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Abstract

Traditionally it is accepted that physiological mechanisms

underpin the oft-demonstrated highly significant relationship

between work rates at fixed blood lactate concentrations of
4 mmol." (WRwe) and endurance performance (EP). The
objective 'of this paper was to suggest an alternative non-
physiological mechanism for the ability of WRe. to predict
EP. important observations are that WRw. occur at a con-
stant percentage of maximum work rate (WRw) in trained
athletes and there are high correlations between WRx,
WRr=: and EB These observations suggest that WRw is a
‘marker of WRm. Using data from published reports, the
association between WRw and EP is dramatically reduced
after removing the' effect of WRmx Furthermore, the
between-subject variation in slopes (first derivative of expo-
nential plus constant function) at fixed blood lactate concen-
trations is significantly associated with WRn/WRm ratios
with exponential but not linear relationships using the same
blood factate concentration - work rate data. This paper
argues that WRx« is related to EP through its relationship
with WRws, and contends that the relationship between
WRs. and EP is not causal because of physiological mech-
anisms, specifically skeletal muscle metabolism. The WRsi-
EP relationship is rather the result of the peculiar properties
of the exponential relationship between blood lactate. con-
centrations and incremental work rate. Re-analyses of exist-
ing data sets with valid measures of WRmx and
homogeneous and heterogeneous samples in terms ' of
endurance performance, to confirm or reject this hypothesis,
are warranted.
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Introduction

Certain paradigms propagated by exercise scientists are based
on research that was conducied during the early part of the
20th century® Consequently, the conclusions made by these
early scientists were based on data obtained using rather indi-
rect and limited methods. The techniques available to exercise
scientists today have allowed much more detailed, accurate
and direct measurements to be made.®

Arguably, 2 of the most pervasive paradigms in exercise sci-
ence, in need of revision, are that human endurance perfor-
mance is limited by whole-body maximal oxygen uptake
(VO=m=x) and that 'lactic acid' is the result of skeletal muscle
anaerobiosis and causes fatigue.>**'* In other words, VOzmax is
limited By the availability and supply of oxygen to the working
skeletal muscles, and lack of oxygen to the muscles leads to
the production of 'lactic acid' which inhibits skeletal muscle con-
tractile performance (this will be referred to as the Meyerhof-
Hill-Wasserman postulate, so-named after the major
confributors to the development of the model). Predictably, from
this paradigm developed the use of blood lactate concentra-
tions to monitor and predict performance in endurance ath-
letes.* This practice continues,” specifically the use of the fixed
blood lactate thresholds, and in particular the work rate at a
fixed blood lactate concentration of 4 mmol.l' (WRxx), to predict
endurance performance (EP)."?

The objective of this paper is to suggest an alternative non-

physiological mechanism for the ability of WRwn. (4 mmol.") to
predict EP The paper is divided in 2 parts. The first section
briefly reviews the evidence cited in support of WRw«., and then
shortly elaborates on some important aspects related to the
exponential increase in blood lactate concentration with
increasing work rate. The second part of this paper is devoted
to developing an alternative non-physiological hypothesis for
the ability of WRwe to accurately predict EP Readers are
referred to more comprehensive and detailed reviews regard-
ing blood lactate metabolism.***
What evidence has been presented by
Froponents of WRwi to justify the use of
ixed blood lactate concentrations to pre-
dict endurance performance?

The use of WRw= probably originated during the early 1970s,
the main proponent being Alois Mader, a German sports sci-
entist and medical doctor, now retired. In 1976 Mader and his
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colleagues from the German Sports University, Cologne pub-
lished 2 papers, in German, suggesting that the 4 mmol.H
blood lactate threshold represented the 'aerobic-anaerobic
threshold"."™ During the 1970s the use of blood lactate concen-
tration for prescribing training intensities and monitoring train-
ing adaptation in endurance athletes, in particular swimmers,
was widespread in pre-unification Germany- It could be argued
that the phenomenal success of the East German swimmers®
served as empirical evidence in support of the validity of WRw.
for prescribing training intensities and monitoring fraining adap-
tation.

Support from the scientific community came from a number
of sources, but most importantly the Meyerhof-Hill-Wasserman
postulates* formed the bulwark of the defence.”®? [ndeed,
Karisson and Jacobs have suggested a similarity between the
4 mmol.l" blood lactate threshold, and a stable Ve/VO: ratio 2
However, Davis ef al’ showed that the metabolic rate (ml
O=min?) at the anaerobic threshold, determined by gas
exchange,* differed from the metabolic rate at the blood lactate
turn point and fixed blood lactate concentrations (2 mmol.l" and
4 mmol.I") by 44 ml O..min", 280 ml O.min?, and 1 028 ml
Ozmin, respectively. The metabolic rates at the fixed blood
lactate ¢oricentrations were significantly different from the gas
exchange anaerobic threshold (p < 0.05).

