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Abstract 

 

Purpose: This evaluated the efficacy of drinks containing low concentrations of 

carbohydrate (CHO; 2-6%) on physical performance in cool and warm environments. 

Methods: In two separate, but related studies, 24 healthy males completed a 

familiarisation trial and four trials to volitional exhaustion (TTE) at 70% VO2max in 

cool conditions (10C, n = 12) or 60% VO2max in a warm environment (30C, n = 

12). Subjects ingested 0%, 2%, 4% or 6% CHO solutions (sucrose, glucose and 

fructose in a ratio of 50:25:25) immediately before exercise and every 10 minutes 

during exercise. Results: TTE in 10C was 102.6 ± 33.9 minutes, 109.2 ± 33.9 

minutes, 121.0 ± 25.7 minutes and 122.4 ± 29.9 minutes in the 0%, 2%, 4% and 6% 

trials respectively (P = 0.012). Compared to the 0% trial, TTE was longer on the 4% 

(P = 0.032; ES 0.72) and 6% (P = 0.044; ES 0.66) trials. In addition, TTE was longer 

on the 6% trial than the 2% trial (P = 0.025). TTE was also significantly influenced by 

drink CHO content at 30C (0% 94.5 ± 24.5 minutes, 2% 104.1 ± 20.1 minutes, 4% 

105.5 ± 26.7 minutes, 6% 112.0 ± 28.7 minutes; P = 0.046). No differences in TTE 

were apparent between 0% and the 2% or 4% trials, but TTE was longer on the 6% 

compared to the placebo (P = 0.045; ES 0.62). Heart rate, core temperature or rates of 

substrate oxidation were not affected by drink CHO content. Conclusions: These 

results demonstrate significant improvements in exercise capacity over the placebo 

trial when 4% and 6% CHO solutions were ingested at 10C and a 6% CHO drink at 

30C. 
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Introduction 

 

Paragraph 1 The ingestion of exogenous carbohydrate (CHO) before and during 

exercise undertaken in temperate environments has been demonstrated to enhance 

performance when the exercise duration is greater than 60 minutes (3,8,18,19,31,39). 

The performance effects of CHO and fluid ingestion have been reported to be 

independent and additive (2), leading to the widespread application of sports drinks 

for training and competition. Some debate remains over the mechanisms behind this 

beneficial response, but the performance enhancement appears to be mediated through 

a combination of factors including the sparing of muscle and liver glycogen, 

preservation of circulating blood glucose levels and a maintenance of CHO utilisation 

late in exercise (12). Much of the work in this area has focused on long-duration 

exercise (>2 hours), but there have also been reports of CHO ingestion enhancing the 

performance of relatively short-duration exercise where CHO availability is not 

traditionally thought to be limiting (24). This response has been attributed to a central 

effect of CHO ingestion, perhaps mediated through CHO sensing receptors found in 

the mouth acting as a feed-forward mechanism to prime the body for the delivery of 

substrate (6). 

 

Paragraph 2 Many commercially-available CHO-electrolyte sports drinks contain 

carbohydrate at concentrations of around 6 to 8%, and are approximately isotonic 

relative to human tissues. The CHO content of these beverages typically includes 

varying quantities of glucose, fructose, sucrose and maltodextrin. Jeukendrup and 

colleagues have shown that drinks containing mixtures of carbohydrate that contain 

both actively transported and passively absorbed carbohydrates may increase total 
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exogenous carbohydrate oxidation during exercise and may in turn increase exercise 

capacity (23). There has been a recent trend for some sports drink manufacturers to 

release more dilute CHO beverages, typically marketed as a low energy option for the 

health and fitness industry. At present there are few studies investigating the efficacy 

of lower concentrations of CHO (0-6%) on exercise performance when all other 

factors have been standardised. Drinks with a low energy content result in faster 

gastric emptying times (40) and hypotonic carbohydrate-containing drinks may 

promote better water absorption from the small intestine than plain water or 

hypertonic CHO solutions (38). Taken together, it seems that a lower CHO 

concentration may be just as effective in enhancing exercise performance, particularly 

when fluid delivery is important for the maintenance of performance.  

