Eur J Appl Phyxinl (1995) 72 58-66

¢ Sprimger-Verlag 1995

ORIGINAL ARTICLE

M. Francaux -
X. Sturbois

P. Jacqmin * J. Michotte de Welle

A study of lactate metabolism without tracer during passive and
active postexercise recovery in humans

Accepied: 6 July 1993

Abstract Tracers have been used extensively (o study
lactate metabolism 1n humans during rest and exercise.
Nevertheless, quantification of in vivo lactate kinetics
as measured by lactate tracers remains controversial
and new data are necessary 1o clarify the issue. The
present study has developed a simple kinetic model
which does not require labelled molecules and which
vields proportional and quantitative information on
lactate metabolism in humans during postexercise re-
covery performed at different levels of inlensity. Five
subjects took part in six experiments each of which
began with the same strenuous excrcise (StrEx: 1 min,
385 W, 110 rpm). The StrEx of each session was lol-
lowed by a different intensity of recovery: passive re-
covery (PR) and active recoveries (AR} with power
outputs of 60, 90, 120, 150 and 180 W, respectively.
Blood lactate concentration was measured prior to and
immediately after SrEX and regularly during the )st
h of recovery. Oxygen uptake (FO,) was measured
every 30 s during the whole session. The resulis showed
that the disappearance rate constant (k) increases ab-
ruptly from PR [0.080 (SEM 0.004) min~ '] to moder-
ate AR [60 W: 0.189 (SEM 0.039)min~'] and de-
creases slowly during more mtense AR [180 W: 0.125
(SEM 0.027) min~']. The lactate apparent clearance
(Cl- F~ ') was calculated from the arca under the lactate
concentration-time curve. The CI-F ™" increased (.81
(SEM 0.17) fold from PR to moderate AR (60 W) and
only .31 (SEM 0.14) irom PR to the most intense AR
(180 W). Using the model, the apparent lactate produce-
tion (F"Ky) was also calenlated. The F’K, increased
regularly following a shghtly curvilinear function of
O, and was 2.61 (SEM 0.53) fold greater during the
most intense AR (180 W) than during PR. Because of
the lack of data concerning the size of apparent lactate
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distribution volume (V). the apparent turnover rale
(Ry:) has been presented here related (o V. The
R,..- Vg ' increased also following a slightly curvilinear
function of ¥Q, The Ry -V, ' was 8590 (SEM
14.42) umol-min ™' - 17! during PR and reached 314.09
(SEM 153.95) pmol - min~ "1™ during the most in-
tense AR (180 W). In conclusion (he model presented
here does not require labelled molecules and firstly
makes it possible 1o {otlow the proportional change of
apparent lactate clesrunce and apparent lactate pro-
duction during active postexercise recovery in compari-
son with passive recovery conditions and secondly to
estimate the blood lactate turnover.
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Introduction

Tracers have been used extensively to study lactate
metabolism in humans during rest and exercise (Katz
and Wolfe 1988; MacRae et al. 1992: Mazzeo et al.
1986: Searle and Cavalieri 1972; Stanley ct al. 1985,
1086. 1988). However, as discussed by Sahlin (1987).
these data should be taken with caution because of the
rapid interconversion between lactate and pyruvale.
Recently, to evaluate the extent of this interconversion,
Zhang et al. (1993) have infused six anaestbetized dogs
with 1-"*C-lactate and U-'*C-pyruvate. Their resul(s
have indicated that the conversion is so complete that
the blood pyruvate and lactate pools can probably be
considered as one. Therefore, tracer techniques using
labelled lactate cannot disungwish between pyruvate
and lactate metabolism and thus more complex model-
ling s necessary for the quantification of lactate kinet-
ics alone.

