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Abstract The anaerobic threshold (AT) remains a widely recognized, and contentious, concept
in exercise physiology and medicine. As conceived by Karlman Wasserman, the AT coalesced
the increase of blood lactate concentration ([La−]), during a progressive exercise test, with an
excess pulmonary carbon dioxide output (V̇CO2). Its principal tenets were: limiting oxygen (O2)
delivery to exercising muscle→increased glycolysis, La− and H+ production→decreased muscle
and blood pH→with increased H+ buffered by blood [HCO3

−]→increased CO2 release from
blood→increased V̇CO2 and pulmonary ventilation. This schema stimulated scientific scrutiny
which challenged the fundamental premise that muscle anoxia was requisite for increased
muscle and blood [La−]. It is now recognized that insufficient O2 is not the primary basis for
lactataemia. Increased production and utilization of La− represent the response to increased
glycolytic flux elicited by increasing work rate, and determine the oxygen uptake (V̇O2) at which
La− accumulates in the arterial blood (the lactate threshold; LT). However, the threshold for a
sustained non-oxidative contribution to exercise energetics is the critical power, which occurs
at a metabolic rate often far above the LT and separates heavy from very heavy/severe-intensity
exercise. Lactate is now appreciated as a crucial energy source,major gluconeogenic precursor and
signalling molecule but there is no ipso facto evidence for muscle dysoxia or anoxia. Non-invasive
estimation of LT using the gas exchange threshold (non-linear increase of V̇CO2 versus V̇O2)
remains important in exercise training and in the clinic, but its conceptual basis should now be
understood in light of lactate shuttle biology.

(Received 29 June 2020; accepted after revision 16 October 2020; first published online 28 October 2020)
Corresponding author L. B. Gladden: School of Kinesiology, 301 Wire Road, Auburn University, Auburn, AL
36849-5323, USA. Email: gladdlb@auburn.edu

Abstract figure legend As originally posited and defended most ardently by Karlman Wasserman and Brian J. Whipp,
the anaerobic threshold (AT) concept represents the epitome of integrative physiological control. The graph at the upper
right portrays blood [La−], arterial CO2 partial pressure (PCO2 ) and ventilation (V̇E) as a function of V̇O2 increasing
from rest to maximum (V̇O2max). The AT is identified (black arrow) by the departure of V̇E from linearity without PCO2

decreasing. As shown rightwards from the ‘Original theory’ box, the AT held that lack of (or very low) muscle O2, via
the Pasteur effect, increased muscle and blood lactic acid, then H+ dissociated from the lactic acid and was buffered by
bicarbonate thus increasing CO2 evolution from the blood; this stimulated the ‘extra’ V̇E at AT simultaneous with the
increase in [La−]. Currently we understand that neither anoxia nor dysoxia underpins increasedmuscle La− production
and efflux, but rather its increase in the blood is attributed to the rate of La− appearance being greater than disappearance.
Also, as long appreciated, the variability in, and complexities of, the control of breathing dictate that the V̇CO2 versus V̇O2

relation (gas exchange threshold)more reliably approximates the lactate threshold thandoes the ventilatory profile. At the
bottom, the modern understanding of metabolism is that La− is a central element linking glycolysis (Gly) and oxidative
phosphorylation (OxPhos) energetics. Via cell signalling, La− also plays roles in short- and long-term adaptations in
both health and disease.

Rationale and outline

This review is sequenced into four sections that are
broadly informative on the fascinating exercise physio-
logy paradigm known as the anaerobic threshold
(AT). Whereas it may be read in its entirety we have
allowed sufficient redundancy across sections to facilitate
selective reading of individual sections at the reader’s
discretion. ‘Introduction and brief history’ presents the
early discovery of lactate (La−)/lactic acid in exercising
muscles, development of a threshold concept and the pre-
sumption that increased blood La− concentration ([La−])
was ipso facto evidence for muscle anoxia/dysoxia.
‘The lactate shuttle and the “anaerobic threshold”’
details the rapid progression in our understanding

of the biochemistry of La− and its multivariate and
complex roles as a major energetic substrate, signalling
molecule and gluconeogenic precursor. Rather than a
‘dead end product of metabolism’ that was blamed for
causing contractile dysfunction, La− is now perceived as
an integral biomarker of physiological and metabolic
strain with the substantial therapeutic potential to
mitigate morbidity. Lest the reader consider that these
discoveries have made the AT concept passé, ‘The gas
exchange threshold: uses and limitations’ takes the
current non-invasive analogue of the lactate threshold
(LT), specifically the gas exchange threshold (GET) and
evaluates its present-day utility in sports, science and
medicine. Despite discounting its erroneous mechanistic

© 2020 The Authors. The Journal of Physiology © 2020 The Physiological Society
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basis in obligatory muscle anoxia/dysoxia this section
demonstrates that both the LT and the GET retain sub-
stantial power to provide unique physiological insights.
The final section, ‘Common threshold concepts’, addresses
the utility of threshold concepts to partition discrete
domains of exercise intensity. Against the backdrop of a
confusion of such concepts and profligate nomenclature,
the GET/LT is presented as usefully discriminating
the moderate to heavy intensity exercise transition.
However, it is the critical power (CP)/critical speed (CS),
which constitutes the heavy–severe exercise intensity
domain boundary, above which there is an obligatory
non-oxidative energetic contribution to the exercise
energetics. However, as for the LT, there is no necessity
or compelling evidence to support the presence of muscle
anoxia/dysoxia even for severe intensity exercise (i.e.
>CP/CS).

Introduction and brief history

Definition of ‘threshold’: ‘The magnitude or intensity that
must be exceeded for a certain reaction, phenomenon,
result, or condition to be manifested’ – Oxford English
Dictionary (https://www.lexico.com/en/definition/
threshold).

The Swedish apothecary and chemist Carl Wilhelm
Scheele (1742–1786) is credited with discovering
lactate/lactic acid in sour milk in 1780 (see Benninga,
1990; Ferguson et al. 2018) but it was Jöns Jacob Berzelius
(1779–1848) who reported in the early 19th century that
[La−] in themuscles of exhausted deer was greater than in
themuscles of animals with partially paralysed extremities
(Von Muralt, 1950). In 1861, Louis Pasteur observed that
the growth of yeast per gram of sugar consumed was
much greater in the presence of oxygen (O2) than in
its absence (Pasteur, 1861; Racker, 1974; Barnett, 2003).
Thereafter, most researchers focused on the measurement
of the products of fermentation (alcohol for yeast and La−
for skeletal muscle) under aerobic (O2 present) versus
anaerobic (O2 absent) conditions (Racker, 1974). In yeast,
sugar consumption decreased upon the introduction of
O2 and there was a concomitant reduction in alcohol
production. Later, this same phenomenon was found in
skeletal muscle in the form of a decrease in glycogen
breakdown and a decrease in La− formation under
aerobic as compared to anaerobic conditions (Meyerhof,
1930a; Barnett, 2003). In 1926, Warburg named this
phenomenon the ‘Pasteur effect’ (Warburg, 1926; Krebs,
1972). Thus, from a very early date, the ‘Pasteur effect’
was a great influence on hypotheses surrounding the role
of O2 in skeletal muscle metabolism.

At the end of the 19th century and the beginning of the
20th century, several avenues of research promoted and
reinforced the notion of hypoxia as the necessary cause of

La− accumulation. In the 1890s, both Araki and Zillessen
(see (Kompanje et al. 2007) demonstrated that inter-
ruption of the O2 supply to the muscles of mammals and
birds promoted an increase in [La−]. In their landmark
study, Fletcher & Hopkins (1907) reported that [La−]
was greatly increased during stimulation of muscles to
fatigue; and notably, when fatigued muscles were placed
in environments containingO2, the La− disappeared. This
La− disappearance in the presence of O2 was in sharp
contrast to a further increase in muscle [La−] when the
muscles were incubated in an anaerobic atmosphere. Sub-
sequently, the pioneering exercise physiology studies of A.
V. Hill, Long and Lupton (e.g. Hill et al. 1924b,c,d ) as well
as Krogh & Lindhard (1913) determined that strenuous
exercise increases blood [La−] in humans. Otto Meyerhof
also observed La− accumulation in isolated amphibian
muscles in the absence of O2 and its removal upon the
return of O2 (Meyerhof, 1930 b ; Krebs, 1972). Therefore,
it is not surprising that in the context of the Pasteur effect
in skeletal muscle, Hill et al. (1924c) postulated that La−
increased duringmuscular exercise because of a lack of O2
to remove the requisite La− produced by the contracting
muscles. From a historical perspective, while early muscle
physiologists and biochemists are to be remembered,
and lauded for their efforts, they were insular in their
biological perspective because Otto Warburg showed,
contemporaneously, that fully oxygenated cancer cells
produced La− at astonishing rates (Warburg, 1926). Today
we know that La− is the inevitable product of glycolysis
and that the ‘Warburg effect’ of aerobic glycolysis is typical
of normal metabolism rather than a peculiarity of cancer
(Brooks, 2018; Ferguson et al. 2018).
Perhaps the report most relevant to the idea of a La−

threshold in muscle and exercise physiology is that of
WarrenHarding Owles in 1930 that blood [La−] increases
only above a certain ‘critical metabolic level’ (known as
Owles’s point) that differs among subjects and exercise
modalities (Owles, 1930). These results were based on
experiments with two participants, Owles himself and
his mentor, C. G. Douglas. Figure 1A illustrates a typical
response that has been observed during incremental
exercise over the numerous years since Owles’s report.
Crucially, Owles noted that this increased blood [La−]
was associated with a decrease in the CO2-combining
power of the blood. This observation laid the physio-
logical foundation for Wasserman & McIlroy (1964) to
propose non-invasive determination of their so-called
‘anaerobic threshold’ (AT) bymeans of the ventilatory and
gas exchange profiles measured across steadily increasing
work and metabolic rates (see also Naimark et al. 1964;
Wasserman et al. 1973). As reported previously (Brooks
& Gladden, 2003; Ferguson et al. 2018), Wasserman
provided a historical perspective on his proposal in a
letter of 21 February 2000 to George A. Brooks. Briefly,
in late 1960 Wasserman’s postdoctoral mentor at the

© 2020 The Authors. The Journal of Physiology © 2020 The Physiological Society
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University of California, San Francisco Cardiovascular
Research Institute, Julius H. Comroe, urged Wasserman
to develop procedures for the early detection of cardio-
vascular disease. Quoting from Wasserman’s letter to
Brooks:

[Evaluation] would be best done during exercise when
the heart was being stressed … The first sign of heart
failure would be reflected in the failure of the circulation
to deliver adequate O2 to the metabolizing tissues
(exercising muscles). Since the muscle O2 requirement
would be markedly increased by exercise, the failure of
the heart to transport O2 adequately would result in lactic
acidosis (Pasteur Effect) [our emphasis].

As presaged by the work of Owles (Owles, 1930),
Wasserman thought that he might be able to detect the
oxygen uptake (V̇O2) at which lactic acidosis occurred
during exercise via non-invasive gas exchange methods
because the buffering of lactic acid by bicarbonate
(HCO3

−) would yield excess carbon dioxide (CO2)
(Wasserman et al. 1973). Similar ideas were advanced
independently by Hollmann, Kindermann, Keul and
others (see Hollmann, 2001), but did not receive
recognition equivalent to Wasserman’s efforts, perhaps
because much of the research was published in German.
Also, their results and explanations were based on
blood La− determinations and did not benefit from
breath-by-breath gas exchange technology. After
Wasserman moved to Stanford, he and William L.
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Figure 1. Arterial La− concentration (A) and rates of La−
appearance (Ra) and disappearance (Rd) (B) plotted as a
function of oxygen uptake (V̇O2 ) in one participant during a
continual, progressive leg cycle ergometer test
Adapted from Stanley et al. (1985) and Brooks et al. (2019).

