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Abstract  22 

Purpose: This study investigated the effect of carbohydrate supplementation on substrate 23 

oxidation during exercise in hypoxia after pre-exercise breakfast consumption and omission. 24 

Methods: Eleven men walked in normobaric hypoxia (FiO2 ~11.7%) for 90-min at 50% of 25 

hypoxic V̇O2max. Participants were supplemented with a carbohydrate beverage (1.2g·min-1 26 

glucose) and a placebo beverage (both enriched with U-13C6 D-glucose) after breakfast 27 

consumption and after omission. Indirect calorimetry and isotope ratio mass spectrometry were 28 

used to calculate carbohydrate (exogenous and endogenous (muscle and liver)) and fat 29 

oxidation.  30 

Results: In the first 60-min of exercise, there was no significant change in relative substrate 31 

oxidation in the carbohydrate compared with placebo trial after breakfast consumption or 32 

omission (both p = 0.99). In the last 30-min of exercise, increased relative carbohydrate 33 

oxidation occurred in the carbohydrate compared with placebo trial after breakfast omission 34 

(44.0 ± 8.8 vs. 28.0 ± 12.3, p < 0.01) but not consumption (51.7 ± 12.3 vs. 44.2 ± 10.4, p = 35 

0.38). In the same period, a reduction in relative liver (but not muscle) glucose oxidation was 36 

observed in the carbohydrate compared with placebo trials after breakfast consumption (liver: 37 

7.7 ± 1.6% vs. 14.8 ± 2.3%, p < 0.01; muscle: 25.4 ± 9.4% vs. 29.4 ± 11.1%, p = 0.99) and 38 

omission (liver: 3.8 ± 0.8% vs. 8.7 ± 2.8%, p < 0.01; muscle: 19.4 ± 7.5% vs. 19.2 ± 12.2%, p 39 

= 0.99). No significant difference in relative exogenous carbohydrate oxidation was observed 40 

between breakfast consumption and omission trials (p = 0.14).  41 

Conclusion: In acute normobaric hypoxia, carbohydrate supplementation increased relative 42 

carbohydrate oxidation during  exercise (> 60 min) after breakfast omission, but not 43 

consumption. 44 

Key words: altitude, endogenous, exogenous, utilisation, endurance 45 



 

 

Introduction 46 

Hypoxia experienced at altitude induces a curvilinear decrement in endurance performance (1). 47 

As such, methods of overcoming this impairment in performance warrant investigation. The 48 

effect of carbohydrate supplementation on substrate oxidation in sea level conditions is well 49 

established (2-4) however differing effects have been observed in hypoxia (5-7). These 50 

responses may be explained by the contrasting use of pre-exercise nutritional status within 51 

experimental design (8, 9). The hormonal and substrate storage responses to breakfast 52 

consumption/omission which induce the aforementioned effect (10) likely also have 53 

implications for substrate oxidation during exercise with carbohydrate supplementation. As 54 

such, the effect of carbohydrate supplementation and the influence of pre-exercise nutritional 55 

status on substrate oxidation in hypoxia warrant further investigation. 56 

After pre-exercise breakfast consumption, Péronnet et al (6) observed a greater relative 57 

contribution of carbohydrate oxidation to energy expenditure during exercise matched for 58 

relative intensities (77% altitude-specific V̇O2max) in acute hypobaric hypoxia (445 mmHg or 59 

4300 m) compared with normoxia following glucose ingestion (1.75 g·min-1). This was 60 

attributed to a greater reliance on endogenous carbohydrate oxidation in hypoxia compared 61 

with normoxia. In contrast, O'Hara et al (5) utilised participants after pre-exercise breakfast 62 

omission and observed a significantly lower contribution of whole-body carbohydrate 63 

oxidation to energy expenditure during exercise matched for relative intensities (~74% altitude 64 

specific V̇O2max) in hypoxia (terrestrial altitude ~3375 m) compared with normoxia after 65 

carbohydrate supplementation (1.2 g·min-1 glucose, 0.6 g·min-1 fructose). A significant 66 

reduction in endogenous carbohydrate oxidation was observed in hypoxia compared with 67 

normoxia, derived from a reduced reliance on muscle glycogen. This varied response between 68 

studies appears to be derived from an altered reliance on endogenous carbohydrate stores in 69 

hypoxia, which may be determined by pre-exercise nutritional status. Exogenous carbohydrate 70 



 

 

oxidation was not different between conditions in these studies, but reduced rates have been 71 

observed in hypoxia in females recently (11). Data that challenge the concept that breakfast 72 

may explain discrepancies in the literature have been published recently (12). Margolis et al 73 

(12) utilised participants after a 12 hour fast and observed an increased reliance on 74 

carbohydrate oxidation (derived from endogenous sources) during exercise in acute hypoxia 75 

compared with normoxia. These findings contrast those observed by O'Hara et al (5) who also 76 

utilised fasted participants. Albeit, Margolis et al (12) utilised exercise matched for absolute 77 

intensities in hypoxia compared with normoxia, during which it may be expected that an 78 

increased relative exercise intensity, rather than hypoxia per se, may induce an increased 79 

reliance on carbohydrate oxidation (9, 13).  80 

To the authors’ knowledge, only one study has investigated the effect of carbohydrate 81 

supplementation on substrate oxidation in hypoxia in a placebo-controlled fashion, utilising 82 

13C tracer methods (7). Young et al (7) observed an increase in total carbohydrate oxidation 83 

during exercise (55% V̇O2max) with carbohydrate supplementation (1.00 g·min-1 glucose, 0.82 84 

g·min-1 fructose) compared with placebo in acute hypoxia (terrestrial altitude ~4300 m). As 85 

expected, this increased reliance on carbohydrate oxidation in the carbohydrate group was 86 

derived from exogenous sources. However, as Young et al (7) utilised participants in the fasted 87 

state, the effects of carbohydrate supplementation are likely more pronounced than in fully fed 88 

participants. Interestingly, and in contrast to previous literature (5, 6) they also observed a 89 

reduced reliance on exogenous carbohydrate oxidation during exercise matched for absolute 90 

intensities in hypoxia compared with normoxia, questioning the efficacy of carbohydrate 91 

supplementation in such conditions. This finding has also been replicated in fasted participants 92 

recently (12). This is especially surprising given the use of exercise matched for absolute 93 

intensities in hypoxia vs. normoxia, and the increased propensity for carbohydrate oxidation 94 

during exercise at greater exercise intensities (14). 95 



 

 

Carbohydrate supplementation has been demonstrated to improve time trial performance of sea 96 

level residents during energy deficit in hypoxia (15). However, later research by the same group 97 

observed no difference in time trial performance after carbohydrate supplementation in fed 98 

participants (albeit in moderate altitude residents) (16). In addition, recent literature has 99 

demonstrated no effect of carbohydrate supplementation on time trial performance in acute or 100 

chronic hypoxia when fasted and in energy deficit respectively (17). The effects of 101 

carbohydrate supplementation in both the fasted and fed state are yet to be determined using a 102 

within-study design, and an ecologically valid mode of exercise in relation to the severity of 103 

hypoxia. Therefore, the purpose of this study was to investigate the effect of carbohydrate 104 

supplementation on substrate utilisation (carbohydrate (exogenous and endogenous (muscle 105 

and liver glycogen)) and fat oxidation) and endurance performance in hypoxia after both 106 

breakfast consumption and omission. As a methodologically novel approach to this study, both 107 

placebo and carbohydrate beverages were enriched with 13C glucose to allow the comparison 108 

of endogenous (muscle and liver) carbohydrate contributions between trials. 109 

Methods 110 

Participants 111 

Eleven, physically active, healthy male volunteers (23 ± 3 years, 178.0 ± 7.0 cm, 76.6 ± 7.0 112 

kg) provided written, informed consent to participate in this study. The study received 113 

institutional ethical approval (Leeds Beckett research ethics committee, application reference 114 

