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Abstract Ethical and methodological factors limit the availability of data on metabolic

and hormonal responses to exercise in children and adolescents. Despite this, it
has been reported that young individual s show age-dependent responses to short
and long term exercise when compared with adults.

Adenosine triphosphate (ATP) and phosphocrestine stores are not age-dependent
inchildren and adol escents. However, phosphorus-31 nucl ear magneti c resonance
spectroscopy (3IPNMR) studies showed smaller reductions in intramuscular pH
in children and adolescents during high intensity exercise than adults. Muscle
glycogenlevelsat rest arelessimportant in children, but during adol escence these
reach levels observed in adults.
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Immaturity of anaerobic metabolism in children isamajor consideration, and
there are several possible reasons for this reduced glycolytic activity. There ap-
pear to be higher proportions of slow twitch (type) fibresin the vastus lateralis
part of the quadricepsin children than in untrained adults, and anaerobic glyco-
lytic ATP rephosphorylation may be reduced in young individuals during high
intensity exercise. Reduced activity of phosphofructokinase-1 and lactate dehy-
drogenase enzymes in prepubertal children could also explain the lower glyco-
Iytic capacity and thelimited production of musclelactaterel ativeto adults. These
observations may be related to reduced sympathetic responses to exhaustive re-
sistance exercise in young people.

In contrast, children and adolescents are well adapted to prolonged exercise
of moderate intensity. Growth and maturation induce increases in muscle mass,
with proliferation of mitochondria and contractile proteins. However, substrate
utilisation during exercise differs between children and adults, with metabolic
and hormonal adaptations being suggested. Lower respiratory exchange ratio
values are often observed in young individuals during prolonged moderate exer-
cise. Data indicate that children rely more on fat oxidation than do adults, and
increased free fatty acid mobilisation, glycerol release and growth hormone in-
creases in preadolescent children support this hypothesis.

Plasmaglucose responsesduring prolonged exercise aregenerally comparable
in children and adults. When glucoseisingested at the beginning of moderate exer-
cise, plasma glucose levels are higher in children than in adults, but this may be
caused by decreased insulin sensitivity during the peripubertal period (as shown
by glucose : insulin ratios).

Conclusions: Children are better adapted to aerobic exercise because their
energy expenditure appearsto rely more on oxidative metabolism than isthe case
in adults. Glycolytic activity is age-dependent, and the relative proportion of fat
utilisation during prolonged exercise appears higher in children than in adults.

Children and adolescents are not adultsin min-
iature. They grow up and mature at their own rate
and as such, metabolic and hormonal responses to
exercise vary accordingly asthey progressthrough
childhood and adolescence. Rates of cellular growth
and proliferation depend on the actions of specific
hormones such as growth hormone (GH), insulin-
like growth factors (1GFs) and steroid sex hormones
(SSHSs). These hormones a so directly regul ate me-
tabolic processes during rest and exercise. Other hor-
mones such asinsulin areindirectly involvedinthe
control of growth. At puberty, accel erated devel op-
ment and intense endocrine activity (GH and SSH)
may affect the metabolic regulation of exercise. Un-
fortunately, most of those mechanismshavenot yet
been explored in humans. M ethodol ogical and eth-
ical considerations probably explain why little re-
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search on exercise in young individuals has been
carried out. The aim of this review isto report the
evidence for specific metabolic and hormonal re-
sponses in children and adolescents during short
and long term exercise. Specific maturity-related
differences in substrate utilisation could influence
exercise performance. Thisreview will summarise
the limited data available from the literature and
will also try to establish recommendationsfor chil-
dren and adol escents undertaking physical activity.

1. Summary of Morphological,
Functional and Metabolic Changes
Through Childhood

The pubertal growth spurt relies on the release
of important hormones (GH, I1GFs, SSHs) that in-
duceincreasesin growth vel ocity, boneand muscle

Sports Medicine 2000 Dec; 30 (6)



Metabolic Exercise Responses in Children

407

maturation, functional ability and metabolic adap-
tation. These changes may influence the develop-
ment of physical capacity and performance during
childhood and adolescence.

Adrenarche (as defined by synthesis and secre-
tion of androgenswhen the adrenal zonareticularis
matures) takes place between 6 and 8 years of agein
girlsand 8 to 10 years of agein boysin Caucasian
populations.!!! In both genders, there is a progres-
sive increasein the secretion of adrenal hormones
(androgens and estrogens).[2:2l The gonadarche (as
defined by activation of the testes and ovaries at
puberty) follows 2 to 3 years after this first stage
and is under the control of GH, IGF-1 and SSHs.
The release of these hormones is controlled by
the pulsatile stimulation of a hypothalamic factor,
gonadotrophin-releasing hormone (GnRH). The
GnRH that is subject to both positive and negative
feedback control by circul ating SSHs (testosterone
in boys, and estradiol and progesteronein girls) also
stimulates secretion of follicle stimulating hormone
(FSH) and luteinising hormone (LH). SSHs from
the adrenal glands and gonads mediate the later
pubertal changes.®l Increased plasmalevels of GH,
testosterone, estradiol and progesterone have an an-
abolic effect on structural protein production (in-
cluding various enzyme pathways). The synergis-
tic action of GH and gonadal steroids promotesthe
pubertal growth spurt, mainly in bones and mus-
cles, that may contribute to aspects specific to chil-
dren and adol escents’ metabolic and hormonal reg-
ulation during exercise.

2. Methodological and Ethical Aspects
During Exercise in Young Individuals

2.1 General Information

The lack of information on metabolic and hor-
monal responses during exercisein young individ-
uals is mainly attributable to ethical concerns and
methodologica congtraints. Paediatric exercise sci-
entists perform biopsies, use radioactive materials
or insert arteria catheters in young individuas only
very rarely. With healthy children, measurements

0 Adis International Limited. All rights reserved.

have to be indirect and relatively noninvasive,[5]
and must carry little or no risk to health.[®

2.2 Plasma or Blood Concentrations

The most common (but invasive) indirect tech-
nique used to assess metabolic and hormonal re-
sponses is based on plasma or blood measurements.
These metabolic or hormonal levelsmay indirectly
reflect a balance between production and utilisation
during exercise. However, it is difficult to assess
the precise effect of a hormone upon a metabolic
pathway. For example, anincreasein plasmalevels
of ahormone or substrate does not necessarily re-
flect anincreasein secretion, but may be caused by
adecrease in metabolic clearance rate (MCR).[7] It
may be due aso to a decrease in plasma volume
which leads to haemoconcentration.[8l Other fac-
tors such changes in posture, timing, site of blood
sampling and method of measurement can influ-
ence results. Furthermore, hormonal activities de-
pend not only on plasma or blood levels, but also
on receptor availability and sensitivity.

