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AbStrOCt Sport is the leading cause of injury among adolescents and girls incur more
non-contact anterior cruciate ligament (ACL) ruptures than boys, with this
gender disparity in injury incidence apparent from the onset of puberty. Al-
though the mechanisms for this gender disparity in ACL injuries are relatively
unknown, hormonal, anatomical and biomechanical factors have been im-
plicated. Puberty is associated with rapid skeletal growth and hormonal in-
flux, both of which are thought to contribute to alterations in ACL metabolic
and mechanical properties, as well as changes in lower limb strength and
flexibility, ultimately influencing landing technique. Therefore, the aim of this
review is to explain (i) the effects of changes in estrogen levels on the meta-
bolic and mechanical properties of the ACL; (ii) changes in musculoskeletal
structure and function that occur during puberty, including changes in knee
laxity, and lower limb flexibility and strength; and (iii) how these hormonal
and musculoskeletal changes impact upon the landing technique displayed by
pubescent girls.
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Despite evidence confirming estrogen receptors on the ACL, there are still
conflicting results as to how estrogen affects the mechanical properties of the
ACL, particularly during puberty. However, during this time of rapid growth
and hormonal influx, unlike their male counterparts, girls do not display an
accelerated muscle strength spurt and the development of their hamstring
muscle strength appears to lag behind that of their quadriceps. Throughout
puberty, girls also display an increase in knee valgus when landing, which is
not evident in boys. Therefore, it is plausible that this lack of a defined strength
spurt, particularly of the hamstring muscles, combined with the hormonal ef-
fects of estrogen in girls, may contribute to a more 'risky' lower limb align-
ment during landing, in turn, contributing to a greater risk of ACL injury.
There is, however, a paucity of longitudinal studies specifically examining the
lower limb musculoskeletal structural and functional changes experienced by
girls throughout puberty, as well as how these changes are related to estrogen
fluctuations characteristic of puberty and their effects on landing biome-
chanics. Therefore, further research is recommended to provide greater in-
sight as to why pubescent girls are at an increased risk of non-contact ACL
injuries during sport compared with boys. Such information will allow the
development of evidence-based training programmes aimed at teaching girls
to land more safely and with greater control of their lower limbs in an attempt
to reduce the incidence of ACL ruptures during puberty.

1. Introduction

The highest prevalence of sports injuries in chil-
dren and adolescents occurs at the onset of and
during puberty, corresponding with the adoles-
cent growth spurt.'''^^ When comparing the in-
cidence of sport-related injuries during puberty,
girls appear to be at a greater risk of incurring
injuries such as non-contact anterior cruciate li-
gament (ACL) ruptures than their male counter-
parts,''*' particularly in sports involving repetitive
running, jumping and landing movements.'^' In
fact, females are greater than two-times more likely
to rupture their ACL compared with males,'^! with
ACL ruptures accounting for 37% and 23% of all
knee injuries in females and males, respectively,
from 11 to 18 years of age.''*̂  This gender disparity
in ACL injury incidence becomes evident from
11 to 12 years of age, coinciding with the onset of
puberty.''*'*^ However, no gender difference in ACL
injury rate is apparent prior to the onset of pub-
erty,'̂ ^ contributing to only 0.2% of all knee in-
juries in girls and boys aged 5-10 years.''*'̂ ^

ACL injury risk is multifactorial in nature with
several potential risk factors having been identi-

fied and widely discussed in the literature.'^"'^1
Some of these potential risk factors include hor-
monal (including the effects of estrogen on the
ACL), anatomical (including knee laxity, lower
hmb strength and anthropométrie variables) and
biomechanical factors (including the effects of
altered landing biomechanics on the ACL).'^"'^1
We postulate that differences in estrogen levels
between males and females, particularly from the
onset of puberty, as well as the rapid changes in
growth during puberty (including anthropometry,
knee laxity, lower limb flexibility and strength),
may play a role in the between-gender disparity in
non-contact ACL injury incidence during dy-
namic landing movements.

This review aims to discuss published research
that has investigated the hormonal, anatomical
and biomechanical factors thought to predispose
pubescent girls to a higher risk of non-contact
ACL injuries. More specifically, this review will
focus on (i) the effects of changes in estrogen levels
on the metabolic and mechanical properties of
the ACL; (ii) changes in musculoskeletal structure
and function that occur during puberty, including
changes in knee laxity, and lower limb flexibility
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and strength; and (iii) how these estrogen and
musculoskeletal changes impact upon the landing
technique displayed by pubescent girls. The pur-
pose of the review is to gain greater insight into
factors that might contribute to the between-gender
disparity in non-contact ACL injuries from the
onset of puberty, as well as to provide recommen-
dations for future research in this important field
of sports medicine.

An initial search in MEDLINE (1950-I-),
CINAHL (1982-2011) and SPORTDiscus™
(1982-2011) in December 2011, limited to articles
published in English, was conducted. Specific
keywords were entered into the databases, in-
cluding 'anterior cruciate ligament', which was
combined ('AND') with the following keywords:
'mechanical properties', 'metabolic properties',
'gender'. Other keywords included 'puberty' com-
bined ('AND') with: 'flexibility', 'knee', 'laxity',
'strength', 'landing' and this yielded a total of
1202 papers. These results were further limited by
combining ('AND') with the specific keywords of
'estrogen', 'lower hmb', 'girls'. Papers were only
included in this review if they investigated the
association between estrogen and properties of
the ACL, as well as if they investigated changes in
lower limb flexibility or strength, knee laxity or
landing technique in girls throughout puberty.
Papers investigating upper limb flexibility or
strength, for example, were therefore excluded from
this review. Additional relevant papers were ob-
tained from the reference lists of these primary
sources (located in the databases), with unpublished
studies excluded, leaving a total of 41 papers for
review. Whilst only 41 papers were systematically
reviewed, additional articles have been included
to help explain and support information pre-
sented throughout the review.

