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Abstract  

Aim: 

'Durability' refers to an individual's resilience to the effects of prolonged exercise on power output at the intensity 

domain transitions. Carbohydrate availability is reduced during prolonged exercise, and sustaining prolonged 

exercise is closely linked to the availability of muscle glycogen stores. The aim of this study was to investigate 

the effects of lowered carbohydrate availability on power output at intensity domain transitions, muscle activation, 

and gross cycling efficiency in endurance-trained female cyclists. 

 

Methods:  

Nine well-trained female cyclists completed a randomised, counterbalanced crossover study consisting of two 

conditions. Each participant completed five trials: (1) an incremental test, (2) glycogen-depleting exercise #1, (3) 

experimental trial #1 (submaximal incremental test and a maximal 3-min all-out test), (4) glycogen-depleting 

exercise #2, (5) crossover experimental trial #2. Participants consumed ≥9 g·kg⁻¹·day⁻¹ (HIGH) or ≤1 g·kg⁻¹·day⁻¹ 

(LOW) carbohydrate between the glycogen-depleting exercise and experimental trial to manipulate carbohydrate 

availability. 

 

Results:  

Lowered carbohydrate availability significantly reduced power output at the first ventilatory threshold (VT1, 133 

± 24 vs. 152 ± 28 W, ∆ -19 ± 14 W, P = 0.011), but did not affect the lactate threshold (148 ± 29 vs. 142 ± 26 W, 

∆ 6 ± 19 W, P = 0.331). Gross cycling efficiency during submaximal cycling was lower in the low-carbohydrate 

condition (P = 0.003). Median power frequency of the vastus lateralis (VL, P = 0.025) and vastus medialis (VM, 

P = 0.007) was higher in the low-carbohydrate condition during submaximal cycling, however there was no effect 

of condition on EMG amplitude in the VL (P = 0.232) and VM (P = 0.655). There was no significant effect of 

condition on critical power (227 ± 34 vs. 226 ± 34 W in LOW and HIGH respectively, ∆ 1 ± 12 W, P = 0.748). 

There was no significant effect of condition for EMG amplitude or median power frequency in the VL and VM 

during maximal cycling.  

 

Conclusion:  

These data suggest lowered carbohydrate availability reduced power output at the moderate-to-heavy transition 

(VT1), likely due to increased recruitment of higher-threshold motor units to compensate for glycogen-depleted 

fibres, which impaired gross cycling efficiency. These suggest that the maintenance of carbohydrate availability 

is likely important in athlete durability, and that nutritional status should be considered when conducting 

physiological profiling and programming training intensities.  
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Chapter 1: Introduction  

Endurance athletes routinely undertake physiological assessments that profile key variables such as peak oxygen 

uptake (V̇O2peak), gross cycling economy, and power output at the intensity domain transitions. These attributes 

inform physiologically-based training programming and load monitoring, support intensity regulation during 

extended training sessions or competitions, and allow the tracking of adaptations pertinent to performance. 

Typically, these variables are assessed in a well-rested state. However, physiological profiling characteristics, 

such as power output at the moderate-to-heavy  and heavy-to-severe intensity transitions, gross cycling efficiency 

and V̇O2peak may deteriorate during prolonged exercise. An individual’s resilience to the effect of prolonged 

exercise on physiological profiling characteristics has been termed ‘durability’. Durability has implications for 

the application of physiological profiling data to prolonged training and competition. As prolonged exercise 

reduces carbohydrate availability, investigating the impact of carbohydrate availability on physiological profiling 

could generate insights into the role of carbohydrate availability in durability.  

This thesis explores the effects of lowered carbohydrate availability on physiological profiling measures in 

endurance trained females. Muscle glycogen depletion likely contributes to this decline by impairing contractile 

function, and reducing energetic efficiency, ultimately lowering power output at intensity domain transitions. 

Assessing this effect has implications for our understanding of the mechanisms behind the loss of power output 

at the intensity domain transitions that occur during prolonged exercise. This study included a female-only cohort 

to address the underrepresentation of females in exercise science research. Testing females is important to ensure 

that findings in endurance physiology are relevant across sexes, as performance guidelines and mechanistic 

insights should be informed by data from both males and females. 

The structure of this thesis is outlined in Table 1. Following this general introduction, Chapter 2 is a substantial 

literature review that covers key aspects of physiological profiling in endurance sports, including intensity 

domains and transition markers, and explores how carbohydrate availability may influence durability and muscle 

recruitment. Chapter 3 is an experimental study, which investigates whether lowered carbohydrate availability 

reduces power output at intensity domain transitions in endurance-trained females. Finally, Chapter 4 discusses 

the findings in an applied context and outlines directions for future research. 

Table 1. Outline of each chapter within this thesis.  

Chapter Title Purpose 

1 Introduction General introduction to the thesis  

2 

A literature review on physiological profiling 

and a proposed role for carbohydrate 

availability in the deterioration in physiological 

profiling attributes during prolonged exercise 

Narrative literature review on physiological 

profiling, and how carbohydrate availability 

may influence durability and muscle activity  

3 

The effect of lowered carbohydrate availability 

on power output at intensity domain transitions 

in endurance-trained females 

A randomised, counterbalanced, crossover study 

assessing the effect of lowered carbohydrate 

availability on power output at intensity domain 

transitions in endurance-trained females  

4 

Summary and future directions Overall discussion, in which the findings from 

Chapter 3 are applied to practice and directions 

for future research are proposed. 
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Chapter 2: A literature review on physiological profiling and a proposed role for 

carbohydrate availability in the deterioration in physiological profiling attributes during 

prolonged exercise 

The main focus of this thesis is to investigate the effects of lowered carbohydrate availability on physiological 

profiling attributes in endurance-trained females. As prolonged exercise reduces carbohydrate availability and 

deteriorates physiological profiling attributes, investigating the impact of carbohydrate availability on 

physiological profiling could generate insights into the role of carbohydrate availability in ‘durability’, or 

resilience to the effects of prolonged exercise on physiological profiling attributes. Therefore, in this literature 

review chapter, I begin by outlining physiological profiling in endurance sports, highlighting the key attributes 

typically profiled. I then explore the exercise intensity domains and the methods used to determine the transitions 

between them. Following this, the concept of durability is examined, focusing on the potential role of carbohydrate 

availability. Finally, I consider how carbohydrate availability may influence motor unit recruitment.  

Physiological profiling 

A series of physiological attributes relevant to endurance training and performance are routinely quantified in 

physiological profiling assessments (1). These attributes are subsequently used for monitoring training adaptations 

relevant to performance, training programming and load monitoring, intensity regulation during prolonged 

training sessions or competitions, and the prediction of exercise performance. The main attributes typically 

assessed include maximal oxygen uptake (V̇O2max), movement economy, substrate oxidation rates, and intensity 

domain transitions. The specific profiling method used depends on the attribute of interest, with different tests 

targeting different components of endurance performance. In the next section, I define these attributes, discuss 

their use in applied practice, and describe how they are measured. 

Maximum oxygen uptake 

Maximum oxygen uptake (V̇O2max) refers to the maximum rate at which an athlete can consume oxygen in 

aerobic metabolism during exercise, and is therefore a marker of an athlete's aerobic capacity (2, 3). The V̇O2max 

is a product of the integrative functioning of the pulmonary, cardiovascular, and muscular systems. The Fick 

equation (V̇O₂ = cardiac output × arterial-venous O₂ difference) demonstrates that V̇O2max is determined by the 

ability of the heart to deliver oxygen in the blood to the working muscles (cardiac output), and the working 

muscles' capacity to extract and utilise oxygen transported in the blood (a-vO₂ difference).  

The main factor limiting V̇O2max is oxygen delivery to the working muscle rather than skeletal muscle oxygen 

extraction (4, 5). This is supported by findings showing that muscle-specific V̇O₂max is significantly higher during 

isolated muscle exercise than whole-body exercise (5). This suggests that during maximal whole-body exercise, 

the working muscles can consume more oxygen than is delivered, likely because cardiac output must be distributed 

across a larger active muscle mass. Given the need to sustain high rates of aerobic metabolism to support high 

work outputs in endurance sports, a positive relationship between V̇O2max and endurance performance has been 

observed (6, 7). 
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Importantly, the V̇O2max is responsive to training and detraining (8). Exercise training can induce cardiac 

hypertrophy or increased heart muscle mass and volume, particularly of the left ventricle (9, 10). This allows for 

greater stroke volume, and therefore maximal cardiac output (11). Plasma and red blood cell volume also increase, 

enhancing ventricular filling and stroke volume, and therefore maximal cardiac output, and oxygen-carrying 

capacity (12–15). Together, these adaptations raise maximal cardiac output. Additionally, endurance training 

increases capillary density in skeletal muscle and enhances oxygen extraction (3, 16). Collectively, these 

adaptations support increased oxygen delivery, and therefore V̇O2max.  

 

Therefore, routine measurements of V̇O2max are made to track training adaptations. Measurements of V̇O2max 

are typically completed in laboratory settings using indirect calorimetry, in which expired gases are analysed to 

estimate oxygen consumption (2). The incremental exercise test protocol is frequently utilised to assess the 

V̇O2max, and involves increasing the external work rate until the participant reaches voluntary exhaustion (17). 

Additionally, exhaustive severe intensity exercise, such as the 3-minute all-out test, can be used to determine 

V̇O2max as this elicits maximal oxygen uptake before volitional exhaustion is reached (18).  

 

Movement economy 

The metabolic cost of producing a specific external work rate is referred to as movement economy. In runners, 

running economy can be measured in units of either energy expenditure or oxygen consumption per distance 

travelled (19). Gross efficiency, or the proportion of total energy expenditure converted to mechanical power, is 

a common measurement of movement economy in cycling (20, 21). Movement economy can be influenced by 

factors such as muscle fibre type, neuromuscular coordination, biomechanics and substrate utilisation (20, 22, 23).  

For endurance athletes, being more economical is beneficial because less metabolic work is required to produce 

a certain speed or power output (24, 25). Therefore, many studies have reported a positive relationship between 

movement economy and endurance performance (25, 26). Accordingly, movement economy is routinely 

measured in physiological profiling to track training adaptations. Like V̇O2max, movement economy can be 

measured via indirect calorimetry, where steady-state V̇O2 and V̇CO2 are used to estimate energy expenditure at 

controlled work rates (19). 

