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KEY POINTS
• During prolonged exercise, the performance benefits of carbohydrate ingestion may be achieved by maintaining plasma glucose concentration 

and high rates of carbohydrate oxidation. 
• Limitations to exogenous carbohydrate oxidation appear to be in the absorptive process most likely because of a saturation of carbohydrate 

transporters. By using a combination of carbohydrates that use different intestinal transporters for absorption (multiple transportable 
carbohydrates), carbohydrate delivery and oxidation can be increased. 

• Studies demonstrated up to 65% higher exogenous carbohydrate oxidation rates of multiple transportable carbohydrates (glucose:fructose) 
during exercise compared with a single carbohydrate (e.g., glucose only). 

• Exogenous carbohydrate oxidation rates reach values of 1.75 g/min with multiple transportable carbohydrates whereas previously it was thought 
that 1 g/min was the absolute maximum. 

• The increased carbohydrate oxidation with multiple transportable carbohydrates was accompanied by increased fluid delivery and improved 
oxidation efficiency and thus the likelihood of gastrointestinal distress may be diminished. 

• Studies also demonstrated reduced fatigue and improved exercise performance with multiple transportable carbohydrates compared with a single carbohydrate. 
• Multiple transportable carbohydrates, ingested at high rates, can be beneficial during endurance sports where the duration of exercise is 2.5 h or more.
• The advice for prolonged endurance events (2.5 h or longer) is an intake of 90 g of multiple transportable carbohydrates per hour. This advice is 

not expressed relative to body mass because body size/mass appears to play no major role in exogenous carbohydrate oxidation.

INTRODUCTION
During moderate intensity exercise carbohydrate and fat are the 
two important fuels and their relative contribution is dependent on 
a number of factors including the pre-exercise carbohydrate stores, 
the exercise intensity and duration and the training status of the 
subject (Jeukendrup, 2003). During intense exercise (and thus most 
competitive situations) carbohydrate is the critical fuel, and the 
reduction of carbohydrate stores in the muscle (muscle glycogen) 
has been linked to exercise performance (Bergström et al., 1967; 
Rodriguez et al., 2009). In the 1960s and into the ‘80s studies 
investigated the role of high muscle glycogen stores at the onset 
of exercise (carbo-loading) on exercise performance (Bergström et 
al., 1967). From the ‘80s until now research has focused more on 
the potential role of carbohydrate ingested just before and during 
exercise. Although the exact mechanisms are still not entirely 
clear, it has been known for some time that carbohydrate ingestion 
during exercise can increase exercise capacity (time to exhaustion) 
and improve exercise performance (time trials) (for reviews see, 
Jeukendrup, 2004, 2008, 2010, 2011; Jeukendrup & McLaughlin, 
2011). Since then, studies have investigated the effects of different 
feeding regimens, different types of carbohydrate and different 
amounts of carbohydrate in order to make the recommendations 
more specific. This Sports Science Exchange article will focus on 
these recent studies and will be limited to the role of carbohydrate 
ingested during exercise.

INGESTING DIFFERENT TYPES OF A SINGLE 
CARBOHYDRATE 
To study the efficacy of various carbohydrates isotopic labeling has 
been used. Basically the carbon in the carbohydrate is labeled with 
13C and after oxidation in the body the 13C will appear in the CO

