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Summary Time over a distance, i.e. speed, is the reference for performance for all events 
whose rules are based on locomotion in different mechanical constraints. A certain 
power output has to be maintained during a distance or over time. The energy 
requirements and metabolic support for optimal performance are functions ofthe 
length of the race and the intensity at which it is completed. However, despite the 
complexity of the regulation of lactate metabolism, blood lactate measurements 
can be used by coaches for prediction of exercise performance. 

The anaerobic threshold, commonly defined as the exercise intensity, speed 
or fraction of maximal oxygen uptake (V02maJ at a fixed blood lactate level or 
at a maximal lactate steady-state (MLSS), has been accepted as a measure of the 
endurance. The blood lactate threshold, expressed as a fraction of the velocity 
associated with V02max. depends on the relationship between velocity and oxygen 
uptake (V02). The measurement of the post-competition blood lactate in short 
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events (lasting I to 2 minutes) has been found to be related to the performance 
in events (400 to 800m in running). Blood lactate levels can be used to assist with 
determining training exercise intensity. However, to interpret the training effect 
on the blood lactate profile, the athlete's nutritional state and exercise protocol 
have also to be controlled. Moreover, improvement of fractional utilisation of 
V02max at the MLSS has to be considered among all discriminating factors of the 
performance, such as the velocity associated with V02max. 

The complexity of the regulation of lactate me
tabolism and the different influences on blood lac
tate level (e.g. glycogen storage) were recently pre
sented in 2 excellent reviews.l l •21 

Despite controversy over the physiological ba
sis for blood lactate accumulation (at its maximal 
or steady-state) and, more importantly, over the fact 
that blood lactate level does not reflect production 
in active skeletal muscles, most exercise labora
tories regularly use this as a basis for assessing the 
metabolic profile oftheir sportsmen and women.£31 
In a recent review, Bishop and Martino[41 focused 
on research addressing key considerations in the 
measuring and interpretation of blood lactate in 
exercise and post-exercise (recovery) lactate values. 
They emphasised that lactate values differ accord
ing to where the blood has been sampled from. The 
most common sampling sites are the ear lobe or 
finger tip which yield arterialised capillary blood.[41 
Furthermore, Bishop and Martino[41 recalled that 
the environment and glycogen stores may influence 
the lactate curve. This must be considered when 
interpreting the effects of training and will be dis
cussed in section 5. 

Ten years after the review articles of Jacobs'pl 
and Walsh and Banister,[21 this paper examines the 
use of blood lactate measurements for prediction 
of exercise performance from evaluation of physi
cal capacities to assist with the preparation of train
ing in different sports (short-, middle- and long
distance events). Is the lactate threshold (LT) at 
the same percentage of maximal oxygen uptake 
('V02max) for all types of running or does it depend 
on the relationship between the energy cost and the 
velocity? Does this energy cost increase for swim
ming and rowing[5-71 or remain constant until ve
locity at 'V02max for running?[81 
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1. Definition of the Blood Lactate Level 

Time over a distance, i.e. speed, is the reference 
for performance for all events whose rules are 
based on locomotion within different mechanical 
constraints. A certain power output has to be main
tained over distance or time done. Jones and Er
sham[9] recall that the concept of an anaerobic 
threshold of blood lactate probably owes most to 
Margaria, whose work, extending over 30 years, 
developed the theory that exercise was accom
plished by the use of aerobic processes up to 
'V02max, above which additional demands were met 
by anaerobic glycolysis. In fact, Margaria et aU8] 
considered that the lactate accumulation occurred 
only above the minimal velocity which elicits 
'V02max, Before that, they considered that the ath
lete was evenly in the aerobic condition when con
sidering the lactate accumulation at an intensity 
below 'V02max. 

Recently, it has been commonly accepted that 
the metabolic reaction to longer lasting dynamic ex
ercise can be divided into 2 stages:[IOl 

(i) A load which can be sustained at steady-state 
for a long time. After about 2 to 5 minutes, a state 
of overall oxidative energy supply is established 
which is characterised by a balance of lactate pro
duction and elimination at a low level. [II] The char
acteristics of such endurance exercise is that lipid 
metabolism is a significant energy supply at slow 
and moderate speeds. Exercise is limited by the 
increase of the internal temperature associated with 
dehydration prevented by supplementation of 
water and substrate. 

(ii) A load during which an additional net for
mation and accumulation of lactate is necessary to 
maintain power output. Such a load leads to ex
haustion and fatigue through the disturbance of the 
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internal biochemical environment of the working 
muscles and whole body caused by a high or max
imal acidosis. Depending on the necessary amount 
of additional lactate formation, the accumulation 
of lactate limits performance time from 30 seconds 
to about 15 minutes,[IO] or probably less. This is 
because the time to exhaustion at the minimal ve
locity which elicits \,02max averages 6 minutes 30 
seconds[ll] and is not correlated with the blood lac
tate accumulated during this all-out test at this ve
locity.[12] 

Between these 2 metabolic states there is a tran
sition stage called 'anaerobic threshold or lactate 
threshold', according to the different terminolo
gies (table I). This means that there is a shift from 
a solely oxidative to an additional glycolytic en
ergy supply. Lactic acid production would be due 
to the fact that activation of glycolysis is more 
rapid than activation ofthe oxidative phosphoryla
tion. This results in a transient elevation of NADH 
in the cytoplasm and net lactic acid productionP3] 
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This is indicated by a steep nonlinear increase of 
blood lactate in relation to power output and 
time. [10] The lactate accumulation with the increase 
of power output can be attributed to disparities in 
the rate of lactate production and removal, even if 
for these intensities under \'02max, lactate produc
tion is not related to an oxygen deficit but rather to 
the increase of the glycolysis flux. Skinner and 
McLellan[24] proposed an hypothetical model which 
clarified the different terminologies used for the 
anaerobic threshold (by the gas exchange, ventila
tory and lactate approach). 

Brooks et alPS] underline that lactic acid is pro
duced constantly, not just during hard exercise. In 
fact, lactic acid may be the most dynamic metabo
lite produced during exercise; lactate turnover ex
ceeds that of any other metabolite yet studied. The 
constancy of blood lactic acid level during rest or 
exercise means that the entry into and removal of 
lactate from the blood are in balance. Increasing 
blood lactate levels indicate that entry exceeds re-

Table I. A classification of the differentterminologies that exist in the literature to define specific changes in the exercise blood lactate response 

Blood lactate Definition and designation Protocol Reference 
value (mmoI/L) 

Baseline + 1 

2.2 

2.5 

4 

4 

2-7 

3.5-5 

2.2-6.8 

Onset of plasma lactate accumulation: the "il02 observed 
during the incremental exercise with a blood lactate 
concentration that is 1 mmol/L above the baseline blood 
lactate level 

Maximal steady-state: the oxygen, heart rate and/or 
treadmill velocity at which plasma lactate level was 2.2 
mmol/L 

Lactate threshold: the exercise intensity that elicits a blood 
lactate level of 2.5 mmoVL after 10 min of exercise 

Anaerobic threshold: the "il02 or velocity associated with a 
blood lactate concentration of 4 mmol/L 

Onset of blood lactate accumulation 

Individual anaerobic threshold: metabolic rate where the 
increase of blood lactate is maximal and equal to the rate 
of diffusion of lactate from the exercising muscle 

Lactate threshold: the starting point of an accelerated 
lactate accumulation around 4 mmol/L and expressed in 
%"il02max 

Maximal steady-state of blood lactate level: the exercise 
intenSity (Wcd which produces the maximal 
steady-state of blood lactate level 

Abbreviations: "il02 = oxygen uptake; "il02max = maximal oxygen uptake. 
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Discontinuous incremental test with 8 
stages, of 10 min 

2 discontinuous stages, of 10 or 15 min 

Discontinuous incremental test with 
stages of 10 min 

Continuous incremental test with 
stages of 3 min 

Continuous incremental test with 
stages of 4 min 

Continuous incremental test with 
stages of 4 min with measurement of 
the lactate time course after the test 

Continuous incremental test with 
stages of 3 min 

2 submaximal intensities (60-65% and 
75-80% of "il02max) of 20 min carried 
out on the same day and separated by 
40 min of complete rest 

13 

14,15 

16 

17, 18 

19 

20 

21 

22 
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moval; declining levels indicate the opposite. Ra
diotracer studies[25] have shown the turnover of 
lactic acid during exercise to be several times 
greater for a given blood lactate level during exer
cise than during rest. Similarly, for a given blood 
lactate level, blood lactate removal is several times 
greater in trained than in untrained individuals. 
Several factors appear to be responsible for the lac
tate inflection point during graded exercise: con
traction itself stimulates glycogenolysis and lactate 
production. In addition, hormone-mediated accel
erations in glycogenolysis and glycolysis, recruit
ment of fast-glycolytic muscle fibres, and a redis
tribution of blood flow from lactate-removing 
gluconeogenic tissues to lactate-producing glyco
lytic tissues cause blood lactate to rise during ex
ercise protocols that call for continually increasing 
power outpUt.[25] 

2. Use of Blood Lactate Measurements 
According to Distance Events 

2.1 Long-Distance Events 

2. 1. 1 Blood Lactate Threshold and 
Aerobic Capability 
Daniels,[26] stated that V02max (i.e. running econ

omy, according to Conley and Krahenbuhl[27]) and 
% V02max had to be regarded as important in deter
mining success. CostiW28] reported that a very slight 
increase in lactic acid was found during 2 hours of 
running requiring between 55 and 67% of V02max. 
Moreover, he noticed that highly trained distance 
runners were capable of utilising more than 90% 
of their V02max. He concluded that training for com
petitive distance running appeared to permit a 
greater fraction of that capacity to be utilised with
out accumulation of blood lactate.l28] Coyle et al.[29] 
have shown that a competitive cyclist with a high 
LT 82% V02max, had time to fatigue during exer
cise at 88% V02max more than 2-fold longer com
pared with a group whose LT was only 66% V02max 
(60.8 ± 3.1 vs 29.1 ± 5.0 minutes). 

