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ABSTRACT 

PURPOSE: Beneficial effects of carbohydrate (CHO) ingestion on exogenous CHO oxidation 

and endurance performance require a well-functioning gastrointestinal (GI) tract. However, GI 

complaints are common during endurance running. This study investigated the effect of a CHO 

solution-containing sodium alginate and pectin (hydrogel) on endurance running performance, 

exogenous and endogenous CHO oxidation and GI symptoms. METHODS: Eleven trained 

male runners, using a randomised, double-blind design, completed three 120-minute steady 

state runs at 68% V̇O2max, followed by a 5-km time-trial. Participants ingested 90 g·h-1 of 2:1 

glucose:fructose (13C enriched) either as a CHO hydrogel, a standard CHO solution (non-

hydrogel), or a CHO-free placebo during the 120 minutes. Fat oxidation, total and exogenous 

CHO oxidation, plasma glucose oxidation and endogenous glucose oxidation from liver and 

muscle glycogen were calculated using indirect calorimetry and isotope ratio mass 

spectrometry. GI symptoms were recorded throughout the trial. RESULTS: Time-trial 

performance was 7.6% and 5.6% faster after hydrogel ([minutes:seconds]19:29±2:24; 

p<0.001) and non-hydrogel (19:54±2:23, p=0.002), respectively, versus placebo (21:05±2:34). 

Time-trial performance after hydrogel was 2.1% faster (p=0.033) than non-hydrogel. Absolute 

and relative exogenous CHO oxidation was greater with hydrogel (68.6±10.8g, 31.9±2.7%; 

p=0.01) versus non-hydrogel (63.4±8.1g, 29.3±2.0%; p=0.003). Absolute and relative 

endogenous CHO oxidation were lower in both CHO conditions compared with placebo 

(p<0.001), with no difference between CHO conditions. Absolute and relative liver glucose 

and muscle glycogen oxidation were not different between CHO conditions. Total GI 

symptoms were not different between hydrogel and placebo, but GI symptoms was higher in 
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non-hydrogel compared with placebo and hydrogel (p<0.001). CONCLUSION: Ingestion of 

glucose and fructose in hydrogel form during running benefited endurance performance, 

exogenous CHO oxidation and GI symptoms, compared with a standard CHO solution. 

INTRODUCTION 

It is well established that carbohydrate (CHO) ingestion during prolonged exercise can enhance 

endurance performance (1). This is associated with the maintenance of plasma glucose 

concentration and CHO oxidation during the latter stages of prolonged exercise (2). CHO 

ingestion can also prevent the depletion or attenuate the use of liver glycogen (3, 4) and in 

some instances, muscle glycogen (5, 6). American College of Sports Medicine (ACSM) 

guidelines recommend consuming up to 90 g·h-1 of CHO during exercise lasting >2.5 hours or 

where endogenous CHO stores will be depleted (7). However, these guidelines are largely 

based on the accumulated evidence from studies that used cycle ergometer protocols, and so 

may not be suitable for adoption by individuals during distance running. In fact, the mean rate 

of CHO ingestion during marathon running (8, 9) is far below current recommendations (7). 

This supports anecdotal evidence from practitioners and athletes (10) that the recommendation 

to consume up to 90 g·h-1 (7) is not always practical or tolerable for runners.  

The ergogenic effects of CHO ingestion require a well-functioning gastrointestinal (GI) tract 

(10), yet surveys suggest individuals experience upper and lower GI symptoms during distance 

running (11, 12). Moreover, GI symptoms are perceived to negatively affect running 

performance (13). Symptoms may include nausea, vomiting, stomach cramps, urge for bowel 

movement, reflux, fullness, bloating and diarrhoea (12). Evidence suggests over a one-month 

period 78-84% of runners have reported experiencing at least one GI symptom whilst running, 
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and 14% of males, and 22% of females, have encountered moderate-to-severe GI symptoms 

(14).  

The aetiology of GI symptoms during distance running is likely multifactoral, influenced by 

exercise intensity and fluid osmolality amongst others (15). The upper range of the exercise 

intensities (60-75% maximal oxygen consumption; V̇O2max) that are typically achieved by 

(non)elite distance runners during marathon running events (16) are associated with delayed 

gastric emptying (17, 18), and the latter is thought to be a main cause of GI symptoms (19). 

Higher CHO concentrations (>6%) are associated with delayed absorption of CHO (20) 

resulting in increased residual CHO and water retention in the intestines (21), likely causing 

elevated GI symptoms. For example, consuming hypertonic CHO beverages in large quantities 

have been reported to cause a greater prevalence of GI symptoms whilst running (22). Ingestion 

of multiple transportable CHO (glucose and fructose) can reduce the prevalence of GI 

symptoms (23), whilst also increasing CHO oxidation rates (24). However, some individuals 

are still susceptible to GI symptoms (25). Therefore, strategies or methods to increase CHO 

intake without causing GI symptoms are of significant interest to runners and nutrition 

practitioners.  

Hydrogel food technology has recently become commercially available in sports nutrition 

products (26), and may provide a novel means of delivering 90 g·h-1 CHO during running 

whilst potentially reducing the severity of GI symptoms. The addition of sodium alginate and 

pectin to CHO and water creates a pH-sensitive solution that forms a hydrogel that swells when 

exposed to the low pH environment in the stomach (27). The hydrogel stays complexed in acid, 

at this lower pH. Once in the small intestine, the higher alkaline pH causes the breakdown of 

the gel and the release of the CHO (27).  
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Emerging research suggests that the ingestion of a CHO, sodium alginate and pectin solution 

can enhance the rate of gastric emptying compared to a standard non-hydrogel CHO solution 

(28). However, no study to date (29) including running (30, 31), has reported a benefit to 

exercise performance, total whole-body substrate metabolism, exogenous CHO oxidation, or 

GI symptoms when CHO was consumed as a hydrogel during endurance exercise. These 

findings could be related to the mode of exercise, and the exercise intensities (45-60% 

V̇O2max) studied. As a result, previous CHO hydrogel research using such exercise intensities 

may not have sufficiently depleted the endogenous CHO stores, or impaired the GI tract to 

elicit sufficient alterations in CHO absorption or GI symptoms. It is unclear whether the 

metabolic and GI responses to CHO hydrogel ingestion are different from a non-hydrogel when 

running at a higher exercise intensity.  

