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Part A: Interpretation and Conceptual Understanding of Data

INTRODUCTION

Comprehending the mechanisms by which the body selects and shifts between energy substrates at varying exercise intensities is fundamental to applied sports nutrition. Exercise metabolism reflects the interaction of physiological systems in maintaining ATP supply to sustain performance. This report analyses metabolic data collected from a 51‑year‑old recreationally trained male (26% body fat) during an incremental RAMP cycling test on a Wattbike Pro. Analysis of oxygen uptake (V̇O2), respiratory exchange ratio (RER), and carbohydrate and fat oxidation rates enables the discussion to examine how energy system contributions, substrate utilisation, and metabolic thresholds define the moderate, heavy, and severe exercise intensity domains. Building on recent studies on exercise metabolism, the discussion addresses macronutrient and fluid replacement while highlighting the practical implications of these findings for nutrition and training guidance.

Energy Systems and Nutritional Influence
Energy supply during exercise is regulated by three interconnected systems that generate ATP in relation to intensity and duration. The ATP‑PC system supplies instant energy for short bursts of maximal intensity exercise, generally lasting up to approximately 10 seconds before phosphocreatine (PCr) stores are exhausted (Hargreaves and Spriet 2020). ATP resynthesis is driven by intramuscular PCr, which donates phosphate via creatine kinase, operating independently of oxygen (Bartlett et al., 2020). Creatine supplementation augments PCr stores, accelerates ATP resynthesis, and helps delay fatigue during maximal sprinting and repeated high‑power efforts (Gutiérrez-Hellín et al., 2025). Additionally, the inclusion of foods such red meat and seafood. beef, pork, chicken, salmon, tuna and cod can provide dietary sources of creatine (Wydra-Rojek et al., 2024). After the initial seconds of activity, the anaerobic glycolytic system progressively plays a greater role in energy supply. Glycolysis quickly supplies ATP, but limited oxygen leads to lactate formation and hydrogen ion accumulation, reducing pH and enzyme efficiency, which induces fatigue (Xie et al., 2024). Carbohydrate consumption can sustain glycolysis and buffering agents such bicarbonate or beta alanine may improve performance. The aerobic glycolytic system sustains moderate intensity exercise by oxidising pyruvate in the krebs cycle to generate ATP, with carbohydrate availability crucial for maintaining power output, delaying fatigue, and limiting reliance on fat oxidation (Alghannam, Ghaith and Alhussain, 2021). Finally, during prolonged, lower intensity exercise, the aerobic oxidative system dominates, generating large amounts of ATP through mitochondrial carbohydrate and fat oxidation, with endurance training, “train low” strategies, and caffeine enhancing fat utilisation and metabolic efficiency (Liepinsh et al., 2020).

VO2 and Exercise Intensity
VO2 denotes the rate of oxygen consumption, reflecting the combined processes of cardiovascular delivery and muscular extraction that support oxidative phosphorylation (Martin-Rincon and Calbet, 2020). During the incremental RAMP test, VO2 increased from 0.79 l/min at 26 W to 3.44 l/min at approximately 184 W, demonstrating an almost linear rise in oxygen demand relative to workload until the final stages of the test. This pattern is characteristic of progressive recruitment of oxidative metabolism as muscle fibre activation increases, and motor unit demand rises (Goulding, Burnley and Wüst, 2023). Physiologically, the progressive rise in VO2 is determined by oxygen transport. With increasing exercise intensity, blood flow, mitochondrial enzyme activity, and pulmonary ventilation all adapt to sustain oxygen delivery. At near maximal effort, V̇O2 plateaus, indicating the upper limit of capacity (Marinari and DeLorey, 2025). Nutritionally, this reflects that oxidative limit, as higher values at lower workloads indicate efficient mitochondria and metabolic flexibility, supporting fat use and delaying glycogen dependence in endurance exercise (Lovell, Stuelcken and Eagles, 2025). The subject’s moderate aerobic fitness indicates a sufficient, though not exceptional, capacity for prolonged oxidative metabolism.

