypothesized a direct positive relationship between limb circumference and AOP,
no significant difference in AOP between the sexes or between the dominant and non-
dominant legs, and no significant sex difference in the relationship between arterial blood
flow and relative occlusion pressure.

2. Materials and Methods

This study was a cross-sectional study that measured the AOP in the SFA of both legs
and blood flow in the dominant leg at cuff pressures representing 0%, 20%, 40%, 60%, 80%,
and 100% of the AOP. The primary variables of interest included the AOP (mmHg) and
blood flow at each increment of blood flow restriction (% AOP). This study was reviewed
and approved by the Institutional Review Board for the use of Human Subjects prior to the
collection of any data.

2.1. Participants

A total of 35 (16 males, 19 females) physically active and apparently healthy adults,
18–35 years of age participated in this study. Interested participants were excluded from
participation if they had any known risk factors for cardiovascular disease or one or more
risk factors for thromboembolism, which include: obesity (BMI ≥ 30 kg/m2), diagnosed
Crohn’s disease, a previous fracture of the hip, pelvis, or femur, a major surgery in the
last 6 months, varicose veins, a family history of deep vein thrombosis or pulmonary
embolism, and on oral birth control [22,27–29]. Individuals were also excluded if a) they
had been diagnosed as having or were being treated for cardiovascular disease, renal
disease, diabetes, or hypertension, b) their resting systolic blood pressure (SBP) ≥ 130 or
diastolic blood pressure (DBP) ≥ 80 mmHg, or c) they were pregnant or less than 6 months
postpartum. To minimize the effects of hormone variability later in the menstrual cycle,
females participated in the study within the first 14 days of their menstrual cycle.

2.2. Procedures

Subjects were instructed to refrain from eating during the 2 h prior to their partici-
pation, consuming caffeine for the previous 8 h, and participating in vigorous physical
activity the previous 24 h [28,29]. All procedures for each subject were completed in one
visit to the lab. The methods, expectations, risks, and benefits of the study were explained
to each subject after which they voluntarily provided written informed consent.

The subject’s height (cm) was measured using a calibrated wall-mounted stadiometer
scale (SECA Model 264; SECA, Cino, CA, USA). Body mass (kg) was measured using a

18



Medicina 2021, 57, 863

digital scale (Ohaus Model CD-33, Ohaus Corporation, Pine Brook, NJ, USA) and BMI
(kg/m2) was calculated from measured height and body mass values. Subjects then sat
quietly in a comfortable chair for 5 min with legs uncrossed. Blood pressure was measured
on the right arm and the average of two blood pressure measurements was recorded, or if
they were not within 5 mmHg of each other, blood pressure was measured a third time, and
the two closest measurements were averaged. Mean arterial pressure (MAP) was calculated
as DBP plus one-third of pulse pressure. Leg dominance was determined by self-report
by asking “I you were to kick a ball, with which leg would you use to kick the ball? [30].
The circumference and skinfold thickness of the dominant and non-dominant thighs were
measured in triplicate in the standing position using a spring-loaded Gullick measuring
tape and a calibrated Lange caliper (Santa Cruz, CA, USA), respectively. Measurements
were taken at one-third of the distance between the inguinal crease and the top of the
patella. The average of the three measurements was used in the data analysis.

2.3. Blood Flow Measurements

All blood flow measurements were performed using a handheld Doppler probe
(9 MHz; 55 mm) and GE ultrasound machine with an integrated ECG (GE LOGIQ, GE
Healthcare). Blood flow restriction was accomplished using a Hokanson SC10 cuff (10 cm
wide; 85 cm long) attached to an E-20 rapid cuff inflator (Hokanson, Bellevue, WA, USA).
The occlusion cuff was placed on the participant’s thigh one-third of the distance between
the inguinal fold and the top of the patella and blood flow in the SFA was measured distal
to the cuff. Color flow mode and pulse wave forms were viewed to determine the presence
of blood flow. During the entire time of testing, participants were in a semi-reclined (15◦)
position to allow reasonable access to the SFA using the ultrasound. Angle of insonation of
the ultrasound probe was maintained at 60◦.

2.4. Measurement of Arterial Occlusion Pressure

The AOP of the SFA in the dominant and non-dominant legs was measured once in a
randomized order for each participant. A hand-held Doppler probe was used to detect a
pulse wave in the SFA distal to the cuff with the cuff deflated. The cuff was then inflated to
50 mmHg and then gradually increased until arterial flow and pulse waves were no longer
detected. After the AOP was recorded, the cuff was deflated, removed, and placed on the
other leg. The participant rested for 5 min [20,27,29] with the cuff deflated, after which the
process was repeated.

2.5. Measurement of Arterial Blood Flow

Following at least 5 min after the second AOP measurement, we measured arterial
blood flow for 1 min at cuff pressures equivalent to 0%, 20%, 40%, 60%, 80%, and 100%
of the subject’s previously measured AOP in a randomized order. There was a 5 min rest
period between measurements with the cuff deflated. One-minute video clips were stored
for later analysis. Using the integrated ECG and pulse waves as reference points, femoral
artery diameter was measured at two time periods representing the end of diastole (just
before the QRS) and during systole (at the peak of the QRS) of each cardiac cycle. The two
measurements were averaged for each beat over five 12-s periods. Time averaged blood
flow velocity (TAV) over the five 12-s periods was recorded. Blood flow (mL/min) was
calculated automatically by the ultrasound machine as follows:

Blood flow (mL/min) = Cross sectional area (cm2) × TAV (cm/s) × 60 s/min

2.6. Data Analysis

Sex differences in age, height, body mass, BMI, blood pressure measurements (i.e., SBP,
DBP, MAP), leg circumference, thigh skinfold thickness, and AOP in the dominant and non-
dominant legs were determined using two-sample t-tests. Differences in leg circumference,
thigh skinfold thickness, and AOP between the dominant and non-dominant legs in
males and females were determined using paired t-tests. The influence of sex, SBP, DBP,
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MAP, thigh skinfold and circumference measurements on the AOP was evaluated using
regression analysis.

Analysis of arterial blood flow data, expressed as a percentage of unoccluded blood
flow, and occlusion pressure, expressed as a percentage of individual AOP (0%, 20%, 40%,
60%, 80%, 100%) presented two major challenges. The first was that relative blood flow
when there was no occlusion (0% AOP) is represented as 100% for every subject and there
is no variance in the data. Second, blood flow at various degrees of occlusion (e.g., 20%,
40%, 60% AOP) for some subjects was higher than when there was no occlusion (0% AOP).
Thus, the difficulty in analyzing the blood flow data was that there was one data point
(0% AOP) where there is no variance in blood flow (blood flow = 100%) and other data
points where relative blood flow was greater than that measured at 0% AOP (blood flow
= 100%). To analyze these data, we first used a one-sample t-test to determine if relative
blood flow at 20% AOP was significantly different from relative blood flow at 0% AOP.
We found that the average relative blood flow at 20% AOP was 81% (CI = 70.4−91.6%)
of unoccluded blood flow (p = 0.0009). Since each subject had multiple data points, we
then fit a mixed linear model between relative blood flow and relative occlusion pressure
to account for within- and between-subject variability. To further appropriately account
for variability when fitting the model, we omitted the blood flow data at 0% AOP and
only used data at occlusion pressures of 20%, 40%, 60%, 80%, and 100% of AOP. The initial
analysis revealed that there was no sex difference in the relationship between blood flow
and occlusion pressure. We therefore fit a linear model that did not include sex as a variable.
A 95% confidence interval (CI) and prediction interval (PI) were computed for the line of
best fit through the data.

3. Results

Participant characteristics are shown in Table 1. Males were taller, heavier and had
higher SBP and MAP than their female counterparts. There were no significant differences
in the circumferences of the dominant and non-dominant legs in males (p = 0.1897) or in
females (p = 0.0895) or of the dominant (p = 0.847) or non-dominant legs (p = 0.746) between
males and females. There were no significant differences in the thigh skinfold between the
dominant and non-dominant legs of either males (p = 0.7630) or females (p = 0.5923) or of
the dominant leg (p = 0.056) and non-dominant leg (p = 0.054) between males and females.

Table 1. Participant Characteristics.

Males (N = 16) Females (N = 19) Combined (N = 35)

Age (years) 23.8 ± 3.6 22.9 ± 3.5 23.3 ± 3.5
Height (cm) * 177.6 ± 5.3 166.9 ± 8.7 171.8 ± 9.1
Body Mass (kg) * 75.4 ± 10.6 63.6 ± 9.6 68.8 ± 11.6
BMI (kg/m2) 23.9 ± 3.6 22.7 ± 2.9 23.3 ± 3.2
SBP (mmHg) * 122 ± 5.5 114 ± 5 117 ± 6.5
DBP (mmHg) 73 ± 6.4 71 ± 6 72 ± 6.3
MAP (mmHg) * 90 ± 5.7 85 ± 5 87 ± 5.6
Thigh Skinfold (mm)
Dominant Leg 25.8 ± 11.0 32.6 ± 9.2 29.5 ± 10.5
Non-dominant Leg 25.9 ± 11.6 32.8 ± 8.8 29.6 ± 10.6
Difference 0.12 ± 1.63 0.26 ± 2.1 0.2 ± 1.87
Thigh Circumference (cm)
Dominant Leg 48.8 ± 4.2 49.2 ± 4.9 49.0 ± 4.5
Non-dominant Leg 47.9 ± 4.5 48.5 ± 4.9 48.3 ± 4.7
Difference 0.91 ± 2.6 0.68 ± 1.6 0.78 ± 2.12
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Table 1. Cont.

Males (N = 16) Females (N = 19) Combined (N = 35)

Arterial Occlusion Pressure (AOP)
Dominant Leg * 230 ± 41 191 ± 27 209 ± 39
Non-dominant Leg * 209 ± 37 178 ± 21 192 ± 33
Difference 21 ± 28.7 ˆ 13 ± 27.3 17 ± 27.8

Values are mean ± SD. BMI = body mass index, SBP = systolic blood pressure, DBP = diastolic blood pressure,
MAP = mean arterial pressure. * = significant difference between males and females (p < 0.05); ˆ = significant
difference between dominant and non-dominant leg (p < 0.05).

3.1. Arterial Occlusion Pressure

There was a significant difference in the AOP between males and females in the
dominant (230 ± 41 vs. 191 ± 27 mmHg; p = 0.002) and non-dominant (209 ± 37 vs.
178 ± 21 mmHg; p = 0.004) legs, respectively. There was a significant difference in the AOP
between the dominant and non-dominant legs in males (230 ± 41 vs. 209 ± 37 mmHg;
p = 0.009) but not in females (191 ± 27 vs. 178 ± 21 mmHg; p = 0.053). Regression
analysis revealed that after leg circumference entered the equation, SBP, DBP, MAP, skinfold
thickness, age, and sex were not significant independent predictors of AOP. The resulting
regression model as shown in Figure 1 with 95% CI and 95% PI was:

AOP (mmHg) = 40.4 + (3.23) Leg Circumference (cm)

 

−

Figure 1. Relationship between limb circumference and arterial occlusion pressure. Solid line = line
of best fit. Dashed lines = 95% Prediction Intervals. Dotted lines = 95% Confidence Intervals.

3.2. Arterial Blood Flow

The mixed model analysis revealed a linear relationship between relative blood flow
(% unoccluded blood flow) and relative occlusion pressure (%AOP). The resulting equation
(R = −0.842; Residual Standard Error = 25.3) as shown in Figure 2 with 95% CI and
95% PI was:

Percent Blood Flow = 99.46 − 0.85 (Occlusion Pressure; %AOP)
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Figure 2. Relationship between arterial blood flow and occlusion pressure. Solid line = line of best fit.
Dashed lines = 95% Prediction Intervals. Dotted lines = 95% Confidence Intervals.

4. Discussion

This paper adds to the current body of knowledge about BFR in that we report,
perhaps for the first time, large differences in AOP between males and females and between
the dominant and non-dominant legs. The linear relationship between blood flow and
occlusion pressure expressed in relative terms was unrelated to sex. We also report a large
variance in blood flow data at different levels of occlusion that is not unique to this study
but has not been previously discussed. The findings of this study have implications for
future research and those using BFRE.

4.1. Sex and Limb Differences in Arterial Occlusion Pressure

We report a large sex difference in AOP in both the dominant and non-dominant
legs (Table 1). Although other studies have included male and female participants, sex
differences in AOP have not been reported [21,26,31,32]. To the best of our knowledge,
only one previous study has reported a sex difference in AOP. Jessee et al. [27] reported
that the AOP of the right arm of females was on the average 4–7 mmHg (p < 0.05) lower
than in males across three different cuff sizes. Although significantly different, the authors
suggest that the differences in AOP were inconsequential in prescribing BFRE.

It is well reported that differences in the AOP can be attributed primarily to differences
in limb circumference [7,18,33]. The larger the limb, the greater the pressure required to
occlude the blood vessel. Larger limbs have more mass between the skin and the blood
vessels that must be compressed to occlude the vessel, and higher pressures are required to
transmit adequate force to the deeper tissues [20,21]. Hence, it follows that sex differences
in AOP or differences in AOP between limbs may be accounted for by differences in limb
circumference. Jessee et al. [27] reported an average sex difference in circumference of the
right arm of 5.3 cm and that after accounting for arm circumference, arm length, SBP, and
DBP, sex remained a significant independent predictor of AOP. In this study, there was
an average difference in circumference of <1 cm in both the dominant and non-dominant
legs between and within males and females (Table 1). Despite a small average difference
in leg circumference, there was a large difference in AOP between the dominant and non-
dominant legs within and between males and females (Table 1). This could be attributed to
the fact that the difference in the circumferences of the dominant and non-dominant leg
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ranged from the dominant leg being 5.5 cm smaller to 7 cm larger than the non-dominant
leg in males and 2.5 cm smaller to 3.5 cm larger in females. The regression analysis in
this study indicates that after accounting for leg circumference, SBP, DBP, MAP, skinfold
thickness, sex, and age were not significant predictors of AOP. The differences in the results
between this study and that of Jessee et al. [27] might be explained by the differences
in the size of the limbs studied (i.e., legs vs. arms). In addition, we report the AOP
of both the dominant and non-dominant legs, whereas Jessee et al. only reported the
AOP of the right arm, rather than the dominant arm. It should be appreciated that the leg
circumference of the dominant leg is not always larger than that of the non-dominant leg. In
this study, the dominant leg was larger than the non-dominant leg in 20 of the participants
(8 males, 12 females) and the non-dominant leg was larger in 15 of the participants (8 males,
7 females). Likewise, the AOP is not always higher in the larger leg. In this study, the
AOP was higher in the larger leg of 21 participants (15 dominant, 6 non-dominant; 9 males,
12 females) and higher in the smaller leg of 14 participants (9 dominant, 5 non-dominant;
7 males, 7 females).

Considering that the overall average difference in AOP between the dominant and
non-dominant legs in this study was 17 mmHg (Table 1), an occlusion pressure of 50% of
AOP would result in a difference in occlusion pressure of less than 9 mmHg between legs.
This small difference in occlusion pressure between the two limbs would be of little import
during BFRE. Nevertheless, the greatest difference in AOP between the two legs in an
individual in this study was 80 mmHg. In this subject, the difference in occlusion pressure
between the two legs during BFRE would be of practical significance. Our data suggest
that AOP should be measured in both legs to determine if a sufficient difference existed
that would justify using occlusion pressures specific to each leg. Most practitioners (e.g.,
physical therapists, personal trainers, strength and conditioning coaches, etc.) are unable
to measure AOP in their clients or patients. Nevertheless, health and fitness professionals
should be aware of differences between limbs that could affect the safe use of BFR during
exercise. End-users should not be naïve of the potential differences between limbs and
should use BFR during exercise with appropriate caution. Although further research is
needed, occlusion pressures at a perceived pressure [10,11] could account for difference
between limbs when measures of occlusion pressure are not possible.

The composition of the limb may also influence the pressure required to occlude a
blood vessel. In this study, the sex differences in thigh skinfold thickness approached the
alpha-level of 0.05 but likely did not enter into the regression equation to estimate AOP
because it is included as part of the overall circumference of the leg and represents only a
portion of the total tissue mass that must be compressed to occlude the femoral artery. Our
data concur with that of Loenneke et al. [21] who, after using B-mode ultrasound to measure
fat thickness of the upper arm of 171 males and females, concluded that the absolute size
of the arm may be more important than the composition of the arm in predicting AOP.

4.2. Arterial Blood Flow

Since blood flow at any given absolute pressure varies widely between individuals, it
is appropriate to express blood flow and occlusion pressure in relative terms. The results
of this study (Figure 2) indicate a linear relationship between blood flow (% unoccluded
blood flow) and relative occlusion pressure (%AOP). Our data concur with those of a
previous study reporting a linear relationship between relative blood flow and %AOP in
the posterior tibial artery [25]. This is contrary to recently reported nonlinear relationships
between relative blood flow and relative occlusion pressure and plateaus in blood flow
between 40% to 80% AOP in the brachial artery [34,35] and the SFA [26]. Some difference in
methodology between studies could help explain the disparity in the results. For example,
subjects in our study were in a semi reclined position, whereas subjects in Crossley et al. [26]
study were in the seated position. Additionally, measurements in the study by Crossley
et al. were performed on alternating legs in a randomized order over the course of the
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study so the reported AOP and blood flow represented AOP and blood flow in both legs
rather than either the dominant or non-dominant leg.

Whether the relationship between blood flow and occlusion is linear or nonlinear
is of practical importance. A nonlinear relationship suggests that use of a lower, more
comfortable and potentially safer occlusion pressure (e.g., 40% AOP) would provide an
equally effective stimulus during BFRE as higher occlusion pressures. A linear relationship
suggests that the occlusion pressure used during BFRE should be selected more carefully
and that further research is required to determine a recommended reduction in blood flow
to be used during BFRE.

4.3. Variance in Blood Flow Measurements

In this study, we observed a large variation in blood flow at different levels of occlusion.
For example, we note that blood flow at higher levels of occlusion was sometimes greater
than at lower levels of occlusion. We also found that some participants had notable blood
flow at an occlusion pressure equivalent to the previously measured AOP. Variance in the
data presented in this study is apparent in the wide prediction intervals shown in Figure 2.
These observations are suggestive of a robust cardiovascular system that maintains blood
flow across various levels of occlusion pressures [35].

Evidence of the variation in blood flow measurements is present in previous studies.
For example, close examination of previously reported blood flow data [34] reveals that
relative blood flow at 70% AOP was greater than relative blood flow at 60% and 50%
AOP. Likewise, previously reported large standard deviations of blood flow data [35]
suggest that in some subjects, blood flow at higher occlusion pressures was greater than at
lower occlusion pressures. This could be attributed to a cardiovascular response to high
occlusion pressures in the absence of exercise [7,36]. It could also be possible that after
several applications of BFR there are local responses in the vasculature that alters blood
flow or the AOP. Although previous research indicates that blood flow returns to normal
within 30 to 90 s after the occlusion is removed [37], longer rest periods may be needed
between sequential blood flow measurements with occlusion. It is possible that after
multiple occlusions of blood flow, the AOP changes. This could influence the expression of
blood flow relative to AOP. Lastly, although data collected from each subject in this study
occurred in a single day, Mouser et al. [35] reported a significant day-to-day variation in
resting blood flow that clearly has implications for future research involving blood flow
measurements over multiple days and the use of BFRE. Our data and close examination of
data presented in the literature warrants a call for further studies evaluating the variance
and reliability of blood flow measurements during BFR.

