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Abstract: The aim of this longitudinal observational study was to examine the age differences in jump
landing kinematics in 13–17-year-old male soccer players. Landing technique was evaluated in three
consecutive seasons in U14 (n = 15) and the U16 (n = 10) competition age groups using the Landing
Error Scoring System (LESS). For the LESS, ANOVA revealed no significant interaction effect (p = 0.81,
η2 = 0.009) or main effect for groups (p = 0.15, η2 = 0.086), but a significant year effect was observed
(p < 0.001, η2 = 0.265). The LESS score in the U14 group decreased significantly in the second year
(5.7 ± 1.9, p = 0.006, d = 0.84) and in the third year (5.9 ± 2.0, p = 0.020, d = 0.70) compared to the first
year (7.1 ± 1.7). The LESS score in the U16 group decreased significantly in the second year (5.1 ± 0.9
points, p = 0.034, d = 0.77) and in the third year (4.9 ± 1.4, p = 0.013, d = 0.92) compared to the first
year (6.4 ± 1.2). This trend was supported by the results of the separate assessment of the sagittal
plane joint displacement. These findings support previous limited findings from cross-sectional
studies, which point to improved landing mechanics during maturation. However, the LESS scores
in both groups indicate that players who were around and/or post-peak height velocity during the
observed periods may be considered “at-risk”, and suggest that preventive training programs should
be introduced at earlier stages of players’ development.

Keywords: growth; maturation; adolescence; injury; Landing Error Scoring System

1. Introduction

Reaching the top level of performance in sports, including soccer, requires long-term
age-appropriate training. In this process, successive development of motor skill competen-
cies and physical fitness through appropriate training and competition workload, which
consider physical and psycho-social developmental changes, must be accentuated [1–3].
The optimization of this process requires minimizing the occurrence of injuries due to an
acute injury risk as well as overtraining and overreaching.

Soccer is a team sport that has a high occurrence of injuries, with the most common
injuries in both adult and youth soccer players reported in the lower limbs, specifically the
hamstring, knee joint and ankle [4–7]. In the case of knee joint injuries in soccer, the highest
risk is of anterior cruciate ligament (ACL) injury [4]. Although not so frequent, ACL injuries
represent the most serious injury burden in terms of long-term consequences, including
high re-injury risk, decreased knee function and degenerative changes [8]. Epidemiological
studies show that ACL injuries in adolescent soccer players are mostly of a non-contact
nature, and during soccer match-play and training, they usually occur during dynamic
high-intensity movements [3,9–12].

Numerous modifiable and non-modifiable risk factors have been associated with
non-contact ACL injuries [13,14], and it has been suggested that poor lower extremity
mechanics of jump landing is one of the movement patterns for ACL injury, as it stresses
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the passive ligament structures beyond their capacity [15–18]. Specifically, the magnitude
of the mechanical load on passive structures and the risk of injury are affected by move-
ments in the frontal, sagittal and transverse planes [19,20]. Especially, increased medial
knee displacement in the frontal plane and valgus moments of the knee joint during the
impact phase of jump-landing tasks are considered important potential predictors of ACL
injury [21–24]. In the sagittal plane, injury risk decreases with greater angular joint dis-
placement, which can be expressed by the magnitude of the change in the flexion angle in
the hip, knee and ankle joints from the time preceding the initial contact of the foot with
the surface to the time of maximum flexion, the position of the torso at the initial contact
and changes in torso flexion [17,25]. Importantly, limited sagittal plane joint displacement
(SPJD) during landing is associated with less mechanical energy absorption and greater
ACL loading through quadriceps muscle actions [26,27] and increased frontal plane knee
motion and moments [28]. Given that jumps and subsequent landings are common in
soccer, and also given the trainability of this aspect in landing technique, consideration of
this knowledge may help in LCA injury risk management in players. Other biomechani-
cal influential risk factors are restricted ankle dorsiflexion range of motion, hip external
rotations, asymmetries between the lower extremities and peak vertical ground reaction
forces (pVGRF) [13,22,26,29,30]. Current research also indicates that restricted ankle dor-
siflexion range of motion is associated with decreased SPJD in the ankle, knee and hip
joints when landing [23,30]. Contrarily, increased ankle mobility may improve landing
mechanics by increasing sagittal plane joint displacement due to a softer landing reducing
pVGRF [24,26,31].

The incidence of ACL injury in youth players increases with age [3,4,32,33]. The
increase in risk of injury is also related to periods of accelerated growth during adoles-
cence [6,34,35]. In this context, adolescence is an important period in the development of
specific motor abilities (e.g., running speed, jump height) that might be influenced by “ado-
lescent awkwardness” [36]. From this perspective, monitoring jump-landing mechanics
during adolescence, especially during peak height velocity (PHV) and following the age
of PHV, could provide useful information, given that injury incidence rates are greatest
during this period [35].

To date, only a few cross-sectional studies have examined the effect of growth and
maturation on the landing mechanics in youth athletes, and their results are conflicting.
In a recent study [37], in the sagittal plane, no significant differences were demonstrated
between pre-PHV, circa-PHV or post-PHV players in joint kinematics from a Drop Ver-
tical Jump test. However, in the Tuck Jump Assessment, the group of pre-PHV players
achieved significantly higher values of flexion in the hip and knee joint at initial foot contact
compared with older players. Significantly higher values were also observed for maximal
flexion in the hip joint and for plantar flexion in the ankle at the initial foot contact in the
pre-PHV group compared with post-PHV. In a cross-sectional study on youth soccer players
aged 10–18 years [34], vertical jump height and absolute pVGRF from single leg jumping
increased during maturation; however, relative to body weight, a significant difference
was observed only on the left leg in circa versus post-PHV players. A trend of reduction in
knee valgus with maturation on both legs was observed, but the between-group differences
were only between post-PHV and pre-PHV players on the left leg.