 

Paragraph 3 The capacity to perform prolonged exercise is reduced in a warm 

environment, with a progressive fall in time to fatigue as the ambient temperature 

increases (17,35). Despite an understanding of the influence of ambient conditions on 

prolonged exercise capacity, the underlying mechanisms behind the deleterious 

effects of heat stress are still subject to much investigation (7,29). Ingestion of fluids 

attenuates the increase in core temperature and heart rate, as well as the decline in 

cardiac output, normally observed during exercise in the heat (20,33). Consequently, a 

solution that can rapidly deliver fluid to the circulation may be more beneficial than a 

more concentrated CHO beverage during prolonged exercise in the heat. Supporting 

this suggestion, no benefit of CHO solutions over a CHO-free placebo were reported 

during exercise undertaken at 33C (16). In addition, Galloway and Maughan (18) 

demonstrated that ingestion of a dilute glucose-electrolyte drink enhanced 

performance during exercise in the heat to a greater extent than ingestion of a smaller 
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volume of a high-carbohydrate solution. Despite evidence suggesting that CHO 

availability is not a limiting factor to performance in warm conditions (35), several 

studies have provided convincing evidence of a benefit of either high CHO diets or 

CHO supplementation when undertaking prolonged exercise in the heat 

(2,5,18,32,37).  

 

Paragraph 4 The aim of this study was to examine the influence of dilute CHO-

electrolyte solutions on physical performance undertaken in cool and warm 

conditions. To address this question, two parallel experiments were conducted, each 

involving the ingestion of a 0%, 2%, 4% and 6% CHO solution before and during 

prolonged exercise: one was undertaken at a work rate equivalent to 70% of VO2 peak 

at an ambient temperature of 10°C, while subjects in the second study exercised at a 

work rate equivalent to 60% of VO2 peak at an ambient temperature of 30°C.  

 

 

Methods 

 

Paragraph 5 This study consisted of two separate investigations involving fixed-

intensity exercise to volitional exhaustion as a measure of physical performance: one 

was undertaken in cool conditions (10C, 60% relative humidity), and the second was 

completed in a warm environment (30C, 60% relative humidity). Twelve healthy 

males volunteered to participate in each investigation (Cool: Age 22 ± 2y, Height 1.81 

± 0.08m, Body mass 73.5 ± 8.1kg, VO2max 4.0 ± 0.5L/min; Warm: Age 21 ± 2y, 

Height 1.79 ± 0.08m, Body mass 80.2 ± 7.1kg, VO2max 4.2 ± 0.5L/min). All subjects 

were physically active and familiar with the sensation of strenuous exercise, but were 
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not accustomed to exercise in a warm environment at the time of the study. Prior to 

volunteering all subjects received written details outlining the nature of the study. 

Following any questions regarding the protocol, a written statement of consent was 

signed. The protocol received prior approval from the Loughborough University 

Ethical Advisory Committee.  

 

Paragraph 6 All subjects completed a preliminary test, a familiarisation trial and four 

experimental trials. Maximal oxygen uptake (VO2max) was first determined using a 

discontinuous, incremental exercise test to volitional exhaustion on a cycle ergometer 

(Monark E-series ergometer). The familiarisation trial followed the same format as 

the experimental trials. This was undertaken to ensure the subjects were accustomed 

to the procedures employed during the investigation and to minimise any potential 

learning or anxiety effects. During the familiarisation trials the appropriate volume of 

the carbohydrate-free test drink was ingested by the subject. To help ensure metabolic 

conditions were similar before each experimental trial, subjects were instructed to 

record dietary intake and physical activity during the day before the first trial and to 

replicate this in the day prior to the subsequent experimental trials. No alcohol 

consumption was permitted in the 24 hours before each trial, and subjects were also 

instructed to avoid strenuous exercise during this time.  