46180) and was conducted in accordance with the Declaration of Helsinki. All participants 115 

were non-smokers, normotensive, free from food allergies and were not taking any medication. 116 

None of the participants had travelled to an altitude of >1500 m within the previous three 117 

months and were all currently residing at an altitude of <500 m. 118 



 

 

A priori power analysis revealed that eight participants provided 80% power to detect 119 

differences in absolute whole body carbohydrate oxidation between carbohydrate and placebo 120 

groups during exercise in hypoxia, assuming an effect size of 0.97 (7) and an alpha of 0.05. In 121 

addition, a priori power analysis also revealed that eight participants provided 80% power to 122 

detect differences in absolute whole body carbohydrate oxidation between breakfast 123 

consumption and omission trials during exercise in hypoxia, assuming an effect size of 1.30 124 

(8) and an alpha level of 0.05. Whilst the effect sizes extracted from previous literature were 125 

studies using two trials, effects sizes for relevant variables are likely similar, and a correction 126 

for four trials was made to match the experimental design of the present study. In excess of the 127 

required sample size, twelve participants were initially recruited to this study, however one 128 

participant dropped out due to injury, therefore eleven participants completed the study. 129 

Experimental design 130 

Participants were required to make a total of seven visits to the laboratory. The first visit 131 

involved pre-exercise screening, anthropometry, verbal familiarisation with testing procedures, 132 

sickle cell trait test and a baseline 12 lead ECG test (18). Further exclusion criteria included 133 

diabetes and thyroid disorders. The second and third visit required participants to be acutely 134 

exposed to normobaric hypoxia (fraction of inspired oxygen (FiO2): ~11.7% when considering 135 

water vapour partial pressure and daily fluctuations in barometric pressure (19)) equivalent to 136 

4300 m (partial pressure of inspired oxygen (PiO2): 83 mmHg) in an environmental chamber 137 

(TISS, Alton, UK and Sporting Edge, Sheffield on London, UK). On visit 2, participants 138 

completed a sub-maximal and maximal exercise test to calculate walking speed required to 139 

elicit 50% V̇O2max in normobaric hypoxia. On visit 3, participants completed two 30-minute 140 

sub-maximal walking tests at 50% V̇O2max (pre and post breakfast) and a 3 km familiarisation 141 

time trial (see experimental trials). The 30-minute sub-maximal walking tests were used to 142 

measure background 13C-enrichment of expired CO2 observed in response to exercise (no 143 



 

 

glucose or placebo beverage ingested) for use in the calculation of exogenous carbohydrate 144 

oxidation (see calculations). These two preliminary trials were separated by >48 hours. 145 

On visits 4-7 (normobaric hypoxia equivalent to 4300 m), participants completed a 4-hour 30-146 

minute experimental trial which included rest, followed by a 90 minute sub-maximal walking 147 

test (50% V̇O2max), 3 km time trial and a post exercise rest period (Figure 1). Two trials involved 148 

pre-exercise breakfast consumption followed by ingestion of a carbohydrate (B-CHO) or 149 

placebo beverage (B-PLA) and the other two trials involved pre-exercise breakfast omission 150 

followed by ingestion of a carbohydrate (F-CHO) or placebo beverage (F-PLA) during the 1-151 

hour 30-minute sub-maximal walking test. The carbohydrate beverage trials involved ingestion 152 

of 1.2 g·min-1 (108 g) of glucose (D-glucose, Thornton and Ross LTD, Huddersfield, UK). 153 

Stock glucose was enriched using 0.18 g of U-13C6 D-glucose (Cambridge Isotope Laboratories 154 

Inc, Tewksbury, MA, USA), achieving an enrichment of δ13C = 115.6‰. As a methodological 155 

approach novel to hypoxia, the placebo beverage trials involved ingestion of a water solution, 156 

also enriched with 0.18 g U-13C6 D-glucose (99 atom %). This allowed for the comparison of 157 

endogenous (muscle and liver) carbohydrate contributions between trials. All δ13C 158 

measurements are quoted with reference to the internationally accepted standard for carbon 159 

isotope measurements, VPDB. The 13C abundance of stock glucose and 13C enrichment of 160 

spiked glucose was determined using liquid chromatography coupled to isotope ratio mass 161 

spectrometry (LC-IRMS); Isoprime, Cheadle, UK) (20). The enriched water solution has been 162 

shown to have negligible effects on substrate oxidation (21). Each beverage contained 25.7 163 

mmol·L-1 sodium chloride (2.25 g). These visits were separated by > 7 days and pre-exercise 164 

nutritional status (breakfast consumption or omission) was randomised in a single blind 165 

fashion. The order of beverage ingestion was randomised in a double-blind fashion by a 166 

researcher independent to the study. 167 

Diet and physical activity before testing 168 



 

 

Participants recorded their food intake for the 24 hours before the second preliminary trial (visit 169 

3) and were instructed to replicate this for each experimental trial. During this time participants 170 

were asked not to perform strenuous activity or consume caffeine or alcohol. Participants 171 

consumed a standardised meal prior to the second preliminary trial and all experimental trials 172 

which contained fusilli pasta, pasta sauce, cheese, semi-skimmed milk and an apple (1043 kcal, 173 

55% carbohydrate, 30% fat, 15% protein). This meal was consumed to minimise the possibility 174 

of a second meal effect confounding glycaemic control or any other measured variables (22). 175 

A week prior to and throughout the duration of the study, participants were also asked to refrain 176 

from consuming carbohydrates derived from plants which utilise the C4 photosynthetic cycle, 177 

in which there is a higher natural abundance of 13C (23). This ensured that background 13CO2 178 

abundance was less likely to be perturbed from oxidation of endogenous and dietary substance 179 

stores from naturally “enriched” C4 origin. 180 

Preliminary testing 181 

On visit 2, participants completed a sub-maximal and maximal exercise test in normobaric 182 

hypoxia, as described previously (8). Briefly, the sub-maximal test involved walking at 10% 183 

gradient, with a 10kg backpack at a range of walking speeds. The maximal test involved 184 

running at a constant speed, dependant on fitness, aiming for an RPE of 12. The test began at 185 

1% gradient and increased every minute until volitional exhaustion.  These data were used to 186 

establish walking speeds that would elicit 50% V̇O2max whilst carrying a 10kg rucksack at a 187 

10% gradient. 188 

On visit 3, participants arrived at the environmental chamber fasted (~12 hours overnight) and 189 

subsequently completed a 30-minute sub-maximal walking test. Participants were then 190 

permitted 15 minutes to consume a standardised breakfast (535 kcal, 58% carbohydrate, 24% 191 

fat, 18% protein) as detailed previously (8). After breakfast consumption, participants rested 192 



 

 

for 1 hour, then repeated the 30-minute sub-maximal walking test. Expired gas was collected 193 

(see experimental trials) at the end of each sub-maximal walking test to measure background 194 

13C enrichment of expired gas without ingestion of the carbohydrate or placebo drink for 195 

calculation of exogenous carbohydrate oxidation (see calculations). After a 5-minute rest 196 

period, participants then completed a 3 km time trial to assess performance (see experimental 197 

trials). 198 

Experimental trials 199 

Participants entered the environmental chamber at 7:30am, following a 12 hour fast. 200 

