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Carbohydrate feeding during exercise

ASKER E. JEUKENDRUP

School of Sport and Exercise Sciences, University of Birmingham, Birmingham, UK

Abstract

Carbohydrate ingestion can improve endurance capacity and performance. Since the 1980s, research has focused on
optimizing the delivery strategies of these carbohydrates. The optimal dose of carbohydrate is still subject to debate, but
recent evidence suggests that there may be a dose-response effect as long as the carbohydrate ingested is also oxidized and
does not result in gastrointestinal distress. Oxidation rates of a single type of carbohydrate do not exceed 60 g-h™'.
However, when multiple transportable carbohydrates are ingested (i.e. glucose and fructose), these oxidation rates can be
increased significantly (up to 105 g -h~!). To achieve these high oxidation rates, carbohydrate needs to be ingested at high
rates and this has often been associated with poor fluid delivery as well as gastrointestinal distress. However, it has been
suggested that using multiple transportable carbohydrates may enhance fluid delivery compared with a single carbohydrate
and may cause relatively little gastrointestinal distress. More research is needed to investigate the practical applications of
some of the recent findings discussed in this review.
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Introduction

In the late 1800s, it was believed that protein was the
most important energy source during exercise (von
Liebig, 1842). This belief gradually changed in the
early 1900s when research showed both carbohy-
drate and fat where important fuels (Zuntz, 1901).
Nevertheless, the consumption of beef by athletes
before important competition and the use of chicken
wings during cycling prevailed until the 1970s
(Jeukendrup, Craig, & Hawley, 2000a). In the late
1960s, it was discovered that carbohydrate was
stored as muscle glycogen and glycogen supercom-
pensation protocols were developed and used by
many endurance athletes (Bergstrom & Hultman,
1967). It was not until the 1980s that research
convincingly demonstrated that carbohydrate feed-
ing during prolonged exercise could improve ex-
ercise capacity (Coyle & Coggan, 1984; Coyle et al.,
1983). More recently, it has been shown that
carbohydrate feeding can also be beneficial in a
number of other sporting contexts, such as tennis
and football (Ali, Williams, Nicholas, & Foskett,
2007; Kovacs, 2006; Williams & Serratosa, 2006).

Although generally carbohydrate feeding may be
ergogenic, many questions remain regarding the
optimal type and amount of carbohydrate, as well
as the timing of intake. The aim of this review is to
summarize the current literature and identify the
gaps in knowledge that still exist.

Ergogenic effects of carbohydrate intake during
prolonged exercise

The beneficial effects of carbohydrate feeding on
exercise performance have been well documented. In
early studies, the positive effects of carbohydrate
feeding were typically seen during exercise lasting at
least 2 h (Bjorkman, Sahlin, Hagenfeldt, & Wahren,
1984; Coyle er al., 1983; Hargreaves, Costill, Cog-
gan, Fink, & Nishibata, 1984; Ivy er al., 1983;
Murray, Seifert, Eddy, Paul, & Halaby, 1989; Neufer
et al., 1987). Most of these studies investigated
endurance capacity (measured as time to exhaustion
at a constant exercise intensity). A few studies,
however, observed positive effects with time-trial
protocols in which cyclists had to complete a certain
distance as fast as possible. The mechanism behind
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the ergogenic effect is most likely related to a greater
contribution of exogenous carbohydrate (carbohy-
drate ingested in beverages or other foods), sparing
of liver glycogen, prevention of hypoglycaemia, and
the maintenance of high rates of carbohydrate
oxidation necessary to sustain exercise intensity.