In 1978, Jorfeldt et al. presented in vivo human data sug-
gesting a plateau in the lactate released from working skeletal
muscle (~4 mmol.min) when lactate concentration in working
skeletal muscle reaches about 4 - 5 mmol.}l. In citing the find-
ings of Jorfeldt et al. as evidence for the 4 mmol.lI" threshold,
some have suggested that ‘since the density of muscle and
blood are almost identical, a blood lactate concentration of 4 -
5 mmol.I" corresponds to the saturation part for the speed of
lactate release’.2 However, it has been noted that if the lactate
efflux data of Jorfeldt ef al. are plotted against the lactate gra-
dients, no saturation point is seen® and to their credit, Mader
and Heck have conceded this point.7 Furthermore, recent stud-
ies have found lactate effiux rates as high as 7.6 mmol.min",
without evidence of a saturation point in lactate efflux.®
Therefore, although the data of Jorfledt ef af. is suggestive of
lactate transporter mechanisms between muscle and biood,*
the absolute values of lactate efflux and working skeletal mus-
cle iactate concentration are fortuitous and cannot be used to
justify the 4 mmol.I* threshold, as has been done by propo-
nents of the threshold.’s=

During the early 1980s a number of papers were published
that endeavoured to provide further physiological support for
the 4 mmol.l" threshold.Z The support in these papers for the
4 mmol.l" threshold was based largely on studies examining
the relationships (correlations) between the 4 mmol I thresh-
old and skeletal muscle fibre typing and enzyme concentra-
tions.2 However, the underlying basis of these studies was the
belief that in order to prevent an ‘oxygen deficit’, the ability of
skeletal muscle respiratory capacity and cardiorespiratory
capacity must be improved.2 Essentially these papers found
significant associations between WRue and percentage slow
twitch fibre area, ratio of oxidative to glycolytic enzyme activi-

ties, skeletal muscle respiratory capacity and capillary density,
total heart volume and maximal oxygen uptake.?

In 1985, Mader and associates published a paper attempt-
ing to justify the 4 mmol.I threshold,™ probably because of
concerns raised by others about the generalisability of a single
absolute blood lactate threshold as representative of steady
state conditions.® They found that the mean maximal lactate
steady state concentration (MLSS) obtained during five 25-
minute constant load tests on a treadmill for 16 trained males

“Was on average 4.02 + 0.73 mmol.I".™ The blood lactate con-

centrations, of the corresponding MLSS speed, for incremental
treadmill tests of 3 and 5 minutes stage lengths were 3.50 +
0.60 mmol.I" and 4.05 + 0.86 mmol.I", respectively. Different
stage lengths and treadmill types had significant effects on
work rates at 4 mmol.l (p < 0.04) and various running surfaces
and treadmill inclinations produced varying blood lactate
responses. The length of blood sampling periods between work
increments for an incremental test had no effect on the work
rate at 4 mmol.l (p = 0.362).* Mader and associates also
reported a mean MLSS 0f4.01 + 0.75 mmol.I" in 59 elite swim-
mers after a continuous 30-minute swim.* Furthermore, the
mean swimming speed during the 30-minute swim test was not
significantly different from the speed at a blood lactate concen-
tration of 4 mmol.I" determined from a two-speed swim test (2
X 400 m) (1.361 m.s* v 1.353 m.s"). Moreover, a significant
association was found between these two speeds (r=0.97, p
<0.001).*

The findings of Mader and associates showed, as expected,
that testing conditions must remain constant between tests to
ensure reliable blood lactate concentration - work rate relation-
ships.” However, this hardly serves as justification for the use
of the 4 mmol.l* threshold. The primary evidence for justifying
the 4 mmol.H threshold was firstly, that the swimming and run-
ning speeds at MLSS produced blood lactate concentrations
very close to 4 mmol 1,15 Secondly linear regression for the
swimming and running speeds at 4 mmol.l obtained during
incremental tests versus the swimming and running speed at
MLSS, were highly correlated (r> 0.95) and very close to the
line of identity.** However the primary validation seems to be
the appeal to MLSS, which Mader and associates found to be
~4 mmol.F."** Brooks et al.* note that although a MLSS at ~4
mmol.I" blood lactate concentration is often found, the associ-
ation is not causal. Furthermore, recent work suggests the
appeal to MLSS does not serve to justify the 4 mmol.l" thresh-
old because the amount of active skeletal muscle mass has a
significant effect on MLSS2 Moreover, highly variable MLSS
between subjects of 2 mmol.I - 6 mmol | have been demon-
strated.*

Finally, in 1986, further support for the 4 mmol." threshold
came from a computer simulation of a 2-compartment lactate
kinetics model which predicted that MLSS would occur in the
range of 3 - 4 mmol.l".Z Significantly, Mader and Heck did not
explain, on the basis of their model,” why some studies have
found highly variable MLSS ranging from 2 mmol.l* to
6 mmol.F" which are at odds with their 4 mmol.F threshold.*

From the preceding discussion it can be concluded that the
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evidence forwarded to justify the 4 mmol.l" is flawed for at least
4 reasons: () the appeal to questionable paradigms* to explain
the rise in blood lactate concentrations with increasing work
rate;"2 (ij) the reliance on 1 study suggesting a saturation point
in muscle lactate efflux at a blood lactate concentration of ~4
mmol.I";* (i) the fortuitous findings of MLSS values of ~4
mmol.l';"** and (jv) the use of associations between skeletal
muscle fibre types, skeletal muscle enzyme profiles and WR#ue
to establish causality between WRwe and EP=