Participants then rested for 30 minutes. At 30 minutes in the B-CHO and B-PLA trials, 201 

participants were allowed 15 minutes to consume a standardised breakfast (as per preliminary 202 

trial) but remained fasted in the F-CHO and F-PLA trials. At 45 minutes, participants in all 203 

trials rested for a further hour. At 1-hour 45 minutes participants completed a 1-hour 30 minute 204 

sub-maximal (50% V̇O2max) walking test at a 10% gradient, carrying a 10kg rucksack, to mimic 205 

the demands of high altitude trekking. Within each nutritional sub-group (breakfast omission 206 

and breakfast consumption), one trial consumed a carbohydrate and one trial consumed a 207 

placebo beverage. Each beverage was consumed pre-exercise (600 ml) and every 15 minutes 208 

during exercise (150 ml). A total of 1.5 L of carbohydrate or placebo solution was consumed 209 

over the course of the trial. After a short rest period, participants then completed a self-paced 210 

3 km time trial at 10% gradient, carrying a 10kg rucksack. A rolling start was employed, in 211 

which the speed required to elicit 50% V̇O2max was utilised. Once the time trial had started, 212 

participants had full control over speed. Participants were informed of their distance every 500 213 

m, but were blinded to their speed and time (24). Following exercise, participants rested for a 214 

further 30 minutes before returning to sea level conditions.  215 

Measurements 216 



 

 

Heart rate, SpO2 and RPE 217 

Heart rate and SpO2 were measured every 15 minutes during rest. Heart rate, SpO2 and RPE 218 

were measured every 10 minutes throughout exercise.   219 

Expired breath collection 220 

Expired gas breath samples were collected using an online gas analysis system (Metalyser, 221 

Cortex, Germany). These measurements were made intermittently throughout exercise (20 – 222 

30 minutes, 50 minutes – 1-hour, 1-hour 5 minutes – 1-hour 15 minutes, 1 hour 20 minutes – 223 

1-hour 30 minutes). Participants were fitted with a facemask 5 minutes prior to the collection 224 

period whilst the participant was seated. In addition, samples of expired gas were collected in 225 

duplicate via a mixing chamber in 12ml Labco Exetainers (SerCon Ltd, Crewe, UK) for the 226 

analysis of 13C/12C in expired CO2 during the final 60 seconds of each gas collection period 227 

(pre-exercise, 60 min, 75 min and 90 min exercise).  228 

Blood sampling 229 

Venous blood samples were drawn for the analysis of plasma glucose, plasma lactate and serum 230 

FFA at baseline (before entry to the chamber), 30 minutes (pre-prandial) and 1-hour 45 minutes 231 

(post-prandial), as well as during the sub-maximal walking test at 30, 60, 75 and 90 minutes 232 

and also after exercise at 4-hour 30 minutes (post-exercise). Samples for serum insulin were 233 

drawn at all timepoints with the exclusion of 30 and 75 minutes of the sub-maximal walking 234 

test. Samples for the analysis of 13C plasma glucose enrichment were drawn at 1-hour 45 235 

minutes (post-prandial) and at 60, 75 and 90 minutes during sub-maximal exercise.  236 

Analyses 237 

Commercially available enzyme-linked immunosorbent assay kits were used to determine 238 

serum concentrations of insulin (IBL, Hamburg, Germany). To eliminate interassay variation, 239 

all samples from each participant were analysed on the same plate. Plasma glucose and lactate, 240 



 

 

and serum FFA were measured photometrically with reagents from Instrumentation 241 

Laboratories (Lexington, MA) and Randox Laboratories (Crumlin, UK). The within batch CV 242 

were as follows:  insulin 6.1%, glucose 1.6%, lactate 2.4% and FFA 3.8%.  243 

The 13C abundance of stock glucose and 13C enrichment of spiked glucose was determined 244 

using liquid chromatography coupled to isotope ratio mass spectrometry (LC-IRMS); 245 

Isoprime, Cheadle, UK) using L-Fucose as an isotopic internal standard as previously described 246 

(20). The 13C/12C ratio in expired CO2 was determined using isotope ratio mass spectrometry 247 

(IRMS; AP2003, GVI instruments Ltd, Manchester, UK). The isotopic ratio 13C/12C is derived 248 

against laboratory CO2 (itself calibrated against VPDB) from the ion beam area ratio 249 

measurements with correction of the small contribution of 12C16O17O at m/z 45 (25). The 250 

13C/12C ratio in plasma glucose was determined using LC-IRMS as detailed previously (20).  251 

Calculations 252 

Substrate oxidation was calculated using relevant equations for exercise periods (26). The 253 

isotopic enrichment of the ingested glucose was expressed in standard δ13C units (‰) relative 254 

to VPDB (25). Exogenous carbohydrate oxidation derived from the ingested glucose was 255 

calculated using the following equation (27): 256 

𝐸𝑥𝑜𝑔𝑒𝑛𝑜𝑢𝑠 𝑐𝑎𝑟𝑏𝑜ℎ𝑦𝑑𝑟𝑎𝑡𝑒 𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛 (𝑔 · 𝑚𝑖𝑛−1) =  �̇�𝐶𝑂2((𝑅𝑒𝑥𝑝 − 𝑅𝑟𝑒𝑓) ÷ (𝑅𝑒𝑥𝑜 −257 

𝑅𝑟𝑒𝑓)) ÷ 𝑘   258 

V̇CO2 is represented in L·min-1, Rexp is the measured isotopic composition in expired CO2 259 

during exercise at different time points, Rref is the isotopic composition of expired CO2 during 260 

exercise with the ingestion of placebo (background), Rexo is the measured isotopic enrichment 261 

of the ingested glucose, and k is the rate adjusted value for the complete oxidation of glucose 262 

(27). Changes in the background isotopic composition of expired CO2 with a placebo beverage 263 

could not be determined from the experimental trials due to the enrichment of the placebo 264 



 

 

beverage with U-13C6 D-glucose. Therefore, data from the preliminary trial (visit 3) in which 265 

expired gas was collected during exercise pre and post breakfast were utilised. The use of Rref 266 

from expired CO2 during exercise with placebo is typical of studies in this area (21). The 13C-267 

enrichment of exogenous glucose is high, and the use of Rref during exercise cancels the 268 

confounding effect of small fluctuations in background enrichment of expired CO2 derived 269 

from the Western European diet. Endogenous carbohydrate oxidation was calculated by 270 

subtracting exogenous carbohydrate oxidation from total carbohydrate oxidation.  271 

Computations were made on the assumption that, in response to exercise, 13C is not lost 272 

irreversibly in pools of tricarboxylic acid cycle intermediates and/or bicarbonate, and that 273 

13CO2 recovery in expired gases was complete or almost complete during exercise (28). Such 274 

computation has been shown to underestimate exogenous carbohydrate oxidation rates at the 275 

beginning of exercise because of the delay between 13CO2 production in tissues and expired 276 

13CO2 at the mouth (29). As such, exogenous carbohydrate oxidation rates are presented from 277 

60 minutes onwards during sub-maximal exercise, where it is expected that there would be 278 

isotopic equilibrium in the tissues and at the mouth.  279 

Plasma glucose oxidation was computed at 60, 75 and 90 minutes during the sub-maximal 280 

walking test, based on the isotopic composition of plasma glucose (Rglu) using the following 281 

equation (30):  282 

𝑃𝑙𝑎𝑠𝑚𝑎 𝑔𝑙𝑢𝑐𝑜𝑠𝑒 𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛 (𝑔 · 𝑚𝑖𝑛−1)𝑉̇ 𝐶𝑂2 ((𝑅𝑒𝑥𝑝 − 𝑅𝑟𝑒𝑓) ÷ (𝑅𝑔𝑙𝑢 − 𝑅𝑟𝑒𝑓))  ÷  𝑘   283 

