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The purpose of this study is to present a mathematical model based on physiclogical obser-
vations which describes the evolution of the blood lactate concentration ([LA]) versus the oxy-
gen uptake (VO,) during a continuous graded exercise test. This model is based on several assump-
tions : 1) [LA™] reflects the balance between the rates of appearance and disappearance of the
lactate in the blood compartment; 2} VO, measured at the end of each step, is a linear function
of the power output and thus of the time; 3) the appearance rate of lactate into the blood is
an exponential function of VO,; 4) the rate of disappearance is a saturable process which can
be modelized by Michaelis-Menten kinetics; 5) the volume of distribution of lactate in the blood
compartment is a constant during exercise.

The parameters used in this model correspond to the integration of several biochemical and
physiological phenomenons. The originality of this approach is to express the rate of lactate
appearance and disappearance versus VO, rather than time. Whatever the general pattern of
the data, the fitted curve gives always very good results. Especially, the theoritical curve fits
the decrease in [LA"] usually observed during the first steps of such an exercise. From the com-
puted parameters the evolution of lactate clearance during a continuous graded exercise test may
be modelized. A strong relationship exists between the Jevel of endurance training and the maxi-
mum lactate clearance (Clmax) reached during the exercise test. The VO, for Clmax is an in-
dicator of the shift of the relatioship [LA]-VO,. Then, we propose to use the maximum lactate
clearance which is individually determined, to characterize the endurance level of an athlete.
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Introduction

Recently, several authors have demonstrated the
strong relationship between the anaerobic threshold and
the endurance performance of a subject (FARELL ef al.,
1979; Kumagal ef al., 1982; TANAKA ef al., 1983). The
test classically used is a continuous graded interval ex-
ercise. At the beginning of such an exercise, the sub-
ject outputs a relatively low power which is then
increased by a few Watts every 3 minutes. The
anaerobic threshold is defined as the level of oxygen
consumption for which the blood lactate concentration
begins to increase above its rest value, during the bicy-
cle ergometer test (YosHma, 1984).

On the other hand, similar concepts have also been
developed, using constant values (2 and 4 mmol.l™") of
the blood lactate concentration to determine the OBLA
{Onset of Blood Lactate Accumulation) (Jacoss, 1981),
the area of aerobic-anaerobic transition (KINDERMANN
el al., 1979) or the anaerobic threshold (Rusko ¢f al.,
1580).

In 1985, BEAVER ef al. proposed a simple
mathematical model to estimate the lactate threshold.
This model requires the transformation to logarithmic
coordinates of each value of oxygen consumption and
of blood lactate concentration to determine a threshold
visually apparent.

Basing on the conclusions of HusHsonw ef af. (1987)
which describe the [LA] as a continuous function of
the VO,, CaMPBELL ef al. (1989) propose an empirical
function to simulate the [LA"] evolutioa during exer-
cise of progressively rising intensity. The LS[ (Lactate
Slope Index) is arbitrarily defined as the point at which
d[LA]/(dVO,)=1.

The purpose of this study is to propose a
mathematical model describing the evolution of {LA7]
versus VO, during a progressively graded test. By op-
position with other models recently presented in the
literature, the equations described in this paper are not
arbitrary but they are based on different physiological
phenomenons which are demonstrated.
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The model

The blood lactate concentration represents the
balance between the rate of appearance (Ra) and the
rate of disappearance (Rd) of lactate in the blood com-
partment. If the same intensity of exercise remains for
a long time (£ 20 muin), the subject reachs a steady state
of the lactate concentrations. In such conditions,
MazzEeo et al. (1986) observed a linear relationship bet-
ween the turnover rate of lactate and the intensity of
metabolism (VO,). Using a mathematical model which
does not require labelled molecules, Francaux er al.
(1988) also observed that the production of lactate
evolves hinearsly versus the intensity of exercise.

Nevertheless, in the protocols regularly used for the
physiotogical evaluation of sportsmen, the short dura-
tion of the exercise stages (2-5 min) allows to reach a
steady state of VO,, but not of [LA"]. In this case, it
exists a delayed liberation of lactate in the blood. In
these cooditions, STANLEY ef al. (1985) described the
rate of appearance of lactate in the blood as an ex-
ponential function of the VO,. This phenomenon may
be described :

Ra=P.exVO0: (0

where P is the ordinate origin, « is the slope.

FraNcCAUX ef al. (1988) demonstrated that the lac-
tate clearance increases from rest 1o moderate exercise
and then, decreases when the exercise intensity goes
beyond a given level. It seems that the elimination of
lactate from the blood is a saturable phenomenon
which may be modelised by a MICHAELIS-MENTEN
eguation.

Rd = vmax-voz 3
= Ky + VO, @)

where V., is the maximal rate of lactate elimination,
Ky is a constant corresponding to the necessary VO,
to reach the half of V..

The difference between the rates of appearance and
disappearance of lactate in the blood corresponds to :

Ve V0,

Ra-Rd = P.eaVo,. —max22
2 e Ky + VO,

3)

Ra and Rd are respectivelv equal to the amount of
lactate appeariog and disappearing by unit of time :

dQ,

Ra = i @)
dQy

Rd = — )

where Q, is the amount of appearing lactate, Q, is the
amount of disappearing lactate.