Ergogenic effects of carbohydrate intake during
high-intensity exercise

More recent studies have found positive effects of
carbohydrate feeding during exercise of relatively
high intensity (>75% VOsn.) lasting approxi-
mately 1 h (Anantaraman, 1995; Below, 1995;
Carter, 2003; El-Sayed, 1997). For example, Jeu-
kendrup and colleagues (Jeukendrup, Brouns, Wa-
genmakers, & Saris, 1997) investigated the effects of
carbohydrate ingestion during the equivalent of a
40-km time-trial ( ~1 h) in well-trained cyclists and
found that performance was improved by 2.3%.
However, some investigators failed to detect an
ergogenic effect of carbohydrate feedings for high-
intensity exercise (Clark, Hopkins, Hawley, &
Burke, 2000; McConell, Canny, Daddo, Nance, &
Snow, 2000; Powers et al., 1990). Carter and
colleagues (Carter, Jeukendrup, Mann, & Jones,
2004b) concluded that any beneficial effect was
unrelated to substrate availability because glucose
infusion at high rates did not affect performance;
rather, Carter er al. suggested that the effects might
operate via the central nervous system. Consistent
with this idea, Carter and colleagues (Carter,
Jeukendrup, & Jones, 2004a) showed that rinsing
the mouth with a carbohydrate solution improved
cycling performance during a 1-h time-trial by 2-3%
even when the participants did not swallow the
carbohydrate. This performance improvement was
of the same magnitude as that seen with carbohy-
drate ingestion during a similar exercise task (Jeu-
kendrup ez al., 1997). These results suggest the
existence of receptors in the mouth that commu-
nicate with the brain to affect exercise performance.
Although direct evidence for such receptors is
lacking, it is clear that the brain can sense changes
in the composition of the contents of the mouth and
stomach. Oropharyngeal receptors, including those
situated in the oral cavity, are known to have
important roles in perceptual responses during
rehydration and exercise in the heat (Maresh er al.,
2001; Riebe ez al., 1997). In these studies, ratings of
perceived exertion (RPE) and thirst sensations were
lower when fluid intake was by mouth compared
with intravenous infusion. These findings are sup-
ported by reports of temporary reductions in thirst
due to the gargling of tap water (Seckl, Williams, &
Lightman, 1986). Although speculative, it is possible
that the triggering of stimuli within the oral cavity by

the carbohydrate solution could initiate a chain of
neural messages in the central nervous system,
resulting in the stimulation of the reward and/or
pleasure centres in the brain.

It must be noted that maximal continuous exercise
lasting less than 45 min may not benefit from
carbohydrate feeding (Palmer ez al., 1998). At such
high exercise intensities, other factors may override a
possible beneficial central effect of carbohydrate.
Relatively few studies have been conducted using
exercise durations less than 1 h, so additional work in
this area is needed. However, some laboratories have
observed positive effects of carbohydrate drinks on
high-intensity intermittent exercise using a shuttle
run as a model for team sports such as basketball
and soccer (Davis, Welsh, De Volve, & Alderson,
1999; Nicholas, Williams, LL.akomy, Phillips, & Now-
itz, 1995; Welsh, Davis, Burke, & Williams, 2002).

Although central mechanisms might play a role in
enhancing performance during exercise lasting ap-
proximately 1 h, the long-established mechanism
during more prolonged exercise remains the main-
tenance of blood glucose concentrations and rela-
tively high rates of carbohydrate oxidation. In this
review, the focus will be on more prolonged exercise
where the effects of carbohydrate are metabolic
rather than central. After the ergogenic effect of
carbohydrate on endurance performance had been
established in the 1980s, the next obvious objective
was to determine the optimal dose.

The optimal dose

There are few published reports of the effects of
different doses of carbohydrate on exercise perfor-
mance. Mitchell and co-workers (1989) compared
ingestion of 37, 74, and 111 g of carbohydrate per
hour (6%, 12%, and 18% carbohydrate solutions,
respectively) or flavoured water. Compared with
water, only the trial using 74 g of carbohydrate per
hour significantly enhanced the performance of a 12-
min isokinetic cycling time-trial following 105 min of
continuous exercise. However, all of the perfor-
mance results for the three carbohydrate trials were
statistically similar. In an earlier investigation using a
similar isokinetic performance ride, but following
105 min of intermittent exercise, the same authors
reported improved performance compared with a
water trial for 5%, 6%, and 7.5% carbohydrate
solutions (33, 40, and 50 g-h ™', respectively),
with no significant differences among the carbohy-
drate trials (Mitchell et al., 1988). However, in this
study both the amount and type of carbohydrate
ingested were varied.

Fielding and colleagues (1985) reported that a
minimum of 22 g of carbohydrate per hour is
required to achieve a performance benefit. They



had participants perform a cycling sprint after having
exercised for 4 h. Performance improvements were
observed when 22 g of carbohydrate were ingested
every hour, whereas no effects were observed when
half this dose was consumed (11 g-h™!). But in an
experiment by Maughan and colleagues (Maughan,
Bethell, & Leiper, 1996), the intake of 16 g of
glucose per hour improved endurance capacity by
14% compared with water. However, no placebo was
given in this study and therefore the results are less
easy to interpret. To add to the uncertainty, Flynn ez
al. (1987) did not observed any differences in
performance with the ingestion of placebo, 5% or
10% carbohydrate solutions that provided 0, 15, and
30 g of carbohydrate per hour, respectively, during 2
h of cycling. The most recent study to address this
issue was that by Galloway and colleagues (Gallo-
way, Wootton, Murphy, & Maughan, 2001). In this
study a 2%, 6% or 12% carbohydrate solution was
ingested by individuals exercising in cold conditions
(10°C). There was no difference in time to exhaus-
tion at 80% maximum oxygen uptake (VO,.x).