Another problem in quantifying lactate metabolism
with tracers is the selection of the appropriate infusion




and sampling sites. In 1987, Okajima ct al. published
a study of lactate turnover in rats, using [**C]- and
[*H] lactate. Two methods of (raccr administration
were performed: (1) injection into vena cava and samp-
ling from aorta {v-a mode) and (2) injection into
dorta and sampling from vena cava (a-v mode}. The
results obtained differed markedly according to the
procedure. Lactatc turnover in rats obtained with
['*C] lactate was 944 pmol-min~' kg ' and
62 pmol-min~ ' kg™ ! for a-v und v-a modes, respec-
tively. In his recent review, Kalz (1992) has written that
“in all animal species examined (rat. rabbit, dog, sheep
and hanans) the tnmorer of lactate, as determined in the
A-V mode. ranged from 25% to 50% higher than in
the V-A mode”. He thought also that the «-v mode
would underestimate true lactate turnover only by
5%—-10%.

Contrary to Binderet al. (1991). the common proced-
ure for measuring the lactate turnover (the turnover
15 the ratio of the rale of infused (racer lo that of
the specific activity of the trace in the blood) using
the v-a mode has a precise physiological mcaning.
[t measures the turnover rate of lactate thut passcs
through the cicculation, whereas the lactate turn-
over rate calculated with the a-v mode always overesti-
mates the turnover rate of circulating lactate and bears
no direct relationship to the (urnover in the whole
body.

It seems thus that the quantification of in vivo lactate
kinetics as measured by lactate tracers remains unclear
and that new data are necessary to clanfy the issue. The
purpose of the present study was (0 propose a kinetic
model which does not require labelled molecules and
which yields proportional and guantitative iforma-
tion on lactate metabohsm n humans during the st
h of passive and active recoverics.

Methods
Subjects

Lactale kinetics was studied in five healthy male volunteers, All the
subjects were physical education students. They were first informed
about the expenment prolocols and then, their consent was ob-
tained. Their main chacacteristics are listed in Table 1.

Protocols

Six experiments were performed by five subjects . Each session began
with a strenuous exercise (StrEX) performed on a Monark friction
loaded cyele ergomeler. The duration of SrEx was fixed at 1 min,
the power output at 385 W and the pedalling frequency at 110 rpm,
The mtention of SIrEx was to load the subject wiih a large amount
of endogeneous lactate. The StrEx was followed by a different
mtensity of recovery” passive recovery (PR} and active recoveries
(AR} with power outputs of 60, 90, 120, 150 and 180 W. The aim of
these protocols was to analyse the kinetics of lactate initially produc-
ed as a function of various metabohe rates during the recovery
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Table 1 Subjects characteristics

Subjects  Age Height  Body mass  Maximal O, uptake
{years) (cmy} (kg) (I-min 1)

| 3 180 76 3,906

2 21 186 S 3165

3 ER) 179 74 4.819

4 21 186 83 5.268

3 20 184 78 4.892

period and then, to draw conclusions concerning Jactate metabolism
related to the intensuty of recovery exercise.

Blood lactate concentration was defermined from an car lobe
blood sample using the Yellow Spring Instrument method (Y'S]
model 231 lactate) Blood samples were taken prior 1o StrEx. im-
mediately after StrEx and at the 2M, 4", g'" g% 10, 12,5, 1§, 200",
25 30 35 40 45, 507, 55 and 60" min following StrEx. This
recovery duration was long enough to reach a steady-state blood
lactale concentration. All lactate kinetic paramelters were computed
in accordance with the model presented helow. Oxygen uptake
(FOa) was measured at rest and every 0 s durmg and after SirEx.
To estimate the VO corresponding o the metabolic rate due (o the
recovery intensity (FO,.,). FO»-ime data during the recovery peri-
od were fitted with a [unction containing 1wo exponentials and one
hase-line:

l"’o::A'C-'l[‘F B-e by } 17()3“

Model

Based ¢n a model presented and validated elsewhere (Francaux et al.
1993). the equations below describe the lactale concentration time-
course from the start of short and strenuous exercise up to the end of
passive or active recoveries performed at different levels of intensity.

Equanons describing the lactate concentration at the steady state

One may consider that blood lactate concentration ut steady state
([la " Ju,..) represents an equilibrium between lactate production and
elimination. Tlus can be expressed by the followmg equation;

d0/di = Ky — k-0 (N

where Ky 15 a zero order rate constant which describes the constant
production of lactate at steady state: k. is a first order rate constant
which deseribes the disappearance of lactate from the blood com-
partment; @ is the amount of lactate in the body.

