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General Abstract

This thesis aimed to examine the validity of different performance markers, namely the
maximal lactate steady state (MLSS), functional threshold power (FTP) and critical power
(CP), in representing the maximal metabolic steady state or the upper boundary of the heavy

intensity domain from a physiological perspective.

Study one (Chapter 3) reported that six out of thirteen participants’ blood lactate change
between the 15 and 30™ minute was below 1 mM (BLCais30 < 1mM) when exercising 15
W above the MLSS (MLSS+15w) determined using the conventional protocol (BLCa1o30 < 1
mM). It demonstrated that the conventional MLSS determination protocol failed to account
for the delayed steady state in blood lactate as the intensity increased. Additionally, the
overall VO response (VO:2 kinetics and the amplitude of VO2 slow component; VOas)
corresponding to MLSS and MLSS+1sw matched the characteristics of the heavy intensity

domain.

Study two (Chapter 4) examined the VO2 and blood lactate response when exercising at and
15 W above the FTP (FTP+1s5w). The overall VO2 response (VO:2 kinetics and the amplitude
of VOas) corresponding to FTP and FTP-1sw matched the characteristics of the heavy
intensity domain. Conversely, the blood lactate appeared to stabilise when exercising at FTP
but not during FTP+1sw. Thus, there is an apparent dissociation between the blood lactate
and VO:2 kinetics, and the intensity corresponding to FTP does not represent the upper

boundary of the heavy intensity domain.

In study 3 (Chapter 5), it was demonstrated that VO2 only stabilised when exercised at the
intensity corresponding to the CP but not CP+isw. In addition to failing to stabilise, the
highest VO2 achieved during all CP-+1sw trials were not significantly different from the
VO2peak. Moreover, the amplitude of VOozs corresponding to all CP:1sw trials was
significantly higher than exercising at CP. The validity of the 2-parameter CP model in
calculating the time to task failure (TTF) at CP+1sw was also examined. The actual TTF at
three CP-+1sw trials was significantly shorter than the predicted TTF. However, the actual
TTF was not significantly different from the predicted TTF corresponding to CP+1sw after
one week of HIT training. Therefore, the CP is a valid representation of the upper boundary
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of the heavy intensity domain, but its validity in calculating the constant severe intensity

exercise performance remains unclear.

In conclusion, the present thesis provides scientific evidence that blood lactate cannot
accurately reflect the VO2 kinetics. Although there are some limitations of each maker, CP
is the only marker examined in the present thesis that can be considered a valid

representation of the MMSS or the upper boundary of the heavy intensity domain.
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1.1 Background

The maximal oxygen uptake (VO2max) represents the highest rate of oxygen consumption
during exercise. It has long been considered the key determinant factor of success in
endurance sports. Although other physiological responses (e.g., VO2 kinetics) can better
reflect the responses to exercise and are more trainable, it remains one of the priorities for
practitioners involved in endurance sports to improve or maintain the VOzmax When it reaches
the maximal capacity as previous studies reported that insufficient or refrained from training
would result in VOzmax reduction (Coyle et al., 1986; Houmard et al., 1992). Therefore, it is
essential for coaches and athletes to understand the physiological responses to endurance
exercise below, at and above the VO2max to optimise race or pacing strategy and avoid
premature fatigue. In terms of training, the most time-efficient training mode to improve
VOazmax in cycling is low-volume, high-intensity interval training (HIT) (Helgerud et al.,
2007; Matsuo et al., 2014; Turnes et al., 2016). A potential explanation for HIIT being more
effective than constant intensity training is because of the significant amount of time spent
at or close to VOzmax (90% to 95% of VOzmax), as there are usually multiple all-out effort
intervals (Bossi et al., 2020). The nature of HIT highly demanding from a physiological
perspective as it is a means to achieving a volume of work at these intensities that could not
be done in a single bout of exercise. Therefore, HIT sessions typically consist of multiple
sets of all-out efforts interspersed with recovery periods equal to or longer than the work
intervals (Dolci et al., 2020). However, it has been recommended that endurance athletes
prioritise lower intensity training over high intensity training (Burnley et al., 2022), given
that their competitions can last many hours (Lucia et al., 2001). Moreover, it has been
recommended that endurance athletes should prioritise Zone 1 and Zone 2 over Zone 3 in
their training (Burnley et al., 2022), whereas Zone 1 refers to exercise intensity below lactate
threshold, LT), Zone 2 is above LT but below critical power (CP), and Zone 3 is above the
CP. Thus, HIIT should not take up a significant portion of an endurance athlete’s overall
training structure and is not practical to perform frequently due to the high physical strain
caused. It is more important to prescribe the minimal power output that would trigger the
appropriate physiological adaptation to improve or maintain the VOzmax Within an overall

long duration and zone 1 and 2 intensity-dominated training sessions.

Generally, practitioners in cycling use seven intensity zones to prescribe training intensity

as % of a specific threshold maker in Allen and Coggan’s publication (2010), it is done using
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Functional threshold power (FTP) (Table 1.1) or using other threshold markers, e.g., heart
rate (HR). To practitioners, it is “common sense” that exercising above 90% of the maximal
HR or 106% of FTP can improve VO2zmax (Allen & Coggan, 2010). However, neither one
can be a valid approach to ensure the appropriate stimulus for VOzmax improvement. For
example, it has been reported that HR has a large day-to-day variability and does not
correlate to the time spent above 90 % of VOzmax (Achten & Jeukendrup, 2003; Bossi et al.,
2020). On the other hand, the rationale for using FTP to inform training is that it is a valid
alternative to other performance markers representing the exercise intensity corresponding
to the maximal metabolic steady state (MMSS). The MMSS is the threshold which separates
two intensities (heavy and severe intensity domains) with significantly different
physiological responses, including VO, lactate and muscle pH (Jones et al., 2019).
Unfortunately, the gold standard for the MMSS determination remains controversial.
Therefore, it remains unknown whether the FTP is the most appropriate and accurate

performance marker for prescribing training to improve or maintain the VO2max.

Table 1.1 Training intensity zones using a 7-zone system

Zone Training aim % FTP power % Max heart rate
1 Active recovery <55 50 - 60
2 Endurance 55-75 60— 70
3 Tempo 76 —90 70-80
4 Threshold 91 -105 80-90
5 VOazmax 106 — 120 90 - 100
6 Anaerobic 121 - 150 n/a
7 Neuromuscular > 150 n/a
power

Adapted from Allen & Coggan, 2010. P. 48

1.2 The maximal metabolic steady state and the issues related to its determination

In sports and exercise science, there is a 3-intensity domain system categorised by
distinguishingly different VO2 responses, and they are moderate, heavy, and severe intensity
domains. While the threshold between moderate and heavy intensity domain has been well
accepted as gas exchange threshold (GET) or lactate threshold (LT). The threshold

separating the heavy and severe intensity domain has been considered the maximal
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sustainable oxidative metabolic rate or the MMSS (Jones et al., 2019). It represents the
highest intensity at which the VO2 can remain steady, whereas when exercising above it, the
VO2 will project towards VO2max, and the task failure will occur significantly sooner
(Burnley & Jones, 2007; 2018). The MMSS can be determined by identifying the intensity
corresponding to critical power (CP) or maximal lactate steady state (MLSS). Given that the
determination protocol of CP and MLSS requires multiple trials, thus, Allen & Coggan
(2006) proposed FTP which only requires a 20 minute maximal effort time trial for
determination and suggested it is a valid alternative to both CP and MLSS. An accurate
determination of the MMSS is vital to practitioners and scientific research. Hence, in the
past three years, the topic of which performance marker can appropriately represent this
threshold has received extensive attention in the sports science community (Altuna &
Hopker, 2022; Burnley, 2022; 2023; Black et al., 2022; Broxterman et al., 2022; Dotan,
2022a; 2022b; 2022c; Gorostiaga et al., 2022a; 2022b; 2022c; Nixon et al., 2021) but the
answer remained debated. Although previous studies reported that PCr, Pi, lactate, K* &
VO2 were significantly different (Jones et al., 2008; Vanhatalo et al., 2016; Black et al., 2017)
when exercising above CP compared to below CP, the validity of CP is questioned because
CP is approximately 7 to 11% higher than the MLSS (Galan-Rioja et al., 2020). Given that
it is proposed that continuous blood lactate accumulation reflects the instability in VO
response (Svedahl & Maclntosh, 2003), it is considered the lactate steady state to reflect the
oxygen steady state; thus, the MLSS is the gold standard of MMSS. With this presumption,
it is often concluded that the CP overestimated the MMSS (Dotan, 2022a). Moreover, the
accuracy of the determination protocol of CP is questioned because it is suggested to lack a
standardisation (Dotan, 2022a). However, those who supported MLSS being the gold
standard of representing the MMSS failed to acknowledge that the MLSS also shares the
same fundamental methodological limitation as CP, which is a lack of standardised
determination protocol. In addition, it has been suggested that the conventional
determination protocol for MLSS potentially ignores delayed blood lactate steady state
(Jones et al., 2019), which might underestimate the intensity corresponding to the “true
MLSS”. On the other hand, the intensity corresponding to the FTP was proposed as a valid
alternative to CP and MLSS by Allen & Coggan (2006) when they first introduced the
concept. Surprisingly, despite FTP being the most popular performance marker in cycling,
it has received very little scientific examination. Previous research on the validity between

FTP and other performance markers tends to be limited to examining the correlation and
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approximating the time to task failure instead of the physiological response of FTP. For
example, whether the blood lactate difference between the 10" and 30" minute would be
below 1 mM when exercising at FTP or whether the VO2 response can stabilise when
exercising above the FTP. Therefore, some of the fundamental aspects of the FTP remained

unaddressed.

The research interest in determining the gold standard for representing the MMSS has
increased since the work of Jones et al. (2019) (Altuna & Hopker, 2022; Burnley, 2022;
2023; Black et al., 2022; Broxterman et al., 2022; Dotan, 2022a; 2022b; 2022c; Gorostiaga
et al., 2021; 2022a; 2022b; 2022c; Nixon et al., 2021) but no decisive conclusion has been
made regarding each performance marker’s appropriateness to represent the threshold.
Previous studies also tried to establish a new determination protocol for MMSS (lannetta et
al., 2020) and minimise the difference between the estimation of CP and MLSS by
modifying the determination protocol of MLSS to using the blood lactate change between
15 to 30 or 20 to 30 minutes instead of the conventional 10 to 30 minutes blood lactate
difference (lannetta et al., 2021). Since the 3 intensity domain system is based on the
different VO: responses, the research focus would be more appropriate to highlight the
difference in physiological responses between the different markers explicitly when
attempting to identify the gold standard of the upper boundary of the heavy intensity domain.
Specifically, it is essential to examine and consider the VO2 response of CP, MLSS and FTP
along with their respective limitation mentioned above independently before a sound and

scientific conclusion can be made.

1.3 Summary

The main goal of the present thesis is to determine which of MLSS, FTP and CP above is a
valid representation of the MMSS, separating the heavy and severe exercise intensity
domains. In addition, the present thesis also examined different unaddressed issues regarding
each performance marker (ie. whether the conventional MLSS determination protocol
ignored the delayed lactate steady state; the VO2 response of FTP and the validity of CP on

predicting severe intensity exercise).
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Literature Review
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2.1 Literature search strategy

A literature search was conducted using Google Scholar and PubMed. The keywords used
for the search were: maximal lactate steady state, oxygen Kinetics, oxygen uptake, lactate,
critical power, VO2 slow component, cycling, functional threshold power, anaerobic
threshold, VO2zmax, high intensity interval training, and maximal metabolic steady state.
Some studies were also identified from research reference lists of other publications. The
inclusion criteria were that the paper or book must be published in English and research

papers must be approved by Ethics committees if including human participants.

2.2 Exercise intensity domains and the physiological response within each domain

2.2.1 Physiological responses to exercise

Exercise physiologists have long recognised the difference in the physiological response to
different exercise intensities (e.g. blood lactate increases as high intensity exercise continues,
Hill et al., 1924). In the 1930’s, Owles identified a certain exercise intensity above which
there was an observable increase in blood lactate, ventilation, and carbon dioxide excretion.
Wasserman and Mcllroy (1964) later suggested the term “anaerobic threshold” (AT)
represents the intensity identified by Owles (1930) and proposed a non-invasive method of
determination by analysing the ventilatory and gas exchange profiles. This research group
subsequently identified two ventilatory thresholds which can be determined within a single
ramp incremental test (Wasserman et al., 1973; Beaver et al., 1986; Solberg et al., 2005; See
Figure 2.1). The first ventilatory threshold (VTz1) is also known as the gas exchange threshold
(GET) and can be determined by identifying the lactate threshold (LT) (Jones et al., 2011).
It corresponds to the lowest intensity at which the Ve/VO2 exhibited a systematic increase
without a concomitant rise in Ve/VCO2 (Solberg et al., 2005; Lillo-Bevia et al., 2022). When
exercising above the Tz, there will be a non-linear increase in VCO2 due to the blood lactate
rising above the resting levels, causing bicarbonate buffering of H* (Wassermen etal., 1973).
The second ventilatory threshold (VT2) is also known as the respiratory compensation point
(RCP). It is the second breakpoint in ventilation response and can be identified from the
Ve/VCO: relationship (Beaver et al., 1986; Bergstrom et al., 2013), and represents the
highest intensity to exercise without causing metabolic acidosis and hyperventilation

(Broxterman et al., 2018; Keir et al., 2018). Exercise physiologists have since developed
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three exercise intensity domains separated by these two thresholds based on their
distinctively different ventilatory and oxygen uptake (VO2) responses (Whipp & Wasserman,
1972; Burnley & Jones, 2007). Knowing these thresholds and intensity domains provides
invaluable information for athletes and coaches to design training intensities that could

accurately target the desired physiological response to improve fitness.

5.0
GET/LT RCP VOZmax
-
f
= S
g 25 -~
= o a® o™
~ ” [ ]
g °
Moderate Heavy Severe
0.0
0 50 100 150 200 250 300 350 400 450
Power Output (W)

Figure 2.1 lllustration of the approximate location of the key intensity thresholds on the incremental ramp test

2.2.2 Oxygen uptake kinetics corresponding to different exercise intensity domains

The VO kinetics response is defined as the pattern of VO2 responses to a set of exercise
challenges (Burnley & Jones, 2007). Exercising at different intensities will invoke different
VO2 responses, and based on their dynamic behaviour, three exercise intensity domains have
been developed — moderate, heavy, and severe (Poole et al., 1988; Gaesser & Poole, 1996;
Hill et al., 2002; Wilkerson et al., 2004). The distinct features of VO2 responses to each
intensity domain are depicted in Figure 2.2.
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Figure 2.2. The VO, response at different intensity zones (Burnley & Jones, 2018)

Moderate intensity applies to any exercise below the LT or VT1 (Whipp & Wasserman, 1972;
Burnley & Jones, 2007). As shown by Figure 2.2, in the moderate intensity domain, the VO:
rises monoexponentially during the cardio-dynamic phase (Phase 1) and achieves a steady
state (Phase I11) within two to three minutes from the onset of the exercise (Linnarsson, 1974;
Whipp & Wasserman, 1972). The heavy intensity domain refers to the work rate that exceeds
LT or VT1 but remains below the maximal metabolic steady state (MMSS). Here, the VO
slow component (VOas) is evident after the primary phase (Phase Il), which is
approximately 3 to 6 minutes after the exercise start (Burnley & Jones, 2007). The VOasc
may require 10 minutes to reach a steady state, stabilising at an elevated VO2 (Roston et al.,
1987; Poole et al., 1988; Jones & Carter, 2000). Finally, the severe intensity domain refers
to any exercise intensity above the MMSS. The VO2s is unable to stabilise, and the VO2 will
continue to rise until the individuals reach their VO2zmax if the exercise continues for long
enough and eventually terminate the exercise (Poole et al., 1988; Burnley & Jones, 2007,
Jones et al., 2011). In addition to the VOz, previous studies also provided other physiological
evidence regarding the existence of the maximal metabolic steady state. Poole et al. (1988)
reported that blood lactate achieved a delayed steady state at approximately 18 to 22 minutes
during a 24 minutes constant intensity exercise at Critical Power (CP), but not when
exercising 15 W above it. In addition, Jones et al. (2008) demonstrated that muscle metabolic

responses are significantly different when exercising below and above the CP. The
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phosphorylcreatine (PCr), pH and inorganic phosphate concentrations (Pi) could stabilise
rapidly and remained close to baseline values when exercising below the CP. However, PCr
and pH continued to fall while the Pi rose precipitously towards the end of the exercise when
exercising above CP. A similar result shows that 90% of the magnitude of the VOas is
mirrored in the PCr response (Rossiter et al., 2002). The difference in the VO2 kinetics
between the heavy and severe intensity domains will be the primary focus of this thesis and

will be used to identify different intensity domains.

2.2.3 Mechanism of VO2s and its effect on exercise performance

It has been shown that at least 85% of the VOasc arises from the contracting muscles (Poole
et al., 1991; Rossiter et al., 2002), whereas the remaining portion corresponds to the
increased O2 cost of ventilatory and cardiac work. The exact underpinning of the VOas
remains debatable in the literature as several mechanisms are suggested to explain the cause
of VOas, including the rise in muscle temperature, reduced muscle pH caused by lactate
accumulation and change in muscle fiber recruitment (from fatigued type | muscle fiber to
poorly efficient type Il muscle fiber) (Cannon et al., 2011; Jones et al., 2011). However,
research evidence demonstrated that increased muscle temperature (Ferguson et al., 2006;
Krustrup et al., 2004) and acidity (Gaesser et al., 1994; Poole et al., 1994) are less critical
contributors to the development of VO2s. Koga et al. (1997) reported no significant
difference in VO2sc when exercising muscle temperature increased by 2 to 3 degrees.
Similarly, it was demonstrated that neither increased blood lactate concentration nor reduced
pH significantly affects the amplitude of the VO2sc during heavy intensity exercise (Gaesser
etal., 1994). Conversely, there is a clear association between type 11 muscle fibre and VOasc .
Barstow et al. (1996) and Pringle et al. (2003) reported that individuals with a higher % of
type 1l muscle fibre have a larger VO2sc. Additionally, the amplitude of VOasc is higher when
exercising at high cadence (100 to 135 rpm) compared to low cadence because more type Il
muscle fibre is recruited when exercising with higher rpm (Beelen & Sargeant., 1993; He et
al., 2000; Pringle et al., 2003). Other studies also reported a similar conclusion showing that
both type 1l muscle fibers recruitment and the development of VOas only occur during
exercise intensity above the heavy intensity domain but not moderate-intensity exercise
(Krustrup et al., 2004; 2008). For example, Krustrup et al. (2004) examined the muscle
biopsies during both moderate (50% of VO2max) and heavy (80% of VOzmax) intensity
exercises. It was reported that glycogen content in type | and Il muscle fibre reduced
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significantly during heavy intensity, where the VO2sc developed, whereases during moderate
intensity only the glycogen in type | muscle fibre decreased. Given that the appearance of
VOa2s is mainly due to the continuous recruitment of type 11 muscle fibers and its phosphate
to oxygen ratio is 18% higher than type I fibre, more oxygen is required to produce the same
level of ATP for muscle contraction activity during at and above heavy intensity exercise
(Billat et al., 2001; Poole & Jones, 2013; Grassi et al., 2015). Therefore, the VOas signifies
an additional oxygen cost, leading to a faster depletion rate of the body’s limited energy
stores (predominately the glycogen reserve) and results in a shorter exercise tolerance
duration than if it was not present (Burnley & Jones, 2007). Overall, the VO2sc is associated
with the development of negative physiological consequences such as metabolic instability
(e.g., muscle pH, ADP, Pi, PCr) and reduced fiber recruitment contribution (Rossiter et al.,
2002; Jones et al., 2008; Dimenna et al., 2010; Colosio et al., 2020; 2021). The reduced
muscle efficiency is the primary factor causing a significant difference in time to task failure
(Jones et al., 2011; Murgatroyd et al., 2011; Colosio et al., 2020; 2021). Thus, whether the
V02 and VOasc can stabilise during exercise is an important indicator of fatigue development
because of its fundamental linkage to other physiological variables that directly determine
the time to task failure and endurance performance. Indeed, previous research has
demonstrated a significant improvement in exercise tolerance when the magnitude of VOas
is reduced (Poole & Jones, 2013). Therefore, it is crucial to accurately determine the exercise
intensity corresponding to the threshold that will invoke a significant difference in the VO:
and VO2s response. Based on the current literature, that threshold is represented by the
MMSS as it is the highest exercise intensity that corresponds to the maximal sustainable
oxidative metabolic rate, i.e., the stabilisation of VO2 and VOasc (Jones et al., 2019; Poole et
al., 2021; Nixon et al., 2021).

2.3 Performance markers representing the MMSS and their limitations

2.3.1 Overview

Identifying the work rates associated with an individual’s exercise intensity domains is an
interest in the academic world and has important implications for applied sports scientists or
clinicians working with athletic and clinical populations. However, identifying the
appropriate performance marker to represent the threshold between the heavy and severe

intensity domain or the MMSS remains controversial in the current literature. Some
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scientists suggest the MLSS should be the “gold standard” (Beneke & von Duvillard, 1996;
Billat et al., 2003; Faude et al., 2009; Garcia-Tabar & Gorostiaga, 2019; 2021; Dotan, 2022a),
whereas others support the use of CP (Burnley & Jones, 2016; Jones et al., 2019; Nixon et
al., 2021; Poole et al., 2021). In addition, another group propose that the two concepts are,
in fact, interchangeable along with a newly developed and popular performance marker —
the FTP (Allen & Coggan, 2006; 2010; Borszcz et al., 2019; Lillo-Bevia et al., 2022).
However, there are some logical and scientific flaws in the arguments supporting MLSS or
FTP to represent the MMSS or suggesting that the MLSS, FTP, and CP are interchangeable.

2.3.2 Maximal Lactate Steady State

The body's demand for energy increases as the duration of the exercise continues. Given that
the ATP stored in the human body is extremely limited, the primary source of energy
production shifts to the glycolytic pathway, (using muscle glycogen or blood glucose to
produce ATP), producing ATP and pyruvate (Carins, 2006). While the ATP is used by
working muscle immediately, the pyruvate undergoes oxidative phosphorylation in the
mitochondria and produces ATP. However, the mitochondria would be unable to oxidise all
the pyruvate during intense or submaximal-intensity exercise. As a result, pyruvate is
converted to lactate by the enzyme lactate dehydrogenase (LDH). This reaction generates
oxidised nicotinamide adenine dinucleotide (NAD+) from NADH, which is required for the

continuation of glycolysis (Hall et al., 2016).

Lactate has several fates within and outside the muscle cell which all are facilitated via the
monocarboxylate transport proteins. Within the cell, lactate can be oxidised by the
mitochondria to produce ATP. This process is known as lactate oxidation or the Cori cycle.
The lactate can also enter the bloodstream or be taken up and used as fuel by other tissues,
such as the muscle, liver, kidney, heart, and brain, where it can be oxidised or converted
back to glucose via gluconeogenesis (Brooks, 2009; Van Hall, 2010). Given that the total
lactate produced is distributed to different parts of the human body, it is suggested that
measuring blood lactate does not reflect the lactate kinetics in skeletal muscle (Brooks et al.,
1999; Jones et al., 2019)

During moderate-intensity exercise, the net muscle lactate production depends on the

balance between the lactate production rate and the lactate clearance rate. When the blood
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lactate is in a steady state, the lactate production rate equals the removal rate, which is known
as an equilibrium in turnover. However, as exercise intensity increases to heavy or severe,
the rate of lactate production increases, and the clearance rate fails to keep up, resulting in
an increase in blood lactate concentration. Various mechanisms are suggested to contribute
to the increased blood lactate including mitochondrial capacity, the imbalance between

lactate production and removal rate, and inadequate oxygen delivery (Hall et al., 2016).

The MLSS is defined as the highest exercise intensity at which the lactate concentration in
the blood can be maintained without continual increase during constant intensity exercise
(Beneke, 1995; Beneke et al., 2000). It also represents the intensity at which equilibrium is
achieved in the lactate turnover rate (Heck et al., 1985). The evidence that a lactate steady
state can be reached during prolonged exercise at a constant moderate and heavy intensity
was first documented by Wasserman et al. (1967). Similar results were also observed by
Scheen et al. (1981), as the lactate kinetics of 66 participants all showed a clear steady-state
during moderate intensity (48%, 52% and 57% of VOamax) and a delayed steady-state at
heavy intensity (63% of VO2max) exercise. However, the original aim of both studies was
neither to examine nor to determine the lactate steady state. Wasserman et al. (1967)
explored the interaction of physiological mechanisms during different exercise intensities,
while Scheen et al. (1981) aimed to analyse the VT1 during exercise at constant intensity.
Snyder et al. (1980) were the first to specifically attempt to determine the MLSS as they
believed it is an optimal training intensity for athletes. The criteria for the blood lactate
steady state proposed by Snyder et al. (1980) was a change of less than 0.05 mM/min for
blood lactate concentration (BLC), which alternatively is understood as no more than 1 mM
during the final 20 minutes of a constant intensity exercise (BLCa1030 < 1mM; Heck et al.,
1985). The BLCa1030 < 1mM protocol represents the conventional MLSS protocol from this
point on. In 1992, Aunola and Rusko questioned whether the testing duration of 20 to 25
minutes is too short to confirm the existence of true lactate steady state and whether the
tolerance limit of 1 mM is too great to account for intraindividual differences. Hence, they
suggested that the testing duration should be longer than 25 minutes and the tolerance limit
should be set as 0.5 mM to ensure accuracy. Although the testing duration of 30 minutes or
longer and a tougher tolerance limit such as 0.2 mM have been used in previous studies
(Haverty et al., 1988; Beneke, 1995; Beneke & von Duvillard, 1996).
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The MLSS concept has been considered a valid parameter of endurance sports performance,
and the method of determining MLSS has been universally accepted. Previous studies have
examined the reasons for the termination of exercise at the MLSS intensity (Baron et al.,
2008), the physiological response when exercising at and above MLSS (Baron et al., 2003;
2008; lannetta et al., 2018; Brauer & Smekal, 2020), the MLSS application in different sports
(Beneke, 1996; Fontana et al., 2009), the reliability of the testing protocol (Beneke et al.,
2000; Beneke, 2003a; 2003b; Hauser et al., 2013; Faude et al., 2016) and its validity
concerning other performance markers such as CP and FTP (Pringle & Jones, 2002; Kier et
al., 2015; Maturana et al., 2016; Lillo-Bevié et al., 2018; 2022; Borszcz et al., 2019; Nixon
et al.,, 2021). Although the intensity corresponding to MLSS was reported to be highly
correlated to 8 km running (r = 0.92), 5 km running (r = 0.87) and 40 km cycling TT
performance (r = 0.84) (Jones & Doust, 1998; Haverty et al., 1988; Harnish et al., 2001),
Niemeyer et al. (2022) reported that the power output corresponding to MLSS is not an
independent predictor of the supra MLSS time trial performance and questioned its validity
to determine endurance performance. In addition, previous studies reported that individuals
could exercise for 30 minutes at an intensity well above the MLSS (lannetta et al., 2018; Hill
et al., 2021). Most importantly, a few fundamental issues regarding the conventional MLSS

remain unaddressed by the previous research.

2.3.3 Limitations to Maximal Lactate Steady State

The MLSS was once used as a method to validate VT1 (Stegman & Kindermann, 1982; Heck
et al., 1985; Aunola & Rusko, 1992), Pallarés et al. (2016) demonstrated that the VO2 and
intensity corresponding to MLSS lies between the VVT1 and the respiratory compensation
threshold (VT2), which was found to agree with other studies (Dekerle et al., 2003; Denadai
et al., 2004; Grossl et al., 2012; Kier et al., 2015). In addition, determining the work rate at
MLSS is time-consuming, invasive, and labour-intensive for both researchers and subjects.
It requires individuals to give multiple blood lactate samples and exercise for 30 minutes at
a submaximal constant intensity of three to five times on separate days in a laboratory.
Although numerous studies have attempted to simplify the conventional protocol to a single
visit, the results remain controversial (Kilding & Jones, 2005; Laplaud et al., 2006; Lillo-
Bevia et al., 2018). However, there remain other unanswered questions in regard to the
adequacy of the MLSS to represent the MMSS. Specifically, whether the VO2 can stabilise
when exercising above the MLSS determined using the conventional protocol and whether
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the conventional method ignored the delayed lactate steady state. These problems would
directly affect the fundamentals of the MLSS and its validity in representing the MMSS
(Jones et al., 2019; Jamnick et al.,, 2020). For example, the conventional MLSS
determination protocol would underestimate the “true MLSS” if it fails to account for a
delayed lactate steady state. Additionally, if the VO2 can stabilise when exercising above the
MLSS determined by the conventional protocol, it would mean the MLSS does not represent

the threshold between the heavy and severe intensity domain.

From the exercise physiology perspective, lactate is a by-product the body produces during
exercise and is responsible for providing energy to the working tissue during exercise
(Clarke & Skiba, 2013; Poole et al., 2021). In addition, contrary to common sense in the
sports world, lactate is neither the cause of muscular fatigue nor confined to anaerobic
conditions (Hall et al., 2016; Poole et al., 2021), and it does not reflect the metabolic status
of the contracting muscle (Jorfeldt et al., 1978; Tesch et al., 1982; Bergman et al., 1999;
Vanhatalo et al., 2016). Therefore, measuring BLC or the MLSS might have limited use for
informing and evaluating endurance sports performance. Smith & Jones (2001) previously
reported no significant difference between the intensity of critical velocity (CV), MLSS and
Lactate Turn Point and recommended that the MLSS be the preferred method for
determining the upper boundary of the heavy exercise domain. However, for a concept to
demarcate the upper limit of the heavy intensity domain, it is essential to consider its VO2
kinetics when exercise is performed at and above the specific intensity (Burnley & Jones,
2007; Bergstrom et al., 2017; Jones et al., 2019) because the VO2 kinetics is the foundation
of characterising different exercise intensity domains (Poole et al., 1988; Gaesser & Poole,
1996; Hill et al., 2002; Wilkerson et al., 2004). It must be stressed that blood lactate is not
the most important determinant in endurance sports performance, let alone the sole indicator
(Clarke & Skiba, 2013). It might be considered premature if some try to encourage the
perception of MLSS as the “gold standard” of representing the threshold between heavy and
severe intensity without considering the VO2 kinetics. Although several studies did not use
the conventional method of MLSS, they consistently reported that the VO2 stabilised when
exercise was carried out at and above the MLSS intensity (Keir et al., 2015; Matirana et al.,
2016; lannetta et al., 2018; Brauer & Smekal, 2020; Hill et al., 2021). The steady state in
VO:2 during exercise is the typical VO2 response corresponding to heavy intensity (Burnley

& Jones, 2007) (see Figure 2.2). These results challenged the legitimacy of using MLSS as
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the upper boundary of the heavy intensity domain, as the VO:2 does not reflect the

characteristics of the severe intensity domain when exercising above the MLSS.

Apart from the VO2 results suggesting that the MLSS is not a valid representation of MMSS,
the criterion of BLC for the conventional MLSS determination should also be examined
before considering whether it is appropriate to represent the MMSS. The criterion of the
BLC during the MLSS test was initially set as < 0.05 mM/min when Synder et al. (1980)
first proposed measuring MLSS. Subsequently, Heck et al. (1985) reintroduced the criterion
to be <1 mM during the last 20 minutes of a 30 minute constant intensity exercise. Although
Heck et al. (1985) did not provide any rationale for the very specific criterion of 1 mM, it
appears to be based on 0.05 x 20 minutes = 1 mM. The validity of using the BLC difference
of less than 1 mM between two arbitrary pre-set time points (10 and 30" minute) to
represent blood lactate steady state has been questioned (Jones et al., 2019). It has been
reported that the rate of change in the BLC tends to be more significant in the first 10 minutes
than in the final 5 to 10 minutes during the conventional 30 minutes MLSS test (Sheen et al.,
1981; Jones & Doust, 1998; Beneke et al., 2003). Similar findings were repeatedly
highlighted by Beneke et al. (2009; 2011), which show that 92% of the final steady-state of
BLC is attained only after the 10" minute (approximately between the 15" and 20" minute).
Therefore, such a blood lactate kinetics profile should be considered the achievement of a
delayed steady state in BLC. The conventional protocol might therefore ignore the existence
of a delayed steady state (Jones et al., 2019). In addition, Dotan (2022a) has suggested that
the BLC requires more time to stabilise as the intensity increases. There is, therefore, a
possibility that the exercise intensity considered as above the conventional MLSS is, in fact,
an underestimation of the true MLSS because the BLC stabilised or declined towards the
end of the 30 minutes constant intensity test (Van Schuylenbergh et al., 2004). Taken
together, the conventional MLSS determination protocol merits a more rigorous examination,
as it is poorly justified and has a high risk of underestimating the actual MLSS exercise

intensity.