For these reasons, it isimportant to understand
the limitations of the measurement of plasma or
blood metabolic and hormonal activities during ex-
ercisein children when compared with adults, where
other techniques (e.g. radioactive materials, venous
and arteria catheters, biopsies) are frequently used.

2.3 Respiratory Exchange Ratio

The measurement of respiratory exchange ratio
(RER), expressed by VCO,/VO, as measured in
the mouth, is usually used as an indicator of the re-
spiratory quotient (RQ), which representsthe same
ratio at acellular level. RER providesinformation
onsubstrate utilisation only at steady state and with
exercise intensities below the respiratory anaero-
bic threshold (to prevent theinfluence of CO, from
buffering of lactate). Theratio is equal to 1.00 when
carbohydrates are used exclusively, andis0.70 for
fats and 0.82 for proteins. However, RER can be
calculated as a nonprotein RQ, since protein oxi-
dation is limited. Nevertheless, the RER can be
corrected for the oxidation of proteinsas computed
from nitrogen excretion in urine and sweat.[! Thus,

Sports Medicine 2000 Dec; 30 (6)
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RER appearsto be agood indirect and noninvasive
method for the assessment of the relative contribu-
tions as metabolic substrates of carbohydrates and
fats.[10]

2.4 Phosphorus-31 Nuclear Magnetic
Resonance Spectroscopy

Phosphorus-31 nuclear magnetic resonance
(NMR) spectroscopy (3PNMR) is a noninvas-
ive method for the study of muscle bioenergetics
during exercisell As such, this technique has
been used with young individuals.[*2-1% Advances
in 3IPNMR could help to clarify the development
of specific metabolic responses in exercising chil-
dren and adolescents. However, thismethod islim-
ited to the measurement of the types of exercise
possible in an NMR tube. Furthermore, the cost
of this technique restricts its utilisation and limits
sample sizes.

The 31P spectrum is used to evaluate changesin
phosphocreatine (PCr) and inorganic phosphate (Pi)
and to calculate the Pi/PCr ratio.[12l Asthe rate of
adenosine triphosphate (ATP) hydrolysis approaches
the maximal rate of tissue oxidative phosphorylation,
glycolysis, whichisactivated by adenosine diphos-
phate (ADP) and Pi, contributesto a progressively
greater extent to energy production. In healthy adults,
the relationship between Pi/PCr and work rate is
represented by an initial linear portion. The dope of
Pi/PCr to work rate is directly proportional to the
rate of mitochondrial oxidative metabolism. A sec-
ond steeper slope then appears that indicates the ac-
tivation of glycolysig1l as shown by lactate produc-
tion and release of hydrogen ions (H*). 31PNMR
may therefore also be used as an indirect method
for the measurement of intracellular pH.

3. Metabolic and Hormonal
Responses During Exercise in
Children and Adolescents

3.1 Anaerobic Metabolism

3.1.1 Anaerobic Metabolism and Performance
Indoor and outdoor sprint testsreveal better per-
formance during the growth spurt period.l”l For

0 Adis International Limited. All rights reserved.

example, under field conditions, Falizel8! reported
asteady mean velocity increase from 3.64 m/sec (6
years) t0 5.94 m/sec (12 years) and 7.76 m/sec (20
years) inmales. A force-velocity test performedin-
doors showed increasing power output (mean max-
imum output, Pmax) from 6 W/kg (7 to 8 years) to
8.6 W/kg (11 to 12 years) and 10.2 W/kg (14 to 15
years) in boys.[1920 More specifically, Duché et
al.[20 pointed out that increased anaerobic power is
related mainly to the devel opment of muscle mass.
Accordingly, Mercier et al.[21] correlated Py With
the increase of lean body mass (LBM) in children.
However, these authors suggested that increased
Pmax cannot be linked to muscle mass alone be-
cause the Pna/LBM ratio shows a steady increase
between 11 and 15 years of age. Othersfactorscould
also be involved in the increase in anaerobic per-
formance seen during childhood and adol escence:
theseinclude neuromuscular activation, changesin
enzyme activities or improvements in motor con-
trol (21

3.1.2 Muscle Fibre Characteristics

Maturation of skeletal musclefibre patternsmight
account for growth-related changes in the metabo-
lic response to high intensity exercise. Few inves-
tigations on musclefibre characteristicsin children
and adol escentshave been published. Thisisattrib-
utableto difficulty in subjecting children to muscle
biopsy.

Postnatal muscle growth is considered to be pri-
marily caused by muscle hypertrophy, in contrast
to prenatal muscle growth which is characterised as
the period of muscle fibre hyperplasial?? Histo-
logical studies by Colling-Saltin[23! and Elder and
Kakukad?4 have clearly demonstrated that embry-
ological development of musclefibrein humansis
linked to the differentiation of immature fibres
(I1c) from the third month of gestation onwards.
The development of fast twitch fibres (type 11b)
increases progressively during pregnancy. At the
same time, type llaand slow twitch (type ) fibres
appear. This development and differentiation con-
tinues during the first few years of life and is
largely complete by the age of 2 to 3 years.[?®] The
study of Elder and K akukas,[24 performed on bra-

Sports Medicine 2000 Dec; 30 (6)
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chial biceps and triceps, has shown that <10% of
fibres remain immature in the prepubertal period.

Histochemical investigations on muscle biopsies
from children and adol escents have found no differ-
encesfrom adultsin musclefibre components.[26-28]
However, few studies have reported age-related dif-
ferencesin the proportiona distribution of muscle fi-
bres; thus, children show ahigher proportion of dow
twitch (typel) fibresin the vastus lateralis muscle as
compared with untrained adults.[26:2930] Thisdiffer-
ence disappears during late adolescence.[27:31.32]
Differences in percentages of fibre types in chil-
dren and adolescents as compared with untrained
adults may indirectly account for lower glycolytic
potential. The extension of magnetic resonance im-
aging (MRI) techniques, aready used in adults to
determine muscle fibre distributions,!23-3% should
help to resolve some of the key issues of debate
with respect to the maturation of musclein children
and adol escents.

3.1.3 Adenosine Triphosphate (ATP),

Phosphocreatine and Glycogen Stores

Colling-Saltinl2338] has reported changes in mus-
cle metabolic properties that follow the develop-
ment from fetusto adult. Muscle ATPlevel sappear
very low in the fetus (approximately 0.5 mmol/kg
of wet muscle). This muscle content increases rap-
idly after birth and reaches 5 mmol/kg (wet mus-
cle), asimilar figure to that in adult skeletal mus-
cle. According to Colling-Saltin,[2 PCr follows the
same progressive increase during the first year of
life.

