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ABSTRACT

Objective To describe the evidence pertaining to
associations between growth, maturation and injury in
elite youth athletes.

Design Scoping review.

Data sources Electronic databases (SPORTDiscus,
Embase, PubMed, MEDLINE and Web of Science)
searched on 30 May 2023.

Eligibility criteria Original studies published

since 2000 using quantitative or qualitative designs
investigating associations between growth, maturation
and injury in elite youth athletes.

Results From an initial 518 titles, 36 full-text articles
were evaluated, of which 30 were eligible for final
inclusion. Most studies were quantitative and employed
prospective designs. Significant heterogeneity was
evident across samples and in the operationalisation
and measurement of growth, maturation and injury.
Injury incidence and burden generally increased with
maturity status, although growth-related injuries peaked
during the adolescent growth spurt. More rapid growth
in stature and of the lower limbs was associated with
greater injury incidence and burden. While maturity
timing did not show a clear or consistent association
with injury, it may contribute to risk and burden due to
variations in maturity status.

Conclusion Evidence suggests that the processes of
growth and maturation contribute to injury risk and
burden in elite youth athletes, although the nature of
the association varies with injury type. More research
investigating the main and interactive effects on growth
and maturation on injury is warranted, especially in
female athletes and across a greater diversity of sports.

INTRODUCTION

The relationship between growth, maturation and
injury risk in youth athletes is a topic of increasing
interest in sports medicine, with a particular focus on
the adolescent growth spurt’. Initiated by changes in
the endocrine system, adolescence is the transitional
phase between childhood and adulthood, during
which the body undergoes rapid changes in size,
shape and composition.” It also involves transfor-
mation of the circulatory, respiratory and metabolic
systems, resulting in substantial changes in athletic
and functional capacity.® Although the processes of
growth and maturation have been proposed as risk
factors for injury in young athletes, the evidence
to support this contention is limited.* Limitations
within the research are, however, noted, including
heterogeneity across samples, research designs and
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WHAT IS ALREADY KNOWN ON THIS TOPIC

= Growth and maturation during adolescence
have been identified as risk factors for potential
injury in young athletes.

WHAT THIS STUDY ADDS

= This review identified 30 contemporary studies.
Injury incidence and burden appear most closely
related to maturity status and tempo of growth,
with growth-related injuries peaking during
the adolescent growth spurt. Practitioners are
advised to consider measures of growth and
maturation alongside clinical and field-based
measurements.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= Several methodological limitations and
inconsistencies exist in the current evidence.
Greater consistency and agreement on
measurement practices could benefit future
research quality, with the inclusion of female
and non-football populations to address large
gaps in the literature.

analytical methods, poor reporting quality and high
loss to follow-up.*

Associating growth and maturation with injury in
youth athletes is a logical premise.’ Physeal injuries
are a unique consideration for those working with
youth populations.® Rapid asynchronous growth
in skeletal, muscular and ligamentous structures
creates increased ligament stress transfer through
relatively weaker physeal plates and bone layers,
increasing risk for such injuries. Age-related changes
in bone mineral density, imbalances between flexi-
bility and strength and alterations in joint stiffness
further contribute towards an increased suscepti-
bility to fractures at the growth plate and apoph-
yses.” 7 Apophyseal and physeal injuries also follow
a distal-to-proximal® gradient, consistent with the
sequential and asynchronous nature of adoles-
cent growth.®? For example, Sever’s disease at the
posterior calcaneus tends to present in advance of
Osgood-Schlatter’s or Sinding-Larsen at the knee,
which, in turn, present in advance of apophyseal
injuries at the sites of the iliac crest and ischial
tuberosity of the hip. Apophyseal injuries are
attributed to the softening or malformation of the
articular cartilage, the latter of which is associated
with more rapid growth during adolescence.” From

BM) Group

Parry GN, et al. Br J Sports Med 2024;58:1001-1010. doi: 10.1136/bjsports-2024-108233 =

1001

BASem


http://www.basem.co.uk/
http://bjsm.bmj.com/
http://orcid.org/0000-0002-1915-9324
http://orcid.org/0000-0003-1460-0085
http://orcid.org/0000-0003-1377-0234
https://doi.org/10.1136/bjsports-2024-108233
https://doi.org/10.1136/bjsports-2024-108233
https://doi.org/10.1136/bjsports-2024-108233
http://crossmark.crossref.org/dialog/?doi=10.1136/bjsports-2024-108233&domain=pdf&date_stamp=2024-09-03

Systematic review

a perceptual-motor perspective, rapid and asynchronous changes
in skeletal, muscular and ligamentous structures, coupled with
developmental changes in neurocognitive processing, have also
been linked to temporary disruptions in mobility and motor-
coordination, which may further increase injury risk.’

The introduction of injury surveillance and growth and matu-
ration profiling systems in many elite performance pathways
(eg, national athlete development programmes, professional
sport academies) has afforded a more systematic and rigorous
approach to monitoring physical development and health in
young athletes.'’ Implemented in parallel and delivered by
trained professionals and clinicians, these organised strategies
have enabled the capture of high-quality longitudinal data in
young athletes, stimulating further research related to growth,
maturation and injury. Characterised by early specialisation and
maintained elevated levels of training and competition, elite
performance pathways may also provide a more conducive envi-
ronment from which to observe and investigate associations
between physical development and injury in youth.! Considering
these advances, this scoping review endeavours to synthesise
and expand on a previous systematic review,® with the aim of
providing clinicians, researchers and other stakeholders with a
description of contemporary research related to growth, matu-
ration and injury in youth athletes engaged in current elite sports
pathways, with a particular emphasis on the operationalisation
of growth and maturation, methodological quality and assess-
ment, sample populations, emerging evidence, knowledge gaps
and limitations within the extant literature.