2 
that 

is exhaled. By knowing the 13C enrichment of the drink, the total CO
2 

produced and the 13C enrichment of the exhaled CO
2
, it is possible 

to measure exogenous carbohydrate oxidation or the amount 
of carbohydrate that has been used from the blood. This method 
enabled investigators to describe the time course of oxidation 
of a carbohydrate and also compare the oxidation of different 
carbohydrates. During exercise most carbohydrate oxidation takes 
place in muscle, and studies have demonstrated that nearly all of 
the ingested carbohydrate appears in the circulation and is used by 
muscle (Jeukendrup et al., 1999). When carbohydrates are ingested 
from the onset of exercise and at regular intervals thereafter, 
oxidation of the ingested carbohydrate increases and typically 
reaches a plateau after 60-90 min. A variety of carbohydrates 
including glucose, fructose, galactose, sucrose, maltose and glucose 
polymers were studied. It was found that fructose was oxidized 
at lower rates than glucose (Burelle et al., 2006) and galactose 
oxidation rates were almost 50% lower (Burelle et al., 2006; Leijssen 
et al., 1995). This was explained by differences in absorption as 
well as the fact that fructose and galactose have to be converted 
to glucose in the liver before they can be oxidized in the muscle. 
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Maltose (2 glucose molecules) and glucose polymers (multiple 
glucose molecules) behave identically to glucose, indicating that the 
hydrolysis, which takes place in the oral cavity and intestines, was 
not a limiting factor. Even a high molecular weight starch is oxidized 
at the same rate as glucose (Rowlands et al., 2005). Interestingly, 
sucrose (1 glucose molecule and 1 fructose molecule) ingestion 
seems to give high oxidation rates even though the breakdown of 
sucrose results in glucose and the fructose oxidized at lower rates. 
Other, less common carbohydrates, like isomaltulose and trehalose 
are also oxidized at lower rates. 

In summary, there are many different types of carbohydrates and 
these can be roughly divided into two categories: carbohydrates that 
are oxidized rapidly (up to ~60 g/h or 1 g/min) and carbohydrates 
oxidized relatively slowly (up to ~30 g/h or 0.5 g/min).  Rapidly oxidized 
carbohydrates include glucose, maltose, sucrose, maltodextrin and 
amylopectin starch. Slower oxidized carbohydrates include fructose, 
galactose, isomaltulose, trehalose and amylose. 

Prior to 2004, it was believed that even when “fast carbohydrates” 
were ingested during exercise, these could not be oxidized at rates 
higher than 1 g/min (60 g/h).  The evidence has been reviewed in 
detail elsewhere (Jeukendrup, 2004, 2008; Jeukendrup & Tipton, 
2009). The views at that time are still reflected in the current 
guidelines by the American College of Sports Medicine (ACSM), 
which state that athletes should take between 30 and 60 grams of 
carbohydrate per hour (Rodriguez et al., 2009). 

REASONS FOR LIMITATIONS TO EXOGENOUS 
CARBOHYDRATES
Although the observation of a maximum exogenous carbohydrate 
oxidation rate of around 1 g/min was generally accepted, the 
reasons for this apparent ceiling were unclear. The potential 
limitations were thought to include gastric emptying, intestinal 
absorption, liver glycogen synthesis and therefore reduced systemic 
appearance of the carbohydrate (glucose), or muscle glucose 
uptake. It was demonstrated in a number of studies that gastric 
emptying of carbohydrate greatly exceeded 1 g/min and therefore 
this was excluded as the main limiting factor. At the time it seemed 
impossible that intestinal absorption was limiting because many 
textbooks quoted that the capacity to absorb carbohydrate was 
virtually unlimited. After absorption the carbohydrate would end up 
in the liver through the portal vein and it was in theory possible that 
carbohydrate was stored there before it could reach the muscle. 
However, one study in particular suggested that the liver could not 
be the limiting factor either. In this study subjects exercised for 5 
h and ingested relatively large amounts of glucose (Jeukendrup et 
al., 2006). There was so much carbohydrate unaccounted for when 
oxidized carbohydrate was subtracted from ingested carbohydrate 
that it would have been impossible for this amount to be stored 
in the liver. It was also demonstrated that muscle glucose uptake 
was not limiting as glucose uptake was much higher when glucose 

was directly infused into the circulation (Hawley et al., 1994). 
Since neither gastric emptying, liver glycogen synthesis, nor 
muscle glucose uptake could explain the limitations to exogenous 
carbohydrate oxidation, attention shifted to intestinal absorption of 
the carbohydrate.