ATP and PCr muscle stores do not differ be-
tween children/adolescents and adults.[1229:37] |n-
deed, after taking muscle biopsies from the vastus
lateralis of the quadriceps femoris, Eriksson et al.[37]
reported that resting ATPand PCr level saresimilar
in healthy 13-year-old boys and adult males (ATP
=5 mmol/kg of wet muscle and PCr =17 mmol/kg
of wet muscle). In afollow-up study, Eriksson and
Saltin? extended thisstudy for different age-groups
(boys of mean age 11.6, 12.6, 13.5 or 15.5 years)
and showed that ATPand PCr concentrationsat rest
were comparable to values found in adults.

0 Adis International Limited. All rights reserved.

In contrast, liver and muscle glycogen stores,
expressed in g/kg, are lower in children than in
adults.!38:3% Bougneres et al.[38 and Schiffrin and
Collel3 reported that liver glycogen wasrestricted
to 15g for a baby weighing 10kg. Moreover, there
are age-dependent variationsin liver glycogen pro-
duction and glucose uptake by the CNS under rest-
ing conditions. A child produces about 6 mg/kg/min
of liver glycogen, with glucose uptake by the CNS
reaching 4 mg/kg/min. In contrast, an adult liver
(with a total glycogen store of about 100g) pro-
duces nearly 1.7 mg/kg/min of glycogen while the
glucose uptake by the CNS is restricted to 0.86
mg/kg/min of glucose. Thiscould lead to greater gly-
cogen store depletion in children than in adults.[38:39
Different studies have shown the glycogen content
of muscle in children to be 50 to 60% of that of
adults,[37:49 put this|ow amount increases with mat-
uration.!?! Thus, in Eriksson and Saltin’s study(2°
muscle glycogen levels at rest were 54 mmol/kg of
wet muscle, glucose unitsfor the 11.6-year-old boys,
and increased to 70, 69 and 87 mmol/kg of wet
muscle for the 12.6, 13.5 and 15.5-year-old boys,
respectively. The values in the oldest boys were
similar to those observed in sedentary adults.[29]

3. 1.4 ATP Rephosphorylation, Glycolysis
Capacity and Enzyme Activities

Using 3IPNMR, Petersen et al.[1® suggested that
glycolytic metabolism in physically active children
is not maturity-dependent. Indeed, no significant
differencesin the mean valuesfor intracellular pH
or the Pi:PCr ratio were observed in prepubertal
(10to 11 years) and pubertal (15 to 16 years) girls
during exercise. However, using the same technique,
Zanconato et al.[12 and Kuno et al.[1 have shown
that preadolescent children (7 to 10 years) and ad-
olescents (12 to 15 years), both trained and un-
trained, are less able than adults to achieve ATP
rephosphorylation by anaerobic metabolic path-
ways during high intensity exercise. This observa-
tion could result either from changes in the mech-
anism of glycolysisin muscles or from a different
pattern of fibre type recruitment.

Limited studies have suggested that children have
a lower anaerobic or glycolytic capacity for sup-

Sports Medicine 2000 Dec; 30 (6)
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plying ATP during high intensity exercise.[37:40] |t
would be reasonable to assume that lower glyco-
Iytic capacity in childrenisnot related to fibre dis-
tribution (see section 3.1.2), but to a difference in
muscle metabolism as compared with adults. Thelim-
ited dataavailable on paediatric glycolytic capacity
are characterised by small sample sizes and must
therefore be interpreted with caution. This immatu-
rity of glycolytic ability may be explained by lower
activities of anaerobic enzymes such as lactate
dehydrogenase (L DH) and phosphofructokinase-1
(PFK),[4041] and by glycogen content.[2237] Accord-
ingly, Eriksson et al.[“0 showed that boys aged 11
to 13 yearshad a50% lower PFK activity than adults.
However, anaerobic enzyme activity evolves with
pubertal maturation.[*1-43] Thus, in studies using more
‘mature’ individuals, other reports have failed to
detect adolescent-adult differences in various gly-
colytic enzymesincluding LDH and PFK .[4144] Fur-
thermore, some studies did report higher levels of
oxidative enzymes such as succinate dehydroge-
nase (SDH) and isocitrate dehydrogenase (ICDH)
in children thanin adults.[27:4041] Differencesinthe
ratio of PFK to ICDH between children (0.884) and
adults (1.633) indicate greater pyruvate oxidation
in young individuals,*! which suggests that chil-
dren are more able than adults to use aerobic path-
ways.

3.1.5 Lactate Production, Intramuscular pH
and Buffering System

No differenceis found at rest in muscle pH be-
tween children and adults.4 The compromised abil-
ity to generate energy from glycolysis during exer-
cise induces lower maximal muscle lactate levels
in young individuals.[2%374% Accordingly, 3IPNMR
shows less reduction in intramuscular pH in chil-
drenl’2 and adolescents!¥ than in adults during
intense exercise.

Short term exercise elicits agradual increasein
maximal levels of muscle and plasmalactate which
isrelated to pubertal maturation.[29.3745 When com-
paring preadol escent individuals and adults during
a graded exercise test, Rostein et al.[4¢ reported
lower blood lactate levelsin the younger individu-
als. During an exercise test on a cycle ergometer
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(pedal rate of 60 rpm) performed by 4 groups of
children (mean ages 11.6, 12.6, 13.5 and 14.5 years),
Eriksson and Saltin[?°! reported that muscle |actate
production increased with age. Maximal blood lac-
tate levels appear to be directly related to increased
testicular volumel3”l and testosterone levelsin sa-
lival4

Crielaard et al.[*8] showed apositive correlation
between plasma (or blood) lactate and anaerobic
performance. Additionally, Zanconatto et a.[*2 and
Kuno et al.l** reported a relationship between an-
aerobic performance and the production of H* in
children aged 7 to 10 years and adolescents aged
12 to 15 years.

The pubertal growth spurt involvesincreasesin
bone massthat contribute to enhancement of bicar-
bonate storage capacity. This increased buffering
capacity explains the ability of adolescents to sus-
tain lower pH values in muscle and blood during
strenuous exercise.[4%50 According to Matejkova
et al.,[5% the ability to buffer excessH* increases at
arate of between 0.001 and 0.002 pH units per year
from the age of 8 up to the age of 18 years. Along
the same lines, plasma buffer excess decreases from
1.0to 1.5 meg/L/year.