METHODS

Equality diversity and inclusion statement

The author and article screening teams were gender-balanced
and included senior and junior academic staff from multiple
disciplines and professions. Articles were restricted to those
published in English but were not excluded based on country of
origin. Gender equity in the study of physical development and
injury in young athletes is addressed in the discussion.

Information sources and search strategy

This review was commissioned by the International Olympic
Committee to describe the extent, type and quality of contempo-
rary research and evidence pertaining to growth, maturation and
injury in ‘elite youth athletes’, contributing towards a consensus
statement on the health, safety and sustainability of young
athletes competing at the Olympic games. A definition of ‘elite
youth athletes’ as ‘highly trained and invested youth athletes
routinely participating at national level (Tier 3) to world-class
(Tier 5) athletic competitions’ was established in advance of the
review'' % and extended to include dancers enrolled in profes-
sional dance schools.

The search was conducted, in general, adhering to Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) Extension for Scoping Reviews, PRISMA-ScR (online
supplemental figure S1). All 20+2 PRISMA-ScR reporting
items were met, except for protocol registration. Five data-
bases (SPORTDiscus, Embase, PubMed, MEDLINE and Web of
Science) were searched for relevant articles. As the review aimed
to inform a contemporary consensus statement regarding the
health and well-being of elite young athletes, the article search
was restricted to peer-reviewed publications written in English
from 1 January 2000 to 30 May 2023. A series of unique search
terms were employed to identify relevant articles. The Boolean
Operators “OR” and “AND” were used to broaden the search

results, define the population of interest (ie, elite youth athletes),
limit the intended outcomes of our search (ie, injury) and link
the search terms. An asterisk (*) was applied to some keywords
to search the database for all endings of the word or phrase
(eg, matur®). The final search strategy being: (1) “elite” AND
“youth” AND “athlete”, (2) AND “growth” OR “matur*” OR
“pubert*”; (3) AND “Injur*” OR “medial epicondyle apoph-
ysitis” OR “Proximal Humeral Epiphysitis” OR “stress fracture”
OR “growth plate fracture” OR “Pars” OR “Femoroacetabular
impingement” OR “apophysitis” OR “Sever’s” OR “Osgood”
OR “osteochondrosis” OR  “osteochondritis dissecans” OR
“spondylolysis”.

Eligibility criteria and description of eligible studies

Inclusion criteria were articles based on primary research, using
original data and related to elite youth athletes. To meet the defi-
nition of ‘elite’ and be included in the review, the samples within
each study had to be described in a manner that aligned with the
criteria for routine participation in national (Tier 3) to world-
class (Tier 5) competition.'* For example, athletes who were
members of professional sports academies or national develop-
ment programmes were considered to have met these criteria.
Studies using quantitative designs had to include measures of
injury and growth and/or maturation. Qualitative studies inves-
tigating associations between growth, maturation and injury in
elite youth athletes were eligible for inclusion. Review articles
and case studies were excluded. Two independent reviewers
(GNP, SC) completed the review process in May 2023. Each
reviewer screened the articles, first at the level of title and
abstract and then at the level of full text, to judge if the eligibility
criteria were met. Disagreements were resolved through discus-
sion and final consensus.

Data synthesis

To ensure consistency in the operationalisation of growth and
maturation, the following definitions were adopted.> Growth
was defined as rate of change in size of the body, its parts, or
the proportions of various parts (eg, cm per annum, kg per
annum). Maturation refers to the processes of progress towards
the mature state occurring in multiple biological systems (eg,
endocrine, sexual, skeletal and somatic) and was defined in
terms of status, tempo and timing. Status denoted the stage of
maturation attained at a specific time point, (eg, pre-peak height
velocity (PHV), circa-PHYV, post-PHV) whereas tempo described
the rate at which maturation occurs. Timing was defined as the
age at which maturational events (eg, PHV) occurred and/or the
degree to which an athlete was advanced, on-time or delayed
in maturation relative to age-specific and sex-specific standards.
The data extracted from the eligible studies were summarised
descriptively (online supplemental table S1) and appraised with
respect to methodological quality.

RESULTS

Study selection

The initial search retrieved 871 citations of which 518 remained
after removing duplicates. Full texts of 37 articles were reviewed
to determine eligibility, 30 of which were eligible for final inclu-
sion. The eligible articles included 28 quantitative and 2 qualita-
tive studies (figure 1).