This study aimed to investigate the effects of a multiple transportable CHO hydrogel, against 

a non-hydrogel solution and placebo, on endurance running performance, substrate utilisation 

and markers of GI symptoms. Using indirect calorimetry and 13C tracer techniques, this study 

aimed to assess exogenous and endogenous (liver and muscle) substrate utilisation in runners. 

It was hypothesised that the addition of sodium alginate and pectin with CHO would improve 

endurance performance, exogenous CHO oxidation and GI symptoms. 

METHODS 

Participants 

Eleven trained, healthy male runners volunteered to participate in this study (mean ± SD, age 

29 ± 6 years, body mass 68.7 ± 2.6 kg, body mass index 21.0 ± 1.3 kg/m2, and V̇O2max 62.6 ± 

4.2 mL·kg-1·min-1). Inclusion criteria required participants to have trained for >4 times per 

week in running-specific training for at least the last 3 years, completed a marathon within the 
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last 18 months with a time under 2 hour 40 minutes or achieved a V̇O2max >60 mL·kg-1·min-

1. Procedures and potential risks were explained before the study and all participants provided 

written informed consent. Before commencing, this study gained institutional ethical approval 

from Leeds Beckett University (Ref No. 57552) and was conducted in accordance with the 

Declaration of Helsinki.  

Experimental design 

Preliminary testing, conducted 7 days before the first experimental trial, consisted of a 

submaximal incremental test and maximal exercise test to volitional exhaustion (32) to 

determine the specific submaximal running speed at 68% V̇O2max for the experimental trial. 

This was followed by familiarisation of the GI questionnaire and 5-km time-trial. Following 

preliminary testing, participants completed three experimental trials (each separated by 7 days) 

consisting of a 120-minute steady state run at 68% V̇O2max, followed by a 5-km time-trial. 

During each trial, participants ingested one of three taste-matched solutions (CHO hydrogel, 

non-hydrogel CHO solution, or placebo) in a randomised, double-blind order. Participants 

ingested a 200 mL bolus immediately before exercise and then 100 mL of a 18% CHO solution 

every 15 minutes throughout the steady state run delivering CHO at a rate of 90 g·h-1.  

Diet and physical activity before testing 

Physical activity and food intake during the 48 hours before the first experimental trial were 

recorded and participants were instructed to repeat the same diet and activity pattern before 

subsequent trials. Before each experimental trial, participants were required to not undertake 

any strenuous physical activity and avoid alcohol and caffeine consumption for 24 hours. 

Before and for the duration of the study, participants were instructed to refrain from ingesting 

foods with a high natural 13C abundance (i.e. plants with a C4 photosynthetic cycle, or animals 
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fed with such plants) (33). This precaution ensured that background 13CO2 abundance was less 

likely to be perturbed from oxidation of endogenous and dietary substrate stores from naturally 

“enriched” C4 origin. Prior to each trial, participants consumed a standardised evening meal 

consisting of a total of ~1196 kcal; 58% CHO, 14% fat, 28% protein (fibre: ~12 g) 10-12 hours 

before arriving at the laboratory. 

Experimental trials 

After an overnight fast, participants reported to the laboratory at the same time in the morning 

to avoid any influence of circadian variance. Upon arrival at the laboratory, an in-dwelling 

catheter (18-gauge Introcan Safety®, B. Braun Medical Ltd, Sheffield, UK) was inserted into 

an antecubital forearm vein. Resting blood samples were drawn for plasma glucose, plasma 

lactate, serum free fatty acid (FFA) and serum insulin. Subsequently, a 10-minute resting ̇

and V̇CO2 measurement was made using an online gas analysis system (Metalyser, Cortex, 

Germany), calibrated to the manufacturer’s instructions. For the measurement of 13CO2:
12

in expired air at rest, 12 ml Exetainers (SerCon Ltd, Crewe, UK) of expired gas were collected 

in duplicate via a mixing chamber (Jaeger, Germany). Participants then consumed a 200 mL 

bolus of the experimental drink solution immediately before starting the 120 minutes of 

running at 68% V̇O2max on a treadmill (Woodway, USA). Additional boluses (100 mL) of 

each solution were provided every 15 minutes throughout the 120-minute exercise period. 

Expired gas breath samples were collected, and measurements of V̇O2, V̇CO2, were measured 

every 15 minutes during the steady state run. Samples of expired gas for 13CO2 analysis were 

collected during the final 60 seconds of each collection period at 60, 90 and 120 minutes. 

Venous blood samples for the analysis of plasma glucose, plasma lactate, serum FFA and 

serum insulin were drawn every 15 minutes, and for 13C plasma glucose enrichment at 60 

minutes and every 30 minutes thereafter. Heart rate measurements were taken every 15 minutes 
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during steady state exercise. In addition, every 30 minutes during the 120 minutes of running, 

participants completed a GI questionnaire (34) covering three sections (upper, lower & 

systemic GI symptoms), with a 10-point scale ranging from 1 (no problem at all) to 10 (the 

worst it has ever been), and a score of ≥ 5 was classified as having severe GI symptoms. 

Participants were familiarised with the GI questionnaire during preliminary testing. After the 

steady state run, participants completed a self-paced 5-km time-trial, with a rolling start of a 

running speed at 68% V̇O2max. Only feedback on distance completed was given at 1, 2, 2.5, 

3, 4, 4.5, 4.6, 4.7, 4.8, 4.9 and 5-km. Participants were blinded of their finishing times until all 

three experimental trials were completed.  