Current knowledge indicates that appropriate landing mechanics may reduce ACL
load during jump landing and decrease the risk of knee injury [26,28,38], and that move-
ment patterns can be modified during growth and maturation in youth [34,38–41]. In this
context, video-based movement screening can be used to identify potential ACL risk factors
related to movement characteristics [13,16,30]. The “Landing Error Scoring System” (LESS)
is a comprehensive, valid and reliable approach to clinical assessment of jump-landing
biomechanics, and was developed by Padua et al. [17]. By means of this tool, jump-landing
quality is assessed by analyzing the records of landing in the sagittal and frontal planes
during the jump-landing screening task [16,42]. A study on elite youth soccer players [16]
showed that the LESS could be used as a potential screening tool to determine ACL injury
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risk. The authors also suggested that whereas a high LESS score may lack precision in
identifying which athlete will sustain an ACL injury, the LESS score may be effective
in separating athletes into high-risk and low-risk subgroups [16]. The key cut-off value
suggested for high injury risk is five points [17].

In conclusion, although many studies have focused on the quality of neuromuscular
control during jump landing, only a few studies have focused on the assessment of kinetic
and kinematic injury risk factors during landing. Moreover, these studies were of a cross-
sectional design; longitudinal studies on changes in landing mechanics in youth soccer
players with high validity are missing. Such studies with longitudinal design can provide
new information in terms of the changes in movement mechanics during growth and
maturation in soccer players, which could be useful for injury prevention management and
performance enhancement. Therefore, the aim of this longitudinal observational study was
to examine the age differences in landing kinematics in 13–17-year-old elite male soccer
players. The hypothesis was that the landing kinematics would be improved with the
chronological age in regularly trained 13–17-year-old elite soccer players.

2. Materials and Methods
2.1. Participants

The present mixed-longitudinal study involved a group of 89 male youth soccer
players who were recruited from a professional soccer club in the Czech Republic. The
players pertained to two chronological competition age groups at the beginning of the study:
U14y (n = 44) and U16y (n = 45). The players played in the highest national soccer league
in their respective age categories and had at least 6 years of organized training experience.
The inclusion criterion was the absence of a severe thigh and knee injury during the period
six months prior to the measurement. The reasons for exclusion were non-participation
in training sessions as a result of injury exceeding 4 weeks during the 3-year period of
observation, absence in the measurement session and, predominantly, a change in club
or release from the club. This resulted in the final sample for data analysis consisting of
25 players, including 15 players from the U14 age group (training age 6–7 years) who were
students of the sports elementary school, and 10 players from the U16 age group (training
age 8–9 years) who were students of different types of secondary school. The description of
the players is shown in Table 1.

Table 1. Anthropometric characteristics of players.

Year U14 (n = 15) U16 (n = 10) p

Chronological age (years) 1st 13.3 ± 0.4 15.4 ± 0.4 0.31
2nd 14.3 ± 0.4 16.4 ± 0.4
3rd 15.2 ± 0.3 17.4 ± 0.3

Maturity offset (years) 1st −0.3 ± 0.7 1.8 ± 0.5 0.023
2nd 0.6 ± 0.7 2.8 ± 0.6
3rd 1.2 ± 0.7 3.3 ± 0.6

Stature (cm) 1st 161.2 ± 8.7 178.7 ± 3.7 0.023
2nd 168.9 ± 9.4 181.9 ± 4.5
3rd 171.9 ± 10.2 182.5 ± 4.2

Body mass (kg) 1st 47.8 ± 9.6 67.2 ± 5.2 0.12
2nd 57.8 ± 10.5 72.5 ± 4.6
3rd 63.7 ± 12.0 75.7 ± 4.3

n—sample size; p—significance of the comparison between the U14 group in the 3rd year and the U16 group in
the 1st year (Mann–Whitney U-test).

All of the participants trained five to seven times a week (total of 7–12 h) and usually
played one competitive match in a week. Training typically consisted of age-related
training aimed at youth athletes on an elite pathway: physical fitness (especially strength
and power, speed and agility with and without a ball, repeated sprint ability with and
without a ball) and skill-oriented training (technical–tactical training, game-like training,
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recovery training). Neither age group in the current study was involved in systematic
landing training, although plyometric training was included in the conditioning program
of both groups.

The study was approved by the Ethics Committee of the Faculty of Physical Culture,
Palacky University (approval no. 14/2015) and conformed to the Declaration of Helsinki
regarding the use of human subjects. All of the players were informed about the objective
of the research and the applicable testing procedures. The players’ parents and the children
submitted a written informed consent expressing their agreement with the testing proce-
dure and the use of the data for further research purposes. The testing was performed over
three competitive seasons, 2016/17, 2017/18 and 2018/19, and approximately three weeks
into each season (end of August), always in the club’s sports hall during the training units
of the observed groups. The day prior to the testing, the participants were not exposed to
any high-intensity exercises.

2.2. Procedures
2.2.1. Anthropometrics

The date of birth and the date of the testing session at each time point were used
for the determination of chronological age. The participants’ biological maturity at each
time point was predicted as the offset from PHV using the gender-appropriate equation
according to Mirwald et al. [43]. For this purpose, leg length, tibia length and sitting height
as well as standing measures were obtained using a stadiometer A-226 Anthropometer
(Trystom, Olomouc, Czech Republic). A Tanita UM-075 weighing scale (Tanita, Japan) was
used to measure body mass.

2.2.2. Landing Error Score System

The study used the LESS, a 17-item scoring system devised by Padua et al. [17] that
counts technique errors using a standardized checklist, to identify the players’ abnormal
jump landing kinematics and potential ACL injury risk. A higher LESS score is indicative
of poor technique, while a lower score reflects better jump-landing technique. One group
of items focuses on the position of the lower extremities and the trunk at the moment of the
initial contact with the ground (items 1–6). The purpose of the second group of items is
to assess errors in foot positioning (items 7–11) at initial ground contact (item 11), at the
moment the entire foot is in contact with the ground (items 7 and 8) and between the initial
contact and maximum knee flexion (items 9 and 10). The third group of items is focused on
the movement of the lower extremities and the trunk between the initial ground contact
and the moment of maximum knee flexion angle (items 12–14) or the moment of maximum
knee valgus angle (item 15). The last two “global” items address the overall sagittal plane
movement and the rater’s general perception of landing quality (items 16 and 17) [43]. In
addition to the overall LESS score, SPJD (item 16) was also separately analyzed to detect
the players’ stiff jump landing, as it substantially influences the pVGRF during landing
and increases risk of ACL injury in players [13,44]. The LESS was previously reported to be
a valid and reliable clinical tool to identify injury risk movement patterns occurring during
jump landing, which enables the assessment of the risk of ACL injury in elite youth soccer
players [16,17,39].

