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Abstract The maximal lactate steady state (MLSS) is the
highest blood lactate concentration (BLC) that can be
identified as maintaining a steady-state during a pro-
longed submaximal constant workload. Comparative
interpretation of published data about MLSS is com-
plicated by the fact that different methods of testing
have been utilized. Thus, three methods, corresponding
to the time course of changes in BLC incurred during
either 30 min (MLSS I) or 20 min (MLSS II and III) of
constant submaximal workload exercise, were compared
in 26 male subjects [mean (SD) age 24.6 (5.6) years,
height 181.6 (4.9) cm, body mass 74.4 (5.2) kg]. MLSS I
[5.1 (1.3) mmolÆl-1], II [4.9 (1.3) mmolÆl-1], and III [4.3
(1.3) mmolÆl-1] were different (P<0.01). The workload
corresponding to MLSS III [244.8 (44.0) W] was lower
(P<0.01) than that at MLSS I [254.0 (40.8) W] and II
[251.9 (40.4) W]. No difference could be confirmed be-
tween the workloads established for MLSS I and MLSS
II. The differences between MLSS I, MLSS II, and
MLSS III and corresponding workloads reflect insuffi-
cient contribution to lactate kinetics by testing proce-
dures that depend strongly upon the time course of
changes in BLC during the initial 20–25 min of con-
stant-workload exercise. Based on the present findings,
constant-load tests lasting at least 30 min and a BLC
increase of no more than 1.0 mmolÆl-1 after the
10th testing minute appear to be the most reasonable
with respect to valid testing results.
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Introduction

The maximal lactate steady state (MLSS) is the highest
blood lactate concentration (BLC) that can be identified
as maintaining a steady-state during prolonged sub-
maximal constant workload. The workload corre-
sponding to the MLSS (MLSS workload) presumably
represents the highest submaximal exercise intensity
(MLSS intensity) that can be performed without an-
aerobic energy metabolism (Beneke 1995; Heck 1990;
Heck et al. 1985). Above MLSS intensity, the kinetics of
the BLC show a clearly identifiable increase with time
during constant-workload exercise (Beneke 1995; Heck
1990; Heck et al. 1985).

The physiological background of the MLSS is
comparable with the theory of the anaerobic threshold.
Determination of the anaerobic threshold requires an
incremental load test that is a generally accepted and a
more or less standardized basic procedure of exercise
testing (Beneke 1995; Heck 1990; Mader and Heck
1986). Nevertheless, various concepts of the anaerobic
threshold do not necessarily provide identical levels of
lactate and/or workloads at MLSS and/or MLSS
workload (Beneke 1995). Consequently, the determi-
nation of MLSS requires several subsequent constant
submaximal load tests performed on separate days
(Aunola and Rusko 1992; Beneke 1995; Beneke and
von Duvillard 1996; Beneke et al. 1996; Haverty et al.
1988; Heck 1990; Mocellin et al. 1990; Urhausen et al.
1993).

The interpretation of selected findings regarding the
MLSS is complicated by the fact that different test
protocols and definitions of MLSS have been utilized in
the past. In principle, all methods differed with respect
to test duration, period of constant-load exercise ob-
served for the interpretation of the BLC kinetics, and the
maximally accepted increase in BLC (Table 1). Howev-
er, thus far only three selected methods have been
compared intraindividually (Beneke et al. 1996). The
present study adds corresponding knowledge and may
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provide a general approach for the comparative inter-
pretation of previous MLSS results.

Methods

Subjects

A total of 26 men [mean (SD) age 24.6 (5.6) years, height 181.6
(4.9) cm, body mass 74.4 (5.2) kg, oxygen uptake 4.5 (0.6) lÆmin)1]
volunteered to participate in this study. Of these, 18 subjects were
endurance athletes (triathlon, cycling, or rowing) with a weekly
volume of training between 10 and 20 h. Eight subjects were rec-
reational sportsmen and not specifically trained. All were healthy.
Institutional ethical approval was received, and informed consent
to participate was obtained from all subjects prior to all testing.

Procedure

All subjects performed one incremental maximal-load test and five
to ten constant submaximal load tests on an electronically braked
cycle ergometer (380, Fa. Elema Schönander, Siemens, Germany).
The pedaling rate was set at 60 revÆmin)1. Individual tests were
conducted at the same time in the afternoon. Intervals between two
tests lasted at least 48 h. All subjects were instructed not to engage
in strenuous activity during the day before an exercise test.