 

Substrate oxidation rates 

During endurance exercise, carbohydrate and fat are the primary substrates oxidised to fuel energy metabolism 

(27). Carbohydrate is stored as glycogen in skeletal muscle and the liver, and total body glycogen stores amount 

to 500–600 g  (28). In contrast, even lean individuals have substantially greater fat reserves; for example, a 70-kg 

athlete with 10% body fat stores has ~68,000 kcal of energy stored as fat (29). Therefore fat availability is 

effectively unlimited during exercise. As exercise intensity increases, shifts in energy substrate mobilisation and 

utilisation occur (30). Fat oxidation peaks during moderate-intensity exercise, and then decreases at higher 

exercise intensities (31, 32). In contrast, carbohydrate oxidiation continues to rise as exercise intensity increases 

(27, 32). The shift towards carbohydrate metabolism at high exercise intensities occurs as carbohydrates are more 

oxygen efficient and can support faster rates of ATP regeneration (33). After endurance training, fat oxidation 

rates at given intensities increase (34, 35), which is a favourable adaptation given that glycogen depletion has 
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been linked to the development of fatigue . Enhancing fat utilisation may therefore help preserve limited glycogen 

stores during prolonged exercise. An athlete’s propensity for fat oxidation has been associated with a higher 

proportion of type I muscle fibres, greater capillary density, elevated mitochondrial protein content, greater 

expression of proteins involved in the transport of fatty acids across the sarcolemmal and mitochondrial 

membranes, and increased activity of enzymes involved in β-oxidation and intramuscular triacylglycerol lipolysis 

(36–38) as well as endurance performance (39). 

 

Accordingly, substrate utilisation profiles can be used to track adaptations to targeted interventions aimed at 

enhancing an athlete’s fat utilisation during competition (40). Substrate oxidation rates during exercise are 

assessed using indirect calorimetry via the respiratory exchange ratio (RER = V̇CO₂/V̇O₂) (41, 42). Specifically, 

an athlete's fat oxidation capacity can be assessed by measuring their peak fat oxidation (PFO) rate during an 

incremental test (40). The PFO is linked to fat oxidation during prolonged exercise and endurance performance, 

making it a valuable metric for tracking adaptations to specific training interventions (39, 43). As PFO is highly 

sensitive to pre-trial diet and recent exercise, these factors should be standardised to ensure reliable and 

reproducible results (44). Therefore, profiling an athlete's capacity to oxidise fat and carbohydrates provides 

valuable data for optimising training and performance.  

 

Intensity domains  

Physiological responses to prolonged exercise can be categorised into discrete exercise intensity domains. The 

moderate-, heavy-, and severe-intensity domains are characterised by rapid attainment of a steady state in muscle 

and whole-body metabolic homeostasis, delayed attainment of a steady state in muscle and whole-body metabolic 

homeostasis, and inability to achieve muscle and whole-body metabolic homeostasis, respectively (45, 46), as 

shown in Figure 1. Therefore, exercising in the moderate-, heavy-, and severe-intensity domains invokes 

differences in oxidative and nonoxidative energy supply, muscle and blood biochemistry, cardiovascular 

responses, fatigue processes, and perceived effort, which, if repeated continually, would be expected to promote 

different physiological adaptations (35, 45, 46). Accordingly, the stress imposed, and therefore the recovery cost, 

varies between moderate, heavy and severe intensity exercise (47). 

 

Exercise in the moderate domain can be sustained for a long duration with little change in cardiovascular, 

respiratory, and muscle metabolic responses, which quickly establish a steady state (45). Muscle metabolic 

perturbation is slight; blood and muscle lactate concentrations and pH remain at values similar to rest. Following 

several hours of exercise in the moderate-intensity domain, muscle glycogen becomes depleted (45, 48, 49). Liver 

glycogen stores become depleted during prolonged moderate-intensity exercise; thus, blood glucose levels 

gradually decline (50, 51). This reduction in circulating glucose may contribute to fatigue, particularly if blood 

glucose levels fall below 4 mmol/L, resulting in hypoglycemia (49, 52–55). The development of peripheral fatigue 

within this domain is likely related to the considerable reduction of muscle glycogen and impaired neuromuscular 

function (56–58). In summary, moderate-intensity exercise can be sustained for long durations with minimal 

disturbance to muscle metabolic homeostasis, which supports a role for depletion of carbohydrate energy stores 

in fatigue within this domain.  
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Figure 1. Blood lactate response during a constant load exercise in the moderate, heavy and severe exercise 

domains.  

During exercise in the heavy domain, a steady state in muscle metabolites is typically reached within ~10 minutes, 

and there is limited muscle metabolic perturbation (46). Similarly, variables such as blood lactate concentration 

will stabilise at concentrations above baseline, unlike the moderate intensity domain (46, 59, 60). When exercising 

within this domain, the lactate production rate initially exceeds the lactate removal rate, and plasma K+ 

concentrations increase rapidly; concurrently, a decline in pH occurs due to H+ accumlation from ATP hydrolysis 

(45). However, these variables eventually stabilise at elevated levels, allowing exercise to be sustained. Athletes 

are often able to complete ~20-60 minutes of exercise within this domain. Fatigue during heavy-intensity exercise 

is related to disruptions in muscle membrane excitability, accumulation of muscle metabolites, and decreased 

muscle glycogen (45). Together these factors impair excitation-contraction coupling and contribute to 

performance decline (45).  

The severe-intensity domain is defined by the inability to achieve a steady-state in key physiological variables, 

such as VO₂, blood lactate, and pH (46, 61). Muscle efficiency decreases in the severe-intensity domain, even 

when the external work rate remains constant (61). This is reflected in the development of the V̇O2 slow 

component, which drives V̇O2 to its maximum value at the tolerance limit (62). In contrast to exercise in the 

heavy-intensity domain, where metabolite levels stabilise, muscle ATP and PCr concentrations, and pH 

progressively decline, indicating that no metabolic steady state can be reached (45, 46). Furthermore, the 

concentrations of plasma K+, and blood and muscle lactate gradually rise. Therefore task failure within this domain 

is linked to the decline of muscle PCr and ATP concentrations and pH and an increase in muscle and blood lactate, 

Pi, H2O4- and plasma K+ concentrations (45, 46). It has therefore been proposed that exhaustion in the severe-

intensity domain is caused by the attainment of a maximum tolerable level of muscle metabolic disturbance. Due 

to exercise typically ending before muscle glycogen stores are depleted, fatiguing severe-intensity exercise causes 

less reduction in muscle glycogen stores than fatiguing moderate or heavy-intensity exercise (45, 63).  
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In summary, exercise in the moderate, heavy, and severe-intensity domains elicits distinct physiological responses 

and kinetics, which has implications for fatigue mechanisms and training stress management. Therefore, 

identifying the work rates at which the transitions between intensity domains occurs is useful when working with 

endurance athletes, such that training can be programmed and monitored in accordance with a physiologically-

based stress model. 

 

Intensity domain transitions 

The moderate-to-heavy intensity transition 

The boundary between the moderate- and heavy-intensity domains is estimated using the lactate (LT) and first 

ventilatory (VT1) threshold. Accordingly, the moderate-to-heavy intensity transition is assessed via blood lactate 

and gas exchange measures (Figure 2). Research has shown a strong agreement between the LT and VT1 across a 

range of populations and exercise modalities (64–68).  

 

The lactate threshold is the exercise intensity at which blood lactate concentrations first rise above baseline, 

indicating a transient imbalance between lactate appearance and disappearance from the circulation (65, 69). 

Blood lactate appearance in the circulation rises due to a greater demand for use of the pyruvate-to-lactate pathway 

for ATP synthesis, and therefore muscle lactate production (70). Lactate is produced when pyruvate, the end 

product of glycolysis, is converted to lactate instead of entering the mitochondria as acetyl CoA for aerobic 

metabolism (71). This supports more rapid ATP production during high-intensity exercise, but comes at a cost of 

lower efficiency and accumulation of byproducts (e.g., H+). Typically, blood lactate concentrations measured 

during an incremental exercise test are used to fit a relationship between exercise intensity and blood lactate 

concentrations. The typical procedures used are visual inspection, where lactate is plotted against exercise 

intensity to identify the first rise above baseline; the log-log method, which mathematically detects the first 

breakpoint using a logarithmic transformation of lactate and work rate data; and the +0.5 mmol·L⁻¹ method, which 

defines the lactate threshold as the point at which lactate increases by at least 0.5 mmol·L⁻¹ above baseline (66). 

These methods are highly correlated (ICC ~ 0.98) (72). However, despite high correlations, the visual inspection 

point has shown poor reliability, the baseline +0.5mmol.L−1 has favourable reliability, and the reliability of the 

log-log LT is uncertain (64, 67, 72). The log-log LT and baseline +0.5mmol.L−1 methods are least impacted by 

the incremental exercise test protocol design (73).  
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Figure 2. The moderate-to-heavy transition is demarcated by the lactate threshold (LT) and first ventilatory 

threshold (VT1) as shown by the dotted line. The dark circles are pulmonary data points of minute ventilation (VE)  

relative to oxygen uptake (V̇O2). The solid line represents the fitted blood lactate curve.  

The moderate-to-heavy intensity transition can also be estimated using gas exchange measures. The VT1 is closely 

related to the lactate threshold and was first referred to as the anaerobic threshold (74, 75). Specifically, the VT1 

represents a breakpoint in the relationship between ventilation (V̇E) and oxygen uptake (V̇O₂) during incremental 

exercise (66, 76). In our laboratory, and elsewhere, VT1 is determined as the V̇O2 associated with the breakpoint 

in the ventilatory equivalent for oxygen (V̇E/V̇O2) vs. V̇O2 relationship (66, 77) (Figure 2). During an incremental 

exercise test, V̇O2 increases linearly with exercise intensity; however, above VT1, the V̇E disproportionately rises 

relative to V̇O2. This hyperventilation is likely caused by the metabolic perturbations related to exercise within the 

heavy-intensity domain, such as lactate and H+ accumulation, which stimulate metaboreceptors and peripheral 

chemoreceptors, which in turn stimulate respiratory centres in the brain to increase V̇E (74). Unlike LT, which 

relies solely on lactate measurements, VT1 is responsive to multiple metabolic signals that affect respiratory drive, 

including changes in pH, CO₂, K⁺, and H⁺ concentrations (74). Therefore, VT1 is a useful tool for evaluating 

the moderate-to-heavy transition as it offers a sensitive, non-invasive measure of the metabolic response to 

exercise intensity (64). 
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The heavy-to-severe intensity transition 

The heavy-to-severe intensity transition is the highest work rate at which steady-state values are observed for 

physiological variables such as blood lactate concentrations, oxygen uptake, and muscle H+ concentration (65, 78, 

79). The heavy-to-severe intensity transition can be assessed in a number of ways, including the maximal lactate 

steady state (MLSS) and critical power (CP) (80). 

