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Abstract
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Exercise with stepwise increasing work loads until exhaustion
leads to a curvilinear increase of lactate in blood and typical
lactate kinetics in the post-exercise period. Lactate Kinetics in
blood during exercise and recovery results from diffusion
along gradients between muscie and blood and simultaneous
elimination. Therefore, a general diffusion-elimination model
is presented from which maximal rate of elimination (Em),
individual anaerobic threshold {IAT), gradient between mus-
cle and blood (AC-ACgm), muscle volume working above
the IAT (Vm), individual membrane constant (Mc), quanti-
ty of lactate accounting for lactate gradient (Ageaq}, and
whole body lactate (A q¢) can be obtained. For demonstra-
tion purposes, this model was applied to a highly trained
athlete. In this example, all constants and variables mentioned
above as well as an equation reflecting individual lactate ki-
netics were calculated. Furthermore, the |IAT was determined
in 61 athietes participating in different events. (n general, it
can be demonstrated that with increasing aerobic capacity
the lactate concentration at the 1AT decreases. The lactate
concentration at the [AT varies interindividually within
broad limits, thus emphasizing the need for individual assess-
ment.

Key words: lactate kinetics, physical exercise, diffusion, eli-
mination, individual anaerobic threshold

Introduction

Experimental evidence indicates a threshold representing
a balance between removal and release of lactate from
and into the plasma compartment (1, 9). Regarding the
onset of dissociation of muscle and blood lactate concen-
tration levels (6), this threshold was considered at a blood
lactate level of 4 mmol/l (9, 11) or a predetermined incli-
nation of the blood lactate curve (7). This threshold was
defined as the anaerobic threshold (AT) (7, 9) or aerobic-
anaerobic threshold (11), whereas the point of increase of
lactate from the baseline concentration level was defined
as the aerobic threshold (9), formerly called the anaerobic
threshold (16, 17). In general, this is a useful approach,
though in some cases this consideration did not appear to
be satisfactory. Considering the anaerobic threshold at

the fixed value of 4 mmol/l lactate does not take into ac-
count the individual kinetics of the blood lactate concen-
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Fig. 1 Lactate kinetics during exercise with stepwise increasing
work loads in an international rowing champion (abbreviations
see p 164)

tration curve. Therefore, the individual anaerobic thre-
shold can be located above or below the 4 mmol/l blood
lactate level. In this study, the lactate distribution in blood
and muscle compartments during stepwise increasing work
loads was determined by introducing a general diffusion-
elimination model derived from blood lactate kinetics dur-
ing exercise and the post-exercise period. By means of this
model, the individual anaerobic threshold (IAT) was deter-
mined at individual lactate concentration levels and indivi-
dual blood lactate inclination rates.

Material and Methods

Considering diffusion through biologic membranes (Ep.1),
the progressive increment of the blood lactate concentra-
tion during progressive work load (Fig. 1) reflects the in-
crease of the lactate gradient AC between working muscle
and blood.

Diffusion: “%@’ = Mc - AC (1)

Simultaneously, the rate of lactate elimination E (t) must
be considered (4, 15, 18). When the lactate concentration
curve starts to rise, the increase in the diffusion rate ex-
ceeds the increase in the elimination rate. Near the steep-
est part of the curve in point ta, the increment in the eli-
mination rate can be considered negligible in relation to the
increment in the diffusion rate. It can be concluded that
the rate of elimination approaches a maximum (Eq. 1a).

Elimination: — dﬂdtﬂl =E (1)

- Em = const if t > tp (1a)
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If a certain rate of diffusion is exceeded, an increase of the
blood lactate concentrations in the initial post-exercise pe-
riod (t > tA, Fig. 1) can be observed.

Equation 2 defines the point of time and work load where
the maximal rate of elimination is in equilibrium with the
rate of diffusion. This condition defines the IAT:

ift= tEm
'd—f:i{ﬂj= Em = Mc + ACEp, )

From Eq.1 and 2, Eq.3 is derived, describing lactate kine-
tics during exercise above the IAT:

ift>tgm
dn (1)
J e l= Em + Mc « (AC—ACEy) 3)

dn (t
"‘%t‘—)} max = Em + MC * (ACppx—ACEm)  (33)

At point of time ts (Fig. 1, cessation of work), the rate of
diffusion and lactate gradient are maximal (Eq.3a).

