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Abstract 

 

Background 

Critical power (CP) is a highly regarded threshold, delineating the boundary between heavy 

and severe intensities of exercise. Determination of CP has long been hindered by testing 

protocols that are time consuming and require maximal effort. The aim was to investigate the 

relationship and reliability of field-based methods of determining CP/critical speed (CS) among 

recreational runners. 

Method  

23 participants (women n = 4, male n = 19; age = 45 ± 7 years, height =178 ± 7 cm, mass = 

83.3 ± 22.6 kg) completed six weeks of habitual training (HAB), consisting of the participant 

continuing their preexisting program. This was then followed by three individual time trial (TT) 

efforts across a one week period, the durations of which being 3, 7 and 12 minutes for all 

participants. Then three, two 3-minute all out tests (3MT) were completed across another one-

week period, these consisted of running for 3 minutes at a maximal sprint from start to finish. 

A leading foot pod was worn during all activities, allowing for data to be recorded remotely and 

trials to be self-administered by participants due to COVID-19 restrictions. CS, CP, Wǋ and Dǋ 

was calculated from each of these sets of data and compared.  

Results  

No significant difference was observed between CSHAB (3.44 ± 0.47 m·s-1) and CSTT (3.50 ± 

0.53 m·s-1), CPHAB (282 ± 42 W) and CPTT (288 ± 44 W), DǋHAB (113 ± 75 m) and either DǋTT 

(141 ± 35 m) or Dǋ3MT (81 ± 42 m), and WǋHAB (7.73 ± 4.63 kJ) and either WǋTT (9.32 ± 3.46 kJ) 

or Wǋ3MT (5.03 ± 2.77 kJ) (p  0.05). Of these, a good level of agreement was observed 

between CSHAB and CSTT (r = 0.858, p  0.001, CoV = 5.6 %) in addition to between CPHAB 

and CPTT (r = 0.869, p  0.001, CoV =6.0 %). A lower level of agreement was observed 

between DǋHAB and Dǋ3MT (r = 0.478, p  0.021, CoV = 50.6 %) with all other pairs showing no 
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significant correlation (p  0.05). No significant difference was observed across 3MT1 and 

3MT2 for CS (3MT1: 3.75 ± 0.57 m·s-1, 3MT2: 3.78 ± 0.57 m·s-1),CP (3MT1: 305 ± 53 W, 3MT2: 

307 ± 51 W), Dǋ (3MT1:87 ± 45 m, 3MT2: 75 ± 45 m) or Wǋ (3MT1: 5.21 ± 2.86 kJ, 3MT2: 4.86 ± 

3.17 kJ) (p  0.05). Agreement was high across 3MT1 and 3MT2  for CS and CP (CoV = 4.3 

% and 3.7 % respectively), but lower for Dǋ and Wǋ (54.7 % and 113.3 %). 

Conclusion 

Estimating CS and CP from HAB training data appears to be a valid method of determination 

that requires no intentional bouts or expensive equipment. Determination of Dǋ and Wǋ using 

this method, however requires great caution. The 3MT was found to be reliable for CP and CS 

but not Dǋ and Wǋ, however the 3MT should not be administered without proper supervision.   
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1. Introduction 

Achieving success in sport and becoming an elite level athlete is often accompanied by 

economic gain along with a sense of pride and social notoriety. Both amateur and elite athletes 

desire to push their limits in order to succeed (Ehrnborg & Rosén, 2009). One of the key 

demarcation points separating the elite and amateur athlete is physiological ability, with elite 

level athletes achieving greater aerobic and anaerobic physiological performance in 

comparison to their amateur counterparts in various sporting scenarios. Examples include leg 

power and maximal rate of oxygen consumption (V→O2max) in wrestling (Demirkan, Koz, Kutlu, 

& Favre, 2015), and running speed and agility (Kaplan, Erkmen, & Taskin, 2009) as well as 

greater V→O2max and vertical jump height in football (Ostojic, 2004). This association between 

physiological performance and becoming an elite athlete has fuelled the charge to find out 

really just how far the human body can be pushed before it fails. If this point can be found and 

measured then athletes have a tangible target to aim for in performance, as well as a marker 

to be able to track training progress and exercise intensity. Whereby achievement of this point 

would be maximal physiological performance for that athlete. 