© Adis International limited, All rights reserved, 

2. 1.2 Lactate Threshold and Performance 
Over Long-Distance 

Billat 

Performance in long-distance running is related 
to several physiological variables, such as V02max, 
the anaerobic threshold, running economy, anaero
bic capacity, and the velocity associated with 
V02max (Vamax).[30-37] In fact, over 92% of the vari
ance in performance was related to the % V02max at 
LT and muscle capillary density.[38] The current 
concept is that LT determines (or is related to) the 
fraction of V02max that can be sustained by an in
dividual in events lasting beyond 10 to 15 minutes, 
and that this value interacts with running economy 
to determine the actual running speed in competi
tion.[l6.29-39] The running speed at LT appears to be 
highly predictive of distance running performance 
at events including the 10 OOOm run and the mara
thon.l40] For trained and untrained women, LT and 
fixed blood lactate levels (2.0, 2.5 and 4.0 mmollL) 
accurately predicted a 3000 or 3200m triaU33,41] 

Hagberg and Coyle[16] have shown that the 
racewalking velocity at the blood LT during incre
mental exercise performed on a treadmill was 
highly correlated to 20km racewalking pace (112 
± 6 minutes) and predicted performance times to 
within 0.6%. The 4 mmollL V02max and power out
put performed on a cycle ergometer by 11 male 
swimmers, was correlated with a swimming per
formance, i.e. a speed (m/sec) over 1000m.[42] 

Recently, Helgerud[43] evaluated performance
matched male and female marathon runners and 
reported that while men had a higher V02max and 
anaerobic threshold, women who had higher weekly 
training distance demonstrated a superior running 
economy (lower gross oxygen cost of running) and 
a higher exercise intensity (as % V02max) during the 
race. Therefore, the amount of training has to be 
considered when predicting performance[44] be
cause the fractional utilisation of V02max during 
the race over long-distance depends on the kilo
metres covered every week, even if the anaerobic 
threshold remains unchanged. The ability to use 
lipid metabolism and the low mass fat induced by 
the number of kilometres are parameters which are 
more important for events which last for more than 
an hour, e.g. the marathon.[45] The V02max during a 
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race of 6.5 minutes in duration was related to the 
slow-twitch fibre content of the muscles and the 
anaerobic threshold and was inversely related to 
maximal blood lactate leveU46] 

2. 1.3 Lactate Threshold and Endurance Training 
Increase of the LT (in absolute value of\l02max, 

also referred to as % \l02max) has been found after 
endurance training.[47] Longitudinal changes in an
aerobic threshold and distance running perfor
mances were assessed with a 4.5 month interval 
between pre-, mid- and post-tests in a relatively 
homogeneous sample of 21 male trained endurance 
runners. There was a higher relationship between 
the distance-running performances and anaerobic 
threshold-related attributes held up consistently 
over the 9-month training period. When the rela
tionship between the absolute amount of change in 
the \l02max anaerobic threshold and the absolute 
amount of change in distance running performance 
was evaluated, significant correlations were found 
in several different time periods. Moreover, 
Gaesser and Poole[48] showed that the LT increased 
during the first 2 to 3 weeks of training (6 days/ 
week, 30 min/session at 70 to 80% of pretraining 
\l02max) in 6 untrained individuals. However, en
durance performance (i.e. the total work output in 
a 90-minute maximal ergOCYcle test to exhaustion) 
responses to training have been shown as being 
largely genotype-dependant.[49,50] 

Henriksson[51] reported lower respiratory quo
tient values and a lower release of lactate during 
submaximal exercise following endurance train
ing. This was attributed to an increased muscle re
spiratory capacity estimated by muscle succinate 
dehydrogenase activity. Furthermore, it has been 
demonstrated that slow-twitch fibres have a higher 
respiratory capacity than fast-twitch fibres.l52] 
Moreover, Ivy et aU53] have reported that the per
centage of slow-twitch fibres was related to the 
absolute and relative LTs, and suggested that the 
ratio of slow-twitch to fast-twitch fibres may exert 
a genetic influence over LT and possibly control 
the range in which the relative threshold can shift, 
even if it did not prove a cause-and-effect relation-
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ship. Therefore the LT might be a high predictor of 
the aerobic ability before training. 

2.2 Short-Distance Events 

2.2.1 The Maximal Amount of Energy 
Released by the Anaerobic Process 
Evaluation of the maximal amount of energy 

released by anaerobic processes (Jlkg) is based on 
the following observations and hypotheses: 

(i) In supramaximal exercise, the energy re
quirement per unit of time is greater than the max
imal amount of energy released per unit of time by 
aerobic oxidations (i.e. the power output associ
ated with \l02max). As a consequence, a fraction of 
the adenosine triphosphate (ATP) hydrolysed is 
resynthesised at the expense of creatine phosphate 
splitting and by anaerobic glycolysis at a rate pro
portional to energy output. It is assumed that the 
maximal energy output from lactic acid levels is 
determined by maximal lactic acid levels that can 
be accumulated in muscles before a critical value 
of intracellular pH is reached.[54] On this basis, it 
can be considered that the maximal value of anaer
obic capacity is achieved at the end of supramaxi
mal exercise performed until exhaustion.l54] 

(ii) A constant fraction of the lactic acid accu
mulated in skeletal muscles diffuses in blood, caus
ing an increase in blood lactate level towards a 
peak level reached 5 to 9 minutes after cessation of 
the exercise.[55,56] The maximum net increase of 
plasma lactate level, defined as peak plasma level 
minus resting plasma lactate level, is proportional 
to the net lactate accumulation in the whole body. 
It is assumed that the amount of lactate metabo
lised or leaving the muscles without increasing the 
maximum net increase of plasma lactate level be
fore the peak blood lactate is reached, is negligible 
in comparison with the lactate appearing in blood 
during that period.l55] 

(iii) The energy released by anaerobic process 
has been indirectly evaluated from the relationship 
between oxygen deficit and the maximum net in
crease of plasma lactate level, and was calculated 
as being equal to 260 Jlkg.[57] 
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Camus and Thys[58) evaluated maximal anaero
bic capacity, i.e. the maximal amount of energy 
released by the anaerobic process from maximal 
increase of plasma lactate, in a study of 8 men of 
different physical fitness submitted to supramaxi
mal runs of various intensity performed until time 
to exhaustion (tlim). Using the relationship: maxi
mum net increase of plasma lactate level/tlim = 
feE - 'V02max)' and assuming that 1ml of oxygen 
= 20.9J (respiratory expiratory ratio = 0.96), these 
authors found maximal anaerobic capacity to range 
from 910 to 1330 Jlkg. These values were only 8% 
lower than the oxygen deficit calculated by Medbo 
et al.[59) 

In very short events, i.e. the 100 and 200m runs 
completed in 10.7 ± 0.2 and 22.6 ± 0.5 seconds, 
Hautier et aU60) showed that blood lactate levels 
were high 3 minutes after the 100 and 200m run 
(8.5 ± 0.8 and 10.3 ± 0.8 mmollL, respectively), 
but these were not correlated with performances. 
However, over 200m, blood lactate level was cor
related with the velocity sustained over the last 
165m. The difference between the blood lactate 
measured at the end of the 2 races was negatively 
correlated to the difference in velocities sustained. 

2.2.2 The Blood Lactate Profile 
Ryan et al.,[6I) established the blood lactate ver

sus swimming velocity profile in women swim
mers during the collegiate season from September 
to March. These swimmers performed 3 x 500 
yards (457m) with 30 seconds rest between bouts 
at intensities selected to elicit blood lactate in the 
range of 2 to 15 mmollL. Their finding indicated 
that increases in the velocity eliciting a blood lac
tate of 4 mmollL (identified in the profile of each 
swimmer) occurred early in the season in response 
to an increase in training metres to moderate levels. 
Increase in training distance to over 54 000 yards 
(49377m) per week during the remainder of the 
training season did not alter the swimming velocity 
eliciting a blood lactate of 4 mmollL. However, the 
question of the best method to assert the minimal 
individual load necessary to move the blood lactate 
profile remains. In fact, interpretation of blood lac-
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tate profile may be affected by varying muscle gly
cogen levels.[62) 

Blood lactate levels of 20 to 25 mmollL are of
ten observed following competition in athletes in 
events requiring 1 to 2 minutes for completionP) 
Athletes in more prolonged competitive events 
may have blood lactate levels of 10 to 20 mmollL 
following competition. Foster et aU62) argue that a 
range of 20 to 30% of maximal blood lactate levels 
in the range of 12 to 20 mmollL would be consis
tent with the 4 mmollL reference standard. How
ever, a previous study using a maximal lactate at 
steady-state (MLSS) showed that the MLSS value 
ranged from 2.2 to 6.8 mmollL and might depend 
on the depletion glycogen state and the ratio of slow 
and fast twitch fibres.l22) 

3. Influence of Models of Exercise 
on Blood Lactate Measurements: 
Incremental vs Constant Load Exercises 

3.1 Incremental Model of Exercise 

3.1.1 Blood Lactate Response to 
Incremental Exercise 
LT can be evaluated by determining blood lac

tate level using graded load protocols or single 
steps of constant load of long duration (10 minutes 
and over) and nearly complete recovery between 
the steps (table I). Moreover, a given blood lactate 
level can be researched (2, 2.5 and 4 mmollL) or 
an individual value (baseline value + 1 mmollL, a 
value taking into account a MLSS) either by the 
incremental or discontinuous long-step protocols 
(table I). 

Stegmann et aU63) defined the individual anaer
obic threshold (IAT) as the metabolic rate where 
the elimination of blood lactate during exercise is 
both maximal and equal to the rate of diffusion of 
lactate into the blood. The calculation of IAT in
volves the measurement of blood lactate during a 
stepwise increasing exercise test followed by a pas
sive recovery period. The time during recovery 
when the blood lactate level equals the value mea
sured at the end of highest exercise intensity is as
sumed to represent a time when the elimination of 
lactate is maximal and equal to the rate of diffusion. 
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A line drawn from this time during the recovery pe
riod that intercepts the exercise blood lactate curve 
will produce a time coordinate and, therefore, a 
power output that defines the lAT. McLellan et 
al.,!64] demonstrated that the IAT was not affected 
by an active recovery period. 