2. Anttiropometric and Hormonal
Changes in Girls during Puberty

Puberty is the transitional period from child-
hood to adulthood, accompanied by the appear-
ance of secondary sex characteristics, maturation
of the reproductive system and the adolescent
growth spurt.t'^l Pubertal onset is often determined
by measuring factors such as skeletal age,''^"^'l

secondary sex characteristics,^'"^^! time of me-
narche in girls/'^-2'.22,24] ^^ ^gjj ^^ pQa]i height
velocity (PHV; peak growth in height during the
adolescent growth spurt) and time from PHV
(referred to as maturity offset).'̂ ^J As some children
develop faster than others, chronological age is
not a valid or reliable indication of maturation or
the onset of puberty, particularly given that the
growth spurt for boys lags 2 years behind that of

[18,21,22,26] J

ability in anthropométrie growth parameters and
biological development (physiological growth)
between individuals of the same chronological
age during the growth spurt, chronological age
has been suggested to be of limited use in asses-
sing maturity. P2.24,25,27] Therefore, several meth-
ods have been developed to determine biological
rather than chronological age. These methods, as
well as advantages and major limitations of each
method, are outlined in table I.

During the adolescent growth spurt, from the
onset to the cessation of growth, girls grow ap-
proximately 25 cm.P^l The period of most rapid
growth in height is referred to as PHV, and is
reported to be approximately 8-10 cm/year in
girls.Í2''22] This occurs around the ages of 11—
12 years in girls,^^] corresponding with Tanner
stages II-III (figure \)P^^ The peak velocity for
leg length growth during the growth spurt occurs
before PHV, whereas peak velocity for sitting
height growth occurs after PHV, corresponding
with Tanner stages III-IV (figure I).t22.25] Tanner
et al.[22] reported peak velocities of leg length and
sitting height of 4.25 and 4-4.5 cm/year, respect-
ively, measured in 90 girls and boys throughout
their adolescent growth spurt. In addition to in-
creases in height and limb length during puberty,
girls have been shown to display an increase in
body mass of approximately 5.5 kg/year from 8 to
18 years of age,^^] reflecting the growth in muscle
mass and fatty tissue.̂ '̂̂ l Furthermore, limb mass
and, specifically lower limb mass, increases by
more than 3-fold in boys and girls from 6 to 14 years

Due to rapid growth of the long bones leading
up to PHV, a rapid increase in both length and
mass of the lower limbs occurs at this time, con-
tributing to changes in the moment of inertia of

Adis © 2012 Springer International Publishing AG. Aii rights reserved. Sports Med 2012; 42 (9)
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the limbs.'̂ ^" '̂̂  This requires an increase in mus-
cular torque to accelerate the limbs for a given
movement, ultimately affecting muscle strength
requirements during the performance of dynamic
movement tasks, such as landing.'̂ "-^^^ Jensen
and Nassas'^^^ reported that lower limb moment
of inertia relative to the transverse axis increases
10-fold from 6 to 14 years of age. Furthermore,
differential timing of growth also exists within the
limb segments whereby the more distal segments,
such as the foot, experience their peak growth
velocity before the more proximal segments, such
as the shank and thigh,^'' again altering the in-
ertial properties of the lower limbs.'̂ °1 Therefore,
rapid changes in stature and limb dimensions
throughout the adolescent growth spurt, partic-
ularly around the time of PHV, may affect func-
tional parameters such as lower limb flexibility
and strength, and ultimately performance during
dynamic movements. Given that landing from
a jump is a common non-contact ACL injury
mechanism,'^^^ these rapid growth changes may
possibly contribute to the greater number of ACL
injuries sustained by females during this time.

Development of the external primary and sec-
ondary sex characteristics, such as breasts, geni-
tals and pubic hair development, accompanies
puberty, and are best determined using the Tanner
stages of pubertal development.'^'^ There are five
Tanner stages whereby stage I is representative of
the prepubescent individual and stage V re-
presents the adult or more mature individual.'^'^
The development of secondary sex characteristics
is, in part, the external expression of hormonal
changes that occur during puberty.''^1 One of the
major events occurring at the onset of puberty
(Tanner stage II) is the large influx of hormones,
particularly the sex-steroid hormones such as
estrogen and testosterone.''**! in girls there is a sub-
stantial influx of estrogen at the onset of puberty.
Estrogen levels then continually rise throughout
puberty, before reducing again during adulthood
(figure 2).''^] Similarly, boys experience a rapid
increase in testosterone levels from the onset of
puberty, an increase that is not apparent in girls
(figure 2).['̂ 1 Overall, it can be seen that the infiux
of estrogen, as well as the vast differences in
hormonal concentrations in girls and boys during

Adis © 2012 Springer internationai Pubiislning AG. Ali rights reserved. Sports Med 2012; 42 (9)
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Fig. 1. The tinning of peak height velocity, according to chron-
ological and pubertal stage, in relation to peak leg length and sitting
height in giris (modified from Mirwaid et ai.,'^^' with permission, and
Kanbur et al.'^^'). Peak ieg iength occurs prior to peak height velocity,
at the age of 11.2 years, corresponding with Tanner stage II. After
peak height velocity is attained, at a mean age of 11.8 years in giris
(Tanner stage ll-lll), sitting height reaches a peak at a mean age of
12.2 years,P^l which coincides with Tanner stage iil-iV.

puberty, may play a role in the high incidence of
ACL injuries incurred by pubescent females,''^'^'*'^''

3. Effects of Changes in Estrogen Levels
during Puberty on Anterior Cruciate
Ligament (ACL) injury Risk

3,1 Fibroblast Proliferation and
Collagen Syntliesis

Fibroblasts are crucial for maintaining the
integrity of ligaments as they are responsible for
preventing or repairing ongoing microscopic
damage to ligamentous tissues.'^*' Collagen is pro-
duced by fibroblasts and forms the major load-
bearing structure of the ACL,'^^' The main types
of collagen referred to in this review are type I
collagen, responsible for providing mechanical
strength to connective tissues, and type III col-
lagen, responsible for tissue elasticity,'^^'

It has been proposed that the hormonal dif-
ferences between males and females may be one
factor to explain the greater number of ACL in-
juries displayed by females,'•'^'•''' Reports have

found both estrogen and testosterone receptors
on the fibroblasts of the human ACL'"* -̂̂ " with
no difference in the number of these receptors in
young adult males and females,'"*"' Given the higher
estrogen concentration in females compared with
males, sex hormones, particularly estrogen, may
have the potential to directly affect the structure,
composition, and ultimately the mechanical in-
tegrity of the human ACL, contributing to the
higher injury risk in females, particularly at the
time of the pubertal estrogen influx,