Experimental drinks 

The 180 grams of CHO used within the hydrogel and non-hydrogel experimental drinks were 

a 2:1 ratio of glucose (120 g) (D-glucose; Thornton and Ross Ltd, Huddersfield, UK) and 

fructose (60 g) (Danisco, Kettering, UK). The natural 13C abundance of the stock glucose and 

fructose were measured by isotope ratio mass spectrometry (IRMS, Isoprime, Cheadle, UK), 

using L-fucose as an isotopic internal standard as previously described (35) and determined to 

be -25.68 ‰ and -12.27 ‰ respectively. All 13C measurements are quoted with reference to 

the internationally accepted standard for carbon isotope measurements, Vienna Pee Dee 

Belemnite (VPDB). Both CHO solutions were enriched with 150 mg per 75 g CHO of 

universally labelled (U-13C6) glucose and (U-13C6) fructose tracer (2:1 ratio) (Sigma Aldrich, 

St Louis, MO). The final isotopic enrichment of each ingested CHO solution were 143.81 ± 

5.18 ‰ for the hydrogel solution and 142.32 ± 5.32 ‰ for the non-hydrogel solution. The 

hydrogel solution contained high methoxy pectin and sodium alginate at 0.45 wt% with a ratio 

of 1.25:1. All formulations contained 2.55 mmol·L-1 of NaCl (Saxa, Herts, UK), with the 

placebo drink containing artificial sweetener (aspartame, Morrisons’ plc, Bradford, UK) to 
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blind the participants to each condition. On completion of all three trials participants were 

asked to stipulate the order of their conditions, only 3 of the 11 determining the order correctly. 

Analyses 

Blood samples were centrifuged and aliquots of plasma and serum were stored at -80OC until 

analysis. Plasma glucose (glucose oxidase kit; Instrumentation Laboratory, Monza, Italy, Inter-

assay CV: 4.9%, Intra assay CV: 2.3%) and plasma lactate (Lactate kit, Randox, County 

Antrim, UK, Inter CV: 4.5%, Intra CV: 2.7%) concentrations were analysed by 

spectrophotometry (iLab 300 plus, iLab, UK). Serum insulin was analysed using a 

chemoilumino-metric immunoassay (ADIVA Centaur, Bayer diagnostics, Berkshire, UK, Inter 

CV: 3.2–4.6%, Intra CV: 2.6–5.9%). Serum FFA concentration was analysed by an acyl-CoA 

synthetase and oxidase assay (NEFA-HR2, Wako Chemicals GmbH, Germany, Inter assay 

CV: 1.5%). Isotope ratio mass spectrometry (IRMS; AP2003, GVI Instruments Ltd, 

Manchester, UK) were used to determine the CO2:
12CO2 in expired air as described 

previously (36). The 13C:12C in plasma glucose was determined using liquid chromatography 

linked-isotope ratio mass spectrometry (LC-IRMS), as previously described (35). Briefly, 

plasma samples were spiked with an internal standard (L-fucose, Sigma Aldrich, Poole, UK) 

and prepared by ultrafiltration (30000 MWCO, Amicon Ultra 4, Millipore, Watford, UK) for 

LC-IRMS analysis of 13C-glucose enrichment (13C-glucose). 

Calculations 

Total CHO and fat oxidation (g·min-1) were calculated using the stoichiometric equations 

(equation 1 and 2) proposed by Jeukendrup & Wallis (37), with protein oxidation during 

running assumed to be negligible. 
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CHO oxidation = (4.210 x V̇CO2) - (2.962 x V̇O2) (1) 

Fat oxidation = (1.695 x V̇O2) - (1.701 x V̇CO2) (2) 

To calculate absolute (g) whole body CHO, exogenous and endogenous (liver and muscle) 

CHO and fat oxidation the area under the curve technique was applied to the respective rates 

(g·min-1). Energy expenditure contributions from CHO and fat were calculated from absolute 

values, by applying their respective energy potentials (4.07 kcal and 9.75 kcal (37)). Total 

ingested glucose and fructose isotopic enrichment, (Rexo), and expired air (Rexp) were expressed 

in standard δ13C units (‰) relative to VPDB (38). The rate of exogenous CHO oxidation 

derived from the combined ingestion of glucose and fructose (CHOEX) were computed using 

equation 4 (39). 

CHOEX (g·min-1) = ̇ CO2 [(Rexp – Rref) / (Rexo – Rref)] / k  (4) 

Where V̇CO2 is in L·min-1, Rexp is the isotopic composition of expired CO2 and Rref is the 

isotopic composition of expired CO2 at the same time point with ingestion of placebo. The 

isotopic composition of the ingested solution computed as Rexo and the k (0.747 L·g-1) is the 

volume of CO2 provided by the complete oxidation of glucose. The oxidation efficiency, 

percentage of the ingested CHO utilised was calculated (40). 

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

lost in pools of tricarboxylic acid cycle intermediates and/or bicarbonate, and that lactate 

produced from either glucose or fructose is either oxidized in muscle or recycled through 

gluconeogenesis to be used subsequently by complete oxidation. Essentially exogenous CHO 
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oxidation is calculated irrespective of the pathway that finally produces 13CO2 that can be 

measured. The calculations assume that 13CO2 recovery in expired gases were complete or 

almost complete during exercise. Such computation has been shown to underestimate 

exogenous oxidation rates at the beginning of exercise because of the delay between 13CO2 

production in tissues and expired 13CO2 at the mouth (41). Therefore, exogenous CHO 

oxidation data are presented for the final 60 minutes of the 120-minute running period, where 

it is expected that there would be isotopic equilibrium in the tissues and at the mouth (42).  

