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KEY POINTS

Fatigue during prolonged heavy exercise is often associated
with low or depleted muscle glycogen stores and with
lowered blood glucose.




Eating a high-carbohydrate meal 2-4 h before constantpace exercise can improve endurance capacity (time to
exhaustion) but may not be advantageous in time-trials,
especially if sports drinks are consumed during the trials.

exercise. The previous issue of Sports Science Exchange
(Williams & Lamb, SSE #107, 2008) reviewed how highcarbohydrate diets, including carbohydrate-loading protocols,
can enhance glycogen stores and performance of certain types
RIHQGXUDQFHH[HUFLVH5HVHDUFKKDVDOVRFRQ¿UPHGWKDWHDWLQJ
a high-carbohydrate meal (2.5 g/kg body mass) 3 h before
exercise will increase muscle glycogen concentrations by
11-17% (Chryssanthopoulos et al., 2004; Wee et al., 2005).
Using data from two different experiments, Figure 1 shows
the concentrations of muscle glycogen before and after eating
high-carbohydrate meals. Because subjects in both studies
ate the same amount of carbohydrate in similar meals, the
differences in the concentrations of muscle glycogen at rest
and 3 h after meal consumption that are shown in Figure 1
may be the result of using trained runners in one experiment
(Wee et al., 2005) and less well-trained runners in the other
(Chryssanthopoulos et al., 2004).
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Contrary to earlier reports, there appear to be no adverse
effects on endurance capacity of consuming well-formulated
carbohydrate solutions within the hour before exercise.
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RATIONALE FOR PRE-EXERCISE CARBOHYDRATE
FEEDINGS

The familiar recommendation that athletes should eat
an easily digestible high-carbohydrate meal in the hours
before endurance competition to increase muscle and liver
glycogen stores and improve performance is supported by
PDQ\ODERUDWRU\DQG¿HOGVWXGLHVSXEOLVKHGRYHUWKHODVWWZR
decades. This recommendation is based on the facts that (i)
after an overnight fast the liver glycogen store—the source
of blood glucose—is reduced to low values, and (ii) eating
a high-carbohydrate meal helps replenish the supply of
liver glycogen and may also help top off the limited muscle
glycogen stores. As is well established, a severe reduction
of muscle glycogen (Bergstrom et al., 1967) and/or of blood
glucose derived from liver glycogen (Coyle & Coggan,
1984) is often associated with the early onset of fatigue.
Therefore, it is not surprising that increasing muscle and liver
glycogen stores confers an advantage by delaying the onset
of glycogen depletion and hence fatigue during prolonged
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FIGURE 1: Muscle glycogen concentrations 3 h after a highcarbohydrate breakfast. .S`JVNLU]HS\LZ^LYLZPNUPÄJHU[S`
NYLH[LYMVSSV^PUN[OLIYLHRMHZ[*OY`ZZHU[OVWV\SVZL[HS"
>LLL[HS

All of the carbohydrate consumed in a pre-exercise meal will
not appear as muscle glycogen because a large proportion
will be deposited in the liver and some may still be in the
gastrointestinal tract, i.e., still undergoing digestion and
absorption, during the 3-h period after eating (Hultman &
Nilsson, 1971). There are sound reasons to recommend that
athletes consume an easy-to-digest high-carbohydrate meal
before prolonged heavy exercise. However, the obvious
question is “Does a high-carbohydrate breakfast lead to an
improvement in performance during subsequent exercise?”
7KHUHIRUHWKHDLPRIWKLVDUWLFOHLVWREULHÀ\UHYLHZWKRVH
reports in the literature that have addressed this question.

might be regarded as a predictable outcome of a study that
compared a breakfast with an overnight fast on constant-pace
running to fatigue. The subsequent question is whether or not
a high-carbohydrate pre-exercise meal confers any greater
SHUIRUPDQFHEHQH¿WWKDQIRUH[DPSOHDKLJKIDWPHDO,Q
RWKHUZRUGVLVLWMXVWWKHH[WUDHQHUJ\WKDWSURYLGHVDEHQH¿W
RULVWKHEHQH¿WVSHFL¿FWRFDUERK\GUDWHHQHUJ\"

