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Abstract More than ever, many young athletes are being encouraged to train intensely
for sporting competitions from an early age. Compared with studies in adults,
less is known about the physiological trainability of adolescents. The velocity of
physical growth during the adolescent years makes research with a group of
young athletes particularly difficult. The purpose of this review is to discuss a
number of physiological issues that surround the performances of the adolescent
athlete. Research has highlighted the role of growth hormone (GH) in the abrupt
acceleration of linear growth that occurs during adolescence. In addition, GH has
been shown to be sensitive to exercise following short term intervention studies.
The reduced anaerobic power of the adolescent athlete compared with that of an
adult athlete has been attributed to the intrinsic properties of the muscle that are
yet to be fully understood. Resistance training studies in male adolescents, and
to a lesser extent female adolescents, highlight the substantial relative strength
gains that can be obtained. Aerobic trainability in young boys appears to improve
markedly during the adolescent years. One of the most plausible explanations for
this observation is the ‘trigger hypothesis’which links increased aerobic improve-
ments in adolescence with hormonal changes and substantial growth of the car-
diorespiratory and musculoskeletal systems. Studies of aerobic trainability in
adolescent girls are too scarce to be conclusive. An understanding of the impact
of long term intensive training on adolescent athletes is difficult to ascertain
because physical stresses vary both between and within sports. There is, however,
limited evidence to suggest that ‘intense’ training does not impair normal growth,
development or maturation. Adolescent athletes who experience rapid growth as
well as large increases in training volumes may be vulnerable to overuse injuries.
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Adolescents with exceptional sporting ability gen-
erate a great deal of public interest. This is exem-
plified in the international achievements of young
athletes such as Martina Hingis (Switzerland) in

tennis and Ian Thorpe (Australia) in swimming.
However, there are concerns about the physiologi-
cal limitations associated with sporting perfor-
mances of adolescents. Compared with training



studies in adults, relatively less is known about the
trainability of adolescents. Yet adolescence is a stage
of development characterised by unprecedented
physiological changes in the musculoskeletal, car-
diorespiratory and reproductive systems of the body.
To date, there is uncertainty surrounding the effects
that aerobic and anaerobic performances have on
the growth and sexual maturation of young athletes
in different sports. Changes in maturational status
during the adolescent period make the interpreta-
tion of research with this group of individuals par-
ticularly difficult. The purpose of this article is to
review some of the physiological issues that influ-
ence research on the performance of adolescent ath-
letes.

1. Puberty

1.1 Physical Changes at Puberty

Puberty is denoted by the development of sec-
ondary sex characteristics, the marked acceleration
in linear growth and alterations in body composi-
tion.[1] Secondary characteristics appear at a mean
age of 10.5 years in girls and 11.5 to 12 years in
boys. Puberty is considered precocious if these
changes are noted before 8 years of age in girls and
9 years of age in boys, and is considered delayed
when such changes do not occur before 13 year of
age in the former group and 14 years of age in the
latter group.[2]

Five stages of puberty from childhood to full
maturity (P1 to P5) have been described by Tan-
ner.[3] In girls, these stages reflect the progressive
modification of the breasts under the control of es-
trogens which are secreted by the ovaries, and the
growth of pubic and axillary hair secondary to an-
drogen secretion by the adrenal cortex. Genital or-
gans develop progressively until stage P4, when
the first menstruation (menarche) occurs, at a mean
age of 12.5 to 13 years. In boys, growth of the testes
is commonly the first sign of puberty. The growth
and maturation of the penis usually correlate with
pubic hair development under the control of andro-
gen. Other major physical changes in boys include

facial, body and axillary hair and lowering of the
voice pitch.

The year of greatest height gain occurs at an
earlier stage of puberty in girls (breast stage 2 to 3)
than boys (testes stage 3 to 4). The relatively ear-
lier growth in pubescent females than males is sup-
ported by a recent report on bone mass accretion
during pubertal stages. Cheng et al.[4] reported that
bone mass accretion was higher in girls who were
at a less advanced stage of puberty than their fe-
male peers. In contrast, bone mass accretion was
higher in boys who were more advanced in their
pubertal status. Peak height velocity occurs at ap-
proximately 11 and 13 years of age, respectively,
for girls and boys,[5] and mean peak height gains
for boys and girls average 9.5 and 8.3 cm/year, re-
spectively. Abbassi[5] reported that linear height
growth at puberty contributes to approximately 17
to 18% of the final height.

In both sexes, but more so in boys, there is a
substantial gain in lean body mass during puberty.
Muscle mass, estimated by creatinine excretion, ac-
counts for as much as 42% of body composition in
boys at the age of 5 years and increases to approx-
imately 54% by the age of 17 years. Over the same
age range, the muscle mass of girls increases from
approximately 40 to 45% of the total body mass.
The metabolic consequences of greater muscle mass
benefit the adolescent male. The advantage of hav-
ing greater active muscle mass to recruit during
exercise is potentially useful in providing an en-
hanced functional capacity and possibly metabolic
rate in the exercise performance of adolescent boys
compared with girls.[6]

The greatest change in body composition of the
adolescent girl occurs in fat mass. In general, the
body is composed of approximately 14% fat in girls
at 6 years of age which increases to 25% by 17
years of age. At 6 years of age, boys have approx-
imately 11% body fat which increases to around
15% by 17 years of age.[7] In pubescent males fat
deposition of the extremities declines while truncal
fat slowly increases. In pubescent females, extrem-
ity and truncal fat increase concomitantly. This gain
in fat distribution is faster in girls than in boys.[7]
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In adult females, it is generally understood that ad-
ditional adipose tissue may be detrimental to weight-
bearing exercise because of the increased mass that
needs to be carried and subsequently the decreased
mechanical efficiency. The metabolic consequences
of the increase in adipose tissue of the adolescent
female athlete as her body changes during puberty
are yet to be thoroughly investigated.

Body composition changes during puberty are
not explicable by the actions of any one factor. Body
fat distribution during puberty may be best per-
ceived as a complex and interactive result of bio-
logical inheritance, sex hormones, growth hormone
(GH), leptin, nutritional status and energy expen-
diture.