2.3.4 Functional Threshold Power
The equipment, time and training required to conduct and interpret MLSS tests hinder its
practical application. Thus, researchers and practitioners have tried to develop an alternative

performance-related indicator to assess the MMSS that is more assessable and has minimal
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equipment and time demands. One proposal put forward by Allen and Coggan (2006) was a
concept called the Functional Threshold Power (FTP). The FTP is defined as the highest
mean power output that an individual can sustain for 60 minutes (Allen & Coggan, 2010).
Although the rationale and research behind the FTP are unclear, the first study investing FTP
was conducted by Nimmericher et al. (2011), five years after the concept was introduced by
Allen & Coggan (2006). FTP has become a popular method within the cycling community
to assess the upper limit of sustainable exercise in cycling for two reasons: firstly, the only
equipment required is a bicycle and a power meter, which are both commonly owned by
cyclists; secondly, the 60-minute mean power output has been reported to be the strongest
indicator of 40-kilometre time-trial (TT) performance for cyclists during the competitive
season (Coyle et al., 1991). The power output corresponding to FTP is also commonly used
to inform cyclists’ performance levels and design training intensity to target specific
physiological outcomes (Allen & Coggan, 2010) (see Table 2.1). However, the FTP
determined by performing a 60-minute TT (FTPso) appears to be highly stressful and
physically demanding for athletes. It is especially difficult to complete when assessing
performance on open roads. The protocol was modified to a 20-minute test as Allen and
Coggan (2010) found that 95% of the mean power output during a 20-minute TT
performance was equivalent to the mean power output achieved during a 60-minute TT
performance. Subsequently, the testing method for FTP determination (see Table 2.2)
comprises a 45-minute specific warm-up followed by a 20-minute TT, given that the FTP is
suggested to be able to estimate the highest power output for maintaining 60 minutes, which
theoretically makes it the ideal indicator for the “hour record” event in cycling. However,
the power output corresponding to FTP2o tends to be significantly higher than the average
power during a 60 minute TT (Maclnnis et al., 2019). It has also repeatedly been reported
that the FTP20 exercise intensity cannot be sustained for 60 minutes regardless of the
individual’s experience, performance level, and aerobic fitness level (Borszcz et al., 2018;
Sitko et al., 2022). According to Sitko et al. (2022), the time to task failure at FTP across
four different performance level categories (recreationally trained, trained, well trained and
professional cyclists) was all shorter than 60 minutes (35, 42, 47 and 51 minutes,
respectively). Therefore, the validity of using the intensity estimated from FTP2o to
approximate the FTPeo remains controversial. Nevertheless, previous studies have suggested
that the FTP concept is interchangeable with MLSS (Borszcz et al., 2019) and CP (Allen &
Coggan, 2010).
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Table 2.1 Functional threshold power based training levels

Zone Description % of FTP RPE % HR at FTP
1 Active Recovery <55 <2 <68
2 Endurance 56-75 2-3 69-83
3 Tempo 76-90 3-4 84-94
4 Lactate Threshold 91-105 4-5 95-105
5 VO2max 106-120 6-7 >106
6 Anaerobic Capacity 121-150 >7 N/A
7 Neuromuscular N/A Maximal N/A
Power

Adapted from Allen & Coggan, 2010. P. 48

Table 2.2 The original testing procedure for FTP

Time Description % FTP
Warm Up 20 min Endurance pace 65

3 x 1 min (separated by Fast pedalling, 100 rpm N/A

1 minute rest)

5 min Easy riding 65
Main Set 5 min All-out effort Max

10 min Easy riding 65

Test 20 min Time trial 100

Adapted from Allen & Coggan, 2010. P. 47

2.3.5 Limitations to Functional Threshold Power

The FTP is proposed to represent the exercise intensity that can exercise for 60 minutes.
However, as mentioned in the preceding paragraphs, the exercise tolerance at the intensity
corresponding to FTP2o is often shorter than 60 minutes (Borszcz et al., 2018; Sitko et al.,
2022). In other words, FTP has deviated from what it is proposed to represent. Conversely,
using the FTP to prescribe training intensity is a common practice for cyclists. However,
studies have yet to examine the appropriateness of this method. For example, whether
exercising at 106% of FTP (Table 2.1) would achieve the necessary physiological response

and enough stress to the respiratory system to improve the VO2zmax remained unaddressed.
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The validity of the FTP concept as a marker of the MMSS and its relationship to other
performance markers is debated within the current scientific literature. For example, Borszcz
et al. (2019) suggested that the FTP can be used for MLSS estimation, as their results
demonstrated a strong correlation (r = 0.91) with high limits of agreement (LoA) of 1.4
9.2%. In contrast, a study by Inglis et al. (2019) suggested that the FTPose% significantly
overestimated the MLSS by 17W, and the agreement between the exercise intensity of
MLSS and FTP only improved when the percentage of FTP was adjusted from 95% to 88%.
The apparent conflict in findings between the two studies is likely due to Borszcz et al. (2019)
used a 45-minute warm-up which involved a high intensity 5 minutes time trial, potentially
causing a higher degree of fatigue and energy depletion prior to the 20 minutes TT, whereas
Inglis et al. (2019) only prescribed eight-minute baseline cycling at 80W. However,
Barranco-Gill et al. (2020) reported that the FTP is independent of the intensity of the warm-
up. Interestingly, no study has examined the lactate kinetics when exercising at FTP to
determine its validity as an alternative to MLSS by fulfilling the requirements of the

conventional MLSS determination criteria.

One of the significant values of FTP proposed by Allen and Coggan (2006) is that it is a
valid alternative method to determine the critical power (CP). The possible linkage between
FTP and CP could be based on the research from Coyle et al. (1991) and Smith et al. (1999).
In the work by Coyle et al. (1991), it was suggested that the 1-hour laboratory performance
test was highly correlated with the actual road racing 40 km TT performance (r = -0.88. p <
0.001). Whereas Smith et al. (1999) reported that the power output corresponding to CP is
highly related to the 40 km TT performances. When combining both results, it is tempting
to consider the 1-hour-based FTP as an alternative to CP or the MMSS. However, an indirect
comparison of the TT performance and correlation only provided a superficial and weak
linkage between the FTP and CP. Thus, a more rigorous scientific examination is required
before making any meaningful conclusion between the FTP and CP. Specifically when it is
trying to develop a new performance marker to represent the MMSS, which has significant

value to sports scientists and practitioners.

Since FTP is a relatively new concept, little research has been conducted on this topic. Less
than 30 FTP-related research papers have been published, with only around 20 papers

directly examined the relationship between FTP and other “traditional” performance markers.
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The current literature examined the validity of FTP representing the MMSS by simply
investigating the correlation and limits of agreements between the FTP and other
performance markers representing the MMSS, such as MLSS and CP. As mentioned
previously, the determination of its validity to be considered an indicator for MMSS should
be based on the physiological response, VO: kinetics specifically, when exercising at and
above the FTP. For FTP to be the threshold between the heavy and severe intensity domain,
it is vital to examine whether exercise around the FTP can trigger the unique VO2 Kinetics
characteristics presented in Figure 2.2 as that is the foundation of the MMSS and the three
intensity domains system. Without the availability of such information, the FTP should not
be further considered as a replacement for MLSS or CP to represent the MMSS from a

physiological standpoint.

2.3.6 Power duration relationship and the concept of Critical Power

The relationship between exercise intensity and duration was first proposed by Hill (1925)
in his work examining speed-time/power—duration curves from world record performance
to investigate the function of aerobic and anaerobic energy sources during physical
performance. In 1965, Monod and Scherrer also observed this hyperbolic relationship
between power and duration (PD) from an isolated muscle group. More recently, the concept
has been extended to whole body exercise, including cycling (Smith et al., 1999; Pringle &
Jones, 2002), running (Kolbe et al., 1995; Florence & Weir, 1997), swimming (Dekerle et
al., 2006) and rowing (Shimoda & Kawakami, 2005). The hyperbolic form of the PD

relationship can be described using the following equation (Morton, 2006):

Hyperbolic Model: Tiim = W’/(P-CP) [Equation 1]

Where P is power and Tiim is the duration for which the power lasted. When applied in sports
such as running, the W’/W and P would be expressed as D’/D (Distance) and S (Speed),
respectively. CP is critical power, and it was originally defined as “the maximal work rate
that can be maintained for a very long time without fatigue”. However, the duration that can
be sustained during exercise at CP has been quantified to be approximately 30 minutes in
recent research (Poole et al., 2016). The CP or its analogous Critical Speed (CS) represents

the upper limit for exercise sustained by aerobic metabolism, and the W’ is the finite amount
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of work that can be performed above the CP (Jones et al., 2011; Poole et al., 2021). Equation

1 can also formulate into two other equations:

Linear Total Work Model: W = (CP x Tiim) + W*  [Equation 2]

Linear 1/Time Model: P = (W’ x 1/Tiim) + CP [Equation 3]

These simple mathematical equations describing the PD relationship and the information of
CP and W’ can provide valuable information to practitioners. For example, designing
different racing strategies to maximise their metabolic advantages or act accordingly to
opponents’ metabolic strength (Fukuba & Whipp, 1999). The best performance over any
severe intensity exercise can also be accurately calculated (Jones & Whipp, 2002; Jones et
al., 2010; Vanhatalo et al., 2011; Jones & Vanhatalo, 2017) and achieved through an
optimised pacing strategy (Jones et al., 2010). Although CP and W’ are equally important in
the concept of CP, the present thesis will focus on the CP and its validity as the representation
of the MMSS.

Even though CP is determined from the mathematical relationship between performance and
time to exhaustion, several previous research papers have demonstrated its ability to estimate
the MMSS or the upper boundary of the heavy intensity domain based on the VO2 kinetics
(De Lucas et al., 2013; Vanatalo et al., 2016; Black et al., 2017; Nixon et al., 2021). Poole
et al. (1988) reported that the blood lactate and VO: reached a delayed steady state during
exercise at the intensity corresponding to the CP, but continued to rise and reached VO2max
when exercising above the CP. A similar result was reported by Nixon et al. (2021) that the
VO stabilised when exercising at a speed of approximately 0.5 km/h below the CS but failed
to stabilise and reached VO2max When the exercise intensity was 2.4% above the CS. Similar
results were also found in cycling as De Lucas et al (2013) demonstrated that contrary to the
appearance of a VO steady state when exercising at CP, VOzmax Was attained when
exercising 5% above the CP. Indeed, previous research has also shown that working at and
above CP will trigger distinct physiological responses in multiple physiological indexes such
as PCr, pH and Pi (Jones et al., 2008). Studies that examined the muscle metabolic responses
at and above CP also reported similar findings. Jones et al. (2008) demonstrated that muscle

metabolic responses significantly differ when exercising 10% below and 10% above the CP.
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The PCr, pH and Pi stabilised rapidly and remained close to baseline when exercising below
the CP. However, PCr and pH continued to fall while the Pi rose precipitously towards the
end of the exercise when exercising above the CP. Vanhatalo et al. (2016) demonstrated that
the muscle PCr, lactate and PCr remained stable between 12 minutes and the end test during
the test < CP trial but now during > CP trial. Additionally, the VO data is consistent with
previous studies showing a steady state during < CP trial but the VO2 did not stabilise and
rise towards VO2zmax during > CP trial. Collectively, CP separates two intensity domains
which have different physiological responses. Most importantly, the VO response to
exercising at and above CP matches the heavy and severe intensity domain characteristics,
respectively (Poole et al., 1988; Gaesser & Poole, 1996; Hill et al., 2002; Wilkerson et al.,
2004).

2.3.7 Considerations associated with the Critical Power and its conventional determination
method

Although there were studies that challenged the validity of CP representing the MMSS (Keir
et al., 2015; Maturana et al., 2016), there are some flaws behind the rationale of their
conclusion. In the work of Keir et al. (2015), the mean difference between the intensity
corresponding to CP and MLSS was 2 + 12 W, and the VO for each intensity was 3.29 +
0.48 and 3.27 + 0.44 L/min?, respectively. Thus, it was concluded that both CP and MLSS
are physiological equivalent and valid representations of the MMSS. However, the VO2
clearly stabilised when exercising at and 10 W above the conventional MLSS, with the end
test VO2 both corresponding to 79% of VO2zmax. It indicated that the conventional MLSS
does not separate the heavy and severe intensity domains. On the other hand, Maturana et al.
(2016) concluded that the CP overestimated the MMSS because the intensity corresponding
to CP was higher than MLSS (253 + 44 W vs 233 £ 41 W). They used the rationale to support
the MLSS as the reference for MMSS because both blood lactate and VO2 can be stabilised
at MLSS. However, as mentioned in the MLSS section, the conventional MLSS potentially
ignored the delayed steady state in blood lactate, which underestimated the true MLSS.
Additionally, a clear VO2 steady state was evidenced both at and 10 W above MLSS. The
discrepancy between the VO response corresponding to MLSS+1ow and the characteristics
of the severe domain was reported repeatedly (Keir et al., 2015; Maturana et al., 2016).

Therefore, it is reasonable and logical to conclude that CP and MLSS are not interchangeable
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and the difference between the two should not be the bases to challenge the validity of CP

representing the MMSS.

Despite multiple research studies supporting the use of CP as the gold standard for
determining the MMSS (De Lucas et al., 2013; Jones et al., 2019; Nixon et al., 2021), some
concerns persist regarding the accuracy of CP estimation (Muniz-Pumares et al., 2019). The
conventional CP determination protocol requires 3 to 5 different points (power outputs for
given durations) on the PD relationship in the severe exercise intensity domain. All
determination trials must be between 2 and 15 minutes (Munix-Pumares et al., 2019). Any
intensity that lasts less than 2 minutes or more than 15 minutes would risk the intensity being
outside the severe domain or unable to attain VO2max, which would affect the CP estimation
(Hill et al., 2002; Vanhatalo et al., 2016; Burnley, 2022). Indeed, the CP reported by Pallarés
et al. (2020) was 2% lower than MLSS instead of the commonly suggested 7 to 11% higher
than MLSS (Jones et al., 2019; Saif et al., 2022) because the longest trial used was
approximately 80 minutes. Additionally, there should be at least five minutes between the
shortest and the longest trial (Poole et al., 1988). The estimated CP would be significantly
inflated if the trials were exclusively short (e.g., 68 to 193s) (Bishop et al., 1998). Besides
following the duration requirement, the need for the attainment of VO2max is also vital for a
valid determination of CP. It can ensure that the prescribed intensity for the determination
trial is severe intensity (Burnley & Jones, 2007). Multiple research studies support the notion
that the W’ and VOzsc are positively and mechanistically related (Murgatroyd et al., 2011;
Vanhatalo et al., 2007; 2011; 2016; Goulding et al., 2021). The VO2max attainment represents
a complete W’ depletion because of the maximum VOzsc amplitude developed (Burnley,
2023). Thus, reaching the VOzmax can ensure the participants performed to the limit of

tolerance at different determination trials and the estimation of the CP and W’.

From a practical perspective, one of the reasons that render the determination of the CP
cumbersome is that the recovery period between each maximal effort test is usually between
24 to 48 hours, which is similar to the determination procedure of MLSS. Theoretically, the
minimal number for the determination trial can be two. However, this approach would
require at least two familiarisation trials before the actual determination trials for a valid
result. Furthermore, the calculation for CP would be limited to only linear equations

(Simpson & Kordi, 2017). The limitation of only using the linear equation would be unable
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to determine the model with “best individual fit” (BIF) to minimise the combined error for
the CP and W’ to less than 5% and 10%, respectively. Therefore, using at least three constant
severe intensity trials is recommended. Besides using the BIF approach to improve the
accuracy of CP and W’, a previous study has also reported that Equation 1 is the favourable
choice to assess the MMSS (Altuna & Hopker, 2021). There are two approaches to
determining the CP: the conventional method in which the CP is calculated based on the
performance at a fixed time or fixed power/speed (Black et al., 2015), or a 3 minute all-out
test during which the participants must exercise against a fixed resistance maximally for 3
minutes (Burnley et al., 2006b; Vanhatalo et al., 2007). The present thesis will focus on
discussing the conventional approach. Multiple research studies support the use of CP as the
gold standard for determining the MMSS (De Lucas et al., 2013; Jones et al., 2019; Nixon
etal., 2021).

Great care must be taken in all aspects including the number, duration and intensity of the
determination trials and the modelling of CP. Although theoretically the CP can be
calculated using 2 determination trials, the optimal and conventional number of
determinations trials is 3 to 5 (Pringle & Jones, 2002; Vanhatalo et al., 2007; Black et al.,
2015). conventional CP determination protocol requires 3 to 5 different points (power
outputs for given durations) on the PD relationship in the severe exercise intensity domain.
The main principle of the duration for the TT approach is that all determination trials must
be between 2 and 15 minutes (Munix-Pumares et al., 2019). Any intensity that lasts less than
2 minutes or more than 15 minutes would risk the intensity being outside the severe domain
and affecting the CP estimation (Burnley, 2023). Indeed, the CP reported by Pallarés et al.
(2020) was 2% lower than MLSS instead of the commonly observed 7 to 11% higher than
MLSS (Jones et al., 2019; Saif et al., 2022) because the longest determination trial for CP
was approximately 80 minutes in their study. On the other hand, there should be at least five
minutes between the shortest and the longest determination trial (Poole et al., 1988). The
estimated CP would be significantly inflated if the trials were exclusively short (e.g., 68 to
193s) (Bishop et al., 1998). Additionally, using the same number of trials but different
duration could result in a different CS estimation. Triska et al. (2018) examined the
difference in the CS determined between two fixed time protocols; protocol 1 (12, 7 and 3
minutes) and protocol 2 (10, 5 and 2 minutes), which were both within the recommendation

range. The CS for the same group of participants was significantly different between
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protocols (4.17 vs. 4.29 m/st) and the longer combined durations (protocol 1) consistently
resulted in a lower CS, which is in line with the assumption of Gorostiaga et al. (2022a). It
is suggested the CS was affected because participants with lower CS (< 4 m/s™t) did not fully
deplete their D’ during the 12 minutes run. On the other hand, it was suggested that the
physiological or psychological residual fatigue from the 12 minutes trial affected the 7

minutes trial performance and thereby the D’ estimation.

The exercise intensity corresponding to CP estimated using the TT has been demonstrated
to overestimate the CP determined using the constant work rate approach (Black et al., 2015).
This discrepancy may be because participants adopted a fast start pacing strategy during the
time trials but not the constant work rate trials. Bailey et al. (2011) showed that 3-min time
trials with fast-start pacing yielded greater total work, mean power, and end-spurt power
than time trials with even pacing (p < 0.05), the same strategy used in Black et al.’s (2015)
constant work rate trials. A fast start may alter VO: kinetics, reducing metabolic stress early
in the trial and enabling higher power outputs and VOamax utilisation, especially in trials
lasting under 3 min. Specifically, the fast start could allow individuals to maximise the finite
work capacity (W’) available for very short, high-intensity trials. In contrast, the even pacing
of the constant work rate trials may have caused participants to finish with spare W’ capacity,
leading to a lower CP estimate. The CP can be determined using this fixed work rate method
to minimise the effect of different pacing and duration. Generally, the work rates assigned
to the constant work rate tests were based on the individual’s ramp incremental test
performance. The assigned intensity with monitoring the VO2 response during determination
trials ensures the prescribed work rate is severe intensity and the W’ is fully depleted upon
task failure. However, there is no standardised intensity for the fixed work rate approach
(Vanhatalo et al., 2007; Black et al., 2015). Therefore, a consistent and standardised protocol
(i.e., fixed work rate at the same % of power output) is recommended to minimise any noise
on the CP estimation (Black et al., 2015; Maturana et al., 2018).

From a practical perspective, one of the reasons that render the determination of the CP
cumbersome is that the recovery period between each maximal effort test is usually between
24 to 48 hours, which is similar to the determination procedure of MLSS. Theoretically, the
minimal number for the determination trial can be two. However, this approach would

require at least two familiarisation trials before the actual determination trials for a valid
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estimation of CP and W’. Furthermore, the calculation for CP using only 2 trials would be
limited to only linear equations (Simpson & Kordi, 2017). The limitation of only using the
linear equation would be unable to determine the model with “best individual fit” (BIF) to
minimise the combined error for the CP and W’ to less than 5% and 10%, respectively.
Therefore, using at least three constant severe intensity trials is recommended and
minimising the recovery time between each determination trial appears to be the favoured

approach.

Multiple studies investigated different recovery times between trials with the least effect on
the estimation of CP and W’. Karsten et al. (2017) previously explored the validity of
reducing the recovery period between trials from 24 hours to 3 hours or 30 minutes.
Compared to the 24 hour recovery period, the average prediction error of CP of 3 hours and
30 minutes was 2.5% and 3.7%, respectively. However, a large prediction error was reported
for W’; 25.6% (3 hours) and 32.9% (30 minutes). Therefore, the study concluded that both
recovery time protocols are only valid for determining CP but not W’. Karsten et al. (2017)
examined the 60 minutes recovery and showcased similar results, concluding that it could
be a valid alternative testing protocol for estimating the CP. However, consistent with the
findings from Karsten et al. (2017), the results cannot transfer to W’. On the contrary,
Burnley et al. (2011) reported that prior severe exercise has no significant effect on exercise
tolerance, CP and the W’ after severe intensity exercise despite increased blood lactate and
primed VO kinetics. The 60 minute recovery between each determination trial was also
supported by Munix-Pumares et al. (2019) as the most suitable approach for CP estimation
to shorten the total duration of the multiple testing trials method. Although the PCr, ph and
W’ can typically be restored within 25 minutes (Baker et al., 1993; Ferguson et al., 2010;
Skiba et al., 2012), the rationale for 60 minutes recovery period is that it minimises the
priming effects in VO: kinetics from the previous determination trials (Burnley et al., 2006a;
Karsten et al., 2017).

2.3.8 Limitations of Critical Power

Even though the BIF approach can address the difference between the CP and W’ determined
by different equations, the determination method still arguably lacks a standardised protocol
(Dotan, 2022a). As mentioned, performing 3 to 5 fixed time or power tests which last 2 to

15 minutes to determine the CP and W’ is suggested. However, using a different duration
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would result in a different CS estimation (Triska et al., 2018). The difference between the
CS was determined using protocol 1 (12, 7 and 3 minutes) and protocol 2 (10, 5 and 2
minutes), both within the recommendation range. The CS for the same group of participants
significantly differed between protocols (4.17 v.s. 4.29 m/s?). It was concluded that the
longer combined durations consistently resulted in lower CS, which is in line with the
assumption of Gorostiaga et al. (2022a). The fixed time/duration testing protocol also
reported a significantly higher CP estimation in cycling compared to the fixed intensity
protocol (Black et al., 2015). This discrepancy in the CP estimation between the two
protocols may be because participants adopted a fast start pacing strategy during the fixed
time trials but not the constant work rate trials. Bailey et al. (2011) showed that 3-min time
trials with fast-start pacing yielded greater total work, mean power, and end-spurt power
than time trials with even pacing (p < 0.05). Similarly, it is suggested that because a fast start
would lead to rapid VO:2 kinetics and reduced O2 deficit, therefore it dictates a higher CP
(Goulding et al., 2021; Goulding & Marwood., 2023). For constant work rate protocol, the
assigned intensities are generally based on the individual’s ramp incremental test
performance. However, there is no guarantee that all individuals can sustain the minimally
required 2 minutes at the highest work rate determination trial (100% of the intensity at
VO2max). Given that both approaches have their respective limitations as mentioned above,
it is recommended to use a consistent protocol (i.e., fixed work rate with the same % of
power output) to avoid the overestimation of the CP and standardise the determination
protocol (Black et al., 2015; Maturana et al., 2018).

Recent work by Gorostiaga et al. (2021; 2022a) challenged the CP model and suggested that
it is merely a statistical artifact and challenged its validity for demarcating the heavy from
severe intensity exercise domains. They found that a hyperbolic model could not adequately
fit the relationship between speed and time across different track running performances. As
a result, CP tended to closely correspond to 95-99% of the intensity sustained for the longest
trial duration. However, Gorostiaga et al. (2021) ignored each intensity domain's unique
physiological characteristics. Their study provided no physiological evidence (e.g., VO2 or
lactate responses) demonstrating a similar physiological response when exercising below
and above CP. The result of De Lucas et al. (2013) reported that the VO2 response
corresponding to exercising at and 5% above the CP challenged the validity of CP

representing the MMSS. The VO kinetics illustrated in their work showed a non-steady
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state both at and above the CP. However, the VOasc was lower in the CP+s trial compared
to the CP trial (247 vs 222 ml/min), which is contrary to the typical VOasc profile of heavy
and severe intensity exercise (Pringle et al., 2003). It is highly possible that the CP was
overestimated as they only used the linear equation instead of BIF or Equation 1 suggested
by Altuna & Hopker (2021). Therefore, there is a high chance that both intensities examined
belonged to the severe domain. The current limitation of the CP concept is mainly on the
mathematical aspect. From a physiological perspective, although previous studies provided
a relatively comprehensive overview of the different physiological responses (Vanatalo et
al., 2016; Black et al., 2017; Nixon et al., 2021), the mixed result was reported due to
different determination protocols and analysis methods.

2.4 Summary

The work rate corresponding with the MMSS provides important insight into endurance
sports and fatigue-related mechanisms, which are unique compared to other performance
markers. However, this threshold has received far less attention than other physiological
indicators, such as VOzmax and LT. The primary reason for this lack of popularity is the
confused definition and disagreement amongst researchers concerning the suggested

procedures of its estimation.

The previous sections highlighted how it might not be appropriate to consider MLSS, FTP
and CP as conceptually similar or interchangeable. While the definition and the specific VO2
kinetics characteristics of heavy and severe domains are clearly stated, some researchers
appear to have disregarded them. Instead, they focused on the lactate response and the
correlation between the threshold markers. Based on the current literature, only research
associated with the CP sought to investigate the VO: kinetic response as an indicator of the
MMSS. Such research is lacking concerning MLSS and FTP. Moreover, the conventional
determination protocol for MLSS could be considered arbitrary and poorly justified.
Specifically, the BLCa1030 < 1mM protocol could miss a delayed steady state in lactate,
leading to an underestimation of the intensity corresponding to the true MLSS. Similarly,
the argument of using FTP to estimate MMSS is also subject to review because previous

studies have only been examined based on correlational data and lack evidence on either
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VO or lactate kinetics. It is essential to examine MLSS, FTP and CP using the same standard

to evaluate their validity in representing the exercise intensity associated with the MMSS.

2.5 Thesis Aims and hypotheses

The present study aims to provide scientific evidence to determine which performance
marker (MLSS, FTP and CP) should represent the MMSS. In addition, this thesis will also
examine the limitation associated with MLSS, FTP and CP.

Chapter 3 — There were three aims in this experimental chapter, 1). Determine the validity
of the conventional MLSS for representing the MMSS by examining the VO2 Kinetics; 2).
Examine the possibility that the conventional MLSS determination protocol fails to account
for delayed steady state by examining the blood lactate response and finally; 3). The
reliability of the blood lactate response when exercising at the intensity corresponding to the

conventional MLSS.

Chapter 4 — This experimental chapter examined the physiological difference between

exercising at and 15 W above the FTP.

Chapter 5 — The main aims of this experimental chapter were 1). to examine the
physiological difference between exercising at and 15 W above the CP (CP+1sw) and 2). The
validity of the concept of CP on informing the time to task failure (TTF) at a severe constant
intensity exercise. The study also investigated the effectiveness of using 1 week of HIT

training in reducing the difference between the actual and predicted TTF for CP+15w.

46



Chapter 3

The Maximal Lactate Steady State is not a valid

exercise intensity threshold
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3.1 Abstract

Purpose: The maximal lactate steady state (MLSS) has been proposed as the threshold
between the heavy and severe intensity domains. However, this is yet to be fully supported

by research evidence.

Methods: The present study examined the blood lactate and VO2 kinetics corresponding to
at and 15 W above (MLSS+15w) and the test-retest reliability of MLSS. Thirteen cyclists
completed three to five 30 minute constant intensity exercise trials to determine the work
rate corresponding to MLSS and the associated physiological responses when exercising at
MLSS and MLSS+1sw. Oxygen consumption was recorded continuously, with blood lactate

measured at baseline and every 5 minutes.

Results: BLC showed a low coefficient of variation (0.3%) and strong intraclass correlation
coefficients (r = 0.96) between the test and retest. The end test BLC was significantly higher
when exercising at MLSS+1sw compared to MLSS (p < 0.001). The percentage of VOzpeak
was higher during MLSS+1sw (78 * 7%) vs at MLSS (72 + 9%). The VO: stabilised at both
intensities, and the magnitude of the slow component was not significantly different between
the two intensities (355 + 155 mL-min vs 382 + 183 mL-mint, p = 0.453).

Conclusion: Although the BLC response between test and retest is reliable, two trials at the
MLSS are recommended to confirm the result. Given that the conventional determination
protocol for MLSS cannot account for delayed blood lactate steady state, the VO2 response
corresponding to MLSS and MLSS+1sw were consistent with the characteristics of the heavy
intensity domain. Therefore, MLSS is not a valid threshold for separating heavy and severe

intensity domains.
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3.2 Introduction

The maximal lactate steady state (MLSS) is the highest intensity at which the blood lactate
concentration (BLC) can remain stable during a 30 minute constant intensity exercise (Heck
etal., 1985; Beneke, 1995; Beneke et al., 2000; Smith & Jones, 2001). It was first established
by Snyder et al. (1980), and the steady state of BLC was defined as a change of < 0.05
mM/min but did not specify the duration over which this should be determined during a 30
minute constant intensity trial. The determination protocol was later modified to require the
BLC change between the 10" and 30" minute (BLCa1030) to be less than 1 mM during a 30
minute constant intensity exercise (Heck et al., 1985; Mader & Heck, 1986). This protocol
is represented as the conventional protocol from this point on. Multiple studies have
examined the MLSS by investigating the physiological response when exercising at and
above it (Baron et al. 2003, 2008; lannetta et al. 2018; Bréuer & Smekal, 2020), its reliability
(Beneke et al., 2000; Beneke, 2003a; 2003b; Hauser et al. 2013; Faude et al. 2016; Pallarés
et al. 2016) and validity (Pringle & Jones 2002; Denadai et al. 2004; Grossl et al. 2012; Kier
et al. 2015; Maturana et al. 2018; Lillo-Bevia et al. 2018, 2022; Borszcz et al. 2019; Nixon
et al. 2021), as well its application in different sports (Beneke & von Duvillard, 1996;
Fontana et al. 2009). However, there remain some fundamental issues of the MLSS

unaddressed.

One of the issues about the conventional protocol is the validity of the criterion used for
identifying lactate steady state. It has been reported that ~92% of the final steady state in
BLC during a constant load trial at MLSS is attained approximately between the 15" and
20™ minute (Beneke et al., 2009; 2011). Additionally, Dotan (2022), who suggested the
MLSS is the preferable performance marker representing the upper boundary of the heavy
intensity domain, also acknowledged that blood lactate would require more time to stabilise,
if possible, as the intensity increases. The conventional protocol assumes the blood lactate
would stabilise at the 10" minute regardless of the testing intensity, which contradicts the
findings that the blood lactate concentration tends to stabilise over the last 10 to 15 minutes
of the exercise (Beneke, 2003a; Beneke et al., 2011). Hence, the 10t to 30" minutes might
ignore the delayed steady state in blood lactate, resulting in identifying as an intensity above
the MLSS, even though the BLC stabilises or declines towards the end of the test (Jones et
al., 2019). The reliability of the conventional protocol is another aspect that has been
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overlooked. A previous study reported that the end test BLC corresponding to MLSS
(coefficient of variation (CV): 16.6%) has higher day-to-day variability than the power
output at MLSS (CV: 3%) (Hauser et al., 2013). However, the reliability of the conventional
protocol should be assessed by the overall BLC kinetics rather than just the end test BLC. If
the BLCa1030 exceeds 1 mM during the re-test, the conventional protocol should be deemed

unreliable, regardless of a strong CV or intraclass correlation coefficient (ICC).

Another controversial aspect of MLSS is its validity in representing the threshold separating
the heavy and severe intensity domain or the maximal metabolic steady state (MMSS) (Jones
et al., 2019), Unfortunately, no compelling conclusion has been made potentially because
previous research focused on investigating the correlation between MLSS and other
performance markers that represent MMSS (Dekerle et al., 2003; Maturana et al., 2016),
rather than specifically examine VO: response when exercising at and above the MLSS. The
MLSS has been considered the gold standard for representing the MMSS (Faude et al., 2009;
Dotan, 2022) because the MMSS represents the highest intensity at which the oxygen uptake
(VO2) can remain stable and blood lactate accumulation is assumed to be caused by
insufficient oxygen (O2) and results in unstable VO: kinetics (Billat et al., 2003; Svedahl &
Maclntosh, 2003; Faude et al., 2009; Dotan, 2022a). However, lactate is not confined to
anaerobic conditions and is produced continuously under fully aerobic conditions (Rogatzki
et al., 2015; Brooks et al., 2021). The foundation of distinguishing different exercise
intensity domains should rely on the characteristics of the VO2 kinetics (Burnley & Jones,
2007). When exercising within the heavy intensity domain, the VO2 slow component (VO2sc)
is evident and stabilised at an elevated level. Conversely, VO2 will be unable to stabilise,
and VOasc will project upwards until the VOzmax is reached if the exercise continues for long
enough during severe intensity exercise (Burnley & Jones, 2007). Previous studies that
examined the VO2 response when exercising above the MLSS consistently reported it
stabilised and did not reach VO2max When exercising above the MLSS (Brauer & Smekal,
2020; Hill etal., 2021; Nixon et al., 2021). However, two studies did not use the conventional
protocol for MLSS determination; Brauer & Smekal (2020) defined the blood lactate steady
state as no more than 0.5 mM between the 10" and 30™ minute, whereas Hill et al. (2021)
collected blood samples after 6 to 8 and 27 to 29 minutes. While Nixon et al. (2021) used
the conventional protocol, the study examined the VO of runners, which has significantly

different characteristics of VO3 Kinetics compared to cycling (Hill et al., 2003). Therefore,
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these studies are not appropriate for determining the validity of the MLSS determined using

the conventional protocol as the threshold separating heavy and severe domains in cycling.

The purpose of this study was to 1) examine the test-retest reliability of the BLC kinetics
when exercising at MLSS; 2) to determine any significant difference between the change in
BLC during the 10™ to 30™" and the 15" to 30t minute when exercising at and above MLSS;

3) to examine the difference in VO:2 kinetics when exercising at and above MLSS.

3.3 Methods

3.3.1 Participants

Thirteen cyclists (male n = 12, female n =1, age 23 £ 4 years, height 172.8 + 5.0 cm, mass
60.4 + 7.4 kg, VOzpeak 3.6 + 0.7 L-min't or 57.0 + 10.0 mL-kg*-min") volunteered to
participate in this study. Participants’ levels were classified into four categories based on
their relative and absolute VOzpeak (De Pauw et al., 2013; see Table 3.1). The inclusion
criteria were at least three years of cycling experience with at least two hours of cycling
exercise per week. Before providing written informed consent, participants were fully
informed about the nature of the study, all associated risks, and their right to withdraw at
any time. The study was ethically approved by the Human Research Ethics Committee at
the Education University of Hong Kong (E2020-2021-0063) in line with the requirements

of the declaration of Helsinki.
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Table 3.1 Participant characteristics
Participant Height Mass GET Relative Absolute Performance Level
(cm) (kg) (W)  VOzeak  VOzpeak  (Relative/Absolute)
(mL-kg= (L-min?)

L.min?)