The LESS was applied to evaluate the execution of a single leg countermovement
jump. The players performed four jump trials (one practice and three measured trials). The
average value calculated from the three trials was used in the subsequent analysis [42].
The players were instructed to jump as high as possible off one leg (preferred) following a
2-step run-up, replicating heading a soccer ball to increase the ecological validity of the
test [45], and to land on two feet. Additionally, two high-definition video cameras SONY
HXR-MC2000 and SONY HXR-NX5E (SONY Corporation, Tokyo, Japan; frequency 25 Hz)
were positioned on tripods two meters from the marked landing area in the frontal and
sagittal plane to enable a two-dimensional biomechanical analysis. From the moment of the
initial contact frame, which was defined as the frame immediately before the foot was flat
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on the ground, the maximum flexion of the knee joint and the maximum valgus position
were determined. The videos of all of the players were scored retrospectively by the same
trained rater. For the evaluation of images, ImageJ software (National Institute of Health,
Bethesda, MD, USA) and Kinovea 0.8.15 (Free software foundation, Boston, MA, USA)
were used.

2.3. Statistical Analysis

The data are presented as means and standard deviations. The normal distribution
was verified using the Kolmogorov–Smirnov test. The Mann–Whitney U-test was used to
compare anthropometric variables between the U14 group in the 3rd year of measurement
and the U16 group in the 1st year of measurement. The analysis of variance (ANOVA) for
repeated measures was used to evaluate the changes in the LESS score and SPJD score.
The following factors were considered for ANOVA: between-group factor (levels: U14
and U16), within-group year factor (levels: 1st, 2nd and 3rd year of measurement) and
interaction factor. The within-subject standard deviation was calculated as the square root
of the mean square error obtained from the ANOVA. Whenever the ANOVA revealed a
significant factor, pairwise comparisons were performed using Fisher’s post hoc test. For
all statistical tests, p < 0.05 was considered significant. In addition to statistical significance,
effect size measures were also used. Partial eta-squared (η2) was used for ANOVA factor
and Cohen’s standardized difference (d) was used for pairwise comparison. Effect sizes
were interpreted according to the following thresholds [46]: trivial (η2 < 0.01, d < 0.2),
small (η2 ≥ 0.01, d ≥ 0.2), medium (η2 ≥ 0.06, d ≥ 0.5) and large (η2 ≥ 0.14, d ≥ 0.8).
STATISTICA version 14.0 (TIBCO Software, Palo Alto, CA, USA) was used for statistical
analyses. A sensitivity analysis was performed using G*Power version 3.1.9.6 (Heinrich-
Heine-Universität, Düsseldorf, Germany). A two-sample two-tailed t-test, a significance
level of 0.05, a power of 0.80 and a sample size of 10 were considered. This resulted in a
detectable effect size expressed as a Cohen’s d of 1.00.

3. Results

The distributions of age (p = 0.001) and body mass (p = 0.017) were significantly
different from the normal distribution. Therefore, the non-parametric Mann–Whitney U test
was used to analyze all of the anthropometric variables. The anthropometric characteristics
of the players in the U14 and the U16 competition age groups are shown in Table 1. The
LESS score (p = 0.083) or the SPJD score (p = 0.41) were not significantly different from the
normal distribution. Therefore, the parametric ANOVA was appropriate for the analysis of
the abovementioned variables.

For the LESS (Figure 1a), ANOVA revealed a significant year factor (p < 0.001, η2 = 0.265,
large effect). Neither the group factor (p = 0.15, η2 = 0.086, medium effect) nor interaction
(p = 0.81, η2 = 0.009, trivial effect) were significant. The within-subject standard deviation
was 1.3 points. The post hoc analysis showed that the LESS score in the U14 group
decreased significantly in the second year (5.7 ± 1.9 points, p = 0.006, d = 0.84, large effect)
and in the third year (5.9 ± 2.0 points, p = 0.020, d = 0.70, medium effect) compared to
the first year (7.1 ± 1.7 points). The change between the second and third year was not
significant (p = 0.62, d = 0.14, trivial effect). The LESS score in the U16 group decreased
significantly in the second year (5.1 ± 0.9 points, p = 0.034, d = 0.77, medium effect) and
in the third year (4.9 ± 1.4 points, p = 0.013, d = 0.92, large effect) compared with the first
year (6.4 ± 1.2 points). The change between the second and third year was not significant
(p = 0.69, d = 0.14, trivial effect).
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Figure 1. Age-related changes in Landing Error Scoring System (a) and sagittal plane joint displace-
ment (b). Values are presented as arithmetic means and standard deviations. Only within-group
pairwise comparisons are displayed. LESS—Landing Error Scoring System; SPJD—sagittal plane
joint displacement; SDw—within-subject standard deviation; *—statistically significant (p < 0.05,
Fisher’s post hoc test); ns—not significant.

For SPJD (Figure 1b), the ANOVA revealed a significant year factor (p < 0.001, η2 = 0.320,
large effect). Neither the group factor (p = 0.10, η2 = 0.113, medium effect) nor interaction
(p = 0.72, η2 = 0.014, small effect) were significant. The within-subject standard deviation
was 0.5 points. The post hoc analysis showed that the SPJD score in the U14 group decreased
significantly in the second year (0.8 ± 0.6 points, p = 0.002, d = 1.06, large effect) and in
the third year (0.6 ± 0.6 points, p < 0.001, d = 1.32, large effect) compared to the first
year (1.4 ± 0.7 points). The change between the second and third year was not significant
(p = 0.43, d = 0.26, small effect). The SPJD score in the U16 group decreased significantly
in the third year (0.5 ± 0.4 points, p = 0.027, d = 0.91, large effect) compared to the first
year (1.0 ± 0.7 points). The value in the second year (0.5 ± 0.6 points) was not significantly
different from either the first year (1.0 ± 0.7 points, p = 0.051, d = 0.80, medium effect) or
the third year (0.5 ± 0.4 points, p = 0.78, d = 0.11, trivial effect).