The influence of gender and hormones on fat dis-
tribution in adolescents was examined in a study
which included 335 participants aged 4 to 35 years.[8]

Using dual energy x-ray absorptiometry (DEXA),
Cowell et al.[8] postulated that the predominance of
androgenic hormones in boys during the cirumpu-
bertal years contributed to lipolysis and inhibited
the fat-storing capacity of lipoprotein lipase. In con-
trast, the increased secretion of estrogen in pubes-
cent girls was described as promoting lipogenesis
through its inability to inhibit lipoprotein lipase. It
was also observed that the most substantial changes
in fat distribution occurred after puberty. In sup-
port of previous reports,[6] fat distribution in the
pubescent male favoured central deposition and was
independent of total body fat; in pubescent females,
increasing abdominal fat frequently occurred with
increasing total body fat.[7]

In addition to its role in energy balance within
the body, the adipocyte hormone leptin is also be-
lieved to be related to the body composition changes
observed in puberty.[9-11] Sexual dimorphism in se-
rum leptin levels has been demonstrated in some
studies.[9,11,12] However, differences between stud-
ies in the methodologies used for body fat mass and
distribution measurements have meant that these
observations are not conclusive.[13] There is growing
evidence that serum leptin levels increase through-
out puberty in girls and peak at breast stage 5. This
increase is linked with both total subcutaneous fat

mass and the stimulatory effects of estradiol. An
inverse relationship has been reported between se-
rum leptin levels and the age of menarche in a 4-
year longitudinal study in 343 healthy caucasian
girls.[14] In boys, serum leptin levels begin to in-
crease before puberty and peak at genital stage 2.
Later in the pubertal development of boys, when
subcutaneous fat mass declines, leptin levels are
inversely related to the activity of the gonadal axis
which may indicate that androgen production has
a suppressive effect on leptin.[11-12] Even when data
are normalised for differences in body fat, gender-
related differences remain and demonstrate higher
serum leptin levels in females than males. Leptin,
especially in girls, may take on a ‘permissive’ role
in the timing of puberty by signalling the CNS that
energy stores are adequate for pubertal develop-
ment.

Body composition changes in puberty have also
been examined in relation to changes in insulin re-
sistance. In adults, insulin resistance is strongly re-
lated to the body mass index (BMI), some skinfold
measures, waist circumference and intra-abdominal
fat mass. Anthropometric changes in puberty do not
fully account for the observed changes in insulin
resistance.[15] Insulin resistance increases during the
pubertal stages of P1 to P2, plateaus between P2
and P4 and returns almost to prepubescent values
by P5. Although insulin resistance is greater in girls
than in boys at all stages of puberty, significant
differences between the 2 genders are only appar-
ent at stage P4. However, gender-related differences
in insulin resistance are not apparent in adolescents
with a BMI >27 kg/m2.[15] In general, increases in
insulin resistance are not fully explained by BMI
and adiposity in pubertal males and females with a
BMI <27 kg/m2.

Malina and Bouchard[7] demonstrated that the
relative difference in body fat was greater in girls
than in boys when athletic populations were com-
pared with their less active contemporaries (i.e. the
more physically trained girls had lower fat mass
than their sedentary peers). In contrast, boys tended
to show a decrease in body fat throughout their
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pubertal years compared with girls regardless of
their training status.

The early developing pubescent male is advan-
taged by having greater lean muscle mass than his
later developing male peers. This benefit in early
developing males may be most evident during phys-
ical pursuits requiring strength, speed and power.[16]

For girls who experience puberty earlier than their
female peers, the additional fat gain may have the
potential to ‘socialise’ them away from sporting
aspirations. This may be particularly evident in the
weight-bearing aesthetic events such as gymnas-
tics, diving and figure skating. In these sports, suc-
cess is often presented with images of lean and
petite competitors. Therefore, it is prudent for pre-
pubescent girls to develop perceived physical com-
petence in a broad range of skills so that early or
late puberty does not lead to cessation of all phys-
ical activity. Using increased physical activity to
manage the gain in bodyweight which occurs in
puberty may be particularly advantageous to the
health of girls during puberty and, although spec-
ulative, later on in adulthood.

1.2 Hormonal Changes at Puberty

Puberty is the period of transition between child-
hood and adulthood that takes place in several se-
quential steps that are controlled by complex neu-
roendocrine factors. While the understanding of the
process remains incomplete, various sequences and
links associated with pubertal development have
been established. In adults, reproductive function
is mediated by 2 hormones produced by the pitu-
itary gland, luteinising hormone (LH) and follicle-
stimulating hormone (FSH), after stimulation by
the luteinising hormone-releasing hormone (LHRH)
[also known as gonadotropin-releasing hormone
(GnRH)] from the hypothalamus. LH and FSH are
responsible for ovulation and secretion of estrogen
by the ovary in the female and for sperm production
and secretion of testosterone by the testes in the
male. Estrogen and testosterone induce the devel-
opment of sexual characteristics. During adoles-
cence, the entire endocrine system is altered, and
growth, thyroid and adrenal hormones are all in-

volved in this maturational process. However, it
is essentially the activation of the hypothalamic-
pituitary-gonadal axis that induces and enhances
the progressive secretion of the ovarian and testic-
ular sex hormones that are responsible for the pro-
found biological, morphological and psychologi-
cal changes that occur during puberty.[17]

In prepubertal children, LH, FSH and gonadal
sex hormones levels are low. Changes in the CNS
and increased frequency and amplitude of LHRH
at puberty initiate increases in the secretion of LH
and FSH and gonadal sex hormones. Estrogen ex-
erts different effects from those of testosterone, and
many actions of testosterone on skeletal develop-
ment are the result of its aromatisation to estro-
gen.[18] There is also a progressive increase in the
plasma levels of adrenal androgens, dehydroepi-
androsterone (DHES) and the sulphate of DHES
(DHEAS), which begins before the age of 8 years
and continues throughout early adulthood. The pe-
riod in which these changes occur is known as ad-
renarche.