The oxidation rate of plasma glucose was calculated based on the 13

plasma glucose (Rglu) (equation 5, 43): 

Plasma CHO (g·min-1) = V̇CO2 [(Rexp – Rref) / (Rglu – Rref)] / k  (5) 

Endogenous CHO oxidation is presented as the difference between total CHO oxidation and 

exogenous CHO oxidation. The oxidation rate of muscle glycogen (g∙min-1), either directly or 

through the lactate shuttle (44), were calculated by subtracting plasma glucose oxidation from 

total CHO oxidation. Finally, glucose oxidation derived from the liver was estimated as the 

difference between plasma glucose oxidation and exogenous CHO oxidation (43). 

Statistical analyses 

Data evaluation was performed using Prism (8.3.1) (GraphPad Software, La Jolla California 

USA). Eleven trained male runners were recruited for this study, providing 92% power to 

detect differences in performance, with an expected mean difference of 1.6% between CHO 

hydrogel and non-hydrogel (29), assuming a standard deviation of 1.43% at an alpha of 0.05.   
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In addition, eleven male runners would provide 90% power to detect differences in the rate of 

exogenous CHO oxidation, with an expected mean difference of 0.11 g·min-1 between CHO 

hydrogel and non-hydrogel, assuming a standard deviation of 0.10 g·min-1 at an alpha of 0.05. 

Variables were checked for normality prior to performing statistical tests (Kolmogorov–

Smirnov test). Differences in V̇O2, V̇CO2, RER, HR, rate of substrate utilisation, plasma and 

serum metabolites were analysed using a two-factor (time x treatment) analysis of variance 

(ANOVA) for repeated measures. Time-trial completion time, total energy expenditure, 

endogenous CHO oxidation and relative substrate data for all three conditions was analysed 

using a one-way ANOVA. Post hoc analysis was performed for any significant time and 

condition main effects or interactions using paired sample t-tests with Bonferroni adjustment. 

Only CHO conditions were compared when variables considered δ13CO2 of expired gas and 

δ13C in plasma glucose. A paired sample t-test was used to analyse absolute and relative 

exogenous CHO oxidation and the oxidation of muscle, liver and plasma glucose, as well as 

the percentage of the exogenous source of CHO utilised. GI symptoms were analysed using 

Wilcoxon matched-pairs signed rank test. Relationship between time-trial performance and GI 

symptoms was assessed using a Spearman’s rho correlations. Data are presented as mean ± SD 

and statistical significance was set at p < 0.05.  

RESULTS 

Time-Trial Performance 

A one-way ANOVA determined that mean 5-km time-trial performance [minutes:seconds] was 

significantly different between conditions (p = < 0.0001). Post hoc analysis revealed significant 

improvements in time-trial performance with the ingestion of hydrogel (19:29 ± 2:24, 7.6%, p 

< 0.001) and non-hydrogel (19:54 ± 2:23, 5.6%, p = 0.002) compared with placebo (21:05 ± 
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2:34, Figure 1). Time-trial performance for hydrogel was also significantly faster (2.1%) 

compared with non-hydrogel (p = 0.033). 

V̇O2, V̇CO2, RER and Heart Rate 

A two-way ANOVA showed that there was a significant condition and time interaction for 

V̇O2 (p = 0.001), V̇CO2 (p = 0.003) and RER  (p = 0.001) during the 120 minutes of running. 

Post hoc analysis at each time period during the steady state run revealed ̇ O2 was not 

significantly different between hydrogel and non-hydrogel (p = 0.33 to 0.99), but V̇O2 was 

significantly lower in both CHO conditions compared with placebo (p = 0.001 to 0.03; Table 

1). V̇CO2 was not significantly different between conditions in the first 60 minutes of the steady 

state run (p = 0.70 to 0.99). In the final 60 minutes of the steady state run, V̇CO2 was not 

significantly different between hydrogel and non-hydrogel (p = 0.43 to 0.99), but V̇CO2 was 

significantly greater in both CHO conditions compared with placebo (p = 0.001 to 0.03). 

Throughout the steady state run, RER was significantly higher in both CHO conditions relative 

to placebo (p = 0.001 to 0.02), with no significant difference in RER between hydrogel and 

non-hydrogel conditions (p = 0.09 to 0.5). In the placebo condition, RER was significantly 

lower during the final 60 minutes compared with the initial 60 minutes of the steady state run 

(p = 0.01). HR was not significantly different across time (p = 0.43) or between conditions (p 

= 0.87) during the steady state run. 

Energy Expenditure, Total Carbohydrate and Fat Oxidation 

A one-way ANOVA showed that there was no main effect of condition for total energy 

expenditure during the steady state run (hydrogel, 1746 ± 135 kcal; non-hydrogel, 1760 ± 137 

kcal; placebo, 1818 ± 167 kcal; p = 0.83). A two-way ANOVA showed that there was a 

significant condition and time interaction for both absolute whole-body CHO (p = 0.001) and 
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fat oxidation (p = 0.001). Post hoc analysis indicated that absolute whole-body CHO oxidation 

in hydrogel (324.2 ± 17.6 g) and non-hydrogel (318.3 ± 20.7 g) were not significantly different 

during the 120-minute steady state run (p = 0.09), but the absolute CHO oxidation in both CHO 

conditions was significantly higher than placebo (260.9 ± 16.5 g; p < 0.00001 & p < 0.001). In 

addition, absolute whole-body CHO oxidation in hydrogel and non-hydrogel were not 

significantly different during the first (p = 0.99) and second (p = 0.99) hour of steady state 

running, however, both CHO conditions were significantly higher compared with placebo (p < 

0.001; Table 1). Conversely, absolute fat oxidation was significantly lower throughout the 120-

minute steady state run for both CHO conditions (hydrogel = 43.5 ± 8.3 g; non-hydrogel, 47.6 

