Chapter 1
Growth and the Young Female Athlete

Robert M. Malina, Kathryn E. Ackerman, and Alan D. Rogol

Introduction

The body goes through remarkable changes from birth through childhood and
adolescence into adulthood. Biological growth and maturation, along with behav-
ioral development, are important aspects “growing up.” These three processes,
growth, maturation, and development, dominate the daily lives of children and
adolescents for approximately the first two decades of life. This chapter will focus
predominantly on growth and maturation, and how timing and tempo of these may
affect sports involvement and injury risk in young female athletes.
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Definitions

Growth: the increase in the size of the body as a whole and of its parts. As children
grow, height and body mass increase. The latter includes changes in skeletal, muscle
and fat mass, as well as in bodily organs. Different segments of the body grow at
different rates and at different times, resulting in altered body proportions.

Maturation: the progress towards biological maturity. Maturation is a process, while
maturity is a state. Maturation occurs in all bodily organs and systems, but maturity
varies with each biological system considered. Sexual maturity is fully functional
reproductive capability. Skeletal maturity is a fully ossified adult skeleton.
Maturation of the nervous and endocrine systems is a major factor underlying sex-
ual, skeletal, and somatic growth and maturation.

Timing and tempo of growth and maturation: Timing refers to the chronological age
at which specific events or milestones in growth and maturation occur, while tempo
refers to the rate at which the processes of growth and maturation progress. Both
timing and tempo vary considerably among individuals.

Development: a psychological, emotional, and behavioral process often subsumed
in the term socialization, which is specific to a culture.

Indicators and Patterns of Growth

The study of growth and maturation is based on standardized measurements and
observations, which reflect underlying biological and neuroendocrine changes.
Time between birth and adulthood has been formally subdivided by Karlberg into
phases of normal growth: infancy, childhood, and puberty [1, 2]. During infancy
(birth to 6-12 months), growth is rapid but progresses at a decelerating rate. Growth
curves often cross percentile lines as the infant moves farther away from the excesses
or constraints of the intrauterine environment and toward her genetic potential. The
next phase is childhood, during which growth and development are primarily depen-
dent on adequate nutrition, an appropriate psychosocial environment, and the
absence of disease. In the context of these environmental factors, one must have
sufficient levels of thyroid hormone and insulin-like growth factor 1 (IGF-1), the
stable pharmacodynamic marker of growth hormone (GH), to grow normally.
Growth rate continues to decelerate until around age 3 years, and then continues at
a relatively constant velocity of 4.5-7.0 cm/year and 2.5 kg/year for girls and boys.
Growth rate often slows slightly just prior to adolescence [1, 2].

The hypothalamic—pituitary—gonadal (HPG) axis is virtually quiescent until late
childhood, when activation from the secretion of estrogen from the ovaries in girls
(testosterone from the testes in boys) occurs, well before the outward signs of puber-
tal development become apparent. The pubertal phase is characterized by a growth
spurt of 8—14 cm/year because of the synergistic effects of increasing gonadal
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steroids and GH secretion [1, 2]. The upper limit of middle childhood is arbitrary
given variations in the onset of puberty; some girls as young as 9—10 years old are
already in the early stage of puberty/adolescence. The termination of adolescence is
also quite variable. Biologically, some girls are sexually mature by 12—-13 years of
age (i.e., they are biologically adult), even though socially and behaviorally, they
remain adolescents. Although chronological age is a commonly used reference point,
and children are often divided into age groups, there is great variability among indi-
viduals of the same chronological age, especially around the time of puberty [3].

Body Size and Composition

Height and weight are the body dimensions most commonly used to monitor growth
status and growth rate. Length is commonly used in place of height during the first
2-3 years of life.