3. 1.2 Heart flate and Blood Lactate flesponse 
to Incremental Exercise 
In 1973, Keul[65] examined the relationship be

tween heart rate and blood lactate during bicycle 
ergometer exercise with progressively increased 
work loads every 6 minutes. He showed that an 
increase in blood lactate level is first observed at a 
heart rate greater than 120 beats/min)65] 

Later, Conconi et aU66] examined the relation
ship between running speed and heart rate in 210 
runners. On a 400m track, the athletes ran contin
uously from an initial velocity of 12 to 14 km/h to 
submaximal velocities varying according to the 
athlete's capability. In all athletes examined, a de
flection from expected linearity of the running 
speed-heart rate relationship was observed at sub
maximal running speed. They stated that this ve
locity where the deflection for the heart rate vs 
running speed and the velocity at the anaerobic 
threshold (breakpoint in the blood lactate response 
to exercise), was coincident in 10 runners. The 
same group of researchers reported a similar coin
cidence for swimmers, canoeists, cross-country 
skiers, cyclists, roller skaters, rowers, and ice skat
ers.[67.68] The so-called 'Conconi test' has been 
programmed in the software of the heart frequency 
meters. However, the protocols of determination of 
the velocity of the heart rate deflection and of an
aerobic threshold were completely different. The 
former consisted of an increase of 0.5 km/h every 
200m, heart rate being registered at the end of ev
ery fraction, and the latter was composed of 6 
stages of 1200m (3 were run at a velocity under the 
velocity of the heart rate deflection and 3 above it) 
with 15 minutes of jogging between. Moreover, 
further studies were not able to find either the ve
locity of the heart rate deflection or the coincidence 
of it and the anaerobic threshold)69-71] 
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Snyder et al. [72] proposed a more simple approach 
to estimating the MLSS (defined as the highest in
tensity in which blood lactate level increases <1.0 
mmollL between the tenth and thirtieth minute of 
exercise) by using the heart rate. Cross validation 
of the model for predicting MLSS was undertaken 
during 21 running exercises and 45 cycling exer
cises using a separate group. Using the MLSS up
per 95% confidence interval model, 84% and 76% 
of those exercise periods, involving cyclists and 
runners respectively, were correctly predicted. The 
authors concluded that these simple heart rate 
models may predict MLSS with enough accuracy 
to be of use when direct blood lactate measure
ments are not available.[72] 

3. 1.3 Blood Lactate and a Category-flatio 
Perceived Exertion Scale flesponse to 
Incremental Exercise 
The category scale, commonly referred to as the 

Borg Scale,[73] has been widely used to study per
ception of exertion (rating of perceived exertion: 
RPE) during exercise in laboratory, occupational 
and clinical settings. This scale was developed by 
Borg so that the perceptual ratings increased lin
early with power output and heart rate for exercise 
on a cycle ergometer.£74] Then, Borg et aU73] de
veloped a new psychophysical scale that percep
tual ratings would increase as a positively acceler
ating function.£75] These authors concluded that the 
ratings from the category-ratio scale corresponded 
very well with the lactate accumulation during a 
maximal incremental test performed on cycle er
gometer by 10 physically active men. The RPE value 
at the lactate fixed value of 2, 2.5 and 4 mmollL 
were 11 ± 2, 14.5 ± 1.8 and 16.5 ± 2.3 mmollL, re
spectively.£76] Seip et alP6] consider that if blood 
lactate level is employed as an exercise intensity 
prescription, RPE-overall may provide a viable ex
ercise prescription tool in pacing for running. 
Moreover, Steed et aU77] showed that the relation
ship between RPE and LT remained constant dur
ing a constant 30-minute stage performed at the 
velocities corresponding to LT, 2.5 and 4.0 mmollL 
blood lactate. This scale could therefore be used 
for training and to regulate the pace during a race, 

Sports Med. 1996 Sep; 22 (3) 



164 

especially for the events lasting 1 hour, such as the 
cycling world record. 

3.2 Constant Output Model of Exercise and 
the Maximal Lactate at Steady-State 

Olbrecht et al.[78] noticed a strong correlation 
between the swimming speed expressed as a per
centage of the velocity at a blood lactate level of 4 
mmollL and the lactate level on a 30-minute swim
ming exercise that allowed assessment of the inten
sity during prolonged exercise using a percentage 
of the velocity at 4 mmollL. However, the duration 
and the size of the intensity increments have been 
found to influence the value of the anaerobic thresh-
01dP9] Thus, the intensity involving the MLSS 
has often been overestimated, especially in highly 
trained endurance athletes using the anaerobic 
threshold as a part of their training.[20,80-82] Mog
noni et aU80] have examined physiological respon
ses during prolonged exercise at the power output 
corresponding to the blood lactate level of 4 mmollL. 
Out of 34 moderately fit men, 20 were exhausted 
at a mean time of 38.2 minutes instead of 60 min
utes scheduled and with a final blood lactate level 
equal to 5.3 ± 2.3 mmollL. To achieve a real MLSS, 
it was necessary to have 4 or 5 prolonged exercise 
sessions of up to 30 minutes duration performed 
at exercise intensities between 50 and 90% of 
V02max.[14,15.82.83] 

Stegmann and Kindermann[20] have advocated 
an IAT determined from the changes in blood lac
tate both during and after an incremental exercise 
test. According to this model, the IAT has repre
sented the maximal intensity where production and 
elimination of lactate are in equilibrium, so that 
higher exercise intensities lead to progressively 
increasing blood lactate PO] Urhausen[83] has shown 
that IAT could be regarded as a reliable estimation 
of the range of MLSS although 100% of IAT did 
not necessarily represent exactly the MLSS in all 
individuals. 

A recent study[22] has validated a protocol pro
viding an immediate estimate of the exercise in
tensity corresponding to the MLSS using only 2 
submaximal intensities lasting 20 minutes each 
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and separated by only 40 minutes of rest in long
distance athletes (fig. 1). 

The duration, intensity and recovery time of the 
2 tests had no effect on the determination of the 
MLSS giving a steady-state checked during a 1-
hour test. The blood lactate remained constant dur
ing exercise and ranged from 2.2 to 6.7 mmollL 
(mean value equal to 3.9 ± 1 mmollL) [fig. 2]. 

Only 2 tests of 20 minutes performed at 65 and 
80% of the power at V02max and separated by 40 
minutes of complete rest can be used to estimate 
MLSS. The MLSS is correlated and is close to the 
critical velocities[84] calculated from Monod and 
Scherrer's modeU85] The critical velocities can be 
an alternative way of calculating the LT, due to the 
easy way of calculation.l86] 

Recently, Beneke and von Duvillard[87] reported 
that MLSS intensity as related to maximal work
load was independent of the sports event (rowing, 
cycling, skating). However, the level ofMLSS dif
fered (p < 0.001) in rowing (3.1 ± 0.5 mmollL), 
cycling (5.4 ± 1.0 mmollL) and in speed skating 
(6.6 ± 0.9 mmollL). Absolute MLSS work load was 
higher in rowing (316 ± 29.9W) and speed-skating 
(300.5 ± 43.8W) than in cycling (257.8 ± 34.6W). 
The level of MLSS might, therefore, be inversely 
related to the mass of dominantly working muscle. 
The authors concluded that the observed differ
ences in MLSS and MLSS workload might corre
spond to the sport-specific mass of working mus
cle. They hypothesised that differences in the ratio 
between dominantly active muscle and assisting 
muscle, might affect the rates of glycolysis and 
muscular lactate oxidation. One reason for the lat
ter may be lower or higher forces per stroke per 
given mass of muscle. 

4. Age and Sex Effect on 
Blood Lactate Measurements 

4.1 Women 

Previous studies have delved into the sex differ
ences in the relationships between long-distance 
performance and the anaerobic threshold.l38,88,89] 
No remarkable sex differences in LT %V02max 
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Fig. 1. Characteristic exercise intensity (WcLl determination from 2 exercises: 
Xo = Wce, X1 = W1; X2 = W2 
yo = Ll[la-)b/ Llt = 0; Y1 = Ll[la-)b,l (decreasing values); Y2 = Ll[la-)b,2(increasing values) 
it can be written: 

Y2 - Yo = X2 - xO; WCL = X1Yl - X2Y2 
Yo - Yl Xo - Xl Y2 - Yl 

where Ll[la-)b is changes in blood lactate level, Llt is changes in time and X can be expressed in kmlh, watts, or percentage maximal 
oxygen uptake (%V02rmx) [as in this study). 
For example, the first study participant had a maximal aerobic power (MAP) equal to 380W. The first and lowest stage (W1 = X1) was 
280W (73% MAP and 67% V02max); the second and higher stage (W2 = X2) was 320W (84% MAP and 82% V02rmx); the blood lactate 
levels Ll[la-)b at the fifth and twentieth minute at 280W (W1) were 3.1 and 2.7 mmollL respectively; Ll[la-)b,1 (decreasing values, 
twentieth to fifth) = 2.7 - 3.1 = -0.4 = Y1; the [Ia-)b althe fifth and twentieth minute at 320W (W2) were 3.7 and 5.4 mmollL respectively; 
Ll[la-)b,2 (increasing values, twentieth to fifth) = 5.4 - 3.7 = +1.4 = Y2. Similarly: 

WCL = X1Yl - X2Y2 = (280 x 1.4) - (320 x -0.4) = 392 + 128 288W 
Y2-Yl 1.4- (-0.4) 1.8 

WCL= 76% MAP and 79% V02ma. Ll[la-)b,1. Ll[la-)b,2changes in blood lactate level in tests 1 and 2, respectively. 

were found in long-distance runners.[38) That is in 
accordance with the fact that men and women have 
the same % VOZmax vs time relationship (calculated 
by the endurance index).[90) The VOZmax values are 
about 10 to 15% lower than the average value of 77 
ml/kg/min and highest value of 84 to 85 ml/kg/min 
seen in comparable groups of men.[90) However, the 
mitochondrial adaptation in the skeletal muscles of 
highly trained men and women appear similar.l9l ) 

Another study has looked at the sex differences 
between performance and running economy and 
showed a superior running economy among wo
men. [92) As discussed in section 2.1.2, Helgerud[43) 

evaluated performance-matched male and female 
marathon runners and reported that while men had 
higher VOZmax and anaerobic threshold, women had 

© Adis International Limited. All rights reserved. 

higher weekly training distance and demonstrated 
superior running economy (lower gross oxygen 
cost of running) and a higher exercise intensity ex
pressed as a percentage of V02max during the race. 

