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Background

Maturity status varies among adolescents of the same age, making age an unreliable
indicator. Although maturity status affects movement patterns, differences in landing
force and jump performance among maturity groups remain unclear.

Hypothesis/Purpose

This study compared landing force and jump performance during drop vertical jump in
adolescent male soccer players based on classifications by maturity status and age. A
hypothesis was formulated that landing force would be greater during the period of peak
height velocity (PHV) and jump performance higher in the post-PHV group, showing
clearer differences than age.

Study Design

Cross-sectional study

Methods

Forty-five male soccer players (13.5 # 0.9 years) were grouped by maturity status (pre-,
circa-, and post-PHV), and by age. Landing forces (peak vertical ground reaction force
[PVGRF], time to PVGRF, and loading rate) and jump performance (jump height, contact
time, reactive strength index [RSI], PVGRF, and power) were measured using a force
plate. A one-way analysis of variance was performed to detect group differences.

Results

Landing forces showed no significant differences among maturity groups (PVGRF: p =
0.190; time to PVGRF: p = 0.122; and loading rate: p = 0.255). Jump height was greater in
post-PHV (32.87 # 4.18 ¢cm) than in pre-PHV (25.17 * 4.85 cm, p = 0.001). RSI was higher
in post- (1.33 = 0.31 m/s) than in pre- (1.00 £ 0.29 m/s, p = 0.024) and circa-PHV groups
(1.02 £0.23 m/s, p = 0.021). Power was greater in post- (40.40 = 6.31 W/kg) than in pre-
(33.15 = 7.78 W/kg, p = 0.045) and circa-PHV groups (33.59 + 5.50 W/kg, p = 0.037).
Age-related differences were found only in jump height (p < 0.001).
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Conclusion

Maturity status classification detected significant group differences in jump height, RSI,
and power, but age classification only detected a significant group difference in jump

height.

Level of Evidence
3

INTRODUCTION

Soccer is one of the most popular sports worldwide, with
more than 260 million soccer players as of 2006.1 Of the 38
million players registered with national soccer associations
and federations, 21 million are under the age of 18; addi-
tionally, many children and adolescents play soccer.! Soccer
is a high-intensity sport that requires sprinting, high-speed
running, cutting, and jumping,%3 and has a high risk of in-
jury. A recent systematic review revealed that the injury
incidence in adolescent soccer players is higher than that in
adults, at 2.5-9.0/1,000 h in adults and 2.0-19.4/1,000 h in
adolescents.> To reduce the injury risk in adolescent soccer
players, the adolescent characteristics associated with in-
jury occurrence need to be clarified.

Adolescents undergo significant physical and biological
changes.® During adolescence, peak height velocity (PHV)
occurs when height increases by 8-10 cm/year”-8 and coor-
dination skills and movement patterns can be affected.%10
The timing and tempo of growth vary among individuals,
with the reported age at PHV ranging between 10-17 years
for boys and between 9-14 years for girls.®11 Thus, chrono-
logical age has limited utility in assessing maturity.12 In a
previous study, sex-specific equations were developed us-
ing anthropometric measurements to predict the age at
which PHV occurs.12 These equations can be used to de-
termine the maturity offset, which represents the differ-
ence between the chronological age at the time of measure-
ment and the predicted age at the PHV. To reduce the injury
risk in adolescent soccer players, the adolescent character-
istics associated with injury occurrence need to be clarified.
When maturity offset is used in adolescent soccer play-
ers, greater injury incidences have been reported around
the age of PHV, compared with pre-PHV!3 or adolescence
(12-19 years).14 The PHV status may have important impli-
cations for injury prevention.!>

Jump tasks are frequently performed in soccer3 and are
often used as screening tests for high-risk landing pro-
files,16:17 with the drop vertical jump (DVJ]) being one of
the most commonly used screening tools.1®:18 For the DV]J,
the participants dropped off the box and immediately per-
form a maximal vertical jump, and the landing mechanics
were analyzed.17>1? Increases in jump-landing forces during
the DVJ task are associated with a high risk of lower-limb
injury.18:20 However, in adolescent soccer players, the ef-
fects of maturity status on jump-landing force remain un-
clear. Peak vertical ground reaction forces (PVGRFs) have
been reported to be greater at pre-PHV than at circa-PHYV,
which refers to the period around the time of an adoles-
cent’s fastest rate of growth in height, or post-PHV with
single-leg hopping.2! Conversely, it has been reported that

the PVGREF is greater in the circa-PHV group than in the
post-PHV group, and no significant differences were ob-
served between the pre- and circa-PHV groups in single-
leg countermovement jumps.22 Hence, the relationship be-
tween maturity status and jump landing force during DV] in
adolescent soccer players has not been clarified.

