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RESISTANCE AND POWER EXER-
cises involve intense neuromus-
cular activity and subsequent
muscle contraction. The central
motor commands originate from
the motor cortex, and consist of
high-frequency nervous charge
sent by axons of pyramidal neu-
rons to spinal motoneurons. Ac-
cording to Kjaer (24), these cen-
tral motor commands increase
endocrine activity. It is apparent
that the motor cortex can acti-
vate hypothalamic autonomic
centers and neurosecretory neu-
rons via a collateral nervous
pathway.

Resistance and power exer-
cises evoke hormonal responses
despite the short duration of
muscle effort. There is also no
doubt that hormonal responses
evoked by resistance and power
exercises are necessary for long-
term adaptation of skeletal mus-
cles. However, there are some
questions regarding the function
of these hormonal responses,
and the significance of preexer-
cise hormone levels for precondi-
tioning the neuromuscular sys-
tem.

■ Hormonal Responses in 
Resistance Exercises
Resistance exercises evoke hor-
monal responses even when a lim-
ited number of motor units are in-
volved. Three consecutive bouts of
static handgrip at 30% of maximal
voluntary contraction, using 2
hands alternatively and without
rest intervals (total duration of the
isometric exercise work 9 min-
utes), caused a significant in-
crease in the plasma vasopressein
concentration (40). The maximal
values appeared after the first 3
minutes. Then a moderate decline
appeared, but the vasopressin
concentration remained signifi-
cantly elevated over the initial level
up to the end of the exercise. The
concentration of growth hormone
did not change during the first 6
minutes of effort. Immediately and
10 minutes after the effort, the
growth hormone concentration
was increased in most of the per-
sons. Plasma corticotropin and
cortisol levels did not increase sig-
nificantly, although at the end of
the exercise, a trend for an in-
crease appeared. Contrary to
these results, Few et al. (12) found

significant increases in corti-
cotropin and cortisol concentra-
tions while holding a 20-kg weight
for 5 minutes in 1 hand. The dif-
ference in the results can be ex-
plained by the larger muscle
groups and higher percentage of
maximal voluntary strength in-
volved in the latter experiment.
Few et al. (12) also observed a cor-
tisol response 5 minutes after the
effort that lasted 15–20 minutes,
although the corticotropin level
was increased only at the end of
the effort. Several researchers
have also observed a sympatho-
adrenal response after several iso-
metric efforts (14, 25, 47, 54). A
catecholamine response has also
been observed within the first
minute of handgrip at 30% of
maximal voluntary strength, in
men but not in women (44). Col-
lectively, this evidence supports
the fact that hormone responses
are triggered by intense muscle
contraction.

Several studies dealt with hor-
monal changes induced by resis-
tance training sessions. A signifi-
cant testosterone increase was
found after 30 minutes of resis-
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tance training in males but not in
females (55). When 8 exercises for
various muscles were performed
with workloads of either 5 repeti-
tion maximum (5RM) (rest inter-
vals 3 minutes) or 10RM (rest in-
tervals 1 minute), testosterone
concentration increased in males
but not in females, with prior
recreational resistance training
experience (28, 31, 33). In con-
trast, Cumming et al. (8) found a
20% increase of testosterone level
in women after a session consist-
ing of 6 isokinetic resistance exer-
cises. Although the lutropin level
increased by 60%, it is unlikely
that it was the physiological stim-
ulus for testosterone production
because females produce this hor-
mone as a byproduct of steroid
biosynthesis in the adrenal
glands. Accordingly, those females
who did not exhibit a cortisol re-
sponse failed to show an increase
in testosterone concentrations.
The other female subjects showed
parallel increases in testosterone
and cortisol concentrations (8).

In a study involving 2 work-
load protocols (10RM versus
5RM), Kraemer and coworkers
(31) observed greater increases in
blood testosterone after the 4 ex-
ercises using the 10RM (i.e., lower
weight, greater total work) proto-
col as compared with 5RM (i.e.,
higher weight, lower total work).
At the end of sessions, no statisti-
cally significant difference in
testosterone levels was found be-
tween the 2 protocols (31). Volek et
al. (53) also observed increased
testosterone concentrations using
a bench press protocol of 5 sets to
failure with 10RM load (7.4%) and
a jump squat protocol of 15 sets
with 10 repetitions at 30% of 1RM
squat (15.1%) The significance of
training session workload was
confirmed by Cotshalk et al. (7). A
3-set heavy-resistance protocol re-
sulted in a greater increase in

testosterone concentration than a
1-set exercise protocol.

Besides the characteristics of
exercise, duration of rest intervals
also has a significant effect on hor-
monal respones. After a 30-minute
intensive single-circuit weight
training session (work-to-rest ratio
30 seconds:30 seconds at 70%
1RM), male university students ex-
hibited testosterone levels 24%
higher than the initial values (23).