± 7.9 g) compared with placebo (77.8 ± 15.2 g; p < 0.0001 & p < 0.0001) as well as during the 

first (hydrogel: p = 0.0003; non-hydrogel: p = 0.0003) and second hour (hydrogel: p < 0.0001; 

non-hydrogel: p < 0.0001) (Table 1). Fat oxidation was also significantly lower in hydrogel 

compared with non-hydrogel during the first (p = 0.002) and second hour (p = 0.001) of 

exercise and over the 120-minute steady state run (p = 0.002). A one-way ANOVA showed 

that there was a main effect of condition (p < 0.0001) for the relative contribution of CHO and 

fat to energy expenditure during the 120-minute steady state run (Figure 2).  Post hoc analysis 

showed that the relative contribution of CHO to energy expenditure was significantly greater 

in both CHO conditions (hydrogel, 76.1 ± 4.4%; non-hydrogel, 74.1 ± 5.2%), compared with 

placebo (58.2 ± 6.5%; p = 0.001 and p = 0.001), with no significant difference between CHO 

conditions (p = 0.12). The relative contribution of fat to energy expenditure was significantly 

lower for the CHO conditions (hydrogel, 23.9 ± 2.1%; non-hydrogel, 25.9 ± 1.8%), compared 

with placebo (41.8 ± 4.9%, p < 0.0001 & p < 0.0001), with the hydrogel being significantly 

lower compared with the non-hydrogel (p = 0.002). 

δ13CO2 in expired gas and δ13C in plasma glucose 
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A two-way ANOVA showed that there was a significant main effect of time and condition and 

time interactions for δ13CO2 in expired gas (p < 0.0001 and p < 0.0001). Post hoc analysis for 

δ13CO2 in expired gas showed that there was no significant difference between conditions at 

rest (p = 0.45 to 0.99, Figure 3A). In placebo, the δ13CO2 in expired gas significantly increased 

over time by 1.28‰ from the start to the end of the steady state run (p < 0.0001). These data 

were then used as the background correction for the calculation of exogenous CHO and plasma 

glucose oxidation for each CHO condition. The δ13CO2 in expired gas significantly increased 

over time from the start of exercise following the ingestion of the 13C enriched CHO solutions 

(p = 0.001) and peak values were reached at 120 minutes. As shown in figure 3A, post hoc 

analysis indicated that the hydrogel was significantly higher compared with the non-hydrogel 

at 60 (p = 0.005), 90 (p = 0.009), and 120 minutes (p = 0.012). The isotopic composition of 

plasma glucose (δ13C) significantly increased by 1.28‰ from 60 to 120 minutes during the 

steady state run with ingestion of placebo (p < 0.0001, Figure 3B). In both CHO conditions, 

there was a significant main effect of time (p = 0.001) for plasma glucose δ13C, with post hoc 

analysis revealing a significant rise between 60 and 120 minutes (p = 0.004). However, there 

was no significant condition or time interaction for plasma glucose δ13CO2 between CHO 

conditions (p = 0.14). 

Exogenous and Endogenous Carbohydrate Oxidation 

A two-way ANOVA showed a significant main effect of time for the rate of exogenous CHO 

oxidation (p < 0.0001). Post hoc analysis revealed that the rate of exogenous CHO oxidation 

increased significantly (p = 0.001) in both CHO conditions during the final 60 minutes of the 

steady state run, peaking at 120 minutes during each condition (hydrogel: 1.27 ± 0.17 g·min-1; 

non-hydrogel: 1.18 ± 0.13 g·min-1, Figure 4A). There was also a condition and time interaction 

(p = 0.005), with post hoc analysis showing that exogenous CHO oxidation was significantly 



16 

greater in hydrogel compared with non-hydrogel at 60 (1.03 ± 0.19 vs 0.93 ± 0.14 g·min-1, p = 

0.001), 90 (1.14 ± 0.19 vs 1.06 ± 0.14 g·min-1, p = 0.009) and 120 minutes (1.27 ± 0.17 vs 1.18 

± 0.13 g·min-1, p = 0.001). A paired sample t-test showed that absolute exogenous CHO 

oxidation during the final 60 minutes of the steady state run (Table 2) was significantly greater 

with hydrogel compared with non-hydrogel (p = 0.003). In addition, relative exogenous CHO 

(Figure 2) was also significantly greater with hydrogel (31.9 ± 2.69%) compared with the non-

hydrogel (29.3 ± 1.96%, p = 0.003). The percentage of the exogenous source of CHO utilised 

was also significantly greater in the hydrogel (76.2%) compared with the non-hydrogel 

condition (70.6%, p = 0.003). A two-way ANOVA showed that there was a significant main 

effect of condition for the rate of endogenous CHO oxidation during the final 60 minutes of 

the steady state run. Post hoc analysis showed that rate of endogenous CHO oxidation was 

lower for both CHO conditions (hydrogel 1.64 ± 0.15 g·min-1; non-hydrogel 1.68 ± 0.14 g·min-

1) compared with placebo (2.03 ± 0.19 g·min-1, p = 0.001), but reporting no significant 

condition and time interaction (p = 0.07).  A one-way ANOVA showed that the absolute 

endogenous CHO oxidation, during the final 60 minutes of the steady state run was not 

significantly different between the hydrogel and non-hydrogel conditions (Table 2, p = 0.58). 

There was also no significant difference in the relative contribution of endogenous CHO 

oxidation to energy expenditure between the hydrogel (46.0 ± 2.3%) and non-hydrogel 

conditions (46.8 ± 1.4%, p = 0.46). 

