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Key Points

1. Ingested drinks are retained in the stomach for a variable period of time, and the rate of gastric emptying may limit the replacement of carbohydrate
and water during exercise.

2. High intensity exercise will slow or even stop gastric emptying, but exercise at intensities up to about 70-75% of maximal oxygen uptake has little or
no effect on the rate of gastric emptying.

3. Increasing energy content will slow gastric emptying, and the pattern during exercise is the same as that observed at rest.  Emptying is also slowed by
solutions with very high osmolality relative to that of body fluids.

4. There is a large variation among individuals in the rate of gastric emptying.
5. Factors such as weather conditions may influence the choice of drinks.
6. Athletes should experiment during training to establish how much fluid they need and can tolerate.

INTRODUCTION
Fatigue during prolonged exercise is generally a consequence of depletion of the body’s limited carbohydrate reserves and/or dehydration and the

associated problem of hyperthermia.  In most sports situations, both factors probably contribute to fatigue, with their relative contributions depending
primarily on the climatic conditions.  When temperature and humidity are high, fatigue is likely to occur before the carbohydrate stores are depleted, but
at low ambient temperatures, the thermoregulatory system is not stressed and carbohydrate depletion is a primary cause of fatigue.  In either situation,
fatigue can be delayed and exercise performance improved by ingestion of suitably formulated beverages during exercise.

Most athletes consider that fluids are inside the body as soon as they are swallowed, but in fact, the contents of the gastrointestinal tract are effective-
ly outside the body.  The speed at which ingested carbohydrate, electrolytes, and water are available to the body depends on the rate at which they are
emptied from the stomach and on the rate of their absorption into the blood from the small intestine.  These factors must be taken into account in the for-
mulation of drinks.  Of these two processes, it is likely that gastric emptying generally limits the availability of ingested fluids; if the rate of fluid delivery
from the stomach exceeds the absorptive capacity of the intestine and large bowel for a significant period of time, diarrhea ensues.  Although this condi-
tion is by no means unknown during exercise, it does not normally occur in most individuals.  There is normally a close coupling between gastric empty-
ing and intestinal absorption.  It is the uncoupling of these two processes that can lead to an excessive delivery of water and food energy to the colon and
to gastrointestinal complaints.



METHODS OF MEASURING GASTRIC
EMPTYING

There are numerous reports in the litera-
ture of factors influencing the rate of gastric
emptying of liquid and solid meals, and many
of these investigations have produced con-
flicting results.  This is due, at least in part, to
the different techniques that have been used
to measure gastric emptying, so it is impor-
tant to consider the different techniques
involved.  Most studies on emptying rates of
liquids have relied on gastric aspiration tech-
niques in which the stomach contents are
recovered at a fixed time interval after inges-
tion of the test drink.  This method assumes a
linear rate of emptying.  However, use of
scintigraphic techniques, in which the move-
ment of a non-absorbable radioactive tracer
added to the drink can be followed by obtain-
ing sequential images of the test drink as it
passes through the stomach shows that emp-
tying follows an exponential time course
(Leiper & Maughan, 1988); gastric aspiration
techniques that rely on repeated sampling
provide more direct evidence confirming
these observations (Rehrer et al, 1989).
Comparison of aspiration and scintigraphic
techniques by making simultaneous measure-
ments with both shows that the two methods
give similar results (Beckers et al., 1992).

Because the emptying pattern is exponen-
tial rather than linear, interpretation of the
results is strongly influenced by the time at
which measurements are made.  When sam-
pling at a single time point has been used, dif-
ferent investigators have chosen different
intervals in the range 10-60 min between
drink ingestion and sampling, making com-
parisons between drinks and between studies
difficult.

It is obvious that emptying of solid meals
cannot be measured using aspiration meth-
ods, and there are also problems in ensuring
that added tracers empty at the same rate as
the bulk of the meal.
Other techniques, includ-
ing electrical impedance
and magnetic resonance
imaging, offer some
prospects, but most of the
available information
relates to the emptying of
liquid meals.  There are,
in any case, few exercise
situtations where solid
food is consumed during
or immediately before
exercise.  Such examples
include prolonged
triathlons and cycling events.