Data collection and risk of bias assessment/analysis of quality
Descriptive data were extracted from eligible studies, comprising
study design, population, measures and operationalisation of
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References removed based on duplication
(n=352)
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Studies screened on title and abstract review
(n=519)

—>{ exclusion criteria (n = 482)

Studies excluded based on inclusion and

Studies sought for retrieval (n = 37)

3 Studies not retrieved (n = 0)

Screening

Full Text Studies assessed for eligibility (n = 37)

\4

Studies included in review (n = 30)

Studies excluded based on full text review
(n=7)

not English (n =1)

Wrong outcomes (n = 1)

Adult population (n = 1)

Unclear analysis (n = 2)

Wrong study design (n = 1)

Wrong patient population (n = 1)

Figure 1 Study selection process based on inclusion and exclusion criteria.

growth and maturation, and injury definition and outcomes (eg,
incidence, burden) (online supplemental table S1). The meth-
odological quality of the quantitative studies (n=28), as judged
on the Downs and Black Scale," ranged from 7 to 19 out of
32 points (online supplemental table S2). The Downs and Black
Scale is a 28-item checklist used to assess the methodological
quality of both randomised and non-randomised studies, evalu-
ating factors such as reporting, external validity, internal validity
(bias and confounding) and statistical power. The median quality
score of these articles was low (14/32), attributable to study
design and the absence of explicit explanations regarding vari-
ables of interest and consideration of confounding factors. While
some articles included large samples, the distribution of partic-
ipants by maturity status and/or timing categories was typically
non-normal, resulting in inadequate statistical power in several
studies. Most studies focused on soccer (n=19) and were exclu-
sive to male participants (n=24). Only four quantitative studies

included male and female athletes, and none considered female-
only cohorts. The two qualitative papers appraised using the
Joanna Briggs Institute (JBI) critical appraisal checklist for qual-
itative research!* > both met 8 out of the 10 criteria, with each
noting a failure to consider potential researcher influence on the
study findings as a limitation. A breakdown of the individual
item scores for each article using the Downs and Black and JBI
checklists is available in online supplemental file 2.

Maturity status and injury

17 quantitative studies® 1*>! adopting prospective designs and
two qualitative studies®® ¥ investigated associations between
maturity status and injury (table 1). 16 of the quantitative
studies® 2% 223! employed non-invasive estimates of somatic
maturation with estimated age at PHV (EA PHV) (n=11) and
percentage of predicted (%PAH) or attained adult height (%
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Table 1 Associations between maturational status and injury for all eligible studies

Paper Sport Maturity status Criteria Findings

Bult et al'® Soccer EA PHV (MO) Pre-PHV 1 (>12 months pre-PHV) 1 injury incidence and burden in post-PHV 4+5
Pre-PHV 2 (612 months pre-PHV) | injury incidence burden in pre-PHV 1
Pre-PHV 3 (<6 months pre-PHV) | injury burden in pre-PHV 2
Post-PHV 4 (<3 months post-PHV)
Post-PHV 5 (3—6 months post-PHV)
Post-PHV 6 (>6 months post PHV)

Fawcett et af*? Gymnastics Perceived maturational status ~ NA 1 risk for injury and lower back pain circa-PHV
especially, when combined with excessive training load

Hall et al (2022) Soccer EA PHV (MO) Pre-PHV (<-1.0) | incidence of overall, non-contact, soft-tissue, muscle,

Circa-PHV (=0.5 t0 0.5) non-contact soft tissue and thigh injuries in pre-PHV
Post-PHV (>1.0) vs post-PHV
| incidence of non-contact, soft-tissue, muscle and
thigh injuries in circa-PHV vs post-PHV
1 incidence of growth-related injuries in pre-PHV and
circa-PHV vs post-PHV
1 prevalence of overall and non-contact soft-tissue in
post-PHV vs pre-PHV
1 prevalence of non-contact, soft-tissue, muscle, thigh
injuries in post-PHV vs pre-PHV and circa-PHV
| prevalence of growth-related injuries in post-PHV vs
pre-PHV and circa-PHV
1 injury burden in players recording at least one soft-
tissue injury in post-PHV vs pre-PHV

Horobeanu et a/"® Squash EA PHV (MO) Pre-PHV (<—1.0) No statistically significant difference in the proportion

Circa-PHV (-1.0 to 1.0) of osteochondrosis growth related injuries occurred
Post-PHV (>1.0) circa-PHV (56%) vs pre-PHV (21%) and post-PHV
(23%)

Johnson et al"® Soccer %PAH (KR) NA Non-linear association (inv.-U) between maturity status
and incidence and burden for non-contact injuries with
peaks at 92%-95% PAH, respectively

Johnson et a/*° Soccer %PAH (KR) Pre-PHV (<88% PAH) 1 incidence and burden of non-contact injuries in circa-

Circa-PHV (88%—95% PAH) PHV vs pre-PHV
Post-PHV (>95% PAH)
Monaco et a/*' Handball Physician assessed testicular Immature—4-14 cm testicular 1 incidence of apophysitis in immature vs mature
volume volume
Mature—=15 cm testicular volume
Monasterio et al® Soccer %AAH Pre-PHV <88% AAH 1 prevalence of growth-related injuries circa-PHV vs
Circa-PHV 88-96%AAH pre-PHV and post-PHV
Post-PHV >96% AAH Prevalence of growth-related injuries followed a distal-
to-proximal gradient consistent with asynchronous and
sequential growth of human skeleton.
1 prevalence of muscle, groin pain, knee joint/ligament,
ankle joint/ligament in post-PHV vs pre-PHV and circa-
PHV
Monasterio et al? Soccer EA PHV (SITAR) Pre-PHV (>6 months before PHV) 1 burden of overall, growth-related, AllS
Circa-PHV (+6 months from PHV) osteochondrosis, muscle, hamstring injuries in circa-
Post-PHV (>6 months after PHV until  PHV vs pre-PHV
growth velocity was <1 cm/year) 1 burden of overall, muscle, hamstring, quadricep, joint/
ligament, knee, meniscal ankle, lateral sprain | burden
Sever's, Osgood-Schlatter's in post-PHV vs pre-PHV
1 burden of Sever’s, 0sgood-Schlatter’s, AllS
osteochondrosis
| burden of muscle, knee, meniscal ankle, lateral sprain
in circa-PHV vs post-PHV