Guezennec et al. (15) observed
no significant testosterone re-
sponse after 6 series of 8 bench
presses at 70% of 1RM or maximal
number of repetitions at the same
workload. The measurements
were repeated each month for 4
months, but results were the
same. Because the subjects were
male weight-trained athletes, the
lack of testosterone response
might be related to previous train-
ing adaptation to the test exercis-
es. In studies on elite athletes,
Häkkinen and Pakarinen (16)
found that 20 sets of squats at
1RM did not increase concentra-
tions of total and free testosterone,
whereas testosterone levels rose
significantly when 10 sets of 10
repetitions were performed at 70%
of 10RM. In weightlifters, in-
creased testosterone concentra-
tion has been found after 4 series
of 6 squats at 90–95% of 6RM as
well as after 4 series of 9–10
squats at 60–65% of 6RM (45).
Long-term resistance training may
promote testosterone responses,
at least in adolescent athletes. The
same weightlifting protocols in-
creased testosterone concentra-
tions in 17-year-old juniors who
had more than 2 years training ex-
perience but not in subjects with
less training experience (30).

Häkkinen et al. (19) measured
hormone responses in elite ath-
letes performing two strength
training sessions per day. Both
testosterone and cortisol levels de-

creased after the first session, but
testosterone levels increased after
the second session.

Acute strength-training ses-
sions have been shown to increase
the levels of growth hormone and
insulin-like growth factor I (so-
matomedin-C) in males as well as
females (31, 33). The increased
production of insulin-like growth
factor I may or may not be trig-
gered by growth hormone. A
10RM load (with 1-minute rest in-
tervals) resulted in more pro-
nounced increases of growth hor-
mone concentrations than a 5RM
load (with 3-minute rest intervals).
However, differences in insulin-
like growth factor response were
not detected in males. In female
subjects, insulin-like growth fac-
tor I level rose secondarily 60 min-
utes after a session consisting of a
5RM protocol (with 3-minute rest
intervals) but not after a protocol
of 10RM (with 1-minute rest inter-
vals) (31,33). A study of 8-station
heavy-resistance exercise (3 sets
of repetitions at 10RM with 1-
minute rests) showed that the pro-
nounced immediate response of
growth hormone is not associated
with changes in insulin-like
growth factor I concentrations
during or immediately after a 24-
hour recovery period (26).

Vanhelder and coworkers (50)
confirmed the dependence of
growth hormone responses on re-
sistance training workload. A sig-
nificant response was observed
when 7 series of 7 squat lifts were
performed at 80% of maximal leg
strength but not when 7 series of
21 squat lifts were performed at
30% of the previous load.

Häkkinen and Pakarinen (16)
studied elite athletes and found no
change in growth hormone levels
after 20 sets of squat-lifts at 1RM.
Concentration of the hormone in-
creased significantly after 10 sets
of 10 repetitions at 70% of 10RM.
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Cotshalk et al. (7) found a greater
growth hormone response after a
3-set heavy-resistance exercise
session when compared with a 1-
set exercise protocol. 

Cortisol response is often
found in heavy-resistance training
sessions (7, 29, 30, 34, 51). How-
ever, a certain threshold in work-
load exists to evoke the cortisol re-
sponse (27, 28). In students, a
high-intensity strength training
session caused a pronounced in-
crease in cortisol concentration
associated with increased levels of
corticotropin, growth hormone,
and aldosterone (23). The aldo-
sterone response indicated the ne-
cessity for homeostatic regulation,
obviously due to intense perspira-
tion while exercising.

Increased levels of ß-endor-
phin have also been also detected
after resistance exercise sessions
(27, 30). The ß-endorphin re-
sponse depends on the total work-
load of the session (28).

Strength exercises also acti-
vate the sympatho-adrenal system
as indicated by increased levels of
epinephrine and norepinephrine.
Kraemer et al. (34) reported these
changes after a 10-station heavy-
resistance exercise protocol (3 sets
of 10RM with 10 seconds rest be-
tween sets and 30 or 60 seconds
rest between exercises). In addi-
tion to norepinephrine and epi-
nephrine, cortisol levels also rose.
According to the results of
Guezennec et al. (15), strength ex-
ercises can affect catecholamine
responses in the absence of
changes in cortisol and testos-
terone levels.

The training effects on basal
hormone levels have been studied
in a limited number of experi-
ments. Most of the data show that
during 4–6 months, strength
training does not significantly
alter basal levels of testosterone,
lutropin, follitropin, prolactin,

growth hormone, and insulin (18,
20). Likewise, McCall et al. (39)
did not find significant changes in
basal levels of testosterone,
growth hormone, and insulin-like
growth factor I in college students
as a result of a high-volume resis-
tance training. Guezennec et al.
(15) also did not find changes in
cortisol, epinephrine, and norepi-
nephrine levels, whereas Häkki-
nen et al. (20) reported a decrease
in cortisol concentration. Peron-
net et al. (42) also reported in-
creases in epinephrine and nor-
epinephrine levels.