In most studies, researchers have provided 40-75
g of carbohydrate per hour and observed perfor-
mance benefits. Ingesting carbohydrate from a single
source (e.g. glucose or maltodextrins) at a rate
greater than 60-70 g-h~! does not appear to be
any more effective at improving performance than
ingesting carbohydrate at 60-70 g -h ', perhaps, as
will be discussed later, because of limitations in the
rate of absorption of a single type of carbohydrate
from the intestine. It is also possible that the current
performance measurements are not sensitive enough
to identify the small differences in performance that
may exist when comparing different carbohydrate
solutions.

One might conclude that performance benefits
can sometimes be observed with the ingestion of
relatively small amounts of carbohydrate (e.g., 16 g -
h™'), but more reliably so with larger amounts. If
carbohydrate ingestion is to improve endurance
performance, it is likely that the beneficial effect is
primarily dependent on the oxidation of that carbo-
hydrate.

Oxidation of ingested carbohydrate

Several factors can influence the oxidation of exo-
genous carbohydrate supplied in liquid and solid
foods, including feeding schedule, type and amount
of carbohydrate ingested, and the exercise intensity.
These factors independently affect the rate of
carbohydrate oxidation and have been discussed in
detail in a recent review.
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Type of single-source carbohydrate

Some types of carbohydrate are oxidized more
readily than others (Jeukendrup & Jentjens, 2000).
Clearly, glucose is a carbohydrate that is oxidized
quickly as it needs no digestion and is readily
absorbed. However, the disaccharides maltose and
sucrose can also be oxidized at high rates. Interest-
ingly, glucose polymers are just as rapid and even
amylopectin (a branched type of starch) can be
oxidized at very high rates. Rowlands and colleagues
(Rowlands, Wallis, Shaw, Jentjens, & Jeukendrup,
2005) studied a very high molecular weight glucose
polymer. When dissolved in water, this carbohydrate
has an extremely low osmolality even at high con-
centrations. Previous studies with this carbohydrate
had shown increased post-exercise glycogen synth-
esis (Piehl Aulin, Soderlund, & Hultman, 2000).
The oxidation rate of the high molecular weight
glucose polymer, however, was similar to that of
glucose (Rowlands ez al., 2005). This is interesting in
itself and shows that the hydrolysis of the bonds
within the glucose polymer is not a limiting factor.
Recently, we investigated the oxidation of less
common carbohydrates such as isomaltulose and
trehalose. Trehalose is a disaccharide similar to
maltose in that it is composed of two glucose
molecules. The difference is that the glucose mole-
cules in maltose are coupled by a a-1, 4 glycosidic
linkage, whereas in trehalose they are bound by an
a-1, 1 glycosidic linkage. The different linkages
between the glucose molecules give trehalose some
interesting properties. Trehalose is only mildly
sweet, approximately 45% of the sweetness of
sucrose (Higashiyama, 2002), which might make it
a more palatable solution for athletes. More impor-
tantly, it has also been reported to have a low
cariogenic effect when ingested either on its own or
when added to other sugars (Neta, Takada, &
Hirasawa, 2000) and could therefore have more
favourable effects on dental health. The oxidation
of trehalose is significantly lower than that of glucose
or maltose (Venables, Brouns, & Jeukendrup, in
review). Similarly, isomaltulose oxidation during
exercise was much lower than sucrose oxidation
(Achten, Jentjens, Brouns, & Jeukendrup, 2007).
Isomaltulose, or 6-0-(co-d-glucopyranosyl)-d-fruc-
tofuranose, is hydrolysed by the sucrase-isomaltase
complex located on the outer surface of the brush
border membrane of the small intestinal epithelial
cells. The resulting monosaccharides glucose and
fructose are efficiently taken up into the portal
blood. Oxidation rates of isomaltulose are low,
probably because disaccharides with o-1,6-glycosidic
bonds are hydrolysed at very low rates. Isomaltulose
is also interesting from the point of view of oral
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health, since several studies have suggested a causal
relationship between sports drink consumption and
dental erosion or plaque formation (Milosevic, 1997;
Milosevic, Brodie, & Slade, 1997). Isomaltulose is
not fermented in the oral cavity and does not reduce
oral pH, making it less cariogenic (Lingstrom,
Lundgren, Birkhed, Takazoe, & Frostell, 1997;
Peltroche-Llacsahuanga er al., 2001).