4. Discussion

To our knowledge, this is the first longitudinal study exploring the age-related changes
in the kinematic characteristics of jump landing in male adolescent soccer players based
on field test data with suitable ecological validity. The main finding of this study is that
the LESS score and SPJD score (as one from the items of the LESS scale) in both U14
and U16 competition age groups indicate improved landing techniques/mechanics with
chronological age. The results also indicate that during nearly the whole observed period,
the monitored elite youth players may be considered “at-risk”. This suggestion, based
on the longitudinal data, highlights the importance of attention to proper movement
technique in players not only during the observed age groups but also during early stages
of their pathway.

In the case of the LESS in both U14 and U16 group, the score was significantly higher in
the first year of measurement compared with the second and third years (U14: chronological
age 13 vs. 14 years and 13 vs. 15 years, respectively; U16: chronological age 15 vs. 16 years
and 15 vs. 17 years, respectively). A significant difference in the LESS score was also
recorded when comparing the results of the first year of measurement for the U14 category
with the second and third years of measurement for the U16 category (chronological age 13
vs. 16 and 17 years, respectively). The improvement in the LESS score with age observed
in this study might be explained by neuromuscular and structural changes occurring
during growth and maturation, having a positive effect on the control of gross and fine
motor skills and increase in muscle strength. Specifically, they deal with the improvement
of muscle pre-activation, stretch reflex, rate of increase in electromyographic activity,
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recruitment of motor units, reduction in muscle co-contraction and changes in tendon size
and structure [36,47–50].

A comparison of the LESS score in the players of the same chronological age (14 years)
in both groups (third year for the U14 group 5.9 ± 2.0 points; first year for the U16
group 6.4 ± 1.2 points) suggests a poorer landing technique in players from the U16 group.
However, the difference (0.5 ± 1.3 points) was non-significant. When interpreting this
difference, the intra-rater reliability of the LESS (standard error of measurement = 0.42) (20)
must be taken into account. This difference may be attributed to the different quality of
landing resulting from a degree of variability in the training process. Although the players
in both groups were from the same club and participated in age-related training based on
the recommendations of the Football Association of the Czech Republic, they were coached
by different coaches, and it is obvious that there were some nuances both in the training
content and the coaching approach.

A comparison of the results of this longitudinal study in the case of the LESS scale
with the results of other studies is difficult, as we did not find a study that used the same
or a similar comprehensive evaluation method to express changes in landing technique in
adolescent athletes. However, in one of the previous studies, Padua et al. [16] reported an
increased risk of non-contact injury in elite young soccer players who scored five or more
points in the LESS compared with players with less than 5 points. Although the players in
our study demonstrated positive age-related changes in landing technique, the average
LESS score was greater than five points in each year of observation, except the third year of
measurement for U16 players (4.9 ± 1.4 points), who can be considered post-PHV (maturity
offset = 3.3 ± 0.6) [34]. This suggests that during nearly the whole observed period, players
may be considered “at-risk”. Padua et al. [16] also indicated that in elite youth soccer
players aged 14 years, a LESS score of six or more was related to a greater risk of injury
compared with individuals with a value of four or less. Values of 7.1 ± 1.7 in the U14 group
in the first year of the study and 6.4 ± 1.2 in the U16 group in the first year of the study place
these players above the cut-off suggested for low risk. Regarding the injury risk, it was
also suggested that the period of PHV or post-PHV was an ACL rupture risk factor due to
impaired knee joint mechanics when landing [51]. This suggestion is concerning for players
in the U14 group who can be considered circa-PHV in the first year of observation (maturity
offset = −0.3 ± 0.7 years) [34]. Poor landing mechanics at this developmental phase might
be attributed to the phenomenon of “adolescent awkwardness”, which is a temporary
impairment of motor coordination explained by the rapid growth of bones during PHV not
followed by equally rapid soft tissue adaptation. This discrepancy phenomenon results in
reduced tendon muscle flexibility, leading to a significant reduction in joint range and the
development of abnormal movement patterns and, consequently, increased susceptibility to
lower limb injuries in soccer players [35,37,52]. On the other hand, it should be mentioned
that no players monitored in this study suffered from an ACL injury during the observed
period. It is assumed that the main reason was that the group of players in our study
was small, and the incidence of ACL injury is not high and is lower in males compared
with females.

Our findings concerning the poor landing technique in PHV players and gradual
improvement during adolescence support the findings of a recent cross-sectional study on
soccer players by Read et al. [34]. The authors observed 10–18-year-old soccer players and
found that the decrease in pVGRF did not occur linearly with increasing chronological or
biological age, but there was a temporary increase in landing stiffness during PHV. Unfortu-
nately, the players in our study were not measured in the previous stage of maturation (i.e.,
pre-PHV period), and thus, it is not possible to compare the data from the first year with the
data from the pre-PHV stage to confirm a potential decrease in landing technique around
PHV. Similarly, the results of the current study indicate that although the players were
involved in a systematic training process within a professional academy soccer club for at
least six years at the beginning of the study, the training program applied in these years of
elite developmental pathway did not effectively influence players’ neuromuscular system
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to assure better landing technique quality. As the movement pattern of jump landing
pertains to the controllable risk factors for injury, and can be, to a large extent, modified, it
is suggested that more attention should be paid to the quality of landing mechanics in the
training process before PHV to improve players’ landing mechanics and to decrease the
incidence of ACL injury, especially in the subsequent “at-risk” periods. Research has shown
that a properly designed 4-week neuromuscular training program reduced LESS scores
and improved landing mechanics in both pre-PHV and post-PHV male cricket players [53].