Jump performance, such as jump height and hop dis-
tance, in adolescent soccer players has been shown to grad-
ually increase from pre-PHV to post-PHV.21.22 Few studies
have compared jump performances at different maturity
stages21.22; therefore, the relationship between maturity
status and jump performance remains unclear. In addition,
jump performance indicators such as the reactive strength
index (RSI) have been reported to have a strong relation-
ship with agility?3 and to be a better measurement of jump
performance outcomes than height24; however, they have
not been well investigated. Thus, understanding the rela-
tionship among maturity status, landing force, and jump
performance in adolescent soccer players is important for
maturity-based injury prevention and training guidance.
Furthermore, whether both classification methods, classifi-
cation by maturity offset and classification by chronologi-
cal age, can be used to classify adolescents based on their
maturity status remains unclear. Implicating that only clas-
sification by maturity offset detects differences in landing
force and jump performance during DV] in different matu-
rity groups may lead to suggestions for accurate classifica-
tion methods for adolescents where individual differences
exist.

Therefore, the purpose of this study was to compare
landing force and jump performance during DV] in adoles-
cent male soccer players based on classifications by matu-
rity status and age. A hypothesis was formulated that land-
ing forces would be higher in the circa-PHV group than in
the pre-PHV and post-PHV groups and that jump perfor-
mance outcomes would improve in the order of pre-PHV,
circa-PHV, and post-PHV. It was also hypothesized that
classification by maturity offset would detect differences in
landing force and jump performance outcomes during DV]
in different maturity groups, but not by classification by
chronological age.

METHODS

PARTICIPANTS

Sixty-one male adolescent soccer players belonging to a lo-
cal soccer club in Sapporo, Japan were recruited to partici-
pate in this study. Sample size was calculated a priori using
the G*Power software version 3. 1. 9. 7 (University of Kiel,
Kiel, Germany) with an alpha level of 0.05, a beta level of
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0.8, and an effect size of 0.56 based on data from a previ-
ous study?25 that showed differences in the PVGRF, indicat-
ing that 36 participants were required. The inclusion crite-
ria were male adolescent soccer players aged 12-15 years
from a local soccer club in Sapporo, Japan. The exclusion
criteria were any history of lower limb surgery,2¢ any cur-
rent lower limb injuries,27 or inconsistent participation in
the team practices and/or games due to musculoskeletal in-
jury.28

All procedures were performed in accordance with the
ethical standards of the Institutional Research Committee
and the guidelines of 1964 Helsinki Declaration and its later
amendments. This study was approved by the local institu-
tional ethics committee (approval number: 20-64), and par-
ticipants’ assent and parental consent were obtained before
the study.

CLASSIFICATION BY MATURITY OFFSET AND
CHRONOLOGICAL AGE

The participants’ height and sitting height were measured
barefoot using a stadiometer.2? Sitting height was defined
as the distance from a flat sitting surface to the top of the
head at a height of 40 cm.2% Body mass and lean body mass
were measured using a digital scale with the participants
barefoot and wearing light clothing.30 These anthropomet-
ric measurements were recorded the to the nearest 0.1 cm
or 0.1 kg.12 Leg length was estimated by subtracting sitting
height from height, as described in previous studies.2%:31-33
The participants were divided into three groups based on
the maturity offset, which was determined and predicted by
age at PHV and calculated from age, height, body mass, sit-
ting height, and leg length using the following equation!Z:

Maturity offset = -9.236 + 0.0002708 (x (leg length x
sitting height))

+(-0.001663 x (age x leg length)) + (0.007216 x (age x
sitting height))

+(0.02292 = (body mass/height x 100))