Test protocols

The incremental progressive-load program started at 50 W and was
increased by 50 W every 3 min until exhaustion. The number of
stages completed at prescribed workloads was between five and
eight and a half. The resulting test duration lasted 15–25.5 min.
This test provided the peak workload measured at the termination
of the test and the BLC power ratio for every stage of each
workload. Based on the latter, the individual workloads corre-
sponding to a BLC value of 3.0 mmolÆl-1 were determined.

Each constant-load test session consisted of a warm-up period
of 3 min at 50 W and a 30-min constant-workload exercise bout. In
the first constant-load test, the workload was identical to that de-
termined previously at the BLC value of 3.0 mmolÆl-1 in the in-
cremental load test. In general, in a prolonged constant-load test
this workload intensity gives a BLC steady state that is slightly
higher than 3.0 mmolÆl-1. If during the first constant-load test a
steady state or a decrease in lactate was observed, further subse-
quent 30-min constant-load tests with 3–10% higher workload

intensities were performed on separate days until no BLC steady
state could be maintained. If the first constant-load test resulted in
a clearly identifiable increase of the BLC and/or could not be
completed due to exhaustion, further constant workloads were
conducted with subsequently reduced workload intensities.

Lactate

Capillary blood samples (20 ll) were taken from the hyperemic ear
lobe (Finalgon, Thomae, Biberach, Germany) at the beginning of
the test and at the end of each stage. At the constant workloads,
lactate levels were measured at the beginning and at the end of the
warming-up period, and at the end of every 5th min. Lactate
was analyzed by the enzymatic photometric method (Boeh-
ringer, Mannheim, Germany). At BLC levels in the range
0.6–11.7 mmolÆl-1, the coefficient of variation for repetitive analysis
of the identical sample was 4.8 (4.2)% (Beneke et al. 1994).

Maximal lactate steady state

Each constant-workload test was analyzed according to three dif-
ferent methods of defining MLSS (MLSS I, II, and III): MLSS I
was determined by analyzing the BLC between the 10th and the
30th min of constant workload exercise. During this period the
increase of BLC was limited to no more than 1.0 mmolÆl-1

(e.g., 0.05 mmolÆl-1Æmin-1; see also method nos. 3, 4, 8, 9, and 12 in
Table 1). MLSS II was based on the time course of changes in BLC
between the 10th and the 20th min. During this period of constant-
workload exercise, the maximal increase of BLC was limited to no
more than 0.5 mmolÆl-1, which was similar to the increase per unit
time as defined for MLSS I (0.05 mmolÆl-1Æmin-1), but reduced the
test duration by 33% (see also method no. 2 in Table 1). For MLSS
III, the time course of changes in BLC between the 10th and the
20th min were also considered. Here, MLSS was defined as an
increase in BLC of no more than 0.2 mmolÆl-1 (e.g., 0.02
mmolÆl-1Æmin-1; see also method no. 7 in Table 1).

MLSS I was calculated as the average BLC measured at the
15th, 20th, 25th, and 30th min; MLSS II and III were the average
of BLC values measured at the 15th and 20th min of the corre-
sponding constant-load tests.

Statistics

Data are reported as the mean (SD). Wilcoxon and Friedmann
tests were used to determine intraindividual mean differences.
Differences between methods were further analyzed by orthogonal

Table 1 Concepts of maximum lactate steady state (MLSS) determination. (BLC Blood lactate concentration)

Authors No. Motorpattern
of exercise

Duration of testing
session (min)

Maximum BLC increase
(mmolÆl)1Æmin)1)

Aunola and Rusko (1992) 1 Cycle ergometer ? 0.025
Beneke (1995) 2 Cycle ergometer 20 0.05
Beneke et al. (1996) 3 Cycle ergometer 30 0.05
Beneke and von Duvillard (1996) 4 Rowing ergometer 30 0.05

5 Speed skating approx. 27 approx. 0.05
Billat et al.(1994) 6 Treadmill 20 and 30 ?
Haverty et al. (1988) 7 Treadmill 20 0.02
Heck (1990) 8 Cycle ergometer 30 0.05
Heck et al. (1985) 9 Treadmill 28 0.05
Mocellin etal. (1990) 10 Treadmill 15.5 0.04 or 0.08
Stockhausen et al. (1995) 11 Cycle Ergometer 24 0.04
Urhausen et al. (1993) 12 Cycle Ergometer 30 0.05

13 Treadmill 45 0.033
Williamsand Armstrong (1991) 14 Treadmill 10 0.1
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regression, and the relationship between variables was tested by
linear and by non-linear regression procedures. If a steady-state
BLC was assumed, the time course of BLC was described utilizing
the following mono-exponential term (Dost 1968): BLC(t) =
BLCSS ) (BLCSS ) BLC0) e

(-t/s), where BLC(t) = BLC as function
of test duration (mmolÆl-1), BLCSS = steady-state BLC (mmolÆl-1),
BLC0 = BLC at the beginning of constant-workload exercise
(mmolÆl-1), t = duration of constant-workload exercise (min), s =
time constant of the BLC response (min). For all statistical ana-
lyses, the level of significance was set at P £ 0.05.