4.4. Study Limitations

This study had several limitations. Participants were college-age coeds without known
risk factors for cardiometabolic diseases. Therefore, the results of our study may not be
applicable to all populations. Blood pressure was not measured during the measurement
of blood flow at different occlusion pressures. Having blood pressure measurements could
lead to a better understanding of the relationship between occlusion pressure and blood
flow. Blood pressure measurements during blood flow occlusion may also help explain
the variation in blood flow at different occlusion pressures. In this study, the Hokanson
SC10 cuff (10 cm wide; 85 cm long) attached to an E-20 rapid cuff inflator (Hokanson,
Bellevue, WA, USA) was used for all measurements. Clinicians, researchers, and other
practitioners may use different brands of cuffs and inflation systems, different cuff sizes, or
other methods to occlude blood flow. Lastly, a greater number of subjects could improve
the data when comparing limb and sex differences in AOP.

4.5. Direction for Future Studies

Based on the results of this study, future studies should include both male and female
participants and report limb dominance, AOP, and blood flow data on both limbs in
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males and females. Limb circumference or other measures of limb volume should also be
reported. While it is clear that limb circumference is more influential on AOP than limb
composition, the sex differences in thigh skinfold thickness reported in this study and the
influence of fat thickness reported by Loenneke et al. [21] lend support for an influence of
limb composition on AOP that needs further investigation. The large variation of blood
flow measurements at different occlusion pressures reported in this and previous studies
suggests the need to standardize blood flow measurement methods and investigate the
reliability of AOP and blood flow measurements. Comparing blood flow and variability in
blood flow at different occlusion pressures between the dominant and non-dominant leg is
also warranted. Measuring blood pressure during occlusion may help explain variation in
blood flow at different occlusion pressures. Assessments of reliability in measurements of
blood flow with and without occlusion between test administrators, within and between
days needs attention.

5. Conclusions

An important finding of this study was large sex differences in AOP in both the
dominant and non-dominant legs and large differences in AOP between the dominant and
non-dominant legs particularly in men. Arterial occlusion pressure is not always greater
in the dominant leg or the larger leg. Practitioners should measure AOP in both limbs to
determine if occlusion pressures used during exercise should be limb specific. We also
report a linear relationship between relative occlusion pressure and blood flow. The large
variance in blood flow at different occlusion pressured warrants further study and caution
during BFRE. These findings are of practical importance when using BFRE in various
settings and suggest the need for continued research. Occlusion pressures used during
blood flow restriction exercise should be chosen carefully.
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Abstract: Background and Objectives: The main aim of the present study was to assess the use of
androgenic–anabolic steroids (AAS) and to investigate its potentially unfavorable effects among gym
members attending gym fitness facilities in Eastern Province, Saudi Arabia. Materials and Methods:
A cross-sectional questionnaire-based study was carried out during the summer of 2017. Male
gym users in the Eastern Province region of Saudi Arabia were the respondents. Information on
socio-demographics, use of AAS, knowledge, and awareness about its side effects were collected
using a self-administered questionnaire. Results: The prevalence of AAS consumption among trainees
in Eastern Province was 21.3%. The percentage was highest among those 26–30 years of age (31.9%),
followed by the 21–25 (27.4%) (p = 0.003) age group. Participants in the study were not aware of
the potential adverse effects of AAS use. Adverse effects experienced by 77% of AAS users include
psychiatric problems (47%), acne (32.7%), hair loss (14.2%), and sexual dysfunction (10.7%). Moreover,
it appears that trainers and friends are major sources (75.20%) for obtaining AAS. Conclusion: AAS
abuse is a real problem among gym members, along with a lack of knowledge regarding its adverse
effects. Health education and awareness programs are needed not only for trainees, but also for
trainers and gym owners as they are reportedly some of the primary sources of AAS.

Keywords: anabolic steroids; gym members; male; gym; abuse

1. Introduction

Androgenic–anabolic steroids (AAS) are synthetically occurring products of the male
sex hormone (Testosterone) [1]. They have two major effects which are anabolic and
androgenic in nature [2]. The anabolic effect leads to decreased body fat and increases bone
density and skeletal muscle mass, as well as stimulating erythropoiesis [3]. The androgenic
effects are associated with the development of male sexual characteristics [4]. They have a
significant effect on athletic performance [1].

A higher level of AAS in the body can lead to several psychological and physical com-
plications. Examples of the physical problems that AAS can lead to are high blood pressure,
atherosclerosis, myocardial infarction, cardiac hypertrophy, fluid retention, jaundice, acne,
and hepatic tumors [1,5]. Psychiatric problems such as aggressiveness, euphoria, irritability,
and mood disturbance can occur. Furthermore, AAS can indeed cause reduced sperm
count, shrinking of the testicles, infertility, baldness, and the development of prostate and
breast cancers [6].

Most countries permit the use of AAS to treat medical conditions by prescription [7].
Studies show an increasing rate of AAS use among athletes worldwide. However, the
World Anti-Doping Agency lists AAS as prohibited substances [8].
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Many bodybuilders turn to these medications to increase muscle size, strength, and
overall efficiency with less effort over a shorter time rather than relying on physical exercise
and a healthy diet alone [9].

Data show that AAS abuse is more prevalent in Brazil, Western countries, and the
Middle East, and is less prevalent in Asia and Africa [10]. A few studies have evaluated
the prevalence and awareness about the use of AAS among bodybuilders in Saudi Arabia.
Previously reported data found that AAS ranked the highest among Saudi athletes who
tested positive for prohibited agents [5]. Another study evaluating AAS abuse among body-
builders in the southern province of Saudi Arabia (Jazan) revealed a lifetime prevalence of
31% [11].

The prevalence of AAS abuse was lower in the 316 male gym users in the northwestern
region of Saudi Arabia (11.4%) [12]. Meanwhile, many studies have concluded that a lack
of knowledge is the most likely cause regarding the use of AAS and its adverse effects on
Saudi gym members. These studies also recommended a national awareness program in
the central (Riyadh) [5], western (Jeddah) [12], and southern (Jazan) [11] regions of Saudi
Arabia. Therefore, the present study sought to assess the prevalence of androgenic–anabolic
steroid (AAS) use, and to investigate motivations for use and knowledge of its potentially
unfavorable effects among gym center visitors in Eastern Province, Saudi Arabia.

2. Materials and Methods

A cross-sectional survey-based study was conducted on participants visiting gymnasi-
ums in the Eastern Province (Al-Hufof, Ad-Dammam, Al-Khobar, Al-Qatif, Al-Jubail, and
Saihat), Kingdom of Saudi Arabia, during the summer of 2017.

The calculation of the sample size was based on a prevalence of AAS of 50%, with
a 95% confidence interval (CI). The inclusion criteria were the following: male, older
than 18 years, and willingness to take part. We excluded repeated registration in multiple
centers or incomplete responses.

The Ethics Committee of Imam Abdulrahman Bin Faisal University approved the
research proposal and questionnaire (IRB-2018-01-174, approval date, 27 September 2018).
All the participants agreed to participate and signed a consent form before entering into
the study.

2.1. Questionnaire

A self-administered questionnaire was used for data collection. The questionnaire
was designed based on previous similar studies reported in the literature on the same
topic [12,13]. A pilot study was then carried out to determine the reliability and validity of
the questionnaire. The feedback was analyzed and a finalized questionnaire was created
accordingly. The final version of the questionnaire consisted of questions on (1) sociode-
mographic characteristics; (2) overall knowledge about the most commonly used and
adverse effects of anabolic steroids; (3) prevalence of side effects experienced by users; and
(4) the practices and patterns of AAS use. A single set of questionnaires was distributed
(Arabic version).

2.2. Statistical Analysis

The statistical analysis was performed using SPSS software version 23.0 (SPSS Inc.,
Chicago, IL, USA). Descriptive statistics were used to explain the categorical and outcome
items. A comparison between subgroups was made using Pearson’s Chi-square test. A
p-value less than 0.05 was used to indicate statistical significance.

3. Results

3.1. Sociodemographic Characteristics

Nearly 597 eligible gym members were invited to participate in the present study. A
total of 541 participants answered the questionnaire and were included in the study accord-
ing to the calculated sample size, with an overall response rate of 90.6%. Table 1 shows
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the characteristics of the study sample. Most of the users (67.1%) belong to the 21–25 age
group. However, the present data showed that 72.3% of the studied gym members were
currently employed and received higher education, i.e., bachelor’s degree or higher (67.1%).
Moreover, the majority of the study participants were single (61%), and half of them (50.8%)
drew income less than 5000 Saudi Riyal (SR) (Table 1).

Table 1. Sociodemographic characteristics (n = 541).

Characteristic N %

Age Group
Less than 18 11 2

18–20 53 9.8
21–25 184 67.1
26–30 161 29.8
31–35 66 12.2

35 and older 66 12.2
Occupation
Employed 391 72.3

Unemployed 150 27.7
Level of Education

Intermediate or Lower 23 4.3
High School 155 28.7

Higher Education 363 67.1
Social Status

Single 330 61
Married 211 39

Monthly Income Saudi Riyal (SR)
Less than 5000 275 50.8

5000–10,000 173 32
More than 10,000 83 15.3

3.2. Practices Associated with Androgenic–Anabolic Steroid Consumption

As shown in Figure 1, the most commonly used AAS in our study across all ages were
Anavar (61.9%), Dianabol (46%), and Deca Durabolin (45.1%).

 

–

38.10%

42.50%

61.90%

42.50%

46%45.10%

38.90%
40.70%

43.30%

9.70%

Figure 1. The prevalence of the most commonly used Androgenic–Anabolic Steroids (AAS)
brands (generic).

31



Medicina 2021, 57, 703

Nearly 64.6% of gym members had been consuming AAS for more than 5 years, while
20.4% had been using steroids for three years or more (Figure 2).

–

Figure 2. The relationship Between Using of Steroids and Years of Practice.

The majority of the AAS users (77%) reported side effects, and 47% experienced
psychiatric problems, including depression, insomnia, and lower appetite. Acne was
reported in 32.7% and hair loss in 14.2% of participants, as shown in Table 2.

Table 2. The prevalence of side effects experienced by users.

Side Effect %

Any Side effect 77%
Acne 32.7%

Hair loss 14.2%
Breast Enlargement 9.7%

Psychiatric problems 47%
Sexual Dysfunction 10.6%

Chest pain 2.7%

The prevalence of AAS users in this study was 21.3%. Furthermore, it was higher
in the age group of 26–30 (31.9%), followed by the 21–25 group (27.4%). The majority of
them were employed (82.3%) with low (less than 5000 SR) income (41.6%), as presented in
Table 3. According to Figure 3, it appears that trainers and friends are a major source for
obtaining AAS.

–

Figure 3. Sources of steroids.
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Table 3. The prevalence of anabolic steroid use according to selected characteristics.

Characteristic Users/Total Prevalence%

Prevalence 113/541 21.3
Age Group
Less than 18 0/11 0

18–20 5/53 4.4
21–25 31/184 27.4
26–30 36/161 31.9
31–35 19/66 16.8

35 and older 22/66 19.5
Occupation
Employed 93/391 82.3

Unemployed 20/150 17.7
Level of Education

Intermidate or lower 3/23 2.7
High School 35/155 31

Higher Education 75/363 66.4
Social Status

Single 66/330 58.4
Married 47/211 41.6

Monthly Income
Less than 5000 47/275 41.6

5000–10,000 43/173 38.1
More than 10,000 23/83 20.4

Approximately 63.7% of participating gym members observed an increase in activity,
while 76.1% reported an increase in power after using AAS. However, 88.5% of users
reported fast muscle mass gain (Figure 4).

–

Figure 4. Reported advantages of using anabolic steroids.

3.3. Knowledge about and Attitude towards Androgenic–Anabolic Steroid Consumption

Surprisingly, the participants in our study were not aware of the potential adverse
effects of AAS use. However, the majority of the AAS users had adequate knowledge of the
adverse effects of AAS compared with nonusers. Approximately 38.1% of participants were
aware that using AAS may lead to increased blood pressure, hair loss (34.5%), and acne
(33.6%). Meanwhile, the nonusers expressed more knowledge of infertility (48.69%). About
18.6% of AAS users think that using AAS without a medical prescription is legal, while
15% did not know if it was legal to use ASS with a medical prescription or not. Among
users, 66.4% believe it is illegal and still use it (Table 4).
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Table 4. Knowledge about the adverse effects of anabolic steroids.

Parameter
Using Steroids

Users Non-Users

Acne 38 33.6% 86 20.1%
Heart Problems 19 16.8% 100 23.4%

Hair Loss 39 34.5% 86 20.1%
Increase Blood Pressure 43 38.1% 106 24.8%

Infertility 27 23.9% 208 48.6%
Liver Problems 29 25.7% 113 31.1%

There is No harm 7 6.2 0 0%
I don’t know 24 21.2 160 37.4%

Legal 21 18.6% 29 6.8%
Illegal 75 66.4% 294 68.7%

I don’t know 17 15% 105 24.5%

4. Discussion

In this study, we evaluated the prevalence, practices, knowledge, and attitudes of
gym members in Eastern Province, Saudi Arabia, using AAS. The prevalence of AAS users
among males attending gym centers was as high as 21.3%. These findings are in accordance
with other studies conducted in the region (Kuwait and the UAE) [14,15]. Furthermore,
two local studies were done in 2016 and 2017, in Riyadh [13] and Jazan [12], respectively.
Both studies show an approximately 10% higher prevalence rate.

There are many reasons behind the prevalence of AAS consumption among gym
members in the Eastern Province, such as competition among athletes to quickly build
muscle mass. Respondents believed that the muscle growth advantages of AAS outweighed
its adverse harmful effects [15], as the use of AAS makes lifting heavy objects easier [5].
Even some trainees recommended allowing the use of AAS for enhancing performance [16].

A local study found that the majority (77%) of athletes who self-declared AAS use and
were aware of their adverse effects would still recommend them to friends [13]. Another
reason for the high use rates could be due to the availability of AAS in gym centers and
from trainers and friends. As reported recently, the prevalence of AAS consumption was
highly influenced by its availability [16].

The highest prevalence of AAS usage in our study was among the 21–30 age group.
This result is different from what was reported in Kuwait and the Middle East and North
Africa (MENA) regional studies [15]. Similar profiles have been reported in other local
studies, with the majority being the age group of 25 to 29 years [5,11].

In spite of the significant level of knowledge expressed in the study sample, the find-
ings indicate a wide range of practices within the studied gym members. This suggested
inadequate insight and a lack of healthcare professionals specializing in sports science who
may be able to popularize an understanding of the wide range of adverse effects related to
AAS use [7].

Our study revealed a negative association between monthly income and level of
education with the prevalence of AAS use, which means that knowledge and education
were independent of AAS use. Remarkably, these findings were also observed in previous
studies that were performed in the region [5].

The most common types of AAS used in our findings were Anavar, Dianabol, and
Deca Durabolin. This differed from previously reported data in another region of Saudi
Arabi [17]. This could reflect the availability and preference for AAS in Saudi Arabia.

5. Conclusions

Based on this study, the prevalence of AAS users in Eastern Province, Saudi Arabia is
high, which reflects the fact that gym members are at a higher risk of using AAS. Therefore,
Regional Health Authorities in the Eastern Province region, Saudi Arabia, should urgently
take measures to alleviate the potential adverse implications of AAS consumptions among
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young adults by using social media as an educational tool, or by distributing informative
leaflets among AAS users.

6. Limitation

Although this is the first study conducted on gym members in the Eastern Province
regarding AAS consumption, it had some limitations. Notably, it was only performed
among male gym members, no blood work was included to investigate potential adverse
implications of AAS, and finally, we used a self-reported questionnaire.
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Abstract: Background and Objectives: Acquiring knowledge about the magnitude and direction of
induced joint forces during modifying gait strategies is critical for proper exercise prescription.
The present study aimed to evaluate whether a heel-first strike pattern during gait can affect the
biomechanical characteristics of ankle and knee joints among asymptomatic people. Materials and

Methods: In this cross-sectional study performed in the biomechanics laboratory, 13 professional
healthy male athletes walked on an instrumented walkway under two walking conditions. For
the normal condition, subjects were instructed to walk as they normally would. For the heel-first
strike condition, subjects were instructed to walk with heel-first strike pattern and increase heel
contact duration as much as possible. Then, knee and ankle joint range of motions and moments,
as well as vertical ground reaction force was measured by the Kistler force plate and Vicon motion
analysis system. Results: Knee flexion angle at the initial contact and during stance phase was
significantly lower when increasing the heel strike pattern. In addition, the mean values of the
knee external rotation and adductor moments during heel strike condition were lower than those in
normal walking. Further, the ankle dorsiflexion range of motion (ROM) during mid-stance increased
significantly during heel-first strike pattern compared to the value in normal gait pattern. Conclusions:
The modification of gait pattern including heel-first strike pattern can reduce the mechanical load
applied to the knee, while improving the extensibility of gastro-soleus muscle complex.

Keywords: biomechanics; heel strike; ankle; gait change; gastrocnemius muscle stiffness

1. Introduction

Excessive joint forces play a significant role in developing musculoskeletal system
impairment and pain which are the major causes of disability and form a major part of
the high costs of health care in the industrialized world [1,2]. In particular, limited ankle
dorsiflexion range of motion (ROM) is associated with many of the lower extremity injuries
such as anterior cruciate ligament ACL, Achilles, and patella tendon injuries [3,4]. The
relationship between gastro-soleus complex stiffness and many of the clinical problems of
the foot and other joints of the kinetic chain are well-documented, which cause syndromes
of the movement system [5,6].

Previous studies confirm the theories related to the existing mechanics of limited
ankle dorsiflexion ROM and the injury of the kinetic chain joints [7,8]. The decreased ankle
dorsiflexion may decrease anterior tibial translation at the ankle joint during stance phase
of the gait cycle [7] and result in lowering the center of gravity during functional tasks
such as walking [9]. This may compensate through mid-foot and subtalar joint pronation,
knee joint flexion and valgus, which are related to chronic and acute injuries including
ACL rupture, patella-femoral pain syndrome (PFPS), and knee osteoarthritis [10]. Some
studies reported increased knee flexion and knee valgus during functional movements.
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For example, walking among people with limited ankle dorsiflexion ROM supports this
theory [8,11].