There are three main physiological parameters which are used to determine performance 

within endurance activities, these are; V→O2max, physiological thresholds, and efficiency (Joyner 

& Coyle, 2008; Joyner, Hunter, Lucia, & Jones, 2020; Lundby & Robach, 2015). V→O2max is the 

maximum rate of aerobic metabolism an individual can achieve. Thresholds demarcate 

different exercise intensities and occur at different percentages of V→O2max, above and below 

which the bodies physiological responses drastically differ. Finally, efficiency, which in the 

context of running typically refers to the oxygen cost at any given submaximal intensity (Joyner 

& Coyle, 2008). V→O2max was noted early on to be greatly increased amongst elite runners in 

comparison to untrained runners (Robinson, Edwards, & Dill, 1937), and has been observed 

and utilised as a parameter of the upmost importance within middle and long distance running 

performance (Bassett & Howley, 2000; Brandon, 1995; Legaz-Arrese et al., 2007; Pollock, 

Jackson, & Pate, 1980), and as such training methods are often designed to increase V→O2max 
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(Midgley, Mcnaughton, & Wilkinson, 2006). For the determination of V→O2max a graded exercise 

test (GXT) is commonly used, often now followed by some form of verification protocol (Beltz 

et al., 2016; Schaun, 2017), however both of these have their limitations. A GXT in an 

incremental test within which the intensity is slowly stepped or ramped up until exercise can 

no longer be maintained. A GXT is often used to determine V→O2max and provide a benchmark, 

from which constant work rate (CWR) intensities can be chosen. A verification bout takes 

place after the GXT and is generally a short duration effort at an intensity which elicits V→O2max. 

The V→O2max values are then compared (Schaun, 2017). Sophisticated systems to analyse 

expired gases are normally required, in addition to the lack of a standardised, regularly 

employed protocol and criteria for both the GXT and verification phase (Schaun, 2017), which 

makes comparison more difficult (Beltz et al., 2016). Compounding these limitations, exercise 

at V→O2max is not sustainable for a prolonged period of time, with distance based events such 

as the marathon typically being completed at intensities å 80 - 85 % V→O2max (Bassett & Howley, 

2000). Previously the percentage of V→O2max maintainable for an endurance run was believed 

to be limited by physiological thresholds such as lactate threshold (LT), which shows blood 

lactate forming a curvilinear relationship with exercise intensity (Bassett & Howley, 2000). The 

percentage of V→O2max this occurs at has been referred to as óperformance V→O2ô (Joyner & 

Coyle, 2008). Running economy is then used in order to determine the power/speed output 

attainable at that particular V→O2 (Joyner & Coyle, 2008), only then has a power output/speed 

been identified for use in endurance running. Although LT was the original threshold discussed 

in this model (Bassett & Howley, 2000; Joyner & Coyle, 2008), other thresholds such as critical 

power (CP) and maximal lactate steady state (MLSS) have also been used to represent the 

highest intensity maintainable for a prolonged period of time during endurance exercise 

(Jones, Burnley, Black, Poole, & Vanhatalo, 2019; Smith & Jones, 2001).  

CP in particular is a threshold of current interest (Jones et al., 2019). A definition of CP can 

be given as an absolute power, or speed when using CS, which represents the boundary 

between the óheavyô and ósevereô domains of exercise, below which metabolic processes and 
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V→O2 stabilise, but above, metabolic components such as lactate increase and V→O2max will be 

reached (Hill, Poole, & Smith, 2002; Poole, Ward, & Whipp, 1990; Vanhatalo et al., 2016). Wǋ 

is said to be the finite and measurable amount or work possible above CP (Jones, Burnley, 

Morton, & Poole, 2010; Monod & Scherrer, 1965; Moritani, Ata, Devries, & Muro, 1981). Once 

estimated it requires no further determination of V→O2max or economy in order to be 

implemented, it directly produces a power output if CP has been estimated, or a speed if 

estimating critical speed (CS), this is the running analogue of CP, usually utilised in sports 

such as running (Carter & Dekerle, 2014). Application of CP to full body exercise originated in 

cycling (Moritani et al., 1981), but has since been developed and applied to various different 

sports (Clingeleffer, Mc Naughton, & Davoren, 1994; Hughson, Orok, & Staudt, 1984; Saari, 

Dicks, Hartman, & Pettitt, 2019; Shimoda & Kawakami, 2005; Wakayoshi et al., 1992), with 

possible application in many more sports (Vanhatalo, Jones, & Burnley, 2011) and also within 

the areas of public health and fitness (Mezzani et al., 2010; Neder, Jones, Nery, & Whipp, 

2000).  

