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ABSTRACT

FAIRCHILD, T. J., S. FLETCHER, P. STEELE, C. GOODMAN, B. DAWSON, and P. A. FOURNIER. Rapid carbohydrate loading
after a short bout of near maximal-intensity exercise.Med. Sci. Sports Exerc., Vol. 34, No. 6, pp. 980–986, 2002.Purpose: One
limitation shared by all published carbohydrate-loading regimens is that 2–6 d are required for the attainment of supranormal muscle
glycogen levels. Because high rates of glycogen resynthesis are reported during recovery from exercise of near-maximal intensity and
that these rates could in theory allow muscle to attain supranormal glycogen levels in less than 24 h, the purpose of this study was to
examine whether a combination of a short bout of high-intensity exercise with 1 d of ahigh-carbohydrate intake offers the basis for
an improved carbohydrate-loading regimen.Methods: Seven endurance-trained athletes cycled for 150 s at 130% V˙ O2peakfollowed
by 30 s of all-out cycling. During the following 24 h, each subject was asked to ingest 12 g·kg�1 of lean body mass (the equivalent
of 10.3 g·kg�1 body mass) of high-carbohydrate foods with a high glycemic index.Results: Muscle glycogen increased from
preloading levels (� SE) of 109.1� 8.2 to 198.2� 13.1 mmol·kg�1 wet weight within only 24 h, these levels being comparable to
or higher than those reported by others over a 2- to 6-d regimen. Densitometric analysis of muscle sections stained with periodic
acid-Schiff not only corroborated these findings but also indicated that after 24 h of high-carbohydrate intake, glycogen stores reached
similar levels in Type I, IIa, and IIb muscle fibers.Conclusion: This study shows that a combination of a short-term bout of
high-intensity exercise followed by a high-carbohydrate intake enables athletes to attain supranormal muscle glycogen levels within
only 24 h.Key Words: GLYCOGEN, MUSCLE FIBER, PERIODIC ACID-SCHIFF

Glycogen in skeletal muscle is one of the major fuels
mobilized by athletes competing in endurance
events. Despite its importance, the glycogen stores

in muscles are present in only limited amounts, with deple-
tion of these stores occurring rapidly during high-intensity
aerobic exercise (11). On this basis, it has been argued that
increasing muscle glycogen levels before competition is an
important means of preparing for and improving endurance
performance. Accordingly, as reviewed recently (15), it has
been shown by several studies that in addition to improving
time to exhaustion, higher than normal preexercise glycogen
levels improve performance in time trials lasting over 90
min by enabling athletes to maintain their pace for a higher
proportion of the trial (1,2,14,23,35).

In an attempt to develop a dietary protocol that increases
muscle glycogen stores, Ahlborg et al. (1) and Bergstrom et
al. (2) introduced two different carbohydrate-loading regi-
mens that resulted in a substantial rise in muscle glycogen
levels, from normal concentrations of about 80–120
mmol·kg�1 wet weight to supranormal levels of close to 200
mmol·kg�1 wet weight. The first of these regimens (the 3-d
classical carbohydrate-loading regimen) required perform-
ing a bout of glycogen-depleting exercise followed by 3 d of

high-carbohydrate diet (1,2). The other regimen (the 6-d
classical regimen) involved two bouts of glycogen-depleting
exercise separated by 3 d of high-fat/low-carbohydrate in-
take and followed by 3 d of a high-carbohydrate diet, a
period of time during which physical activity had to be kept
to a minimum (1,2).

Because the bout of exhaustive exercise prescribed in
both the 3- and 6-d classical regimens and the 3-d period of
low-carbohydrate diet in the 6-d classical regimen may
interfere with exercise-tapering, Sherman et al. (31) devel-
oped a 6-d carbohydrate-loading protocol that resulted in
comparable increases in muscle glycogen levels but without
this disadvantage. This revised protocol required tapering of
exercise training on consecutive days while athletes concur-
rently ingested a mixed diet for the first 3 d followed by a
carbohydrate-rich diet afterward. Because this regimen is
more time consuming than that of the 3-d classical regimen
of Ahlborg et al. (1) and Bergstrom et al. (2), the Sherman
et al. protocol is often modified so that it lasts only 3 d by
starting the regimen with a high-carbohydrate diet while
ceasing or tapering exercise (5,22,30). Most studies on car-
bohydrate loading in the past decade have used either the
3-d classical regimen of Ahlborg et al. and Bergstrom et al.
or the original/modified Sherman et al. regimen (e.g.,
5,13,17,22,25,35)

Although the above-mentioned carbohydrate-loading
regimen can elevate muscle glycogen to supranormal lev-
els of 150–200 mmol·kg�1 wet weight, all share the limi-
tation that glycogen deposition occurs relatively slowly,
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with 2–6 d being required to attain these high glycogen
levels (1,2,5,13,17,22,23,25,30,31). This is a severe limita-
tion for athletes who may not wish to disrupt their normal
training protocol over such a long period of time. For this
reason, there is a need to develop a carbohydrate-loading
regimen that allows the attainment of supranormal levels of
muscle glycogen within a shorter time period.