LIMITATIONS OF PUBLISHED RESEARCH

Most of the evidence that underpins the recommendation
for athletes to eat high-carbohydrate meals before exercise
has been obtained from studies that have assessed endurance
capacity (time to exhaustion) during cycling and, less
frequently, during running. Typically, endurance capacity
tests require participants to cycle at a constant power output
to the point of fatigue, i.e., when they can no longer maintain
the prescribed pedal frequency, or to run at a prescribed
pace for as long as possible. In sporting events, rarely are
there competitions that require participants to cycle or run
as long as possible. Most endurance competitions require
participants to complete a set distance as quickly as possible,
i.e., a time trial, or, as in team sports such as soccer and
basketball, to exercise intermittently as hard as possible in a
given time period. Unfortunately, there are too few studies
that assess endurance performance using a time-trial protocol
or an appropriate intermittent exercise protocol. Even those
that are available rarely report the test-retest reliability
of their methodologies. Other limitations are the small
number of subjects commonly used in the studies and the
dearth of studies on females. Also, when prescribing meals
WKDWXVHFRPPRQO\DYDLODEOHIRRGVLWLVGLI¿FXOWWRPDVN
WKHFRPSRVLWLRQRIWKHPHDOWKLVOLPLWDWLRQLVGLI¿FXOWWR
overcome. Furthermore, a subject’s dietary habits can have a
VLJQL¿FDQWLQÀXHQFHRQWKHRXWFRPHRIDIHHGLQJVWXG\DQG
\HWLWLVH[WUHPHO\GLI¿FXOWWRDFFXUDWHO\DVVHVVWKHUHFHQW
nutritional history of participants in these studies. Finally, in
some feeding studies, the authors report that the experimental
IHHGLQJVZHUHLQJHVWHGKDIWHUDQXQVSHFL¿HGPHDOVRLW
LVGLI¿FXOWWRMXGJHWKHLQÀXHQFHRIWKHWRWDOQXWULWLRQUDWKHU
than just the prescribed experimental feeding, on subsequent
performance. Nevertheless, even with these limitations, many
of the published studies have led to a greater understanding
RIKRZSUHH[HUFLVHFDUERK\GUDWHIHHGLQJVPD\LQÀXHQFH
subsequent performance.

In an attempt to answer this question, Okano and colleagues
(1996) provided their well trained subjects with either a
high-carbohydrate or high-fat isocaloric breakfast 4 h before
exercise. Their subjects cycled for 120 min at 65% VO2max
and then the intensity was increased to 80% VO2max; the
subjects maintained this higher power output until exhaustion.
Although there was no statistical difference in the times to
fatigue, there was a tendency for longer exercise times (8 min
at 80% VO2max) following the high-carbohydrate breakfast
than following the high-fat breakfast (2 min) (Okano et al.,
 +RZHYHUVLPLODU¿QGLQJVRIQRVWDWLVWLFDOGLIIHUHQFHVLQ
performance were reported by Rowlands and Hopkins (2002),
who compared diets high in carbohydrate or fat or protein
and fed the cyclists a carbohydrate beverage during exercise
prior to 50 km time trials (see later discussion of this report).
Therefore, it seems clear that eating a high-carbohydrate meal
several hours before prolonged exercise is better than eating
nothing, but it may not be better than eating a meal containing
adequate energy with lower amounts of carbohydrate.
As reviewed by Rankin (1997), in many of these studies,
the foods used were mainly high glycemic-index (GI)
carbohydrates. Examples of carbohydrates with a high GI
are simple sugars, potatoes, white bread, and white rice.
Consumption of these carbohydrates leads to a fast rise
in blood glucose concentration that is followed by a rapid
decline. In contrast, eating carbohydrates with medium to low
GI values, such as whole-grain breads, lentils, beans, brown
rice, and pasta, usually results in a slower rise and decline of
blood glucose concentrations than is the case with high-GI
carbohydrate foods. It has been suggested that consuming a
pre-exercise meal consisting of low-GI carbohydrates may
shift energy metabolism towards greater fat oxidation as a
result of a lower insulin response to these carbohydrates.
Theoretically, this increased reliance on fat for energy might
lead to a reduction in the utilization of the limited muscle
glycogen stores and so improve exercise capacity beyond
that achieved following the consumption of high-GI foods
(Thomas et al., 1991). However, many of the subsequent
studies that tested this hypothesis produced contradictory
results. The lack of consensus may be a consequence of the
different approaches that investigators used to examine this
proposal. For example, most studies used single foods (e.g.,
Febbraio & Stewart, 1996) rather than mixed meals, and the
timing of the pre-exercise meals has also varied between
studies (Kirwan et al., 1998; Wee et al., 1999). To add to the
confusion, some studies have assessed endurance capacity
during cycling and running (Thomas et al., 1991; Wu &
Williams, 2006), whereas others used cycling time-trial
performance (Febbraio et al., 2000; Sparks et al., 1998).

RESEARCH REVIEW
CARBOHYDRATE INGESTED 1.5-4 HOURS BEFORE
EXERCISE BUT WITHOUT CARBOHYDRATE
SUPPLEMENTATION DURING EXERCISE: EFFECTS
ON ENDURANCE CAPACITY (TIME TO EXHAUSTION)