[image: ]Figure 1. VO2 (l/min) during incremental RAMP test

Respiratory Exchange Ratio (RER) and Substrate Shifts
The respiratory exchange ratio (RER) represents the proportion of carbon dioxide output (VCO2) to oxygen uptake during metabolic activity. In exercise physiology, it serves as a key indicator of substrate use, with values approaching 0.7 signifying greater reliance on fat oxidation and those near 1.0 denoting predominant carbohydrate metabolism, whereas >1.0 denotes buffering related CO2 from lactate accumulation (Kato, Matsumoto and Yamashiro, 2020). Furthermore, RER is influenced by both exercise intensity and modality. In the RAMP protocol, RER increased steadily from 0.85–0.90 at lower workloads to 1.05 at peak intensity, highlighting the shift from mixed substrate oxidation (fat and carbohydrate) toward predominantly carbohydrate metabolism with rising exercise demand. As workload rose to approximately 150–175 W, RER values of 0.92–0.96 indicated the crossover point, marking the shift where carbohydrate oxidation surpassed fat oxidation as the dominant energy source. The upper portion of the curve corresponds to high-intensity work (>180 W), where nearly all energy is derived from carbohydrate oxidation. Beyond this point, hydrogen ion accumulation from lactic acid build up generates additional CO2 that elevates the RER beyond 1.0. The comparatively early crossover point observed in this subject indicates a reduced capacity for fat oxidation and an earlier shift toward carbohydrate reliance relative to younger, endurance trained individuals.

[image: ]Figure 2. Respiratory Exchange Ratio (RER) during incremental RAMP test


Substrate Utilisation: Fat and Carbohydrate Oxidation
Carbohydrates and fats are the main substrates which provide energy (ATP) during prolonged bouts of exercise. Carbohydrates, stored as glycogen in muscle and circulating blood glucose, represent the most immediately accessible fuel for muscular activity (Alghanim, Ghaith and Alhussain, 2021). One gram of carbohydrate supplies roughly 4 kcal (17 kJ) of energy, and, under aerobic metabolism, a single glucose molecule generates about 36–38 ATP. Aerobic glycolysis refers to the oxygen dependent degradation of glucose into pyruvate, which subsequently enters the mitochondria to fuel the krebs cycle and oxidative phosphorylation (Schurr and Passarella, 2022), whereas anaerobic glycolysis involves the degradation of glucose in the absence of oxygen, resulting in lactate formation and limited ATP production (2 ATP), (Schurr, 2025). At intensities below 60% VO2 max, glycolytic flux remains moderate, enabling complete oxidation of pyruvate, however, with increasing workload, calcium and catecholamines accelerate carbohydrate oxidation. Beyond 75% VO2 max, pyruvate production exceeds mitochondrial capacity and is converted to lactate to regenerate NAD and sustain glycolysis (Hargreaves and Spriet, 2020). Carbohydrate metabolism demonstrates superior oxygen efficiency relative to other substrates, producing more ATP per unit of oxygen consumed than fat oxidation (Hargreaves and Spriet, 2020). This makes carbohydrate the primary fuel at higher intensities, where oxygen availability is limited and rapid ATP resynthesis is required. In this subject, carbohydrate oxidation rose nearly sixfold during the ramp test, reaching over 220g/hr at maximal effort. This increase signifies a transition from mixed oxidative metabolism to near total carbohydrate dependence, driven by increased glycolytic activity and limited oxygen availability.