Beaver with the cooperation of Varian Associates
developed breath-by-breath gas exchange methods
and published the first studies employing these methods
during exercise (Wasserman, 2002). During this period
whenWasserman’s ideas were evolving, he also published
what he described as his ‘springboard paper’ (Wasserman,
2002), which addressed the interaction of physiological
mechanisms to provide a normal exercise response. It
was in this 1967 ‘springboard paper’ (Wasserman et al.
1967) that he introduced his widely used gear model
for the interaction of the muscular, cardiovascular and
respiratory systems (Fig. 2).

O2 and the anaerobic threshold

When Wasserman & McIlroy first coined the term
‘anaerobic threshold’, an increase in blood [La−],
according to the Pasteur Effect but not the Warburg
effect, was considered ipso facto evidence that, for
all higher metabolic rates, the body had transitioned
energetically to an obligatory anaerobiosis (Naimark et al.
1964; Wasserman & McIlroy, 1964). Notably, Wasserman
credits D. B. Dill, famously known as the Director of
the Harvard Fatigue Laboratory, with inspiring the
term ‘anaerobic threshold’. According to Wasserman
(Wasserman’s letter of 21 February 2000 to Brooks), upon
Dill seeing Wasserman’s data, Dill observed ‘… that I
was detecting the threshold of anaerobic metabolism
during exercise by measuring exercise gas exchange.
Thus, he put into words succinctly what I was trying
to measure.’ This view was firmly ensconced into the
exercise metabolism literature by the 1973 paper of
Wasserman, Whipp, Koyal & Beaver (Wasserman et al.
1973) in which breath-by-breath measures were made
during incremental exercise to provide ‘noninvasive
indicators of the onset of metabolic acidosis (anaerobic
metabolism)’. With 1541 citations (Web of Science 27
September 2020) this paper is the eighth most cited paper
of all time in the Journal of Applied Physiology.
As discussed later (see ‘Coincidence of exercise

thresholds and their mechanistic bases’), numerous
methods have been proposed for determining a
threshold in exercise metabolism with ensuing debate
about which is best. However, the most controversial
aspect of the ‘anaerobic threshold’ is the underlying
mechanism implied by its name. At its core, the concept
of anaerobiosis implies dysoxia (Connett et al. 1990),
i.e. O2-limited cytochrome turnover or quite literally
insufficient O2 molecules to accept electrons from cyto-
chrome c in the electron transport chain. While there is
no doubt that dysoxia leads to increased La− production,
is this in fact what happens during increasing exercise
intensities? Here, we argue that the majority of evidence
indicates that if dysoxia plays any role at all in the LT, it

© 2020 The Authors. The Journal of Physiology © 2020 The Physiological Society
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is not the primary factor. There are at least three lines of
evidence against dysoxia as the cause of the LT; each of
these will be described in turn.

First, in the 1960s, Welch and Stainsby (e.g. Welch
& Stainsby, 1967) reported a surprising finding for that
time; isolated, blood-perfused, highly oxidative canine
skeletal muscle in situ initially released La− during contra-
ctions but then reverted to lower release or even La−
uptake as the contractions continued (Fig. 3)! Perhaps
these authors would have been less surprised had they
fully appreciatedOle Bang’s report from1936 (Bang, 1936)
or the results of Rubner & Frey in 1885, as described by
Barnard & Holloszy (2003). Bang showed that, during
prolonged exercise in humans (∼40 min at moderate
intensity), the blood [La−] reached a maximum after
about 10 min of exercise and then declined, sometimes
to pre-exercise [La−], whether the exercise ceased or
not. As reviewed by Barnard & Holloszy (2003), in the
1880s Rubner & Frey perfused mammalian muscles with
oxygenated blood and observed La− release despite the
presence of apparently sufficient O2. Similar results have

been observed frequently over the past approximately 100
years, e.g. see net La− release and uptake in Fig. 4C.
Regardless, subsequently Stainsby reasoned that if the

initial La− release from contracting canine muscles was
caused by a lack of O2, then the NAD+/NADH couple
should become more reduced. On this basis, Jöbsis
& Stainsby (1968) employed the surface fluorometry
technique of Chance, Jöbsis and colleagues (Chance et al.
1962) on Stainsby’s caninemuscle preparation at the onset
of contractions, a time during which La− release had
previously been measured (e.g. Welch & Stainsby, 1967).
Their results (Jöbsis & Stainsby, 1968) were antithetical to
the idea of hypoxia/dysoxia; during muscle contractions,
the NAD+/NADH couple became oxidized, not reduced!
While these techniques and results are not immune from
criticism (Gladden, 1996; Ferguson et al. 2018), they
nevertheless focused attention on alternative explanations
to dysoxia as the proximate cause of increasing La−
production during muscle contractions and exercise.
Additionally, the reversal of net La− efflux with continued
contractions/activity at the same metabolic rate remains a

Figure 2. Schematic illustration of Wasserman’s concept of the interaction of muscle, and the cardio-
vascular and respiratory systems
Redrawn from Wasserman et al. (1967), the paper that Wasserman described as his ‘springboard paper’
(Wasserman,2002). In the terminology of Wasserman et al., energy for muscular work was provided by
the oxidative system (V̇O2 = ‘pay-as-you-go’ oxidation) and ‘credit’ oxidation (conversion of pyruvate to
La− = La−accumulation, use of muscle ATP and phosphocreatine (PC) stores, reduction of coenzymes, desaturation
of oxymyoglobin, decrease in venous O2concentration and decreased dissolved O2in body fluids). Muscle work led
to increased cardiac output and redistribution of blood flow and subsequently ventilation was increased in response
to the increased metabolism, but also due to the increased evolution of CO2from the blood as the result of lactic
acid buffering. This figure was created with BioRender.com and was exported under a paid subscription.

© 2020 The Authors. The Journal of Physiology © 2020 The Physiological Society
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strong argument opposing dysoxia. The conclusion that
anoxia/dysoxia was not present in contracting skeletal
muscle was also supported by evidence that muscle bulk
blood flow (humans, Grassi et al. 1996; dogs, Grassi et al.
1998) and capillary haemodynamics (rat, Kindig et al.
2002) increase so rapidly, following the onset of contra-
ctions, that muscle microvascular and interstitial PO2 do
not plummet below those appropriate for the subsequent
steady-state response (which, if this occurred, would be
evidence of dysoxia; rev. Poole, 2019). Importantly, as with
the dog gracilis muscle contracting in situ, it was found
that in human exercise, muscle La− release increases at
exercise onset, but then, depending on training state (and
mitochondrial density, vide infra), may revert to uptake
as exercise continues (Stanley et al. 1986; Bergman et al.
1999b) (Fig. 4).
Second, at both rest and during muscle contra-

ctions/exercise at a maintained submaximal metabolic
rate, net La− release will reverse to net La− uptake
when the arterial [La−] is elevated. This phenomenon
was elegantly shown in resting rabbit muscles of differing
oxidative capacity by Pagliassotti & Donovan (1990). Sub-
sequently, Brad Zinker, working in David Wasserman’s
laboratory, showed simultaneous glucose and La− uptake
by muscle in running dogs (Zinker et al. 1995). Gladden’s
laboratory also reported corroborating results for canine
skeletal muscle contracting at several different metabolic
rates (Gladden, 1991; Gladden et al. 1992, 1994) (Fig. 5).
Analogous results were reported for exercising humans
(e.g. Kjaer et al. 1991). Critically, the primary fate of this
net La− uptake is oxidation to CO2 and H2O (Kelley
et al. 2002). The key point here is that contracting muscle
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would not be capable of La− oxidation in the face of any
significant dysoxia, or stated differently, these findings
negate the possibility of any global dysoxia.
A third route of investigation regarding the role of O2

in the LT was to evaluate the question: how much O2 is
enough? In other words, what critical intramyocyte PO2

is limiting for cytochrome c oxidase utilization of O2, i.e.
dysoxia? Multiple studies have suggested that a PO2 below
approximately 2 mmHg would be limiting to oxidative
phosphorylation by mitochondria (Chance & Williams,
1956;Wilson et al. 1988; Connett et al. 1990; Rumsey et al.
1990; Gnaiger et al. 1995; Gnaiger & Kuznetsov, 2002).
So, what is the intracellular PO2 in La−-producing skeletal
muscle? Connett et al. (1983, 1984, 1986) used myoglobin
cryomicrospectroscopy to measure myoglobin saturation
and thereby the distribution of PO2 in muscle fibres in
contracting, isolated, perfused canine gracilis muscle. La−
concentration was measured in approximately the same
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© 2020 The Authors. The Journal of Physiology © 2020 The Physiological Society



J Physiol 0.0 Anaerobic threshold: 50+ years 7

cell populations. At rest and during submaximal twitch
contractions at ∼10% and ∼70% of peak twitch V̇O2 in
this muscle, PO2 remained greater than 2 mmHg during
the first seconds of the transition from rest to contractions,
and in the steady state. Over the same time course, muscle
[La−] rose from 1.2 mmol kg−1 at rest to 2.0 mmol kg−1

at the 10% V̇O2peak contraction rate and to 5.7 mmol kg−1

at the 70% V̇O2peak contraction rate. Thus, there was no
evidence that dysoxia was the cause of the increased La−
production during increasing metabolic rate. Later work
(Voter & Gayeski, 1995) revealed that the muscle O2
catchment volume was larger than what Connett et al. had
thought, but this did not invalidate their prior conclusions.

Ultimately, studies on humans (Richardson et al. 1995,
1998; Mole et al. 1999) provided additional support for
the results of the isolated canine muscle studies. Proton
magnetic resonance spectroscopy was used to determine
myoglobin saturation during single-leg, maximal effort,
quadriceps contractions, leading to the same conclusion
that increased La− efflux from the exercising muscle
did not result from inadequate intramuscular PO2 (PiO2)
(Richardson et al. 1998). Even when the participants
breathed a hypoxic gas (12% O2), local O2 tension
was never low enough to unequivocally limit oxidative
phosphorylation (Richardson et al. 1998). Furthermore,
net blood La− efflux from the exercising quadriceps did
not correlate with PiO2 across a range of metabolic rates
from 50 to 100% of V̇O2max.