1 177 75 175 70 5.24 WT /WT
2 170 62 195 70 4.32 WT/WT
3 168 55 135 69 3.81 WT /RT
4 177 56 155 54 3.05 RT/UT
5 175 67 140 56 3.71 T/RT

6 167 64 105 41 2.63 UT/UT
7 180 80 115 43 3.41 UT/UT
8 173 55 170 67 3.70 WT/RT
9 168 58 167 53 3.04 RT/UT
10 175 61 155 53 3.22 RT/UT
11 176 68 175 50 3.40 RT/UT
12 180 65 185 63 4.12 T/RT

13 174 53 125 50 2.67 RT/UT

UT = Untrained; RT = Recreationally Trained; T = Trained; WT = Well Trained; GET = Gas Exchange
Threshold, “Female participant, W = Watts

3.3.2 Study Design

The study comprised four to six laboratory visits in total. Visits were separated by 24 to 72
hours. In visit 1, participants undertook a ramp incremental exercise test to volitional
exhaustion. During visits 2 to 5, participants completed multiple 30 minutes constant
intensity trials (one per visit). The final visit was exercised at the work rate corresponding
to MLSS. Participants were requested to avoid all training and additional exercise
throughout the testing period. In addition, they were required to arrive at the laboratory fully
hydrated and without consuming food and caffeine for three hours before each test and to
maintain the same diet 24 hours prior to each test. All tests were performed on the same
cycle ergometer (Lode Excalibur Sport, The Netherlands) adjusted for participant comfort.
The pedal frequency was set at the participants’ preferred rate between 80 and 90 rpm,
determined by the participant prior to any testing by pedalling on a cycle ergometer without

resistance; the selected rpm was held constant throughout all tests (+ 2 rpm). Pulmonary gas
52



exchange was measured on a breath-by-breath basis using Cortex Metalyzer 3B (Cortex,

Leipzing, Germany) during all trials.

3.3.3 Incremental ramp test

The incremental ramp test commenced with a warm up at 50 W for four minutes, the work
rate was increased by 30 W-min for male participants and 25 W-min for the female
participant until volitional exhaustion or failure to maintain the preferred rpm for more than
10 rpm for more than 5 consecutive seconds despite strong verbal encouragement (Inglis et
al., 2019). The gas exchange threshold (GET) was identified using the v-slope method,
defined as the VO2 value corresponding to the intersection of two linear regression lines
derived separately from the data points below and above the breakpoint in the carbon dioxide
production rate (VCO2)-versus VO: relationship (Solberg et al., 2005). The power output
observed as GET was corrected by subtracting 20 W and 17 W for male and female
participants, respectively (Davison et al., 2022). VOzpeak Was defined as the highest 30 s

average during the incremental ramp test (Nixon et al., 2021).

3.3.4 Constant work rate tests to determine maximal lactate steady state

Participants completed a five minute warm up at 80 W, following which the work rate was
instantaneously increased to the corresponding intensity. The intensity for the first
determination trial (at the estimated MLSS or + 15 W) was randomly assigned using a
website (https://www.random.org/lists/) (Inglis et al., 2019). The work rate corresponding

to the MLSS was estimated using the following formula (Saif et al., 2022):

MLSS (W) = (GET x 1.3) x 0.89

Where GET is the power output corresponding to the gas exchange threshold.

All trials lasted 30 minutes or until volitional exhaustion, whichever occurred first. Fingertip
capillary blood samples were collected before the test, every fifth minute of exercise and at
the end test in duplicate (Biosen C-Line, EKF Diagnostics, GmbH, Barleben, Germany).
The average of the two blood lactate samples was used to represent the BLC at each time
point. The MLSS was defined as the highest work rate in W, during which the BLCa1030 has
to be less than 1 mM (Beneke et al., 1996; Jones et al., 1998). If the BLCaio030 at the first
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determination trial was > 1 mM, the subsequent test was completed at a 15 W lower work
rate. If the BLCai030 was < 1 mM at the first determination trial, the work rate in the
subsequent test was increased by 15 W (Burnley et al., 2006b). A change in work rate of +
15 W was selected due to previous research using lower values, e.g. 10 W (Maturana et al.,
2016; lannetta et al., 2021) and 5% of VO2max (Dekerle et al., 2003), were suggested to be
too low to provide conclusive changes in BLC and VO2 response (Jones et al., 2019).
Participants proceeded to the next stage (test-retest trial) when performed one trial at the
MLSS and one trial at the 15 W above the MLSS (MLSS+1sw). From this point on, the trial
corresponding to MLSS determined during visits 2 to 5 is represented as MLSS1. The BLC
response corresponding to MLSS:1 and MLSS+isw are represented as BLCwmiss: and

BLCwmLss+15w, respectively.

3.3.5 Test-retest reliability of maximal lactate steady state

The final laboratory visit aimed to investigate the test-retest reliability of the BLC kinetics
when exercising at the intensity corresponding to the MLSS. Following the determination of
MLSS;, participants were asked to cycle at a constant work rate identical to MLSS1 for 30
minutes in the final visit, and this trial is termed MLSS.. Fingertip capillary blood samples
were collected before the test and every fifth minute of exercise and in duplicate (Biosen C-
Line, EKF Diagnostics, GmbH, Barleben, Germany). The average of the two blood lactate
samples was used to represent the BLC at each time point. The BLC response corresponding

to the retest is represented as BLCwmLss2.

3.3.6 Data Analysis

Breath-by-breath VO2 data from the ramp test and constant intensity trials were averaged in
10 s intervals to determine GET and the VOz response. The VO2 data was edited to eliminate
the effects of coughs or swallows on the measurement. Only those data points beyond the
three standard deviations of the mean value were excluded (Burnley et al., 2006a). For VOasc
calculation, the first 20 s of the VO2 data following the onset of exercise were removed to
eliminate the phase | component from the analysis. The first two minutes of the VO: data
(20 to 120 s) were then analysed using the monoexponential model (Rossiter et al., 2001;
Burnley et al., 2005; 2006a):

VOZ(t) = VOabase + amp*(1 — e-(t-TD/tau))
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Where VO2(t) = VO2at time, VO2base = the baseline VO2 measured in the four minutes before
the transition in work rate, amp = amplitude, TD = time delay, and tau = time constant of
the primary (phase 11) response. The amplitude of the VOasc was determined by the highest
VO value achieved during the 30 minutes of constant intensity exercise and subtracting the
“absolute” primary amplitude (VOzpase + amp) (Burnley et al., 2005; 2006a). The
monoexponential model was chosen because a more complex model will significantly
degrade the confidence intervals and create a lot of parameter interdependence (Burnley et
al., 2005). The VO2 measured during MLSS and MLSS.1sw trials were divided into baseline,
5t 10t 151, 20t 25™ and 30™ minutes. The VO2 corresponding to the desired time points
was determined by the average VO2 over the prior 60 s. The VO corresponding to each
intensity was determined by averaging the VO2 of the last 10 minutes. The mean of the

BLCwmuss1 and BLCwmvss: is represented as BLCmLssav.

3.3.7 Statistical Analysis

Two-way ANOVA repeated measures was used to assess the difference in VO2 and blood
lactate response between two intensities/trials (MLSS vs MLSS+1sw/BLCwmiss1 VS BLCmLss2/
BLCwmLssav VS BLCwmLss+15w) and seven time points (baseline, 5™, 101,15, 20t", 25" and 30™"
minute). The significant interaction and main effects were determined using LSD post hoc
tests. When sphericity was violated, the F value was adjusted using Greenhouse-Geisser.
The amplitude of the VOasc, BLCai030 and the BLC change between 15 and 30 minutes
(BLCaz1s30) corresponding to MLSS and MLSS+1sw were analysed using paired sample t-test.
Analyses were performed using IBM SPSS statistics 26.0 (Chicago, IL, USA). The
reliability of the BLCmiss1 and BLCwmss2 was analysed using the CV and ICC in Microsoft
Excel (Excel, Microsoft, Redmond, Washington). Data are reported as mean + SD unless

otherwise stated.

3.4 Results

3.4.1 Test-retest reliability of the BLC response at MLSS

The mean power output corresponding to the MLSS was 170 + 27 W. There was good
reliability with a CV of 0.3% and a strong ICC (r = 0.96) between BLCwmvss1 and BLCwmss2.
There was no significant interaction effect for the test and timepoint (F = 0.261; p = 0.953)

comparing BLCwmvss1 and BLCwmiss2 and no main effect of the test (F = 0.207; p = 0.658).
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However, there was a significant main effect for timepoint (F = 37.620; p < 0.001). Post hoc
tests showed no significant difference in all time points between the two trials. The BLC at
baseline and the 5™ minute significantly differed from the rest of the time points in both trials
(see Figure. 3.1). The BLCmiss: was 4.2 + 1.4, 4.3 + 1.1 and 4.6 + 1.3 mM at the 101, 20%"
and 30" minute, respectively) and the BLCwmvss2 also stabilised (4.1 + 1.2, 4.3 + 1.3 and 4.5
+ 1.3 mM). However, three participants’ BLCa1030 was > 1 mM (1.4 £ 0.2 mM) during the
MLSS: trial, but only one participant’s BLCa1s30 remained above 1 mM (1.3 mM).

7.0
6.0
5.0

4.0

BLC (mM)

3.0

2.0

1.0
—e— MLSS1 —O— MLSS2

0.0
0 5 10 15 20 25 30

Time (min)

Figure 3.1. Lactate kinetics during MLSS; and MLSS; in 5 minute intervals.

3.4.2 Blood lactate kinetics at MLSSay vS MLSS+15w
A significant interaction effect was evident between intensity and timepoint (F = 24.333, p
< 0.001). There was also a significant main effect of intensity (F = 33.558, p < 0.001) and
timepoint (F = 49.610, p < 0.001). For BLCwmLssav, the BLC at baseline and 5" minute were
significantly different from every other time point and he BLC at the 10" minute and 30™
minute was significantly different. However, there was no significant difference between the
BLC in the 15™ and 30™ minute. Post hoc analysis revealed that the BLC was significantly
different between the two intensities at all time points, except for baseline. The BLCmLssav
was stable (4.1 + 1.3, 44 + 1.2 and 4.5 + 1.3 mM at the 10", 20" and 30" minute,
respectively). Conversely, BLCwmiss+1sw increased throughout the test (5.4 +1.9, 6.6 + 2.5
and 7.2 £ 2.1 mM at the 10™, 20" and 30™ minute, respectively, see Figure. 3.2)
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Figure. 3.2. Lactate kinetics during MLSS,, and MLSS.1sw in 5 minute intervals. “significant difference (p >
0.05).

3.4.3 The change in BLC between the 10-30 minute and 15-30 minute

When examining the BLCais3o for BLCmLss+15w, the change was below 1 mM in six out of
thirteen participants. It reduced from 1.5 £ 0.3 mM (BLCa1030) to 0.7 £ 0.3 mM (BLCa1530)
for the six participants. The mean BLC difference for the remaining seven participants was
2.1 £0.5 mM (BLCa1030) and reduced to 1.5 + 0.3 mM (BLCais30) for BLCmLss+15w.

3.4.4 VO kinetics and VO2 slow component at and above MLSS

The VO2 corresponding to the trial at MLSS and MLSS-+15w were equivalent to 72 + 9%
(2.54 +£0.39 L-min't) and 78 + 7% (2.73 + 0.37 L-min) of VOuzpea, respectively. There was
a significant interaction effect between time and test (F = 5.250, p < 0.001). A significant
main effect was evident for time (F = 123.803, p < 0.001) and intensity (F = 26.973, p <
0.001). The post hoc test revealed that the VO: at all time points was significantly different
between the two intensities, except for the baseline. The VO did not change significantly
between the 10" minute and 30™ minute during both intensities (see Figure. 3.3).
Additionally, there was no significant difference in the amplitude of the VO2sc between
MLSS and MLSS:1sw (355 + 154 vs 382 + 183 ml-mint, respectively; p = 0.453).
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Figure. 3.3 VO, kinetics during MLSS,, and MLSS.1sw in 5 minute intervals.
3.5 Discussion

3.5.1 Overview

The main findings of the present study are 1) six out of thirteen participants’ BLCa1s530 was
less than 1 mM during the trial at MLSS+15w; 2) Although the CV and ICC suggested high
reliability between BLCwmiss1 and BLCwmissz, three participants’ BLCai030 exceeded 1 mM
in BLCwmLss2; 3) The amplitude of the VO2sc corresponding to MLSS and MLSS+1sw was not
significantly different, and a VO: steady state was evident at both intensities. The
BLCwmuss+15w indicated that the conventional MLSS protocol (BLCa1030 < 1 mM) failed to
account for the delayed steady state in BLC as the intensity increases, which results in
underestimating the intensity corresponding to the true MLSS. Additionally, the BLCmLss2
suggested that it should take at least two trials at the same intensity to confirm the work rate
corresponding to MLSS when using the conventional protocol. Based on the VOz2 kinetics,
the trial corresponding to MLSS+15w was not within the severe intensity domain as the VO
stabilised and did not project towards the VOzpeac before end test. Therefore, both the
intensity corresponding to MLSS and MLSS+1sw examined in the present research should be
considered to be within the same exercise intensity domain (i.e. heavy intensity), suggesting
that the MLSS determined using the conventional protocol should not be regarded as the

threshold to separate the heavy and severe intensity domains in cycling.
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3.5.2 Reliability of MLSS

There was no significant difference (p > 0.05) between the BLCmiss1 and BLCwmss2 at all
time points, and good levels of reliability (CV%: 0.3; ICC: r = 0.96) were found. It could be
interpreted as the overall blood lactate kinetics during the MLSS having good reliability with
low day-to-day variability, contrary to the conclusion made by Hauser et al., 2013. The high
mean constant load trials (11.8 £ 2.0 per subject) and the lengthy period (six weeks) to
establish the reliability (Hauser et al., 2013) may explain the lack of reliability in the MLSS
end test BLC. The high mean total test number was likely to cause a training effect on the
low baseline fitness level participants (VOzmax: 55.5 + 6.6 ml/min/kg; recreationally trained)
and, therefore, also affected the reliability result (Jones et al., 2019). As mentioned
previously, it is essential to consider whether BLCa1030 met the 1 mM criterion upon re-test
when determining the reliability (Hopkins, 2000). In the present study, three participants’
BLCa1o030 exceeded the 1 mM at MLSS.. In other words, the three participants’ MLSS was
at least 15 W lower only a few days after the first determination, which contradicts Hauser
et al.’s (2013) conclusion that the work rate corresponding to MLSS shows a low day to day
variability. However, when analysing the BLCais3o during the MLSS: trial, only one
participant’s BLC difference remained above 1 mM. Such results suggested that BLCa1s30 <
1 mM could be a reasonable approach to improve the reliability of the MLSS determination
protocol. It is recommended to perform at least two trials at the intensity corresponding to

MLSS to confirm the BLC Kinetics if using the conventional MLSS determination protocol.

3.5.3 Blood lactate kinetics at and above the MLSS

The rationale behind the BLCa1030 < 1 mM criterion has been questioned recently (lannetta
etal., 2021; Nixon etal., 2021). Thus, Nixon et al. (2021) proposed a new criterion, BLCa1020
< 2 mM. Applying this higher criterion for BLC change and a new time window to the
current data led to the work rate corresponding to MLSS+1sw being classified as MLSS for
all participants. Similarly, the result from the present study indicated that the criterion of
BLCais30 < 1 mM significantly changed the blood lactate difference and MLSS
determination results. When using BLCais30 < 1 mM, six out of thirteen participants'
BLCwmvss+15w can be determined as stabilised (BLCai1s30 = 0.7 £ 0.3 mM) during the intensity
originally classified as MLSS+isw by the conventional protocol (BLCai030 < 1mM).
Although Heck et al. (1985) and Mader and Heck (1986) did not specifically justify the
criterion, the rationale of the conventional BLCa1030 < 1 mM protocol appears to be 0.05
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mM x 20 minutes. Based on that, the BLCais30 (0.7 £ 0.3 mM) of the six participants’
BLCwmvss+15w in the present study would also satisfy the MLSS criterion suggested by Snyder
et al. (1980) (0.05 mM x 15 minutes = 0.75 mM). Additionally, the BLCwmLssav changed
significantly between the 10" and 30" minute (p < 0.05) (see Figure 3.2) despite BLCai030
being less than 1 mM, but there was no significant difference between the BLC at the 15%
and 30" minute. It highlighted the limitation of using the conventional BLCai030 < 1 mM
criterion to inform the differences in blood lactate change. Additionally, the mean end test
BLC corresponding to the MLSS+1sw for the six participants was 6.5 mM and it has been
suggested that MLSS of approximately 7 mM may take 15 to 20 minutes for blood lactate
to stabilise (Beneke et al., 2011). It is, therefore, reasonable to conclude that it took 15
minutes for the BLC to adjust to the corresponding intensity for the six participants. Using
the conventional BLCa1030 < 1 mM protocol may therefore fail to account for the apparent
delayed blood lactate response as the intensity increases (i.e. the MLSS+1sw in the present
study). If the MLSS is determined by the conventional protocol and used to inform training
intensity or program, it could result in a 15 to 30 W underestimation of the “true MLSS”.
For example, the work rate corresponding to the MLSS for a participant in the present study
was 196 W, determined using the BLCa1030 <1 mM (i.e. when exercising at 211 W, BLCa1030
=1.3). However, this higher exercise intensity of 211 W (MLSS+1sw) could also be accepted
as MLSS when using the BLCais30 < 1 or < 0.75 mM criterion as the BLCa1s30 was 0.6 mM.
Interestingly, BLCa1s30 <1 mM for MLSS determination was also recommended by lannetta
et al. (2021) because they reported that the work rate corresponding to MLSS determined
using the BLCais30 < 1 mM criterion demonstrated the highest degree of accuracy in
representing the MMSS. Thus, the BLCais30 < 1 mM could be a better criterion as it accounts
for the delayed lactate steady state and represents the MMSS with a higher accuracy. On the
other hand, these results also question the validity of the conventional criterion because the
blood lactate concentration required more than 10 minutes to stabilise with increasing
intensity. In short, different protocols for determining the MLSS result in a wide variety of
equivalent power outputs and affect the lactate steady state interpretation. This may be
problematic when trying to prescribe specific training and racing intensities for athletes from
the MLSS. Most importantly, the results demonstrated that the conventional BLCa1030 <

1mM could not account for the delayed lactate steady state as the intensity increases.
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3.5.4 Validity of MLSS to represent the boundary between heavy and severe domains

For MLSS to be accepted as the “gold standard” to separate the heavy and severe domains,
the VO response should present different characteristics when exercising above and below
it. Specifically, the VO2 response should demonstrate a steady state when exercising up to
the MLSS. On the contrary, there should be no steady state when exercising above MLSS
because the VO2 should project towards the VOzmax, and a greater VOasc should also be
evident (Pringle et al., 2003; Burnley & Jones, 2007). The VO2 response in the present study
was consistent with previous studies, which all demonstrated that the VO2 did not increase
towards VOzpeak during exercise at and above the MLSS, even though previous studies did
not use the conventional protocol and used a smaller incremental rate (Brauer & Smekal.,
2020: no more than 0.5 mM between 10" and 30" minute and + 10 W; Hill et al., 2021:
blood lactate difference between 6 to 8 min and 27 to 29 min) and Nixon et al. (2021)
examined the MLSS in running. However, the results of the present study are in contrast to
the work of Hill et al. (2021), who examined the VO response below (-2 + 1 W), slightly
above (4 + 1 W) and well above (19 + 8 W) the MLSS. Interestingly, the VO2 at the
MLSS+15w (78 + 7% VOzpeak) in the present study was considerably lower than Hill et al.’s
(2021) VO2 when exercising ‘well above’ the MLSS (94 + 4% VOzpeax), but similar to the
VO2 when exercising ‘slightly above’ MLSS (79 + 5% VOzpeak). The differences in
participant cohorts must be acknowledged between the current study and Hill et al. (2021).
Specifically, the participants in the present study are cyclists with a mean VOzpeak 0f 57.0 +
10 mL-kg*-min-t, whereas those in the study of Hill et al. (2021) were healthy individuals
with a mean VOzpeak 0f 42.2 + 6.4 mL-kg™2-min. It is well known that capillary density and
mitochondrial density increase with training, which enhance the oxygen delivery capacity.
Studies have also shown the ability to increase the density of monocarboxylate transporter,
which would be expected to improve lactate uptake and utilisation and be reflected in lower
blood lactate levels. (Dubouchaud et al., 2000). Additionally, trained respiratory muscles
could use more lactate as fuel for their own activity. (Spengler et al., 1999), which leads to
less blood lactate accumulation. Therefore, the differences between the results of the present
study and Hill et al. (2021) might suggest that the MLSS could represent the threshold
between heavy and severe intensity domains in physically active and healthy individuals but

not in cyclists.
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To consider the MLSS as the upper boundary of the heavy intensity domain, the amplitude
of VOazsc when exercising at MLSS should be smaller than MLSS+1sw (Pringle et al., 2003).
Indeed, Pringle et al. (2003) and Colosio et al. (2020) demonstrated that the VOazsc during
exercise in the severe domain is significantly larger than when exercising at a heavy intensity.
However, the results of the present study reported no significant difference in the VOas
when exercising at MLSS and MLSS-+1sw. Such results are similar to Carter et al.’s (2000)
work which reported a similar amplitude of VOasc during two heavy intensity exercises. In
addition to the difference in VOas, the attainment of a VO2 steady state is another
determinant factor for classifying different intensity domains (Burnley & Jones, 2007).
Maturana et al. (2016) concluded that the MLSS is a suitable performance marker
representing the maximal physiological steady state because of the lactate response.
However, the VO stabilised and did not increase towards VOzmax at the end of the 30
minutes constant intensity exercise corresponding to 10 W above MLSS (Maturana et al.,
2016), which is similar to the present study. Given that the pulmonary VO2 kinetics is closely
associated with muscle VO2 and PCr (Rossiter et al., 2002; Poole & Jones, 2012; Jones et
al., 2011), it is reasonable to conclude that the muscle metabolism also remained stable when
exercising at MLSS+1sw. On the contrary, the disassociation between blood lactate and
pulmonary VO2 shown in the present study and previous studies (Sheen et al., 1981; Poole
et al., 1988; Maturana et al., 2016; Nixon et al., 2021) therefore demonstrated that blood
lactate cannot reflect the muscle VO2 and PCr kinetics. Additionally, it is well established
that measuring blood lactate cannot accurately inform the muscle lactate Kinetics (Stainsby
& Brooks, 1990; Brooks et al., 1999). These results challenged the validity of using blood
lactate to inform the MMSS as the blood lactate itself is not a sensitive or appropriate marker

to reflect the overall metabolic status.

3.6 Conclusion

The results of the present study suggested that an additional test should be performed to
confirm the blood lactate kinetics when using the BLCa1030 < 1 mM protocol. The present
study also demonstrated that the conventional protocol could not account for a delayed
steady state in blood lactate and therefore underestimated the highest intensity at which the
blood lactate can stabilise in six out of thirteen participants. Future research should examine

the validity of BLCa1s3o < 1mM in informing the blood lactate steady state. In addition, it
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was demonstrated that the VO stabilised when exercising at MLSS and MLSS+1sw, which
indicated that the MLSS determined using the conventional protocol does not represent the

boundary between heavy and severe exercise intensity domains.
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Chapter 4

Functional threshold power is not a valid marker

of the maximal metabolic steady state
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4.1 Abstract

Purpose: Functional Threshold Power (FTP) has been considered a valid alternative to other
performance markers that represent the upper boundary of the heavy intensity domain.

However, such a claim has not been empirically examined from a physiological perspective.

Method: This study examined the blood lactate and VO2 response when exercising at and
15 W above the FTP (FTP+1sw) to identify whether it can discriminate between heavy and
severe exercise domains. Thirteen cyclists completed an incremental test to determine
VO2peak, @ 20-minute time trial to determine FTP, and two constant work rate tests to examine
the physiological response when exercising at FTP and FTP+1sw. The VO2 was recorded
continuously throughout FTP and FTP+1sw, with blood lactate measured before the test,
every 10 minute and at task failure. Data were subsequently analysed using two-way
ANOVA.

Results: The time to task failure at FTP and FTP+1sw were 33.7 £ 7.6 and 22.0 + 5.7 minutes
(p <0.001), respectively. The VOzpeak Was not attained when exercising at FTP-+15w (VOzpeak:
3.61 + 0.81 vs FTP+1sw 3.33 + 0.68 L-min%, p < 0.001). The VO2 slow component (399 +
177 mL-mint vs 409 + 185 mL-min't) was not significantly different between the two
intensities (p > 0.05). However, the end test blood lactate corresponding to FTP and FTP+1sw
was significantly different (6.7 £ 2.1 mM vs 9.2 + 2.9 mM; p < 0.05).

Conclusion: The VOz response corresponding to FTP and FTP-1sw suggests that FTP should
not be considered a threshold marker between heavy and severe intensity.
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4.2 Introduction

The last chapter concludes that the work rate corresponding to the MLSS is not a valid
representation of the threshold between the heavy and severe intensity domains. Therefore,
this experimental chapter aims to examine the validity of another maker to represent the
threshold. Over recent years, field-based testing methods for assessing athletic endurance
performance potential have become more popular. This has been facilitated by the progress
in micro-technologies such as the cycle computer and power meter, which are now essential
components for most cyclists. One commonly used field-based test for assessing cycling
performance potential is the Functional Threshold Power (FTP) test (Allen & Coggan, 2006;
2010). The FTP is the highest power output a cyclist can maintain for one hour (Allen &
Coggan, 2010). Determining the power output corresponding to FTP originally required
cyclists to perform a maximal effort trial over one hour (FTPeo), but it was deemed
impractical to conduct this test regularly. Thus, the determination protocol was modified to
require an individual to perform a 20 minute maximal effort time trial (TT) and 95% of the
mean power output is subsequently calculated for the intensity corresponding to FTPso
(FTP20) (Morgan etal., 2019; Inglis et al., 2019). Indeed, a strong correlation has been shown
between the work rate corresponding to FTP20 and FTPso (r=0.88; Borszcz et al., 2018).
However, it has been questioned whether the power output from FTP20 and FTPso can be
considered interchangeable on an individual basis, despite no statistically significant

differences between the two on a group basis (Borszcz et al., 2018).

The FTP20 has also been proposed as a surrogate of some well-known performance markers
representing the maximal metabolic steady state (MMSS). For example, critical power (CP)
(Jones et al., 2019) and maximal lactate steady state (MLSS) (Dotan, 2022a) because
exercise sustained at intensities slightly greater than FTP20 (> 106 % of FTP2o) is suggested
to result in VOzmax attainment (Allen & Coggan, 2010). However, the validity between FTP2o
and other performance markers lacks physiological examination. It is interesting that Allen
& Coggan. (2006) did not provide a rationale for suggesting that the FTP2o is a valid
alternative to CP and MLSS, as the first paper that mentioned FTP was by Nimmericher et
al. (2011), five years after the FTP was first introduced. The potential linkage between FTPeo
and CP might be based on the research from Coyle et al. (1991) and Smith et al. (1999). It
was suggested that the 1-hour laboratory performance test was highly correlated with the
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actual road racing 40 km TT performance (r =-0.88. p <0.001) (Coyle et al., 1991). Whereas
Smith et al. (1999) reported, the power output corresponding to CP is highly related to the
40 km TT performances. When combining both results, it is tempting to consider the FTPeo
as an alternative to CP or the MMSS. However, an indirect comparison of the TT
performance and correlation only provided a superficial and weak linkage between the FTPeo
and CP. Thus, a more rigorous scientific examination is required before making any
meaningful conclusion between the FTP and MMSS.

The MMSS has been considered to represent an exercise intensity that can be sustained
without a progressive loss of homeostasis and demarcates the heavy and severe exercise
domains (Jones et al., 2019). The threshold between the heavy and severe intensity domains
represents the upper boundary of whether the VO can remain in a steady state and the ability
of the VO2 slow component (VOasc) to stabilise. In the heavy domain, the VO2sc can stabilise,
whereas when exercising within the severe intensity domain, the VO2 has been shown to
project upwards, rising to VOzmax Without a discernible steady state (Poole et al., 1988; Hill
etal., 2002; De Lucas et al., 2013; Jones et al., 2019). Given that the amplitude of the VOasc
is closely related to muscle fatigue development and exercise tolerance, the TTF for severe
intensity exercise would be shorter than heavy intensity exercise (Burnley & Jones, 2007,
Colosio et al., 2020). The determination of MLSS and CP are the two common approaches
to identifying the work rate corresponding to the MMSS (Billat et al., 2003; Faude et al.,
2009; Poole et al., 2021). However, Chapter 3 provided physiological evidence
demonstrating that MLSS is not a valid representation of the MMSS. Both methods require
individuals to undertake at least three to four short submaximal effort trials to determine the
intensity corresponding to the threshold, which is a time consuming and labour-intensive
process. Thus, a single 20-minute maximal effort TT for FTPeo estimation (Morgan et al.,
2019; Inglis et al., 2019) could efficiently determine the work rate corresponding to MMSS.
However, previous studies have reported a low level of agreement between the measured
power outputs associated with CP and FTP20 and should not be used interchangeably
(Karsten, 2018; Morgan et al., 2019; Karsten et al., 2021; McGrath et al., 2021). Similarly,
Inglis et al. (2019) reported that the power output corresponding to FTP20 was significantly
higher than the MLSS; therefore, not a valid marker of the threshold between heavy and
severe intensity domains. In short, previous research suggests that FTP20 should not be used

interchangeably with CP and MLSS or as a marker of the MMSS. Nonetheless, the use of
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FTP20 to inform training and design training programs by coaches and athletes continues to
grow (Allen & Coggan, 2010; Borszcz et al., 2018). A possible reason for this is that the
little previous research that has been conducted investigating FTP20 and those investigated
the topic has tended to focus on the statistical perspective (correlation and limits of
agreement) with other well-known performance markers rather than the physiological basis
of FTP2o itself (Borszcz et al., 2018; Inglis et al., 2019; Karsten et al., 2021; McGrath et al.,
2021). Therefore, to determine the validity of FTP2o representing the MMSS, there is a need
to examine the physiological responses to exercise at and above the FTP20 and identify

whether they correspond to the heavy and severe intensity domain, respectively.

The present study aimed to investigate the validity of FTP20 being the threshold separating
the heavy and severe intensity domains by examining the physiological response when
exercising at and 15 W above FTP20 (FTP+1sw). Specifically, the study compared the VOas
response between exercising at and above FTP20 due to its ability to discriminate between
heavy and severe exercise intensity domains (Burnley & Jones, 2007). The FTP20 will refer
as FTP from this point on. The null hypothesis of the present study was that there would be
no significant difference in VOasc, %V Ozpeak and blood lactate when exercising at FTP and
FTP-+15w.

4.3 Methods

4.3.1 Participants

Thirteen cyclists (male n = 11; Age = 23.5 + 3.9 years; VOzpeak = 60.0 = 4.7 mL-kg1-min;
female n = 2; Age = 26 + 9.8 years; VOzpeak = 48.0 = 4.0 mL-kg*-min-t) were recruited for
this study. Participants were classified into four categories based on their relative and
absolute VOzpeak (De Pauw et al., 2013; see Table 4.1). The inclusion criteria were 1) at least
three years of cycling experience, 2) a minimum of four hours of training per week, and 3)
previous experience with the FTP determination test. Participants were fully informed about
the nature of the study, all associated risks, and their right to withdraw at any time before
providing written consent. The study was ethically approved by the Human Research Ethics
Committee at the (E2021-2022-0003) in line with the requirements of the declaration of
Helsinki.
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Table 4.1 Participant characteristics
Participant Height Mass Relative Absolute Performance Level
(cm) (kg)  VOzpeax  VOzpeak  (Relative/Absolute)
(mL-kg= (L-mint)

L.min?)

1 177 70 64 4.49 TI/IT

2 177 56 60 3.36 T/RT
3 180 65 61 3.95 T/RT
4 173 63 65 4.07 WT /RT
5 176 68 57 3.89 T/RT
6 170 62 64 3.97 T/RT
7 164 53 51 2.68 RT/UT
8 174 63 55 3.44 T/RT
9 170 58 62 3.59 T/RT
10" 162 42 45 1.89 UT/uUT
11 171 53 50 2.66 R/UT
12 180 63 64 4.04 T/RT
13 177 83 58 4.84 T/T

UT = Untrained; RT = Recreationally Trained; T = Trained; WT = Well Trained; “Female participant

4.3.2 Study Design

The study comprised four laboratory visits separated by 24 to 48 hours. During the first visit,
participants were required to undertake a ramp incremental exercise test to determine their
maximal oxygen uptake (VOzpeak). Visit 2 was conducted to determine the participant’s FTP,
which was subsequently used in visits 3 and 4, the main experimental trials. The order of the
3 and 4™ visits was randomised and required the participant to cycle for 40 minutes or to
task failure, whichever occurred first, either at an exercise intensity equivalent to their FTP

or FTP+1sw.

Participants were asked not to engage in strenuous exercise 24 hours before testing and were
required to avoid adding new training to their habitual routine during the testing period. They
were required to maintain the same diet 24 hours before each test and arrive at the laboratory

hydrated without consuming food and caffeine in the preceding three hours. The incremental
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ramp test and constant intensity tests at FTP and FTP+1sw were performed on a laboratory
cycle ergometer (Lode Excalibur Sport, The Netherlands). The ergometer was calibrated
according to the manufacturer's recommendations and adjusted for participant comfort
before every use. The FTP determination trial was performed on the participants’ bike
attached to a stationary bike trainer (Wahoo KICKER v.5; Wahoo Fitness, Atlanta, GA),
which was previously shown to possess a high level of accuracy and reliability (Hoon et al.,
2016). The pedal frequency was set at the participants’ preferred rate between 80 and 90 rpm
and held constant throughout the ramp incremental and constant intensity tests (£ 2 rpm).
Pulmonary gas exchange was measured on a breath-by-breath basis using Cortex Metalyzer

3B (Cortex, Leipzing, Germany).

4.3.3 Incremental ramp test

The incremental ramp test commenced with a warm-up at 50 W for four minutes. The work
rate was increased by 30 W.mint for male participants and 25 W.min! for female
participants until volitional exhaustion. Breath-by-breath VO. data were subsequently

averaged in 30 s bins to determine the VOzpeak (Nixon et al., 2021).