Fats are stored mainly as triglycerides in adipose tissue and skeletal muscle. Oxidation begins with the process of lipolysis, which is the process that mobilises fatty acids (FA) from triglyceride stores in adipose tissue and other cells to provide energy and maintain metabolic balance (Grabner et al., 2021). Each gram of fat provides about 9 kcal (37 kJ), offering a substantial energy reserve but with slower ATP resynthesis due to the oxygen demands of beta oxidation and its lower enzymatic turnover compared with glycolysis. As a result, fat oxidation is the dominant fuel source during low intensity, steady state exercise (≤50% V̇O2 max), when oxygen availability aligns with metabolic requirements (Soria et al., 2020). The breakdown of triglycerides in adipose tissue releases free fatty acids (FFA) and glycerol, FA are then transported to tissues for oxidation, while glycerol is delivered to the liver, where it can be converted into glucose and, if energy requirements are minimal, stored as glycogen (Xu, 2023). Inside the muscle cell, FFA are converted to acyl‑CoA and transported into mitochondria via the carnitine shuttle. Within the mitochondria, they undergo beta oxidation, producing acetyl‑CoA that enters the TCA cycle to generate ATP (Enkler et al., 2023). Furthermore, intramuscular triglycerides (IMTG), stored as lipid droplets near mitochondria, serve as a key energy source during exercise (Muscella et al., 2020). The subject’s fat oxidation profile displayed a biphasic pattern, rising to approximately 17 g/h at mid intensity before declining beyond 170 W, as carbohydrate metabolism became dominant. This pattern indicates effective metabolic regulation, however points to a comparatively reduced mitochondrial oxidative capacity when contrasted with endurance‑trained individuals.

Fat Max: Definition and Physiological Significance
Fat Max denotes the exercise intensity at which fat oxidation peaks before diminishing as workload increases further (Price et al., 2022). It marks the intensity at which fat is most efficiently used for aerobic energy, after which carbohydrate oxidation increasingly predominates to meet rising exercise demands (Bertrand et al., 2023). In the subject’s profile, fat oxidation initiated at 7 g/h, then rose progressively to a peak of 17 g/h and then declined toward zero at maximal workload. The peak was observed at approximately 150 W, associated with an RER of 0.90–0.92 and a V̇O2 near 1.8 l/min, equating to roughly 60–65% of the subject’s estimated V̇O2max. Therefore, the Fat Max point for this subject occurred at approximately 150 W, marking the transition between the moderate and heavy intensity domains.
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Figure 3. Carbohydrate and fat oxidation during incremental RAMP test with Fat Max highlighted

Maximal Oxygen Uptake (VO2 max)
VO₂ max is the gold standard measure of aerobic capacity, representing the body’s maximal oxygen uptake, transport, and use during exhaustive exercise through integrated pulmonary, cardiovascular, and muscular function (Charkot et al., 2025). Physiologically, VO2max is determined by the maximal cardiac output and the arterial–venous oxygen difference, defined by the Fick equation (Lin et al., 2025). In this trial, the subject attained a peak VO2 of 3.44 l/min, equivalent to 34 ml/kg/min when adjusted for body mass. In the final phase of the ramp test, oxygen uptake plateaued despite rising workload, with RER of 1.05, heart rate near the age predicted maximum (169 bpm), and a marked increase in ventilation confirming maximal effort. The plateau indicates that oxygen transport and utilisation had reached their physiological limit, with further ATP supplied mainly through anaerobic glycolysis. The subject’s data reflect a moderate yet functional aerobic capacity typical of a healthy, active individual of his demographic.