GH increases growth at puberty via stimulation
of insulin-like growth factor-1 (IGF-1; somatomedin-
1) production. There is a strong association be-
tween the increased amplitude of GH secretion and
peak height velocity. GH secretion returns to pre-
pubertal amplitude following this peak in linear
growth. An important synergism between the go-
nadal axis and the GH–IGF-1 axis occurs during
puberty. Gonadal sex hormones have 2 effects on
pubertal growth: enhancement of GH secretion and
thus IGF-1 production; and a direct effect on carti-
lage and bone by stimulating production of local
factors such as IGF-1.[1] The aromatisation of tes-
tosterone to estradiol mainly accounts for the ef-
fects of testosterone on GH secretion.[18]

Administering estradiol to boys and girls at dif-
ferent stages of puberty resulted in a greater GH
amplitude response following exercise in late pu-
bescent children when compared with their pre-
pubescent peers.[19] Therefore, puberty is a stage of
development when GH secretion is most sensitive
to the stimuli created by a number of factors includ-
ing the secretion of gonadal sex hormones. Other
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factors regulating GH release include hypothalamic
GHRH and GH-inhibiting hormone (somatostatin),
brain neurotransmitters and neuropeptides, IGF-1
and its binding proteins, GH and GH binding pro-
tein (GHBP), exercise and nutritional factors.[20]

The precise mechanisms, sequences and progres-
sions underlying this period of explosive growth
remain uncertain; however, the growth is unequiv-
ocally linked to dramatic changes in the hormonal
milieu.

Insulin is a major anabolic hormone which reg-
ulates the metabolism and storage of ingested me-
tabolic fuels. As previously stated, serum fasting
insulin levels during puberty increase 2- to 3-fold
at peak height velocity, and increased insulin se-
cretion after glucose administration suggests a de-
gree of insulin resistance.[21] It has been suggested
that the peaking of insulin resistance in puberty is
selective for glucose metabolism and therefore both
spares and supports the role of protein and fat me-
tabolism during pubescent growth. Specifically,
hyperinsulinaemia may regulate the GH–IGF-1
system by suppressing circulating levels of the
insulin-like growth factor binding protein-1 (IG-
FBP-1) which may subsequently increase the avail-
ability of IGF-1 for anabolic activity.[22] There-
fore, the enhanced insulin response to glucose caused
by the relative increase in resistance may facilitate
the anabolic effects of insulin on protein synthesis
during puberty.

2. Growth Hormone-Insulin-Like 
Growth Factor-1 Axis Response to
Exercise in Adolescents

In adults, the sensitivity of GH to aerobic and an-
aerobic exercise as well as its role in training and
recovery from exercise has been extensively re-
viewed.[23] Endurance activity is linked to increased
free fatty acid release and an inhibition of insulin.
Intensive exercise also appears to stimulate GH se-
cretion,[23] specifically exercise-related events such as
acute shortages of energy substrates and oxygen,[24]

as well as an increase in core temperature.[25] In
addition to these roles, GH has been reported to
support left ventricular size and ejection fraction

of the heart and increased anabolic activity during
exercise recovery.[26]

The response of IGF-1 to training was investi-
gated in an intensive 5-week programme of endur-
ance training (1 hour per day for 5 days each week
in 23 adolescent girls aged 15 to 17 years.[27] A
14% decrease in serum IGF-1 levels was reported
in the trained group compared with the control group
over the duration of the study. Eliakim et al.[27]

suggested that short term training may have re-
sulted in a substantial catabolic hormone response
in this group of girls.

Data from 38 boys (mean age 16.7 years) from
the same study[27] were published separately.[28] In
agreement with the data from girls,[27] a 12% de-
crease in serum IGF-1 levels was observed follow-
ing the 5 weeks of training. However, in contrast
to the girls, IGF-1 levels did not correlate well with
aerobic power or lean thigh volume in this group
of adolescent boys. The authors postulated that in
young boys there may be a fitness-associated atten-
uation of GH-receptor sensitivity. It was suggested
that this characteristic combined with lower levels
of GHBP in a feedback loop that ultimately resulted
in higher levels of GH being secreted from the pi-
tuitary as a long term adaptation to increased aer-
obic fitness. In adolescent boys it was the reduced
levels of circulating GHBP that correlated inversely
with peak aerobic power and thigh volume. The
authors suggested that investigations into the roles
of testosterone and estrogen on GHBP may clarify
these observed gender-related differences.[28] While
training elicited a catabolic response in both gen-
ders in both studies,[27,28] as stated previously, in
females but not males IGF-1 was positively corre-
lated with training-induced increases in aerobic
power and lean thigh volume.

The exercise-induced hormone responses of
girls during their 5 stages of puberty have been
examined.[29] Once a year, over a 3-year period, 34
girls (beginning at a mean age of 11.5 years) cycled
for 20 minutes at 60% peak aerobic power (V

.
O2peak).

Pre- and postexercise blood samples were analysed
for cortisol, insulin, GH, estradiol, progesterone
and testosterone. Increases in cortisol, GH and
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estradiol levels and a decrease in insulin levels
were observed following exercise at all stages of
puberty. Pre-exercise GH levels were highest and
cortisol levels were lowest at breast stage 3. Peaks in
estradiol and testosterone levels were observed to-
wards the end of puberty (breast stage 5) while pro-
gesterone responses became significant at breast
stage 4. The peak in the levels of sex steroids to-
wards the end of puberty is likely to correspond
with menarche. Following menarche, the late fol-
licular phase of the normal menstrual cycle has also
been associated with a 2-fold increase in serum GH
levels.[30] Therefore, it would appear that the po-
tential biological utility of GH may peak in the mid
pubescent years of girls and be subsequently en-
hanced through the normal menstrual processes.

In summary, the neuroendocrine mechanisms
that regulate growth during the adolescent years
are unique. The overall result for the active adoles-
cent may be positive in terms of enhanced GH se-
cretion through physical activity and exercise as well
as through the endogenous mediators of GH. The
qualitative alterations in the GH–IGF-1 feedback
systems appear to be stage- and gender-dependent
and highly complex in nature.