MULTIPLE TRANSPORTABLE CARBOHYDRATES
Glucose is absorbed through a sodium dependent glucose 
transporter protein called SGLT1 (Figure 1). This transport protein 
in the brush border membrane has a high affinity for glucose and 
galactose but not fructose (Kellett, 2001). It was hypothesized that 
the limitation for exogenous carbohydrate oxidation was saturation 
of the SGLT1 transporters in the brush border membrane of the 
intestine, which may occur at high rates of glucose ingestion 
(Jentjens et al., 2004). So essentially when a carbohydrate that uses 
SGLT1 is ingested at a rate of 1 g/min, this transporter may saturate 
and ingesting more of a specific carbohydrate may not result in an 
increased appearance of that carbohydrate in the circulation. 

Fructose absorption follows a completely different path and is not 
affected by the saturation of SGLT1. It is absorbed independently 
by a sodium independent transporter called GLUT5 (Ferraris 
& Diamond, 1997). So the combined ingestion could result in an 
increased total delivery of carbohydrates into the circulation and 
increased oxidation by the muscle. Subsequent studies were 
therefore designed to deliver glucose at a rate of 1.2 g/min and 
fructose at a rate of 0.6 g/min with the total carbohydrate ingestion 
being 1.8 g/min and compare this to the ingestion of 1.8 g/min of 
just glucose. In this groundbreaking study by Jentjens et al. (2004a), 

Figure 1: Absorption of different types of carbohydrate. The monosacharides 
glucose and galactose are transported across the luminal membrane of the 
intestinal epithelial using a sodium dependent glucose transporter SGLT1. It is 
believed that this transporter saturates when glucose intake is around 60 g/h. 
Fructose uses a different transport system and is transported (independent 
of sodium) by GLUT5. All these monosacharides are transported across the 
basolateral membrane into the circulation by GLUT2.
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trained cyclists exercised for 3 h at a moderate intensity and ingested 
equal energetic amounts of either glucose or glucose:fructose. The 
oxidation rates in the glucose trials peaked at ~ 0.8 g/min whereas 
the oxidation rates with glucose:fructose peaked at ~ 1.26 g/min 
(Figure 2, left three bars). This was the first study to demonstrate that, 
with the use of multiple transportable carbohydrates, exogenous 
carbohydrate oxidation rates could be increased to well over 1 g/
min. It also demonstrated that fructose, when used in combination 
with glucose, can be oxidized at relatively high rates.

The studies that followed investigated various combinations 
of different carbohydrates such as glucose:sucrose:fructose, 
glucose:sucrose, and maltodextrin:fructose, and these blends of 
carbohydrate were ingested at different ingestion rates (Figure 
2). The ingestion of a glucose:maltose mixture was oxidized at 
the same rate as glucose only, because maltose is hydrolysed to 
glucose and thus uses the same intestinal carbohydrate transporter 
SGLT1 (Jentjens et al., 2004b). A mixture of glucose:sucrose 
however, ingested at a rate of 1.8 g/min resulted in 18% higher peak 
exogenous carbohydrate oxidation rates  (Jentjens et al., 2004ab). 
When glucose:sucrose was ingested at very high rates (2.4 g/min) 
oxidation rates peaked at 1.2 g/min, lower than anticipated. Although 
direct comparisons between studies are somewhat problematic, 
it appeared that in this study a very high ingestion rate did not 
result in higher oxidation rates compared with glucose:fructose at 
more practical intakes (Jentjens et al., 2004a). When a mixture of 
glucose:sucrose:fructose was ingested at these high rates, however, 
peak oxidation rates as high as 1.7 g/min were observed (Jentjens 
et al. 2004c). Finally, the ingestion of glucose:fructose at an average 

rate of 2.4 g/min resulted in 65% greater oxidation than glucose 
only and very high peak oxidation rates of 1.75 g/min were reached 
(Jentjens & Jeukendrup, 2005). This is the highest exogenous 
carbohydrate oxidation rate reported in the literature to date. 