During a continuous graded interval exercise, it ex-
ists a linear relationship between the time (1) and the

oxygen uptake measured at the end of each step (VO,).
Therefore considering this relationship and the equa-
tions (3), (4) and (5), ove may write :

ﬂ_ = P.ex.VO, - Vmax-voz

dvo, Ky + VO, ©

where Q is the lactate amount in the blood.

If one assumes that the apparent clearance (Cl) may
be defined as the volume of liquid completely purged
by unit of VO,, its value may be calculated by the ratio
between the rate of eliminatiov and the concentration :

Vmax'voz

Ky + VO
T B 0)
[LAT]

Integrating equation 6 and considering the volume
of distribution as a constant, one obtains :

[LAT) =

P . .
—-{X cﬂ-VOx-Vm“(<KM + V02> -

<Kpyln <Ky + VO, > >) (8)

This equation describes the evolution of the blood
Jactate concentration versus the VO,, during a pro-
gressively increased exercise.

Subjects
TanLe 1. — Biometrical data.
Subjects Age Weight Height VO, max
(years) (kg) {cm) (1.min™)
1 18 78.8 179.2 5.19
2 17 79.7 188.8 4.94
3 29 78.8 184.2 4.45
4 26 86.7 190.1 5.00
5 i8 81.9 188.4 5.45
6 19 77.6 177.4 5.62

Six healthy male volunteers took part in the study
(Table I). All subjects were well trained. They were first
informed about the experimental protocol, and then
consent was obtained.

Material and Methods

All subjects performed a continuous graded 3 min
interval exercise test on a Jaeger electrically braked
bicycle ergometer. The exercise started at a power out-
put of 70 W (60-80 rpm) which was increased by 40
W every 3 min until voluntary cessation. At rest and
at the end of each intensity level, 25 ul of capillary
blood were taken from the ear lobe to measure the lac-
tate concentration using a YS/ lactate analyser. The
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Ra. |. — Blood lactate concentration and apparent lactate clearance versus oxygen upfake during a continuous graded 3 min interval exerclse
(est. The fitted functon corresponds to egoalion B.
oxygen uptake (VO,) was measured at the end of each Results
step using an Ergo-oxylrs.crecn Jaeger spirometer. .
The fit of the theoritical curve has been computed Figure 1 presents 6 fitted curves from experimen-
using MINSQ foliowing the Simplex non-linear regres- tal data. Although the general pattern can dramatical-

sion method (Derivative-Free Methods) described by ly vary between subjects, the obtained fit yields always
NEBDLER and MEaD (1965). very good results. Especially, it follows the decrease
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of [LA"] observed in subjects 1, 4, 6 at the beginning
of the exercise, and that has never been considered by
the previous empirical models.

The estimated parameters are presented in Table II.
It has previously been demonstrated that the lactate
clearance increases from rest to moderate intensily ex-
ercise and then, decreases duning high intensity exec-
cise (FRANCAUX ef al., 1988). Knowing the parameters
valyes of equation 8, it is possible, using equation 7,
to describe the evolution of the clearance versus VO,
and thus to compute the maximum value of Ct (Clmax).
The VO, corresponding to Clmax is kept to cbaracterize
the shift of the relationship [LA-]-VO, on the abscissa
axis. VO, for Clmax provides the VO, just before the
blood lactate accumulation. The values of VO, for
Clmax are presented in Table [I.

TasLE 1l. — Kinetic parameters of lactate measured on § trained sub-
Jjects during a continuous graded 3 min interval exercise test.

Subjects P @ Ky Vo VO, for
Clmax

1 2.07 0.39 2.09 9.72 2.40

2 2.16 0.44 2.13 9.63 1.70

3 2.07 0.43 1.99 8.43 1.40

4 1.78 0.39 2.22 8.96 2.60

5 1.58 0.38 2.01 6.33 2.00

6 1.75 0.32 1.74 6.86 2.70

X 1.90 0.39 2.03 8.32 2.15

SD 0.23 0.04 0.16 1.43 0.54

CV (%) 12 11 8 17 25

v 3 . 1 A 4 : . - a A -1
P: mmol,mm.luz,lw, o minlg; Vo mmol.mm.loz.]w,

Ky ¢ lo,-min’; Clmax : min.Ig ; VO, for Clmax : |.min™

Discussion

The anaerobic threshold is defined as the level of
oxygen uptake for which a metabolic acidosis occurs.
1t may be determined by the VO, for which the blood
lactate concentration increases above its rest value, dur-
ing a progressively graded exercise (YOSHIDA ef af.,
1984). The term anaerobic has been chosen to indicate
an insufficient supply of oxygen to the muscle to pro-
vide the energetic needs only from the aerobic
metabolism (WASSRRMAN et al., 1985).