Height

Height in most children is measured yearly, and growth charts represent “smoothed”
growth data. However, linear growth is actually episodic with stepwise jumps, as
noted by daily measurements over time in both newborns and adolescents [4].
Although less common in girls than in boys, some children show a minor growth
spurt between ages 6 and 8. By 9-10 years of age, the rate of height growth acceler-
ates in girls, marking the beginning of the adolescent spurt. From the onset of this
growth spurt, the rate of growth in height increases until it reaches its peak [peak
height velocity (PHV)], which generally occurs at about 12 years of age in girls [5]
and 14 years of age in boys [5].

Children continue to grow in height through adolescence, but after the growth
spurt, the rate of growth gradually decreases and eventually reaches zero as indi-
viduals attain their adult stature. The timing of each of these events—the growth
spurt, PHV, and termination of growth—is variable among individuals.

Weight

Weight, like height, increases throughout childhood, but the rate of increase changes
during different phases of growth, decelerating from birth through the second year
of life, and then accelerating as the child ages. A growth spurt is also observed in
body weight, which generally begins slightly later than that of height. Average age
of peak weight velocity in girls is about half a year after PHV. Weight continues to
increase into the late teens and early 20s, and unlike height, can continue beyond
skeletal maturity [5].
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Body Composition

Body weight is a composite of all bodily tissues, but it is often described in terms of
its lean (fat-free) and fat components. Thus, body weight=fat-free mass (FFM) + fat
mass (FM). Major components of FEM are skeletal muscle and bone mineral. FFM
has a growth pattern similar to that of height and weight and demonstrates a clear
adolescent spurt. FM increases more gradually during childhood and adolescence.
Most other body dimensions (sitting height, leg length, limb circumferences, skeletal
breadths) and many major organs follow growth patterns similar to height and
weight, although growth rates and the timing of adolescent spurts vary relative to
age at PHV [5]. Differential growth rates in specific dimensions influence body
proportions and regional distribution of body fat [5, 6].

Body composition changes throughout life, but striking transformations are evi-
dent at puberty, resulting from sex-dependent changes in hormones and cytokines,
including increases in GH, IGF-1, and reproductive hormone concentrations. GH
secretion increases by a similar magnitude in both boys and girls during puberty, but
IGF-1 levels are consistently higher in girls, in pre-pubertal and pubertal phases [7,
8]. While reproductive hormones act directly on growth plates of bones, indepen-
dent of GH, a majority of the sex-related differences in growth and body composi-
tion are likely mediated by the effects of reproductive hormones on the GH-IGF-1
axis [8, 9]. For example, in boys, the interactions of testosterone, GH, and IGF-1
together enhance the increase in muscle and loss of fat, leading to the more muscu-
lar configuration of the young adult male. In contrast, in pubertal girls, the increase
in estrogen attenuates GH secretion and IGF-1, leading to a slowing in the accrual
of muscle and an enhancement of fat gain, especially in the gynoid distribution [8].

Bone mineral density (BMD) increases steadily from childhood to adolescence,
with a decrease in bone mass relative to bone size before PHV. Peak velocity of
bone mineral content occurs about 6 months later than PHV. A majority of bone
mass and size are acquired by late adolescence, followed by small increases there-
after [10]. See Chapter 5 for additional details.

Physical Performance

Physical performance is generally measured with standard tests of strength, speed,
power, agility, endurance and flexibility, and in the context of sport, with sport-
specific skills tests. Sex differences in performances are relatively small during
childhood, but are magnified during adolescence as performances of girls typically
reach a plateau or improve only slightly. Isometric (static) strength, for example,
generally increases in a linear fashion through childhood for both boys and girls.
Around age 13, males experience an adolescent spurt and an increase in the rate of
strength development, while females continue to experience a linear increase until
around age 15. Nevertheless, limited longitudinal data for girls indicate a growth
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spurt in static strength that is about one-half the magnitude of that noted for boys.
The spurt generally occurs after PHV [3].

Performance on flexibility tasks tends to decline from childhood through mid-
adolescence and then increases. Flexibility in girls usually remains stable or decreases
slightly during childhood, increases during adolescence, and plateaus at 14—15 years
of age [3, 5, 11, 12]. In general, flexibility tends to be greater in girls than boys.