In a recent study, Billat et aU93) compared elite 
French male and female middle-distance runners. 
Each sex group was homogenous with respect to 
their International Amateur Athletic Federation 
(lAAF) performance scores, and there were no dif
ferences between the sexes. The results of this in
vestigation indicated that when men and women 
are studied separately, the relationships between the 
bioenergetic parameters studied, and the 1500m 
track performances, i.e. the average velocity over 
1500m, differ greatly. In fact, 4 parameters predicted 
96% of the variance on 1500m track performance 
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Fig. 2. The [la-lb,wcL determination by comparing 2 relationships: blood lactate level ([Ia-)b) and exercise intensity, at 2 times of 
observation, t1 and t2' 
Xo = WCL; XI = WI; X2 = W2; 
a = [la-)blI1; b = [la-)b1,t2; C = [la-)b2.t1; d = [la-)b2,t2; e = [la-)b,wcL 
The [Ia-)b,wcde) is where [Ia-)b is identical at time tl and t2where exercise intensity is equal to characteristic exercise intensity (WCU. 
It can be written: 

d - e c - e la-' _ (da - bc) 
e - b = e - a and [ )b,WCL - (d + a) - (C + b) 

For example, the first study participant had a maximal aerobic power (MAP) of 380W. The first and lowest stage (WI = XI) was 280W 
[73% MAP and 67% maximal oxygen uptake (V02ma~); the second and higher stage (W2 = X2) was 320W (84% MAP and 82% 
V02ma~; the [Ia-)b at the fifth and twentieth minute at 280W were 3.1 (a = [la-)b1,tl, and 2.7 mmoVL (b = [la-)bl,W respectively; the 
[Ia-)b at the fifth and twentieth minute at 320W (W2) were 3.7 (c = [la-lb2.I1) and 5.4 mmollL (d = [la-)b2,w respectively; 

[Ia-lb WCL = (da - bc) (5.4 x 3.1) - (2.7 x 3.7) = 16.74 - 9.99 6.75 = 3.20 mmol/L 
, (d + a) - (C + b) (5.4 x 3.1) - (2.7 x 3.7) 8.5 - 6.4 2.1 

At WCL (312W) the first participant had a [la-)b,wcL of 3.20 mmollL. 

in men: Vamax; velocity at the onset of blood lactate 
accumulation; tlim at 110% Vamax; and running 
economy, In contrast, for women there were no sig
nificant predictors. However, this study considered 
the velocity over 1500m, a distance in which aero
bic and anaerobic contributions are similar.[94) How
ever, for the same IAAF score, women spend 30 
seconds more than men to achieve a 1500m event 
which involves more aerobic contribution for 
women than for men. 

Hill and Smith,[95) showed that for the same all
out efforts of 30 seconds duration, women provided 
a relatively higher portion of aerobic energy than 
men (25 vs 20%). The performance difference be
tween men and women was attributed to the 
"V02max and Vamax differences. The fact that women 
have no significant aerobic predictor may seem to 
be surprising, since others who have found that 
"V02max and Vamax were predictors of running per-
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formance in female long-distance runners.[31,33,36.37] 

This finding may be explained by the different 
training level of the different populations (not con
trolled in this study) and by the fact that some of 
the 1500m women runners are more 800 to 1500m 
runners (9 over 14) and the others were more 1500 
to 3000/5000m specialists. There was no specific 
energetic profile for women to perform over 1500m. 
The velocity at the onset of blood lactate accumu
lation has also been proposed as a good predictor 
for 3000m track performance for 57 female distance
runners.[33] This was due to the large aerobic com
ponent of this race. [32) 

Another study[96] demonstrated that anaerobic 
component (peak power and mean power using the 
Wingate test performed on a bicycle) was related 
only to 800m running performance. Once more, a 
1500m race involves similar contribution of aero
bic and anaerobic metabolism, but some runners 
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can perform this event with a different contribution 
of the various energy systems. 

4.2 Children 

In general, blood lactate level might be affected 
by the rate of: (i) lactate formation and accumula
tion in contracting muscles; (ii) efflux oflactate from 
muscle to blood; and (iii) uptake of lactate from 
blood by the heart, liver, active muscles and kid
neys. Although no data are available for the rate of 
efflux and uptake of lactate in children, there are 
some suggestions regarding oxygen deficit[97.98] 
and muscle metabolic profiles.l99.IOO] It was dem
onstrated that the lactate level during submaximal 
work is related to the amount of oxygen deficit[lOl] 
and oxygen adjustment speed at the onset of work. [102] 

Both blood lactate level and oxygen deficit, at 
the same relative work load, are smaller in boys 
than in adults. Exercise at the same relative sub
maximal intensity elicits lower blood lactate in 
children than in adults. Interpretation and identifi
cation of developmental and maturational patterns 
of response are limited, however, by the use of dif
ferent testing conditions and reference points (e.g. 
LT, MLSS and fixed level reference points).[I03] 
According to a recent article by Armstrong and 
Welsman[l03] concerning the assessment and inter
pretation of aerobic fitness in children and adoles
cents, there is growing evidence to suggest that the 
2.5 mmollL reference blood lactate level should be 
used in preference to the 4.0 mmollL level. This is 
due to the fact that the adult criterion occurs close 
to maximal exercise in many children and adoles
cents. However, it is difficult to elucidate the dif
ferences in blood lactate response between adults 
and children. There is a lack of conclusive evi
dence to support conventional explanations that 
differences are caused by insufficient testosterone, 
glycolytic enzymes, faster oxygen on-transients 
(i.e. the non-steady-state phases of oxygen kinet
ics during an exercise), a greater reliance on fat as 
a fuel, or high levels of physical activity. 

Recently, WeIsman et aLl104] found no signifi
cant correlation between testosterone and the per
centage of peak oxygen consumption at blood lac-
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tate levels of 2.5 and 4.0 mmollL. Macek and 
Vavra, [98] have observed a more rapid adjustment 
of oxygen in children at the onset of exercise than 
in adults, although this did occur during maximal 
work. Prepubertal children, notably those at the 
age of 10 years, reached a higher velocity at the LT 
than young untrained men. Furthermore, they at
tained similar velocities to those of trained young 
men. There was no significant difference between 
boys of all age groups (6 to 7,8 to 9, 10 to 11, 12 
to 13 and 14 to 15 years old), but a significant 
negative correlation between the velocity at the LT 
(i.e. velocity just below 2 mmollL) and bone ma
turity score.l104] Heart rate and percentage maxi
mal heart rate at the LT were dependant on age. 
These authors suggested that maturation is one of 
the factors influencing LT. However, this was the 
velocity at a blood lactate level of 2 mmollL and 
the maximal blood lactate level decreased with age 
and was lower in children (4.7 ± 1.3 mmollL at 6 
to 7 years old and 11.1 ± 3.6 mmollL at 14 to 15 
years old). In this latter study, the children per
formed 4-minute runs at a fixed velocity with 2-
minute rests between each exercise bout. 

A recent study,[105] measured the running veloc
ity corresponding to the individual MLSS in a 
group of 12-year-old boys and girls (6 boys and 7 
girls) of the same school class whose pubertal mat
uration corresponded to the end of stage 2 and the 
beginning of stage 3.[25] The running velocity at the 
MLSS was expressed in % Vamax and was calcu
lated using only the 2 submaximal stages of 15 
minutes at 60 and 75% of V amax, each separated by 
a 40-minute interval of rest. This test was pre
viously validated and planned for adults with 2 
stages of 20 minutes as shown in figures 1 and 2. [22] 
Vamax was significantly higher in the boys than in 
the girls (12.6 vs 11.2 km/h) and the MLSS velocity 
was equal to 68% of Vamax for both girls and boys 
(8.5 ± 0.7 and 7.7 ± 0.7 km/h, respectively). These 
values were lower than those reported by Mocellin 
et aLl106] using rectangular protocols lasting 16 
minutes, they showed that 12-year-old boys dem
onstrated a steady-state in blood lactate level at 
89% of Vamax and 88% of \'02max. However, these 
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authors considered that the MLSS was assumed if 
the difference between the last level measured after 
3 and 5 minutes of running exceeded 1 mmollL 
(and not strictly equal to 0 as calculated in figures 
1 and 2) during a constant speed, and the increase 
was discontinuous, or if a continuous increase in 
blood lactate exceeding 0.5 mmollL was observed 
during the run. 

Macek et aUI07] have shown that 10 prepubertal 
boys aged 12 years could easily run 1 hour at 60% 
of V02max, with blood lactate level decreasing from 
1.53 to 1.09 mmollL between the tenth and the six
tieth minute. Whatever, the maximal lactate defini
tion chosen, determination of the maximal blood 
lactate velocity is of particular interest when begin
ning an endurance training programme without 
risk of overloading for children. II05] It would ap
pear that children can train at least at the same rel
ative load of Vamax than adults. 

The rise in performance which accompanies 
growth could be explained by the improvement in 
running efficiency as shown by Daniels and Old
ridgel108] (52 mllkg/min at 202 rnImin vs 45.5, 22 
months later), or by Davies. 1109] However, as for all 
criteria, few data are available on the influence of 
training at the LT, on the performance in children, 
as done for adults.l47] In a recent paper, Unnithan 
et al.[IIO] reported that overall major variables as
sociated with increase in distance running perfor
mance for adults were: running economy; V02max; 
and velocity at the LT. Peak V02 appeared to be the 
most important factor associated with success at 
3000m (12:51 ± 1:04 min:seconds) in pre-pubertal 
distance runners (average age of 11.7 ± 1.1 years, 
60.5 ± 3.1 ml/kg/min of peak V02). 

4.3 Older Athletes 

The popularity of competitive involvement 
among older athletes has increased to such an ex
tent that regular world championships are held for 
this age group (over 40 years old).IIII] Maffuli et 
aUIII] ascertained the fact that tests originally de
veloped to monitor various indices of sustained 
aerobic power in younger adults are equally appli
cable to older trained individuals. They tested 20 
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male athletes (average age5S.7 ± 3.2 years; range 52 
to 66 years), training 55 ± 14 krnIweek and racing 
from 1500m to marathon distance. The perfor
mance of master athletes, when expressed relative 
to the onset of blood lactate accumulation, is quite 
similar to that of adult endurance athletes. For sim
ilar performance, they have the same onset of blood 
lactate accumulation as younger individuals. As is 
the case with younger competitors, master athletes 
probably do not run 10 OOOm and marathon races 
at speeds that require V02max. In older individuals 
there is some evidence that absolute V02max at 
which the LT occurs remains constant or only de
clines minimally with aging. This means that the 
LT as a percentage of V02max, may increase some
what with aging.l40.l 12] If the LT changes in this 
way, then such alterations would serve to maintain 
performance in the face of declines in V02max. 
Such a mechanism could explain the continued 
world class performances of some individuals in 
open competition into their late thirties and early 
forties.[39] This possibility is consistent with obser
vations that suggest that training preserves the 
mitochondrial adaptations in skeletal muscles that 
are thought to playa key role in regulating lactate 
production in contracting skeletal muscles. 11l2] 

5. Specificity of Sports and Blood 
Lactate Use for Training 

5.1 Running 

Forenbach et al. 1113] showed that the range of 
running speed at a lactate level between 2 to 3 
mmollL could be considered the 100% intensity 
level for training and competition for a marathon. 
However, improvements in performance occur in 
trained runners when intensity of training is in
creasedl1l4] and it is known that optimum improve
ments in cardiorespiratory fitness occur when 
training is at an intensity corresponding to 90 to 
100% of V02max.l115] Other studies suggest that a 
blood lactate level of 4 mmol/L, corresponding to 
SO to 90% of V02max in male runners, represents 
the optimum intensity to aerobic fitness I2,115,116] 
and corresponds to 10 to 16km race paceJ47] How-
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ever, both authors were correct when considering 
the range of running distance events. 