Considering that higher rates of glycogen synthesis have
been consistently demonstrated in individuals recovering
from a short bout of exercise of near-maximal intensity as
opposed to prolonged exercise of moderate intensity
(28,29), this raises the possibility that the adoption of sprint-
type exercise to deplete muscle glycogen stores before car-
bohydrate loading may allow for the rapid attainment of
supranormal levels of muscle glycogen. Indeed, reported
rates of muscle glycogen resynthesis after high-intensity
muscle contraction range from 15.1 to 33.6 mmol·h�1·kg�1

wet weight (16,28,29). In theory, these rates are high enough
to allow the accumulation of supranormal levels of muscle
glycogen (150–200 mmol·kg�1 wet weight) within less than
24 h. Furthermore, because all muscle fiber types are re-
cruited during high-intensity exercise, glycogen supercom-
pensation after high-intensity exercise would be predicted to
take place in all muscle fibers. The difficulty with the above
suggestion, however, is that the rate of glycogen synthesis
after high-intensity contraction decreases rapidly with time
(20,29) and may thus be insufficient for the attainment of
supranormal glycogen levels within only 24 h. Considering
that this is an issue that has never been examined before and
in view of its potential importance in sports nutrition and
athletic performance, the purpose of this study was to de-
termine whether 1 d of a high-carbohydrate intake after a
short bout of high-intensity exercise can lead to the attain-
ment of supranormal levels of muscle glycogen.

METHODS

Subjects. Seven healthy endurance-trained male sub-
jects were selected for this study. All participants were
informed about the risks of the procedures adopted in the
study, and their informed written consent was obtained.
Before the start of the study, all participants were required
to attend two sessions during which they were introduced to
the exercise protocol, carbohydrate supplements and equip-
ment to be used during the study, and standing height, body
mass, lean body mass, cycling peak power, and V̇O2peak

were determined (the group characteristics are given in
Table 1). At the end of the second session, the participants
were asked to organize their training schedule so that their
last training session of the week took place on the day before
the commencement of the carbohydrate-loading regimen.
Moreover, each participant was provided with a precali-
brated electronic scale (August Sauter, Ebingen, Germany)
and measuring cups to ensure food intake was accurately
recorded as part of a 4-d dietary analysis before carbohy-
drate loading. The project was approved by the Human
Rights Committee of the University of Western Australia.

Carbohydrate-loading protocol. On the morning
commencing the carbohydrate-loading diet, subjects were
weighed, their food records obtained, and a biopsy taken
from the vastus lateralis muscle before the ingestion of any
food on that day. The subjects then performed a 5-min
warm-up followed by a sustained sprint on a cycle ergome-
ter. This sprint consisted of 150 s cycling at 130% V̇O2peak,
followed by a 30-s all-out sprint. Arterialized blood was
sampled from the prewarmed hand of each subject before
and immediately after the sprint for lactate determination.
Thereafter, each subject was required to ingest 12 g·kg�1

lean body mass of high-carbohydrate foods with a high
glycemic index for the next 24 h, to keep a dietary and
physical activity record, and not to engage in any physical
training. The ingestion of carbohydrate was initiated within
20 min after the end of exercise. As recommended, carbo-
hydrate intake was set relative to body mass rather than to
total energy intake (11), with the difference, however, that
the amount of carbohydrate given to the subjects was de-
termined relative to lean body mass in order to adjust for
differences in body fat content (Table 1). When expressed
relative to body mass, the amount of carbohydrate ingested
was equivalent to 10.3 g·kg�1 of body mass, an amount
chosen on the basis that it has been reported to result in
optimal carbohydrate storage (11). The participants were
allowed to ingest their preferred high glycemic index, car-
bohydrate-rich food (e.g. pasta, bread, rice), but, in line with
previous recommendations (23), compliance by all subjects
with the carbohydrate-loading diet was achieved by includ-
ing maltodextrose-rich beverages (Polycose, Ross Labora-
tories, Columbus, OH) as the predominant source of carbo-
hydrate (�80% of carbohydrate intake). Indeed, the
ingestion of large amounts of carbohydrate is known to be
easier to carry out if offered in a liquid form (23). Finally,
the participants were asked to minimize their intake of
energy-poor (e.g., vegetables) as well as fat- and protein-
rich food to facilitate the consumption of the large amounts
of carbohydrate prescribed in our regimen. For this reason,
the percentage of energy ingested as fat and protein was
marginal (less than 10%). On the morning of the day after
the initiation of the carbohydrate-loading regimen, a second
biopsy was obtained at the same time of day as the

TABLE 1. Descriptive characteristics of subjects.