Ventilatory Thresholds (VT1 and VT2)
Ventilatory thresholds denote critical metabolic transition points during graded exercise and serve as practical indicators for defining intensity domains. They link closely with lactate dynamics and illustrate the coordinated response of the respiratory, cardiovascular, and muscular systems as metabolic demands rise. Research indicates that the %VO₂ max, %HR max, and velocity or power output at which VT1 and VT2 occur depend on an individual’s aerobic fitness level. Those with greater fitness typically reach these thresholds at higher relative intensities, suggesting that fixed percentages of maximum values may not reliably represent exercise intensity across individuals (Benitez-Munoz et al., 2025). Intermittent hypoxic training enhances VO2 max and power at VT2 effectively, showing ventilatory thresholds adapt to specific stimuli and reflect aerobic performance (Maciejczyk et al., 2023). At VT1 (also known as lactate threshold) lactate rises above resting yet is balanced by clearance, carbohydrate oxidation increases while fat remains significant, RER approaches 0.88–0.92 indicating a shift toward carbohydrate use, and VO2 stabilises in steady state with minimal drift (Keir et al., 2022). Recent evidence shows that VT1 emerges near the upper limit of moderate intensity, coinciding with the shift from predominantly oxidative metabolism to mixed carbohydrate–fat use. In this study, VT1 was observed at 120–125 W, where RER neared 0.90, marking the transition from moderate to heavy intensity, coinciding with peak fat oxidation followed by decline and rising ventilation from early lactate buffering. 
Additionally, VT2, or the anaerobic threshold, occurs when rapid lactate accumulation drives excess CO2 and hydrogen ion levels, causing hyperventilation to preserve acid base balance (MacIntosh et al., 2021). At this stage, lactate surpasses clearance capacity, glycolytic flux and type II fibre use are high, ventilation rises sharply to offset acidosis, RER exceeds 0.98–1.00 indicating near exclusive carbohydrate oxidation, and steady state is lost, marking the transition from heavy to severe intensity (Keir et al., 2022). Studies highlight VT2 as a strong predictor of endurance performance, closely linked to maximal lactate steady state (MLSS), the highest workload at which metabolic balance is sustained. In this subject, VT2 was identified at 170–175 W with RER 0.95–1.00, moving from heavy to severe intensity, beyond 180 W, RER >1.0 signalled metabolic acidosis, high glycolytic demand, and loss of VO2 stability characteristic of the severe domain.

[image: ]
Figure 4. RER Response during incremental RAMP test showing VT1 and VT2

Resting Metabolic Rate
Resting metabolic rate (RMR) reflects the minimal energy needed to sustain vital functions at rest and generally contributes 60–75% of total daily energy expenditure in recreationally active adults (Plaza-Florido and Alcantara, 2023). RMR is a key aspect of exercise metabolism, reflecting metabolic health, lean tissue mass, and the energy required to sustain homeostasis. RMR is primarily determined by fat free mass, age, hormonal regulation, and training status, which together influence muscle activity, metabolic efficiency, and post exercise energy use (Zhou et al., 2024). Furthermore, training status, both endurance and resistance exercise can elevate RMR by promoting mitochondrial biogenesis, muscle hypertrophy, and increased post exercise oxygen consumption (Zhou et al., 2024). In this subject, the measured RMR of 2189 kcal/day, is moderately elevated for a 51‑year‑old recreationally active male with 26% body fat, reflecting a basal metabolic function likely shaped by consistent physical activity and sufficient lean mass.

Exercise Intensity Domains
Exercise intensity is commonly classified into three domains, moderate, heavy, and severe, distinguished by specific physiological responses, substrate use, and ventilatory threshold shifts. They clarify the shifts in metabolic behaviour during incremental exercise and provide a basis for prescribing training, evaluating performance, and guiding nutrition strategies. 

Moderate Domain
The moderate domain occurs below VT1, where physiological homeostasis is preserved and a stable metabolic steady state can be reliably maintained (Jones et al., 2019). In this domain, VO2 rises proportionally with workload, lactate remains near baseline due to balanced turnover, fat provides 30–60% of energy depending on training and nutrition, and muscle efficiency is high (Cabral-Santos et al., 2017). Physiologically, this domain is defined by type I fibre activation, efficient mitochondrial function, stable acid base balance, and favourable conditions for prolonged aerobic endurance exercise (Barstow et al., 2000). 

Heavy Domain
The heavy domain represents an intensity range between moderate and severe exercise, defined by physiological thresholds and metabolic responses, and lies above the moderate domain yet below the severe domain, where oxygen uptake can be stabilised but remains elevated relative to moderate exercise (Korzeniewski and Rossiter, 2022). This stage is characterised by delayed VO2 steady state with a slow component from reduced muscle efficiency and type IIa fibre recruitment, increased carbohydrate oxidation alongside declining fat use, moderate but stabilised lactate accumulation, as VE rises disproportionately to VO2 due to early bicarbonate buffering (Stevenson et al., 2022). Furthermore, this phase represents a transitional metabolic state in which oxidative pathways remain important, but glycolysis increasingly contributes, with hydration, glycogen reserves, and carbohydrate availability strongly influencing exercise tolerance (Margolis et al., 2025). Additionally, the heavy domain typically occurs when RER reaches 0.90 to 1.00, illustrating a shift from fat to carbohydrate utilisation.