A study performed in the late 1990s exposed
the ACL from a 32-year-old female to physio-
logical and supra-physiological levels of exogen-
ous estrogen (0.0029-25 ng/mL) for 2 weeks.''*''
Results showed an initial up-regulation of fibro-
blasts in the first 3 days of estrogen exposure,'"*''

2- 700-
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S 500-
I 400-
S 300-
o 200-
ß 100-

0

- - - Boys
Girls

12-

10-

œ 6-

2 -

Childhood I II Hi iV V Aduit

Puberty (Tanner stages)

Fig, 2, Levéis of (a) testosterone and (b) estrogen in boys and girls
from chiidhood to adulthood. During puberty, boys experience a
rapid infiux in the ieveis of testosterone from Tanner stage II, con-
tinuaiiy increasing throughout puberty into adulthood. Similarly, girls
experience an increase in estrogen levels from the onset of puberty
(Tanner stage II of pubertal development) to Tanner stage III, a
further increase from Tanner stage III to IV and a final increase from
stage i V to V ieading up to epiphyseal closure. Giris, however, do not
experience the rapid testosterone influx that boys do, and boys do
not experience the higher levels of estrogen that girls do throughout
puberty (adapted, with permission from Malina et al.'^^' Data from
Esoterix, Inc., 2000 Endocrinology: expected values and SI unit
conversion tables, 5"̂  ed. [Calabasas Hills, CA: Esoterix]).
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From day 7, however, a dose-dependent decrease
in the proliferation of fibroblasts and rate of type I
pro-collagen synthesis was evident, with increas-
ing levels of estrogen.'" '̂̂  These results were con-
firmed by Yoshida et al.I'*̂ ) and Liu et al.P l̂ (table II).
Contrary to these results, Seneviratne et a\S'*^^
exposed sheep ACL to estrogen levels similar to
previous studies'̂ "*-'*'̂  and found no change in fi-
broblast prohferation or collagen synthesis with
increasing levels of estrogen. These results imply
that estrogen does not have a negative effect on
the metabolic properties of the ACL, such that
there must be other underlying factors that pre-

dispose females to the greater number of ACL
injuries compared with their male counterparts.
It is important to note, however, that the ligament
tissues in the Seneviratne et alS'^^^ study were only
exposed to estrogen for 4-6 days, and so it is un-
known whether the rates of coUagen synthesis and
fibroblast proliferation would have also decreased
after 6 days, as it had in previous studies.P''-'*'''*^^

As the ACL tissue in the studies described above
was harvested from different species (human, rabbit
and sheep), between-study comparisons are diffi-
cult. However, there is more evidence suggesting
that, regardless of the concentration, estrogen

Table II. A summary of the major findings and limitations of the literature investigating the effects of estrogen on the anterior cruciate ligament

study

Liu et ai.l^^l

Faryniarz et ai.l""'

Yu et ai.l-'il

Yoshida et ai.l''^!

Liu et ai.l**l

Animal vs human
models

Human model
13 females, 4 males

Human (cadaver)
8 females, 7 males

Human (live, in vitro)
1 female (32 y)

Animal model (rats)
40 females

Animai modei (rabbits)
6 females

Major findings

Estrogen and progesterone receptors were iocated
in the fibrobiasts of human ACL

4-10% of ACL ceiis expressed estrogen receptors
No significant difference between maies and

Day 1-3: decreased fibrobiast and procoiiagen
synthesis with increasing estradiol

Decreased type 1 coiiagen expression in rat
ACL exposed to endogenous estrogen vs
ovariectomized rats

Decrease (40%) in fibrobiast and coiiagen
synthesis with increasing estrogen
(physioiogicai ieveis)

Major iimitations

Large age range (18-78y) for oniy
17 participants

Aii subjects were ACL injured
patients

Oniy 1 participant, iimits the
generaiizabiiity of resuits

Animai model iimits direct appiication
of resuits to humans

Smaii cohort size (n = 6) and no
controi group

Seneviratne et ai.'''^' Animal model (ovine)
6 femaies

Toyoda et al.i'

Lee et aLl-

Lee et al.l"«

Romani et al.l''

Animai model (rabbits)
n = 18

Animai modei (porcine)
n = NS

Animal modei (porcine)
n = NS

Animai modei
10 femaies, 9 maies

Woodhouse et ai.i''^' Animal modei (rats)
40 females

Siauterbeck et al.'""I Animai model (rabbits)
16 femaies

Estrogen receptors iocated on ACL
No change in fibroblast or coiiagen synthesis
with increased estrogen ieveis

20% increase in coiiagen synthesis when
cyciic tensiie ioad appiied to ACL

Tensiie ioad: increased mRNA expression
of type i coiiagen. Estrogen + tensiie load:
decreased mRNA expression of type i and Hi
coiiagen

Tensiie ioad: increased mRNA expression of type i
and iii coiiagen. Estrogen + tensiie ioad: decreased
mRNA expression of type i and iii coiiagen
Femaie vs maie ACL: greater stiffness (8.35 vs
4.23 N/mm/g) and faiiure loads (11.18 vs 5.67 N/g)

High vs iow estrogen: decreased deformation to
faiiure (0.19vs 0.79 mm) and increased energy
prior to faiiure

Decreased ioad at faiiure in ACL of estrogen group
(446 N) vs controi (non-estrogen; 503 N)

Estrogen exposure was short
(oniy 4-6 days)
Animai modei iimits direct appiication
of resuits to humans

Gender NS
Animai model limits direct application
of resuits to humans

Number and gender of subjects NS
Animai model limits direct application
of results to humans

Number and gender of subjects NS
Animal model limits direct application
of results to humans
Animal modei iimits direct application
of resuits to humans

Animal modei iimits direct application
of resuits to humans

Animai model limits direct application
of resuits to humans

ACL = anterior cruciate iigament; mRNA = messenger ribonucieic acid; N = Newtons; NS = not specified.

Adis © 2012 Springer internationai Pubiishing AG. Aii rights reserved. Sports Med 2012; 42 (9)
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may affect the metabolic properties, and thus com-
position of, the ACL.t^^'^'^ As these effects may
reduce the ligament's ability to withstand load
and increase the risk of injury, it is important to
examine the effects of estrogen and loading on
the ACL.