The MLSS is the maximum work rate at which blood lactate concentration does not increase by >1 mmol·L⁻¹ 

between 10 and 30 minutes of exercise (81). To determine MLSS, athletes usually complete a series of constant-

load trials, with blood lactate concentrations measured at regular intervals (e.g., every 5–10 minutes) during each 

bout (80). Researchers have questioned whether the MLSS accurately reflects the boundary between the heavy-

to-severe intensity domains. This is largely due to its reliance on arbitrary thresholds rather than clear 

physiological breakpoints, as well as observations of steady-state oxygen uptake during workloads above the 

MLSS (82, 83). Studies have found power output at MLSS is often about ~7% less than the CP (79, 84), which is 

increasingly seen as a better measure of the heavy-to-severe intensity transition (80).  

The heavy-to-severe intensity transition can be estimated via the power-duration relationship. The hyperbolic 

relationship between power output and its sustained time has been well described (60, 85–87) and is a fundamental 

property of exercise performance in humans. The work-rate asymptote of this hyperbolic relationship has been 

termed critical power (CP). The CP can be established via three to four or more high-intensity exercise tests on 

different days, during which an athlete sustains a fixed power output until exhaustion. The power outputs are 

intended to produce times to exhaustion in a minimum of ˜2 minutes and a maximum of ˜15 minutes (88). The 

time to task failure is recorded at each of these power outputs. When power output is plotted against time, it can 

be observed that the sustainable power output falls as a function of the exercise duration and that it levels off or 

asymptotes (Figure 3A). This asymptote is CP, which is measured in watts (W). At the same time, the curvature 

of the power-time relationship represents the work capacity available above CP (W’), which is measured in 

kilojoules (kJ). Several studies have validated CP as a reliable marker between heavy- and severe-intensity 

exercise domains. Poole et al. (1988) showed that exercise below CP led to a stable VO₂ and lactate values, while 

exercise just above CP elicited a continuous rise in VO₂ and a continuous accumulation of blood lactate. Similarly, 

studies confirmed that CP describes the highest intensity at which metabolic homeostasis can be maintained (88, 

89). These findings establish CP as a performance metric and a boundary between intensity domains.  

As measurement of CP requires multiple exhaustive severe-intensity trials, the 3-minute all-out test was developed 

as a single-visit assessment of the heavy-to-severe intensity transition (18). It has been shown that the end-test 

power (EP) in a 3-minute all-out test produced results similar to CP determined from repeated exhaustive exercise 

tests (90) (Figure 3B). The principle of the test is that once the finite anaerobic energy stores are exhausted, the 

remaining power output must be sustained by aerobic metabolism alone (18, 46). The CP is therefore calculated 

as the average power output during the final 30 seconds, during which power output typically plateaus (91). The 

3-minute all-out test therefore provides a practical and physiologically meaningful assessment of an athlete's

performance profile within a single visit (18, 90, 92). 
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In summary, knowledge of the intensity domain transitions is important for programming training, regulating 

intensity within a session to ensure it is completed with the desired physiological responses (93), and accurately 

quantifying training load and intensity distribution (94). Further, monitoring power output at the intensity domain 

transitions is useful for predicting performance capabilities, given strong relationships with endurance 

performance (1). Accordingly, monitoring changes in power output at the intensity of dominant transitions can be 

used to determine if an athlete is responding positively to training or are overreaching or detraining (95). 
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Figure 3. A Hyperbolic relationship between power output (y-axis) and time (x-axis), where the critical power is 

indicated by the power asymptote and the W’ is the curvature constant. B Power output (W) over time (sec) during 

a 3-min all-out cycling test. The mean power over the final 30 seconds is used to estimate CP.  
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Durability: An additional physiological profiling attribute relevant to endurance performance 

Physiological profiling attributes are routinely assessed in well-rested athletes. These data are then applied to the 

prolonged exercise performed in training and competition. Therefore, a weakness of the physiological profiling 

models and methods described above is that they fail to account for exercise-induced deteriorations in 

physiological profiling attributes (1). It has been shown that prolonged exercise induces substantial declines in 

power output at the moderate-to-heavy transition, heavy-to-severe transition, V̇O2max, and movement economy. 

An individual's resilience to reductions in physiological-profiling characteristics caused by prolonged exercise 

has been termed ‘durability’ (1). 

Specifically, a series of recent studies has shown that prolonged  cycling (~1.5-3 h) decreases (~10%) power 

output at the moderate-to-heavy intensity transition, marked by VT1 (77, 96–100) (Figure 4). These reductions in 

power output have been shown to decline in a non-linear fashion (98). Mechanistically, the decline in power 

output can be attributed to decreased cycling efficiency and/or reduced metabolic energy expenditure at the 

transition (so-called ‘metabolic power’), with previous studies finding that the reduction was primarily attributable 

to reduced metabolic power (77). Reduced energetic efficiency refers to an impaired conversion of metabolic 

energy expenditure to mechanical power output, whereas reduced metabolic power refers to a reduction in the rate 

of metabolic energy expenditure at which the transition from moderate- to heavy-intensity exercise occurs (77). 

Carbohydrate intake during prolonged exercise mitigated this decline by ~3%, likely via preservation of blood 

glucose (97), given evidence suggesting the carbohydrate intake during prolonged exercise does not slow the rate 

of muscle glycogenolysis (48). Importantly, durability of the moderate-to-heavy intensity transition appears to be 

an important performance attribute, as more durable athletes exhibited smaller reductions in 5-min time trial 

performance following prolonged exercise (99). 

Figure 4. Solid bars represent the mean power output at the moderate-to-heavy intensity transition measured 

following prolonged exercise, while the striped area represents the corresponding value when fresh, in a series of 

recent studies (77, 97–99). 
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Power output at the heavy-to-severe transition also decreases following prolonged cycling, with CP and the work 

capacity above CP (W') significantly reduced (101–103). Specifically, it was shown that CP (~11%) and W' 

(~20%) declined significantly following 2 h of heavy-intensity cycling (103). A follow-up time course study 

reported that CP was maintained following 40 and 80 minutes of heavy-intensity cycling, but decreased by ~9% 

following 2 hours, while W′ declined progressively (102). Notably, carbohydrate ingestion at 60 g/h preserved 

CP with a ~2% decline following 2 hours of exercise (102). Supporting this, a 10% decline in 6-min time trial 

power and 6% drop in peak power output after 4 h. of intermittent cycling with a high carbohydrate intake at 100 

g/h was observed in recent research (104). These reductions align with findings from previous studies involving 

elite cyclists subjected to prolonged exercise (105, 106).  

Studies have highlighted significant between-participant variability in durability (77, 99). Specifically, Clark and 

colleagues reported reductions in CP of ~1% to ~31% in their cohort. Gallo et al. (2024) reported substantial inter-

individual variability in the exercise time at which power output at VT1 had decreased by 5% (21–279 min), 

highlighting the individual nature of this response. These data suggest that durability is an individual physiological 

attribute, and the onset and magnitude of deterioration differ remarkedly between participants. Therefore, its 

inclusion in physiological profiling may enhance the precision of training load prescription and performance 

prediction for long-duration events (98).  

Durability has important implications for managing training load and exercise intensity. Coaches may schedule 

training sessions based on baseline intensity domain values, which is problematic, as significant drops in power 

output at the intensity domain transition during exercise could affect the desired physiological response, and 

therefore impact autonomic stress and the required recovery time. Additionally, it adds the possibility of errors in 

training load estimation and classifying training intensity distribution. 

In summary, the decline of physiological profiling variables over time during prolonged exercise limits the use of 

physiological profiling data in real-world situations. "Durability" is the term used to describe an athlete's resilience 

to the impacts of prolonged exercise on physiological attributes. According to recent research, durability varies 

among athletes and is associated with performance outcomes. As a result, durability affects performance 

prediction, training load monitoring, training intensity regulation, and training adaptation monitoring. 

Is carbohydrate availability a determinant of durability? 

Durability of the intensity domain transitions could plausibly be related to glycogen availability. Glycogen is a 

glucose polymer and the major source of readily available energy in mammalian skeletal muscle. It acts as a 

storage form for glucose that is present in a variety of tissues, although it is mainly stored in skeletal muscles and 

the liver. During exercise, glycogen stored in the muscle is oxidised to support muscle energy metabolism. 

Glycogen stored in the liver is broken down to glucose and released into the circulation, where it can be 

transported into muscle and utilised to support energy metabolism (33). Glycogen plays a key role in muscle 

function, as demonstrated by the inability to sustain prolonged high-intensity exercise when glycogen stores are 

depleted (107, 108). Numerous studies have verified these findings, and it is now well accepted that muscle 

glycogen levels and fatigue resistance are closely related during both prolonged and high-intensity intermittent 

exercise (109–113).  
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Muscle glycogen is stored in distinct subcellular areas of the muscle cell and in pools within fibres (114, 115). 

The three distinct pools are subsarcolemmal glycogen, found just beneath the sarcolemma; intermyofibrillar 

glycogen, located between the myofibrils; and intramyofibrillar glycogen found in the myofibril. The 

intermyofibrillar glycogen pool makes up around 75% of the total glycogen reserve, while intramyofibrillar and 

subsarcolemmal glycogen make up 5–15% each (116). Studies have demonstrated a larger relative utilisation of 

intramyofibrillar glycogen during exercise, which is preferentially depleted compared to intermyofibrillar and 

subsarcolemmal glycogen (115, 117). Additionally, intramyofibrillar glycogen has been shown to correlate most 

strongly with time to exhaustion (56, 118).  

It has been shown that there is a link between the slower release of Ca²⁺ in sarcoplasmic reticulum (SR) vesicles 

and the decrease in intramyofibrillar glycogen levels, indicating a connection between low glycogen and fatigue 

(57, 115, 119). Decreased intramyofibrillar glycogen may be related to reduced sodium-potassium adenosine 

triphosphatase (Na+/K+-ATPase) activity (120). Research shows that the Na+/K+-ATPase function appears to be 

reliant on intramyofibrillar glycogen (121), and intramyofibrillar glycogen depletion has been associated with 

impaired muscle contractile function (57, 116). Furthermore, work done in mouse muscle showed lowered muscle 

glycogen together with increased K+ interactively reduces muscle force, which may impair performance (122). 