Maturity groups were divided into pre-PHV (maturity
offset € —1.0), circa-PHV (-0.5 < maturity offset < 0.5) and
post-PHV groups (1.0 < maturity offset).2122 Of the 61 par-
ticipants, seven with —1.0 < maturity offset < -0.5 and nine
with 0.5 < maturity offset < 1.0 were excluded because the
equation used to calculate maturity offset has a standard
error of approximately *+ 0.5 years.!2 Therefore, these val-
ues may fall within a margin of error that makes classifi-
cation uncertain. A flowchart summarizing participant in-
clusion and exclusion is presented in Figure 1. Thus, 45
participants were ultimately included for further analyses
(age 13.5 + 0.9 years, height 161.1 + 9.0 cm, body mass 50.3
* 8.7 kg). The chronological age classification was based on
the participant’s age in months. Participants were divided
into the three following groups: younger (n = 15, age = 12.7
* 0.6 years), middle (n = 15, age = 13.4 = 0.5 years), and
older (n =15, age = 14.5 £ 0.6 years).

DV] MEASUREMENT

Prior to DV] measurement, the participants were instructed
to run for five minutes at a comfortable speed as a warm-
up activity.34 Participants stood on top of a 30-cm box to
start the DVJ test20:35 and kept their hands at ear level dur-
ing the DV]J test.3¢ The oral instruction for DVJ was as fol-
lows: drop off the box without jumping up and then jump as
high as possible.3¢ To get familiar with the DV]J task, partic-
ipants were allowed to practice as much as they wanted.3>
The ground reaction force data were measured using a force
plate (Ex-Jumper, DKH Co., Ltd., Japan), and the ground re-
action forces were collected at a sampling rate of 1,000 Hz.
Three successful trials were collected, and an average of the
three trials was used for the statistical analysis.3>36

DATA ANALYSIS

The ground reaction force data were filtered using a low-
pass fourth-order Butterworth filter with a cut-off fre-
quency of 50 Hz and were obtained from the initial contact
to toe-off. Initial contact was defined as the point at which
the vertical ground reaction force exceeded 15 N, and toe-
off was the point at which the vertical ground reaction force
fell below 15 N.35 The acceleration of the center of mass
(COM) from initial contact to toe-off was calculated by di-
viding the vertical ground reaction force by the body mass
based on Newton’s equation of motion (ma = F). Subse-
quently, the COM displacement from the initial contact to
toe-off was calculated by double integration of the acceler-
ation of the COM.17:35 The ground reaction force data were
divided into two phases based on the maximum COM dis-
placement (Figure 2), which was defined as the time from
the point of initial contact to the maximum COM displace-
ment, and the take-off phase was defined as the time from
the maximum COM displacement to toe-off.17

The landing force outcomes were the PVGRF, time to PV-
GRF, and loading rate during the landing phase.17.37:38 The
time to PVGRF was defined as the time from initial contact
to PVGRF.37 The loading rate was calculated by dividing the
PVGRF by the PVGRF time.3® Jump height, contact time,
RSI, PVGRF, and power during the take-off phase were the
jump performance outcomes.!”-3? Jump height was calcu-
lated based on flight time,!7 and contact time was defined
as the time from initial contact to toe-off.3> The RSI was
calculated by dividing the jump height by the contact
time,17 and power was calculated by dividing the work in
the take-off phase by the time in the take-off phase.3?

STATISTICAL ANALYSIS

The assumption of normality of all data was checked using
the Shapiro-Wilk test. A one-way analysis of variance or
Kruskal-Wallis test was performed to determine the exis-
tence among the group differences for all outcome mea-
sures, and post hoc analyses were performed using the Bon-
ferroni test. Cohen’s d effect size was calculated by dividing
the difference in means between groups by the pooled stan-
dard deviation to assess the magnitude of the group differ-
ences. Effect sizes were classified into six categories based
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Male adolescent soccer players (aged 12—15 years)
from a local soccer club in Sapporo, Japan
were participated

(n=61)

Sixteen players were excluded
based on maturity offset.
—1.0 < Maturity offset <—0.5 (n=7)
0.5 < Maturity offset < 1.0 (n=9)

Pre-PHV (n=13):
Maturity offset <—1.0

Circa-PHV (n=24):
—0.5 < Maturity offset <0.5

Post-PHV (n = 8):
1.0 < Maturity offset

Figure 1. Flowchart of participants inclusion and exclusion. PHV: peak height velocity
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Figure 2. Time course of ground reaction force and center-of-mass displacement

on the absolute value of Cohen’s d: trivial (d < 0.20), small
(d = 0.20-0.59), moderate (d = 0.60-1.19), large (d =
1.20-1.99), very large (d = 2.00-3.99), and extremity large
(d > 4.00).40 Statistical analyses were performed using SPSS
software version 26 (IBM Corp., Armonk, N.Y., USA). The
significance level was set at an alpha level of p < 0.05.