Since at steady state dQ/dl 1s equal 1o 0, Eq. 1 yields direct]y:

0. = Kok, 2)

where (.. is the amount of lactate 1 the body at steady state.

If one assumes that there 1s a constant relationship between blood
lactate concentration [la ™ ], and the amount of lactate in the body
o

Q=[la"]s V4 (3)
where Vi the lactate distribution volume.

The relationship between [la ™ Jw and lactate amount i the body
as expressed by Eq. 3 allows the conversion of Eg. 2 from an
amount-time to a concentration-ime relationship which may be
cxpressed as:

O Vy = Kpiike Fg) (4)
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Because all the lactate produced does not appear m the blood
compartment {Freund and Zouloumian 1981b), a proportionality
constant (F'y must be applied to Eq. 4 to give:

(F 0.0 Ve =l Ju.=(F Kok Va) (S)

where [la~ Ju . is the blood lactate concentration at steady state.

Equations describing [la ™ ], time course due to short and strenuous
excrese

Immediately after the start of short and strenuons exercise, [la™ ],
increases to reach a peak after the first fow minutes of recovery. It
then decreases following an exponential ume functien. This figure
integrates lactate production, Juctite appearance into the blood and
lactate disappearance from the blooed. This phenomenon may be
represented by the following equation:

d0:dr =Ky Qpra — ke O 6
where k, is a first order rate constant which accounts for lactuie
appearance into the central compariments Qg 15 the amount of
lactate at the production site.

After integration, Eq. 6 becomes:

Q|=Ql='[ku (k, — k(e bt g k") 17)

where @, 1s the amount of lactate in the central compariment at time
1: Qg is the amount of lactate produced during StrEx.

Bused on Egs. 3 and 7. the lactate concentration due to the StrEx
{C')y may be desenbed by the following equation:

Ci = (Qa/ Vbt ik, — kel rle =% T —¢ M) (8)
Because all lactate produced does not appear in the central compart-
ment, a proportionality constant (F) must also be applied 1o Eg. § to
give

Co={FQu V(K 'k, — ke ' —e b 0]

Combining Egs. 5 and 9, one obtains:

e A (F-K )k V)
(10}

Co=(FQu Vb ik, tk, — ke M -

This equation deseribes the lactate concentration 1C,) from the start
of StrEx up 1o the end of the recovery. It takes into account the
lactate kinetics due 1o the StrEx alone and the ¢, associated with
steady-state exercise [la™ ], .. or with rest. Equation 10 may also be
expressed:

C =1FQu Vo) Ik itk — k) te ™M ' —e "% N+ [la™ T (1)
Actually, the model described above 15 an open ene-compartment
model applied to lactate kinetics. In such a model the k, is an
apparent constant which is the ratio between clearunce(Cl)and (V)

ke = CliVy (12
Integration of Eq. 11 from 0 te inifinity yields:
-

JAC = [la™ Jp o dt = {FQy Vb [kyoike — k) [(1 ko) — (17k,)]

¢y

= AUC (13)

This equation gives the arca under the lactate concentration-time
curve (AUC) due only to the StrEx. Rearrangement of Eq. 13 yiclds:

AUC = FQu iV, ko) = FQ,/Cl (14)

Using this model. the ratio between AUC of two diflerent recovery
periods in the same subject gives:

AUC, AUC, =(F |04, /CI)}-(ClL/F20 ;) (1%

If one assumes that @, , and Q,, , are equal because of the same
imitial exercise. the ratio between AUC vields the ratio between
apparent lactate clearances (CH-F ');

AUC, AUC, ={F, /ClINACLIF ) ={CL-F7i(CH - F Y (16)
The same approach may be apphed to [la™],, . values:
[la™ Yy Do Ty = (F Ky 2/ CLIA(CEHF Ky ) (17
Combining Egs. 16 and 17, one obtams:
(AUC,  AUCH ([l Tnwz [l Joset)

= (F CILYACH TF Ko (O (F3K o CL) (18)

Aifler rearrangement;

(AUC, AUC (e T Lo T ) = (F2 K FIK, 0HAF R L)
]

W F-F " s equal to ¥/, F'K,F ' is noted F'K, and is called

apparent rate of lactate production. Then:

(AUC P AVC ) (a7 Jo a7 o d = FEKG 0 F1Kg (204

Equation 20 yields the ratio between the apparent rates of lactate
production during different exercise intensities.