However, from a practical point of view the most exciting finding was 
perhaps that of the maltodextrin:fructose mix (Wallis et al. 2005). 
This combination of carbohydrates is not as sweet as the other 
mixtures discussed above and is therefore more palatable. In this 
study oxidation rates reached 1.5 g/min at an ingestion rate of 1.8 
g/min. 

EFFECTS ON EXERCISE PERFORMANCE
In subsequent studies, more practical but still quite large amounts 
of carbohydrate were ingested by the subjects (1.5 g/min) and 
it was observed that the subjects’ ratings of perceived exertion 
(RPE) tended to be lower with the mixture of glucose and fructose 
compared with glucose alone and that cyclists were able to maintain 
their cadence better toward the end of 5 h cycling (Jeukendrup et 
al., 2006). Rowlands et al. (2008) also reported reduced fatigue 
when ingesting a maltodextrin:fructose mix vs. maltodextrin alone. It 
was also demonstrated that a glucose:fructose drink could improve 
exercise performance (Currell & Jeukendrup, 2008) compared with 
a glucose drink. Cyclists exercised for 2 h on a cycle ergometer 
at 54%VO

2
max during which they ingested either a carbohydrate 

drink or placebo and were then asked to perform a time trial that 
lasted another ~ 60 min. The results were astounding. When the 
subjects ingested a glucose drink (at 1.8 g/min), they improved 
their average power output by 9% as compared with placebo (254 
vs. 231 W). However, when they ingested glucose:fructose, there 
was another 8% improvement of the power output over and above 
the improvement by glucose ingestion. This was the first study to 
demonstrate a clear performance benefit with glucose:fructose 
compared with glucose (Currell & Jeukendrup, 2008). These results 
were confirmed by further studies which showed improved 100k 
time trial performance (Triplett et al., 2010), improved mountain bike 
race performance (Rowlands et al., 2012), as well as improved high 
intensity laboratory cycling performance (Rowlands et al., 2012). 

It is important to note that in order to benefit from a glucose:fructose 
mixture it may be necessary to saturate glucose transporters in 
the intestine by ingesting sufficient quantities of glucose. When 
carbohydrate is ingested at rates of 0.8 g/min and saturation may 
not occur, ingesting part of this carbohydrate as fructose may not 
result in higher exogenous carbohydrate oxidation rates (Hulston et 
al., 2009). 

It is also likely that the exercise duration needs to be relatively long 
for these ergogenic effects to become obvious. Studies so far have 
demonstrated these effects when exercise was 2.5 h or longer. It 
is also important to note that these studies were all performed in 
relatively well-trained cyclists who exercised at high power outputs 

Figure 2: Exogenous carbohydrate oxidation from different carbohydrate 
mixes. Data are from a number of studies discussed in the text. Generally 
with increasing intakes the oxidation of a single carbohydrate plateaus 
around 1 g/min (0.8 g/min here), whereas oxidation of multiple transportable 
carbohydrates increases up to 1.75 g/min.  
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and had high carbohydrate oxidation rates and energy expenditures. 
These results are unlikely to be applicable to the 5 h marathon runner 
who completes a marathon at a much lower absolute intensity with 
much lower total carbohydrate oxidation rates.  

OTHER EFFECTS OF MULTIPLE TRANSPORTABLE 
CARBOHYDRATES
More recent work focused on the effects of high rates of mixed 
carbohydrate ingestion on gastric emptying and fluid delivery.  Again 
the results were remarkable. Gastric emptying measured by either a 
gastric tube or by using a 13C-acetate tracer was found to be improved 
with a glucose:fructose mixture compared with glucose (Jeukendrup 
& Moseley, 2010). Fluid delivery has also been shown to be improved 
with glucose:fructose compared with glucose in a number of studies 
(Currell et al., 2008; Jentjens et al., 2006; Jeukendrup & Moseley, 
2010).  In addition, studies have demonstrated greater oxidation 
efficiency with multiple transportable carbohydrates compared 
with a single carbohydrate. This indicates that more of the ingested 
carbohydrate is oxidized and less is residual in the intestine. As a 
result of faster gastric emptying and increased absorption, most 
studies have also reported less gastrointestinal distress with 
multiple transportable carbohydrates compared to an isoenergetic 
amount of a single carbohydrate source (Rowlands et al., 2012). 