Lactate is an important, dynamic metabo-
lite not a 'dead-end’ substrate

Studies have shown repeatedly and convincingly that biood
lactate concentrations do not reflect the rate of production or
removal of lactate, nor do blood lactate concentrations reflect
an 'anaerobic’ state of the skeletal muscle.® Moreover, lactate
does not cause fatigue but is an important substrate.® Gladden
summarises appropriately that "lactate can no longer be con-
sidered the usual suspect for metabolic "crimes", but is instead
a central player in cellular, regional and whole body metabo-
lism'.®

Rising blood lactate concentrations are more likely the result
of greater ATP resynthesis and myosin ATRase activity using
carbohydrate as a fuel source, and greater recruitment of type
Il skeletal muscle fibres.* The outcome of this is a greater pro-
duction of skeletal muscle lactate with aresultant increased co-
transport of lactate and hydrogen ions out of the skeletal
muscle cell. Consequently blood lactate concentrations start to
rise exponentially. Importantly, skeletal muscle lactate is
'dumped’ into the circulation to reduce rising hydrogen ion con-

centration in skeletal muscle cytosol during high work rates.®

Minute ventilation therefore increases exponentially with
increasing work rate because of increasing carbohydrate-sup-
ported myosin ATPase activity.?

Low blood lactate concentrations are not
synonymous with enhanced endurance
performance

The traditional paradigm™ that 'lactic acid' results from an oxy-
gen deficit predicts that low blood lactate concentrations are
Synonymous with improved endurance performance. However,
this prediction is at odds with the findings of higher blood lac-
tate concentrations and enhanced endurance performance
with sodium citrate ingestion,® high carbohydrate diets, and
fast versus slow marathon runners.®

Potteiger et a/* found significantly faster performance times
(1 min 43 sec, p < 0.05) and higher blood lactate concentra-
tions (> 1.5 mmol.I", P = 0.021) during a 30 km laboratory
cycling time trial, in trained cyclists after the ingestion of sodj-
um citrate compared with a placebo trial. Compared with a
low-carbohydrate diet, a high-carbohydrate diet resulted in an
improved endurance time (23 min v. 49 min, p < 0.002) and
higher peak blood lactate concentrations (3.2 mmol.l' v, 5.6
mmol.l", p < 0.002) for a cycling test conducted at 67% of max-

imal work rate in trained cyclists.” Furthermore, improved per-
formance was associated with an upward shift in the blood lac-
tate concentration - work rate curve for a high-carbohydrate
diet compared with a low-carbohydrate diet. During a treadmill
marathon run, blood lactate concentrations were significantly
higher in fast marathon runners compared with siow marathon
runners (2.1 mmol.I" v. 1.2 mmol.H, p < 0.05).* Paradoxically,
peak blood lactate values correlated directly and significantly (r
=068tor=0.71,p< 0.01) with 10 - 42.2 km running perfor-
mances in 43 marathon and ultra-marathon runners. Against
prediction, MacRae et af2 demonstrated similar lactate
appearance rates before and after 9 weeks of endurance train-
ing (215 v, 244 Hmol.min".kg", p > 0.05), despite a significant
14.5% (p < 0.05) improvement in VOsrer.

Indeed, Connett ef al.f posit that skeletal muscle lactate is
essential in maintaining a favourable reduction-oxidation poten-
tial in the cytosol (high NAD*/NADH ratio) and consequently
enhanced mitochondrial function. Low cytosolic NAD*/NADH
ratios will inhibit pyruvate dehydrogenase, slow down glycoly-
sis and reduce the delivery of NADH to the mitochondria to pro-
duce ATP® Lactate thus serves as an important buffer to
maintain a high cytosolic NAD*/NADH ratio and therefore to
preserve lactate and NADH concentrations proportional to
VO:.# In other words, a high skeletal muscle lactate concentra-
tion and similarly a high blood lactate concentration are neces-
sary fo obtain a high VOzmax and WRima, Interestingly, as early as
1929 Herbst stated that 'the greater the amount of lactic acid
that can accumulate in the blood during exercise before
exhaustion, the higher the endurance level'.” More than 60
years later, MacRae ef al.* concluded that 'during endurance
events in which athletes perform sustained exercise at ~80 -
90% VQzmex, lactate production is probably equal to or, more
likely, greater than that in less well-conditioned individuals'.