On the other hand. at steady-state concentratens. the blood
lactate turnover (Ry,) 18 equal 1o [la ™ ], . times clearance

Ry =[la" ]y Cl (21
Knowing Eq. 12. R,,;- ¥y ' muy be calculated as follows:
Ry Vo' =k [l ]y £22)

Statistical analysis

The 1it of the theoretical curves has been computed using MINSQ
following the Simplex nonlinear regression method (derivative-fice
methods) deseribed by Nedler and Mead (1965). The StrEx started at
time 0. The first datapoint immediately after StrEx was considered
10 be time 1 and so on until 61 min after the beginning of StrEx. The
statistics have been computed using SYSTAT (Wilkinson. Levland
1959),

Results
Oxygen uptake

The base-line of the ¥O,-time curve represents VO,
due to the intensity ol recovery (VO .1 (Table 2). As
expected. Oy, increased lincarly with power outpul
(VO = 303.3 + 1329 W:r? =0.938).

Lactate Kinetics

After an inttial increase during StrEx. [la ™ ]y, still in-
creased at the beginning of each recovery (o reach
a peak. It then decreased according to an exponential
Tunction of nme. All laclate kinetics were fitted using
Eq. 11 of the modcl and always gave a very satisfactory
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Table 2 Steady-siate oxygen uptake —
60 W

corresponding to the metabolic rate Rest 90 W 120 W 150 W 180 W
during the recovery period (FO,..) and
kinetics parameters of lactate recovery. k., VO, Mean 330,70 1120070 147280 1857.02 221454 2798.20
disappearance rate constant, k, {ml-min™" SEM 28.93 5270 102.89 8§3.97 93.89 16254
appearance rate constant, FQ, V', lactate k. Mean 0.080 0,189 0.166 0.157 0.134 0.125
amount appearmyg in the blood (min~") SEM 0.004 0.039 0.036 0.027 (1.029 0.027
compartment divided by the volume of K, Mecun 0.801 0.502 0.633 0 68R 0.736 0572
distribution space. [la™ Ju.. steady state (min~ ) SEM 0.161 0.094 0.077 Q069 (L11% 0101
blood lactate concentration induced by FQaiVy Mean Q.74 11.58 10.97 11.6] 9.70 947
the intensity of the recovery, AUC area {mmol-]1™Y SEM 1.07 1.18 097 047 .76 056
under the blood lactate concentration- [a™ . Mean 1.08 0,859 0.84 1.11 1.40 212
ume curve immol-17"} SEM 012 018 0.12 020 0.24 0.54
ALC Mean 12217 71.82 1522 82,75 87.11 g6.17
(mmol-min-1"" SEM 15.50 12.95 12,10 12,13 14.22 16.73

fit (Fig. 1. Results of kinetic parameters are presented
in Table 2 and illustrated in Fig. 2.

The k. mean (Table 2) mcreased abruptly from PR
[0.080 (SEM 0.004) min~ '] to moderale AR [60 W:
0.189 (SEM 0.039) min~ '] and then decreased slowly
during more intense AR [180 W: 0.125 (SEM 0.027)
min~']. A nonparamctric Fricdman test showed a
significant difference between sessions (P = 0.007).

The estimated values of k, were rclatively constant
during the six conditions of recovery. The Friedman

lactate reaching the blood was in 1.v. bolus distributed
instantaneously. This parameter 1s not influenced by
the appearance and disappearance rate constants. I
remained relatively conslant during the six sessions.
The Friedman test showed no significant diflerence
between conditions of recovery.

The AUC decrcased markedly from PR [122.17
(SEM 15.530) mmol-min-17'] 10 moderate AR [60 W:
71.83 (SEM 12.95) mmol-mn -1~ '] and then increased
slowly with more strenuous exercise [ 180 W: 96.17

(SEM  16.73ymmol-min-1"']. The Friedman test
showed significant differcnces between conditions of
recovery (P = 0.020). Using Eq. 16. the C/-F~ " may be
calculuted. The C/-F~ ' increased 1.81 (SEM 0.17) fold

test showed no significant difference between condi-
uons of recovery.