RESULTS

Anthropometric data of the participants are presented in
Table 1, which showed significant differences among the
groups in terms of age, height, body mass, BMI, lean body
mass, and maturity offset.

Regarding landing force outcomes, no significant differ-
ences were noted in the PVGRF (p = 0.190), time to PVGRF
(p = 0.122), and loading rate (p = 0.255) during the land-
ing phase among the maturity offset groups (Table 2). How-
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Table 1. Anthropometric group data based on maturity offset.

Pre-PHV Circa-PHV Post-PHV p—value*

(n=13) (n=24) (n=8)
Age (year) 12.5+0.5%8 135+05T8 15.0+0.0t% <0.001
Height (cm) 150.5 * 6.3%5 162.8 +3.918 173.1+4.31# <0.001
Body mass (kg) 40.7 +7.5%8 52.2+4.8t8 60.0+4.61F <0.001
BMI (kg/m?) 17.9 £ 2.6%5 19.7 + 1.818 200+ 1.71% 0.024
Lean body mass (kg) 33.9 +4.2%8 42.9+2.818 51.1+2.17% <0.001
Maturity offset (year) -1.7+0.5%t -0.1+0.3ft 1.4+0.3T# <0.001

Mean # SD. BMI: body mass index.
* P-value with one-way analysis of variance or the Kruskal-Wallis test.
T Significantly different from the pre-PHV group according to the Bonferroni test (p < 0.05).

¥ Significantly different from the circa-PHV group according to the Bonferroni test (p < 0.05).
§ Significantly different from the post-PHV group according to the Bonferroni test (p< 0.05).

ever, for jump performance outcomes, jump height was sig-
nificantly higher in the post-PHV group (32.87 * 4.18cm)
than in the pre-PHV group (25.17 £ 4.85 cm, p = 0.001, d
= 1.75). RSI was higher in the post-PHV group (1.33 * 0.31
my/s) than in the circa-PHV (1.02 £ 0.23 m/s, p = 0.021, d =
-0.49) and pre-PHV groups (1.00 = 0.29 m/s, p = 0.024, d =
1.16). Power was also significantly higher in the post-PHV
group (40.40 * 6.31 W/kg) than in the circa-PHV (33.59 #
5.50 W/kg, p = 0.037, d = 1.23) and pre-PHV groups (33.15
+ 7.78 W/kg, p = 0.045, d = 1.04). There were no significant
differences in PVGRF (p = 0.199) during the take-off phase
or contact time (p = 0.433) among the groups.

A significant difference was observed in jump height,
with the older group having significantly higher values
(31.74 + 3.36cm) than the younger group (24.97 = 4.81cm,
p < 0.001, d = 1.63) (Table 3). However, there were no sig-
nificant differences among the groups in terms of landing
force and performance outcomes other than jump height (p
=0.227-0.683).

DISCUSSION

This study aimed to compare the landing force and jump
performance in the DV] among adolescents in terms of
maturity offset and chronological age. The main findings
were that landing force outcomes (PVGRF, time to PVGRF,
and loading rate) were not significantly different among
the different maturity groups; however, jump performance
outcomes (jump height, RSI, and power) were significantly
higher in the post-PHV group. Furthermore, classification
by maturity offset detected more differences in jump per-
formance outcomes than classification by age.

No significant differences were found in PVGRF, time to
PVGREF, or loading rate as landing force outcomes among
the different maturity groups. A previous study showed a
greater PVGRF in the circa-PHV group than in the post-
PHV group during landing after a single-leg countermove-
ment jump in adolescent soccer players.22 The authors sug-
gested that a rapid increase in height in the circa-PHV
group affected the shock absorption landing force. How-
ever, this previous study utilized a single-leg landing task,
which requires a higher level of shock absorption capacity

and results in greater ground reaction force compared to
double-leg landing.4! Furthermore, previous studies have
compared PVGRF during landings from different heights
across maturity groups,2122 whereas the PVGRF for landing
was compared at the same height of 30 cm in the present
study. Given these methodological differences in jump
tasks and height, direct comparisons should be interpreted
with caution, which may partly explain the discrepancy in
the findings. Further research using comparable DV] proto-
cols is warranted to better clarify the relationship between
landing mechanics and maturity status.