Coen et al. [117] pointed out the possibility of us
ing the IAT as a basis for advice on training. They 
assumed that the appropriate intensity of an exten
sive endurance training programme was between 
85 and 92% IAT because the lactate level increases 
to above 92% of the IAT speed when endurance 
runs are performed on flat terrain. Furthermore, 
they considered the fact that the intensity of the 
speed session programmes, with the lactate level 
exceeding 4 mmollL, could also be determined on 
the basis of the speed of the IAT. The regression 
line between the threshold speed and lactate level 
of a 5 x 1000m programme allowed accurate pre
dictions to be made concerning the corresponding 
lactate level for a given intensity. Under good cli
matic conditions, the lactate level increased at 116 
and 120% IAT to approximately 6 and 9 mmollL 
respectively. Coen et al.ll17] emphasised the impor
tance of taking external factors into consideration 
in order to provide the correct advice for training 
(e.g. terrain gradation and climatic conditions). 
However, in reality it seems that training pacing is 
far from these intensities. 

Robinson et al.[llS] attempted to quantify train
ing by the use of objective, longitudinal training 
data. They showed that the mean intensity of steady
state running for the participants in this study is 
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considerably lower than the optimal training inten
sities suggested by some authors quoted above. 
However, the differences in relative training speed 
between participants were highly significant de
pending on the training distance (middle-distance 
vs long-distance). Robinson et al.[llS] showed that 
these differences were partly explained by the neg
ative correlation between relative training speed 
and intended event distance, which demonstrates 
that individuals training for long-distance events 
do so generally at a lower intensity than those who 
are training for middle-distance events. They dem
onstrated that the training intensity is being chosen 
by the athletes or coaches as appropriate for the 
intended event rather than being limited by the vol
ume of training, the correlation between relative 
training speed and the mean weekly training dis
tance was not significant. Tables II and III show an 
example of training 5 months before the first im
portant competition for a middle-distance runner 
having a 'V02max equal to 73 ml/kg/min associated 
with a V amax of 21.5 kmIh. His MLSS (according 
to the method of Billat et aU22]) was equal to 80% 
of V amax• After these 4 weeks, Vamax reached 22 
kmIh and maximal blood lactate velocity remained 
at 80% of Va max (increasing in absolute value). Fur
ther studies are needed to appreciate the influence 
of particular training on both V amax and maximal 
blood lactate velocity. 

Table II. Personal best times and velocities for a 26·year·old male middle-distance runner" over 9 years 

Distance Personal best ..,.v_e..."loc_ity-'---_____ ----,-,--_______ _ 
(m) [h:min:sec] (year) kmlh % Vamax 

800 0: 1: 55.83 (1988) 24.9 115b 

1000 0: 2: 28.92 (1990) 24.2 112b 

1500 0: 3: 57.34 (1990) 22.8 105b 

3000 0: 8: 28.59 (1995) 21.2 98b 

5000 0: 14: 40 (1994) 20.5 95b 

10000 0: 31: 34 (1995) 19.0 88b 

21100 1: 10: 38 (1993) 17.9 85c 

a This runner has already run for 8 weeks with 70km at 60-70% of the velocity associated with 'J02max [Vamaxl. Vamax = 21 km/h; maximal 
lactate steady-state velocity (WcLl = 17 km/h (81 % of velocity associated with 'J02max); 5 training sessions per week. The purpose 
of this first training plan over 4 weeks is to improve Vamax (with the second training session) and to improve maximal lactate steady
state velocity (with the fourth training session). 

b Vamax = 21.5 km/h. 

c Vamax = 21 kmlh. 

Abbreviation: Vamax = the velocity associated with maximal oxygen uptake; 'J02max = maximal oxygen uptake. 
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Table III. Training plan performed at maximal lactate steady-state velocity in a 26-year-old male middle-distance runner" 1995/96 (trainer: 
V. Billat) 

Weeks Training session no. 

1 2 3 4 5 
(70-75% (90-110% Vamax) (70-75% Vamax) (velocity at the maximal 

lactate steady-state = 
80-85% Vamax) 

[hills = (slope 4-8%) at 
100% of 'il02max] Vamax) 

15-21 Jan lh at 14 kmlh Warmup: 20 min at 12km/h 
1996 + 15 x 200m in 31 sec 

Slow run (14.5-15 
kmlh) for lh 30 min 

2 x 12 min at 17 km/h 
for3400m 

Hills 8 x 1 min 30 sec at 6% 
Heart rate = 190 beats/min 
at the top of hills (23.2 km/h = 110% Vamax) 

Recuperation = 1 min at 12 
kmlh for approximately 
200m + 15 min slow run at 
60% Vamax 

Rest between = 5 min 
run at 12 kmlh Rest between = 1-2 min 

Heart rate = 140 beats/min 

22-28 Jan lh at 14 kmlh 10 x 400m in 1 min 9 sec Slow run (14.5-15 2 x 15 min at 17 kmlh Hills 10 x 1 min at 6% 
1996 (20.9 km/h = 99% Vamax) km/h) for 1 h 30 min for 4250m 

Rest between = 1 min at 12 Rest between = 5 min 
kmlh (200m) run at 12 kmlh 

29 Jan-4 lhat14kmlh 5 x 800m in 2 min 20 sec Slow run (14.5-15 1 x 15 + 1 x 20 min Hills 8 x 1 min at 6% 
Feb 1996 (20.6 kmlh = 98% Vamax) kmlh) for lh 30 min at 17 kmlh = 4250m 

Rest between = 1 min at 12 
km/h (200m) 
Active recovery of 15 min 

+ 5650m 
Rest between = 5 min 
run at 12 km/h 

5-11 Feb lh 30 min at 5 x l000m in 2 min 55 sec Slow run (14 km/h) 2 x 20 min at 17 kmlh Hills 8 x 2 min at 4% 
1996 14 kmlh (20.5 kmlh = 97.6% Vamax) for 45 min = 2 x 5650m 

Rest between = 2 min 30 
sec at 12 kmlh (4oom) 

Rest between = 7 min 
run at 12 kmlh 

a Summer objectives: June 1996: <3 min 58 sec over 1500m (personal best 3 min 57 sec in 1990). September 1996: less than 14 min 
45 sec over 5000m (personal best 14 min 40 sec in 1994). 

Abbreviations: Vamax = the velocity associated with 'il02max; 'il02max = maximal oxygen uptake. 

Recently, Casaburi et al.l 1l9] showed that there 
were no significant differences between a group 
which was trained at the LT and a group which was 
trained above the LT. These groups were followed 
during 5 cycle ergometer training sessions per 
week for 5 weeks with the same total training work 
at or above the LT. They concluded that in healthy 
individuals, exercise which does not elevate blood 
lactate alters power output responses as effectively 
as exercise which elevates lactate, provided that 
total training work is the same. 

The combination of 300 and 100m run times, 
percentage of body fat, running economy and 
"V02max as independent variables, accounted for the 
greatest amount of the total variance (R2 = 0.89) of 
the performance over 800m.D20] They concluded 
that these data offered additional support for the 
notion that much of the intramuscular ATP was pro
duced and utilised during an 800m run (l32 ± 7.3 
seconds). The later study showed that these shorter 
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distances can be used as performance prediction. 
However, Hirvonen et al.l 121] has shown that after 
a maximal 200m run, the speed of running de
creased, although the creatine phosphate (-47%) 
was not depleted and lactate level (6.3 ± 0.7 mmollL) 
was not at maximum level. Complete fatigue oc
curred over 400m when creatine phosphate stores 
were depleted (-89%) and blood lactate attained an 
individual maximum (10.3 ± 0.7 mmollL), peak lac
tate value being 14.9 ± 0.3 mmollL. These values 
are far below those reported by Kinderman and 
Keul[122] i.e. 24.9 mmollL at the end of a 400m run 
in 45.5 seconds. 

Lacour et al.l 123] reported blood lactate values 
of 20.1,21.9 and 20.8 mmollL for men at the end 
of 400,800 and l500m, respectively. It seems that, 
in relation to the duration of effort, there was a 
continual increase of the maximal lactate level from 
100 to 400m.[122] In fact, Karlsson and Saltin[124] 

had demonstrated that the breakdown of the phos-
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phogens was already maximal after 2 minutes of 
work at 120 and 100% of the maximal aerobic 
power (i.e. the power which elicits V02max). The 
accumulation of lactate in the muscle and the blood 
increased continuously until exhaustion. They con
cluded that low ATP and creatine phosphate stores 
was not the reason for muscular fatigue, muscular 
lactate level (acidosis) might be the limiting factor 
for power outputs of 120 and 100%. 

5.2 Swimming 

In swimming, the measurements have to be per
formed in the water. Keskinen et al.[125] showed 
that the blood lactate value of 4 mmollL in 2 (sub
maximal and maximal) sets of 400m, 3 mmollL in 
a number of sets of 300m (progressive speed), 2 
mmollL in a number of sets of 100m (progressive 
speed) were found to correspond to the same ve
locity. They concluded that to measure the whole 
intensity area, a combination of tests should be ap
plied by performing an incremental set with sev
eral steady-state loadings (aerobic) and one or two 
100m swims (anaerobic) in one test session. 