Further, limited ankle dorsiflexion ROM may increase the injury risk through changing
the joint forces and muscle stiffness of the lower extremities. Accordingly, the reduced ankle
dorsiflexion ROM and changes in knee and hip ROM resulted in increasing ground reaction
forces, which are considered as the main causes of lower extremities injuries reported in the
previous studies [12,13]. Another possibility is related to the relationship between limited
ankle dorsiflexion and injuries through a series of mechanical compensatory patterns
instead of a unique mechanical movement pattern in one joint. According to the dynamic
system theory, they are considered as multiple biomechanical degrees of freedom recruiting
variability as a common output. In addition, limited dorsiflexion may demonstrate loss
of a biomechanical degree of freedom (movement pattern variability) which is related to
various injuries in the overall kinetic chain [14,15].

Therefore, a good understanding of how gait strategies affect moment and joint
forces may improve the results of therapeutic protocols. Acquiring knowledge about
the magnitude and direction of induced joint forces during modifying gait strategies is
critical for prescribing proper exercise. Modification may include a subtle change in lower-
extremity position such as encouraging patients to walk with heel-first strike pattern and
increasing heel contact duration as much as possible. Furthermore, it is documented that
the musculoskeletal system is optimized subtly to minimize demanding stresses on bones
and muscles; any improper change in the movement system, such as muscle imbalance or
weakness, increases the joint forces significantly [16,17]. Thus, it is important to evaluate the
effectiveness of joint forces from modifying gait patterns among people with gastrocnemius
muscle stiffness.

Clinically speaking, the results of the previous studies indicated that the people with
gastro-soleus muscle stiffness experienced increased peak foot pronation, knee valgus,
magnitude of ground reaction forces, and knee adduction moment [18,19]. Therefore, it
seems that changing the gait strategy with a simple guide, such as “walking with heel-first
strike pattern and increasing heel contact duration as much as possible” during walking
and the extensibility of gastro-soleus muscle complex is effective, especially for the patients
with limited dorsiflexion and resulting pain in other joints of the kinetic chain (lower back
pain) [17]. However, during the first step of designing a therapeutic protocol, it is unclear
whether modifying gait pattern with a simple guide to “heel-first strike pattern” can reduce
ground reaction forces, ankle dorsiflexion during the mid-stance phase of gait, knee flexion,
knee external rotation, and adduction moment among the healthy people.

Thus, the present study aimed to investigate whether a heel-first strike pattern during
gait can affect the selected kinetic and kinematic parameters of ankle and knee joint among
healthy subjects. Principally, it is assumed that when a subject changes their gait pattern,
the vertical ground reaction force, knee flexion angle during heel contact, mean ankle
dorsiflexion during mid-stance, mean knee external rotation, and adduction moment are
changed to reduce joint forces and the extensibility of the gastro-soleus muscle.

2. Materials and Methods

2.1. Participants

This cross-sectional study was performed on 13 professional competitive runners
with five years of experience in the national athletics team (mean age = 25.2 ± 1.2,
height = 179.9 ± 1.4 cm, weight = 76.6 ± 4.7 kg) which had normal dorsiflexion ROM
in both legs. The mean ankle dorsiflexion AROM in the knee extension and flexion position
was 14.4 ± 0.8 and 14.5 ± 0.9 degrees, respectively. The exclusion criteria included the
history of trauma or ankle surgery, bone pathology, neurological disorders, and rheumatoid
arthritis, inflammatory diseases, and any conditional abnormalities affecting the research
process. The individuals recruited from the available community were selected by using
the findings of a preliminary study to determine the sample size based on the variance of
the test parameters among five participants.
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Regarding the ethical consideration, all of the participants read and signed an ap-
proved informed consent letter before data collection. The study was confirmed by the
Ethical Committee of the university. Participants had the right to decline to participate and
withdraw from the research after initiating the process of data collection.

The dorsiflexion ROM was measured using a universal goniometer in both knee bend-
ing for soleus length, and extended knee for gastrocnemius length positions [16,17]. At least
10 degrees of ankle dorsiflexion are needed during the stance phase of the gait cycle, which
can contribute to forward body movement for normal walking [5,6]. According to previ-
ous studies, the normal ankle dorsiflexion ROM should be ranged 10–15 degrees [20,21].
Therefore, at least 12 degrees was considered as the inclusion criterion for ankle dorsiflex-
ion AROM.

2.2. Gait Testing Procedures

The participants underwent gait testing during a single data collection session. All
procedures were carried out at Mowafaghian gait analysis laboratory of Sharif University
of technology. Standard 9 mm retroreflective markers were placed over the anatomic
landmarks including the heads of the first and fifth metatarsals, the posterior aspect of the
calcaneus, and the medial and lateral malleoli, lateral knee joint lines, lateral epicondyle
of femur, and anterior superior iliac spine, as well as laterally on shank and thigh of the
affected foot determined by anatomic definitions from the Vicon Clinical Manager [19,22].
The position data of markers and ground reaction forces were processed with Vicon
dynamic model using Plug-in-Gait-Workstation software version 4.3 (Oxford, UK) to
generate the kinematic data and joint moment for sequential analysis.

In the next procedure, kinematic variables during walking were collected using a six-
camera, motion capture system (Motion Analysis MX40S, VICON, Oxford, UK) sampling
at 120 Hz. Then, the ground reaction force data were collected from two floor-mounted
Kistler force plates (30 × 50, Winterthur, Switzerland) positioned in the middle of the 6 m
walkway and sampling at 1200 Hz. Accordingly, three trials with clean force platform
strikes were obtained for the dominant limb. All walking trials were performed barefoot
based on the participants’ self-selected and preferred walking speed.

Each participant accomplished three trials per each condition. The first is related
to self-selected or preferred speed walking (normal walking). In the second condition,
they were guided to increase the heel strike during walking (walking with heel-first strike
pattern) based on the cue “walk with heel-first strike pattern and increase heel contact
duration as much as possible”. They were given only this simple instruction without any
feedback during the study.

In addition, practice trials were allowed until the participants walked comfortably
and could contact the force plate with only one foot without altering their gait. Typically,
three trials are performed for each situation as a practice. The stance phase was determined
from the moment the heel touched the force plate until the toe was lifted off.

2.3. Data Analysis

The data were collected from at least three trials for each condition with clean foot
strikes from each foot. Then, the moments of force were calculated by mathematical
equations including inverse dynamic method and link-segment model [3,6]. To calculate the
knee adduction and rotation moment, the knee moment was first calculated on the frontal
and horizontal planes, and then the time series data of moment-time were normalized.
The first 60% of normalized time series was considered as the stance phase. According
to ISB recommendations, the positive and negative moments are considered as knee
external rotation and adduction torques, respectively [3,14]. Further, joint moments were
normalized to body mass (NM/kg). Furthermore, temporal parameters such as step length,
walking speed, and total stance time were identified for each trial. Finally, an independent
t-test was used to compare group differences after determining the normal distribution
of data using the Shapiro–Wilk test and the equality of variances between groups by
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using Levene’s test. Statistical analysis was performed at the significance level of 0.05 and
statistical power of 0.80 by SPSS software version 18.

3. Results

Table 1 indicates the mean and standard deviation for kinetic and kinematic variables,
as well as spatiotemporal parameters of each group. Walking speed in normal walking
is significantly greater than that of heel-first strike condition (t = 2.21, df = 12, p = 0.05).
However, no significant difference was observed between the stance time and step length
in two conditions (t = −0.071, df = 12, p = 0.94; t = −1.25, df = 12, p = 0.24, respectively).
In addition, the mean values for the knee flexion-extension ROM during stance phase,
knee flexion angle at initial contact, knee external rotation moment during stance phase
were significantly higher in normal walking condition (t = 2.26, df = 12, p = 0.02; t = 3.37,
df = 12, p = 0.005; t = 3.09, df = 12, p = 0.03, respectively). However, no significant difference
was observed between the mean values for ankle dorsiflexion during stance phase in two
conditions (t = 0.22, df = 12, p = 0.82). In addition, the mean ankle dorsiflexion during
mid-stance was higher during walking with heel-first strike compared to normal walking
(t = −2.37, df = 12, p = 0.04).

Table 1. The mean (standard deviation) for kinetic, kinematic, and spatiotemporal parameters.

Variable
Walking with

Increased Heel Strike
Normal
Walking

p Value Cohen’s D

Knee flexion-extension ROM during stance phase
(degrees)

23.6 (7.3) 32.8 (12.7) 0.02 * −1.34

Knee flexion angle at initial contact (degrees) 7.1 (3.7) 14.02 (6.4) 0.005 * −1.32

Mean ankle dorsiflexion during stance phase
(degrees)

7.9 (6.5) 5.6 (4.4) 0.82 0.41

Mean ankle dorsiflexion during mid-stance (degrees) 13.84 (2) 11.47 (1.5) 0.04 * 1.18

Mean knee external rotation moment during stance
phase (NM/Kg)

0.18 (0.03) 0.23 (0.05) 0.03 * −1.21

Mean knee adduction moment during stance phase
(NM/kg)

4.01 (2.7) 7.6 (3.3) 0.01 * −1.19

Total stance phase time (second) 0.79 (0.12) 0.79 (0.14) 0.94 0

Walking speed (m/s) 1.05 (0.02) 1.16 (0.16) 0.05 −0.96

Step length (m) 1.32 (0.11) 1.26 (0.08) 0.24 0.62

ROM: range of motion; * indicates statistical significance.

Table 2 indicates the mean and standard deviation of vertical ground-reaction force
parameters. The mean value for the peak vertical force at the initial contact was significantly
higher during walking with heel-first strike (t = −2.88, df = 12, p = 0.01). Further, no
significant difference was reported between the mean value for peak vertical force during
weight bearing in two conditions (t = 0.78, df = 12, p = 0.45). However, the mean value for
peak vertical force during toe-off motion was greater during walking with heel-first strike
than during the normal walking condition (t= −4.38, df = 12, p = 0.002).
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Table 2. The mean (standard deviation) of ground reaction force parameters (data expressed as percentage of stance
phase time).

Vertical Ground
Reaction Force (N/kg)

Walking with
Increased Heel

Strike

Percentage of
Stance Phase

Normal
Walking

Percentage of
Stance Phase

p Value Cohen’s D

The peak vertical force
at the initial contact

0.53 (0.07) 0.8 0.35 (0.19) 1.2 0.01 * −1.25

Peak vertical force
during weight bearing

0.98 (0.06) 6 1.02 (0.16) 8 0.45 0.33

Peak vertical force
during toe-off motion

1.09 (0.03) 20 1.05 (0.04) 24 0.002 * −1.13

* indicates statistical significance.

4. Discussion

The results indicated that the ankle dorsiflexion ROM during the stance phase was
greater in heel-first strike compared to the normal walking trial. Furthermore, the parame-
ters of ground reaction force during walking with heel-first strike pattern were significantly
higher than those in normal walking (Figure 1). The results could support the theory
that heel-first strike during walking leads to a decrease in knee flexion angle at the ini-
tial contact and stance phase (Figure 2). In addition, two kinetic variables including the
knee external rotation and adduction moment were significantly lower with increased
heel-first strike trial (Figure 3). However, the spatiotemporal parameters such as step
length and total stance phase time were not significantly different between trials, while
walking speed in normal walking was significantly higher than walking with heel-first
strike pattern condition.
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Figure 1. Ground reaction force during increased heel strike gait and normal gait during stance phase.
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Figure 2. Joint angle patterns (degree) of healthy athletes with increased heel strike gait and normal gait during stance
phase. (a,b): ankle joint angles in the sagittal and frontal plane, respectively. (c,d): knee joint angles in the sagittal and
frontal planes, respectively.

Based on the results, the ground reaction forces, especially the peak impact with
heel-first strike walking trial, were significantly greater than the normal walking trial
(Figure 1). The findings are consistent with those of [23], which reported increased ground
reaction forces in the athletes with the heel strike gait pattern. Grieve et al. [22,24] reported
increased ground reaction forces due to the ankle kinematic changes, which are in line with
the findings of the present study. In this study, changing the gait pattern with heel-first
strike pattern resulted in changing the ground reaction force and knee joint kinematics. On
the other hand, the walking speed in normal walking was significantly higher than walking
with heel-first strike pattern condition (Table 1), which can be explained by increasing the
heel contact duration in the walking with heel-first strike pattern condition rather than
normal walking. In addition, walking with heel-first strike pattern changed the kinematics
of the knee joint since a reduced inertia led to a compensatory change in the gait kinematics.
However, the lack of studies in this area has created some difficulties for interpreting
the results.

42



Medicina 2021, 57, 657

 

 

.

-1

0

1

2

3

4

a
n

k
le

 h
o

ri
zo

n
ta

l 
m

o
m

e
n

t 
(N

M
/k

g
)

stance phase

a

-0.5

0

0.5

1

1.5

2

2.5

a
n

k
le

 f
ro

n
ta

l 
m

o
m

e
n

t 
(N

M
/k

g
)

stance phase

b

-5

-4

-3

-2

-1

0

1

2

3

4

k
n

e
e

 h
o

ri
zo

n
ta

l 
m

o
m

e
n

t 
(N

M
/k

g
)

stance phase

c

-5

0

5

10

15
k

n
e

e
 f

ro
n

ta
l 
m

o
m

e
n

t 
(N

M
/k

g
)

stance phase

d

normal gait heel strike

Figure 3. Joint moment pattern (N.M/Kg) of healthy athletes with increased heel strike gait and normal gait during stance
phase. (a,b): ankle moment in the horizontal and frontal planes, respectively. (c,d): knee joint moment in the horizontal and
frontal planes, respectively.

As displayed in Figure 2, knee flexion angle at the initial contact and the knee flexion
ROM during the stance phase with heel-first strike pattern walking trial were significantly
lower than those in the normal walking. Thus, the significance of the heel strike effect on
ground reaction forces should be determined along with demonstrating the heel strike
effect changing the knee joint kinematics in the sagittal plane. As a result, the knee and
hip joints run into a more flexion position among the people with gastro-soleus stiffness
compared to those in healthy people. This position puts the knee in the unlocked position
leading to insufficient knee motor control, and compensatory movement patterns in the
hip joint (recruiting increased hip extensor muscles and appearing to show synergistic
dominance of the hamstring and gluteal muscles). Therefore, it seems that utilizing the
cue “increase the heel contact duration” can change the knee flexion position during stance
phase, and consequently, modify the insufficient motor control of the lower extremities.

It is believed that healthy people have a translation of tibia over the ankle joint during
the stance phase of gait needed for forward propulsion. Despite the lack of significant
difference of mean ankle dorsiflexion during stance phase between the trials, the mean
ankle dorsiflexion ROM during mid-stance with heel-first strike pattern walking trial
was significantly higher than that of normal walking (Figure 2). The finding of this pilot
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study may confirm that the heel-first strike walking pattern, as a functional pattern, can be
effective in promoting the extensibility of the gastro-soleus muscle.

Furthermore, the values of the ground reaction force failed to decrease significantly in
heel-first strike walking trial compared with those in normal walking. Thus, it is worth
noting that gait strategies should be modified to achieve a special purpose, not as a set
of positive effects. For example, increasing the ankle dorsiflexion ROM and decreasing
the knee flexion angle for the individuals with gastro-soleus tightness are more essential
than increasing ground reaction forces during walking with heel-first strike pattern since
limited ankle dorsiflexion and increased knee flexion are considered as the risk factors for
musculoskeletal injuries, such as patellofemoral pain syndrome, osteoarthritis, as well as
synergistic dominance of hamstring muscles [10,15,16].

The results indicated that the mean external rotation and adduction moment of the
knee in the heel-first strike pattern gait trial decreased significantly compared with those
in a normal gait (Figure 3). In the present study, the knee external rotation and adduction
moment were measured to identify and establish a movement pattern for the purpose
of decreasing mechanical loading on the knee through the guidance to heel-first strike
pattern since the improper loading of the knee is regarded as a risk factor for the knee
osteoarthritis among the people with gastro-soleus tightness based on the literature [10,20].
In particular, medial knee compartment loading is considered as a clinical indication of the
knee injuries and the knee external rotation and adduction moments are mentioned as an
indirect measure of the medial knee compartment loading during functional tasks such as
walking in most of the recent studies [20,21]. Therefore, early detection of the risk factors
involved in knee osteoarthritis, as well as identifying the effective movement pattern for
reducing the knee external rotation and adduction moment values may be more successful
with the effectiveness of exercise interventions and preventing structural changes in the
knee joint. Based on the results of the present study, walking with a heel-first strike pattern
can reduce the loading forces of the knee joint. However, the findings cannot be generalized
to those with gastro-soleus tightness. Therefore, further research is needed to ensure the
effectiveness of heel-first strike gait pattern on reducing mechanical loading on the kinetic
chain in people with gastro-soleus tightness.

5. Conclusions

Based on the results, heel-first strike gait pattern in healthy athletes could make
kinematic changes in the knee and ankle joints in all three movement planes. For example,
knee flexion angle at the initial contact and the knee flexion ROM during the stance
phase decreased with heel-first strike pattern walking. Additionally, some kinetic changes
including the mean values of the knee external rotation and adductor moments during
heel strike condition were lower than those in normal walking. In addition, heel-first strike
gait pattern with increased ankle dorsiflexion at the heel contact led to the extensibility of
gastro-soleus muscle complex.

The main limitation is that the participants had no limited dorsiflexion ROM. Thus,
the people with gastro-soleus tightness failed to respond to heel-first strike gait pattern
like normal people. The present pilot study aimed to evaluate the concept of heel-first
strike gait pattern for decreasing knee flexion, increasing ankle dorsiflexion, minimizing
knee external rotation and adduction moment during gait, and applying the pattern in
people with gastro-soleus tightness. By confirming the heel-first strike gait pattern effect
on kinematic changes in this study, another study can be conducted on applying heel strike
gait in the athletes with gastro-soleus tightness.
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Abstract: Background and Objectives: Interpretation of the load variations across a period seems
important to control the weekly progression or variation of the load, or to identify in-micro- and
mesocycle variations. Thus, the aims of this study were twofold: (a) to describe the in-season
variations of training monotony, training strain and acute:chronic workload ratio (ACWR) through
session ratings of perceived exertion (s-RPE), total distance and high-speed running (HSR); and
(b) to compare those variations between starters and non-starters. Materials and Methods: Seventeen
professional players from a European First League team participated in this study. They were divided
in two groups: starters (n = 9) and non-starters (n = 8). The players were monitored daily over a
41-week period of competition where 52 matches occurred during the 2015–2016 in-season. Through
the collection of s-RPE, total distance and HSR, training monotony, training strain and ACWR were
calculated for each measure, respectively. Data were analyzed across ten mesocycles (M: 1 to 10).
Repeated measures ANOVA was used with the Bonferroni post hoc test to compare M and player
status. Results: The results revealed no differences between starters vs. non-starters (p > 0.05). M6 had
a greater number of matches and displayed higher values for monotony (s-RPE, total distance and
HSR), strain (only for total distance) and ACWR (s-RPE, TD and HSR). However, the variation
patterns for all indexes displayed some differences. Conclusions: The values of both starters and
non-starters showed small differences, thus suggesting that the adjustments of training workloads
that had been applied over the season helped to reduce differences according to the player status.
Even so, there were some variations over the season (microcycles and mesocycles) for the whole
team. This study could be used as a reference for future coaches, staff and scientists.