Blood [La–] ~ 9 mM
La– infusion in anaesthetized dogs
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were either at rest or stimulated to contract at either 1 Hz or 4 Hz.
The figure shows net La− uptake versus contractile condition with
the corresponding V̇O2 above each histogram. Based on steady state
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Evidence against the concept that frank dysoxia is the
cause of La− production during exercise/muscle contra-
ctions, such that the ‘anaerobic’ term of the AT is a
misnomer, does not mean that La− production during
exercise is unaffected by reduced O2 availability. There
remains the tantalizing fact that PiO2 does decrease with
increasing work rate/contraction intensity (Connett et al.
1983, 1984, 1986; Richardson et al. 1995, 1998; Mole
et al. 1999). Of course, increasing the arterial–cellular
O2 gradient has the effect of increasing the drive for O2
delivery. Regardless, both the increase in work rate and
the decrease in PiO2 lead to signals that stimulate glycolysis
[e.g. ↓ATP, ↑ADP, ↑AMP, ↑Pi, ↑Ca2+; Gladden, 1996).
As discussed in detail in other reviews (Clanton et al.
2013; Ferguson et al. 2018), the small ‘extra’ decrease
in ATP, and increases in ADP, AMP and Pi, could
provide an additional stimulus to glycolysis and thereby
enhance La− production due to the declining PiO2 even
without actual dysoxia. This could explain, for instance,
the lower La− levels during incremental exercise when
breathing a hyperoxic as opposed to normoxic gasmixture
(Hogan et al. 1983). In other words, a declining PiO2 with
increasing work rate might serve as an ancillary stimulus
for La− production in the absence of dysoxia.
Understanding of O2–La− interactions in muscles

and other tissues was greatly enhanced by discovery
that the cellular respiratory apparatus was not arranged
in discrete mitochondrial organelles, but rather as an
extensive network, a mitochondrial reticulum (Bakeeva
et al. 1978; Kirkwood et al. 1986, 1987). As such, the
mitochondrial reticulum (i.e. mitochondrial power grid)
allows for transmission of the trans-inner mitochondrial
membrane chemiosmotic gradient from the cell surface
to deep within muscle fibres and other cells, thus
forming an intracellular power grid (Glancy et al.
2015). In this way, potential effects of a declining PiO2

on phosphorylation of ADP to ATP are minimized.
Also, Clanton (2019) proposed the idea of a myo-
globin/nitric oxide ‘shield’ working in combination with
themitochondrial power grid to decrease the potential for
low PO2 to limit mitochondrial oxidative phosphorylation
(OxPhos) activity. Clanton’s idea (Clanton, 2019) is that
in areas of potentially limiting PiO2 , myoglobin (Mb)
becomes more deoxygenated, which decreases the action
of Mb to scavenge nitric oxide (NO). A resulting higher
[NO] in that locale would competitively restrict cyto-
chrome c utilization of O2. Local loss of OxPhos activity
would be mitigated by the mitochondrial power grid
as described above. If, or as, PiO2 increases, the return
of Mb to a more oxygenated state would increase NO
scavenging, removing inhibition of cytochrome c activity
and permitting local OxPhos to rise.
Overall, as brilliantly educed and championed by

George Brooks (Brooks, 1985), the increase in blood
[La−] at and above the LT merely reflects a higher rate
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of La− appearance in the blood (Ra) in opposition to
disappearance from the blood (Rd) and, as discussed
extensively above, there is no evidence of anoxia (i.e.
PiO2 = 0mmHg) or dysoxia (PiO2 ≤ 2mmHg). In addition,
above LT there is a broad range of metabolic rates (i.e.
the heavy exercise intensity domain) at which blood [La−]
can be stabilized, albeit at an elevated level (Whipp &
Wasserman, 1986; Poole et al. 1988, 1990; rev. Poole &
Jones, 2012). When blood (and muscle) [La−] is (are)
not increasing there is no net ‘anaerobic’ ATP production
from glycolysis. Under this condition, some exercising
muscles, and perhaps other tissues, are producing La−
while other muscles, both resting and contracting, along
with other tissues are simultaneously oxidizing La−. Note
that glycolysis is neither ‘aerobic’ nor ‘anaerobic’ in terms
of O2 availability since La− is the obligatory product of
glycolysis (Brooks, 2018; Ferguson et al. 2018; Brooks et al.
2019). Glycolysis is only ‘anaerobic’ in the sense that O2 is
not required for the function of this pathway.
In our opinion, skeletal muscle mitochondrial

reticulum volume density, not dysoxia, is the major
factor in the relationship between exercise intensity
and increases in muscle and blood [La−]. A key
foundational concept here is that increasing exercise
intensity elicits biochemical and hormonal signals that
stimulate glycolysis. Then, due to the high activity of
lactate dehydrogenase, La− production must increase,
i.e. La− is the end product of glycolysis (Rogatzki et al.
2015; Brooks, 2018; Ferguson et al. 2018; Glancy et al.
2020). When La− production by the glycolytic pathway
accelerates, [La−] obligatorily increases unless there is
sufficient mitochondrial mass to siphon off La− via the
NADH shuttles (Glancy et al. 2020), the mitochondrial
lactate oxidation complex (Hashimoto et al. 2006,
2008; Hashimoto & Brooks, 2008) and pyruvate via
the mitochondrial pyruvate carrier (Bricker et al. 2012;
Herzig et al. 2012), respectively (Brooks, 2020 a ; Glancy
et al. 2020). Lactate concentration will always be a
competitive balance between the glycolytic rate and the
subsequent mitochondrial metabolism of pyruvate and
La−. A greater volume density of the mitochondrial
reticulum permits lower [La−] at greater glycolytic rates,
i.e. greater metabolic clearance rates (Donovan & Brooks,
1983; Bergman et al. 1999a; Messonnier et al. 2013) that
result from greater muscle power outputs.

Conclusions of this section. Based on best evidence,
the term ‘anaerobic threshold’ should be discarded for
other than historical purposes. While cutting edge
at the time of inception, the concept that the AT
is the result of anoxia/dysoxia is not supported by
contemporary evidence. Nevertheless, there remains
significant importance of and interest in the metabolic
threshold during exercise that is associated with sustained
elevations of muscle and blood [La−] (i.e. LT). Various

physiological variables have been employed to identify the
LT invasively or non-invasively and are detailed below in
‘Coincidence of exercise thresholds and their mechanistic
bases’.

The lactate shuttle and the ‘anaerobic threshold’

Originally conceived as a means to shuttle reducing
equivalents among cells, tissues and organs, we now know
that La− shuttling fulfils three basic functions: (1) La− is
a major, sometimes preferred, energy substrate; (2) La−
is the primary gluconeogenic precursor; and (3) La− is a
signalling molecule (Brooks, 1986, 2018, 2020b). Workers
in diverse fields such as brain metabolism, sepsis, cancer
and diabetes research, are employing lactate shuttle theory
in an effort to better understand normal and disrupted
metabolism in different tissue and cell types. Briefly, in
the early 1980s, as evidence against anoxia/dysoxia as the
primary cause of La− production evolved, a paradigm
shift occurred in our understanding of La− metabolism
during exercise. This paradigm shift was conceived by
Brooks (1985) on the basis of evidence gathered from
numerous sources including his own work on La− and
glucose metabolism using isotopic tracers in laboratory
rats (Donovan & Brooks, 1983). Critical support for the
idea of a cell-to-cell lactate shuttle came from several iso-
topic tracer studies in humans by the Brooks laboratory,
which tracked the flow of carbon intermediates during
rest, exercise and recovery in combination with arterio-
venousmeasures of net La− exchange, andmuscle biopsies
(Mazzeo et al. 1986; Stanley et al. 1986, 1988; Bergman
et al. 1999b, 2000; Brooks, 2002). The evidence for La−
as a major player in the coordination of whole-body
metabolism has since grown rapidly. Numerous studies
over the intervening period have shown that La− is
not merely a dead-end waste product of anaerobic
metabolism, but is instead a continuously produced and
removed metabolite that circulates among and within
essentially all cells of the body (Brooks, 2018). Both the
evidence and the concept have been extensively reviewed
previously (Gladden, 1996, 2004a,b , 2008; Brooks, 2000,
2002, 2007, 2009, 2016, 2018, 2020b; Brooks & Gladden,
2003), and the reader is referred to those summaries.

Lactate as a biomarker of physiological and metabolic
strain. Rising blood [La−] indicates that an individual
is not in a metabolic steady state, and for exercise
performance, rising [La−] predicts a curtailed or
diminished performance. Reiterating from prior
discussion, rising or extremely high blood [La−] means
only that La− Ra is greater than the La− Rd, possibly due
to increased La− production, inadequacy of clearance
mechanisms or both. Conversely, lower than predicted
blood [La−] in individuals engaged in heavy or severe
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exercise means enhanced La− clearance capacity, as the
result of endurance training (Messonnier et al. 2013),
genetics or both (San-Millan & Brooks, 2018).

Driver and recipient sites of blood lactate shuttling during
graded and continuous exercise. Seminal studies using
isotope tracers in laboratory animals (Donovan & Brooks,
1983) and humans (Stanley et al. 1985;Mazzeo et al. 1986)
were informative of whole body La− kinetics during rest
and exercise, but the data provided minimal information
on the sites of La− release and uptake. Knowledge of
the sites of La− production and removal required the
addition of carbon-labelled isotope tracers along with
simultaneous arteriovenous difference, (a – v)� and
blood flow measurements. Fortunately, Brooks et al. were
able to make those simultaneous measurements across
resting and working skeletal muscles (Stanley et al. 1985;
Bergman et al. 1999b) and brain (Glenn et al. 2015).
Brooks and others alsomade similar tracer, blood flow and
(a – v)� measurements across the beating heart (Gertz
et al. 1981, 1988; Bergman et al. 2009), and liver and
kidneys (Gerich et al. 2001; Meyer et al. 2002a,b ). The
findings strikingly show that all tissues, including working
muscles (Brooks et al. 1991), simultaneously produce and
consume La− and that (a – v)�measurements alone in the
absence of tracer isotopic enrichments are insufficient to
understand the full extent of La− shuttling in vivo. False
interpretations ensue unless it is understood that tissues
simultaneously consume and produce La−.

With even a contemporary viewof La− metabolism, one
might think that increments in blood [La−] seen during
exercise arise from working skeletal muscles. However,
this may not be universally true; consider, for instance,
results from participants before and during constant
power output exercises. In both healthy individuals
and those with chronic disease, resting blood [La−]
is almost always in the range of 0.5–1.5 mm. Resting
muscles simultaneously consume, produce and release
La− (Stanley et al. 1986; Bergman et al. 1999b), with net
La− release from resting, fully circulated and oxygenated
muscles, including endurance trainedmuscles often being
observed (Brooks et al. 1991; Bergman et al. 1999a,b )
(Fig. 4B). Moreover, while at the onset of submaximal
steady rate exercise there occurs a burst of muscle
La− release, net release declines over time (Fig. 4B),
particularly in endurance trained individuals (Fig. 4C)
(Brooks et al. 1991; Bergman et al. 1999b). These dynamic
changes in La− metabolism occur while working muscles
take up glucose and La− (Bergman et al. 1999a,b ). As sub-
maximal exercise at a constant power output continues,
and whole body La− exchanges come into balance, both
arterial blood [La−] (Fig. 4A) and whole body La−
turnover rates (Fig. 6) become constant both before and
after endurance training (Fig. 6).