This was due to an increased number of inexcitable muscle fibres. As a result, a smaller pool of excitable fibres 

is available to generate force. To compensate, the neuromuscular system may increase motor unit recruitment and 

firing frequency to maintain force output (123, 124). Accordingly, there is strong mechanistic rationale for the 

proposed link between muscle glycogen depletion and muscle contractile function. 

Liver carbohydrate stores eventually become depleted following prolonged exercise, causing a drop in blood 

glucose levels, which may lead to hypoglycaemia (125). If liver glycogen stores are depleted and gluconeogenic 

metabolism from non-carbohydrate substrates is insufficient to match the rate of glucose disappearance, then 

blood glucose levels will decline. This is another proposed mechanism of fatigue; when the body is unable to 

maintain blood glucose levels, a process that is tightly regulated by the brain, it can cause a strong neural response 

to terminate or significantly reduce power output. When carbohydrate is ingested during exercise, the liver reduces 

glucose output, preserving finite liver glycogen stores (112). The glucose supplied from the liver is crucial in 

regulating blood glucose levels, as this provides an additional source of glucose for working muscles and prevents 

hypoglycaemia (48). Therefore, the positive effect of carbohydrate ingestion on the durability of the intensity 

domain transitions may be linked to better blood glucose regulation (33, 97, 102, 126).  

During prolonged exercise, slow-twitch muscle fibres, associated with low-threshold motor units, are 

preferentially recruited and often exhibit greater glycogen depletion compared to fast-twitch fibres (118, 127–

129). Low-threshold motor units have adapted to metabolise energy substrates effectively by having a high 

maximal oxidative power, which is indicated by the cellular mitochondrial volume percentage (130). Recently, 

researchers have suggested that there is progressive decline in muscle oxidative power as exercise progresses, due 

to the preferential depletion of glycogen in slow-twitch fibres, which have the highest oxidative capacity, and 

therefore become inactivated first (131). As slow-twitch fibres are preferentially recruited, less effective fast-

twitch fibres are then activated once the slow-twitch fibres become inexcitable due to glycogen depletion, which 

results in a less-oxidative active fibre pool (131). 



21 

Plausibly, the effect of prolonged exercise on carbohydrate availability has implications for durability. If muscle 

glycogen stores are depleted during prolonged exercise, particularly in the preferentially-activated slow-twitch 

fibres, the power output at which the transition from moderate-to-heavy, and heavy-to-severe, intensity occurs 

may be reduced. This hypothesis is supported by the the favourable effect of carbohydrate ingestion on durability 

of the intensity domain transitions reported previously (77, 97, 102). However, no studies have systematically 

assessed the effect of altered glycogen stores on the power output at the intensity domain transitions and 

physiological profiling variables. Assessing this effect has implications for our understanding of the mechanisms 

behind the loss of power output at the intensity domain transitions that occur during prolonged exercise.  

The effects of carbohydrate availability on muscle recruitment 

Electromyography (EMG) may be a useful tool for exploring the hypothesis that durability is linked to 

carbohydrate availability. EMG is a popular non-invasive method for evaluating muscle function, neuromuscular 

activation, and fatigue (132–135). EMG captures the electrical activity of skeletal muscle at the skin’s surface. 

EMG signals represent the combined electrical potentials of active motor units and can provide insight into motor 

unit recruitment strategies throughout various forms of muscle contraction (Viitasalo & Komi, 1977). In 

particular,  EMG amplitude and frequency characteristics are important for analysis. These EMG measurements 

can be used to assess how the nervous system alters the pattern of muscle fibre activation in response to various 

metabolic and mechanical variables, including fatigue and substrate availability (136, 137). 

During prolonged or repeated submaximal contractions, EMG amplitude increases due to increased motor unit 

recruitment and increased motor unit firing rate to sustain force output (138). This is especially evident at lower 

intensities, where greater amplitude reflects increased motor unit recruitment to compensate for declining force-

generating capacity (139). As exercise intensity increases, more type II fibres are recruited (140). In contrast, 

during maximal efforts, EMG amplitude may decrease over time as all motor units are already active and firing 

rates decline due to the muscle's reduced ability to sustain high firing rates.  

A decrease in the median power frequency (MPF) has been shown to reflect neuromuscular fatigue (136). Slower 

motor units are typically made up of type I fibres, which twitch at a lower frequency, while larger, faster motor 

units are generally comprised of type II fibres, which have a higher twitch frequency (137). Motor unit action 

potential conduction velocity, which is impacted by muscle fibre type and cross-sectional area, determines the 

MPF (138). Therefore, during submaximal contraction an increase in MPF suggests an increase in motor unit 

action potential conduction velocity, and therefore greater type II fibre recruitment. During maximal contractions, 

it is assumed that all motor units are active; therefore, MPF may decline as muscle fibers become fatigued and 

conduction velocity is reduced (135). Thus, MPF is a valuable addition to amplitude when assessing muscle fibre 

recruitment patterns. Lowered muscle glycogen impairs sarcoplasmic reticulum Ca²⁺ release (57) and reduces the 

energy available to support Na⁺/K⁺-ATPase activity (120) important for muscle excitability; therefore there is an 

increase in higher threshold motor units. During submaximal exercise, if glycogen depletion leads to the 

inactivation of type I muscle fibres, necessitating increased recruitment of type II motor units to maintain a fixed 

power output, then greater EMG amplitude and MPF is expected. In contrast, during maximal contractions under 

glycogen-depleted conditions, a greater decline in EMG amplitude and MPF could be observed. This is likely due 
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to the accelerated fatigue of muscle fibres resulting from limited glycogen availability, which compromises their 

ability to sustain forceful contractions. 

 

Specifically, research using surface EMG has reported that EMG amplitude is significantly elevated when 

performing high-intensity cycling under glycogen-depleted conditions, particularly when cycling above 70% 

V̇O2max (141). These data suggest that there is an increased neural activation to compensate for the reduced 

carbohydrate availability. In protocols involving sustained isometric contractions, glycogen-depleted muscles 

exhibited higher EMG amplitudes and reached task failure faster than normal glycogen content muscles, which 

suggests glycogen depletion causes a faster onset of neuromuscular fatigue (123). Osborne and Schneider (2006) 

found that surface EMG MPF increased more rapidly during heavy cycling exercise following glycogen reduction, 

which is suggestive of greater type II fibre recruitment and heightened neuromuscular activation to sustain 

performance. These results may be interpreted as evidence of greater central motor drive and increased recruitment 

of type II fibres to maintain force output when muscles are depleted of glycogen. Together, these findings support 

the idea that under low glycogen availability, there is a shift toward earlier and more pronounced motor unit 

recruitment, reflected in increased EMG amplitude and an increase in MPF.  

 

The observed increases in EMG amplitude and MPF under glycogen depleted conditions suggests a  shift toward 

an earlier and greater recruitment of type II motor units to maintain power output. This shift is likely caused as 

reduced carbohydrate availability leads to an earlier depletion of glycogen in type I muscle fibres, which are 

recruited first due to their high oxidative capacity during submaximal exercise (118, 131). As these fibres fatigue 

and become less excitable, the neuromuscular system compensates by recruiting higher-threshold, type II fibres 

to maintain force output. As type II fibres are more glycolytic and less fatigue-resistant, their early recruitment 

increases the energetic cost of exercise and accelerates fatigue development (116). This mechanism may partly 

explain why there is a reduction power output at the moderate-to-heavy and heavy-to-severe transitions following 

prolonged exercise (77, 96–99, 102, 103). Therefore, the EMG data showcasing motor unit recruitment patterns 

provides mechanistic support for the idea that carbohydrate availability may be a key determinant of durability.  

 

Summary 

For endurance athletes, physiological profiling is essential for guiding training and predicting performance. 

Important indicators that provide information on aerobic capacity, efficiency, and intensity regulation include 

V̇O₂max, movement economy, substrate utilisation, and intensity domain transitions. These measurements, 

however, are usually taken while the subject is fresh, thus they might not accurately represent the physiological 

stress brought on by prolonged activity. Recent research has demonstrated that these variables deteriorate over 

time after prolonged activity. The term "durability" describes the rate and degree of decline in physiological 

profiling characteristics over an extended period of activity. The mechanisms behind durability are poorly 

understood; however, growing evidence suggests that carbohydrate availability plays a key role.   

 

Specifically, muscle glycogen depletion has been linked to reduced muscle excitability, impaired contractile 

function, and altered neuromuscular recruitment patterns. To maintain power output under glycogen-depleted 

conditions, the neuromuscular system may compensate by recruiting higher-threshold, less efficient type II fibres, 
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accelerating fatigue. These changes contribute to the decline in power output at intensity domain transitions. 

Carbohydrate ingestion during prolonged exercise mitigates these effects, likely by preserving blood glucose and 

supporting central and peripheral drive. Therefore, investigating the role of carbohydrate availability in durability 

may improve the application of physiological profiling to real-world endurance performance. 

 

Accordingly, the purpose of the study conducted for this thesis was to investigate the effect of lowered 

carbohydrate availability on power output on the intensity domain transitions. Addressing this aim was intended 

to improve the understanding of the mechanisms behind durability and to have implications for applied practice 

in performance physiology. 
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Chapter 3: The effect of lowered carbohydrate availability on power output at intensity 

domain transitions in endurance-trained females 

Introduction   

Physiological responses to exercise are characterised by distinct moderate, heavy, and severe intensity domains 

(61, 80, 92). The moderate, heavy, and severe intensity domains are characterised by the attainment of a rapid 

steady state, delayed steady state, or absence of a steady state in a range of metabolic variables such as 

phosphocreatine (PCr) and pH, blood lactate concentrations, and whole-body oxygen uptake (V̇O2), respectively 

(46, 89, 142). Power output at the intensity domain transitions is routinely assessed in endurance athletes during 

physiological profiling assessments, which are typically conducted in a well-rested state and used to inform 

physiologically-based training programming and load monitoring, intensity regulation during extended training 

sessions or competitions, and assessment of adaptations pertinent to performance (1, 143). However, power output 

at the intensity domain transitions decreases during prolonged exercise (96, 98, 99, 102, 103, 144) in a non-linear 

fashion (10). Resilience to the effect of prolonged exercise on power output at the intensity domain transitions has 

been termed ‘durability’ (1). Durability has implications for the application of physiological profiling data to 

training programming, intensity regulation, and load monitoring, as exercise performed in the moderate, heavy, 

and severe intensity domains elicits distinct metabolic, autonomic, and adaptive responses (45, 145).  