An adolescent spurt occurs in absolute aerobic power, VO,max or peak VO,, in
both boys and girls. Peak VO, generally increases in boys from childhood through
adolescence, but reaches a plateau in girls by 13—14 years. VO,max starts to increase
several years before PHV and continues to increase after. However, due to changes
in height and mass, VO,max per unit body mass actually begins to decline 1 year
before PHV and continues after [3].

Indicators and Measurements of Maturation

Maturity Status

Maturity status and progress are traditionally monitored in the skeleton and secondary
sex characteristics. Radiographs of the hand and wrist can be used to estimate skeletal
maturity using the standards of Greulich and Pyle [13]. This assessment of skeletal
maturation, along with current height, can be used to predict adult or mature height.
Sexual maturation is based on the development of secondary sex characteristics; in
girls, breast bud development (thelarche) is typically the first physically apparent sign
of sexual maturation, followed by the appearance of pubic hair (pubarche).

Tanner described five stages of maturation [14]. Stage 1 (pre-pubertal) indicates
lack of overt manifestation of the development of breasts and pubic hair; however,
pre-pubertal children of the same chronological age can vary in skeletal age by 4 years
or more [5]. Stage 2 marks the onset of puberty, typically starting around a bone age
of 11 years in girls, while advancement in breast development and pubic hair distribu-
tion in stages 3 and 4 mark progress in puberty. Stage 5 is the mature state [15]. It is
important to note that stages have limitations; they provide no information on when
the stage was reached (timing) or how long the child has been in the stage (tempo).

Maturity Timing

Ages at PHV and the beginning of menstrual periods (menarche) are indicators of
maturity timing. Menarche typically occurs after PHV and on average, 2.6 years
after the onset of puberty [16]. The average age of menarche in the United States
has declined over the last century, and is now around 12.3 years of age [17]. There
are various influences on timing of puberty, including nutrition, race, ethnicity,
geography, and other factors.
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Measurement of Maturation

Measuring maturation can be challenging. Established indicators used in growth
studies and in clinics have limitations: skeletal age determination with X-rays
exposes children to low-dose radiation and is dependent on experienced individuals
to interpret the films; directly observing secondary sex characteristics is invasive of
personal privacy; age at PHV is an “after-the-fact” indicator; and surveys question-
ing age at menarche, breast bud development, and pubic hair growth are affected by
recall accuracy. Other non-invasive estimates using percentage of predicted adult
stature at the time of observation and predicted maturity offset (time before PHV)
have also been suggested to estimate maturity status and timing, respectively, in
youth athletes [18, 19]. However, these too have limitations.

Growth in the Athlete

It is obvious when observing athletes in a variety of sports that different physical
factors offer competitive advantages. In some cases, such as taller average height in
basketball players, these differences are clearly the result of selection, due to the
fact that certain athletes enter or succeed in the sport while others either do not par-
ticipate or do not progress. However, in other cases, like shorter average height in
gymnasts, it has been more difficult to tease out the impact of selection and training.
Even when patterns are recognized, causality may be difficult to establish, espe-
cially if data are cross-sectional rather than prospective. Despite these limitations,
current research indicates that sports training and participation do not appear to
affect adult stature or overall rate of growth [3, 20, 21]. In addition, sports training
alone does not likely affect skeletal or sexual maturation [3].

Growth data for young female athletes are limited largely to height and weight
[21-24]. Although there is variation among sports, female athletes in most sports tend
to have heights similar to or greater than the median of U.S. reference data from child-
hood through adolescence, and weights that are appropriate for their height [3]. Notable
exceptions include artistic gymnasts and figure skaters, who are generally shorter than
their peers [21, 25]. Young female athletes also tend to be leaner, with lower weight-
for-height, compared to non-athletes [3]. Ballet dancers and distance runners tend to
have lower weight-for-height, while participants in field events and higher weight cat-
egories in weightlifting often have excess weight-for-height [3, 26].