4.3.4 Determination of the FTP

The FTP test started with five minutes of baseline pedalling at 100 W using the preferred
cadence, followed by a 20-minute maximal, self-paced TT. The aim of the TT was for the
participant to achieve the highest mean power output possible across the 20 minutes with no
verbal encouragement from the researcher. Participants were allowed to see the time and
cadence to support appropriate pacing (Morgan et al., 2019; Inglis et al., 2019). Indoor
cycling training software (Zwift, v1.0.85684, Zwift Inc, US) was used to record PO from all
FTP determination trials.

4.3.5 Constant intensity trials equivalent to FTP and FTP+1sw

These visits aimed to determine the participant’s VO2 and blood lactate responses when
exercising at the intensity corresponding to FTP and FTP+1sw. A change in work rate of £
15 W was selected due to previous research that examined similar threshold markers such
as CP and MLSS using incremental rates such as 10 W (Maturana et al., 2016; lannetta et
al., 2021) and 5% of VO2zmax (Dekerle et al., 2003), were suggested to be too low to provide
conclusive changes in BLC and VOz response (Jones et al., 2019). Tests began with a five-
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minute warm-up at 100 W using the participant’s preferred cadence. Participants were then
required to cycle at a constant intensity, either equivalent to their FTP or FTP+1sw, for 40
minutes or until task failure, whichever occurred first. The intensity for the first trial (FTP
or FTP+1sw) was randomly assigned using a website (https://www.random.org/lists/). Task
failure was defined as the point at which the participant could no longer maintain a cadence
of at least 50 rpm for more than 5 consecutive seconds despite strong verbal encouragement
(Murgatroyd et al., 2011). Blood lactate samples were collected in duplicate from their
fingertip before the test (baseline), every 10" minutes throughout the test session, and upon
task failure (Biosen C-Line, EKF Diagnostics, GmbH, Barleben, Germany).

4.3.6 Data Analysis

Breath-by-breath VO data from the constant intensity trials were averaged in 10 seconds
intervals to determine the VO2 response. The VO: data was edited to eliminate the effects of
coughs or swallows on the measurement. Only those data points beyond the three standard
deviations of the mean value were excluded (Burnley et al., 2006a). The first 20 s of the VO2
data following the onset of exercise were removed to eliminate the phase I component from
the analysis. The first 2 minutes of the VO2 data (20 to 120 s) were then analysed using the
monoexponential model (Rossiter et al., 2001; Burnley et al., 2005; 2006a):

VOZ(t) = VOZbase + amp*(l _ e-(t-TD/tau))

Where VO2(t) = VO2 at time, VO2base = the baseline VO2 measured in the four minutes before
the transition in work rate, amp = amplitude, TD = time delay, and tau = time constant of
the primary (phase 11) response. The amplitude of the VOasc was determined by the highest
VO2 value achieved during the constant intensity trial and subtracting the “absolute” primary
amplitude (VO2base + amp) (Burnley et al., 2005; 2006a). The monoexponential model was
chosen because a more complex model will significantly degrade the confidence intervals
and create extra parameter interdependence (Burnley et al., 2005). Given that the time to
task failure (TTF) at FTP and FTP+1sw varied between participants, the VO2 data were
analysed using the individual isotime method and expressed in relative time (baseline, 25,
50, 75 and 100%) where the baseline is indicated as 0 in the figure, to avoid any data loss

(Nicolo et al., 2019). The VO: corresponding to the desired time points was determined by
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the average VO: over the prior 60 s. The mean of the last two segments (75% and 100%)

was considered the VO2 corresponding to each trial.

Two sets of blood lactate samples were collected before the test, at every 10" minute and
task failure. The mean of the two blood lactate samples was used for subsequent analysis.
The blood lactate kinetic response was interpolated with a linear function using Microsoft
Excel (Excel, Microsoft, Redmond, Washington) and represented as BLCrrp and
BLCrrr+15w. The estimated blood lactate concentration (BLC) corresponding to 25, 50, 75
and 100% of the test duration were used to represent the blood lactate kinetics corresponding
to FTP (BLCrtp) and FTP+1sw (BLCrrp+15w) (Nicolo et al., 2019). The actual difference in
BLC between the 10" minute and end test (BLCaioend) and the actual end test value
corresponding to FTP and FTP+1sw trials were also calculated and subsequently used for

statistical analysis purposes.

4.3.7 Statistical Analysis

The VO2 data were analysed using two-way ANOVA with repeated measures across two
tests (FTP vs FTP+1sw) and five time points (Baseline, 25%, 50%, 75% and 100% of the
total test duration). The end test VO2, the BLCa1oend and the end test BLC corresponding to
FTP and FTP+1sw were analysed using paired t-tests. The estimated blood lactate kinetics
data interpolated with a linear function was analysed using two-way ANOVA with repeated
measures across two tests (BLCrrp vs BLCrrp+15w) and five time points (Baseline, 25%,
50%, 75% and 100% of the total test duration). When sphericity was violated, the F value
was adjusted using Greenhouse-Geisser. The significant interaction and main effects were
determined using LSD post hoc tests. Analyses were performed using IBM SPSS statistics

26.0 (Chicago, IL, USA). Data are reported as mean * SD unless otherwise stated.

4.4 Results

4.4.1 General results

The mean cycling power output was 222 + 51 W and 237 £ 51 W at FTP and FTP+1sw,
respectively. Only seven out of thirteen participants were able to sustain exercise at FTP for
40 minutes. The mean TTF at FTP and FTP+1sw was 33.7 + 7.6 and 22.0 £ 5.7 min (p < 0.05),
respectively. There was a small but significant difference between the end test VO
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(calculated using the average of 75% and 100% of the total duration) corresponding to FTP
and FTP.1sw (2.97 + 0.66 vs 3.13 + 0.67 L-min%, respectively; p < 0.05). The highest VO2
achieved during both intensities in 10 s average was significantly lower than the VOzpeax
measured during the incremental ramp test (VOzpeak: 3.61 + 0.81 vs FTP: 3.21 + 0.69, p <
0.001 and FTP+1sw 3.33 £ 0.68 L-mint, p < 0.001).

4.4.2 The oxygen Kinetics at FTP and FTP-+1sw

The VO: kinetics analysed using the individual isotime method demonstrated a significant
interaction effect between test and time for VO2 response (F = 2.827, p < 0.05), the main
effect of the test (F = 19.015, p < 0.001) and time (F = 85.535, p < 0.001). The VO2 was
significantly different at all time points between the two intensities, except for baseline. Post
hoc analysis showed a significant difference in VO2 between the baseline and the rest of the
time points when exercising at FTP and FTP+1sw. The VO2 did not change significantly
between 25% of the total duration and the end of the exercise during both FTP and FTP+1sw
(see Figure. 4.1). There was no significant difference in the magnitude of the VOasc when

exercising at FTP and FTP+1sw (399 £ 177 mL-mint vs 409 + 185 mL-min, p > 0.05).
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Figure. 4.1 The VO, response as a percentage of trial duration when exercising at the intensities

corresponding to FTP and FTP.1sw.
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4.4.3 The blood lactate response at FTP and FTP+1sw

For the blood lactate kinetics estimated using linear regression, there was a significant
interaction between test and time (F = 12.871, p < 0.001), a significant main effect of time
(F = 88.110, p < 0.001) and for test (F = 3.12, p = 0.09). Post hoc analysis showed a
significant difference between all timepoints for BLCrrp and BLCrrp+15w. There was also a
significant difference in the BLC from 50 % of the test duration to the end test between
BLCrrp and BLCrrr+15w (See Figure. 4.2), except for the baseline. The estimated BLCrrp
and BLCrrp+15w at each time point were 1.6 +0.6,5.6 £2,6.0£2.0,6.4+2.0,6.8+ 2.1 mM
and1.5+0.5,6.2+2.0,7.3+2.2,8.3+2.5and9.3+3.0 mM, respectively. The blood lactate
difference between 50% and 100% of the test duration was 0.8 + 0.7 and 2.0 = 1.4 mM for
FTP and FTP+1sw, respectively. The actual end test BLC (FTP: 6.7 £ 2.1 vs FTP+15w: 9.2 +
2.9 mM, p < 0.05) and the BLCa1oend (FTP: 1.1 £ 0.9 vs FTP+15w: 2.8 £ 2.3 mM, p < 0.05)
were significantly different between two intensities. Nine participants were able to sustain
30 minutes when exercising at the intensity corresponding to FTP and the BLCa1o30 was 1.1
+0.2 mM.
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Figure. 4.2 The blood lactate response as a percentage of trial duration when exercising at intensities

corresponding to FTP and FTP.1sw, “significantly different from FTP (p < 0.05)
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4.5 Discussion

4.5.1 Overview

The present study examined the physiological response when exercising at and above FTP
to determine whether it validly represents the threshold between the heavy and severe
intensity domains. The key findings were that i) VOzpeak Was not reached at both intensities;
i) VO2 stabilised at both intensities; iii) there was no significant difference in the amplitude
of the VOasc between two intensities; iv) the actual end test BLC and the BLCaioend Were
both significantly higher during FTP+1sw; V) six out of thirteen participants reached task
failure before 40 minutes when exercising at FTP. Therefore, although the present study did
not set out to examine the validity between FTP and hour performance, the results
demonstrated that the FTP determined using 95% of a 20-minute TT performance is not a
valid estimation of maximal hourly performance. The present study also demonstrated that
FTP and FTP+1sw are within the heavy intensity domain and should not be used to represent

the physiological threshold between the heavy and severe intensity domains.

4.5.2 The validity of FTP

The FTP estimated by 20 minutes TT is suggested to represent the maximal power output
one can sustain for an hour (Allen & Coggan, 2010, p.47). Although the original goal of the
present study was not to examine the TTF of FTP, the results were in line with previous
studies as all demonstrated that the TTF is shorter than 60 minutes when exercising at the
intensity corresponding to the FTP determined by either the original protocol (Borszcz et al.,
2018; Sitko et al., 2022), 20 minutes time trial (the present study) or 60 minutes time trial
protocol (Borszcz et al., 2018). In the present study, only seven out of thirteen participants
were able to complete 40 minutes at FTP. The mean TTF for the six participants who reached
TTF before 40 minutes was 26 £+ 4 minutes demonstrating that FTP is not a valid estimation
of the one-hour maximal performance. Contrary to previous research (McGrath et al., 2019)
reported that 89% of the participants sustained 60 minutes when exercising at an intensity
equivalent to FTP. A possible explanation is that their participants were allowed to undergo
60 minutes of exercise without wearing a face mask from 11 to 49 minutes and drink a
carbohydrate beverage, which would help to prolong their TTF and improve performance.
Although they recruited highly trained subjects therefore potentially with a higher
pain/fatigue tolerance (VOzmax: Male 66.3 + 5.5 mL-kg-min!; Female 59.3 + 6.9 mL-kg-min-
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1), whereas the participants in the present study have a lower mean VOzpeax (Male 60.0 + 4.7;
Female 48.0 + 4.0 mL-kg-mint). According to Sitko et al. (2022), even professional cyclists
with a VOzmax of 74.3 = 3.9 mL-kg-mint and more than 15 years of cycling experience were
unable to sustain 60 minutes at the intensity corresponding to the FTP determined by the
original protocol (mean TTF: 51 minutes, ranged from 44 to 59 minutes). It is important to
note that even the FTP determined using Allen & Coggan’s (2006) original determination
protocol (50 minutes of specific warm up plus 20 minutes TT) cannot be sustained for 60
minutes (Sitko et al., 2022). Therefore, the problem is that none of the FTP determination
protocols proposed by Allen & Coggan (2006; 2010; 2012) and previous studies can
accurately determine the intensity that can be sustained for 60 minutes. Sitko et al. (2022)
suggested that the difference in TTF between recreationally trained and elite could be
because of the better pain tolerance and pacing strategies which allow the elite to achieve a
longer TTF. However, the reason why the FTP20 is a poor predictor of FTP was not examined
or discussed before. The potential explanation could be the variability in pacing and its effect
on energy depletion and physiological response. For example, if the participants chose to
conserve energy until the later part of the TT and progressively increase the power output
towards the end it is highly possible that the W’ was not fully depleted upon the TT finished.
Therefore, the estimated FTP might not reflect the highest power output that can be sustained
for 20 minutes because the best performance cannot be achieved (Fukuba & Whipp, 1999).
On the contrary, if the cyclist decides to have a strong start or a less experienced cyclist does
not have a good concept regarding the appropriate power output allocation throughout the
TT, it is possible the W’ is fully depleted in the first 5 to 10 minutes, therefore, affecting the
TT performance. Therefore, the FTP should not be considered a valid representation of what
it originally proposed, even when accounting for variables such as cyclists’ performance
level, experience, and aerobic fitness level (i.e., VO2max). Although the fatigue development
in the heavy intensity domain is complex (Burnley & Jones, 2018), future studies could

explore why cyclists reach task failure before the 60 minutes mark when exercising at FTP.

4.5.3 Oxygen kinetics when exercising at FTP and FTP-+1sw

The threshold between the heavy and severe intensity domain separates whether the VO2
can remain stable or not and rise towards the VOamax (Hill et al., 2002). Therefore, in our
view, the question of whether FTP represents the upper boundary of the heavy intensity

domain is best assessed by the physiological characteristics, specifically the VO2 response.
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In the present study, the VO2 was not significantly different between 25% of the total
duration and the end test when exercising at FTP and FTP+1sw, indicating a clear VO2 steady
state during both intensities. Contrary to the results reported by Nixon et al. (2021), in which
the VO2 changed significantly between the 5™ minute and at task failure when exercising
slightly above critical speed (CS), the representation of the threshold between the heavy and
severe domain in running (Jones et al., 2019). Consistent with our hypothesis, the amplitude
of VO2sc was not significantly different between the two intensities, indicating that FTP and
FTP+1sw are the same intensity. It has been previously demonstrated that the VOas is
significantly lower during the heavy intensity domain compared to the severe intensity
domain (Pringle et al., 2003) because the VO2sc cannot be stabilised and rise towards VO2zmax
in the severe domain (Burnley & Jones, 2007). Another result from the present study that
demonstrates FTP should not be considered as the threshold between heavy and severe is
that the percentage of VOzpeak corresponding to FTP and FTP-+1sw was 83 + 4% and 87 + 3%,
respectively. Although the increment rate was fixed to 15 W in the present study, it was
equivalent to a 9% to 12% increase for 3 participants. The percentage of VOzpeak
corresponding to the FTP+1sw remained below 90% for the 3 participants, whereas when
exercising within the severe intensity domain until task failure, the VO2 should rise
inexorably towards VO2max (Poole et al., 1988; De Lucas et al., 2013; Nixon et al., 2021).
Therefore, based on both the overall VO kinetics and the inability to attain VOzmax, the
power output corresponding to FTP+1sw does not represent the severe intensity domain. The
intensity corresponding to FTP and FTP+1sw may be within the heavy intensity domain as
the VO: stabilised during both intensities (Hill et al., 2002; Burnley & Jones, 2007).
Additionally, 106% of FTP is the minimal intensity that could is expected to increase VO2zmax
according to Allen and Coggan (2010). However, the present study demonstrated that the
suggested intensity has a high chance of overestimating the VO2 response as the end test
V02 was below 90% of the VO2max When exercising above that recommended intensity. Such
VO2 response is not enough to promote the physiological adaptations to enhance VO2max
(Bacon et al., 2013). Therefore, FTP may not be appropriate to use as a reference for
designing training programs because it overestimates the VO2 response which would result

in over or underestimating the training intensity.
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4.5.4 Lactate kinetics of FTP and FTP+1sw

Allen & Coggan (2012) suggested that the FTP could be used interchangeably with the
MLSS. Three studies have examined whether FTP and MLSS can be used to represent each
other from a statistical perspective. Borszcz et al. (2019) concluded that the FTP is a valid
alternative for estimating MLSS because of the high correlation (r = 0.91) and the limit of
agreement was 1.4 + 9.2% between the two. The other two studies suggested that a 88%
(Inglis et al., 2019) or 91% (Lillo-Bevia et al., 2022) correction factor, instead of 95%,
should be used to provide a more accurate estimation of MLSS. However, the most
appropriate approach to determine whether FTP is a valid alternative to MLSS should
directly examine the blood lactate response when exercising at the FTP. Results of the
current study demonstrated that the difference in the actual BLC from the 10™ to 30" minute
for those who sustained the FTP intensity for at least 30 minutes was 1.1 £ 0.2 mM (n = 9),
which exceeds the suggested conventional criterion for the determination of the conventional
MLSS (change in BLC < 1.0 mM between the 10" and 30" minute). Therefore, using the
conventional determination criterion for MLSS suggested that the power output
corresponding to FTP is not a valid surrogate of MLSS as the BLCrrp was not in a steady
state. However, a paper recently published by Nixon et al. (2021) proposed that the criterion
for BLC should be 2 mM between 10 to 20 minutes instead of the conventional criterion
because the MLSS determined using this protocol eliminated the difference with Critical
Speed (CS). When adopting this modified approach, the FTP examined in the present study
fulfilled the criterion for being accepted as MLSS for all thirteen participants as they all
sustained 20 minutes when exercising at FTP and the blood lactate difference between 10
and 20 minutes was below 2 mM (BLCai020= 0.8 £ 0.6 mM). Similarly, lannetta et al. (2021)
also proposed a modified MLSS criterion of using data from the time window of 20 to 30
minutes instead of the conventional method because it has a higher agreement with MMSS.
In the present study, the actual BLC difference between 20 to 30 minutes was 0.3 + 0.6 mM
for those who cycled for at least 30 minutes when exercising at FTP (n = 9), which also
meets the modified criterion for MLSS proposed by (lannetta et al., 2021). Therefore, the
ability of FTP to provide an approximation of the MLSS appears to be influenced by the
criterion used to determine the MLSS. On the other hand, the blood lactate data estimated
using the linear function showed a clear dissociation between blood lactate and VO: Kinetics.
It demonstrated that relying solely on blood lactate to inform the systemic homeostasis and

the threshold between heavy and severe intensity domains is inappropriate as it does not
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reflect the VO2 kinetics. As such, there is a need for scientific validation of the criterion for
determining MLSS and blood lactate steady state, and it is premature to conclude whether
FTP can be used to represent MLSS.

4.6 Conclusion

The present study demonstrated that FTP should not be considered a marker of the threshold
separating the heavy and severe domains for cyclists. Therefore, not a valid representation
of the MMSS. The conclusion from the present study is based on the VO2 response when
exercising at FTP and FTP-+1sw. There was no significant difference in the VOasc, and a clear
VO: steady state was shown when exercising at both intensities. Most importantly, the VO2
did not project towards VO2max When exercising at FTP and FTP+1sw. Future studies should
examine the value of FTP, other than a valid 20-minute TT indicator, and whether it can be
used as an alternative to conventional and any modified MLSS. Therefore, the next Chapter

of the present thesis will examine the concept of Critical Power.
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Chapter 5

The validity of Critical Power as the threshold for

the maximal metabolic steady state in cycling
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5.1 Abstract

Purpose: Critical Power (CP) represents the upper boundary of the heavy intensity domain,
and its validity in performance prediction has been repeatedly challenged. The present study

aims to provide physiological data to examine the topic.

Method: This study examined the VO2 response, blood lactate, and time to task failure (TTF)
when exercising at and 15 W above the CP (CP+1sw). Thirteen cyclists completed an
incremental test to determine VOzpeak and gas exchange threshold, four constant severe
intensity exercises to determine CP, and four constant intensity exercises to determine the
TTF and physiological response at and above CP. Participants were then assigned one week
of HIT training and completed one constant intensity exercise at CP+isw. The VO2 was
recorded continuously throughout CP and CP-1sw, with blood lactate measured at TTF. The
VO data was expressed in relative time (baseline, 25%, 50%, 75% and 100%) and
subsequently analysed using two-way ANOVA.

Results: The end test VO2 and the magnitude of VO:2 slow component were both
significantly lower at CP compared to all CP-1sw trials (p < 0.05). The VO stabilised at CP
but increased significantly between 25% of the total duration and the end test during all
CP+15w trials (p < 0.05). The TTF for CP+1sw trials before training was significantly shorter
than the predicted TTF but not after training.

Conclusion: The VO2 response to exercising at CP and CP-+1sw suggests that CP should be

considered the threshold between heavy and severe intensity. However, the validity of severe

intensity exercise performance prediction remains unclear.
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5.2 Introduction

In the previous chapters, the results demonstrated that contrary to what previous research
suggested, exercising 15 W above the Maximal Lactate Steady State (MLSS) and Functional
Threshold Power (FTP) does not trigger the typical physiological response corresponding to
the severe intensity domain. Therefore, this experimental chapter aimed to examine the
validity of Critical Power (CP) in representing the threshold. The concept of CP has been
considered the gold standard for representing the threshold between the heavy and severe
intensity domain or the Maximal Metabolic Steady State (MMSS) (Smith & Jones, 2001;
Pringle et al., 2002; Jones et al., 2008; Maturana et al., 2016; Vanhatalo et al., 2016; Karsten,
2017; Jones et al., 2019; Karsten et al., 2021; McGrath et al., 2021; Nixon et al., 2021).
However, the validity of the CP has been repeatedly challenged from different perspectives
(Pallares et al., 2020; Dotan, 2022a; Gorostiaga et al., 2021; 2022a). For example, the MLSS
has been suggested to represent the MMSS (Dotan, 2022a) and CP is, on average, 7% to
11% higher than the power associated with the MLSS (Galan-Rioja et al., 2020). Therefore,
the intensity of CP is often considered to overestimate the MMSS (Dotan, 2022a). However,
given that the VO2 kinetics response is distinct to each intensity domain (Burnley & Jones,
2007), the question of whether the CP should be considered as a measure of the threshold is
better addressed by examining the VO2 response when exercising both at, and above CP.
Briefly, the VO2 response to constant intensity exercise in the heavy intensity domain
demonstrates a steady state response, albeit at an elevated level due to the VO2 slow
component (VOasc) (Burnley & Jones, 2007; 2018). Constant intensity exercise in the severe
domain causes VO2 to project upwards until reaching the VO2max if the exercise continues
for long enough without any evidence of a steady state-like response (Burnley & Jones, 2007,
2018). Surprisingly, the VO response to exercise at and above CP has received limited
attention compared to other aspects, such as comparisons with other performance markers
(Dekerle et al., 2003; Karsten et al., 2018; 2021) and its application in designing training
and informing pacing strategies (Morton & Billat, 2004; Vanhatalo et al., 2011; Jones &
Vanhatalo, 2017; Ashtiani et al., 2019; Kirby et al., 2021). Previous research reported no
significant difference between the VOa2sc when exercising at and 5% above the CP (247 vs
222 ml-min!) (De Lucas et al., 2013). Based on the VOasc results, both intensities in their
study should be considered within the same intensity domain, which leads to the conclusion

that the CP is not a valid representation of the threshold between the heavy and severe

82



intensity domains. However, it is important to note that the amplitude of VOasc in their work
was the difference between two rigid time points (i.e. the VO2 corresponding to the point of
exhaustion and the 3" minute of the exercise). This determination method has been shown
to significantly underestimate the true amplitude of the VO2s calculated using the nonlinear

regression model (Santana et al., 2007).

The 2 parameter model defines the relationship between the intensity (power output or speed)
and time to task failure from a mathematical perspective, therefore it can be used to calculate
the TTF at any intensity above the CP or within the severe intensity domain (Vanhatalo et
al., 2011). It makes the concept of CP so unique because no other performance marker can
offer similar information. Previous studies have examined the validity of using the 2
parameter model to predict severe intensity exercise performance in different sports. Hill et
al. (2003) reported that the 2 parameter model can provide close estimation of the TTF of a
2000 m trial in rowing. The model can also provide a prediction of performance with high
accuracy in running. Jones & Vanhatalo (2017) reported that the mean marathon finish speed
of 12 elite marathon runners was correspond to 96 + 2% of the CS. The 2 parameter model
has also been proposed as a valid tool for estimating running performance and designing
appropriate pacing strategies accordingly (Jones & Whipp, 2002; Jones et al., 2010; Pettitt,
2016; Ashitiani, 2021). Similarly, Kirby et al. (2021) reported that the achievement of the
best performance time calculated using the 2 parameter model depends on whether the
pacing strategy can allow the athlete to utilise the D optimally’. Nevertheless, the result
demonstrated that the group average predicted time of 5000 m and 10000 m races were close
to the actual race time (5000 m 13 min 09 s vs 13 min 36 s; 10000m 27 min 00 s vs 27 min
04 s).

In cycling, a previous study (Chidnok et al., 2012) reported that the two parameter CP model
could provide a valid estimation of the intensity that would result in a time to task failure
(TTF) of 6 min. Morgan et al., (2019) reported that the predicted TTF was significantly
correlated with the actual 16.1 km TT performance (27.5 + 3.3 min vs 26.7 + 2.2 min, r =
0.88, p < 0.01). Although the mean power output during the 16.1 km TT was above the CP
(TT: 296 + 38 W vs CP: 275 + 42 W) and did not drop below the CP throughout the TT. The
variation of cadence and power output allowed during the TT may assist participants with

fatigue resistance and VO2 priming, thus enhancing performance (Black et al., 2015).
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Besides using the model to calculate the best performance over a specific distance, studies
also used the model to calculate the highest intensity that would trigger a specific TTF, and
the results were consistently reliable (Vanhatalo et al. 2011: 180 s vs 177 + 29 s; Chidnok et
al., 2012; 360 s vs 384 + 48 s). Conversely, Pallarés et al. (2020) recently reported that the
model could not accurately predict TTF during constant intensity cycling. However, the
determination trials’ duration potentially affected the CP estimation. A total of 4 trials were
used to determine the CP and W’, with the shortest and longest trials being 00:29 + 00:06
min:ss (mean TTF at Wingate test) and 76:05 + 13:53 min:ss (mean TTF at MLSS),
respectively. Both trials were outside the suggested testing duration of 2 to 15 minutes for
CP and not within the severe intensity domain (Jones et al., 2019). Using a very long
determination trial may lead to the CP being heavily influenced by the lowest intensity
resulting in an inaccurate estimation of the CP (Gorostiaga et al., 2021). Consequently, the
CP reported by Pallarés et al. (2020) was 2% below the MLSS, contrary to previous research
suggesting CP should be approximately 7 to 11% higher than MLSS (Jones et al., 2019; Saif
etal., 2022). In addition to the testing methods, factors such as daily variation in performance
(Bommasamudram et al., 2022) and fitness status (Bailey et al., 2009; Clark et al., 2013)
could also affect the TTF at a constant severe intensity exercise. If the predicted TTF
overestimated the actual TTF of a constant severe intensity exercise, it would be interesting
to consider whether training could improve performance such that the actual TTF matched
the predicted TTF. Indeed, different studies have reported that taper training in a high-
intensity aerobic training (HIT) structure could sufficiently improve well-trained cyclists’
endurance performance (Clark et al., 2013; Rgnnestad & Vikmoen, 2019) and specificity of
the performance at an intensity closely related to the CP (Rennestad et al., 2021). Therefore
one week of HIT shock microcycle from the work of Rgnnestad et al. (2021) was used in
the present study as they demonstrated the training program induced improvement in
endurance performance-related indicators (e.g. power output at blood lactate concentration
(BLC) at 4 mM).

The present study aimed 1) to determine the validity of the CP representing the upper
boundary of the heavy intensity domain from a physiological perspective and 2) to examine
the accuracy of the 2 parameter formula in predicting constant severe intensity exercise
performance. We hypothesised that 1) the end test VO, lactate, and the amplitude of VOas
would be significantly higher when exercising at and 15 W above the CP (CP+1sw) than at
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CP; 2) there will be a significant difference between the actual (before training intervention)
and calculated TTF; and 3) the actual TTF at CP+1sw would not be significantly different
from the predicted TTF after 1 week of HIT training.

5.3 Methods

5.3.1 Participants

Thirteen cyclists (male n = 10, female n = 3, age 23 £ 5 years, height 170.3 + 6.9 cm, mass
61.9 * 8.6 kg, VOzpeak 3.7 = 0.7 L-min! or 60.0 + 7.9 mL-kg*-min-!) volunteered to
participate in this study. Participants were classified into four categories based on their
relative and absolute VOzpeak (De Pauw et al., 2013; see Table 5.1). The inclusion criteria
were at least three years of cycling experience and four hours of training per week. Before
providing written informed consent, participants were fully informed about the nature of the
study, all associated risks, and their right to withdraw at any time. The study was ethically
approved by the Human Research Ethics Committee at the Education University of Hong
Kong (2021-2022-0186) in line with the requirements of the declaration of Helsinki.
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Table 5.1 Participant characteristics
Participant Height Mass GET Relative Absolute Performance Level
(cm) (kg) (W) VOzpeak  VOzpeak  (Relative/Absolute)
(mL-kg- (L-min)

L.min?)

1 177 70 160 58 4.07 T/RT
2 177 83 210 56 4.66 T/T

3 170 65 185 59 3.83 T/RT
4 180 65 155 59 3.86 T/RT
5 173 63 155 60 3.78 T/RT
6" 163 50 125 44 2.21 UT/UT
7 158 57 150 57 3.23 T/UT
8 170 62 185 67 4.14 WT/RT
9 168 54 135 66 3.58 WT /RT
10" 164 53 123 48 2.54 T/UT
11 180 63 195 67 4.24 WT/T
12 165 54 185 74 3.93 PT/RT
13 170 66 180 60 3.95 RT/RT

UT = Untrained; RT = Recreationally Trained; T = Trained; WT = Well Trained; PT = Professionally trained,
GET = Gas Exchange Threshold; “Female participant

5.3.2 Study Design

Participants completed one incremental ramp test to determine VOzpeak and gas exchange
threshold (GET), four constant intensity trials to determine CP and W’, and four constant
intensity trials to examine the physiological responses to exercise at CP and CP+1sw within
a total of four laboratory visits. Following this initial testing period, participants completed
a one week training microcycle which included five supervised HIT sessions (see the below
details), prior to returning to the laboratory for a final constant intensity test. All laboratory
visits were separated for at least 24 to 72 hours. Participants were prohibited from strenuous
exercise 24 hours before all tests. They were required to be adequately hydrated without
consuming food and caffeine for three hours before each test. They were asked to maintain
the same diet for 24 hours prior to each test. All tests were performed on the same cycle
ergometer (Lode Excalibur Sport, The Netherlands), handlebar and seat were adjusted for

participant comfort.
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5.3.3 Visit 1 - Ramp incremental test and one constant intensity test

The aim of this visit was to determine the participant’s VOzpeak and GET using an
incremental test to volitional exhaustion and the TTF at one of the following intensities: 60%
A, 70% A, 80% A and 100% of VOzpeak (Vanhatalo et al., 2007; Hunter et al., 2021). The
incremental test required participants to cycle at 50 W for 4 minutes, followed by increments
of 30 W.min" for male participants and 25 W.min! for female participants until volitional
exhaustion or failure to maintain the targeted rpm for more than 10 rpm for more than 5
consecutive seconds despite strong verbal encouragement (Inglis et al., 2019). VOzpeak Was
defined as the highest 30 s average VO2during the test (Nixon et al., 2021). Pulmonary gas
exchange was measured on a breath-by-breath basis using Cortex Metalyzer 3B (Cortex,
Leipzig, Germany) throughout the test. After 60 minutes of seated rest, participants
performed a constant work rate test at an intensity between 60% A, 70% A, 80% A and 100%
of VO2peak, Where A refers to the power output difference between the GET and VOzpeak
(Burnley et al., 2006a; Vanhatalo et al., 2007; Hunter et al., 2021). The intensity was
randomly assigned using a website (https://www.random.org/lists/). After 4 minutes of
warm-up at 100 W, the work rate instantaneously increased to the intensity assigned to that
session. The TTF was recorded in the closest second and determined by the point where the
participant stopped pedalling or the pedal rate fell more than 10 rpm below the chosen
cadence for more than 5 seconds despite strong verbal encouragement. This constant

intensity trial's TTF and power output were used in calculating CP and W”.

5.3.4 Visit 2 — Three constant intensity tests

Three severe intensity trials were performed in random order during this visit to enable the
estimation of CP and W’. 60 minutes of seated rest separated each effort (Burnley et al.,
20064a; Karsten et al., 2017; Hunter et al., 2021). Each test started with 4 minutes of warm-
up at 100 W, following which the intensity instantaneously increased to the target resistance.
Participants were blinded from time and power output throughout all constant load tests.
Strong encouragement was provided by the researcher throughout the test. The TTF was
recorded to the closest second and determined by the point at which the participant stopped
pedalling, or the pedal rate fell more than 10 rpm below the chosen cadence for more than 5
seconds despite strong verbal encouragement. The TTF and power output of these constant

intensity trials were used in calculating CP and W’.

87


https://www.random.org/lists/

5.3.5 Visits 3 and 4 — Two constant intensity tests per visit

There were four constant intensity trials during visits 3 and 4 (two per visit) in which the
participants were required to cycle to task failure. One trial was conducted at CP and three
trials at CP+1sw to enable the calculation of reliability of time to exhaustion and physiological
responses during exercise above the CP. After a 4 minutes warm-up at 100W, the work rate
instantaneously increased to the prescribed intensity. Participants were instructed to pedal at
their preferred cadence until task failure, which was the point when subjects could no longer
maintain a cadence of 50 rpm for more than 5 consecutive seconds despite strong verbal
encouragement (Murgatroyd et al., 2011). VO2 data was measured on a breath-by-breath
basis using Cortex Metalyzer 3B (Cortex, Leipzig, Germany) throughout the test. After 60
minutes of seated rest, participants performed another constant intensity test to task failure.
The trial order was randomly generated using a website (https://www.random.org/lists/).
Two blood lactate samples were collected from the participant’s fingertip at baseline prior
to the test, every 5 minutes during all trials and within 1 minute of task failure (Biosen C-

Line, EKF Diagnostics, GmbH, Barleben, Germany).