Several studies have shown that pre-exercise carbohydrate
feeding improves endurance capacity during cycling to
exhaustion (Gleeson et al., 1986; Sherman et al., 1989; Wright
et al., 1991). For example, Schabort and colleagues (1999)
assessed time to exhaustion while cycling at 70% VO2max in
one trial that included a 3-h pre-exercise breakfast containing
100 g of carbohydrate and in another trial in which subjects ate
no breakfast. Only water was provided during exercise. Time
to exhaustion was 109 min after the overnight fast and 136 min
when the fast was followed by breakfast 3 h before exercise.
With the exception of the study of Schabort et al. (1999),
the other reports mentioned above involved feeding their
subjects carbohydrate solutions rather than meals containing
commonly consumed foods. Therefore, Chryssanthopoulos
et al. (2002) completed a series of studies in which they
fed their subjects a high-carbohydrate mixed meal (2.5 g of
carbohydrate/kg body mass) containing mainly carbohydrate
foods 3 h before a constant-pace treadmill run (70% VO2max)
WRIDWLJXH7KHUXQQLQJWLPHRIPLQZDVVLJQL¿FDQWO\
longer after the high-carbohydrate breakfast compared to
the 102.9 min recorded after the runners ingested a liquid
placebo (Chryssanthopoulos et al., 2002). These results

Even when investigators used the same exercise protocols,
different results have been obtained for time to exhaustion.
For example, two studies used isocaloric mixed meals,
rather than single foods containing either high-GI or low-GI
carbohydrates, and fed their subjects 3 h before they ran to
exhaustion on a treadmill (Wee et al., 1999; Wu & Williams,
2006). Both showed that fat metabolism was greater following
the low-GI meal compared with the high-GI meal, but the
2

DVLJQL¿FDQWO\ORQJHUUXQWLPHRIPLQFRPSDUHGWRWKH
times for the meal-plus-water trial (111.9 min) and the wateronly trial (103 min) (Figure 2).

performance outcomes were inconsistent. In one study (Wee
et al., 1999), there was no difference between the running
times to exhaustion in the trials with high-GI (113 min) and
low-GI (111 min) ,whereas in the other, there was a 7.4-min
improvement in endurance running capacity following the
low-GI meal (108.8 min vs. 101.4 min) (Wu & Williams,
2006). In the latter study, the pre-exercise meals were
comprised of foods that are commonly consumed by athletes
and were matched for macronutrient content, whereas in the
former study, the carbohydrate in the low-GI meal was mainly
lentils. Therefore, more studies are needed to assess the
SRVVLEOHEHQH¿WVRIFRQVXPLQJSUHH[HUFLVHPHDOVFRPSRVHG
of commonly available foods containing either high-GI or
low-GI carbohydrates.

To summarize, based on the limited research available, it
appears that a combination of a pre-exercise carbohydrate
meal plus carbohydrate supplementation during exercise is the
optimal nutritional strategy for enhancing time to exhaustion
in exercise lasting 90 min or longer.

Run Time (min)
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,WVKRXOGEHQRWHGWKDWWKHVHDUHGLI¿FXOWVWXGLHVWRXQGHUWDNH
because of the need to match the meals for macronutrient
and energy content as well as for available carbohydrate.
)RUH[DPSOHORZ*,IRRGVDUHKLJKLQ¿EHUVRWKH
biologically available carbohydrate is not the same as the total
carbohydrate content of the food. Therefore, to match lowGI and high-GI meals, a greater amount of the low-GI food
must be consumed to achieve the same quantity of available
carbohydrate as in the high-GI meal. The consumption of a
larger amount of food in the low-GI meals results a greater
sensation of gut fullness. Conversely, if the carbohydrate
content of the meals is matched for total carbohydrate, then
the low-GI meal will contain less available carbohydrate
than the high-GI meal. Therefore, advising athletes to
consume low-GI pre-exercise meals might cause them to
HDWLQVXI¿FLHQWFDUERK\GUDWHEHFDXVHWKH¿EHUFRQWHQWRI
these foods promotes early feelings of fullness, which is not
the case for high-GI foods. What is not known is how the
sensation of simply feeling pleasantly full before exercise
PD\LQÀXHQFHSHUIRUPDQFH
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FIGURE 2: Endurance running capacity under the following
conditions (i) placebo solution before exercise plus the
ingestion of water during exercise (ii) high-carbohydrate meal
plus water during exercise and (iii) high-carbohydrate meal
plus the ingestion of a carbohydrate-electrolyte solution
(Carbs) during exercise. (SSTLHUZ^LYLZPNUPÄJHU[S`KPMMLYLU[
MYVTVULHUV[OLY*OY`ZZHU[OVWV\SVZL[HS

CARBOHYDRATE INGESTED 3-4 HOURS BEFORE
EXERCISE BUT WITHOUT CARBOHYDRATE
SUPPLEMENTATION DURING EXERCISE: EFFECTS
ON “REAL-WORLD” TIME-TRIAL TYPES OF
PERFORMANCE

There have been only a few studies on the effects of
pre-exercise carbohydrate meals on time-trial types of
performance, and the results of these studies do not follow
a consistent pattern. In one of the early studies, Neufer and
FROOHDJXHV  H[DPLQHGWKHLQÀXHQFHRIGLIIHUHQWDPRXQWV
of pre-exercise carbohydrate on power output during a cycling
test. Their subjects exercised the day before the performance
test to lower their muscle glycogen concentrations. After
an overnight fast and 5 min before exercise, they consumed
A) a liquid placebo, B) a glucose polymer solution that
provided 45 g carbohydrate, or C) a solid confectionary bar
(45 g carbohydrate) in combination with 400 ml water. In
a fourth trial, the subjects consumed a light carbohydrate
breakfast (200 g carbohydrate) 4 h before exercise and then a
confectionary bar 5 min before the test. The exercise test was
45 min of cycling at 77% VO2max and then a 15-min all-out
effort on an isokinetic cycle ergometer.