 

Paragraph 7 Each subject completed four experimental trials, randomised and 

undertaken in a counter-balanced crossover manner. Trials were separated by at least 

five days. The solutions ingested consisted of a sugar-free fruit drink (Tesco Ltd, 

Cheshunt, UK), prepared to the manufacturer’s guidelines: to this were added 

quantities of sucrose, glucose and fructose in a ratio of 50:25:25 to make final CHO 



7 
 

concentrations of 2% (20g/L), 4% (40g/L) and 6% (60g/L). The solutions also 

contained 18mmol/L sodium and 2 mmol/L potassium. All drinks were maintained at 

a temperature of 21oC prior to ingestion. Trials took place after a fast of at least six 

hours. A radio-telemetry pill (HQ Inc, Palmetto, Florida, USA) was ingested 10 hours 

prior to exercise, to enable to measurement of core temperature. Subjects were 

instructed to ingest 500ml of plain water 90 minutes before commencing exercise. On 

arrival at the laboratory, subjects first emptied their bladder and a sample of urine was 

retained for measurement of osmolality (Gonotec Osmomat 030, YSI, Farnborough, 

UK). Post-void nude body mass was then measured, and a heart rate telemetry band 

positioned (Polar Vantage, Kempele, Finland).  

 

Paragraph 8 Subjects entered the environmental chamber maintained at the 

appropriate conditions (cool 10oC, 60% relative humidity; warm 30oC, 60% relative 

humidity) and mounted a cycle ergometer before ingesting 3.0 mL/kg BM of the 

appropriate drink. Subjects then commenced exercise at a workload corresponding to 

70% VO2 peak in the cool study and 60% VO2 peak in the warm study. The 

difference in workload between studies was intended to standardise the exercise 

duration between the two environmental conditions. Exercise continued until 

volitional exhaustion, defined as an inability to maintain a pedal cadence of 60 

rev/min despite verbal encouragement from the experimenters.  

 

Paragraph 9 Heart rate and core temperature were recorded every 10 minutes during 

exercise. Expired gas samples were collected and analysed at 15 minute intervals 

using the Douglas bag method. These data were used to estimate rates of substrate 

oxidation (36) and energy expenditure. Subjective ratings of perceived exertion (RPE; 



8 
 

4) and thermal sensation (using a 21-point scale ranging from unbearable cold [-10] to 

unbearable heat [+10]) were assessed every 10 minutes. Subjects ingested 1.5 mL/kg 

BM of the appropriate solution every 10 minutes during exercise. Following the 

completion of exercise subjects were reweighed to allow the estimation of sweat 

losses (30). 

 

Paragraph 10 Statistical Analysis Direct statistical comparisons between the cool and 

warm studies were not undertaken due to the use of separate groups of volunteers and 

the difference in exercise intensity. Data are presented as mean ± standard deviation 

(SD) unless otherwise stated. The differences in exercise time to exhaustion (TTE) 

and the magnitude of difference from the 0% trial were examined using a one-way 

repeated measures analysis of variance (ANOVA). A Bonferroni post hoc correction 

was applied to these data to maintain the family-wise error rate when examining 

differences between individual trials. Cohen’s d effect sizes (ES) for the differences in 

exercise time were also determined. To identify differences in data collected 

throughout each trial, two-way (time-by-trial) ANOVA were employed. Where a 

significant interaction was apparent, pair-wise differences were evaluated using the 

Bonferroni post hoc procedure. Based on the results of a previous investigation (28) 

we estimated a 90% probability of detecting a difference in TTE of 3.6 minutes with a 

sample size of 12 subjects (standardized ES = 0.12; correlation between these repeat 

measures r = 0.978, P = 0.001).  
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Results  

 

Study 1: Cool (10oC) 

 

Paragraph 11 There was main effect of trial apparent when examining the time to 

volitional exhaustion under each experimental condition (P = 0.012; Figure 1A). 

There was a significant difference between trials when exercise capacity was 

expressed using the 0% trial as a baseline, with the mean difference from the time 

recorded during the 0% trial being 8.4 ± 25.8 min (P = 0.427; ES 0.20) in the 2% trial, 

19.4 ±19.5 min (P = 0.032; ES 0.72) with the 4% solution and 21.5 ± 25.2 min (P = 

0.044; ES 0.66) in the 6% trial. While TTE was significantly longer in the 6% trial 

than the 2% trial (by 13.0 ± 12.5 min; P = 0.025), no other statistically significant 

differences were apparent between trials when CHO was ingested (all P > 0.05). 