Carbohydrates can generally be divided into two
arbitrary categories: carbohydrates that can be
oxidized at rates up to approximately 30-50 g-h !
and those up to 60-70 g-h~! (Table I).

Amount of carbohydrate

The optimal amount of ingested carbohydrate is that
which results in the maximal rate of exogenous
carbohydrate oxidation without causing gastrointest-
inal discomfort. Rehrer er al. (1992b) studied the
oxidation of different amounts of carbohydrate
ingested during 80 min of cycling exercise at 70%
VOjmax- Their participants received either a 4.5%
glucose solution (44g-h™ ') or a 17% glucose
solution (165 g-h~!). Total exogenous carbohy-
drate oxidation was only slightly higher with the
larger dose of carbohydrate (32 vs. 24 g-h~!). Even
though the amount of carbohydrate ingested was
increased almost four-fold, the oxidation rate was
hardly affected. Jeukendrup ez al. (1999) investigated
even larger carbohydrate intakes (up to 180 g-h~ 1)
and found that oxidation rates peaked at 56 g-h !
at the end of 120 min of cycling exercise. These
results suggest a limitation in the maximal rate of
oxidation of ingested carbohydrates.

Based on the scientific literature in this area, it
must be concluded that the maximal rate at which a
single source of ingested carbohydrate can be

Table I. Oxidation of different carbohydrates

Carbohydrate Study

Rapidly oxidized carbohydrates (~60 g-h~ 1)

o Glucose Many studies; reviewed in
Jeukendrup (2004)
Achten et al. (2007)
Hawley et al. (1992),
Jentjens ez al. (2004b)
Wagenmakers et al. (1993)
Saris ez al. (1993)
Rowlands ez al. (2005)

o Sucrose
e Maltose

e Maltodextrins

e Amylopectin

e High molecular weight
glucose polymer

Slowly oxidized carbohydrates (~30 g-h™')
e Fructose Décombaz ez al. (1985),
Guezennec et al. (1989)

o Galactose Leijssen ez al. (1995)

e Isomaltulose Achten et al. (2007)

e Trehalose Venables et al. (in press)
e Amylose Saris ez al. (1993)

oxidized is about 60-70 g-h~'. Although most
research has been conducted with males, the same
conclusion seems to hold true for endurance-trained
females — that is, the highest rates of exogenous
glucose oxidation and the greatest endogenous
carbohydrate sparing were observed when carbohy-
drate was ingested at moderate rates (60 g-h ')
during exercise (Wallis, Yeo, Blannin, & Jeukendrup,
2007). This knowledge implies that athletes who
ingest a single type of carbohydrate should ingest
about 60-70 g -h ! for optimal carbohydrate deliv-
ery. Ingesting more than this will not increase
carbohydrate oxidation rates any further and is likely
to be associated with gastrointestinal discomfort.

Multiple transportable carbohydrates

As reviewed by Jeukendrup (2004), it is likely that
oxidation of a single exogenous carbohydrate is
limited to approximately 60 g-h~ ! because there is
a limitation in the rate of intestinal absorption of that
carbohydrate. It is suggested that by feeding a single
carbohydrate source (e.g. glucose, fructose or mal-
todextrins) at high rates, the specific transporter
proteins that aid in absorbing that carbohydrate from
the intestine become saturated. Once these trans-
porters are saturated, feeding more of that carbohy-
drate will not result in greater intestinal absorption
and increased oxidation rates.