Severe Domain
The severe domain denotes the maximal physiological stress zone during incremental exercise, commencing beyond VT2. Furthermore, it is defined by the failure to establish a metabolic steady state, rapid onset of fatigue, and maximal engagement of glycolytic and neuromuscular systems (Iannetta et al., 2022). Also, it is especially significant as it marks the upper boundary of sustainable exercise, beyond which conventional aerobic mechanisms can no longer maintain physiological stability (Peker et al., 2024). Additionally, the severe domain precludes a physiological steady state, VO2 rises continuously toward VO2 max, lactate accumulates, ventilation accelerates, and acid base balance deteriorates, reflecting ATP demand that surpasses oxidative capacity and necessitates reliance on anaerobic glycolysis (Wackerhage et al., 2025). In this subject, VT2 occurred at 165–175 W (RER 0.95–1.00), with the severe domain commencing above 180 W and extending to peak output (184–200+ W), where RER rose to 1.03–1.05, VO2 neared its maximum, fat oxidation ceased, and carbohydrate use exceeded 200 g/h.
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Figure 5. Exercise Intensity Domains (Moderate, Heavy, Severe)

Body Composition and Its Relevance to Exercise Metabolism
Body composition, especially the ratio of fat mass to fat free mass, is a key determinant of metabolic efficiency, substrate use, cardiorespiratory capacity, and overall energy expenditure. The subject’s profile (26% body fat, RMR 2189 kcal/day) indicates preserved lean tissue, yet excess adipose tissue increases the energy cost of exercise. The metabolic data show early rises in RER and a rapid shift from fat to carbohydrate oxidation, consistent with findings that individuals with >25% body fat reach Fat Max at lower intensities and rely on glycolysis sooner (Lovell, Stuelcken and Eagles, 2025). A modest energy deficit (300–500 kcal/day) with sufficient protein (1.6–2.2 g/kg/day) promotes fat loss while preserving lean mass, shifting the crossover point and enhancing substrate use. Optimising body composition raises FAT Max, ventilatory thresholds, and endurance, consistent with recent evidence that reduced fat mass improves metabolic efficiency and exercise tolerance.

The Role of Fluid and Electrolyte Replacement During Exercise
Hydration status plays a critical role in maintaining cardiovascular stability, regulating thermoregulatory responses, influencing substrate oxidation, and shaping perceived exertion during exercise (Watanabe et al., 2024). Even mild dehydration (<2% body mass loss) raises heart rate, amplifies the VO2 slow component, and accelerates carbohydrate dependence due to increased catecholamine activity (Mougin et al., 2025). Electrolytes, especially sodium, help sustain plasma volume and fluid absorption during exercise, with current guidelines advising 0.4–0.8 l/h fluid intake containing 20–30 mmol/l of sodium in prolonged or hot conditions (McCubbin, 2025). Meanwhile, potassium is vital to performance, as shifts in plasma levels influence cardiac function, moderate increases can support performance, while severe disturbances in the trans sarcolemma gradient drive fatigue, with muscle transport proteins regulating contractile efficiency during and after exercise (Lindinger and Cairns, 2021). Additionally, sufficient water intake is essential during exercise, as it supports hydration, physiological function, and recovery, while inadequate hydration increases the risk of muscle fatigue, cramps, and heat related injuries that compromise performance (Chodkowski, 2024). Meanwhile, ensuring euhydration is crucial at and beyond VT2, when rising ventilation and metabolic acidosis elevate fluid demands and heighten the risk of premature fatigue (Fujii, 2025). Therefore, effective hydration and electrolyte strategies can help to sustain exercise tolerance and stabilise physiological responses across intensity domains.