Monasterio et al> Soccer EA PHV (SITAR) Circa-PHV (+6 months from PHV) 1 burden of overall injuries players that experience fast

Post-PHV (>6 months from PHV and  vs average or slow growth in stature circa-PHV, but not

until growth velocities were <1cm/  post-PHV

year) 1 burden of growth-related injuries for players
experiences fast vs slow growth in stature circa-PHV
but not post-PHV

Patel et al** Trampolining %PAH (KR) NA Non-linear association (inv. U) between maturity status

gymnastics and injury probability with peak at 90% PAH

Patel et al® Gymnastics Perceived maturational status NA 1 incidence growth-related, bone, lower extremity, back
injuries and stress fractures of the back/wrist circa-PHV

Continued
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Table 1 Continued
Paper Sport Maturity status Criteria Findings
Rinaldo et al® Soccer EA PHV (MO) Decimal age (DA)-EA PHV >—1 1 probability of injury with 1 DA-EA PHV
» -2 years<DAEA PHV<-1year 1 frequency of injury in athletes >—1 DA-EA PHV
» -3 years<DAEA PHV<-2 years
DA-EA PHV <-3 years
Read et al’® Soccer EA PHV (MO) NA 1 probability of lower-limb injuries in U13-14 players
more years (-0.7 vs —0.4) from PHV
Rudavsky et al! Dance—Ballet EA PHV (MO) Pre-PHV (>0 years to PHV) No difference in years to or from PHV in dancers did or
Post-PHV (>0 years from PHV) did not develop proximal patellar tendon pathology
Steidl-Muller”’ et al Alpine skiing EA PHV (MO) NA 1 probability of injury (traumatic and overuse) with
greater years to EA PHV
Van der Sluis et al*® Soccer EA PHV (MO) Pre-PHV (>6 months to PHV) 1 incidence of traumatic injuries in circa-PHV and post-
PHV (<6 months and <6 months from PHV vs pre-PHV
PHV)
Post-PHV (>6 months from PHV)
Van der Sluis et al”® Soccer EA PHV (MO) Pre-PHV (>6 months to PHV) 1 incidence of traumatic injuries from pre-PHV to post-
PHV (<6 months and <6 months from PHV then | from PHV to post-PHV in earlier and later
PHV) maturing players
Post-PHV (>6 months from PHV) 1 incidence of overuse injuries from pre-PHV to post-
PHV then 1 from PHV to post-PHV in earlier, but not
later, maturing players
Wik et a** Track and Field SA (Fels) NA | incidence of growth plate injuries with 1 skeletal age

and %PAH

%AAH, percentage of attained adult height; EA PHV, estimated age at peak height velocity; KR, Khamis-Roche method; MO, maturity offset; %PAH, percentage of predicted adult

height; SA, skeletal age; SITAR, super-imposition by translation and rotation.

AAH) (n=5) the most common methods. One study used an esti-
mate of sexual maturation to classify youth handball players as
mature or immature. Wik and colleagues®® employed estimates
of both skeletal and somatic maturation in study of maturation
and injury in male track and field athletes. Most studies catego-
rised athletes into groups based on maturity status, however, five
studies treated maturation as a continuous variable,? ** 26 27 30
Samples sizes varied from n=21**to n=502."" The method-
ological quality of the quantitative studies ranged from poor®’
to fair.* Two qualitative studies®® > investigated coaches’ and
practitioners’ perceptions of how maturational status was related
to injury risk in male and female gymnasts. Both of these studies
achieved JBI scores of 8 out of 10, indicating a high quality of
qualitative research.

The maturational stage associated with the adolescent growth
spurt (ie, circa-PHV) appears to yield the greatest increase in
injury incidence per 1000 hours, in papers reporting competition,
training and overall time loss. When broad definitions of injury
were observed, circa-PHV status was associated with greater
incidences of overall,” non-contact' ** and traumatic®® ** inju-
ries in academy soccer, and higher incidences of all-complaint
injuries in both male and female elite youth gymnasts with the
peak approximating 90% PAH.** While the evidence suggests
a general trend towards increased injury incidence and burden
with advancing maturation,'® '’ ?! the nature of reported associ-
ations varied relative to injury type.®'” Circa-PHV and pre-PHV
status were associated with a higher incidence or prevalence of
injuries classified as growth-related in track and field,** hand-
ball*! and soccer,® ' but not squash.'® Both qualitative studies
also identified the growth spurt as a maturational stage where
incidence and burden for growth-related and lower back inju-
ries was greater.’>>* Moreover, growth-related injuries followed
a distal-to-proximal gradient aligned with the sequential and
asynchronous nature of adolescent growth.® Specifically, these
injuries tended to present first in the more distal segments of the
lower limbs, before presenting in the more proximal segments of
the lower extremities, and finally the trunk and pelvis. Consistent

with this pattern, a higher probability for non-contact lower
extremity injuries was observed in U13-14 soccer players during
the earlier phases of the adolescent growth spurt.”® A greater
number of years to EA PHV was, however, associated with an
increased probability for traumatic and overuse injuries in male
and female alpine skiers.”” Mature athletes, or those advanced
in maturity status (post-PHV), exhibited the lowest incidence
and burden of growth-related injuries,® % ** yet evidenced a
higher incidence and burden for muscular, cartilaginous and
ligamentous injuries in soccer,® * but not in handball where
these injuries were higher in immature athletes.”’ Maturity status
was unrelated to patellar tendinopathy in male and female ballet
dancers.*!