The jump height was higher in the post-PHV group than
in the pre-PHV group, which is consistent with the findings
of previous studies reporting that jump height increases
with maturation?242 and supports the hypothesis of this
study. In addition, RSI and power were significantly higher
in the post-PHV group than in the pre-PHV and circa-
PHV groups. As this is the first study to compare the RSI
and power in the DV] among different maturity groups,
no direct comparison with previous studies were possible.
The RSI was calculated by dividing jump height by contact
time.24 Therefore, the pre-PHV group with a lower jump
height showed a lower RSI than did the post-PHV group.
However, the circa-PHV group, which did not differ in jump
height from the post-PHV group, exhibited significantly
lower RSI values than did the post-PHV group. At the age
of the PHV, the rate of bone growth is faster than that
of muscle growth?3 and a rapid increase in height affects
coordination and movement patterns.*!0 The remarkable
physical changes in the circa-PHV group may have affected
RSI in the DVJ. This finding supports the hypothesis that
growth-related disruptions in musculoskeletal coordination
and neuromuscular timing, which often described as ‘ado-
lescent awkwardness’,%4 may have affected movement pat-
terns of circa-PHV group. Furthermore, a previous study re-
ported a moderately positive relationship between power
and RSI during jump tasks,?4 while in the present study,
a strong positive correlation was observed (r = 0.946, p <
0.001). Therefore, the RSI and power were higher in the
post-PHV group than in the pre-PHV and circa-PHV
groups. The PVGRF during the take-off phase or contact
time of the DVJ did not significantly differ among the
groups, which is similar to the results of a previous study.3>
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Table 2. Landing force and jump performance outcomes in each maturity group

Mean £ SD Cohen'sd
Pre- Circa- Post- P’ Pre- Circa- Pre-
PHV PHV PHV Vs Vs Vs
(n=13) (n=24) (n=8) Circa- Post- Post-
PHV PHV PHV
Landing force outcomes
PVGRF (BW) 4.74+1.03 443+0.93 520+1.29 0.190 -0.32 0.78 0.43
Time to PVGREF (s) 0.06 £0.02 0.08+0.03 0.07 +0.04 0.122 0.78 -0.22 0.58
Loading rate (BW/s) 109.95 £ 100.72 71.71+39.28 96.82+75.04 0.255 -0.59 0.53 -0.15
Jump performance outcomes
Jump height (cm) 25.17+4.85 28.50+4.23 32.87 +4.18t 0.002 0.77 1.07 1.75
Ground contact time (s) 0.27 £0.08 0.29+0.06 0.26 +0.07 0.433 0.36 -0.49 -0.10
RSI (m/s) 1.00+0.29 1.02+0.23 1.33+0.311% 0.014 0.10 1.26 1.16
PVGRF (BW) 3.98+0.80 3.82+0.73 4.41+0.92 0.199 -0.22 0.78 0.53
Power (W/kg) 33.15+7.78 33.59+5.50 4040+ 6.311% 0.027 0.07 1.23 1.04

PHV: peak height velocity; PVGREF: peak vertical ground reaction force; RSI: reactive strength index; BW: body weight.
* P-value with one-way analysis of variance or Kuraskal-Wallis, and the significant values were highlighted in bold.

T Significantly different from the pre-PHV group according to the Bonferroni test (p < 0.05).

¥ Significantly different from the circa-PHV group according to the Bonferroni test (p < 0.05).
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Table 3. Landing force and jump performance outcomes in each chronological age group