The oxidation rate of muscle glycogen (g·min-1) either directly or through the lactate shuttle 284 

(31) was calculated by subtracting plasma glucose oxidation from total carbohydrate oxidation. 285 

Finally, the amount of glucose released from the liver was estimated as the difference between 286 

plasma glucose oxidation and exogenous carbohydrate oxidation. Liver glucose oxidation 287 



 

 

values are representative of contributions from liver glycogen, gluconeogenesis, as well as 288 

residual glucose uptake from the gut derived from previous breakfast consumption. 289 

Statistical analysis 290 

Data are expressed as mean ± standard deviation (SD) in text and mean ± standard error (SE) 291 

in figures. All data were analysed using IBM SPSS statistics (v24 for Windows; SPSS; 292 

Chicago, IL). The trapezoid method was used to calculate AUC for substrate oxidation and 293 

hormone concentrations. The periods of AUC were defined as pre-prandial (0 - 30 minutes), 294 

post-prandial (45 – 1-hour 45 minutes), submaximal exercise (0 – 60 minutes and 60 – 90 295 

minutes) and post exercise (4 hour– 4 hour 30 minutes). Two-way repeated measures ANOVA 296 

(time x trial) was used to determine differences between absolute and relative carbohydrate and 297 

fat oxidation, hormone concentrations, δ13CO2 in expired gas and plasma glucose, and rates of 298 

oxidation of plasma glucose, liver glucose and muscle glycogen.  One-way repeated measures 299 

ANOVA was used to determine differences between trials for absolute (AUC) and relative 300 

contributions of endogenous carbohydrate, liver glucose, muscle glycogen, plasma glucose 301 

(only absolute) oxidation, energy expenditure, heart rate, SpO2 and RPE and time trial times. 302 

Where significant main effects were found, further post-hoc analysis was performed using 303 

Bonferroni correction for multiple comparisons. Paired sample t-tests were used to determine 304 

differences in relative and absolute exogenous carbohydrate oxidation and total absolute 305 

exogenous carbohydrate oxidation (AUC). Effect sizes are presented as Cohen’s d and 306 

interpreted as < 0.2 trivial, > 0.2 small, > 0.6 moderate, > 1.2 large, > 2 very large, > 4 extremely 307 

large (32). 308 

Results 309 

Maximal oxygen uptake and walking speeds  310 



 

 

V̇O2max in hypoxia was 40.6 ± 4.3 ml·kg·min-1 and this elicited a walking speed of 2.9 ± 0.5 311 

km·h-1 in the experimental trials (B-CHO: 50.0 ± 8.4% V̇O2max; B-PLA: 49.0 ± 8.1 V̇O2max; F-312 

CHO: 49.3 ± 8.3 V̇O2max; F-PLA: 49.0 ± 8.1 V̇O2max, p = 0.99).  313 

Energy expenditure 314 

Energy expenditure was not significantly different between trials (B-CHO: 4003 ± 671 kJ; B-315 

PLA: 3648 ± 726 kJ; F-CHO: 3768 ± 598 kJ; F-PLA: 3563 ± 621 kJ; all p = 0.99, d < 0.32). 316 

Total Carbohydrate and Fat oxidation 317 

Results for total carbohydrate and fat oxidation for the full exercise duration are described in 318 

supplemental digital content (see text document, supplemental digital content 1 for descriptive 319 

text and statistics). Due to the necessary partitioning of exercise (i.e. 0-60 min and 60-90 min) 320 

as a result of 13C ingestion, exercise will be discussed in relation to the first 60 minutes, and 321 

last 30 minutes herein. 322 

During the first hour of exercise, absolute (Table 1) and the relative contribution of 323 

carbohydrate oxidation to energy expenditure was significantly higher after breakfast 324 

consumption compared with omission in the carbohydrate (absolute: p < 0.01, d = 1.10; 325 

relative: 51.0 ± 10.4% vs. 38.1 ± 7.8%, p < 0.01, d = 1.42) and placebo trials (absolute: p < 326 

0.01, d = 1.07; relative: 47.8 ± 10.0 vs. 32.1 ± 12.3, p < 0.01, d = 1.41). In addition, absolute 327 

and the relative contribution of carbohydrate oxidation to energy expenditure were not 328 

significantly different between carbohydrate and placebo trials after breakfast consumption 329 

(absolute: p = 0.86, d = 0.35; relative: p = 0.99, d = 0.32) or omission (absolute: p = 0.99, d = 330 

0.39; relative: p = 0.99, d = 0.60). In the same period, absolute fat oxidation was significantly 331 

higher after breakfast omission compared with consumption in the placebo trials (p < 0.01, d = 332 

0.77), but not in the carbohydrate trial (p = 0.15, d = 0.65). The relative contribution of fat 333 

oxidation to energy expenditure was significantly higher after breakfast omission compared 334 



 

 

with consumption in the carbohydrate (61.9 ± 7.8% vs. 49.0 ± 10.4 p < 0.01, d = 1.42) and 335 

placebo trials (67.9 ± 12.3% vs. 52.2 ± 10.0, p < 0.01, d = 1.41). In addition, absolute and the 336 

relative contribution of fat oxidation were not significantly different between carbohydrate and 337 

placebo trials after breakfast consumption (absolute: p = 0.99, d = 0.13; relative: p = 0.99, d = 338 

0.32) or omission (absolute: p = 0.99, d = 0.30; relative: p = 0.99, d = 0.60). 339 

During the last 30 minutes of exercise, absolute (Table 1) and the relative (Figure 2) 340 

contribution of carbohydrate oxidation was higher after breakfast consumption compared with 341 

omission in the placebo (absolute: p = 0.02, d = 0.99; relative: p < 0.01, d = 1.43) but not 342 

carbohydrate trials (absolute: p = 0.20, d = 0.59; relative: p = 0.20, d = 0.73). In addition, the 343 

absolute and relative contribution of carbohydrate oxidation was significantly higher in the 344 

carbohydrate compared with placebo trial after breakfast omission (absolute: p = 0.02, d = 1.08; 345 

relative: p < 0.01, d = 1.52) but not consumption (absolute: p = 0.39, d = 0.58, relative: p = 346 

0.38, d = 0.66). In the same period, absolute and the relative contribution of fat oxidation to 347 

energy expenditure was higher after breakfast omission compared with consumption in the 348 

placebo (absolute: p < 0.01, d = 0.91; relative: p < 0.01, d = 1.43) but not carbohydrate trials 349 

(absolute: p = 0.57, d = 0.51; relative: p = 0.20, d = 0.73). In addition, absolute and the relative 350 

contribution of fat oxidation were significantly higher in the placebo compared with 351 

carbohydrate trials after breakfast omission (absolute: p = 0.02, d = 0.90; relative: p < 0.01, d 352 

= 1.52) but not consumption (absolute: p = 0.77, d = 0.42; relative: p = 0.38, d = 0.66). 353 

Expired gas and plasma glucose 354 

Results for δ13CO2 enrichment in expired gas and plasma glucose are presented in supplemental 355 

digital content (see text, supplemental materials 1 for descriptive text; see figure, supplemental 356 

digital content 2 for visual representation of data) 357 

Exogenous and endogenous carbohydrate oxidation 358 



 