3. Trainability in Adolescence

3.1 Anaerobic Performances 
in Adolescence

The power generated per kilogram of bodyweight
during high intensity anaerobic exercise is lower
in adolescents than in adults.[31-33] Various physio-
logical mechanisms have been postulated to explain
the lower anaerobic power in younger populations.
These include lower levels of phosphofructokinase
(PFK) which is a rate-limiting enzyme of the gly-
colytic pathway,[34] lower sympathoadrendal activ-
ity,[35] maturational differences in muscle fibre
distribution[36] and immature anabolic hormonal re-
sponses such as lower levels of testosterone.[31]

Increased anaerobic potential refers to enhanced
rates of ATP release via ATP-PCr (phosphocreatine)
catabolism or the breakdown of stored or trans-
ported carbohydrate in active tissue under high in-

tensity exercise demands. A progressively increased
anaerobic potential in boys during adolescence com-
pared with preadolescence is supported by studies
of increased enzymatic activity,[36] anaerobic per-
formance (defined by postexercise oxygen consump-
tion) and serum lactate levels.[37]

In previous decades, researchers of adult-based
studies have been advancing their understanding of
the energy demands of high intensity exercise by
using invasive procedures such as muscle biop-
sies. Because of ethical and moral constraints, less
is known about the metabolic mechanisms and lim-
itations of exercise responses in healthy adolescents.
More recently, phosphorus nuclear magnetic reso-
nance spectroscopy (31PMRS) has been used as a
well tolerated, noninvasive measurement of intra-
cellular inorganic phosphate (Pi), PCr, ATP and pH.
Increases in the ratios of these variables can reflect
accelerated anaerobic glycolysis. For example, there
is an increase in the Pi to PCr ratio with progressive
exercise demands. This ratio has been observed to
be smaller in children than in adults.[38] More spe-
cifically, children were reported to achieve a post-
exercise Pi to PCr ratio that was only 27% of the
adult value.[38]

Kuno et al.[39] reported PCr to PCr + Pi ratios
that were similar between untrained and trained 12-
to 17-year-old adolescents but these values were
higher than those observed in adults. Cooper and
Barstow[38] concluded that ‘inherent muscle prop-
erties’, which were yet to be identified, were most
likely responsible for poorer anaerobic responses
associated with younger populations compared with
adults.

Despite the attractiveness of the 31PMRS meth-
odology, only 1 other study involving healthy adoles-
cents has been published.[40] In this study, skeletal
muscle metabolism during short term high inten-
sity exercise was compared in prepubertal and pu-
bertal female swimmers (n = 18). Intracellular pH
and phosphorus responses during submaximal and
supramaximal plantar flexion exercise were com-
pared between the 2 groups of participants. No
between-group differences were reported follow-
ing submaximal exercise. However, a lower Pi to
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PCr ratio was observed in the prepubertal group
compared with the pubertal group following supra-
maximal exercise. This finding was linked to a
larger area of cross-sectional muscle mass in the
more mature girls than in the prepubertal group and
was therefore perceived as a ‘size-’ rather than a
maturity-dependent response. Limitations of the
31PMRS methodology may preclude acceptable
between-group comparisons because morphologi-
cal differences are unable to be controlled. The au-
thors therefore believed that their results could not
support an augmented glycolytic contribution to en-
ergy expenditure during puberty.[40] However, there
is a strong indication that future research using the
31PMRS method in combination with other meth-
ods which help account for differences in size and
fibre type will be useful in determining the short
and long term skeletal muscle responses to exer-
cise in both genders as they progress through pu-
berty.

Bar-Or[31] contended that younger populations
should be encouraged to pursue a number of dif-
ferent physical activities. Conversely, adolescence
is thought to be the optimal time to specialise in
physical activity. In adolescent boys, the gains in
muscle mass and body size appear to enhance the
potential for anaerobic trainability.

Fournier et al.[41] examined the skeletal muscle
adaptations in 16 adolescent boys who had under-
gone either endurance or sprint training over a 3-
month period. The activities of a glycolytic enzyme
(PFK) and an aerobic enzyme (succinate dehydro-
genase) were analysed following pre- and post-
intervention biopsies from the vastus lateralis. The
activity of PFK increased by 21% in association
with training in the sprint trained group only. A
subsequent biopsy 6 months after the study revealed
that the activity of this anaerobic enzyme had re-
turned to pretraining levels.

However, there are no anaerobic training studies
comparing trainability cross-sectionally through the
different pubertal stages. The inherent difficulties
in anaerobic training studies include a lack of agree-
ment on what denotes anaerobic training, the com-
plex masking effects of hormonal factors with

training responses during puberty and the difficul-
ties in matching exercise and control groups.[42]

The difficulties in matching exercise and control
groups are due to problems in matching pubertal
status, training status, training history and body
composition between the 2 groups. In addition, in
contrast to the studies where gender comparisons
can be readily conducted with prepubertal groups,
factors that need to be considered for gender com-
parisons of anaerobic trainability during adoles-
cence become even more complex. Consequently,
the responses of well-matched male and female ad-
olescents to the short and long term stresses in-
volved with anaerobic training is poorly described
in the literature. Therefore, it is apparent from the
limited data available that the understanding of an-
aerobic trainability during adolescence requires fur-
ther research; however, the training outcomes ap-
pear to be specific and transient.

3.2 Resistance Training in Adolescence

Early studies conducted on resistance training
in younger populations were not associated with
improvements in strength. Often total training vol-
ume was relatively low in these early studies,[43-44]

and researchers believed that these programmes
were ineffective because of the lack of hypertrophy
and relatively low absolute strength gains compared
with the gains observed in adult populations.[45]

The Position Statement on Youth Resistance Train-
ing published by National Strength and Condition-
ing Association from the US[46] upheld the more
recent belief that properly supervised and well
planned resistance training can be effective and safe
in improving the strength of preadolescent and ad-
olescent populations. Reliable research on strength
training in young populations is limited, however.

