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Introduction 
This report will interpret and analyse data collected from several laboratory assessments that explored relationships among energy systems, muscle fibre types, blood lactate, substrate utilisation, and energy expenditure across different exercise intensity domains. This report aims to understand the relationships among these variables, specifically focusing on the changes that occur at each threshold to improve key performance metrics. The metrics that will be analysed are respiratory exchange ratio (RER), volume of oxygen uptake (VO₂), peak power output (PPO), resting metabolic rate (RMR), total energy expenditure (TEE), and body composition. The purpose is to build a comprehensive profile of my physical capabilities and capacity to meet the varying energy demands of exercise.
The report will proceed to examine the role each macronutrient plays in fuelling exercise and promoting recovery, and how energy balance contributes to the maintenance and alteration of body composition. Finally, the report will demonstrate how the integration of physiological data and scientific evidence can inform personalised nutritional and training strategies to enhance performance, recovery, and long-term health.
Physiological observations during a VO2 max test
VO₂ max is defined as the maximum rate at which oxygen can be taken up and used by the body during exhaustive exercise (Bassett and Howley, 2000). The VO₂ max test is recognised as the most accurate measure of aerobic fitness and is expressed in L/min (absolute) or ml/kg/min (relative) (Bassett and Howley, 2000). To measure my VO2 max, an incremental treadmill test was performed, starting at 6km per hour and increasing the speed by 1km each minute. An indirect calorimetry procedure was used to measure my oxygen consumption and carbon dioxide production. Jeukendrup and Gleeson (2019) explained that each macronutrient requires different amounts of oxygen during oxidation, whilst producing different amounts of carbon dioxide. This means indirect calorimetry can accurately measure which substrate is being used at any given time. The metric is displayed through an RER score, which often ranges from 0.7 to 1.0; a low RER value indicates predominant fat utilisation, whilst a higher value represents a higher utilisation of carbohydrate metabolism for energy (Eryilmaz and Polat, 2021). To gauge RER at rest, all class subjects performed a 2-minute gas exchange test using a Douglas bag, which Carter and Jeukendrup (2002) described as the gold standard collection method for oxygen consumption and carbon dioxide production. The groups' resting RER values varied between 0.85-0.9 following a data cleanse, which is consistent with Goedecke et al. (2000), who measured the resting RER of 61 trained cyclists. The authors reported ‘There was large interindividual variability in resting RER (0.718–0.927)’ (Goedecke et al., 2000, p.1325). 
Exercise intensity domains can be classified in various ways, which means the most suitable approach can be dependent on the target population and the specific goals of the assessment (Coates et al., 2023). This report will specifically measure physiological observations within a three-domain model, as described by Jamnick et al. (2020).  Nuuttila et al. (2025) add that the three-domain model is the most justified method for identifying the exercise intensity domains (moderate, heavy, and severe) based on clear lactate and ventilatory thresholds. However, various studies have opted for additional intensity domains, such as a four-domain model (e.g., Fernandes, Carvalho and Figueiredo, 2024; Rios et al., 2025), a five-domain model (e.g., Hill, Poole & Smith, 2002), in addition to a six and seven-zone domain model (Coates et al., 2023). The additional intensity domains in such studies were employed to measure metrics near-resting levels (low) and above VO2 max (extreme), due to the speed at which VO2 max can be attained during short but maximal efforts (Fernandes, Carvalho and Figueiredo, 2024; Coates et al.,2023). 
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Figure 1 – Shows RER, Energy Expenditure (EE) and Carbohydrate (CHO)/ FAT utilisation during the subject’s VO2 max test.