In elite weightlifters, a 1-year
follow-up study did not reveal sig-
nificant changes in blood levels of
cortisol or testosterone. Only
lutropin concentration increased
during the first 4 months and re-
mained at this level throughout
the year. However, during the first
2 weeks of a 6-week intensive
preparation period for competi-
tion, testosterone levels decreased
and remained at reduced levels
until the beginning of competition.
Cortisol levels increased slightly
during the first 2 weeks but de-
creased thereafter (17). When elite
athletes were studied during a 2-
year period, an increase in basal
testosterone levels was reported.
Cortisol levels changed in parallel
with testosterone and, therefore,
the testosterone/cortisol ratio did
not change (19).

Leg strength training did not
change the epinephrine and nor-
epinephrine responses to maximal
bicycle exercise (42). Comparison
of cyclists and weightlifters during
incremental exercise showed that
epinephrine and norepinephrine
responses are more pronounced
in weightlifters, and similar to
those observed in untrained per-
sons (38). In principle, this specif-
ic difference in training effects was
confirmed by Kraemer et al. (35).

During high-intensity resis-

tance training resulting in a decre-
ment in 1RM strength, exercise-
induced testosterone levels in-
creased slightly while cortisol
levels decreased and growth hor-
mone and peptide F levels did not
change (13).

In summary, heavy resistance
exercises activate endocrine func-
tions. Responses of testosterone,
growth hormone, insulin-like
growth factor I, cortisol, and cate-
cholamines have been found.
These responses depend on the
session protocol, particularly,
workload and rest-interval dura-
tion. Training experience increas-
es the likelihood of a testosterone
response in junior athletes. In fe-
males, the testosterone response
may not appear.

■ Hormonal Responses in
Power Exercises
Hormonal aspects of exercises
with high rates of force application
in high-speed, cyclic movement
have been studied by Kraemer
and colleagues. The test exercises
were performed at 100, 73, 55,
and 36% of maximal leg power
(average duration 6 seconds, 16
seconds, 47 seconds, and 3 min-
utes 31 seconds, respectively). All
intensities were greater than those
eliciting peak V̇O2 for the individual
subjects. Using a Teflon cannula
inserted into the vein, the first
blood sample was obtained imme-
diately after the end of exercise
without any delay. A small but sig-
nificant increase of norepineph-
rine concentration was found
when 100% of maximal leg power
was applied, although the dura-
tion of activity was only 6 seconds.
Norepinephrine responses in-
creased during longer duration,
lower power exercise bouts. Epi-
nephrine levels increased approx-
imately 2.5-fold immediately after
exercise at 55% of maximal power
output and 47 seconds duration.
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Similar epinephrine responses
also occurred after exercise at
36% of maximal leg power (36).
Significant increases in ß-endor-
phin and corticotropin levels were
observed immediately after exer-
cise at 36% maximal leg power, as
well as 5 and 15 minutes postex-
ercise. Increased plasma cortisol
levels were also observed following
exercise at 36% maximal power,
but only 15 minutes postexercise
(37). Thus, these data show that
brief, high-intensity (power) exer-
cises are capable of evoking hor-
monal responses.

Repetitive jumping is another
method for studying the effect of
power exercise on hormone lev-
els. Significant increases in the
concentrations of corticotropin
(by 39%), cortisol (by 14%), total
testosterone (by 12%), free un-
bound testosterone (by 13%),
thyrotropin (by 20%), free tri-

iodothyronine (by 28%), and free
thyroxine (by 12%) have been
documented immediately after a
60-second period of consecutive
vertical jumps (Bosco test). Sig-
nificant changes in the blood lev-
els of growth hormone, so-
matomedicin-C, and prolactin
were not detected (Table 1). The
most pronounced testosterone
responses were demonstrated in
subjects with higher jumping
performance. The increase in
serum total testosterone was
highly correlated with average
power output (r = 0.61) and
jumping height (r = 0.66) (4).

It is arguable whether the en-
docrine system is capable of in-
creasing these blood hormone lev-
els within 1 minute. Of course, the
increased hormone levels might
not be related to increased secre-
tion, but instead to a possible he-
moconcentration (shift of a part of

blood plasma from vessels to the
interstitial fluid) and/or to a
“wash-out” of hormones from the
gland caused by increased rate of
blood flow. However, the increases
of serum concentrations of corti-
cotropin, triiodothyronin, and thy-
roxine were between 28 and 39%.
It is difficult to assume that these
changes were related solely to
changes in plasma volume be-
cause the decrease in plasma vol-
ume reached only 15–20% in 1-
minute bouts of exhaustive
exercise (46).

In practice, power exercises
constitute various training ses-
sions. Bosco and collaborators (2)
have studied hormonal changes
induced by some training vari-
ants. Hormones were assessed be-
fore and after 5 sessions (Table 2).