CONTROL OF GASTRIC EMPTYING
Some exchange of water does occur in the

stomach, but it is not clear whether there is
net absorption; no significant absorption of
nutrients, other than alcohol to a limited
extent, takes place in the stomach (Karel,
1948).  The gastric emptying rate regulates
the rate at which ingested food and fluids are

delivered to the site of absorption in the small
intestine and the extent to which they are
modified by the gastric secretions.  Many fac-
tors influence the rate of gastric emptying of
liquids, and some of these are listed in Table
1.  Most of this information is derived from
studies on resting individuals; the effects of
exercise will be discussed later.

The exponential nature of the emptying
curve indicates the crucial importance of the
volume of the stomach contents in controlling
the rate of empyting.  As fluid is emptied and
the stomach volume falls, so the rate of emp-
tying is decreased.  Maintaining a large fluid
volume in the stomach will promote empty-
ing, and repeated drinking, to replace the
fluid that has been emptied, will maximize
the rate of fluid and nutrient delivery to the
small intestine (Rehrer et al., 1990b; Mitchell
& Voss, 1991; Noakes et al., 1991).

The composition of ingested fluids also
has a major effect on the rate of emptying,
and emptying is slowed if solutions are
markedly hypertonic with respect to the
osmolality of body fluids (Hunt & Pathak,
1960), by increasing acidity (Hunt & Knox,
1969) and by increasing energy content (Hunt
& Stubbs, 1975).  It seems well established
that the emptying rate of carbohydrate (CHO)
solutions is slowed relative to isotonic saline
solutions (McHugh & Moran, 1979; Brener
et al., 1983), although Barker et al., (1974)
found no difference in the emptying rates of
isosmotic solutions of glucose and potassium
chloride.

The effect of increasing glucose concen-
trations on the time course of emptying has
been extensively investigated; the emptying
rate is slowed in proportion to the glucose
content and slows as the volume of fluid
remaining in the stomach decreases.  Some
reports have indicated that the rate of gastric
emptying is decreased if the CHO content of
the drink exceeds 2.5% (Costill & Saltin,

1974; Foster et al., 1980), but other studies
have shown that emptying of solutions con-
taining up to 10% glucose or glucose polymer
is not delayed relative to water (Owen et al.,
1986; Rehrer et al., 1989).  At least part of
this apparent discrepancy is probably the
result of the design of these studies.  In most
of the early investigations, the volume of
fluid remaining in the stomach was measured
at a single time point after ingestion of the

test drink.  If a fixed volume of two different
glucose solutions, one dilute and one concen-
trated, is given, the initial emptying rate for
the dilute solution will be more rapid;
because gastric volume is a major determi-
nent of the rate of emptying, the emptying
rate is reduced as the volume decreases, but
this effect will be less marked for the more
concentrated solution which empties more
slowly in the initial phase.  From the results
of studies where the whole time course has
been investigated, it appears that glucose con-
centrations in excess of about 4-5% will
slightly delay gastric emptying (Vist &
Maughan, 1992).  It is also apparent that,
although increasing the glucose content of the
ingested fluid does slow the rate at which
fluid leaves the stomach, it results in a faster
delivery of glucose (Hunt et al., 1985).

Several studies have used isotopic tracers
to study the fate of ingested solutions during
exercise.  Most of these investigations have
used concentrated (25-30%) solutions of glu-
cose, usually without added electrolytes.
Although it might be expected that these
solutions would empty from the stomach only
extremely slowly and would not be well tol-
erated, it appears that the ingested glucose is
readily available for oxidation during exercise
at intensities up to 60-70% of maximal oxy-
gen uptake.  These studies have been
reviewed by Maughan (1991).