Keywords: acute/chronic workload ratio; high-speed running; in-season; non-starters; RPE; soccer;
starters; training monotony; training strain

1. Introduction

Monitoring of the training load in soccer has become popular, whereby two main
dimensions of load are considered [1]: (i) internal and (ii) external. The external load
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can be considered as the physical demands that occur in the players in response to the
implemented drill/task, while the internal load corresponds to the psychophysiological
responses to the external load [2]. Different outcomes can be considered for each of the
dimensions, although the rate of perceived exertion (RPE) and heart rate responses are the
most used measures associated with internal load [3]. On the other hand, in soccer, the
external load is typically characterized by the distance covered at different speed thresholds,
or the inertial-derived measures such as accelerations/decelerations or composite variables
(e.g., player load) [4].

Monitoring loads allows one to identify the consequence of training plans on the play-
ers and to individualize the analysis [5]. Although it is useful to look for accurate measures
representing the impact in a training session [6], interpretation of the load variations across
a period of time also seems to be important [7]. In fact, calculating workload measures
is a part of the strategies to control the weekly progression or variation of the load, or to
identify within-week variations [8]. Among the possibilities, acute load (representing the
accumulated load during a week), chronic load (typically represented by the mean load
in the past weeks), acute:chronic workload ratio (ACWR, representing the relationship
between acute and chronic workloads) [9], training monotony (TM) (representing the
variability of load within the week) and training strain (TS) (representing the variability
of the load multiplied by the acute load) [10] are some examples of how to control load
taking into consideration different measures.

Considering that some of these measures are sensitive to load fluctuations, it can
be expected that participating or not participating in soccer matches may influence the
workload measures reported for the players. For example, it is expectable that players with
greater participation in matches present greater values of accumulated load and chronic
load. However, as a consequence, players with less participation should be carefully
managed to be prepared for participating in matches and coping with a spike in load.
Despite the apparently obvious consequence of participating more or less in matches being
related with different workload measures, reports on this matter are limited [11]. For
example, similar comparisons between starters and non-starters regarding the workload
measures of new body load and metabolic power were found [11]. In junior soccer players,
it was also found that weekly internal and external load measures were also significantly
greater in starters than in substitute players [12].

However, the above-mentioned results still need more research that provides some
description about the workload measures’ variations in accordance with the level of partic-
ipation of players in elite soccer. This should be further researched to provide information
about how to manage players with match stimulus and to identify possible strategies to
level the load with individualized training for those who are not playing. Based on that,
the aims of this study were twofold: (a) to describe the in-season variations of TM, TS and
ACWR through s-RPE, total distance and high-speed running (HSR); and (b) to compare
those variations between starters and non-starters.

2. Materials and Methods

2.1. Subjects

Seventeen elite soccer players participated in this study. The players belong to a team
that participated in the UEFA Champions League. They were divided into two groups:
starters (n = 9, age 26.2 ± 3.5 years, 180.1 ± 6.8 cm and 78.7 ± 5.8 kg) and non-starters
(n = 8, 24.5 ± 4.6 years, 182. ± 6.8 cm and 76.6 ± 4.3 kg). The inclusion criteria were
regular participation in most of the training sessions (80% of weekly training sessions),
while the exclusion criteria included lack of player information, illness and/or injury
for two consecutive weeks. Goalkeepers were excluded from the study. The criteria to
define starters and non-starters were assessed week by week against a player´s attendance
time at the match and training sessions, and to be considered a starter, a player had to
complete at least 60 minutes in three consecutive matches; players who did not achieve
this duration were considered non-starters [13]. All participants were familiarized with the
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training protocols and signed informed consent prior to the investigation. This study was
conducted according to the requirements of the Declaration of Helsinki and was approved
by the Ethics Committee of Polytechnic Institute of Santarém (252020Desporto).

2.2. Design

Training load data were collected over a 41-week competition period, in which 52 matches
occurred during the 2015–2016 in-season. The team used for data collection competed in
four official competitions across the season, including the UEFA Champions League, the
national league and two more national cups from their own country. For the purposes of
the present study, all of the sessions carried out as the main team sessions were considered.
This refers to training sessions in which both the starting and non-starting players trained
together. Only data from training sessions were considered. Data from rehabilitation or
additional training sessions of recuperation were excluded. This means that sessions after
the match day were included whenever both starters and non-starters trained together,
but other kinds of recovery training were excluded. This study did not influence or alter
the training sessions in any way. Training data collection for this study was carried out at
the soccer club’s outdoor training pitches. Total minutes of training sessions included the
warm-up, main phase and slow-down phase plus stretching.

The season was organized into 10 mesocycles (M: 1–10). The number of training
sessions, number of competitive matches and total training duration for starters and
non-starters are presented in Table 1.

Table 1. Training sessions and number of competitive matches during the 41-week period.

Mesocycle (M) M1 M2 M3 M4 M5 M6 M7 M8 M9 M10

Training sessions (n) 16 20 18 18 20 20 19 20 18 20

Session duration, total
minutes, ST

1501 1778 986 1495 1062 864 1410 1519 1206 1227

Session duration, total
minutes, NST

1585 1832 1029 1424 1197 1272 1599 1441 1358 1382

Number of matches (n) 4 5 4 5 6 8 5 4 7 4

ST = Starters; NST = Non-starters.

2.3. Internal Training Load Quantification

During training sessions, the CR10-point scale, adapted by Foster et al. was ap-
plied [14]. Specifically, thirty minutes after the end of each training session, players rated
their RPE value using an app on a tablet. The scores provided by the players were then
multiplied by the training duration to obtain the s-RPE [14,15]. The players were previ-
ously familiarized with the scale, and all answers were provided individually to avoid non-
valid scores.

2.4. External Training Load Quantification

Global positioning system (GPS) units (Viper pod 2, STATSports, Belfast, UK) with
10 Hz frequency were used to monitor the training duration, total distance and HSR (above
19 km/h) for each player. For better satellite reception of the GPS antenna, the GPS unit
was placed on the upper back between the left and right scapula through a custom-made
vest. Previously, Beato et al. [16] positively tested the validity and reliability of linear,
multidirectional and soccer-specific activities through this system. Thirty minutes before
the start of a training session, all devices were turned on to acquire satellite signals and to
provide synchronization between the GPS clock and the satellite’s atomic clock. After the
training sessions, the Viper PSA software (STATSports, Belfast, UK) was used to download
data and to clip the entire training session (i.e., from the beginning of the warm-up to the
end of the last organized drill). In order to avoid inter-unit error, players wore the same
GPS device in each training session.
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2.5. Calculations of Training Indexes

Through s-RPE, total distance and HSR, the following variables were calculated:
(i) TM (mean of training load during the seven days of the week divided by the standard
deviation of the training load of the seven days) [11,17], (ii) TS (sum of the training loads
for all training sessions during a week multiplied by training monotony) [11,17] and
(iii) ACWR (dividing the acute workload, i.e., the 1-week rolling workload data, by the
chronic workload, i.e., the rolling 4-week average workload data) [18–22].

2.6. Statistical Analysis

Data were analyzed using SPSS version 22.0 (SPSS Inc., Chicago, IL, USA) for Win-
dows. Initially, descriptive statistics were used to describe and characterize the sample.
The Shapiro–Wilk and Levene tests were used to test the assumption of normality and
homoscedasticity, respectively. A repeated measures ANOVA was used with the Bon-
ferroni post hoc test once variables obtained normal distribution (Shapiro–Wilk > 0.05),
and the Friedman and Mann–Whitney tests were used for variables that did not obtain
normal distribution in order to compare different M and groups. Hedge’s g effect size
(95% confidence interval) was also calculated. Hopkins’ thresholds for effect size statistics
were used, as follows: ≤0.2, trivial; >0.2, small; >0.6, moderate; >1.2, large; >2.0, very large;
and >4.0, nearly perfect [21]. Results were considered significant with p ≤ 0.05.

3. Results

Figures 1–3 show an overall view of the weekly average for TM, TS and ACWR
calculated through the s-RPE, total distance and HSR across the in-season for starter and
non-starter players. Overall, Figure 1 shows that the highest TMs-RPE occurred in week 1
for both starters and non-starters (7.2 and 7.0 AU, respectively), while the lowest value
occurred in week 19 for starters (1.5 AU) and week 2 for non-starters (1.5 AU). The highest
TSs-RPE occurred in week 41 for both starters (8498.0 AU) and non-starters (15,263.9 AU),
while the lowest values occurred in week 30 for starters (110.2 AU) and week 19 for non-
starters (1310.9 AU). The highest ACWRs-RPE occurred in week 21 for starters (1.6 AU) and
week 10 for non-starters (1.5 AU), while the lowest ACWRs-RPE occurred in week 36 for
starters (0.5 AU) and week 17 for non-starters (0.7).

Figure 2 shows that the highest TMTD occurred in week 21 for both starters and non-
starters (38.2 and 17.1 AU, respectively), while the lowest values occurred in week 2 for
both starters and non-starters (2.0 and 1.9 AU, respectively). The highest TSTD occurred in
week 21 for starters (558,935.0 AU) and week 15 for non-starters (282,938.6 AU), while the
lowest values occurred in week 36 for starters (35,441 AU) and non-starters (42,676.8 AU).
The highest ACWRTD occurred in week 10 for both starters (1.6 AU) and non-starters
(1.6 AU), and the lowest ACWRTD occurred in week 36 for both starters (0.7 AU) and
non-starters (0.8 AU).

Figure 3 shows that the highest TMHSR occurred in week 21 for starters (2.9 AU) and
week 36 for non-starters (2.9 AU), while the lowest values occurred in week 20 for starters
(0.7 AU) and week 39 for non-starters (0.8 AU). The highest TSHSR occurred in week 4 for
starters (3855.6 AU) and week 10 for non-starters (3578.0 AU), while the lowest values
occurred in week 18 for starters (218.1 AU) and week 14 for non-starters (365.8 AU). The
highest ACWRHSR occurred in week 10 for both starters (1.6 AU) and non-starters (1.6 AU),
while the lowest ACWRHSR values occurred in week 9 for starters (0.4 AU) and week 4 for
non-starters (0.4 AU).

Table 2 presents the average values and differences between starters and non-starters
during the 10 mesocycles for all variables analyzed. There are no differences between
the groups.
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Figure 1. TM, TS (A) and ACWR (B) variations calculated through the s-RPE across 41 weeks for starters and non-starters. 
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Figure 3. TM, TS (A) and ACWR (B) variations calculated through the HSR across 41 weeks for starters and non-starters.Figure 3. TM, TS (A) and ACWR (B) variations calculated through the HSR across 41 weeks for starters and non-starters.
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Table 2. Differences between starters and non-starters during the 10 mesocycles, mean ± SD.

Variables M1 M2 M3 M4 M5 M6 M7 M8 M9 M10

TM s-RPE (AU),
ST 3.3 ± 1.1 3.2 ± 0.8 2.8 ± 0.2 3.9 ± 0.4 1.8 ± 0.3 4.4 ± 1.0 2.2 ± 0.3 2.3 ± 0.3 2.5 ± 0.2 3.3 ± 0.7

TM s-RPE (AU),
NST 3.6 ± 1.2 3.6 ± 0.8 3 ± 0.3 3.5 ± 0.4 2.1 ± 0.3 3.8 ± 1.1 2.8 ± 0.3 2.7 ± 0.4 2.6 ± 0.3 3.8 ± 0.7

TS s-RPE (AU),
ST 5370.6 ± 881.1 3972.5 ± 900.1 4454.0 ± 510.3 4002.1 ± 445.4 1522.6 ± 486.3 2839.1 ± 505.2 2220.8 ± 367.0 2442.1 ± 538.0 3334.9 ± 667.1 4202.4 ± 949.1

TS s-RPE (AU),
NST 5101.1 ± 934.5 4206.7 ± 954.7 4035.9 ± 541.2 3764.3 ± 472.4 2274.6 ± 512.6 3593.6 ± 535.9 3268.3 ± 389.3 8308.2 ± 570.6 3290.7 ± 707.5 3933.4 ± 1006.7

ACWR
s-RPE(AU), ST 0.9 ± 0.02 0.9 ± 0.03 1.0 ± 0.01 1.0 ± 0.03 0.8 ± 0.03 1.2 ± 0.04 1.0 ± 0.03 1.0 ± 0.03 1.0 ± 0.04 0.9 ± 0.1

ACWR s-RPE
(AU), NST 1.0 ± 0.03 0.9 ± 0.03 1.0 ± 0.01 1.0 ± 0.04 0.8 ± 0.03 1.1 ± 0.05 1.0 ± 0.04 0.9 ± 0.03 0.9 ± 0.04 1.0 ± 0.05

TM TD (AU), ST 2.7 ± 0.1 3.2 ± 0.1 4.1 ± 0.2 4.8 ± 0.3 3.7 ± 0.4 12.3 ± 2.7 3.7 ± 0.1 8.0 ± 2.5 3.6 ± 0.2 4.1 ± 0.3

TM TD (AU),
NST 2.4 ± 0.2 3.3 ± 0.1 3.8 ± 0.3 4.8 ± 0.3 3.6 ± 0.4 7.2 ± 2.9 3.5 ± 0.1 3.7 ± 2.6 3.2 ± 0.3 3.8 ± 0.4

TS TD (AU), ST 76,836.5 ± 3760.5 100,533.8 ± 5541.1 113,493.5 ± 6692.5 132,192.8 ± 10097.1 71,403.2 ± 7200.7 199,545.0 ± 39571.2 75,732.0 ± 3461.4 127,443.4 ± 30,416.6 79,449.1 ± 5330.6 104,429.4 ± 9679.7

TS TD (AU),
NST 66,845.5 ± 3988.6 92,677.9 ± 5877.2 97,736.2 ± 798.5 124,250.7 ± 10709.5 75,171.9 ± 7637.5 127,445.4 ± 41971.6 76,288.8 ± 3671.3 80,471.7 ± 32,261.7 76,347.3± 5653.9 107,630.7 ± 10,266.9

ACWR TD
(AU), ST 1.0 ± 0.02 0.9 ± 0.03 1.1 ± 0.03 1.0 ± 0.02 0.9 ± 0.01 1.1 ± 0.03 1.0 ± 0.02 1.0 ± 0.01 1.0 ± 0.01 1.0 ± 0.03

ACWR TD
(AU), NST 1.0 ± 0.02 0.9 ± 0.03 1.0 ± 0.03 1.0 ± 0.02 1.0 ± 0.01 1.1 ± 0.03 1.0 ± 0.02 1.0 ± 0.01 1.0 ± 0.01 1.0 0.03

TM HSR (AU),
ST 1.3 ± 0.06 1.4 ± 0.1 1.8 ± 0.1 1.6 ± 0.1 1.3 ± 0.3 2.1 ± 0.1 1.4 ± 0.1 1.7 ± 0.1 1.7 ± 0.2 1.9 ± 0.3

TM HSR (AU),
NST 1.3 ± 0.1 1.4 ± 0.1 1.6 ± 0.1 1.6 ± 0.1 1.6 ± 0.3 1.8 ± 0.1 1.7 ± 0.1 1.6 ± 0.2 1.6 ± 0.2 2.2 ± 1.4

TS HSR (AU),
ST 2226.2 ± 482.7 1857.1 ± 288.3 2051.2 ± 308.4 1676.5 ± 280.9 641.0 ± 205.1 1008.5 ± 185.2 768.6 ± 145.6 1003.7 ± 179.8 1044.7 ± 212.0 1269.6 ± 165.9

TS HSR (AU),
NST 1586.2 ± 512.0 1806.5 ± 305.8 1617.6 ± 327.2 1310.9 ± 297.9 811.9 ± 217.5 1253.6 ± 196.5 1132.8 ± 154.4 1140.1 ± 190.7 1245.5 ± 224.9 1479.0 ± 176.0

ACWR HSR
(AU), ST 1.0 ± 0.04 1.0 ± 0.04 0.9 ± 0.03 1.0 ± 0.05 0.7 ± 0.06 1.2 ± 0.08 1.0 ± 0.05 1.0 ± 0.3 1.0 ± 0.3 1.1 ± 0.04

ACWR HSR
(AU), NST 0.9 ± 0.04 1.0 ± 0.05 1.0 ± 0.04 1.0 ± 0.06 0.8 ± 0.06 1.2 ± 0.09 0.9 ± 0.05 1.0 ± 0.03 1.0 ± 0.03 1.0 ± 0.05

M = mesocycle; RPE = rating of perceived exertion; s-RPE = session rating of perceived exertion; TM = training monotony; TS = training strain; ACWR = acute:chronic workload ratio; AU = arbitrary units;
ST = starters; NST = non-starters.
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Figures 4–6 show the differences between mesocycles for TM, TS and ACWR calculated
through the s-RPE, TD and HSR across the in-season for the whole team.

Medicina 2021, 57, x FOR PEER REVIEW 10 of 17 
 

 

Figures 4–6 show the differences between mesocycles for TM, TS and ACWR 
calculated through the s-RPE, TD and HSR across the in-season for the whole team. 

 
Figure 4. TM, TS (A) and ACWR (B) variations calculated through the s-RPE across 10 mesocycles 
for the whole team. M: mesocycle; a: difference from M5; b: difference from M6; c: difference from 
M7; d: difference from M8; e: difference from M9; f: difference from M10. 

Figure 4. TM, TS (A) and ACWR (B) variations calculated through the s-RPE across 10 mesocycles
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Overall, Figure 4A shows that the highest TMs-RPE occurred in M6 and the lowest
value occurred in M5. There only was one significant difference for TMs-RPE in M4 > M5
(ES = 0.17). The highest TSs-RPE occurred in M1 and the lowest value occurred in M5.
There was a significant difference in M1 > M5 (ES = 1.50); M3 > M5 (ES = 1.57); M4 > M5
(ES = 1.42); M5 < M8 (ES = −0.62) and <M10 (ES = −0.97).

Figure 4B shows that the highest ACWRs-RPE occurred in M6 while the lowest
ACWRs-RPE occurred in M5. There were significant differences in M1 > M5 (ES = 1.63) and
<M6 (ES = 7.60); M3 > M5 (ES = 11.75) and <M6 (ES = −10.69); M4 < M6 (ES = −1.42);
M5 < M6 (ES = −8.75), <M7 (ES = −9.35), <M8 (ES = −9.25), <M9 (ES = −8.33) and <M10
(ES = −7.17); M6 > M8 (ES = −7.25) and >M10 (ES = 5.85).