 

Paragraph 12 There were no differences apparent between trials in total sweat loss 

(P = 0.135) or the calculated sweat rate (P = 0.518): sweat rates were 0.78 ± 0.31 L/h, 

0.85 ± 0.36 L/h, 0.77 ± 0.19 L/h and 0.76 ± 0.26 L/h in the 0%, 2%, 4% and 6% trials 

respectively. Resting heart rate was not different between trials, with a mean value of 

79 ± 6 beats/min recorded prior to the start of exercise (Figure 2A). There was a clear 

elevation in heart rate during exercise (P < 0.001), but the drink ingested did not alter 

this response (P = 0.261). There was no difference in core temperature between trials 

prior to exercise (Figure 3A). While the CHO content of the drink ingested did not 

influence the core temperature response (P  = 0.545), there was a progressive increase 

during exercise in all trials (P < 0.001), reaching 38.1 ± 0.5oC with the 0% drink, 38.1 

± 0.4oC in the 2% trial, 38.2 ± 0.4oC with the 4% solution and 38.1 ± 0.5oC in the 6% 
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trial. Perceived exertion was not influenced by the drink ingested (P = 0.675), but 

there was a tendency for thermal stress to be higher on the 6% trial (P = 0.062). A 

significant increase over time was apparent in all trials (P < 0.001).  

 

Paragraph 12 Expired gas data collected during the study are presented in Table 1. 

Oxygen uptake increased over time during exercise in each trial (P < 0.001). The 

ingestion of the experimental solutions appeared to influence this response, with mean 

VO2 during exercise increasing with a higher concentration of CHO ingested, but this 

marginally failed to reach significance (P = 0.056). RER was not different between 

trials (P = 0.294), but there was a significant reduction in RER as exercise progressed 

(P < 0.001). This response was greater during the 0% trial than during the trials where 

CHO was ingested. Rates of carbohydrate (P = 0.244) and fat (P = 0.136) oxidation 

during exercise were not influenced by the beverage ingested. 

 

 

Study 2: Warm (30oC) 

 

Paragraph 13. There was a significant difference between trials in TTE (P = 0.043; 

Figure 1B). Further analysis of the performance data was undertaken by calculating 

the difference between the times recorded during each CHO trial and that attained 

during 0% trial. This was 9.6 ± 16.0 min (P = 0.643; ES 0.48) in the 2% trial, 10.9 ± 

12.1 min (P = 0.188; ES 0.41) with the 4% solution and 17.6 ± 21.3 min (P = 0.045; 

ES 0.62) in the 6% trial. There were no statistical differences in TTE apparent when 

comparisons were made between pairs of trials where CHO was ingested (all P > 

0.05).  



11 
 

Paragraph 14 There was a tendency for greater total sweat losses during exercise 

with higher drink CHO content (P = 0.072), but there was no difference in the 

calculated sweat rate (0% 1.51 ± 0.32 L/h; 2% 1.46 ± 0.31 L/h; 4% 1.46 ± 0.27 L/h; 

6% 1.46 ± 0.32 L/h; P = 0.496). There was a clear elevation in heart rate during 

exercise (P < 0.001), but the beverage ingested did not alter this response (P = 0.464; 

Figure 2B). There was no difference in core temperature between trials prior to 

exercise (Figure 3B). While the CHO content of the drink ingested did not influence 

the core temperature response (P = 0.516), there was a progressive increase during 

exercise in all trials (P < 0.001), reaching 38.4 ± 0.5oC 38.8 ± 0.7oC, 38.4 ± 0.7oC and 

38.5 ± 0.7oC in the 0%, 2%, 4% and 6% trials respectively. While there was a 

significant increase in RPE and perceived thermal stress as exercise progressed 

observed during all trials (P < 0.001), neither perceived exertion (P = 0.802) or 

thermal stress (P = 0.356) were influenced by the drink ingested.  