Characteristic Mean SD

Age (yr) 22.4 3.2
Height (cm) 184.8 4.3
Weight (kg) 77 4.7
Body fat (%) 15.2 4.6
LBM (kg) 65.3 3.5
Peak anaerobic power (W) 1118 238
Training (h�wk�1) 9.8 4.3
V̇O2peak (mL�kg�1�min�1) 56.4 5.0
Carbohydrate intake (g�kg LBM�1�day�1)

Normal diet 6.6 1.0
Loading diet 12.2 0.6

Energy intake (MJ�day�1)
Normal diet 12.85 3.15
Loading diet 16.84 1.66

Values are means � SD for all seven subjects. V̇O2peak is the peak oxygen uptake rate;
LBM, lean body mass.
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preloading biopsy. A dietary and physical activity record
was kept on this day.

Determination of lean body mass, peak anaero-
bic power, and V̇O2peak. To prescribe a carbohydrate-
loading diet expressed relative to lean body mass, the lean
body mass of each subject was determined using underwater
hydrostatic weighing as described in Bloomfield et al. (3).
Peak anaerobic power was determined by subjecting the
participants to a 5-min warm-up consisting of light cycling
followed by 30 s all-out exhaustive cycling on a Repco
Exertech air-braked front-access ergometer interfaced with
the Repco Super-Monitor® (Repco, Huntingdale, Australia),
this latter device providing a record of peak anaerobic
power. V̇O2peak was determined as described previously (7).
Briefly, V̇O2peak was assessed at 22–23°C on a cycle er-
gometer over a range of workloads of increasing intensities.
The subject’s expired air was monitored continuously, and
oxygen uptake and carbon dioxide production were calcu-
lated every 15 s using a computerized on-line gas analysis
system comprised of a Morgan Ventilation Monitor (Mor-
gan, Reinham, Kent, U.K.), Ametek S3A Oxygen Analyzer
and Ametek CD3A Carbon Dioxide Analyzer (Ametek,
Paoli, PA). The criteria for reaching V̇O2peak were the at-
tainment of a plateau in oxygen consumption (an increase of
� 0.15 L·min�1) and/or a respiratory exchange ratio greater
than 1.15. Each instrument was calibrated before testing,
and the calibration of the computerized oxygen analysis
system was verified after each test.

Muscle sampling. Muscle sampling from the vastus
lateralis was performed using the percutaneous muscle bi-
opsy technique of Bergstrom et al. (2), with the difference
that the biopsy needle was attached to a 60-mL syringe to
apply manual suction so as to maximize sample size (9). The
second biopsy on the following day was performed away
from the first biopsy site, in keeping with the findings that
muscle biopsy procedures impair glycogen repletion in the
muscle area close to a biopsy site (8). The muscle sample
was removed from the biopsy needle and divided into two
portions. One portion was freeze clamped in liquid nitrogen
and stored at �80°C until subsequent biochemical analysis.
The second portion was oriented under a dissecting micro-
scope and embedded into gum tragacanth in the transverse
plane on a piece of cork. The sample was then rapidly frozen
in isopentane cooled in liquid nitrogen and stored at �80°C
until analyzed to determine the fiber type and glycogen
content in Type I, IIa, and IIb muscle fibers.

Histochemical and biochemical analysis. Muscle
samples used for histochemical analysis were sectioned in
an automatic cryostat (Leica CM 3050, Leica Microsystems,
Gladesville, Australia) and stained for myofibrillar ATPase
according to the procedure of Mabuchi and Sreter (24), and
muscle fibers were classified as Type I, IIa, and IIb. Muscle
fiber composition was based on the analysis of approxi-
mately 200 fibers, with on average 80–100 fibers of either
Type I or IIa and close to 11% of Type IIb fibers. Some
serial sections of the same muscle sample were stained for
muscle glycogen content by using the periodic acid-Schiff
(PAS) stain (26), whereas other sections were treated with

amylase to digest glycogen prior to PAS staining so as to
serve as blanks for the determination of background optical
density (OD). The intensity of PAS staining was then dig-
itized using a digital image analysis system (CMOS Pro
digital camera [Sound Vision Inc., Framingham, MA]
mounted on a Nikon Eclipse Microscope [Meadowbank,
Australia] interfaced with a Power Macintosh G3 [Cuper-
tino, CA] using the NIH image analysis software [NIH,
Bethesda, MD]). The image analysis system was calibrated
as described by Inagi et al. (19) using an external standard
(Optical Density step tablet KODAK ST-34 [Coburg, Aus-
tralia]), which allowed for the conversion of pixel values to
OD units. Muscle and plasma extraction for the analysis of
glycogen and lactate levels was performed as described
previously (4,21).