3,2 Effects of Estrogen and Locding on the
Metobolic Properties of the ACL

The ACL is continually subjected to tensile
loads during walking, running and other activ-
ities of daily living and it is thought that this load
is essential in maintaining integrity of the ACL
fibres.t'*'*' Toyoda et SLIS'*^^ exposed the ACL of
rabbits to a cyclic tensile load of 80 mmHg vacuum
force for 24 hours and found a 14% increase
in type I collagen fibres in the ACL that was
subjected to loading, compared with the control
(unloaded) ACL. This result was supported by
Lee et al.t'* '̂̂ *' who reported an increase in the
messenger RNA (mRNA) expression of type I

and an increase in type I and type III
when porcine ACL were subjected to

a cyclic tensile load (table II). It is postulated that
an increase in the number of type I collagen fibres
in the ACL would provide greater strength to the
hgament,'^^^ thus increasing the abihty of the
ACL to withstand high loads. As the ACL ex-
periences tensile loads of up to 300 Newtons (N)
during normal walking,'"*'' it can be assumed that
the repeated application of this load, independent
of estrogen, may be beneficial to ACL health.

When the porcine ACL was subjected to cyclic
tensile loads in an estrogen environment (repre-
sentative of the follicular, ovulatory and luteal
phases of the female menstrual cycle), results showed
a downregulation of the mRNA expression of
type I and type III collagen.f"*̂ -"*̂ ' Consequently,
the presence of estrogen may decrease the strength,
and in turn the integrity, of the ACL. These results
imply that the higher estrogen levels in females
negate the positive effects of everyday loading of
the ACL, possibly placing females at an increased
injury risk. This may be due to downregulation of
fibroblasts, which might result in reduced hga-
ment strength.'^^1 However, it is important to
determine whether these changes in the metabolic

properties and fibre composition of the ACL af-
fect the mechanical properties of the ligament,
thereby making it more susceptible to rupture.

3,3 Mechanical Properties of the ACL
in an Estrogen Environment

Common sporting movements, such as jump-
ing and landing, expose the lower limb, including
the ACL, to forces up to 2-10 times body weight
(BW).[5°1 In order to withstand these high loads
generated during sport, the ACL must have ade-
quate ultimate tensile strength and stiflriess. As dis-
cussed in section 3.2, although controversial, there is
support to show that estrogen affects the meta-
bolic properties of the ACL, irrespective of whether
the hgament is loaded or unloaded.t-'"*''*'''* '̂"* '̂'* '̂
These changes in the collagen (type I and III) con-
tent of the ligament will also affect the mechan-
ical properties of the ACL, compromising factors
such as ultimate tensile strength and stiffness, and
its ability to withstand high loading.t^^l

Romani et al.t'* !̂ showed that female rats dis-
played significantly less type III and substantially
lower type I mRNA collagen expression compared
with male rats. Therefore, it was hypothesized that
the female rats would display reduced stiffness
and failure loads, as a result of reduced collagen
synthesis, relative to their male counterparts. In-
terestingly, however, female rats displayed greater
normalized ACL stiffness and failure loads com-
pared with the male rats (table II), indicating the
female rats were better able to withstand load,''*^^
contradicting the results of previous studies on
human ACL tissue.P-^'-"!

In contrast, a recent studŷ "*̂ ' examined the
effects of high- and low-estrogen environments,
manipulated using the contraceptive pill, on me-
chanical properties of rat ACL. Higher estrogen
levels in the control group (no contraceptive pill;
46.7pg/day/mL) resulted in the ACL displaying
lower deformation to failure, as well as less energy
absorbed prior to failure compared with ACL
harvested from the experimental group, who had
lower estrogen levels of 32.9 pg/day/mL (contra-
ceptive pill). Estrogen levels were representative
of those experienced during a normal human
menstrual cycleP'^-'^^^ as well as estrogen levels of

Adis © 2012 Springer internationai Pubiishing AG. Ali rights reserved. Sports Med 2012; 42 (9)
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females using the contraceptive pill.''* '̂ Slauterbeck
et al.t'^' reported a decreased load to failure in
the ACL of ovariectomized rabbits treated with
an estrogen supplement (serum estrogen level
52 pg/mL) compared with ovariectomized rabbits
not exposed to estrogen (serum estrogen level
15pg/mL; table II). The results of these stud-
¿g5[i7.34,4i,48] indicate that the structural and me-
chanical integrity of the ACL is compromised in a
high-estrogen environment (such as estrogen lev-
els similar to that experienced at the onset of
puberty in girls), compared with a lower-estrogen
environment (estrogen levels similar to males or
pre-pubescent females). Therefore, changes in the
mechanical properties of the ACL throughout
puberty and how this affects joint laxity may pro-
vide further insight into the increased ACL injury
risk characteristic in girls following the onset of
puberty.

3.4 Changes in Knee Joint Laxity
during Puberty

The ACL is one of the primary passive restraints
responsible for stability of the knee joint.'̂ -̂̂ "*' It
is thought that greater knee joint laxity may
contribute to increased ACL injury risk due to an
associated decrease in joint stability.'''*' For ex-
ample, an increase in anterior tibial translation of
one or more standard deviation above the mean
has been found to significantly increase the risk
of ACL injury in 1198 male and female army
cadets.f^ '̂ Given the association between estro-
gen levels and mechanical properties of the ACL
(section 3.3), the steep rise in estrogen levels in
girls during puberty (figure 2) may contribute to
altered ligament properties and, in turn, knee
joint laxity and ACL injury risk.

Whilst increased knee joint laxity is associated
with greater ACL injury risk,'^^' only five pa-
pgj.5[i 5.55-59] reporting changes in joint laxity in
girls throughout puberty were located (table III).
Quatman et al.''^' reported that 28% of pubescent
females displayed knee hyperextension, compared
with only 10% of pubescent males. Girls also dis-
played greater generalized joint laxity, assessed
using the Beighton and Horan Joint Mobility
Index, throughout puberty compared with their

male counterparts.''^' Varying results, however,
have been reported in other studies, whereby some
have found an increase in generalized knee joint
laxity''^' or anterior knee laxity'^^' with increasing
age or Tanner stage, whilst others have found a
decrease in knee laxity with age or Tanner stage
(table III).'^^"' It is important to note that of the
five studies reporting changes in joint laxity in
girls throughout puberty, only two grouped or
tracked their participants according to pubertal
development or Tanner stage,''^•^'' whilst the re-
maining studies assessed their participants purely
based on chronological age.'̂ ^-^*- '̂' Whilst it is
acknowledged that previous reports assessed girls
according to menarche status,'^^-^'' this is a late
event during puberty and does not reflect the
differences in Tanner stage between individuals
(section 2). Therefore, how the substantial influx
in estrogen in girls from the onset and throughout
puberty affects knee laxity requires further in-
vestigation. Furthermore, given the rapid an-
thropométrie changes during puberty (section 2),
musculoskeletal structural and functional chan-
ges during puberty may provide further insight
into the greater risk of ACL injuries in pubescent
girls.