INDIVIDUAL DIFFERENCES
Individual differences in exogenous carbohydrate oxidation are 
relatively small. There appears to be no correlation between body 
mass and exogenous carbohydrate oxidation. The reason for this 
is probably because the limiting factor is carbohydrate absorption 
and absorption is largely independent of body mass. It is likely 
that the small variation in carbohydrate oxidation is a result of the 
absorptive capacity of the intestine which in turn may be related to 
the carbohydrate content of the diet.  It has been shown in animal 
studies that intestinal transporters were upregulated with increased 
carbohydrate intake and one human study so far has demonstrated 
a similar effect (Cox et al., 2010). Early studies showed no difference 
in exogenous carbohydrate oxidation between well trained and 
untrained individuals (Jeukendrup et al., 1997; van Loon et al., 
1999). Perhaps when the absolute exercise intensity and therefore 
total carbohydrate oxidation drops below a certain level, exogenous 
carbohydrate oxidation may also be reduced (Pirnay et al., 1982). 
Therefore, recommendations based on these studies may have 
to be adjusted downwards slightly for those exercising at lower 
absolute exercise intensities. 

Since exogenous carbohydrate is independent of body mass or 
muscle mass, but dependent on absorption and to some degree 
power output, the advice given to athletes should be in absolute 
amounts (Jeukendrup, 2010). These results clearly show that there 
is no rationale for expressing carbohydrate recommendations for 
athletes per kg body mass. 

PRACTICAL IMPLICATIONS  
• Based on the evidence here, guidelines may have to be adjusted 

for prolonged events (>2.5 h). During these events, competitive 
and well-trained athletes should consider increasing their 
carbohydrate intake to 90 g/h. 

• The carbohydrate source should be a mix of glucose and 
fructose, or maltodextrin and fructose in a ratio of roughly 2:1, so 
there is 60 g/h of glucose or maltodextrin (to saturate the SGLT1 
transporters) and 30 g/h of additional fructose for oxidation. 

• Higher rates of intake may be considered and tolerated, but are 
not always possible from a practical standpoint. 

• The practical implications and the recommendations for athletes 
are discussed in more detail in another SSE article (Jeukendrup 
SSE 2007) and in a recent publication (Jeukendrup, 2011).

CONCLUSION 
The ingestion of a combination of carbohydrates that use different 
intestinal transporters for absorption, carbohydrate delivery and 
oxidation can be increased. These increases are seen when a 
carbohydrate is ingested that uses SGLT1 for absorption and a 
secondary carbohydrate that uses a different transport system are 
ingested simultaneously. Increased oxidation is only seen when 
the SGLT1 dependent carbohydrate is ingested at high rates (1 
g/min). Whereas previously it was believed that the maximum 
absolute oxidation rate of ingested carbohydrate oxidation was 1 
g/min, recent studies with multiple transportable carbohydrates 
have reported values up to 1.75 g/min. The increased carbohydrate 
oxidation with multiple transportable carbohydrates was 
accompanied by increased fluid delivery and improved oxidation 
efficiency and thus the likelihood of gastrointestinal distress may 
be diminished. Studies have also demonstrated reduced fatigue 
and improved exercise performance with multiple transportable 
carbohydrates compared with a single carbohydrate. Therefore 
multiple transportable carbohydrates, ingested at high rates, can be 
beneficial during endurance sports where the duration of exercise 
is 2.5 h or more. Guidelines will have to be adjusted to take these 
findings into account.
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