 

There was no significant difference in exogenous carbohydrate oxidation rates (Figure 3A) 359 

after breakfast consumption compared with omission in the carbohydrate trials at 60 min (0.27 360 

± 0.12 vs. 0.31 ± 0.07 g.min-1), 75 min (0.34 ± 0.10 vs. 0.38 ± 0.10 g.min-1) or 90 min (0.43 ± 361 

0.13 vs. 0.43 ± 0.12 g.min-1) (p = 0.30). The contribution of exogenous carbohydrate oxidation 362 

in the placebo trials was considered negligible (< 0.001 g.min-1). The relative contribution of 363 

exogenous carbohydrate oxidation in the last 30 minutes of exercise was not significantly 364 

different between breakfast consumption and omission in the carbohydrate trials (18.6 ± 3.5% 365 

vs. 20.8 ± 3.4%, p = 0.14, d = 0.59, Figure 3A). The total absolute exogenous oxidation in the 366 

last 30 minutes of exercise was also not significantly different between breakfast consumption 367 

and omission in the carbohydrate trials (p = 0.23, d = 0.28, Table 2).  368 

Total absolute endogenous carbohydrate oxidation in the last 30 minutes of exercise (Table 2) 369 

was significantly higher after breakfast consumption compared with omission in the 370 

carbohydrate (p = 0.03, d = 0.95) and placebo trials (p = 0.02, d = 0.99). There was no 371 

significant difference in endogenous carbohydrate oxidation in the last 30 minutes of exercise 372 

between the carbohydrate and placebo trials after breakfast consumption (p = 0.18, d = 0.77) 373 

or omission (p = 0.99, d = 0.41). 374 

Oxidation of plasma glucose, liver glucose and muscle glycogen 375 

Plasma glucose oxidation rates (Figure 3B) were significantly higher after breakfast 376 

consumption compared with omission in the placebo trials during exercise at 60, 75 and 90 min 377 

(all p < 0.01, d > 1.51) but not carbohydrate trials (p > 0.31, d < 0.55). Plasma glucose oxidation 378 

rate was higher in the carbohydrate compared with placebo trials after breakfast consumption 379 

at 75 min and 90 min (p < 0.01, d > 2.25) but not 60 min (p = 0.09, d = 1.23). Plasma glucose 380 

oxidation rate was higher in the carbohydrate compared with placebo trials after breakfast 381 

omission at 60, 75 and 90 min (p < 0.01, d > 3.20). Total absolute plasma glucose oxidation 382 



 

 

during the last 30 minutes of exercise (Table 2) was significantly higher after breakfast 383 

consumption compared with omission in the placebo (p < 0.01, d = 1.86) but not carbohydrate 384 

trials (p = 0.99, d = 0.34). Total absolute plasma glucose oxidation was also significantly higher 385 

in the carbohydrate compared with placebo trials after breakfast consumption (p < 0.01, d = 386 

2.21) and omission (p < 0.01, d = 3.42). 387 

Liver glucose oxidation rates (Figure 3C) were significantly higher after breakfast consumption 388 

compared with omission at 60, 75 and 90 min in the carbohydrate (p < 0.049, d > 1.55) and 389 

placebo trials (all p < 0.01, d > 1.51). Liver glucose oxidation rates were also significantly 390 

higher in the placebo compared with carbohydrate trials at 60, 75 and 90 min after breakfast 391 

consumption (p < 0.02, d > 1.83) and omission (p < 0.01, d > 1.83). Relative and total absolute 392 

(Table 2) liver glucose oxidation was significantly higher after breakfast consumption 393 

compared with omission during the last 30 minutes of exercise in the carbohydrate (absolute: 394 

p < 0.01, d = 2.03; relative: 7.7 ± 1.6% vs. 3.8 ± 0.8%, p < 0.01, d = 3.20) and placebo trials 395 

(absolute: p < 0.01, d = 1.86; relative: 14.8 ± 2.3 vs. 8.7 ± 2.8%, p < 0.01, d = 2.42). Relative 396 

and total absolute liver glucose oxidation was significantly lower in the carbohydrate compared 397 

with placebo trials after breakfast consumption (relative: p < 0.01, d = 3.67; absolute: p < 0.01, 398 

d = 2.31) and omission (relative: p < 0.01, d = 2.77; absolute: p < 0.01, d = 2.18). 399 

Muscle glycogen oxidation rates (Figure 3D) were significantly higher after breakfast 400 

consumption compared with omission at 60-min in the carbohydrate trials (p = 0.04, d = 0.98) 401 

but not placebo trials (p = 0.13, d = 0.69). Muscle glycogen oxidation rates were not 402 

significantly different at 60 min between carbohydrate and placebo trials after breakfast 403 

consumption (p = 0.99, d = 0.03) or omission (p = 0.99, d = 0.06). There was no significant 404 

difference between trials in muscle glycogen oxidation rates during exercise at 75 min (p > 405 

0.12, d < 0.64), or 90 min (p > 0.19, d < 0.57). The relative, but not absolute (Table 2) 406 

contribution of muscle glycogen oxidation to energy expenditure during the last 30 minutes of 407 



 

 

exercise was higher after breakfast consumption compared with omission in the placebo trials 408 

(relative: 29.4 ± 11.1% vs. 19.2 ± 12.2, p = 0.04, d = 0.87; absolute: p = 0.14, d = 0.65) and 409 

approached significance in the carbohydrate trials (relative: 25.4.0 ± 9.4% vs. 19.4 ± 7.5%, p 410 

= 0.09, d = 0.71; absolute: p = 0.14, d = 0.64). There was no significant difference in the relative 411 

or absolute contribution of muscle glycogen oxidation to energy expenditure during the last 30 412 

minutes of exercise in the carbohydrate compared with placebo trials after breakfast 413 

consumption (relative: p = 0.99, d = 0.38; absolute: p = 0.99, d = 0.30) or omission (relative: p 414 

= 0.99, d = 0.02; absolute: p = 0.99, d = 0.03). 415 

Blood biochemistry 416 

A significant effect of time (all p < 0.01) was observed for all analytes (Figure 4). A significant 417 

effect of trial was observed for all analytes (p < 0.01), except lactate (p = 0.17). Further, a 418 

significant interaction effect of time x trial was also observed for all analytes (all p < 0.01). All 419 

significant pairwise statistical comparisons are presented in Figure 4. 420 

3 km time trial performance 421 

Time to completion (see figure, supplemental digital content 3 for visual representation of 422 

data) was not significantly different between trials (B-CHO: 2121 ± 230 seconds, B-PLA: 423 

2154 ± 284 seconds, F-CHO: 2134 ± 289 seconds, F-PLA: 2209 ± 213 seconds; p = 0.99, d < 424 

0.30). 425 

Heart rate, SpO2 and RPE 426 

There were no significant differences between trials for SpO2 (p > 0.45, d < 0.51), heart rate 427 

(all p = 0.99, d < 0.36) and RPE (all p = 0.99, d < 0.36) (see table, supplemental digital content 428 

4 for data). 429 

Discussion 430 



 

 