A high number of low-power
exercises decreased testosterone
and increased growth hormone

Table 1
Action on 1-Minute Continuous Jumping on Levels of Various Hormones (4)

Before exercise After exercise

Corticotropin (pg/mL) 31.8 ± 18.1 44.3 ± 20.9*

Cortisol (ng/mL) 181 ± 31 206 ± 41*

Testosterone total (ng/mL 5.8 ± 0.97 6.5 ± 1.18*

Testosterone free (pg/mL) 16.5 ± 3.3 18.6 ± 3.2*

Growth hormone (ng/mL) 2.4 ± 0.30 2.7 ± 0.61

Insulin-like growth factor I (ng/mL) 106 ± 42.5 117.5 ± 59.4

Thyrotropin (µU/mL) 1.07 ± 0.37 1.28 ± 0.43*

Free triiodothyronine (pg/mL) 2.85 ± 0.68 3.66 ± 0.75*

Free thyroxine (ng/mL) 12.2 ± 1.7 15.9 ± 2.1

SHBG (nmol/mL) 22.2 ± 16.3 26.8 ± 16.0

Prolactin (ng/mL) 6.18 ± 1.63 6.12 ± 1.69

Mean ± SD are given. SHBG = steroid hormones binding globulin.
* Statistically significant change according to paired t test.
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levels in bodybuilders, whereas in
weightlifters, a large number of
high-power exercises in the first
weightlifting session increased
testosterone concentration with-
out causing a change in growth
hormone level. However, when the
power output remained close to
maximum, but application of
force was increased and number
of series decreased (in the last
weightlifting session), no signifi-
cant hormone changes were de-
tected.

Sprinters performed exercises
at maximal power using 80%
1RM. Although the number of se-
ries was not extremely high, the
load was subjectively perceived as
very high. In men, blood concen-
trations of lutropin, testosterone,
and cortisol decreased in compar-
ison with presession values. It can
be suggested that the inversed
hormonal responses were related
to pronounced fatigue during the
session. This possibility was con-
firmed by a significant decrease of
average power in full squats and
half squats, as well as by an in-
creased EMG/power ratio in full
squats during the session. Fe-
males did not demonstrate these
changes, but instead demonstrat-
ed an increase in EMG/power
ratio. Lutropin, testosterone, and

cortisol levels did not change in fe-
male sprinters (2). The decreased
blood testosterone concentration
in bodybuilders might also be re-
lated to fatigue. A correlation was
found between the changes in
EMG/power ratio and the de-
crease in serum testosterone.

In conclusion, short-term ex-
ercises founded on high-rate ap-
plication of muscle forces cause
increased blood levels of norepi-
nephrine when exercise duration
is only 6 seconds or more. In exer-
cises lasting 40–60 seconds, pro-
nounced increases appear in
blood levels of epinephrine, corti-
sol, ß-endorphine, testosterone,
and even thyrotropin and tri-
iodothyronine but not in levels of
growth hormone, insulin-like
growth factor I, prolactin, and thy-
roxine. Training sessions consist-
ing of frequent repetitions of
power exercices may result in ei-
ther decreased testosterone and
increased growth hormone levels
or increased testosterone concen-
tration without changes in growth
hormone level. Appearance of
these 2 variants seems to depend
on the degree of force application.
In training sessions of 1-hour du-
ration, testosterone and cortisol
levels may decrease as a fatigue
phenomenon.

■ Significance of Hormonal
Responses
The acyclic high-resistance or
power efforts are too brief to as-
sume that triggered hormonal re-
sponses may have any significance
on the performance of the same ef-
fort. When these acyclic exercises
are repeated, the possibilities for
contribution of hormones in-
crease. This raises a question re-
garding the locus of action of hor-
mones that may be essential for
rapid influence on neuromuscular
performance. It has been speculat-
ed that the rapid hormonal influ-
ence on intracellular calcium
shifts in muscle fiber or neurons
may have significance. Unfortu-
nately, these suggestions still do
not have convincing experimental
evidence. Nonetheless, 2 real pos-
sibilities exist that make links be-
tween hormonal responses during
resistance or power exercises and
performance. These are as follows:
1) triggering long-term adaptation
processes and 2) the hormonal
preconditioning effect.

The main result of strength
training is myofibrillar hypertro-
phy. This process is founded on
induction of synthesis of myosin
and actin. Experiments with rats
showed that training induced
muscle hypertrophy is controlled

Table 2
Characteristics of Studied Power Training Sessions (2)

Person n
Number of 
reps in series

Number 
of series

Rest between 
series (min) % 1RM

% max
power Type of exercises

Male sprinters 6 6+6+4 6 8 80 100 Half squats, full squats

Female sprinters 6 6+6+4 6 8 80 100 Half squats, full squats

Body builders 6 8–12 12 1–2 70–75 65–75 Half squats, leg press,
leg extensor

Weightlifters 4 2–3 10 3–5 60–80 100 Snatch, clean, jerk

Weightlifters 4 2–4 20 2–3 50–70 100 Snatch, clean, jerk
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at transcription, translation, and
posttranslation levels, whereas
the choice of exercises determines
the relative significance of contri-
bution of actions at each control
level (1). Therefore, hormonal ef-
fects on muscle hypertrophy
should vary depending on the ex-
ercise used. While various meta-
bolic factors can induce this
process, testosterone is a powerful
amplifier of the induction of con-
tractile protein synthesis (52). In
rats, a pharmacological blockade
of testosterone receptors prevent-
ed training-induced muscle hy-
pertrophy (22). At the same time,
muscular activity increases the
number of androgen receptors in
rat muscles (21). Control of testos-
terone action at the receptor level
ensures fiber-type specific stimu-
lation of protein synthesis in mus-
cles during the postexercise recov-
ery period. Resistance exercises
result in down-regulation of an-
drogen receptors in slow-twitch
fibers and up-regulation of these
receptors in fast-twitch fibers (10).
Consequently, the tissue’s sus-
ceptibility to testosterone’s effect
increases selectively during resis-
tance exercise in fast-twitch mus-
cle fibers.