Many weaknesses have been identified in resis-
tance training studies conducted to date in younger
populations.[47-48] Falk and Tenenbaum[47] have in-
dicated the need for researchers to provide a pre-
learning phase in the techniques and tests associ-
ated with resistance training so that tests reflect
valid gains in strength rather than a familiarisation
of the trainee with the tests. They[47] further noted

Physiological Issues for Adolescent Athletes 315

  Adis International Limited. All rights reserved. Sports Medicine 2000 Nov; 30 (5)



that researchers in this area have frequently neglected
to include a control group and/or randomly assign
participants to groups. The authors[47] were also crit-
ical of the paucity of reliable data in resistance train-
ing studies in younger populations that included
female participants. A similar criticism can be made
of the literature including adolescents, with most of
the early studies focusing on boys.[49] There are re-
ports of substantial relative and absolute strength
gains from a variety of resistance training modes,
frequencies and programme duration in resistance
training studies with adolescent boys.[45]

The gains in lean mass that more consistently
accompany adolescent than preadolescent resistance
training in boys are, however, smaller than the gains
in strength.[50] Blimkie and Sale[50] contended that
early maturing boys are stronger than those who
are slower to mature; however, the maturity-related
differences are less discernable by the completion
of puberty. The velocity of strength gain in pubes-
cent males appears to peak following peak height
velocity. This observation is not as consistent in
girls in that only around 50% peak in strength gain
following their peak height velocity. Blimkie and
Sale[50] suggested that many girls may peak in
strength before or during peak height velocity. De-
spite the stage at which it occurs, the magnitude of
the strength gain is consistently greater in boys than
in girls.[50]

Resistance training studies in young female pop-
ulations have more commonly assessed changes in
bone mineral content and bone density as well as
physical strength. Recently, Nichols et al.[51] com-
pared strength and bone mineral density changes
that occurred with a 5-month resistance training
programme (30 to 45 minutes per day for 3 days
each week). The researchers recruited 10 adoles-
cent girls undergoing training (aged 14 to 17 years)
and 10 sedentary (<2 hours of activity per week)
age-matched girls. A 1-repetition maximum for the
leg press and bench press increased strength by 18
and 20%, respectively, over the 5-month period in
the group undergoing training. Total body bone min-
eral density increased to a greater extent in the re-
sistance training group than in the control group.

Changes in the lumbar spine and femoral neck bone
mineral density, however, did not differ between
groups.

A resistance training study of similar duration
(26 weeks) was conducted by Blimkie et al.[52] who
recruited postmenarcheal adolescent girls. Partici-
pants were required to train 3 times per week using
hydraulic resistance machines. Compared with the
control group, there were no differences in the total
body bone mineral density or lumbar spine bone
mineral density and bone mineral content after train-
ing. Significant changes were apparent between the
pre- and postintervention percentage strength gains
using manoeuvres that included bicep curls (21.4%),
knee extension (25.1%), knee flexion (52.8%) and
squat press (21.5%). However, no differences were
reported in the pre- and postintervention anthropo-
metric measurements of the upper arm girth or the
cross-sectional area of the quadricep muscle using
computerised tomography.

Therefore, hypertrophy and bone mineral changes
may not consistently characterise the effects of re-
sistance training in postmenarchal girls. However,
marked changes in strength can be expected from
well planned and carefully supervised programmes
that are assessed with valid and specific testing re-
gimens. Changes in bone mineral density are de-
pendent on the nature of the mechanical load and
the duration of the study. Longer term resistance
training studies may provide more adequate time
for a greater degree of bone remodelling to occur
than the relatively short term studies described in
the current literature.

The vast array of resistance training programmes
used in the research available to date has lead to
substantial inconsistencies between studies. This re-
search also represented different genders and stages
of maturation and varying levels of familiarisation
with programme techniques. The inconsistencies
consequently make prescribing exercise for resis-
tance training extremely difficult. Safety remains
the major issue in resistance training in adolescent
populations. Appropriate teaching, planning, super-
vision and equipment are fundamental to a safe and
positive framework for the implementation of re-
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sistance training programmes. It would be ex-
tremely valuable to have more documentation in
the scientific literature of effective resistance pro-
grammes designed for, and implemented with, ad-
olescents.

3.3 Aerobic Training in Adolescence

The cardiorespiratory benefits of aerobic exer-
cise are evident early in life.[42,53] Pate and Ward[54]

identified 3 physiological characteristics that de-
note increased endurance performance in children
and youth. These characteristics are a high peak
oxygen consumption (V

.
O2peak), a delayed lactate

threshold and an efficient economy of energy ex-
penditure during submaximal performance. Pate and
Ward[54] asserted that all 3 characteristics of endur-
ance performance could be enhanced with training
in younger populations.

Several reviews of submaximal energy expen-
diture during the developmental years appear else-
where in the literature[42,55] These reviews high-
light a spectrum of measurements through which
submaximal performances by adolescents can be
assessed including energy costs, cardiorespiratory
responses and substrate and metabolite levels in
the blood.

Comparisons of submaximal substrate utilisa-
tion have been conducted in some of the earliest
research into the exercise responses of adolescents.
No differences in plasma free fatty acid and glu-
cose levels during prolonged exercise were reported
when adolescent populations were compared with
younger or older age groups.[56,57] In addition, sim-
ilar plasma levels of free fatty acid and glucose
were observed between well trained adolescent boys
and girls (mean age 15.5 ± 0.3 years) when they par-
ticipated in a laboratory simulated triathlon.[58] The
validity and reliability of using plasma substrate
samples is likely to become clearer when studies
of adolescent responses to exercise are conducted
using isotopic tracer protocols for substrates such
as glycerol and leucine. The precision associated
with isotopic tracer methodology is likely to re-
duce the large variance frequently reported in me-
tabolic blood sampling.

Lactate is a blood borne metabolite and levels
of this substance are lower in children than in
adults following maximal exercise. Higher maximal
and lower submaximal lactate levels may theoreti-
cally be expected in the adolescent period between
childhood and adulthood. During adolescence en-
ergy expenditure becomes more efficient submaxi-
mally and results in lower plasma and blood lactate
levels. Conversely, more powerful maximal perfor-
mances by adolescents can generate higher plasma
and serum lactate levels. A longitudinal study in 8
male runners examined submaximal and maximal
responses to exercise over an 8-year period which
began when the participants were 12 years of age.
While submaximal blood lactate responses de-
creased over the period of the study in the well
trained males, maximal lactate responses did not
differ between the trained and sedentary groups.[59]

The highest ‘steady state’ lactate responses were
also investigated in 34 adolescent boys (15.4 ± 2.8
years of age). Blood lactate levels corresponding
with the highest workload at which steady state could
be maintained was independent of age and was more
related to training status.[60] The absence of a dif-
ference in maximal plasma lactate levels among
trained and untrained adolescents possibly reflects
the insensitivity of blood lactate as a marker of phys-
iological change following maximal exercise in the
second decade of life. Therefore, the sensitivity of
blood lactate levels to the training status of adoles-
cents appears to be greater under submaximal rather
than maximal exercise stimuli.