CARBOHYDRATE INGESTED 1.5-4 HOURS
BEFORE EXERCISE PLUS CARBOHYDRATE
SUPPLEMENTATION DURING EXERCISE: EFFECTS
ON ENDURANCE CAPACITY (TIME TO EXHAUSTION)

Wright and colleagues (1991) examined whether or not further
improvements in endurance capacity for cycling could be
achieved if carbohydrate was ingested not only in a preexercise feeding but also throughout prolonged exercise. They
found that when their subjects ingested a carbohydrate solution
that provided 5 g of carbohydrate/kg body weight 3 h before
exercise and also ingested an 8% carbohydrate solution while
cycling to exhaustion at a constant workload, their endurance
capacity was greater (290 min) than when carbohydrate was
ingested only before exercise (237 min), only during exercise
(266 min), or neither before nor during exercise (201 min).
7KHEHQH¿WVRIFRQVXPLQJDKLJKFDUERK\GUDWHSUHH[HUFLVH
meal 3 h before prolonged constant-pace running during
which the runners ingested a 6.9% carbohydrate-electrolyte
solution was reported by Chryssanthopoulos et al. (2002).
Their subjects completed three trials in randomized order. In
one trial they consumed a high-carbohydrate meal (2.5 g/kg
body mass) and then ingested a 6.9% carbohydrate-electrolyte
solution during exercise. In another trial they ate the same
high-carbohydrate meal and ingested only water during
exercise. In the third trial they ingested a placebo solution
instead of a meal and drank only water during exercise. The
exercise test required the subjects to run to exhaustion on
a treadmill at an intensity equivalent to 70% VO2max. The
combination of a high-carbohydrate meal and ingesting a
carbohydrate-electrolyte solution during exercise resulted in

All three pre-exercise feeding trials resulted in a greater total
amount of work produced during the 15-min performance test
than during the placebo trial. Further improvements in the work
completed were achieved when the subjects consumed the
carbohydrate breakfast 4 h before and the confectionary bar 5
min before the exercise test. Although this latter combination
produced a 15% increase in muscle glycogen concentration, it
ZDVQRWVLJQL¿FDQWO\GLIIHUHQWIURPWKHSUHH[HUFLVHJO\FRJHQ
concentrations achieved in the other three trials. Therefore,
the greater amount of work produced after the combination of
breakfast and a confectionary bar could not be attributed to a
greater pre-exercise glycogen store, but it was associated with a
greater amount of carbohydrate oxidation during the 45 min of
exercise that preceded the 15-min performance test.
3

In four separate trials, Sherman et al. (1989) fed subjects 4
h before cycling exercise either a placebo or carbohydrate
in one of three different doses (45 g, 156 g, or 312 g). The
VXEMHFWV¿UVWSHUIRUPHGLQWHUPLWWHQWF\FOHHUJRPHWU\IRU
min, alternating 15-min periods at 70% and 52% VO2max, and
then completed a time trial as rapidly as possible. Exercise and
diets were controlled for 48 h before the trials, and only water
was provided during exercise. In the placebo trial, the subjects
completed the time trial in 56.2 min, whereas the times for the
45 g, 156 g, and 312 g trials were 54.1, 54.0, and 47.9 min,
respectively. Only the average time for the 312 g feeding trial
ZDVVLJQL¿FDQWO\IDVWHUWKDQWKHWLPHIRUWKHSODFHERWULDO

in performance among the three trials, suggesting that the
carbohydrate supplementation during exercise provided
adequate carbohydrate.
Burke and colleagues (1998) examined the combination of
different carbohydrate breakfasts consumed 2 h before exercise
and the ingestion of a carbohydrate-electrolyte solution
during exercise on time-trial performance in six well trained
cyclists. The cyclists completed three trials that included the
consumption of two high-carbohydrate meals (2 g/kg body
mass), one of which was composed of high-GI carbohydrates
and the other of low-GI carbohydrates. In the third trial, the
pre-exercise meal consisted of low-energy jelly. Immediately
before and throughout the exercise the cyclists ingested a 10%
glucose solution. The exercise protocol consisted of cycling
for 2 h at 70% VO2max followed by completing a workload
of 300 kJ as quickly as possible. There were no differences
in the times to complete the two carbohydrate-meal trials,
and the control trial (~15-16 min), supporting the view that
the carbohydrate supplementation during exercise provided
VXI¿FLHQWFDUERK\GUDWHIRUWKHH[HUFLVHWDVNV