Associations between advancing maturity status and injury
burden were observed in several studies. As with injury inci-
dence, associations with burden varied by time-loss definitions
and injury type. Six studies in soccer'® '7 1?20 22 2 that used
various definitions of time loss reported an increase in injury
burden with advancing maturity, with one study documenting
peak burden for non-contact injuries at 95% PAH."” There were
notably higher burdens of growth-related injuries in athletes
during the pre and circa-PHV stages in soccer.'” ** % The
post-PHYV stage is associated with a reduced burden for growth-
related injury burden,'” ** but an increase in burden for non-
contact' and muscle and joint-related injury,?* although these
findings are currently limited to male soccer players.

Maturity timing and injury

10 quantitative studies™ ** ** **! using prospective designs
(table 2) investigated associations between maturity timing and
injury. Six studies employed estimates of somatic maturation
with EA PHV (n=4)* *** and %PAH*" ¥ (n=2) the preferred
methods. There was substantial heterogeneity in the criteria
used to define early maturation, on-time maturation and late
maturation across methods. Four studies® ¢ *® ** employed
estimates of skeletal age via hand-wrist radiographs. To define
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Table 2 Associations between maturational timing and injury for all relevant selected studies

Study Sport Maturity Timing criteria Injury outcome Early © On-time © Late ¥
Fourchet et a/*' Athletics EAPHV (MO) EAPHV <13.2or Incidence = = 19F Foot, ankle, lower leg
>15.2
Johnson et al*® Soccer SA (Fels) SA-CA +1.0 years Incidence - - -
Johnson et a/* Soccer %PAH Z-Score +0.5 Incidence - - -
(KR)
Le Gall et al*® Soccer SA (GP) SA-CA +1.0years Incidence 1* Moderate Inc. 1t Moderate Inc. 1£ Major Inc.
1 Tendinopathies 1+ Groin 1E Osteochondrosis
1t Groin 1 Tendinopathies 1E0 Osteochondral
119 Groin strains 1 Osteochondrosis disorder knee*
19 Re-injuries
Light et a/ (2021) ~ Soccer KR %PAH Z-Score +1.0 Frequency = = =
Materne et al*® Soccer SA (Fels) SA-CA £1.0years Incidence 1° Overall 1 Other bone injury 1 Other bone injury
1 Sprain/ligament 1E AlIS avulsion 1£9 Tendinopathy
1° Functional muscle  1£ Osgood-Schlatter 1EThigh
disorder disease 1£ 0sgood-Schlatter
1° Head/face 1£ Knee apophyseal disease
1% Sever disease 1E Knee apophyseal
Monasterio etal®  Soccer SA (TW2-RUS) SA-CA +0.5 years Burden 1+ Overall 1 Joint/ligament -
110 Muscle
1° Hamstring
1% Joint/ligament
1+ Ankle
Monasterio et al>  Soccer EA PHV (SITAR) APHV <12.80r Burden - TL 0 Overall -
>13.8 1 Growth-related
L AlIS
1 Knee injuries
Muller et a/*® Skiing EAPHV (MO) & EAPHV <13.20r  Frequency - - -
>14.2
Q EAPHV <11.50r
>12.5
Van der Sluis et Soccer EAPHV (MO) EAPHV< or =13.92 Incidence - NA 1E Overuse

aIZS

*Finding confirmed with co-author after discrepancy in published result noted.

EAPHYV, estimated age at peak height velocity; GP, Greulich-Pyle; KR, Khamis-Roche method; MO, maturity offset; %PAH, percentage of predicted adult height; SA, skeletal age;

SITAR, super-imposition by translation and rotation; TW2, Tanner-Whitehouse 2nd method.

early maturation, on-time maturation and late maturation, three
studies™ *¢ *® used the traditional criterion of +1 years SA-CA
(skeletal age-chronological age); whereas one study used *0.5
years SA-CA.*” Nine studies?® > ** 37 *! included male athletes
and one study included males and females.*® Eight of the studies
involved soccer,?**2° 339 with single studies in track and field*!
and alpine skiing.*® Sample sizes ranged n=26"to n=233.% The
methodological quality of the studies was generally low, ranging
from poor® to fair.*’

Associations between the timing of maturity and injury were
observed across several,?? 2% 3¢ 38 3% byt not all?® ¥ 37 studies of
male soccer players. The nature and direction of these asso-
ciations did, however, vary depending on injury type and the
age range of the sample. A closer inspection of the findings
suggested that the impact of maturity status was more important
than the timing of maturity itself when investigating injury
susceptibility in young athletes. Consistent with this hypoth-
esis, U14 and U13-U19 players categorised as early-maturing
presented a higher incidence of injuries associated with more
advanced stages of maturation, including reinjury, injury to liga-
ments, tendons and muscles and injuries to the groin, head or
face, and overall injuries.’® *® Early-maturing U14 players also
reported higher burdens for time loss, muscle, hamstring and
joint/ligament-related injuries.*” In contrast, players categorised
as ‘on-time’, presented higher incidence rates for injuries associ-
ated with the early-to-mid stages of adolescence, including lower
limb apophyseal injuries, anterior inferior iliac spine avulsions,