The Role of Macronutrients in Fuelling and Recovering from Exercise
The availability of macronutrients is a key factor influencing exercise tolerance, substrate use, and post exercise adaptation. Carbohydrates are the primary fuel in the heavy and severe domains, where increased glycolytic flux and type II fibre recruitment drive high ATP turnover. Consuming 1–2 g/kg of carbohydrate 2–3 hours before exercise boosts glycogen stores, delays the rise in RER, and extends time to exhaustion at high threshold intensities (Ramonas et al., 2023). Further to this, it is evident that during prolonged or high intensity exercise, ingesting 30–60 g/h of carbohydrate helps maintain blood glucose and delays the onset of fatigue (Podlogar and Wallis, 2022). The form of carbohydrate consumed affects fuelling efficiency, with low–moderate glycaemic index sources, which are digested more slowly, thereby sustaining glucose supply and stabilising insulin responses. Consuming complex carbohydrates 2–4 hours before training may be optimal for replenishing liver and muscle glycogen while maintaining stable blood glucose levels, however research regarding this is limited, nonetheless, high carbohydrate intake (10 g/kg) enables rapid liver glycogen restoration within 6 hours post exercise, yet muscle glycogen resynthesis remains incomplete after 12 hours, emphasising the critical role of carbohydrate availability in recovery (Fuchs et al., 2025). By contrast, simple carbohydrates with a high glycaemic index, such as glucose, sports drinks, gels, and fruit, are quickly absorbed and produce a rapid rise in blood glucose. Simple carbohydrates are most effective within 60 minutes before, during, and immediately after exercise, as they sustain blood glucose in high intensity work, and accelerate glycogen resynthesis during recovery (Mattsson et al., 2025). Fat serves as a major energy source during moderate‑intensity exercise performed below VT1. Training sessions performed with reduced carbohydrate availability (“train low”) can be used strategically to stimulate mitochondrial biogenesis and enhance fat oxidation, but they should be periodised with high intensity sessions that demand full carbohydrate availability (Diaz-Lara et al., 2024). Fat metabolism involves mobilisation of FFA from adipose tissue, albumin mediated transport into the blood, and mitochondrial entry through the carnitine shuttle, however, fat oxidation is slower and requires more oxygen per ATP due to its complex pathways (Yu et al., 2022). During exercise, low insulin and elevated catecholamines promote lipolysis, increasing plasma free fatty acids, and as intensity rises, insulin levels increase slightly, driving greater muscle glycogen use and reducing reliance on fat oxidation (Rodriguez‐Lopez et al., 2023). In addition, protein plays an essential role in post exercise recovery. For individuals who exercise regularly, the recommended protein intake is 1.4–2.0 g/kg/day, which supports muscle repair, recovery, and adaptation, which is higher than the general population RDA of 0.8 g/kg/day (Evans, Mekhail and Antonio, 2022). Co‑ingestion of protein with carbohydrate (1.0–1.2 g/kg/h) enhances glycogen resynthesis in the early recovery phase (Craven et al, 2021). However, when carbohydrate intake is sufficient, adding protein does not markedly accelerate muscle glycogen resynthesis, though protein co‑ingestion remains advantageous for muscle repair and amino acid provision without hindering glycogen recovery (Craven et al., 2021).


Part B: Practical Experiment, Critical Evaluation and Lab Report

Effects of Acute Caffeine Gum Ingestion on Peak Power, Endurance Cycling Performance, and Cognitive Function: A Double-Blind Randomised Crossover Trial

