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INTRODUCTION
Injuries can result in long absences from training and matches in 
academy football players, reducing the opportunity for players to 
develop their fitness and skills [1]. Consequently, injuries negatively 
impact players’ academy progression [2]. Injuries occurring during 
childhood and adolescence can also result in long-term consequenc-
es, making players more susceptible to future injuries and long-term 
health risks (e.g., osteoarthritis) [3]. Thus, injury risk reduction strat-
egies in youth footballers are vital to ensure the development of 
healthy youth players and ensure the long-term health of the profes-
sional football players.

During adolescence, players experience a marked and rapid pe-
riod of somatic growth [4], leading to evident changes in limb length, 
limb mass, and moments of inertia [4]. As a consequence of these 
changes, temporary delays or regressions in sensorimotor mecha-
nisms and motor control may be observed during this period [5], ad-
versely impacting injury risk. Accordingly, the International Olympic 
Committee [6] and league governmental bodies (e.g., English Pre-
mier League) [7] have highlighted the importance of assessing and 
monitoring inter-individual variations in growth and maturity.
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Growth rate is used to describe changes of a physical dimension 
(e.g., standing height) over a given time [4]. During the adolescence 
there is an increase in the rate of growth, with highest point known 
as peak height velocity (PHV). PHV is observed around the age of 
13–14  years in boys, reaching maximal growth rates of 
5.6–12.4 cm/year [4]. To date, a limited number of studies in youth 
football academies have investigated the influence of adolescent growth 
rates upon injury [8–11]. Kemper et al. [8] and Rommers et al. [9] 
observed that injured male adolescent players had a higher rate of 
growth compared to non-injured players. Similarly, Johnson et al. [11] 
reported that players with a rate of growth rate > 7.2 cm/year were 
more likely to be injured than players growing less than 7.2 cm/year. 
Not only that, but they also showed that there was a linear increase 
in injury risk associated with growth rate [11]. Concerning the risk 
for specific types of injuries, Wik et al. [12] found that overall growth 
rate was associated with a greater risk of bone and growth plate in-
jures in adolescent athletics.

Biological maturation is a separate and more complex concept. 
The level of biological maturation at a given point, defined as 
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with the prediction [13]. Most importantly, this research did not study 
the interaction between growth-rate and injury risk of specific inju-
ries in pre-, circa- and post-PHV periods. Considering that growth-
rates [4] and injury patterns [15, 17] differ according to maturity 
status, studying the impact of growth-rate on specific injury risk in 
each period seems vital.

The present study builds upon the abovementioned limitations by 
using height and injury data recorded in an elite football academy 
over two decades. This permits a more accurate estimation of growth 
rate and percentage of the observed adult height of players and af-
fords the opportunity to explore potential interactions between growth 
rate (cm/year) and risk for specific types of injuries (incidence and 
burden) in pre-, circa- and post-PHV periods, separately.

MATERIALS AND METHODS 
Study design and participants
This retrospective analysis studied height and injury data recorded 
longitudinally for 20 consecutive seasons (2000–2020) in Athletic 
Club’s elite soccer academy whose professional male team plays in 
Spanish LaLiga. The academy has a team in each of the age-based 
levels or categories. In men, this includes U11, U12, U13, U14, 
U15, U16, U17, and U19 teams, in addition to 3rd and 2nd teams 
comprising 17–23-year-old players competing in the Spanish Fourth 
and Third Divisions, respectively. Among the 1123 players who were 
followed, only players who were ≤ U12 when they entered the acad-
emy and continued until they attained adult height were included in 
the study (n = 84) attempting to equally represent pre-, circa- and 
post-PHV periods.

The study was conducted in accordance with the National Health 
Council resolution (466/2012) and was approved by the Ethics Com-
mittee of the University of The Basque Country (UPV/EHU) 
(CEISH/340/2015). Written informed consent to use regularly col-
lected data for research purposes was obtained from the players.

maturity status, indicates where along the process towards a mature 
state a given tissue or organ system (somatic, skeletal, or sexual) is at 
the time of measurement [4]. The percentage of adult height at the 
time of observation is an indicator of somatic maturity that is increas-
ingly used in youth athletes and allows to easily classify players as 
pre- (< 88%), circa- (88–95%), or post-PHV (> 95%) [13]. Avail-
able research has suggested that injury incidence and burden is high-
er in circa-PHV compared to pre-PHV period [14], whilst a recent 
study has found that the occurrence of specific injuries varies accord-
ing to the percentage of adult height [15]. Growth-related injuries were 
more frequent in percentages around PHV (91.2%) while muscle and 
joint/ligament injuries were more common in post-PHV [15]. Interest-
ingly, growth-related injuries occurred from distal to proximal body re-
gions, following the pattern of growth and maturation [15]. As a re-
sult, growth-related injuries occurring on distal segments (e.g., Sever´s 
and Osgood-Schlatter´s disease) peaked in pre- and circa-PHV peri-
ods while proximal injuries (e.g., spondylolysis) peaked in post-PHV [15].