4. Musculoskeletal Structural and
Functional Changes in Girls
during Puberty

4.1 Lovi/er Limb and Trunk Flexibiiity
during Puberty

Flexibility is defined as the extensibility of peri-
articular tissues to allow physiological mofion
of a joint or limb,'^^' and may be of fundamental
importance during sport.'*^' It is thought that
there is an optimum range of joint flexibility that
can prevent injury in the event that muscles or joints
are overstretched during sport or activities.'^^'

During the adolescent growth spurt, around
the time of PHV (11-12 years and Tanner stages
II-III in girls; figure 1), the skeleton grows at a
faster rate than the supporting musculature. This
growth differential between the skeleton and
muscles is thought to lead to reduced flexibility or
joint range of motion of the lower limbs and trunk.
Only four'̂ ""̂ -̂ ' studies were located in the literature
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Table III. A summary of the literature highlighting changes in knee joint laxity and lower limb and trunk flexibility in girls and boys throughout
puberty

Study

Joint laxity

Quatman et al.t^^l

Baxter et al.t^^l

Faicigllia et ai.l^'l

Costelloetal.P<*l

Ahmad et al.[=«

Study design

Cross sectional
(according to TS)

Cross sectional
(according to age)

Longitudinal
(tracked annually
for3y)

Longitudinal
(tracked annually
for3y)

Cross sectional
(according to age
and menarche
status)

Lower limb and trunk flexibility

Loko et aLf̂ oi

HerasYagueetal.ts^l

Merni et ai.'^^l

Volver et al.^^i

Cross sectional
(according to age)

Longitudinal
(measured
biannuallyfor 3y)

Cross sectional
(aocording to age)

Cross sectional
(according to TS)

Participants

275 girls
143 boys

122 girls
110 boys

61 girls
62 boys

22 girls

53 girls
70 boys

902 girls

453 girls
509 boys

360 girls
460 boys

77 girls

Age^

11-18
Pre-pubertal (TS 1)
Pubertal (TS ll-lll)
Post-pubertal
(TS IV-V)

7-14

10.5-14.5
(TS I-IV)

8-12
(pre-menarche)

10-18
G1, G2, B1, B2

10-17

10-13 (measured
according to
height velocity)

6-18

11-14
(TS I-V)

a Ages are presented in year ranges, mean or TS where stated.

B1=boys<13y; B2 = t
ROM = range of motior

)oys>14y; G1= girls
i;TS = Tanner stage.

Test

Generalized joint laxity using
the Beighton and Horan Joint
Mobility Index

Anterior/posterior,
varus/valgus and
internai/external rotation
displacement using knee
arthrometer

Anterior tibial translation
using KT2000 knee
arthrometer at 134 N

Anterior tibial translation
using KT1000 knee
arthrometer at 133N

Anterior tibial translation
using KT1000 knee
arthrometer at 20 and 30 Ib
(89 and 133 N)

Lower limb flexibility
(touching fingertips to fioor)

Lower iimb flexibility
(touching fingertips to floor)

Standing hip extension (knee
extended) and hip flexion
ROM (knee flexed)

Trunk flexibility (distance of
the fingertips past the toes)

pre-menarche group; G2 = girls post-menarche group; N = Newtons;

Results

Giris: increase (p = 0.042) in
generalized joint laxity with
puberty
Boys: no change (p=0.582)

Progressive decrease in
knee laxity with age in boys
and girls

Boys and girls: decrease
(p=0.03) in laxity with TS
Girls: increase in iaxity
(>1 mm) from TS l-ll

Significant increase in knee
laxity (>2mm; p = 0.002)
with age

G1, G2 and B1 displayed
significantly greater knee
iaxity (1.5 mm greater;
p < 0.05) than B2

Deciine in fiexibiiity just
before PHV

Decline in flexibility at PHV,
with a peak increase in
flexibility 8mo after PHV

Peak decrease in hip
extension ROM at PHV; hip
flexion ROM decreased
throughout puberty

Increase in flexibility from
TS ll-l l l, followed by a
decrease from TS II I-IV

PHV = peak height velocity;

that assessed flexibility changes displayed by girls
during puberty (table III). Overall, these studies
showed that girls displayed a decrease in ñex-
ibility just before or at the time of PHV,t̂ °-^2i in-
dicating that the rapid growth at the time of PHV
may be a contributing factor to reduced fiexibility
during puberty. One study,̂ ^^^ however, indicated
that the girls displayed an increase in flexibility
throughout puberty. These between-study dif-
ferences in results may be due to discrepancies in
the types of tests performed to quantify flexibility.

as well as the joints examined. For example, two
studies measured lower limb flexibility by asking
the participants to try and touch their fingertips
to the floor,!^"-^^! whereby the results may be
confounded by tightness in the lower back rather
than the lower limbs. Ftirthermore, only one of these
studies was longitudinal in design. Given the lack
of research in this field, further research is re-
commended to quantify changes to flexibility dis-
played by girls during puberty, using longitudinal
study designs and valid and reliable flexibility
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assessment tests, to determine whether changes in
fiexibility during puberty play a role in the high
incidence of non-contact ACL injuries in pub-
escent girls,

4.2 Quadriceps and Hamstring Muscle
Strength during Puberty

As outlined in section 2, puberty is accom-
panied by rapid growth, including a substantial
increase in the moment of inertia of the limbs
and, in turn, greater muscle strength to control
the limbs during dynamic movements,'^"' Given
that the ACL is commonly ruptured during
abrupt landing tasks,t^'^^' the role of muscles
controlling the knee during landing, such as the
hamstring and quadriceps muscles, and changes
in the development of these muscles during pub-
erty, are of vital importance. Furthermore, due to
vast differences in circulating hormones in boys
and girls during puberty (figure 2), it is postulated
that between-gender differences in lower-limb
strength will also be evident during puberty.