Many techniques have been used in order to determine CP, from the conventional method of 

multiple CWR efforts in a laboratory, to the field administrable time trial (TT) or a single bout 

of 3 minute all out exercise (3MT) (Muniz-Pumares, Karsten, Triska, & Glaister, 2019). More 

recent works have also attempted to utilise 10 minutes of submaximal running (Follador, de 

Borba, Neto, & da Silva, 2020) or Habitual training (HAB) data (Smyth & Muniz-Pumares, 

2020). The latter method (HAB) has been suggested to offer great promise as an easily 

accessible way of determining CS, but it is still a novel method which has yet to be validated.  

The different approaches available to determine CP allows it a unique position, being both of 

great physiological significance whilst potentially being measurable without the need for 

expensive laboratory equipment and expert application of testing procedures. However, these 

more recent methods rely on advancements in wearable technology and mobile applications. 

These technologies can be specifically designed with varying fixing locations, size, weight, 

material and connectivity in mind, making it suitable for and appliable within a variety of 
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different sports and situations (Aroganam, Manivannan, & Harrison, 2019). Potential 

applications areas are already numerous (Park & Jayaraman, 2014), with successful use in 

health and fitness, including automating the recording of daily activities or exercises already 

being observed (Kaewkannate & Kim, 2016; Wright, Hall Brown, Collier, & Sandberg, 2017). 

New wearable and mobile technologies seem to have many benefits such as becoming a 

driver for positive behavioural-change processes around health (Glynn et al., 2014). They also 

offer a potential solution for populations with limited access to professional medical assistance 

due to factors such as location or mobility (Lee & Lee, 2020). So far these technologies and 

applications donôt appear to have any negative impact on areas such as running related 

injuries (Kemler, Romeijn, Vriend, & Huisstede, 2018).  

2. Literature Review 

2.1 Domains of Exercise 

Attempting to determine or employ a training intervention based on a percentage of a 

physiologic limit such as V→O2max fails to consider the varying metabolic responses of individuals 

(Wolpern, Burgos, Janot, & Dalleck, 2015). A previous misconception was that V→O2 increases 

in a linear fashion in line with power output, but itôs now known that the human bodies response 

to exercise at increasing intensities is not linear in nature (Burnley & Jones, 2007). This means 

that a minor change in exercise intensity can cause an unproportionally large change in the 

bodyôs physiological responses such as V→O2 and blood lactate. A good example of this is given 

in Figure 1. In order to combat this, three main exercise intensity domains are currently used 

(moderate, heavy and severe, although sometimes a forth domain óextremeô is included), 

which the power ï duration curve spans, and the way in which fatigue is brought about and 

the magnitude of the effect it has on the body varies between domains (Burnley & Jones, 

2007; Hill, Poole, & Smith, 2002). The crossover point from one domain into another is 

generally where these major physiological changes such as a sharp increase in blood lactate 

and an inexorable increase in V→O2 occur, and these points are denoted by a threshold. 
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Prescribing exercise intensities in relation to these thresholds rather than in relation to 

percentages of physiological limits has proved to yield a greater impact (Dalleck, Haney, 

Buchanan, & Weatherwax, 2016; Weatherwax, Harris, Kilding, & Dalleck, 2019; Wolpern et 

al., 2015), both reducing un-responsiveness and increasing the homogeneousness of the 

response (Meyler, Bottoms, & Muniz-Pumares, 2021) 

 

 

 

There are two main threshold zones commonly utilised, threshold zone one separates 

moderate and heavy domains, threshold zone two separates heavy and severe domains. 

