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Summary. Metabolic and endocrine responses of 14
subjects of varying levels of fitness to an intensive
anaerobic interval training session were assessed before
exercise and at 2 h, 4 h, 8 h and 24 h postexercise. The
endocrine response of the same subjects to a control
day, where they were required not to exercise, was also
assessed and compared with the values obtained on the
interval training day. Uric acid, urea, and creatine
phosphokinase concentrations still remained elevated
above pre-exercise values 24 h postexercise. Lactate,
creatinine, testosterone and cortisol concentrations
were significantly elevated above pre-exercise values
immediately postexercise but these had reversed by 2 h
postexercise. Over the remainder of the recovery period
testosterone concentrations remained significantly
lower than values measured at similar times on the con-
trol day. This was shown to be due directly to a change
in testosterone as sex hormone binding globulin con-
centration remained constant throughout the recovery
period. The data indicate that when comparisons of
data were made to control (rest) days, imbalances in
homeostasis, due to intensive training, are not totally
reversed within the next 24-h. The data also demon-
strate that the parameters measured undergo the same
variations in subjects with a wide range of physical fit-
ness, indicating that these parameters could be used to
monitor exercise stress and recovery in athletes of a
wide range of abilities. The more acute responses to ex-
ercise could be mistaken for overtraining if insufficient
recovery time were not permitted between the final ex-
ercise session and taking blood samples, further em-
phasising the need to be able to recognise the differ-
ence between the fatigue associated with acute exercise
and a state of chronic fatigue that may result from too
little regeneration time within the training pro-
gramme.
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Introduction

It is well-established that the body must be put under
substantial exercise stress to induce changes in homeos-
tasis indicative of training, yet the adaptations to train-
ing appear to occur over a period of reduced training
which is sufficient to allow the body to re-eastablish
homeostasis. Failure to incorporate these recovery peri-
ods may lead to chronic fatigue and overtraining
(Bompa 1983). One of the current problems in the train-
ing of athletes is to be able to distinguish between the
normal fatigue associated with isolated training ses-
sions and that associated with the long term fatigue
which may lead to overtraining (Kuipers and Keizer
1988). Many exercise induced metabolic and endocri-
nological changes have now been measured in athletes
(Keast et al. 1988; Kuipers and Keizer 1988). Yet while
there is no doubt that acute exercise induces changes in
a wide array of metabolic parameters, including hor-
mones, the use of these for the prediction of the over-
trained athlete is still not possible (Kuipers and Keizer
1988).

There is still a need to investigate comprehensively
metabolic changes induced by the training regimes that
are used by athletes in training. Intensive interval train-
ing is a major component of the training programmes
of most sports from marathon runners to team sports-
men. We have chosen a series of biochemical paramet-
ers which have been implicated in the past as indicators
of exercise stress and we have investigated their dynam-
ics concurrently in 14 subjects immediately after an ex-
haustive interval training session and over the ensuing
24 h. The data provided an insight into the time course
of recovery from intensive training of the type under-
taken in this study.

Methods
Subjects

Fourteen active male subjects (aged 18-25) gave informed consent
following clearance to conduct the study from the Committee of
Human Rights of The University of Western Australia. The sub-



jects represented a range of fitness levels from recreational run-
ners to international athletes. All of the subjects were engaged in
physical activity involving running at least 2 days a week.

Experimental protocol

1st session. Subjects reported to the Human Physical Performance
laboratory at The University of Western Australia. They were re-
quested not to eat or drink fluids except water on the morning of
the test. Subjects completed an incremental exercise test which be-
gan at 7.00 a.m. with 3 min exercise on a treadmill at 8 km-h~!
and 1% grade. Progression was accomplished by increasing the
treadmill speed by 1 km-h~! for each subsequent exercise intensi-
ty. Each exercise intensity was of 3-min duration and 2-min s rest
were enforced between each. The test concluded when the subject
could not complete a 3-min exercise period. Gas analysis was con-
ducted throughout the test using a metabolic trolley consisting of
an oxygen analyser (Applied Electrochemistry, Sunnyvale, Calif.),
a carbon dioxide analyser (Applied Electrochemistry) and a venti-
lometer (Morgan, Gillingham, UK). Ventilation, oxygen con-
sumption and respiratory exchange ratio (R) values were com-
puted and displayed on a monitor every 30 s. Ear lobe blood sam-
ples were collected into capillary tubes for subsequent lactate
analysis during the 1st min of each 2-min rest period. Lactic acid
assays were performed on a lactic acid analyser (Analox, London,
UK). Onset of blood lactic acid accumulation was determined as
the treadmill speed which elicited a blood lactate concentration of
4 mmol-17! (Stegmann and Kindermann 1982). Maximal values
for blood lactate, oxygen consumption, R, ventilation and heart
rate (f;) were determined.