3. 1.6 Catecholamine Responses

During high intensity exercise, the sympatho-
adrenal system and catecholamines (adrenalineand
noradrenaline) affect substrate mobilisation.[31 In
addition, adrenaline has been shown to be a potent
stimulator of muscleglycolysis.[5253 |nintensean-
aerobic exercise, increasesin catecholaminelevels
are higher than in prolonged aerobic exercise in
both adultg># and children.[5558] Pullinen et al.[56]
showed that young male athletes aged 15 + 1 years
(mean * standard deviation) experienced reduced
sympathetic nervous activity during 4 different half-
squatting exercises when compared with adult male
athletes aged 25 + 6 years. The authors suggested
that exhausting resistance exercise may induce a
lower sympathic response in younger individuals
than in adults, with no differences in adrenal me-
dullaactivity.

Sports Medicine 2000 Dec; 30 (6)
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3.1.7 Effects of Training on Anaerobic Metabolism

There are few publications dealing with the ef-
fects of training on anaerobic metabolism in chil-
dren and adolescents. Different studies have re-
ported that a training session may increase ATP,
PCr and glycogen muscle storesin adults/>758 and
children.[*3] Erikssonl>® suggested that training
also increases substrate utilisation in young indi-
viduals, because of anincreasein activitiesof mus-
cle enzymes. Thorstensson et al.[%% supported this
hypothesis by reporting increasesin activity (of 20
to 35%) of adenylate kinase and phosphocreatine
kinase. In addition, these increases were related to
raised muscle and blood lactate level s during max-
imal exercise. These data suggest that strength train-
ing enhancesglycolytic activity, although these ad-
aptations return to basal levelsif training ceases.[?]

3. 1.8 Conclusions and Practical Considerations
Because muscle ATP and PCr levels at rest are

similar in children/adolescents and adults, it ap-
pears, from apractical viewpoint, that the capacity
for physical activity of young individuals is not
impaired as long as the duration of exercise does not
exceed 10 to 15 seconds. Thus, sports such as short
distance running and swimming, jumping, shoot-
ing, etc., are easily undertaken by young athl etes.

Conversely, it seems that preadolescents may
have some difficulty in maintaining high intensity
activities of durations ranging from 15 seconds to
1 to 2 minutes. Indeed, energy delivery from an-
aerobic metabolism appears to be limited because
of immature glycolytic capacity and, possibly, by
reduced sympathic nervous activity. For theserea-
sons, physical activities such as middle distance
running or swimming must be carefully and pro-
gressively introducedinyoung athletesto allow for
adaptation.

During recovery from intense exercise, however,
it appearsthat children and adol escents exhibit lower
blood lactate and H* levels than adults.[61.62] Con-
sequently, young athletes may need shorter rest pe-
riods than those commonly required by adults un-
dertaking high-intensity interval training.

0 Adis International Limited. All rights reserved.

3.2 Aerobic Metabolism

3.2.1 Glycogen Content and Glycogen Depletion

It iswell known that activity lasting more than
1 hour and with an intensity equating to around
70% of maximal oxygen uptake (VOzmax) OF more
islimited by carbohydrate stores (i.e. muscle gly-
cogen content).[%3] Because muscle glycogen lev-
elsin children may be lower than in adults,[37:40
children may deplete these glycogen stores more
rapidly than adults.

Very few data on glycogen depletion rates dur-
ing exercise in children and adolescents are avail-
able. Thislack of information isattributableto eth-
ical concerns over the taking of muscle biopsies
from young people. In the study of Eriksson et al.,[40)
8 healthy 11- to 13-year-old boys performed a max-
imal ergocycletest. Muscle biopsieswere obtained
from the vastus lateralis of the quadriceps femoris
at each workload and at peak exercise. Muscle gly-
cogen content decreased from 54 mmol/kg (at rest)
wet weight to 34 mmol/kg of wet muscle glucose
units at exhaustion. According to these authors, gly-
cogen depletion ratesin children did not differ from
those in adults. However, in alater review, Eriks-
sonl®9 speculated that the breakdown of glycogen
may be lower in children than in preadolescents.
Thishypothesisissupported by musclelactate data
obtained under conditions of submaximal and maxi-
mal exercisethat show increasesinlevelswith age.
Itisdifficult to conclude at thistime that glycogen
depletion rates are age-dependent.

3.2.2 Mitochondrial to Myofibrillar Volume Ratio

Bell et al.[?8 reported similar mitochondrial to
myofibrillar volumeratiosin prepubertal and adult
muscle tissue. This suggests that the large increases
intotal contractile proteinsthat accompany growth
and maturation are paralleled by increasesin num-
ber and size of mitochondria. Thus, the metabolic
potential of children and adolescentsisnot limited
by mitochondria volume during growth.

3.2.3 Respiratory Exchange Ratio Changes

Evaluation of substrate utilisation by RER meas-
urements requires steady-state exercise (in ventila-
tion and acid-base balance) which is not always

Sports Medicine 2000 Dec; 30 (6)
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easy to obtain. Thus, only few data are available
concerning RER changes in children and adoles-
cents as compared with adults during prolonged
exercise.

Martinez and Haymes'®4! reported that active or
very active prepubertal girls (8to 10 years) had lower
RER values than active or very active women (20
to 32 years) during a30-minute run at 70% V Oomex
after a 12-hour fast. These authors concluded that
there are differences in substrate utilisation between
girls and women during treadmill exercise of mod-
erate intensity. Because RER values were smaller
in children, Martinez and Haymed® suggested that
girlsrely morethan women onfat utilisation during
thistypeof exercise. In contrast, when exercisewas
sustained at the same absolute intensity, no signif-
icant differencesin RER were observed. Other stud-
ies have reported significantly lower RER values
in boys than in adolescents and adult males during
submaximal exercise at the same rel ativel®55¢ and
absolute intensities.[67-70

However, contradictory results have been re-
ported. Rowland and Rimany!7Y and Macek et al.[72
did not show lower RER inyoung individuals than
in adults. Thus, Rowland and Rimany!” reported no
RER differences during sustained steady cycling
(40 minutes) at 63% V Oymax between girlsaged 9 to
13yearsand women aged 20 to 31 years. Similarly,
Macek et a.,[”d obtained similar RER values in
prepubertal boys and in men cycling at 60% V Oomax
for 60 minutes.

RER isusualy used to determine substrate utilisa
tion during exercise.l’9 Lower RER values indi-
categreater fat than carbohydrate utilisation during
exercise. Thus, results recorded in young individ-
uals suggest greater fat oxidation than in adults.
However, dataare both conflicting and sparse, and
further research isrequired to clarify thisissue fully.