INTRODUCTION
Caffeine is among the most extensively studied ergogenic aids in sport and exercise science, consistently shown to improve physical performance, cognitive function, and resistance to fatigue. Caffeine primarily acts by blocking adenosine receptors in the central nervous system, which increases alertness, lowers perceived exertion, enhances motor unit recruitment, and improves excitation–contraction coupling in skeletal muscle (Mesquita et al., 2020). Acute caffeine intake has been demonstrated to enhance endurance capacity, extend time‑to‑exhaustion, increase peak power output, and improve cognitive functions including vigilance and reaction time (Demirli et al., 2025). Furthermore, caffeine gum represents an effective delivery method, as buccal absorption enables rapid elevations in circulating caffeine within minutes (Yang et al., 2024). This may create an advantage in sporting situations where preparation time is restricted, or rapid effects are required. While caffeine reliably enhances endurance performance, its cognitive effects are less consistent, with benefits most evident during fatigue or prolonged mental effort (Backer and Jaitner, 2023). Studies investigating caffeine delivery via gum have reported benefits for cycling time trial outcomes, repeated sprint capacity, and perceived exertion, however relatively few have assessed cognitive function and anaerobic power. Some studies claim that the optimal dosage of caffeine gum usage is 3 mg/kg body mass (Shui et al., 2024). However, this study investigated the acute impact of 400 mg of caffeine delivered via gum on peak power output, 20-minute cycling performance, and cognitive function in recreationally active adults, compared with placebo.
METHODS
Six recreationally active adults participated in the study, all were nonsmokers, injury free, and abstained from caffeine on the morning of testing and intense exercise for a period of 24 hours prior to data collection. Participants were aged 40.7 ± 11.4 years, with a mean height of 171.2 ± 5.3 cm and body mass of 85.7 ± 8.7 kg, and underwent health screening, and written informed consent was secured in line with institutional ethical protocols. A double blind, randomised crossover design was used, with each participant taking both a caffeine and a placebo trial on separate days. Group A unknowingly received the placebo on day one, and the caffeine on the next, whereas Group B did the reverse. The intervention involved administration of 400 mg caffeine gum (Kickstart, Healthspan Elite), with a visually identical placebo gum used as the control. Neither the participants nor the assessors conducting performance tests were informed of treatment allocation. 

Experimental Procedures
At baseline (0 minutes), participants chewed either caffeine or placebo gum. Five minutes later, the initial Stroop test was conducted via an iPad application protocol, followed at 10 minutes by a simple reaction time assessment. At 15 minutes, participants completed a standardised five-minute warm‑up on a Wattbike Pro at an RPE of 10-12. At 19 minutes, participants then performed a 6 second maximal sprint to assess peak power output (PPO). A 20-minute self-paced time trial began at 20 minutes, during which mean power, total distance, and heart rate were recorded at each five-minute period. At 42 minutes, the participants performed a second 6 second peak sprint, followed by post exercise Stroop and reaction time assessments. All procedures, equipment, and environmental conditions were maintained consistently across both trials.

Statistical Analysis
A Paired Sample T Test was performed in SPSS, version 31.0, with statistical significance defined as p < 0.05. Quantitative data were collected via reaction time, mean power, total distance, heart rate, and peak power were analysed across caffeine and placebo conditions. Instances where p‑values approached significance were addressed within the discussion. 

RESULTS
Caffeine intake led to significant enhancements across several endurance performance measures. Mean power output during the 20-minute time trial was elevated under the caffeine condition (p = 0.049), and total distance covered was greater (p = 0.041). Mean heart rate was significantly higher in the caffeine condition (p = 0.031), indicative of greater cardiovascular activation. Post exercise peak power output showed a non-significant trend towards improvement (p = 0.063), while pre exercise peak power remained comparable across conditions. Cognitive outcomes did not differ significantly between trials. Reaction time performance was equivalent under caffeine and placebo (p = 0.76), with no observed improvements in Stroop accuracy or response time. The results suggest that caffeine gum improved sustained cycling performance, while showing minimal effects on maximal anaerobic power or cognitive measures.