2nd session. One week later subjects again reported to the labora-
tory at 6.30 a.m. after having abstained from strenuous physical
activity for at least 36 h, and not having eaten or consumed fluid
except water on the morning of the test. The subjects after provid-
ing a blood sample undertook an anaerobic exercise regime con-
sisting of 25 1-min exercise periods on a treadmill separated by
2-min rest periods where the subjects were allowed to walk on the
spot beside the treadmill. The exercise intensity used was the one
prior to that which the subject failed to complete in the first exer-
cise session. Except for the imposed training session, subjects
were requested not to exercise except by walking. Throughout the
24-h data collection period they were also requested not to eat or
drink fluids except water within 2 h of donating a blood sample.
The £, were recorded using an electrocardiograph during the final
10s of each 1-min exercise period. Blood samples were taken
15 min pre- (PRE), 3-5 min post (POST), 2 h post (2H), 4 h post
(4H), 8 h post (8H), and 24 h postexercise (24H). The PRE blood
sample was provided at 7.00 a.m.

3rd session. This session was completed approximately 4 weeks
following the anaerobic training session. Subjects reported to the
laboratory four times throughout the day having observed the
same exercise and dietary restrictions described for session 2. The
four times were 7.00 a.m. (7C), 10.00 a.m. (10C), 1.00 p.m. (1C)
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and 4.00 p.m. (4C). During each of these sessions subjects do-
nated a 30-m blood sample. Subjects were requested not to exer-
cise until after the 4.00 p.m. blood sample.

Blood sampling

Prior to sampling each subject was required to rest quietly in an
upright position for 10 min. A 30-ml blood sample was collected
from the antecubital vein at each sample time, using a winged
cannula attached to a vacutainer (Becton Dickinson Rutherford,
N. J.) bleeding system. A fresh venous puncture was used for each
sample. On the control day, subjects donated blood samples dur-
ing each of their four visits. A 10-ml blood sample was collected
into clotting tubes to obtain serum, 5 ml into fluoride/oxolate,
and 5 ml into ethylenediaminetetraacetic acid (EDTA). All sam-
ples were immediately chilled on ice following collection, centri-
fugation was conducted in a refrigerated centrifuge, and serum
and plasma samples were stored at —70° C prior to assaying. Se-
rum was obtained by allowing blood to stand on ice for 2 h and
then centrifuging at 1000 g for 20 min. Lactic acid analyses were
performed on fluoride/oxolate treated samples. The EDTA
treated samples were protected form light and used for creatine
phosphokinase (CPK) determinations and for determinations of
packed cell volume and haemoglobin concentrations using a
Coulter STKS (Coulter Electronics, Hialeah, Fla.) analyser.
Packed cell volume and haemoglobin were used to determine
whether or not the training session caused a haemoconcentration
using the equation of Dill and Costill (1974). Commercially avail-
able radio-immunassay kits were used for determinations of corti-
sol (Amersham, UK), testosterone (Mallinckrodt Diagnostica,
RIA-MAT testosterone, Dietzenbach, FRG) and sex hormone
binding globulin (SHBG) (Farmos, Orlunsalo, Finland). The fol-
lowing parameters were assayed enzymatically according to pre-
viously published methods: uric acid (Kageyama 1971), urea
(Kaltwasser and Schlegel 1966), lactic acid (method of Hohorst
1963 modified by Drews 1974), and CPK (method of Rosalki
1967). Creatinine was assayed by the colorimetric method of
Haeckel (1981).