5.3.6 Training

After the 4™ visit, participants performed a one-week HIT microcycle, which required one
HIT session on days 1 to 3, a recovery day on day 4, a HIT session on day 5, a recovery on
day 6, and a final HIT session on day 7. All HIT sessions were performed with the
participants’ bikes mounted on an electromagnetically braked trainer (Wahoo KICKER v.5;
Wahoo Fitness, Atlanta, GA). Participants were allowed to train at home using their bike
trainer or in the laboratory using a stationary bike trainer provided by the researcher (Wahoo
KICKER v.5; Wahoo Fitness, Atlanta, GA). The one week of HIT shock microcycle from
the work of Rennestad et al. (2021) was used in the present study. There were 5 series of 12
work intervals lasting 30 second, separated by 15 second recovery periods. Each series was
followed by a 150 second recovery period. During the HIT work intervals, the participants
were instructed to achieve an RPE after each series equal to 17 to 19 on Borg’s 6 to 20 scale,
which they had previously been familiarised with during the incremental test in visit 1 and
subsequently used during the constant intensity trials. During the recovery periods,
participants were instructed to recover at around 50% of the power output during the work

intervals. Power output during all work intervals was recorded using indoor cycling training
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software (Zwift, v1.0.85684, Zwift Inc, US) and exported into Excel format for further

analysis.

5.3.7 Visit 5 — One constant intensity test at CP-+15w (CP+15w post)

A final test was conducted no later than 72 hours after the last training session. Participants
completed a constant intensity test at the power output corresponding to CP+1sw (determined
in Visit 2) until task failure using the abovementioned procedures for visits 3 and 4. The trial

is represented as CP-+1swpost from this point on.

5.3.8 Data Analysis

Breath-by-breath VO2 data from the ramp test and constant intensity trials were averaged in
10 seconds intervals to determine GET and the VO2 response. The VO2 data were edited to
eliminate the effects of coughs or swallows on the measurement. Only those data points
beyond the three standard deviations of the mean value were excluded (Burnley et al., 2006a).
The GET was identified using the v-slope method, which is defined as the VO: value
corresponding to the intersection of two linear regression lines derived separately from the
data points below and above the breakpoint in the carbon dioxide production rate (VCO2)-
versus VO relationship (Solberg et al., 2005; Bergstrom et al., 2013). The power output
observed as GET was corrected by subtracting 20 W and 17 W for male and female
participants, respectively (Davison et al., 2022). The power output and TTF during the CP
determination trials were used to determine CP and W’ using IBM SPSS statistics 26.0
(Chicago, IL, USA). The 2 parameter hyperbolic model (see below) was used as previous

research concluded it is the favourable choice to assess MMSS (Altuna & Hopker, 2021)
Tiim = W’/(P-CP)

The first 20 s of the VO data following the onset of exercise were removed to eliminate the
phase | component from the analysis. The first 2 minutes of the VO2 data (20 to 120 s) were
then analysed using the monoexponential model (Rossiter et al., 2001; Burnley et al., 2005;

2006a):

VO2(t) = VO2base + amp*(1 — e (tTD/tau))
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Where VO2(t) = VO at time, VO2base = the baseline VO2 measured in the four minutes before
the transition in work rate, amp = amplitude, TD = time delay, and tau = time constant of
the primary (phase 11) response. The amplitude of the VOasc was determined by the highest
VO: value achieved during the constant intensity trial and subtracting the “absolute” primary
amplitude (VO2zase + amp). The monoexponential model was chosen because a more
complex model will significantly degrade the confidence intervals and create extra
parameter interdependence (Burnley et al., 2005). Given that the time to task failure (TTF)
at CP and CP-1sw varied between participants and trials, the VO2 data were analysed using
the individual isotime method and expressed in relative time (baseline, 25, 50, 75 and 100%)
where the baseline is indicated as 0 in the figure, to avoid any data loss (Nicolo et al., 2019).
The VO: corresponding to the desired time points was determined by the average VO2 over
the prior 60 s. The mean of the last 2 segments (75% and 100%) was considered the VO2

corresponding to each trial.

Two sets of blood lactate samples were collected before the test, at every 5" minute and at
task failure. The mean of the two blood lactate samples was used for subsequent analysis.
The blood lactate kinetics response was interpolated with a linear function using Microsoft
Excel (Excel, Microsoft, Redmond, Washington). Values corresponding to 25%, 50%, 75%
and 100% of the test duration were used to represent the response during the CP and CP+1sw
test (Nicolo et al., 2019).

5.3.9 Statistical Analysis

The blood lactate and VO2 data were analysed using two-way ANOVA with repeated
measures to analyse the 5 trials (CP, CP+1sw1,2&3 and CP+1swpost) X 5 time points (baseline,
25%, 50%, 75% and 100% of the total test duration). The end test VO2, highest VO2, TTF
(s) and the amplitude of VOasc corresponding to exercise at CP, CP+15w1,2&3 and CP+15wpost
were analysed using one-way repeated measure ANOVA. When sphericity was violated, the
F value was adjusted using Greenhouse-Geisser. The significant interaction and main effects
were determined using LSD post hoc tests. The predicted TTF at CP+1sw was calculated in
Microsoft Excel (Excel, Microsoft, Redmond, Washington) using participants’ CP and W’
and the 2 parameter hyperbolic formula. Analyses were performed using SPSS. Data are

reported as mean + SD unless otherwise stated.
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5.4 Results

5.4.1 CP determination trials

The details of all CP determination trials were presented in Table 5.2 The resultant mean CP
and W’ were 248 £ 43 W (95% ClI: 225 W, 272 W) and 13236 + 3172 J (95% CI: 11512 J,
14960 J), respectively. The difference between CP and CP+1sw was 6 + 1% (ranging from
5% to 10%; CP: ranged from 154 W to 301 W, and CP-1sw: ranged from 169 W to 316 W).
The CP and W’ from 1/time and linear model are Mean CP = 249 W (95% CI: 225 W, 272
W). Mean W’ = 13236 J (95% CI: 16383 J, 11732 J) and CP = 249 W (95% CI: 226 W, 272
W). Mean W’ = 13336 J (95% CI: 11670 J, 15001 J), respectively.

Table. 5.2 The mean power output (in Watts) and time to task failure (s) for CP determination

trials
60% A 70% A 80% A 100 % of
VOzpeak
Power (W) 277 £43 296 * 46 315+ 39 327 +108
Time to task 477 £ 111 277 £ 63 202 +38 124 + 43
failure (s)
5.4.2 Training

All participants completed all assigned training sessions. Mean and SD in power output (in
Watts), relative power output (%VOzpea), time spent above VO2peak () and time spent above

CP (s) during “on” intervals in sessions 1 to 5 are presented in Table 5.3.
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Table. 5.3 Mean power output (in Watts), Relative power output (%VOzpeak), Time spent

above VOzpeak () and Time spent above CP (s) during training sessions 1 to 5.

Power %V O2peak Time spent above Time spent above
(W) VOzpeak (8) CP (s)
Session1l 265+ 50 75+10 176 £ 111 1276 + 376
Session 2 279 + 58 7919 185 + 136 1373 + 282
Session3 270 £ 60 77+12 242 + 233 1329 + 323
Session4 279+ 61 79110 254 + 296 1417 + 305
Session5 284 + 64 81+10 209 + 253 1454 + 264
Mean 275 78 213 1370
SD 8 2 34 70

5.4.3 Time to task failure

There was a significant difference in the TTF across 5 constant intensity trials and the
predicted TTF estimated using the CP and W’ from pre-training (F = 10.943, p < 0.001).
There was no significant difference between the 3 CP+1sw trials before training (p > 0.05)
with the ICC of 0.77 (95% confidence limits 0.49-0.92) and CV of 14.2 + 9.9%. Both
CP-15wpost and the predicted TTF were significantly longer than all the CP+1sw trials before
training (p < 0.05). Following training, there was no significant difference between the
CP-15wpost and the predicted TTF estimated using the pre-training CP and W’ (p > 0.05;
Table 5.4).

Table. 5.4 Time to task failure (s) at CP, CP+15w1,2,3&post, and the predicted TTF

At CP CP:+1sw1 CP+15w2 CP+1sw3  CP+1swpost  Predicted

Mean (s) 1021 6282 6782 664 g7gh.cd 8g2h.cd
SD 418 190 163 214 260 211

3significant different from at CP (p < 0.05); Psignificant different from at CP.1sw1 (p < 0.05); Ssignificant
different from at CP.1sw2 (p < 0.05); %significant different from at CP.1sws (p < 0.05)

5.4.4 Blood lactate response and end test blood lactate

There was a significant interaction effect between time and intensity for the estimated blood

lactate response (F = 6.190, p < 0.001), for the main effect of time (F = 254.904, p < 0.001)

and intensity (F = 5.327, p < 0.001). The estimated blood lactate at all time points was
92



significantly different between each time point during all trials (at and above CP, before and
after training; see Figure. 5.1). The end test BLC at CP+15w1 was the lowest of the three pre-
training CP+1sw trials (9.9 £ 0.8 mM vs. 11.9 £ 0.5 mM and 11.5 £ 0.5 mM, for CP+15sw trial
1, 2 and 3, respectively). There was no significant difference between the end test BLC at
CP and CP+1swi trial (9.5 £ 0.7 mM vs. 9.9 + 0.8 mM). Although not significantly different,
the end test BLC at the CP+15wpost trial (12.3 £ 2.0 mM) was on average 4% and 7% higher

than the second and third CP+1sw trials, respectively.

14.0
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o
o

BLC (mM)
o
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—@—AtCP ——CP+15W1 —{1+CP+15W2 —O—CP+15W3 —A— CP+15Wpost

0 25 50 75 100
% of the test duration

0.0

Figure. 5.1 The blood lactate response as a percentage of trial duration when exercising at the intensities

corresponding to CP, CP.1sw1,2,3and CP.iswpost “Significant difference (p < 0.05)

5.4.5 VO responses corresponding to CP, CP+1sw and CP-+1swpost

There was a significant interaction effect between time and intensity for the VO2 response
(F=6.459, p <0.001), for the main effect of time (F = 186.970, p < 0.001) and intensity (F
=11.351, p < 0.001). Post hoc analysis showed that the VO2 corresponding to 50%, 75%
and 100% at CP was significantly lower than all CP+1sw trials. However, there was no
significant difference between all CP+1sw trials during that time window. During exercise at
CP, there was no significant difference between the VO2 at 25% and 100% of the total
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duration. On the contrary, the VO2 changed significantly between 25% and 100% of the total

duration during all CP+1sw trials before and after training (see Figure. 5.2).
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Figure. 5.2 The VO, response as a percentage of trial duration when exercising at the intensities

corresponding to CP, CP1sw123and CPsiswpost. ~Significant difference (p < 0.05)

There was a significant difference in the amplitude of VOasc between trials (F = 2.961, p =
0.029). Post hoc analysis revealed that the VOasc corresponding to CP was significantly
lower than all CP+1sw trials (Table 5.5). A significant difference was also found between the
highest VO2 across 6 tests (5 constant intensity trials and the ramp test) (F = 17.192, p <
0.001). The post hoc test shows that the highest VO2 achieved during the trial at CP was
significantly lower than in all CP+1sw trials and VOzpeak. No significant difference was found

between the highest VO2 achieved in all CP+1sw trials and the VOzpeak from the ramp test.
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Table. 5.5 The VO, the percentage of VOzpeak and the VO2sc correspond to each constant

intensity test

VO (L-min?) % of VOzpeak VOasc (Ml-min-t)
At CP 3.25 +0.59 88 + 3% 274 + 95
CP15w1 3.52 + 0.65° 95 + 3% 427 + 2022
CPi15w2 3.49 +£0.592 95 + 3% 422 + 1782
CP+15w3 3.45 + 0.59° 94 + 4% 411 + 1372
CP15wpost 3.44 + 0.58° 94 + 4% 393 + 160?

aSignificant different from exercise at CP (p < 0.05)

5.5 Discussion

5.5.1 Overview

The main aim of this study was to examine the validity of CP representing the upper
boundary of the heavy intensity domain. The results demonstrated 1) the VO response
stabilised when exercising at CP, whereas exercising 15W above CP leads to the VO2
increasing towards the VOzpeak and without apparent stabilisation (see Figure 5.2); and 2)
the amplitude of VOasc was consistently larger during all CP+1sw trials compared to the test
at CP. The second aim of this study was to evaluate the accuracy of the 2 parameters
hyperbolic model for predicting constant severe intensity exercise performance. Results
demonstrated that the TTF for the 3 CP+1sw trials before training was significantly shorter
than the predicted TTF (76 £ 3%). After the 1-week microcycle training sessions, the TTF
at CP+1swpost had increased and was not significantly different from the TTF predicted pre-

training, without significant changes in both the VO2 and blood lactate response.

5.5.2 The validity of CP being the threshold between heavy and severe intensity domain

Since the proposal that CP is the gold standard measurement for determining the threshold
separating the heavy and severe intensity domains (Jones et al., 2019), there has been debate
in the literature as to whether this is the case (Altuna & Hopker, 2022; Burnley, 2022; 2023;
Black et al., 2022; Broxterman et al., 2022; Dotan, 2022a; 2022b; Gorostiaga et al., 2022a;
2022b; 2022c; Nixon et al., 2021). The results of the present study demonstrated that the
VO2 was able to stabilise (see Figure 5.2) while the blood lactate concentration increased

continuously when exercising at CP (see Figure 5.1). These results demonstrated the
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inadequacy of using blood lactate kinetics-based performance markers such as MLSS to
inform the MMSS. Similar to the current study's findings, De Lucas et al. (2013) reported
that VO2peak Was reached when exercising at 5% above CP (98% of VO2peak). However, based
on the statistically significant difference between the VOzpeak and the VO2 corresponding to
CP, the authors concluded that the VO2peak Was not elicited during the constant intensity test
at CP (94% of VOzpeak). However, Katch et al. (1982) suggested that VOzpeak can be expected
to have a measurement error of + 5.6% between trials. Thus, it is possible that the VOzpeak
was achieved when exercising at CP even though it did not ultimately reach the same
magnitude as the 5% above CP trial in their study. Interestingly, De Lucas et al. (2013) also
report a non-steady-state in the VO2 response during exercise at CP. Combining both the
result of the highest VO: and the VO2 response, the CP in their study should be classified as
severe intensity. Data from the present study demonstrate that the highest and the end test
VO:2 achieved during the test at CP was significantly lower than the VOzpeak (Table 5.5), with
a clear stabilisation in the VO response (see Figure 5.2). Similar to the results from Nixon
et al. (2021), the highest VO2 achieved during all CP+1sw trials in the current study was not
significantly different from the VOzpeax recorded during the ramp test (p > 0.05). Moreover,
the mean end test VO2 corresponding to all CP+1sw trials was 95 + 1%, which met the
suggested verification of VOzpeak attainment during constant intensity exercise (Jones et al.,
2019). The VO also increased significantly in all CPs1sw trials from 25% of the total
duration until the point of task failure, which is evidence of non-steady state response (see
Figure 5.2). Both VOzpeak achievement and non-steady state VO2 responses when exercised

at CP+1sw matched the characteristics of the severe intensity domain (Jones et al., 2019).

The change in amplitude of VOasc represents a loss of the steady state in VO2 during severe
intensity exercise (Burnley & Jones, 2007). It can therefore be used as an indicator of
whether exercise is within the heavy or severe intensity domain, i.e. below or above the
MMSS. As reported by Pringle et al. (2003), the VOasc when exercising within the heavy
intensity domain should be smaller than in severe intensity (p < 0.05). Interestingly, De
Lucas et al. (2013) reported no significant difference and a smaller VO2sc when exercising
5% above CP (222 + 106 ml-min't) compared to trials at CP (247 + 82 ml-min). Such
results are in contrast to the amplitude of VOasc reported in both the present study (Table 5.5)
and that of Pringle et al. (2003) and do not appear to reflect the typical oxygen uptake
kinetics in the two different intensity domains, i.e. heavy and severe. (Burnley & Jones, 2007,
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Pringle et al., 2003). A possible reason for these apparent differences could be De Lucas et
al. (2013) calculated the VOasc as the difference in VO2 between the 3™ minute and task
failure, which has been shown to significantly underestimate the VOasc calculated using a
nonlinear regression model (Santana et al., 2007). Based on the overall VO kinetics during
both at and 5% above the CP, it is also possible they overestimated the power corresponding
to the CP. This apparent over-representation of the CP could be explained by differences in
the methodological approach to estimating CP between studies. De Lucas et al. (2013) used
the linear 1/time model to determine the CP and W’, whereas the present study used a 2
parameter hyperbolic model. According to Altuna and Hopker (2021), the linear inverse-
time model produces a significantly higher CP than the hyperbolic model, leading to an
overestimation of the boundary between the heavy and severe domains. Therefore, the
potential overestimation of CP is likely to have also led to the non-steady state in VO,
VO2peak reached, and account for the lack of difference in the VOasc reported by De Lucas et
al. (2013). Although the blood lactate was unable to stabilise at both CP and CP+1sw trials
(Figure 5.1), the overall VOz results indicated that exercising 15 W above the CP estimated
from 2 parameter hyperbolic model is within the severe intensity domain, with exercise at
CP should be categorised as the heavy intensity domain. As such, the current study's findings
support that the CP determined by the 2 parameter hyperbolic model provides a valid
determination of the MMSS.

5.5.3 The validity of using the 2 parameter hyperbolic model to predict performance

Pallarés et al. (2020) previously examined the difference between the predicted and
measured TTF at different exercise intensities. The authors reported that the CP model
overestimated the actual TTF by 86% and 6% at Wingate and MLSS intensities, respectively.
However, it is essential to note that the shortest (00:29 + 00:06 min:ss) and longest (76:05 +
13:53 min:ss) were outside the suggested testing duration for CP determination trials,
minimal 2 minutes and maximal 15 minutes (Jones et al., 2019). Additionally, the CP model
is only suitable for informing the exercise performance of severe intensity exercise.
(Vanhatalo et al., 2011) and does not apply to extreme (Wingate) and heavy (MLSS) (Leo
et al., 2022; Jones et al., 2019). Therefore, the results of Pallarés et al. (2020) might provide
a misleading conclusion regarding the validity of using the 2 parameter model to predict
TTF. Whereas the present study used a conventional fixed work rate determination method

to ensure the duration of all determination trials were within the suggested 2 to 15 minutes
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range, and only severe intensity work rate were prescribed. Surprisingly, the actual TTF of
the 3 CP+1sw trials performed before training were all significantly different from the
predicted TTF (Table 5.3) and the mean actual TTF was only 76 + 3% of the predicted TTF.
There was a moderate reliability level in the measure of TTF from the 3 pre training CP+1sw
trials (ICC = 0.77; CV: 14.2%). Interestingly, after one week of HIT training, the TTF at
CP-1swpost Was not significantly different from the predicted TTF estimated using the CP and
W’ from pre training (p > 0.05). Unfortunately, given that the present study did not perform
an additional ramp test and CP determination trials after the training, it remains unknown
whether the performance improvement was because of an enhanced CP and W’ after training
or whether the validity of prediction relies on whether the individuals’ performance is
optimised. Additionally, because there was no standardised script or method for verbal
encouragement to participants, the inconsistencies in how verbal encouragement was
provided could have impacted the TTF during all CP determination trials and thereby the CP

and W’ estimation.

The power corresponding to CP can be improved by performing 4 to 8 weeks of continuous
or interval endurance training (Gaesser & Wilson; 1998; Jenkins & Quigley, 1992;
Vanhatalo et al., 2008). Previous research has also reported that individuals with a higher
proportion of type | muscle fibres tend to have a higher CP and a negative correlation
between CP and the proportion of type Il muscle fibers (Goulding et al., 2021; Goulding &
Marwood, 2023; Mitchell et al., 2018). Considering the duration (5 hours in total within one
week) and the nature (repeated all out sprint) of the training prescribed in the present study,
it is highly unlikely that the conversion from type Il to type | muscle fibers occurred (Kohn
etal., 2011), and CP improved. Conversely, endurance training would cause a reduction in
both VO2sc (Cleuziou et al., 2005; Demarle et al., 2001) and W’ (Gaesser & Wilson, 1988;
Jenkins & Quiglet, 1992). Prior glycogen depletion and high intensity exercise have also
been reported to decrease the amplitude of VOasc and W’ (Bailey et al., 2009; Burnley et al.,
2000; Ferguson et al., 2007; 2010; Carter et al., 2004; Miura et al., 2000). In addition,
Murgatroyd et al. (2011) reported a strong and positive relationship between VO2zsc and W’
and suggested that the depletion of W’ when exercising above the CP is reflected in the
development of the VO2sc, which consistently supported the notion that the amplitude of
VOasc and W’ are mechanistically related (Goulding et al., 2021). On the other hand, the

results from previous studies regarding the training effect of HIIT on W’ is mixed. Jenkins
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& Quigley (1993) reported a significant increase in W’ after 8 weeks of HIIT training while
Thomas et al. (2020) reported the contrary after 6 weeks of training intervention. In the
present study, the mean difference in VOasc between CP+1sw1 and CP+1sw3 was 16 m/min,
which is similar to the difference between CP+1sws and CP-15wpost, 18 m/min-t. Additionally,
the amplitude of VOasc also was not significantly different between all CP+1sw trials (pre and
post). It is important to note that the highest VO2 during all CP+1sw trials (pre and post
training) was not significantly different to the VOzpeak, the W’ and the amplitude of VOasc
should therefore fully depleted and maximised, respectively, at task failure during all CP+1sw
trials (Murgatroyd et al., 2011). Therefore, the training intervention does not appear to alter
the W’ according to the amplitude of the VO2s. Collectively, physiological data does not
indicate that CP and W’ improved after the 1 week training intervention prescribed in the
present study and the performance improvement is possible because of other reasons which

will be discussed in the following paragraph.

The end test VO2 and the amplitude of VOzsc were, on average reduced by 0.04 + 0.03
L-mint and 26 + 13 ml-min-%, respectively, after the training block, suggestive of improved
cycling efficiency. Indeed, previous research has supported the suggestion of an
improvement in TTF during exercise in the severe domain being explained by a reduction in
the amplitude of VOasc (Bailey et al., 2009). A reduction in VOasc is suggested to increase
TTF by reducing the demand on PCr stores and glycogen reserve (Krustrup et al., 2008),
lowering the level of muscular fatigue, delaying the accumulation of fatiguing metabolite
accumulation during severe intensity exercise (Burnley & Jones, 2007). Conversely, the end
test blood lactate at CP-+1swpost increased by 4% and 7% compared to CP+1sw2 and CP+1sws,
respectively, providing another possible explanation for the TTF improvement after the
training microcycle. First, lactate has been suggested as an essential energy substrate that
the body can utilise during endurance exercise (Cairns, 2006; Hall et al., 2016). Hence, the
greater capacity to generate lactate would mean more energy can be utilised during exercise.
Second, blood lactate has been suggested as an exercise stress indicator, producing pain
sensation according to the exercise intensity and terminating exercise to avoid any
significant damage to muscle and other organs (Philp et al., 2005). In the present study, the
higher accumulated blood lactate and prolonged TTF at CP+1swpost indicated the participants
could tolerate a higher level of pain and metabolite accumulation for an extended period,

which potentially allowed the participants to fully expend the W’ during the CP+15wpost trial
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(Salam et al., 2018) and therefore the TTF after training matched the model prediction.
However, it must be stressed that the contributions of VO2 and blood lactate underpinning
the enhancement in TTF at CP+1swpost IS unclear as there was no significant difference

between before and after training for both physiological parameters.

Even though the recovery period between each determination trial was 1 hour, not the
conventional 24 hours, the use of a 1 hour recovery period between each determination trial
in the present study was recommended and used by previous studies (Karsten et al., 2018;
Muniz-Pumares et al., 2019; Hunter et al., 2021). Karsten et al. (2017) previously reported
that the recovery period could be as low as 30 minutes, but it can only provide a valid
estimation of CP but not W’. The potential explanations were that the 30 minutes recovery
does not allow full reconstitution of W’ and the priming effect of VO kinetics from the
previous determination trial. Different studies reported that the time required for W’
reconstitution following exhaustion is approximately 25 minutes (Ferguson et al., 2010;
Skiba et al., 2012), therefore, the latter explanation is likely to be a more contributing factor.
Indeed, previous severe intensity exercise has a priming effect on the VO kinetics by
reducing the VOasc and increasing the VOzpeak (Burnley et al., 2011) which both could
prolong the TTF during determination trials. It has been shown that the priming effect would
last for at least 45 minutes and the overall VO2 response was not significantly different from
the control data after 60 minutes (Burnley et al., 2006a). Such result is consistent with
Karsten et al. (2018) findings, which reported a 60 minutes recovery period between
estimation trials as a valid determination protocol. Therefore, a recovery period of 60
minutes is recommended by Muniz-Pumares et al. (2019) as it allows sufficient time to

restore W’ and avoid the priming effect on VO2 Kinetics.

5.6 Conclusion

Collectively, the VO: response indicated that the CP determined from 2 parameter
hyperbolic model is a valid representation of the threshold separating the heavy and severe
intensity domains. Based on this finding, practitioners are recommended to use CP to
prescribe training as it accurately represents the highest intensity at which the VOzpea is not
attained, and the VO: can be stabilised. Conversely, the TTF for the three CPs1sw trials
before the one week of HIT training was significantly shorter than the predicted TTF but not
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after the training. Therefore, the validity of using the 2 parameter hyperbolic model to predict

constant severe intensity performance requires further examination.
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Chapter 6

General discussion
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6.1 Overview

The topic of which performance marker represents the MMSS is a topic of intense debate in
the sports science community (Altuna & Hopker, 2022; Burnley, 2022; 2023; Black et al.,
2022; Broxterman et al., 2022; Dotan, 2022a; 2022b; 2022c; Gorostiaga et al., 2021; 2022a;
2022b; 2022c; Nixon et al., 2021). Different arguments have been raised to challenge the
validity of the markers examined in the present thesis. For MLSS, the use of blood lactate
has been suggested as an invalid marker to represent the oxygen Kkinetics and the
conventional determination protocol for MLSS might ignore the delayed blood lactate steady
state (Jones et al., 2019). For FTP, the research regarding the physiological response when
exercising at and above the marker is substantially lacking. The concept of CP has been
extensively studied but also challenged by previous studies. Overall, the criticisms of CP are
that 1) it contradicts its own definition, 2) it lacks a standardised determination protocol 3)
it overestimates the MLSS and 4) statistical artifact without clear physiological meanings
(Millet et al., 2022; Rodrigo-Carranza et al., 2022; Dotan, 2022a; 2023). However, it is
important to recognise that these limitations might be more suitable to describe MLSS and
FTP.

6.2 Main research findings

Study 1 (Chapter 3):
a) The VO2 was able to stabilise when exercising 15 W (9 * 2%) above
the conventional MLSS.
b) The amplitude of VOas and end test VO2 were not significantly
different between exercising at and 15W above the conventional
MLSS.
c) The conventional MLSS protocol could not account for the delayed

steady state in lactate when exercising 15 W above the MLSS.

Study 2 (Chapter 4):
a) VO stabilised when exercising at and 15 W (7 + 2%) above FTP.
b) The amplitude of VOa2s and end test VO2 were not significantly
different between exercising at and 15 W above the FTP.
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c) The blood lactate kinetics corresponding to FTP trials fulfilled the
modified criterion of MLSS proposed by Nixon et al. (2021).

d) Not all participants could sustain 40 minutes of exercise at the power
output corresponding to FTP.

Study 3 (Chapter 5):

a) The highest VO2 during all CP+1sw trials was not significantly
different from the VOzpeak from the incremental ramp test.

b) The amplitude of VOa2sc and end test VO2 were significantly lower
during exercise at CP than in CP+1sw trials.

c) The VO2 was able to stabilise during exercise at CP but did not
stabilise during all CP+1sw trials.

d) The TTF was significantly shorter than predicted before training but

not after training.

The novelty of the present thesis:

a)

b)

f)
9)

MLSS (conventional protocol ignored the delayed steady state in
lactate) and FTP (reached task failure before 40 minutes) have
deviated from their original definition.

The BLCaiss30 < 1mM could be a valid criterion for MLSS
determination which accounts for the delayed steady state in blood
lactate.

The CP determined using 2 parameter hyperbolic model is a valid
representation of the upper boundary of the heavy intensity domain,
not MLSS and FTP.

The validity of the 2 parameter hyperbolic model in predicting severe
intensity performance remains unclear.

One week of HIT training is potentially an effective method to
improve the work rate corresponding to CP.

Blood lactate kinetics does not reflect the VO2 kinetics.

MLSS, FTP and CP should not be used interchangeably from a

physiological perspective.
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6.2.1 The physiological response corresponding to MLSS, FTP and CP

The blood lactate has been considered a reliable bio-maker to inform the oxidative metabolic
status (Keir et al., 2018). Hence, it became the rationale of MLSS being the gold standard
that other performance markers such as CP and FTP must compare to in terms of validating
as the representation of MMSS. Previous research has suggested that MLSS is equivalent to
the MMSS because it accurately determines the highest intensity at which the blood lactate
production rate equals the clearance rate (Caen et al., 2021; lannetta et al., 2021; Dotan,
2022a). However, a dissociation between the lactate in blood and working muscle has been
documented (Stanisby & Brooks, 1990; Galdden, 2004; Brooks, 2018), and the blood lactate
may not accurately reflect the metabolic status of respiring cells (Marwood et al., 2019). The
blood lactate kinetics was proposed as an index of VO2 kinetics based on the notion that
increased blood lactate concentration is due to limited oxygen available to working muscle
(Hill & Lupton, 1923), and therefore deemed to be suitable in determining the boundary
between heavy and severe intensity domains. This narrative has now been overruled as the
lactate formation is not because of a lack of available oxygen delivery to mitochondria
(Gladden, 2004; Svedahl & Maclntosh, 2003; Rogatzki et al., 2015) nor a fatigue-inducing

metabolite during exercise (Poole et al., 2021).

The present thesis provided direct comparisons of the VO2 and blood lactate kinetics when
exercising at and 15 W above the MLSS, FTP and CP. In Chapter 3, the blood lactate
concentration was unable to stabilise based on the conventional MLSS requirement
(BLCai030 < 1ImM) when exercising at MLSS+1sw, but the VO2 was not significantly
different between the same time points (p > 0.05). Furthermore, when exercising at FTP,
FTP+1sw and CP, the blood lactate significantly differed between 25% of the total duration
and the end test (Figure 4.2 & 5.1). On the contrary, the corresponding VO: at the same time
points demonstrated an ability to stabilise (Figure 4.1 & 5.2). The VO2 and blood lactate
kinetics from Chapter 4 and 5 demonstrated a dissociation between the VO2 and the blood
lactate steady state according to both the definition of MLSS (BLCa1030 < 1 mM) and the
statistical difference. These results are consistent with Scheen et al. (1981) and Poole et al’s
(1988) findings demonstrating that blood lactate does not reflect whole body oxidative
metabolic rate because the blood lactate was consistently unable to achieve a steady state
(by the conventional MLSS determination standard or statistical difference) while the VO2

stabilised. Therefore, it is inappropriate to consider the representation of MMSS dependent
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on the blood lactate response because it is not a valid surrogate of VO2 kinetics and it does

not reflect the metabolic status of working muscle.

The MMSS is the threshold separating the heavy and severe intensity domain, and the
difference in the overall VO2 kinetic is the foundation of categorising the two intensity
domains. In short, the VO is able to stabilise without VO2max attainment during heavy
intensity exercise and the contrary in the severe intensity domain (Burnley & Jones, 2007).
Furthermore, the amplitude of VOasc corresponding to the heavy intensity domain is smaller
than the severe intensity domain because the VOzsc is able to stabilise during heavy intensity
but not severe intensity exercise (Pringle et al., 2003; Burnley & Jones, 2007). Therefore,
the present thesis examined the VOz2 kinetics response at work rates corresponding to MLSS,
FTP and CP as well as 15 W above each to determine the validity of each threshold marker
in representing the MMSS. As presented in Chapters 3 and 4, the VO2 was able to stabilise
when exercising at the intensity corresponding to MLSS, MLSS+1sw, FTP and FTP+1sw. The
VO2 corresponding to each intensity was 72 + 9%, 78 + 7%, 83 + 4% and 87 * 3% of VOzpeak,
respectively. Moreover, the VO2sc was not significantly different when exercising at and 15
W above the MLSS and FTP, respectively. Based on these results and the definition of the
threshold-based exercise intensity domain system, both MLSS and FTP cannot be
considered as the upper boundary of the heavy intensity domain and, therefore representative
of the MMSS. As shown in Figure 5.1, a clear steady state in VO2 exists when exercising at
CP. On the contrary, the VO2 changed significantly during all CP+1sw trials, both before and
after one week of HIT training. The amplitude of VOasc during all the CP+1sw trials was
consistently higher than exercise at CP (p < 0.05), which is in line with the findings of a
previous study indicating that the amplitude of VO2s is significantly different between heavy
and severe intensity exercise (Pringle et al., 2003). Furthermore, in agreement with results
from Nixon et al. (2021), the highest VO2 during all the CP-1sw trials was not significantly
different from the participant’s VOzpeak (p > 0.05), but this is not the case when exercise was
conducted at CP intensity. In other words, the VO2 response at and 15 W above CP matched
the heavy and severe intensity domains’ characteristics, respectively. Since the threshold-
based intensity domains are developed based on the distinct VO2 response (Burnley & Jones,
2007), which has a determining effect on performance, the physiological response should be
the only consideration when determining the threshold. Therefore, from a physiological

perspective, MLSS, FTP and CP should not be considered interchangeable.
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6.2.2 Contradiction to the concept’s original definition

Despite extensive research demonstrating that CP represents the highest intensity that can
remain in a metabolic steady state, the validity of CP representing the MMSS has been
continuously challenged. One of the most mentioned limitations of CP is that it contradicts
the concept’s original definition made by Monod and Scherrer in 1965, which is “being
sustainable for a long time without fatigue” (Dotan, 2022a; 2022b; 2022c). Thus, it has been
suggested that the concept of CP should be considered a flawed phenomenon and a
mathematical artefact (Dotan, 2022a; 2022b; 2022c; Gorostiaga et al., 2022a). However, The
description of “being sustainable for a long time without fatigue” is merely a flawed
interpretation, not a definition, and that does not detract from the utility of CP (Burnley,
2022; Marwood & Goulding, 2022). On the contrary, suitable for describing MLSS and FTP
as they both indeed deviated from what they originally proposed to measure and represent
(i.e the MLSS is not the highest intensity the blood lactate can stabilise and the cycling at
FTP cannot be sustained for 60 minutes).