Energy efficiency can be defined as the energy
expenditure requirements for a given amount of
work. It has been reported to be similar in preado-
lescent and adolescent males during nonweight-
bearing cycling.[61,62] In weight-bearing exercise
such as treadmill running, the V

.
O2 per kg of body-

weight can be expected to decline by about 1.0
ml/kg/min for each year between childhood and
adolescence.[42] When data from treadmill studies
were expressed as V

.
O2 per stride, no differences

were reported between preadolescent and adoles-
cent populations.[63] However, there is a correla-
tion between stride frequency and efficiency that
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highlights developmentally-related improvements
in running mechanics.[64]

Adolescents, however, appear to be somewhat
less efficient in energy expenditure than adults. A
recent study on the energy cost of horizontal walk-
ing and running in 47 male and 35 female adoles-
cents found that applying adult regression models
to predict the energy costs of adolescents under-
estimated the true costs.[65] Thus, it appears that
adolescents reflect age-related improvements in
weight-bearing activity but may not demonstrate
the economy of movement of which an adult is
capable. During and after adolescence, it is likely
that the potential for improving physical perfor-
mance may be more dependent on training than on
development.

Most endurance training studies in children and
adolescents have focused on changes in V

.
O2peak

rather than lactate and substrate responses during
submaximal performance. The aerobic trainability,
assessed using V

.
O2peak, in preadolescent and ado-

lescent populations has been the focus of several
reviews and meta-analyses.[42,54,66,67] Results vary
according to the inclusion criteria of the studies.
Pate and Ward[54] restricted their review to studies that
included control groups (random or pair-matched),
physiological measures of training outcomes, clear
descriptions of training protocols and publication
in peer-reviewed journals. The authors[54] reported
an average aerobic training improvement in V

.
O2peak

in approximately 10% in children and adolescents.
Because of the lack of data, the quantity of change
in V

.
O2peak in aerobic trainability that occurs dur-

ing, and as a result of, puberty remains uncertain.
Although the authors acknowledged the very lim-
ited number of training studies including pre-, mid
and postpubescent participants, they surmised that
aerobic trainability appeared to be similar before
and after puberty but not during it.[54]

One group of investigators[68] conducted a 10-
week aerobic training programme (4 days per week)
in twin boys aged 10, 13 and 16 years of age (n =
26). Of each twin pair, 1 twin trained and the other
acted as the control. The authors observed a 13 and
15% improvement in V

.
O2peak in the trained pre-

and postpubescent groups, respectively, but only a
10 to 11% improvement in the trained midpubesc-
ent group. Thus, the authors suggested that a de-
creased sensitivity to training occurred in the mid-
dle of the pubertal growth spurt when compared
with the years surrounding it. The limited evidence
for this hypothesis renders it difficult to support
beyond the scope of the original study. The conclu-
sions made by Pate and Ward[54] in the paragraph
above appeared to be influenced by the present
study.[68]

Not all researchers maintain this perspective. In
a review[69] the V

.
O2peak during training of preado-

lescent populations was concluded to average 5%
when the criteria for reviewing studies included only
those with an acceptable effect size, well-matched
control groups and a quantifiable estimate of the
training intervention. Furthermore, it has been sug-
gested that there were marked increases in the aer-
obic trainability of males following puberty.[70] The
‘trigger hypothesis’ was revisited from the original
work of Katch[71] to help explain this observation.
This hypothesis proposed that the marked increase
in the potential for aerobic power in more mature
males was associated with pubertal changes. Ko-
bayashi et al.[72] monitored V

.
O2peak in boys aged

between 9 to 10 and 15 to 16 years of age who were
long distance runners. The researchers observed ex-
ponential increases V

.
O2peak around peak height ve-

locity at approximately 14 years of age. The fact
that the participants in the aforementioned study[72]

were well trained highlights the need to interpret
improvements within the context of the training
background as well as with regards to growth. The
growth-related improvements in aerobic trainabil-
ity in well trained male adolescent athletes com-
pared with well trained preadolescent male popu-
lations may be associated with the interactive effects
of leaner body composition, proportionally higher
muscle mass, higher blood oxygen carrying capac-
ity and larger maximal cardiac output. These adap-
tations concomitantly relate to increased testoster-
one, GH and other hormone secretions that occur
with maturation in males.[70,71] Thus, aerobic im-
provements in adolescent males may be related to

318 Naughton et al.

  Adis International Limited. All rights reserved. Sports Medicine 2000 Nov; 30 (5)



maturation as well as training. The mechanisms
through which both maturation and training im-
prove aerobic performance in adolescent males are
not well differentiated, however.

Inequality in the aerobic fitness of female com-
pared with male populations is evident before pu-
berty. Trends in V

.
O2peak (in ml/kg/min) in a sample

of Polish girls (active and inactive) indicated that
girls appeared to peak in their relative aerobic
fitness 2 years before menarche and this then de-
creased almost linearly for approximately 3 years
after menarche.[7] Although data are scarce, when
girls engage in endurance-based sports during their
adolescent years, V

.
O2peak scores appear to be sim-

ilar to, or superior to, those published for prepubes-
cent girls.

Baxter-Jones et al.[73] tracked V
.
O2peak perfor-

mance in participants who were training intensive-
ly for soccer, gymnastics, tennis or swimming. The
researchers conducted a mixed longitudinal research
project using 5 age cohorts (8, 10, 12, 14 and 16
years) of approximately 450 young athletes over 3
years. Progressive increases in absolute aerobic
power through the pre-, mid and late pubertal years
were observed in boys. In contrast, the girls failed
to demonstrate increased aerobic power during pu-
berty. The V

.
O2peak of all the sporting groups enter-

ing the study, however, was higher than the mean
values obtained for age-matched normative values
for British children who were neither training nor
sedentary. It is highly commendable that the active
adolescent girls included in this study maintained
their aerobic fitness despite substantial changes in
fat mass and body image that would have occurred
in most of the female participants. In addition, ac-
tive young girls could in fact be rejecting or revers-
ing the downward trend to decreased aerobic fit-
ness that may occur in normative population profiles
of adolescent girls. However, the aerobic trainabil-
ity of young girls appears to be less researched than
their male counterparts.