Statistical analysis

One-way analyses of variance with repeated measures were used
with the Fisher post hoc comparison being applied to determine
the significant mean differences. Significance was established at
the P<0.05 level. Analysis of all data was conducted using the
Statview 512+ statistical package (Statview, Calabasas, Calif.) on
a Macintosh computer.

Results
Incremental exercise test

Table 1 presents the physical and physiological charac-
teristics of subjects measured in the incremental exer-
cise test.

Table 1. Physical and physiological characteristics of the subjects. Data was derived from the initial session which involved the incre-

mental exercise protocol

Paramter Mean SEM Minimum Maximum Range
Maximum ventilation (1-min~") 153.9 8.7 95.1 213.7 118.57
VO;max (1-min=T) 4.59 0.26 2.85 6.90 4.05
VOsmax (ml-kg~'-min~") 61.02 2.6 42.61 75.36 32.75
Mass (kg) 75.26 33 61.37 112.45 51.08
Sum of eight skinfolds (mm) 74.68 4.88 40.23 101.04 61.04
OBLA (km-h~") 134 0.8 9.0 16.9 7.9

Maximal treadmill speed (km-h~") 15.86 0.74 10.0 19.0 9.0

VOZmax, Maximal oxygen consumption; OBLA, onset of blood lactate accumulation
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Table 2. Heart rate data (beats-min ') for each of the 25 1-min exercise periods comprising the interval training session

Exercise Exercise Exercise

period Mean and SEM n period Mean and SEM n period Mean and SEM n
1 165.7 4.1 14 9 1743 4.1 14 18 176.2 4.1 14
2 168.0 4.2 14 10 175.2 3.9 14 19 1771 4.0 14
3 171.0 4.2 14 11 175.5 4.1 14 20 176.3 4.2 13
4 171.9 43 14 12 175.7 4.2 14 21 177.2 4.2 13
5 173.0 42 14 13 175.2 4.2 14 22 177.2 4.2 12
6 171.6 4.6 14 14 176.2 4.1 14 23 178.2 4.0 12
7 172.5 4.6 14 15 176.3 4.1 14 24 179.5 4.1 12
8 173.8 4.1 14 16 175.8 4.3 14 25 184.7 4.5 12

17 176.2 4.2 14

Training session

The f, measured in the final 10 s of each 1-min exercise
period increased progressively and significantly
(F=16.227, P<0.001) during the training session.
Twelve of the 14 subjects completed all of the 25 exer-
cise periods. One subject said he was exhausted after
the 19th exercise period and the other after the 21st.
The f, for all exercise intensities are presented in Table
2.

Figures 1 and 2 present the means and standard er-
rors and locations of statistical significance for the val-
ues obtained for the metabolites and CPK measured at
each of the data collection points during the training
session. The training session did not elicit a haemocon-
centration.

Plasma lactic acid concentration was elevated signif-
icantly (P<0.001) at POST and had returned to PRE
levels by 2H. Creatinine concentration increased signi-
ficantly (P<0.001) at POST and had decreased to PRE
values by 2H. Creatinine concentration continued to
decrease progressively over the remainder of the recov-
ery period. Uric acid concentration was significantly el-
evated (P<0.001) at POST and continued to increase
reaching maximal values at 2H. Uric acid concentration
decreased progressively over the remainder of the 24-H
recovery period but remained significantly elevated
from PRE levels throughout. Urea concentration in-
creased significantly (P<0.001) after exercise and con-
tinued to do so over the subsequent 8H. The urea con-
centration did not rise significantly until 2H; however,
it was still significantly elevated by 24H. The CPK con-
centration increased significantly (P<0.001) and pro-
gressively after exercise and continued to do so over the
first 8 h of recovery and remained elevated at 24 h after
the training session.