 

Paragraph 15 Expired gas data collected during the warm study are presented in 

Table 2. Oxygen uptake increased during exercise in each trial (P < 0.001), but was 

not influenced by the CHO content of the drink ingested (P = 0.109). RER was not 

different between trials (P = 0.226), but there was a reduction in RER as exercise 

progressed in all trials (P = 0.034). Rates of carbohydrate (P = 0.105) and fat (P = 

0.339) oxidation during exercise were not influenced by the drink ingested. 
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Discussion 

 

Paragraph 16 Most commercially available sports drinks have a CHO concentration 

of around 6-8%. The formation of these beverages has been based on an abundance of 

published data supporting the benefits of CHO on exercise performance. However, 

evidence suggests that more dilute beverages empty rapidly from the stomach (40) 

and may promote better water absorption (25,38). Consequently a lower carbohydrate 

concentration may be just as effective in enhancing exercise performance in some 

situations. This aim of the present study was to systematically investigate the effects 

of solutions containing between 0% and 6% CHO on exercise performance in cool 

and warm environments.  

 

 

Cool Study (10oC) 

 

Paragraph 17 During prolonged exercise in temperate conditions lasting longer than 

90 minutes, fatigue is characterised by low muscle glycogen availability and a fall in 

circulating blood glucose concentrations (12). The ingestion of exogenous CHO 

before and during exercise has been demonstrated to prolong exercise TTE 

(8,9,13,19,28,31,39) through maintenance of circulating blood glucose levels and 

increased the rates of CHO utilisation late in exercise. The results of the present study 

demonstrate a significant improvement over the 0% trial when the 4% and 6% CHO 

solutions were ingested. The difference in exercise capacity between the 0% and 6% 

trials was 21.5 ± 24.2 minutes, representing a 19.3% improvement in TTE. As 

highlighted previously, a number of studies have reported similar findings when 
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comparing a placebo to 6-8% CHO solutions, but the performance effects of more 

dilute CHO solutions are not well defined. The 4% CHO solution also resulted in an 

enhanced exercise capacity over that observed during the 0% trials (+18.4 minutes; P 

= 0.032). The ingestion of 2% CHO solution resulted in a mean increase in exercise 

capacity of 6.6 minutes over the 0% trial, the variability in this response meant this 

was not statistically significant (P = 0.427; ES 0.20). While there was a difference in 

TTE between the 2% and 6% trials (P = 0.025; ES 0.45), no further statistical 

differences were apparent between the CHO trials, suggesting that when exercising in 

cool conditions a 4% CHO solution may be just as effective at maintaining 

performance as a more concentrated 6% solution. Significant improvements in the 

performance of a pre-loaded time trial following the ingestion of relatively small 

quantities of glucose (15, 30 and 60g/h) compared to a CHO-free placebo has also 

been recently reported (39). 

 

Paragraph 18 No differences were observed in the estimated rates of CHO and fat 

oxidation. CHO ingestion is widely reported to enhance overall CHO oxidation rate, 

while also suppressing lipolysis, and consequently attenuating the rate of fat oxidation 

(12,26). Several other investigators have reported the absence of differences in rates 

of CHO and fat oxidation with ingestion of 6 and 8% CHO solutions (31,34). The 

difference between studies may be explained by the quantities of CHO administered, 

with the absence of response potentially related to the relatively small amount of 

CHO ingested in the present study. Studies reporting a marked effect of CHO 

ingestion on rates of CHO and fat oxidation have typically administered 60–75g 

CHO/hour (10), whereas subjects in the present study ingested around 14g, 29g or 

43g CHO/hour during the 2%, 4% and 6% trials respectively (assuming the ingestion 
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of ~120ml every 10 minutes for an 80kg subject). This view is supported by recent 

data demonstrating no change in total CHO oxidation following the ingestion of 

glucose at a rate of 30g/h, but a significant increase compared to a placebo control 

was apparent when 60g/h CHO was ingested (39). These data also suggest that higher 

rates of CHO ingestion result in a reduction in the utilisation of endogenous glucose 

from the liver, with no change in muscle glycogen utilisation. Maximal rates of 

exogenous glucose oxidation during exercise are typically reported at 1.0-1.1 g/min, 

while sugars requiring hepatic metabolism prior to muscle utilisation (e.g. fructose 

and galactose) appear to be limited to around 0.4-0.7 g/min (26). The delivery of 

ingested CHO to the muscle appears to be a limiting factor in determining exogenous 

CHO oxidation rates. Recent evidence suggests that the inclusion of multiple 

transportable substrates, as employed in the present study, can increase the rate of 

CHO delivery to the circulation and may enhance oxidation rates beyond 1.0-

1.1g/min (22).  