In the post-exercise period (t > ta), the lactate gradient and
consequently the rate of diffusion decrease (2). Figure 2a
shows for different gradients (in t) and their diffusion
rates the points of time where elimination Em « (t—tp)

. t>ta
meets diffusion [

—d—r(‘éﬂ dt. These are the intersection
tA

points of the straight line Em (t—tp ) with the curves repre-

senting different amounts of diffusion t?A
tA

sion and elimination acting simultaneously lead to points
of intersection with the t-axis as represented in Fig. 2b (gra-
dient ACgp does not result in lactate increase in the post-
exercise period). In the blood lactate concentration curve
(Fig. 1), this condition is attained at time point tg where
the decreasing lactate concentration equals the concentra-
tion at point ta. Time interval (tg — ta) is named tp,.

dn (1) g piffu-
dt

oty

> by
dott) "
/ a /d””’dr Enlt=ty)
et e
AEZ
AE1
AEEm
A t
A t

a EEm

Fig. 2a Time course of diffusion ( f d—u dt) according to dif-
1A

ferent gradients (ACgry, to AC,;) and elimination Em (t—tp) presen-

ted separately.

Fig. 2b Time course of diffusion and elimination acting simultane-

ously.
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Em is defined as decrease of concentration with time:
Em = ai

Concentration is defined as quantity devided by volume:

C= A (quantum)
V (volume)

Em-t, determined in blood volume (Vb) reflects the de-
crease of ACpy —ACEy, in the muscle volume working
above the JAT (Vm). Regarding a given quantum (A),
Eq.4 is derived:

Em - t, (Vm+Vb) = (AC—ACEg,) - Vm @)
(1+ ) B+ ty = (AC-ACm)

Eq. 4 results from Eq. 3a and 4:
ift=tp

Em~tn(1+1V%1) (5)

In contrast to Eq. 5, the gradient in t4 can be followed
up in the post-exercise period only as discussed in Fig. 2a:

in tg ta

tp
Em-t, =/ dn() 4t = AC ACgp
ta dt

Substitution into Eq. 3a results in:

Mc expresses the increase of the rate of diffusion per gra-
dient increase of 1 mmol/l. Its dimension is min-! (1/dt),
and it is defined for the time interval t, —tgy, only. There-
fore, the above equation can be written:

dn (tA) 1

—5 = Em +dt Em - t,

Integral within time limits ty ~tgp, results in:

{tdn (tA— - PEm-dt+ Pt g
f dt ff m* t{im dt
f(ta) = Em (taA — tgm) * Em * t, (6)

Regarding Fig. 1, Eq. 7 results from Eq. 6 demonstrating
that every (Em * t) is defined by the blood lactate con-
centration curve f (t5) and the straight line resulting from
Em (tp —tgm) and that all points B’ are located on the
straight line Em (tg—tgm ), which is the tangent from a
given B to the blood lactate curve.
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Fig. 3 Lactate kinetics in an untrained individual at different
work loads. o—o0 exercise to exhaustion; ®——e exercise up to
300 W; x—x exercise up to 250 W.

f(ta)=Em (to—tgm) + Em (tg—ta) = Em - (tp—tEm)
Em (tg—ta) = f (ta) — Em (tpo—tEm) 7

The contact point marks the individual anaerobic threshold
(IAT), the ascent of the tangent the individual maximal eli-
mination rate (Em) according to Eq. 2.

This can be confirmed experimentally. Figure 3 shows lac-
tate kinetics for maximal and submaximal work loads on
the bicycle ergometer in an untrained individual (different
symbols mark different tests on consecutive days).

For each point of the blood lactate curve, the term Mc.