Throughout the moderate exercise intensity domain, the aerobic energy system dominates as adenosine trisphosphate (ATP) is produced in the presence of oxygen (McArdle, Katch & Katch, 2015). This exercise intensity can be sustained for hours because fat is the preferred fuel source, and body fat stores often exceed 100,000 calories (Jeukendrup & Gleeson, 2019). At this intensity domain, the body is primarily using type I muscle fibres, which have a high mitochondrial density, making them efficient in a fat oxidative state (Lievens et al., 2024). In the moderate exercise intensity domain, my body reached its maximal fat oxidation (MFO) of 36g/h at approximately 4 minutes into the test, and my reliance on fat oxidation steadily decreased from that point on, as shown in Figure 1. MFO is the point at which the body utilises the highest amount of fat oxidation for energy in comparison to the rest of the exercise bout, whilst the exercise intensity or heart rate (HR) at which MFO is observed is defined at ‘Fatmax’ (Jeukendrup & Achten, 2001). My Fatmax was identified at approximately 131 beats per minute (bpm) and a 10km treadmill speed. This aligns with a statement by Meucci et al. (2021), who acknowledge that Fatmax is commonly achieved at low to moderate exercise intensities. 
Whilst my MFO was observed at 36g/h, carbohydrate oxidation was also significantly contributing to energy expenditure at a rate above 100g/h at the same point. Thus, my body's utilisation of fat as a fuel source continued to decrease until it reached ‘the crossover point’ at approximately 6 minutes, where the dominant fuel source shifts, as carbohydrate oxidation can produce ATP at a quicker rate than fat oxidation. Kristiansen et al. (2000) acknowledged that when exercise intensity increases, so does the utilisation of carbohydrates in the form of plasma glucose and muscle glycogen. This also signals for the recruitment and utilisation of more type II muscle fibres, as they have higher glycolytic activity (Lievens et al., 2024). It is important to note, the recruitment of type II muscle fibres is in addition to the working type I fibres and not instead of them. 
[image: A screenshot of a computer

AI-generated content may be incorrect.]
Figure 2 – Shows the VE and VCO2 during the subject’s VO2 max test. 

As the exercise intensity continues to increase, ventilation begins to rise disproportionately to VO2, which is known as the Ventilatory Threshold 1 (VT1) (Nuuttila et al., 2025), which can be seen in Figure 2. This threshold is also known as the first Lactate Threshold (LT1) or the Gas Exchange Threshold (GET), which marks the first noticeable increase in blood lactate levels (MacIntosh et al., 2021; Coates et al., 2023). The data at this threshold confirms the increased utilisation of carbohydrates as the predominant fuel source, demonstrated through a RER value of 0.93. VT1 was identified at 40 ml/min/kg, which is 80% of my VO2 max and 109% of my predicted VO2 max. This data aligns with Janmick et al.’s (2020) statement that the moderate intensity domain is often between 60-80% of an individual's VO2 max.
As the threshold moves from the moderate intensity domain to the heavy intensity domain, my fat utilisation completely drops off, as seen in Figure 1. Instead, carbohydrate oxidation dominates, utilising 250g/h as the rate of ATP turnover continued to increase. The increase in carbohydrate metabolism is accompanied by an increase in lactate production, resulting in further recruitment and utilisation of fast-twitch glycolytic fibres (Fernandes, Carvalho and Figueiredo, 2024). Thus, oxygen is still present in the production of energy, meaning aerobic metabolism is still the dominant energy system at this intensity. 
As the intensity continues to rise, ventilation increases disproportionately to both VO2 uptake and VCO2 output, which is marked as the second Ventilatory Threshold (VT2) (MacIntosh et al., 2021), which can be seen in Figure 3. Although the threshold’s title can be amended depending on which physiological markers are observed and are present, the most common description is the second Lactate Threshold (LT2), which can be identified through a significant increase in blood lactate (MacIntosh et al., 2021) or the anaerobic threshold (Shanta and Ajita, 2025). Coates et al. (2023) recognised that the boundary between the heavy and severe domains can be classified as the Critical Power (CP) boundary, which reflects the highest sustainable intensity for an individual. For Poole et al. (2016), however, the CP threshold should be represented as a “bandwidth” due to unpredictable fatigue responses. Likewise, Svedahl and MacIntosh (2003) emphasised the confusion over naming and describing the various boundary conditions. Nevertheless, for the data used in this report, the VT2 threshold was identified at 47 ml/min/kg, which is 93% of my VO2 max and 127% of my predicted VO2 max based on AHA classification norms. An RER value of 1.03 confirms anaerobic glycolysis was increasingly present, which meant type II fibres were heavily contributing, and lactate production exceeded the body’s ability to clear it.
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Figure 3 - Shows the VO2, VCO2 and HR in relation to the subject’s VT1, VT2 and test interruption point during the VO2 max test. 