The physiological mechanisms that contribute to the reduction in power output at the intensity domain transitions 

during prolonged exercise are not established. Durability of the intensity domain transitions could plausibly be 

related to carbohydrate availability. The ability to sustain prolonged work is linked to the availability of muscle 

glycogen stores (109, 131). Several studies have shown that muscle glycogen levels decrease progressively during 

exercise (107, 108), and that muscle glycogen depletion is associated with exercise-induced fatigue (57, 116, 146). 

Lowered muscle glycogen has been linked to key fatigue mechanisms, including impaired Na⁺/K⁺-ATPase 

activity, disrupted Ca²⁺ handling, and reduced muscle contractile function (57, 116, 119, 147). Type I fibres are 

preferentially activated during prolonged exercise, and are therefore depleted of glycogen fastest (131). As a 

result, after prolonged exercise, the pool of active, excitable fibres are less oxidative, and increased type II fibre 

activation is required to sustain power output (131). Thus, muscle glycogen depletion necessitates recruitment of 

higher threshold motor units, or increased firing rate of active motor units, to maintain a give work rate (148). 

Importantly, type II fibres have poorer energetic efficiency than type I fibres, which means that more metabolic 

energy expenditure is required to produce a given power output if type II fibre recruitment is increased (21, 26). 

Therefore, exercise-induced muscle glycogen depletion may contribute to the decrease in power output at intensity 

domain transitions during prolonged exercise via impairment of muscle contractile function, increased type II 

motor unit recruitment, and reduced energetic efficiency. However, no studies have systematically assessed the 

effect of altered muscle glycogen stores on power output at the intensity domain transitions. Supporting the role 

of carbohydrate availability in durability, carbohydrate ingestion during exercise mitigated the loss of power 

output at the moderate-to-heavy and heavy-to-severe intensity transitions during prolonged cycling (97, 102, 103). 

Accordingly, the primary aims of the present investigation were to determine the effect of reduced carbohydrate 

availability on power output at the intensity domain transitions in well-trained female cyclists, and to explore 

effects on muscle activation and gross efficiency during submaximal cycling. Our secondary aim was to determine 
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the impact of carbohydrate availability on V̇O2peak and the finite capacity for work in the severe-intensity domain. 

We hypothesised that lowered carbohydrate availability would reduce power output at intensity domain 

transitions, increase recruitment of type II fibres at fixed power outputs and, therefore, increase muscle activation, 

resulting in reduced submaximal gross efficiency. 
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Methods  

Participants  

Nine well-trained female endurance cyclists and triathletes participated in the present investigation. A priori 

sample size calculation determined that five participants are required to detect an effect size of 1.7 with 80% 

statistical power and an alpha value of 0.05. This effect size was based on the effect of prolonged exercise on 

power output at the moderate-to-heavy intensity transition (144). We assumed that the effect of lowered glycogen 

would be smaller than prolonged exercise, given prolonged exercise elicits a number of physiological effects that 

could influence power output at the intensity domain transitions beyond lowered glycogen. A sample size of nine 

is sufficient to detect an effect size of 1.1 with 80% statistical power and an alpha value of 0.05. All participants 

were free of recent (<3 months) illness and musculoskeletal injury and free of cardiovascular disease. Participants 

met two out of the following three criteria: training >5 h.week−1 in endurance cycling, peak oxygen uptake 

(V̇O2peak) >48 mL.kg−1.min−1, and self-reported best-effort 20-min power output of >3.0 W.kg−1. All participants 

provided written informed consent and completed a general health screening. The menstrual cycle phase and oral 

contraceptive use were not controlled for; however, recent evidence suggests that these factors may not 

significantly influence physiological profiling outcomes in trained females (149–151).  

Study design  

An overview of the randomised, crossover study design is shown in Figure 5. Participants arrived for each visit 

having fasted overnight for ~10 h and having refrained from alcohol and caffeine consumption for ~18 h. 

Participants visited the laboratory on five occasions, involving: (1) a characterisation trial, which included an 

incremental cycling test to determine participant eligibility, and a familiarisation to the three-minute all-out test, 

(2) glycogen-depleting exercise #1, (3) an experimental trial including a comprehensive physiological profiling 

assessment of VT1, critical power, V̇O2peak, and cycling economy #1, (4) glycogen-depleting exercise #2, (5) the 

crossover experimental trial. Between the glycogen-depleting exercise bouts and the experimental trials, for ~24 

hours participants consumed a low (<1 g CHO·kg of BM-1·day-1) or high (>9 g CHO·kg of BM-1·day-1) 

carbohydrate diet to produce two distinct glycogen storage conditions (152). 
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Figure 5. Schematic overview of the study design. High CHO, high carbohydrate diet; low CHO, low 

carbohydrate diet. PPO, peak power output achieved during the maximal, incremental test.  

 

Visit one: Characterisation trial  

Incremental test 

Participants reported to the laboratory for an initial incremental cycling test and 3-min all-out test familiarisation 

after having fasted overnight for ~10 h and having refrained from alcohol and caffeine consumption for ~18 h. 

After providing written informed consent, height and body mass were determined. Cycling commenced with a 5-

minute warm-up at 50 W on an electromagnetically-braked cycle ergometer (Lode; Excalibur sport, Groningen, 

The Netherlands). Subsequently, the incremental cycling test began at 75 W, with the power output increasing by 

25 W every 3 min. Expired gases and heart rate were collected continuously using indirect calorimetry (TrueOne 

2400, ParvoMedics, UT, USA) and a chest-strap heart rate monitor (Polar Electro Oy, Kempele, Finland). When 

clear signs of increased V̇E
.V̇O2

−1 emerged, the power output was increased by 25 W every minute. The V̇O2peak 

was accepted as the highest 15-s average V̇O2, and VT1 was identified as the first breakpoint in the V̇O2 vs. 

V̇E
.V̇O2

−1 relationship. This V̇O2 was converted to power output by linear regression of the V̇O2 vs. power output 

relationship, using the last minute of V̇O2 data from each 3-min stage. The last minute of expired gas data in each 

3-min stage was also used to quantify whole-body carbohydrate and fat oxidation rates using standard equations 

(Eq. 1-3) (76). The highest observed rate of whole-body fat oxidation was identified as the peak fat oxidation rate 

(PFO) (39).  

(Eq. 1) Whole body rate of energy expenditure (kcal⋅min-1) = 0.550 × V̇CO2 + 4.471 × V̇O2, where V̇O2 and V̇CO2 

are in L.min-1. 

(Eq. 2) Whole body carbohydrate oxidation rate (g⋅min-1) = 4.210 × V̇CO2 − 2.962 × V̇O2, where V̇O2 and V̇CO2 

are in L.min-1. 

(Eq. 3) Whole body fat oxidation rate (g⋅min-1) = 1.695 × V̇O2 − 1.701 × V̇CO2, where V̇O2 and V̇CO2 are in 

L.min-1. 
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3-min all-out test familiarisation 

After completing the incremental test, participants rested for ~15 min before completing a familiarisation protocol 

for the 3-min all-out test. The 3-minute all-out test began with participants performing a warm-up at 100 W for 5 

min. Participants then rested for 30 seconds and, during the last 5 s, were asked to increase their cadence to 

approximately 120 rev.min-1. Participants then cycled all-out for 3 minutes. Instructions were given to reach peak 

power output as quickly as possible and to maintain an all-out effort throughout the test. Loud verbal 

encouragement was given throughout the test, but the subjects were not informed of the elapsed time. The 

resistance to pedalling during the test was set so that participants attained a power output of 50% of the difference 

between VT1 and V̇O2peak at their preferred cadence, using the linear factor of the Lode ergometer (linear factor 

= power/cadence2) (18, 90). An incorrect formula was used to determine the participants linear factor. The linear 

factor was designed to adjust to each participant's preferred cadence, however the cadence remained fixed at 67.5 

rpm for all participants. Expired gases and heart rate were collected throughout the test. Critical power was 

estimated as end test power, or mean power output in the last 30-s of the 3-min all-out test. End-test power has 

been shown to be a valid measure of the heavy-to-severe intensity transition (90). Following the 3-min all-out 

test, the participants were given the carbohydrate intake required for their first condition. A consultation occurred 

in which their preferred foods were discussed to create a draft meal plan, and they were made familiar with the 

smartphone application (Easy Diet Diary), which was used to track macronutrient intake.  

Visits two and four: Glycogen depletion exercise  

Participants returned to the laboratory 5-14 days following the characterisation trial to complete the glycogen 

depletion exercise. Participants arrived having fasted overnight for ~10 h and having refrained from alcohol and 

caffeine consumption for ~18 h. Cycling began with a 5-min warm-up at 75 W. Following the warm-up, the 

participants completed a series of high-intensity cycling intervals designed to deplete glycogen in slow and fast 

twitch fibres. The protocol consisted of 10 repetitions of 45-s intervals at the highest power achieved during the 

incremental test in the characterisation trial, with 135-s of passive recovery between each repetition. After 

completing the 10 repetitions, participants were given a 5-min passive rest period. This sequence was repeated 

two further times for a total of 30 repetitions (153). The total duration of the this visit was ~90 min.  

Following the glycogen depletion exercise, either a low carbohydrate (<1.0 g·kg of BM-1·day-1) or a high 

carbohydrate (>9 g·kg of BM-1·day-1) diet was followed (152). The order of these two diets was randomised. This 

diet was followed until the subsequent experimental session (~24 h). Total energy intake for both conditions was 

standardised based on the high-carbohydrate intake. In both trials, the energy intake was 100-133% of the calories 

provided by 9 g·kg of BM-1·day-1 of carbohydrate.  
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Visits three and five: Experimental sessions  

Muscle microbiopsy 

On the morning of the experimental session, participants returned to the laboratory, having consumed a light 

breakfast containing of 0.2 g·kg of BM-1·day-1 carbohydrates. This breakfast was replicated in both experimental 

sessions. A resting microbiopsy muscle sample was obtained from the mid-belly of the vastus lateralis of the 

dominant leg. Local anaesthesia was applied to the skin and superficial muscle fascia. A microbiopsy needle was 

then inserted into the mid-belly of the vastus lateralis to a depth of ~2 cm to recover ~15-30 mg of tissue using a 

spring-loaded mechanism (14G Ultimate Biopsy Needle, Zamar Care, Croatia). Muscle tissue was immediately 

frozen on dry ice and stored at −80°C until further analysis. 