The FQu Vg is the laclate concentration that
would be observed. al time zero, il the amount ol
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Fig. 2 Mean time courses of the 10 (0
blood laclate concentrations o~ 11 passive recovery < active recovery - H0 W
(mean and SEM) for different - o
types of recovery (n = §) =
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- 8] T T T
(4} 2) 40 ) 8 80
Time {min) lime (min}
10 _ 10 _ e
f 3 ] achive reduvery - S0W . N aclive recovery « L20W
= &
2 s
= = 0 . : .
8 ¥ X3 40 o) 80
[ime (min)
10 10
o 1 aclive recovery - | 50w . aCTve pecehen - JRD Y
= 4 e recovery v T_ 3-5 Tavie Fo e RO
e . =
(] 20 LY (48] 80 )
Time (min] lime (min}
from PR (o moderate AR (60 W) and only 1.31 (SEM 3
0.14) fold from PR to the most intense AR {180 W;
Fig. 3).
! . . . c 1t
The [la],... induced by the intensity of recovery £
decreased slightly from PR [1.03 (SEM 0.13) -
mmol-1~'] to moderate AR [90 W: 0.84 (SEM 0.12) « L
mmol-17"] and then increased to 2.12 (SEM 0.54) C
mmol-17" during the most mlensc AR (180 W)
(Table 2)' :IL: 1-;‘_’“.:- Ttn 3000

Knowing AUC and [la],.... the F”Kg during PR and
during AR may be calculated using Eq. 20 (Table 3).
This ratio increased regularly following a slightly cur-
vilinear function of ¥O, (Fig. 4). The F'Kq was 2.61
(SEM 0.53) fold greater during the most intense AR
(180 W) than during PR.

Another method to estimate the lactate production
during PR and AR consists of calculating Ry, usimg Eq.
22. Nevertheless, because of (he lack of data concerning
Va and its possible vanations durimg exercise. the

Oxypgen uptake (lmin™ )

Fig. 3 Lactate apparent clearance {Ci-F ') ratio versus oxygen
uptake

results of Ry, have been presented related 1o Vi (Fig. 3).
The Ry,- V¢! increased also following a slightly cur-
vilinear function of VO, The Ry -V, ' was 8590
(SEM 14.42) ymol-min~"' -1~ during PR and rcached
314.09(SEM 153.95) pmol-min '-17 ' during the most

Table 3 Apparent lactate production

ratio (F'K ) and apparent blood luctate Rest 60 W 90 W 120W 150w 180 W
turnover by unit of distribution volume

(R V.7, at rest and during exercise F“K,, ratio Mean 1 1.45 1.37 .58 1.96 2.61

SEM 0 011 017 (ih 0.31 0.52

Ry, V5! Mean 8590 163,13 13295 18455 20546 11400

{pmol-min~!:171} SEM 1442 42,03 2267 S®.A3S 80.89 15393
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Fig. 4 Luctule apparent production (7K ) ratio versus oxygen up-
lake

= 1] 1 1 .
s 0 1000 2000 3000
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Fig. 5 Blood lactate turnover divided by the volume of the distribu-
von spuce {Ry Vg ') versus oxyvgen uptake

intense AR (180 W). However. great interindividual
variations were observed for the R,,- V, ' values. In
particular, subject 3 presented for the six experiments
a value of Ry~ V' markedly higher than the other
subjects. This explains the large standard ervors ob-
served for the means of Ry - V' (Table 3). Withou
taking subject 3 into consideration the mean value of
R, V. ! would be 72.36 (SEM 6.46) yumol-min~"-17!
during PR and 162.17 (SEM 32.16) ymol-min~'-17!
during (he more intense AR (180 W),