Table 1 clearly shows the physiological thresholds which occur at each threshold zone. The 

moderate domain is operated in when intensity is below that of the LT, gaseous exchange 

threshold and ventilatory threshold, within this domain V→O2 and blood lactate are both said to 

reach a steady state within about two to three minutes (Poole & Jones, 2012). Once intensity 

increases above that of threshold zone one, but below two, exercise is said to be within the 

heavy domain, the upper boundary of this heavy domain being threshold zone two, whereby 

CP, MLSS and the respiratory compensation point (RCP) are reached. Within the heavy 

Figure 1. Response of VO2 to exercise at different intensities. Black circles represent exercise in the 

heavy domain, white circles and black triangles represent exercise within the severe domain. Adapted 

from Burnley and Jones (2007). 
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domain blood lactate is increased but stabilises, and V→O2 sees a greater increase than in the 

moderate domain, with the assistance of the V→O2 slow component but again plateaus out and 

becomes stable (please see Jones, Grassi, Krustrup and Poole (2011), for more detailed 

information on the V→O2 slow component). Threshold zone two also denotes the transition from 

the heavy to severe domain, within which blood lactate continues to rise without plateau and 

V→O2 is no longer able to stabilise, V→O2 will rise in an inexorable fashion to V→O2max and if 

continued, exercise will soon terminate Figure 2. There is one domain sometimes placed 

above this, termed the extreme domain, this is a domain within which exercise intensity is so 

high that termination occurs before V→O2max is able to be attained, due to an accumulation of  

anaerobic pathway by-products (Bergstrom et al., 2017; Hill, Poole & Smith, 2002). 

Table 1.  Physiological thresholds associated with threshold zones one and two. Amended from Meyler et al. 

(2021).  

Threshold 

zone 

Physiological threshold Description 

One 

 

Lactate threshold Blood lactate concentration begins to rise above 

baseline levels and represents the upper boundary 

for nearly exclusive aerobic metabolism (Faude, 

Kindermann, & Meyer, 2009). 

Gas exchange threshold Transition from steady-state to excess 

CO2 production (Beaver, Wasserman, & Whipp, 

1986). 

Ventilatory threshold First breakpoint of a systematic increase 

in  (Wasserman & McIlroy, 1964). 

Two Critical power Asymptote of the powerïduration relationship 

(Poole, Burnley, Vanhatalo, Rossiter, & Jones, 

2016). 

Maximum lactate steady 

state 

Highest constant workload that leads to an 

equilibrium between lactate production and 

elimination (Faude et al., 2009). 

Respiratory compensation 

point 

Second breakpoint of a systematic increase 

in  (Beaver et al., 1986). 
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2.1.1 Physiological Response to Exercise Within the Different Domains of Exercise  

When exercise is carried out within the heavy domain, the body primarily utilises the metabolic 

systems which utilise oxygen. Although there is the emergence of the V→O2 slow component 

and an increase in blood lactate within this domain, both V→O2 and blood lactate are able to 

reach a ósteady stateô (Burnley & Jones, 2018). Meaning the intramuscular concentration of 

metabolites produced such as inorganic phosphate are able to remain stable, and hydrogen 

ions are able to be removed sufficiently enough as to not build up and cause perturbation 

(Jones, Wilkerson, Dimenna, Fulford, & Poole, 2008).  

Once the intensity of exercise exceeds threshold point two however, pathways which do not 

utilise oxygen are relied upon to a greater extent than previous. This suggestion is supported 

 

Figure 2.  Overview of the response of V→O2 and blood lactate to exercise within different domains of intensity. 

2A, showing the stabilisation of VᴥO2 in moderate and heavy exercise domains, but a rise to VᴥO2max within the 

severe domain. 2B, the stabilisation of blood lactate within moderate and heavy but continual increase in the 

severe domain. Shaded areas represent the effect of the VᴥO2 slow component. Adapted from Jamnick, Pettitt, 

Granata, Pyne, and Bishop (2020). 
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by research in rats which found that regions of muscles which saw the greatest relative 

increase in blood flow and therefore recruitment at intensities above CP were predominantly 

comprised of type 2 fibres (Copp, Hirai, Musch, & Poole, 2010), known to be predominantly 

anaerobic in nature. Energy here is generated through the ATP-PC and glycolytic pathways 

in additional to haemoglobin-bound Oxygen stores (Jones et al., 2010; Miura, Sato, Sato, 

Whipp, & Fukuba, 2000). Exercise within this domain depletes the muscles energy store and 

eventually exhausts the finite work capacity that is possible above threshold point one, in the 

CP model, termed Wǋ. Once all Wǋ has been used, exercise will be terminated.  