To date, only one study has analysed the interaction between 
growth-rate and maturity status upon injury risk. Johnson et al. [11] 
showed that there is an increase in estimated injury likelihood at 
a high growth rate circa-PHV. However, they found an increase in 
estimated injury burden likelihood at a lower growth rate and a high-
er percentage of predicted adult stature (post-PHV). Despite the nov-
el results found by Johnson et al. [11], this study has potential lim-
iting factors. First, the data were recorded over a single season period, 
making it impossible to follow individuals during a sufficient inter-
val of time to model individual growth curves and account for the 
non-linear characteristic of growth [16]. Further, the Khamis-Roche 
equation was used to estimate adult height. If measured accurate-
ly, this equation is reported to predict adult height to within 2.2 and 
5.3 cm for the 50th and 90th percentile, respectively; therefore, the 
use of Khamis-Roche equation might have led some players to be 
misclassified as pre-, circa- or post-PHV due to errors associated 

TABLE 1. Stature, growth velocity, % of observed adult height, injury counts, exposure, incidence rates, mean severity, and injury 
burden according to maturity status.

Maturity 
status

Stature (cm)a
Growth velocity 

(cm/year)a
% of 

observed 
adult heighta

Injury 
count (n)

Exposure 
(hours)

Injury incidence 
(per 

1000 hours)b
Mean time  
loss (days)b

Injury burden 
(per 

1000 hours) b

Pre-PHV 149.7 ± 6.0 5.8 ± 2.5 83.5 ± 2.6 147 51544
2.85

(2.43–3.35)
15.4

(12.6–18.2)
43.9

(37.3–51.6)

Circa-PHV 165.9 ± 6.3 7.7 ± 2.7 92.4 ± 2.4 234 40417
5.79

(5.09–6.58)
23.5

(19.7–27.3)
136.0

(119.6–154.6)

Post-PHV 176.8 ± 5.2 2.0 ± 1.9 98.4 ± 1.1 401 70353
5.70

(5.17–6.29)
26.5

(21.8–31–2)
151.1

(137.0–166.6)

a Anthropometrical variables are shown as mean ± SD.
b Incidence, severity, and injury burden are expressed with 95% confidence intervals
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Height measurement, growth-rate estimation, and maturity sta-
tus assessment
Standing stature was measured by trained doctors at least twice 
annually using a portable stadiometer (Añó Savol, Spain). Participants 
stood barefoot with feet together and their head in the Frankfort 
plane. They were required to take a deep breath and hold their head 
still while measuring. Two of the four doctors worked in the academy 
during the entire study period, thereby reducing chance of bias. The 
intra-rater typical error of measurement for standing stature of these 
two doctors was 0.23 cm while the inter-rater error was 0.29 cm.

Growth rate was calculated as the change in stature over the 
change in time (cm/year). Growth data were smoothed using a Cu-
bic spline. The spline would fit a curve across the whole time peri-
od using the multiple measurement points and subsequently, a growth 
rate and height per day could be estimated from this curve [18]. The 
calculation of the spline allowed an estimate of growth rate for each 
training/match day, which allowed the growth and maturation data 
to match with daily observations of daily training/match exposure.

Growth rate was categorised into three groups: fast (> 7.2 cm/year), 
moderate (7.2–3.5 cm/year) and slow (< 3.5 cm/year), based on 
previous literature [8, 11] and to achieve an approximately equal 
number of observations per group.

The percentage of observed adult height was used as a maturity 
status indicator [4]. A player was considered to have attained final 
height once growth-velocity was < 1 cm/year for one year [4]. The 
observed adult height allowed to calculate percentage of adult height 
using estimated height. Players were classified as: pre-PHV (< 88%), 
circa-PHV (88–95%) or post-PHV (> 95%) [11, 13].

Injury definitions, exposure, and recording procedures
Time-loss injuries were recorded in the club’s online database by 
academy’s doctors when a player was unable to take part in full 
football training or match due to a physical complaint [19]. Absence 
days were calculated as the number of days elapsed between the 
initial injury date and the player’s return to full availability for train-
ing and matches [19].

From the 2007–2008 season onward, injuries were described 
following the International Federation of Association Football (FIFA) 
Consensus [19]. For each injury, the date of injury, injury type, ses-
sion type, contact type and specific mechanism were reported. In 
the previous seasons, specific injury diagnosis and absence days of 
time-loss injuries were recorded. This allowed to categorise type of 
injuries (e.g., muscle injury) recorded before the publication of the 
FIFA Consensus. As the Consensus by Fuller et al. [19] did not ex-
plicitly consider growth-related injuries, the injury surveillance sys-
tem was customised by adding a category for “growth-related inju-
ries”, which were defined as “unique injuries not seen in adults but 
common in skeletally immature athletes (e.g., growth plate fractures, 
apophysitis, apophyseal avulsion fractures, and greenstick frac-
tures)” [20]. Growth-related injuries were classified according to 
physical examination (e.g., pain at insertional points on palpation, 

passive movements and stretches, and active movements including 
resistance testing) and imaging diagnosis (ultrasound and/or mag-
netic resonance imaging). Two of the four doctors worked in the acad-
emy since the start of the study, thereby reducing the chance of bias, 
differences in injury interpretation, and changes in observation meth-
ods between doctors.