Shi and colleagues (1995) suggested that the
ingestion of carbohydrates that use different trans-
porters might increase total carbohydrate absorp-
tion. Subsequently, we began a series of studies using
different combinations of carbohydrates to deter-
mine their effects on exogenous carbohydrate oxida-
tion. In the first study, participants ingested a drink
containing glucose and fructose (Jentjens, Moseley,
Waring, Harding, & Jeukendrup, 2004a). Glucose
was ingested at a rate of 72 g -h ! and fructose at a
rate of 36 g-h . In the control trials, the partici-
pants ingested glucose at a rate of 72 g -h ! and 108
g-h™' (matching glucose intake or energy intake).
We found that the ingestion of glucose at a rate of
72 g-h™! resulted in oxidation rates of about
48 g-h . Ingesting glucose at 108 g-h ! did not
increase the oxidation rate (Figure 1). However, after
ingesting glucose plus fructose, the rate of total
exogenous carbohydrate oxidation increased to
76 g -h ™', an increase in oxidation of 45% compared
with a similar amount of glucose. In the following
years, we tried different combinations and amounts of
carbohydrates in an attempt to determine the maximal
rate of oxidation of mixtures of exogenous carbohy-
drates (Jentjens & Jeukendrup, 2005; Jentjens et al.,
2004a, 2005b, 2006; Jentjens, Venables, & Jeu-
kendrup, 2004b; Wallis ez al., 2007). We observed
very high oxidation rates with combinations of
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Figure 1. Oxidation of ingested carbohydrate. This figure is compiled from a number of studies in our laboratory investigating the oxidation
of exogenous (ingested) carbohydrate during exercise (Jentjens & Jeukendrup, 2005; Jentjens et al., 2004a, 2004b, 2005; Wallis ez al..,
2005). The bars on the left indicate the amount of carbohydrate ingested (g min ~!) and those on the right the exogenous carbohydrate
oxidation rate. The shaded area shows the maximum range of oxidation rates that can be expected from a single carbohydrate with a
maximum oxidation rate of about 1 g min~!. When multiple transportable carbohydrates are ingested at high rates, the oxidation rates can
easily exceed 1 g min ! and the highest oxidation rates were found with a mixture of glucose and fructose (1.75 g min ™~ 1).

glucose plus fructose, with maltodextrins plus fruc-
tose, and with glucose plus sucrose plus fructose
(Figure 1). The highest rates were observed with a
mixture of glucose and fructose ingested at a rate of
144 g-h~'. With this feeding regimen, exogenous
carbohydrate oxidation peaked at 105 g -h ! (Figure
1). This is 75% greater than what was previously
thought to be the absolute maximum.

The increased oxidation resulting from the inges-
tion of multiple types of carbohydrate is theoretically
beneficial, although considerably more research
needs to be done in this area. In a study in which
participants cycled for 5 h at 50% of their maximal
work rates (~58% VO,ma) With water, glucose, or
glucose plus fructose, there was some indication that
ingesting multiple carbohydrates may result in
greater improvements in performance (Jeukendrup
et al., 2006). In this study, carbohydrate was ingested
at a rate of 90 g-h ', The first indication of
improved performance was that the participants’
ratings of perceived exertion tended to be lower
with the mixture of glucose and fructose compared
with glucose alone; the water placebo treatment
produced the highest ratings of perceived exertion.
In fact, not all participants were able to complete the
5-h ride when they drank the water placebo. In
addition, the self-selected cadence dropped signifi-
cantly with water, which is generally acknowledged
as an indication of developing fatigue. With glucose,
cycling cadence was somewhat greater than with
water, but with glucose plus fructose, cadence was
highest and remained almost unchanged from the
beginning of exercise. We have since confirmed the
beneficial effects on prolonged exercise performance
of drinking solutions of glucose plus fructose com-
pared with glucose alone (Currell & Jeukendrup,
2008).

We introduced the term “oxidation efficiency” to
describe the percentage of the ingested carbohydrate
that is oxidized (Jeukendrup & Jentjens, 2000). High
oxidation efficiency means that smaller amounts of
carbohydrate remain in the gastrointestinal tract,
reducing the risk of gastrointestinal discomfort that
is frequently reported during prolonged exercise
(Brouns & Beckers, 1993; Rehrer, van Kemenade,
Meester, Brouns, & Saris, 1992a). Importantly, in
our studies, the oxidation efficiency of drinks con-
taining carbohydrates that use different transporters
for intestinal absorption was higher than for drinks
with a single carbohydrate source. Therefore, com-
pared with a single source of carbohydrate, ingesting
multiple carbohydrate sources results in a smaller
amount of carbohydrate remaining in the intestine,
and osmotic shifts and malabsorption may be
reduced. This probably means that drinks with
multiple transportable carbohydrates are less likely
to cause gastrointestinal discomfort. Interestingly,
this is a consistent finding in studies that have
attempted to evaluate gastrointestinal discomfort
during exercise (Jentjens et al, 2004a, 2004b,
2005, 2006; Jeukendrup er al., 2006; Wallis ez al.,
2007). Participants tended to feel less bloated with
the glucose plus fructose drinks compared with
drinking glucose solutions. A larger-scale study of
the effects of drinks with different types of carbohy-
drates on gastrointestinal discomfort has yet to be
conducted.