Overall, Figure 5A shows that the highest TMTD occurred in M6 and the lowest value
in M1. There were significant differences in M1 < M2 (ES = −7.80), <M3 (ES = −5.70),
<M4 (ES = −6.18), <M5 (ES = −3.81), <M6 (ES = −1.55) and <M7 (ES = −8.03); M2 < M4
(ES = −6.42); M4 > M7 (ES = −4.89) and M9 (ES = −0.93). The highest TSTD occurred in
M6 and the lowest value occurred in M2. There were significant differences in M1 < M2
(ES = −6.52), <M2 (ES = −5.35), <M3 (ES = −5.03) and <M10 (ES = −4.33); M2 < M4
(ES = −4.73), >M5 (ES = −2.92), >M7 (ES = −1.69); M3 > M5 (ES = −2.63), >M7 (ES = −1.63),
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>M9 (ES = −3.00) and M4 > M5 (ES = −1.98), >M7 (ES = −1.51), >M9 (ES = −2.00).
Additionally, M7 < M10 (ES = −3.52).
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Figure 5B shows that the highest ACWRTD value occurred in M6, while the lowest
value occurred in M5. There were significant differences in M1 > M2 (ES = −12.21) and
>M5 (ES = −17.02). M2 < M3 (ES = −12.18), <M4 (ES = −12.05), <M6 (ES = −10.95), <M7
(ES = −13.75) and <M8 (ES = −13.42). M3 > M5 (ES = −12.99). M4 > M5 (ES = −15.64).
M5 < M6 (ES = −14.30), <M7 (ES = −16.41), <M8 (ES = −25.59), <M9 (ES = −23.62) and
<M10 (ES = −13.89).

Overall, Figure 6A showed that the highest TMHSR occurred in M6 and the lowest
value in M1. There were significant differences in M1 < M3 (ES = −5.42), < M6 (ES = −5.47).
M2 < M6 (ES = −4.95). The highest TSHSR occurred in M1 and the lowest value occurred
in M5. There were significant differences in M2 > M6 (ES = 1.55), > M5 (ES = 0.16), > M7
(ES = 0.15), > M8 (ES = 0.32) and > M9 (ES = 0.40). M3 > M5 (ES = 0.15) and > M8 (ES = 0.19).
M5 < M10 (ES = −0.79). Additionally, M7 < M10 (ES = −1.56).

In Figure 6B, the highest ACWRHSR value occurred in M6 while the lowest value
occurred in M5. There were significant differences in M3 > M5 (ES = −5.05). M5 < M6
(ES = −4.93), < M8 (ES = −5.75), < M9 (ES = −5.78) and < M10 (ES = −5.21).
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4. Discussion

The main purpose of the current study was to provide a description regarding training
monotony (TM), strain (TS) and acute/chronic workload ratio (ACWR) based on perceived
exertion, total distance (TD) and high-speed running (HSR) measures collected across
in-season soccer. A secondary goal was to compare the time-related behavior of such
metrics among starter and non-starter players. Our results in an elite European soccer
team squad showed the following: (i) in the mesocycle with a greater number of matches
disputed, higher values of various indices occurred, including either monotony (s-RPE,
TD and HSR), strain (i.e., only TD in this specific case) or ACWR (s-RPE, TD and HSR);
(ii) for all parameters considered, there were no significant differences between starters and
non-starters; (iii) despite the similarities observed, players with a distinct status showed
peak or lower values in distinct moments of the monitored period for some markers (e.g.,
lower TMs-RPE in the start and middle of the season, respectively, for non-starters and
starters); (iv) higher monotony of perceived exertion was reported in the beginning, while
for strain, it happened at the end of the season, independent of player status. In the
following paragraphs, we will discuss the role of possible increase in match congestion
on the data presented here while also accounting for the absence of differences between
starters and non-starters and the common pattern of time-related variations in training
monitoring parameters.
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According to our results, the most intense period of games notably induced increases
in monotony and ACWR (all variables) and concerning TSTD. Eight soccer fixtures were
played across one month, rendering an average of at least two per week during the
mesocycle. Indeed, this can characterize a full, congested schedule as per previous defini-
tions [22,23]. Despite the monotony of s-RPE being more than twofold above the suggested
threshold of 2 AU [10] as in the case of starters, the total duration of training sessions
decreased for such players, while the same was not valid for non-starters. This is possible
given the requirements of the latter to be more involved in active training/matches during
that moment of the season and given the likely need to rotate players. In fact, congested
fixture periods are linked to the possibility of inducing greater TS [8], whilst they can
impair physical match performance [23–25] and raise injury risk [22,26]. However, the
values for ACWR were all below 1.3, independent of player status (see Table 2), which, in
theory, may not represent exacerbated injury likelihood [27], despite the fact that such a
question lacks consensus to date (see, for example, Impellizzeri et al. [28]). Based on these
assumptions, it seems that adjustments promoted during training may help avoid worst
scenarios relating to management of players’ workloads across the most congested period
of matches in a season. However, particular attention should be paid to non-starters since
they presented a high monotony and no reduction in total training time as compared to
previous ones and aligned with a partly higher strain (i.e., TSTD) during the intense period
of games.

One key finding of the present study was that when players were grouped according
to their playing status as starters or non-starters, no significant differences were detected.
This can suggest that contemporary soccer training methods require players to respond
to stimuli delivered in a homogenous way, i.e., irrespective of whether generally starting
the games or not. Importantly, one previous work verified opposing results, considering
training TM and TS from accelerometer-derived variables, where starters showed greater
values compared to their non-starter peers [14]. In contrast, non-starters may experience
greater overall in-game physical exertion as compared to starters or players who partic-
ipated in a whole match [29], and a similar condition was verified considering the most
demanding passages of play [30]. Reports both have [31] and have not [32] confirmed
the match–training-load associations in soccer. Of note, although there was no statistical
significance here in the comparisons depending on player status, starters and non-starters
reached maximal and minimal values for various markers at distinct moments. This finding
can be related to distinct demands placed over each player across the season owing to
situational-induced variations [33] and their prominent non-linear usage. Taken together,
these assumptions could indicate that monitoring players on an individualized basis seems
necessary, accounting for whether players generally start games on the pitch or the bench.
Notwithstanding, traditional measures of workload such as TD and HSR may not be sensi-
tive enough to detect possible status-related differences in monitoring strain, monotony
and ACWR in training routines.

The findings from our investigation may assist in understanding the role of player
status in various parameters used to control training in soccer as well potentially serving
as a benchmark for future prescriptions and monitoring. Regardless of playing status
and considering just the s-RPE, training monotony peaked at the beginning of the period
(week 1), while the strain reached the largest values at the end (week 41). Such observations
are different when compared to a six-week congestive period, which found lower values
of monotony and strain in the first week, but the highest values in the last week for both
variables [34]. The present results also disagree with the idea that a high degree of strain
is often achieved when there is no competition (e.g., pre-season) [35]. High monotony
early in the period may be indicative of either a poor ability of athletes to recognize the
initial training loads or a true heavy stimulus applied, making it difficult to cope with
as per the common fitness status of players at that moment. For example, the training
session durations or strain levels were not the highest in the first week, whilst this does not
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hold true for TMs-RPE. Indeed, prior off-season training is recognized to impair physical
capacity aspects [36] and it may have contributed to the prime TMs-RPE outputs.

Aside from the aforementioned potential derived implications (e.g., informing condi-
tioning professionals on the effects of playing status and provision of reference values), a
number of limitations of the present investigation should be highlighted. With the ever
increasing energy requirements in soccer, the data gathered here may be outdated to some
extent. The mostly descriptive nature of the work may limit its practical application. The
generalizability of the results to other teams/countries, competitive standards and ages is
also not warranted and requires replication studies. Complete description of training drills
in further research can facilitate field implementation. Finally, co-variables such as match
location, results and opponent quality should be considered in future studies as previously
recommended [33].

5. Conclusions

To summarize, here, we observed across in-season soccer that spikes in training
monotony, ACWR and strain for both internal and external load parameters (except re-
garding strain) may occur during match congestion intensification in elite soccer. Most
importantly, apart from the extreme values being slightly discrepant (i.e., highest/lowest
outcomes of the monitored markers varied according to playing status), starters and non-
starters behaved equally across the period, thereby suggesting a lack of differences between
them in the adjustments of training workloads during the period. Finally, the progression
of the training cycle phases elicited distinct responses of monitoring indices, such as the
monotony of perceived exertion, which reached peak values at the early season, and major
strain was reported at the end-season stage. The results suggest that the training load
and management of load were properly addressed, despite some play-time differences
across the season. Moreover, the present study shows that it is possible to have a congested
mesocycle with eight matches with higher workloads (M6). In addition, this is the first
study to report data for the 10 mesocycles of the in-season period and could be considered
a reference for future studies.
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Abstract: Background and Objectives: The aim of this study was twofold: (i) to analyze the relationships
between fitness status (repeated-sprint ability (RSA), aerobic performance, vertical height jump, and
hip adductor and abductor strength) and match running performance in adult women soccer players
and (ii) to explain variations in standardized total distance, HSR, and sprinting distances based
on players’ fitness status. Materials and Methods: The study followed a cohort design. Twenty-two
Portuguese women soccer players competing at the first-league level were monitored for 22 weeks.
These players were tested three times during the cohort period. The measured parameters included
isometric strength (hip adductor and abductor), vertical jump (squat and countermovement jump),
linear sprint (10 and 30 m), change-of-direction (COD), repeated sprints (6 × 35 m), and intermittent
endurance (Yo-Yo intermittent recovery test level 1). Data were also collected for several match
running performance indicators (total distance covered and distance at different speed zones, acceler-
ations/decelerations, maximum sprinting speed, and number of sprints) in 10 matches during the
cohort. Results: Maximal linear sprint bouts presented large to very large correlations with explosive
match-play actions (accelerations, decelerations, and sprint occurrences; r = −0.80 to −0.61). In addi-
tion, jump modalities and COD ability significantly predicted, respectively, in-game high-intensity
accelerations (r = 0.69 to 0.75; R2 = 25%) and decelerations (r = −0.78 to −0.50; R2 = 23–24%). Fur-
thermore, COD had significant explanatory power related to match running performance variance
regardless of whether the testing and match performance outcomes were computed a few or several
days apart. Conclusion: The present investigation can help conditioning professionals working
with senior women soccer players to prescribe effective fitness tests to improve their forecasts of
locomotor performance.

Keywords: football; athletic performance; match analysis; sports training; GPS; high-intensity running
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1. Introduction

Soccer matches represent a well-known intermittent mode of exercise in which short
periods of intense efforts are interspaced by periods of low-to-moderate intensity [1,2].
Thus, players must maintain a desired level of running intensity and recover rapidly to
perform to the best of their ability [3,4]. The literature has demonstrated that women soccer
players may cover 9 to 11 km per match while spending 99 ± 8.3 m·min−1 performing
low-speed running and 9.7 ± 3.7 m·min−1 performing high-speed running [2,5–8].

In female soccer, sprinting is considered a high-intensity effort [9], and high-speed
activity is considered an essential component of matches. Usually, such efforts occur
during decisive moments in a match [7], though they represent only 8% to 12% of the
total distance covered in a typical match [10]. Additionally, female players were found to
perform between 70 and 190 high-intensity runs (>19.8 km·h−1) during a match [5,10,11],
covering between 210 and 520 m [6,7,12,13].

To sustain such efforts, female soccer players should present well-developed fitness
statuses that allow them to meet the various demands of a match. Regarding sprinting
performance, typical fitness status values observed in women soccer players suggest that
they can cover 10 m in 2.31 ± 0.21 s and 25 m in 4.52 ± 0.20 s [14–17]. For another
determinant variable (i.e., lower limb power), typical values exhibited by women soccer
players are 30.1 ± 3.7 cm in the squat jump and 31.6 ± 4.0 cm in the countermovement
jump [18]. Both sprinting and lower-limb power are neuromuscular determinants of soccer
performance. However, the sport overwhelmingly involves running at low-to-moderate
intensities—thus, good cardiorespiratory performance is crucial.

Female players usually present maximal oxygen uptake values between 49.4 and
56.7 mL/kg/min [2,17]. Based on one of the most common field-based tests used in soccer
(namely, the Yo-Yo intermittent recovery test level 1), elite women soccer players can cover
1224 ± 255 m during the test, while players from lower divisions cover 826 ± 160 m [2,17].

Since high-intensity runs and sprinting tend to decrease at the end of the match, they
could be associated with fatigue [19–22]. Therefore, sustaining good aerobic levels can help
players avoid the effects of fatigue when performing power-related actions. Naturally, a
player’s performance will be affected by multiple factors, such as their position [23,24]. For
instance, research indicates that central defenders perform fewer high-intensity runs than
other players [23,24].

Fitness status can support match running performance—however, the strength of
this relationship differs depending on the type of demand imposed on the player and the
physical quality. For example, repeated sprint ability seems to be significantly correlated
with total and high-intensity distances covered in matches [23–38]. Total distance also
presented large correlations with high-intensity running activities and aerobic performance
in field-based tests performed by male and female youth soccer players [29–42].

However, very few studies have tested the relationships between fitness status and
match running performance among female soccer players. Nevertheless, it is pertinent to
consider which kind of fitness status best relates to specific efforts in matches since match
running performance is a determinant of a player’s ability to sustain a high performance
level. Understanding this matter will help to emphasize and specify the training process.
However, fitness status changes over time. As such, analyzing the relationships between
match running performance and fitness status in different moments throughout a season
can help to explore whether these relationships are influenced by time.

Following the above discussion, the present study aims to (i) analyze the relationships
between fitness status (repeated sprint ability (RSA), aerobic performance, vertical jump
height, and anthropometry) and match running performance and (ii) run a regression
analysis to explain variations in total distance, high-speed running (HSR), and sprinting
distance. The hypothesis of the study is that match running variables are explained by the
fitness status of the players.
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2. Materials and Methods

2.1. Experimental Approach to the Study

This 22-week study followed an observational analytic cohort design. Players were
assessed three times during the cohort (Figure 1). The first and second assessments were
separated by four weeks, whereas the second and third assessments were separated by
18 weeks. The intervals were varied to determine the relationship between the physical
capacities assessed with the match running and variations observed in total distance, HSR,
and sprinting distance during matches.

 

∙ −

∙ −

Figure 1. Timeline of the study.

Three participants were excluded from the analysis, and 22 participants remained.
Assessment 2 was correlated with matches 1 to 4 (weeks 6 to 15), while assessment 3
was correlated with matches 7 to 10 (weeks 22 to 27). A correlation analysis was con-
ducted between fitness variables and match running performance for each period of
assessment. Additionally, multi-linear regression analysis was carried out considering
the match running performance variables to determine how each of the three variables of
interest influenced running performance.

2.2. Participants

Twenty-two women soccer players from a team participating in the first Portuguese
league were observed (Table 1). The participants presented a mean age of 24.77 ± 6.49 years
old and a height of 162.51 ± 7.08 cm. In the first assessment mean weight was 59.06 ± 9.50 kg.
In the second assessment mean weight was 59.01 ± 9.30 kg and body mass 61.62 ± 9.50 kg.
The sample included three goalkeepers, four external defenders, four central defenders, six
midfielders, and five attackers. During the season, players participated in four training
sessions per week and official matches on weekends.

The eligibility criteria that players had to meet to be included in the final sample
were as follows: (i) completion of all three assessments; (ii) participation in at least 85% of
training sessions, (iii) not being out of action for treatment for more than four weeks, and
(iv) at least five years of experience.

Before the study began, all players were informed of the study’s design and procedures.
Afterward, each player signed an informed consent form. The study was approved by
the local university (code: CTC-ESDL-CE001-2021; date: 18 March 2021) and followed the
ethical standards as per the Declaration of Helsinki for studies involving humans.
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Table 1. Physical fitness assessment (mean ± SD).

Measure Women Soccer Players (n = 22)

Assessment 1 Assessment 2 Assessment 3

Hip strength
ADDs (kg) - 34.66 ± 7.81 35.81 ± 7.22
ABDs (kg) - 33.48 ± 5.87 34.40 ± 6.03

Squat and countermovement jump
SJ (cm) 25.33 ± 2.98 26.24 ± 3.09 23.85 ± 4.29

CMJ (cm) 27.26 ± 2.97 27.40 ± 3.51 24.17 ± 4.16

Change-of-direction test

COD (s) 5.73 ± 0.19 5.75 ± 0.18 5.80 ± 0.22
COD (km·h−1) 12.60 ± 0.40 12.53 ± 0.39 12.42 ± 0.46
COD (m·s−1) 3.50 ± 0.11 3.48 ± 0.10 3.45 ± 0.12

Linear Sprinting

10-m (s) 1.87 ± 0.08 1.90 ± 0.10 1.88 ± 0.10
10-m (km·h−1) 19.29 ± 0.84 18.98 ± 0.98 19.13 ± 0.99
10-m (m·s−1) 5.36 ± 0.23 5.27 ± 0.27 5.31 ± 0.27

30-m (s) 4.79 ± 0.22 4.77 ± 0.21 4.75 ± 0.23
30-m (km·h−1) 22.57 ± 1.05 22.64 ± 0.99 22.75 ± 1.05
30-m (m·s−1) 6.27 ± 0.29 6.29 ± 0.27 6.31 ± 0.29

Repeated sprint ability test (RSA test)

Pmax (s) 380.81 ± 68.38 401.77 ± 74.47 448.63 ± 64.99
Pmin (s) 240.44 ± 46.87 267.15 ± 46.29 295.53 ± 34.68

Paverage (s) 305.21 ± 48.93 321.83 ± 50.53 355.23 ± 39.31
FI (%) 4.61 ± 1.85 4.41 ± 1.65 5.02 ± 1.75

Yo-Yo intermitteng recovery test- Level 1

Stage (n) 14.62 ± 0.65 14.94 ± 0.77 15.15 ± 0.73
YYIR1, Distance (m) 677.78 ± 251.74 788.00 ± 219.89 682.66 ± 397.89

HRmax (bpm) 197.58 ± 5.33 197.50 ± 5.33 197.04 ± 5.25
VO2max

(mL·kg−1·min−1)
41.79 ± 2.11 43.02 ± 1.85 43.56 ± 1.73

Note: VO2max was estimated by the next equation: Yo-Yo IR1 test: VO2max (mL/min/kg) = IR1 distance (m) ×
0.0084 + 36.4 (Bangsbo. 2008); ADD: adductor strength; ABD: abductor strength; SJ: squat jump; CMJD: coun-
termovement jump; COD: change-of-direction; Pmax: maximum power at repeated-sprint test; Pmin: minimum
power at repeated-sprint test; Paverage: average power at repeated-sprint test; FI: fatigue index at repeated-sprint
test; YYIR1: intermittent recovery test level 1; HRmax: maximal heart rate; VO2max: maximal oxygen uptake.

2.3. Measures

2.3.1. Physical Fitness Assessment

Between August and January, three fitness assessments with similar demands occurred
in three microcycles. For each assessment period (week), three days were dedicated to run
the tests, interspaced by 24 h between them. Players had 48 h of rest before the first day of
assessments of each week analyzed.

In the first training session of the week, players were tested for anthropometry and
hip adductor and abductor strength. In the second training session, vertical jump height,
changes of direction, and linear speed were assessed. In the third session, the repeated
sprint ability test and the Yo-Yo intermittent recovery test level 1 were applied.