Daily exposure in matches and training sessions in available non-
injured players was estimated based on the number and duration of 
matches and trainings, squad size and the number of players on the 
pitch in each category [21]. Players had 3 (U11–U12) or 4 (U13–
Reserves) 90-minutes training sessions per week and played a match 
every weekend. Match length was 70 minutes for U11–U14, 80 min-
utes for U15–U16 and 90 minutes for older age-groups. The num-
ber of players on the pitch was 11 for all categories except for U11–
U12, in which 7 players played in each team.

Data analysis
Injury incidence (number of time-loss injuries/1000 hours) and in-
jury burden (number of days lost/1000 hours) were calculated with 
95% CI assuming a Poisson distribution [22]. Generalized linear 
mixed-effects models (GLMM) were used to compare incidence and 
burden between growth-rate groups (fast vs. moderate vs. slow) in 
each maturity status period (pre-, circa- or post-PHV) using a Poisson 
distribution and log-link function. The predictor variables were mod-
elled as categorical fixed effects and player ID was included as a ran-
dom effect to account for repeated observations. Statistical significance 
was accepted at p < 0.05 for incidences, while significant differ-
ences for injury burden were considered when the 95% confidence 
intervals did not overlap [23]. Bonferroni adjustments were performed 
to control the Type I error rate when making multiple comparisons. 
All analyses were performed using R version 4.1.2 (R Core Team 
2021, R Foundation for Statistical Computing, Vienna, Austria).

RESULTS 
Player demographics, growth, and maturity data according to matu-
rity status are presented in Table 1. There were 782 injuries and 
162,314 hours of total exposure. The mean (SD) exposure for each 
player was 1932.3 ( ± 439.9) hours. The mean (SD) values for the 
percentage of observed adult stature and growth rate were 
92.38 ( ± 6.64) % and 5.57 ( ± 3.35) cm/year, respectively. The 
overall injury incidence rate was 4.82 injuries per 1,000 hours (95% 
CI 4.49–5.17), the mean time-loss of injuries was 23 days (95% CI 
21–26) and injury burden was 113 days absent per 1,000 hours 
(95% CI 105–121). Injury incidence, time-loss, and burden in each 
maturity status period are shown in Table 1.

Overall injury incidence was 1.65- and 2.38-times greater in 
pre-PHV players with fast growth rates (4.1 injuries/1000 h, 95% 
CI: 2.8–5.2/1000 h) compared to players growing moderately (2.6 in-
juries/1000 h, 95% CI: 1.9–3.0/1000 h) and slowly (1.8 injuries/ 
1000 h, 95% CI: 0.8–3.1/1000 h), respectively. Similarly, overall 
injury burden in pre-PHV players growing fast (86 days lost/1000 h, 
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FIG. 1: Overall injury burden (A) and incidence (B) according to growth rate and percentage of observed adult height.



Biology of Sport, Vol. 41 No1, 2024   239

Xabier Monasterio et al. The combined effects of growth and maturity status on injury risk

FIG. 2: Injury burden and incidence of growth-related (A, B), muscle (C, D) and joint/ligament injuries (E, F) according to growth rate 
and percentage of observed adult height.

95% CI: 59–125/1000 h) was 2.9- and 4.4-times higher compared 
to pre-PHV players with moderate (33 days lost/1000 h, 95% CI: 
25–44/1000  h) and slow (20  days lost /1000  h, 95% CI: 
8–46/1000 h) growth rates (Figure 1).

Concerning growth-related injuries, in the pre-PHV period, inci-
dence and burden were 2.5- and 5.4-times higher in players with 
fast growth rates (1.9 injuries/1000 h, 95% CI: 1.2–2.8/1000 h 
and 58 days lost/1000 h, 95% CI: 34–101/1000 h) compared to 
players growing moderately (0.9  injuries/1000  h, 95% CI: 

0.5–1.1/1000 h and 14 days lost/1000 h, 95% CI: 9–23/1000 h). 
In the same line, circa-PHV players growing fast showed 2.8- and 
3.4-times greater injury incidence and burden (2.5 injuries/1000 h, 
95% CI: 1.7–3.2/1000 h and 96 days lost/1000 h, 95% CI: 
68–136/1000 h) compared to players growing moderately (0.9 in-
juries/1000 h, 95% CI: 0.4–1.6/1000 h and 24 days lost/1000 h, 
95% CI: 10–57/1000 h) (Figure 2). In post-PHV, growth-related in-
jury incidence was 2.4-times higher in players growing fast (0.8 in-
juries/1000 h, 95% CI: 0.2–3.4/1000 h) compared to players 
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FIG. 3: Injury burden and incidence of specific growth-related injuries according to growth rate and percentage of observed adult height.