The finding concerning improved jump-landing mechanics with age indicated by
the changes in the LESS score in the soccer players observed is also supported by the
decline in the SPJD score. Significantly lower values were found among players of the
U14 competition age group in the second and third years of measurement compared with
the first year. A positive but non-significant trend was also recorded when comparing the
second and third years of measurement. In the U16 competition age group, significant
improvements were shown only between the third year of measurement compared with the
first year. Similarly to the LESS, the between-group comparison of the SPJD score showed
significant differences when comparing the results of the first year of measurement for
the U14 age category with the results of the second and third years of measurement for
the U16 category. From the mechanistic perspective, the data point to a greater range of
flexion movement in the key lower limb joints with age, which is associated with overall
greater muscle work in order to stop the movement and consequently achieve softer and
more efficient landings in players. In such landings, more mechanical energy can be
absorbed, thereby reducing GRF and thus the load on passive joint stabilizers, especially
ligaments [26,29,54]. As the magnitude of the pVGRF on landing after a jump can be
more than ten times higher compared with stance, these changes may have a crucial role
in the reduction in lower limb non-contact injury risk [55,56]. The ACL load during soft
landing is also reduced by lowered anterior tibial forces produced by the contraction of the
quadriceps. These forces at small knee flexion angles (0–30◦) are associated with significant
anterior tibial translation and increased LCA loading [27]. Reduced pVGRF, normalized
to body weight, was also reported in a two-year longitudinal study on 13-year-old male
and female adolescent basketball players who were classified as pubertal in the first year of
the study and as post-pubertal in the second year of the study [57], as well as in previous
cross-sectional studies in the general population [11,34,54,58]. On the contrary, improved
landing mechanics with age in young soccer players were not confirmed in a recent cross-
sectional study by Robles-Palazón et al. [37]. In this study, a sagittal tuck jump kinematic
analysis of the landing showed higher values of flexion in the hip and knee joint at the
initial contact of the legs in the pre-PHV group (<1 years) compared with the circa-PHV
(−0.5 to 0.5 years) and post-PHV (>−1 years) groups. Significantly higher values were
also reported for maximal flexion in the hip joint and for plantar flexion in the ankle at
the initial foot contact in the pre-PHV group compared with post-PHV. Nevertheless, the
comparison of the results of our study with these results is limited by the absence of a
group of pre-PHV players in our study and also by the different division of players into
groups (chronological age vs. biological age).

There are some limitations of the current study that should be considered. First,
regarding the high fluctuation of players in the elite club and due to other reasons (illness,
injury etc.), a higher number of players could not be included into the analysis. Second, the
players were grouped based on competition age, while the maturity offset was assessed to
characterize the maturity status of the players observed. Third, the design of the study did
not allow us to identify the landing mechanics of the players in the pre-PHV phase, which
would increase the scientific contribution and the application potential of the study. Fourth,
it should be acknowledged that the study included players from a single elite club who
were trained by different coaches. For this reason, the generalizability of the findings of
this study to other youth athletes is limited.
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5. Conclusions

The findings of the current longitudinal study on youth soccer players confirmed the
results of the few cross-sectional studies both on athletic and non-athletic populations,
which point to improved lower limb control of jump landing with age and maturation.
However, even though the positive trend was evident in both the U14 and U16 competition
age groups, the LESS scores during the observed period, except for players in the U16
group in the third year of observation, suggest that players who went through a systematic
age-related training process may be considered “at-risk”. The worse landing technique
observed in the first year of the study in U14 players who were in or around PHV indicate
that more attention should be paid to the quality of movement skills in youth soccer players
during their elite pathway, and preventive training programs should be integrated at earlier
stages of player development.

Author Contributions: Conceptualization, M.L. and M.D.S.C.; methodology, M.L., M.J. and M.D.S.C.;
investigation, M.L. and M.J.; data curation, M.L. and J.K.; formal analysis, J.K. and M.J.; writing—
original draft preparation, M.L., J.K., M.J. and M.D.S.C.; visualization, M.L. and J.K.; funding acquisi-
tion, M.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Czech Science Foundation (GACR), grant number 16-
13750S.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Ethics Committee of the Faculty of Physical Culture,
Palacky University Olomouc, Olomouc, Czech Republic (no. 14/2015, 19 March 2015).

Informed Consent StatementInformed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to ethical and privacy restrictions.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Lloyd, R.S.; Oliver, J.L. The youth physical development model: A new approach to long-term athletic development. Str. Cond. J.

2012, 34, 61–72. [CrossRef]
2. Lloyd, R.S.; Oliver, J.L.; Faigenbaum, A.D.; Howard, R.; De Ste Croix, M.B.A.; Williams, C.A.; Best, T.M.; Alvar, B.A.; Micheli, L.J.;

Thomas, D.P.; et al. Long-term athletic development, Part 2: Barriers to success and potential solutions. J. Strength Cond. Res.
2015, 29, 1451–1464. [CrossRef] [PubMed]

3. Price, R.J.; Hawkins, R.D.; Hulse, M.A.; Hodson, A. The Football Association medical research programme: An audit of injuries
in academy youth football. Br. J. Sports Med. 2004, 38, 466–471. [CrossRef] [PubMed]

4. Pfirrmann, D.; Herbst, M.; Ingelfinger, P.; Simon, P.; Tug, S. Analysis of injury incidences in male professional adult and elite
youth soccer players: A systematic review. J. Athl. Train. 2016, 51, 410–424. [CrossRef]

5. Read, P.J.; Oliver, J.L.; De Ste Croix, M.B.A.; Myer, G.D.; Lloyd, R.S. An audit of injuries in six English professional soccer
academies. J. Sports Sci. 2018, 36, 1542–1548. [CrossRef]

6. Rumpf, M.C.; Cronin, J. Injury incidence, body site, and severity in soccer players aged 6–18 years: Implications for injury
prevention. Str. Cond. J. 2012, 34, 20–31. [CrossRef]

7. van Beijsterveldt, A.M.C.; Stubbe, J.H.; Schmikli, S.L.; Van De Port, I.G.L.; Backx, F.J.G. Differences in injury risk and characteristics
between Dutch amateur and professional soccer players. J. Sci. Med. Sport 2015, 18, 145–149. [CrossRef]

8. Lie, M.M.; Risberg, M.A.; Storheim, K.; Engebretsen, L.; Øiestad, B.E. What’s the rate of knee osteoarthritis 10 years after anterior
cruciate ligament injury? An updated systematic review. Br. J. Sports Med. 2019, 53, 1162–1167. [CrossRef]