The identification of VT2 marked the beginning of the severe exercise intensity domain. Throughout this domain, lactate cannot be stabilised, nor can VO2, reflected in a greater contribution of phosphocreatine utilisation and a further recruitment of highly fatigable type II muscle fibres (Fernandes, Carvalho and Figueiredo, 2024). At the severe intensity domain, energy production is required at a much faster rate, meaning the anaerobic energy system provides a significant amount of fuel without the use of oxygen (Janmick et al., 2020). This domain extends until VO2 max is reached, which was earlier defined as the maximum rate at which oxygen can be taken up and used by the body during exhaustive exercise (Bassett and Howley, 2000). Basset and Howley (2000, p. 71) further explained that the physiological upper limit is achieved when “no further increase in oxygen intake can occur”, and this value often plateaus on the CPET report. 
However, according to Howley, Bassett and Welch (1995), the reliability of plateau occurrence was found in only 50% of subjects, whilst Astorino et al. (2005) also questioned the frequency of the plateau across tests. In turn, Poole et al. (2008) recognised there are additional common measurements to determine test interruptions, which include: RER values between 1.10 – 1.15, age predicted HR values (220-age ± 10 bpm) and blood lactate levels of 8mM or above. In addition to the plateau of my VO2 that can be observed in Figure 3, my RER value of 1.09 and my max HR of 174 (+33 ± 10 bpm) are all accurate measurements of a true VO2 max score and a correct test interruption. These measurements do not appear without their own scrutiny, as Poole et al. (2008) observed an undermeasurement of 27% in these determinants of VO2 max. My relative maximum oxygen uptake was 51 ml/min/kg and is assessed as ‘Excellent’ based on AHA classification. 

Physiological observations during a Wingate Anaerobic Test
The Wingate Anaerobic Test (WAnT) is widely recognised as a reliable and precise method for assessing anaerobic power and capacity (Stewart et al., 2011). The test requires individuals to pedal against a resistance equivalent to 7.5% of their body weight for 30 seconds at maximum effort (Demirarar and Cabuk, 2025). For example, at 80kg, my resistance load was set to 6kg, which is 7.5% of my body mass. Test results are usually reported in absolute units (Watts) or as a relative comparison (Watts per kilogram of body mass) (Hetzler, Stickley and Kimura, 2011). 
The physiological demands of the WAnT elicit contrasting responses from the energy systems, muscle fibres, and substrate utilisation compared to those observed during the VO2 max test. Interestingly, Smith and Hill (1991) found that during the WAnT, the ATP-PC contribution was 28%, the glycolytic contribution was 56% and the aerobic contribution was 16%. The study suggests that peak power occurs within the first 1-4 seconds, with ATP provided from the ATP-PC system and declines until 10 seconds (Smith and Hill, 1991). Subsequently, glycolytic energy production peaks within the first 5-15 seconds of high-power exercise, while aerobic metabolism increases rapidly during activities typically considered anaerobic, contributing significantly to the total work performed (Smith and Hill, 1991; Leithauser et al., 2016). 
These findings explain the large power drop highlighted in Table 1 during a WAnT, with power peaking at 1,146.70W and rapidly decreasing to a minimum power output of 460.36W within 30 seconds. This demonstrates the rate at which the ATP-PC energy system depletes ATP stores, and the rate at which the highly fatigable type II muscle fibres can continue to contribute to power output (Stewart et al., 2011). Interestingly, Lamb (1995) estimated that elite weightlifters can generate power outputs 10 to 20 times higher than those needed to reach their V̇O₂ max but at a fraction of the time. 
The final comparative physiological metric studied in the VO2 max test was blood lactate. Whilst blood lactate accumulates incrementally during the VO2 max test, Beneke, Jumah and Leithauser (2007) explain that blood lactate concentrations continue to rise for a considerable time after maximal short exercise ends, before they begin to decline. Goodwin et al. (2007) found that peak lactate values can reach 15-25mM but can take between 3-8 minutes to peak. 