The process of fatigue also differs between heavy and severe domains, and although a steady 

state is reached within the heavy domain which would theoretically suggest exercise durations 

of unending lengths are possible (Monod & Scherrer, 1965). This is clearly not true in practice 

and fatigue does still take place. The V→O2 slow component comes into effect within this 

domain, suggested to be caused by recruitment of additional type two fibres, which have a 

lower efficiency than that of type one, this increases the muscles demand for O2 (Jones et al., 

2010; Krustrup et al., 2008; Krustrup, So¨derlund, So¨derlund, Mohr, & Bangsbo, 2004; 

Krustrup, Söderlund, Mohr, & Bangsbo, 2004). This additional O2 demanded by the slow 

component increases the rate of glycogen store depletion, in addition to an earlier onset of 

hyperthermia (Burnley & Jones, 2007).  

In comparison, during exercise at an intensity within the severe domain, this previously 

attainable steady state is no longer able to be maintained as energy substrate stores become 

depleted and the concentration of metabolites inexorably rise task failure (Burnley & Jones, 

2007; Jones et al., 2008). This can occur due to the working muscles fully exploiting their 

capacity to resynthesise ATP from a non-oxidative method, this is observed as a depletion of 

phosphocreatine (PCr), and is accompanied by changes in metabolites such as, inorganic 

phosphates and H+ (Burnley & Jones, 2007; Jones et al., 2008). These can cause a 

perturbation in the cellular environment which results in peripheral fatigue (Ament & Verkerke, 
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2009; Poole, Burnley, Vanhatalo, Rossiter, Jones, et al., 2016) and ultimately, cause task-

failure.  

 

 

2.2 Physiological Thresholds at Threshold Zone Two 

For the purpose of endurance exercise, threshold point two is of greater significance, as it 

delineates the point below which physiological processes are able to stabilise and above which 

exercise will be swiftly terminated. This means it holds poignancy when contemplating the 

highest intensity maintainable across an endurance event/race.  

 

2.2.1 Respiratory Compensation Point 

The RCP has been defined as the point at which the onset of hyperventilation during 

incremental exercise occurs, primarily caused by the onset of lactic acidosis during severe 

exercise (Meyer, Faude, Scharhag, Urhausen, & Kindermann, 2004). This occurs at the 

boundary between heavy and severe domains, as only when exercise intensity surpasses that 

of metabolic steady state does H+ production rate (from breakdown of ATP) exceed disposal 

rate, leading to acidosis (see Robergs, Ghiasvand and Parker (2004) for more information). In 

order to determine this variable a GXT is carried out, practically RCP is characterised by the 

second breakpoint in ventilation relative to expired CO2 (Jamnick et al., 2020). Estimations of 

RCP however has been found to be variable dependent upon the ramp slope during the GXT 

(Leo, Sabapathy, Simmonds, & Cross, 2017). 

 

2.2.2 Maximal Lactate Steady State  

The MLSS has been defined as the greatest blood lactate and exercise intensity possible that 

can be sustained for an extended duration of time without a continued rise in blood lactate 
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(Billat, Sirvent, Py, Koralsztein, & Mercier, 2012; Faude, Kindermann, & Meyer, 2009). In order 

to calculate this threshold, a long and tedious process (Dekerle, Baron, Dupont, 

Vanvelcenaher, & Pelayo, 2003), typically consisting of multiple long duration tests are carried 

out at different intensities on different days. The MLSS is deemed the greatest intensity at 

which blood lactate concentration varies by less than a set amount, e.g. 1 mmol/L across a 

chosen window, e.g. 20 minutes (Billat et al., 2012). To determine this each trial is carried out 

at an increasingly higher intensity until this aforementioned lactate steady state is no longer 

observed. However other methodologies have been suggested, including a shorter duration 

test whereby two 20 minute sub maximal efforts, based off pre-selected intensities from a GXT 

are used (Billat, Dalmay, Antonini, & Chassain, 1994), among others. Determination 

methodology for MLSS often differs between studies making interpretation and comparison 

difficult. This is in addition to some studies employing methods which are not of sufficient 

duration to allow for the delayed onset of blood lactate (Beneke, 2003; Jones et al., 2019). 