9. Bastos, F.N.; Vanderlei, F.M.; Vanderlei, L.C.M.; Júnior, J.N.; Pastre, C.M. Investigation of characteristics and risk factors of sports
injuries in young soccer players: A retrospective study. Int. Arch. Med. 2013, 6, 14. [CrossRef]

10. Krosshaug, T.; Nakamae, A.; Boden, B.P.; Engebretsen, L.; Smith, G.; Slauterbeck, J.R.; Hewett, T.E.; Bahr, R. Mechanisms of
anterior cruciate ligament injury in basketball: Video analysis of 39 cases. Am. J. Sports Med. 2007, 35, 359–367. [CrossRef]

11. Read, P.J.; Oliver, J.L.; De Ste Croix, M.B.A.; Myer, G.D.; Lloyd, R.S. Hopping and landing performance in male youth soccer
players: Effects of age and maturation. Int. J. Sports Med. 2017, 38, 902–908. [CrossRef] [PubMed]

12. Renshaw, A.; Goodwin, P.C. Injury incidence in a Premier League youth soccer academy using the consensus statement: A
prospective cohort study. BMJ Open Sport Exerc. Med. 2016, 2, e000132. [CrossRef] [PubMed]

13. Hewett, T.E.; Myer, G.D.; Ford, K.R.; Paterno, M.V.; Quatman, C.E. Mechanisms, prediction, and prevention of ACL injuries: Cut
risk with three sharpened and validated tools. J. Orthop. Res. 2016, 34, 1843–1855. [CrossRef] [PubMed]

http://doi.org/10.1519/SSC.0b013e31825760ea
http://doi.org/10.1519/01.JSC.0000465424.75389.56
http://www.ncbi.nlm.nih.gov/pubmed/25909962
http://doi.org/10.1136/bjsm.2003.005165
http://www.ncbi.nlm.nih.gov/pubmed/15273188
http://doi.org/10.4085/1062-6050-51.6.03
http://doi.org/10.1080/02640414.2017.1402535
http://doi.org/10.1519/SSC.0b013e31821a9833
http://doi.org/10.1016/j.jsams.2014.02.004
http://doi.org/10.1136/bjsports-2018-099751
http://doi.org/10.1186/1755-7682-6-14
http://doi.org/10.1177/0363546506293899
http://doi.org/10.1055/s-0043-114009
http://www.ncbi.nlm.nih.gov/pubmed/28931173
http://doi.org/10.1136/bmjsem-2016-000132
http://www.ncbi.nlm.nih.gov/pubmed/27900186
http://doi.org/10.1002/jor.23414
http://www.ncbi.nlm.nih.gov/pubmed/27612195


Appl. Sci. 2022, 12, 5324 10 of 11

14. Read, P.J.; Oliver, J.L.; De Ste Croix, M.B.A.; Myer, G.D.; Lloyd, R.S. Neuromuscular risk factors for knee and ankle ligament
injuries in male youth soccer players. Sports Med. 2016, 46, 1059–1066. [CrossRef] [PubMed]

15. Hughes, G.; Watkins, J. A risk-factor model for anterior cruciate ligament injury. Sports Med. 2006, 36, 411–428. [CrossRef]
[PubMed]

16. Padua, D.A.; DiStefano, L.J.; Beutler, A.I.; De La Motte, S.J.; DiStefano, M.J.; Marshall, S.W. The Landing Error Scoring System as
a screening tool for an anterior cruciate ligament injury-prevention program in elite-youth soccer athletes. J. Athl. Train. 2015,
50, 589–595. [CrossRef]

17. Padua, D.A.; Marshall, S.W.; Boling, M.C.; Thigpen, C.A.; Garrett, W.E.; Beutler, A.I. The Landing Error Scoring System (LESS)
is a valid and reliable clinical assessment tool of jump-landing biomechanics: The jump-ACL Study. Am. J. Sports Med. 2009,
37, 1996–2002. [CrossRef]

18. Shimokochi, Y.; Shultz, S.J. Mechanisms of noncontact anterior cruciate ligament injury. J. Athl. Train. 2008, 43, 396–408. [CrossRef]
19. Bencke, J.; Aagaard, P.; Zebis, M.K. Muscle activation during ACL injury risk movements in young female athletes: A narrative

review. Front. Physiol. 2018, 9, 445. [CrossRef]
20. Myers, C.A.; Hawkins, D. Alterations to movement mechanics can greatly reduce anterior cruciate ligament loading without

reducing performance. J. Biomech. 2010, 43, 2657–2664. [CrossRef]
21. Hewett, T.E.; Myer, G.D.; Ford, K.R.; Heidt Jr, R.S.; Colosimo, A.J.; McLean, S.G.; Van Den Bogert, A.J.; Paterno, M.V.; Succop, P.

Biomechanical measures of neuromuscular control and valgus loading of the knee predict anterior cruciate ligament injury risk in
female athletes: A prospective study. Am. J. Sports Med. 2005, 33, 492–501. [CrossRef] [PubMed]

22. Begalle, R.L.; Walsh, M.C.; McGrath, M.L.; Boling, M.C.; Blackburn, J.T.; Padua, D.A. Ankle dorsiflexion displacement during
landing is associated with initial contact kinematics but not joint displacement. J. Appl. Biomech. 2015, 31, 205–210. [CrossRef]
[PubMed]

23. Howe, L.; North, J.S.; Waldron, M.; Bampouras, T.M. Restrictions in ankle dorsiflexion range of motion alter landing kinematics
but not movement strategy when fatigued. J. Sport Rehab. 2021, 30, 911–919. [CrossRef] [PubMed]

24. Howe, L.P.; Bampouras, T.M.; North, J.S.; Waldron, M. Improved ankle mobility after a 4-week training program affects landing
mechanics: A randomized controlled trial. J. Strength Cond. Res. 2020. [CrossRef]

25. Yu, B.; Garrett, W.E. Mechanisms of non-contact ACL injuries. Br. J. Sports Med. 2007, 41, i47–i51. [CrossRef]
26. Leppänen, M.; Pasanen, K.; Kujala, U.M.; Vasankari, T.; Kannus, P.; Äyrämö, S.; Krosshaug, T.; Bahr, R.; Avela, J.; Perttunen, J.;

et al. Stiff landings are associated with increased ACL injury risk in young female basketball and floorball players. Am. J. Sports
Med. 2017, 45, 386–393. [CrossRef]

27. Myer, G.D.; Ford, K.R.; Hewett, T.E. Rationale and clinical techniques for anterior cruciate ligament injury prevention among
female athletes. J. Athl. Train. 2004, 39, 352–364.