Measurement of muscle activity  

Muscle activity was measured throughout the exercise via surface electromyography (Quattrocento, OT 

Bioelettronica S.r.l., Torino, Italy, sampled at 2048 Hz and bandpass filtered 20-500 Hz). Before the start of the 

test, location of the motor point of the VL and VM muscles was estimated using a stimulation pen, which was 

used to deliver single rectangular pulse stimuli (duration = 0.2 ms, intensity = 20 mA) by a high-voltage constant 

current stimulator (DS7AH; Digitimer, Welwyn Garden City, UK). This location was determined as the point that 

provoked the strongest twitch of the muscle, as demonstrated by visual inspection by the researcher and the 

contraction sensation of the participants. A self-adhesive 5 × 10 cm rectangle electrode was placed on the gluteal 

fold. The disposable electromyography (EMG) electrodes (Norotrode, Myotronics Inc., WA, USA) were placed 

such that the proximal electrode was over the motor point and the electrodes were oriented in the direction of the 

muscle fibres. The ground electrode was placed on the bony region of the shin. Before placing the electrodes, the 

skin was shaved and abraded with alcohol. The EMG electrode placement locations were outlined with a marker 

to replicate the placements during the second experimental trial.  

Experimental trial  

Participants were fitted with a heart rate monitor, and their heart rate was recorded throughout the exercise trial. 

Expired gases were collected continuously during the exercise trial. The exercise trial began with a five-step 

incremental test, where the first step was at a power output 20% below the VT1 power output estimated in the 

characterisation trial. The power output was then increased by 10% of the previously estimated VT1 every 4 

minutes, such that the fifth and final step was 20% above the VT1 power output estimated in the first visit. A 

finger-prick capillary blood sample was obtained in the last 30 s of each stage for lactate analysis via a hand-held 

lactate analyser (Lactate Pro, Akray, Japan). Raw EMG signals were recorded throughout the test for the VL and 

VM. Following the five-step incremental test, participants rested for 15 min before completing the three-minute 

all-out test to estimate critical power according to the procedures described in the characterisation trial. Pulmonary 

gas exchange was measured throughout the test and recorded in 30-s intervals. Heart rate was recorded 

continuously throughout the test. Loud verbal encouragements were given throughout. Raw EMG signals were 

recorded throughout the test for the VL and VM. These experimental procedures were repeated for the other 

condition ~7 days later. 
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Data analysis 

5-step test

The moderate-to-heavy intensity transition power output was calculated using the previously described methods 

for determining VT1 during the first laboratory visit, but with enhanced precision due to the denser clustering of 

data points around the transition. This method was previously used to estimate the moderate-to-heavy intensity 

transition, producing similar results to blood lactate-derived measurements (77). The final sample size for this 

measure was N = 7, as two participants did not reach VT1. To estimate lactate threshold (LT), blood lactate 

concentrations during the five-step test were plotted against power output, and the breakpoint in the curve was 

identified using the LoglogLT method (73).  Expired gas data was used to quantify rates of whole-body energy 

expenditure, carbohydrate oxidation, and fat oxidation using the last minute of expired gas in each 4-min stage 

and standard equations standard equations (Eq. 1-3) (76). Gross cycling efficiency was calculated as the 

percentage of metabolic energy expenditure converted to mechanical power using the energy expenditure 

calculated in the last minute of each stage.  

3-min all-out test

Critical power was estimated as end test power, or mean power output in the last 30-s of the 3-min all-out test. 

The work completed during the test above end power (WEP) was also calculated (154). Peak power output was 

the highest power output achieved during the first 10 s of the test. The V̇O2peak was accepted as the highest 15-s 

average V̇O2. Total work completed during the test was calculated in kilojoules. 

Muscle activation 

Custom programs in MATLAB (The MathWorks, Inc., Natick, MA, USA) were used to analyse the EMG data. 

All EMG data were band-pass filtered (Butterworth 4th order, 20-450 Hz) and partitioned into five bins for the 5-

step test (i.e., five stages), and into six bins for the 3-min all-out test (i.e., 30-s bins). For the 5-step test, only data 

from the last-minute each stage were analysed. EMG data were available for seven participants (N = 7) due to 

data loss from a system disconnection and a detached ground electrode. 

The filtered data were full-wave rectified, and root mean squared (RMS) with a 25-ms moving window. Based on 

Özgünen et al. (2010), we used 35% of the mean value calculated over the whole RMS envelope during the 5-

step test and 3-min all-out test to identify active bursts in the VL and VM during the respective tests (156). The 

EMG data under the burst threshold were excluded from the analyses. Median power frequency (MPF) was 

calculated as the frequency that divides the power spectral density (PSD) into two equal halves, using the 

periodogram-based method. 

To normalise the RMS and MPF data, peak values were obtained from the 3-min all-out test. The 3-min all-out 

test data were partitioned into 1-s bins and the highest RMS and MPF values from the first 10 s (i.e., period where 

peak power output is typically reached) were used for normalisation. Stage-specific RMS and MPF values from 

the 5-step test and 30-s bin values from the 3-min all-out test were then expressed relative to these peak values. 
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Muscle glycogen analysis  

Frozen muscle tissue samples were homogenised in a buffer containing 100 mM Tris–HCl, 5 mM EGTA, and 5 

mM EDTA (Sigma Aldrich, MO, USA), supplemented with Halt protease and phosphatase inhibitor cocktail 

(ThermoFisher Scientific, Waltham, MA). The protein concentration of the homogenates was determined in 

triplicate using a non-modified Lowry assay (Peterson, 1977). Glycogen concentration was measured by digesting 

an aliquot of the crude homogenate with amyloglucosidase (Sigma-Aldrich, St. Louis, MO, USA) at 50°C 

for 60 min in a buffer containing 0.1 M sodium acetate, pH 6.0. Following centrifugation at 16,000 g for 2 min, 

the supernatant was removed, and glucose levels were determined in triplicate using a two-enzyme, colorimetric 

glucose assay (Sigma-Aldrich, St. Louis, MO, USA). Glycogen levels were measured in glucose units (nmol), 

normalised to protein content (mg, determined by the non-modified Lowry assay), and presented as relative levels 

for comparative purposes. 

Statistical analysis  

Data are expressed as means  standard deviation. The Shapiro-Wilk test was used to confirm a normal Gaussian 

distribution. Power output at the moderate-to-heavy (VT1 and LT) and heavy-to-severe (critical power) intensity 

transitions, muscle glycogen content, V̇O2peak, WEP, PPO, and total work done during the 3-min all-out test were 

compared between-trials using paired t-tests. Linear mixed models were used to assess gross efficiency, fat 

oxidation rates, and muscle activation (RMS and MPF). Condition, stage and their interaction were included as 

fixed effects, and participant ID was included as a random effect to account for within-subject variability. The α 

for all statistical tests was set at P < 0.05. All analyses were conducted using JASP (Version 0.19.3).  
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Results  

Diet and muscle glycogen content  

Participants consumed significantly more carbohydrate and total energy, with less protein and fat, between 

glycogen-depleting exercise and the experimental trial in HIGH than LOW (Table 2). Muscle glycogen content 

normalised to protein was significantly lower in LOW than HIGH (447 ± 157 vs. 731 ± 174 nmol glycosyl 

units.mg-1 protein, P = 0.005, Figure 6A). Muscle glycogen content normalised to dry weight was significantly 

lower in LOW than HIGH (248 ± 97 vs. 406 ± 110 nmol glycosyl units.mg-1 dw, P = 0.005, Figure 6B). 

 

 

Figure 6. A Muscle glycogen content of participants in the LOW trial and the HIGH trial normalised to protein. 

B Muscle glycogen content of participants in the LOW trial and the HIGH trial normalised to dry weight. Bars 

indicate mean values and lines indicate individual responses. N = 9. ** denotes P ≤ 0.005 

Table 2. Dietary intake during LOW and HIGH carbohydrate diets. Means ± SD, (N = 9) are shown for total 

energy intake, absolute macronutrient intake, energy contributed by each macronutrient, percentage of total 

energy, and carbohydrate intake relative to body mass. 

 LOW HIGH P 

Total energy intake (kcal)  2605.8 ± 538.5 3248.7 ± 636.3 0.002 

Macronutrient intake (g)     

CHO  74.1 ± 20.9 469.9 ± 140.5 <.001 

Fat  167.6 ± 47.5 98 ± 43.2 0.003 

Protein  200.3 ± 46.3 121.8 ± 37 0.003 

Energy (kcal)     

CHO 296.4 ± 83.5 1879.6 ± 562.1 <.001 

Fat 1508 ± 427.7 882 ± 388.7 0.003 

Protein 801.3 ± 185.1 487.1 ± 147.8 0.003 

Energy (%total cal)     

CHO 11.5 ± 2.9 57.8 ± 12.5 <.001 

Fat 57.3 ± 7.4 27 ± 10.6 <.001 

Protein 31.2 ± 6.4 15.1 ± 4.0 <.001 

CHO per BM (g⋅kg of BM-1) 1.2 ± 0.3 7.6 ± 2.2 <.001 
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Intensity domain transitions  

Power output at VT1 was significantly lower in LOW than HIGH (133 ± 24 vs. 152 ± 28 W, ∆ -19 ± 14 W, P = 

0.011, Figure 7A). Power output at the lactate threshold was not significantly different between LOW and HIGH 

(148 ± 29 vs. 142 ± 26 W, ∆ 6 ± 19 W, P = 0.331, Figure 7B). The rate of energy expenditure at VT1 was not 

significantly different between conditions (9.1 ± 1.5 vs. 9.8 ± 1.5 kcal.min-1 in LOW and HIGH respectively, ∆ 

0.7 ± 0.8, P = 0.067). The change in power output at VT1 from HIGH to LOW was attributable to decreased 

energetic efficiency (-7 ± 8 W) and rates of metabolic energy expenditure at the transition (-12 ± 15 W). The 

contribution made by decreased efficiency and metabolic power to the decrease in power output at VT1 was not 

significantly different (P = 0.525).  