Discussion

In 1981, Freund and Zouloumian (1981a) have present-
ed a kinetic model to describe lactate kinetics in blood.
This model is an open two-compartment model with
elimination constants applicd (o both compariments
(Fig. 6). The mathematical solution of that model leads
to an equation that can accurately describe the
concentration-time profile of lactate in the blood after
exercise (Fig.6). However, as far as thec absolute
values of the micro-constants are concerned (elimina-
tion rate constants, transfer rate constants, central and
working muscle volumes of distribution space). the
model cannot be solved in practice and partially loses
s interest.
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Based on that approach. wc have used a simpler
model in which the parameters would be dircetly mean-
inglul and useful in practice. The model presented here
15 based on the pharmacokinetic theory. It is an open
one-compartment model with vascular and extravascu-
lar administrations. In (act, it is a simphification of the
model suggested by Freund and Zouloumian {(1981a).
The major difference is that the site of lactate produc-
tion is represented in this model by a virtual compart-
ment instead of real fransfer compartment (Fig. 6). At
rest lactate production is represented by a zero order
rale constanf from a virtual compartment of lactate
production to the central compartment (mmtravenous
infusion in pharmacokinetics). After short and strenu-
ous exercise 11 1s assumed that lactate is produced at
once 1n a virtual compartment and released from that
virtual compartment into the central compartment fol-
lowing a first order rate constant (oral or intramuscular
administration in pharmacokinetics).

Lactate, as for many drugs, does not reach the blood
completely. A fraction is metabolised in situ {in the
virtual compartment). Therefore, a proportional factor
F (bio-availability in pharmacokinetics) is used to ex-
press the m situ metabolism (first pass effect m phar-
macokinetics). The mathematical solution of this model
lcads to paramelers that can be interpreted as follows:
k, is the appearance rate constant of lactate into the
central compartment. k, is the disappearance rate con-
stant of laciale from the central compartment, FQ,/V,
1s the fraction of the total amount of lactate produced
during the strenuous exeraise that reaches effectively
the central compartment divided by the volume of the
distribution space of the central compartment. The
[a™ ], o 1s the result of the equilibrinm between a con-
stant appearance of lactate into the blood (F'- K,) and
its disappearance from the blood. As shown i Fig. 6.
the mathematical solution of that model leads to an
equation (Eq. 11) that can accurately describe the
blood lactate-concentration time profile and have
a quahity of it sumiar to that obtained with the Freund
and Zoulounuan {1981a) equation. Nevertheless, in this
equation. the time 0 considered to be (he onset of the
recovery period whereas in the model presented here,
the time O is he start of the StrEx.

Just after StrEx. the (la™ ], was already much higher
than the lactate concentration at rest. This clearly indi-
cates that lactate appearance in the blood circulation
occurs between the start and the end of the StrEx. The
delay between the start of the StrEx and the appearance
of lactate in the blood circulation has been calculated
as a few seconds( + 6 s) by intreducing in Eq. 11 a time
lag parameter (f-time lag). Because the time lag was
very small and did not improve significantly the quality
of the fit, and in order not 1o lose a degree of freedom. it
was decided not 1o use it and to consider the start of the
StrEx as the ume 0 of the analysis.

The results of the present investigation showed that
the lactate disappearance rate constant (k.) increased
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Fig. 6 {A) Open one-compartment model propesed m the present
study and (A’) typical fit obtained using Eq. 11 (r* = 0.994). (B) Open
two-compartment model proposed by Freund and Zouloumian
(1981a} and (B fit of the same datapoims using the cquation
described by these authors (r* = 0.960) . K, is the constant lactate

from passive recovery [0.080 (SEM 0.004) min~'] (o
modcrate exercise recovery [60 W: 0.189 (SEM 0.039)
min~ '] and decreased from moderate exercise recovery
to ntense exercise recovery [0.125 (SEM 0.027) min ™"
Table 27. These variations are in good agreement with
other studies which have examined lacltate removal
during various intensities of recovery (Belcastro and
Bonen 1975: Dodd et al. 1984; Francaux et al. 1993;
Hermansen and Stensvold [972; Stamford et al. 1981:
Weltman et al. 1979).