Effect of endurance training on blood lac-
tate accumulation

The right-shift in the blood lactate concentration-work rate rela-
tionship after endurance training has been well documented
and has been ascribed to decreases in catecholamine release
and f-adrenergic stimulation, and increases in plasma volume
and endurance-rained muscle oxidative capacity.3% Rising
blood lactate concentrations are a complex, dynamic process
described by the rate of biood lactate appearance (R-) and dis-
appearance (Rs). Consequently, blood lactate concentrations
alone provide no information regarding the underlying lactate
Ra and lactate R.. Using radio isotopes, MacRae et a/.* demon-
strated that only for exercise intensities < 60% VOans was lac-
tate Ra significantly lower after training, but remained the same
at higher intensities. In contrast, lactate Rs was significantly
higher only at exercise intensities > 60% VOanax, and remained
constant after fraining at low work rates (< 60% VOura).
Considering the contrasting intensity-dependent responses of
blood lactate R. and R to endurance training, it is difficult to
understand the continued support for blood lactate testing to
monitor adaptation to training and for prescription of training
intensities.
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Unlike the absolute values of the blood lactate concentra-
tion-work rate relationship, the percentage of maximal work
rate at which WRw: occurs remains constant after training.2
In other words, even though endurance training resuits in an
increase in WRmx and a right shift in the blood lactate concen-
tration - work rate curve, WRk. still closely mirrors WR;_nax. This
suggests that the constant WRus/WRw ratio is not determined
by the physiological mechanisms responsible for changes in
WRebe, WRmx or EP Importantly, this would suggest that
WRue/WRwex ratios are independent of either the Meyerhof-Hill-
Wasserman postulates or more recent integrated systems
approaches.®

Effect of body mass and active skeletal
?_mscle size on blood lactate accumula-
ion

Because blood iactate concentrations and lactate R. are vol-
ume-dependent measures, any changes or differences in plas-
ma volume or the lactate distribution volume can have
significant effects on blood lactate accumulation 21262 Therg g
evidence of dilution of blood lactate concentrations through an
increased plasma volume after 1 week of endurance training, 2
Furthermore,v a blunted increase in blood lactate concentra-
tions for larger subjects,™ and increased active skeletal muscle
mass has also been found.?

Unpublished results (Dennis SC, Albertyn R, Bosch AN,
Noakes TD, University of Cape Town, 1991), obtained from
competitive and elite cyclists and runners, suggest that the
major determinants of rises in blood lactate concentration
(measured from the slopes of the curves), were starting work
rate and body mass. These investigators recruited endurance
athletes of different body masses and athletic ability, and used
different testing protocols (treadmill v. bicycle, slow work rate
increments v. fast work rate increments, higher starting work
rate v. lower starting work rate) to investigate the influence of
the type of work, the work rate increments, the starting work
rate, body mass and athletic ability on blood lactate curves. To
simplify the lactate slope units, the blood lactate - work rate
Curves were expressed as mmol of lactate and VO:. To correct
for plasma volume the blood lactate concentrations were mul-
tiplied by 0.05 L.kg". The blood lactate - VO: data were fitted
with an exponential function {y = a + b.e™) and the work rate
(mmol.min’ VO:) at a slope of 0.10 mmol per mmol.min" was
used to compare blood lactate -VO: curves. The rates of blood
lactate accumulation (blood lactate slopes) were not affected
(p > 0.05) by the type of work (running: 83 mmol Qz.min",
cyeling 77 mmol O=.min") or the work rate increment (15 watts
per min: 77 mmol Q.min", 40 watts per 6 min: 71 mmol
O:=.min“). Irrespective of the athietic ability and work type, the
higher starting work rates resulted in higher blood lactate siope
values (r=0.96, p < 0.0001). Blood lactate slopes were signif-
icantly related to body mass with and without plasma volume
Corrections (r=0.85, p<0.01 and r = 0.91, p < 0.001). There
were no significant relationships between blood lactate slopes
(absolute or expressed as a percentage of peak VO:) and
10 km running time (r<-0.43, p > 0.05).

.

Similarly, using unpublished resuits (Cook | and van Wyk
GJ, University of Pretoria, 1 991) for 6 elite and competitive
male friathletes of varying body masses (73 kg - 85 kg), the
correlation between work rates at a tangent of 45° to the curvi-
linear regression fit and maximal work rate was 0.96 (p =
0.0018). When the work rate at a tangent of 45° to the curve (an
arbitrary slope index suggested by Hughson et al.™ which is the
increase in blood lactate concentration of 1 mmol." for every 1
unit increase in work rate) was éxpressed as a percentage of
maximal work rate, to correct for differences in body mass, the
‘Correlation between blood lactate accumulation and maximal
work rate was insignificant (r = 0.21, p = 0.6853). These find-
ings are indicative of a significant effect of body mass on blood
lactate accumulation.

Some have suggested that the determination of workloads
at MLSS might carry more validity than inferring 'thresholds'
from incremental exercise testing.® However, by using 3 differ-
ent modes of testing (rowing, cycling, skating) Beneke and von
Duvillard? have shown that MLSS s very dependent on exer-
cising skeletal muscle mass.

Why do work rates at fixed blood lactate
concentrations predict endurance perfor-
mance?

While some have correctly questioned endurance training
based on WRw:,** what is not clear is why WRewe correlate
extremely well with endurance performance in the face of litile
physiological support.2%* |n spite of the lack of physiological
support, WRw. determinations are stili advocated for elite ath-
lete evaluation.” Insightfully, 20 years ago, Hagberg sounded a
warning regarding the use of blood lactate concentration
thresholds to predict endurance performance:* 'The close cor-
relation between LT [lactate threshold] and endurance perfor-
mance capacity does not mean that the relationship between
them is necessarily cause-and-effect. Therefore, while it is
tempting to theorise that the relationship between LT and
endurance performance is cause-and-effect for these events,
little data is available to indicate that this is the case. It is more
likely that the blood lactate level may provide an index of some
other physiological signal which is actually the mechanism lim-
iting performance in prolonged steady state competitive
events.'