In men, the testosterone effect
on muscle strength and protein
synthesis has been convincingly
demonstrated (29, 49). The testos-
terone effect is supported by thy-
roid hormone action at the level of
transcription. Growth hormone,
growth factors, and insulin stimu-
late the actualization of the pro-
tein synthesis at the translation
level (52). 

There is evidence that the ini-
tial level of testosterone is related to
performance in power (explosive
strength) exercises (5, 32). Because
performance in these exercises is
positively related to the percentage
of fast-twitch fibers (3), it can be
hypothesized that a comparatively

high level of blood testosterone is
common in people with fast-con-
tracting muscles. In turn, the sig-
nificance of testosterone for explo-
sive power and maximal speed may
be founded on a causal relation-
ship between the pubertal develop-
ment of fast-twitch fibers and
testosterone concentration, as es-
tablished in animal experiments
(11). High-level sprinters have high
basal levels of testosterone (6).

Another way to understand
the significance of testosterone in
power exercises is the precondi-
tioning effect. Testosterone is
known to contribute as a predis-
positon for aggressive behavior
(41). By analogy, it is possible to
assume the same in regard to per-
formance in explosive power and
sprint exercises.

Epinephrine is capable of acti-
vating the reticular formation in
the brainstem and, thereby, in-
creasing the excitability of nervous
centers, including the motor cortex
(9, 43). The latter is an essential
condition for high-level perfor-
mance, particulary for perfor-
mance in brief power exercises.
Thus, hormonal responses evoked
by strength or power exercises are
essential for the metabolic control
during the postexercise recovery.
However, hormone levels before ex-
ercise may have significance for
the neuromuscular performance.

■ Conclusion
Short-term high resistance and
power exercises are capable of in-
troducing various hormonal
changes. However, most of the
evoked hormonal responses ap-
pear during the postexercise re-
covery period. Pronounced hor-
monal changes also appear
during exercise sessions for im-
proved strength or power. These
changes (increased levels of
testosterone, growth hormone,
and insulin-like growth factor I)

are related to induction of adap-
tive protein synthesis during long-
term recovery. Hormonal re-
sponses with significance for
energy metabolism such as epi-
nephrine and cortisol occur si-
multaneously. The main signifi-
cance of hormonal responses
triggered by resistance or power
exercises is the induction of adap-
tive protein synthesis, and espe-
cially of contractile proteins. An-
other possibility is that hormones
(testosterone, epinephrine) are es-
sential for preconditioning the
neuromuscular apparatus en-
abling maximal performance.

The problem of hormonal pre-
conditioning of neuromuscular
performance should be considered
as an important issue for further
studies. Although the long-term
adaptive action of testosterone has
been convincingly demonstrated,
the links between exercise speci-
ficity and testosterone anabolic ef-
fects, as well as the coactions of
testosterone, growth hormone,
and growth factors are also mat-
ters for future research. Attention
should also be paid to the possi-
bility that adaptive protein syn-
thesis during the recovery period
may involve nervous tissue (48). ▲

■ References
1. Booth, F.W., and D.B. Thoma-

son. Molecular and cellular
adaptation of muscle in re-
sponse to exercise: Perspectives
of various models. Physiol. Rev.
71:541–585. 1991.

2. Bosco, C., R. Colli, R. Bonomi,
S.P. von Duvillard, and A. Viru.
Monitoring of strength training.
Neuromuscular and hormonal
profile. Med. Sci. Sports Exerc.
32:202–208. 2000.

3. Bosco, C., and P. Komi. Me-
chanical characteristics and
fiber composition of human leg
extensor muscles. Eur. J. Appl.
Physiol. 41:275–284. 1979.

preuss
Hervorheben

preuss
Hervorheben

preuss
Hervorheben



October 2003 Strength and Conditioning Journal 13

4. Bosco, C., J. Tihanyi, L. Rival-
ta, G. Parlato, C. Tranquilli, G.
Pulvirenti, C. Foti, and A. Viru.
Hormonal responses in stren-
uous jumping effort. Jpn. J.
Physiol. 46:93–98. 1996.

5. Bosco, C., J. Tihanyi, and A.
Viru. Relationship between field
fitness test and basal serum
testosterone and cortisol levels
in soccer players. Clin. Physiol.
16:317–322. 1996.

6. Bosco, C., and A. Viru. Testos-
terone and cortisol levels in
blood of male sprinters, soccer
players and cross-country
skiers. Biol. Sport. 15:3–8.
1998.