Table 1 – Displays the subject’s performance metrics collected during the Wingate anaerobic test. 
	Brake weight (kg)
	Peak Power (W)
	Peak Power (W/kg)
	Time at Peak Power (ms)
	Average Power (W)
	Average Power (W/kg)

	6.0
	1,146.70
	14.33
	1,423
	740.75
	9.26

	Minimum Power (W)
	Minimum Power (W/kg)
	Power Drop (W)
	Power Drop (W/kg) 
	Power Drop (W/s)
	Power Drop (W/s/kg)

	460.36
	5.754
	686.35
	8.58
	22.88
	0.286

	Power drop (%)
	Max Speed (rpm)
	Power at Max Speed (W)
	Time at Max Speed (ms)
	Decline in Power (W)
	Total Energy Produced (J)

	59.85
	157.49
	1,161.78
	5,083
	673.93
	21,416



In summary, there are contrasting physiological metrics when comparing the VO2 max test and the Wingate Anaerobic Test. Firstly, each energy system is best suited for different types of activities, but none operate in isolation. Instead, they function in sequence, with significant overlap, to meet the body’s energy needs during exercise (Gastin, 2001). Secondly, Type I muscle fibres are more dominant in lower intensities, whereas Type II muscle fibres are crucial for shorter, more explosive movements (Stewart et al., 2011). Thirdly, blood lactate levels gradually rise in VO2 max tests and similar incremental exercise to levels of 8-15mM, but can reach 15-25mM during maximal effort, like the WAnT (Goodwin et al., 2007).
Nutritional strategies to maximise performance and recovery
There are many ways to understand an individual’s nutritional requirements. Needs can be informed by performance tests, body composition tests, or driven by specific goals. Kreider et al. (2017) highlight the importance of tailored nutrition support to enhance performance outcomes and reduce the likelihood of nutrition-related deficiencies and injuries. Gamen (2024) stresses the need for nutritional guidance to be individualised, due to varying demands of different sports, ages, sexes, goals, dietary preferences and personal health conditions. Therefore, a “one size fits all” approach is no longer sufficient (Burke, 2010, p.48). 
Carbohydrate availability is essential for both the muscle and the central nervous system during intermittent high-intensity exercise and prolonged aerobic activity (Jeukendrup and Gleeson, 2019). Therefore, utilising carbohydrate strategies before, during and after exercise is critical in maximising performance and recovery (Burke, 2010). Particularly, as carbohydrate stores are limited and can regularly be below the energy demands of many competitions and training events (Burke, 2010). When these strategies are implemented effectively, they can successfully delay the onset of fatigue and improve exercise capacity or endurance capabilities (Wright et al., 1991).
Jeukendrup and Gleeson (2019) recommend that athletes consume a carbohydrate intake of 5-12g/kg b.w./day, with specifics within the range depending on energy needs, training load and performance feedback. Identifying the right carbohydrate range will support the replenishment of glycogen before the next training session or competitive event. Additionally, longer-duration sports and activities may require ‘carbohydrate loading’ to maximise glycogen stores before and during events (Burke and Hawley, 2018), with the exact amounts identifiable through VO2 max testing. Meanwhile, Jeukendrup (2014) recognises that carbohydrate ingestion during exercise can enhance sporting performance for intense activities longer than 60 minutes in duration. However, outside of competition, Burke and Hawley (2018) suggest that starting endurance training with lower stores of muscle glycogen increases mitochondrial biogenesis compared to training with sufficient glycogen stores. This theory has been further developed by commencing an afternoon training session with high glycogen stores, followed by a restriction in the replenishment of carbohydrate stores that evening, before training again the next morning with low glycogen stores. This theory has been shown to ‘up-regulate various markers of substrate metabolism and endurance training adaptations in skeletal muscle’ and is termed “train high, sleep low” (Burke and Hawley, 2018, p. 2). 
Glycogen stores can also be replenished through protein intake if carbohydrate consumption is suboptimal (Jeukendrup and Gleeson, 2019); however, protein is not the body’s preferred source of fuel (Zhao et al., 2024). Protein's primary role is to provide amino acids for protein synthesis, whilst protein is essential in regulating appetite, managing glucose and fat metabolism, controlling blood pressure, supporting bone health, and maintaining immune function (Jahan-Mihan et al., 2011). For protein to serve its functions effectively, Zhao et al. (2024) found that generally active individuals can meet protein needs by consuming 0.8-1.0g/kg per day. However, a meta-analysis of 28 studies suggested that endurance athletes should consume 1.2-1.4g/kg body weight (bw) per day, and strength-based athletes should consume 1.6-1.7g/kg bw per day (Zhao et al., 2024). Furthermore, a protein intake of 2.3-3.1g/kg bw per day may be required to retain lean body mass during prolonged calorie-deficient phases (Jäger et al., 2017). These recommendations are suggested to offset muscle damage and maximise recovery. Jäger et al. (2017) continued to explore best practices and suggested that athletes should consume 0.25g/ kg bw or 20-40g of protein per serving, whilst advising that servings are evenly distributed every 3-4 hours across the day. Additionally, there has been conflicting research on the urgency of protein consumption post-workout, with Cribb and Hayes (2006) finding improvements in strength and hypertrophy, whilst Hoffman et al. (2009) did not. 
It is recommended that athletes consume approximately 30% of their daily calorie needs through dietary fat, which is slightly above the advice given to non-athletes, due to additional energy demands, the need to replenish intramuscular triacylglycerol stores and adequate consumption of essential fatty acids (Kreider et al., 2010). However, dietary guidelines indicate saturated fat intake should be below 10% of total energy consumption (or 5–6% for individuals needing to lower LDL cholesterol) and trans fats should be less than 1% of energy intake, to help reduce the risk of ischemic heart disease and stroke (de Souza et al., 2015). Furthermore, athletes who desire lower body fat stores are advised to consume 0.5-1.0g/kg bw per day until they reach optimal body fat levels (Kreider et al., 2010). Although these strategies need to be carefully considered, as fat is an essential fuel source at rest and during low to moderate exercise intensities (Jeukendrup and Gleeson, 2019), whilst Pendergast et al. (1996) suggest the intensity can be as high as 80% of VO2 max in trained athletes.
Total energy expenditure can play an important role in maximising performance, recovery and general health. Therefore, enhancing body composition can positively affect performance, by making weight in combat sports, increasing power-to-weight ratios in endurance sports and improving physical dominance in contact sports (Delany, 2025). These procedures must be administered in line with guidelines and with athlete safety at the forefront of advice. 
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Introduction