The MLSS is defined as the highest intensity at which blood lactate is maintained in a steady
state (Snyder et al., 1980) and believed that the MLSS is the optimal training intensity to
improve endurance exercise performance. The original criterion for MLSS determination
was a change in blood lactate of less than 0.05 mM every minute (Snyder et al., 1980), which
evolved into a change of less than 1 mM between the 10" and 30™ minute. The choice of
this very specific time frame has been repeatedly questioned as being arbitrary (Jones et al.,
2019; Marwood et al., 2019). Indeed, Mader and Heck (1986) did not provide any
justification or rationale behind this very specific time frame. Additionally, the choice of the
10t minute might be too early and therefore not a valid starting time to examine blood lactate
kinetics. It has been reported that the blood lactate steady state is attained approximately
between 15 to 20 minutes (Poole et al., 1988; Beneke, 2003a; Beneke et al., 2009; 2011),
which is similar to the results from Chapter 3. The mean blood lactate at the 10" minute was
significantly lower than at the 30 minute during MLSS suggesting the BLC was not yet
reaching a steady state at the 10" minute. Whereas the BLC at the 15" and 30™ minute
corresponding to MLSS was not significantly different (Figure 3.2), indicating that the blood
lactate began to stabilise. Other than the starting time point of the 10" minute being too early,
the conventional requirement of BLCa1030 < 1 mM also merits further examination. Dotan

(2022a) pointed out that the time required for blood lactate to stabilise, if possible, increases
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with the intensity. Hence, it is possible that the blood lactate failed to meet the conventional
MLSS criterion (BLCai030 < 1 mM) but was able to reach a delayed steady state at a later
time point (e.g. BLCais3 < 1 mM). Suppose the rationale for the conventional 1 mM
criterion is based on Synder et al.’s suggestion; 0.05 mM difference every minute during the
last 20 minutes of a 30 minutes constant intensity exercise (0.05 mM x 20 minutes = 1 mM).
In that case, an intensity at which the blood lactate change can remain less than 0.75 mM
during the last 15 minutes of a 30 minute constant intensity trial would also meet the criterion
of steady state proposed by Snyder et al. (1980) and should be considered as the MLSS.
Using data from Chapter 3 of the current thesis, MLSS for one participant can be identified
as 196 W because BLCa1030 = 1.3 mM when exercising at the next higher work rate of 211
W (MLSS+1sw). However, the BLCa1s30 was 0.6 mM calculated from the same 30 minute
MLSS+1sw constant intensity trial. Based on the BLCais30 < 1 or < 0.75 mM criterion, the
211W which was originally classified as MLSS+1sw could also be considered as MLSS. Such
results showed that the conventional BLCai030 < 1 mM criterion for MLSS determination
failed to account for the delayed steady state in lactate as the intensity increases. In other
words, the conventional MLSS does not equal the highest intensity at which the blood lactate
can remain in a steady state, which deviated from the original definition as the blood lactate
could stabilise at an intensity higher than MLSS based on either 1 mM or the original
criterion proposed by Synder et al. (1980). Therefore, the conventional MLSS should be
considered a flawed performance marker. Alternatively, the BLCais30 should be considered
as a more appropriate period to judge MLSS as it has been demonstrated to able to account

for the delayed blood lactate steady state.

The intensity corresponding to FTP is the power output that can be sustained for 60 minutes
(Allen & Coggan, 2006; 2010). However, results from both Chapter 4 and previous research
(Borszcz et al., 2018; Inglis et al., 2019; Karsten et al., 2021; Sitko et al., 2022) have shown
that it is difficult and often impossible for individuals to sustain the power output
corresponding to the FTP for 60 minutes, regardless of fitness, experience level and which
determination protocol used. Sitko et al. (2002) used the determination protocol proposed
by Allen & Coggan (2006; 2010) and the TTF at FTP was 35, 42, 47 and 51 minutes for
recreationally trained (VOzpeak: 46.9 + 5 ml/min/kg), trained (59.5 = 3.1 ml/min/kg), well
trained (66.4 £ 1.3 ml/min/kg) and professional level (74.3 £ 3.9 ml/min/kg) cyclists,

respectively. Although Chapter 4 used another determination protocol which has also been
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used by previous study for FTP estimation, a similar TTF of 33.7 minutes for participants
with a mean VOzpeak 0f 58.2 + 6.3 ml/min/kg was reported. On the other hand, the FTP has
also been suggested as an alternative to MLSS (Borszcz et al., 2018). However, the blood
lactate kinetics results demonstrated that the BLC change between the 10" and 30" was
above the 1 mM tolerance limit, which makes the FTP not a valid alternative to MLSS.
Unfortunately, blood lactate samples were not collected in the 5 minute intervals in Chapter
4, so it is impossible to identify whether the blood lactate response at FTP can meet the
BLCais30< 1 mM criteria proposed in Chapter 3. An interesting finding from Chapter 4 is
that the FTP could be used to determine MLSS because the blood lactate kinetics for FTP
(BLCa1020 = 0.8 + 0.6 mM) matched the modified criteria for MLSS (BLCa1020 < 2 mM)
proposed by Nixon et al. (2021). These results also suggested that the ability of FTP to
provide an approximation of the MLSS appears to be influenced by the criterion used to
determine the MLSS. Therefore, further research is needed to examine the validity between
MLSS and FTP, as any modified criteria for the MLSS would require a more robust scientific
examination. Overall, similarly to the MLSS, the concept of FTP also does not match its

definition.

When Monod and Scherrer (1965) first proposed the CP, it was described but not defined as
the intensity of “being sustainable for a long time without fatigue”. The definition of CP is
the slope of the work-time relationship during muscular work performed to task failure.
While it is true that the exercise intensity at CP cannot be sustained for a very long time, as
presented in Chapter 5 (mean TTF at CP: 657s). Burnley (2022) has explained why the
durability of exercising at CP should not be justified as the bases of considering CP a flawed
phenomenon and a mathematical artefact. Moreover, Black et al. (2022) explained that the
short TTF does not affect the validity of the CP representing the upper boundary of the heavy
intensity domain because of the extensive and unequivocal physiological evidence presented
by previous studies (Chapter 5; Jones et al., 2008; Nixon et al., 2021). It has become a
common practice in research and coaching to determine a cyclist’s physiological profile
based on whether the power output can be sustained for a fixed time (i.e. 60 minutes).
However, neither MLSS nor FTP, which is fixed time based, can accurately reflect the
physiological response according to Chapters 3 and 4, and the duration of both tests is
arbitrary with no direct association with competitive events. Previous research has also

repeatedly demonstrated high variability in durability when exercising at these fixed time-
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oriented performance markers (Fontana et al., 2009; Pallarés et al., 2020; Sitko et al., 2022;
Chapter 4). To summarise, determining the threshold separating heavy and severe intensity
domains should not simply be based on whether the exercise intensity can be sustained for
a fixed period (e.g. 30 or 60 minutes) as the TTF corresponding to different intensity domains
(CP and CP-+1sw) or performance marker (FTP) varies between individuals (Chapters 4 and
5; Sitko et al., 2022). Practitioners are therefore recommended to avoid using fixed time
based performance markers to estimate physiological response and design training programs
accordingly. The result from the present thesis also demonstrated that it is inappropriate to
consider CP a flawed concept or inferior to MLSS and FTP simply because the intensity
corresponding to CP cannot be sustained for “a very long time” because it is MLSS and FTP

that are in fact deviated from their original definition.

6.2.3 The determination protocol of each performance marker

6.2.3.1 Maximal Lactate Steady State

The validity of whether the MLSS determined using the conventional protocol can represent
the upper boundary of the heavy intensity domain and reflect the true lactate steady state
was examined in Chapter 3. The conventional determination protocol of MLSS depends on
whether the blood lactate change between two arbitrary pre-set time points (10 and 30
minutes) can remain below a fixed value of 1 mM. However, the MLSS determination
protocol modification remains a popular area of debate in the sports science community
(lannetta et al., 2021; Nixon et al., 2021), which at some level reflects that the sports science
community is uncertain about the conventional criterion. Indeed, using the conventional
protocol (BLCai030 < 1 mM) has been suggested and demonstrated to be unable to account
for the possibility of delayed steady-state in lactate (Jones et al., 2019; Chapter 3). In Chapter
3, six out of thirteen participants’ blood lactate difference between the 15 and 30" minute
was able to meet the 1 mM criterion when exercising at MLSS+1sw. It is therefore suggested
that BLCais30 < 1 mM could be a better criterion than BLCai030 < 1 mM for MLSS
determination. Similar to Chapter 3, the BLCais30< 1 mM criterion was also recommended
by lannetta et al. (2021) because the MLSS determined using this criterion was found to be

the best approximation to the power output corresponding to CP.
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The MLSS lacks a standardised protocol for the choice of the first MLSS determination trial
as well as the stage incrementation between determination trials. Identifying the MLSS
requires multiple constant intensity trials and a fixed increase rate between each trial.
Additionally, given the high day-to-day variability in blood lactate (Hauser et al., 2013), the
difference in starting intensity could result in a very different MLSS intensity even for the
same individual. Therefore, the closer the first test is to the MLSS, the fewer tests are
required, which helps minimise the training effect and reduce the labour-intensive nature of
the MLSS determination protocol (Jones et al., 2019). Various intensities have been used as
the first MLSS determination test in previous studies, including 75% = 5% of VO2zmax
(Dekerle et al., 2003); 80% of VOamax = 10 W (Hauser et al., 2013); FTP + 5% (Borszcz et
al., 2018); CP + 10 W (Maturana et al., 2016); self-developed formula £ 10 W (lannetta et
al., 2018) and the power corresponding to lactate minimum =5 W (Fontana et al., 2009).
Whereas the intensity corresponding to the first MLSS determination trial in Chapter 3 was
calculated based on Saif et al.’s findings (2022) and the number of estimation trials was two
to three for most participants, which could be an option to solve the labour intensive problem.
On the other hand, the lack of a standardised fixed increase rate between trials would also
affect the estimation of the MLSS. It has been suggested that a small difference in power
output should be used to improve the precision of the MLSS estimation (Jones et al., 2019).
A difference of 15 W between trials was used in Chapter 3, as Jones et al. (2019) suggested.
Although the choice of £ 15 W can ensure the exercise examined is above the MLSS, it
could be challenged as too large, thereby providing a poor resolution of the MLSS estimation.
Therefore, it is important for future studies to develop a standardised starting intensity and
a universally agreed incremental rate for MLSS determination. Additionally, the
conventional BLCa1030 < 1 mM criterion has been demonstrated to be unable to account for
the complexity of the blood lactate kinetics. Thus, the underestimation of the true MLSS was

at least 15 to 30 W based on the incremental rate used in Chapter 3.

6.2.3.2 Functional Threshold Power

In terms of FTP, although Chapter 4 focused on the physiological response instead of
directly examining the limitation of the FTP determination protocol, the fact that the FTP
lacks a standardised protocol has been repeatedly highlighted by previous research
(Carmichael & Rutberg, 2012; Borszcs et al., 2018; Barranco-Gil et al., 2020; Tramontin et
al., 2022). The determination protocol has been modified several times since it was first
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introduced by Allen and Coggan (2006; 2010). It was suggested that the FTP could be
estimated by 90% of an 8-minute TT (Carmichael & Rutberg, 2012), which was used by
Gavin et al. (2012) and Sanders et al. (2020). However, a previous study concluded that the
FTP determined by 60 and 20 minute tests should not be used interchangeably (Borszcz et
al., 2018; Maclnnis et al., 2019). This conclusion is in line with Chapter 4 because six out of
thirteen participants reached task failure before 40 minutes when exercising at the constant
intensity corresponding to the FTP. Whereas for the 8-minute TT, Carmichael & Rutberg
(2012) claimed the method is developed based on their own experience rather than any
scientific evidence, and both Gavin et al. (2012) and Sanders et al. (2020) did not examine
the validity between the FTPs and FTP20 or FTPeso. Therefore, the problem with the FTP
determination protocol is that it lacks a standardised protocol as there are at least three
protocols that can be used for FTP estimation and the FTP determined between different

protocols cannot be used interchangeably.

6.2.3.3 Critical Power

Multiple methods and equations (i.e. fixed time/power trials and equations 1 to 3) can be
used to determine the exercise intensity corresponding to CP (Leo et al., 2022; Saif et al.,
2022). Even though the present thesis did not examine all determination protocols and
equations, extensive research has been done to determine the validity of different models
and determination protocols (Altuna & Hopker, 2021; Bartram et al., 2017; Burnley et al.,
2006a; Vanhatalo et al., 2007; Wright et al., 2018). Based on Chapter 5, the CP determined
using fixed power trials and the 2 parameter hyperbolic equation can provide a reliable
estimation of the threshold separating the heavy and severe intensity domain, and a valid
solution to address the lack of standardised determination protocol. Therefore, future studies
related to the upper boundary of the heavy intensity domain could use the determination
protocol in Chapter 5 for accurate threshold estimation. Nevertheless, previous studies also

raised concerns regarding the other aspects of the CP determination trials.

In a recent paper, Gorostiaga et al. (2021) suggested that CP determination protocol is
unnecessary and that CP is a mathematical artifact because CS corresponds to 95 % to 99%
of the average speed of the longest determination trial. However, the exercise intensity at CP
in Chapter 5 corresponds to 89 + 3% of the lowest intensity determination trial, ranging from

80% to 93%. Therefore, it is clear that the conclusion made by Gorostiaga et al. (2021) might
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not have accounted for individual differences and do not apply to cyclists because the CP is
well below 95 to 99% of the lowest intensity determination trial. Another aspect of the CP
determination protocol that has been repeatedly challenged is the choice of duration for the
determination trials (Gorostiaga et al., 2021; Dotan, 2022a). The suggested duration for CP
determination trials is between 2 to 15 minutes, with a minimum of 5 minutes difference
between the shortest and longest trial (Vanhatalo etal., 2011; Jones et al., 2019). The purpose
of the suggested 2 to 15 minute duration is to ensure that severe exercise is performed and
that the energetic store is fully depleted at task failure (Burnley, 2023). It provides valid
guidelines to follow if athletes and coaches cannot perform an incremental ramp test to
determine the correct intensity for fixed power determination trials based on the information
of power output corresponding to the GET, as used in Chapter 5. However, it must be
acknowledged that the choice of different duration trials would significantly affect the CP
estimation despite using the same number of trials (Triska et al., 2018). Moreover, fixed time
determination trials have been suggested to inflate the estimation of CP (Black et al., 2015).
Thus, the fixed power/intensity approach should be preferred over the fixed time approach

as the standardised protocol.

The validity of the CP determination protocol has also been questioned because trials longer
than 15 minutes are rarely used in the determination trials (Dotan, 2022a; 2022b). Dotan
(2022c) suggested the reason for not using longer trials is “to avoid confronting longer trials
that would result in MLSS-like CP”. Indeed, it has been reported that using long
determination trials (e.g. 76 minutes) resulted in the CP being 2% lower than the intensity
corresponding to the MLSS (Pallarés et al., 2020). However, the aim of establishing CP is
to identify the highest intensity at which the VO can stabilise without increasing towards
VO2max. Therefore, longer determination trials would not only influence the result to
“MLSS-like CP”, but also lose the essence of CP. Results from Chapter 3 of this thesis
demonstrate that MLSS is not the upper boundary of the heavy intensity domain because
VO stabilised, and VOzpeak Was not reached when exercising 15 W above it. On the contrary,
the VO failed to stabilise, and VOzpeak Was achieved when exercising 15 W the above CP,
as demonstrated in Chapter 5. Therefore, using determination trials longer than 15 minutes
would risk performing a determination trial at the heavy intensity domain (Burnley, 2023),
and the result of the “MLSS-like CP”” would underestimate the MMSS.

113



6.2.4 Practical implications

Given that the VO2zmax is one of the important factors that determine endurance sports
performance (Joyner & Coyle, 2008), it is essential that practitioners can accurately
categorise different intensity zones that target specific physiologic responses. In this case,
the correct intensity zone leads to VOzmax attainment, hence, beneficial for VO2zmax
improvement. Practitioners in cycling tend to use FTP to inform the power output
corresponding to different training zones. It is commonly assumed that VO2zmax Will be
achieved when exercising at or above 106% of the FTP (Table 1.1). Similar to MLSS, it is
considered a valid representation of MMSS by some researchers therefore VOamax is thought
to be reached when exercising above it. However, the training session would be without
specificity if the prescribed intensity cannot trigger the required physiological stress (e.g.
VO2max attainment). In Chapters 3 and 4, it is demonstrated that the end test VO:
corresponding to 9 £ 2% and 7 + 2% above the MLSS and FTP, respectively, was well below
the VO2peak (MLSS+15w: 78 + 7% 0f VOzpeak and FTP+1sw: 87 * 3% of VOzpeak). Whereas the
VO2peak Was achieved when exercising 6% above the CP (95 * 1% of VOzpeak). Based on
these findings, it is suggested that practitioners should abandon the use of FTP and MLSS
and adapt CP for correct training perception to ensure the desired training adaption is

achieved for VOzmax improvement.

One of the significant values of CP that MLSS and FTP cannot offer is that the concept of
CP theoretically can be used to calculate the TTF over any severe intensity exercise. In
Chapter 5, the mean TTF for CP+1sw trials before the one week HIT was 76 + 15% of the
predicted performance. However, after 5 hours of HIT training, the TTF at CP+15wpost Was
not significantly different from the predicted time calculated using pretraining data, and the
end test lactate was higher than in all the pre-training CP+1sw trials. Such results could be
owing to the fact that CP or W’ or both increased after the training. Although the CP and W’
were not re-determined after the training intervention, it is unlikely that CP and W’ increased
based on the nature of the prescribed training program and the VO data. It is well established
that individuals with a relatively higher proportion of type | muscle fibres will have a higher
CP because the enhanced capillarisation allows the muscle to maintain higher oxygenated
blood perfusion and interstitial POz values during rest and exercise (Goulding & Marwood,
2023). Contrary to the HIT training prescribed in Chapter 5 which consists of repeated 30 s
all out cycling, endurance training predominantly recruits type | muscle fibre causing
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hypertrophy specific to type I muscle fibre (Jones & Carter, 2000). Moreover, regular
endurance training could cause a transition from type Il to type I muscle fibre which results
in an increased percentage of type | muscle fibre (Sale etal., 1990; Luden et al., 2012; Wilson
et al., 2012) and endurance training has been reported as an effective method to increase CP
accordingly (Gaesser & Wilson, 1988; Jenkins & Quigley, 1992). It is unlikely that the 1
week/5 hours of HIT improved the CP in Chapter 5. In terms of the W”, given that the W’ is
correlated with the amplitude of VO2sc (Goulding et al., 2021) and the VOasc corresponding
to CP+15w3 and CP-+1swpost Was not significantly different. Therefore, it suggested that the W’
also does not appear to be increased after the training intervention in Chapter 5. The

performance improvement could be a result of other factors.

At the post-training retest, the TTF at CP+1swpost Was not significantly different from the
predicted time estimate pre-training, and the end test lactate was higher than in all CP+1sw
trials before training. Such results indicate a possibility that before the training, participants’
fitness status was not optimised to allow them to expend their W fully’ (Salam et al., 2018).
After training, it was demonstrated that the 2-parameter hyperbolic CP model could closely
estimate the best severe intensity exercise performance. It is possible that the CP can
accurately predict the best performance that an individual can physiologically achieve. Still,
an appropriate training program must be assigned to maximise performance gain first. In
that case, the predicted time of constant severe intensity exercise can indicate the fitness
state and gives coaches an indicator of when to retest and reassign appropriate intensity to
ensure continued fitness development. Alternatively, the results of Chapter 5 could be that
the CP model overestimated the TTF at constant severe intensity exercise. It is also possible
that the CP improved after the training as the end test VO slightly reduced. Thus, the TTF
at the same power output was prolonged after training. The results from Chapter 5 cannot
conclude which of the abovementioned possibilities is the case. Further research is required

to examine the validity of the concept of CP in predicting constant severe intensity exercise.

6.3 Conclusion

The primary objective of the present thesis was to determine whether MLSS, FTP or CP is
a valid representation of the threshold between the heavy and severe intensity domains, i.e.

the MMSS. Instead of addressing this question from a statistical perspective or whether
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cyclists can sustain for a fixed amount of time when exercising at and above each exercise
intensity, the physiological response corresponds to, at, and 15 W above the MLSS, FTP and
CP was examined. Although MLSS and FTP are popular and considered valid performance
markers in both research and practical settings, the results in Chapters 3 and 4 demonstrated
that the physiological response (i.e. VO2 stabilised and VOzpeak Not reached) when exercising
at and above MLSS and FTP matched the characteristics of the heavy intensity domain.
Furthermore, chapters 3 and 4 demonstrated an apparent dissociation between the VO2 and
lactate Kinetics, indicating that relying solely on blood lactate is inappropriate to identify the
upper boundary of the heavy intensity domain. Contrary to exercising above the MLSS and
FTP, the physiological response when exercising above the CP matched the expected
characteristics of severe intensity exercise (i.e. the VO2 failed to stabilise and VOzpeax Was
achieved). Therefore, the exercise intensity corresponding to CP should be the one to
represent the threshold between the heavy and severe intensity domain. Further work is
required to examine the issues of MLSS, FTP and CP highlighted in the present thesis i.e.
how to account for the delayed steady state in blood lactate; the usefulness of FTP; and the

ability to use CP and W’ to predict severe intensity performance.

116



Reference

Achten, J. and Jeukendrup, A.E., 2003. Heart rate monitoring. Sports Medicine, 33(7),
pp.517-538. https://doi.org/10.2165/00007256-200333070-00004

Allen, H., & Coggan, A., 2006. Training and racing with a power meter (1% ed). Velo

Press, Colorado.

Allen, H., & Coggan, A., 2010. Training and racing with a power meter (2" ed). Velo
Press, Colorado.

Allen, H., & Coggan, A., 2012. Training and racing with a power meter (3" ed). Velo

Press, Colorado.

Altuna, A. and Hopker, J., 2021. Estimating maximal metabolic steady state using critical

power: which model is best?. Journal of Science and Cycling, 10(2). https://www.jsc-

journal.com/index.php/JSC/article/view/663

Altuna, A. and Hopker, J., 2022.Commentary on “Over 55 years of Critical Power: Fact or
Artifact”. Scandinavian Journal of Medicine & Science in Sports, 32(3), pp.636-637.
https://doi.org/10.1111/sms.14122

Ashtiani, F., Sreedhara, V.S.M., Vahidi, A., Hutchison, R. and Mocko, G., 2019, July.
Experimental modeling of cyclists fatigue and recovery dynamics enabling optimal pacing
in a time trial. In 2019 American Control Conference (ACC), pp. 5083-5088.
https://doi.org/10.23919/ACC.2019.8814854

Aunola, S. and Rusko, H., 1992. Does anaerobic threshold correlate with maximal lactate
steady-state? Journal of Sports Sciences, 10(4), pp.309-323.
https://doi.org/10.1080/02640419208729931

117


https://doi.org/10.2165/00007256-200333070-00004
https://www.jsc-journal.com/index.php/JSC/article/view/663
https://www.jsc-journal.com/index.php/JSC/article/view/663
https://doi.org/10.1111/sms.14122
file://///Volumes/PORTABLE/10.23919/ACC.2019.8814854.
https://doi.org/10.1080/02640419208729931

Bacon, A.P., Carter, R.E., Ogle, E.A. and Joyner, M.J., 2013. VO2max trainability and
high intensity interval training in humans: a meta-analysis. PloS one, 8(9), p.e73182.
https://doi.org/10.1371/journal.pone.0073182

Bailey, S.J., Vanhatalo, A., Dimenna, F.J., Wilkerson, D.P. and Jones, A.M., 2011. Fast-
start strategy improves VO2 kinetics and high-intensity exercise performance. Medicine &
Science in Sports & Exercise, 43(3), pp.457-467.
https://doi.org/10.1249/mss.0b013e3181ef3dce

Bailey, S.J., Wilkerson, D.P., DiMenna, F.J. and Jones, A.M., 2009. Influence of repeated
sprint training on pulmonary O2 uptake and muscle deoxygenation Kinetics in

humans. Journal of Applied Physiology, 106(6), pp.1875-1887.
https://doi.org/10.1152/japplphysiol.00144.2009

Baker, A.J., Kostov, K.G., Miller, R.G. and Weiner, M.W., 1993. Slow force recovery
after long-duration exercise: metabolic and activation factors in muscle fatigue. Journal of
Applied Physiology, 74(5), pp.2294-2300. https://doi.org/10.1152/jappl.1993.74.5.2294

Baron, B., Dekerle, J., Robin, S., Neviere, R., Dupont, L., Matran, R., Vanvelcenaher, J.,
Robin, H. and Pelayo, P., 2003. Maximal lactate steady state does not correspond to a
complete physiological steady state. International Journal of Sports Medicine, 24(8),
pp.582-587. https://doi.org/ 10.1055/s-2003-43264

Baron, B., Noakes, T.D., Dekerle, J., Moullan, F., Robin, S., Matran, R. and Pelayo, P.,
2008. Why does exercise terminate at the maximal lactate steady state intensity? British
Journal of Sports Medicine, 42(10), pp.828-833.
http://dx.doi.org/10.1136/bjsm.2007.040444

Barranco-Gil, D., Gil-Cabrera, J., Valenzuela, P.L., Alejo, L.B., Montalvo-Pérez, A.,
Talavera, E., Moral-Gonzélez, S. and Lucia, A., 2020. Functional Threshold Power:
Relationship With Respiratory Compensation Point and Effects of Various Warm-Up
Protocols. International Journal of Sports Physiology and Performance, 15(7), pp.1047-
1051. https://doi.org/10.1123/ijspp.2019-0402

118


https://doi.org/10.1371/journal.pone.0073182
https://doi.org/10.1249/mss.0b013e3181ef3dce
https://doi.org/10.1152/japplphysiol.00144.2009
https://doi.org/10.1152/jappl.1993.74.5.2294
https://doi.org/%2010.1055/s-2003-43264
http://dx.doi.org/10.1136/bjsm.2007.040444
https://doi.org/10.1123/ijspp.2019-0402

Barstow, T.J., Jones, A.M., Nguyen, P.H. and Casaburi, R., 1996. Influence of muscle
fiber type and pedal frequency on oxygen uptake kinetics of heavy exercise. Journal of
Applied Physiology, 81(4), pp.1642-1650. https://doi.org/10.1152/jappl.1996.81.4.1642

Bartram, J.C., Thewlis, D., Martin, D.T. and Norton, K.I., 2017. Predicting critical power
in elite cyclists: questioning the validity of the 3-minute all-out test. International Journal
of Sports Physiology and Performance, 12(6), pp.783-787.
https://doi.org/10.1123/ijspp.2016-0376

Beaver, W.L., Wasserman, K. and Whipp, B.J., 1986. A new method for detecting
anaerobic threshold by gas exchange. Journal of Applied Physiology, 60(6), pp.2020-2027.
https://doi.org/10.1152/jappl.1986.60.6.2020

Beelen, A. and Sargeant, A.J., 1993. Effect of prior exercise at different pedalling
frequencies on maximal power in humans. European Journal of Applied Physiology and
Occupational Physiology, 66(2), pp.102-107. https://doi.org/10.1007/BF01427049

Beneke, R., 1995. Anaerobic threshold, individual anaerobic threshold, and maximal
lactate steady state in rowing. Medicine & Science in Sports & Exercise, 27(6), pp.863-
867. PMID:7658947

Beneke, R., 2003a. Methodological aspects of maximal lactate steady state—implications
for performance testing. European Journal of Applied Physiology, 89(1), pp.95-99.
https://doi.org/10.1007/s00421-002-0783-1

Beneke, R., 2003b. Maximal lactate steady state concentration (MLSS): experimental and
modelling approaches. European Journal of Applied Physiology, 88(4-5), pp.361-3609.
https://doi.org/10.1007/s00421-002-0713-2

Beneke, R., Heck, H., Hebestreit, H. and Leithduser, R.M., 2009. Predicting maximal
lactate steady state in children and adults. Pediatric Exercise Science, 21(4), pp.493-505.
https://doi.org/10.1123/pes.21.4.493

119


https://doi.org/10.1152/jappl.1996.81.4.1642
https://doi.org/10.1123/ijspp.2016-0376
https://doi.org/10.1152/jappl.1986.60.6.2020
https://doi.org/10.1007/BF01427049
https://europepmc.org/article/med/7658947
https://doi.org/10.1007/s00421-002-0783-1
https://doi.org/10.1007/s00421-002-0713-2
https://doi.org/10.1123/pes.21.4.493

Beneke, R., Hitler, M. and Leithduser, R.M., 2000. Maximal lactate-steady-state
independent of performance. Medicine & Science in Sports & Exercise, 32(6), pp.1135-
1139. https://doi.org/10.1097/00005768-200006000-00016

Beneke, R., Hitler, M., von Duvillard, S.P., Sellens, M. and Leithauser, R.M., 2003. Effect
of test interruptions on blood lactate during constant workload testing. Medicine & Science
in Sports & Exercise, 35(9), pp.1626-1630.
https://doi.org/10.1249/01.MSS.0000084520.80451.D5

Beneke, R., Leithduser, R.M. and Hutler, M., 2001. Dependence of the maximal lactate
steady state on the motor pattern of exercise. British Journal of Sports Medicine, 35(3),
pp.192-196. http://dx.doi.org/10.1136/bjsm.35.3.192

Beneke, R., Leithduser, R.M. and Ochentel, O., 2011. Blood lactate diagnostics in exercise
testing and training. International Journal of Sports Physiology and Performance, 6(1),
pp.8-24. https://doi.org/10.1123/ijspp.6.1.8

Beneke, R. and von Duvillard, S.P., 1996. Determination of maximal lactate steady state
response in selected sports events. Medicine & Science in Sports & Exercise, 28(2),
pp.241-246. https://doi.org/10.1097/00005768-199602000-00013

Bergman, B.C., Wolfel, E.E., Butterfield, G.E., Lopaschuk, G.D., Casazza, G.A., Horning,
M.A. and Brooks, G.A., 1999. Active muscle and whole body lactate kinetics after
endurance training in men. Journal of Applied Physiology, 87(5), pp.1684-1696.
https://doi.org/10.1152/jappl.1999.87.5.1684

Bergstrom, H.C., Housh, T.J., Cochrane-Snyman, K.C., Jenkins, N.D., Byrd, M.T.,
Switalla, J.R., Schmidt, R.J. and Johnson, G.O., 2017. A model for identifying intensity
zones above critical velocity. The Journal of Strength & Conditioning Research, 31(12),
pp.3260-3265. http://doi.org/10.1519/JSC.0000000000001769

120


https://doi.org/10.1097/00005768-200006000-00016
https://doi.org/10.1249/01.mss.0000084520.80451.d5
http://dx.doi.org/10.1136/bjsm.35.3.192
https://doi.org/10.1123/ijspp.6.1.8
https://doi.org/10.1097/00005768-199602000-00013
https://doi.org/10.1152/jappl.1999.87.5.1684
http://doi.org/10.1519/JSC.0000000000001769

Bergstrom, H.C., Housh, T.J., Zuniga, J.M., Traylor, D.A., Camic, C.L., Lewis Jr, R.W.,
Schmidt, R.J. and Johnson, G.O., 2013. The relationships among critical power determined
from a 3-min all-out test, respiratory compensation point, gas exchange threshold, and
ventilatory threshold. Research Quarterly for Exercise and Sport, 84(2), pp.232-238.
https://doi.org/10.1080/02701367.2013.784723

Billat, V.L., Slawinksi, J., Bocquet, V., Chassaing, P., Demarle, A. and Koralsztein, J.P.,
2001. Very Short (15 s-15 s) Interval-Training Around the Critical Velocity Allows
Middle-Aged Runners to Maintain V' O2 max for 14 minutes. International Journal of
Sports Medicine, 22(03), pp.201-208. https://doi.org/10.1055/s-2001-16389

Billat, V.L., Sirvent, P., Py, G., Koralsztein, J.P. and Mercier, J., 2003. The concept of
maximal lactate steady state. Sports medicine, 33(6), pp.407-426.
https://doi.org/10.2165/00007256-200333060-00003

Bishop, D., Jenkins, D.G. and Howard, A., 1998. The critical power function is dependent
on the duration of the predictive exercise tests chosen. International Journal of Sports
Medicine, 19(02), pp.125-129. https://doi.org/10.1055/s-2007-971894

Black, M.1., Jones, A.M., Bailey, S.J. and Vanhatalo, A., 2015. Self-pacing increases
critical power and improves performance during severe-intensity exercise. Applied
Physiology, Nutrition, and Metabolism, 40(7), pp.662-670. https://doi.org/10.1139/apnm-
2014-0442

Black, M.1., Jones, A.M., Blackwell, J.R., Bailey, S.J., Wylie, L.J., McDonagh, S.T.,
Thompson, C., Kelly, J., Sumners, P., Mileva, K.N. and Bowtell, J.L., 2017. Muscle
metabolic and neuromuscular determinants of fatigue during cycling in different exercise
intensity domains. Journal of Applied Physiology, 122(3), pp.446-459.
https://doi.org/10.1152/japplphysiol.00942.2016

Black, M.1., Simpson, L.P., Goulding, R.P. and Spragg, J., 2022. A critique of “A critical
review of critical power”. European Journal of Applied Physiology, 122, pp.1745-1746.
https://doi.org/10.1007/s00421-022-04959-7

121


https://doi.org/10.1080/02701367.2013.784723
https://doi.org/10.1055/s-2001-16389
https://doi.org/10.2165/00007256-200333060-00003
https://doi.org/10.1055/s-2007-971894
https://doi.org/10.1139/apnm-2014-0442
https://doi.org/10.1139/apnm-2014-0442
https://doi.org/10.1152/japplphysiol.00942.2016
https://doi.org/10.1007/s00421-022-04959-7

Bommasamudram, T., Ravindrakumar, A., Varamenti, E., Tod, D., Edwards, B.J., Peter,
I.G. and Pullinger, S.A., 2022. Daily variation in time-trial sporting performance: A
systematic review. Chronobiology International, 39(9), pp.1167-1182.
https://doi.org/10.1080/07420528.2022.2090373