growing slowly (0.3 injuries/1000 h, 95% CI: 0.2–0.5/1000 h) (Fig-
ure 2). Concerning injury risk for specific growth-related injuries, 
pre-PHV players growing fast showed a  4.4-times higher 
Osgood-Schlatter´s disease incidence (0.2 injuries/1000 h, 95% CI: 
0.1–1.2/1000 h) compared to players growing moderately (0.1 in-
juries/1000 h, 95% CI: 0.1–0.3/1000 h) (Figure 3). Moreover, 
post-PHV players growing fast had a higher incidence of anterior in-
ferior iliac apophyseal injuries (0.4  injuries/1000 h, 95% CI: 
0.1–3.9/1000 h) compared to players growing slowly (0.2 inju-
ries/1000 h, 95% CI: 0.1–0.2/1000 h) (RR: 257.9) (Figure 3).

Significant differences for incidence and burden of muscle inju-
ries were not found between any of the growth rates groups in pre-, 
circa- and post-PHV periods. Nevertheless, the incidence and bur-
den of joint/ligament injuries were 2.4 and 2.6-times greater in 
post-PHV players growing slowly (1.7 injuries/1000 h, 95% CI: 
1.3–2.1/1000 h and 62 days lost/1000 h, 95% CI: 47–81/1000 h) 
compared to those growing moderately (0.7 injuries/1000 h, 95% 
CI: 0.4–1.1/1000 h and 24 days lost/1000 h, 95% CI: 12–45/1000 h) 
(Figure 2).
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FIG. 4: Ranking for most burdensome type of injuries according to growth rate and maturity status.

DISCUSSION 
This is the first research studying the main and interactive effects of 
growth rate and maturity status on risk for specific types of injuries 
in academy football. We improved upon the limitations of previous 
research by using longitudinal height data from childhood to adult-
hood to estimate daily growth rate and percentage of observed adult 
height to study how growth rate influences overall and specific inci-
dence and burden in pre-, circa- and post-PHV periods. All in all, 
our results demonstrated that players with higher growth-rates were 
at higher risk for growth-related injuries independently to the so-
matic maturation status. Besides, slow growth rate post-PHV players 
had a higher incidence and burden of joint/ligament injuries.

The major finding of this study is that growth-rate affects overall 
injury risk in pre-PHV period, which highlights the importance of reg-
ular growth monitoring from an early age. Multiple injury mechanisms 
may explain increased injury risk in pre-PHV players with fast growth 
rates. Rapid growth might lead to larger changes to limb length, limb 
mass, and moments of inertia [24], alterations in motor control [5], 
which may adversely impact injury risk. Rapid longitudinal skeletal 
growth is also associated with a temporary decrease in bone mineral 
density and weakness of the epiphyseal growth plates [25], and may 
facilitate the appearance growth-related conditions [26]. Considering 
that the growth-related injuries have the highest incidence [15] and 
burden [17] in pre-PHV period, increased growth-related injury risk 

in players growing fast might have contributed to increased overall in-
jury risk. Another reason that could explain the higher risk in pre-PHV 
players growing fast, might be that pre-PHV players with faster growth-
rates could be earlier maturers [4]. Players maturing earlier usually 
have faster growth rates [4] and might be physically superior to their 
peers [27]. Thus, they may develop a more physical way of playing 
football [28] exposing them to a higher injury risk in pre-PHV [17]. 
Future research should consider maturity timing when studying the 
interaction of growth-rate, maturity, and injury risk.

The results of the current investigation showed a higher incidence 
and burden of growth-related injuries in players with fast growth rates 
compared to those growing moderately in pre- and circa-PHV, and 
a higher incidence in players with moderate growth rates compared 
to those growing slowly in post-PHV. The small number of playing 
growing slowly (< 3.5 cm/year) in pre- and circa-PHV might have 
led to not finding significant differences in those groups. In the same 
line, the lack of players growing fast in post-PHV period may explain 
why significant differences compared to this group were not found; 
however, players growing quick had the highest incidence of growth-
related injuries in this period. The combination of altered sensorim-
otor mechanisms and motor control [5] and vulnerability of apoph-
yses [25] might result in increased injury growth-related injury 
incidence and burden in players growing fast [26], which is in line 
with previous research by Wik et al.  [12]. Besides, it was not 
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mitigate injury risk. Jan Willem Teunnisen, a former movement sci-
entist at Ajax Football Club describes an innovative bio-banding (i.e., 
maturity matching) strategy whereby the player’s entering the ado-
lescent growth spurt were prescribed a training programme that em-
phasised core strength, balance, coordination, the re-training of fun-
damental and sport-specific motor skills, and the maintenance mobility, 
in addition to a reduction in training and competition load [35]. The 
purpose of this programme was to reduce injury risk and aid transi-
tion through this phase of development.