Caffeine is the world’s most popular ergogenic aid, which naturally occurs in many plant species (Guest et al., 2021). Caffeine is frequently consumed in the form of tea, coffee, and energy drinks, while the popularity of caffeine chewing gums, bars, gels, and mouth rinses has increased more recently (Wickham and Spriet, 2018). Khodadadi et al. (2025) found that caffeine is consumed by 80% of the world's population daily, while at least 70% of athletes incorporate it into their training and competition routines. Furthermore, Fulgoni, Keast and Lieberman (2015) found that the average US adult consumed 211 ± 3 mg of caffeine per day, with men (240 ± 4 mg/d) consuming significantly more than women (183 ± 3 mg/d).  The ergogenic effects of caffeine on exercise performance have been shown to improve alertness and attention, enhance fat oxidation and muscle oxygen saturation, decrease perceived exertion and fatigue, which can be attributed to caffeine’s ability to bind to adenosine receptors (Khodadadi et al., 2025). It is important to note that Wickham and Spriet (2018) found that caffeinated chewing gum is absorbed quicker than other methods of caffeine ingestion. However, overall caffeine absorption does not differ in the same time frame. Furthermore, caffeine ingestion was shown to improve cycling performance over a 120-minute time trial (Talanian and Spriet, 2016; Ivy et al., 1979) and increase cycle times to exhaustion (Costill, Dalsky and Fink, 1978). Therefore, the hypothesis predicts caffeine ingestion will improve time trial performance compared to the control group. 
Method
A randomised, controlled, crossover trial was conducted to examine the effects of caffeine gum on cycling time-trial performance and cognitive output.  Each participant completed two experimental conditions in a randomised order on consecutive days: a caffeine trial and a placebo trial. The participants' order was selected through ‘Random.org’, which provides truly unpredictable numbering. Participants were instructed to avoid all dietary caffeine for at least 12 hours before each session and to maintain consistent diet and activity patterns across testing days. The group consisted of six (5 male and 1 female) recreationally trained individuals (age 40.1 ± 11.4 years; height 171.2 ± 5.3 cm; weight 85.7 ± 8.7 kg). 
At the start of each session, participants completed an online reaction time test, an online Stroop test, a 5-minute warm-up and a 6-second peak power test, both performed on a Watt bike. Following pre-test assessments, participants completed a 20-minute self-paced cycling time trial on the same Watt bike. Immediately after completing the time trial, participants completed the reaction time test, Stroop test, and peak power test using identical procedures. 
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AI-generated content may be incorrect.]In the caffeine condition, participants consumed 400 mg of caffeinated chewing gum, chewing for a total of 15 minutes before the time trial started. In the placebo condition, participants received an identical caffeine-free gum matched for appearance, texture, and flavour. Chewing began 5 minutes before the first cognition test and concluded 5 minutes before the cycling time trial commenced, which allowed time for buccal absorption. The specific timings and protocols are highlighted in Figure 1. 