The quadriceps muscles apply an extensor mo-
ment to the knee prior to landing in order to
prevent the knee from collapse upon landing.'^'*'
A total of eight papers investigating changes in
quadriceps strength in girls throughout puberty
were located (table IV). Every 4 months over
5 years. Round et al.''^ monitored changes in height,
quadriceps strength and testosterone levels dis-
played by boys and girls, recruited from 8 to 12 years
of age. Results of this study highlighted that boys
and girls displayed similar increases in strength as
they developed until 1 year prior to PHV. Clear
gender differences in the rate of strength increases
were then evident from 0 to 2 years after PHV,
whereby boys demonstrated an accelerated strength
development whereas girls did not, instead dis-
playing a consistent pattern of strength gain
(table IV).['^' The authors concluded that the
consistent increase in quadriceps strength in girls
was proportional to the general increases in height
and weight throughout the growth spurt. In con-
trast, the increased testosterone levels explained the
greater increase in quadriceps strength displayed
by the boys. These results have been confirmed by
similar studies that have reported accelerations in

the development of isokinetic (concentric and
eccentric)'^*'*^' and isometric'^^'^'-^^' quadriceps
strength after PHV and throughout puberty in
boys, but not in girls (table IV). This highlights
the androgenic role of testosterone in promoting
increased muscle mass and strength,''**'^' Although
estrogen has some androgenic properties,'"*' it is not
as potent as testosterone and, therefore, may explain
why no accelerated development of muscular
strength is evident in girls during puberty.''̂ '̂ '̂̂ ^•^ '̂

In contrast to the studies described above,
Ramos et al.'^^' reported a significant increase in
muscle strength with increasing age for both boys
and girls, with no gender differences in strength
(table IV). However, when normalized to body
mass, boys showed an increase in strength of ap-
proximately 75 Nm/kg with age, whereas girls re-
ported an increase of only 1-2 Nm/kg. Therefore,
despite a lack of statistical difference between
genders, a between-group difference of approxi-
mately 70-100 Nm of both absolute and relative
torque could be considered clinically relevant.
Also, the mean age of the boys and girls in group
one (11-12-years-of-age group; table IV) of this
study were 11.8 and 11.9 years, respectively, with
the boys in Tanner stage II and the girls in Tanner
stage III. It is difficult therefore to make valid
between-gender comparisons with respect to
strength gains when the pubertal stages differed
between the gender groups.

The hamstring muscles also play a vital role
during landing movements by imparting a pos-
terior drawer force to the tibia, thus acting as a
Synergist to the ACL.'^^' Many studies reporting
changes in lower limb strength in girls through-
out puberty focus on development of quadriceps
strength,''*'^^"*'' with only four papers located
that investigated changes in hamstring strength
throughout puberty in girls (table iv)."2.58-59,68]
Similar to changes in quadriceps strength, a sig-
nificant increase in peak concentric''^'*^' and
isometric'^'' hamstring muscle torque is typically
displayed by males throughout puberty, with no
significant increases in torque displayed by fe-
males.f̂ '̂ Furthermore, females display significantly
weaker hamstring muscles relative to their quad-
riceps muscles with age when compared with their
male counterparts,'^^' In fact. Barber-Westin et al,'̂ '̂
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Tabie iV. A summary of the iiterature highiighting changes in quadriceps and hamstring muscie strength in giris and boys throughout puberty

study Study design Participants Test Resuits

Round et ai.' '" '

Pari<er et ai.K^ l̂

Segar and
Thorstensson'^^l

Ramos et ai.l̂ '̂

Hewettetai.1'21

Costeiio et ai.P^i

Ahmad et al.l^*"

Barber-Westin
et ai.I^^l

Longitudinai
(traci<ed every
4 mo for 5 y)

Cross sectionai
(according to age)

Longitudinai
(traci<ed annualiy
for5y)

Cross sectionai
(according to age)

Cross sectionai
(according to TS)

Longitudinal
(traci<ed annuaiiy
for3y)

Cross sectionai
(according to age
and menarche
status)

Cross sectionai
(according to age)

50 giris
50 boys

284 girls
267 boys

7 giris
9 boys

42 girls
45 boys

100 giris
81 boys

22 girls

53 giris
70 boys

853 giris
177 boys

8-12
(measurements
were reiative to
PHV)

5-17

11.5
Pre- vs post-
puberty
(according to TS)

1.11-12 (TSii-iii)
2. 13-14 (TS IV)
3. 17-18 (TSV)

11-18
Pre-pubertai (TS i)
Pubertai (TS il-lli)
Post-pubertai
(TS iV-V)

8-12
(pre-menarche)

10-18
G1,G2, B1,B2

9-17

MVC of quadriceps, seated
in 90° of knee fiexion

MVC of quadriceps, seated
in 90° of i<nee fiexion

Concentric and eccentric
quadriceps strength at 45°,
90° and 180° sec (isoi<inetic
dynamometer)

Concentric quadriceps
strength at 60° sec using
(Cybex 340)

Concentric quadriceps and
hamstring strength at
300° sec

MVC of quadriceps and
hamstrings, seated in
20-30° of i<nee fiexion

MVC of quadriceps and
hamstrings, seated in 45°
and 90° of knee fiexion

Concentric quadriceps and
hamstring strength at
300° sec

Boys: 80-90 N/y increase in
strength; girls: 20-30 N/y increase
in strength 0-2 y after PHV

Boys: 55 N/y increase in strength;
giris: 25 N/y increase in strength
from 12y

Boys: increased concentric
(71-94%) and eccentric
(87-100%); giris: increased
concentric (53%) and eccentric
(56%)

increase (p < 0.001 ) in quadriceps
strength in boys (130 Nm) and
giris (34 Nm) with age

Quadriceps and hamstrings:
significant (p<0.05) in maies,
not femaies across puberty

Quadriceps: increase of 2 kg from
9.5 to 10.5 y of age, decrease of
4 kg from 10.5-11.5 y
Hamstrings: no change with age

B2 vs B1: increased quadriceps
(148%) and hamstring strength
(179%); G2 vs G1 : increased
quadriceps (44%) and hamstring
(27%) strength
Boys: increase in quadriceps
(40%) and hamstring strength
(23%); giris: increase in
quadriceps (20%) but not
hamstring strength (16%)

a Ages are presented in year ranges, mean or TS where stated.