Mean £ SD Cohen'sd

Younger Middle Older p-value Younger vs Middle vs Younger vs

(n=15) (n=15) (n=15) Middle Older Older
Landing force outcomes
PVGRF (BW) 487 +0.98 447 +091 4.64+1.25 0.594 -0.43 0.16 -0.21
Time to PVGREF (s) 0.06 +0.02 0.07 +0.04 0.07+£0.03 0.331 0.47 0.06 0.60
Loading rate (BW/s) 105.11+94.87 77.85+38.07 78.71+63.45 0.480 -0.39 0.02 -0.34
Jump performance outcomes
Jump height (cm) 2497 +4.81 28.23+4.08 31.74+3.36t 0.001 0.73 0.94 1.63
Ground contact time (s) 0.26 +0.07 0.29+0.06 0.29+0.07 0.428 0.46 -0.06 0.38
RSI (m/s) 1.01+0.29 1.02+0.26 1.17+0.30 0.227 0.04 0.56 0.57
PVGRF (BW) 4.09+0.78 3.83+£0.77 3.99+£0.87 0.683 -0.34 0.21 -0.11
Power (W/kg) 33.58+7.59 33.30+6.23 37.12+6.18 0.229 -0.04 0.64 0.53

PHV: peak height velocity; PVGRF: peak vertical ground reaction force; RSI: reactive strength index. BW: body weight.
* p-value with one-way analysis of variance or Kuraskal-Wallis, and the significance values were highlighted in bold.

T Significantly different from the younger group according to the Bonferroni test (p < 0.05).
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In the maturity offset classification, significant differ-
ences were noted in jump height, RSI, and power. However,
in the chronological age classification, the only significant
difference was in jump height. Maturity offset is an out-
come of the difference between the age at measurement
and the predicted age at PHV.12 The timing and tempo of
PHV vary greatly among individuals, and the age at PHV in
boys is 10-17 years.6 Therefore, chronological age is lim-
ited in its assessment of age at PHV!Z; hence, the ma-
turity offset can reflect the characteristics of age at PHV.
Thus, maturity offset may be considered a useful indicator
for classifying adolescents based on maturity status rather
than chronological age.

This study has some limitations. First, it utilized a cross-
sectional design; therefore, additional longitudinal studies
are required to clarify the effects of rapid height increase
with age at PHV. Second, the sample size of the post-PHV
group was relatively small (n = 8). Although the total re-
quired sample size (n = 36) was met based on power analy-
sis, the imbalance in participant distribution across ma-
turity groups, such as pre-PHV (n = 13), circa-PHV (n =
24), and post-PHV (n = 8), may have influenced the results.
Third, kinematic measurements were not performed in this
study. To determine differences in movement patterns, a
multidimensional assessment using three-dimensional mo-
tion analysis, surface electromyography, and a force plate is
necessary. Finally, the regression equation used to calculate
the maturity offset was created based on the morphological
data of European children!Z; however, it has been reported
that the age at PHV appears to be one to two years earlier
in Japanese children than in Europeans.45 Therefore, it re-
mains unclear whether the regression equation used in this
study is applicable to Japanese adolescents.

The findings of this study have practical implications
for sports physical therapists working with young athletes,
particularly when considering training strategies based on
differences in jump performance across maturity groups.
Pre-PHYV athletes exhibited lower jump heights, suggesting
the need to focus on developing fundamental movement
skills during this stage of heightened neuroplasticity.¢ In
circa-PHV athletes, a lower RSI suggests reduced neuro-
muscular efficiency due to growth-related disruptions in
coordination and timing, although jump height was com-
parable to that of post-PHV athletes.#4 Thus, training in
circa-PHV athletes should aim to reduce ground contact

time and improve neuromuscular function. Post-PHV ath-
letes demonstrated the highest performance metrics and
may be effective with advanced plyometric and power-
based training.#¢ Therefore, maturity-based classification
for young athletes suggests appropriate and effective inter-
ventions and provides a practical framework for applying
these findings in both clinical and sports settings to en-
hance performance and reduce injury risk.

CONCLUSIONS

Landing force outcomes, such as PVGRF, time to PVGRF,
and loading rate, were not significantly different among the
maturity groups. However, jump height, RSI, and power,
which are jump performance outcomes, differed signifi-
cantly among the three groups classified by maturity offset.
Jump height was significantly higher in the post-PHV group
than in the pre-PHV group, and RSI and power were sig-
nificantly higher in the post-PHV group than in the pre-
and circa-PHV groups. In the chronological age compari-
son, the only significant difference was in jump height, with
the older group exhibiting higher values than the younger
group. These results suggest that maturity status may not
be associated with landing force but with jump performance
in male adolescent soccer players. Classification by matu-
rity offset rather than by age revealed that maturity status
may be related to jump height and reactive strength index
and power.
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