3.2.4 Blood Measurements

Plasma Volume Changes

Increases or decreasesin plasmavolume during
exercise modify metabolic and hormonal activities
in blood. Thus, in the assessment of differences
between young individual sand adultsin blood lev-
els of various metabolites, it is important to mea-
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sure plasmavolume changes during exercise. Usu-
aly, plasma volume changes are determined from
changes in blood haematocrit and haemoglobin
levels.[7374

At rest and following maximal exercise, Fahey
et al.[" reported that 27 malesranging in age from
5 to 18 years showed similar haemoglobin and hae-
matocrit levels. Thus, haematological changesin-
duced by exercise were not affected by stage of
puberty.

Asin adults,[76-78] Delamarche et al.[¥ found that
a60-minute cycle exercise at 60% V Ozmax induced
moderate haemoconcentration in boys aged 8.5 to
11 years. However, results have not been consis-
tent. Indeed, haemodilution has been observed in
young prepubertal boys during treadmill or cycle
exercise at 40% V Opmax, While a6% haemoconcen-
tration was reported at 60% VOomax.l”d Reduced
sweat 10s5/8%81] and movement of water or osmolar
particles between extra- and intravascular beds may
account for this particular adjustment in children.[]
These resultsindicate that plasma volume changes
must be measured to correct differencesin plasma
levels between young individuals and adults. In-
deed, failure to consider plasma volume changes
may |ead to erroneous conclusions with respect to
age-related differences. For example, in the study
of Martinez and Haymes,[%4 blood glucose levels
were determined at rest and after a 30-minute run
in prepubertal girls and young adult women. This
study showed that, if plasmavolume changes were
not taken into consideration, blood glucose levels
appeared higher in women than in girls.

Metabolic Responses to Long Term Exercise

Blood lactate. It isrecognised that children pro-
duce less lactate than adults during similar relative
exercise (section 3.1.4).

Exerciseintensity eliciting ablood lactate level of
4 mmol/L during a steady-state incremental exer-
ciseprotocol hasbeen described by Sjodinet al.,[82
and this concept has been referred to as ‘onset of
blood lactate accumulation’ (OBLA). In adults,
OBLA has been shown to correlate well with en-
durance performancel8d and to be sensitive to
training-induced improvement in endurance ca-
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pacity.[84 OBLA in prepubertal and teenage boys
correspondsto apercentage of V Oonmax higher than
that in adults.[85-88] Thus, the blood lactate level of
4 mmol/L determined in 11-year-old boys during
an incremental exercise test was obtained with ex-
ercise intensity of approximately 80% of V Qe8!
compared with the usual 70% VOzmax reported in
adults.[89 For thisreason, it may be difficult to use
OBLA inyoung individual sto monitor and predict
exercise endurance.[85-87]

Plasma glucose. Severa studies emphasised that
glucose tolerance is reduced under resting condi-
tions during puberty in healthy children.[9091] |n-
deed, adecreaseininsulin sensitivity at rest hasbeen
demonstrated from the onset of the peripubertal pe-
riod.[92 Exercise is associated with an increase in
glucose uptake by the working muscle. Thus, there
may be age-related differences in plasma glucose
levels during prolonged exercise. Plasma glucose
level during exercise represents the balance between
muscle glucose uptake and hepatic glucose produc-
tion through glycogenolysis and gluconeogenesis.
Thus, differences in plasma glucose levels during
exercise in children as compared with adults may
be associated with muscle glucose uptake or liver
production pathways. However, no clear picture of
the plasmaglucoseresponseto exercisein children
can be drawn on the basis of current data.

Studies suggest that children, adolescents and
adults have similar plasma glucose levels during
prolonged exercise of moderate intensity.[64.93-93]
Oseid and Hermansen(®3! carried out a 2-year lon-
gitudinal study in 23 prepubertal boys of mean age
10.5 years. These children underwent an 1-hour
treadmill test performed at 70% V Ozmax 1.5 hours
after alight breakfast of 2 small sandwiches and a
glassof milk. Inthefirst year, no changein plasma
glucose levels before and after work was noted
(resting level 4.87 mmol/L was compared with
5.08 mmol/L 5 minutes after end of exercise). A
year later, aslight but significant increase of 12%
in glycaemia (from 4.7 to 5.4 mmol/L) was ob-
served between rest and theend of the exercisetest.
These results were similar to those typically re-
ported in adults under the same conditions.
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Wirth et al.[%! reported an investigation carried
out in 41 swimmers of both genders (aged 8 to 18
years) who were divided into 3 groups according
to maturity. After an overnight fast, the participants
exercised for 15 minutes at 70% V Oymax ON acycle
ergometer. Mean plasmaglucoselevelsat rest were
4.79, 4.56 and 4.60 mmol/L in prepubertal, puber-
tal and postpubertal children, respectively. Levels
reached 5.22, 4.83 and 4.72 mmol/L, respectively,
by the end of exercise. Prepubertal children had a
slight increasein glycaemiainduced by exercise (p
< 0.05), but no significant changes were observed
in pubertal and postpubertal individuals.

Eriksson et al .[%¥ examined 4 healthy men aged
23 to 34 years and 4 healthy boys aged 12 to 13
years after a standardised breakfast of 100 kcal.
Exercise consisted of 1 hour’s work on a bicycle
ergometer at amean load of 63% (range 55 to 73%)
of their VOomax. Plasma glucose levels tended to
decrease in both groups. No age-related glycaemic
difference was observed during exercise.

Lastly, Martinez and Haymes'®4 reported no
differences in plasma glucose levels between pre-
pubertal girls aged 8 to 10 years and women aged
20to 32 yearsduring 30 minutes' treadmill running
at 70% V Oomax after a 12-hour fast.

Fromtheseresults, no clear age-dependent plasma
glucose differences are apparent during exercise.
Neverthel ess, the limited information and protocol
variations (e.g. age, gender and number of partici-
pants, intensity and duration of exercise, training
level) do not permit any conclusions on thistopic.
Furthermore, few studies indicated that children
might experience difficulty in maintaining a con-
stant blood glucose level at the onset of moderate
exercise.[79.94,9]

Delamarche et al.l[799] reported a significant
decrease in plasmaglucose levelsin 10 boysand 7
girls aged 8.5 to 11 years after 15 minutes of a
60-minute cycling session at about 60% VOomax
after a standardised breakfast (50 kcal/kg, carbo-
hydrates 50%, lipids 35%, proteins 15%). These
changes differed from adult mal e responses. Indeed,
Hoel zer et al .19 reported that blood glucose levels
in men remained constant during the first 15 min-
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utes of exerciseat 60% V Oomax. Accordingto Dela-
marche et a.,[”¥ children cannot maintain steady
blood glucose levels because of immaturity of the
glucoregulatory system. Thislack of regulation in-
duces a transient and slight hypoglycaemia which
is compensated for after several minutes of exer-
cise. Similar results were described by Eriksson et
al.,I?l who showed adownward trend in blood glu-
cose levelsin prepubertal boys at the onset of sim-
ilar levels of exercise (60% VOomax)-

Thus, despite a transient decrease in the plasma
glucose level which sometimes occursin youngin-
dividuals at the beginning of moderate exercise,
data indicate that children, like adolescents, are well
adapted to regulate glycaemia during prolonged ex-
ercise of moderate intensity.