B1=boys <13y; B2 = boys >14y; G1=giris pre-menarche group; G2 = giris post-menarche group; IVIVC=maximai voiuntary contraction;
N = Newtons; PHV = peak height velocity; TS = Tanner stage.

reported that females displayed a significant in-
crease in quadriceps but not hamstring muscle
strength with age. It is speculated that this de-
creased hamstring strength relative to quadriceps
strength with age may result in less protection of
the ACL during dynamic movements, potentially
increasing the risk of ACL injury in females.'̂ '̂̂ ^J

Despite differences in study design and strength
assessment methods used in the studies described
above (table IV), there is general consensus that
muscle strength is continuously developing in girls
throughout puberty without an obvious growth
spurt, and the rate of strength development is

delayed behind the rate of skeletal growth, com-
pared with boys.['2.'6.'8'58,59,65.66,68] jjje greater
increase in quadriceps compared with hamstring
muscle strength in girls during development cre-
ates a potential over reliance of the quadriceps
and an underutilization of the hamstrings,''^'^''^^^
with possibly insufficient hamstring muscular
torque being available to act as an agonist and aid
the ACL during dynamic movements such as
landing. Therefore, it is important to investigate
whether these changes in lower limb strength
alter the landing biomechanics of girls through-
out puberty.
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5. Lower Limb Landing Biomechanics
during Puberty

Landing is a dynamic movement that requires
a knee extensor moment to be applied to prevent
the lower limb from collapsing while the body's
downward velocity is reduced to zero.'̂ '*! Louw
et al.'*'] stated that landing from a jump was a
complex activity, not often mastered by adoles-
cents, as it requires adequate muscle strength and
coordination, which is continuously developing
and changing throughout puberty.''^' In fact, poor
landing technique, characterized by high ground
reaction forces, increased knee joint valgus'™!
and altered neuromuscular coordination,'"! is a
common cause of knee injury, particularly ACL
injury, in pubescent girls.P'^^'*'' The ACL is also
strained under knee abduction/valgus and rota-
tional ahgnments that are commonly displayed
by females during landing.'

Despite poor landing technique being a com-
mon cause of ACL injury, only seven studies were
found that investigated the landing biomechanics
displayed by girls during puberty or compared
the landing technique of pubescent and pre-/
post-pubescent individuals (table Y)Uhn,6&,i4-n]
Hewett et al.'̂ '*! reported no difference in the nor-
malized peak vertical ground reaction forces
generated by pubescent and post-pubescent boys
and girls when the participants performed a box-
drop landing manoeuvre. Similarly, Quatman
et al.I'^' reported females displayed no changes in
the peak vertical ground reaction forces (nor-
malized to body weight) generated across puberty.
Girls, however, displayed significantly greater
loading rates during Tanner stages II and III
(45 BW/s) compared with during stages IV and V
(40 BW/s), highlighting the importance of neuro-
muscular activation patterns during this period
of growth. Girls also displayed greater overall

Table V. A summary of the literature highlighting changes in lower limb ianding biomectianics in girls and boys throughout puberty

study

Hewett et al.t^''!

Quatman et
ai.P5i

Ford et al.l^^l

Barber-Westin
et al.'^^l

Hewett et al.'•'21

Fordetal. l"!

Wild et al.I")

Study design

Cross sectional
(according to TS)

Longitudinal
(measured
annually for 2 y)

Longitudinal
(measured
annually for 2 y)

Cross sectional
(according to age)

Cross sectional
(according to TS)

Longitudinal
(measured
annually for 2 y)

Cross sectional
(according to age
and time from
PHV)

Participant!

87 girls
188 boys

16 girls
18 boys

265 girls
50 boys

853 girls
177 boys

100 girls
81 boys

265 girls
50 boys

30 boys

3 Age"

TS Il-V

Y 1:TS ll-lll
Y 2: TS IV-V

Y 1 : pre-pubertal
Y 2: post-pubertal
(according to TS)

9-17

11-18
Pre-pubertal (TS 1)
Pubenal (TS ll-lll)
Post-pubertal
(TS IV-V)

Y 1 ; pre-pubertal
Y 2; post-pubertal
(according to TS)

Pre-pubertal (7-8 y)
Pubertal (13-14 y)
Post-pubertal
(19-20y)

a Ages are presented in year ranges, mean or TS where stated.

Test

GRF during box-drop landing

GRF during box-drop landing

Ankle, knee and hip joint
stiffness during box-drop
landing

Ankle and knee separation
distance (cm) during box-
drop landing

Knee valgus and medial
knee motion during box-drop
landing

Knee coronal plane motion
during box-drop landing

Muscle activation of
quadriceps and hamstrings
during landing

GRF = ground reaction forces; PHV = peak height velocity; TS = Tanner stage.

Results

No significant changes in GRF over
time or between-gender differences

Decrease in peak vertical GRF in
post-pubescent vs pubescent males
(0.2-0.4 body weight); no change in
girts

Males > stiffness vs females
(p = 0.001), and increased ankle
(p = 0.001), knee (p=0.043) and hip
(p< 0.001) stiffness during pubertal
growth vs females

No change (p > 0.05) in ankle or knee
separation distance with age In males
or females

Girls disptay significant (p<0.05)
Increase in knee medial motion and
valgus with age, but not boys

Girts increased peak knee abduction
angle (1.6°) and moment
(0.07Nm/kg-^) during pubertal
growth, but not boys

Pubescent males displayed altered
neuromuscular activation vs pre- and
post-pubescent males
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loading rates compared with the boys throughout
puberty (40-45 BW/s and 30-35 BW/s), with this
gender difference also evident among adult males
and females.t™'̂ '̂ Although interesting results,
these studies only investigated vertical ground
reaction forces.'̂ '*'̂ '̂ As the ACL is commonly
ruptured during landings involving a horizontal
approach,'"* '̂ horizontal ground reaction forces may
be a more appropriate variable to investigate.
Furthermore, neither study examined how these
forces generated at landing were affected by changes
in lower limb kinematics or neuromuscular acti-
vation patterns across puberty or whether these
factors predisposed adolescent girls to a higher ACL
injury risk relative to their male counterparts.