Treffene et aU126] investigated the rate of lactic 
acid accumulation during swimming at a range of 
relative intensities below and above the minimal 
velocity which elicits the maximal heart rate and 
V02max, i.e. Vamax as defined above in other studies 
and obtained at the end of an exhaustive 365.8m 
swim (in accordance to Costill et al.,D27] close to 
the Lavoie et al. 's protocol which used a 400m[128] 
swim). They found that the speed at which a 4 
mmollL blood lactate level occurred, was equal to 
95.6 ± 2.6% of Vamax (i.e. 0.05 mlsec below) and 
88% of V02max. They showed that the lactate ac
cumulation gradient for each 2% range of relative 
intensity was from 86 to 110% of Va max· The mean 
lactate accumulation gradient (mmollL/min) at all 
constant intensities below 100% of Vamax was less 
than 0.55 mmollL/min. Marked changes in the rate 
of venous lactate accumulation occurred immedi
ately when Vamax was exceeded; the rate being pro
portional to the intensity above Vamax. At 100.8% of 
Vamax, the gradient was 2.08 ± 0.7 mmollL/min 
and at 108.8% of V amax, the gradient was 9.9 ± 1.4 
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mmollL/min. The findings of high lactate accumu
lation rates (proportional to intensity) at speeds 
above Vamax agreed with the findings of di Pram
pero et al.[55] whose data indicate that the lactate 
would continue to accumulate at this rate had the 
Treffene et aU126] study investigated longer sprint 
performance. 

In contrast to running, blood lactate accumu
lates at a velocity which is very close to Vamax and 
V02max in swimming. This is the result of the ex
ponential relationship between the velocity and the 
oxygen uptake (V02) in swimming. However, Poole 
et aU129] showed a slow component of V02 kinet
ics during exercises above the LT, where an addi
tional slow phase of V02 is superimposed upon the 
underlying kinetics. Recently, Zoladz et aLl 130] 
confirmed the nonlinearity of the V02-power out
put relationship on a cycle ergometer. However, in 
swimming there is a net nonlinearity of the rela
tionship between V02 and speed due to drag (for 
review on the energetics of competitive swimming 
see Toussaint and Hollander[131]). Toussaint and 
Hollander[131] demonstrated that the 10% increase 
in propelling efficiency resulted in both a reduction 
in time over short- and long-distance, which was 
superior to the gains found when increasing the 
maximal aerobic or anaerobic power by 10%. 

Miserocchi et al.l132] demonstrated that the bio
mechanical constraint due to the aquatic environ
ment could explain the smaller value of the slope 
of the relationship between velocity and time 
found in swimmers compared with track and field 
runners.l90]It means that swimmers lose less speed 
as the time of the event increases. This reflects the 
difficulty for swimmers to develop high maximum 
velocities over shorter distances due to the much 
higher drag in water compared with air.l133] 

5.3 Rowing 

With a race duration of approximately 6 to 7 
minutes for the 2000m course, rowing may be re
garded as a sport model for one key exercise phys
iological variable: V02max. [134] The anaerobic thresh
old reported in elite rowers is around 85% of 
V02max. Kramer et aU135] showed that V02max was 
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the variable which produced the highest correla
tions with rowing performance among field vari
ables (e.g. 90 second ergometer distance) and lab
oratory variables (e.g. concentric peak torque or 
maximum heart rate). However, LT was not exam
ined. In a group of 12 rowers who trained for the 
World Championships, the anaerobic threshold 
(the power output at 4 mmollL) was significantly 
improved in the preparatory phase (March), and 
declined in the post-competitive phase (Novem
ber)JI36.137] Training which elicits a blood lactate 
above 4 mmollL, sprint training and athletic train
ing complete the training schedule, which may 
reach 1000 hours or 5000 to 7000km per yearJl38] 
The increased anaerobic threshold was accompa
nied by a significant increase in physical fitness. A 
strong correlation was found between the mean 
power output in the exercise simulating the 2000m 
race and power output at the anaerobic threshold in 
both preparatory and competitive periods. This 
supports the view that high aerobic fitness is one 
of the principal factors determining the competi
tion outcome in rowing; anaerobic threshold being 
equal to 76% of the mean power recorded in the 
2000m test. 

6. Conclusions 

Blood lactate measurements are an approximate 
way to appreciate the equilibrium between the rate 
of lactate production and elimination determined 
by the relative kinetics of glycolysis, lactate dehy
drogenase and mitochondrial respiration. How
ever, this complexity in the regulation of lactate 
metabolism does not prevent general practitioners 
or coaches from measuring or using the blood lac
tate for prediction of exercise performance. 

The anaerobic threshold, commonly defined as 
the exercise intensity, speed, or fraction of V'02max 
at a fixed blood lactate level or a MLSS, has been 
accepted as a measure of endurance ability. The 
blood LT expressed as a fraction of V'02max is the 
same in elite long-distance athletes and does not 
depend on the specificity of the sport. On the con
trary, the blood LT expressed as a fraction of the 
velocity associated with V'02max depends on the 
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relationship between velocity and V'02, for exam
ple swimmers who have a blood LT very close to 
the velocity associated with V'02max, 

The measurement of the postcompetition blood 
lactate in short events has found to be related to the 
performance in events lasting from 1 to 2 minutes 
(400 to 800m in running). Blood lactate measure
ments can help when selecting the correct exercise 
intensity for training. However, to interpret the 
blood lactate profile modification after training, 
the athlete's nutritional state and exercise protocol 
have to be controlled. Moreover, improvement of 
fractional utilisation of V'02max at the MLSS, for 
example, has to be considered as an assessment 
tool like all the factors of performance such as the 
velocity associated with V'02max, 

Acknowledgements 

The author would particularly like to thank David Chap
man for his assistance with the English language in this 
article. 

References 
I. Jacobs I. Blood lactate implications for training and sports per

formance. Sports Med 1986; 3: 10-25 
2. Walsh ML. Bannister EW. Possible mechanisms of the anaero

bic threshold. Sports Med 1988; 5: 269-302 
3. Foster C, Crowe MP, Holum D, et al. The bloodless lactate 

profile. Med Sci Sports Exerc 1995; 27: 927-33 
4. Bishop P, Martino M. Blood lactate measurement in recovery 

as an adjunct to training. Sports Med 1993; 16: 5-13 
5. di Prampero PE. Physiological aspects of rowing. J Appl Phys

io11971; 31: 853-7 
6. di Prampero PE. Energetics of swimming in man. J Appl Physiol 

1974; 37: 1-5 
7. Snyder AC, O'Hagan KP, Clifford PS, et al. Exercise responses 

to inline skating: comparisons to running and cycling. Int J 
Sports Med 1993; 14: 38-42 

8. Margaria R, Cerretelli P, Mangili F. Balance and kinetics of 
anaerobic energy release during strenuous exercise in man. J 
Appl Physiol 1963; 19: 623-8 

9. Jones N, Ersham RE. The anaerobic threshold. Exerc Sports Sci 
Rev 1982; 10: 49-83 

10. Mader A. Evaluation of the endurance performance of marathon 
runners and theoretical analysis of test results. J Sports Med 
Phys Fitness 1991; 33: 1-19 

11. Brooks GA. Anaerobic threshold: review of the concept and 
direction for future research. Med Sci Sports Exerc 1985; 17: 
31-5 

12. Billat Y, Pinoteau J, Petit B, et al. Hypoxemie et temps limite a 
la vitesse aerobie maximale chez des coureurs de fond. Can J 
Appl Physiol 1995; 20: 102-11 

13. Farrel PE, Wilmore JH, Coyle EF, et al. Plasma lactate accumu
lation and distance running performance. Med Sci Sports Ex
erc 1979; 11: 338-44 

Sports Med. 1996 Sep; 22 (3) 



Blood Lactate and Exercise Performance 

14. Londeree BR, Ames A. Maximal steady state versus state of 
conditioning. Eur J Appl Physiol1975; 34: 269-78 

15. Lafontaine TP, Londeree BR, Spath WK. The maximal steady
state versus selected running events. Med Sci Sports Exerc 
1981; 13: 190-2 

16. Hagberg JA, Coyle EF. Physiological determinants of endur
ance performance as studied in competitive racewalkers. Med 
Sci Sports Exerc 1983; 15: 287-9 

17. Kindermann W, Simon G, Keul J. The significance of the aer
obic-anaerobic transition for the determination of work load 
intensities during endurance training. Eur J Appl Physiol 1979; 
42: 25-34 

18. Heck H, Mader A, Hess G, et al. Justification of the 4 mmoll1 
lactate threshold. IntJ Sports Med 1985; 6: 117-30 

19. Sjodin B, Jacobs I. Onset of blood lactate accumulation and 
marathon running performance. Int 1 Sports Med 1981; 2: 
23-6 

20. Stegmann H, Kindermann W. Comparison of prolonged exer
cise tests at the individual anaerobic threshold and the fixed 
anaerobic threshold of 4mrnoll1. Int 1 Sports Med 1982; 3: 
105-10 

21. Aunola S, Rusko H. Reproducibility of aerobic and anaerobic 
thresholds in 20-50 year old men. Eur 1 Appl Physiol1984; 
53: 260-6 

22. Billat V, Dalmay F, Antonini MT, et al. A method for determin
ing the maximal steady state of blood lactate concentration 
from two levels of submaximal exercise. Eur 1 Appl Physiol 
1994; 69: 196-202 

23. Stainsby WN. Biochemical and physiological bases for the lac
tate production. Med Sci Sports Exerc 1986; 18: 341-2 

24. Skinner RJ, McLellan TH. The transition from aerobic to an
aerobic metabolism. Res Q Exerc Sport 1980; 51: 234-48 

25. Brooks GA, Fahey TD, White TP. Exercise physiology: human 
bioenergetics and its application. 2nd ed. Mountain View 
(CA): Mayfield Publishing, 1996: 191-5 

26. Daniels J. Physiological characteristics of champion male ath
letes. Res Q 1974; 45: 342-8 

27. Conley DL, Krahenbuhl GS. Running economy and distance 
running performance of highly trained athletes. Med Sci 
Sports Exerc 1980; 12: 357-60 

28. Costill DL. Metabolic responses during distance running. 1 
Appl Physiol1970; 28: 251-5 

29. Coyle EF, Coggan AR, Hopper MK, et al. Determinants of en
durance in well-trained cyclists. 1 Appl Physiol 1988; 64: 
2622-30 

30. di Prampero PE. The energy cost of human locomotion on land 
and in water. Int 1 Sports Med 1986; 7: 55-72 

31. Daniels IT, Scardina N, Hayes 1, et al. Elite and subelite female 
middle- and long-distance runners. In: Landers DM, editor. 
Sport and elite performers. Champaign (IL): Human Kinetics, 
1986: 57-72 

32. Lacour lR, Padilla-Magunacelaya S, Chatard lC, et al. Assess
ment of running velocity at maximal oxygen uptake. Eur J 
Appl Physiol1991; 62: 77-82 

33. Yoshida T, Udo M, Iwai K, et al. Physiological characteristics 
related to endurance running performance in female distance 
runners. J Sports Sci 1993; II: 57-62 

34. Padilla S, Bourdin M, Barthelemy lC, et al. Physiological 
correlates of middle-distance running performance. Eur 1 
Appl Physiol 1992; 65: 561-6 

35. Noakes TD. Implications of exercise testing for prediction of 
athletic performance: a contemporary perspective. Med Sci 
Sports Exerc 1988; 20: 319-30 

© Adis International limited. All rights reserved. 