Figure 6 illustrates the effects of endurance training on
blood La− turnover, showing continuous, but balanced,
La− production and disposal during rest and exercise.
Figure 4B shows an example of very little net La− release
from working muscles despite active turnover (Stanley
et al. 1986). If exercising muscles are not a net source
of La− production, particularly in endurance trained
individuals (Fig. 4C), the question arises: what is the
source of La− in the scenario of continuous, but balanced
La− production and disposal as shown in Figs 4 and 6?
Net La− release from the heart, liver, kidneys or brain is
unlikely, but where else might the La− load come from?
One potential site is the integument, a large organ that
stores glycogen and has the potential to release La− in
response to sympathetic stimulation (Johnson & Fusaro,
1972). In addition to the integument, perhaps another
unstudied source of blood La− might be white adipose
tissue or gut, a major site of fermentation by the micro-
biome (Brooks, 2018, 2020a).
As an aid to summarizing the effects of endurance

training on blood La− kinetics, refer to Fig. 6. Men were
studied at two continuous exercise power outputs (45
and 65% V̇O2max) before and after 2 months of super-
vised endurance training (Bergman et al. 1999b). After
training, participants were studied at the same exercise
power output that elicited 65% V̇O2max before training
(about 50% of post-training V̇O2max), as well as at a
power output that elicited 65%of the post-training V̇O2max.
There was good correspondence between La−Ra, Rd and
oxidation (ROx) (Fig. 6A, B and D), which are expected
to be similar during constant power output exercise, both
before and after trainingwith oxidation accounting for the
majority of La− disposal. Not shown is that endurance
training also increased the capacity for gluconeogenesis
from La− (Bergman et al. 2000; Emhoff et al. 2013b).
Perhaps most distinctive among the panels is Fig. 6C,
which illustrates the effects of endurance training on La−
metabolic clearance rate (MCR = Rd/[La−]). Clearance
capacity is a term less frequently used, but to those
familiar with the terms ‘insulin action’ or ‘sensitivity’,
the MCR term may resonate because, by definition,
clearance relates La− removal to its concentration. Before
training, exercise at the higher, 65% V̇O2max metabolic
rate was accomplished despite a low baseline MCR
capability. However, after training, increased La− MCR
was observed, a result attributable to increased muscle
mitochondrial respiratory capacity and correlated with
muscle La− (monocarboxylate) transporter abundance
(Dubouchaud et al. 2000).
Flexibility of tissues in terms of taking up or releasing

La−, or both simultaneously producing and removing
La−, depending on conditions, forces us to consider the
mechanisms allowing and regulating such behaviour. As
well, such observations give rise to another concept of the
utility of La− shuttling with regard to the conservation
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of carbon energy sources because La− is secreted mainly
as CO2 (Mazzeo et al. 1986; Stanley et al. 1988; Bergman
et al. 1999b; Emhoff et al. 2013a) (there being no reports
of extensive urinary La− excretion in humans).

Beyond exercise: what do elevations in blood [La−]
mean? Aside from exercise, lactataemia also occurs
in other conditions such as brain trauma (Brooks &
Martin, 2014; Wolahan et al. 2018), sepsis (Marik &
Bellomo, 2016), dengue (Somasetia et al. 2014), cancer
(Warburg, 1956; Semenza, 2008; San-Millan & Brooks,
2017), hepatitis and pancreatitis (Hoque et al. 2014).
In this regard it is important to note that in only one
condition, physical exercise, are there definitive data on
the significance and meaning of La− accumulation in a

stressful condition; specifically, blood [La−] rises during
exercise when blood Ra is greater than Rd (Stanley et al.
1985; Mazzeo et al. 1986; Brooks et al. 1991; Bergman
et al. 1999b; Messonnier et al. 2013). In other conditions,
particularly severe clinical conditions such as sepsis,
Marik & Bellomo (2016) emphasized that there are no
data to support the traditional idea that lactataemia is
due to O2 insufficiency. Classical papers on the ‘anaerobic
threshold’ (Wasserman &McIlroy, 1964;Wasserman et al.
1985; Casaburi et al. 1989) also failed to consider factors
affecting La− Ra/Rd balance. Regrettably, the reflexive
interpretation of lactataemia as tissue O2 lack is a problem
because it deflects from the potential use of La− therapy
in sports and emergency medicine (Garcia-Alvarez et al.
2014; Marik & Bellomo, 2016). Indeed, La− therapy has
potential for use in traumatic brain injury (Brooks &
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Martin, 2014), heart failure (Bergman et al. 2009), sepsis
(Garcia-Alvarez et al. 2014; Marik & Bellomo, 2016),
dengue (Somasetia et al. 2014), hepatitis and pancreatitis
(Hoque et al. 2014) and other conditions (Brooks, 2018).

Conclusions of this section. While the ‘anaerobic
threshold’ concept was an important and arguably
laudable application of late 19th and early 20th century
biology, the mechanistic basis for the concept is
inadequate in terms of what is known today (Brooks,
2018; Ferguson et al. 2018). La− is produced continuously
under fully aerobic conditions (Rogatzki et al. 2015) and
is an important energy source (Mazzeo et al. 1986; Stanley
et al. 1986; Bergman et al. 1999b; Messonnier et al. 2013),
the major gluconeogenic precursor (Bergman et al. 2000;
Meyer et al. 2002a), and an important signalling molecule
that works by changing cellular redox (Brooks, 2002),
allosterically binding to receptors (Ahmed et al. 2010),
signalling via a transforming growth factor β2 signalling
cycle (Takahashi et al. 2019) and gene expression by
lactylation of histones (Zhang et al. 2019). Further,
recent evidence suggests that a gut microbiome-to-host
La− shuttle exists that may enhance endurance exercise
performance (Scheiman et al. 2019). Classic as well as
contemporary findings in biology lead to the conclusion
that La− turnpoints or high blood [La−] provide little
or no information on adequacy of tissue oxygenation,
but rather that the balance between La− production and
disposal is perturbed for reasons that are not always
understood. We know that during physical exercise La−
disposal is accomplished mainly by oxidation (75–80%)
in working muscle (Bergman et al. 1999b), the heart and
elsewhere (Gertz et al. 1988), and the remaindermainly by
gluconeogenesis (Bergman et al. 2000). Historically, rising
or high blood [La−] under conditions of physiological or
metabolic stress have been misinterpreted (Brooks, 2018;
Ferguson et al. 2018). La− production is an important
strain response, the purpose of which is to mitigate stress.
Understood in this light, blood [La−] can be an important
biomarker of physiological stress/strain relationships, and
ironically, as now appreciated by investigators conducting
a variety of clinical experiments and clinical trials, La−
supplementation can be an important adjunct to therapy
across a broad array of physiological or life-threatening
conditions (Brooks, 2018).

Above, the benefits of La− shuttling and La− therapy
are proposed. However, it is also important to recall
that lactataemia can be a harbinger of poor outcomes
in critical conditions such as infection, sepsis and
cancer (Shapiro et al. 2005; Martinez-Outschoorn et al.
2011; Gohil & Brooks, 2012; San-Millan & Brooks,
2017). Additionally, lactataemia gives rise to metabolic
inflexibility because it suppresses white adipose tissue
lipolysis via hydroxycarboxylic acid receptor 1 binding

and cAMP response element-binding protein activation,
and limits mitochondrial uptake of activated fatty acids
via malonyl-CoA formation and inhibition of carnitine
palmitoyl transferase 1 (Brooks, 2018). Therefore,
researchers and clinicians should be cognizant of basic
principles of physiology as expressed by Selye regarding
the alarm reaction to stress, resistance development and
exhaustion (i.e. some stress can be beneficial, but toomuch
stress can result in exhaustion) (Selye & Fortier, 1950), i.e.
hormesis (Southam & Erlich, 1943). When considering
circulating levels of La− or any metabolite, appreciation
of the underlying reasons for changes in metabolite Ra,
Rd and MCR are important (Brooks, 2018). Consider for
instance theWarburg effect of aerobic glycolysis in cancer
cells (Warburg et al. 1927; Racker, 1972). From recent
epidemiology we know that regular physical exercise
is beneficial for reducing the risks of many common
cancers including those of breast, colon, bladder, end-
ometrium, oesophagus, kidney, lung and stomach (Powell
et al. 2019). Interestingly, those organs appear to play
minimal roles in sustaining exercise; consequently, an
emerging hypothesis is that exercise-stimulated myokine
release is involved in the protective effect of exercise
on these tissues during exercise (San-Millan & Brooks,
2017). Alternatively, it may be that exercise-induced
upregulation of gut Veillonella populations play a role
in promoting colon and general health (Scheiman et al.
2019). However, consistent with biological principles
underlying stress–strain relationships that too much of
an efficacious substance (e.g. insulin or La−) can have
negative effects, the need to further explore and under-
stand the regulation of La− metabolism in all of its facets
is essential. For example, it was recently shown that
endogenously produced or exogenously added La− can
provoke oncogenesis in cancer cells (San-Millan et al.
2019). This raises the question of whether lactataemia
following high intensity interval exercise training could
provoke carcinogenesis in cancer-susceptible, but as
yet untransformed, cells (San-Millan & Brooks, 2017).
Considering the importance of maintaining homeo-
stasis in physiology, the deleterious effect of prolonged,
continuous La− accumulation, as occurs in cancer by
comparison to the intermittent La− stimulus during
exercise, deserves further exploration (San-Millan et al.
2019).
The mechanistic basis of the AT, i.e. dysoxia, has been

disproven, and the lactate shuttle is now recognized as
the appropriate paradigm for the description of La−
metabolism. Nevertheless, application of physiology of
La− Ra and Rd that are reflected in LT remains valuable in
sport, science andmedicine.Development of non-invasive
estimation of LT by gas exchange has greatly enhanced
the application of concepts in La− metabolism to both
physical training and clinical settings, as described in the
next section.
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The gas exchange threshold: uses and limitations

Identifying the gas exchange threshold. The GET is
defined as the metabolic rate at which excess CO2
(i.e. in addition to the metabolic CO2 output (V̇CO2)
associated with a given V̇O2) is evolved proportional to the
rate at which muscle and blood [bicarbonate] decrease,
consequent to buffering of a metabolic acidosis, and
which derives from non-hyperventilatory mechanism(s).
Or, to put it another way, GET is identified by an
increase in the V̇CO2/V̇O2 relationship (the V-slope plot)
with evidence of absence of a frank hyperventilation.
GET occurs proximal to the increase of arterial blood
[La−] (LT). Identifying such threshold behaviour is
essential to understanding the performance and control
of the physiological system(s) under investigation. Pre-
sented below in ‘Common threshold concepts’ is the
evidence that critical power (CP) may be a better
index of the threshold than the LT for an obligatory
non-oxidative contribution to exercise energetics, and
a stronger correlate of physical performance. While
methods to measure CP (or CS) during e.g. cycling
or running using a single laboratory visit have been
developed (Vanhatalo et al. 2007; Pettitt et al. 2012;
Murgatroyd et al. 2014), these approaches depend upon a
sustainedmaximal effort. Effort-independentmethods for
measurement of physiological thresholds add construct
validity to, and reduce potential variability of, the
measured variable, because they do not rely on participant
perceptions and are likely preferable for testing vulnerable
populations, such as the elderly or patients. Using
direct arterial La− sampling, Wasserman et al. (1967)
distinguished metabolic rates that, if sustained for 15 min
ormore, result in arterial [La−] remaining at resting values
(termed moderate intensity exercise) from those that
do not (heavy and very heavy/severe intensity) (Fig. 7).
Later, they developed non-invasive techniques, validated
against more direct invasive measures, that increased
accessibility and utility of this assessment (Beaver et al.
1986). Estimation of LT using non-invasive GET criteria
is likely now the most widely used method to estimate
metabolic rates that result in arterial blood [La−] above
baseline (Wasserman et al. 1967; Beaver et al. 1986)
(Fig. 7; see also Figs 8 and 9). There exists a small
difference between the onset of arterial La− accumulation
(measured by sampling of arterial blood La−; LT), and the
buffering of the metabolic acidosis resulting in increased
CO2 exchange into the alveolar compartment (measured
by sampling of arterial bicarbonate; sometimes called
the lactic acidosis threshold) and therefore detection by
GET. This small difference is due to contributions by
non-bicarbonatemechanisms of buffering the proton load
(Stringer et al. 1992). Although it is physiologically correct
to distinguish these mechanisms, differences among them
turn out to not be clinically meaningful.