28. Pollard, C.D.; Sigward, S.M.; Powers, C.M. Limited hip and knee flexion during landing is associated with increased frontal plane
knee motion and moments. Clin. Biomech. 2010, 25, 142–146. [CrossRef]

29. DeVita, P.; Skelly, W.A. Effect of landing stiffness on joint kinetics and energetics in the lower extremity. Med. Sci. Sports Exerc.
1992, 24, 108–115. [CrossRef]

30. Della Villa, F.; Tosarelli, F.; Ferrari, R.; Grassi, A.; Ciampone, L.; Nanni, G.; Zaffagnini, S.; Buckthorpe, M. Systematic video
analysis of anterior cruciate ligament injuries in professional male rugby players: Pattern, injury mechanism, and biomechanics
in 57 consecutive cases. Orthop. J. Sports Med. 2021, 9. [CrossRef]

31. Dowling, B.; McPherson, A.L.; Paci, J.M. Weightbearing ankle dorsiflexion range of motion and sagittal plane kinematics during
single leg drop jump landing in healthy male athletes. J. Sports Med. Phys. Fitness 2018, 58, 867–874. [CrossRef] [PubMed]

32. Parkkari, J.; Pasanen, K.; Manila, V.M.; Kannus, P.; Rimpelä, A. The risk for a cruciate ligament injury of the knee in adolescents
and young adults: A population-based cohort study of 46 500 people with a 9 year follow-up. Br. J. Sports Med. 2008, 42, 422–426.
[CrossRef] [PubMed]

33. Smith, N.A.; Chounthirath, T.; Xiang, H. Soccer-related injuries treated in emergency departments: 1990-2014. Pediatrics 2016,
138, e20160346. [CrossRef] [PubMed]

34. Read, P.J.; Oliver, J.L.; De Ste Croix, M.B.A.; Myer, G.D.; Lloyd, R.S. Landing kinematics in elite male youth soccer players of
different chronologic ages and stages of maturation. J. Athl. Train. 2018, 53, 372–378. [CrossRef]

35. Van Der Sluis, A.; Elferink-Gemser, M.T.; Brink, M.S.; Visscher, C. Importance of peak height velocity timing in terms of injuries
in talented soccer players. Int. J. Sports Med. 2015, 36, 327–332. [CrossRef]

36. Radnor, J.M.; Oliver, J.L.; Waugh, C.M.; Myer, G.D.; Moore, I.S.; Lloyd, R.S. The influence of growth and maturation on
stretch-shortening cycle function in youth. Sports Med. 2018, 48, 57–71. [CrossRef]

37. Robles-Palazón, F.J.; Ayala, F.; Cejudo, A.; De Ste Croix, M.; Sainz de Baranda, P.; Santonja, F. Effects of age and maturation on
lower extremity range of motion in male youth soccer players. J. Strength Cond. Res. 2020. [CrossRef]

38. Lisman, P.; Wilder, J.N.; Berenbach, J.; Jiao, E.; Hansberger, B. The relationship between Landing Error Scoring System performance
and injury in female collegiate athletes. Int. J. Sports Phys. Ther. 2021, 16, 1415–1425. [CrossRef]

39. Christopher, R.; Brandt, C.; Benjamin-Damon, N. Systematic review of screening tools for common soccer injuries and their risk
factors. S. Afr. J. Physiother. 2021, 77, 1496. [CrossRef]

40. Hanzlíková, I.; Hébert-Losier, K. Is the Landing Error Scoring System reliable and valid? A systematic review. Sports Health 2020,
12, 181–188. [CrossRef]

http://doi.org/10.1007/s40279-016-0479-z
http://www.ncbi.nlm.nih.gov/pubmed/26856339
http://doi.org/10.2165/00007256-200636050-00004
http://www.ncbi.nlm.nih.gov/pubmed/16646629
http://doi.org/10.4085/1062-6050-50.1.10
http://doi.org/10.1177/0363546509343200
http://doi.org/10.4085/1062-6050-43.4.396
http://doi.org/10.3389/fphys.2018.00445
http://doi.org/10.1016/j.jbiomech.2010.06.003
http://doi.org/10.1177/0363546504269591
http://www.ncbi.nlm.nih.gov/pubmed/15722287
http://doi.org/10.1123/jab.2013-0233
http://www.ncbi.nlm.nih.gov/pubmed/25734492
http://doi.org/10.1123/jsr.2020-0429
http://www.ncbi.nlm.nih.gov/pubmed/33571960
http://doi.org/10.1519/JSC.0000000000003717
http://doi.org/10.1136/bjsm.2007.037192
http://doi.org/10.1177/0363546516665810
http://doi.org/10.1016/j.clinbiomech.2009.10.005
http://doi.org/10.1249/00005768-199201000-00018
http://doi.org/10.1177/23259671211048182
http://doi.org/10.23736/S0022-4707.17.07348-0
http://www.ncbi.nlm.nih.gov/pubmed/28639442
http://doi.org/10.1136/bjsm.2008.046185
http://www.ncbi.nlm.nih.gov/pubmed/18390920
http://doi.org/10.1542/peds.2016-0346
http://www.ncbi.nlm.nih.gov/pubmed/27621412
http://doi.org/10.4085/1062-6050-493-16
http://doi.org/10.1055/s-0034-1385879
http://doi.org/10.1007/s40279-017-0785-0
http://doi.org/10.1519/JSC.0000000000003642
http://doi.org/10.26603/001c.29873
http://doi.org/10.4102/sajp.v77i1.1496
http://doi.org/10.1177/1941738119886593


Appl. Sci. 2022, 12, 5324 11 of 11

41. Kuenze, C.M.; Trigsted, S.; Lisee, C.; Post, E.; Bell, D.R. Sex differences on the Landing Error Scoring System among individuals
with anterior cruciate ligament reconstruction. J. Athl. Train. 2018, 53, 837–843. [CrossRef] [PubMed]