Results

MLSS I, MLSS II, and MLSS III were significantly
different (P £ 0.01; Table 2). The time courses of the
BLC values resulting in MLSS I and MLSS II exhibited
an increase (P £ 0.05) until the 25th and 20th min, re-
spectively. The corresponding values of s were 4.76
(0.21) min and 4.27 (0.23) min. For MLSS III there was
no increase of BLC after the 10th min, resulting in a s
value of 2.56 (0.19) min (Fig. 1).

The workloads at MLSS I and MLSS II were higher
(P £ 0.01) than that at MLSS III (Table 2). High cor-
relations were found between the peak workload [356.2

(48.9) W] and the workloads at MLSS I, II, and III,
respectively (Fig. 2).

Only 19 of the 26 subjects were able to sustain a 30-
min constant workload of 273.7 (36.9) W, which was 6.1
(3.3)% higher (P £ 0.001) than the MLSS I workload.
After 30 min, the BLC was 8.2 (2.4) mmolÆl-1. The
clearly identifiable increases in BLC between the 10th,
20th, and 30th min were 1.1 (0.7) and. 2.4 (1.0) mmolÆl-1,
respectively (Fig. 3).

Discussion

Published methods of MLSS determination are different
in principle with respect to test duration and the period
of constant workload selected for the interpretation of
the BLC response and the maximally accepted increase of
BLC (Table 1). All investigators except those of method
no. 6 (Table 1), which cannot be evaluated with the
present study, restricted the maximal increase of BLC per
unit time to a range between 0.02 and 0.05 mmolÆl-1Æmin-
1. Method no.13 (Table 1) is the only procedure involv-
ing a constant workload lasting longer than 30 min.
Method nos.10 and 14 (Table 1) required less than
20 min. Methods nos. 2, 10, and 14 (Table 1) had been
developed especially for children. They were based on the
assumption that shorter durations of testing may be fa-
vorable for the compliance of children, and have been
compared previously (Beneke et al. 1996). The present
study emphasizes and extends the latter findings that
distinct methods of MLSS determination result in dif-
ferent values for the MLSS and MLSS workloads. The
procedures of the present study cover the relevant range
of BLC increases and also test durations except method
no. 13 (Table 11). Thus, the present combination of
methods and results enable a general interpretation of
currently relevant procedures for measurement ofMLSS.

The observed differences between MLSS I, II, and III
can be explained by the typical time course of the changes
in BLC during constant-load tests, which result from the

Table 2 MLSS and workloads for three different methods of
determining MLSS, (I, II, and III). All values of MLSS were
different from each other (P £ 0.01); workloads at MLSS I and II
were higher than that at MLSS III (P £ 0.01). Data are presented
as mean (SD)

Variable I II III

MLSS (mmolÆl)1) 5.1 (1.3) 4.9 (1.3) 4.3 (1.3) P £ 0.01
MLSS workload
(W)

254.0 (40.8) 251.9 (40.4) 244.8 (44.0) P £ 0.01

Fig. 1 Time course of changes in blood lactate concentration
(BLC), as assessed by three different methods of determining the
maximum lactate steady state (MLSS): MLSS I, II, and III. For a
detailed account of these methods, please refer to Methods. The
non-linear increase in BLC observed during the initial phase of
the constant-workload test can be described by s values of
4.76 (0.21) min for MLSS I (r = 0.97, n = 182, P £ 0.001), 4.26
(0.26) min for MLSS II (r = 0.96, n = 130, P £ 0.001), and 2.56
(0.19) min for MLSS III (r = 0.98, n = 130, P £ 0.001)