A two-way ANOVA showed a significant main effect of time for plasma glucose oxidation (p 

< 0.001) during the final 60 minutes of steady state running, reaching peak rates at 120 minutes 

during each CHO condition (hydrogel: 1.58 ± 0.24 g·min-1; non-hydrogel: 1.49 ± 0.20 g·min-

1, Figure 4B). However, there was no significant condition and time interaction between the 

hydrogel and non-hydrogel trials (p = 0.86). In contrast, a paired sample t-test showed that 



17 

plasma glucose oxidation was significantly higher in hydrogel compared with non-hydrogel 

when expressed in absolute (p = 0.001, Table 2) and relative terms (41.0 ± 2.1% vs 38.1 ± 

1.8%, p = 0.001).  

The rate of glucose oxidation derived from the liver remained stable in both CHO conditions 

during the final 60 minutes of steady state run (Figure 4C), with a two-way ANOVA showing 

that there was no significant condition and time interaction between the hydrogel and non-

hydrogel conditions (p = 0.78). A paired sample t-test showed that liver glucose oxidation was 

also not significantly different between the hydrogel and non-hydrogel conditions when 

expressed in absolute (p = 0.83, Table 2) or relative terms (9.1 ± 1.5% vs 8.7 ± 0.9%, p = 0.83, 

Figure 2). Muscle glycogen oxidation rates (Figure 4D) remained stable over time, with a two-

way ANOVA showing that there was no significant condition and time interaction between 

CHO conditions (p = 0.46). In addition, a paired sample t-test showed that muscle glycogen 

oxidation was not significantly different between the hydrogel and non-hydrogel when 

expressed in absolute (p = 0.26, Table 2) or relative terms (36.9 ± 3.4% vs. 38.1 ± 1.8%, p = 

0.26). 

Circulatory Metabolites and Insulin 

A two-way ANOVA showed that there were significant condition and time interactions for 

plasma glucose (p = 0.04), plasma lactate (p = 0.03), serum FFA (p < 0.0001) and serum insulin 

(p < 0.0001). Post hoc analysis showed that plasma glucose concentrations (Figure 5A) during 

the 120-minute run were significantly greater in both CHO conditions compared with placebo 

at each time point (p < 0.001). Plasma glucose concentrations were not significantly different 

between hydrogel and non-hydrogel at any time point (p = 0.74 to 0.99). Plasma lactate 

concentration were significantly higher in the CHO conditions compared with placebo (p = 
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0.001 to 0.01) throughout the steady state run (Figure 5B). However, plasma lactate was not 

significantly different between hydrogel and non-hydrogel conditions (p = 0.66 to 0.94). Serum 

FFA concentration (Figure 5C) increased significantly over time throughout the steady state 

run in the placebo condition (p < 0.001). Serum FFA was significantly lower in the CHO 

conditions at each time point compared with placebo (p = 0.002 to 0.01) and was not 

significantly different between CHO conditions at any time points (p = 0.34 to 0.99). Serum 

insulin concentration (Figure 5D) was significantly higher in both CHO conditions throughout 

the steady state run compared with placebo (p < 0.001) and was not significantly different 

between CHO conditions (p = 0.53 to 0.99). 

Gastrointestinal Response 

Mean GI symptom scores, the minimum and maximum scores, and percentage of participants 

who reported GI symptom scores ≥5 are presented in Table 3. A Wilcoxon signed rank test 

showed there was no significant differences in total scores of GI symptoms between hydrogel 

and placebo conditions (p = 0.19). However, the total GI symptom scores for the hydrogel and 

placebo were both significantly lower compared with non-hydrogel (p = 0.001 & p = 0.001 

respectively). The prevalence of upper and lower GI symptoms ranged from 0-18% in the 

placebo, 18-36% in the hydrogel, and 18-64% in the non-hydrogel condition. Upper GI 

symptom scores were significantly greater during the non-hydrogel compared with hydrogel 

(Table 3, p = 0.025) and placebo (p = 0.001) conditions, and was significantly greater in 

hydrogel compared with the placebo condition (p = 0.011). Lower GI symptom scores were 

significantly greater during the non-hydrogel compared with hydrogel (Table 3, p = 0.006) and 

placebo (p < 0.001) conditions, and was significantly greater in hydrogel compared with the 

placebo condition (p = 0.007). Systemic symptom score was significantly greater during the 

non-hydrogel compared with hydrogel (Table 3, p = 0.039) and placebo (p = 0.002) conditions 
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and was not significantly different in hydrogel compared with placebo (p = 0.98). A Spearman's 

rank-order correlation showed a strong positive correlation between combined total GI 

symptom scores and time-trial performance for all three conditions (rs = .693, p = 0.021). In 

the non-hydrogel condition, there was a strong positive correlation between GI symptom scores 

and time-trial performance (rs = .746, p = 0.011). No correlation was shown in the hydrogel 

and placebo conditions (rs = .536, p = 0.094 and rs = .560, p = 0.067, respectively).  

DISCUSSION 

This is the first study, to our knowledge, to demonstrate that ingestion of 90 g·h-1 of glucose 

and fructose in hydrogel form whilst running at 68% V̇O2max for 120 minutes improves 5-km 

time-trial performance in trained runners compared with a non-hydrogel CHO. This improved 

performance could be attributed to the increase exogenous CHO oxidation, decreased fat 

oxidation and reduced GI symptoms following hydrogel ingestion, as liver and muscle 

glycogen oxidation during the last hour of the 120 minutes of running were not different 

between hydrogel and non-hydrogel. Thus, the CHO hydrogel may allow athletes to consume 

more adequate amounts of CHO during prolonged running, subsequently improving 

performance.  

The novel performance effects observed in the present study when ingesting CHO hydrogel 

whilst running conflict with previous evidence that have failed to detect a performance benefit 

across cycling, cross-country skiing and running (29). The reasons for the discrepancy are 

unclear, but it may relate to differences in exercise intensity, duration, CHO type and dose, 

training status, exercise mode, or the performance test employed. To the authors’ knowledge, 

only one study has investigated the effect of consuming a commercially available CHO 

hydrogel (90 g·h-1) against a non-hydrogel CHO (90 g·h-1) solution on running performance 
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(30). However, the incremental time to exhaustion treadmill test following a 180-minute run at 

60% V̇O2max is maximal in nature and may not have been appropriate to detect an effect of 

CHO hydrogel on running performance. 