 

There was no significant effect of condition on EP (227 ± 34 vs. 226 ± 34 W in LOW and HIGH respectively, ∆ 

1 ± 12 W, P = 0.748, Figure 7C). Similarly, there was no significant effect of condition on WEP (8.6 ± 2.2 vs. 9.3 

± 2.3 kJ in LOW and HIGH respectively, P = 0.232), V̇O2peak (2.8 ± 0.3 vs. 2.8 ± 0.4 L.min-1 in LOW and HIGH 

respectively, P = 0.434), peak power output (846 ± 194 W vs. 864 ± 169 W in LOW and HIGH respectively, P = 

0.554), or total work done during the three-minute all-out test (49.7 ± 6.97 kJ vs. 50.2 ± 6.94 kJ in LOW and 

HIGH respectively, P = 0.192).  

 

 

Figure 7. Power output at the moderate-to-heavy intensity transition as determined by the A first ventilatory 

threshold (VT1) (N = 7) and B lactate threshold (LT)  (N = 9) in a low carbohydrate (LOW) and high (HIGH) 

carbohydrate state. C End test power (EP) during the three-minute all-out test in a low (LOW) and high (HIGH) 

carbohydrate state (N = 9). Bars indicate mean values and lines indicate individual responses. * denotes P ≤ 0.011  

 

Muscle activity  

During the five-step test, median power frequency of the vastus lateralis (VL, P = 0.025) and vastus medialis 

(VM, P = 0.007) was significantly higher in LOW than HIGH, with no condition-by-stage interaction for VL (P 

= 0.375) or VM (P = 0.749) (Figure 8A, 8B). There was no effect of condition on amplitude in the VL (P = 0.232) 

and VM (P = 0.655) during the five-step test, and there were no condition-by-stage interactions for VL (P = 0.809) 

or VM (P = 0.830) (Figure 8C, 8D). There was no significant effect of condition for amplitude or median power 

frequency in the VL and VM during the three-minute all-out test (data not shown).  
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Figure 8. Muscle activity during the 5-step test was determined by A Vastus lateralis median power frequency 

(MPF), B vastus medialis median power frequency (MPF), C vastus lateralis amplitude (RMS), D vastus medialis 

amplitude (RMS) during the five-step test. Data are normalised to the peak value achieved during the 

corresponding three-minute all-out test. The dots indicate raw means, and the error bars indicate SD. N = 9.  

 

Substrate oxidation 

Gross cycling efficiency during the five-step test was significantly lower in LOW than HIGH (P = 0.003), and 

there was a condition-by-stage interaction whereby effects were abolished in the fourth and fifth stages (Figure 

9A). Fat oxidation rates during the five-step test were significantly higher in LOW than HIGH (P = 0.006), but 

there was no condition-by-stage interaction (P = 0.799, Figure 9B).  

 

Figure 9. A Gross efficiency, B fat oxidation rates during the five-step test. The dots indicate raw means, and the 

error bars indicate SD. N = 9. 
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Discussion  

 
The primary aims of this study were to determine the effect of lowered carbohydrate availability on power output 

at the intensity domain transitions, and to explore effects on muscle activation patterns and gross efficiency during 

submaximal cycling, in endurance-trained females. We hypothesised that lowered carbohydrate availability would 

reduce power output at the intensity domain transitions, increase recruitment of higher threshold motor units at 

fixed power outputs and, therefore, increase muscle activation amplitude and median power frequency, resulting 

in reduced submaximal gross efficiency. The primary findings were that lowered carbohydrate availability: (i) 

reduced power output at VT1, but not the lactate threshold or critical power, (ii) increased the median power 

frequency of the VL and VM during submaximal cycling, reflecting greater activation of higher threshold motor 

units, and (iii) reduced gross cycling efficiency during submaximal cycling. Collectively, these data suggest that 

lowered carbohydrate availability may reduce power output at the moderate-to-heavy, but not heavy-to-severe, 

intensity transition due to alterations in motor unit recruitment and impaired gross cycling efficiency. These 

observations are consistent with the hypothesis that the progressive loss of carbohydrate availability during 

prolonged exercise could be a mechanistic cause of the loss of power output at the moderate-to-heavy intensity 

transition during prolonged exercise. 

 

Mechanistic explanation for loss of VT1 with reduced carbohydrate availability 

In line with our hypothesis, lowered carbohydrate availability reduced power output at VT1 by ~12% (Figure 7A).  

Our data are consistent with our proposed mechanism, where the reduction in power output at VT1 with lowered 

muscle glycogen may be attributable to inactivation of specific muscle fibres, which are compensated for through 

activation of higher threshold motor units, resulting in impaired gross cycling efficiency. Specifically, we 

observed significantly higher VL and VM median power frequency in LOW (Figure 8A, 8B). The median power 

frequency is determined by the motor unit action potential conduction velocity, which is affected by the type of 

muscle fibre and cross-sectional area (138). Therefore, during submaximal contractions, an increase in median 

power frequency indicates an increase in motor unit action potential conduction velocity. Activation of higher-

threshold motor units, which have faster muscle fibre conduction velocities, results in a shift in the 

electromyographic power spectrum toward higher frequencies, which in turn increases the median power 

frequency (157, 158). However, shifts in conduction velocity likely reflect the progressive activation of higher-

threshold motor units along a continuum of fibre characteristics, rather than a discrete switch from type I to type 

II fibres (159). This aligns with the “onion skin” model, which suggests that low-threshold motor units are 

recruited first and fire at higher rates, followed by the progressive recruitment of higher-threshold units as fatigue 

develops (160). Therefore, the elevated VL and VM median power frequency at submaximal power outputs in 

LOW likely reflects an increased activation of higher threshold motor units.  

 

Interestingly, although we observed an increase in median power frequency in LOW, there was no effect of 

reduced carbohydrate availability on VL and VM amplitude (Figure 8C, 8D). Our amplitude measure during 

submaximal cycling reflects the number of active motor units (136, 137), and therefore the absence of a between-

trial difference suggests there was no significant increase in motor unit recruitment in LOW. High-threshold motor 

units or type II fibres are highly-active during intense, but not moderate-intensity submaximal exercise (161, 162). 
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Therefore, the increase in median power frequency but unchanged amplitude in LOW suggests that lowered 

carbohydrate availability shifted the muscle fibres that were activated, rather than recruited additional fibres.  

 

Also in line with our hypothesis, gross cycling efficiency at submaximal power outputs was impaired in LOW 

(Figure 9A). Individuals with a higher percentage of type I fibres have greater cycling efficiency (21, 26), which 

is consistent with the notion that type I fibres are more energetically efficient than type II fibres. It has been shown 

that moderate carbohydrate intake (4 g/kg/day) after glycogen-depleting exercise reduces intramyofibrillar 

glycogen density (163), and in the current study participants consumed even less carbohydrate in following 

glycogen-depleting exercise LOW (1 g/kg/day), which collectively suggests that intramyofibrillar glycogen stores 

were substantially reduced in LOW. Depletion of intramyofibrillar glycogen has been shown to impair excitation-

contraction coupling by reducing calcium release, therefore limiting the force generating capacity of the affected 

fibres (57, 119). Low-threshold fibres were likely depleted preferentially during the glycogen-depleting exercise, 

reducing their function and increasing reliance on less-efficient fast-twitch fibres (131). Therefore, the participants 

may have been more reliant on less efficient high-threshold motor units to sustain power output, which would 

contribute to the observed reduction in efficiency. These impairments likely increased the metabolic load on the 

remaining active fibres to maintain force production, further contributing to the decline in gross cycling efficiency 

observed in the LOW condition. This is further supported by the increased VL and VM median power frequency, 

which is consistent with increased recruitment of high-threshold motor units. Taken together, these results are 

consistent with the hypothesis that lowered carbohydrate availability reduced power output at VT1 due to greater 

activation of higher-threshold motor units in compensation for impaired function of glycogen-depleted individual 

fibres, resulting in impaired gross cycling efficiency.   

 

Explanation for the disparity in the effects of lowered carbohydrate availability on VT1 and LT 

Interestingly, reduced carbohydrate availability lowered power output at VT1, but not at the lactate threshold 

(Figure 7B). The lactate threshold and VT1 are both used as markers of the moderate-to-heavy intensity transition 

(66), hence we had anticipated that these markers would respond similarly to reduced carbohydrate availability. 

The disparity in the effect of reduced carbohydrate availability on VT1 and lactate threshold may be because they 

are sensitive to different physiological signals. The VT1 is assessed via the ventilatory response to exercise, which 

is sensitive to various metabolic perturbations, including lactate, pH, CO2, K+ and H+ concentrations (74). These 

metabolites stimulate peripheral chemoreceptors and skeletal muscle metaboreceptors (164), resulting in a 

disproportionate increase in minute ventilation relative to V̇O2. The breakpoint in this relationship is assessed as 

VT1. In contrast, the lactate threshold is assessed solely via changes in blood lactate concentrations, and thus 

transient imbalances between lactate production and clearance (65, 69). Plausibly, the VT1 may be more sensitive 

to the effect of reduced carbohydrate availability on power output at the moderate-to-heavy intensity transition. 

In LOW, the reduced muscle glycogen content may have downregulated muscle glycogenolysis (112). Consistent 

with this, whole-body fat oxidation rates were ~ 0.2-0.3 g/min higher in LOW (Figure 9B). Downregulated muscle 

glycogenolysis may have led to stimulation of alternative metabolic pathways, such as phosphocreatine 

metabolism, at lower power outputs. Phosphocreatine metabolism leads to increased H⁺ and Pi accumulation (71), 

which stimulate ventilatory drive via input to skeletal muscle metaboreceptors (164), without increasing blood 

lactate accumulation. Therefore, the metabolic shifts associated with LOW may have reduced power output at the 
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moderate-to-heavy intensity transition without impacting the power output vs. blood lactate relationship, and 

therefore the lactate threshold. This may explain our observation that reduced carbohydrate availability lowered 

power output at VT1, but not the lactate threshold. 

No effect of lowered carbohydrate availability on the heavy-to-severe intensity transition 

Contrary to our hypothesis, reduced carbohydrate availability did not impact power output at the heavy-to-severe 

transition, assessed using three-minute all-out test end-test power (Figure 7C). These data suggest that factors 

other than carbohydrate availability govern the heavy-to-severe intensity transition, at least within the range of 

carbohydrate availabilities studied here (Figure 6A). Consistent with this, a previous study reported no relationship 

between the magnitude of muscle glycogen depletion during prolonged, heavy-intensity cycling and the 

magnitude of the reduction in power output at the heavy-to-severe intensity transition, also determined using 

three-minute all-out tests (102). 