42. Hanzlíková, I.; Athens, J.; Hébert-Losier, K. Clinical implications of Landing Error Scoring System calculation methods. Phys.
Ther. Sport 2020, 44, 61–66. [CrossRef] [PubMed]

43. Mirwald, R.L.; Baxter-Jones, A.D.G.; Bailey, D.A.; Beunen, G.P. An assessment of maturity from anthropometric measurements.
Med. Sci. Sports Exerc. 2002, 34, 689–694. [PubMed]

44. Dingenen, B.; Malfait, B.; Nijs, S.; Peers, K.H.E.; Vereecken, S.; Verschueren, S.M.P.; Staes, F.F. Can two-dimensional video analysis
during single-leg drop vertical jumps help identify non-contact knee injury risk? A one-year prospective study. Clin. Biomech.
2015, 30, 781–787. [CrossRef]

45. Mok, K.M.; Bahr, R.; Krosshaug, T. The effect of overhead target on the lower limb biomechanics during a vertical drop jump test
in elite female athletes. Scand. J. Med. Sci. Sports 2017, 27, 161–166. [CrossRef]

46. Cohen, J. Statistical Power Analysis for the Behavioral Sciences, 2nd ed.; Academic Press: New York, NY, USA, 1988.
47. Ford, K.R.; Shapiro, R.; Myer, G.D.; Van Den Bogert, A.J.; Hewett, T.E. Longitudinal sex differences during landing in knee

abduction in young athletes. Med. Sci. Sports Exerc. 2010, 42, 1923–1931. [CrossRef]
48. Gillen, Z.M.; Shoemaker, M.E.; McKay, B.D.; Bohannon, N.A.; Gibson, S.M.; Cramer, J.T. Muscle strength, size, and neuromuscular

function before and during adolescence. Eur. J. Appl. Physiol. 2019, 119, 1619–1632. [CrossRef]
49. Grosset, J.F.; Mora, I.; Lambertz, D.; Pérot, C. Voluntary activation of the triceps surae in prepubertal children. J. Electromyogr.

Kinesiol. 2008, 18, 455–465. [CrossRef]
50. Kubo, K.; Teshima, T.; Hirose, N.; Tsunoda, N. Growth changes in morphological and mechanical properties of human patellar

tendon in vivo. J. Appl. Biomech. 2014, 30, 415–422. [CrossRef]
51. Hewett, T.E.; Myer, G.D.; Kiefer, A.W.; Ford, K.R. Longitudinal Increases in Knee Abduction Moments in Females during

Adolescent Growth. Med. Sci. Sports Exerc. 2015, 47, 2579–2585. [CrossRef]
52. Philippaerts, R.M.; Vaeyens, R.; Janssens, M.; Van Renterghem, B.; Matthys, D.; Craen, R.; Bourgois, J.; Vrijens, J.; Beunen, G.;

Malina, R.M. The relationship between peak height velocity and physical performance in youth soccer players. J. Sports Sci. 2006,
24, 221–230. [CrossRef] [PubMed]

53. Read, P.J.; Oliver, J.L.; Dobbs, I.J.; Wong, M.A.; Kumar, N.T.A.; Lloyd, R.S. The effects of a four-week neuromuscular training
program on landing kinematics in pre- and post-peak height velocity male athletes. J. Sci. Sport Exerc. 2021, 3, 37–46. [CrossRef]

54. Swartz, E.E.; Decoster, L.C.; Russell, P.J.; Croce, R.V. Effects of developmental stage and sex on lower extremity kinematics and
vertical ground reaction forces during landing. J. Athl. Train. 2005, 40, 9–14.

55. Yeow, C.H.; Lee, P.V.S.; Goh, J.C.H. Regression relationships of landing height with ground reaction forces, knee flexion angles,
angular velocities and joint powers during double-leg landing. Knee 2009, 16, 381–386. [CrossRef] [PubMed]

56. Zhang, S.N.; Bates, B.T.; Dufek, J.S. Contributions of lower extremity joints to energy dissipation during landings. Med. Sci. Sports
Exerc. 2000, 32, 812–819. [CrossRef]

57. Quatman, C.E.; Ford, K.R.; Myer, G.D.; Hewett, T.E. Maturation leads to gender differences in landing force and vertical jump
performance: A longitudinal study. Am. J. Sports Med. 2006, 34, 806–813. [CrossRef]

58. Di Stefano, L.J.; Martinez, J.C.; Crowley, E.; Matteau, E.; Kerner, M.S.; Boling, M.C.; Nguyen, A.D.; Trojian, T.H. Maturation and
sex differences in neuromuscular characteristics of youth athletes. J. Strength Cond. Res. 2015, 29, 2465–2473. [CrossRef]

http://doi.org/10.4085/1062-6050-459-17
http://www.ncbi.nlm.nih.gov/pubmed/30273009
http://doi.org/10.1016/j.ptsp.2020.04.035
http://www.ncbi.nlm.nih.gov/pubmed/32416583
http://www.ncbi.nlm.nih.gov/pubmed/11932580
http://doi.org/10.1016/j.clinbiomech.2015.06.013
http://doi.org/10.1111/sms.12640
http://doi.org/10.1249/MSS.0b013e3181dc99b1
http://doi.org/10.1007/s00421-019-04151-4
http://doi.org/10.1016/j.jelekin.2006.11.002
http://doi.org/10.1123/jab.2013-0220
http://doi.org/10.1249/MSS.0000000000000700
http://doi.org/10.1080/02640410500189371
http://www.ncbi.nlm.nih.gov/pubmed/16368632
http://doi.org/10.1007/s42978-020-00097-8
http://doi.org/10.1016/j.knee.2009.02.002
http://www.ncbi.nlm.nih.gov/pubmed/19250828
http://doi.org/10.1097/00005768-200004000-00014
http://doi.org/10.1177/0363546505281916
http://doi.org/10.1519/JSC.0000000000001052

	Introduction 
	Materials and Methods 
	Participants 
	Procedures 
	Anthropometrics 
	Landing Error Score System 

	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