(1 + Vb/Vm) can be calculated by substituting for Em, tn,
and dn (t)/dt into Eq. 5. Figure 4b depicts the changes of
this term with time in three well-trained long-distance run-
ners and the rower whose lactate curve is presented in Fig.
1 (time O marks IAT). Figure 4a shows changes of the fac-
tor (1 + Vb/Vm) with increasing muscle volume working
above the IAT (expressed as multiple of the blood volume).
The two curves are almost identical in shape. Accordingly,
changes of Mc (1 + Vb/Vm) with time are considered to
reflect changes of the muscle volume working above the
IAT. Changes of Vm/Vb with time are determined by
means of the standard curve in Fig. 4a, leading to the in-
dividual membrane constant (Mc). For every point of a
given blood lactate curve above the IAT, the correspond-
ing lactate gradient can be calculated from:

dn (1)
dt

— Em

= AC—-ACEm
Mc

Subsequently, it is easy to calculate the increment of the
gradient per work load increment as well as the increase
of muscle volume working above the IAT (Vm/Vb).

The amount of lactacid energy production can be calcula-
ted from the amount of lactate produced: a gradient multi-
plied by volume results in the quantity of lactate account-
ing for the lactate gradient:
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Fig. 4a Relationship of factor (1 + Vb/Vm) and increasing mus-
cle volume (Vm/Vb].

Fig. 4b Time course of Mc (1 +Vb/Vm) as determined in ® = a
regional class long-distance runner; o = a German elite fong-distance
runner {up to 10,000 m); x = a German champion in 3000 m;

+ = an international rowing champion (Fig. 1).

Agrag = Em * t; (Vm/Vb + 1) Vb

Vb can be estimated by nomogram or from tables (Wiss.
Tabellen, Dokumenta Geigy).

Determination of lactate distribution in body fluids is con-
troversial (3, 13) as blood concentration levels must be con-
sidered to account for concentration levels in interstitial
fluids as well. As elimination is defined as the decrease of
lactate concentration with time in blood and muscle vol-
ume (Vm + Vb), the total amount of body lactate at time
point ty (net lactate production: A ) can be calculated
by Em multiplied by the time interval from tp (cessation
of work) to the point of time where the lactate concentra-
tion in the post-exercise period equals the lactate concen-
tration in tgm (thet):

Apet * Em * ther * (Vm/Vb + 1) - Vb

As elimination is considered to occur during exercise as
well, total lactate production (A¢) can be obtained from
calculation of Em over the time interval tyo; = (tx—tEm):

Apt =Em -t * (Vm/Vb + 1) - Vb

Sixty-two athletes from different events were subjected to
different exercise tests (see data in Table 1); 38 males were
tested on a motor-driven treadmill and 16 males and &
females on an electrically braked bicycle ergometer.

1. Bicycle Ergometer

Swimmers (females):

initial load 50 W, increment 50 W every 3 min
Swimmers and speed skaters (males}:

initial load 100 W, increment 50 W every 3 min

2. Treadmill

Physical education students and handball players:

initial speed 6 km/h at a slope of 5%, increment 2 km/h
every 3 min

Long-distance runners:

initial speed 8 km/h at a slope of 5%, increment 2 km/h
every 3 min
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Tab. 1 Data on 62 participating athletes
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Groups  n Age Height Weight Heart volume Heart volume VOg/kq
{years} {cm) {kg) {mi} {mi/kg) {m! +min-1}

L (r 8 242 +60 17771 66.2 + 8,9 9838 + 155 149 + 1.3 724 + 7.4
HB 16 239 +30 185 +7.0 85.0 + 9.8 1008 + 155 119210 55.2 + 3.8
ST 14 253 +3.0 179 £43 708 £ 5.8 - — 55.6 + 7.3
sS 7 223+20 180 +29 780+ 1.9 928 + 116 119+ 1.4 58.2 + 6.2
S ¢ 9 18.1 + 3.2 183 + 4.8 750 * 6.2 1073 + 80 142 + 1.4 58.6 + 3.9
S e 8 176 + 4.0 169 +5.3 61.7 + 7.4 710 + 113 115 £ 1.3 51.0 £+ 6.9

Tab. 2 Effect of exercise with stepwise increasing work loads above the individual anerobic threshold on individual lactate kinetics

Exercise Lactate dn(t)/dt AC—ACEm Vm/Vb Em - tn Agrad Anet Aot
min w mmol « [-1 mmol+1-1emin-!  mmo! i1 mmo! - 111 mmol mmol mmot
12.5 363 3.0 0.516 0 0 0

14 400 3.95 0.75 0.83 0.26 0.17 1.5

16 450 5.9 1.2 2.35 0.85 1.08 14.0

18 500 8.8 1.8 4.34 2.27 3.01 68.6 174.8 (241.5)

Tab. 3 Work load and lactate concentration in blood at the individual anaerobic threshold in treadmill and bicycle exercise in different

events; means, standard deviations, and upper and lower limits of values

Treadmill exercise

Work ioad IAT {(km/h, §% incl.)