Figure 3 presents the data and significant differ-
ences for endocrinological data measured at matched
sample times during both the interval training session
and control days. On the test day cortisol concentra-
tions before exercise mean [776 (SEM 47) nmol-17"]
were higher than normal and suggested an anticipatory
response to exercise and/or having blood samples tak-
en. The 24H value was significantly lower than both the
PRE value and the 7C value. All three values were
taken at approximately 7.00 a.m. On the day of exer-
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Fig. 1. Uric acid, creatinine and lactic acid response to the inter-
val training session. Each of the data points is represented on the
x axis and the metabolic parameters on the y axis. Values are pre-
sented with the mean and standard error. * Significant mean dif-
ference (P<0.05) between the pre-exercise (PRE) value on the
training day and each of the other data points. Error bars are not
visible when they lie within the size of the symbols. POST, 2H,
4H, 8H, 24H, data collection points immediately after and 2, 4, 8
and 24 h after exercise, respectively



6.9 4
6.7
6.5-
63-
6.1 —
5.9 4

UREA (mmol-1™ 1)

5.7 4

5.5+
5.3 -

40

CPK (UIh

30 +

25

20 L T T T T T T LI
PRE POST 2H 4H 8H 24H
DATA POINT

Fig. 2. Urea and creatine phosphokinase (CPK) response to the
interval training session. Each of the data points is represented on
the x axis and the values for CPK and urea on the y axis. Values
are presented with the mean and standard error. * Significant
mean differences (P <0.05) between the pre-exercise (PRE) value
on the training day and each of the other data points. For defini-
tions see Fig. 1

cise, the cortisol concentration after exercise was signif-
icantly elevated from the PRE value, however over the
following 2 h cortisol concentrations dropped to the
equivalent control day value (10C) (Fig. 3).

Testosterone concentrations prior to exercise could
not be differentiated statistically from the 7C value on
the control day however the 24H value was signifi-
cantly lower (P<0.001) than the 7C value. The exercise
session initially induced a significant increase in testos-
terone concentrations above both the PRE and 7C con-
centrations (see Fig. 3). This was reversed by 2H, and
during the remainder of the recovery period the exer-
cise day values were significantly lower than values for
samples taken at equivalent times on the control day.
The testosterone:cortisol ratio (T:C ratio) demon-
strated a diurnal effect as demonstrated by the control
day values. The PRE, POST and 24H values did not
demonstrate statistical difference from 7C concentra-
tions. The 2H value was significantly lower (P<0.001)
than the 10C value, indicating that the exercise session
delayed the diurnal effect of an increasing T:C ratio
over the course of the day.

The SHBG concentrations did not vary significantly
over either the control or exercise day nor were the con-
trol and exercise day values different. Because the
SHBG values demonstrated little variation, the fluctua-
tions in the T:SHBG ratio to a large extent mirrored
those of the testosterone concentration values. The 2H
T:SHBG ratio was significantly lower (P<0.05) than
the ratio at the equivalent time on the control day (10C)
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Fig. 3. The cortisol, testosterone and sex hormone binding globu-
lin (SHBG) responses to an interval training session and a control
day. Each of the data points is represented on the x axis and the
endocrine parameters on the y axis. Values are presented with the
mean and standard error. * Indicate significant mean differences
(P<0.05) between the pre-exercise (PRE) value on the training
day and each of the other data points; ** indicate significant
mean differences (P<0.05) when the training session data points
are compared with control day data points where values were de-
rived from samples taken at a similar time of day. For this com-
parison, the 2 h post (2H) value was compared with the 10.00 a.m.
(10C) value, the 4 h post (4H) value with the 1.00 p.m. (1C) value,
the 8 h post (8H) value with the 4.00 p.m. (4C) value and the 24 h
postexercise (24H) value with the 7.00 a.m. (7C) value. T:C ratio,
testosterone:cortisol ratio
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and reflected less free testosterone in the blood stream
at that point in the day, on the training day, compared
with the control day.