Inafurther study, Boisseau et al.[%! investigated
the effects of a glucose load in boys aged 8 to 11
yearsand men aged 21 to 23 yearsduring a30-min-
ute ergocycletest performed at 60% V Oonax. Their
results showed that oral glucose ingestion (0.5 g/kg)
at the beginning of the third minute of exercisein-
duced higher plasma glucose levels in boys. Sim-
ilar resultswere reported in prepubertal girlsas com-
pared with women subjected to the same protocol .[99]
It may be speculated that plasma glucose uptake
after aglucose load is atered in children during ex-
ercise. This phenomenon could be explained partly
by reduced insulin sensitivity at rest during the peri-
pubertal period.[%? Thishypothesisissupported by
data obtained during exercisethat show higher glu-
cose : insulin ratiosin children than in adults.[98.99]

Plasma free fatty acids and glycerol. Increasesin
free fatty acids (FFA) and glycerol in blood are indi-
cators of fat mobilisation from peripheral stores.
Anincreasein lipolysisand FFA oxidation may be
induced by GH secretion during the peripubertal
period in exercising children and adol escents.[100]

Martinez and Haymes!% reported that FFA and
glycerol concentrations increased significantly
during treadmill exercise at 70% V Oomax iN prepu-
bertal girls and women. These increases were not
age-dependent. Several studieshave shown similar
exercise-induced responsesin blood FFA and glyc-
erol levelsin children and adults.![9495.101] For ex-
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ample, Eriksson et al.[® indicated similar plasma
FFA and glycerol levelsin four 12- to 13-year-old
boys and four 23-year-old men during cycling at
55 to 73% V Oymax. Moreover, Lehmann et al.[101]
reported no plasmaFFA and glycerol differencesin
8boysaged 12.8 + 0.8 yearsand 7 adults aged 27.8
* 2.9 yearsduring agraded treadmill exercisetest.
Wirth et al.[%] reported similar results when com-
paring 41 swimmers of both genders aged 8 to 18
years during 15 minutes of bicycle ergometer ex-
ercise performed at 70% V Oomax.

However, other studies showed greater fat utilisa-
tion in children than in adults during long term
moderate exercise. Delamarche et al.[” measured
plasmaFFA and glycerol levelsin prepubertal boys
during 1-hour exercise on acycleergometer at 60%
VOomax- They estimated the FFA turnover (FFALt)
using the equation proposed by Costill[192] (FFAt =
3 A glycerol — FFA). FFA turnover per minute and
per litre of VO, was greater in boys than in adults
during exercise of similar duration and relativein-
tensity.[97 According to Delamarcheet a.,[™! prepu-
bertal boys rely on fat more than adults for energy
supplies during exercise. Using asimilar protocol in
17 prepubertal children of both genders, Delamarche
et al.[%] showed similar results with no gender dif-
ferences. Berg et al.[103 established the relation-
ship between postexercise serum FFA and glycerol
levelsin male as compared with children and ado-
|escents after intensive endurance exertion. They re-
ported reduced FFA : glycerol ratios during exer-
cise in children, which implies improved FFA
utilisation relative to male adults. These authors
assumed greater FFA oxidation in children than in
adults, since the enzymatic capacity of muscletis-
sue is a precondition for the enhanced breakdown
of compounds based on acetylcoenzyme A .[104]

In contrast, Martinez and Haymes'%4 showed
similar FFA : glycerol ratios in girls and women
during exercise. Despite this result, these authors
concluded on the basis of RER findings that girls
rely more on fat utilisation and less on carbohy-
drate metabolism than do women during exercise
of moderately heavy intensity. After aglucoseload
given at the beginning of a moderate prolonged
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exercise, Boisseau et al.[%) reported greater plasma
FFA levelsin girls with a mean age of 9.7 years
than in women with a mean age of 21.5 years. The
authors speculated that children are more able than
adultsto use fats during exercise. Asinsulin inhib-
its fat utilisation, enhanced lipolysis may be asso-
ciated with reduced insulin sensitivity observed in
children and adolescents as compared with adults
at rest92 and during exercise.[98:99]

From the available data, it may be postulated that
children rely more on fatty acids for energy provi-
sion during exercisethan do adults. Thisgreater fat
utilisation may compensate for reduced glycolytic
capacity and may allow children to maintain ap-
propriate plasma glucose levels during exercise.

Hormonal Responses to Long Term Exercise

During the peripubertal period, aterationsin hor-
mone levels may influence the control of metabo-
lism both at the level of regulation of endocrine
function and at the level of hormone receptors.

Insulin. During exercise, insulin and muscular
activity act synergistically to increase glucose up-
take over and above the rates produced by each
factor independently.[193] |ndeed, contractile activ-
ity and insulin both induce the transl ocation of spe-
cificglucosetransporters(GLUTA4) into theplasma
membrane.[106.1071 |_ong term activity inducesgreater
insulin sensitivity.[108]

In adults, plasmainsulin levels decrease during
prolonged moderate exercise (75% V Oamax) .19 In
light of decreased insulin sensitivity in the peri-
pubertal period®3 and enhanced glucose-induced
insulin secretion during puberty,!10 specific re-
sponses would not be surprising in children and
adolescents during physical activity.

Despite this observation, lack of data makes the
characterisation of age-related changesin plasmain-
sulin levels during exercise impossible.[94:93.96,98,99]
Only one study (Wirth et a.[9)) indicates a pattern
related to maturity.

Eriksson et al.[% investigated men aged 23 to
34 years and boys aged 12 to 13 years who under-
went 1-hour ergocycle exercise at =63% VOomax.
Plasmainsulin levels decreased during exercise but
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there was no significant difference between the 2
groups.

Oseid and Hermansen(®! reported plasma insu-
linlevelsin 23 prepubertal boys during atreadmill
test performed at approximately 70% VOomax- A
decrease in plasmainsulin levels was shown in 17
of the boys. The greatest reduction was observed
during the first 20 minutes of exercise, which ac-
counted for approximately 70% of the total. Plasma
insulin levels did not differ from those frequently
reported in adults, however.