Borszcz, F., Tramontin, A., Bossi, A., Carminatti, L. and Costa, V., 2018. Functional
threshold power in cyclists: validity of the concept and physiological

responses. International Journal of Sports Medicine, 39(10), pp.737-742.
https://doi.org/10.1055/s-0044-101546

Borszcz, F.K., Tramontin, A.F. and Costa, V.P., 2019. Is the Functional Threshold Power
Interchangeable With the Maximal Lactate Steady State in Trained Cyclists?. International
Journal of Sports Physiology and Performance, 14(8), pp.1029-1035.
https://doi.org/10.1123/ijspp.2018-0572

Bossi, A.H., Mesquida, C., Passfield, L., Rgnnestad, B.R. and Hopker, J.G., 2020.
Optimizing interval training through power-output variation within the work

intervals. International Journal of Sports Physiology and Performance, 15(7), pp.982-989.
https://doi.org/10.1123/ijspp.2019-0260

Bréuer, E.K. and Smekal, G., 2020. VO2 Steady State at and Just Above Maximum
Lactate Steady State Intensity. International Journal of Sports Medicine, 41(9), pp 574-
581. http://doi.org/10.1055/a-1100-7253

Broxterman, R.M., Craig, J.C. and Kirby, B.S., 2022. Critical Power: Over 95 years of
evidence and evolution. Scandinavian Journal of Medicine & Science in Sports, 32(5),
pp.933-934. https://doi.org/10.1111/sms.14154

Brooks, G.A., 2009. Cell—cell and intracellular lactate shuttles. The Journal of Physiology,
587(23), pp.5591-5600. https://doi.org/10.1113/jphysiol.2009.178350

Brooks, G.A., 2018. The science and translation of lactate shuttle theory. Cell Metabolism,
27(4), pp.757-785. https://doi.org/10.1016/j.cmet.2018.03.008

122


https://doi.org/10.1080/07420528.2022.2090373
https://doi.org/10.1055/s-0044-101546
https://doi.org/10.1123/ijspp.2018-0572
https://doi.org/10.1123/ijspp.2019-0260
https://www.thieme-connect.com/products/ejournals/abstract/10.1055/a-1100-7253
https://doi.org/10.1111/sms.14154
https://doi.org/10.1113/jphysiol.2009.178350
https://doi.org/10.1016/j.cmet.2018.03.008

Brooks, G.A., Dubouchaud, H., Brown, M., Sicurello, J.P. and Butz, C.E., 1999. Role of
mitochondrial lactate dehydrogenase and lactate oxidation in the intracellular lactate
shuttle. Proceedings of the National Academy of Sciences, 96(3), pp.1129-1134.
https://doi.org/10.1073/pnas.96.3.1129

Brooks, G.A., Rossiter, H.B., Poole, D.C. and Gladden, L.B., 2021. Reply from George A.
Brooks, Harry B. Rossiter, David C. Poole and L. Bruce Gladden. The Journal of
Physiology, 599(5), pp.1711-1712. https://escholarship.org/uc/item/1p08n901

Broxterman, R.M., Craig, J.C. and Richardson, R.S., 2018. The respiratory compensation
point and the deoxygenation break point are not valid surrogates for critical power and
maximum lactate steady state. Medicine & Science in Sports & Exercise, 50(11), pp.2379-
2382. http://doi.org/10.1249/MSS.0000000000001699

Burnley, M., 2022. Critical power is the severe intensity domain boundary, not a power
output that can be maintained “for a very long time without fatigue”. European Journal of
Applied Physiology, 122, pp.1741-1742. https://doi.org/10.1007/s00421-022-04960-0

Burnley, M., 2023. Flawed analysis and erroneous interpretations of the critical power
concept: response to Mr. Dotan. European Journal of Applied Physiology, 123, pp.211-
213. https://doi.org/10.1007/s00421-022-05013-2

Burnley, M., Bearden, S.E. and Jones, A.M., 2022. Polarized Training Is Not Optimal for
Endurance Athletes: Response to Foster and Colleagues. Medicine & Science in Sports &
Exercise, 54(6), pp.1038-1040. https://doi.org/10.1249/mss.0000000000002924

Burnley, M., Davison, G. and Baker, J.R., 2011. Effects of priming exercise on VO2
kinetics and the power-duration relationship. Medicine & Science in Sports & Exercise,
43(11), pp.2171-2179. https://doi.org/10.1249/mss.0b013e318211f26d

Burnley, M., Doust, J.H. and Jones, A.M., 2005. Effects of prior warm-up regime on
severe-intensity cycling performance. Medicine & Science in Sports & Exercise, 37(5),
pp.838-845. https://doi.org/10.1249/01.MSS.0000162617.18250.77

123


https://doi.org/10.1073/pnas.96.3.1129
https://escholarship.org/uc/item/1p08n901
https://doi.org/10.1249/mss.0000000000001699
https://doi.org/10.1007/s00421-022-04960-0
https://doi.org/10.1007/s00421-022-05013-2
https://doi.org/10.1249/mss.0000000000002924
https://doi.org/10.1249/mss.0b013e31821ff26d
https://doi.org/10.1249/01.MSS.0000162617.18250.77

Burnley, M., Doust, J.H. and Jones, A.M., 2006a. Time required for the restoration of
normal heavy exercise VOZ2 kinetics following prior heavy exercise. Journal of Applied
Physiology, 101(5), pp.1320-1327. https://doi.org/10.1152/japplphysiol.00475.2006

Burnley, M., Doust, J.H. and Vanhatalo, A., 2006b. A 3-min all-out test to determine peak
oxygen uptake and the maximal steady state. Medicine & Science in Sports &
Exercise, 38(11), pp.1995-2003. https://doi.org/10.1249/01.mss.0000232024.06114.a6

Burnley, M., Jones, A.M., Carter, H. and Doust, J.H., 2000. Effects of prior heavy exercise
on phase Il pulmonary oxygen uptake kinetics during heavy exercise. Journal of Applied
Physiology, 89(4), pp.1387-1396. https://doi.org/10.1152/jappl.2000.89.4.1387

Burnley, M. and Jones, A.M., 2007. Oxygen uptake Kinetics as a determinant of sports
performance. European Journal of Sport Science, 7(2), pp.63-79.
https://doi.org/10.1080/17461390701456148

Burnley, M. and Jones, A.M., 2018. Power—duration relationship: Physiology, fatigue, and
the limits of human performance. European Journal of Sport Science, 18(1), pp.1-12.
https://doi.org/10.1080/17461391.2016.1249524

Caen, K., Pogliaghi, S., Lievens, M., Vermeire, K., Bourgois, J.G. and Boone, J., 2021.
Ramp vs. step tests: valid alternatives to determine the maximal lactate steady-state
intensity?. European Journal of Applied Physiology, 121(7), pp.1899-1907.
https://doi.org/10.1007/s00421-021-04620-9

Cairns, S.P., 2006. Lactic acid and exercise performance. Sports Medicine, 36(4), pp.279-
291. https://doi.org/10.2165/00007256-200636040-00001

Carmichael, C. and Rutberg, J., 2012. The Time-crunched Cyclist: Fit, Fast, Powerful in 6

Hours a Week. Velo Press. Colorado.

124


https://doi.org/10.1152/japplphysiol.00475.2006
https://doi.org/10.1249/01.mss.0000232024.06114.a6
https://doi.org/10.1152/jappl.2000.89.4.1387
https://doi.org/10.1080/17461390701456148
https://doi.org/10.1080/17461391.2016.1249524
https://doi.org/10.1007/s00421-021-04620-9
https://doi.org/10.2165/00007256-200636040-00001

Carter, H., Jones, A.M., Barstow, T.J., Burnley, M., Williams, C.A. and Doust, J.H., 2000.
Oxygen uptake kinetics in treadmill running and cycle ergometry: a comparison. Journal
of Applied Physiology, 89(3), pp.899-907. https://doi.org/10.1152/jappl.2000.89.3.899

Carter, H., Pringle, J.S., Boobis, L., Jones, A.M. and Doust, J.H., 2004. Muscle glycogen
depletion alters oxygen uptake kinetics during heavy exercise. Medicine & Science in
Sports & Exercise, 36(6), pp.965-972.
http://doi.org/10.1249/01.mss.0000128202.73676.11

Chidnok, W., Dimenna, F.J., Bailey, S.J., Vanhatalo, A., Morton, R.H., Wilkerson, D.P.
and Jones, A.M., 2012. Exercise tolerance in intermittent cycling: application of the critical
power concept. Medicine & Science in Sports & Exercise, 44(5), pp.966-976.
https://doi.org/10.1249/mss.0b013e31823ea28a

Clarke, D.C. and Skiba, P.F., 2013. Rationale and resources for teaching the mathematical
modeling of athletic training and performance. Advances in Physiology Education, 37(2),
pp 134-152. https://doi.org/10.1152/advan.00078.2011

Clark, I.E., Murray, S.R. and Pettitt, R.W., 2013. Alternative procedures for the three-
minute all-out exercise test. The Journal of Strength & Conditioning Research, 27(8),
pp.2104-2112. https://doi.org/10.1519/JSC.0b013e3182785041

Cleuziou, C., Perrey, S., Lecoq, A.M., Candau, R., Courteix, D. and Obert, P., 2005.
Oxygen uptake kinetics during moderate and heavy intensity exercise in humans: the
influence of hypoxia and training status. International Journal of Sports Medicine, 26(5),
pp-356-362. http://doi.org/10.1055/s-2004-821158

Colosio, A.L., Caen, K., Bourgois, J.G., Boone, J. and Pogliaghi, S., 2020. Bioenergetics
of the VO2 slow component between exercise intensity domains. Pflligers Archiv-
European Journal of Physiology, 472(10), pp.1447-1456. https://doi.org/10.1007/s00424-
020-02437-7

125


https://doi.org/10.1152/jappl.2000.89.3.899
http://doi.org/10.1249/01.mss.0000128202.73676.11
http://doi.org/10.1249/mss.0b013e31823ea28a
https://doi.org/10.1152/advan.00078.2011
https://doi.org/10.1519/JSC.0b013e3182785041
http://doi.org/10.1055/s-2004-821158
https://link.springer.com/article/10.1007/s00424-020-02437-7
https://link.springer.com/article/10.1007/s00424-020-02437-7

Colosio, A.L., Caen, K., Bourgois, J.G., Boone, J. and Pogliaghi, S., 2021. Metabolic
instability vs fibre recruitment contribution to the VO2 slow component in different
exercise intensity domains. Pflligers Archiv-European Journal of Physiology, 473(6),
pp.873-882. https://doi.org/10.1007/s00424-021-02573-8

Coyle, E., Feltner, M., Kautz, S., Hamilton, M., Montain, S., Baylor, A., Abraham, L. and
Petrek, G., 1991. Physiological and biomechanical factors associated with elite endurance
cycling performance. Medicine & Science in Sports & Exercise, 23(1), pp.93-107. PMID:
1997818.

Coyle, E.F., Hemmert, M.K. and Coggan, A.R., 1986. Effects of detraining on
cardiovascular responses to exercise: role of blood volume. Journal of Applied
Physiology, 60(1), pp.95-99. http://doi.org/10.1152/jappl.1986.60.1.95

Davison, R., Smith, P., Hopker, J., Price., M., Hettinga, F., Tew, G. and Bottoms, L., 2022.
Sport and Exercise Physiology Testing Guidelines: Volme I — Sport Testing. 51" Edition.
New York: Routledge.

Dekerle, J., Baron, B., Dupont, L., Vanvelcenaher, J. and Pelayo, P., 2003. Maximal
lactate steady state, respiratory compensation threshold and critical power. European
Journal of Applied Physiology, 89(3-4), pp.281-288. https://doi.org/10.1007/s00421-002-

0786-y

Dekerle, J., Brickley, G., Sidney, M. and Pelayo, P., 2006. Application of the critical
power concept in swimming. Portuguese Journal of Sport Sciences, 6(2), pp.121-124.
https://api.semanticscholar.org/CorpusiD:107938479

De Lucas, R.D., De Souza, K.M., Costa, V.P., Grossl, T. and Guglielmo, L.G.A., 2013.
Time to exhaustion at and above critical power in trained cyclists: The relationship
between heavy and severe intensity domains. Science & Sports, 28(1), pp.e9-el4.
https://doi.org/10.1016/j.scisp0.2012.04.004

126


https://link.springer.com/article/10.1007/s00424-021-02573-8
https://europepmc.org/article/med/1997818
http://doi.org/10.1152/jappl.1986.60.1.95
https://doi.org/10.1007/s00421-002-0786-y
https://doi.org/10.1007/s00421-002-0786-y
https://api.semanticscholar.org/CorpusID:107938479
https://doi.org/10.1016/j.scispo.2012.04.004

Demarle, A.P., Slawinski, J.J., Laffite, L.P., Bocquet, V.G., Koralsztein, J.P. and Billat,
V.L., 2001. Decrease of O2 deficit is a potential factor in increased time to exhaustion after
specific endurance training. Journal of Applied Physiology, 90(3), pp.947-953.
https://doi.org/10.1152/jappl.2001.90.3.947

Denadai, B.S., Figueira, T.R., Favaro, O.R.P. and Gongalves, M., 2004. Effect of the
aerobic capacity on the validity of the anaerobic threshold for determination of the
maximal lactate steady state in cycling. Brazilian Journal of Medical and Biological
Research, 37(10), pp.1551-1556. https://doi.org/10.1590/S0100-879X2004001000015

De Pauw, K., Roelands, B., Cheung, S.S., De Geus, B., Rietjens, G. and Meeusen, R.,
2013. Guidelines to classify subject groups in sport-science research. International Journal
of Sports Physiology and Performance, 8(2), pp.111-122.
https://doi.org/10.1123/ijspp.8.2.111

DiMenna, F.J., Fulford, J., Bailey, S.J., Vanhatalo, A., Wilkerson, D.P. and Jones, A.M.,
2010. Influence of priming exercise on muscle [PCr] and pulmonary O2 uptake dynamics
during ‘work-to-work’knee-extension exercise. Respiratory Physiology &

Neurobiology, 172(1-2), pp.15-23. https://doi.org/10.1016/].resp.2010.04.017

Dolci, F., Kilding, A.E., Chivers, P., Piggott, B. and Hart, N.H., 2020. High-intensity
interval training shock microcycle for enhancing sport performance: a brief review. The
Journal of Strength & Conditioning Research, 34(4), pp.1188-1196.
https://doi.org/10.1519/JSC.0000000000003499

Dotan, R., 2022a. A critical review of critical power. European Journal of Applied
Physiology, 122, pp.1559-1588. https://doi.org/10.1007/s00421-022-04922-6

Dotan, R., 2022b. Unwarranted manipulation of the critical power concept: response to Dr.
Burnley. European Journal of Applied Physiology, 122, pp.1743-1744.
https://doi.org/10.1007/s00421-022-04967-7

127


https://doi.org/10.1152/jappl.2001.90.3.947
https://doi.org/10.1590/S0100-879X2004001000015
https://doi.org/10.1123/ijspp.8.2.111
https://doi.org/10.1016/j.resp.2010.04.017
https://doi.org/10.1519/JSC.0000000000003499
https://doi.org/10.1007/s00421-022-04922-6
https://doi.org/10.1007/s00421-022-04967-7

Dotan, R., 2022c. Crystallization of the critical power controversy: response to Black et
al. European Journal of Applied Physiology, 122, pp.1747-1748.
https://doi.org/10.1007/s00421-022-04968-6

Dotan, R., 2023. Using Vo2max as a training-status marker? Is the question still valid in
2022?. Journal of Applied Physiology, 134(2), pp.305-305.
https://doi.org/10.1152/japplphysiol.00648.2022

Dubouchaud, H., Butterfield, G.E., Wolfel, E.E., Bergman, B.C. and Brooks, G.A., 2000.
Endurance training, expression, and physiology of LDH, MCT1, and MCT4 in human
skeletal muscle. American Journal of Physiology Endocrinology and Metabolism, 278(4),
pp.571-579. https://doi.org/10.1152/ajpendo.2000.278.4.E571

Faude, O., Hecksteden, A., Hammes, D., Schumacher, F., Besenius, E., Sperlich, B. and
Meyer, T., 2016. Reliability of time-to-exhaustion and selected psycho-physiological
variables during constant-load cycling at the maximal lactate steady-state. Applied
Physiology, Nutrition, and Metabolism, 42(2), pp.142-147. https://doi.org/10.1139/apnm-
2016-0375

Faude, O., Kindermann, W., and Meyer, T., 2009. Lactate Threshold Concepts: how valid
are they. Sports Medicine, 39(6), pp.469-490. https://doi.org/10.2165/00007256-
200939060-00003

Ferguson, R.A., Krustrup, P., Kjaer, M., Mohr, M., Ball, D. and Bangsbo, J., 2006. Effect
of temperature on skeletal muscle energy turnover during dynamic knee-extensor exercise
in humans. Journal of Applied Physiology, 101(1), pp.47-52.
https://doi.org/10.1152/japplphysiol.01490.2005

Ferguson, C., Rossiter, H.B., Whipp, B.J., Cathcart, A.J., Murgatroyd, S.R. and Ward,
S.A., 2010. Effect of recovery duration from prior exhaustive exercise on the parameters of
the power-duration relationship. Journal of Applied Physiology, 108(4), pp.866-874.
https://doi.org/10.1152/japplphysiol.91425.2008

128


https://doi.org/10.1007/s00421-022-04968-6
https://doi.org/10.1152/japplphysiol.00648.2022
https://doi.org/10.1152/ajpendo.2000.278.4.E571
https://doi.org/10.1139/apnm-2016-0375
https://doi.org/10.1139/apnm-2016-0375
https://link.springer.com/article/10.2165/00007256-200939060-00003
https://link.springer.com/article/10.2165/00007256-200939060-00003
https://doi.org/10.1152/japplphysiol.01490.2005
https://doi.org/10.1152/japplphysiol.91425.2008

Ferguson, C., Whipp, B.J., Cathcart, A.J., Rossiter, H.B., Turner, A.P. and Ward, S.A.,
2007. Effects of prior very-heavy intensity exercise on indices of aerobic function and
high-intensity exercise tolerance. Journal of Applied Physiology, 103(3), pp.812-822.
https://doi.org/10.1152/japplphysiol.01410.2006

Florence, S.L. and Weir, J.P., 1997. Relationship of critical velocity to marathon running

performance. European Journal of Applied Physiology and Occupational
Physiology, 75(3), pp.274-278. https://doi.org/10.1007/s004210050160

Fontana, P., Boutellier, U. and Knopfli-Lenzin, C., 2009. Time to exhaustion at maximal
lactate steady state is similar for cycling and running in moderately trained

subjects. European Journal of Applied Physiology, 107(2), pp.187-192.
https://doi.org/10.1007/s00421-009-1111-9

Fukuba, Y. and Whipp, B.J., 1999. A metabolic limit on the ability to make up for lost
time in endurance events. Journal of Applied Physiology, 87(2), pp.853-861.
https://doi.org/10.1152/jappl.1999.87.2.853

Gaesser, G.A. and Poole, D.C., 1996. The slow component of oxygen uptake kinetics in
humans. Exercise and Sport Sciences Reviews, 24(1), pp.35-70. PMID: 8744246.

Gaesser, G.A., Ward, S.A., Baum, V.C. and Whipp, B.J., 1994, Effects of infused
epinephrine on slow phase of O2 uptake kinetics during heavy exercise in humans. Journal
of Applied Physiology, 77(5), pp.2413-2419. https://doi.org/10.1152/jappl.1994.77.5.2413

Gaesser, G.A. and Wilson, L.A., 1988. Effects of continuous and interval training on the
parameters of the power-endurance time relationship for high-intensity

exercise. International Journal of Sports Medicine, 9(6), pp.417-421.
https://doi.org/10.1055/s-2007-1025043

Galan-Rioja, M.A., Gonzalez-Mohino, F., Poole, D.C. and Gonzalez-Ravé, J.M., 2020.
Relative proximity of critical power and metabolic/ventilatory thresholds: systematic
review and meta-analysis. Sports Medicine, 50(10), pp.1771-1783.
https://doi.org/10.1007/s40279-020-01314-8

129


https://doi.org/10.1152/japplphysiol.01410.2006
https://link.springer.com/article/10.1007/s004210050160
https://link.springer.com/article/10.1007/s00421-009-1111-9
https://doi.org/10.1152/jappl.1999.87.2.853
https://pubmed.ncbi.nlm.nih.gov/8744246/
https://doi.org/10.1152/jappl.1994.77.5.2413
https://doi.org/10.1055/s-2007-1025043
https://doi.org/10.1007/s40279-020-01314-8

Garcia-Tabar, I. and Gorostiaga, E.M., 2019. Considerations regarding Maximal Lactate
Steady State determination before redefining the gold-standard. Physiological Reports,
7(22), p.e14293. https://doi.org/10.14814/phy2.14293

Garcia-Tabar, I. and Gorostiaga, E.M., 2021. Comment on: “Relative proximity of critical

power and metabolic/ventilatory thresholds: systematic review and meta-analysis”. Sports
Medicine, 51(9), pp.2011-2013. https://doi.org/10.1007/s40279-021-01497-8

Gavin, T.P., Van Meter, J.B., Brophy, P.M., Dubis, G.S., Potts, K.N. and Hickner, R.C.,
2012. Comparison of a field-based test to estimate functional threshold power and power
output at lactate threshold. The Journal of Strength & Conditioning Research, 26(2),
pp.416-421. https://doi.org/10.1519/JSC.0b013e318220b4eb

Gladden, L.B., 2004. Lactate metabolism: a new paradigm for the third millennium. The
Journal of Physiology, 558(1), pp.5-30. https://doi.org/10.1113/jphysiol.2003.058701

Gorostiaga, E.M., Garcia-Tabar, I. and Sanchez-Medina, L., 2022a. Critical power: Over
95 years of" evidence" and" evolution™. Scandinavian Journal of Medicine & Science in
Sports, 32(6), pp.1069-1071. https://doi.org/10.1111/sms.14159

Gorostiaga, E.M., Garcia-Tabar, I. and Sanchez-Medina, L., 2022b. Response to
commentaries on:" Over 55 years of critical power: fact or artifact?". Scandinavian
Journal of Medicine & Science in Sports, 32(5), pp.935-936.
https://doi.org/10.1111/sms.14152

Gorostiaga, E.M., Garcia-Tabar, |. and Sanchez-Medina, L., 2022c. Response to
commentary on:" Over 55 years of critical power: Fact or artifact?”. Scandinavian Journal
of Medicine & Science in Sports, 32(3), pp.638-639. https://doi.org/10.1111/sms.14124

Gorostiaga, E.M., Sanchez-Medina, L. and Garcia-Tabar, 1., 2021. Over 55 years of critical
power: Fact or artifact?. Scandinavian Journal of Medicine & Science in Sports, 32(1),
pp.116-124. https://doi.org/10.1111/sms.14074

130


https://doi.org/10.14814/phy2.14293
https://link.springer.com/article/10.1007/s40279-021-01497-8
https://doi.org/10.1519/JSC.0b013e318220b4eb
https://doi.org/10.1113/jphysiol.2003.058701
https://doi.org/10.1111/sms.14159
https://doi.org/10.1111/sms.14152
https://doi.org/10.1111/sms.14124
https://doi.org/10.1111/sms.14074

Goulding, R.P. and Marwood, S., 2023. Interaction of Factors Determining Critical
Power. Sports Medicine, 53, pp.595-613. https://doi.org/10.1007/s40279-022-01805-w

Goulding, R.P., Rossiter, H.B., Marwood, S. and Ferguson, C., 2021. Bioenergetic
mechanisms linking V" O2 kinetics and exercise tolerance. Exercise and Sport Sciences
Reviews, 49(4), pp.274-283. https://doi.org/10.1249/JES.0000000000000267

Grossl, T., De Lucas, R.D., de Souza, K.M. and Guglielmo, L.G.A., 2012. Time to
exhaustion at intermittent maximal lactate steady state is longer than continuous cycling
exercise. Applied Physiology, Nutrition, and Metabolism, 37(6), pp.1047-1053.
https://doi.org/10.1139/h2012-088

Hall, M.M., Rajasekaran, S., Thomsen, T.W. and Peterson, A.R., 2016. Lactate: friend or
foe. PM&R, 8(3S), pp.S8-S15. https://doi.org/10.1016/j.pmrj.2015.10.018

Harnish, C.R., Swensen, T.C. and Pate, R.R., 2001. Methods for estimating the maximal
lactate steady state in trained cyclists. Medicine & Science in Sports & Exercise, 33(6),
pp.1052-1055. https://doi.org/10.1097/00005768-200106000-00027

Hauser, T., Bartsch, D., Baumgartel, L. and Schulz, H., 2013. Reliability of maximal
lactate-steady-state. International Journal of Sports Medicine, 34(3), pp.196-199.
https://doi.org/10.1055/s-0032-1321719

Haverty, M., Kenney, W.L. and Hodgson, J.L., 1988. Lactate and gas exchange responses
to incremental and steady state running. British Journal of Sports Medicine, 22(2), pp.51-
54. http://dx.doi.org/10.1136/bjsm.22.2.51

Heck, H., Mader, A., Hess, G., Micke, S., Miller, R. and Hollmann, W., 1985.
Justification of the 4-mmol/I lactate threshold. International Journal of Sports Medicine,
6(3), pp.117-130. https://doi.org/10.1055/s-2008-1025824

He, Z.H., Bottinelli, R., Pellegrino, M.A., Ferenczi, M.A. and Reggiani, C., 2000. ATP

consumption and efficiency of human single muscle fibers with different myosin isoform

131


https://link.springer.com/article/10.1007/s40279-022-01805-w#citeas
https://doi.org/10.1249/JES.0000000000000267
https://doi.org/10.1139/h2012-088
https://doi.org/10.1016/j.pmrj.2015.10.018
https://doi.org/10.1097/00005768-200106000-00027
https://doi.org/10.1055/s-0032-1321719
http://dx.doi.org/10.1136/bjsm.22.2.51
https://doi.org/10.1055/s-2008-1025824

composition. Biophysical Journal, 79(2), pp.945-961. https://doi.org/10.1016/S0006-
3495(00)76349-1

Helgerud, J., Haydal, K., Wang, E., Karlsen, T., Berg, P., Bjerkaas, M., Simonsen, T.,
Helgesen, C., Hjorth, N., Bach, R. and Hoff, J., 2007. Aerobic high-intensity intervals
improve V' O2max more than moderate training. Medicine & Science in Sports &
Exercise, 39(4), pp.665-671. https://doi.org/10.1249/mss.0b013e3180304570

Hill, A.V., 1925. The physiological basis of athletic records. The Scientific Monthly, 21(4),
pp.409-428. https://www.jstor.org/stable/7404

Hill, D.W., Halcomb, J.N. and Stevens, E.C., 2003. Oxygen uptake Kinetics during severe
intensity running and cycling. European Journal of Applied Physiology, 89(6), pp.612-618.
https://doi.org/10.1007/s00421-002-0779-x

Hill, A.V., Long, H. and Lupton, H., 1924. Muscular exercise, lactic acid, and the supply
and utilisation of oxygen.—Parts IV-VI. Proceedings of the Royal Society of London.

Series B, containing papers of a biological character, 97(681), pp.84-138.

Hill, A.V. and Lupton, H., 1923. Muscular exercise, lactic acid, and the supply and
utilization of oxygen. QJM: An International Journal of Medicine, (62), pp.135-171.
https://doi.org/10.1093/gjmed/0s-16.62.135

Hill, D.W., McFarlin, B.K. and Vingren, J.L., 2021. Exercise above the maximal lactate
steady state does not elicit a VO2 slow component that leads to attainment of VO2max.
Applied Physiology, Nutrition, and Metabolism, 46(2), pp.133-139.
https://doi.org/10.1139/apnm-2020-0261

Hill, D.W., Poole, D.C. and Smith, J.C., 2002. The relationship between power and the
time to achieve VO2max. Medicine & Science in Sports & Exercise, 34(4), pp.709-714.
https://doi.org/10.1097/00005768-200204000-00023

132


https://doi.org/10.1016/S0006-3495(00)76349-1
https://doi.org/10.1016/S0006-3495(00)76349-1
https://doi.org/10.1249/mss.0b013e3180304570
https://www.jstor.org/stable/7404
https://doi.org/10.1007/s00421-002-0779-x
https://doi.org/10.1093/qjmed/os-16.62.135
https://doi.org/10.1139/apnm-2020-0261
https://doi.org/10.1097/00005768-200204000-00023

Hoon, M.W., Michael, S.W., Patton, R.L., Chapman, P.G. and Areta, J.L., 2016. A
Comparison of the Accuracy and Reliability of the Wahoo KICKR and SRM Power
Meter. Journal of Science and Cycling, 5(3), pp.11-15.
https://doi.org/10.28985/jsc.v5i3.240

Houmard, J.A., Hortobagyi, T., Johns, R.A., Bruno, N.J., Nute, C.C., Shinebarger, M.H.

and Welborn, J.W., 1992. Effect of short-term training cessation on performance measures

in distance runners. International Journal of Sports Medicine, 13(8), pp.572-576.
https://doi.org/10.1055/s-2007-1024567

Hopkins, W.G., 2000. Measures of reliability in sports medicine and science. Sports
Medicine, 30(1), pp.1-15. https://doi.org/10.2165/00007256-200030010-00001

Hunter, B, Greenhalgh A, Karsten B, Burnley M, Muniz-Pumares D., 2021. A non-linear
analysis of running in the heavy and severe intensity domains. European Journal of
Applied Physiology, 121(5):1297-1313. http://doi.org/10.1007/s00421

lannetta, D., Inglis, E.C., Fullerton, C., Passfield, L. and Murias, J.M., 2018. Metabolic
and performance-related consequences of exercising at and slightly above

MLSS. Scandinavian Journal of Medicine & Science in Sports, 28(12), pp.2481-2493.
https://doi.org/10.1111/sms.13280

lannetta, D., Inglis, E.C., Pogliaghi, S., Murias, J.M. and Keir, D.A., 2020. A" Step-Ramp-
Step™ Protocol to Identify the Maximal Metabolic Steady State. Medicine & Science in
Sports & Exercise, 52(9), pp.2011-2019. https://doi.org/10.1249/mss.0000000000002343

lannetta, D., Ingram, C.P., Keir, D.A. and Murias, J.M., 2021. Methodological
Reconciliation of CP and MLSS and Their Agreement with the Maximal Metabolic Steady
State. Medicine & Science in Sports & Exercise. 54(4):622-632
https://doi.org/10.1249/mss.0000000000002831

Inglis, E.C., lannetta, D., Passfield, L. and Murias, J.M., 2019. Maximal Lactate Steady
State Versus the 20-Minute Functional Threshold Power Test in Well-Trained

133


https://doi.org/10.28985/jsc.v5i3.240
https://doi.org/10.1055/s-2007-1024567
https://doi.org/10.2165/00007256-200030010-00001
http://doi.org/10.1007/s00421
https://doi.org/10.1111/sms.13280
https://doi.org/10.1249/mss.0000000000002343
https://doi.org/10.1249/mss.0000000000002831

Individuals:“Watts” the Big Deal?. International Journal of Sports Physiology and
Performance,15(4), pp.541-547. https://doi.org/10.1123/ijspp.2019-0214

Jamnick, N.A., Pettitt, R.W., Granata, C., Pyne, D.B. and Bishop, D.J., 2020. An
Examination and Critique of Current Methods to Determine Exercise Intensity. Sports
Medicine, 50, pp.1729-1756. https://doi.org/10.1007/s40279-020-01322-8

Jenkins, D.G. and Quigley, B.M., 1992. Endurance training enhances critical
power. Medicine & Science in Sports & Exercise, 24(11), pp.1283-1289. PMID: 1435180

Jenkins, D.G. and Quigley, B.M., 1993. The influence of high-intensity exercise training
on the WIim-Tlim relationship. Medicine & Science in Sports & Exercise, 25(2), pp.275-
282. PMID: 8450733

Jones, A.M., Burnley, M., Black, M.I., Poole, D.C. and Vanhatalo, A., 2019. The maximal
metabolic steady state: redefining the ‘gold standard’. Physiological Reports, 7(10),
p.e14098. https://doi.org/10.14814/phy2.14098

Jones, A.M. and Carter, H., 2000. The effect of endurance training on parameters of
aerobic fitness. Sports Medicine, 29(6), pp.373-386. https://doi.org/10.2165/00007256-
200029060-00001

Jones, A.M. and Doust, J.H., 1998. The validity of the lactate minimum test for
determination of the maximal lactate steady state. Medicine & Science in Sports &
Exercise, 30(8), pp.1304-1313. https://doi.org/10.1097/00005768-199808000-00020

Jones, A.M., Grassi, B., Christensen, P.M., Krustrup, P., Bangsbo, J. and Poole, D.C.,
2011. Slow component of V' O2 kinetics: mechanistic bases and practical
applications. Medicine & Science in Sports & Exercise, 43(11), pp.2046-2062.
https://doi.org/10.1249/MSS.0b013e31821fcfcl

134


https://doi.org/10.1123/ijspp.2019-0214
https://doi.org/10.1007/s40279-020-01322-8
https://doi.org/10.14814/phy2.14098
https://doi.org/10.2165/00007256-200029060-00001
https://doi.org/10.2165/00007256-200029060-00001
https://doi.org/10.1097/00005768-199808000-00020
https://doi.org/10.1249/MSS.0b013e31821fcfc1

Jones, A.M. and Vanhatalo, A., 2017. The “critical power’concept: applications to sports
performance with a focus on intermittent high-intensity exercise. Sports Medicine, 47(1),
pp.65-78. https://doi.org/10.1007/s40279-017-0688-0

Jones, A.M., Vanhatalo, A., Burnley, M., Morton, R.H. and Poole, D.C., 2010. Critical
power: implications for determination of VO2max and exercise tolerance. Medicine &
Science in Sports & Exercise, 42(10), pp.1876-90.
https://doi.org/10.1249/MSS.0b013e3181d9cf7f

Jones, A.M. and Whipp, B.J., 2002. Bioenergetic constraints on tactical decision making in
middle distance running. British Journal of Sports Medicine, 36(2), pp.102-104.
https://doi.org/10.1136/bjsm.36.2.102

Jones, A.M., Wilkerson, D.P., DiMenna, F., Fulford, J. and Poole, D.C., 2008. Muscle
metabolic responses to exercise above and below the “critical power” assessed using 31P-
MRS. American Journal of Physiology-Regulatory, Integrative and Comparative
Physiology, 294(2), pp.R585-R593. https://doi.org/10.1152/ajprequ.00731.2007

Jorfeldt, L., Juhlin-Dannfelt, A. and Karlsson, J., 1978. Lactate release in relation to tissue
lactate in human skeletal muscle during exercise. Journal of Applied Physiology, 44(3),
pp.350-352. https://doi.org/10.1152/jappl.1978.44.3.350

Joyner, M.J. and Coyle, E.F., 2008. Endurance exercise performance: the physiology of
champions. The Journal of Physiology, 586(1), pp.35-44.
https://doi.org/10.1113/jphysiol.2007.143834

Karsten, A., 2018. Relation between Critical Power and Functional Threshold
Power. Journal of Science and Cycling, 6(3), pp.41-42. https://jsc-
journal.com/index.php/JSC/article/view/354

Karsten, B., Baker, J., Naclerio, F., Klose, A., Bianco, A. and Nimmerichter, A., 2018.