Substitution of maltodextrins (short chain
glucose polymers) for free glucose may help
to promote the emptying of glucose-elec-
trolyte solutions from the stomach by reduc-
ing the osmolality of the solution while
maintaining the total glucose content,
although the studies reported in the literature
are by no means in agreement.  In an early
report, Hunt (1960) found no major differ-
ences in the emptying rates of solutions con-
taining isoenergetic amounts of monomeric
glucose or starch.  Foster et al., (1980), how-

ever, reported
that substituting
glucose
oligomers 3-4
units in length
for free glucose
(5% solution)
increased the
rate of empty-
ing by approxi-
mately one
third, but no
differences
existed in emp-
tying rates

between free glucose and polymers for 10,
20, and 40% solutions.   These results are in
marked contrast to those reported recently by
Sole and Noakes (1989); they found that a
15% glucose polymer solution emptied faster
than a 15% solution of free glucose, although
5% and 10% solutions of free glucose and
polymer appeared to be emptied at the same
rates.  The disparate results may be due to the
fact that total gastric volume, including the

Table 1. Some of the factors known to influence the gastric emptying rate of liquids.  There are in
addition a large number of factors that may have some minor effect on this process.

Volume Increasing volume promotes emptying
Energy Content Increasing energy content slows emptying
Osmolality Markedly increasing osmolality slows emptying
pH Marked deviations from neutrality slow emptying
Exercise Hard (>70-75% VO2 max) exercise slows emptying
Stress Mental stress and anxiety slow emptying
Dehydration Slows gastric emptying; increases risk of gastrointestinal 

distress



volume of gastric secretions, was measured in
the study of Foster et al., (1990) and the vol-
ume of the gastric secretions was unknown.
Increased beverage osmolality increases the
volume of gastric (as well as intestinal) secre-
tions, and it is therefore possible that the total
volume of the stomach contents may have
been greater when solutions containing glu-
cose rather than polymers were drunk, even
though the amount of the ingested drink
remaining in the stomach was the same. In
another study, Naveri et al., (1989), found
similar emptying rates for electrolyte solu-
tions with 3% carbohydrate added in the form
of either glucose or a polymer.  Owen et al.,
(1986) found no difference in the rate of emp-
tying of 10% solutions of glucose or glucose
polymer, in spite of the higher osmolality of
the free glucose solution.  Rehrer et al.,
(1992) also observed similar emptying rates
with 17% solutions of glucose polymer (313
mosmol/kg) and free glucose (1223
mosmol/kg); however, a 4.5% glucose solu-
tion emptied faster than a 17% polymer solu-
tion with the same osmolality.  Even dilute
polymer solutions are generally emptied more
slowly than plain water, but Seiple et al.,
(1983) did report that a 7% glucose polymer
solution with an osmolality of 216
mosmol/kg was emptied as fast as water;
however, the first sampling point in this study
was at 30 min, by which time at least 90% of
total volume had emptied for all the solutions
studied.  In none of the above studies was the
emptying rate of polymer solutions slower
than that of free glucose solutions with the
same energy content, and the polymer solu-
tions were generally emptied faster even
when the differences were not statistically
significant.

It now seems likely that several other fac-
tors which were formerly thought to be
important, such as carbonation and the tem-
perature of ingested drinks, do not have a
major influence on the rate of emptying
(Maughan, 1991).  These factors may, how-
ever, be important in affecting the palatability
of drinks, which will influence the volume
consumed.

In summary, gastric emptying of liquids is
regulated by a number of factors of which the
most important are the volume and the energy
content.  Osmolality is of secondary impor-
tance and probably has little effect in the
range of most commonly consumed sports
drinks.  Increasing the carbohydrate content
of drinks will delay emptying.  Substitution
of glucose polymers for free glucose may
slightly increase the rate of delivery of fluid
and substrate to the small intestine, but the
evidence is not clear, indicating that any
effect is likely to be rather small.  The factors
regulating gastric emptying have been the
subject of extensive reviews (Murray, 1987;
Brouns et al., 1987; Maughan, 1991).