Discussion

Elevated serum creatinine concentrations after exercise
have been implicated in compromised glomerular fil-
tration which can lead to elevated serum concentrations
of urea and uric acid (Allen and Keenan 1988). Creatin-
ine concentration was elevated significantly immedi-
ately at POST (Fig. 1); however, it had returned to-
wards PRE concentration by 2H suggesting that glom-
erular filtration may have returned to normal by this
time. It has also been suggested that increases in uric
acid concentrations in the blood postexercise is the re-
sult of lactic acid induced blockage of renal clearance
(Nichols et al. 1951). Our data does not support this
concept, as uric acid concentrations continued to in-
crease for several hours after lactic acid concentrations
had returned to baseline values (see Fig. 1). However,
the effects of lactate acidosis on renal clearance can
take a longer time than the time to clear the increased
concentration in blood (Knochel et al. 1974). Changes
in the serum concentrations of urea and uric acid post-
exercise were therefore most likely to be the result of
increased production, rather than compromised excre-
tion rates due to reduced filtration, beyond 2H. In-
creased uric acid concentration following exercise may
also result from increased purine base degradation
(Allen and Keenan 1988; Harkness et al. 1983) and this
may be enhanced by the formation of inosine-5-mono-
phosphate in muscle during intensive exercise followed
by degradation to purine precursors and conversion to
uric acid in the liver (Knochel et al. 1974). With severe
intensive exercise of the type used in our studies, signif-
icant decreases in intracellular adenosine 5'-triphos-
phate (ATP) concentration can be expected (Harkness
et al. 1983). This may to some extent be rapidly re-
versed by the rephosphorylation of adenosine 5'-di-
phosphate (ADP) (Porter and Whalen 1981), but it is
clear that there was an associated catabolism of purines
to uric acid which might be associated with tissue dam-
age (Harkness et al. 1980, 1983; Jenkins 1988; Banister
et al. 1985). Uric acid concentrations remained elevated
24 h after the training session possibly as a result of
continued low concentrations of ATP following the ex-
hausting exercise involving a large muscle mass (Hark-
ness et al. 1983). These findings suggested that recovery
of the cells’ energy reserves may require longer than
24 h following intensive exercise and, if this is so, pro-
gramming of more than one high intensity training ses-
sion per day may effectively place a cumulatively
greater stress on the cells to produce the same degree of
exercise in later training sessions. Performance levels
could then eventually fall due to a continuing energy
crisis within the stressed cells.

Persistently elevated urea concentrations after exer-
cise can reflect an imbalance in protein metabolic
homeostasis and may indicate delayed recovery from

training stress (Viru 1987). Return of urea concentra-
tions to baseline levels may reflect a return of protein
metabolism to a state of balanced homeostasis and
hence full recovery from a training session. Our results
demonstrated that urea concentrations can remain ele-
vated for at least 24 h following intensive interval exer-
cise, as has been previously demonstrated in endurance
exercise (Viru 1987). It has been suggested that urea
concentrations of greater than 8.3 mmol-1~" are indica-
tive of an overtrained state (Kindermann 1986) indicat-
ing that there may be a critical urea concentration
which should not be exceeded and, if reached, a period
of regeneration may be necessary. The values recorded
in this study did not approach the 8.3 mmol-1~" limit.
It is possible that cumulative exercise effects are re-
quired to elevate urea concentrations towards the sug-
gested overtraining threshold.

Urea concentrations may be elevated by factors
other than protein turnover including an increased con-
sumption of dietary protein and dehydration; provision
for the control for these factors must therefore be made
when using urea as an indicator of protein turnover.

The elevated CPK concentration throughout the re-
covery period of this study (Fig. 2) suggested that some
muscle damage occurred as a result of the training ses-
sion (Ebbeling and Clarkson 1989). The fact that this
was not reversed within 24-h suggested that including
too many training sessions of the nature used in this
study within a too short period may result in a progres-
sively increasing state of muscle damage as the result of
insufficient regeneration time.

The initial increase and then decrease in testosterone
concentrations observed in this study may account for
many of the inconsistencies evident in the literature,
some of which report elevations and some decreases in
testosterone concentrations following exercise (Cum-
ming et al. 1989; Hackney 1989). The initial increase in
testosterone concentrations following short duration
exercise has been reported previously (Cumming et al.
1989) and may be largely due to a decreased metabolic
clearance as the result of depressed hepatic blood flow
and a possible haemoconcentration (Kindermann et al.
1982; Cumming et al. 1989). In this study there was no
significant haemoconcentration induced by exercise,
with haemoglobin and packed cell volume remaining
unaltered from PRE values immediately following the
training session. Suppressions in testosterone concen-
trations which may last several days have been reported
following long duration submaximal activity (Cumming
et al. 1989). Our data demonstrated that shorter dura-
tion anaerobic exercise can also elicit reductions in cir-
culating testosterone concentrations which persists for
at least 24 h. It is possible that repeated intensive exer-
cise of this nature may result in persisently depressed
testosterone concentrations which may contribute to ol-
igospermia, decreased libido, decreased skeletal and
cardiac muscle hypertrophy, anaemia, osteoporosis, ar-
therosclerosis (Cumming et al. 1989), and suppressions
in immune function (Keast et al. 1988; Cumming et al.
1989). Decreased testosterone concentrations in recov-
ery may also result in a lower rate of muscle glycogen