The growth/maturity heat maps also highlight the most burden-
some injuries [36] in each quadrant and may guide practitioners to 
design targeted injury risk reduction strategies. As shown in previous 
research [15, 17], reducing the impact of growth-related injuries 
seems vital in pre- and circa-PHV periods. Further, this research high-
lights the need for special attention to those players growing at veloc-
ities > 7.2 cm/year. Strategies such as controlling week-to-week chang-
es in load [11, 37], changing training content [35] or monitoring 
symptoms of musculoskeletal complaints to detect early growth-re-
lated conditions [38] may be of the utmost importance in those play-
ers. Due to the distal to proximal patterns of growth-related injuries, 
special awareness to symptoms in the ankle/ knee should be taken 
in pre-PHV period, while focussing on complaints on the hip/pelvis 
and lower back is essential in circa- and post-PHV, respectively. On 
the other hand, reducing the impact of spondylolysis, muscle and 
joint/ligament injuries seems vital in post-PHV. For instance, control-
ling training load [37] or neuromuscular training programmes [39] 
might be beneficial to reduce injury risk during this period.

Methodological considerations
The principal strength of this study is its longitudinal design over two 
decades, which allowed to model growth rates and estimate daily 
growth rate and percentage of observed adult height. This research 
has improved on previous data that recorded growth during short 
periods [8–12], not allowing to account for the non-linear charac-
teristic of growth [16]. Besides, this study used percentage of ob-
served adult height as a maturity status indicator, while previous 
studies calculated percentage of predicted adult height [11, 14]. 
Most importantly, this is the first study investigating the interaction 
between growth rate and injury risk (incidence and burden) for spe-
cific types of injuries according to maturity status (pre-, circa- and 
post-PHV).

However, the limitations of the current investigation should also 
be noted. Firstly, we did not account for individual exposure. Thus, 
as suggested by the latest international Olympic Committee consen-
sus statement [21], exposure was estimated based on the number 
and duration of matches and training sessions, squad size and the 
number of players on the pitch in each category. Besides, our find-
ings apply to a single elite soccer academy, and only players who at-
tained adult height were included in the study. Considering that inju-
ries have a negative impact on academy progression [2], players who 
sustained severe injuries may have been missed. Moreover, injury 

surprising to find that faster growth rates lead to higher risk for growth-
related injuries in all pre-, circa- and post-PHV periods, as previous 
research has already shown that these injuries can occur all along 
the maturation process [15, 17]. Interestingly, our results showed 
that growth-rate affected risk for specific types of growth-related in-
juries differently according to maturity status, which is in accordance 
with the distal to proximal pattern of growth-related injuries found 
in previous research [15, 17].

No significant results between incidence and burden of muscle 
injuries were found between growth rate groups (fast vs. moderate 
vs. slow) in pre-, circa- and post-PHV. These results are in line with 
previous research by Wik et al. [12], who only found an association 
between growth and risk of bone and growth-plate injuries. More re-
search is needed to better understand if neuromuscular alterations 
that appear around PHV [29] are related to the higher muscle and 
joint/ligament injury risk in circa- and post-PHV periods [15, 17].

Concerning injury risk for joint/ligament injuries, players growing 
slowly had a higher incidence and burden compared to those with 
fast/moderate growth rates in post-PHV. Our results are in accor-
dance with recent results found by Monasterio et al. [17], who found 
a higher injury burden for joint/ligament injuries in adult players 
(growth rate < 1 cm/year), compared to post-PHV players who may 
have been growing at higher rates. Considering that post-PHV play-
ers growing slow may be more mature (and older) than players grow-
ing fast and moderately, our results might be explained by the accu-
mulation of multiple seasons of training and competition throughout 
their careers [30], with previous injury increasing the risk of subse-
quent injury [31].

Practical application
In light of the results above, we recommend academy practitioners 
to measure players height every 3–4 months [32] to model indi-
vidual growth curves and estimate growth velocities. In order to 
monitor maturity status (percentage of predicted adult height), an 
x-ray of the hand-wrist complex is considered the best method to 
use [4]. However, exposure to low-level radiation, the need for spe-
cialised equipment and trained technicians makes it impractical in 
academies. Thus, other non-invasive and cost-efficient alternatives 
such as the Khamis-Roche method (somatic maturity) [33] or Son-
icBone BAUSPORT system (skeletal maturity via ultrasound) [34] 
could be used to estimate percentage of adult height.

Once estimated each player´s growth rate and maturity status (pre-
, circa-, post-PHV), Figure 4 could be used in a practical setting to 
identify players at higher risk (red colour). This figure will be helpful 
to facilitate the interpretation of our results to key decision-makers in 
football academies (players, coaches, and directors), who may be un-
familiar with scientific figures and data analysis. As a result, it may 
improve communication with key decision-makers and increase their 
engagement in injury management strategies. Practitioners may choose 
the adjust training content and training and competition load during 
periods of heightened injury risk (i.e., adolescent growth spurt) to 
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data was analysed retrospectively and classification by the FIFA Con-
sensus was not considered since the start of the study. Further, there 
were no protocols to check intra- and inter-tester reliability of all the 
doctors that recorded injuries during the whole study period.