EFFECTS OF EXERCISE ON GASTRIC
EMPTYING

Compared with the extensive literature on

the regulation of gastric emptying at rest, rel-
atively few measurements have been made
during exercise.  Costill and Saltin (1974)
showed that 15 min of cycling exercise had
no effect on gastric emptying of a dilute glu-
cose-electrolyte solution until a work intensi-
ty of about 70% VO2 max was reached; at
80-90% VO2 max, the emptying rate was
only about 50% of the resting rate.  In a rather
poorly controlled study, Ramsbottom and
Hunt (1974) found that 20 min of “severe
exercise” (100W!) reduced the emptying rate
of a 278 mmol/L (5%) glucose solution in 4
of 6 subjects.  During intermittent cycling
exercise at 74% of VO2 max , gastrointestinal
transit time, estimated by breath hydrogen
analysis, was not different from rest, and was
not different when concentrated glucose
(1000 mmol/L) or flavoured dilute (150
mmol/L) solutions were given (Segal et al.,

1985).  Mitchell et al., (1989) found that pro-
longed (105 min) cycling at 70% VO2 max
did not affect the rate of emptying of a 6%
carbohydrate solution (4% glucose polymer,
2% sucrose) compared with rest; their sub-
jects drank approximately 620 mL/h, and the
calculated emptying rate was close to 600
mL/h.  Similar results were obtained during
intermittent exercise (Mitchell et al., 1988).
Emptying rate in excess of 1 L/h, correspond-
ing to over 90% of the ingested volume, can
be achieved during prolonged (3 h) exercise
at 60% VO2 max in the heat (Ryan et al.,
1989).  Using a double sampling gastric aspi-
ration technique that allowed the time course
of emptying to be measured, Rehrer et al.,
(1989) reported that exercise at 50 or 70%
VO2 max had no significant effect on the
emptying rate of sweetened water or CHO-
electrolyte solutions, although there was a
trend towards a decreased emptying rate of
the CHO-electrolyte solutions, but not of
water, with increasing exercise intensity.
They also showed that gastric emptying and
gastric secretion were not different between
trained and untrained individuals.

When a dilute glucose-electrolyte solution
labeled with 2H2O is given at rest or during
exercise, the rate of accumulation of deuteri-

um in the plasma decreases in proportion to
the exercise intensity, and the time to peak
plasma deuterium concentration increases
with increasing exercise intensities in the
range 40 - 80% VO2 max (Figure 1).  These
results imply a decreased availability of
ingested fluids during exercise: either or both
gastric emptying and intestinal absorption
may be slowed (Maughan et al., 1990).
Although it has been suggested that the use of
tracer techniques may not give a valid mea-
sure of net water flux in the small intestine
when different solutions are compared
(Gisolfi et al., 1990), the technique appears to
be valid for the comparison of the same solu-
tion under different conditions.

The above studies all involved cycling
exercise, but earlier, albeit rather poorly con-
trolled, investigations had established that
gastric emptying is delayed during running

(Campbell et al., 1928).  In 1967, Fordtran
and Saltin reported that the rate of emptying
of a concentrated glucose-electrolyte solution
(740 mmol./L (13.3%) glucose; 52 mmol/L
NaCl) was not changed during 1 h of tread-
mill running at 70% VO2 max compared
with rest; emptying of plain water was much
faster and was slightly delayed by exercise.
Costill et al., (1970) found no differences in
the gastric emptying rates of water and a
dilute glucose-electrolyte solution during 2 h
of treadmill running at 70% VO2 max in
highly trained runners.  Owen et al., (1986)
found no difference in emptying rates of solu-
tions containing 10% glucose (586
mosmol/kg) or 10% glucose polymer (194
mosmol/kg) compared with sweetened water
during 2 h treadmill running in the heat (35
C) at 65% VO2 max; emptying of the glucose
solution, but not of the others, was retarded
relative to artifically sweetened water ingest-
ed during exercise at a lower (25C) ambient
temperature.  In contrast to these results,
Neufer et al., (1986) found that 15 min of
running at 50 or 70% VO2 max increased the
rates of emptying of water and of carbohy-
drate-containing solutions relative to rest.
Later, Neufer et al., (1989a) confirmed these
results for walking and running at 28-65%