7. Cotshalk, L.A., C.C. Loebel, M.
Nindl, M. Putukian, W.J. Sebas-
tianelli, R.U. Newton, K. Häkki-
nen, and W.J.Kraemer. Hor-
monal responses of multiset,
versus single-set heavy-resis-
tance exercise protocols. Can. J.
Appl. Physiol. 22:244–255.
1997.

8. Cumming, D.C., S.R. Wall,
M.A. Galbraith, and A.N. Del-
castro. Reproductive hormone
responses to resistance exer-
cise. Med. Sci. Sports Exerc.
19:234–238. 1987.

9. Dell, P., M. Bonvallet, and A.
Hugelin. Tonus sympathique,
adrenaline et controle reticu-
lare de la motoricite spinale.
EEG Clin. Neurophysiol.
6:599–622. 1954.

10. Deschenes, M., W.G. Kraemer,
C.M. Maresh, and J.F. Crivello.
Endurance and resistance exer-
cise induce muscle fiber type
specific responses in androgen
binding capacity. J. Steroid
Biochem. Mol. Biol. 50:175–179.
1994.

11. Dux, L., E. Dux, and F. Guba.
Further data on the andro-
genic dependence of the skele-
tal musculature: The effect of
pubertal castration on the
structural development of the

skeletal muscle. Horm. Metab.
Res. 14:191–194. 1982.

12. Few, J.D., F.J. Imms, and J.C.
Weiner. Pituitary-adrenal re-
sponse to static exercise in men.
Clin. Sci. Med. 49:201–206.
1975.

13. Fry, A.C., W.J. Kraemer, and
L.T. Ramsey. Pituitary-adren-
al gonadal responses to high-
intensity resistance exercise
overtraining. J. Appl. Physiol.
85:2352–2359. 1998.

14. Grucza, K, J.F. Kahn, G. Cy-
bulski, W. Niewiadomski, E.
Stupnicka, and K. Nazar. Car-
diovascular and sympatho-
adrenal responses to static
handgrip performed with one
and two hands. Eur. J. Appl.
Physiol. 59:184–188. 1989.

15. Guezennec, Y., L. Leger, F.
Lhoste, M. Aymonod, and
P.C. Pesquies. Hormone and
metabolite responses to
weight-lifting training ses-
sions. Int. J. Sports Med.
7:100–105. 1986.

16. Häkkinen, K., and A. Pakari-
nen. Acute hormonal respons-
es to two different fatiguing
heavy-resistance protocols in
male athletes. J. Appl. Physiol.
74:882–887. 1993.

17. Häkkinen, K., A. Pakarinen, M.
Alen, H. Kauhanen, and P.V.
Komi. Relationships between
training volume, physical per-
formance capacity, and serum
hormone concentrations dur-
ing prolonged training in elite
weight lifters. Int. J. Sports Med.
8(Suppl. 1):61–65. 1987.

18. Häkkinen, K., A. Pakarinen,
M. Alen, H. Kauhanen, and
P.V. Komi. Neuromuscular
and hormonal adaptations in
athletes to strength training in
two years. J. Appl. Physiol.
65:2406–2412. 1988.

19. Häkkinen, K., A. Pakarinen,
M. Alen, H. Kauhanen, and
P.V. Komi. Neuromuscular

and hormonal responses in
elite athletes to two successive
strength training sessions in
one day. Eur. J. Appl. Physiol.
Occup. Physiol. 57:133–139.
1988.

20. Häkkinen, K., A. Pakarinen, M.
Alen, and P.V. Komi. Serum
hormones during prolonged
training of neuromuscular per-
formance. Eur. J. Appl. Physiol.
Occup. Physiol . 53:287–293.
1985.

21. Inoue, K., S. Yamasaki, T.
Fushiki, T. Kamo, T. Moritani,
K. Itoh, and E. Sugimoto.
Rapid increase in the number
of androgen receptor following
electrical stimulation of the rat
muscle. Eur. J. Appl . Physiol.
66:134–140. 1993.

22. Inoue, K., S. Yamasaki, T.
Fushiki, Y. Okada, and E.
Sugimoto. Androgens receptor
antagonist suppresses exer-
cise-induced hypertrophy of
skeletal muscle. Eur. J. Appl.
Physiol. 69:88–91.1994.

23. Jürimäe, T., K. Karelson, T.
Smirnova, and A. Viru. The ef-
fect of a single-circuit weight-
training session on the blood
biochemistry of untrained uni-
versity students. Eur. J. Appl.
Physiol. 61:344–348. 1990.

24. Kjaer, M. Regulation of hor-
monal and metabolic respons-
es during exercise in humans.
Exerc. Sports Sci. Rev.
20:161–184. 1992.

25. Kozlowski, S., Z. Brzezinska,
K. Nazar, W. Kowalski, and M.
Franczyk. Plasma cate-
cholamines during sustained
isometric exercise. Clin. Sci.
Mol. Med. 45:23–31. 1973.