The available height and weight data for young female athletes span decades.
There is a need to consider changes in sport rules, training, selection, and other fac-
tors when examining small subsets of athletes at different time points. For example,
between the 1960s and 1997, the minimum age for female artistic gymnastics to
compete internationally was increased from 13 to 16 years. While the average age
of participants has increased, heights and weights have changed little from 1987
through 2008 [21], suggesting preferential selection for shorter, leaner athletes. In a
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study of body size in elite junior rowers (ages 15—18 years) competing at the World
Championships in 1997 versus 2007, female rowers in 2007 were on average 2.1 cm
taller [27]. This may simply reflect recruitment of taller athletes to a sport in which
height is a competitive advantage.

The BMI is currently the most commonly used index of weight-for-height.
Although a great deal of focus is on overweight and obesity in the non-athlete
population, low BMI often gets more attention among female athletes. Three grades
of low weight-for-height (labeled mild, moderate, and severe thinness) among chil-
dren and adolescents have been described. The term thinness was selected to avoid
confusion with other labels commonly used to define low weight-for-height (e.g.,
wasting and underweight) in children. Three standard growth curves have been
designed to pass through a BMI of 16, 17, and 18.5 at age 18. These points are,
respectively, the cut-offs used to define severe, moderate, and mild thinness in
adults. Thus the specific BMI cut-off at each age prior to 18 years depends on the
standard curves for each grade of thinness [28]. In a sample of over 1000 female
artistic gymnasts, figure skaters, divers, distance runners and ballet dancers span-
ning childhood through young adulthood, mild thinness was reasonably common
among female athletes, but prevalence varied by sport and level of competition [29].

On average, female gymnasts are of lower weight than a reference population;
however, their weight is appropriate for their diminished height. Some gymnasts are
indeed at low weight-for-height. In an evaluation of ages, heights, and weights as
reported in the official program of 60 participants 15-20 years of age at the 2008
Beijing Olympic Games, 23 (38 %) were classified as mildly thin and 6 (10 %) were
classified as moderately thin; none were severely thin [29]. Allowing for the limited
data, some female artistic gymnasts may be at risk for mild or moderate thinness,
but the risk is related in part to later maturation. Later maturing girls, on average,
tend to have less weight-for-height [5].

Maturation in the Young Female Athlete

There is great interest in understanding how the stages of growth and maturation can
be best utilized in sport development programs. However, the available data are
extremely limited, and additional studies are needed. The popular Long Term Athlete
Development model, a concept of planned, systematic, and progressive training of an
athlete from childhood onward, calls for the determination of the time of PHV as a
potentially sensitive period for training [30]. As noted earlier, the anthropometric
protocol for predicting maturity offset and age at PHV has major limitations.

For male athletes in most sports, there appears to be a competitive advantage to
being advanced or at least average in maturity status [3, 31]. For female athletes, the
picture is less clear and varies by sport. Girls involved in sports such as basketball,
volleyball, rowing, swimming and track, except for some distance runners, gener-
ally have a pattern of average growth and maturity [32, 33]. Female athletes typi-
cally reach menarche within the normal age range seen in the general population.
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However, within this range, gymnasts, ballet dancers, and figure skaters tend to start
menstruating later than other athletes and non-athletes [3].

Both male and female gymnasts have been noted to have later ages at PHV, and
female gymnasts have been noted to have later maturation in terms of breast and
pubic hair development, compared to age-matched controls [3, 34]. In our recent
review of the literature, we found that despite the fact that gymnasts are generally
shorter than their peers, as well as later and slower in growth, gymnastics training
does not appear to affect adult stature [21] nor does such training impact growth
rate, timing, or tempo. Data in male gymnasts suggest that observed shorter stature
is a result of selection rather than training [20].