Further, many factors such as equipment used to measure height 
or diagnose players’ injuries, preventive strategies and training con-
tent might have changed over the study period and were not con-
trolled for in analyses. Another limitation is that our sample size was 
not large enough to detect association with all specific injuries [40], 
and the limited number of specific injuries resulted in wide confi-
dence intervals for the injury incidence and burden of many injuries. 
Thus, we only studied the most frequent injuries in our dataset. Fu-
ture studies should build on this work by conducting multi-team col-
laborative studies with a sufficiently powered sample size.

CONCLUSIONS 
Our results demonstrated that players with higher growth-rates were 
at higher risk for growth-related injuries in all pre-, circa- and post-PHV 

periods. A higher incidence and burden for joint/ligament injuries in 
players with slow growth rate post-PHV compared to players with 
moderate growth rate was found. Thus, practitioners in football acad-
emies should consider the combined effects of growth rate and ma-
turity status when designing targeted injury risk reduction strategies.

Acknowledgements
This work was supported by the University of the Basque Country 
(UPV/EHU) under grant PPG17/34 and the Basque Government 
under Grants PRE_ 2021_2_0029 and EP_2022_1_0004). These 
organizations have no roles in the collection of data, analysis, inter-
pretation, and publication of the paper.

Conflict of interest declaration
The authors report there are no competing interests to declare.

1. Mandorino M, J. Figueiredo A, Gjaka M, 
et al. Injury incidence and risk factors in 
youth soccer players: a systematic 
literature review. Part I: epidemiological 
analysis. Biol Sport 2023; 40:3–25. 
doi:10.5114/biolsport.2023.109961

2. Larruskain J, Lekue JA, 
Martin-Garetxana I, Barrio I, Mccall A, 
Gil SM. Injuries are negatively associated 
with player progression in an elite football 
academy. Sci Med Footb. 2021; 1–10. 
doi: 10.1080/24733938.2021 
.1943756

3. Maffulli N, Longo UG, Gougoulias N, 
et al. Long-term health outcomes of 
youth sports injuries. Br J Sports Med. 
2010; 44:21–5. doi:10.1136/bjsm 
.2009.069526

4. Malina RM, Bouchard C BOO. Growth, 
maturation, and physical activity. 
Champaign: Human Kinetics; 2004.

5. Quatman-Yates CC, Quatman CE, 
Meszaros AJ, Paterno M v., Hewett TE. 
A systematic review of sensorimotor 
function during adolescence: 
A developmental stage of increased motor 
awkwardness? Br J Sports Med. 2012; 
46(9):649–655. doi: 10.1136/bjsm 
.2010.079616

6. Bergeron MF, Mountjoy M, Armstrong N, 
Chia M, Côté J, Emery CA, 
Faigenbaum A, Hall G, Kriemler S, 
Léglise M, Malina RM, Pensgaard AM, 
Sanchez A, Soligard T, Sundgot-Borgen J, 
van Mechelen W, Weissensteiner JR, 
Engebretsen L. International Olympic 
Committee consensus statement on 
youth athletic development. Br J Sports 
Med. 2015; 49(13):843–851. doi: 
10.1136/bjsports-2015-094962

7. Tears C, Chesterton P, Wijnbergen M. The 
elite player performance plan: the impact 
of a new national youth development 
strategy on injury characteristics in 
a premier league football academy. J Sports 
Sci. 2018; 36(19):2181–2188. doi: 
10.1080/02640414.2018.1443746

8. Kemper GLJ, van der Sluis A, Brink MS, 
Visscher C, Frencken WGP, 
Elferink-Gemser MT. Anthropometric 
Injury Risk Factors in Elite-standard 
Youth Soccer. Int J Sports Med. 2015; 
36(13):1112–1117. doi: 10.1055/s 
-0035-1555778

9. Rommers N, Rössler R, Goossens L, 
Vaeyens R, Lenoir M, Witvrouw E, 
D’Hondt E. Risk of acute and overuse 
injuries in youth elite soccer players: 
Body size and growth matter. J Sci Med 
Sport. 2020; 23(3):246–251. doi: 10 
.1016/j.jsams.2019.10.001

10. Rommers N, Rössler R, Shrier I, 
Lenoir M, Witvrouw E, D’Hondt E, 
Verhagen E. Motor performance is not 
related to injury risk in growing elite-level 
male youth football players. A causal 
inference approach to injury risk 
assessment. J Sci Med Sport. 2021; 
24(9):881–885. doi: 10.1016/j.jsams 
.2021.03.004