,QDQH[SHULPHQWGHVLJQHGWRFRPSDUHWKHLQÀXHQFHVRI
high-carbohydrate and high-fat meals on 10-km time-trial
performance, Whitley et al. (1998) fed eight very well
trained cyclists 4 h before exercise. In one trial, they ate a
high-carbohydrate meal containing approximately 250 g
carbohydrate (3.6 g/kg), 26 g protein and 3 g fat. In a second
trial, they ate a high-fat meal containing 50 g carbohydrate
(0.7 g/kg), 14 g protein, and 80 g fat. On a third occasion, the
cyclists fasted overnight and ate nothing before exercise. The
exercise test required them to cycle for 90 min at a workload
equivalent to 70% VO2max and then to complete 10 km as fast
as possible. There were no differences in the times to complete
the three time trials, i.e., 14.6 min, 14.2 min, and 14.6 min for
the fasting, high-fat, and high-carbohydrate trials, respectively.

Similar indeterminate results, this time for 4-h pre-exercise
meals, were reported by Chryssanthopoulos and colleagues
(1994b) in a study in which 10 male endurance runners
completed two 30-km treadmill time trials in randomized
order. In one, they ate a high-carbohydrate meal (2 g/kg
body mass), and in the other, they drank a placebo solution
4 h before the time trial. During the 30-km run following the
carbohydrate meal, the runners drank water (2 ml/kg body
mass) every 5 km, whereas during the placebo trial, they
drank 8 ml/kg of a 6.9% carbohydrate-electrolyte solution
immediately before the run and then 2 ml/kg at 5 km intervals.
The runners were able to choose their own running pace in
WKHLUDWWHPSWWR¿QLVKWKHNPDVIDVWDVSRVVLEOH$OWKRXJK
distance covered was displayed on a computer screen in front
of the treadmill, the runners were not shown the time elapsed.
The performance times for the two trials were essentially
identical (121.7 min and 121.8 min), even though the total
carbohydrate consumed in the meal trial (135 g) was greater
than in the control trial (84 g). It appears that ingesting the
carbohydrate-electrolyte solution immediately before and
GXULQJH[HUFLVHZDVVXI¿FLHQWWRPHHWWKHFDUERK\GUDWH
demands of the 30-km time trial.

In a similar report on pre-exercise feeding, Paul et al.
 IRXQGQREHQH¿FLDOHIIHFWRIDKLJKFDUERK\GUDWH
meal consumed by eight men 3.5 h before a 20-km cycling
time trial. The meals were consumed 6 h after a breakfast
that consisted of 191 g of carbohydrate, 22 g of fat and 12
g of protein. The early high-carbohydrate breakfast was
provided to ensure that liver and muscle glycogen stores
were adequately stocked before the time-trials. Their subjects
consumed one of three test meals 3.5 h before cycling for 30
min at a workload calculated to be 25 W above their lactate
thresholds followed by a 15-min rest period and a subsequent
20-km time trial. One meal was high in carbohydrate (3 g/kg
body weight), a second was an isocaloric high-fat meal, and
the placebo meal contained no energy. The subjects completed
the high-carbohydrate trial in 32.7 min, the high-fat trial in
33.1 min, and the placebo trial in 33.0 min; these times were
not statistically different.

7RVXPPDUL]HWKHUHLVDFRQVLVWHQW¿QGLQJLQWKHWKUHHVWXGLHV
reported in this section, namely, carbohydrate meals ingested
PLQWRKEHIRUHWLPHWULDOVDUHRIQRDSSDUHQWEHQH¿WDV
long as the subjects ingest carbohydrate-containing drinks
during exercise.

It should be noted that the exercise times in the studies of
both Neufer et al. (1987) and Paul et al. (2003) were probably
too brief to cause a marked depletion of glycogen stores in
either muscle or liver. No studies reported adverse effects of
consuming carbohydrate meals, but more research is needed
EHIRUHVSHFL¿FUHFRPPHQGDWLRQVFDQEHPDGHUHJDUGLQJ
carbohydrate meals before time trial types of exercise
performance when athletes ingest only water during exercise.

CARBOHYDRATE INGESTED 30-60 MINUTES
BEFORE EXERCISE BUT WITHOUT CARBOHYDRATE
SUPPLEMENTATION DURING EXERCISE: EFFECTS
ON ENDURANCE CAPACITY (TIME TO EXHAUSTION)

(DUOLHUVWXGLHVRQWKHLQÀXHQFHRILQJHVWLQJFDUERK\GUDWH
60 min before exercise suggested that this practice would have
DGHWULPHQWDOLQÀXHQFHRQSHUIRUPDQFHDQGVKRXOGEHDYRLGHG
(Costill et al., 1977; Foster et al., 1979). This recommendation
emanated from a study that was originally designed to
investigate pre-exercise consumption of carbohydrate on
fat metabolism during a 30-min submaximal treadmill run.
The study found that there was a greater rate of glycogen
degradation during exercise after ingesting a concentrated
(25%) carbohydrate solution than after ingesting water,
but exercise performance was not tested in this experiment
(Costill et al., 1977). In a subsequent study, it appeared that