In the present study, total CHO oxidation was higher, and fat oxidation was lower when CHO 

was ingested in either hydrogel or non-hydrogel conditions relative to placebo, which is 

consistent with the known effects of CHO ingestion on whole body substrate metabolism (45). 

In addition, lower fat oxidation was observed with hydrogel compared with non-hydrogel 

during the 120-minute run, which cannot be attributed to between-condition differences in 

serum free fatty acid and serum insulin concentration. However, there was no difference in 

whole-body CHO oxidation, liver glucose oxidation and muscle glycogen oxidation between 

the hydrogel and non-hydrogel conditions during 60-120 minutes of the steady state run. Thus, 

the improvement in 5-km time-trial performance following the ingestion of hydrogel compared 

with the non-hydrogel CHO solution is not related to sparing of either liver or muscle glycogen 

during the final hour of the 120-minute steady state run.  

Exogenous CHO oxidation rates during the final 60 minutes for the non-hydrogel CHO 

solution (1.06 ± 0.13 g·min-1) are consistent with existing running literature that also 

administered 90 g·h-1 of a 2:1 ratio of glucose and fructose (46). For the first time we show that 

significantly higher (8.2%) exogenous CHO oxidation rates can be achieved with the ingestion 

of hydrogel compared with non-hydrogel. The higher exogenous CHO oxidation resulted in a 

greater utilisation with the hydrogel (76.2%), compared with non-hydrogel condition (70.6%). 

The elevations in plasma glucose oxidation due to exogenous CHO oxidation may therefore 

have contributed, at least partially, to the improvement in 5-km time-trial performance 

following the hydrogel compared with non-hydrogel CHO solution. Of the three studies that 
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previously measured exogenous CHO oxidation following CHO hydrogel ingestion (31, 47, 

48), only Barber et al., (31) included a comparative CHO condition. In contrast to the present 

study, Barber et al. (31) found no difference in exogenous CHO oxidation between the 

hydrogel (maltodextrin-fructose) and CHO-matched non-hydrogel conditions in trained 

runners during 120 minutes of running at 60% V̇O2max. The higher exercise intensity used in 

our study compared with Barber et al., (31) may be a potential explanation for the disparity, as 

exogenous CHO oxidation is well accepted to increase with exercise intensity. In addition, a 

strength of the present study design is that both CHO solutions were enriched with a high dose 

of universally labelled 13C tracers which enhances the signal to noise-ratio and the ability to 

definitively detect oxidative differences in 13C labelled substrate metabolism. 

To our knowledge, we are the first to report the effect of CHO hydrogel ingestion during 

running at exercise intensities that align with (non)elite marathon running (16), and delayed 

gastric emptying (17, 18). The potential for a lower rate of gastric emptying during running 

(18, 49) may have been tempered in the present study by the hydrogel solution, since a faster 

rate of gastric emptying can be achieved when CHO is ingested as a hydrogel compared to a 

standard CHO solution (28). This may result in a more effective intestinal absorption of CHO 

(49), and would be consistent with the greater oxidation of exogenous CHO observed in the 

present study, relative to the non-hydrogel CHO solution. This interpretation is supported by a 

glucose infusion study which suggested exogenous CHO oxidation to be limited by intestinal 

absorption (50).  

An improved rate of gastric emptying during running in the hydrogel condition may have also 

contributed to the lower severity and incidence of GI symptoms reported by our cohort, given 

that delayed gastric emptying is thought to be one of the main contributors to GI symptoms 
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during exercise (19). However, the lower GI symptoms with hydrogel contrasts with the 

literature (29). The reasons for the discrepancy between others (29) and the present study may 

be related to our robust familiarisation of participants to the GI questionnaire, a higher exercise 

intensity and a different CHO type and dose. In the present study, both CHO conditions used 

a high concentration of CHO (18%) in the form of glucose:fructose (2:1 ratio) as opposed to 

maltodextrin:fructose (7.8-15.8%: 1:0.7 ratio) (29). As glucose is monomeric and maltodextrin 

is polymeric the potential for osmotic differences exists which could also account for the 

increased prevalence of GI symptoms in the non-hydrogel condition in this study compared 

with previous literature (29). The high rate of hydrogel ingestion (90 g·h-1) used in the present 

study did not completely nullify GI symptoms for some individuals, and future research should 

look to see whether moderate rates of non-hydrogel ingestion (50-60 g·h-1), which are 

associated with lower GI symptoms (51) are equally efficacious. A limitation of the present 

study and the literature, is the reporting of how accustomed participants are to consuming CHO, 

as gut training may alleviate some GI symptoms, such a stomach comfort following CHO 

ingestion (52). Thus, further research is required to establish whether gut training diminishes 

the positive effect of hydrogel on GI symptoms seen in this study. In addition, further research 

is required in measuring the rate of gastric emptying when ingesting CHO in hydrogel form, 

as the viscosity of the ingested liquid (i.e. CHO hydrogel) could be a limitation of the double 

sampling gastric aspiration technique previously administered (28). Nevertheless, our data 

suggest that when men running at exercise intensities consistent with (non)elite marathon 

running (16) and delayed gastric emptying (17, 18), hydrogel ingestion may be an effective 

means to increase the rate of CHO ingestion during marathon running (8, 9), in line with ACSM 

guidelines (7). This would subsequently decrease the incidence and severity of GI symptoms, 

and improve running performance. However due to females also reporting GI symptoms when 
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running (14), further research is required to establish if CHO hydrogel ingestion is equally 

efficacious.  