Lactate concentration at IAT {mmoi- {1}

Evert n X range X range
L (r) 7 146 £ 1.1 13.5 ~ 158 21 +05 1.4 — 3.0
HB 16 10.6 + 0.96 9.0 —12.0 391 £11 20 -5.7
ST 14 95+ 1.6 78 — 120 46 1.2 30-75

Bicycle exercise

Work foad IAT (W)
Event n -

Lactate concentration at AT (mmol « 1)

X range k3 range
8§ 7 280 + 60 200 ~ 325 3.6+ 0.8 25 - 4.6
<] 9 254 + 20.6 225 — 300 3908 27 -66
176 = 33.7 125 — 225 3.2:06 24 —43

Heart rate was determined from ECG recording during the
last seconds of each work load. Oxygen uptake was meas-
ured continuously with an open system. Arterialized blood
for enzymatic determination of lactate concentration (5)
was taken with heparinized capillaries from the hyperemic
earlobe at rest, at the end of each work load, and in the
post-exercise period at 1, 2, 5, and 10 min from the termi-
nation of exercise.

Results

According to this diffusion-elimination model, individual
assessment of the constants IAT, Em, Mc and variables

dn (t)/dt, AC—ACgy,, and Vm/Vb was done by a compu-
ter program in 61 athletes. The lactate concentration curve
in Fig. 1 (international champion in rowing) may serve as
an example (Vb = 7.0 1):

Data:
IAT = 363 W (3.0 mmol/l lactate)
Em = 0.516 mmol - I-! - min-!
Mc = 0.292 min!

The gradient at the IAT (derived from Eq. 2):
ACgy = Em/Mc = 1.76 mmol - I-!

Individual lactate kinetics follow Eq. 5:
dn (t)/dt = 0.516 [1 + 0.292 * t, (1 + Vb/Vm)]

The effect of exercise with stepwise increasing work loads
above the IAT on individual lactate kinetics is shown in
Table 2. The individual evaluation of lactate kinetics as
demonstrated in Table 2 shows that the acceleration of the
increment of the blood lactate curve (dn(t)/dt) is paralleled
in the increment of the gradient AC.

The increase of Vm/Vb indicates the increase of the muscle
volume working above the IAT (Vm). The maximal value
in 62 athletes was 4.2. It never approached the physiologic
limit of 5—6 [Wiss. Tab, Dok. Geigy, (10)].

Means of lactate concentration levels in blood during the
exercise and post-exercise period were calculated for each
group listed in Table 1. Figures 5 and 6 show the group

means of the anaerobic threshold as determined from the
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Fig. 5 Lactate kinetics in mean lactate concentration curves ac-
cording to events (Table 1, treadmill exercise).

HB = handball players; ST = physical education students;

Lr = long-distance runners {solid bars indicate tangent at {AT)

mean concentration curves. In addition, from each individ-
ual curve the anaerobic threshold was calculated. Table 3
shows means as well as upper and lower limites of lactate
concentration and work load as determined individually.

Critical Evaluation of Experimental Settings

In conventional bicycle ergometer and treadmill tests (8),
stepwise increasing work loads are used. Intermediate work
loads are calculated by interpolation. To follow the relation-
ship between work load and physiologic response more close-
ly, exercise tests with continuously increasing work load may
tum out to be preferable. Unlike in bicycle ergometer tests,
blood sampling in treadmill tests requires interruption of
work at the end of each interval, which leads to a decrease
of the lactate gradient between blood and muscle. Whereas
in treadmill tests blood is taken immediately after termina-
tion of work, in bicycle ergometer tests this can be done
immediately before termination.

Discussion

The higher the work load in stepwise tests, the more the
rate of elimination remains behind the rate of diffusion,
leading to an increasing acceleration of the blood lactate
curve.