CARBOHYDRATE INGESTED 1.5-4 HOURS
BEFORE EXERCISE PLUS CARBOHYDRATE
SUPPLEMENTATION DURING EXERCISE: EFFECTS
ON “REAL-WORLD” TIME-TRIAL TYPES OF
PERFORMANCE

In an investigation in which pre-exercise meals were
administered 90 min before exercise, cyclists ingested a highcarbohydrate meal (258 g carbohydrate), a high-protein meal
(122 g carbohydrate) or a high-fat meal (15 g carbohydrate)
before cycling for ~ 3 h, ending with a 50-km time trial
(Rowlands & Hopkins, 2002). A 6% carbohydrate solution
was provided during the exercise. There were no differences
4

fatigue occurred 19% sooner during cycling to exhaustion
at 80% VO2max after the cyclists ingested a 25% glucose
solution (Foster et al., 1979). But this negative effect of
carbohydrate ingestion was not shown in a third study from
the same laboratory (Hargreaves et al., 1987). In that study,
six cyclists exercised to fatigue at 75% VO2max on three
separate occasions following the ingestion of three different
solutions 45 min before exercise. The cyclists ingested (i) 75
g of glucose in 350 ml water, (ii) 75 g of fructose in 350 ml of
ZDWHURU LLL WKHVDPHYROXPHRIDÀDYRUHGSODFHERVROXWLRQ
There were no differences in time to fatigue during the three
trials (92-93 min) nor differences in the amount of muscle
glycogen used (Hargreaves et al., 1987).
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There are other reports that carbohydrate feedings in the
hour before exercise have caused either no difference in
endurance performance (Chryssanthopoulos et al., 1994a;
3DOPHUHWDO RUDEHQH¿FLDOHIIHFW %XUNHHWDO
Chryssanthopoulos et al., 1994a; El-Sayed et al., 1997;
Gleeson et al., 1986; Sherman et al., 1991).
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FIGURE 3: Blood glucose responses to drinking a solution
of 25% glucose or a sweetened placebo solution 30
min before treadmill running to fatigue at 70% VO2max
*OY`ZZHU[OVWV\SVZL[HS H

In one study, a group of well trained runners ingested either
75 g of glucose in 300 ml of water or, on a separate occasion,
MXVWPORIÀDYRUHGZDWHUPLQEHIRUHWUHDGPLOO
running to exhaustion at 70% VO2max. Even though there
was a transient rise and fall in plasma glucose concentration
following the ingestion of the glucose solution, there were
QRVWDWLVWLFDOO\VLJQL¿FDQWGLIIHUHQFHVEHWZHHQWKHWLPHVWR
fatigue for the glucose (134 min) and placebo (122 min)
trials (Chryssanthopoulos et al., 1994a). In some cases
the transient fall in plasma glucose early in exercise can
reach hypoglycemic values, but subjects rarely experience
adverse symptoms nor are their performances compromised
(Chryssanthopoulos et al., 1994a; Jentjens et al., 2003),
However, similar decreases in blood glucose concentrations
towards the end of prolonged exercise probably hasten the
onset of fatigue (Claassen et al., 2005; Coyle et al., 1983).

Using a slightly different 1-h time trial protocol, El-Sayed
DQGFROOHDJXHV  H[DPLQHGWKHLQÀXHQFHRILQJHVWLQJ
either an 8% carbohydrate solution (4.5 ml/kg body mass) or a
sweetened, colored placebo 25 min before exercise on cycling
performance. In this cross-over study, eight very well trained
PDOHF\FOLVWVXVHGWKHLURZQELNHV¿WWHGWRDQDLUEUDNHG
ergometer to complete the greatest distance possible in 1 h.
During the trial, the cyclists could see the time elapsed but
were not informed of the distance covered nor power output
until the completion of both trials. The cyclists completed
the two trials 6 h after their last meal, but no details of the
6-h pre-exercise meals were provided other than that they
were identical before each of the two trials. The carbohydrate
ingested 25 min before the time trial was equivalent to about
J7KHF\FOLVWVFRYHUHGDVLJQL¿FDQWO\JUHDWHUGLVWDQFH
(41.5 km) following the ingestion of the carbohydrate solution
than after ingestion of the placebo (41.0 km) (El-Sayed et al.,
1997).