This study investigated the effect of carbohydrate supplementation on substrate oxidation and 431 

time trial performance after both breakfast consumption and omission. In the first 60-min of 432 

exercise, carbohydrate supplementation had no effect on substrate oxidation after breakfast 433 

consumption or omission. However, in the final 30 min of exercise, carbohydrate 434 

supplementation increased the relative carbohydrate contribution to energy expenditure after 435 

breakfast omission, but not consumption. This was likely explained by an increased 436 

contribution of exogenous carbohydrate and a concomitant reduction in the relative 437 

contribution of muscle and liver glycogen oxidation to energy expenditure during exercise after 438 

breakfast omission compared with consumption in hypoxia. These findings suggest that sub-439 

optimal concentrations of endogenous carbohydrate stores during exercise > 60 minutes may 440 

have been observed in the breakfast omission, but not consumption trials. Interestingly, a 441 

reduction in liver glucose oxidation suggests a liver glycogen sparing effect of carbohydrate 442 

supplementation during sub-maximal exercise, however there was no effect of carbohydrate 443 

supplementation on time trial performance in hypoxia. 444 

The finding that the relative contribution of carbohydrate oxidation to energy expenditure was 445 

increased after breakfast consumption compared with omission in hypoxia is consistent with 446 

the well-established response to feeding in normoxia (33). The reduction in plasma glucose 447 

concentrations in the post-prandial state typically observed at the onset of exercise in normoxia 448 

was also replicated in hypoxic conditions in the present study, as observed previously (8). A 449 

concomitant reduction in FFA availability and oxidation was also observed in the present study 450 

after breakfast consumption compared with omission, likely due to the inhibitory effect of 451 

insulin on lipolysis (34). Interestingly, there was no effect of carbohydrate supplementation on 452 

whole body substrate oxidation after breakfast consumption or omission in the first hour of 453 

exercise. This finding is likely explained by the non-glycogen limiting duration of exercise 454 

(35).  455 



 

 

Carbohydrate supplementation induced a higher relative contribution of carbohydrate 456 

oxidation to energy expenditure during the last 30-min of exercise in hypoxia after breakfast 457 

omission but not consumption. This increased reliance on carbohydrate oxidation was 458 

associated with greater plasma glucose concentration and oxidation, derived from the 459 

exogenous carbohydrate source. The findings observed in fasted participants are in agreement 460 

with the normoxic (4) and hypoxic literature (7). This increased contribution of carbohydrate 461 

oxidation likely only occurred in the final 30 minutes of exercise due to the depletion of 462 

endogenous carbohydrate stores in such conditions, as discussed previously (35). Data from 463 

the final 30-min of exercise in present study support this hypothesis by demonstrating 464 

significant reductions in total endogenous carbohydrate oxidation after breakfast omission 465 

compared with consumption in both the carbohydrate and placebo trials. These reduced 466 

contributions were derived from significant, moderate reductions in muscle glycogen 467 

utilisation in the placebo trial, and non-significant, (p = 0.09), moderate reductions in the 468 

carbohydrate trials. In addition, significant, large/very large reductions in liver glucose 469 

oxidation were also observed after breakfast omission compared with consumption in the 470 

carbohydrate and placebo trials. Further, the absence of feeding both pre and during exercise 471 

in the placebo trial after breakfast omission resulted in a low insulin concentration and likely 472 

facilitated an increased reliance on fat oxidation during exercise in this trial (34).  473 

Whilst the effect of hypoxia on substrate oxidation during exercise with carbohydrate 474 

supplementation has been investigated in fed participants previously (6), the effect of 475 

carbohydrate supplementation on substrate oxidation during exercise in hypoxia, in a placebo-476 

controlled fashion has not. Our data demonstrate that carbohydrate supplementation has no 477 

effect on substrate oxidation during exercise (< 90 minutes) after breakfast consumption. 478 

Similar relative contributions of exogenous carbohydrate oxidation to energy expenditure were 479 

observed in the breakfast consumption compared with omission trial. As such, the absence of 480 



 

 

change in the relative contribution of carbohydrate oxidation between the carbohydrate and 481 

placebo trial after breakfast consumption is likely due to maintained contributions of 482 

endogenous carbohydrate oxidation in the fed state (36). In support of this statement, the 483 

relative contribution of liver glucose and muscle glycogen oxidation was significantly higher 484 

after breakfast consumption compared with omission in the placebo trials, subsequently 485 

negating the effects of carbohydrate supplementation.  486 

Findings from Young et al (7) suggest that the oxidation of exogenous carbohydrate may be 487 

suppressed during exercise in hypoxia compared with normoxia. Whilst unable to confirm the 488 

suppression of exogenous carbohydrate oxidation, the rates observed in the present study 489 

(breakfast consumption and omission means (60 – 90 min): 0.35 and 0.37 g·min-1) are lower 490 

than that observed by O'Hara et al (5) (~0.92 g·min-1), O'Hara et al (11) (0.82 g·min-1) and 491 

Péronnet et al (6) (0.43 g·min-1) but higher than that observed by Young et al (7) (~0.19 g·min-492 

1). The lower exogenous carbohydrate oxidation rates in the present study compared with 493 

O'Hara et al (5), O'Hara et al (11) and Péronnet et al (6) are likely due to reduced exercise 494 

intensity (50% vs. 74% and 77% V̇O2max respectively). Maximal exogenous carbohydrate 495 

oxidation rates typically occur during exercise at up to 64% V̇O2max (37), therefore, it is possible 496 

the exercise intensity utilised in the present study (50% V̇O2max) did not elicit maximal 497 

exogenous carbohydrate oxidation rates. In contrast, the higher exercise intensities employed 498 

by others were likely sufficient to elicit maximal rates. In addition, the carbohydrate 499 

supplement utilised by some (5, 11) included both glucose and fructose, which has been 500 

demonstrated to increase exogenous oxidation compared with glucose alone due to the use of 501 

distinct intestinal transporters (38). Young et al (7) supplemented participants with a glucose 502 

and fructose solution, however only the glucose was labelled with a 13C isotopic tracer and thus 503 

fructose oxidation could not be quantified. As such, the low exogenous glucose oxidation rates 504 

may be expected, as ingestion rates of glucose alone was just ~1.0 g·min-1 compared with 1.2 505 



 

 

g·min-1 in the present study, despite a slightly higher exercise intensity employed by Young et 506 

al (7) (~60% V̇O2max vs. 50% V̇O2max). 507 

Young et al (7) suggested that the exogenous carbohydrate oxidation suppression observed in 508 

acute hypoxia compared to normoxia infers that exogenous carbohydrate supplementation does 509 

not spare endogenous glucose stores to the same degree as in normoxia and therefore provides 510 

less of an advantage in hypoxic than normoxic conditions. Whilst the present study cannot 511 

determine this response in comparison with normoxic conditions, these data suggest that a 512 

sparing of endogenous carbohydrate may occur in hypoxia. In this regard, significant 513 

reductions in liver glucose oxidation were observed in the carbohydrate compared with placebo 514 

trials after both breakfast consumption and omission. This indication of an endogenous glucose 515 

sparing effect seems exclusive to liver glycogen stores, as no significant differences in muscle 516 

glycogen oxidation were observed between the carbohydrate and placebo trials after breakfast 517 

consumption or omission. A liver glycogen sparing effect is consistent with some (4, 39) but 518 

not all (3) normoxic literature. These findings are likely associated with partial attenuation of 519 

liver glycogenolysis and gluconeogenesis (4), however these measurements were beyond the 520 

scope of the present study. 521 

Interestingly, carbohydrate supplementation had no effect on 3 km time trial performance. This 522 

is in agreement with Bradbury et al (17) who observed no difference in time trial performance 523 