A decline in the ability to maintain lower limb,
and particularly knee, alignment occurs in girls
but not boys throughout puberty.''•^'^^' Hewett
et al.f'̂ ' collected coronal plane knee kinematic data
for girls and boys, matched for pubertal devel-
opment, while the participants performed a box-
drop landing manoeuvre. Girls in Tanner stage IV
and V exhibited greater peak knee valgus align-
ment compared with boys who were at the same
Tanner stage of development (30° and 20° of peak
knee valgus for females and males, respectively),
whereas no gender differences in knee kinematics
were evident prior to puberty. Ford et al.'"-^^'
also reported that pubescent females displayed
greater total knee valgus motion compared with
their male counterparts,'^^' as well as an increased
peak knee abduction angle in girls, but not in boys
during pubertal growth.t"' In contrast to these
previous studies. Barber-Westin et al.'^^' reported
no change in knee valgus motion with age in fe-
males or males when the participants performed a
box-drop landing (table V). However, approxi-
mately 60% of all male and female participants in
this study'̂ '̂ landed with a valgus knee alignment,
irrespective of age, a knee alignment that has been
shown to be predictive of ACL injury risk.''^'

Ford et al.'^^' reported that pubescent boys
displayed significant increases throughout pub-
erty in overall lower limb (ankle, knee and hip)
stiffness during landing, whereas this increased
stiffness was not displayed by females (table V). It
was suggested that decreased stiffness would be
deleterious to landing, contributing to a decrease

in joint stabilization and ultimately greater risk of
non-contact ACL ruptures.'^^ However, given the
rapid changes in growth during puberty,'̂ '•^^••^ '̂
the results of this study must be treated with cau-
tion as only two testing sessions, 1 year apart,^"'''^'''^
may not be sufficient to ascertain the changes in
lower limb landing biomechanics during puberty.

Although the studies described in this section
suggest that during landing tasks, pubescent girls
display an increase in valgus angle and medial
knee motion combined with decreased lower limb
stiffness compared with boys,'"-'^-^^' these stud-
ies did not investigate the way the participants
coordinated their lower limb muscles to align and
stabilize the knee during landing. A recent study
reported that pre-pubescent males tended to co-
contract their quadriceps and hamstring muscles
during a horizontal-leap landing movement, t̂ '̂ a
method thought to stabilize the knee joint during
landing'^'' (table V). However, post-pubescent
males in the same study recruited their hamstring
muscles before their quadriceps, most likely in
an attempt to impart sufficient posterior tibial
drawer to reduce the shear force imparted to
the ACL by the subsequent quadriceps contrac-
tion.'^"-^'' Interestingly, the pubescent males co-
contracted their lateral hamstrings and vastus
medialis (medial quadriceps) muscles followed by
co-contraction of their medial hamstring and rectus
femoris muscles. The authors concluded that in
transition from childhood to adulthood, activa-
tion of the thigh muscles to stabihze the knee joint
during landing appears uncoordinated, possibly
contributing to the higher incidence of injuries
displayed by this pubescent population.'^^' How-
ever, this study was only cross sectional in design
and only included male and not female participants.

Overall, there is a paucity of research inves-
figating changes in the landing biomechanics dis-
played by girls throughout puberty, particularly
longitudinal studies. Interestingly, of the seven
studies described in this section, only one examined
a sport-specific landing movement,'^^' whereas
the other six studies examined a box-drop landing
manoeuvre.'"•'2-^^''''*-^'''^2' Given that sport is the
leading cause of injury in pubescent girls,'̂ -'-^"''
and the ACL is predominantly ruptured during
movements involving horizontal momentum,'^^'
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it seems that it would be more ecologically valid
to examine the biomechanics of participants while
they perform a sport-specific landing movement
rather than a box-drop task. Research Hterature
investigating entire lower limb biomechanics
(ankle, knee and hip) during landing is also lim-
ited, with some studies focusing on only one joint
(knee),["''2] and predominantly in one plane of
motion (coronal).^"''^-^^! Given that foot placement,
as well as trunk and hip motion, affect motion at
the knee,[ '̂* '̂̂ l̂ we recommend that future re-
search should more comprehensively investigate
the 3-dimensional biomechanics of the landing
technique used by girls performing a sport-specific
task and how this changes throughout puberty.

6. Conclusions and Directions for
Future Research

Compared with boys, girls display a higher in-
cidence of non-contact ACL injuries during
sport at the onset of and during puberty. Although
this between-gender difference in injury incidence
is often attributed to the large estrogen influx that
girls experience during puberty, there are con-
flicting results as to how or whether estrogen af-
fects the metabolic and mechanical properties of
the ACL, particularly in pubescent girls who have
not yet begun menstruating. This is despite evi-
dence confirming that estrogen receptors are
located on the ACL. Therefore, estrogen still re-
mains one factor in a multitude of other factors,
which may play a role in the higher non-contact
ACL injury incidence incurred by pubescent girls
compared with boys.

There is a general consensus that, unlike boys,
girls do not display an accelerated increase in
muscle strength during puberty, and the devel-
opment of their hamstring muscle strength ap-
pears to lag behind that of their quadriceps strength.
Despite controversy in the literature, there is
evidence to suggest that girls display an increase
in knee valgus aligrunent throughout puberty, with
this knee posture having been associated with an
increased risk of ACL injury. It is plausible that
the lack of a substantial increase in strength in
girls, particularly of the hamstring muscles, may
impede their ability to stabilize their knee and

protect the ACL during dynamic landing move-
ments, contributing to a greater risk of ACL in-
juries. However, there is a paucity of longitudinal
studies examining the lower limb musculoskeletal
structural and functional changes (strength, fiexi-
biiity and knee laxity) experienced by girls through-
out puberty, as to how these changes are related
to estrogen fluctuations characteristic of puberty,
or how these changes affect the way these girls
land. Furthermore, to our knowledge, no research
has investigated changes in the neuromuscular
activation patterns or lower limb biomechanics
displayed by pubescent girls while they are per-
forming a sport-specific, horizontal landing move-
ment. Therefore, further research is recommended
to fill these gaps in our knowledge and to provide
greater insight to explain why pubescent girls
incur more non-contact ACL injuries during
sport compared with boys. Such information will
allow the development of evidence-based training
programmes aimed at teaching girls to land more
safely and with greater control of their lower limbs
in an attempt to reduce the incidence of lower
limb injuries, particularly non-contact ACL rup-
tures, in pubescent girls.
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