A number of fundamental lines of evidence, taken together,
suggest that the close relationship between WRe. and EP
might not be a causal relationship, explained by physiological
mechanisms specifically skeletal muscle metabolism:

1. A crucial observation is that WRme occur at constant per-
centages of maximal work rate in trained athletes with low
between-subject variation (coefficient of variation: 3.0% -
4.1%).\8285248 |n other words, WRs: mirror maximal work
rates,

2. In heterogeneous populations of trained and untrained
individuals or trained and elite endurance athletes, WRw. occur
at high and low percentages of maximal work rate respective-
ly?#4" The effect of this is to inflate the correlation coefficient
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between WRe and endurance performance for pooled data.

3. The association between WRw. and endurance perfor-
mance is stronger when work rate is expressed in speed or
power units than VO: units."*' This is probably because athletes
with the same VO:zma, can have very different maximal work
rates in speed or power units.®

4. WRwe, maximal work rate, and endurance performance
are strongly correlated (r > 0.85),% and using linear regression
endurance performance accurately predicts WRme (r 2
0.85) 344547

5. The percentage of maximal work rate at which WRae
occurs remains constant after training.4

6. Physiological signals related® and unrelated*s to lactate
metabolism both increase exponentially with increasing work
rate.

7. Metabolites unrelated to lactate metabolism which
increase exponentially with increasing work rate correlate with
measures of endurance performance (r = 0.92).%

These findings suggest that consideration should be given
to other non-physiological mechanisms as an explanation for
the tight relationship between WRw. and EP Specifically, con-
sideration- should be given to the idea that WRw« is' in fact, a
covariate, a reflection of a major determinant of endurance per-
formance, namely maximal work rate achieved during an incre-
mental or performance test.* This is in agreement with the
observation of Lacour et al.% that, because of the close inter-
relationships between EP WRmx and WRw, the constant per-
centage of maximal work rate of WRw. must be ‘interpreted as
being an expression of the correlation between Vame (maximal
work rate) and v (best middle distance track speed)’. The
hypothesis that WRw. (4 mmol.I") is a covariate between
endurance performance and maximal work rate is llustrated in
Fig. 1.

An alternative mechanism explaining why
fixed blood lactate concentrations predict
endurance performance

Thus far, it has been argued in this paper that there is sufficient
indirect evidence, from a number of sources, to suggest that
the causality proposed between WRee and EP has not been
convincingly proven by traditional models and that other mech-
anisms might better explain the tight relationship between
WRs. and EP

Because a significant association by itself does not infer
causality, it is important to establish a priori possible causal
relationships through evidence that has already been shown to
provide a strong case for a causal relationship. Therefore, to
Propose an alternative hypothesis, the following questions
need to be answered:

1. Are there causal relationships between EP and WRmax,
EP and WRwe and WRrex and WRwu:?

2. Is the exponential nature of the rise in blood lactate con-
centration with increasing work rate a phenomenon peculiar to
curvilinear relationships such that WRue / WRma ratios are very
constant, or can these constant ratios be duplicated by linear

relationships?

That there is a causal relationship between EP and WRmax
has been argued in detail elsewhere.* The argument for
causality betweép EP and WRrx suggests that WR is evalu-
ating an important aspect of EP namely skeletal muscle power
output. In other words, both EP and WRmx share the same
physiological underpinning.®

Several independent sources separated by more than 10
years, suggest that there is little evidence to support the

“~-cdusality usually ascribed to the EP-WRu. relationship.2¢" As

has been highlighted earlier in this paper causality has been
proposed based largely on the fortuitous results from MLSS
findings, skeletal muscle lactate efflux studies and computer
simulation results, with additional support from correlational
studies and arguably the sporting success of principally 1
nation. Furthermore, because the traditional physiological
explanation* for the relationship between EP and WRae is at
odds with the more recently proposed paradigms which pro-
vide an alternative physiological explanation for the relationship
between EP and WRw** it would be difficult to ascribe
causality to the relationship between EP and WRw. on the basis
of the Meyerhof-Hill-Wasserman hypothesis.*

It follows then that WRme and WRs. cannot be causally
related based on the traditional Meyerhof-Hill-Wasserman
miodel. WRna and WRwe can only be causally related by a dif-
ferent physiological mechanism. This appears unlikely and
there do not seem to be data to support an alternative physio-
logical mechanism. The only causal relationship that could be
argued for is the requirement of a high skeletal muscle lactate
and thus blood lactate concentration to achieve high work
rates.®

Based on the above, the argument could be made that
WR-= is @ covariate between WRu. and EP. which is what
explains the tight relationship between WRwe and EP
Consequently, by partialling out the effect of WRw, the rela-
tionship between WRw. and EP will be removed or substantial-
ly reduced, particularly in homogeneous samples. The
relationship between WRee and EP in heterogeneous samples
will be less affected because the percentage of maximal work
rate at which WRs. occurs is highly variable.