restoration, as animal studies have shown that testoste-
rone increases the activity of muscle glycogen synthe-
tase (Gillespie and Edgerton 1970). Normal testoste-
rone concentrations may be associated with a more
rapid restoration of the stored phosphate pool through
enhanced rate of creatine phosphate restoration (Sutton
et al. 1973).

Cortisol has catabolic and testosterone anabolic ef-
fects on protein metabolism (Schmitt et al. 1981; Adler-
creutz et al. 1986; Urhausen and Kindermann 1987).
Testosterone serves to offset the catabolic functions of
cortisol and depressed concentrations of testosterone
may therefore hinder the repair of muscle damage asso-
ciated with high intensity activity (Cumming et al.
1989; Ebbeling and Clarkson 1989). Elevated cortisol
concentrations immediately after exercise, as demon-
strated by our data, and elevated basal cortisol concen-
trations reproted in overtrained athletes (Barron et al.
1985) may therefore contribute to muscle catabolism,
especially when this coincides with depressed testoste-
rone concentrations. Cortisol mediated catabolism may
be accelerated when repeating high intensity training
sessions prior to full recovery of testosterone concen-
trations and, as indicated by our data, this may occur
when more than one intensive training session is con-
ducted on one day (Dressendorfer et al. 1987). This
may be one mechanism leading to overtraining, as mus-
cles are provided with little opportunity to regenerate
and are under constant catabolic stress.

Elevated cortisol concentrations suppress testicular
steroidogenic processes therefore reducing the concen-
trations of serum testosterone (Cumming et al. 1983,
1989). Our data demonstrated that cortisol was elevated
significantly from PRE concentrations following exer-
cise (Fig. 3); however, concentrations had returned to-
wards control day values at 2H as reported previously
(Bunt 1986). Testosterone concentrations remained sig-
nificantly depressed from control day values over the
24-h recovery period. The data does not therefore sup-
port the concept that elevated cortisol concentrations
were the sole cause of the depressed testosterone con-
centrations in recovery. Mechanisms for the exercise in-
duced changes in circulating testosterone concentra-
tions are yet to be fully elucidated (Cumming et al.
1989).

No change in SHBG concentrations were observed,
indicating that fluctuations in free testosterone were
not the result of alterations in serum binding capacity,
although testosterone does bind to albumin with low
affinity and altered albumin binding cannot be ex-
cluded by this study (Cumming et al. 1989). The SHBG
has a half-life of several days (Urhausen and Kinder-
mann 1987) and therefore changes were not to be ex-
pected in this study. Elevations in SHBG concentration
may be a delayed response to physical stress of several
days duration (Hakkinen et al. 1988).

It has been proposed that the balance between cata-
bolic and anabolic processes may be expressed by the
T:C ratio (Aldercreutz et al. 1986; Urhausen and Kin-
dermann 1987). We have found that the T:C ratio. de-
monstrated considerable variation over the course of a
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control day, varying from 40.4 (SEM 3.5) in the morn-
ing to 67.2 (SEM 7.0) in the afternoon. Time of sam-
pling is clearly a factor to be considered if attempting
to use the T:C ratio as a tool for diagnosing overtrain-
ing and should be standardised for routine sampling.

Measuring testosterone concentrations immediately
after exercise would be misleading in terms of the T:C
ratio as testosterone concentrations were significantly
elevated above PRE and control day values immedi-
ately after exercise. The reason for this was not clear
nor were the mechanisms for the decrease in free testos-
terone during the regeneration period (Urhausen and
Kindermann 1987). Alterations in hypothalamic-pitui-
tary-gonadal axis regulation have been hypothesised as
the underlying mechanism (Hackney 1989). The litera-
ture has implicated this system with exercise stress re-
lated conditions including hypothalamic-pituitary dys-
function [associated with elevated basal corticol con-
centrations (Barron et al.1985)], decreased sperm count
and libido (associated with depressed testosterone con-
centrations) following periods of heavy training (Grif-
fith et al. 1990; Ayres et al. 1985; Cumming et al. 1989)
and exercise induced amenorrhoea (Cumming 1987;
Highet 1989).