26. Kraemer, W.J., B.A. Aguilera,
M. Terada, R.U. Newton, J.M.
Lynch, G. Rosendaal, J.M.
McBride, S.E. Gordon, and K.
Häkkinen. Responses of IGF-
I to endogenous increases in
growth hormone after heavy-

preuss
Hervorheben

preuss
Hervorheben

preuss
Hervorheben

preuss
Hervorheben

preuss
Hervorheben

preuss
Hervorheben

preuss
Hervorheben

preuss
Hervorheben

preuss
Hervorheben

preuss
Hervorheben

preuss
Hervorheben

preuss
Hervorheben

preuss
Hervorheben



14 Strength and Conditioning Journal October 2003

resistance exercise. J. Appl.
Physiol. 79:1310–1315. 1995.

27. Kraemer, W.J., J.E. Dziados,
L.J. Marchitelli, S.E. Gordon,
E.A. Harman, R. Mello, S.J.
Fleck, P.N. Frykman, and T.N.
Triplett. Effects of different
heavy-resistance exercise pro-
tocols on plasma beta-endor-
phin concentrations. J. Appl.
Physiol. 74:450–459. 1993.

28. Kraemer, W.J., S.J. Fleck, J.E.
Dziador, E.A. Harman, L.J.
Marchitelli, S.E. Gordon, R.
Mello, P.N. Frykman, L.P.
Kozirs, and N.T. Triplet.
Changes in hormonal concen-
trations after different heavy-
resistance exercise protocols
in women. J. Appl. Physiol.
75:594–604. 1993.

29. Kraemer, W.J., S.J. Fleck, and
W.J. Evans. Strength and power
training: Physiological mecha-
nisms of adaptation. Exerc.
Sport Sci. Rev. 24:363–397.
1996. 

30. Kraemer, W.J., A.C. Fry, B.J.
Warren, M.H. Stone, S.J.
Fleck, J.T. Kearkey, E.P. Con-
roy, C.M. Maresh, C.A. Weser-
man, N.T. Triplett, and S.E.
Gordon. Actual hormonal re-
sponses in elite junior
weightlifters. Int. J. Sports
Med. 13:103–109. 1992.

31. Kraemer, W.J., S.E.Gordon, S.J.
Fleck, L.J. Mardritelli, R. Mello,
J.E. Dziadas, K. Friedl, E. Har-
man, C. Maresh, and A.C. Fry.
Endogenous anabolic hormon-
al and growth factor responses
to heavy resistance exercise in
males and females. Int. J. Sports
Med. 21:228–235. 1991.

32. Kraemer, W.J., K. Häkkinen,
R.U. Newton, J. Patton, E.A.
Harmans, K. Dohi, J. Bush,
and J.E. Dziados. Factors in
various strength and power
performance in men in: Pro-
ceedings of the XVth Congress
of the International Society of

Biomechanics. Jyväskylä:
University of Jyväskylä, 1995;
pp. 508–509.

33. Kraemer, W.J., L. Marchitelli,
S.E. Gordon, E. Harman, J.E.
Dziados, R. Mello, P. Frykman,
D. McCurry, and S.J. Fleck.
Hormonal and growth factor
responses to heavy resistance
exercise protocols. J. Appl.
Physiol. 69:1442–1450. 1990.

34. Kraemer, W.J., B.J. Noble,
M.J. Clark, and B.W. Culver.
Physiologic responses to
heavy-resistance exercise with
very short rest periods. Int. J.
Sports Med. 8:247–252. 1987.

35. Kraemer, W.J., J.F. Patton,
S.E. Gordon, E.A. Harman,
M.P. Deschenes, K. Reynolds,
R.V. Newton, N.T. Triplett, and
J.E. Dziados. Compatibility of
high-intensity strength and
endurance training on hor-
monal and skeletal muscle
adaptations. J. Appl. Physiol.
78:976–989. 1995.

36. Kraemer, W.J., J.F. Patton, H.G.
Knuttgen, C.J. Hannon, T. Ket-
tler, S.E. Gordon, J.E. Dziados,
A.C. Fry, P.N. Frykman, and
E.A. Harman. Effects of high-
intensity cycle exercise on sym-
pathoadrenal-medullary re-
sponse pattern. J. Appl. Physiol.
70:8–14. 1991.

37. Kraemer, W.J., J.E. Patton,
H.G. Knuttgen, L.J. Marchitel-
li, C. Cruthirds, A. Damonash,
E. Harman, P. Frykman, and
J.E. Dzidos. Hypothalamic-pi-
tuitary-adrenal responses to
short-duration high-intensity
cycle exercise. J. Appl. Physiol.
66:161–166. 1989.

38. Lehmann, M., P. Schmid, and
J. Keul. Age- and exercise-re-
lated sympathetic activity in
untrained volunteers, trained
athletes and patients with im-
paired left-ventricular contrac-
tility. Eur. Heart J. (Suppl.
E):1–7. 1983. 

39. McCall, G.E., W.C. Byrnes, A.
Fleck, S.J. Dickinson, A. Dick-
inson, and W.J. Kraemer.
Acute and chronic hormonal
responses to resistance train-
ing designed to promote mus-
cle hypertrophy. Can. J. Appl.
Physiol. 24:96–107. 1999.