As, the StrEx was always the same, it was assumed
that the amount of lactate produced (Q,) during the
StrEx was constant in cach subject. An indirect method
of verifying this assumption was to examine the differ-
ences in lactate concentration at the end of StrEx for
each individual among the different trials. The Fried-
man test did not show any differences among trials and
therefore confirmed that Q4 was in all likelihood con-
stant 1 each subject. The reason why StrEx was per-
formed was 10 stimulate a large production of lactale
during a brief period (1 min) which was considered as
an endogeneous load of lactale. During recovery
(60 min), lactate was produced and removed according

B
working remaining
muscie [actate
\P;II'C Sp;'l: (4
Bl
12
3
&
Time (min)
production at steady state (zero order. mmol-min~™"), F' s the

bio-availability. k, and k. are the appearance and the disappearance
rate constants {first order. min~ ') respectively. and Q. Q.. Q, are
lactate amounts (m millimoles)

to the ntensity of the recovery exercise. If the lactate
amounts produced mitially during StrEx were always
identical in the same subject, the variations of lactate
kinetic parameters during the different recoveries may
be interpreted as being varianons due to the recovery
exercise only. Therefore these kinetic parameters yiel-
ded information on lactate metabolism for the exercise
intensity of each recovery. Considering this assump-
tion. the major contribution of the present study was to
esumate the Ry, without using labelled molecules. The
Ry, is calculated from [la™ ], .. and k.. As k, has been
shown to be dependent on the intensity of the previous
exercise (Freund et al. 1986), the Ry, values reported
here should not be extrapolated (o other exercise situ-
ations. Nevertheless. as StrEx was standardized. the
changes in R values here depend on the mntensity of
the recovery cxercise.

The k. is the ratio between Cland V4 {Eq. 12). Thus,
all k, changes could be interpreted as a variation of C/
and;or V.. The mcrease of k, [rom PR to moderate AR
was probably the consequence of an higher clearance.
Neverthciess. because of the lack of data concermng V),
and s possible variation durnng exercise, a better



method to approuach Cl1s 10 calculate AUC which is
the ratio between FQ, and C! (Eq. 14).

If one assumes that Q, is constant due to the same
initial exercise (StrEx), AUC changes are inversely pro-
portional to CI'F ' changes. Thus, F is the factor
which determines the fraction of lactate amount pro-
duced in the muscle that rcaches the central compart-
ment. This parameter (1-F) could be regarded as
a muscle first pass eflect during ang after StrEx which
may be linked to Cl So, CI-F ' is called apparent
lactate clearance. Considering AUC. Cf-F~ ! increased
abruptly [1.81 (SEM 0.17) fold] from PR (o moderate
AR (60 W) and then decreased slowly during more
intense AR (Fig. 3). A similar change of k. and AUC
showed that V,; probably did not vary during long-
term exercise (60 min).

These observations of lactate clearance changes dur-
g exercise are in good agreement with other studies
either having used labelled molecules (MacRac ct al.
1992: Mazzeo et al. 1986: Stanley ct al. 1985) or not
(Francaux et al. 1993). The reason why the lactate
elimination is limited during exercise remains unclear.

On the other hand. the [la™], .. induced by the
recovery exercise intensity decreased slightly from PR
and then increased during the heavier AR (Table 2). On
basis of C1-F~ ! and [1a™], . vanalions, one may esli-
mate, using Eq.20. that F"K, increased following
a shghtly curvilinear function of VO,. Although [la™1,
decreased during moderate AR, lactate apparent pro-
duction was multiplied by 1.45 during the 60 W AR.
Because [la™], 1s the balance between production and
removal, 1t is obvious that [la ], alone was not an
accurate indicator of lactate production, The propor-
tional changes of F"K, presented here is in good agree-
ment with the values reported by Mazzeo ¢t al. {1986)
who have estimated the blood lactate disposal rate
during rest and exercise using a Na“-L { + )-[1-7°C]
lactate intravenuous bolus injection. Indeed for steady-
state exercise requiring a VO, of 3.1 1-min ', the pre-
vious authors have found a blood lactate disposal rate
2.56 fold greater than at rest whereas in the present
study, the most intense AR required a VO, of 2.80
(SEM 0.16) |- min~" and (he apparent lactate produc-
tion was multiplied by 2.61 (SEM 0.53). The small
discrepancy between the proportional results of the two
studies is the form of the relationship between lactate
production and VO,. Based on three VO, levels, the
results presented by Mazzeo et al. (1986) have shown
a linear relationship between the bivod lactate disposal
rate and VO, whereas our results (six VO, levels)
showed that F"K, 1s a shghtly curvilinear fonction of
YO, (Fig. 4). It scems thus that lactate production is
almost directly related to the metabolic rate.