Fig. 2 Correlation between peak workload and MLSS I workload
(r= 0.84, n= 26, P £ 0.001, y= 0.7x+ 3.55), MLSS II workload
(r = 0.85, n = 26, P £ 0.001, y = 0.7x + 1.51), and MLSS III
workload (r = 0.89, n = 26, P £ 0.001, y = 0.81x + 42.1),
respectively
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dynamic equilibrium between lactate appearance in and
disappearance from the blood compartment. The time
course is determined by BLC0, BLCSS and s (Beneke et al.
1996; Dost 1968; Heck 1990; Heck et al. 1994). s specifies
the velocity of the adaptation to the resulting BLCSS.
After a period of 4s, 99% of the final BLCSS is reached.
Previous investigations have demonstrated, that s is re-
lated to the level of the BLCSS (s= a ·BLCSS+ b); a and
b were found to be 0.4318 minÆmmolÆl-1 and 1.264 min
(Heck 1990), and 0.39 minÆmmolÆl-1 and 0.98 min (Heck
et al. 1994), respectively. The latter results are in line with
the value of s determined for MLSS III (Fig. 1). The s
values forMLSS I and IIwere higher than expected.These
differences appear to be a consequence of the BLCSS

definitions used. Previously, the kinetics of BLCSS were
analyzed by restricting the change of BLC during the 10th
and 30th min of constant-workload exercise to maximal
increases and decreases of 0.1 mmolÆl-1, respectively. This
is less than the maximal increase of the BLC defined as a
MLSS condition by the same research group (Heck 1990;
Heck et al. 1985). At levels of BLCSS between 4.0 and
5.0 mmolÆl-1 a change of 0.1 mmolÆl-1 corresponds to a
magnitude of 2.0–2.5% of BLCSS. Thus, in the previous
studies on BLC kinetics, it was reported that at least 97%
of the final BLCSS was attained after 10 min. The chosen
pharmacokinetic model calculates that 95% of the BLCSS

was reached after a period of 3s. Consequently, based on
the selected tests in those previous studies (Heck 1990;
Heck et al. 1994), values of s that were higher than ap-
proximately 3.3 min could not be detected.

At MLSS I, the increases in BLC between the 10th
and 30th min of the constant-load test were 0.4
(0.5) mmolÆl-1. The BLC did not change during the final
5 min of the MLSS I workload, proving a BLCSS.
Approximately 92% of the final BLCSS was, or can be
assumed to be reached after the initial 10 min (Fig. 1).
The s value corresponding to MLSS I led to a BLCSS

after 17–20 min with an increase of BLC of approxi-
mately 0.2 mmolÆl-1 and, therefore, if a testing protocol

of 20 min of constant-workload exercise had been used,
the BLC would have increased more or less until ter-
mination of the test. Consequently, the slight difference
in the level of MLSS I and MLSS II appearing at nearly
the same workload may be explained by the fact that
MLSS I was calculated by averaging the BLC values
measured at the 15th, 20th, 25th, and 30th min, whereas
MLSS II was an average of the values of the 15th and
20th min. Both methods, MLSS I and MLSS II, and
therefore procedure nos. 2–5, 8, 9, 12, and 13 (Table 1)
appear to provide reasonable results of MLSS workload.
The definition of a maximal increase of the BLC after
the 10th min of constant-workload exercise of no more
than 1.0 mmolÆl-1 based on constant workloads lasting
30 min and possibly longer, seem to provide the best test
results of MLSS and MLSS workload. Consequently,
MLSS III and procedure nos. 1, 7, 10, and 14 (Table 1)
obviously do not consider the time course of changes in
BLC sufficiently and they are not suitable for detecting
the MLSS.

A limitation of the present study is that it remains
unknown whether MLSS I really determined the
highest BLC above which a clearly identifiable increase
of BLC can be observed during prolonged constant-
workload exercise, because in the present study all tests
were terminated after 30 min. However, further argu-
ments seem to support the meaningfulness of MLSS I
and comparable procedures. Only 73% of the subjects
were able to sustain a complete 30-min constant-load
test at a workload above MLSS I intensity. During
these tests, the time course of changes in BLC did not
indicate a steady state. After the initial 10 min, the
BLC increased more or less linearly until test termi-
nation (Fig. 3).

In conclusion, the present study showed that nu-
merous methods adopted for the determination of
MLSS have not adequately considered the kinetics of the
BLC during prolonged constant-workload testing. Due
to insufficient test durations and negligence of the de-
layed adaptation of the BLC to a given constant work-
load, they detect levels of BLC significantly lower than
that of the MLSS. Based on the present findings, con-
stant-load tests lasting at least 30 min, and a BLC in-
crease of no more than 1.0 mmolÆl-1 after the
10th testing minute appear to be the most reasonable
with respect to valid testing results.
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