From one of the few aerobic training studies in
adolescent girls (aged 15 to 17 years), Eliakim et
al.[27] reported a 12% improvement in V

.
O2peak fol-

lowing 5 weeks of endurance training for 1 hour a

day. In contrast, only a 7% difference was observed
in another study in 14-year-old girls who trained
for 40 minutes, 3 times a week for 10 weeks in
whom average heart rates were greater than 160
beats per minute.[74] One possible explanation for
the differences in results between the 2 studies may
be that the volume of training was less in the study
conducted by Armstrong.[74] It is also possible that
there was a selection bias in that only adolescents
with reasonable fitness volunteered for the training
study by Armstrong[74] and therefore may have al-
ready been experiencing their peak aerobic fitness.
However, both studies enrolled adolescent girls with
a baseline V

.
O2peak of approximately 42 ml/kg/min.

The aerobic trainability of adolescent girls requires
further research.

As previously stated, a predominance of research
has concentrated on fitness-based outcomes of ex-
ercise training where improvements were report-
ed largely through increases in V

.
O2peak.[75] A more

holistic trend in exercise intervention studies in
younger populations has been to include other
health-related fitness measures such as blood lipid
profiles, bone health and blood pressure. For exam-
ple, a 16-week endurance study in 15 boys and 10
girls (aged 13 to 18 years) resulted in decreased
total cholesterol levels and increased serum high
density lipoprotein-cholesterol levels in the trained
group compared with their pretraining values. No
changes in either parameter were reported in the
control group.[76] However, the training-related im-
provements in these 2 parameters observed in this
study are not supported by other studies in adoles-
cent participants.[77,78]

Improvements in markers of bone status were
demonstrated following a 5-week intensive aero-
bic training programme at a summer school. Spe-
cifically, increases in blood borne markers of bone
formation and decreases in markers of bone resorp-
tion were reported in a group of 38 boys (mean age
16.7 years) who were either in the exercise or the
control groups.[79] In another study, a 1-semester
programme of endurance training increased the aer-
obic fitness and decreased the systolic blood pres-
sure in 44 adolescent girls who commenced the
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programme with blood pressure readings above the
67th percentile. In this randomised study the con-
trol group was assigned to the standard physical
education programme.[80] Alternatively, a study ex-
amining the relationship between blood pressure
and physical fitness in approximately 6000 Danish
adolescents reported that fitness (assessed using
V
.
O2peak) was negatively related to blood pressure

only up to the 50th percentile in boys and up to the
80th to 90th percentile in the girls.[81]

It appears from the literature that the health-
related responses that accompany aerobic training
in adolescence are limited, equivocal and clearly
require further research. Studies that have researched
aerobic trainability in adolescents have indicated
increased V

.
O2peak values. The aerobic trainability

of adolescents, as in adult intervention studies, most
likely depends on the initial fitness of participants,
their training history, compliance with the training
programme and the quality and duration of the in-
tervention.

4. Intensive Training 
During Adolescence

4.1 Intensive Training and its Potential
Effects on Growth at Puberty

The question of how intensive training may af-
fect pubertal growth has challenged researchers for
decades. To address this question a British study
profiled elite junior athletes from a number of sports
annually over a 3-year period.[82] The starting age
of participants in this study was sport-dependent
and ranged from 8 to 16 years. The sporting groups
studied (gymnastics, tennis, soccer and swimming)
were training at different volumes and intensities.
Participants were randomly selected from lists sup-
plied by each of the 4 sporting associations and rep-
resented athletes who were undertaking the highest
amounts of training expected of junior athletes in
their respective sport. The authors[82] reported that
the young participants largely remained on the same
percentile for height and bodyweight over the 3-
year period. For example, swimmers started and
ended the study in the highest percentile rankings

for height and bodyweight. In contrast, gymnasts
started and ended the 3-year study with very low
percentile scores for height and bodyweight. The
absence of a downward shift in percentile rankings
suggested that sport specific intensive training was
not delaying growth during the years of measure-
ment in this study.

While there is anecdotal evidence that aesthetic
bodyweight-dependent sports, (gymnastics, figure
skating, diving) appear to delay maturation, scien-
tific reports of this observation are scarce. There
are, however, a small number of reports of inappro-
priate decreases in standard deviation scores for
height in young, active populations. This was im-
plicit in the observation of stunted leg growth in a
group of elite Swiss gymnasts (mean age 12.3=± 0.3
years) who had been training an average of 22 hours
per week.[83] The authors[83] postulated that pro-
longed and intensive training might have interfered
with the normal activities of the hypothalamic-
pituitary-gonadal axis.

Another group of gymnasts (aged 7 to 16 years)
were assessed over a 5-year period and were re-
ported to have a slower growth rate and delayed
menarche compared with a control group.[84] There
was also a report of decreased growth velocity in
16% of 97 young dancers.[85] However, growth ve-
locity studies require careful analysis as training
may not be the primary and single factor influenc-
ing growth.

Bass et al.[86] examined growth patterns of 83
active gymnasts (aged 5 to 15 years). Data were
also analysed for the effects of the number of years
of gymnastics training; participants had all been
training for 0.5 to 10 years. Shorter leg length was
observed in all gymnasts regardless of how long
they had been training. Leg length velocity in the
gymnasts increased at the same rate as in the con-
trol group. However, growth in the leg length of the
gymnasts was tracked over a lower percentile. This
indicated that gymnasts with constitutional delayed
growth may be coincidently selected as they have
attributes that are considered beneficial in gymnas-
tics.
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In the study by Pigeon et al.,[85] delayed onset
of menarche was reported in young dancers com-
pared with a control group. The incidence of de-
layed menarche, however, needs to be assessed in
relation to the age of menarche in the mothers of
the young athletes rather than in relation to a less
active control group.[82] Malina et al.[87] contended
that menarche needs to be considered as an inter-
active product of training, nutrition, familial num-
bers, and coach or family stress.