Osgood-Schlatter’s, Sever’s and knee-related injuries in on-time
than early maturing.’®** In comparison to late-maturing players,
on-time U14 players presented higher rates of incidence for,
groin injuries, tendinopathies and moderate injuries,’® and
higher burdens for joint/ligament, knee, anterior inferior iliac
spine, growth-related and time-loss injuries.” ¥ Late-maturing
players presented higher incidence rates for osteochondrosis,
thigh, growth-related and major injuries than early-maturing
players, and a higher incidence of tendinopathies and osteochon-
dral disorder of the knee than early and on-time players.*® *®
Late-maturing track and field athletes also presented a higher
incidence for foot, ankle and lower limb injuries compared with
their peers.*' Despite late-maturing alpine skiers presenting
a higher prevalence of traumatic and overuse injuries, respec-
tively, these values did not differ statistically from early-maturing
skiers.*?

Growth and maturity tempo and injury

Nine quantitative studies'” 2 % 27 3* #2%5 adopting prospective
designs (table 3) and two qualitative studies®® ** investigated
associations between rate of growth and/or maturation and
injury. Rate of change in stature (n=9) and leg length (n=35)
were the most frequent growth measures. Four studies assessed
growth tempo in body mass and mass-for-stature. Singular
studies considered growth of the foot,* torso® and tempo
of skeletal maturation.>® Six studies” % % *=* involved male
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Table 3  Associations between growth and maturation indices and injury for all relevant selected studies

Study Sport Growth indices Injury Result
Bowerman et a/*? Dance Foot-length Probability 1 Right Foot: 1 lower extremity overuse Injury
Johnson et a/*® Soccer Height Incidence 1 Height: 1 non-contact injury incidence
Leg-length Burden 1 Height: Non-linear association with non-contact injury burden
1 Leg length: Non-linear association with non-contact injury burden
Kemper et a/*® Soccer Height Probability 1 Height: 1 Probability of injury
BMI 1 BMI: 1 Probability of injury
Monasterio et al?? Soccer Height Burden 1 Height: 1 overall, growth and knee injuries
Rinaldo et al™ Soccer Height Injured vs non-injured 1 Height in injured players
Mass 1 Mass in injured players
Leg-length 1 Mass in players with overuse injuries
BMI
Rommers et a/** Soccer Height Probability 1 Height in U10-12's with overuse injuries
Mass Injured vs non-injured 1 Leg length in U10-12's with overuse injuries
Leg-length | Height in U13-15's with acute injuries
| Leg length in U13-15's with acute injuries
1Leg length: 1Probability for overuse injuries in U10-12's
| Height: 1 Probability for acute injuries in U13-15's
Rommers et al*® Soccer Height Probability 1 Height: 1 Probability of overall injury
Steidl-Muller et al *’ Alpine skiing Height Injured vs Non-injured | Height in injured skiers
Mass 1 Leg length in injured skiers
Leg-length
BMI
Wik et af** Track and field Height Probability 1 Height: 1 Probability of bone and growth plate injuries
Trunk 1 Leg length: 1 Probability of overall, bone and growth plate injuries
Leg-length 1 Skeletal age: 1 Probability of bone injuries
Mass
BMI

Skeletal age (Fels)
BMI, body mass index.

soccer players with the remaining studies involving male track
and field athletes,>* and dancers* and alpine skiers®” of both
sexes. Samples sizes ranged from n=46**to n=378.* The meth-
odological quality of the studies was generally low, ranging from
poor® to fair.>* ¥

More rapid gains in stature were associated with a higher
incidence and/or probability of overall,” *** non-contact' and
overuse™ injuries in male academy soccer players, and bone and
growth plate injuries in male track and field athletes.** Greater
growth in stature was, however, associated with a reduced prob-
ability for acute injuries in U13-15 academy soccer players** and
overall injuries in male and female alpine skiers.”” More rapid
gains in stature during PHV was associated with a higher burden
for overall, knee and growth-related injuries, but not muscle,
joint/ligament, knee or ankle injuries in U14 academy soccer
players.”? A non-linear (inverted-U) association between growth
in stature and burden for non-contact injuries was reported in
U13-U16 male soccer players, with peak estimated injury burden
occurring at 4.17 cm per year."” More rapid growth of the lower
limbs was associated with a higher probability for overall inju-
ries in alpine skiing?” and track and field,>* overuse** injuries in
soccer, and bone and growth plate in track and field.** As with
stature, a non-linear association was observed between growth
rate of the lower limbs with peak estimated injury burden occur-
ring at a growth rate of 5.27 cm per year."”

Rate of growth in body mass did not differentiate between
injured and non-injured alpine skiers®’ and was not associ-
ated with injury probability in track and field athletes®® and
U10-15 soccer players.** Greater seasonal gains in body mass
were observed in injured vs non-injured Italian soccer players;
however, growth in mass did not emerge as a predictor of
injury in a subsequent regression model.”’ With respect to

mass-for-stature, more rapid gains in body mass index (BMI)
were observed between injured vs non-injured Dutch soccer
players,* but not their Italian counterparts.”> Rate of change in
BMI was unrelated to overall injury risk injury in alpine skiing?’
and overall, gradual and sudden-onset, bone and growth plate
injuries in track and field.**

In both qualitative studies, more rapid gains in stature and
mass were perceived as risk factors for injury in young gymnasts,
with specific reference to stress fractures, growth-related,
shoulder and lower back injuries. The risk was also perceived
to be higher when accompanied with high or sudden spikes in
training and competition loads, and restricted eating.