Similarly, Delamarche et al .[%! described acon-
tinuous decrease in plasmainsulin levelsin 10 boys
and 7 girls (pubertal stage 1) during a 60-minute
period of cycle exercise at 60% V Ozmax.

After an oral glucose load taken in the first few
minutes of a prolonged period of moderate exercise
(30 minutes, 60% V Ozmax), Boisseau et al .[9:99] in-
dicated stable plasmainsulin levels in prepubertal
children of both genders aged 8 to 11 years. The
same result was reported in men and women aged
21 to 23 years. There was no age effect.

However, Wirth et al.[%! reported maturity-
related differencesin pre-, circum- and postpuber-
tal boysand girls. Blood insulin levels were deter-
mined during 15 minutes’ exercise at 70% V Oomax
on acycle ergometer. Insulin levelsincreased dur-
ing exercise in the prepubertal children, remained
constant in pubertal individuals and decreased in
the postpubertal group, with blood glucose levels
being similar inthe 3 groups. These results suggest
reduced insulin sensitivity during the peripubertal
period, which is usually compensated for by greater
insulin secretion.[119 Nevertheless, Wirth et al .[%]
speculated that these specific insulin responses are
caused by age-related differencesin catecholamine
levels and/or receptor sensitivities.

Catecholamines. Glycogenolysis and lipolysis
are inhibited by insulin. In contrast, these processes
are stimulated by catecholamines that oppose the
action of insulin.l'™ The well known wide inter-
individual variability of plasmacatecholaminelev-
els makes the comparison of children, adolescents
and adults difficult. Few data are available on this
topic and results are predominantly inconsistent.
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Maturity-related differences in sympathoadrenergic
activity are sometimes observed, but thesefindings
remain difficult to interpret. No clear answers to
questions surrounding age-rel ated catecholamine re-
sponses can beformulated, and more research must
be carried out to shed light on this topic.

Delamarcheet al.[7! investigated plasma adren-
aine and noradrenalinelevelsin 10 prepubertal boys
aged 8.5t0 11 yearsduring 1 hour’scycling at 60%
VO,mex. Relativeto resting values, therewasa2.4-
fold increase in noradrenaine levels during the first
15 minutes of exercise. A rapid decrease to basa
levelswas observed during recovery. In contrast, a
progressive and linear increase in levels of adren-
aline was recorded throughout exercise. The max-
imal peak (1.6 times the sitting value at rest) was
recorded at the 60th minute of exercise. During a
similar investigation in adults, Hoelzer et al.[%]
showed maximal peaksfor adrenaline and noradrena
line of 2.7 and 3 times resting values, respectively.
Thus, adrenaline peaks appear higher in adults,
whereas noradrenaline peaks appear not to be af-
fected by age.

Lehmann et al.[1%1 investigated 11 endurance-
trained boys aged 12.8 + 1.2 years and 12 adoles-
centsaged 17.7 + 0.5 years during a 10 000m race.
Pre-exercise sympathoadrenergic activity expressed
as free adrenaline and noradrenaline excretion in
urinewere similar for the 2 groups. The mean aver-
age excretion rate during the 10 000m raceincreased
4- to 5-fold and did not show any bodyweight-
related differences between young boys and ado-
lescents. However, Lehmann et al.[112] reported that
sympathetic neurol ogical activity at maximal exer-
cise may belower in children than in adults. These
authors found 30% lower peak noradrenaline lev-
els during progressive treadmill runs in 12-year-
old boys than in young male adults.['*2] These re-
sults are comparabl e to those reported in adults by
Fleg et al.[113] and Lehmann and K eul 14 who ob-
served a close relationship between plasma nor-
adrenaline levels at VO,max and the age of the in-
dividual.

However, maturity-related differences in cate-
cholamine responses during maximal or submaxi-
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mal exercise are not universally recognised.[115]
Rowland et al.!1%] measured plasma noradrenaline
at rest, during 2 submaximal cycle exercise ses-
sions (different intensities) and during maximal ex-
ercise in 11 boys aged 10 to 12 years and 11 men
aged 24 to 35 years. No statistical differenceswere
reported for plasma noradrenaline levels at rest or
during the exercise tests. These findings argue in
favour of the absence of differencesin sympathic
drive between children and adults. Nevertheless,
noradrenaline levels during maximal exercise re-
ported in boys and men by Rowland et al .[11%] were
still about 10% lower in children, and statistical
significance may not have achieved because of the
extremely wide variation between individuals in
this study. When this point is considered, the data
do not differ markedly from the results of Lehmann
et a _[112]

GH and endorphins. In adults, GH levels are
known to increase during exercise, but the physio-
logical action of this hormone is not completely
understood. GH may play acentral rolein the reg-
ulation of the utilisation and storage of energy, and
appears to influence in particular fat mobilisation
from adipose tissue.['™!! GH secretion is pulsatile
in nature, and peak values are difficult to interpret
during exercise events.[®3

At a certain time in a child's life, there is an
increase in the amplitude of GnRH pulses, which
triggers a cascade of eventsincluding increasesin
the amplitude of FSH and LH pulses, followed by
marked increases in gonadal sex steroid output,
whichin turnincreases secretion of GH and | GF-1.
For this reason, growing individuals might exhibit
characteristic or excessive GH response patterns
during exercise. Surprisingly few studies have re-
ported plasma GH levels in children and adoles-
cents during exercise.

Eriksson et al.[94 showed the effects of repeated
prolonged exercise on plasma GH levels in 13-
year-old boys and in adults aged 23 to 24 years.
Two identical exercise bouts were performed suc-
cessively, 3 hours apart. The exercise consisted of
1 hour on acycle ergometer at amean 63% V Ozmax
(range 55 to 73%). No typical pattern was found
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for GH increase during exercise, and peak levels
were observed differing intervals from the begin-
ning of exercise in each individual. However, re-
sponses to the first exercise session were signifi-
cantly greater than those noted in the second. No
differences were found between adults and boys.
Marin et al .[11] reported that the peak GH response
to exercise increased significantly with pubertal
stage (r = 0.57, p < 0.0001), however. Exercise
consisted of 15 minutes on a treadmill at a speed
corresponding to a heart rate of between 170 and
190 beats/min.

Wirth et al.[%! found that plasma GH responses
during exercise differ with respect to level of ma-
turity in both genders. In their study, 41 swimmers
(girls and boys aged 8 to 18 years) were investi-
gated during a submaximal bicycle ergometer ex-
ercise at 70% VOomax. At the end of the exercise,
the plasma GH level was almost 3 times higher
in postpubertal than in prepubertal individuals.
PlasmaGH levelswere al so higher in pubertal than
in prepubertal swimmers. No gender differences
were observed.