Figure 1
Rate of accumulation in the circulation of a deuterium tracer added to a dilute carbohydrate-elec-
trolyte drink consumed at rest or during exercise at intensities corresponding to 42, 61 and 80% of
maximum oxygen uptake.(Reproduced with permission from Maughan et al., 1990).



VO2 max, but found a decreased emptying
rate at 75% VO2 max compared with rest.
The same authors also reported that exercise
in the heat (49 C) or after dehydration
reduced gastric emptying compared with
exercise at a neutral temperature (Neufer et
al., 1989b).  These results were confirmed
by Rehrer et al., (1990a).  Sole and Noakes
(1989) have reported that gastric emptying
of water, but not of a 10% glucose polymer
solution, is delayed during 30 min of tread-
mill running at 75% VO2 max; this result is
the opposite of that obtained by Rehrer et
al., (1989) during cycling.

Houmard et al., (1991) have shown that
the gastric emptying rate of water was
slowed during either cycling or running at
75% of VO2 max, but that exercise had no
effect on the emptying rate of a 7% carbohy-
drate-electrolyte solution, which was emp-
tied more slowly than water at rest but not
during exercise.  There was no difference
between the two exercise modes.  Although
this study was generally well controlled, i.e.,
the same subjects were studied at rest and
during the two different exercise modes, it
suffers from the limitation that a single mea-
surement of the volume of the gastric
residue was made at the end of the 1 h study
period.  However, Rehrer et al., (1990b) also
found no difference in gastric emptying
between cycling and running at the same rel-
ative intensities with repeated drinking when
serial measurements were made throughout
exercise.

As with the resting studies described
above, some of the variability between these
exercise studies is probably an effect of dif-
ferences in sampling times.  In some of the
exercise studies, the experimental protocol
required the subjects to ingest several differ-
ent test beverages sequentially during a sin-
gle session.  The effects of the presence of
previous drinks in the small intestine cannot
be excluded as a source of error (Rehrer et
al., 1989a).

The mechanisms by which exercise
might influence the function of the gastroin-
testinal tract are thought to be related to the
increased circulating catecholamine level
and reduced perfusion of the splanchnic vas-
cular bed during strenuous exercise; these
effects have been reviewed by Murray
(1987).

Practical Applications
The common assumption that frequent

small sips is the best pattern of fluid inges-
tion for maximizing fluid and carbohydrate
replacement during exercise is not supported
by the fact that increasing the ingested fluid
volume results in an increased rate of gastric
emptying.  Starting with a large bolus and
repeatedly ingesting additional amounts so
as to maintain a high volume of liquid in the
stomach will lead to a greater rate of water
and carbohydrate delivery to the small intes-
tine.  The presence of large volumes in the
stomach is better tolerated by some individ-

uals than by others, but there may be a train-
ing effect that allows larger volumes to be
consumed without problems.  Ingestion of
increased volumes of drinks immediately
prior to and during exercise should therefore
be practiced during training before a major
competition.