40. Nazar, K., D. Jezova, and E.
Kowalik-Borowka. Plasma va-
sopressin, growth hormone and
ACTH responses to static hand-
grip in healthy subjects. Eur. J.
Appl. Physiol. 58:400–404.
1989.

41. Olweus, D., A. Mattson, D.
Schalling, and H. Low. Testos-
terone, aggression, physical
and personality dimensions of
normal adolescent males. Psy-
chosom. Med. 42:253–269.
1980.

42. Peronnet, F., G. Thibault, H.
Perrault, and C. Cousineau.
Sympathetic response to max-
imal bicycle exercise before
and after leg strength training.
Eur. J. Appl. Physiol. 55:1–4.
1986.

43. Rothballer, A.B. Studies on the
adrenaline-sensitive compo-
nent of the reticular activating
system. EEG Clin. Neurophysi-
ol. 8:603–624. 1956.

44. Sancher, J., J.M. Pequignot, L.
Peyrin, and H. Monad. Sex dif-
ferences in the sympatho-
adrenal response to isometric
exercise. Eur. J. Appl. Physiol.
45:147–154. 1980.

45. Schwab, R., G.O. Johnson,
T.J. Housh, J.E. Kinder, and
J.P. Weir. Acute effects of dif-
ferent intensities of weight lift-
ing in serum testosterone.
Med. Sci. Sports Exerc.
25:1381–1385. 1993.

46. Sejersted, O.M., N.K.Vøllestad,
and J.L. Medbø. Muscle fluid
and electrolyte balance during
and following exercise. Acta
Physiol. Scand. 128(Suppl.
556):119–127. 1986.

preuss
Hervorheben

preuss
Hervorheben

preuss
Hervorheben

preuss
Hervorheben

preuss
Hervorheben

preuss
Hervorheben

preuss
Hervorheben

preuss
Hervorheben



October 2003 Strength and Conditioning Journal 15

47. Taylor, J.A., G.A. Hand, D.G.
Johnson, and D.R. Seals.
Sympathoadrenal-circulatory
regulation during sustained
isometric exercise in young
and older men. Am. J. Physiol.
261:R1061–R1069. 1991.

48. Trejo, J.L., E. Carro, and J. Tor-
res-Aleman. Circulating insu-
line-like growth factor I medi-
ates exercise-induced increases
in the number of new neurons
on the adult hippocampus. J.
Neurosci. 21:1628–1634. 2001.

49. Urban, R.J., Y.H. Bodenburg,
C. Gilkison, J. Foxworthy, A.R.
Cogan, R.R. Wolfe, and R. Fer-
nando. Testosterone adminis-
tration to elderly man increas-
es skeletal muscle strength and
protein synthesis. Am. J. Phys-
iol. 269:E820–E823. 1995.

50. Vanhelder, W.P., M.W. Radom-
ski, and R.C. Goode. Growth
hormone responses during in-
termittent weight lifting exer-
cises in men. Eur. J. Appl.
Physiol. 53:31–34. 1984.

51. Vanhelder, W.P., M.W. Radoms-
ki, R.C. Goode, and K. Casey.
Hormonal and metabolic re-
sponses to three types of exer-
cise of equal duration and ex-
ternal work output. Eur. J. Appl.
Physiol. 54:337–342. 1985.

52. Viru, A. Adaptation in Sports
Training. Boca Raton, Ann
Arbor, London, Tokyo: CRC
Press, 1995.

53. Volek, J.S., W.J. Kraemer,
J.A.Bush, T. Incledon, and M.
Boetes. Testosterone and corti-
sol in relation to dietary nutri-
ents and resistance exercise. J.
Appl. Physiol. 82:49–54. 1997.

54. Watson, R.D.S., W.A. Littler,
and B.-M. Eriksson. Changes
in plasma noradrenaline and
adrenaline during isometric
exercise. Clin. Exp. Pharmacol.
Physiol. 7:399–402. 1980.

55. Weiss, L.W., K.J. Cureton, and
F.N. Thomson. Comparison of

serum testosterone and an-
drostenedione responses to
weight lifting in men and
women. Eur. J. Appl. Physiol.
50:413–419. 1983.

Atko-Meeme Viru is a professor
emeritus specializing in exercise
physiology at the University of
Tartu, Estonia. His investigations
examine endocrine functions in
muscular activities and adapta-
tion mechanisms in training.

Mehis Viru is a senior researcher
at the Institute of Exercise Biology,
University of Tartu. His research
work is focused on specificity of
training effects on skeletal muscles
and endocrine functions, as well as
on biochemical monitoring of train-
ing. 

Carmelo Bosco is a professor at
the University of Rome Tor-Verga-
ta. His investigations are focused
on the physiology and biomechan-
ics of muscular activity.

Atko Viru

Bosco

Mehis Viru

preuss
Hervorheben

preuss
Hervorheben

preuss
Hervorheben

preuss
Hervorheben

preuss
Hervorheben

preuss
Hervorheben