These tests always occurred at the same time (7:30 p.m.) and location. The linear
speed, repeated sprint ability, and Yo-Yo intermittent recovery tests were performed on
synthetic turf without rain at a mean temperature of 19.5 ± 3.4 ◦C and a relative humidity
of 63 ± 4%. A warm-up was performed before all evaluations. Warm-ups consisted of low
and self-paced running, followed by calisthenic exercises in which players performed two
sets of 10 repetitions of walking lunges, single-leg deadlifts, and fontal and lateral high
knee movements.
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Anthropometry

Body weight (kg) was measured without shoes with a bioelectrical impedance analysis
(BIA) device (Tanita BC-730) to the nearest 0.1 kg. Height (cm) was measured using a
stadiometer (Type SECA 225, Hamburg, Germany) to the nearest 0.1 cm.

Repeated Sprint Ability

The running anaerobic sprint test (RAST) test was applied to test players’ repeated
sprint abilities. This test consisted of six runs of 35 linear meters (each interspaced by
10 s of rest), with no COD required [43]. The time (sec) of each effort was recorded
using a photocell timing gate (Photocells, Brower Timing System, UT, USA), with one
device positioned at the starting line and the other positioned at the finish line. The
device had a resolution of one-thousandth of a second. The minimum and maximum
peak power and the fatigue index were determined using the following equation [43]:

Power =
Weight × Distance2

Time3 and Fatigue =
maxpower− minpower
Sum of 6 sprints (s) .

Linear Sprinting

Players’ 10- and 30-m linear sprint abilities were tested using photocell timing gates
(Photocells, Brower Timing System, UT, USA) positioned at the start and finish lines. Par-
ticipants began the test positioned 0.5 m behind the starting line in a two-point split stance.
As with the repeated sprint test, the device used to measure the players’ performance had
a resolution of one-thousandth of a second. Each player’s best result obtained from three
separate trials was recorded as their sprint time.

Change-of-Direction

The zig-zag 20 m [40] test was used to assess COD. This test consists of four 5 m each
set out at 100◦. Times were once again recorded using photocells timing gates (Photocells,
Brower Timing System, UT, USA) with a resolution of one-thousandth of a second. The
typical error of the Photocells was between 0.04 and 0.06 s, while the smallest worthwhile
change was between 0.11 and 0.17 s [41]. Subjects performed three trials, resting for at least
three minutes between trials. The best time (lowest time in seconds) of the three trials was
used for the analysis.

Squat and Countermovement Jump

Squat and countermovement jump heights were assessed, with the highest jumps
(cm) recorded and used in the analysis. Both jumps were tested with an optical mea-
surement system consisting of a transmitting and receiving bar (Optojump, Microgate,
Bolzano, Italia).

Each participant started the squat jump test in a squat position (although self-selected,
the recommendation was to stay approximately at 90◦ relative knee joint angle) with their
hands on their waist. After spending three seconds in the squat position, the participant
jumped by extending their legs and then landed in the same place. Each participant
performed three trials, with 30 s of rest provided between jumps.

Each participant started the countermovement jump test from a standing position,
with their hands on their waist. After spending three seconds in the standing position, the
participant flexed their legs and then immediately extended them while jumping. Each
participant performed three trials, with 30 s rest provided between jumps.

Yo-Yo Intermittent Recovery Test—Level 1

For the Yo-Yo Intermittent Recovery test, participants were to run 20 m from one mark
to another and then return to the starting mark. After every 40 m covered, a 10-s recovery
period is provided, during which time participants jog between two marks that are five
meters apart (an audio beep is utilized to control participants’ speed). The speed starts
at 10 km/h, increasing progressively thereafter. The test ends when the athlete achieves
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voluntary exhaustion or does not reach one of the 20-m marks before or at the same time as
the beep. At the end of the test, the number of completed levels and shuttles, as well as the
total distance covered, were recorded. The total distance (meters) was recorded.

Hip Adductor and Abductor Strength

A dynamometer (Smart Groin Trainer, Neuro excellence, Portugal) was positioned on
the thigh area of participants, who were asked to squeeze the tool for 20 s. Three trials were
performed, with 10 s of rest between trials. The strength of the hip adductor and abductor
was measured in kilograms. The highest value was used in the analysis.

2.3.2. Match Running Performance

During the match, participants used a Global Position System (GPS) (SPI HPU, GP-
Sports, Canberra, Australia). This device has a frequency of 15 Hz and accelerometer of
100 Hz, 16 G Tri-axis, and a magnetometer of 50 Hz. Participants were asked to use a
tight-fitting vest during the match and the device was placed between the left and right
scapula. The GPS device collected the speed (km·h−1), the maximal speed (km·h−1), the
number of sprints, the time of each sprint (sec), and accelerations and decelerations exe-
cuted during each match observed. Speed achieved during a match was divided into the
following 6 zones: zone 1 (0–5.9 km·h−1), zone 2 (6–11.9 km·h−1), zone 3 (12–13.9 km·h−1),
zone 4 (14–17.9 km·h−1), zone 5 (18–23.9 km/h), and zone 6 (>24 km·h−1). The accel-
eration and deceleration were also recorded and split into 3 zones: ace1 (1.0–1.9 m·s2),
ace2 (2.0–2.9 m·s2), ace3 (3.0–4.0 m·s2) and des1 (1.0–1.9 m·s2), des2 (2.0–2.9 m·s2), des3
(3.0–4.0 m·s2). The external load collected for analysis were: total distance covered (m),
the distance covered (m) in the different speed zones, accelerations (m·s2), decelerations
(m·s2), the maximum speed achieved (km/h), and the number of sprints (n).

2.4. Statistical Analysis

Descriptive statistics were represented as mean ± SD. Normal distribution and ho-
mogeneity was tested with the Kolmogorov-Smirnov test on all data before analysis. A
Pearson correlation coefficient r was used to examine the relationship between values of
fitness assessment (hip strength (ADDs and ABDs); squat and countermovement jump
(SJ and CMJ); change-of-direction test (COD in seconds); linear Sprinting (10 m and 30 m
in seconds); repeated sprint ability test (Pmax, Pmin and FI); Yo-Yo intermittent recovery
test 1 (YYIR1 distance)) and match running performance (total distance covered (D); speed
achieved in zone 1 (Z1), zone 2 (Z2), zone 3 (Z3), zone 4 (Z4), zone 5 (Z5), and zone 6
(Z6); acceleration (ace1, ace2, ace3) and deceleration (des1, des2, des3); maximum speed
achieved (MSA); and number of sprint (NS)). To interpret the magnitude of these correla-
tions we adopted the following criteria: r ≤ 0.1, trivial; 0.1 < r ≤ 0.3, small; 0.3 < r ≤ 0.5,
moderate; 0.5 < r ≤ 0.7, large; 0.7 < r ≤ 0.9, very large; and r > 0.9, almost perfect [44]. The
changes over the assessment were determined using repeated measures ANOVA. Signifi-
cant main effects were subsequently analyzed using a Bonferroni post hoc test. Effect size
is indicated with partial eta squared for Fs. To interpret the magnitude of the eta squared
we adopted the following criteria: η2 = 0.02, small; η2 = 0.06, medium; and η2 = 0.14 large.
Regression analysis was used to identify which fitness outcomes can better explain match
running performance. All variables were examined separately in this regression analysis.
The magnitude of R2 was interpreted as follows: >0.02, small; >0.13, medium; >0.23, large.
Data were analyzed using Statistica software (version 10.0; Statsoft, Inc., Tulsa, OK, USA).
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3. Results

Descriptive statistics were calculated for each variable (see Tables 1 and 2 for
more information).

A repeated measures ANOVA with participants’ mean hip strength (ADDs and ABD)
did not reveal any effect of assessment F > 1, in both cases. Another repeated measures
ANOVA with participants’ mean squat and countermovement jump (SJ and CMJ) did not
reveal an effect of assessment in SJ, F (1.12) = 2.42, p = 0.11, η2 = 0.16. However, data showed
a significant effect of assessment in CMJ, F (1.12) = 6.13, p = 0.01, η2 = 0.33. Continuing with
the same type of repeated measures ANOVA analysis with participant ’s mean change-of-
direction (COD (s), COD (km·h−1), and COD (m·s−1)) did not reveal any effect of assessment
F > 1. In the same line, another ANOVA analysis with participants mean linear sprinting
(10 m (s), 10 m (km·h−1), 10 (m·s−1), 30 m (s), 30 m (km·h−1), 30 (m·s−1)) did not reveal any
effect of assessment F > 1. A repeated measures ANOVA with participants’ mean repeated
sprint ability test (Pmax (s), Pmin (s), Paverage (s) and FI (%)) revealed an effect of assessment for
Pmax (s), Pmin (s), and Paverage (s), F (1.12) = 4.86, p = 0.01, η2 = 0.28, F (1.12) = 8.84, p = 0.001,
η2 = 0.42, and F (1.12) = 6.23, p = 0.01, η2 = 0.34, respectively. Nevertheless, there was no
effect of assessment for FI (%), F > 1. Particularly remarkable, a repeated measures ANOVA
with participants’ mean Yo-Yo intermittent recovery test level 1 (stage (n), YYIR1, distance
(m), HRmax (bpm), and V02max (mL·kg−1·min−1)) revealed an effect of assessment for stage
(n), YYIR1, distance (m), and V02max (mL·kg−1·min−1), F (1.8) = 7.40, p = 0.001, η2 = 0.48,
F (1.8) = 7.40, p = 0.001, η2 = 0.48, F (1.8) = 7.40, p = 0.01, η2 = 0.42, respectively. However,
HRmax (bpm) data did not show any effect of assessment, F > 1.

Table 2. Descriptive table of match running performance (mean ± SD).

Measure Match 1 to Match 4 (n) Match 7 to Match 10 (n)
Match 1 to Match 4

(n per min)
Match 7 to Match 10

(n per min)

D (m) 8091.47 ± 391.16 8383.01 ± 622.60 101.46 ± 9.21 99.00 ± 16.09

Z1 (m) 3143.72 ± 176.67 3283.83 ± 268.36 39.12 ± 3.83 39.07 ± 7.11

Z2 (m) 3189.10 ± 312.05 3183.08 ± 269.28 40.13 ± 4.86 37.37 ± 5.63

Z3 (m) 740.84 ± 51.08 758.21 ± 93.40 9.35 ± 1.02 8.90 ± 1.52

Z4 (m) 721.66 ± 40.98 792.56 ± 92.23 9.14 ± 0.85 9.36 ± 1.72

Z5 (m) 273.78 ± 31.33 339.08 ± 51.93 3.44 ± 0.24 4.00 ± 0.90

Z6 (m) 19.64 ± 8.16 23.78 ± 9.91 0.24 ± 0.10 0.27 ± 0.12

ace1 (n) 172.31 ± 10.76 175.53 ± 21.11 2.16 ± 0.20 2.06 ± 0.35

ace2 (n) 40.68 ± 4.63 41.48 ± 6.56 0.52 ± 0.07 0.49 ± 0.11

ace3 (n) 2.69 ± 0.29 2.50 ± 0.47 0.03 ± 0.00 0.03 ± 0.01

des1 (n) 146.21 ± 9.68 146.37 ± 16.34 1.84 ± 0.17 1.71 ± 0.25

des2 (n) 44.24. ± 4.75 43.91 ± 7.91 0.56 ± 0.08 0.52 ± 0.13

des3 (n) 14.40 ± 1.80 15.36 ± 3.03 0.18 ± 0.12 0.18 ± 0.05

MSA
(km·h−1)

24.00 ± 0.38 24.49 ± 1.35 24.00 ± 0.38 24.49 ± 1.35

NS (n) 14.74 ± 8.99 14.62 ± 0.65 0.19 ± 0.12 0.20 ± 0.04

Note: n per minute was calculated considering the time in match; NS: number of sprints; MSA: maximum speed achieved; zone 1 (Z1),
zone 2 (Z2), zone 3 (Z3), zone 4 (Z4), zone 5 (Z5), and zone 6 (Z6); acceleration (ace1, ace2, ace3) and deceleration (des1, des2, des3);
D: distance covered.
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The effect of match running performance tested repeatedly (D, Z1, Z2, Z3, Z4, Z5, Z6,
ace1, ace2, ace3, des1, des2, des3, MSA and NS = between match 1 to match 4 (n), match 7
to match 10 (n), match 1 to match 4 (n per min), match 7 to match 10 (n per min)) did not
reveal any effect of assessment of any studied variable, F > 1, in all cases.

On the basis of data obtained, correlations analysis was performed in order to find the
possible association between fitness assessment and match running. First, we performed
analysis of assessment 2 and matches 1–4, and second, assessment 3 and matches 7–10.
Consequently, the correlation between fitness assessment and match running (assessment 2
and matches 1–4) are summarized in Table 3. No significant correlations were found
between fitness assessment and the next variables of match running (D, Z1, Z2, Z3, Z4, Z5,
ace1, ace2, des1, des2, MSA, and NS). However, negative correlation was found between 30
m linear sprinting and ace3, r = −0.52, p = 0.24. Crucially, other negative correlations were
found between COD and Z6 and ace3 and des3 (r = −0.57, p = 0.024; r = −0.59, p = 0.011;
r = −0.50, p = 0.034, respectively).

Correlation analysis was performed in order to find possible association between
fitness assessment and match running (assessment 3 and matches 7–10). All data are
summarized in Table 4. No significant correlations were found between fitness assessment
and the next variables of match running (D, Z2, Z3, ace1, and des1). Nevertheless, positive
correlation was found between SJ and ace3, des2, des3, and NS (r = 0.75, p = 0.007; r = 0.64,
p = 0.035; r = 0.63, p = 0.035, and r = 0.70, p = 0.016, respectively). Other positives correlations
were found between CMJ and Z1, Z4, ace2, ace3, des2, des3, and NS (r = 0.61, p = 0.048;
r = 0.63, p = 0.040; r = 0.64, p = 0.036, r = 0.69, p = 0.019, r = 0.67, p = 0.022, r = 0.62, p = 0.039,
and r = 0.70, p = 0.016, respectively). Furthermore, negative correlations were encountered
between 10 m and ace2, r = −0.61, p = 0.047; des2, r = −0.61, p = 0.050; and NS r = −0.75,
p = 0.008. Negative correlations were encountered between 30 m and Z5, Z6, ace2, ace3,
des2, des3, MSA, and NS (r = −0.63, p = 0.039; r = −0.70, p = 0.016; r = −0.68, p = 0.021,
r = −0.77, p = 0.006, r = −0.68, p = 0.022, r = −0.68, p = 0.022, r = −0.68, p = 0.023, and
r = −0.80, p = 0.003, respectively). In the same line, more negative correlations were found
between COD and Z4, Z5, Z6, ace2, ace3, des2, des3, and NS (r = −0.68, p = 0.022; r = −0.80,
p = 0.003; r = −0.77, p = 0.006, r = −0.76, p = 0.007, r = −0.84, p = 0.001, r = −0.78, p = 0.005,
r = −0.75, p = 0.007, and r = −0.74, p = 0.010, respectively). In addition, another positive
correlation was encountered between FI and MSA, r = 0.61, p = 0.043.

Lastly, a multilinear regression analysis was performed to verify which variable of
fitness assessment (agreement with the correlation analysis) could be used to better explain
match running performance (See Table 5. for more information).

70



Medicina 2021, 57, 617

Table 3. Correlations between fitness assessment and match running (assessment 2 and matches 1–4).

Measure D Z1 Z2 Z3 Z4 Z5 Z6 ace1 ace2 ace3 Des1 Des2 Des3 MSA NS

ADD (kg) 0.19 0.20 0.14 0.15 0.26 0.31 0.19 0.18 0.36 0.17 0.20 0.20 0.23 0.24 0.33

ABD (kg) 0.26 0.37 0.21 0.07 0.15 0.14 0.07 0.17 0.20 −0.06 0.19 0.16 0.10 0.29 0.11

SJ (cm) −0.03 −0.01 −0.07 −0.04 0.03 0.11 0.21 −0.06 0.21 0.35 −0.01 −0.04 0.07 −0.01 0.25

CMJ (cm) 0.07 0.13 0.04 −0.02 −0.02 0.03 0.11 0.01 0.20 0.24 0.06 0.00 0.01 0.07 0.24

10-m (s) 0.15 0.13 0.21 0.14 0.07 −0.11 −0.11 0.17 −0.13 −0.34 0.16 0.10 −0.17 0.07 −0.29

30-m (s) 0.17 0.13 0.26 0.19 0.07 −0.24 −0.40 0.26 −0.15 −0.53 * 0.25 0.14 −0.25 0.09 −0.27

COD (s) 0.02 0.11 0.09 −0.10 −0.25 −0.46 −0.57 * 0.02 −0.25 −0.59 * 0.05 −0.12 −0.50 * −0.04 −0.17

Pmax (W) 0.00 0.08 −0.07 −0.13 0.01 0.14 0.21 −0.12 0.11 0.22 −0.08 −0.08 0.09 0.06 0.19

Pmin (W) 0.26 0.30 0.21 0.17 0.26 0.23 0.20 0.18 0.33 0.09 0.22 0.20 0.13 0.25 0.27

FI (%) −0.22 −0.13 −0.27 −0.32 −0.20 0.00 0.13 −0.32 −0.12 0.22 −0.29 −0.27 0.02 −0.13 0.03

YYIR1 (m) 0.12 −0.09 0.20 0.30 0.28 0.15 0.05 0.19 0.20 0.05 0.19 0.22 0.14 0.10 0.19

ADD: adductor strength; ABD: abductor strength; SJ: squat jump; CMJD: countermovement jump; COD: change-of-direction; Pmax: maximum power at repeated-sprint test; Pmin: minimum power at
repeated-sprint test; Paverage: average power at repeated-sprint test; FI: fatigue index at repeated-sprint test; YYIR1: intermittent recovery test level 1; HRmax: maximal heart rate; VO2max: maximal oxygen
uptake; NS: number of sprints; MSA: maximum speed achieved; zone 1 (Z1), zone 2 (Z2), zone 3 (Z3), zone 4 (Z4), zone 5 (Z5), and zone 6 (Z6); acceleration (ace1, ace2, ace3) and deceleration (des1, des2, des3);
D: distance covered; *: significant at p < 0.05.
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Table 4. Correlations between fitness status and match running (assessment 3 and matches 7 to 10).