Depending on beverage availability and
individual tolerance, it is generally best to
begin 
an endurance event with a partially filled
stomach.  If possible, the composition of
drinks should be adjusted to meet the antici-
pated energy (carbohydrate) and fluid
demands.  During a short-duration (less than
1 hour) competition or training session held
on a hot humid day, fluid replacement will
take priority over carbohydrate provision,
and relatively dilute carbohydrate-elec-
trolyte drinks are best.  This probably means
a drink that is isotonic or hypotonic, with a
carbohydrate content of less than about 5%-
6%.  At the other extreme, during a slow
cross-country ski tour in cold weather, sweat
losses will be small, and fluid replacement
will be secondary to carbohydrate supply.  In
this case, the carbohydrate content of the
drink may be as high as 10-15%, to enhance
energy delivery.  These are extreme exam-
ples, and most individuals will do best in
most situations by taking a drink that is
about 5-8% carbohydrate:  this will provide
the best compromise between rehydration
and carbohydrate delivery.  Glucose, fruc-
tose, sucrose and glucose polymers are all
commonly used in sports drinks, and mix-
tures of sugars may have benefits in terms of
efficacy and palatability.  Drinks containing
only fructose are usually best avoided as the
rate of absorption in the small intestine is
slower and this may cause gastrointestinal
distress.  The temperature of ingested fluids
is of little importance in terms of gastroin-
testinal function, but chilled beverages are
generally more palatable.  Exercise at inten-
sities that can be sustained long enough for
fluid replacement to be necessary does not
significantly affect gastrointestinal function,
and there is no indication that drinking pat-
terns should be altered to take account of
exercise of different intensities.

The aim should always be to replace as
much of the sweat loss as is possible, in
order to maintain cardiovascular and ther-
moregulatory function.  An example of the
minimum fluid ingestion pattern that would
be recommended for distance runners is out-
lined below:

Before competition - (5-10 min before the
start) - 8 mL/kg body weight (400-600mL)

During competition - every 15-20 min
(every 5 km) - 3 mL/kg body weight (150-
250mL)

During prolonged exercise in hot weather,
when sweat loss can exceed 1 L/h, these rec-
ommendations should be considered mini-

mums.  In cycling and other sports where
drinks are continuously available and are
easily ingested, greater volumes may be
consumed, and the frequency of drinking
can be increased.

SUMMARY
Exercise has little effect on gastric empty-

ing at intensities of less than 70% of VO2
max:  even at higher exercise intensities,
there is little evidence to suggest that the
decrease is sufficient reason to avoid fluid
ingestion during exercise.  The type of exer-
cise is of little importance, and similar rates
of gastric emptying are observed in cycling
and running when the exercise intensity is the
same.

Increasing the volume of fluid present in
the stomach at any time will stimulate gastric
emptying.  The rate at which fluids are avail-
able for absorption in the small intestine is
therefore maximized by the frequent inges-
tion of large volumes so as to maintain a sub-
stantial residual volume.

The energy content of drinks is an impor-
tant regulator of the rate of gastric emptying;
for sports drinks, the energy content is pri-
marily in the form of carbohydrate.  Addition
of carbohydrate, especially in the form of glu-
cose, is important to stimulate water absorp-
tion in the small intestine as well as to supply
a source of energy for the working muscles.
Increasing the carbohydrate content of drinks
will reduce their emptying rate, decreasing
the rate of fluid delivery, but, within a broad
concentration range (perhaps about 2-10%)
this effect is offset by the stimulation of
intestinal water uptake.  An increasing carbo-
hydrate content, however, increases the rate
of energy delivery.  Increased osmolality also
slows gastric emptying, but this effect is gen-
erally secondary to the effects of volume and
of energy content.  Increasing osmolality does
affect the rate of gastric secretion, but this has
little effect on net fluid balance.  Beverage
temperature and carbonation affect palatabili-
ty but have little effect on the rate at which
fluids are emptied.  Indirect effects of palata-
bility on the volume of fluid that is voluntari-
ly ingested should not, however, be
underestimated.

Hypohydration and hyperthermia
decrease the rate of gastric emptying, and
efficient fluid replenishment requires the
ingestion of sufficient volumes of an appro-
priate replacement fluid in anticipation of
losses.  Delaying replacement until a fluid
deficit has been incurred is likely to cause
serious problems for the athlete.

Individual differences in gastric emptying
rates are large and will influence the volume
that can be consumed.  Some degree of adap-
tation to fluid ingestion during exercise may
occur and it is essential that each athlete
establish an optimal individualized regimen.
Experimentation with different drinking pat-
terns is best done in training rather than in
competition.
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