Time trials versus time-to-exhaustion tests: effects on critical power, W', and oxygen-

135


https://doi.org/10.1007/s40279-017-0688-0
https://doi.org/10.1249/MSS.0b013e3181d9cf7f
https://doi.org/10.1136/bjsm.36.2.102
https://doi.org/10.1152/ajpregu.00731.2007
https://doi.org/10.1152/jappl.1978.44.3.350
https://doi.org/10.1113/jphysiol.2007.143834
https://jsc-journal.com/index.php/JSC/article/view/354
https://jsc-journal.com/index.php/JSC/article/view/354

uptake kinetics. International Journal of Sports Physiology and Performance, 13(2),
pp.183-188. https://doi.org/10.1123/ijspp.2016-0761

Karsten, B., Hopker, J., Jobson, S.A., Baker, J., Petrigna, L., Klose, A. and Beedie, C.,
2017. Comparison of inter-trial recovery times for the determination of critical power and
W’in cycling. Journal of Sports Sciences, 35(14), pp.1420-1425.
https://doi.org/10.1080/02640414.2016.1215500

Karsten, B., Petrigna, L., Klose, A., Bianco, A., Townsend, N. and Triska, C., 2021.
Relationship Between the Critical Power Test and a 20-min Functional Threshold Power
Test in Cycling. Frontiers in Physiology, 11. pp.1-8.
https://doi.org/10.3389/fphys.2020.613151

Katch, V.L., Sady, S.S. and Freedson, P., 1982. Biological variability in maximum aerobic
power. Medicine & Science in Sports & Exercise, 14(1), pp.21-25.
https://doi.org/10.1249/00005768-198201000-00004

Keir, D.A., Fontana, F.Y., Robertson, T.C., Murias, J.M., Paterson, D.H., Kowalchuk, J.M.
and Pogliaghi, S., 2015. Exercise Intensity Thresholds: Identifying the Boundaries of
Sustainable Performance. Medicine & Science in Sports & Exercise, 47(9), pp.1932-1940.
https://doi.org/10.1249/mss.0000000000000613

Keir, D.A., Pogliaghi, S. and Murias, J.M., 2018. The respiratory compensation point and
the deoxygenation break point are valid surrogates for critical power and maximum lactate
steady state. Medicine & Science in Sports & Exercise, 50(11), pp.2375-2378.
https://doi.org/10.1249/mss.0000000000001698

Kilding, A.E. and Jones, A.M., 2005. Validity of a single-visit protocol to estimate the
maximum lactate steady state. Medicine & Science in Sports & Exercise, 37(10), pp.1734-
1740. https://doi.org/10.1249/01.mss.0000181691.72432.a1

136


https://doi.org/10.1123/ijspp.2016-0761
https://doi.org/10.1080/02640414.2016.1215500
https://doi.org/10.3389/fphys.2020.613151
https://doi.org/10.1249/00005768-198201000-00004
https://doi.org/10.1249/mss.0000000000000613
https://doi.org/10.1249/mss.0000000000001698
https://doi.org/10.1249/01.mss.0000181691.72432.a1

Kirby, B.S., Winn, B.J., Wilkins, B.W. and Jones, A.M., 2021. Interaction of exercise
bioenergetics with pacing behavior predicts track distance running performance. Journal of
Applied Physiology, 131(5), pp.1532-1542.
https://doi.org/10.1152/japplphysiol.00223.2021

Koga, S., Shiojiri, T., Kondo, N. and Barstow, T.J., 1997. Effect of increased muscle
temperature on oxygen uptake kinetics during exercise. Journal of Applied
Physiology, 83(4), pp.1333-1338. https://doi.org/10.1152/jappl.1997.83.4.1333

Kohn, T.A., Essén-Gustavsson, B. and Myburgh, K.H., 2011. Specific muscle adaptations
in type II fibers after high-intensity interval training of well-trained runners. Scandinavian
Journal of Medicine & Science in Sports, 21(6), pp.765-772.
https://doi.org/10.1111/j.1600-0838.2010.01136.x

Kolbe, T., Dennis, S.C., Selley, E., Noakes, T.D. and Lambert, M.1., 1995. The
relationship between critical power and running performance. Journal of Sports
Sciences, 13(3), pp.265-269. https://doi.org/10.1080/02640419508732236

Krustrup, P., Secher, N.H., Relu, M.U., Hellsten, Y., S6derlund, K. and Bangsbo, J., 2008.
Neuromuscular blockade of slow twitch muscle fibres elevates muscle oxygen uptake and
energy turnover during submaximal exercise in humans. The Journal of

Physiology, 586(24), pp.6037-6048. https://doi.org/10.1113/jphysiol.2008.158162

Krustrup, P., Séderlund, K., Mohr, M. and Bangsbo, J., 2004. The slow component of
oxygen uptake during intense, sub-maximal exercise in man is associated with additional
fibre recruitment. Pflugers Archiv, 447(6), pp.855-866. https://doi.org/10.1007/s00424-
003-1203-z

Laplaud, D., Guinot, M., Favre-Juvin, A. and Flore, P., 2006. Maximal lactate steady state
determination with a single incremental test exercise. European Journal of Applied
Physiology, 96(4), pp.446-452. https://doi.org/10.1007/s00421-005-0086-4

137


https://doi.org/10.1152/japplphysiol.00223.2021
https://doi.org/10.1152/jappl.1997.83.4.1333
https://doi.org/10.1111/j.1600-0838.2010.01136.x
https://doi.org/10.1080/02640419508732236
https://doi.org/10.1113/jphysiol.2008.158162
https://doi.org/10.1007/s00424-003-1203-z
https://doi.org/10.1007/s00424-003-1203-z
https://doi.org/10.1007/s00421-005-0086-4

Leo, P., Spragg, J., Podlogar, T., Lawley, J.S. and Mujika, 1., 2022. Power profiling and
the power-duration relationship in cycling: a narrative review. European Journal of
Applied Physiology, 122, pp.1-16. https://doi.org/10.1007/s00421-021-04833-y

Lillo-Bevia, J.R., Courel-lbafiez, J., Cerezuela-Espejo, V., Moran-Navarro, R., Martinez-
Cava, A. and Pallarés, J.G., 2022. Is the Functional Threshold Power a Valid Metric to
Estimate the Maximal Lactate Steady State in Cyclists? Journal of Strength and
Conditioning Research, 36(1), pp167-173. https://doi.org/10.1519/JSC.0000000000003403

Lillo-Bevia, J.R., Moran-Navarro, R., Martinez-Cava, A., Cerezuela, V. and Pallarés, J.G.,
2018. A 1-day maximal lactate steady-state assessment protocol for trained

cyclists. Journal of Science and Cycling, 7(1), p.9-16.
https://doi.org/10.28985/180630.jsc.03

Luden, N., Hayes, E., Minchev, K., Louis, E., Raue, U., Conley, T. and Trappe, S., 2012.
Skeletal muscle plasticity with marathon training in novice runners. Scandinavian Journal
of Medicine & Science in Sports, 22(5), pp.662-670. https://doi.org/10.1111/].1600-
0838.2011.01305.x

Mader, A. and Heck, H., 1986. A theory of the metabolic origin of “anaerobic threshold”.
International Journal of Sports Medicine, 7(1), pp.S45-S65. https://doi.org/10.1055/s-
2008-1025802

Maclnnis, M.J., Thomas, A.C. and Phillips, S.M., 2019. The reliability of 4-minute and 20-
minute time trials and their relationships to functional threshold power in trained

cyclists. International Journal of Sports Physiology and Performance, 14(1), pp.38-45.
https://doi.org/10.1123/ijspp.2018-0100

Marwood, S., Goulding, R.P. and Roche, D.M., 2019. Determining the Upper Limit of the
Metabolic Steady State. Medicine & Science in Sports & Exercise, 51(3), pp.602-602.
https://doi.org/10.1249/mss.0000000000001819

138


https://doi.org/10.1007/s00421-021-04833-y
https://doi.org/10.1519/JSC.0000000000003403
https://doi.org/10.28985/180630.jsc.03
https://doi.org/10.1111/j.1600-0838.2011.01305.x
https://doi.org/10.1111/j.1600-0838.2011.01305.x
https://doi.org/10.1055/s-2008-1025802
https://doi.org/10.1055/s-2008-1025802
https://doi.org/10.1123/ijspp.2018-0100
https://doi.org/10.1249/mss.0000000000001819

Marwood, S. and Goulding, R.P., 2022. Over 55 years of critical power:
Fact. Scandinavian Journal of Medicine and Science in Sports, 32(6), pp.1064-1065.
https://doi.org/10.1111/sms.14153

Matsuo, T., Saotome, K., Seino, S., Shimojo, N., Matsushita, A., lemitsu, M., Ohshima,
H., Tanaka, K. and Mukai, C., 2014. Effects of a low-volume aerobic-type interval
exercise on VO2max and cardiac mass. Medicine & Science in Sports & Exercise, 46(1),
pp.42-50. https://doi/org/10.1249/MSS.0b013e3182a38da8

Maturana, M.F., Fontana, F.Y., Pogliaghi, S., Passfield, L. and Murias, J.M., 2018. Critical
power: How different protocols and models affect its determination. Journal of Science
and Medicine in Sport, 21(7), pp.742-747. https://doi.org/10.1016/j.jsams.2017.11.015

Maturana, M. F., Keir, D.A., McLay, K.M. and Murias, J.M., 2016. Can measures of
critical power precisely estimate the maximal metabolic steady-state?. Applied Physiology,
Nutrition, and Metabolism, 41(11), pp.1197-1203. https://doi.org/10.1139/apnm-2016-
0248

McGrath, E., Mahony, N., Fleming, N. and Donne, B., 2019. Is the FTP test a reliable,
reproducible and functional assessment tool in highly-trained athletes?. International
Journal of Exercise Science, 12(4), pp.1334-1345. PMCID: PMC6886609

McGrath, E., Mahony, N., Fleming, N., Raleigh, C. and Donne, B., 2021. Do Critical and
Functional Threshold Powers Equate in Highly-Trained Athletes?. International Journal of
Exercise Science, 14(4), pp.45-59. PMID:34055164

Mitchell, E.A., Martin, N.R., Bailey, S.J. and Ferguson, R.A., 2018. Critical power is
positively related to skeletal muscle capillarity and type | muscle fibers in endurance-
trained individuals. Journal of Applied Physiology, 125(3), pp.737-745.
https://doi.org/10.1152/japplphysiol.01126.2017

139


https://doi.org/10.1111/sms.14153
https://doi/org/10.1249/MSS.0b013e3182a38da8
https://doi.org/10.1016/j.jsams.2017.11.015
https://doi.org/10.1139/apnm-2016-0248
https://doi.org/10.1139/apnm-2016-0248
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6886609/
https://pubmed.ncbi.nlm.nih.gov/34055164
https://doi.org/10.1152/japplphysiol.01126.2017

Miura, A., Sato, H., Sato, H., hipp, B.J. and Fukuba, Y., 2000. The effect of glycogen
depletion on the curvature constant parameter of the power-duration curve for cycle
ergometry. Ergonomics, 43(1), pp.133-141. https://doi.org/10.1080/001401300184693

Morgan, P.T., Black, M.1I., Bailey, S.J., Jones, A.M. and Vanhatalo, A., 2019. Road cycle
TT performance: Relationship to the power-duration model and association with FTP.
Journal of Sports Sciences, 37(8), pp.902-910.
https://doi.org/10.1080/02640414.2018.1535772

Monod, H. and Scherrer, J., 1965. The work capacity of a synergic muscular
group. Ergonomics, 8(3), pp.329-338. https://doi.org/10.1080/00140136508930810

Morton, R.H., 2006. The critical power and related whole-body bioenergetic
models. European Journal of Applied Physiology, 96(4), pp.339-354.
https://doi.org/10.1007/s00421-005-0088-2

Morton, R.H. and Billat, L.V., 2004. The critical power model for intermittent
exercise. European Journal of Applied Physiology, 91(2), pp.303-307.
https://doi.org/10.1007/s00421-003-0987-z

Muniz-Pumares, D., Karsten, B., Triska, C. and Glaister, M., 2019. Methodological
approaches and related challenges associated with the determination of critical power and
curvature constant. The Strength & Conditioning Research, 33(2), pp.584-596.
https://doi.org/10.1519/JSC.0000000000002977

Murgatroyd, S.R., Ferguson, C., Ward, S.A., Whipp, B.J. and Rossiter, H.B., 2011.
Pulmonary O2 uptake Kinetics as a determinant of high-intensity exercise tolerance in
humans. Journal of Applied Physiology, 110(6), pp.1598-1606.
https://doi.org/10.1152/japplphysiol.01092.2010

Nicolo, A., Sacchetti, M., Girardi, M., McCormick, A., Angius, L., Bazzucchi, I. and
Marcora, S.M., 2019. A comparison of different methods to analyse data collected during

140


https://doi.org/10.1080/001401300184693
https://doi.org/10.1080/02640414.2018.1535772
https://doi.org/10.1080/00140136508930810
https://doi.org/10.1007/s00421-005-0088-2
https://doi.org/10.1007/s00421-003-0987-z
https://doi.org/10.1519/JSC.0000000000002977
https://doi.org/10.1152/japplphysiol.01092.2010

time-to-exhaustion tests. Sport Sciences for Health, 15(3), pp.667-679.
https://doi.org/10.1007/s11332-019-00585-7

Niemeyer, M., Glndisch, M., Steinecke, G., Knaier, R. and Beneke, R., 2022. Is the
maximal lactate steady state concept really relevant to predict endurance
performance?. European Journal of Applied Physiology, 122, pp.2259-2269.
https://doi.org/10.1007/s00421-022-05001-6

Nixon, R.J., Kranen, S.H., Vanhatalo, A. and Jones, A.M., 2021. Steady-state V'O2 above
MLSS: evidence that critical speed better represents maximal metabolic steady state in
well-trained runners. European Journal of Applied Physiology, 121, pp.3133-3144.
https://doi.org/10.1007/s00421-021-04780-8

Owles, W.H., 1930. Alterations in the lactic acid content of the blood as a result of light
exercise, and associated changes in the CO2-combining power of the blood and in the
alveolar CO2 pressure. The Journal of Physiology, 69(2), p.214-237.
https://doi.org/10.1113/jphysiol.1930.sp002646

Pallarés, J.G., Lillo-Bevi4, J.R., Moran-Navarro, R., Cerezuela-Espejo, V. and Mora-
Rodriguez, R., 2020. Time to exhaustion during cycling is not well predicted by critical
power calculations. Applied Physiology, Nutrition, and Metabolism, 45(7), pp.753-760.
https://doi.org/10.1139/apnm-2019-0637

Pallarés, J.G., Moran-Navarro, R., Ortega, J.F., Fernandez-Elias, V.E. and Mora-
Rodriguez, R., 2016. Validity and reliability of ventilatory and blood lactate thresholds in
well-trained cyclists. PloS one, 11(9), p.1-16.
https://doi.org/10.1371/journal.pone.0163389

Pettitt, R.W., 2016. Applying the critical speed concept to racing strategy and interval
training prescription. International Journal of Sports Physiology and Performance, 11(7),
pp.842-847. https://doi.org/10.1123/ijspp.2016-0001

141


https://doi.org/10.1007/s11332-019-00585-7
https://doi.org/10.1007/s00421-022-05001-6
https://doi.org/10.1007/s00421-021-04780-8
https://doi.org/10.1113/jphysiol.1930.sp002646
https://doi.org/10.1139/apnm-2019-0637
https://doi.org/10.1371/journal.pone.0163389
https://doi.org/10.1123/ijspp.2016-0001

Philp, A., Macdonald, A.L. and Watt, P.W., 2005. Lactate—a signal coordinating cell and
systemic function. Journal of Experimental Biology, 208(24), pp.4561-4575.
https://doi.org/10.1242/jeb.01961

Poole, D.C., Burnley, M., Vanhatalo, A., Rossiter, H.B. and Jones, A.M., 2016. Critical
power: an important fatigue threshold in exercise physiology. Medicine & Science in
Sports & Exercise, 48(11), pp.2320-2349.
https://doi.org/10.1249/MSS.0000000000000939

Poole, D.C., Gladden, L.B., Kurdak, S.A.D.I. and Hogan, M.C., 1994. L-(+)-lactate
infusion into working dog gastrocnemius: no evidence lactate per se mediates VO2 slow
component. Journal of Applied Physiology, 76(2), pp.787-792.
https://doi.org/10.1152/jappl.1994.76.2.787

Poole, D.C. and Jones, A.M., 2013. Towards an understanding of the mechanistic bases of
Vo2 kinetics: summary of key points raised in Chapters 2—11. In Oxygen Uptake Kinetics
in Sport, Exercise and Medicine (pp. 294-328). Routledge. Oxford.

Poole, D.C. and Jones, A.M., 2012. Oxygen uptake kinetics. Comprehensive
Physiology, 2(2), pp.1-64. https://doi.org/10.1002/cphy.c100072

Poole, D.C., Rossiter, H.B., Brooks, G.A. and Gladden, L.B., 2021. The anaerobic
threshold: 50+ years of controversy. The Journal of Physiology, 599(3), pp.737-767.
https://doi.org/10.1113/JP279963

Poole, D.C., Schaffartzik, W., Knight, D.R., Derion, T., Kennedy, B., Guy, H.J.,
Prediletto,O., and Wagner, P.D., 1991. Contribution of excising legs to the slow
component of oxygen uptake kinetics in humans. Journal of Applied Physiology, 71(4),
pp.1245-1260. https://doi.org/10.1152/jappl.1991.71.4.1245

Poole, D.C., Ward, S.A., Gardner, G.W. and Whipp, B.J., 1988. Metabolic and respiratory
profile of the upper limit for prolonged exercise in man. Ergonomics, 31(9), pp.1265-1279.
https://doi.org/10.1080/00140138808966766

142


https://doi.org/10.1242/jeb.01961
https://doi.org/10.1249/MSS.0000000000000939
https://doi.org/10.1152/jappl.1994.76.2.787
https://doi.org/10.1002/cphy.c100072
https://doi.org/10.1113/JP279963
https://doi.org/10.1152/jappl.1991.71.4.1245
https://doi.org/10.1080/00140138808966766

Pringle, J.S., Doust, J.H., Carter, H., Tolfrey, K., Campbell, I.T. and Jones, A.M., 2003.
Oxygen uptake kinetics during moderate, heavy and severe intensity’submaximal’exercise
in humans: the influence of muscle fibre type and capillarisation. European Journal of
Applied Physiology, 89(3), pp.289-300. https://doi.org/10.1007/s00421-003-0799-1

Pringle, J.S. and Jones, A.M., 2002. Maximal lactate steady state, critical power and EMG
during cycling. European Journal of Applied Physiology, 88(3), pp.214-226.
https://doi.org/10.1007/s00421-002-0703-4

Rodrigo-Carranza, V., Gonzalez-Mohino, F. and Gonzélez-Rave, J.M., 2022. Commentary
on Viewpoint: Using VO2max as a marker of training status in athletes-can we do

better?. Journal of Applied Physiology, 133 (1), pp.678-686.
https://doi.org/10.1152/japplphysiol.00723.2021

Rogatzki, M.J., Ferguson, B.S., Goodwin, M.L. and Gladden, L.B., 2015. Lactate is always
the end product of glycolysis. Frontiers in Neuroscience, 9, pp.1-7.
https://doi.org/10.3389/fnins.2015.00022

Ronnestad, B.R. and Vikmoen, O., 2019. A 11-day compressed overload and taper induces
larger physiological improvements than a normal taper in elite cyclists. Scandinavian
Journal of Medicine & Science in Sports, 29(12), pp.1856-1865.
https://doi.org/10.1111/sms.13536

Rennestad, B.R., @fsteng, S.J., Zambolin, F., Raastad, T. and Hammarstrom, D., 2021.
Superior Physiological Adaptations After a Microcycle of Short Intervals Versus Long
Intervals in Cyclists. International Journal of Sports Physiology and Performance, 16(10),
pp.1432-71438. https://doi.org/10.1123/ijspp.2020-0647

Rossiter, H.B., Ward, S.A., Kowalchuk, J.M., Howe, F.A., Griffiths, J.R. and Whipp, B.J.,

2001. Effects of prior exercise on oxygen uptake and phosphocreatine kinetics during high-

143


https://doi.org/10.1007/s00421-003-0799-1
https://doi.org/10.1007/s00421-002-0703-4
https://doi.org/10.1152/japplphysiol.00723.2021
https://doi.org/10.3389/fnins.2015.00022
https://doi.org/10.1111/sms.13536
https://doi.org/10.1123/ijspp.2020-0647

intensity knee-extension exercise in humans. The Journal of Physiology, 537(1), pp.291-
303. https://doi.org/10.1111/].1469-7793.2001.0291Kk.x

Rossiter, H.B., Ward, S.A., Kowalchuk, J.M., Howe, F.A., Griffiths, J.R. and Whipp, B.J.,
2002. Dynamic asymmetry of phosphocreatine concentration and O2 uptake between the
on-and off-transients of moderate-and high-intensity exercise in humans. The Journal of

Physiology, 541(3), pp.991-1002. https://doi.org/10.1113/jphysiol.2001.012910

Roston, W.L., Whipp, B.J., Davis, J.A., Cunningham, D.A., Effros, R.M. and Wasserman,
K., 1987. Oxygen uptake kinetics and lactate concentration during exercise in

humans. American Review of Respiratory Disease, 135(5), pp.1080-1084.

Saif, A., Khan, Z. and Parveen, A., 2022. Critical power as a fatigue threshold in sports: A
scoping review. Science & Sports. 37(8), pp.703-7009.
https://doi.org/10.1016/j.scisp0.2021.05.010

Salam, H., Marcora, S.M. and Hopker, J.G., 2018. The effect of mental fatigue on critical
power during cycling exercise. European Journal of Applied Physiology, 118(1), pp.85-92.
https://doi.org/10.1007/s00421-017-3747-1

Sale, D.G., MacDougall, J.D., Jacobs, I. and Garner, S., 1990. Interaction between
concurrent strength and endurance training. Journal of Applied Physiology, 68(1), pp.260-
270. https://doi.org/10.1152/jappl.1990.68.1.260

Sanders, D., Taylor, R.J., Myers, T. and Akubat, I., 2020. A field-based cycling test to
assess predictors of endurance performance and establishing training zones. The Journal of
Strength & Conditioning Research, 34(12), pp.3482-3488.
http://doi.org/10.1519/JSC.0000000000001910

Santana, M.G., Tufik, S., Passos, G.S., Santee, D.M., Denadai, B.S. and Mello, M.T.,
2007. Comparison between different methods of analysis of slow component of oxygen
uptake: a view in severe exercise domain. Revista Brasileira de Medicina do

Esporte, 13(4), pp.241-244. https://doi.org/10.1590/S1517-86922007000400006

144


https://doi.org/10.1111/j.1469-7793.2001.0291k.x
https://doi.org/10.1113/jphysiol.2001.012910
https://doi.org/10.1016/j.scispo.2021.05.010
https://doi.org/10.1007/s00421-017-3747-1
https://doi.org/10.1152/jappl.1990.68.1.260
http://doi.org/10.1519/JSC.0000000000001910
https://doi.org/10.1590/S1517-86922007000400006

Scheen, A., Juchmes, J. and Cession-Fossion, A., 1981. Critical analysis of the “anaerobic
threshold” during exercise at constant workloads. European Journal of Applied Physiology
and Occupational Physiology, 46(4), pp.367-377. https://doi.org/10.1007/BF00422124
https://doi.org/10.1152/physrev.00031.2010

Shimoda, M. and Kawakami, Y., 2005. Critical power determination with ergometry
rowing: relation to rowing performance. International Journal of Sport and Health
Science, 3, pp.21-26. https://doi.org/10.5432/ijshs.3.21

Simpson, L.P. and Kordi, M., 2017. Comparison of critical power and W' derived from 2
or 3 maximal tests. International Journal of Sports Physiology and Performance, 12(6),
pp.825-830. https://doi.org/10.1123/ijspp.2016-0371

Sitko, S., Cirer-Sastre, R. and Ldpez-Laval, 1., 2022. Time to exhaustion at estimated
functional threshold power in road cyclists of different performance levels. Journal of
Science and Medicine in Sport, 25(9), pp.783-786.
https://doi.org/10.1016/j.jsams.2022.06.007

Skiba, P.F., Chidnok, W., Vanhatalo, A. and Jones, A.M., 2012. Modeling the expenditure
and reconstitution of work capacity above critical power. Medicine & Science in Sports &
Exercise, 44(8), pp.1526-1532. https://doi.org/10.1249/mss.0b013e3182517a80

Smith, J.C., Dangelmaier, B.S. and Hill, D.W., 1999. Critical power is related to cycling
time trial performance. International Journal of Sports Medicine, 20(6), pp.374-378.
https://doi.org/10.1055/s-2007-971147

Smith, C.G., Jones, A.M., 2001. The relationship between critical velocity, maximal lactate
steady-state velocity and lactate turnpoint velocity in runners. European Journal of
Applied Physiology, 85(1-2), pp.19-26. https://doi.org/10.1007/s004210100384

145


https://doi.org/10.1007/BF00422124
https://doi.org/10.1152/physrev.00031.2010
https://doi.org/10.5432/ijshs.3.21
https://doi.org/10.1123/ijspp.2016-0371
https://doi.org/10.1016/j.jsams.2022.06.007
https://doi.org/10.1249/mss.0b013e3182517a80
https://doi.org/10.1055/s-2007-971147
https://doi.org/10.1007/s004210100384

Snyder, A., Foster, C. and Woulfe, T., 1980. Prediction of maximal lactate steady
state. Medicine & Science in Sports & Exercise, 21(2). P.S22.

Solberg, G., Robstad, B., Skjgnsberg, O.H. and Borchsenius, F., 2005. Respiratory gas
exchange indices for estimating the anaerobic threshold. Journal of Sports Sciences &
Medicine, 4(1), p.29-36. PMID: 24431958.

Spengler, C.M., Roos, M., Laube, S.M. and Boutellier, U., 1999. Decreased exercise blood
lactate concentrations after respiratory endurance training in humans. European Journal of
Applied Physiology and Occupational Physiology, 79, pp.299-305.
https://doi.org/10.1007/s004210050511

Stainsby, W.N. and Brooks, G.A., 1990. Control of lactic acid metabolism in contracting
muscles and during exercise. Exercise and Sport Sciences Reviews, 18(1), pp.29-64.
PMID: 2162774

Svedahl, K. and Maclntosh, B.R., 2003. Anaerobic threshold: the concept and methods of
measurement. Canadian Journal of Applied Physiology, 28(2), pp.299-323.
https://doi.org/10.1139/h03-023

Tesch, P.A., Daniels, W.L. and Sharp, D.S., 1982. Lactate accumulation in muscle and
blood during submaximal exercise. Acta Physiologica Scandinavica, 114(3), pp.441-446.
https://doi.org/10.1111/j.1748-1716.1982.tb07007.x

Thomas, E.J., Pettitt, R.W. and Kramer, M., 2020. High-Intensity Interval Training
Prescribed Within the Secondary Severe-Intensity Domain Improves Critical Speed But
Not Finite Distance Capacity. Journal of Science in Sport and Exercise, 2, pp.154-166.
https://doi.org/10.1007/s42978-020-00053-6

Tramontin, A.F., Borszcz, F.K. and Costa, V., 2022. Functional Threshold Power
Estimated from a 20-minute Time-trial Test is Warm-up-dependent. International Journal
of Sports Medicine, 43(5), pp.411-417. https://doi.org/10.1055/a-1524-2312

146


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3880081/
https://doi.org/10.1007/s004210050511
https://journals.lww.com/acsm-essr/toc/1990/01000
https://doi.org/10.1139/h03-023
https://doi.org/10.1111/j.1748-1716.1982.tb07007.x
https://doi.org/10.1007/s42978-020-00053-6
https://doi.org/10.1055/a-1524-2312

Triska, C., Karsten, B., Beedie, C., Koller-Zeisler, B., Nimmerichter, A. and Tschan, H.,
2018. Different durations within the method of best practice affect the parameters of the
speed—duration relationship. European Journal of Sport Science, 18(3), pp.332-340.
https://doi.org/10.1080/17461391.2017.1418025

Turnes, T., de Aguiar, R.A., Cruz, R. and Caputo, F., 2016. Interval training in the
boundaries of severe domain: effects on aerobic parameters. Journal of Applied
Physiology, 116(1), pp.161-169. https://doi.org/10.1007/s00421-015-3263-0

Van Hall, G., 2010. Lactate kinetics in human tissues at rest and during exercise. Acta
Physiologica, 199(4), pp.499-508. https://doi.org/10.1111/j.1748-1716.2010.02122.x

Vanhatalo, A., Black, M.1., DiMenna, F.J., Blackwell, J.R., Schmidt, J.F., Thompson, C.,
Wylie, L.J., Mohr, M., Bangsbo, J., Krustrup, P. and Jones, A.M., 2016. The mechanistic
bases of the power—time relationship: muscle metabolic responses and relationships to
muscle fibre type. The Journal of Physiology, 594(15), pp.4407-4423.
https://doi.org/10.1113/JP271879

Vanhatalo, A., Doust, J.H. and Burnley, M., 2007. Determination of critical power using a
3-min all-out cycling test. Medicine & Science in Sports & Exercise, 39(3), pp.548-555.
10.1249/mss.0b013e31802dd3e6

Vanhatalo, A., Doust, J.H. and Burnley, M., 2008. A 3-min all-out cycling test is sensitive
to a change in critical power. Medicine and science in sports and exercise, 40(9), pp.1693-
1699. https://doi.org/10.1249/mss.0b013e318177871a

Vanhatalo, A., Jones, A.M. and Burnley, M., 2011. Application of critical power in
sport. International Journal of Sports Physiology and Performance, 6(1), pp.128-136.
https://doi.org/10.1123/ijspp.6.1.128

147


https://doi.org/10.1080/17461391.2017.1418025
https://doi.org/10.1007/s00421-015-3263-0
https://doi.org/10.1111/j.1748-1716.2010.02122.x
https://doi.org/10.1113/JP271879
https://doi.org/10.1249/mss.0b013e31802dd3e6
https://doi.org/10.1249/mss.0b013e318177871a
https://doi.org/10.1123/ijspp.6.1.128

Van Schuylenbergh, R., Eynde, B.V. and Hespel, P., 2004. Correlations between lactate
and ventilatory thresholds and the maximal lactate steady state in elite

cyclists. International Journal of Sports Medicine, 25(6), pp.403-408.
https://doi.org/10.1055/s-2004-819942

Wasserman, K. and Mcllroy, M.B., 1964. Detecting the threshold of anaerobic metabolism
in cardiac patients during exercise. The American Journal of Cardiology, 14(6), pp.844-
852. https://doi.org/10.1016/0002-9149(64)90012-8

Wasserman, K., Van Kessel, A.L. and Burton, G.G., 1967. Interaction of physiological
mechanisms during exercise. Journal of Applied Physiology, 22(1), pp.71-85.
https://doi.org/10.1152/jappl.1967.22.1.71

Wasserman, K., Whipp, B.J., Koyl, S.N. and Beaver, W.L., 1973. Anaerobic threshold and
respiratory gas exchange during exercise. Journal of Applied Physiology, 35(2), pp.236-
243. https://doi.org/10.1152/jappl.1973.35.2.236

Whipp, B.J. and Wasserman, K., 1972. Oxygen uptake kinetics for various intensities of
constant-load work. Journal of Applied Physiology, 33(3), pp.351-356.
https://doi.org/10.1152/jappl.1972.33.3.351

Wilkerson, D.P., Koppo, K., Barstow, T.J. and Jones, A.M., 2004. Effect of work rate on
the functional gain of Phase Il pulmonary O2 uptake response to exercise. Respiratory
Physiology & Neurobiology, 142(2-3), pp.211-223.
https://doi.org/10.1016/j.resp.2004.06.001

Wilson, J.M., Loenneke, J.P., Jo, E., Wilson, G.J., Zourdos, M.C. and Kim, J.S., 2012. The
effects of endurance, strength, and power training on muscle fiber type shifting. The
Journal of Strength & Conditioning Research, 26(6), pp.1724-1729.
https://doi.org/10.1519/JSC.0b013e318234eb6f

148


https://doi.org/10.1055/s-2004-819942
https://doi.org/10.1016/0002-9149(64)90012-8
https://doi.org/10.1152/jappl.1967.22.1.71
https://doi.org/10.1152/jappl.1973.35.2.236
https://doi.org/10.1152/jappl.1972.33.3.351
https://doi.org/10.1016/j.resp.2004.06.001
https://doi.org/10.1519/JSC.0b013e318234eb6f

Wright, J., Bruce-Low, S. and Jobson, S.A., 2018. The 3-minute all-out cycling test is
sensitive to changes in cadence using the Lode Excalibur Sport ergometer. Journal of
Sports Sciences, 37(2), pp.156-162. https://doi.org/10.1080/02640414.2018.1487115

149


https://doi.org/10.1080/02640414.2018.1487115

Appendices

150
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for ethics approval needs to be submitted. The principal investigator or, where the principal investigator is
a student, the supervisor, is responsible for exercising appropriate professional judgement in this review.

This checklist must be completed before potential participants are approached to take part in any research.
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The reliability of maximal lactate steady state
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