It is evident, therefore, that selection processes
for sports such as gymnastics and dance may pos-
itively discriminate towards young athletes that
have familial short stature or constitutional delayed
growth. Peltenburg et al.[88] reported that elite gym-
nasts had a shorter stature from as early as 2 years
of age, well before their gymnastics career began.
In active adolescents for whom training is part of
a balanced lifestyle, skeletal development through
weight-bearing activity may in fact be enhanced
when compared with less active young people at
the same stage of development. Generally, normal
levels of physical activity should not be associated
with delayed sexual maturation or stunted height.[89]

4.2 Intensive Training and Injury Risks to
Adolescent Athletes

More than ever, young athletes are being asked
to participate in intensive and more repetitive sports
training from an early age.[90] This has resulted in
the popular notion that excessive training during
adolescence may lead to inordinate physical stresses
on the cardiorespiratory and musculoskeletal sys-
tems of the young athlete. Consequently, it is in-
ferred that the impact of these stresses may impair
normal function and result in long term implica-
tions for musculoskeletal function. However, the
literature does not support these theories, and in
fact there is much greater evidence of the apparent
physiological benefits of long term training during
the adolescent years.[91,92]

Reports of overuse injuries in children and ad-
olescents, however, are increasingly common and
should not be ignored.[89,93] Musculoskeletal inju-
ries routinely occur at a similar rate in adults and

younger populations;[94] however, the causes of these
injuries may differ.[95] For example, an examina-
tion of the causes of ‘lower back pain’ in 100 ado-
lescents and 100 adults who attended a sports med-
icine clinic and orthopaedic hospital, respectively,
revealed the incidence of spondylolysis stress-
related pain occurred in 47% of adolescents and
5% of adults.[95]

There are a number of musculoskeletal prob-
lems that are specific to children and adolescents
because of the differences in the structure of the
growing bone compared with adult bone.[96] Liga-
ments are 2 to 3 times stronger than bone, which
results in epiphyseal fractures or avulsion injuries
rather than ligamentous damage.[96] The growth
plate or epiphysis is at risk of disruption, especially
from shearing forces, and fractures of the growth
plate are of particular concern because of the dan-
gers of interruption to the growth process. It is ac-
knowledged that the cartilage of the growth plate
may be at its weakest during the most intensive
phases of growth in adolescence.[97]

A review of the literature on the potential sup-
pressive role of physical loading on radial growth
in female gymnasts (n = 38, aged 10.5 to 17 years)
investigated the vulnerability of female gymnasts
to stress-related distal radius epiphyseal arrest.
Given that the reported incidence of epiphyseal
arrest ranged from 10 to 85% in gymnasts from 5
cross-sectional studies, the authors[98] believed
that the evidence of vulnerability to injury was un-
convincing and inconclusive.

The metaphysis of the long bones is more resil-
ient and elastic in children and adolescents than in
adults, thus greenstick fractures occur more readily
in children and adolescents. The articular cartilage
of growing bone is of greater depth than that of
adult bone and can undergo remodelling. The im-
pact of repetitive microtrauma in some adolescents
is linked to subchondral stress fractures that can
regress to osteochondrosis dissecans in the articu-
lar cartilage of the ankle, knee or elbow if they
remain untreated. The cartilaginous apophysis pro-
vides a relatively weak attachment site for tendons
to bone which if overused can result in apophysitis
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such as Osgood-Schlatters (tibial tubercle apophysi-
tis) and Sever’s Disease (calcaneal apophysitis). Hard
rapid loading of the muscles, tendons and bone as-
sociated with explosive and intensive movements
in exercise can lead to avulsion fracture of the apo-
physis.

Segesser et al.[99] reported that the ratio of the
incidence of apophyseal lesions in adolescent boys
compared with girls was 9 : 1. DiFiori[93] identi-
fied common factors contributing to the incidence
of apophyseal injuries among adolescent popula-
tions such as weakened growth cartilages compared
with the supporting muscle tendon unit, poor flex-
ibility and increased tracking on the tendon inser-
tion sites.

The American College of Sports Medicine con-
tended that half of the overuse injuries diagnosed
in adolescents were preventable.[100] To prevent in-
jury, preparticipation screening and regular visits
to sports medicine health professionals are strongly
recommended in adolescent athletes who are seri-
ous about their training.[89,91,93]

In summary, it is acknowledged that adoles-
cence is the recommended stage of development
for specialising in sports. However, adolescent ath-
letes participating in high volumes of training at the
same time that marked changes in physical growth
are occurring may be at greater risk of microtrau-
matic injury than athletes at any other stage of de-
velopment. Therefore, there may be a need to care-
fully monitor the volume of training at the time of
rapid growth and development.

5. Conclusion

The adolescent years present a unique challenge
to the young athlete. Girls who remain active through
their pubertal years may maintain superior aerobic
fitness and remain leaner than their inactive peers.
Active adolescent boys may improve their aerobic
and anaerobic power through mechanisms that
appear to be related to body composition, haemo-
globin increases, hormonal changes and/or relatively
high levels of habitual physical activity. In general,
however, there is a dearth of research on the training

responses of adolescent girls to aerobic, anaerobic
and resistance intervention programmes.

Advances in technology have increased the un-
derstanding of exercise performances of adolescent
populations using noninvasive procedures. Despite
these improvements, the mechanisms behind the
poorer anaerobic performances of young athletes
compared with older athletes remain elusive. Be-
cause of the interactive effects of intensive training
and growth during adolescence, intensive training
could result in some adolescent athletes being par-
ticularly vulnerable to repetitive microtraumatic
injuries.

In general, participation in sports during adoles-
cence does not appear to be detrimental to matura-
tional processes. The area of adolescent exercise
provides useful and challenging information. It will,
however, require an aggressive pursuit of knowl-
edge if campaigns to increase physical activity and
attract younger populations to participate are to suc-
ceed. Identifying the mechanisms responsible for
changes in the physiology of adolescent athletes may
facilitate the development of specific programmes
for adolescents. The exercise prescription to pro-
duce the most desirable and long term benefits for
adolescents requires dynamic and individual pro-
gramming.
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