 

Paragraph 19 There was no significant effect of the treatment on the subjects’ 

thermoregulatory response to the exercise: no differences between trials were 

apparent in core temperature, although there was a tendency for perceived thermal 

stress to be higher throughout the 6% trial than on the other trials. Similar responses 

have been reported by Galloway and Maughan (2000) following the ingestion of CHO 

solutions during exercise.  
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Warm study (30oC) 

 

Paragraph 20 The capacity to perform prolonged exercise is reduced in a warm 

environment (17,35), but the underlying mechanisms behind this response are still 

poorly understood. Potential peripheral mechanisms include impaired substrate 

availability or utilization, accumulation of metabolic waste products, or the loss of 

body fluids, but these do not adequately explain this reduction in performance, 

leading to the suggestion that the CNS may be important (29). Despite evidence 

suggesting that substrate availability is not limiting, several studies have reported 

improvements in performance following the ingestion of a high CHO diet (37) and the 

use of CHO supplements before and during exercise (2,5,18,32). Certainly the 

ingested fluid attenuates the increase in core temperature and heart rate typically 

observed during exercise in the heat (20,33). Consequently, a solution that can rapidly 

deliver fluid to the circulation is likely to be more beneficial than a concentrated 

CHO-containing fluid during prolonged exercise in the heat (18). 

 

Paragraph 21 This line of thought is supported by data presented by Febbraio and 

colleagues (16) demonstrating no difference in exercise TTE compared to a control 

condition when 4.2%, 7% and 14% CHO solutions were ingested during exercise 

undertaken at 33C. There was a tendency for exercise capacity to be reduced at the 

highest drink CHO concentration (14%), and this was attributed by the authors to a 

greater reduction in plasma volume and a faster rate of core temperature rise resulting 

from a slower rate of gastric emptying and intestinal absorption. Perhaps contrary to 

these findings, the present study reported longer exercise times with increasing CHO 

concentration (Figure 1B), although this effect reached statistical significance only 
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when comparing the 0% and 6% trials. In fact, ingestion of the 6% CHO solution 

resulted in a 18.6% improvement in exercise capacity over the 0% trial, which is 

strikingly similar to the difference between these two trials observed in the cool study. 

It is worth noting that the highest beverage CHO concentration (6%) employed in the 

present study is lower than the 14-15% used in previous reports (16,18).  

 

Paragraph 22 Several studies have reported an increase in total CHO oxidation when 

exercise is performed in warm conditions when compared to exercise in a temperate 

environment (15,16,22). This response appears to be caused by increased rates of 

muscle glycogen oxidation (+25%), and is accompanied by a reduction in exogenous 

CHO usage (22). Although the rate muscle glycogen utilisation is increased during 

exercise undertaken in warm conditions (15), relatively high muscle glycogen 

concentrations have been reported at the point of fatigue (35). Despite the apparent 

reduction in exogenous CHO oxidation rates, the present study and several previous 

publications have reported a benefit of ingesting CHO solutions before and during 

prolonged exercise in a warm environment (2,5,32). In the absence of clear metabolic 

differences between trials, it is possible that these effects of CHO may reflect a 

central effect of CHO ingestion, mediated through CHO sensing receptors found in 

the mouth (6) or elsewhere. 

 

Paragraph 23 In a similar manner to the findings of the cool study, the ingestion of 

CHO did not produce a measureable change to the physiological response to exercise 

in the heat; there were no detectable differences in heart rate, core temperature or 

rates of substrate utilisation. There was a tendency for the sweat losses incurred 

during exercise to be higher with the increasing CHO content of the drink, but this is 
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was caused by the increased exercise duration: the calculated sweat rate was not 

different between trials (P = 0.688). Fatigue during prolonged exercise in the heat has 

been attributed to the attainment of a critical core temperature, resulting in a loss of 

drive and motivation to continue exercise. This has been suggested to act as a safety 

mechanism, limiting heat production and preserving the integrity of the organism in 

the presence of heat stress. It seems that this view is perhaps overly simplistic, with 

feedback to the CNS arising from several sources including skin temperature 

receptors, heart rate, and central venous pressure resulting in a deterioration of CNS 

drive with exercise-induced hyperthermia. A key role for skin temperature in 

influencing performance in the heat has been proposed (7). Weighted mean skin 

temperature was not monitored in the present study, but it appears unlikely that any 

differences between trials would have been apparent.  