Conclusion 

Ingestion of glucose and fructose (90 g·h-1) in hydrogel form whilst running at 68% V̇O2max 

for 120 minutes improved subsequent 5-km time-trial performance relative to a CHO-matched 

non-hydrogel solution and placebo. This occurred alongside increased exogenous CHO 

oxidation, decreased fat oxidation, and a reduction in symptoms of GI when ingesting the 

hydrogel solution. If individuals choose to ingest a high rate of glucose and fructose (90 g·h-1) 

during prolonged running, they may benefit from ingesting monomeric CHO in hydrogel form 

as compared to a standard non-hydrogel CHO solution. 
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Table 1. Comparisons of oxygen uptake, carbon dioxide production, total carbohydrate 

oxidation, total fat oxidation and heart rate over the first and second 60 minutes of the 120 

minute steady state run. 

Condition 

60-min

period
Placebo Non-Hydrogel Hydrogel 

VO2 (L·min-1) First 3.04 ± 0.31* 2.95 ± 0.26 2.91 ± 0.25 

Second 3.08 ± 0.27* 2.94 ± 0.21 2.93 ± 0.21 

VCO2 (L·min-1) First 2.69 ± 0.24 2.69 ± 0.22 2.67 ± 0.21 

Second 2.64 ± 0.20* 2.73 ± 0.22 2.73 ± 0.18

RER First 0.89 ± 0.02* 0.91 ± 0.01 0.92 ± 0.01

Second 0.86 ± 0.02*† 0.93 ± 0.01 0.93 ± 0.01

CHOox (g) First 138.8 ± 7.8* 153.9 ± 11.4 156.9 ± 9.5

Second 122.1 ± 10.8*† 164.7 ± 9.8†  167.3 ± 8.3†  

Fatox (g) First 34.8 ± 7.7 * 26.1 ± 5.4  23.6 ± 4.8** 

Second 43.0 ± 8.2 *† 21.6 ± 3.3† 19.8 ± 3.8**† 

HR (b·min-1) First 152 ± 11 153 ± 12 152 ± 13 

Second 155 ± 12 154 ± 13 154 ± 13 

VO2: Oxygen consumption. VCO2: Carbon dioxide production. RER: Respiratory Exchange Ratio. 

CHOox: CHO oxidation. Fatox: Fat oxidation. HR: Heart rate. All values are mean ± SD. * 

significantly different from hydrogel and non-hydrogel. ** significantly different from non-

hydrogel. † significantly different to first 60 minute period. 
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Table 2. Comparison of carbohydrate oxidation from various sources between non-hydrogel 

and hydrogel during the final 60 minutes of the 120-minute steady state run 

Non-hydrogel 

(g) 

Hydrogel 

(g) 
p-value

Exogenous CHO oxidation 63.4 ± 8.1 68.6 ± 10.8 p = 0.003 

Endogenous CHO oxidation 101.2 ± 6.5 98.9 ± 9.1 p = 0.58 

Plasma glucose oxidation 82.3 ± 11.7 88.1 ± 13.1 p = 0.001 

Glucose oxidation from liver 18.8 ± 4.6 19.5 ± 6.5 p = 0.83 

Muscle glycogen oxidation 82.4 ± 7.5 79.4 ± 10.8 p = 0.26 
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Table 3. Comparison of GI symptoms between placebo, non-hydrogel and hydrogel conditions 

Placebo Non-Hydrogel Hydrogel 

Symptoms Score Range % Score Range % Score Range % 

Upper-

gastrointestinal 

symptoms 

Belching 2 ± 1 1 - 5 9 4 ± 1** 2 - 7 64 3 ± 1** 1 - 6 36 

Stomach Burn 1 ± 1 1 - 5 9 4 ± 1* 1 - 7 46 2 ± 1** 1 - 5 27 

Urge to Vomit 1 ± 0 1 - 4 0 2 ± 1** 1 - 5 36 2 ± 1** 1 - 5 27 

Bloatedness 3 ± 1 1 - 5 9 4 ± 1* 1 - 7 55 3 ± 1 1 - 5 36 

Nausea 3 ± 1 1 - 5 18 3 ± 1* 1 - 6 36 2 ± 1 1 - 5 27 

Mean Score 2 ± 1 4 ± 1* 3 ± 1** 

Lower-

gastrointestinal 

symptoms 

Stomach Problems 2 ± 1 1 - 5 9 4 ± 1* 1 - 7 64 3 ± 1** 1 - 5 27 

Flatulence 1 ± 1 1 - 4 0 4 ± 1* 1 - 7 55 2 ± 1** 1 - 5 27 

Urge to Defecate 2 ± 1 1 - 5 9 3 ± 1** 1 - 6 36 2 ± 1 1 - 6 36 

Side Ache (Left) 1 ± 1 1 - 3 0 2 ± 1** 1 - 5 18 1 ± 0 1 - 5 18 

Side Ache (Right) 1 ± 1 1 - 4 0 4 ± 1* 1 - 6 64 1 ± 1 1 - 5 27 

Stomach Cramps 2 ± 1 1 - 4 0 4 ± 1* 1 - 7 64 1 ± 1 1 - 5 27 

Mean Score 1 ± 1 4 ± 1* 2 ± 1** 

Systemic 

Dizziness 2 ± 1 1 - 5 9 2 ± 1 1 - 5 34 2 ± 1 1 - 6 27 

Headache 2 ± 1 1 - 4 0 3 ± 1* 1 - 6 27 2 ± 1 1 - 5 18 

Urge to Urinate 3 ± 2 1 - 8 55 3 ± 2 1 - 7 55 3 ± 2 1 - 5 36 

Mean Score 2 ± 1 3 ± 1 * 2 ± 1 

Total Mean Score 2 ± 1 3 ± 1* 2 ± 1 

Score, mean ± SD; Range. min minimum and maximum score, %, percentage of participants who reported scores of ≥5. * significantly different 

from placebo and hydrogel. ** significantly different from placebo. 