By means of the model presented, the maximal rate of eli-
mination (in t ) is determined at the blood lactate concen-
tration curve by means of a tangent. The contact point de-
fines the individual anaerobic threshold (IAT).

The assumption that maximally induced rates of elimina-
tion (Em) do not change during inactivity in the post-exer-
cise period seems to disagree with experimental evidence,
indicating that work loads.below the onset of blood lactate
accumulation induce a faster decrease of the blood lactate
concentration (1, 18,4). During the first minutes of recovery,
this effect appears to be negligible in magnitude. The experi-
mental evidence presented in Fig. 3 supports this assumption,
as rates of elimination seem to be similar for different t,
intervals. Whether this holds for very long ty intervals or
time intervals tpe Or tyor cannot yet be decided. It may
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Fig. 6 Lactate kinetics in mean lactate concentration curves ac-
cording to events (Table 1, bicycle exercise).

S = swimmers, male and female; SS = male speed skaters;

{solid bars indicate tangent at IAT)

turn out to be favorable to apply light work loads near the
aerobic threshold (9) in the post-exercise periods, thus en-
suring maximal rates of elimination.

It is an advantage of this model that for the assessment of
total lactate turnover the magnitude of the lactate space,
the muscle volume working above the IAT, and the maxi-
mal rate of elimination must not be substituted for by es-
timated values (3, 13). Evaluation of the amount of lac-
tate accounting for a given gradient (Agng) or net lactate
production (Apet) takes into account individual lactate
turnover not only in one compartment (3, 12—14) but
in Vm and Vb simultaneously.

The results indicate that individual determination of the
anaerobic threshold or aerobic-anaerobic threshold at fixed
lactate concentrations (9, 11) or fixed increments of the
lactate concentration (7) is not possible. Because of indi-
vidual lactate kinetics, higher as well as lower lactate con-
centrations than 4 mmol/1{9,11) were found within almost
all study groups (Figs. 5 and 6, Table 3). The means of
lactate concentration at the IAT in groups of untrained
subjects or athletes not especially endurance trained was
found near 4 mmol/l, whereas in endurance-trained sub-
jects (especially in highly trained long-distance runners), it
was found to be distinctively lower (Table 3). Thus, in
cross-sectional studies, it has to be taken into account that
determination of the AT at fixed lactate values may lead
to wrong evaluation of endurance capacity. Individual lac-
tate kinetics require individual determination of the an-
aerobic threshold (IAT).

A paper dealing with 50-min tests at the IAT and at a
fixed lactate concentration is in preparation. It will be
published in one of the next issues of this journal.

Abbseviations

Symbol Dimension Definition

Agrad mmol Amount of lactate accounting for the
lactate gradient

Anet mmol Total amount of body lactate in tp

Aot mmol Total contribution of anaerobic energy

metabolism to exercise in tp

Downloaded by: University of Pennsylvania Libraries. Copyrighted material.



Lactate Kinetics and Individual Anaerobic Threshold

Abbreviations continued:

Symbol Dimension Definition

Lactate gradient at the IAT
Lactate gradient at tp

ACEy mmol-1t!
ACmax mmol -1
dn(t)/dt mmol+I'! » min-! Rate of diffusion

Em mmol « 1! « min"! Maximal rate of elimination

IAT - Individual anaerobic threshold

Mc min-! membrane constant: increase of the rate
of diffusion if the gradient ACyax—ACEmM
is increased by 1 mmol * 1!

tA min Point of time of cessation of work in
exercise with stepwise increasing work
loads

tg min Point of time when the lactate concentra-
tion in post-exercise period meets the lac-
tate concentration in tp

tEm min Point of time during exercise with step-
wise increasing work loads describing .
the IAT

tn min Time interval (tg—ta) needed for elimina-
tion of Agrad

tnet min Time interval (tx—tA) needed for elimi-
nation of A et

ttot min Time interval (tX—tEm) needed for eli-
mination of A¢qt

tx min Point of time when lactate concentration
in post-exercise period meets lactate con-
centration in tEm

Vb 1 Blood volume

Vm 1 Muscle volume working above IAT
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