 

Paragraph 24 The validity, reliability and sensitivity of tests commonly employed as 

a measure of exercise performance has generated considerable controversy in recent 

years. Constant power tests to volitional exhaustion have been employed to examine 

the influence of various interventions on performance, but this method of testing has 

been criticised for a lack of ecological validity and poor test-retest reliability. This 

view is supported by the findings of Jeukendrup and colleagues (27), who found a 

large day-to-day variability (CV 27%) in TTE tests, and a much smaller variability in 

a time trial protocol (<4%). While some continue to voice concerns over a lack of 

ecological validity, data from our research group report more consistent performance 

in time to fatigue tests (28; CV 6%) and recent reports have highlighted similar errors 

of measurement when changes in performance are normalised across tests (21). A key 

factor to consider when selecting an appropriate exercise test is its sensitivity, and the 



18 
 

smallest worthwhile effect that can be reliability detected (14). Amann and colleagues 

(1) demonstrated that TTE and time trial protocols display a similar sensitivity to the 

effects of hypoxia and hyperoxia on performance, and suggest that this finding will 

extend to other factors influencing performance. This is brought about by larger 

effects on performance in response to an intervention with constant power tests than 

are typically observed in time trial protocols: this compensates for the larger test-

retest variability, resulting in a very similar signal-to-noise ratio to that seen with time 

trial protocols (1,14). In some research situations, the obvious limitation of time trial-

type test is a difficulty in comparing the effect of an intervention on the physiological 

response to exercise, since at any given time one volunteer’s relative workload may 

vary greatly from that of other participants. Although this can be overcome through 

the addition of a period of constant load exercise undertaken before the time trial, as 

described by Jeukendrup and colleagues (27). 

 

Paragraph 25 In conclusion, compared to a CHO-free placebo, ingestion of solutions 

containing 4% and 6% CHO improved exercise performance in a cool environment, 

whereas a 6% CHO beverage resulted in a significant increase in TTE at 30C. 

Discussion of the responses observed in the cool and warm studies has been kept 

largely separate due to the use of two groups of volunteers and different exercise 

intensities, but some clear comparisons can be drawn. In particular, the magnitude of 

change observed between the 0% and 6% trials in each environmental condition was 

remarkably similar (~19%), given the apparently different mechanisms of fatigue 

thought to be in operation. Despite the differences in exercise performance, there were 

few alterations to the physiological responses to the exercise in both environmental 
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conditions. This is perhaps due to the relatively small quantity of CHO ingested, 

compared to some previous investigations.  
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Figure legends 

 

Figure 1: Time to exhaustion in the four experimental trials undertaken in 10C (A) 

and 30C (B). *denotes a significant difference in time to exhaustion from the 0% 

trial (P < 0.05).  

 

Figure 2: Heart rate at rest and during exercise in 10C (A) and 30C (B). To 

improve clarity, data is presented as mean ± group SD. Where significant differences 

are present, these are described in the text. 

 

Figure 3: Core temperature at rest and during exercise in 10C (A) and 30C (B). To 

improve clarity, data is presented as mean ± group SD. Where significant differences 

are present, these are described in the text. 
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Table 1: Oxygen uptake (VO2), respiratory exchange ratio (RER) and estimated rates 

of carbohydrate and fat oxidation after 15, 30 and 45 minutes of exercise and at the 

point of fatigue  at 10C. 