Measure D Z1 Z2 Z3 Z4 Z5 Z6 ace1 ace2 ace3 Des1 Des2 Des3 MSA NS

ADD (kg) −0.02 −0.05 0.05 0.11 −0.07 −0.31 −0.50 0.07 −0.22 −0.22 0.12 −0.07 −0.37 −0.23 −0.15

ABD (kg) −0.10 −0.13 −0.03 0.01 −0.15 −0.32 −0.41 −0.07 −0.28 −0.17 −0.03 −0.16 −0.28 −0.27 −0.19

SJ (cm) 0.46 0.48 0.34 0.45 0.53 0.57 0.56 0.44 0.59 0.76 * 0.42 0.64 * 0.63 * 0.46 0.70 *

CMJ (cm) 0.60 0.61 * 0.50 0.60 0.63 * 0.60 0.48 0.57 0.64 * 0.69 * 0.56 0.68 * 0.63 * 0.56 0.70 *

10-m (s) −0.52 −0.51 −0.47 −0.52 −0.52 −0.47 −0.43 −0.52 −0.61 * −0.55 −0.49 −0.60 * −0.56 −0.55 −0.75 *

30-m (s) −0.57 −0.59 −0.47 −0.48 −0.57 −0.63 * −0.70 * −0.53 −0.68 * −0.77 * −0.51 −0.68 * −0.68 * −0.67 * −0.80 *

COD (s) −0.49 −0.51 −0.29 −0.45 −0.68 * −0.80 * −0.77 * −0.50 −0.76 * −0.84 * −0.45 −0.78 * −0.75 * −0.56 −0.74 *

Pmax (W) 0.43 0.52 0.39 0.21 0.23 0.30 0.36 0.35 0.30 0.51 0.30 0.41 0.31 0.51 0.49

Pmin (W) 0.12 0.17 0.11 −0.01 0.02 0.12 −0.01 0.08 0.02 0.16 0.05 0.14 0.07 0.04 0.35

FI (%) 0.47 0.56 0.43 0.27 0.28 0.31 0.46 0.39 0.36 0.54 0.35 0.43 0.34 0.62 * 0.42

YYIR1 (m) −0.41 −0.47 −0.42 −0.28 −0.19 −0.08 −0.25 −0.36 −0.19 −0.30 −0.35 −0.27 −0.12 −0.56 −0.08

ADD: adductor strength; ABD: abductor strength; SJ: squat jump; CMJD: countermovement jump; COD: change-of-direction; Pmax: maximum power at repeated-sprint test; Pmin: minimum power at
repeated-sprint test; Paverage: average power at repeated-sprint test; FI: fatigue index at repeated-sprint test; YYIR1: intermittent recovery test level 1; HRmax: maximal heart rate; VO2max: maximal oxygen
uptake; NS: number of sprints; MSA: maximum speed achieved; zone 1 (Z1), zone 2 (Z2), zone 3 (Z3), zone 4 (Z4), zone 5 (Z5), and zone 6 (Z6); acceleration (ace1, ace2, ace3) and deceleration (des1, des2, des3);
D: distance covered; *: significant at p < 0.05.
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Table 5. Values of regression analysis explaining fitness assessment and match running performance.

Measure Measure Assessment 2 and Matches 1–4

b * SE of b * R2 Adjusted R2 F p

30-m (s) ace3 (n) −0.39 0.21 0.15 0.10 3.29 0.08

COD (s)
Z6 (m) −0.55 0.19 0.30 0.25 7.71 0.01 *
ace3 (n) −0.56 0.19 0.31 0.27 8.36 0.009 *
des3 (n) −0.49 0.20 0.24 0.19 5.71 0.027 *

Assessment 3 and matches 7–10

SJ (cm)

ace3 (n) 0.50 0.22 0.25 0.20 5.04 0.04 *
des2 (n) 0.27 0.24 0.77 0.01 1.25 0.28
des3 (n) 0.36 0.24 0.13 0.07 2.25 0.15
NS (n) 0.43 0.23 0.18 0.13 3.45 0.08

CMJ (cm)

Z1 (m) 0.33 0.24 0.11 0.05 1.93 0.18
Z4 (m) 0.39 0.23 0.15 0.10 2.78 0.11
ace2 (n) 0.35 0.24 0.12 0.07 2.14 0.16
ace3 (n) 0.50 0.22 0.25 0.20 4.98 0.04 *
des2 (n) 0.34 0.24 0.11 0.05 1.93 0.18
des3 (n) 0.40 0.23 0.15 0.10 2.79 0.11
NS (n) 0.45 0.23 0.45 0.15 3.95 0.06

10-m (s)
ace2 (n) −0.19 0.24 0.37 - 0.61 0.44
des2 (n) −0.12 0.25 0.16 - 0.26 0.61
NS (n) −0.33 0.23 0.11 0.06 2.04 0.17

30-m (s)

Z5 (m) −0.25 0.24 0.01 0.01 1.13 0.03
Z6 (m) −0.10 0.24 0.01 - 0.17 0.68

Ace2 (n) −0.26 0.24 0.07 0.01 1.18 0.29
Ace3 (n) −0.18 0.25 0.03 - 0.56 0.46
Des2 (n) −0.20 0.25 0.03 - 0.65 0.42
Des3 (n) −0.23 0.24 0.05 - 0.88 0.36

MSA
(km/h) −0.39 0.23 0.12 0.09 3.11 0.19

NS (n) −0.41 0.22 0.16 0.11 3.24 0.09

COD (s)

Z4 (m) −0.49 0.22 0.24 0.19 4.84 0.04 *
Z5 (m) −0.57 0.21 0.31 0.27 7.04 0.01 *
Z6 (m) −0.33 0.24 0.10 0.05 1.83 0.19

Ace2 (n) −0.55 0.22 0.30 0.25 6.53 0.02 *
Ace3 (n) −0.40 0.23 0.16 0.10 2.92 0.10
Des2 (n) −0.54 0.22 0.23 0.24 6.31 0.02 *
Des3 (n) −0.48 0.23 0.23 0.18 4.45 0.052
NS (n) −0.59 0.21 0.35 0.30 7.98 0.01 *

FI (%) MSA
(km/h) −0.08 0.25 0.01 - 0.10 0.75

SJ: squat jump; CMJD: countermovement jump; COD: change-of-direction; Pmax: maximum power at repeated-
sprint test; Pmin: minimum power at repeated-sprint test; Paverage: average power at repeated-sprint test; FI:
fatigue index at repeated-sprint test; YYIR1: intermittent recovery test level 1; HRmax: maximal heart rate; VO2max:
maximal oxygen uptake; NS: number of sprints; MSA: maximum speed achieved; zone 1 (Z1), zone 2 (Z2), zone 3
(Z3), zone 4 (Z4), zone 5 (Z5) and zone 6 (Z6); acceleration (ace1, ace2, ace3) and deceleration (des1, des2, des3);
D: distance covered; *: significant at p < 0.05.

4. Discussion

The main aim of the current study was to determine the magnitude of relationships
between various fitness status measures (strength, power, single/repeated sprinting, and
intermittent endurance) and match running performance in adult women soccer players
competing at a high level. We also aimed to explain the match running variations based on
fitness status. The main findings in the present Portuguese players indicate the following:
(1) correlations between fitness and match running performance were dependent on the
time frame separating the testing battery and the collection of running performance during
actual match-play. (2) With only rare exceptions, isolated strength, intermittent endurance,
and repeated sprint ability performance were not associated with, nor did they predict,
match running performance. (3) Even considering the fact that tests for separate maximal
sprint bouts (10 and 30 m) were largely to very largely associated, they failed to significantly
explain the variance of match-play (e.g., explosive) locomotor variables. (4) Jump and
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COD ability clearly allowed a good (medium-to-large) prediction to be obtained of in-game
high-intensity accelerations and decelerations, respectively. Finally, (5) the latter evaluation
method was the only fitness indicator that had significant power to predict match running
performance independent of the interval between testing and match performance.

Some innovative aspects in the current study should be highlighted. First, while
the majority of previous works adopted only correlations as a statistical treatment to
evaluate the possible link between fitness status and match running performance in
soccer [41,45–48], a decision was made to move further when providing recommenda-
tions mainly based on regression analysis, which reveals the weighted influence of players’
physical capacity on their locomotor outputs during match-play. In addition, various
investigations on the subject have tested players at a single time point [36–38,40,41,49,50].
Meanwhile, here, two distinct approaches were considered using a cohort design, one
testing associations between fitness status determined near the match occurrences and
another with a longer interval between them. Most importantly, less than 3% of evidence on
the complexity of fitness-match running performance relationships in a soccer context [51]
were derived from scientific studies including female players according to knowledge
collated in reviews [27,52]. Nonetheless, only intermittent endurance (Yo-Yo IR1/IE2),
aerobic fitness (laboratory treadmill tests) [2,53], and Wingate measurements [11] were
previously related to match running performance in women’s soccer. Again, this reinforces
the originality of data presented in the current work and supports the critical appraisal of
the findings’ strengths and weaknesses, which is developed in the following paragraphs.

An important finding of the present investigation is that a fitness testing battery seems
to have a relatively short expiration date to help preview match physical performance
in female soccer players. Such is indicated by the frequency and strength of correlations
between fitness status measures and match running performance, as well as the number of
variables involved, which varied in the distinct moments. According to a recent critique
piece [53–57], manipulating the interval between players’ evaluations and matches was
never previously addressed when the objective was to understand their associations. Here,
when looking at fitness assessment 2, we noticed only four moderate-to-large (ranging
from −0.59 to −0.50) correlations with matches 1 to 4 (e.g., COD and 30 m sprint tests with
in-game very-high intensity accelerations) (Table 3). All these were performed across a
10-week period, where fitness tests and matches were separated by three to nine weeks.

In contrast, more than 30 large to very large correlation coefficients (ranging from
−0.84 to 0.75) were found between fitness assessment 3 parameters and running outputs
during matches 7–10 (e.g., SJ, CMJ, 10/30 m sprint and COD with in-game sprint oc-
currences) (Table 4). Such second analysis comprised a 6-week period in total, with an
interval between test and match equal to no more than three weeks. Naturally, changes
occurring between fitness assessments were not explained in this work, but possibly may
be affected by the training process [26,58,59]. Reports have not yet confirmed the same for
match running performance, even though these are related to each other crosswise [3,15,57].
However, based on the current observations, the usefulness of some fitness data may
become outdated (or at least its relevance might be reduced) after approximately a month
in women’s soccer.

The local strength of hip adductor and abductor muscles and intermittent high-
intensity or endurance running bouts were not associated, nor were they predictors. How-
ever, 10- to 30-m sprint performances were largely to very largely related to match running
outputs in the female players of the present study, though their shared variance had no
statistical significance.

When comparing such results to those presented in the available literature, discrepan-
cies are identified. For example, this was the case in intermittent endurance capacity, which
was previously linked to match running performance in female senior players [3,57] as well
as in senior and youth male populations [27]. However, recent studies have demonstrated
that running outputs during small-sided games were associated with the outputs obtained
in competitions [54] independent of the player’s intermittent endurance profile [55]. Force,
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maximal velocity, and aerobic and anaerobic resistance are important fitness components
arguably contributing to sustaining physical efforts experienced in soccer match-play,
thereby representing frequent determinants to winning [56,57].

Notwithstanding, many issues likely compromise the utility of some fitness assess-
ment protocols in the current format. For example, testing maximal sprint ability (single or
successive running bouts) using only linear paths is criticized nowadays given the curved
trajectory of most explosive in-game actions [58]. The very short intervals often offered
between repeated all-out efforts do not match those encountered in actual matches [59].
Occurrences of near-to-maximal displacements can also be very uncommon in elite stan-
dards [60]. Hip adduction/abduction strength allows one to discriminate between distinct
performance levels [61], yet the effective contribution of hip muscle strength to running
kinematics is low [62,63]. To summarize, such points of view are in alignment with our
results. The external validity of some popular fitness status markers in women’s soccer is
not always supported, and its indiscriminate use needs to be re-thought.

Conditioning professionals need to be aware of assessment tools that can remain
consistent over time when classifying players based on their fitness status, as well as
the potential implications in terms of match performance. In this sense, although the
construct validity of the various methods tested here has been challenged, jump and COD
ability provided reasonable predictions (R2 ranging from 23 to 25%, respectively) (Table 5)
for in-game high-intensity accelerations and decelerations. Furthermore, COD predicted
match running performance regardless time between testing and match observations. In
other words, regression models with inputs being COD data remained significant from
assessment 2/matches 1–4 until assessment 3/matches 7–10.

Studies that have aimed to extract the most relevant game indicators in soccer suggest
that accelerations and decelerations are among the main components of athletes’ external
loads [64]. Interestingly, decelerations are more frequent than accelerations in soccer match-
play [65]. In addition to being paramount to COD performance, skilled decelerations
are also fundamental to a range of match events (e.g., rapid changes in speed, cutting
maneuvers, and regaining ball possession) [66]. Therefore, change-of-direction seems
to be a sensitive indicator of fitness status in female soccer players, as it may provide
meaningful information about the next match profile, in particular the players’ decelera-
tion performance.

Aside from the novelty of the current investigation, a number of limitations are recog-
nized and need to be accounted for in future work, as well as when making interpretations
and generalizations based on the present evidence. For one, female players were grouped
regardless of the general exertion of their positional role during matches. Studies in male
soccer players have shown that fitness status and match running performance relationships
can be position dependent [25,26,53]. Another limitation is that the recommended sample
size (N = 80 players) as per Gregson et al. [67] was not met in the present investigation,
though this has frequently been the case in similar research. It is possible given the practical
difficulty of involving multiple clubs that the pertinence of large/potentially heterogeneous
datasets in solving this problem also lacks consensus. In addition, none of the conducted
tests required players to rely on technical-tactical performance. Instead, they evaluated
physical capacity markers. Adopting protocols that more closely mimic game demands
could enhance the ecological validity and, in turn, the predictive ability of a testing battery
in informing to some extent and advancing physical performance during matches [54].
Finally, the games involved different opposition over the course of the study, which may
have impacted the running demands completed in matches.

5. Conclusions

Including a change-of-direction ability test seems pertinent when assessing women
soccer players, as it may partly predict match-play running performance regardless of
whether the time separating the assessment and competition is shorter (testing immediately
prior to/after competing) or longer (test-match moments interspaced by at least three
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weeks). It is something that provides preliminary evidence about the construct validity of
COD testing and its likely robustness regarding common time-related changes in match
running performance.

We also demonstrated that the further apart a fitness testing battery is carried out
in relation to actual matches, the lower its value in predicting in-game running outputs.
Finally, caution is required concerning conditioning professionals’ extensive use of com-
mon testing procedures, such as isolated maximal sprints, intermittent high-intensity
actions, or endurance bouts, as evidence in the present study revealed that these do not
always provide useful information for forecasting inter-individual variations in match-play
locomotor performance.
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Abstract: Background and Objectives: The aim of the present study was to compare the impact of an
incremental exercise test on muscle stiffness in the rectus femoris (RF), vastus lateralis (VL), biceps
femoris (BF), and gastrocnemius (GL) among road cyclists of three performance levels. Materials and

Methods: The study group consisted of 35 cyclists grouped according to their performance level; elite
(n = 10; professional license), sub-elite (n = 12; amateur license), and recreational (n = 13; cyclosportive
license). Passive muscle stiffness was assessed using myometry before and after an incremental
exercise test. Results: There was a significant correlation between time and category in the vastus
lateralis with stiffness increases in the sub-elite (p = 0.001, Cohen’s d = 0.88) and elite groups (p = 0.003,
Cohen’s d = 0.72), but not in the recreational group (p = 0.085). Stiffness increased over time in the
knee extensors (RF, p < 0.001; VL, p < 0.001), but no changes were observed in the knee flexors (GL,
p = 0.63, BF, p = 0.052). There were no baseline differences among the categories in any muscle.
Conclusions: Although the performance level affected VL stiffness after an incremental exercise test,
no differences in passive stiffness were observed among the main muscles implicated in pedaling
in a resting state. Future research should assess whether this marker could be used to differentiate
cyclists of varying fitness levels and its potential applicability for the monitoring of training load.

Keywords: cyclist; myometry; stiffness; incremental cycling test

1. Introduction

Road cycling is a popular endurance sport characterized by its cyclic nature, variable
intensity, and large training volumes [1]. Among the key determinants of road cycling
performance, maximal oxygen uptake (VO2max) stands out as one of the values that best
represents cardiorespiratory fitness [2]. Furthermore, this parameter has been proposed to
classify endurance athletes based on fitness level [3]. Other performance determinants in
road cycling include cycling economy or efficiency, tactical and technical skills, psychologi-
cal resilience, body composition in accordance with the cycling discipline, and muscles’
mechanical properties adapted to the riders’ specialty [2,4]. The muscle mechanical proper-
ties might differ among cycling specialties: the most powerful riders are characterized by
greater and shorter muscles and a greater predominance of fast twitch fibers when com-
pared to climbers or time-trialists [5]. The relationship between cardiorespiratory fitness
and muscle performance factors has been detailed by Hoper et al. (2013), who determined
that the percentage of muscle fibers is influenced by the VO2max of the cyclist [6].

Among the mechanical characteristics of the muscle, stiffness provides information
regarding its intrinsic property and post-effort response; furthermore, it is one of the main
parameters that characterizes the viscoelastic properties of the myofascial complex [7].
A proper conceptualization of muscle stiffness requires an analysis of both muscular
architecture and its functional aspect. Concretely, it should be defined as the biomechanical
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capacity of the tissue (characterized by the type, number, and composition of its muscular
fibers) that impedes stretching and distensions [8].

Current literature establishes different conclusions regarding stiffness levels [9–12].
On the one hand, optimal levels of musculotendinous stiffness are highly correlated to sig-
nificant increases in muscle performance, especially in situations where the stretch-shorter
cycle component is key to optimal performance [9–11]. On the other hand, higher stiffness
can also be considered a potential threat, since a greater risk of injury has been reported
in those athletes who presented greater levels of muscular stiffness as a consequence of
high training loads [12]. The literature regarding endurance activities is scarce but has
concluded that the reduction in musculotendinous stiffness observed in these types of
sports is a consequence of the fatigue generated by submaximal muscle contractions that
are sustained in time [13,14]. Related to this, García-Manso et al. (2011) determined that
the loss in contractile capacity induced by a long-distance race reflects changes in the
neuromuscular response and fluctuations in the contractile capacity of the muscle [13].
Furthermore, Andonian et al. (2016) reported a decrease in quadriceps stiffness caused by
an extreme mountain ultra-marathon [14].

Since road cycling is an endurance sport with no impact and in which power is ap-
plied to the pedals, the lower limb muscle stiffness of cyclists might differ from other
endurance disciplines. To the authors’ knowledge, only four previous studies have ana-
lyzed road cycling muscle stiffness with non-invasive tools [15–18]. Several aspects could
be highlighted from these studies: muscular stiffness seems to be an important contributory
factor to sprint performance [15] and is proportional to the cyclists’ power output during
sprints [16]. Klich et al. (2020) observed higher stiffness in sprinters compared to endurance
track cyclists [17]. In this same sense, it is important to highlight the results obtained by
Ditroilo et al. (2011), who established that cyclists with higher baseline muscular stiffness
suffered greater stiffness losses under fatigue than those with lower baseline levels [18].