Table 1. Summary of mean ± SD outcome measures for placebo and caffeine conditions
	Variable
	Placebo (Mean ± SD)
	Caffeine (Mean ± SD)

	Reaction Time Post (secs)
	0.58 ± 0.08
	0.53 ± 0.05

	PPO Pre (W)
	1123.67 ± 239.72
	1149.17 ± 242.82

	PPO Post (W)
	1128.67 ± 272.46
	1181.33 ± 228.17

	Mean Power (W)
	167.33 ± 62.71
	181.00 ± 55.26

	Total Distance (m)
	11345.50 ± 1561.09
	11767.17 ± 1309.51

	Mean Heart Rate (bpm)
	153.33 ± 9.35
	169.17 ± 13.42

	RPE
	15.67 ± 1.21
	15.67 ± 1.63
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Figure 6. Mean Power Output (Group Means)
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. Figure 7. Distance Covered in 20-Minute Time-Trial (Group Means)
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Figure 8. Post Exercise Peak Power Output (Group Mean)


CRITICAL EVALUATION
The main outcome was that acute ingestion of 400 mg caffeine gum enhanced 20 minute cycling time trial performance, with participants achieving greater mean power and distance. These findings align with the evidence that caffeine improves endurance through central nervous system stimulation, reduced perceived exertion, and increased neuromuscular recruitment. The higher heart rate observed in the caffeine group indicates enhanced sympathetic activation, consistent with established physiological effects of caffeine. Post exercise peak power exhibited a non significant trend toward improvement with caffeine, though the limited sample size may have reduced statistical power. Variability in responses could reflect differences in training background, habitual caffeine use, or genetic factors. Reaction time and Stroop outcomes showed no differences between groups, consistent with evidence that caffeine’s cognitive benefits are more evident under fatigue, reduced alertness, or sustained cognitive load, rather than during brief tasks in rested states. 

Limitations of the study
Interpretation of the results should acknowledge some limitations, notably the variation in participants’ training backgrounds and fitness levels. Participant heterogeneity may have contributed to performance variability, independent of the intervention, potentially affecting pacing, cycling efficiency, and responsiveness to caffeine. Greater consistency in the sample group would improve validity. A key limitation is that the two trials were separated by only 24 hours. Despite requested restrictions on activity, participants may not have fully recovered due to normal fluctuations in fatigue, sleep, and recovery ability. Extending the period between trials would have reduced the likelihood of fatigue affecting outcomes. A further limitation was the difficulty in controlling participant behaviour. Adherence to pre‑trial instructions on caffeine avoidance, hydration, and nutrition was self reported, raising the possibility of withdrawal effects in habitual caffeine users and performance variability due to differences in sleep or diet. Unequal cycling familiarity among participants represented a further limitation. With only one individual cycling regularly, pacing advantages were likely, while resistance trained participants may have been disadvantaged in sustaining steady state efforts due to their muscle fibre type. A familiarisation session could have reduced these issues. Also, the study administered a fixed 400 mg caffeine dose across participants despite body mass differences (77–101 kg), resulting in relative intakes ranging from 3.96 to 5.19 mg/kg. Consequently, some participants received doses near the lower ergogenic threshold, while others consumed higher amounts. This variation may have contributed to performance and heart rate variability, suggesting that body mass adjusted dosing would enhance consistency. The small sample size (n = 6) reduced statistical power, increasing the risk of errors. A larger cohort would also potentially improve the accuracy of the data collected. Finally, the absence of plasma caffeine measurements, preventing accurate confirmation of actual absorption. Given that uptake from gum can vary with chewing behaviour, participants may have experienced unequal exposure. 

Relevance to Real World Practice and Individualised Nutritional Strategies
Despite its limitations, the study offers valuable insight, showing that caffeine gum enhances moderate endurance performance by improving mean power and distance. Its rapid absorption profile makes it particularly advantageous in competitive settings with restricted ingestion time. The inter‑individual variability shows the need for personalised strategies, as differences in habitual intake, sensitivity, and genetic differences may influence performance. Athletes could experiment with caffeine use during training to establish optimal dose, timing, digestion issues, and delivery. Although this study used a fixed 400 mg dose, some individuals may benefit from lower relative intakes that minimise side effects while maintaining ergogenic effects.
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