It is possible that a negative effect of reduced carbohydrate availability on power output at the heavy-to-severe 

intensity transition might have been seen with a greater reduction in muscle glycogen levels in LOW. It has been 

suggested that the negative effects of muscle glycogen depletion on high-intensity performance are only seen 

when muscle glycogen falls below a threshold value, possibly 250 to 300 mmol·kg⁻¹ dry mass (165). In support, 

researchers previously reported no difference in 75-s exercise performance when muscle glycogen levels were 

reduced, but still well above this threshold (462 mmol·kg⁻¹ dw) (166). In this study four of the nine participants 

were above this threshold, whilst the mean value is below the proposed threshold (248 ± 97 nmol glycosyl 

units.mg-1 dw). Future studies may consider investigating the effects of more-severe muscle glycogen depletion 

on power output at the heavy-to-severe intensity transition.  

Limitations 

When interpretating the results of this study, several limitations should be acknowledged. There was a discrepancy 

in total energy intake between the glycogen-depleting bout and the experimental trial in HIGH and LOW, whereby 

participants consumed ~25% more energy in HIGH. Whilst our primary aim was to manipulate carbohydrate 

availability, the higher total energy intake in HIGH may have introduced a confounding variable. Specifically, the 

observed greater power output at VT1 could be partly attributable to greater overall energy availability. To address 

this in future studies, researchers may consider providing all meals to participants during the dietary manipulation 

phase to standardise energy and macronutrient intake across conditions, ensuring tighter control over carbohydrate 

availability and reducing between-condition variability in energy status. This would help isolate the specific 

effects of carbohydrate availability on physiological outcomes. Another limitation was that we lost some EMG 

data due to technical issues, which limited the statistical power of our neuromuscular analysis.  

Conclusion 

In conclusion, our data suggest that lowered carbohydrate availability reduced power output at the moderate-to-

heavy transition, as indicated by the reduction in power output at VT1. We attribute this effect to greater activation 

of higher-threshold motor units during submaximal cycling, likely in compensation for impaired function of 

glycogen-depleted fibres, resulting in impaired gross cycling efficiency. In contrast, no effect of reduced 
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carbohydrate availability was observed at the heavy-to-severe transition, which suggests that reduced 

carbohydrate availability, at least within the range studied here, does not govern power output at the heavy-to-

severe intensity transition. Our data therefore support a potential mechanistic role for the progressive reduction of 

carbohydrate availability during prolonged exercise in durability of the moderate-to-heavy intensity transition. 
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Chapter 4: Summary and future directions 

The primary aims of this thesis were to investigate the effect of lowered carbohydrate availability on power output 

at the intensity domain transitions in endurance-trained females, and to explore effects on muscle activation 

patterns and gross efficiency during submaximal cycling. We hypothesised that lowered carbohydrate availability 

would reduce power output at the intensity domain transitions, increase recruitment of higher threshold motor units 

at fixed power outputs and, therefore, increase muscle activation amplitude and median power frequency, resulting 

in reduced submaximal gross efficiency. The primary findings were that lowered carbohydrate availability: (i) 

decreased power output at VT1, with no effect observed at the lactate threshold or critical power; (ii) elevated the 

median power frequency of the VL and VM during submaximal cycling and (iii) led to a decline in gross cycling 

efficiency. Throughout this chapter we will discuss the practical applications of the results, and then discuss 

recommendations for future research directions.  

Application to practice 

A key finding of this study was that lowered carbohydrate availability impaired power output at the moderate-to-

heavy intensity transition (VT1). This reduction in VT1 under low-carbohydrate conditions mirrors the 

deterioration in physiological thresholds commonly observed after prolonged endurance exercise (96, 97, 99, 100, 

144), which similarly lowers carbohydrate availability (102, 103), suggesting that carbohydrate availability is a 

determinant of durability. The elevated median power frequency of the vastus medialis and lateralis observed in 

the low carbohydrate condition indicates altered neuromuscular recruitment, likely reflecting a compensatory 

activation of higher-threshold motor units due to glycogen-depleted slow-twitch fibres. This shift, combined with 

the observed reduction in gross cycling efficiency, supports the mechanistic link between glycogen depletion, 

impaired muscle contractile function, and reduced metabolic power. Collectively, these results suggest that an 

athlete’s durability is influenced by the maintenance of carbohydrate availability. This has a number of important 

practical applications. 

Firstly, the results from this study highlight the need to consider nutritional status when assessing or prescribing 

training intensities based on physiological profiling data. For instance, testing an athlete in a low-carbohydrate 

state may underestimate their actual VT1 and submaximal efficiency, potentially leading to inappropriate training 

zone prescription. Therefore, coaches and practitioners should implement strategies that ensure athletes are 

adequately fueled before key sessions or tests to obtain an accurate representation of their physiological profile. 

Furthermore, interventions aimed at maintaining carbohydrate availability are likely to enhance durability during 

prolonged exercise. For example, carbohydrate ingestion during endurance sessions can preserve power output at 

intensity domain transitions (97, 102, 103). Athletes may benefit from starting sessions with high carbohydrate 

availability, which can be achieved by consuming a carbohydrate-rich meals the day before and a light pre-session 

snack to ensure adequate glycogen stores. 

Furthermore, the findings of this study contribute new evidence supporting the concept of durability as a 

individualised performance attribute in endurance-trained athletes. Specifically, this study demonstrated that VT1 
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power output was significantly lower under conditions of lowered carbohydrate availability, even during a 

relatively short submaximal protocol. Therefore, these results suggest that physiological profiling assessments 

made in fresh conditions may not accurately reflect an athlete’s true physiological capacity during real-world 

training or competition where exercise is prolonged and glycogen stores are progressively depleted. This 

challenges current practice, where endurance athletes are often profiled under rested conditions and training zones 

are prescribed accordingly. The observed sensitivity of VT1 to reduced carbohydrate availability supports the 

growing research that profiling should extend beyond baseline assessments to include durability-specific 

evaluations showcasing how an individual’s physiological thresholds shift under fatigue or glycogen depleted 

conditions. 

 

Interestingly, critical power did not differ between low and high carbohydrate conditions. This suggests that critical 

power may be a more stable marker under diet manipulation compared to VT1. In practice, this indicates that 

sessions prescribed relative to critical power are less likely to be affected by acute fluctuations in carbohydrate 

availability. Further, critical power may serve as a more reliable measure for training intensity prescription even 

when athletes are in a glycogen-depleted state, for example, following prolonged exercise or if they have back-to-

back training days and have not replenished their glycogen stores. Therefore, integrating both VT1 and CP into 

physiological profiling is important as VT1 reflects the athlete's sensitivity to carbohydrate availability, while 

critical power represents a robust threshold for consistent training prescription. 

 

Future research directions  

The present study was conducted in a female-only cohort to address the persistent sex data gap and contribute to 

a more equitable understanding of endurance performance in females. Sex is now widely acknowledged as a 

significant biological factor that can mediate physiological responses to exercise (167). However, a significant 

sex imbalance persists in exercise science research (168–170). Cowley et al. (2021) reported that of 5,261 articles 

published between 2014 and 2020, 6% featured female-only cohorts. Given what we know about the physiological 

disparities in response to exercise between the sexes, the persistence of bias in exercise physiology literature is 

concerning. It should be encouraged for females to receive the same quality and quantity of research to optimise 

female support. When addressing the demands of elite female athletes, this apparent absence in research presents 

notable barriers because we cannot adopt and apply an evidence-informed approach to maximise female 

performance potential (171). A key reason why females are underrepresented within exercise physiology literature 

is that women are more physiologically variable than men due to fluctuating reproductive hormonal profiles across 

the menstrual cycle. This introduces potential variability, and the methodological challenges affecting study 

design are often cited as the basis for excluding female participants in studies. However, several recent studies 

suggest that these factors may not significantly influence physiological profiling outcomes in trained females 

(149–151). These findings indicate that, when accounting for training status, hormonal fluctuations across the 

menstrual cycle or oral contraceptive use may not substantially alter key performance variables. Therefore, future 

studies should aim to include female participants and use study designs that enable sex-based comparisons. 

Increasing the representation of females in exercise science research is important to ensure that physiological 

recommendations are evidence-based and tailored to both sexes. 
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Furthermore, as our study was conducted on a female-only cohort, future research could investigate the effects of 

carbohydrate availability on intensity domain transitions in male participants. Males rely more heavily on 

carbohydrate metabolism during endurance exercise, driven by higher glycogen phosphorylase activity and lower 

fat oxidation rates (172, 173). These differences in substrate usage suggest that reduced carbohydrate availability 

may produce a more pronounced effect on power output at the intensity domain transitions in males. 

Understanding that males have different physiological responses to exercise and substrate metabolism compared 

to females is important, as it suggests that the effects of altered carbohydrate availability on physiological profiling 

measures may differ between sexes.  

 

Future studies could explore the link between carbohydrate availability and the power output decline observed 

during prolonged exercise. One approach would be to examine whether accelerated glycogen depletion, such as 

through nicotinic acid ingestion, leads to greater reductions in VT1 during prolonged exercise. By combining a 

prolonged cycling protocol with pre and post exercise physiological profiling, researchers could determine 

whether the responses observed under low-carbohydrate conditions in the present study mirror those that occur 

with progressive glycogen depletion during prolonged endurance exercise. Such studies would provide valuable 

insight into the role of muscle glycogen as a determinant of durability and guide strategies to optimise 

carbohydrate availability for sustained performance. 

 

Conclusion  

In conclusion, the key findings of this thesis were that reduced carbohydrate availability lowered power output at 

VT1, but did not alter the lactate threshold. This may have been attributable to altered neuromuscular recruitment 

and consequent reductions in gross cycling efficiency. However, reduced carbohydrate availability did not affect 

the heavy-to-severe transition. Accordingly, the primary recommendations for application of these results are that 

nutritional status should be considered in physiological profiling, and training prescription and durability should 

be monitored at an individual level as a part of athlete profiling assessments. The primary recommendation for 

future research is to examine the link between carbohydrate availability and durability during prolonged exercise, 

including studies using accelerated glycogen depletion to replicate real-world endurance conditions. Whilst 

continuing to address the sex data gap by including female-focused studies and enabling sex-based comparisons. 

These future research findings will provide a more thorough understanding of what makes athletes more durable 

and enhance the practical application of durability research to improve endurance performance.  
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