Exercise intensity

With increasing exercise intensity, the active muscle
mass becomes progressively more dependent on
carbohydrate as a source of energy. However, the
oxidation of exogenous carbohydrate seems to
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remain constant at intensities of 50-60% 1O5,ax OF
above (Pirnay er al., 1982).

Body size and body mass

The oxidation rate of ingested carbohydrate does not
seem to be affected significantly by body size or body
mass. The maximal oxidation rate for a single
carbohydrate of 60 g min~ ' seems to apply to
athletes of all body types (A.E. Jeukendrup, unpub-
lished observations). This is why in our studies we
have always provided carbohydrate independent of
body mass. Although at first sight this might seem
counterintuitive, it could be that the gastrointestinal
tract, where, most likely the limitation lies, is not
different among adult endurance athletes despite
differences in body size. In growing children this may
be a different story as their gastrointestinal tract is
still developing, and studies have generally scaled the
oxidation values to body mass (Riddell, Bar-Or,
Schwarcz, & Heigenhauser, 2000; Riddell, Bar-Or,
Wilk, Parolin, & Heigenhauser, 2001). Because
scaling is an important issue in studies with children,
the results are somewhat difficult to interpret and the
conclusions depend on the type of scaling used.
Nevertheless, it was concluded that the relative
oxidation of ingested carbohydrate is considerably
higher in boys than in men (Timmons, Bar-Or, &
Riddell, 2003) when exogenous carbohydrate oxida-
tion was expressed per kilogram of body mass. With
the boys in this study having less than half the body
mass of the men, different conclusions would have
been reached if the data had been expressed differ-
ently. Timmons and colleagues (Timmons, Bar-Or,
& Riddell, 2007) also concluded that exogenous
carbohydrate oxidation during exercise was not
different between young girls and older adolescent
girls when the data were expressed per kilogram of
body mass.

Gastrointestinal discomfort during exercise

Gastrointestinal discomfort is very common during
exercise, especially in endurance and ultra-endur-
ance sports. Peters ez al. (1999) mailed a question-
naire to 606 athletes (runners, cyclists, and
triathletes) to assess the prevalence of gastrointest-
inal problems as well as their training background
and nutrition habits. Symptoms presumably origi-
nating in the upper gastrointestinal tract (nausea,
vomiting, belching, heartburn, chest pain) and in the
lower gastrointestinal tract (bloating, abdominal
cramps, side ache, urge to defecate, and diarrhoea)
were evaluated in all participants; 45-79% reported
symptoms of lower gastrointestinal distress, and 36—
67% had upper gastrointestinal symptoms. Symp-
toms generally seem to be more severe during

running than cycling, are more prevalent in women
than in men, and appear to be more frequent during
prolonged exercise. For example, in an extreme
long-distance triathlon event, 93% of the partici-
pants reported some type of gastrointestinal distur-
bance, and 45% of these problems were classified as
serious (Jeukendrup ez al., 2000b).

The occurrence of gastrointestinal disturbances
has been related to carbohydrate intake during
exercise (Brouns & Beckers, 1993). A relatively
high intake of carbohydrate during exercise may
increase the incidence of gastrointestinal symptoms
such as diarrhoea and abdominal cramps, either by
the osmotic attraction of fluid from the blood into
the intestine (Brouns & Beckers, 1993) or by
malabsorption. The fact that mesenteric blood flow
to the intestines is reduced during high-intensity
exercise and even more so with dehydration (Brouns
& Beckers, 1993) might explain the fact that
symptoms seem to be more prevalent if exercise is
prolonged and performed in hot conditions.
Although the occurrence of gastrointestinal distress
has been related to carbohydrate intake during
exercise, this may be more related to the hyperos-
molality of solutions than the actual carbohydrate
content (Rehrer ez al., 1992b). In fact, in a labora-
tory study, 7% hypotonic carbohydrate drinks did
not result in significantly greater discomfort during
2.5 h of running and cycling compared with water
(Peters et al., 2000). Although direct evidence is
lacking, it is likely that carbohydrate ingested at very
high rates (>60 g-h™'), which almost certainly
results in hyperosmolality of the stomach contents,
will cause an increased incidence of gastrointestinal
problems. It is also likely, however, that the gastro-
intestinal discomfort associated with a particular
source or sources of carbohydrate is mainly dictated
by the oxidation efficiency of the carbohydrate. It is
therefore tempting to speculate that multiple trans-
portable carbohydrates ingested at high rates will be
associated with reduced gastrointestinal discomfort
while providing carbohydrate at high rates. The
tolerance of athletes to large doses of various
carbohydrate drinks and the likelihood that an
athlete will develop gastrointestinal discomfort
seem highly individualized. Therefore, strategies for
carbohydrate intake should always be developed on
an individual basis, largely by trial and error.