Valid identification of GET relies on the fact that the
incremental exercise stimulus (Whipp et al. 1981; Davis
et al. 1982; Zhang et al. 1991) is sufficiently rapid that
the onset of a metabolic acidosis is dissociated from that
of compensatory hyperventilation. Without this, it is not
possible to distinguish whether excess, non-metabolic,
V̇CO2 – which occurs at LT – results from bicarbonate
buffering of metabolic acidosis or from frank hyper-
ventilation to drive down arterial PCO2 (Whipp et al.
1987). Our knowledge of the mechanism causing this
dissociation is incomplete, but it is thought to be due to a
relatively slow response to changes in arterial pHof carotid
body neural outflow stimulating ventilation (Buckler et al.
1991; Whipp & Ward, 1991). The intervening ‘window’
between LT and respiratory compensation is termed the
‘isocapnic buffering region’, because during this range of
metabolism, end-tidal and arterial PCO2 are stable, despite
ventilation increasing out of proportion to V̇O2 and a rise
in end-tidal and arterial PO2 (Fig. 8) (Whipp et al. 1989).
The existence of isocapnic buffering, and its identification
in breath-by-breath gas exchange measurements during
ramp incremental exercise, therefore provides a means to
determine the onset of a metabolic acidosis, i.e. the LT.

Sensitivity, specificity and construct validity of the gas
exchange threshold. In many regards, the estimation of
LT using GET is advantageous. Not only is it non-invasive
and effort-independent, but also modern instruments can
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sample gas exchange on a breath-by-breath basis, meaning
that the sampling frequency around the metabolic rate at
which LT occurs is much greater than could be reasonably
obtained from sampling the arterial blood. Specifically,
gas exchange is measured in the range of approximately
once every 2–4 s, depending on the breathing frequency
of the participant at GET. GET occurrence is independent
of ramp-incremental protocol, although a false negative
(i.e. the false observation that GET was absent) can occur
if the rate of increase in power output is slow relative to
the participant’s aerobic fitness. A slow ramp rate reduces
the sensitivity to identify the onset of threshold behaviour
in the V-slope plot. However, it is important to note that
GET occurs at the same V̇O2 whether the ramp is rapid

(completed within 5 min) or slower (completed within
10–15 min) (Agostoni et al. 2005; Bowen et al. 2012).
TheGET is responsive to interventions: reducedmuscle

O2 delivery in healthy subjects lowers GET (Koike &
Wasserman, 1992); cardiac resynchronization therapy
in heart failure increases GET (Auricchio et al. 2002);
exercise training in chronic heart or lung disease increases
GET (Casaburi et al. 1991; Kiilavuori et al. 1996).
However, when the exercise response does not manifest
an isocapnic buffering region, then the validity of the
assumption is violated, thus negating the assumption that
reaching LT is the sole explanation for the observed
GET. This can happen, for example, during exercise at
high altitude, where peripheral chemoreceptors may be

40

0
30

20

35

35
125 125

30

95
45 45

5

45

45

20

15

25

30

35

40

42

44

46

48

P
E

T
 C

O
2
 (

to
rr

)
f (

m
in

-1
)

43

41

39

3
0

3
0

6
0

9
0

1
2

0

1
5

0

1
8

0

2
1
0

2
4

0

6
0

9
0

1
2

0

1
5

0

1
8

0

2
1
0

37

35
-120 -90 -60 -30

-90 -60 -30

+30 +60 +90 +120

+30 +60 +90 +120

+150

WORK RATE (watts)

WORK RATE (watts)

A B C

D

WR (watts)

P
�

C
O

2
 (

to
rr

)

WR (watts)

RCP RCP

Icap. Buff.

f
(min-1)

PETO2

(torr)

PETCO2

(torr)

VE
�

VO2

�

VE

L/P

�

VO2

�

�an

�an

�an �an

100

5

15 15

40
20

40

40
1 2

0

55

Figure 8. Breath-by-breath responses of the variables used to discern the anaerobic threshold (AT; here
abbreviated to θan) and the onset of respiratory compensation (RCP) in a 1 min ramp incremental
exercise test to exhaustion
A and B, the period of isocapnic buffering (i.e. end tidal partial pressure of CO2(PETCO2 becoming constant between
θan and RCP) is relatively short in subject 1 (A) and is much longer in subject 2 (B). C, pattern of response of PETCO2
and breathing frequency (f) throughout the sub- and supra-anaerobic threshold range of an incremental exercise
test in 24 normal subjects. Note that isocapnic buffering is maintained for an average 60 watts after θan and that
f begins to increase at a much faster rate as the isocapnic buffering phase is established. D, the mean (±1 SD)
pattern of response of arterial blood partial pressure of CO2(PaCO2 ), relative to the anaerobic threshold (θan), for
10 normal subjects performing a maximal incremental exercise test. The slope of the increase (represented by the
dotted line) up to θan is significant (P < 0.05). Note the short isocapnic region that is maintained beyond θan
for ∼30 watts. Abbreviations: Icap. Buff., isocapnic buffering region; L, lactate; P, pyruvate; V̇E, ventilation; V̇CO2 ,
carbon dioxide output; V̇O2 , oxygen uptake; PETO2 , end tidal partial pressure of oxygen; WR, work rate. Reprinted
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sensitized by reduced arterial PO2 , and a frank hyper-
ventilation is manifest at the LT (Agostoni et al. 2008).
The observation of a ventilatory threshold in McArdle’s
disease patients is often cited as another example of why
the AT concept is flawed (Hagberg et al. 1982). McArdle’s
patients lack the enzyme glycogen phosphorylase and
therefore do not metabolize muscle glycogen during
exercise; accordingly, with limited glycolysis, they do not
accumulate either muscle or blood La−. However, while
these patients respond with a frank hyperventilation, the
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utilized to detect the ‘Anaerobic Threshold’ during
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power output (cycle ergometer)
A, initial increase in blood [La−] above resting baseline. B, beginning
of a non-linear increase in expired ventilation (here averaged per min
rather than breath-by-breath). C, non-linear increase in carbon
dioxide output (V̇CO2 ) plotted as a function of oxygen uptake (V̇O2 )
(commonly referred to as the V-slope; Beaver et al. 1986). Note that
the advent of ramp protocols, rapid blood La− sampling and
breath-by-breath gas analysis increases the granularity of each
technique beyond what is shown in this figure. Also, whereas it is
common practice to present thresholds as speeds or power output,
so doing incurs a ramp slope-dependence on the threshold. Hence
the threshold parameter is expressed more correctly as V̇O2 as
demonstrated for the V-slope analysis in C.

hyperventilation occurs in the absence of isocapnia, which
violates the assumption required for valid LT estimation
by GET.
False positives have also been identified, in which the

GET is dissociated from LT. A particularly important
example of this behaviour is the response seen following
hyperventilation. The study of Ozcelik et al. (1999)
implemented a 10 min hyperventilatory period prior
to incremental exercise testing that reduced end-tidal
PCO2 by ∼10 mmHg. Their rationale for this was that
participants, particularly those naïve to exercise testing,
may be nervous and hyperventilate prior to the exercise
test. Hyperventilation would reduce body CO2 storage,
e.g. as carbamino compounds, bicarbonate and dissolved
CO2. If sustained, this hyperventilation could reduce
bodily [CO2] sufficiently to alter the normal dynamics
of CO2 storage and output during an exercise test and
dissociate GET from LT (Ozcelik et al. 1999). Specifically,
the metabolic CO2 produced in the TCA cycle (e.g. in
active muscle) would be directed initially to replenish
the CO2 stores that were lost to prior hyperventilation,
and would not be evolved at the mouth at the normal
rate. This causes an atypical falling pattern in respiratory
exchange ratio (RER) (V̇CO2/V̇O2) early in exercise. Once
the CO2 stores are refilled, however, the falling RER
abruptly changes direction and begins to rise steeply, as the
metabolic CO2 shifts from being stored to being evolved.
This manifests as threshold-like behaviour in the V-slope
relationship, but is not associated with a buffering of a
metabolic acidosis, i.e. as it normally would be at LT.
Careful inspection of the lower-than-expected rates of
V̇CO2 and/or falling RERmay identify the observedGET as
a false positive (or pseudothreshold) (Ozcelik et al. 1999).
A similar behaviour is seenwhen the ramp rate is too rapid
in comparison to the individual’s aerobic fitness, and CO2
storage dynamics can dissociate GET from LT (Ward &
Whipp, 1992).
True negatives are also possible, although rare, in which

GET is not observed in patients who terminate exercise
prior to reaching LT. Such true negative responses are not
common, but would include McArdle’s disease patients (a
hyperventilatory response without an isocapnic buffering
region or accompanying acidosis), and those with exercise
intolerance due to, e.g. severe dyspnoea, such as some
patients presenting with heart failure (Agostoni et al.
2013) or chronic obstructive pulmonary disease (Sue et al.
1988).

Uses of the lactate or gas exchange threshold. The
applications of the LT (here taken as synonymous
with GET) for predicting sports performance are pre-
sented below (see ‘Coincidence of exercise thresholds
and their mechanistic bases’). Another intriguing recent
observation is that limitations in the rate of energy intake

© 2020 The Authors. The Journal of Physiology © 2020 The Physiological Society



J Physiol 0.0 Anaerobic threshold: 50+ years 15

via the alimentary system may constrain ultra-endurance
performance. The maximal rate of nutritional intake in
runners competing in the 140-day transcontinental Race
Across the USA (RAUSA) was found to be equivalent to
∼2.5–3 times basal metabolic rate (Thurber et al. 2019),
meaning that exercise performance above this level for
days or weeks could not be met by nutritional intake
and therefore organismal homeostasis would be lost. This
identifies a limit (in endurance athletes) for nutritional
intake constraining human exercise performance, i.e.
when energy expenditure is increased. Reliance on
glycolysis with net La− accumulation (above LT) for
sustained performance depletes carbohydrate substrates
at a disproportionately rapid rate compared with exercise
below LT, such that sustained exercise above LT would
hasten limitation and reduce extreme endurance exercise
performance.

The effort-independent nature of the LT (as opposed
to CP/CS and V̇O2max) lends itself well to diagnostic and
prognostic utility. Some current uses of LT include:

� Assessing the normalcy of an individual’s integrative
systemic function. As originally conceived, the
AT was hypothesized to detect ‘the failure of the
circulation to deliver adequate O2 to the metabolizing
tissues (exercising muscles)’ in heart failure patients
(Wasserman’s letter of 21 February 2000 to Brooks).
Although the eventual mechanism was revealed to
be more closely related to a reduced La− clearance
consequent to poor systemic circulation rather than
dysoxia, the absolute and relative V̇O2 at which GET
occurs is extremely useful in evaluating the normalcy
or otherwise of an individual’s response to the stress
of exercise (Wasserman, 1984). A GET that occurs
at a low absolute V̇O2 , e.g. <1 L/min, corresponds
to impaired physical performance because it would
mean that even fairly slow walking would exceed
the metabolic rate at LT, and necessitate attendant
increases in V̇O2 and energetic inefficiencies that occur
during exercise above LT in order for exercise to be
sustained. Similarly, GET <40% predicted V̇O2max is
commonly considered clinically abnormal and would
trigger further investigation (Sietsema et al. 2020).
For this, GET is referenced to the individual’s pre-
dicted, rather than measured, V̇O2max; this helps to
overcome misinterpretation in those for whom V̇O2max
is unusually low or high. A GET that occurs at a high
relative V̇O2 , e.g. >50% predicted V̇O2max, is typically
associated with an endurance trained state. However,
interpretation of relative GET is complicated by the fact
that V̇O2max declines with age more rapidly than GET
(Neder et al. 1999). Therefore, GET as a fraction of
V̇O2max increases with increasing age, and does so more
rapidly in women than in men, reaching an average

normal value of 64% of predicted V̇O2max in 80-year-old
women.