Many other issues have also been highlighted within the determination process of MLSS, 

including high biological and analytical error rates potentially causing false results and the 

potential for blood lactate to be incorrectly deemed greater than MLSS due to the sampling 

occurring prior to the stabilisation of blood lactate (Jones et al., 2019). These factor have led 

to Jones et al. (2019) suggesting that blood lactate may not be suitable for determining the 

intensity at which a metabolic steady state occurs, therefor challenging the validity of MLSS. 

 

2.2.3 Critical Power 

Depending upon the particular details of a study and what parameter is being measured, 

different variables such as CP and Wǋ, or CS and Dǋ may be observed within power/speed 

duration relationship research. CP and Wǋ, and CS and Dǋ are underpinned by the same 

concepts and can be calculated using the same methodologies and equations. The only big 

difference being that PO is replaced by speed when calculating CS and vice versa. In addition, 

the particular sporting discipline will determine how the methodology is applied. For example 



22 
 

if the results are to be applied in a cycling context, the test may be carried out on a bike, if 

being applied in a running context, the test may be ran. CP measures in relation to power and 

therefore is often applied to sports such as cycling, whereas CS measures in relation to speed 

and so is applied to sports including running. Whether cycling at CP, or running at CS, 

metabolic stress appears to be similar with factors such as time to exhaustion,  V→O2, and blood 

lactate concentration being similar and not differing between the two (Carter & Dekerle, 2014). 

Therefore allowing for the assumption that CP and CS are analogues of each other and that 

research on one is generally applicable to the other.  

The basis of the CP concept is that a hyperbolic curve can be formed from the relationship 

between power output and the maximal duration of that power output. The asymptote of this 

curve being CP and the curvature constant being Wǋ (Hill, 1993). This relationship was termed 

the power-time relationship and was first really acknowledged and investigated towards the 

beginning of the 20th Century, with Kennelly (1906) analysing the times, distances and speeds 

of races run by humans and animals, and  Hill (1925) plotting speed against time from 

previously recorded running and swimming data (Figure 3). 

It was noted from Figure 3 that for very high speeds only short durations were possible and 

that the maintainable speed rapidly decreased as the time increased, all the way to around 12 

minutes where it appeared to plateau. This notable research was based on a question ñHow 

fast can I run some given distance?". Hill accompanied this question with the 

acknowledgement that the maximum speed at which a distance can be covered varies greatly 

depending upon the distance covered. This may seem obvious, but this premise and question 

form the basis of much of the research on performance physiology still carried out to this day.  
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 CP has multiple applications across sport, such as in the prescription of race strategies 

(Pettitt, 2016) and training plans in running (Pettitt, 2016; Pettitt et al., 2015), and swimming 

(Piatrikova et al., 2020). Its adoption and use within team sport research is also now apparent 

with CP being used for comparisons between elite and non-elite football players (Lord, 

Blazevich, Abbiss, Drinkwater, & MaôAyah, 2020), and performance specific fitness monitoring 

in Rugby (Kramer, Watson, Du Randt, & Pettitt, 2019). It can also provide insight within health 

and ageing, with CP and Wǋ both known to decline with age and chronic disease (Neder et al., 

2000; Neder, Jones, Nery, & Whipp, 2000; Poole, Burnley, Vanhatalo, Rossiter, & Jones, 

2016). Within chronic obstructive pulmonary disease (COPD) populations it is thought that CP 

might be appliable to measuring how patients respond to oxygen therapy (Malaguti et al., 

2006) as well as providing a method to assist in training load prescription for not just COPD 

but also congestive heart failure patients (Malaguti et al., 2006; Mezzani et al., 2010). 

CP is known to be manipulatable and trainable with improvements observed with high intensity 

interval (Gaesser & Wilson, 1988; Poole et al., 1990; Thomas, Pettitt, & Kramer, 2020) and 

continuous training (Gaesser & Wilson, 1988; Jenkins & Quigley, 1992; Poole et al., 1990). 

However all of these studies, with the exception of Jenkins and Quigley (1993) found a lack of 

 

Figure 3. World record times plotted in the form of speed against time. Adapted from Hill (1925). 
























































































































