Figure 1 – Shows the chronological order in which the trial was conducted. 
Results 
The study tracked the measurement of 14 variables, and the results show that the participants performed significantly better (P <0.05) in the caffeine condition in three specific measures. Significance was determined through a t-test on the software SPSS. The participants' mean power output improved by 13.67 watts across the 20-minute time trial, their mean total distance increased by 422.17 metres, while their mean heart rate also increased by 15.84 beats per minute. Additionally, the caffeinated condition improved their peak power output both pre time-trial (by 25.5 watts) and post time-trial (by 52.66 watts), but only the latter approached great significance. Post time-trial reaction time was also trending towards a difference, as shown in Table 1. The results also showed that each participant individually increased their total distance covered, mean power output and average heart rate, following caffeine ingestion compared to the placebo condition.  
Table 1 – Shows the mean scores of the study groups' performance with and without caffeine consumption. 

	Variable
	Placebo
	With caffeine
	Difference
	P value

	Mean power output (watts)
	167.33w
	181.00w
	13.67w
	0.049*

	Mean total distance (metres)
	11,345.00m
	11,767.17m
	422.17m
	0.041*

	Mean HR (bpm)
	153.33bpm
	169.17bpm
	15.84bpm
	0.031*

	Reaction time - post time trial (seconds)
	0.583s
	0.533s
	0.05s
	0.76

	Peak power output - post time trial (watts)
	1128.67w
	1181.33w
	52.66w
	0.063



*Significant difference (P <0.05)