Correlational analysis (zero-order and first-order partial) of
data obtained from published reports supports the foregoing
arguments (Table [).2##%3%4%2% The association between WRm.
and endurance performance was highly significant across all
events with 5 of the 6 correlation coefficients > 0.8, Of note was
the highly significant correlations between WRse, endurance
performance and maximal work rate; the majority of coeffi-
cients (16/18) were > 0.8. Once the effect of WRrex Was par-
tialled out, the association between WRa and endurance
performance was dramatically altered. Three of the 6 partial
correlation coefficients were no longer significant and 4 of the
6 partial correlation coefficients were significantly lower after
controlling for WRme. All the partial correlation coefficients were
< 0.6, except for the swimming and 16 km road-running sam-
ple. Because the 16 km road-running sample was heteroge-
neous the variation in running performance, maximal work rate
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Fig. 1. Endurance performance prediction from work rates at fixed blood lactate concentrations: a mathematical not physiological
phenomenon. This diagram illustrates an alternative, non-physiological mechanism why WReuw
Analysis of groups with heterogeneous athietic ability or training status,
endurance performance (race Pace). The reason for this is that WRax: occ
letic ability. However, for trained individuals, WRw: occurs at a high percentage of WRra.. The consequenc
in the dependent (race. pace) and independent (WRe«) variables, resulting in a high correlation coeffi
the other hand, produce very similar WRn«/WRe.: ratios. In other words, _
Accordingly, WRw. is a relatively accurate surrogate measure of WRne, and since WRna is a significant predictor of endyurance per-
formance, WRw. correlates strongly with endurance performance. (FBLC = fixed blood lactate con

fixed blood lactate concentration, WR« = maximal work rate).
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TABLE I. Zero-order and first order partial correlation coefficients between performance measures and endurance

Endurance event

wark rate (m.s™); WRs obtained through linear interpolation of the two closest meastired values
WRme = critical velocity determined in swimming poof or swimming flume; tHcmogeneous sai
incremental test; SHomogeneous sample: CV for WR(WRm: = 2.9%, WRee: = treadmil s
18.2%, WRne = treadmill speed at exhaustion during incremental test: ! significant differe

‘Swimt Track running? Road running
Correlation coefficient type 400 m 1500 m 3000 m 5000 m 10 km$ 16 km%
and relationship (N=16) (N = 55) (N =28) (N=13) {N=10) (N = 20)
Zero-order WRw: v. EP 0.92* 0.83* 0.86* 0.63** 0.82** 0.91**
WRnex v, EP 0.93* 0.87** 0.84* 0.85" 0.87** 0.88**
WRie V. WRmex 0.87** 0.89* - 0.82* 0:65™ 0.98* 0.87**
1st-order partial* WRme v. EP 0.640>* 0.26" 0.56"** 0.19% 0.307 0.65"*

See text for references, data reported as corretation coefficients, EP = endurance performance (m.s*); WRe = work rate at blood lagiate concentration of 4 mmoli*

mple: CV for WRéWRm = 3,4%,; WRe = treadmill speed at VOam: determined from an intermittent
paed at VO calculated from rumning speed and VO ’Hetemgeneous samplﬁ: CV for WRYWRw =
rice between zero-order and first-order partial correlation coefficients (p<0.04); " p<0.05 ﬂp >0.05.

{m.s"); WRnx = maximal

3 *parﬁalled out W, THomoganeous sample: coefficient of variation (CV) for WRYWRe = 2.7%,

and WR« as a percentage of maximal work rate was inflated.?
Consequently, it would be expected that removing the effect of
maximal work rate would not reduce the association between
WRe: and endurance performance to the level of insignificance.
The much lower variation in WRe. as a percentage of maximal
work could explain why the association between WRse and
endurance performance was not affected similarly in the homo-
geneous track running group.®*# The maximal work rate for
the swimming sample was determined by means of a critical
velocity test,”>* which is not a true maximal test. Critical veloc-
ity measurements in swimmers is 4 - 6% lower than 400 m
freestyle swimming speeds.”* The use of the critical velocity
test might have resulied in greater variation in WRrue/WRue
ratios. Lacour et al.® emphasise that in order to achieve con-
stant WRee/WRma ratios, a valid and reliable maximal testing
procedure is required.

The correlational analysis reported in Table | is noteworthy
in that as predicted the relationship between WRs. and EP was
significantly modified by WRmex. Moreover, the validity of the
results of the correlational analysis are increased because of
the a priori examination of the causality between WRie, WRnrex
and EP

Is the constant WRw../WRn ratio a peculiar
phenomenon of curvilinear relationships?

A number of studies, extending across gender and athletic abil-
ity, have shown that exponential relationships (blood lactate
concentration v. speed) are more closely related to EP than lin-
ear relationships (oxygen consumption v. speed),23%a249
Correlation coefficients between running economy and running
speed over distances of 1.5 km - 42.2 km have ranged from
0.08 to 0.64 (median: r= 0.57), 013324 | contrast, correlation
coefficients between WRe. and running speed over the same

distances have ranged from 0.63 to 0.98 (median: r
0.91). 101123203249

To examine this postulate further, unpublished data (Cook |
and van Wyk Gl, University of Pretoria, 1991) from elite and
competitive male triathletes was used. Using the same data,
the relationship between blood lactate concentration and

power output was described in a curvilinear and linear manner
(Figs 2a and b). The latter was achieved by linearising the
abscissa (transformed power output = e ¢-poweroup) 19 Work rates
and gradients at fixed blood lactate concentrations of 1.5, 2.0,
4.0, 6.0 and 8.0 mmol.I" were determined for both curvilinear
and linear relationships. The coefficient of variation for the
WRe/WRwe ratios and gradients at the fixed blood lactate con-
centrations were calculated for both curvilinear and linear rela-
tionships. The results are presented in Figs 2c-e.