11. Johnson DM, Cumming SP, Bradley B, 
Williams S. The influence of exposure, 
growth and maturation on injury risk in 
male academy football players. J Sports 
Sci 2022; 1–10. doi: 10.1080/0264 
0414.2022.2051380

12. Wik EH, Martínez-Silván D, Farooq A, 
Cardinale M, Johnson A, Bahr R. Skeletal 
maturation and growth rates are related 
to bone and growth plate injuries in 

adolescent athletics. Scand J Med Sci 
Sports. 2020; 30(5):894–903. doi: 10. 
1111/sms.13635

13. Malina RM, Cumming SP, Rogol AD, 
Coelho-e-Silva MJ, Figueiredo AJ, 
Konarski JM, Kozieł SM. Bio-Banding in 
Youth Sports: Background, Concept, and 
Application. Sports Med. 2019; 
49(11):1671–1685. doi: 10.1007  
/s40279-019-01166-x

14. Johnson DM, Williams S, Bradley B, 
Sayer S, Murray Fisher J, Cumming S. 
Growing pains: Maturity associated 
variation in injury risk in academy 
football. Eur J Sports Sci. 2020; 
20(4):544–552. doi: 10.1080/1746 
1391.2019.1633416

15. Monasterio X, Gil SM, 
Bidaurrazaga-Letona I, Lekue JA, 
Santisteban J, Diaz-Beitia G, 
Martin-Garetxana I, Bikandi E, 
Larruskain J. Injuries according to the 
percentage of adult height in an elite 
soccer academy. J Sci Med Sport. 2021; 
24(3):218–223. doi: 10.1016/j.jsams 
.2020.08.004

16. Teunissen JW, Rommers N, Pion J, 
Cumming SP, Rössler R, D’Hondt E, 
Lenoir M, Savelsbergh GJP, Malina RM. 
Accuracy of maturity prediction equations 
in individual elite male football players. 
Ann Hum Biol. 2020; 47(4):409–416. 
doi: 10.1080/03014460.2020 
.1783360

17. Monasterio X, Gil SM, 
Bidaurrazaga-Letona I, Lekue JA, 
Santisteban JM, Diaz-Beitia G, Lee DJ, 
Zumeta-Olaskoaga L, Martin-Garetxana I, 
Bikandi E, Larruskain J. The burden of 
injuries according to maturity status and 

REFERENCES 



244

Xabier Monasterio et al. The combined effects of growth and maturity status on injury risk

timing: a two-decade study with 
110 growth curves in an elite football 
academy. Eur J Sport Sci. 2021; 
13:1–11. doi: 10.1080/17461391 
.2021.2006316

18. Boeyer ME, Middleton KM, Duren DL, 
Leary E v. Estimating peak height velocity 
in individuals: a comparison of statistical 
methods. Ann Hum Biol. 2020; 
47(5):434–445. doi: 10.1080/0301 
4460.2020.1763458

19. Fuller CW. Consensus statement on injury 
definitions and data collection procedures 
in studies of football (soccer) injuries. Br 
J Sports Med. 2006; 40(3):193–201. 
doi: 10.1136/bjsm.2005.025270

20. Caine D, Purcell L, Maffulli N. The child 
and adolescent athlete: A review of three 
potentially serious injuries. BMC Sports 
Sci Med Rehabil. 2014; 6:22. doi: 10 
.1186/2052-1847-6-22

21. Bahr R, Clarsen B, Derman W, Dvorak J, 
Emery CA, Finch CF, Hägglund M, 
Junge A, Kemp S, Khan KM, 
Marshall SW, Meeuwisse W, Mountjoy M, 
Orchard JW, Pluim B, Quarrie KL, 
Reider B, Schwellnus M, Soligard T, 
Stokes KA, Timpka T, Verhagen E, 
Bindra A, Budgett R, Engebretsen L, 
Erdener U, Chamari K. International 
Olympic Committee consensus 
statement: Methods for recording and 
reporting of epidemiological data on 
injury and illness in sport 
2020 (including STROBE Extension for 
Sport Injury and Illness Surveillance 
(STROBE-SIIS)). Br J Sports Med. 2020; 
54(7):372–389. doi: 10.1136/bjsports 
-2019-101969

22. Dobson AJ, Kuulasmaa K, Eberle E, 
Scherer J. Confidence intervals for 
weighted sums of Poisson parameters. 
Stat Med. 1991; 10(3):457–462. doi: 
10.1002/sim.4780100317

23. Brooks JHM, Fuller CW, Kemp SPT, 
Reddin DB. Epidemiology of injuries in 
English professional rugby union: Part 
2 training injuries. Br J Sports Med. 2005; 
39(10):767–775. doi: 10.1136/bjsm 
.2005.018135

24. Hawkins D, Metheny J. Overuse injuries 
in youth sports: biomechanical 
considerations. Med Sci Sports Exerc. 
2001; 1701–1707 p.