An example of a report showing an improvement in
performance following carbohydrate feedings in the hour
before exercise is one published by Gleeson et al. (1986).
Their study included three trials in which six men ingested
either placebo or solutions of glucose or glycerol (1 g of
carbohydrate/kg body mass in 400 ml water) 45 min before
cycling to fatigue at 73% VO2max. The time to fatigue was
VLJQL¿FDQWO\ORQJHUIROORZLQJWKHLQJHVWLRQRIWKHJOXFRVH
solution (108.6 min) than following the trials with glycerol
(86.0 min) or placebo (95.9 min). The difference in time
to fatigue between the glycerol and placebo trials was not
VWDWLVWLFDOO\VLJQL¿FDQW

+RZHYHUQRWDOOVWXGLHVKDYHUHSRUWHGSRVLWLYHEHQH¿WVIURP
ingesting a carbohydrate solution during the hour before
exercise on time-trial performance. For example, 14 endurance
trained cyclists (11 men, 3 women) completed a 20-km time
WULDORQWKHLURZQELNHV¿[HGWRDQDLUEUDNHGHUJRPHWHU
after ingesting 8 ml/kg body mass of a 6.8% carbohydrateelectrolyte solution or a placebo 10 min before exercise
(Palmer et al., 1998). The ingestion of the carbohydrateelectrolyte solution before exercise provided the cyclists with
~ 40 g of carbohydrate, but average times to complete the
20-km time trials (27.66 min) were identical.

CARBOHYDRATE INGESTED 30-60 MINUTES
BEFORE EXERCISE: EFFECTS ON “REAL-WORLD”
TIME-TRIAL TYPES OF PERFORMANCE

DIRECTIONS FOR FUTURE RESEARCH

As can be seen from the wide range of studies described
above, even when time-trial protocols have been used to assess
performance, only a few experiments have simulated real-life
conditions. Therefore, there is a clear need for additional studies
RQWKHLQÀXHQFHRISUHH[HUFLVHKLJKFDUERK\GUDWHPHDOVRQ
time-trial performance, not only in cycling, but especially in
running, including experiments in which subjects consume
sports drinks during the time trials. These time-trial studies
should try to simulate real-life conditions, including the use of
longer-duration time trials and the employment of females as
subjects. Additional studies are also needed to determine the
HI¿FDF\RISUHH[HUFLVHPHDOVRQSHUIRUPDQFHLQWHDPVSRUWV
such as soccer and in sports like tennis and swimming.

Sherman et al. (1991) controlled the diets and exercise of
their subjects for 2 days before initiating a study of the
effects of 1-h pre-exercise meals of 75 g or 150 g of liquid
carbohydrate or placebo on performance of a cycling time
trial that followed a 90-min ride at 70% VO2max. The
carbohydrate feedings followed an overnight fast, and only
water was provided during exercise. During the placebo
trial, the subjects completed the time trial in ~47 min,
whereas during the two carbohydrate trials, performance was
VLJQL¿FDQWO\LPSURYHGWRaPLQ
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Gleeson, M., R.J. Maughan, and P.L. Greenhaff (1986). Comparison of the effects
of pre-exercise feeding of glucose, glycerol and placebo on endurance and fuel
homeostasis in man. Eur. J. Appl. Physiol. 55:645-653.


Eating an easy-to-digest high-carbohydrate breakfast 2-4 h
before morning exercise is recommended because it will
help restock liver glycogen stores after an overnight
fast. However, the available evidence suggests that
although this practice will likely enhance endurance
capacity (time to exhaustion), it may not improve time-trial
performance.



Hargreaves, M., D. Costill, W. Fink, D. King, and R. Fielding (1987). Effect of
pre-exercise carbohydrate feedings on endurance cycling performance. Med. Sci.
Sports Exerc. 19:33-36.
Hultman, E., and L. Nilsson (1971). Liver glycogen in man: Effect of diets and
muscular exercise. In: B. Pernow and B. Saltin (Eds.) Muscle metabolism during
exercise (Vol. 11, pp. 143-151). New York: Plenum Press.
Jentjens, R., C. Cale, C. Gutch, and A. Jeukendrup (2003). Effect of pre-exercise
ingestion of different amounts of carbohydrate on subsequent metabolism and
cycling performance. Eur J. Appl. Physiol. 88:444-452.


Although early studies suggest an impairment of
performance following the ingestion of a carbohydrate
beverage within the hour before exercise, this has not
been supported by subsequent studies; rather, there are
 VHYHUDOUHSRUWVRIEHQH¿FLDOHIIHFWVRIVXFKIHHGLQJV



Kirwan, J., D. O’Gorman, and W. Evans (1998). A moderate glycemic meal before
endurance exercise can enhance performance. J. Appl. Physiol. 84:53-59.
Okano, G., Y. Sato, Y. Takumi, and M. Sugawara (1996). Effect of 4h pre-exercise
high carbohydrate and high fat meal ingestion on endurance performance and
metabolism. Int. J. Sports Med. 17:530-534.
Palmer, G., M. Clancy, J. Hawley, I. Rodger, L. Burke, and T. Noakes (1998).
Carbohydrate ingestion immediately before exercise does not improve 20 km time
trial performance in well trained cyclists. Int. J. Sports Med. 19:415-418.
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SUPPLEMENT

DOES A HIGH-CARBOHYDRATE
BREAKFAST IMPROVE PERFORMANCE?
After an overnight fast, the supply of liver glycogen, the source of blood glucose, is reduced to low values; if liver
glycogen stores are not replenished, blood glucose may be reduced to critically low values during prolonged exercise.
However, eating a high-carbohydrate meal 3-4 h before exercise will increase the stores of both liver and muscle glycogen.
Because glycogen is a critical fuel for most types of athletic competition, this is a chief reason for the well known
recommendation that athletes should eat an easy-to-digest high-carbohydrate meal before exercise.