(2 mile walk) with a carbohydrate compared with placebo beverage in acute and chronic 524 

hypoxia (4300 m). However, these studies are in contrast to Fulco et al (15), who observed an 525 

increase in endurance performance with carbohydrate supplementation after 3 days hypoxic 526 

exposure (4300 m) (CHO: 80.1 ± 7 min vs. PLA: 104.9 ± 9.0 min). Differences between 527 

findings are likely due to variance in experimental design. In this regard, the intensity of the 528 

exercise utilised in the present study may not have been sufficient to deplete endogenous 529 

substrate stores to critical levels, therefore suppressing the effect of the supplement. Assuming 530 



 

 

a rate of glycogenolysis of ~0.7 mmol·kg·min-1 during exercise at 50% V̇O2max (40) a muscle 531 

glycogen depletion of ~63 mmol·kg·min-1 likely occurred in the present study (expected 532 

concentration at the end of sub-maximal exercise ~87 mmol·kg-1). As such, it seems likely that 533 

muscle glycogen concentration did not reach a critical threshold (< 70 mmol·kg-1 wet weight) 534 

in which it may be expected calcium release from the sarcoplasmic reticulum is impaired, and 535 

subsequently peak power output reduced (41). This hypothesis may also explain the null 536 

findings observed by Bradbury et al (17), as they utilised similar experimental design. Bradbury 537 

et al (17) also demonstrated no effect of carbohydrate supplementation on endurance 538 

performance in sea level conditions, contradicting their hypothesis that hypoxia per se, 539 

confounds the ergogenic effect of carbohydrate supplementation. In contrast, although Fulco 540 

et al, (2005) utilised a shorter sub-maximal exercise period (45 minutes), the time trial utilised 541 

was longer in duration and therefore participants likely spent more time exercising at higher 542 

intensities, thus depleting endogenous substrate stores. Further research is required to elucidate 543 

the effects of carbohydrate supplementation in conditions directly applicable to real world 544 

scenarios (i.e. day long mountaineering treks). 545 

Despite the novel findings reported in this study, several limitations must be acknowledged. 546 

Firstly, participants in this study were young males, and these findings remain to be elucidated 547 

in other populations. For example, women have shown differing metabolic responses in 548 

hypoxia (42) and normoxia (43), as well as a varied response to carbohydrate supplementation 549 

(11). In addition, this study was conducted in simulated normobaric hypoxia and caution should 550 

be applied when considering the practical application of these findings to terrestrial altitude. 551 

Finally, calculations estimating liver glucose oxidation may also comprise residual gut uptake 552 

of glucose derived from pre-exercise breakfast consumption, albeit in small quantities. Future 553 

research should investigate the effects of carbohydrate supplementation on endurance 554 

performance of a longer duration (> 60 min) after breakfast consumption and omission. In 555 



 

 

addition, both the optimal dose and composition should be elucidated in hypoxia, in both males 556 

and females.  557 

In conclusion, breakfast consumption increased carbohydrate oxidation during the first 60 558 

minutes of exercise regardless of carbohydrate supplementation. However, carbohydrate 559 

supplementation matched the effects of pre-exercise breakfast consumption during the final 30 560 

minutes of exercise by increasing carbohydrate oxidation after breakfast omission, but not 561 

consumption. The reduction in liver glucose oxidation following carbohydrate supplementation 562 

suggested a liver glycogen sparing effect was present, however no difference was observed in 563 

muscle glycogen oxidation. No effect of carbohydrate supplementation on 3 km time trial 564 

performance was observed after breakfast consumption or omission. These data provide novel 565 

information regarding the use of carbohydrate supplementation in hypoxia for populations in 566 

differing states of energy balance (i.e. fasted or fed). These findings should be considered in 567 

the design of nutritional interventions for mountaineers, military personnel and athletes 568 

exposed to high altitude. Specifically, the findings observed after breakfast omission in the 569 

present study may be applicable to individuals experiencing attenuated energy intake as a result 570 

of hypoxia-induced appetite suppression (44, 45). Carbohydrate supplementation may be a 571 

useful nutritional strategy to induce alterations in substrate oxidation for these individuals. 572 

Whilst no changes in endurance performance were observed in the present study, this requires 573 

further investigation in chronic hypoxia, in which exercise duration, and subsequent glycogen 574 

depletion is potentiated.  575 
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Figure 2. The relative (% energy yield) contribution to energy expenditure during the last 30 711 

minutes of exercise in all trials. B-CHO = breakfast consumption and carbohydrate 712 

supplementation, B-PLA = breakfast consumption and placebo supplementation, F-CHO = 713 

breakfast omission and carbohydrate supplementation, F-PLA = breakfast omission and 714 

placebo supplementation. * represents significant difference in relative carbohydrate oxidation, 715 

† represents significant difference in relative liver glucose oxidation, ‡ represents significant 716 

difference in relative muscle glycogen oxidation (p < 0.05) 717 

Figure 3. Oxidation rates of exogenous carbohydrate, liver glucose, plasma glucose and muscle 718 

glycogen during the final 30 minutes of exercise. Values are mean ± SE. B-CHO = breakfast 719 

consumption and carbohydrate supplementation, B-PLA = breakfast consumption and placebo 720 

supplementation, F-CHO = breakfast omission and carbohydrate supplementation, F-PLA = 721 

breakfast omission and placebo supplementation. (a) indicates a significant difference between 722 

breakfast consumption and omission in the carbohydrate trials, (b) represents a significant 723 

difference between breakfast consumption and omission in the placebo trials, (c) indicates a 724 

significant difference between the carbohydrate and placebo trial after breakfast consumption, 725 

(d) indicates a significant difference between the carbohydrate and placebo trial after breakfast 726 

omission 727 

Figure 4. Plasma glucose, serum FFA, plasma lactate and serum insulin concentrations over 728 

the full experimental trial. Values are mean ± SE. The thin arrow represents the timing of 729 

breakfast in the breakfast consumption trials. The black rectangle represents the exercise 730 

period. B-CHO = breakfast consumption and carbohydrate supplementation, B-PLA = 731 

breakfast consumption and placebo supplementation, F-CHO = breakfast omission and 732 

carbohydrate supplementation, F-PLA = breakfast omission and placebo supplementation. (a) 733 

indicates a significant difference between breakfast consumption and omission in the 734 

carbohydrate trials, (b) represents a significant difference between breakfast consumption and 735 



 

 

omission in the placebo trials, (c) indicates a significant difference between the carbohydrate 736 

and placebo trial after breakfast consumption, (d) indicates a significant difference between the 737 

carbohydrate and placebo trial after breakfast omission. Significance p < 0.05. 738 
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Table 1. 808 

B-CHO = breakfast consumption and carbohydrate supplementation, B-PLA = breakfast consumption and placebo, F-CHO = breakfast 809 
omission and carbohydrate supplementation, F-PLA = breakfast omission and placebo. * denotes significant difference to alternative 810 
nutritional status with the same supplement. † denotes significant difference to alternative supplement within the same nutritional 811 
status 812 

 813 

 814 

 815 

 816 

  

Carbohydrate oxidation (g) Fat oxidation (g) 

  

0-90 min 0-60 min 60-90 min 0-90 min 0-60 min 60-90 min 

B-CHO 76.72±22.11* 48.27±13.54* 28.45±8.84 31.52±9.28 20.09±5.73 11.43±3.68 

B-PLA 67.17±21.20* 43.57±13.39* 23.60±7.96* 33.91±10.22* 20.84±6.20* 13.07±4.04* 

F-CHO 57.18±16.21 33.38±9.40 23.80±6.92† 37.12±9.24 23.81±5.66 13.31±3.64† 

F-PLA 44.14±22.81 28.71±14.50 15.43±8.48 42.29±10.00 25.60±6.23 16.69±3.91 



 