Girls who trained in rowing, track, or swimming for approximately 12 h per
week for an average of 4 years during puberty and the growth spurt were found to
have a slightly later PHV and age of menarche than girls inactive in sport, but the
differences were not significant. The interval between PHV and menarche, PHV
(cm/year), ages at attaining pubic hair and Tanner breast stages 3, 4 and 5, as well
as estimated intervals between adjacent stages were also not different in the athletes
versus non-athletes [24]. Studies in gymnasts and ballet dancers have found a 2- to
3-year delay in menarche, as well as oligomenorrhea and secondary amenorrhea,
likely secondary to undernutrition disturbing neuroendocrine function [35, 36].
Thus, there is a need for more well-designed studies, accounting for energy avail-
ability, using validated non-invasive indicators of maturity status and timing, to
better determine the effects of sport involvement alone on maturity. It is also essen-
tial to account for the selectivity of sport, specifically differential persistence and
dropout, either voluntary or systematic, as in getting “cut” from the team. Data for
artistic gymnasts indicate size and maturity differences between those who persist
and do not persist in the sport [21].

Body Composition in the Young Athlete

Methods for assessing body composition of athletes in general [37] and of youth
athletes [38] are diverse and include densitometry, whole body potassium counting
(TBK), total body water (isotope dilution, hydrometry), dual energy X-ray absorp-
tiometry, bioelectrical impedance analysis, magnetic resonance imaging, and skinfold
thickness, among others [26, 39].

Allowing for variation associated with sampling and methodology, several trends
are apparent in the relative fatness of youth female athletes in several sports. Young
female athletes tend to have a lower %Fat than non-athletes of the same chronologi-
cal age, and overlap among samples of athletes in different sports is considerable.
Most estimates based on skinfolds are below the reference range, but a number are
at and/or above the reference range compared to estimates based on densitometry
and hydrometry. Elevated %Fat is more common in athletic field events (specifi-
cally throwers) and several samples of team sport athletes [38, 39].
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Training Effects on Body Composition

Studies of the influence of athletic training on body composition have traditionally
focused on changes in FFM and FM [40], while more recent studies have focused
on bone mineral content (BMC), BMD, and bone microarchitecture [41, 42]. Studies
of youth are confounded by difficulties in isolating those changes associated with
normal growth and maturation, especially the adolescent spurt and sexual matura-
tion, from those attributed to training [43].

There is a need to study changes in the body composition of youth athletes dur-
ing the course of a competitive season to better understand the potential impact of
these changes on performance; however, few data are available. Studies of changes
in FFM and/or %Fat in late adolescence and young adulthood provide some insights.
The studies generally compare pre- and post-training means, while duration, inten-
sity, and frequency of training are often variable. One review examined studies of
female athletes between 18 and 22 years of age and found that the differences
between pre- and post-training means ranged from —1.7 to +1.5 kg for FFM (overall
mean +0.3 kg), and from —2.1 to +3.1 % for %Fat (overall mean —0.4 %) [44].
These observed changes are relatively small and may fall within the range of mea-
surement variability. Moreover, it is not clear if these changes associated with train-
ing persist, because this information is not typically reported.

Currently, there is considerable interest in the influence of regular sport training
on bone health in young athletes. BMD typically doubles between the onset of
puberty and young adulthood [45]. While genetic factors greatly affect bone mass,
other factors such as nutrition, types of exercise, diseases, medicines, age of men-
arche, and menstrual regularity also significantly influence bone accrual [46].
Beneficial effects of weight-bearing sports training have been observed in cortical
thickness, BMC, and BMD [47-49]. Potential confounding factors are selection for
sport and limited control of biological maturity status. For example, athletes and
controls are often described as pre-pubertal, although skeletal age can vary by as
much as 4 years in pre-pubertal children [5]. BMC and BMD are, on average,
greater in weight-bearing female athletes compared to the general population of
female youth [48]. Limited longitudinal data indicate training-associated increases
in BMC and/or BMD in youth athletes. The long-term effect of sport training on
bone is especially apparent in the dominant versus non-dominant arms of racquet
sport athletes, highlighting localized increases in bone mineral accretion [50, 51].
Effects of decreased energy availability, as seen in weight-restricted athletes and
those with eating disorders, can negate the beneficial effect of weight-bearing [42,
52] (see Chapter 5). It is also interesting to note that nonimpact sports such as swim-
ming, water polo, and cycling during youth and young adulthood are not associated
with enhanced BMC or BMD, and swimming may even negatively influence hip
bone geometry [53].
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Effects of Puberty on Sports Training and Performance