� Optimizing the intensity of training and re- and
pre-habilitative exercise prescription. In the clinical
setting, prescription for cardiac or pulmonary
rehabilitation is often preceded by cardiopulmonary
exercise testing. Training intensities that over-
load physiological processes underpinning LT or
CP/CS will, at least in normal physiology, result
in beneficial adaptation. In patient populations,
training intensities above GET, which challenge
the mechanisms responsible for La− production
and clearance, unsurprisingly produce enhanced
training benefits in terms of reduction of limiting
symptoms and increased exercise tolerance compared
with endurance training below GET (e.g. Casaburi
et al. 1989). Training above GET, however, should also
account forCP/CS.MostOlympic endurance events are
performed above CP/CS, and therefore prescriptions
that include training >CP/CS have a strong under-
lying rationale. However, exercise tolerance >CP/CS
causes limitations in training volume, especially in
some patient populations. In this case, patients who
are prescribed exercise >LT but <CP/CS would likely
benefit from the attendant increase in LT (among other
adaptations) of heavy intensity training.

� Judging appropriateness to undergo major thoracic
or abdominal surgery and triaging a patient
post-operatively to the post-surgical ward, high
dependency unit or intensive care unit. A report by
Older et al. (1999) contained the original observation
that GET could distinguish patients who had a 4–5
times increased risk of post-surgical mortality. GET
<11 ml kg−1 min−1 provided a pre-surgical, effort
independent, measure that predicted those patients
at higher risk. Patients with GET <8 ml kg−1 min−1

experienced a near 8% post-surgical death rate from
cardiovascular causes, compared with none of the
patients in whom GET was >14 ml kg−1 min−1. In
the past 20 years, the utility of peri-operative exercise
testing has become an area of intense research. Patients
can be tested for risk of surgery or for establishing
post-surgical triage to an appropriate level of care.
Repeatedly, patients’ inability to perform exercise or
those with GET or LT values ∼9–11 ml kg−1 min−1

discriminates risk or predicts survival, and often
with stronger predictive power than other commonly
used clinical risk stratification measures (e.g. Older
et al. 1999; Snowden et al. 2010; Colson et al. 2012;
Goodyear et al. 2013; Lai et al. 2013; West et al.
2016; rev. Older & Levett, 2017). For example, in
116 patients undergoing major elective surgery,
GET <10.1 ml kg−1 min−1 was a better predictor
of post-surgical pulmonary, renal, gastrointestinal,
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infective or cardiovascular complication than
V̇O2peak, V̇E/V̇CO2 slope, age, BMI, cardiac risk index,
serum creatinine or several other physiological or
hospital-based risk stratification scores (Snowden et al.
2010). West et al. (2016) identified in 723 patients
undergoing major colorectal surgery from six centres
that the area under the receiver operator characteristic
curve was 0.79 for GET<11.1 ml kg−1 min−1 resulting
in post-surgical morbidity, indicating strong sensitivity
and specificity. In multivariable logistic regression,
GET <11.1 ml kg−1 min−1 was significantly associated
with increased odds of in-hospital morbidity (odds
ratio= 7.56; 95% CI 4.44–12.86; P < 0.001), providing
∼4 times the sensitivity of the next most strongly
associated variable (V̇O2peak <18.2 ml kg−1 min−1;
odds ratio = 2.15; 95% CI 1.01–4.57; P = 0.047).
These data provided further evidence that GET can be
used to assess risk prior to elective surgeries.

� As an index of life expectancy in patients with
heart disease. Heart failure patients in whom GET
is <11 ml kg−1 min−1 have ∼4 times increased risk
of death (Gitt et al. 2002). Those in whom GET is
<8.5 ml kg−1 min−1, or in whom GET could not
be detected (true negatives as well as inability to
identify GET), also had a further increased risk of
death compared to those with GET>11ml kg−1 min−1

(Agostoni et al. 2013).

As yet, themechanism that associates LTwithmortality
in many different populations is unknown. However, it
is intriguing that sensitive thresholds for GET around
9–11 ml kg−1 min−1 are equivalent to ∼2.5–3 times basal
metabolic rate, the maximal rate of nutritional intake
identified in RAUSA competitors. We speculate whether
an LT of<2.5–3 times basal metabolic rate results in a loss
of organismal homeostasis, i.e. the metabolic demands of
even light activities overcomes the ability for nutritional
replenishment of lost energy stores. Like the extreme
endurance athletes, any activity that exceeds LT, which
would be even very light activities of daily living for
some extremely impaired patients, would accelerate rates
of glucose and glycogen utilization that may not be easy
to replenish by nutritional intake in elderly patients with
poor absorption and metabolic function, hastening the
loss of organismal homeostasis.

Conclusions of this section. The concept that the
AT is a consequence of dysoxia, i.e. in its original
conceptualization, is not corroborated by more recent
research. Nevertheless, the subsequent steps of the AT
concept, such as the notion that early onset of arterial La−
accumulation during exercise signifies a poor capacity
to mediate metabolic strain resulting in significant
organismal stress, has stood the test of time. The LT,
whether measured directly or non-invasively by gas

exchange has construct validity and is sensitive and
specific to interventions including, but not limited to,
endurance exercise training, cardiac resynchronization
therapy ormanipulations of systemicO2 delivery. As such,
it has gained wide utility, in particular in determining
the normalcy of physiological function in chronic disease
states and identifying ‘fitness’ to undergo systemic
stressors such as thoracic or abdominal surgery. The
prognostic ability of LT exceeds that of many other
clinically or physiologically based measures, often by
severalfold, even though the mechanisms associating LT
and morbidity/mortality are still not well known.

Coincidence of exercise thresholds and their
mechanistic bases

In physiology, ‘thresholds’ are powerful concepts
constituting fundamental ‘tipping points’ that establish
boundaries between distinct domains of physio-
logical control, such as the moderate→heavy→very
heavy/severe domains of exercise intensity (Fig. 10).
Knowledge of certain thresholds offers the promise of,
among other things, predicting athletic performance;
assessing the ability to perform essential work-related
physical tasks and tracking efficacy of training or
therapeutic countermeasures to ageing or organic
disease; and stratifying patient populations for surgical
procedures such as heart transplantation (Table 1, and see
section ‘Uses of the lactate or gas exchange threshold’
above). Unfortunately, problems of nomenclature,
definition, measurement and interpretation can lead
to confusion and this has certainly happened with
the AT. This section will briefly survey the plethora
of extant threshold concepts, including the AT. The
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Table 1. Pros and cons of threshold concepts in exercise science

Potential to: Problems

(1) Teach about physiological mechanisms
(2) Establish rigorous exercise intensity domains in which

to investigate mechanisms (e.g., exhaustion)
(3) Predict athletic performance
(4) Monitor training progress
(5) Clinically assess patient physiological

function/dysfunction: heart failure, diabetes,
peripheral artery disease, ageing

(6) Determine suitability for surgery/transplant
(7) Assess therapeutic efficacy

(1) Definition and measurement: largely correlational
analyses

(2) Proliferation of terms breeds confusion
(3) Misleading as regards mechanistic bases (‘anaerobic

threshold’)
(4) Complexity: hierarchy of importance needs to be

established
(5) Disease changes mechanism (e.g. McArdle’s disease)
(6) Misapplication to patients possible (harm > good)

arguments will be supported that, rather than detecting
the moderate–heavy exercise boundary as the AT does,
knowing the heavy–severe boundary, as determined by
the CP/CS) concept (see Fig. 11 and ‘Critical power’
section below), is more relevant to athletic performance
(Vanhatalo et al. 2011; Poole et al. 2016; Craig et al. 2018)
and in keeping with the original intent of the AT concept.
In addition, the case will be made that knowledge of
CP/CS is also more germane to unravelling key aspects
of physiological control, such as the causes of fatigue and
exhaustion, than is the AT. Indeed, CP fulfils far better
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Figure 11. Critical power (CP) or critical speed (CS) is typically
resolved using a series of four or more constant-load exercise
bouts, each performed on a separate day, over a range of
work rates (CP) or speeds (CS) that exhaust the participant
between 2 and 15 min (each red circle denotes limit of
tolerance for one separate such test)
Note that CP/CS occurs at a power or speed different from, and
appreciably exceeding, the so-called anaerobic threshold (AT) or La−
threshold (LT). The parameter W′ (or D′ for CS) represents a finite
energy store that is expended above CP/CS at a rate dependent
upon power or speed sustained relative to CP or CS. For cycle
ergometry W′ is in kJ whereas for running D′ constitutes a finite
distance. Note that the hatched areas are precisely the same for each
exercise bout representing the finite value of W′ or D′ irrespective of
work rate or speed above CP or CS. The asymptote (CP, CS)
constitutes the highest rate of oxidative energy expenditure, often
expressed as V̇O2 , that can be sustained without drawing
continuously on W′ or D′. Adapted from Poole et al. (2016).

the intent and purpose of the original AT concept than
the AT itself! (See Fig. 11 and legend for a description
of the CP/CS concept.) Specifically, as detailed in ‘The
lactate shuttle and the “anaerobic threshold”’ section
above, an elevated, but stable, level of blood [La−] can be
sustained for constant power exercise above AT (Fig. 7,
heavy intensity). It is only for exercise performed above
CP/CS that the energy storage component (W′, Fig. 11)
consisting principally of non-oxidative energy sources
(i.e. glycolysis, PCr), is continually depleted and the rate
of La− appearance (Ra) continuously exceeds its rate of
disappearance (Rd) in the blood. Exhaustion during very
heavy/severe-intensity exercise occurs within a duration
that is highly predictable when CP (or CS) and W′ (or
D′) are known. Importantly, almost all Olympic athletic
track and other contests from the marathon (∼96% CS),
across a plethora of shorter events down to the 800 m
are contested in the heavy- (i.e. <CS, marathon) and
across the very heavy/severe-intensity domain (i.e. >CS,
10,000m and shorter; Poole et al. 2016; Jones&Vanhatalo,
2017; Craig et al. 2018).