When and What to Eat Before Exercise Lasting Longer Than About 60 Minutes
The optimal preparation for heavy training and competition is to eat a high-carbohydrate meal that consists of easy-toGLJHVWFDUERK\GUDWHVWKDWHQWHUWKHEORRGVWUHDPUDSLGO\LHWKRVHFODVVL¿HGDVKLJKJO\FHPLFLQGH[ *, FDUERK\GUDWHV
DERXWKEHIRUHH[HUFLVH (DWLQJZLWKLQWKH¿QDOKRXUVEHIRUHH[HUFLVHFDQEHHIIHFWLYHEXWLVPRUHOLNHO\WRFDXVH
GLJHVWLYHGLVWXUEDQFHV 7DEOH6SURYLGHVDQH[DPSOHRIKLJK*,FDUERK\GUDWHIRRGVWKDWDUHIUHTXHQWO\FRQVXPHGDVSDUW
of a pre-exercise meal.

Type of Food

Quantity

CHO
(g)

Fat
(g)

Protein
(g)

Fiber
(g)

White Bread

105 g

48.8

2.2

8.6

1.9

Jam

70 g

48.6

--

0.2

0.8

Corn flakes

56 g

47.0

0.6

4.5

0.9

Skimmed Milk

280 ml

14.0

0.3

9.5

--

Orange Juice

147 ml

16.6

--

0.2

--

Water

315 ml
175.0

3.1

23.0

3.6

Total

TABLE S1. 7KHFRPSRVLWLRQRIDKLJKFDUERK\GUDWHPHDO JRIFDUERK\GUDWHNJERG\PDVVaNFDO LQJHVWHGK
EHIRUHH[HUFLVHWKDWUHVXOWHGLQDLQFUHDVHLQPXVFOHJO\FRJHQFRQFHQWUDWLRQ &KU\VVDQWKRSRXORVHWDO

What If There Is Too Little Time to Eat a Meal before Endurance Exercise?
Competition in some sports begins so early in the day that it is not practical to eat a pre-exercise meal before the event
EHJLQV0RUHRYHUPDQ\DWKOHWHVRIWHQZRPHQ¿QGLWGLI¿FXOWWRHDWDQ\VROLGIRRGVEHIRUHSDUWLFLSDWLQJLQVSRUWV
especially those that involve prolonged continuous or intermittent running. For these athletes, it is important to drink a
ZHOOIRUPXODWHGVSRUWVEHYHUDJHKEHIRUHDQGDWIUHTXHQWLQWHUYDOVWKURXJKRXWH[HUFLVHWRDFKLHYHDQRSWLPDOUDWHRI
carbohydrate metabolism.

Should I Eat a High-Carb Pre-Exercise Meal If I Also Use a Sports Drink During Exercise?
The answer depends on the nature of the exercise. There is good evidence to recommend the combined intake of
carbohydrate both before and during exercise when performing prolonged exercise to exhaustion. However, there are only
a few sports (e.g., adventure racing, which can last several days) that are so open-ended that time to exhaustion is a limiting
factor. In most sports the aim is to cover a prescribed distance in as fast a time as possible or, as in team sports like soccer
or basketball, to produce as much effort as possible in a prescribed amount of time. In these types of events, the research
suggests that successful participation does not require a high-carbohydrate pre-exercise meal if a well-formulated sports
drink is used appropriately during the event. However, there is no evidence that a carbohydrate meal will be harmful, and it
could help.

RECOMMENDATIONS
To prepare for a period of prolonged heavy exercise, either in training or competition, follow these recommendations:


About 3-4 h before exercise, eat an easy-to-digest high-carbohydrate meal that provides about 2-2.5 g of carbohydrate/kg
body weight. For a 70-kg (154-lb) athlete, 2-2.5 g/kg body weight is 140–175 g of carbohydrate (640–700 kcal).



About 1-2 h before exercise, ingest 300-600 ml (10-20 oz) of water or a sports drink, to ensure that you are well
hydrated before exercise.

You should drink a sports beverage frequently throughout prolonged exercise, following the simple rule that you should
drink enough during exercise so that you do not gain or lose body weight during the exercise period. By following this
 UHFRPPHQGDWLRQ\RXZLOODYRLGSHUIRUPDQFHVDSSLQJGHK\GUDWLRQDQGPD[LPL]HWKHEHQH¿WVRIDKLJKFDUERK\GUDWH 
pre-exercise meal.
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