173 

36. Noakes TD, Myburgh KH, Schall R. Peak treadmill running 
velocity during the \102maxtest predicts running performance. 
1 Sports Sci 1990; 8: 35-45 

37. Kenney WL, Hodgson lL. Variables predictive of performance 
in elite middle-distance runners. Br 1 Sports Med 1986; 19: 
207-9 

38. Iwaoka K, Hatta H, Atomi Y, et al. Lactate, respiratory compen
sation thresholds, and distance running performance in run
ners of both sexes. Int J Sports Med 1988; 9: 306-9 

39. 10yner MI. Modelling: optimal marathon performance on the 
basis of physiological factors. 1 Appl Physiol1991; 70: 683-7 

40. Allen WK, Seals DR, Hurley BF, et al. Lactate threshold and 
distance-running performance in young and older endurance 
athletes. 1 Appl Physiol1985; 58: 1281-4 

41. Weltman 1, Seip R, Levine S, et al. Prediction of lactate thresh
old and blood lactate concentrations from 3200-m time trial 
running performance in untrained females. Int 1 Sports Med 
1989; 10: 207-11 

42. Sehnal E, Haber P, Pessenholet H, et al. The anaerobic threshold 
at 4 mM serum lactate and an individual one compared by 
correlation to the speed of a lOOOm swimming heat. In: Bachl 
N, Prokop L, Rivachert R, editors. Current topics in Sports 
Medicine. Vienna: Urban & Schwazenberg, 1984: 266-71 

43. Helgerud 1. Maximal oxygen uptake, anaerobic threshold and 
running economy in women and men with similar perfor
mances level in marathons. Eur 1 Appl Physiol 1994; 68: 
155-61 

44. Hagan RD, Smith MG, Gettman LR. Marathon performance in 
relation to maximal aerobic power and training indices. Med 
Sci Sports Exerc 1981; 13: 185-9 

45. Sjodin B, Svedenhag J. Applied physiology of marathon run
ning. Sports Med 1985; 2: 83-9 

46. Steinacker 1M. Physiological Aspects of training in rowing. Int 
1 Sports Med 1993; Suppl. I: S3-1O 

47. Tanaka K, Matsuura Y, Matsuura A, et al. A longitudinal assess
ment of anaerobic threshold and distance-running perfor
mance. Med Sci Sports Exerc 1984; 16: 276-82 

48. Gaesser G, Poole DA. Lactate and ventilatory thresholds: dis
parity in time course of adaptations to training. J Appl Physiol 
1986;61: 999-1004 

49. Hamel P, Simoneau JA, Lortie G, et al. Heredity and muscle 
adaptation to endurance training. Med Sci Sports Exerc 1986; 
18: 690-6 

50. Bouchard C, Lesage R, Lortie G, et al. Aerobic performance in 
brothers, dizygotic and monozygotic twins. Med Sci Sports 
Exerc 1986; 18: 107-13 

51. Henriksson J. Training induced adaptation of skeletal muscle 
and metabolism during submaximal exercise. J Physiol 
(Lond) 1977; 270: 661-75 

52. Gollnick PD, Hermansen L. Biochemical adaptation to exer
cise: anaerobic metabolism. In: Wilmore JH, editor. Exercise 
and sport science reviews. Vol. I. New York: Academic Press, 
1973: 1-43 

53. Ivy JL, Withers RT, Van handel PI, et al. Muscle respiratory 
capacity and fiber type as determinants of the lactate thresh
old. 1 Appl Physiol 1980; 48: 523-7 

54. Hermansen L. Muscular fatigue during maximal exercise of 
short duration. In: di Prampero PE, Poortmans M, editors. Phys
iological chemistry of exercise and training. Basel: Karger, 
1981: 42-52 

55. di Prampero PE. Energetics of muscular exercise. Rev Physiol 
Biochem Pharmacol1981; 89: 144-222 

56. Fujitsuka N, Yamamoto T, Ohkuwa T, et al. Peak blood lactate 
after short periods of maximal treadmill running. Eur 1 Appl 
Physiol 1982; 48: 289-96 

Sports Med. 1996 Sep; 22 (3) 



174 

57. Camus G, Fossion A, Juchmes J, et al. Equivalent energetique 
de la production du lactate plasmatique dans la course 
d'intensite supramaximale. Arch Int Physiol Biochim 1984: 
361-8 

58. Camus G, Thys H. An evaluation of the maximal anaerobic 
capacity in man. Int J Sports Med 1991; 12: 349-55 

59. Medbo n, Mohn AC, Tabata I, et al. Anaerobic capacity deter
mined by accumulated 02 deficit. J Appl Physiol 1988; 64: 
50-60 

60. Hautier CD, Wouassi 0, Arsac LM, et al. Relationships between 
postcompetition blood lactate concentration and average run
ning velocity over 100-m and 200-m races. Eur J Appl Physiol 
1994;68: 508-13 

61. Ryan R, Coyle EF, Quick RW. Blood lactate profile throughout 
a training season in elite female swimmers. J Swim Res 1990; 
6: 5-9 

62. Foster C, Snyder AC, Thompson NN, et al. Normalization of 
blood lactate profile in athletes. Int J Sports Med 1988; 9: 
198-200 

63. Stegmann H, Kindermann W, Schnabel A. Lactate kinetics and 
individual anaerobic threshold. Int J Sports Med 1981; 2: 
160-5 

64. McLellan TM, Cheung KSY, Jacobs I. Incremental test proto
col, recovery mode and the individual anaerobic threshold. Int 
J Sports Med 1991; 12: 190-5 

65. Keul J. The relationship between circulation and metabolism 
during exercise. Med Sci Sports Exerc 1973; 5: 209-19 

66. Conconi F, Ferrari M, Ziglio PG, et al. Determination of the 
anaerobic threshold by a non invasive field test in runners. J 
Appl Physiol 1982; 52: 869-73 

67. Cellini M, Vitiello P, Nagliati A, et al. Non invasive determina
tion of the anaerobic threshold in swimming. Int J Sports Med 
1986; 7: 347-51 

68. Droghetti P, Borsetto C, Casoni L, et al. Non invasive determi
nation of the anaerobic threshold in canoeing, cross-country 
skiing, cycling, roller and ice skating, rowing, and walking. 
Eur J Appl Physiol1985; 53: 299-303 

69. Francis KT, McClatchey PR, Sumsion JR, et al. The relationship 
between anaerobic threshold and heart rate linearity during 
cycle ergometry. Eur J Appl Physiol 1989; 59: 273-7 

70. Kuipers H, Keizer HA, de Vries T, et aI. Comparison of heart 
rate as a non-invasive determinant of anaerobic threshold with 
the lactate threshold when cycling. Eur J Appl Physiol 1988; 
58: 303-6 

71. Tokmakaidis SP, Leger LA. Comparison of mathematically de
termined blood lactate and heart rate 'threshold' points and 
relationship with performance. Eur J Appl Physiol 1992; 64: 
309-17 

72. Snyder AC, Woulfe T, Welsh R, et al. A simplified approach to 
estimating the maximal lactate steady state. Int J Sports Med 
1994; 15: 27-31 

73. Borg G, Hassmen P, Lagerstrom M. Perceived exertion related 
to heart rate and blood lactate during arm and leg exercise. 
Eur J Appl Physiol1987; 56, 679-85 

74. Skinner JS, Hutsler R, Bergsteinova V, et al. Perceptions of 
effort during different types of exercise and under different 
environmental conditions. Med Sci Sports Exerc 1973; 5: 
110-5 

75. Noble BJ, Borg GAV, Jacobs I, et al. A category-ratio perceived 
exertion scale: relationship to blood and muscle lactates and 
heart rate. Med Sci Sports Exerc 1983; 15: 523-8 

76. Seip RL, Snead 0, Pierce EF, et al. Perceptual responses and 
blood lactate concentration: effect of training state. Med Sci 
Sports Exerc 1991; 23 (1): 80-7 

© Adis Intemational Umited. All rights reserved. 