For both the curvilinear and linear relationships the mean
WRne/WRma ratios increased with increasing blood lactate con-
centrations (Fig. 2c). However, as expected the variability,
expressed as the confidence intervals for the mean, decreased
for the curvilinear relationship, but increased for the linear rela-
tionship (Fig. 2c). In other words, the variability in the
WRu/WRm ratios decreased with increasing blood lactate
concentration for the curvilinear relationship but increased for
the linear relationship. The variability, expressed as a coeffi-
cient of variation, is shown in Fig. 2d, and, as expected, a clear
pattern emerges of decreasing variability of gradients and
WRmu/WRwax ratios with increasing blood lactate concentrations
for the curvilinear relationship, but not the linear relationship.
The much higher variability for the linear gradients compared
with the curvilinear gradients is also evident (Fig. 2d). As
expected, a tight relationship exists between the variability of
the gradients with increasing blood lactate concentrations and
the WRw/WRwx ratios for the curvilinear relationship but not
the linear relationship (Fig. 2e). In other words, with the expo-
nential accumulation of blood lactate as work rate increases,
the slopes or gradients at fixed blood lactate concentrations
become steeper, but the variability of the graaients between
subjects decreases. The resultant effect of the decreasing vari-
ability in gradients is a concomitant decrease in the variability
of the WRw/WRwe« ratios with increasing blood lactate accu-
mulation. Therefore, in a homogeneous sample of trained ath-
letes, the WRwe/WRwax ratios will be constant such that the
ratios are a surprisingly accurate reflection of WRmx.

The significance of this analysis was that, using the same
data, a clear distinction could be shown between the level of
variation in the gradients and WReu«/WRwm ratios for the curvi-
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linear and linear relationships. Importantly, a tight relationship
is seen between the decreasing variation in gradients and
increasing WRwe/\WRnms: ratios. The argument could be made
that the mechanism for the constant WRw«/MWRme ratios in a
homogeneous sample is the result of the peculiar properties of
the exponential rise-in blood lactate accumulation with increas-
ing work rate.

Slope indices and prediction of endurance
performance (Figs 3a - e)

Tokmakidis and Leger found that the work rate at a slope deter-
mined from the log-log transformation of the blood lactate con-
centration-work rate relationship (Fig. 3e) produced stronger
and more consistent correlations with running performance
(300 m - 42.2 km) than a slope index at a 45° tangent (Fig. 3d).#
This finding would be expected because firstly, only the data
points at the steep portion of the curve are used for the log-log
method (Fig. 3e). Secondly, these selected points are used to
obtain a work rate at an individualised fixed blood lactate con-
centration (Fig. 3e) which will always fall on the steep portion
of the curve. In other words, the method of obtaining a work
rate using the Iog log transformation method (Fig. 3e) is simply
producing an ‘individualised WRs. Therefore, even though the
blood lactate concentrations at these individualised work rates
would differ between individuals, the inter-correlations between
WRma:, individualised WRee, and standard WRwe ranging from
2.0 mmol.I" to 6.0 mmoal.I" would be high.*" In fact, there is no
reason why work rates at blood lactate concentrations > 6
mmol.I” would not correlate significantly and strongly with
WR.u.x and EP

In this regard, Tokmakidis and Leger found that of all the
blood lactate concentration models that they investigated, the
work rate determined from the gradient of the upper segment
of the log-log transformation (Fig. 3e) was the highest of all the
methods employed (17.36 km.hr' v. 15.09 km.hr", p < 0.01)
and correlated the best with WRmex (r = 0.90, p < 0.01).# Using
data obtained from treadmill testing, Weltman et al. have
reported high inter-correlations (r = 0.85 to r = 0.99) between
WRee (2.0, 2.5, and 4 mmol.I') and WRw in trained male run-
ners and sedentary female subjects.®*¥ Furthermore, WRue
(2.0, 2.5, and 4 mmol.I") and WRn= were all significant predic-
tors of average running speed for 3200 m (r=0.84 to r = 0.94,
p < 0.01).4 Lastly, using unpublished data (Cook | and van
Wyk GJ, University of Pretoria, 1991), inter-correlations
between WRmx, WR=e at blood lactate concentrations of 4.0,
6.0 and 8.0 mmol.l", and the work rate determined from the
gradient of the upper segment of the log-log transformation
(Fig. 3e), ranged from r = 0.837 to r = 0.997 (p < 0.04). The
work rate determined from the gradient of the upper segment
of the log-log transformation was significantly related to WRmax
(r=0.980, p=0.001) and WRs« at blood lactate concentrations
of 4, 6 and 8 mmol.l" (r=0.837, r=0.887 and r=0.914 respec-
tively, p < 0.04).