Trunk growth was unrelated to probability for overall, gradual
onset, sudden onset, bone or growth plate-related injuries in
track and field athletes.>* More rapid growth of the foot was,
however, associated with a higher risk for lumbar and lower
extremity injury risk in male and female dancers.** Finally, more
rapid changes in skeletal maturation were associated with an
increased risk of bone injuries in a track and field athletes, yet
was unrelated to risk of gradual-onset and sudden-onset, growth
plate and overall injuries.**

3233

DISCUSSION

This review described contemporary research and emerging
evidence related to growth, maturation and injury in youth
athletes engaged in elite performance pathways. A total of 30
articles were deemed eligible for inclusion in this review with the
majority involving male soccer players. The disparity between
sports reflects the popularity of soccer, as a sport, and the signif-
icant investment by professional clubs and national governing
bodies in the monitoring of physical development and health of
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young players.'® Implemented in parallel, injury surveillance and
growth and maturity profiling systems have enabled researchers
to collect high-quality longitudinal data, consider the implica-
tions of growth and maturation across diverse injury types and
perform more sophisticated methods of analysis. Those investi-
gating the associations between growth, maturation and injury
in young athletes should look to soccer for examples of good
practice (see Monasterio,® 22 2 3 Rommers,** ** Materne®® and
Hall'”), such as the aggregation of data across age groups, clubs
and/or multiple seasons and consideration of different injury
types and interactional effects. Wik’s investigation of both matu-
rity status and tempo as risk factors across multiple injury types
in track and field also serves as a good example of innovative
practice within this field.**

The lack of studies involving and/or exclusive to female
athletes is a particular concern. The eligible studies that consid-
ered physical development and injury in female athletes all had
comparatively small sample sizes and, thus, it is difficult to draw
firm conclusions from the evidence. Injury research related to
male athletes does not always generalise to female athletes.*
The sex differences in human anatomy and physiology that
emerge during puberty may predispose male and female athletes
to variable levels of injury risk.” Whereas some studies have
found female athletes to be at greater or reduced risk for certain
types of injury,*®*” others suggest more comprehensive research
and data are still required to effectively inform injury prevention
and treatment strategies specific to female athletes.”® There is
a need for sport’s national governing bodies to prioritise and
invest in research related to physical development and injury
in female athletes. Care must, however, be taken in the design
and implementation of growth and maturity profiling strat-
egies for female athletes with particular sensitivity around the
collection, communication and use of data.*” Data pertaining
to physical development should be used to understand and
support the health and development of the athletes and not as
a criteria for the selection and exclusion of athletes.*” Clinicians
and researchers should seek to identify those injuries that female
and, to a lesser extent, male athletes may be more or less suscep-
tible to at different stages of maturation and consider strategies
for the early detection and mitigation of conditions such as
relative energy deficiency RED-S which can compromise phys-
ical development and the immediate and long-term health of
youth athletes.*” Researchers should also investigate the extent
to which the processes of growth and maturation contribute to
the elevated risk of medial collateral ligament (MCL) and ante-
rior cruciate ligament (ACL) injuries observed in female athletes
during adolescence.”

The evidence reviewed suggests that susceptibility to injury
in youth athletes varies relative to maturity status. Adopting
a broad definition of injury, incidence and burden generally
increases with advancing maturation. The nature of the associ-
ation between maturity status and injury does, however, vary
relative to injury type. The adolescent growth spurt signalled a
marked increase in the incidence and burden of growth-related
injuries, confirming the beliefs and experiences of coaches and
medical practitioners.’” ** Growth-related injuries were most
prevalent at the onset and during the growth spurt, with apoph-
yseal, osteochondrosis and avulsion prominent in numerous
sport contexts.® 1821223334 Growth-related injuries also followed
a distal-to-proximal gradient consistent with the sequential and
asynchronous nature of adolescent growth, before declining
in both incidence and burden post-PHV. In contrast, the inci-
dence of muscular, cartilaginous and ligamentous injuries gener-
ally increased with advancing maturity status and were most

prevalent in athletes categorised as mature and/or post-PHV.
Increased susceptibility for such injuries post-PHV has been
attributed to several factors associated with growth and matura-
tion, including disruptions in neuromuscular control, insufficient
muscle capacity, imbalance in muscle and tendon growth, and
increase in moments of inertia in athletes’” segments.® Despite
much of the data within the eligible studies being normalised
to exposure per 1000 hours, uncertainties remain regarding the
standalone impact of maturational status on injury incidence and
burden, given the variations in activity content (eg, modality,
frequency, intensity, location) that may comprise an individual’s
exposure hours.