Billat 

77. Steed JC, Gaesser GA, Weltman A. Rating of perceived exertion 
(RPE) as markers of blood lactate concentration during row
ing. Med Sci Sports Exerc 1994; 26: 797-803 

78. Olbrecht J, Madsen 0, Liesen H, et al. Relationship between 
swimming velocity and lactic concentration during continu
ous and intermittent training exercise. Int J Sports Med 1985; 
6: 74-7 

79. Yoshida T. Effect of exercise duration during incremental exer
cise on the determination of anaerobic threshold and the onset 
of blood lactate accumulation. Eur J Appl Physiol 1984; 53: 
196-9 

80. Mognoni P, Sirtori MD, Lorenzi F, et al. Physiological re
sponses during prolonged exercise at the power output corre
sponding to the blood lactate threshold. Eur J Appl Physiol 
1990; 60: 239-43 

81. Oyono-Enguelle S, Heitz A, Marbach J, et al. Blood lactate 
during constant-load exercise at aerobic and anaerobic thresh
olds. Eur J Appl Physiol1990; 60: 321-30 

82. Nagle F, Robinhold 0, Howley E, et al. Lactic acid accumula
tion during running at submaximal aerobic demands. Med Sci 
Sports Exerc 1970; 2: 182-6 

83. Urhausen A. Individual anaerobic threshold and maximum lac
tate steady state. Int J Sports Med 1993; 14: 134-9 

84. Lechevalier JM, Vandewalle H, Chatard JC, et al. Relationship 
between the 4 mMol running velocity, the time-distance rela
tionship and the Leger-Boucher test. Arch Int Physiol Bio
chim 1989; 97: 355-60 

85. Monod H, Scherrer J. The work capacity of synergy muscular 
groups. Ergonomics 1965; 8: 329-38 

86. Hill Ow. The critical power concept. Sports Med 1993; 16: 
237-54 

87. Beneke R, von Duvillard SP. Determination of maximal lactate 
steady state response in selected sports events. Med Sci Sports 
Exerc 1996; 28: 241-6 

88. Fay L, Londeree BR, Lafontaine TP, et al. Physiological param
eters related to distance running performance in female ath
letes. Med Sci Sports Exerc 1989; 21: 319-24 

89. Costill DL. The relation between selected physiological vari
ables and distance running performance. J Sports Med Phys 
Fitness 1976; 7: 61-6 

90. Peronnet F, Thibault G. Mathematical analysis of running per
formance and world running records. J Appl Physiol 1989; 
67: 453-65 

91. Costill DL, Fink WJ, Flynn M, et al. Muscle fiber composition 
and enzymes activities in elite female distance runners. Int J 
Sports Med 1987; 8: 103-6 

92. Daniels IT, Krahenbuhl G, Foster C, et al. Aerobic responses of 
female distance runners to submaximal and maximal exercise. 
Ann NY Acad Sci 1977; 301: 126-33 

93. Billat V, Beillot J, Rochcongar P, et al. Gender effect on the 
relationship among time limit at 100% of VV02max with other 
bioenergetic characteristics. Med Sci Sports Exerc 1996; 28: 
1049-55 

94. Medbo n, Tabata I. Relative importance of aerobic and anaer
obic energy release during short-lasting exhausting bicycle 
exercise. J Appl Physiol1990; 67: 1881-6 

95. Hill OW, Smith Je. A comparison of methods of estimating 
anaerobic work capacity. Ergonomics 1993; 36: 1495-500 

96. Yoshida T, Udo M, Iwai K, et al. The reproducibility of the 4 
mmollliactate threshold in trained and untrained women. Int 
J Sports Med 1991; 12: 363-8 

97. Tanaka H, Shindo M. Running velocity at blood lactate thresh
old of boys aged 6-15 yrs compared with untrained and trained 
young males. Int J Sports Med 1985; 6: 90-4 

Sports Med. 1996 Sap; 22 (3) 



Blood Lactate and Exercise Perfonnance 

98. Macek M, Vavra J. The adjustment of 02 uptake at the onset of 
exercise: a comparison between prepubertal boys and young 
adults. Int J Sports Med 1980; I: 70-2 

99. Bell RD, Mac Dougall 10, Billeter R, et al. Muscle fiber types 
and morphometric analysis of skeletal muscle in six year old 
children. Med Sci Sport 1980; 12: 28-31 

100. Eriksson BO, Gollnick PD, Saltin B. Muscle metabolism and 
enzyme activities after training in boys 11-13 years old. Acta 
Physiol Scand 1973; 87: 485-97 

101. Knuttgen HE, Saltin B. Muscles metabolites and oxygen uptake 
in short term submaximal exercise in men. J Appl Physiol 
1972; 5: 690-4 

102. Cerretelli P, Rennie DW, Pendergast DP. Kinetics of metabolic 
transients during exercise. In: Cerretelli P, Whipp BJ, editors. 
Exercise bioenergetics and gas exchange. Holland: Elsevier, 
1980: 187-209 

103. Armstrong N, Weisman JR. Assessment and interpretation of 
aerobic fitness in children and adolescents. Exerc Sport Sci 
Rev 1994; 22, 435-76 

104. Weisman JR, Armstrong N, Kirby BJ. Serum testosterone is not 
related to peak V02 and submaximal blood lactate responses 
in 12- to 16-year-old males. Ped Exerc Sci 1994; 6, 120-7 

105. Billat V, Gratas-Delamarche A, Monnier M, et al. A test to ap
proach maximal lactate steady-state in 12-year old boys and 
girls. Arch Physiol Biochem 1995; 103: 65-72 

106. Mocellin R, Heusgen M, Korsten-Reck U. Anaerobic threshold 
and maximal steady-state blood lactate in prepubertal boys. 
Eur J Appl Physiol1991; 62: 56-60 

107. Macek M, Vavra J, Novosadova J. Prolonged exercise in pre
pubertal boys. I. Cardiovascular and metabolic adjustment. 
Eur J Appl Physiol1976; 35: 291-8 

108. Daniels J, Oldridge N. Changes in oxygen consumption of young 
boys during growth and running training. Med Sci Sports 
Exerc 1971; 3: 161-5 

109. Davies CTM. Metabolic cost of exercise and physical perfor
mance in children with some observations on external load
ing. Eur J Appl Physiol1991; 45: 95-102 

110. Unnithan VB, Timmons JA, Paton JY, et al. Physiologic correlates 
to running performance in pre-pubertal distance runners. Int 
J Sports Med 1995; 16: 528-33 

111. Maffuli N, Testa V, Capano G. Anaerobic threshold determina
tion in master endurance runners. J Sports Med Phys Fitness 
1994;34:242-9 

112. Coggan AR, Kohrt WM, Spina RJ, et al. Endurance training de
creases plasma glucose turnover and oxidation during moderate 
intensity exercise in men. J Appl Physiol 1990; 68: 990-6 

113. Fohrenbach B, Mader A, Hollmann W. Determination of endur
ance capacity and prediction of exercise intensities for train
ing and competition in marathon runners. Int J Sports Med 
1987; 8: 11-8 

114. Daniels JT, Yarbough RA, Foster C. Changes in V02max and 
running performance with training. Eur J Appl Physiol 1978; 
39: 249-54 

115. Wenger HA, Bell GJ. The interaction of intensity, frequency, 
and duration of exercise training in altering cardiorespiratory 
fitness. Sports Med Phys Fitness 1986; 3: 346-56 

116. Priest JW, Hagan RD. The effect of maximum steady state pace 
training on running performance. Br J Sports Med 1987; 21: 
18-21 

117. Coen B, Schwarz L, Urhausen A, et al. Control of training in 
middle- and long-distance running by means of the individ
ual anaerobic threshold. Int J Sports Med 1991; 12: 519-24 

118. Robinson DM, Robinson SM, Hume PA, et al. Training inten
sity of elite male distance runners. Med Sci Sports Exerc 
1991; 23: 1078-82 

© Adis Intemational Limited. All rights reserved. 

175 

119. Casaburi R, Storer TW, Sullivan CS, et al. Evaluation of blood 
lactate elevation as an intensity criterion for exercise training. 
Med Sci Sports Exerc 1995; 27: 852-62 

120. Deason J, Powers SK, Lawler J, et al. Physiological correlates 
to 800 meter running performance. J Sports Med Phys Fitness 
1991; 31: 499-504 

121. Hirvonen J, Nummela A, Rusko H, et al. Fatigue and changes 
of ATP, creatine phosphate, and lactate during the 400-m 
sprint. Can J Sport Sci 1992; 17: 141-4 

122. Kindermann W, Keul J. Lactate acidosis with different forms of 
sport activities. Can J Sport Sci 1977; 2: 177-82 

123. Lacour JR, Bouvat E, Barthelemy Je. Post-competition blood 
lactate concentrations as indicators of anaerobic energy ex
penditnre during 400-m and 800-m races. Eur J Appl Physiol 
1990; 61: 172-6 

124. Karlsson J, Saltin B. Lactate, ATP, and CP in working muscles 
during exhaustive exercise in man. J Appl Physiol 1970; 29: 
598-602 

125. Keskinen KL, Komi PV, Rusko H. A comparative study of blood 
lactate tests in swimming. Int J Sports Med 1989; 10: 197-201 

126. Treffene RJ, Dikson R, Craven C, et al. Lactic acid accumula
tion during constant speed swimming at controlled relative 
intensities. J Sports Med 1980; 20: 244-54 

127. Costill DL, Kirwan J, Fildming R. Predicting success in middle
distance events. Int J Sports Med 1985; 6: 266-70 

128. Lavoie JM, Leger LA, Montpetit RR, et al. Backward extrapo
lation of V02 from the 02 recovery curve after a voluntary 
maximal400m swim. In: Hollander A, Huijing P, de Groot G, 
editors. International series on sport sciences. Vol. 14. Bio
mechanics and medicine in swimming. Champaign (IL): Human 
Kinetics, 1983: 222-7 

129. Poole DC, Ward SA, Gardner GW, et aI. Metabolic and respi
ratory profile of heavy and severe exercise. Eur J Appl Phys
io11988; 31: 1265-79 

130. Zoladz JA, Rademaker ACHJ, Sargeant AJ. Non-linear rela
tionship between 02 uptake and power output at high inten
sities of exercise in humans. J Physiol 1995; 488 (I): 211-7 

131. Toussaint HM, Hollander AP. Energetics of competitive swim
ming: implications for training programmes. Sports Med 
1994; 18: 384-405 

132. Miserocchi G, Confalonieri F, Lorenzi M. Mathematical mod
elling of competitive swimming. J Swim Res 1990; 4: 9-13 

133. Holmer I. Energetics and mechanical work in swimming. In: 
Hollander A, Huijing P, de Groot G, editors. International 
series on sport sciences. Vol. 19. Biomechanics and medicine 
in swimming. Champaign (IL): Human Kinetics, 1983: 154-64 

134. Secher NH. Physiological and biomechanical aspects of row
ing: implications for training. Sports Med 1993; 15: 24-42 

135. Kramer JF, Leger A, Paterson DH, et aI. Rowing performance 
and selected descriptive, field, and laboratory variables. Can 
J Appl Physiol1994; 19: 174-84 

136. Klusiewicz A. Changes in physical fitness of elite rowers through
out the annual training cycle before world championships. 
Bioi Sport 1993; 10: 231-7 

137. Vermulst LJ, Vervoorm M, Boelens-Quist AM, et al. Analysis 
of seasonal training volume and working capacity in elite 
female rowers. Int J Sports Med 1991; 12: 567-72 

138. Steinacker JM. Physiological aspects of training in rowing. Int 
J Sports Med 1991; 12: 363-8 

Correspondence and reprints: Dr Wronique Billat, Centre de 
Medecine du Sport CCAS, 2 avo Richerand, 75010 Paris, 
France. 

Sports Med. 1996 Sep; 22 (3) 