Changes in F'K,, ratio vields an estimation of the
proportional increase of apparent lactate production
during AR in comparison with PR. To estimaie quant-
itatively lactate production. the Ry, would be calculated
using Eq. 22. However, because of the lack of data

[

concerning V', and ils potential changes during cxer-

cise. Ry, 18 presented related to V. During PR. the

Ry Vg ' mean value is 8590 (SEM 14.43) pmol-

min~'-17 ', As the turnover values are usually reported

related to the body mass, to compare our results with
others previously published, the size of Vi must be
assumed, — which should be donc with caution! Thus.
assuming that V¥, during the steady state is the total
body waler (67% of the body mass), the value of

R,, during PR reported here (37.35 pmol-min "-kg ')

15 greater than has been presented at rest in humans by

Searle and Cavalieri (1972; 17.59 ymol min~'-kg ")

and by Mazzeo el al. (1986; 22.85 pmol-min~'-kg ™).

Other authors have esumated the lactate (urnover in

resting humans using the Steele’s nonsteady-state equa-

tions. They have reported turnover values of 14

pnmol-min~'-kg~! (Stanley et al. 1985) and 60

nmol-min~'-kg™! (McRac et al. 1992). respectively.

On the other hand. vsing *H- and '*C-labelled lactate.

Okajima et al. (1981) have found in starved rats a lac-

(ate turnover value of 88.9 ymol - min~' kg™’

[1 seems thus that large discrepancies exist between

absolute values of Ry, reported by various investiga-
tors. These differences may come from three major
sources:
1. In our experiment. StrEx could have influenced the
postexercise Ry,
Different values could be attnbuted to V.
Diflerent tracers have been vsed. Infusion of carbon
labelled molecules goes with isotopic carbon reeycl-
ing (reversible tracers) which tends to underestimate
the true Ry,;. The use of hydrogen labelled molecules
escapes 10 this recycling phenomenon (irreversible
tracers) but protons are widely exchanged with their
environment and tend therelore to overestimate the
true Ry,

4. Different types of infusion-sampling have been used.
Several authors have compared, theoretically as well
as experimentally, the methods of arterial infusion
and venuous samplhing {a-v mode) with venous infu-
sion and arterial (or arterialized) sampling (v-a
mode). partcularly because the specific activity of
lactate has depended on where the tracer 1s infused
or injected and where the blood 1s samipled (for
reviews see Katz 1992; Sacca et al. 1992). It seems
that the a-v mode estimate of Ry, has allowed values
25%-50% greater than the v-a mode estimate.
The results of the present study avoid these criti-

cisms. The usc of endogencous lactate to estimate Ry, 1s
in perfect agreement with the natural pathways of lac-
tate metabolism. Indeed after StrEx, lactate appears
first in the muscles and then in the blood whereas after
infusion. the lactate tracer appears first in the blood
and (hen penetrates into the muscles according to ki-
netics which are not the same as the kinetics of the
lactate release from the muscles.

Changes in F'K,, during recovery have been cal-
culated mdependently of ¥, which has been assumed to

(PN
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be constant and Ry, has been presented related to V.
In addition, the model does not require labetled mol-
ecules and vields quanttauve changes of R,,. However,
as the disappearance rate constant has been shown to
be dependent on the intensily of the previous exercise
(Freund et al. 1986). the R, reported here should not be
extrapolated to other exercise situations.

Similarly to F'K,, Ry, Vy ! increased during exer-
cise following a slightly curvilinear function of VO,
(Fig. 5). As, has previously been shown by Stanley et al.
(1988), very important inter-individual diflerences were
observed for Ry,- ¥y ' which reached 314.09 (SEM
153.95) umol-min~"+17" during the most strenuous
exercise (180 W),

In summary. a kinetic model which daoes not require
labelled molecules has been presented. This model
makes it possible to [ollow the proportional change of
apparent lactate clearance and apparent lactate pro-
duction during several levels of exercise mm comparison
with rést. Moreover, Ry, can also be calculated inde-
pendently of the use of a tracer.
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