Common threshold concepts: partitioning the range of
exercise intensities. The AT has been one of the most
studied of physiological phenomena (rev. Peinado et al.
2014; Jones et al. 2018) with attempts to detect the
AT, in addition to blood La− sampling, by a plethora
of indices mostly during progressive incremental/ramp
exercise (Fig. 9 presents three of these: blood [La−],
ventilation, and V̇CO2 to V̇O2 relation or V-slope). The
physiological variables proposed to detect AT include
discontinuities in ventilation (Naimark et al. 1964;
Wasserman & McIlroy, 1964), pulmonary gas exchange
(GET; Beaver et al. 1986), RER (Wasserman et al. 1973),
muscle electromyography (Jurimae et al. 2007), heart rate
(Conconi et al. 1980), plasma catecholamines (Davies
et al. 1974), salivary [amylase] (Chicharro et al. 1999),
deoxy-[Hb+Mb], oxygen extraction and haemodynamics
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(Crisafulli et al. 2006; Coquart et al. 2017), and rate of
perceived exertion (Voorn et al. 2014; Coquart et al. 2017;
Alberton et al. 2019) (rev. (Peinado et al. 2014). Whereas
some have interpreted these responses as a sign of a
global central nervous system-coordinated response (e.g.
Peinado et al. 2014), rigorous prospective interventional
studies rather than correlational observations are requisite
to unveil mechanistic connections among these disparate
variables, if such connections exist. Even the correlational
observations available to date are confounded by problems
related to detection method, selective sampling (e.g.
superficialmuscle for EMGanddeoxy-[Hb+Mb]), system
and transit-time delays, and, often, poor signal-to-noise
ratios and among-subject variability. The latter concern is
epitomized by the broad span of carotid body sensitivity
normally found among the populace and also the high
breath-to-breath variability that conflate to challenge
accurate detection of the ventilatory threshold.
Notwithstanding the above concerns, when the LT and

GET are operationally defined and measured carefully,
they provide invaluable demarcation of the boundary
between the moderate and heavy exercise intensity
domains (Figs 7, 8 and 10) (Henson et al. 1989;
Poole & Jones, 2012). Specifically, moderate exercise is
characterized by rapid monoexponential pulmonary V̇O2

kinetics (in most healthy young subjects) and blood [La−]
does not increase above rest, versus heavy exercise where
V̇O2 kinetics evince a slow component that increases
the V̇O2 amplitude, slowing the overall response and
decreasing efficiency, and blood [La−] is elevated (rev.
Poole & Jones, 2012).

Problems with the lactate threshold: how to take a
straightforward idea and make it hopelessly complex.
Whether LT can be detected non-invasively by means
of the ventilatory or gas exchange profiles during
incremental/ramp ergometry (Naimark et al. 1964;
Wasserman & McIlroy, 1964) has been a matter of great
contention over the past few decades. This question
matched the gurus of pulmonary gas exchange headed by
Brian J. Whipp, Karlman Wasserman and James A. Davis
against biochemistry and metabolism experts such as
George Brooks (see Davis (1985) versus Brooks (1985)).
In linking the non-linear ventilatory response to the
excess CO2 generated by the bicarbonate buffering of the
H+ associated with La−, both the rate of La− (and hence
H+) appearance and the sensitivity and time course of the
subsequent ventilatory response were crucial. This led to
establishing recommendations that participants should
reach their maximum tolerance on the incremental/ramp
test in∼10min or so (Buchfuhrer et al. 1983). But the fact
that LT, determined from the blood [La−] response, could
be dissociated from ventilation-derived variables using
altered pedal frequency and glycogen depletion/dietary

modifications (Hughes et al. 1982) and/or exercise
training (Poole & Gaesser, 1985) eroded faith in the
underlying connection between the LT and Ventilatory
Threshold. This problem was diminished by removing
emphasis on the overall ventilatory response and focusing
specifically on detecting the break-point in the V̇CO2

versus V̇O2 relationship (i.e. V-slope procedure; Beaver
et al. 1986; Fig. 9C).
Notwithstanding the above concerns, with the modern

availability of inexpensive, accurate and convenient rapid
blood [La−] analysis, direct determination of the LT
should be relatively straightforward. However, this has
not proven to be the case. Although the La− response
to exercise is highly reproducible when conditions are
standardized it can be altered by factors such as muscle
glycogen concentration, changed acid–base balance,
dietary manipulations, sampling site, pharmacological
intervention, ambient temperature and likely hydration
state (rev. Jacobs, 1986). Furthermore, the rate of ramp
increase can alter the work rate (but not the V̇O2) at
which the LT occurs (Davis et al. 1982; Whipp et al. 1982;
rev. Faude et al. 2009; Jamnick et al. 2018). Moreover,
as evident in Figs 1, 10 and 12, depending on the sub-
ject, incremental/ramp characteristics, site of blood
sampling (venous, capillary, arterial), and frequency of
[La−] measurement, the [La−] profile may be curvilinear
without a readily discernible breakpoint or threshold.
These considerations, among others, have spawned
confusion and a veritable plethora of threshold concepts.
An exemplar of this appears in an exhaustive review of
LT concepts (Faude et al. 2009). These authors identified
more than 25 different LT measures, with some detecting
the initial rise in [La−] above resting, others a fixed [La−]
of 2 or 4 mm, for instance, and some the maximal lactate
steady-state (MLSS; notionally similar to CP/CS) (Faude
et al. 2009; see also Sjodin & Jacobs, 1981; Hofmann
et al. 1994; Jones et al. 2019). Figure 12 illustrates how
this, perhaps well-intentioned but hopelessly complex
and confusing, proliferation of [La−]-related concepts
looks when plotted, perhaps not ideally, against work rate
(Jamnick et al. 2018). Given the curvilinear nature of the
[La−] versus work rate relationship, it should be clear
that any method of threshold determination represents
an attempt to describe a curve with a single data point.
Recognition that the various methods of determination
are no doubt highly correlated with one another should
temper any tendency towards dogmatic (and perhaps
arbitrary) preference for one specific definition of the LT
over all others.
Insights into the curvilinear nature of [La−] versus

work rate derive from the work of Stanley et al. (1985)
in which arterial [La−] and La− Ra and Rd (Fig. 1)
were measured during each step of a progressive exercise
test together with cardiac output and V̇O2 . Each of these
variables responds to the exercise forcing with its own
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individual time constant, the slowest of which is the
La− Rd, removing any sharp break points. Continuous
ramp, as opposed to progressive step tests, will inevitably
evince very different cardiovascular, pulmonary, and La−
Ra and Rd relationships because, during submaximal
constant-power output exercises, Rd may rise to match
Ra resulting in a constant blood [La−] that is dependent
on the subject’s La− clearance capacity (Messonnier et al.
2013). It is likely that a relative infrequency of blood
La− measurement combined with inattention to precise
exercise test structure (e.g. step size and step versus ramp)
and lack of appreciation of Ra and Rd has conspired to
create insufficiently granular [La−] profiles that could be
interpreted (or misinterpreted) as distinct thresholds in
the literature.

A profusion and confusion of thresholds? It may be
argued that the lowest V̇O2 at which there is a continuously
increasing blood [La−] for the tolerable duration of
exercise, and thus a sustained non-oxidative contribution
to ATP production, fulfils the spirit of Wasserman’s AT
concept. Thus, it has been demonstrated that, above

CP/CS (or, more correctly, their metabolic equivalents),
all constant-power output exercise bouts are attended by
an inexorably increasing blood [La−] and a pronounced
V̇O2 slow component that drives V̇O2 towards V̇O2max
(Hill et al. 2002; Keir et al. 2015). Moreover, exhaustion
is manifested within a finite time as defined by the
power–duration relationship (e.g. CP and W′) (Jones &
Poole, 2008; Jones et al. 2010; Poole et al. 2016). Not
surprisingly, given the confusion of thresholds identified
in Fig. 12, this ‘higher threshold’ itself (CP/CS) has
received multiple alternative names. Specifically, for some
it has simply been considered the AT, or, alternatively, the
second AT (AT2), the individual anaerobic threshold, the
respiratory (or ventilatory) compensation point/threshold
(RCP/RCT), the La− turnpoint (Smith & Jones, 2001),
the aerobic/anaerobic threshold, theMLSS and the fatigue
threshold amongmany others (Figs 10 and 12) (rev. Faude
et al. 2009; Jamnick et al. 2018). Whether these terms
actually represent a common metabolic rate has been the
topic of much debate and polemic (see Broxterman et al.
(2018) versusKeir et al. (2018)). Certainlymethodological
features of their determination might result in the
MLSS underestimating CP or CS and the RCT/RCP

More than 25 methods have been proposed to calculate the Lactate Threshold. All of these identified 
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overestimating the work rate or speed, or the V̇O2 (Barker
et al. 2006), at which CP or CS occurs, for instance (Jones
et al. 2019). A recent meta-analysis demonstrates that this
is indeed the case (Galán-Rioja et al. 2020).

Critical power concept. The curvilinear profile of the
power (P)–duration (t) relationship (and its parameters
CP, W ʹ, Fig. 11; Monod & Scherrer, 1965) defines
exercise tolerance for locomotory activity across all
species examined including amphibia (salamander, Full,
1986; rodentia, mouse, Billat et al. 2005, and rat, Copp
et al. 2010; and equid, horse, Lauderdale & Hinchcliff,
1999). This is also true for alternative muscle contraction
paradigms such as isometric (Monod & Scherrer, 1965)
and isotonic (Jones et al. 2008; Burnley, 2009) (see
also Briggs (1920) for an early identification of the
‘fatigue threshold’ (Zoladz & Grassi, 2020)) as well
as disparate exercise modalities in humans, specifically,
running (Hughson et al. 1984; Fukuba & Whipp, 1999;
Fukuba et al. 2003; Broxterman et al. 2013), cycling (Poole
et al. 1988, 1990;Hill, 1993;Neder et al. 2000a,b ; Pringle&
Jones, 2002; Hill, 2004; Vanhatalo et al. 2007), swimming
(Wakayoshi et al. 1993) and rowing (Hill et al. 2003).
Consequently, the hyperbolic P–t relationship is highly

conserved with its mechanistic underpinnings and close
coherence with systemic responses (V̇O2 , blood [La−]) and
muscle metabolism supporting its deterministic role in
defining exercise performance.
Unlike any of the other threshold concepts considered

above, CP (or CS) is the only one that predicts closely the
tolerable duration of high intensity exercise that precedes
intolerance (i.e. tlim). Thus, tlim is dictated by the proximity
of the power output or speed to CP and is dependent
upon the size of the energy equivalent parameter W′ (or
D′) according to tlim = W′/(P − CP), where tlim is the
tolerable duration of exercise in seconds, W′ is given in
joules, P is the extant power in watts and CP is critical
power in watts. In this respect, CP is notionally equivalent
to the MLSS but its determination is free from overt
measurement bias towards lower metabolic or work rates
(Fig. 11) (Jones et al. 2019). This being the case, it is
instructive to examine the physiological characteristics
of exercise performed below, as opposed to just above,
CP as these may provide important insights into the
very mechanisms of exercise limitation itself, potentially
fulfilling the scientific prerogative that was intended by the
original development of the AT concept.
As demonstrated in Fig. 13, exercise performed above

versus below CP elicits a completely different spectrum
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Figure 13. Compendium of physiological responses for critical power (CP) and critical torque (CT)
CP and CT denote the metabolic threshold above which each of the following variables changes inexorably until
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A and B from (Poole & Jones,2012); C–E from (Jones et al. 2008); F and G redrawn with permission from (Burnley
et al. 2012).
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of pulmonary (ventilation and gas exchange, V̇O2), blood
acid–base and intramuscular (Pi, H+, ADP, PCr) profiles
as well as muscle fatigue characteristics (i.e. critical
torque (CT)). Specifically, in all instances, during <CP
exercise each variable can be stabilized and is associated
with the ability to sustain exercise. In marked contrast,
during >CP exercise no stabilization is feasible and the
perturbation of each variable increases to the point of
exhaustion. Crucially, the continuous depletion of the
energy equivalent parameter W′ (which is related to, but
not synonymous with, ‘anaerobic work capacity’) sub-
stantiates that CP constitutes, at least inWasserman et al.’s
terminology, a threshold for reliance on glycolysis with net
La− accumulation contributing to the sustained energetics
of exercise (Naimark et al. 1964; Wasserman & McIlroy,
1964). However, as was the case for the original AT theory,
no compelling evidence has been presented for themuscle
becoming ‘anaerobic’ even above CP; see previous section
on ‘O2 and the anaerobic threshold’ for background.