It is not yet well understood how the various changes associated with growth, matu-
ration, and development affect athletic performance, but it is clear that puberty is
accompanied by many challenges for the young female athlete, including changes
in body size and composition, increased rates of injury, and emotional changes sur-
rounding puberty. These changes, compiled with societal pressures, may contribute to
the higher drop-out rate from athletics seen in girls during middle school and high
school [54, 55]. During puberty, girls may find it difficult to adapt to their changing
bodies and the alterations in their athletic abilities. They may become frustrated by
the normal fat gain, breast development, hip widening, and height increases, and
they may see at least a temporary decline in performance. These adjustments may be
particularly evident for those aesthetic sports such as dance, figure skating, gymnas-
tics, and diving, and can derail a young athlete’s confidence [56].

As discussed earlier, performance on various standardized tests typically
improves throughout adolescence in boys. However, in girls, performance gener-
ally improves until about ages 13—14 years (slightly later in some motor tasks),
with little subsequent improvement. Whereas males typically experience an
increase in the rate of strength development starting around age 13, females gener-
ally demonstrate only a linear increase until around the age of 15. Nevertheless,
some girls and particularly athletes often continue to improve in performance
through adolescence. This improvement is due to regular activity and probably
sport-specific training. Historically, research focused on the performance of adoles-
cent female athletes has not received the attention given to male athletes, though
the situation is changing [57, 58].

In addition to the physiologic and emotional challenges that affect young athletes
during adolescence, injuries also increase during this time. One study of peripubertal
gymnasts demonstrated increased injury rates during periods of rapid growth [59].
Anterior cruciate ligament (ACL) injury rates increase dramatically around ages
12-13 in girls, and female athletes 15-20 years of age account for the largest num-
ber of ACL injuries reported [60, 61]. More common in females than males, the
difference in ACL injury rates becomes apparent around the time of the growth
spurt, peaks during adolescence, and declines in young adulthood [61-63]. This
discrepancy is likely multifactorial: during PHYV, rapid lengthening of the tibia and
femur leads to greater torque at the knee, increasing height results in a higher center
of gravity, which requires more challenging muscular control, and increases in
weight cause more joint force that is difficult to control during high velocity
movements [61, 62]. Unlike boys, whose pubertal increase in testosterone aids in
accumulating muscle mass, pubertal girls have difficulty building muscle, making
joint control even more difficult [62]. See Chapter 9 for additional information on
ACL injuries.

Around PHYV, adolescents are more prone to injury because of imbalances of
strength and flexibility and changes in biochemical properties of bone [64]. There is
a dissociation during puberty between peak BMC and bone mineral area; bones
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increase in size more rapidly than they fill in with mineral. BMD decreases before
and rebounds after the period of PHV. Thus there is a time of relative skeletal weak-
ness during adolescent growth, with a temporary increase in fracture rate [10]. Also
of concern are growth plate injuries. Tendons and ligaments of the growing athlete
are relatively stronger than the epiphyseal growth plate. Thus, during sports trauma,
such as an ankle inversion, the epiphysis is more likely to be damaged than the liga-
mentous complex (e.g. fibular growth plate injury rather than a ligamentous tear).

Summary and Conclusions

The human body goes through remarkable transformations throughout the life
stages. As young athletes grow and develop, they must also adapt. For sports and
medical professionals, awareness of general patterns of growth and maturation
allows for improved recognition of the advantages, risks, and challenges that accom-
pany these changes. We can then better support the young athlete as she matures.
With girls and young women increasingly involved in intense sports training and
participation, additional prospective studies are needed to enhance our understand-
ing of normal variations in growth and maturation and the ways in which they influ-
ence and are impacted by sports training and performance.
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