The same result wasreported by Bouix et al .[117]
during a 15-minute session on a cycloergometer,
with heart rate maintained at 90% of the theoretical
maximal value. These authors reported that exer-
cise-induced plasma GH levels were higher in pu-
bertal than in prepubertal boys and girls. Plasma
B-endorphin values were also determined during
this study. The findings indicated comparable
exercise-induced increases in plasma [3-endorphin
levels in pubertal and prepubertal children. The
similarity of the B-endorphin responsesto exercise
between prepubertal and pubertal children doesnot
therefore support the controversial hypothesis that
plasma 3-endorphin modul atesthe GH responseto
exercise.[117]

Wirth et al.[9] postul ated that age-rel ated differ-
ences in plasma GH responses during exercise
could be explained by differencesin sex hormone
levels. This hypothesis has been supported in part
by Marin et al.,[116! who reported that estrogen agd-
ministration in 84 healthy children (41 girlsand 43
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boys) significantly increased the peak GH re-
sponse to exercise.

Sex hormones. Few investigations have been
performed on sex hormonelevelsin activechildren
and adolescents. Currently, most of the data on the
influence of physical activity on the reproductive
systemin peripubertal children are extrapolated from
information reported in studies in adults and ani-
mals. These extrapolations have to be interpreted
with caution because the function of the reproduc-
tive system differs between peripubertal individu-
alsand adults. Indeed, thetransition from thechild-
hood to adult state of the reproductive system is
spread over a period of several years.[118 Conse-
quently, during exercise, specific sex hormone re-
sponses should be observed in young individuals
as compared with adults.

Some studies have provided information on sex
hormone responsesto exercise with respect to sex-
ual maturation. During an ergocycletest of 20 min-
utes' duration at 60% V Ozmax, the dependence of
exercise-induced hormone responses on sexual
maturation was tested over a 3-year period in 34
girlsaged 11to 12 yearsat the start of the study.[11!
After exercise, B-estradiol responses were highest
in stage V. A significant increase in progesterone
and testosterone responses appeared in stages IV
and V, respectively.

The same longitudinal protocol was applied in
boys.[120] Seventeen healthy boys aged 10 years
and over wereinvestigated. A significant increasein
testosterone response appeared after reaching stage
I11. Thus, these authors postulated that, in girlsand
boys, advanced sexual maturation is associated with
enhanced sex hormone responses.

Fahey et al.[7® compared 27 males in different
stages of pubertal development at rest and follow-
ing maximal exercise. Resting levels of serum tes-
tosteroneincreased with pubertal stage, but no dif-
ferences were observed at the end of maximal
exercise. These results do not support the hypoth-
esisof acritical pubertal stage which could induce
a higher serum testosterone response to exercise.
However, taking into account an important interin-
dividual variability of serum testosterone levels
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during childhood and adol escence, thelongitudinal
approach seems more appropriate for the estab-
lishment of specific sex hormone responses at dif-
ferent stages of puberty.

It was observed that training in young individ-
ua s may modify sex hormone responsesat rest and
during exercise. Cacciari et al.[*21 reported the plas-
ma levels of several hormones [notably cortisol,
dehydroepiandrosterone sulphate (DHEA-S), tes-
tosterone and GH] in 175 boys aged 10 to 16 years
(trained and untrained) and classified as prepuber-
tal and pubertal individuals (aged 10 to 11 years,
12 to 13 years and 14 to 16 years both chronolog-
ically and by bone age groups). Their results show
that the plasmalevel of DHEA-Swas significantly
higher in trained children. This enhanced plasma
DHEA-S concentration was related to higher levels
of testosterone, GH and cortisol. These authors con-
cluded that adrenal hyperactivity may be chiefly
responsible for the earlier onset of pubertal growth
and maturity in exercising males.

Meroet al .[122] described serum testosteronelevel's
under conditions of rest before, during and after a
year of long distancerunning, sprint running, weight-
lifting and tennistrainingin boysaged 10to 12 years.
Compared with untrained boys, the initial plasma
testosterone concentration was almost 3 times higher
in these individuals. Furthermore, the mean testos-
terone level was approximately doubled after ayear
of training. These results suggest that endurance
training may alter gonadal hormone production in
young athletes. Accordingly, Rowland et al .[123] re-
ported serum level s of total and freetestosteronein
15 adolescent male cross-country runners (mean
age 16.1 years) during the course of a competitive
season. No significant changes were observed in
either total or free testosterone levels during the
8-week period of training. In this study, the age of
the athletes may have accounted for the absence of
enhanced testosterone levels.

3.2.5 Conclusions and Practical Considerations

The available data on metabolic and hormone
responses to exercise in children and adolescents
are sometimes conflicting and limited by the age,
gender and training status of the individuals. De-
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spite the lack of precise information relevant to age,
children and adolescents are well adapted for long
term physical activity. The major differenceswhen
comparing young individuals and adults who per-
form prolonged exercise are restricted to 2 obser-
vations:

(i) lower muscle glycogen stores in children, which
leads to an earlier depletion than is seen in adults
(ii) apotentially greater utilisation of fat storesin
young individuals.

The latter hypothesis is supported by indirect
evidence such as lower RER, enhanced plasma FFA
mobilisation, greater increases in plasma glycerol
levels, decreased insulin sensitivity during the peri-
pubertal period and increased GH secretion at rest
and during exercise.

Regular endurance exercise is beneficial as it
prevents obesity, reducestherisk of cardiovascular
disease and offers enhanced wellbeing during child-
hood. For these reasons, children and adolescents
must be encouraged to practice regular endurance
exercise adapted to their age, their level of sexua
maturation and their emotional wishes.

4. Conclusion

Humans are born to be physically active, both
as children and adults, although children are gen-
erally keener than adults to engage in physical ac-
tivity. Ethical and methodological considerations
limitinvasiveresearchinchildren (section 2). Nev-
ertheless, thelimited dataavail ablereveal that sev-
eral activities (such as jumping, sprinting, cross-
country running, long-distance skating, etc.) may
induce specific metabolic and hormonal responses
that are age-dependent. As compared with adults,
these differences could berelated to 2 main factors.
First, lower muscle strength, related to fibre growth,
confers lower anaerobic capacity in children (sec-
tion 3.1). Second, specific metabolic and hormone
adaptations favour the utilisation of fat during pro-
longed exercise (section 3.2). In addition, multiple
factors such as sexual maturation, gender, training
level, type, duration and intensity of exercise also
play a part. Despite these observations, it is not
possibleto giveaclear picture of the specific mech-
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anismsinvolved when comparing young individu-
als and adults. However, it appears that children
and adolescents are well adapted to prolonged ex-
ercise and that they need specific programmes to
improve their performance.
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