The active and passive measurement of muscle stiffness is normally a complex proce-
dure as it requires either muscular biopsies or repeated maximal isometric contractions [8].
Both methods may generate pain and require recovery after the procedure [10]. The utiliza-
tion of non-invasive techniques for passive measurement of muscle stiffness could be high-
lighted as a viable alternative, especially when used in a field setting. Tensiomyography,
elastography, electromyography, and ultrasounds have been the preferred non-invasive
methods in recent years [10], although they still require educated staff and extended time
periods for data obtention [8]. The MyotonPRO® (Myoton Ltd., Tallinn, Estonia) is a
non-invasive tool that allows for the measurement of passive muscle stiffness through
short oscillatory impulses [19] that are generated on the skin and over the area of the
analyzed muscle [20]. Previous studies have demonstrated that the device is valid and
reliable (ICC = 0.75–0.96; R2 = 0.95) [8,21] and has been used to measure the main muscles
that participate in the pedaling action: rectus femoris (RF), vastus lateralis (VL) [22], ham-
string [23], and gastrocnemius (GL) [20]. Klich et al. (2019) proposed myotonometry as an
easy and suitable tool to assess the viscoelastic characteristics of muscles in cyclists [24].

It is accepted that both fatigue and performance level of the athlete can influence
the changes in muscle stiffness [15,18,20]. Given that previous studies have determined
a relationship between stiffness and performance level in other sports, it could be hy-
pothesized that this relationship could also exist in an endurance discipline such as road
cycling. However, to date, the differences in muscle stiffness of road cyclists of different
performance levels have not been examined. Further, the relationship between initial
stiffness level and the response to fatigue after an incremental test is also an area of enquiry
that has yet to be investigated. Accordingly, the aim of the present study was to compare
the impact of an incremental exercise test on muscle stiffness among road cyclists of three
performance levels.
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2. Materials and Methods

2.1. Research Design

Thirty-five participants completed this cross-sectional study. The same order was
followed during each individual assessment: anthropometry, evaluation of passive muscle
stiffness (stiffness pre), incremental exercise test, and assessment of passive muscle stiffness
after the incremental exercise test (stiffness post) (see Figure 1). In addition, during the
assessment of passive muscle stiffness, the order was always the same between before
and after the incremental exercise test and was standardized to avoid the influence of
recovery time in muscle stiffness. Measurements were always taken in the same place
(University Lab, Río Isuela Sport Center, Huesca, Spain), with a mean temperature of
21 ± 2 ◦C and mean relative humidity of 52% ± 9%). All participants were assessed during
the preparatory phase of the annual training cycle, between the months of September
and October and coinciding with the first preparatory meso-cycle. The evaluations were
always carried out on Saturdays and Sundays at the same time (between 10 and 12 in
the morning) to standardize the measurements and thus organize the schedule of travel
to the laboratory. A 48-h rest period was established prior to the initial measurement to
guarantee an adequate baseline assessment without fatigue. The assessment of the stiffness
was carried out immediately after the completion of the incremental exercise test.

 
Figure 1. Experimental approach timeline and muscle assessment points. Blue marks: proximal and
distal measurement area. Yellow mark: Myoton assessment point.
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Assessment points placed at VL: 2/3 on the line from the anterior spina iliaca to the
lateral side of the patella, RF: 50% on the line from the anterior spina iliaca superior to
the superior part of the patella, BF: 50% on the line between the ischial tuberosity and the
lateral epicondyle of the tibia, and GL:1/3 of the line between the head of the heel [25].

2.2. Participants

G∗Power version 3.1.9.2 [26] was used to estimate the required sample size in a
2 × 3 mixed design for a minimum expected effect size (Cohen’s F) of 0.4, an α level
of 0.05, and a power (1−β) of 0.95. This procedure returned a minimum number of 30
participants [17]. Thirty-five male cyclists volunteered to participate in the present study.
The main characteristics of the participants are reported in Table 1. Participants were
allocated to groups according to their performance level: elite, cyclists with a professional
license (n = 10); sub-elite, cyclists with an U23 or amateur license (n = 12); recreational,
cyclists that participate in cyclosportive events (n = 13). The inclusion criteria were to
own a professional, U23, cyclosportive, or masters license. The exclusion criteria were
(a) surgical procedures and injuries in the six months prior to the study and (b) use of
performance-enhancing drugs in the six months prior to the study. After being informed of
the benefits and potential risks of the investigation, all participants signed an informed
consent form. The study followed the ethical guidelines of the 2013 Declaration of Helsinki
and received approval from the Research Ethics Committee of the autonomous region of
Aragon, Spain (the approval code is PI19/447, approved on 4th December 2019).

Table 1. Summary of the characteristics of the participants.

Recreational (n = 13) Sub-Elite (n = 12) Elite (n = 10)

Age (y) 42.3 ± 7.3 38.2 ± 10.4 32.3 ± 9.2 <R (p = 0.037)

Height (cm) 177. 7 ± 8.8 179.25 ± 1.7 177.7 ± 8.3
Mass (kg) 75.7 ± 7.8 74.1 ± 7.7 69.3 ± 8.7

Fat (%) 13.4 ± 4.7 12.8 ± 4.7 8.2 ± 2.1 <S (p = 0.041); <R (p = 0.016)

VO2max (mL/kg/min) 49.9 ± 3.1 58.6 ± 2.9 >R (p < 0.001) 69.6 ± 4.7 >S (p < 0.001); >R (p < 0.001)

Wattsmax 273.13 ± 2.7 312.5 ± 39.3 >R (p < 0.001) 360.0 ± 40.0 >S (p < 0.001); >R (p < 0.001)

Values are expressed as mean SD; superscripts indicate statistically significant differences and their direction. E = elite, S = sub-elite,
R = recreational.

2.3. Data Collection

Participants were weighed and measured by an internationally certified anthro-
pometrist (ISAK level 2). Height (cm) was measured using the SECA-360 measuring
rod (SECA©, Spain) with a precision of 1 mm, and bodyweight (kg) was measured using
scales of the same brand with a precision of 0.1 kg [27]. The tests were carried out between
10 and 12 in the morning. The participants were asked to follow the feeding protocol
used for races 3 h before the laboratory appointment. The tests were supervised by a
sports doctor and two Bachelor of Science in Physical Activity specialists in performance
assessment. The participants performed the entire measurement protocol with their own
shorts, slippers, and clipless pedals.

A MyotonPRO® (Myoton Ltd., Estonia) was used to assess the passive stiffness of the
main muscles involved in the pedaling action, RF, VL, biceps femoris (BF), and GL, before
and after the incremental exercise test. To ensure correct measurements, the assessment
points were drawn on the skin following the indications of Hermens et al. [25] (see Figure 1).
After removing the tights, and with the cyclist in a lying position on a stretcher, the device
was held perpendicular to the skin surface. It was then pushed (0.58 N for 15 ms) against
the skin above the muscle area to reach the required depth (d = 3 mm). After the red light
turned green, five short impulses (tap interval was 0.8 s) were produced automatically
by the device in order to induce mechanical oscillations in the soft tissues. In order to
guarantee the validity of the data obtained, only those evaluations in which the coefficient
of variation was lower than 3% were considered. Otherwise, the assessment was repeated.
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All measurements were made by the same experienced researcher, and the intra- and
inter-rater reliability for this device have been estimated in previous studies. [8,21]. The
MyotonPRO® device provides data on the recorded passive muscle stiffness (S, N/m) [28].
The mean values for stiffness were calculated from the responses to the five impulses
delivered.

Participants performed an incremental exercise test with gas exchange analysis (CPX/D
Med Graphics, St. Paul, MN, USA, EE. UU. Measurement accuracy = 1%) [29] in the labora-
tory. Cyclists completed the graded exercise tests on their own bikes set up on the Wahoo
KICKR Power Trainer (Wahoo Fitness, LLC, Atlanta, Georgia), which allows for power and
cadence measurements and has been previously validated [30]. The incremental test was
based on the following protocol: 10 min of warm up (5 min 100 W + 5 min 150 W) and
increases of 25 W every 3 min [31,32]. The test stopped when a plateau of VO2 was reached
or, when not seen, at voluntary fatigue when at 100% of estimated HRmax, a respiratory
exchange ratio of ≥1.15 and a rate of perceived exertion (RPE) of ≥18 [32]. The 6–20-point
Borg scale was used [33]. All the participants were familiarized with the RPE scale as it
was commonly used by their coaches. The scale was shown to the participant in the last 30
s of each one of the steps of the incremental test.

2.4. Statistical Analyses

Statistical analyses were performed in R version 4.0.1 (R Core Team 2020) using
RStudio (RStudio Team 2020). Variables were visually inspected and described as mean
(standard deviation) using the package rstatix. Stiffness differences were assessed by
fitting an independent linear mixed-effects model for each muscle (rectus femoris, biceps
femoris, gastrocnemius lateralis, and vastus lateralis) using the packages lme4 and lmerTest.
The models included fixed-effects terms for time (pre and post), category (elite, sub-elite,
and recreational), and their interaction. Time at pre and the recreational category were
the reference category in each factor, respectively. Random slopes were allowed to vary
between moments (time) and random intercepts were allowed to vary among participants
(id). Main effects were obtained performing an analysis of variance with each model, and
post-hoc pairwise comparisons were performed comparing estimated marginal means
using the emmeans package. The effect size of main effects was reported using partial
eta squared (η2

P) and interpreted as follows: η2
P < 0.01 “small”, η2

P < 0.06 “medium”,
η2

P < 0.14 “large”. Differences in estimated marginal means and their 95% confidence
intervals were reported as absolute effect size, and Cohen’s d with Hedges correction and
their 95% confidence intervals were reported as standardized effect size. Cohen’s d was
interpreted as follows: |d| < 0.2 “negligible”, |d| < 0.5 “small”, |d| < 0.8 “medium”,
otherwise “large”. Normality of residuals was assessed using the Shapiro–Wilk test and
Q–Q plots, heteroscedasticity was assessed using the Breusch–Pagan test, and model
performance was evaluated using Akaike information criterion and R2. All assumptions
and performance functions were assessed using the package performance. Statistical
significance was assumed when p < 0.05.

3. Results

There was a significant correlation between time and category in the VL with stiff-
ness increases in the sub-elite (p = 0.001, Cohen’s d = 0.88) and elite groups (p = 0.003,
Cohen’s d = 0.72), but not in the recreational group (p = 0.085) (Figure 2). There were
no differences among categories in the RF (F(2, 32) = 0.7, p = 0.53), GL (F(2, 32) = 0.9,
p = 0.41), and BF (F(2, 32) = 1, p = 0.39). Additionally, baseline stiffness was comparable
between categories in all muscles. Stiffness increased over time in both knee extensors,
RF (F(1, 32) = 31.9, p < 0.001, η2

P = 0.5) and VL (F(1, 32) = 24.4, p < 0.001, η2
P = 0.2), but

no changes were observed in the knee flexors, GL (F(1, 32) = 0.2, p = 0.63, η2
P = 0) and BF

(F(1, 32) = 4.1, p = 0.052, η2
P = 0.1).
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Figure 2. Stiffness by group, muscle, and time. Dots indicate group means whereas vertical error
bars indicate standard deviations for each mean.

4. Discussion

The purpose of this study was to analyze the passive muscle stiffness of the main mus-
cles involved in the pedaling action in a group of 35 cyclists classified by performance level.
Furthermore, the effect of an incremental exercise test until exhaustion on the variations
of passive muscle stiffness was also studied to determine whether performance level has
an effect on the post-effort muscular response. The main findings of this study could be
highlighted as; (i) there were no differences in the resting passive muscle stiffness of the
muscles involved in the pedaling action between cyclists categorized by performance level,
(ii) an exposition to an incremental exercise test until exhaustion caused an increase in
passive muscle stiffness of the knee extensor muscles regardless of the performance group
without resulting in modifications of the knee flexor and ankle extensor muscles, and (iii)
only the VL differed in its behavior when differentiating elite and sub-elite categories
from recreational cyclists. Therefore, it could be determined that there were no significant
differences in the passive muscular stiffness analyzed in a resting situation regardless of
the level of the cyclist. Furthermore, the subjection to an incremental test until exhaustion
only caused an increase in the stiffness of the knee extensors (RF and VL) with significant
differences between performance levels (elite and sub-elite vs. recreational) only found
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for the VL. To the best of the authors’ knowledge, this has been the first study to compare
cyclists’ muscle stiffness both in a resting and fatigued situation. In addition, the conclu-
sions reported in this manuscript offer information for cyclists, coaches, and medical staff
that help to understand the internal behavior of the muscles and could be considered as a
training response variable.

The muscular properties and their behavior during the pedaling action have been
studied in the scientific literature [34–36]. However, muscle stiffness and especially its
variations among cyclists of variable performance levels have been scarcely studied [17,18].
The results obtained in this study differ from those reported by other authors. No significant
differences between the analyzed groups (recreational, sub-elite, and elite) or in relation to
other parameters such as age, height, or fat percentage in any of the studied muscles (RF,
VL, BF, and GL) were obtained. Contrarily, recent studies reported differences in stiffness
between performance levels in other sport disciplines. Pruyn et al. analyzed muscle
stiffness in netball players classified as elite, sub-elite, and recreational, and reported
significant differences between groups (p = 0.018). In addition, they concluded by stating
that muscular stiffness could be a characteristic that could contribute to a player’s ability to
physically perform at an elite level. They also provided an explanation for the high injury
rates at elite levels of performance by associating greater levels of stiffness with a higher
injury rate [37]. Additionally, Kalkhoven et al. established a relationship between greater
muscular stiffness and higher performance in a group of soccer players, highlighting the
importance of high stiffness and its contribution to better athletic performance [38].

Regarding cycling, the studies performed by Wastford et al. and Uchiyama et al.
should be highlighted. Both determined the importance of high stiffness levels for sprint
specialties [15,16]. Uchiyama et al. established a mean value of 186–626 N/m in the VL and
determined that this value is proportional to the workload and the power developed by
the cyclist [16]. Finally, in the only previous study that analyzed cycling stiffness through
myometry, higher values were reported for the knee extensor muscles (VL and RF) in
sprinters than in less powerful riders. Our results showed that, in a resting situation,
the stiffness characteristics are not associated with a typical endurance performance pa-
rameter such as VO2max. This finding could be explained because previous studies have
analyzed sport disciplines in which the speed component is key to performance [7,37].
This finding does not occur in road cycling, which is a non-impactful discipline character-
ized by a continuous cyclical movement through coordinated submaximal contractions
of the muscles involved in the pedaling action, characteristics that may explain these
results. In this study there were no differences in muscle stiffness regardless of the VO2max
(348 ± 55 N/m–433 ± 115 N/m). It should be taken into consideration that, despite the
lack of statistically significant differences, greater stiffness was observed in those groups
with greater aerobic capacity (greater VO2max) in the analysis of the VL (recreational;
348 ± 55, sub-elite; 404 ± 85, and elite; 433 ± 115). This increase was not observed for the
rest of the analyzed muscles: RF, BF, and GL.

The literature regarding post-effort stiffness in endurance sports is scarce. Both studies
by García-Manso et al. [13] and Andonian et al. [14] on long-distance events (Ironman
and ultra-marathon, respectively) determined a clear decrease in contractile capacity and
a decrease in the stiffness of the quadricep muscles. The results reported in our work
showed an increase in the muscle tone of the knee extensors (RF and VL), with significant
differences between both muscle groups (p < 0.001). Contrarily to what was reported by
previous authors, this increase could be explained because the time until the assessment
was clearly different in these studies: 4h in the case of the Ironman and days in the
case of the ultra-marathon. In our study, muscle stiffness was tested immediately after
the incremental test, which may be considered as a relevant factor that may influence
the results.

Our results match those obtained by Silva et al., who determined that the RF and VL
were the muscles with the highest activation rates during the pedaling action. Regarding
the antagonist muscle (BF), a lower but longer total activation was observed [39]. Two
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years later, the same authors performed a similar analysis, this time with more muscle
groups that were analyzed after an incremental test until exhaustion [40]. Again, activation
of both RF and VL increased together with some parts of the hamstring muscles (long
head of the BF, semitendinosus, and semimembranosus), while there was no activation
in the short portion of the BF. The results of our work determined that the BF did not
suffer significant differences in stiffness after undergoing a situation of induced fatigue
(p = 0.052). This could be due to the fact that most of the power during the pedaling action
is produced by the RF and VL and to a lesser degree by the BF. This aspect is closely linked
to the elevation of post-effort muscle stiffness [15,41]. Additionally, it should be considered
that the technique used for the analysis of activation in these studies was EMG and not
myometry, an aspect that could influence the results.

In relation to the GL, only three studies have studied the muscular stiffness of this
muscle through myometry [20,35,42]. The participation and activation of this muscle in the
pedaling action is indisputable, but our results determined that there were no changes in
stiffness in the post-effort situation (p = 0.63), an aspect that contradicts the results of some
studies that highlight the importance of this muscle group involved in flexion and extension
of the ankle. Pruyn et al. studied the relationship between muscle stiffness using myometry
and variables related to performance in different modalities of team sports and highlighted
the importance of enhancing the muscle group composed by the gastrocnemius, soleus,
and Achilles tendon in order to achieve success in these sports modalities [42]. Again, the
disciplines analyzed to reach this conclusion were based on short, high-intensity motor
actions and not cyclical actions composed of submaximal muscle contractions as occurs in
a sport such as cycling.

Finally, the correlation between the moment of measurement (pre and post effort) and
the study category should be highlighted. In this case, cyclists in the elite and sub-elite
groups presented significant differences in the stiffness values of the VL muscle compared
to the recreational group. This finding is related to what was reported by Ditroilo et al.,
who found that cyclists with higher baseline stiffness levels presented greater reductions in
muscle stiffness after fatiguing [18]. This would explain why the lower-level group (lower
stiffness and lower VO2max) presented a behavior that did not match what was seen in
the higher-level group. This discrepancy between riders characterized by different fitness
levels may suggest that the stiffness control of the knee extensor muscles could be useful
as a possible reference for functional tests in the periodic evaluation of cyclists.

Despite the fact that the study sample used in this work covered very high
levels of performance, the recreational group presented high basal aerobic levels
(VO2max = 49.9 ± 3.1 mL/kg/min), and this could be a limitation that had an impact
on the results. In the same way, an incremental test generates maximum aerobic metabolic
stimulation but does not induce the same levels of structural fatigue. Future lines of
research should not only use groups characterized by lower performance levels but also
control groups that would allow a global vision of the muscular stiffness. In addition, the
behavior of the muscle should be analyzed in more fatiguing situations such as stage races
while, at the same time, considering the specialty of the cyclist. Given that the stiffness
values of the VL muscle differed between recreational, elite, and sub-elite cyclists, future
research should assess whether this marker could be used to differentiate cyclists of varying
fitness levels and its potential applicability for the monitoring of training load.

5. Conclusions

The results of this study suggest that there are no differences in the passive muscle
stiffness of the muscles involved in the pedaling action between cyclists categorized by
performance level. Exposition to an incremental exercise test until exhaustion caused
an increase in passive muscle stiffness of the knee extensor muscles, regardless of the
performance group, without resulting in modifications of the knee flexor and ankle extensor
muscles. Only the VL differed in its behavior when differentiating elite and sub-elite
categories from recreational cyclists.
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