Historical importance of thresholds to humankind
and shaping the modern world

Many of the athletic events that constitute today’s modern
Olympics are based upon physical abilities that were once
critical for the survival of our species, Homo sapiens, or
shaping the modern world through exploration, warfare

and conquest (Fig. 14). Across all of these endeavours
it is evident that the CP (or CS) rather than the AT, as
considered by Wasserman et al. (Naimark et al. 1964;
Wasserman & McIlroy, 1964), denotes the pertinent
‘threshold’ (Poole et al. 2016; Craig et al. 2018). A few
selected exemplars throughout history are as follows:
� Our ancestors’ hunting prowess over ungulate prey
such as antelope, deer and bison, tens of millennia
ago, fuelled our migration ‘out of Africa’. By sustaining
running speeds (i.e. heavy intensity, <CS) faster
than their prey’s trot-gallop transition (Bramble &
Lieberman, 2004; Lieberman & Bramble, 2007) early
members of the genus Homo could compromise that
prey’s thermoregulatory andmetabolic stability leading
to exhaustion.

� Modern reconstructions using trained rowers indicate
that 75% (full crew of 170 men) and 83% (54 resting)
V̇O2max was required to row an Athenian trieresis
(modern: triremes, three-tiered warships) at five knots
(Rossiter & Whipp, 2012) (Fig. 14). This is consistent
with sustained, intermittent exercise (at a 2:1 duty
ratio), at metabolic rates in the heavy intensity domain
(i.e. <CP) for well-trained men. A small fleet of such
ships sustaining this for >24 h famously defeated
Persian invaders in the battle of Salamis (Morrison
et al. 2000): a victory that conserved the political and
economic conditions necessary for Athenian society to
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make its contributions to art, literature, philosophy and
democracy.

� A century ago, British physiologist and Nobel laureate
Archibald Vivian Hill, studying the energetics of
isolated frog muscles and human performance,
determined that aerobic and anaerobic energy
sources were coordinated to power muscle contra-
ctile performance (Hill, 1910; Hill et al. 1924a). Hill’s
speed–time curves for extant athletic World records
yielded the familiar hyperbolic decrease in speed
or velocity when plotted against event duration
(Figs 11 and 14) (Hill, 1925). This relationship,
with obviously different parameter (CS, D′) values
accounting for improved athletic performance, is
evident for contemporary world records for runners,
swimmers, rowers and cyclists (Bassett, 2002; Jones
et al. 2010; Poole et al. 2016; Jones & Vanhatalo, 2017).

� The work of Monod & Scherrer (1965) introduced
above was critical to Dawson & Wilkie (1977)’s
calculation of the power–mass ratio necessary for
the 22.5 mile man-powered flight of the Gossamer
Albatross across the English Channel by Bryan L. Allen
in 1979 (Fig. 14) (see also Wilkie, 1960).

Today, it is widely acknowledged that, for individuals
performing almost any form of physical activity, relating
the elevated blood [La−] response to V̇O2 is an excellent
predictor of performance and certainly superior to V̇O2max
(rev. Jacobs, 1986). But, as CP/CS approximates more
closely the exercise intensity used in competitive events
(Jones & Vanhatalo, 2017) and discriminates between
heavy and very heavy/severe-intensity exercise, this
measurement has substantial utility and relates tightly to
exercise performance per se, as expected. For instance,
CP explains more than 80% of the performance variance
among cyclists over 17 and 40 km time trials (Smith
et al. 1999; see also Black et al. 2014; Jones & Vanhatalo,
2017). The significant correlation between CP and V̇O2

kinetics across the performance spectrum from athletes
to pulmonary and cardiac patients (Fig. 14) (Rossiter,
2011) highlights the strong interplay between metabolic
control and exercise tolerance (Black et al. 2017; Jones &
Vanhatalo, 2017; Burnley & Jones, 2018; Goulding et al.
2019).

Conclusions of this section

(1) Thresholds represent fundamental ‘tipping points’
that can teach us about physiological control
mechanisms.

(2) Problems of definition combined with a wide array of
forcing functions and measurement techniques have
created general confusion.

(3) Critical power/speed likely represents the threshold
above which there is a continuous obligatory

glycolytic contribution with net La− accumulation to
bioenergetics – though there is no evidence that the
muscle itself becomes ‘anaerobic’ or dysoxic.

(4) At present, when it is possible for an individual to
undertake high-intensity exhausting exercise, critical
power/speed offers, perhaps, the greatest potential
to predict athletic performance, clinically assess
healthy/patient physiological function and monitor
training efficacy.

Overall summary and conclusions

The AT concept, as proposed 50 years ago by Karlman
Wasserman and colleagues (Naimark et al. 1964;
Wasserman & McIlroy, 1964), considered muscle
anoxia/hypoxia as the progenitor of the increased
muscle and blood [La−], termed ‘Owles’s point’ in
1930 (Owles, 1930). In turn, the H+ associated with
La− accumulation, alters blood acid–base status and
augments CO2 evolution driving a non-linear ventilatory
response detectable, most conveniently, breath-by-breath
during a progressive exercise test (e.g. see Fig. 9C for
averaged minute responses). This was a bold but largely
unsubstantiated schema. However, in keeping with
Francis Bacon’s edict that ‘truth emerges more readily
from error than from confusion’ (Bacon, 1869), the
AT inspired intense scientific attention that led to an
unprecedented spate of discoveries in muscle metabolic
control, La− metabolism, blood homeostasis and the
control of breathing. Today no direct evidence has
been found to support that exercising muscle becomes
anaerobic or dysoxic at the LT, or indeed at any V̇O2 up to
V̇O2max. In fact, there ismuch evidence to the contrary (e.g.
Jöbsis & Stainsby, 1968; Connett et al. 1985; Richardson
et al. 1995, 1998; Honig et al. 1997). Moreover, it is now
recognized that elevated blood [La−] indicates that the
rate of La− production or appearance (Ra) has exceeded
that of its disposal or disappearance (Rd). Far from
being the ‘dead-end’ metabolite considered by Huckabee
(1958), La− is now known to constitute an important
energetic substrate via oxidation in multiple tissues
including contracting skeletal muscles and heart (Gertz
et al. 1988; Bergman et al. 1999b) as well as serving as a
gluconeogenic precursor (Bergman et al. 2000). Rather
than being blamed for fatigue-inducing or otherwise
pernicious properties, compelling evidence supports
that La− production is crucial to myocyte energetics
in aerobic tissues (Connett et al. 1985) and serves as
a fundamental strain response mitigating stress with
its targeted supplementation opposing physiological or
life-threatening challenges to homeostasis (Brooks, 2018;
Ferguson et al. 2018). Whereas the potential therapeutic
application of La− in the clinical environments of cancer
treatment and brain trauma recovery, for example, is still
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in its infancy, without Wasserman’s bold AT concept such
possibilities may not have been recognized or at least not
as soon.

Across the spectrum of work rates from unloaded
cycling to the maximum achievable on the rapid
(reaching exhaustion ∼10–12 min) progressive ramp or
its equivalent on the motor-driven treadmill, for example,
and depending on the precisemeasurementsmade, at least
two points of discontinuity (i.e. thresholds) are detectable.
For young healthy, but not highly trained individuals, at
∼50% V̇O2max blood [La−] begins to increase above resting
baseline values. At present, this point is best identified
directly by blood sampling and [La−] measurement or
non-invasively as the gas exchange threshold or GET
by measurement of the upward inflection of V̇CO2 versus
V̇O2 breath-by-breath (i.e. V-slope with corroboration of
isocapnic buffering from other gas exchange variables)
(Beaver et al. 1986) rather than the ventilatory profile per
se (Wasserman & McIlroy, 1964; Wasserman et al. 1973;
Caiozzo et al. 1982). Crucially, although the V̇O2 (but
not the power output) at LT/GET does discriminate the
boundary between the moderate (no increase in [La−]
or V̇O2 slow component) and heavy (increased [La−],
V̇O2 slow component, decreased work efficiency) exercise
intensity domains, it does not identify the V̇O2 above
which there is an obligatory non-oxidative energetic
contribution to the exercise energetics. Rather, it is
the V̇O2 corresponding to the heavy–very heavy/severe
intensity boundary, typically ∼70% V̇O2max (or higher in
trained/elite athletes), that separates exercise for which
blood [La−] and V̇O2 can be stabilized (i.e. heavy) from
that demanding a sustained non-oxidative contribution
that drives V̇O2 to V̇O2max (i.e. very heavy/severe). This
heavy–very heavy/severe boundary has garnered a
panoply of names dependent, in part, on its method
of determination including AT, AT2, lactate turnpoint,
respiratory compensation threshold or point (RCT/RCP),
and maximal La− steady-state (MLSS). Irrespective of
the precise measurement, be it blood gas, metabolite or
gas exchange, or methodology (test type, ramp or square
wave, etc.) it is proposed that the underlying physiological
mechanisms discriminating heavy and thus sustainable
exercise from very heavy/severe exercise are encompassed
within the CP (or CS) concept (Jones et al. 2010, 2019;
Poole et al. 2016; Craig et al. 2018). Of extant thresholds,
CP/CS may thus best represent the scientific intent of Dr
Wasserman’s AT concept and offer the greatest potential
to predict athletic performance, assess healthy/patient
physiological function and monitor training efficacy.

Notwithstanding a variety of concerns, unlike CP/CS
or V̇O2max, measurements of GET or LT possess the
singular advantage of being effort-independent, a benefit
that cannot be overemphasized in clinical medicine as
opposed to athletics. Moreover, though requiring more
extensive and expensive equipment as well as specialist

data interpretation, GET is non-invasive. In addition,
GET/LT is highly responsive to clinical conditions that
manipulate O2 delivery including therapeutic inter-
ventions such as cardiac resynchronization therapy, and
exercise training in chronic heart and/or lung disease.
This lower threshold also has utility for predicting athletic
performance, informing optimal nutritional strategies for
ultra-endurance athletes, assessing integrative systemic
function to identify pathological dysfunction, and gauging
a patient’s exercise load for surgical pre- or re-habilitation.
Finally, GET/LT informs decision-making for high-risk
surgical/transplant patients and serves to estimate life
expectancy in heart failure patients.
With these valuable practical attributes to the GET/LT

phenomenon across the fields of physiology,medicine and
athletics it is indeed unfortunate that its mechanistically
and scientifically inappropriate sobriquet, ‘anaerobic
threshold’, faces continued widespread misunderstanding
and sometimes misuse. It is the authors’ intent that this
review serves to focus attention on the enormous power
of threshold concepts in exercise physiology and clinical
medicine. Among many other attributes, when inter-
preted correctly, thresholds can act as a springboard to
enhance our mechanistic understanding of metabolic
and respiratory control, exercise energetics, integrative
physiology and the processes of fatigue and intolerance in
health and disease.
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