The absence of a consistent pattern of association between
timing and injury suggested that maturing in advance or delay of
one’s peers (ie, timing) was not an inherent risk for injury. Rather,
the extent to which timing impacts an athlete’s maturational status
and/or proximity to PHV appeared to be of greater relevance.
Compatible with this logic, early maturing athletes presented a
higher incidence and burden for injuries associated with more
advanced stages of maturity (eg, tendinopathies, groin strains,
joint and ligament injuries, functional muscle disorders).?*3¢ 383
Conversely, on-time and late maturing reported a higher inci-
dence and burden for injuries associated with the earlier stages
of the growth spurt (eg, lower limb apophyseal injuries, osteo-
chondrosis, AlIS, Osgood-Schlatter’s, Sever’s).”? 3¢ 38 3% 41 Dye
to inherent maturity selection biases that exist in sport,® 2
late-maturing athletes were under-represented in several of the
eligible studies™ ** ** *? resulting in insufficient statistical power
to make effective comparisons across groups. As late maturing
athletes experience the growth spurt at an age when training
intensities and volumes are typically higher, they may be more
susceptible to injuries associated with growth or overloading.’®
Any elevated injury risk associated with later maturation may,
however, be mitigated by a lower rate of growth at PHV. Future
studies may need to aggregate data across teams, sport or consec-
utive seasons to test this hypothesis or focus on sports or activi-
ties where late developers are more likely to be represented (ie,
gymnastics, ballet, diving).

More rapid gains in stature and length of the lower limbs were
associated with a higher incidence of overuse, non-contact and
growth-related injuries across several sports. Monasterio et al,
also observed more rapid growth in stature to be associated with
a higher burden for overall and growth-related injuries during
PHV.* Johnson et al, did, however, report a non-linear associ-
ations between burden and rate of growth in stature and of the
lower limbs, with peak burdens occurring post-PHV and at a
rate of approximately 4-to-5 cm per year.'” The delayed effect of
injuries sustained during PHV on injury burden post-PHV may
explain the discrepancy in these results. No clear or consistent
associations were observed between rate of growth in mass and
mass-for-stature with injury. Pubertal gains in mass and mass-for-
stature may have greater injury implications for athletes partic-
ipating sports that involve frequent landing, jumping, pivoting
and high intensity accelerations and decelerations.” They may
also have greater impact for risk in female athletes who expe-
rience larger gains in absolute and relative fat-mass, and corre-
sponding smaller gains in absolute and relative strength during
puberty.?*® Further research on the growth and injury in female
athletes is needed with a particular focus on the preventative
benefits of targeted functional movement and neuromuscular
strength training interventions.’*°

Intervention studies designed to mitigate growth-related
injuries in young athletes are currently lacking. However,
in the interim, growth and maturity profiling can provide
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valuable information pertaining to maturational status, timing
and growth rate of individual athletes, enabling practitioners
to identify athletes at heightened risk for specific injuries and
adapt their training and conditioning accordingly.! For example,
the Athletic Skills Model (ASM) describes a maturity-matching
strategy whereby athletes identified as circa-PHV are assigned
to training groups with an increased emphasis on movement
competency, core and lower body strength, mobility, balance,
coordination, coupled with reductions training load, intensity
and movement repetition.”” A recent intervention aligned to
theASM principles resulted in marked reductions in non-contact
injury incidence and burden among academy soccer players iden-
tified as circa-PHV and at-risk.’® Although promising, further
encompassing research is required to validate these findings.

Strengths and limitations

The inclusion of several contemporary studies conducted
across multiple clubs or seasons was a strength of this
review, 172223 36 38394445 \yith comparatively large samples
and more rigorous approaches to data capture, these studies
enabled more comprehensive and detailed investigations of
growth, maturation and injury. These studies also provided
valuable insight as to the complex, multifaceted and dynamic
nature of the relationship between physical development
and injury in youth. The myriad of methodological limita-
tions highlighted by Swain et al* persist, making it chal-
lenging to generalise findings or draw firm conclusions from
the existing literature on this topic. Although the quality of
the two qualitative studies was deemed excellent, the meth-
odological quality of the quantitative studies was generally
low, ranging from poor to fair. To improve research quality
and robustness, there is a need to develop a contemporary
consensus statement on standardised evidence-informed best
practices for assessing and estimating growth and matura-
tion in young athletes. This review was commissioned by the
I0C as a wider contribution towards a consensus statement,
and as such adopted a harmonised methodology. Researchers
may wish to consider alternative methodologies in addi-
tional future reviews. Building on previews reviews and
commentaries,® * 3! particular attention should be paid
to the operationalisation of growth and maturation and the
criteria used to determine maturity status, timing and tempo
of growth. It is equally important to consider the rationale
for measurement, analytical quality control, frequency of
measurement, the education of key stakeholders and how
data are communicated to athletes, parents/guardians and
coaches.*” The validity and reliability of the various methods
used to estimate maturation should also be considered with a
particular focus on non-invasive estimates of somatic matu-
ration.’ ¢ 3

Conclusion

The evidence reviewed indicates that variability in growth
and maturation plays a contributing role in the risk of injury
among youth athletes engaged in high performance path-
ways. The associations involved are intricate and diverse,
requiring further research to comprehend the precursors,
mechanisms and contextual factors that may predispose
athletes to a higher risk of specific injuries (eg, those related
to motor competence, functional capacity, training/compe-
tition load and content). It is recommended that sport’s
governing bodies simultaneously implement comprehen-
sive injury surveillance and growth and maturity profiling

systems for youth, along with educational content and a
current consensus statement on best/standardised practice in
the estimation and monitoring of growth and maturation.
Such an approach has the potential to enhance our under-
standing of the connections between growth, maturation
and injury and provide the empirical basis for the subse-
quent development and implementation of injury prevention
programmes.
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