Nevertheless, a muscular anoxia has never been
demonsirated during the exercise. Several studies us-
g labelled molecules, indicate that the Jactate turnover
is considerable even during a moderate exercise (for
review : see BRooks, 1985). One must conclude that
the term anaerobic threshold is used improperly in the
context of the exercise physiology. The increase of the
blood lactate concentration does not correspond to an
intra-mitochondrial anaerobiosis.

Consequently, without consideration for the con-
cept of anaerobic threshold and on basis of these con-
clusions, a mathematical model has beea developed to
simulate the evolution of tbe blood lactate concentra-
tion versus the metabolism intensity, during a pro-
gressively graded exercise. Although other models have
recently been proposed in the literature (BEAVER ef al.,
1985; CampeeELL ef al., 1989), the mathematical
development presented in this paper, 18 the first non-
arbitrary model.

The first assumption of the model is based on the
linear relationship, at the steady state, between the lac-
tate amount produced in the muscle and the intensity
of the metabolism. Really, in the skeletal muscle, the
lactate concentration increases rapidly at the beginn-
ing of the exercise (GREEN ef al., 1983; JacoBs &
Kaiser, 1982) inducing a concentration gradient
necessary for the lactate release in the blood, When the
duration of each grade is extended, the concentration
gradient between the muscle and the blood decreases
(JORFELDT et al., 1978; KNUTTGEN & SALTIN, 1972).
Thus, when the exercise is extended for a time long
enough, the blood concentiration may be considered as
representative (not equal) of the muscle concentration.
Nevertheless, during a progressively graded exercise
test, the short duration of each grade is insufficient to
reach this steady state of concentrations. In such con-
ditions, it exists a delay in the lactate appearance in the
blood. For this reason, STANLEY ef a/.(1985) observed
a rate of lactate appearance in the blood related follow-
ing an exponential function versus the metabolism in-
tensity. Thus, this function has been used to modelise
the rate of lactate appearance in the blood.

During a standardized recovery, the rate of lactate
eliminaiion is directly proportional to the lactate
amount present in the compartment. [t may be
characterized by a first order rate constant (FraNCAUX
et al., 1989). However, when a moderate execcise is con-
tinved following an intensive exercise, the lactate
clearance is higher (FRANCAUX ef al., 1988). Inversely,
if the recovery exercise exceeds a certain intensity, the
lactate clearance decreases. As the rate of lactate
elimination is equal to the product of the clearance
multiplied by the concentration, a clearance decrease
concomitant with a proportional increase of the con-
centration, indicated that the ¢limination rate reached
a levelling off. The lactate elimination in function of
the metabolism intensity is a saturable process which
may be modelled by a MICHAELIS-MENTEN system.

As the blood lactate is a balance between the ap-
pearance and disappearance rates and considering the
above discussion, the mathematical development easi-
ly yields the equation (B).

Nevertheless, the parameters used in this model, are
apparent parameters because they do not correspond
directly to a physiological reality. Actually, the units
used to quantify the parameters values do not corres-
pond to their definition. The origin of this contradic-
tion is the rates of appearance and disappearance
expressed, not in function of time, but in function of
VO, that evolves itself linearly versus the time. The
values of Ra and Rd which can be calculated, do not
correspond to the real physiological values. But, they
are directly related to the physiological value, a cons-
tant excepted.

Moreover, the volume of distribution is also con-
sidered as a constant of the model.

The same discussion can be applied to the clearance
that, in this case, is not reaily the volume of lignid com-
pletly purged by unit of time. Despite the change of
the system of reference, the evolution of the apparent
clearance is related to the evolution of the real
clearance.
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The fit of the theoretical function yields always very
good results. Especially, it follows the decrease of [LA7]
regularly observed at the beginning of the exercise, and
that has never been considered by the previous em-
pirical models.

The lactate production versus VO, does not seem
to present the great inter-individual variation. The
origin of the most important variation is found in the
elimination pracesses. The interest of this approach is
also to give the evolution of the apparent clearance of
lactate from the blood which could be correlated with
the endurance level of an athlete. Then the maximal
apparent clearance is a new coucept to approach the
endurance of an athlete.

These observations coufurm the results of DONOVAN
and Brooks (1983) which demonstrated, in rats, that
the endurance training increases the lactate clearance
and thus, decrcases [LA'L

The VO, for Clmax is an indjcator of the shift of
the relationship [LA]-VO,. This indicator is not bas-
ed on an arbitrary function (BEAVER ef a/., 1985; Camp-
BELL ef al., 1989) or oo an identical lactate
concentration for all subjects (HEcq ef af., 1985). The
VO, for Cimax is individually determired using equa-
tion 7. The VO, for Clmax corresponds to the
metabolism intensity just before the blood lactate ac-
cumulation.

Conclusion

1. The proposed new model which is based on
demonstrated physiological phenomenons, represents
a non-arbitar model of (LA"] versus VO, during a con-
tinuous graded interval exercise test.

2. The apparent parameters from the model con-
firm that the low [LA-] observed in endurance well
trained subjects is related to a greater clearance. Then
the maximal apparent clearance is a new concept to ap-
proach the endurance of an athlfete.

3. The VO, for Clmax is an indicator of the shift
of the relationship [LA™)-VO,. VO, for Cimax is in-
dividually determined.
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