25. Faulkner RA, Davison KS, Bailey DA, 
Mirwald RL, Baxter-Jones ADG. 
Size-corrected BMD decreases during peak 
linear growth: Implications for fracture 
incidence during adolescence. J Bone 
Miner Res. 2006; 21(12):1864–1870. 
doi: 10.1359/jbmr.060907

26. Rauch F, Bailey DA, Baxter-Jones A, 
Mirwald R, Faulkner R. The “muscle-
bone unit” during the pubertal growth 
spurt. Bone. 2004; 34(5):771–775.  
doi: 10.1016/j.bone.2004.01.022

27. Cumming S, Lloyd R, Oliver J, 
Eisenmann J, Malina R. Bio-banding in 
Sport: Applications to Competition, Talent 
Identification, and Strength and 
Conditioning of Youth Athletes. Strength 
and Conditioning Journal 2017; 
39(2):34–47. doi: 10.1519/SSC 
.0000000000000281

28. Abbott W, Williams S, Brickley G, 
Smeeton NJ. Effects of Bio-Banding upon 
Physical and Technical Performance 
during Soccer Competition: A Preliminary 
Analysis. Sports (Basel) 2019; 7(8):193. 
doi: 10.3390/sports7080193

29. Radnor JM, Oliver JL, Waugh CM, 
Myer GD, Moore IS, Lloyd RS. The 
Influence of Growth and Maturation on 
Stretch-Shortening Cycle Function in 
Youth. Sports Med 2018; 48(1):57–71. 
doi: 10.1007/s40279-017-0785-0

30. Alentorn-Geli E, Myer GD, Silvers HJ, 
Samitier G, Romero D, Lázaro-Haro C, 
Cugat R. Prevention of non-contact 
anterior cruciate ligament injuries in 
soccer players. Part 1: Mechanisms of 
injury and underlying risk factors. Knee 
Surg Sports Traumatol Arthrosc. 2009; 
17(7):705–29. doi: 10.1007/s00167 
-009-0813-1

31. Ekstrand J, Gillquist J. Soccer injuries 
and their mechanisms: a prospective 
study. Med Sci Sports Exerc. 1983; 
15(3):267–70. doi: 10.1249/0000 
5768-198315030-00014

32. Towlson C, Salter J, Ade JD, Enright K, 
Harper LD, Page RM, Malone JJ. 
Maturity-associated considerations for 
training load, injury risk, and physical 
performance within youth soccer: One 
size does not fit all. J Sport Health Sci. 
2021; 10(4):403–412. doi: 10.1016  
/j.jshs.2020.09.003

33. Khamis HJ, Roche AF. Predicting adult 
stature without using skeletal age: the 
Khamis-Roche method. Pediatrics. 
1994; 94:504–507.

34. Ruf L, Cumming S, Härtel S, 
Hecksteden A, Drust B, Meyer T. 
Construct validity of age at predicted 
adult height and BAUS skeletal age to 
assess biological maturity in academy 
soccer. Ann Hum Biol. 2021; 
48(2):101–109. doi: 10.1080/0301 
4460.2021.1913224

35. Wormhoudt R, Savelsbergh GJP, 
Teunissen, JW, Davids K. The Athletic 
Skills Model: Optimizing Talent 
Development Through Movement 
Education. Routledge; 2017. doi: 10 
.4324/9781315201474

36. Bahr R, Clarsen B, Ekstrand J. Why we 
should focus on the burden of injuries 
and illnesses, not just their incidence. 
Br J Sports Med. 2018; 
52(16):1018–1021. doi: 10.1136 
/bjsports-2017-098160

37. Salter J, de Ste Croix MBA, Hughes JD, 
Weston M, Towlson C. Monitoring practices 
of training load and biological maturity in 
uk soccer academies. Int J Sports Physiol 
Perform. 2021; 16(3):395–406. doi: 10 
.1123/ijspp.2019-0624

38. Bahr R. No injuries, but plenty of pain? 
On the methodology for recording overuse 
symptoms in sports. Br J Sports Med. 
2009; 43(13):966–972. doi: 10.1136 
/bjsm.2009.066936 
Read PJ, Oliver JL, de Ste Croix MBA, 
Myer GD, Lloyd RS. Neuromuscular Risk 
Factors for Knee and Ankle Ligament 
Injuries in Male Youth Soccer Players. 
Sports Med. 2016; 46(8):1059–1066. 
doi: 10.1007/s40279-016-0479-z

39. Read PJ, Oliver JL, de Ste Croix MBA, 
Myer GD, Lloyd RS. Neuromuscular Risk 
Factors for Knee and Ankle Ligament 
Injuries in Male Youth Soccer Players. 
Sports Med. 2016;46(8):1059–1066. 
doi: 10.1007/s40279-016-0479-z

40. Bahr R. Risk factors for sports injuries-a 
methodological approach. Br J Sports 
Med. 2003;37(5):384-392. 
doi:10.1136/bjsm.37.5.384

Articles published in the Biology of Sport are licensed under an open access Creative Commons CC BY 4.0 license.