 

Table 2. 817 

 Exogenous oxidation 
(g) 

Endogenous oxidation 
(g) 

Muscle glycogen 
(g) 

Glucose from the liver 
(g) 

Plasma glucose (g) 

B-CHO 10.35±3.22 18.10±6.21* 13.83±5.43 4.27±1.42*† 14.62±4.48† 

B-PLA 0.02±0.01 23.58±7.96* 15.77±7.61 7.81±1.65* 7.83±1.65* 

F-CHO 11.22±2.95 12.58±5.34 10.51±4.91 2.07±0.73† 13.29±3.33† 

F-PLA 0.02±0.01 15.41±8.48 10.70±8.04 4.71±1.69 4.73±1.69 

B-CHO = breakfast consumption and carbohydrate supplementation, B-PLA = breakfast consumption and placebo supplementation, 818 
F-CHO = breakfast omission and carbohydrate supplementation, F-PLA = breakfast omission and placebo supplementation. * denotes 819 
significant difference to alternative nutritional status with the same supplement. † denotes significant difference to alternative 820 
supplement within the same nutritional status 821 

 822 

 823 

 824 

 825 



 

 

Supplementary digital content 1. 826 

Total carbohydrate and fat oxidation (full duration exercise) 827 

Over the full duration of exercise, absolute (Table 1) and the relative contribution of 828 

carbohydrate oxidation to energy expenditure was greater after breakfast consumption 829 

compared with omission in the carbohydrate (absolute: p < 0.01, d = 1.02; relative: 51.2 ± 830 

11.0% vs. 40.3 ± 8.1%, p < 0.01, d = 1.15) and placebo trials (absolute: p < 0.01, d = 1.05; 831 

relative: 46.5 ± 10.1% vs. 30.5 ± 12.2%, p < 0.01, d = 1.43). No significant differences in 832 

absolute or the relative contribution of carbohydrate oxidation to energy expenditure were 833 

observed between the carbohydrate and placebo trials after breakfast consumption (absolute: p 834 

= 0.56, d = 0.44; relative: p = 0.92, d = 0.45) or omission (absolute: p = 0.36, d = 0.67; relative: 835 

p = 0.17, d = 0.97). In the same period, absolute and the relative contribution of fat oxidation 836 

to energy expenditure was significantly higher after breakfast omission compared with 837 

consumption in the placebo trials (absolute: p < 0.01, d = 0.83, relative: 69.5 ± 12.2% vs. 53.5 838 

± 10.1%, p < 0.01, d = 1.44). The relative, but not absolute contribution of fat oxidation was 839 

higher after breakfast omission compared with consumption in the carbohydrate trials (relative: 840 

59.7 ± 8.1 vs. 48.8 ± 11.0, p < 0.01, d = 1.15; absolute: p = 0.25, d = 0.60). No significant 841 

differences in the absolute or relative contribution of fat oxidation to energy expenditure were 842 

observed between carbohydrate and placebo trials after breakfast consumption (absolute: p = 843 

0.99, d = 0.25; relative: p = 0.92, d = 0.45) or omission (absolute: p = 0.41, d = 0.54; relative: 844 

p = 0.17, d = 0.97). 845 

 846 

 847 

 848 

 849 



 

 

 850 

Expired gas and plasma glucose 851 

Background δ13CO2 enrichment in the preliminary trials was -26.49 ± 0.58‰ and -26.69 ± 852 

0.51‰ during exercise at 50% V̇O2max after breakfast omission and consumption respectively. 853 

The δ13CO2 in expired gas (Figure 3A) at rest before exercise and ingestion of the supplement 854 

beverage was not significantly different between conditions (p = 0.99). The δ13CO2 in expired 855 

gas significantly increased over time from baseline through exercise following consumption of 856 

each respective supplement (all p < 0.01, Figure 3A). The δ13CO2 in expired gas was 857 

significantly greater after breakfast consumption compared with omission in the placebo trials 858 

at 75 min (p = 0.02, d = 1.42) and 90 min (p < 0.01, d = 1.84), but not at 60 min (p = 0.14, d = 859 

0.96). There was no significant difference in the δ13CO2 in expired gas between breakfast 860 

consumption and omission in the carbohydrate trials at any time point (p > 0.35, d < 0.93). The 861 

δ13CO2 in expired gas was higher in the placebo compared with carbohydrate trials at 60, 75 862 

and 90 min after breakfast consumption (all p < 0.01, d < 2.60) but not omission (all p = 0.99, 863 

d < 0.31).  864 

The δ13C in plasma glucose (Figure 3B) at rest before exercise and ingestion of a supplement 865 

was also not significantly different between condition (p = 0.99). Plasma δ13C-glucose 866 

significantly increased over time from baseline through exercise following consumption of 867 

each respective supplement (all p < 0.01, Figure 3B). Plasma δ13C-glucose was significantly 868 

higher in the placebo compared with carbohydrate trials after both breakfast consumption (all 869 

p < 0.01, d < 17.22) and omission (all p < 0.01, d < 6.76) at 60, 75 and 90 minutes. Plasma 870 

δ13C-glucose was significantly higher after breakfast consumption compared with omission in 871 

the carbohydrate trials at 60, 75 and 90 minutes (all p < 0.01, d < 3.24). Plasma δ13C-glucose 872 

was also significantly higher after breakfast consumption compared with omission in the 873 



 

 

placebo trials at 60 minutes (p < 0.01, d = 2.75) and approached significance at 75 (p = 0.06, d 874 

= 1.64), but not at 90 minutes (p = 0.82, d = 0.89). 875 
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Supplementary digital content 2. 894 

 895 

SDC 2. Changes in δ 13C in expired gas (A) and plasma glucose (B) at rest (0 min) and during the 90-minute 896 

walking protocol. Values are mean ± SD. Significance p < 0.05 (a) indicates a significant difference between 897 

breakfast consumption and omission in the carbohydrate trials, (b) represents a significant difference between 898 

breakfast consumption and omission in the placebo trials, (c) indicates a significant difference between the 899 

carbohydrate and placebo trial after breakfast consumption, (d) indicates a significant difference between the 900 

carbohydrate and placebo trial after breakfast omission. B-CHO = breakfast consumption and carbohydrate 901 

supplementation, B-PLA = breakfast consumption and placebo supplementation, F-CHO = breakfast omission 902 

and carbohydrate supplementation, F-PLA = breakfast omission and placebo supplementation  903 

 904 



 

 

Supplementary digital content 3. 905 

 906 

SDC 3. 3-km time trial performance in all trials. Values are presented as mean ± SD. B-CHO 907 

= breakfast consumption and carbohydrate supplementation, B-PLA = breakfast consumption 908 

and placebo supplementation, F-CHO = breakfast omission and carbohydrate 909 

supplementation, F-PLA = breakfast omission and placebo supplementation 910 

 911 

 912 

 913 

 914 

 915 
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 920 



 

 

Supplementary digital content 4. 921 

SDC 4. Mean SpO2, heart rate and RPE across the full duration of all trials. 922 

 SpO2 (%) Heart rate (bpm) RPE 

B-CHO 83±3 87±7 11±2 

B-PLA 83±3 86±6 11±2 

F-CHO 81±4 87±7 11±1 

F-PLA 81±3 84±8 11±2 

B-CHO = breakfast consumption and carbohydrate supplementation, B-PLA = breakfast 923 
consumption and placebo supplementation, F-CHO = breakfast omission and 924 
carbohydrate supplementation, F-PLA = breakfast omission and placebo 925 
supplementation. 926 
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