Carbohydrate and fluid delivery

The intake of highly concentrated carbohydrate
solutions has been associated with delayed gastric
emptying and fluid absorption. However, impair-
ment of fluid delivery may be minimized when
combinations of multiple transportable carbohy-
drates are ingested. We found that fluid delivery



with a solution of glucose plus fructose is greater
than with a glucose solution (Jentjens ez al., 2006).
Both of these carbohydrate solutions contained
about 15 g of carbohydrate per 100 ml (i.e. a 15%
carbohydrate solution), and such highly concen-
trated carbohydrate solutions would normally result
in severely impaired fluid delivery (Rehrer er al.,
1992b). Interestingly, the rate of fluid delivery to the
blood, estimated by deuterium concentration, was
better with the glucose plus fructose drink compared
with glucose alone.

Carbohydrate in hot conditions

Carbohydrate needs in endurance athletes are fairly
constant in different environmental conditions,
although carbohydrate oxidation rates are somewhat
increased in the heat. This increased carbohydrate
oxidation is mainly from muscle glycogenolysis, and
the contribution from exogenous carbohydrate may
actually be decreased (Jentjens, Wagenmakers, &
Jeukendrup, 2002). The most logical explanation for
this decrease is a redistribution of blood flow to the
skin and muscle, with a reduction in blood flow to
the intestines. This redistribution of blood would
presumably have an adverse effect on carbohydrate
absorption. However, combinations of multiple
carbohydrates can at least partly overcome this
problem, and high rates of exogenous carbohydrate
oxidation can be achieved even in these hot condi-
tions (Jentjens er al., 2002).

Does carbohydrate ingestion impair metabolic
adaptations to training?

Civitarese and colleagues (Civitarese, Hesselink,
Russell, Ravussin, & Schrauwen, 2005) suggested
that carbohydrate ingestion during exercise may
suppress the gene expression of oxidative enzymes
involved in fat metabolism and might therefore
interfere with the process of training adaptations
that involve a greater reliance on fat metabolism for
energy. They showed that the transcription of several
genes related to fat metabolism is transiently induced
after exercise when no feeding is provided during
exercise, and that glucose feeding interfered with
these adaptations. Moreover, Cluberton and co-
workers (Cluberton, McGee, Murphy, & Har-
greaves, 2005) demonstrated that glucose ingestion
attenuated the exercise-induced increase in other
enzymes involved in energy metabolism and of
certain types of messenger RNA. However, there
may be a flaw in extrapolating these results to
practical use for the athlete; carbohydrate ingestion
may allow the athlete to train harder, which would
then most likely result in enhanced transcription of
metabolic genes. So it may be too early to provide
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practical advice based on the small number of
laboratory studies currently published (Hawley,
Tipton, & Millard-Stafford, 2006).

Conclusion

Carbohydrate ingestion can improve endurance
capacity and performance. The optimal dose of
carbohydrate is still subject to debate, but recent
evidence suggests that there may be a dose-response
effect as long as the carbohydrate ingested is also
oxidized and does not result in gastrointestinal
distress. Oxidation rates of a single type of carbohy-
drate do not exceed 60 g-h !. However, when
multiple transportable carbohydrates are ingested
(i.e. glucose and fructose), oxidation rates can be
increased significantly. To achieve these high oxida-
tion rates, carbohydrate needs to be ingested at high
rates and this has usually been associated with poor
fluid delivery. There are suggestions, however, that
using multiple transportable carbohydrates may
enhance fluid delivery compared with a single
carbohydrate. More research is needed to investigate
the practical applications of some of the findings
discussed in this review.
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