Critical evaluation 
The findings of this study indicate that caffeine ingestion produced measurable improvements in several markers of cycling performance, with a statistically significant difference (p < 0.05) observed in mean power output, total distance covered, and mean heart rate. A 13.67 W increase in mean power during the 20-minute time trial aligns with findings that caffeine boosts performance through CNS stimulation and increased muscle fibre activation (Jeukendrup and Gleeson, 2019; Kalmar, 2005). However, the changes in the CNS are diverse, extensive, and often oversimplified (Graham, 2001). 
The improved power output had a positive impact on the total distance covered, with the caffeine control showing an improvement of 422.17m, which is consistent with Graham-Paulson, Perret and Goosey-Tolfrey (2016), who saw a 2% improvement from caffeine ingestion in 10km cycling time trials. This is likely due to caffeine's ability to act as an adenosine receptor antagonist, which subsequently reduces behaviours associated with adenosine, such as reduced arousal, induced sleep, and increased fatigue (Jeukendrup and Gleeson, 2019). Furthermore, Graham-Paulson, Perret and Goosey-Tolfrey (2016) and Costill, Dalsky and Fink (1978) reported that caffeine lowered perceived exertion during exercise; however, this study found no difference in RPE between caffeine and placebo trials, consistent with Astorino, Terzi and Roberson (2011), Astorino et al. (2012) and Mor et al. (2024). Variations in trial dosages and athlete sensitivity to caffeine may account for the discrepancies observed across studies (Spriet, 2014). 
The increased mean heart rate (+15.84 bpm) may reflect caffeine’s known stimulant effect on the sympathetic nervous system, which elevates catecholamine release and increases cardiovascular drive during exercise (Graham, 2001). Although Spriet (2014) suggests 3mg/kg of body weight (bw) of caffeine is unlikely to affect heart rate, the higher dosage of 4-5mg/kg bw in this study may be responsible for an increased heart rate. Alternatively, the increased heart rate could be the result of the increased power output, which aligns with Astorino et al. (2012). 
Post time-trial reaction speed also increased in the caffeine condition, although not significantly (P = 0.76). These results are consistent with the findings of Lieberman et al. (1978), who gave 20 subjects various caffeine dosages (32, 64, 128 and 256 mg) and observed improvements in reaction speed and auditory vigilance. Furthermore, Hogervorst et al. (1999) specifically measured Stroop performance after strenuous cycling and found that response speed and accuracy improved in the caffeine condition. This is often the result of caffeine stimulating the release of neurotransmitters such as dopamine and noradrenaline, which can contribute to enhanced alertness, reaction time, alongside multiple other benefits already highlighted (Gtówka et al., 2024). 
The observation that peak power output improved in both pre and post time-trial tests suggests that caffeine may enhance both immediate neuromuscular performance and post-exercise anaerobic capacity. Although only the post-trial increase (+52.66 W) approached statistical significance, the pattern aligns with existing literature that highlights how caffeine can enhance maximal voluntary contraction, increase firing frequency, and delay peripheral fatigue (Tarnopolsky, 2008). 
However, several methodological limitations must be acknowledged. Firstly, the study’s sample size lacked statistical power, which increases the chance of both Type I and Type II errors. Caffeine studies generally require larger samples due to high inter-individual variability driven by genetics, habitual caffeine intake and differences in metabolism (Pickering & Kiely, 2018). 
Secondly, the study provided each participant with 400mg of caffeine gum 20 minutes before the time trial began. An absolute dosage is a common practice in caffeine trials, however, a dosage determined by body weight provides more consistency across participants (Graham, 2001). The selected dosage meant that participants consumed different ratios of caffeine based on their body weight (77-101kg range), meaning the lightest in the group ingested 5.19mg/kg bw and the heaviest ingested 3.96mg/kg bw. Although Spriet (2014) suggests that a 400mg dosage is within standard ergogenic ranges for most adults. Additionally, there is inconsistent literature on the most effective timing of caffeine consumption before exercise. Guest et al. (2021) found that consuming caffeine 60 minutes before exercise was the most common practice in trials, but understand that caffeine gum can be ingested immediately before exercise due to its faster absorption rate. 
Thirdly, the trial lacked a familiarisation protocol, which would have ensured all performance improvements were solely related to the implementation of caffeine and not the familiarisation of the Watt bike after the first trial. A familiarisation procedure is commonly used in exercise testing, with Astorino et al. (2012) and Graham-Paulson et al. (2016) using the protocol to limit a potential learning effect in previous cycling caffeine trials. 
Despite these limitations, the study remains highly relevant to applied sports nutrition practice. Caffeine is one of the most widely used and well-researched ergogenic aids, with effects consistently observed in endurance exercise, short-duration high-intensity efforts, and cognitive tasks under fatigue (Burke, 2008). The fact that every participant in this study showed improvements in mean power output, total distance covered, and mean heart rate supports the broad applicability of caffeine as a performance enhancer.
In practical contexts, caffeine gum proves especially advantageous for sports that demand rapid absorption, particularly before or during intermittent high-intensity activities. It is also beneficial in scenarios where athletes have limited opportunities to ingest liquids or capsules immediately before competition, as commonly encountered in team sports, combat disciplines, and time-trial events.
Overall, the study provides meaningful evidence supporting the performance-enhancing effects of caffeine in a 20-minute cycling time trial. The results align strongly with existing research and reinforce the importance of personalised nutritional strategies for athletes seeking performance enhancement through ergogenic aids. 
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