However, unlike the work rate determined from the gradient
of the upper segment of the log-log transformation (Fig. 3e),
the 45° tangent method (Fig. 3d) removes any reference to the
maximal work rate by simply providing a gradient at a particu-

far point on the blood lactate concentration - work rate curve.
Similarly, unpublished results (Dennis SC, Albertyn R, Bosch
AN, Noakes TD, University of Cape Town, 1991) found that the
work rate (mmol.min® VO:) at a slope of 0.1 mmol per
mmol.min" did not prédict endurance performance (r=-0.03t0
r=-0.43, p > 0.05) for elite and competitive endurance athletes.
in other words, the blood lactate concentration - work rate
curves independent of WRwe« Were not related to endurance
performance.

.Finally, using unpublished data (Cook I and van Wyk Gl,
University of Pretoria, 1991), WRa« calculated by finear inter-
polation (Fig. 3b) or numerical methods (Fig. 3c) correlated sig-
nificantly with maximal work rate (r= 0.86 to r = 0.84, p < 0.04).
Moreover, both methads of determining WRs« (linear interpola-
tion and numerical methods) were significantly related to each
other (r = 0.996, p < 0.0001; mean difference = 0.98 W).
Similarly, the log-log method (Fig. 3e) was significantly related
to maximal work rate (r = 0.98, p = 0.0005) and significantly
related to WRw: using linear interpolation or numerical methods
(r=0.83 to r = 0.85, p < 0.05). However, the slopes at WRk,
from either linear interpolation or numerical methods, were not
significantly related to maximal 'work rate (r=-0.29 to r =-0.30,
p>0.5),

The resuits presented in the preceding discussion, taken
together, suggest firstly that a work rate at any fixed blood lac-
tate concentration will correlate significantly with WRrex and EP
particularly if the blood lactate concentration falls on the steep
portion of the blood lactate - work rate curve. Secondly, once
any reference to WRr is removed, associations between
blood lactate concentration indices and maximal work rate are
dramatically reduced.

Conclusion

Because of the exponential rise in lactate R and lactate Rs with
incremental work rates,' rising blood lactate concentrations
are expressed as a continuous, single rate or monotonic, expo-
nential function, y = a + b.e**" The growth constant ¢ results
in an ever-increasing slope, such that small changes in the
abscissa (work rate) result in large changes in the ordinate
(blood lactate concentration). The higher the work rate the
steeper the slope such that the magnitude of the slopes tend to
infinity as work rates increase. Conseguently, at high work
rates, blood lactate concentration-work rate curves between
subjects can visually appear very similar. It is this property of
exponential functions which results in very constant
WRue/WRm ratios. Although the exponential blood lactate con-
centration-work rate curve does have a plausible physiological
explanation, attempting to infer dynamic physiological process-
es or oxygen status from this curve is not supported by data.
This being the case, a causal link cannot be established
between WRe. and skeletal muscle metabolism on the basis of
the relationship between WRw. and endurance performance.

This paper suggests that WRe: is a marker of maximal work
rate, as alluded to by Hagberg™ and Lacour et a2 This would
explain the tight refationship between endurance performance
and WRw.. Re-analyses of existing data sets, containing blood
lactate concentration - work rate results from incremental tests,
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Fig. 3. Some commonly used methodologies to determine WR.-dependent and -independent blood lactate accumulation indices as
markers of endurance performance. Fig. 3A shows typical raw data and the line of best fit for an exponential plus constant model,
Fig. 3B illustrates linear interpolation routinely used to determine WRu. when the desired work rate falls between two blood lactate -
work rate data points. Alternatively, when the required work rate falls beyond two blood Iactate - work rate data points, an equation
for linear extrapolation is easily derived. Fig. 3C shows a common iterative, numerical method (Newton's Method) that is used to
determine a work rate (x-value) for a given blood lactate concentration {v-value). Fig. 3D demonstrates the calculation of work rates
at different slopes or slope indices for an exponential plus constant model, Fig. 3E requires that the original blood lactate concen-
tration - work rate data is transformed by taking the base-10 logarithms of the abscissa and ordinate. The linear regression equation
for the transformed axes js determined and the gradient of the linear equation is used to determine a work rate, using coefficients of
the exponential plus constant model. For more detaijl regarding the exponential Pplus constant mode/ (Fig. 3A) and the methods in
Figs 3D and E, readers are referred to Hughson et al.” and Tokmakidis and Leger* For more detail on numerical methods such as
Newton's Method (Fig. 3C), readers are referred to texts dealing with numerical methods.
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are warranted. Importantly, only data sets containing valid
measures of maximal work rate and endurance performance
should be re-analysed. Moreover, an obvious prediction of the
hypothesis proposed in this paper could be tested using either
existing data sets or by conducting new studies. The prediction
is that work rates at fixed minute ventilation volumes and fixed

! blood concentrations of catecholamines, ammonia and human

i growth hormone would similarly predict endurance perfor-

' mance because of the exponential increase of these parame-
ters with increasing work rate.**®% In fact, any parameter
which increases exponentially with increasing work rate would
predict endurance performance. If the mechanism argued in
this paper is confirmed by further analyses and investigation,
the efficacy of obtaining blood lactate measurements from ath-
letes as a marker of endurance performance must be ques-
tioned
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