 
15 30 45 Ex 

Oxygen Uptake (L/min) 

0% 3.08 ± 0.47 3.08 ± 0.53 3.15 ± 0.47 3.45 ± 0.43 

2% 3.02 ± 0.46 3.20 ± 0.37 3.31 ± 0.45 3.31 ± 0.42 

4% 3.08 ± 0.43 3.08 ± 0.40 3.19 ± 0.40 3.55 ± 0.34 

6% 3.13 ± 0.45 3.22 ± 0.52 3.35 ± 0.47 3.58 ± 0.42 

     

Respiratory Exchange Ratio (no units) 

0% 0.97 ± 0.04 0.95 ± 0.04 0.94 ± 0.04 0.89 ± 0.03 

2% 0.97 ± 0.03 0.95 ± 0.04 0.95 ± 0.03 0.92 ± 0.03 

4% 0.98 ± 0.05 0.97 ± 0.05 0.95 ± 0.03 0.92 ± 0.05 

6% 0.95 ± 0.03 0.94 ± 0.03 0.94 ± 0.03 0.93 ± 0.03 

     

CHO oxidation rate (g/min) 

0% 3.7 ± 0.7 3.4 ± 0.9 3.3 ± 0.9 3.1 ± 0.7 

2% 3.8 ± 0.6 3.7 ± 0.7 3.7 ± 0.6 3.1 ± 0.6 

 4% 3.9 ± 1.0 3.8 ± 1.1 3.6 ± 0.7 3.7 ± 0.7 

6% 3.6 ± 0.5 3.4 ± 0.6 3.6 ± 0.5 3.6 ± 0.5 

     

Fat oxidation rate (g/min) 

0% 0.2 ± 0.2 0.3 ± 0.2 0.3 ± 0.2 0.7 ± 0.2 

2% 0.1 ± 0.2 0.2 ± 0.3 0.3 ± 0.2 0.5 ± 0.3 

4% 0.1 ± 0.3 0.1 ± 0.3 0.2 ± 0.2 0.4 ± 0.3 

6% 0.3 ± 0.2 0.3 ± 0.2 0.3 ± 0.2 0.4 ± 0.2 
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Table 2: Oxygen uptake (VO2), respiratory exchange ratio (RER) and estimated rates 

of carbohydrate and fat oxidation after 15, 30 and 45 minutes of exercise and at the 

point of fatigue at 30C. 

 15 30 45 Ex 

Oxygen Uptake (L/min) 

0% 2.64 ± 0.56 2.82 ± 0.35 2.85 ± 0.31 3.10 ± 0.30 

2% 2.78 ± 0.35 2.98 ± 0.57 3.01 ± 0.57 3.19 ± 0.42 

4% 2.80 ± 0.44 2.94 ± 0.45 2.87 ± 0.35 3.30 ± 0.46 

6% 2.77 ± 0.43 2.88 ± 0.41 2.94 ± 0.47 3.16 ± 0.45 

     

Respiratory Exchange Ratio (no units) 

0% 0.93 ± 0.05 0.93 ± 0.05 0.92 ± 0.06 0.90 ± 0.06 

2% 0.96 ± 0.05 0.95 ± 0.04 0.94 ± 0.03 0.92 ± 0.04 

4% 0.97 ± 0.05 0.95 ± 0.06 0.95 ± 0.05 0.93 ± 0.05 

6% 0.97 ± 0.05 0.94 ± 0.03 0.95 ± 0.05 0.96 ± 0.07 

     

CHO oxidation rate (g/min) 

0% 3.0 ± 0.9 3.0 ± 0.6 2.9 ± 0.5 2.8 ± 1.0 

2% 3.1 ± 0.5 3.2 ± 0.7 3.2 ± 0.7 3.1 ± 0.5 

 4% 3.3 ± 0.5 3.2 ± 0.5 3.3 ± 0.5 3.3 ± 0.8 

6% 3.1 ± 0.6 3.1 ± 0.5 3.2 ± 0.7 3.3 ± 0.7 

     

Fat oxidation rate (g/min) 

0% 0.3 ± 0.2 0.3 ± 0.2 0.4 ± 0.3 0.6 ± 0.3 

2% 0.2 ± 0.2 0.3 ± 0.2 0.3 ± 0.2 0.4 ± 0.3 

4% 0.2 ± 0.2 0.3 ± 0.2 0.3 ± 0.2  0.4 ± 0.3 

6% 0.2 ± 0.2 0.3 ± 0.2 0.3 ± 0.3 0.3 ± 0.2 
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