An aim of this study was to determine whether the
trends observed were evident in athletes over a wide
range of performance levels. The data in Table 1 re-
flects that such a range of subjects was obtained as in-
dicated by the large variation in parameters indicative
of fitness levels. The results of the time course experi-
ment demonstrated that the parameters measured un-
dergo the same variations in subjects over a wide range
of physical fitness, indicating that they could be used to
monitor exercise stress and recovery in athletes of a
wide range of abilities. This is reflected by the signifi-
cant trends and small errors and is important as it is
likely that athletes at all levels of performance, pro-
vided they are highly motivated to train, may be suscep-
tible to changes in metabolic and hormonal parameters
that have been previously associated with overtraining
(Kindermann 1986; Kuipers and Keizer 1988). These
observations may be useful to investigators interested
in research in the overtraining area, as it suggests that
active but not necessarily elite athletes can be used as
subjects for studies.

It is clear from the uric acid, urea, CPK and testoste-
rone results from this study, that recovery from inten-
sive interval training may require longer than 24 h.
Clearly, if the regeneration period following a single in-
tensive training session is greater than 24 h, the regener-
ation time for a series of intensive sessions designed to
create a strong adaptational stimulus may require sev-
eral days. An understanding of any natural diurnal cy-
cles for measured variables will be required as signifi-
cant diurnal variation was evident for cortisol and tes-
tosterone on the control day of this study. It is therefore
necessary to standardise the time at which blood sam-
ples are collected.



234

References

Aldercreutz H, Harkonen M, Kuoppasalmi K, Naveri H, Huhtan-
iemi I, Tikkanen H, Remes K, Dessypris A, Karvonen J (1986)
Effect of training on plasma anabolic and catabolic steroid
hormones and their response during physical exercise. Int J
Sports Med 7:27-28

Allen GA, Keenan D (1988) Uric acid production and excretion
with exercise. Aust J Sci Med Sport 20:3-6

Ayres JWT, Komesu Y, Romani T, Ansbacher R (1985) Anthro-
pometric, hormonal, and psychologic correlates of semen
quality in endurance-trained male athletes. Fertil Steril
43:917-921

Banister EW, Rajendra W, Mutch BJC (1985) Ammonia as an in-
dicator of exercise stress implications of recent findings to
sports medicine. Sports Med 2:34-46

Barron JL, Noakes TD, Levy W, Smith C, Millar RP (1985) Hypo-
thalamic dysfunction in overtrained athletes. J Clin Endocri-
nol Metab 60:803-806

Bompa TO (1983) Theory and methodology of training. Kendall
and Hunt, Dubuque, Iowa

Bunt JC (1986) Hormonal alterations due to exercise. Sports Med
3:331-345

Cumming DC (1987) The reproductive effects of exercise and
training. Current problems in obstetrics. Gynecol Fertil
10:221-285

Cumming DC, Quigley ME, Yeu SSC (1983) Acute suppression of
circulating testosterone levels by cortisol in man. J Clin Endo-
crinol Metab 57:671-673

Cumming DC, Wheeler GD, McColl EM (1989) The effects of
exercise on reproductive function in men Sports Med 7:1-17

Dill DB, Costill DL (1974) Calculation of percentage changes in
volumes of red blood cells and plasma in dehydration. J Appl
Physiol 37:247-248

Dressendorfer RH, Wade CE, Iverson D (1987) Decreased plasma
testosterone in overtrained runners (abstract). Med Sci Sports
Exerc 19:510

Drews PA (1974) Carbohydrate derivatives and metabolites. In:
Henry RJ, Cannon DC, Winkleman JW (eds) Clinical chemis-
try: principles and techniques, 2nd edn. Hagerstown, Med.

Ebbeling CB, Clarkson PM (1989) Exercise-induced muscle dam-
age and adaptation. Sports Med 7:207-234

Gillespie CA, Edgerton VR (1970) The role of testosterone in ex-
ercise induced glycogen supercompensation. Horm Metab Res
2:364-366

Griffith RO, Dressendorfer RH, Fullbright CD, Wade CE (1990)
Testicular function during exhaustive endurance training. Phy-
sician Sports Med 18:54-64

Hackney AC (1989) Endurance training and testosterone levels.
Sports Med 8:117-127

Haeckel R (1981) Assay of creatinine in serum, with use of fullers
earth to remove interferents. Clin Chem 27:179-183

Hakkinen K, Pakarinen A, Alen M, Kauhanen H, Komi PV (1988)
Daily hormonal and neuromuscular responses to intensive
strength training in 1 week. Int J Sports Med 9:422-428

Harkness RA, Simmonds RJ, O’Connor MC (1980) Hypoxic ef-
fects on purine metabolism studied with high pressure liquid
chromatography. Adv Exp Med Biol 122A:233-236

Harkness RA, Simmonds RJ, Coade SB (1983) Purine transport
and metabolism in man: the effect of exercise on concentra-
tions of purine bases, nucleosides and nucleotides in plasma,
urine, leucocytes and erythrocytes. Clin Sci 64:333-340

Highet R (1989) Athletic amenorrhoea: an update on aetiology,
complications and management. Sports Med 7:82-108

Hohorst HJ (1963) Method for the determination of lactic acid in
plasma. In: Bergmeyer HU (ed) Methods of enzymatic analy-
sis. Academic Press, New York

Jenkins RR (1988) Free radical chemistry relationship to exercise.
Sports Med 5:156-170

Kageyama N (1971) A direct colorimetric determination of uric
acid in serum and urine with uricase-catalase system. Clin
Chim Acta 31:421-426

Kaltwasser H, Schlegel HG (1966) HADH-dependent coupled en-
zyme assay for urease and after ammonia-producing systems.
Anal Biochem 16:132-138

Keast D, Cameron K, Morton AR (1988) Exercise and the im-
mune response. Sports Med 5:248-267

Kindermann W (1986) Overtraining - an expression of faulty reg-
ulated development (translation). Dtsch Z Sportsmed 37:238-
245

Kindermann W, Schnable A, Schmitt WM, Biro G, Cassens J
(1982) Catecholamines, growth hormone, cortisol, insulin and
sex hormones in aerobic and anaerobic exercise. Eur J Appl
Physiol 49:389-399

Knochel JP, Dotin LN, Hamburger RJ (1974) Heat stress, exer-
cise, and muscle injury: effects on urate metabolism and renal
function. Ann Intern Med 81:321-328

Kuipers H, Keizer HA (1988) Overtraining in elite athletes - re-
view and directions for the future. Sports Med 6:79-92

Nichols J, Miller AT, Hiatt EP (1951) Influence of muscular exer-
cise on uric acid excretion in man. J Appl Physiol 3:501-507

Porter R, Whelan J (1981) Human muscle fatigue: physiological
mechanisms. Ciba Foundation Symposium 82. Pitman Medi-
cal, London

Rosalki SB (1967) An improved procedure for serum creatine
phosphokinase determination. J Lab Clin Med 69:696-705

Schmitt WM, Kindermann W, Schnabel A, Biro G (1981) Meta-
bolismus und hormonelle Regulation bei Marathonliufern
unter besonderer Beriicksichtigung von Lebensalter, Trai-
ningszustand und Geschlecht. Dtsch Z Sportmed 1:1-7

Stegmann H, Kindermann W (1982) Comparison of prolonged ex-
ercise tests at the individual anaerobic threshold and the fixed
anaerobic threshold of 4 mmol-1-" lactate. Int J Sports Med
3:105-110

Sutton JR, Coleman MJ, Casey J, Lazarus L (1973) Androgen re-
sponse during physical exercise. BMJ 1:520-522

Urhausen A, Kindermann W (1987) Behaviour of testosterone, sex
hormone binding globulin (SHBG) and cortisol before and
after a triathlon. Int J Sports Med 8:305-308

Viru A (1987) Mobilisation of structural proteins during exercise.
Sports Med 4:95-128