Statistics. All results, unless otherwise stated, are ex-
pressed as mean glucosyl units of glycogen per gram wet
weight � SE for seven subjects. Differences in muscle
glycogen levels using either histochemical or biochemical
methods were analyzed using a one-way ANOVA with
repeated measures followed by a Tukey’s post hoc compar-
ison (SPSS statistical analysis program, SPSS Inc., Chicago,
IL). Correlations between both muscle glycogen determined
enzymatically and the weighed average of PAS-stain inten-
sity across all three fiber types and glycogen supercompen-
sation and muscle fiber composition were calculated using
Pearson correlation coefficients. All values are expressed as
means � standard error, unless stated otherwise, with sig-
nificance set at P � 0.05.

RESULTS

Muscle glycogen response to a 1-d carbohy-
drate-loading regimen. The exercise protocol adopted
in this carbohydrate-loading regimen caused a large increase
in plasma lactate levels, from 1.1 � 0.2 to 21.9 � 1.3 mM.
Our carbohydrate-loading regimen, combining a short bout
of exercise of near-maximal intensity and 1 d of high-
carbohydrate intake in trained athletes, resulted in a large
increase in muscle glycogen stores, as indicated by an in-
crease in both the concentration of glycogen and the
weighed average PAS staining intensity across all muscle
fiber types (Figs. 1 and 2). The mean glycogen concentra-
tion in the vastus lateralis muscle measured immediately
before the commencement of the carbohydrate-loading reg-
imen was 109.1 � 8.2 mmol·kg�1 wet weight. One day after
the initiation of this regimen, muscle glycogen levels had
increased significantly to 198.2 � 13.1 mmol·kg�1 wet
weight (Fig. 1). Relative to preexercise glycogen levels, this
corresponded to a relative increase of 82%. There was no
significant relationship between the levels of glycogen at-
tained 24 h after exercise and muscle fiber composition (P
� 0.05; the average muscle fiber composition was 51 �
13% Type I, 38 � 10% Type IIa, and 11 � 6% Type IIb),
and all subjects complied with the 1-d carbohydrate-loading
protocol.

In response to our carbohydrate-loading regimen, glyco-
gen supercompensation took place in all muscle fibers, as
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indicated by the marked increase in the density of PAS
staining (Figs. 3 and 4), with OD reaching similar levels in
Type I, IIa, and IIb fibers. There was a significant positive

correlation (r � 0.77, P � 0.05) between the weighed
average OD of PAS-staining intensity across all three fiber
types and chemically determined muscle glycogen level.

DISCUSSION

Currently, athletes are strongly encouraged to carbohy-
drate load before competing in endurance events of pro-
longed duration (9). One limitation common to all published
carbohydrate-loading regimens is that 2–6 d are required for
the attainment of supranormal glycogen levels in muscle
(1,2,5,13,17,22,23,25,30,31), a time-consuming strategy
that may interfere with precompetition preparation. For this
reason, it would be beneficial to develop a carbohydrate-
loading regimen that allows the accumulation of supranor-
mal levels of muscle glycogen within a shorter time period.
Because high rates of glycogen resynthesis are reported
during recovery from exercise of near-maximal intensity
(16,28,29), and these rates could, in theory, allow the at-
tainment of supranormal muscle glycogen levels in less than
24 h, we undertook to examine whether this type of exercise
could offer the basis for an improved carbohydrate-loading
regimen.

This study shows for the first time that it is possible to
accumulate supranormal muscle glycogen levels within only
24 h by feeding athletes with 12 g·kg�1 lean body mass of
carbohydrate (10.3 g·kg�1 body mass) after a 3-min bout of
high-intensity exercise. This carbohydrate-loading protocol
is faster than any of those previously described in the
literature, as only 1, instead of 2–6 d, is required for muscle

FIGURE 1—Muscle glycogen concentration pre- and post-carbohy-
drate loading. The values shown are expressed as mean � SEM (N �
7) * Indicates a significant difference from preloading value.

FIGURE 2—Total PAS staining intensity in all muscle fibers pre- and
post-carbohydrate loading. The values shown are expressed as mean �
SEM (N � 7). * Indicates a significant difference from preloading
value.

FIGURE 3—PAS staining intensity in the different muscle fiber types
pre- and post-carbohydrate loading. □, preloading; �, postloading.
The values shown are expressed as mean � SEM (N � 7). * Indicates
a significant difference from preloading value.
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glycogen to reach levels comparable to those reported in
previous studies from this and other laboratories. Indeed, the
muscle glycogen levels observed in this study are compa-
rable to (1,2,13,17,22,25,31) or much higher than those
attained in several other studies on carbohydrate loading
(5,14,23,30) where muscle glycogen concentrations have
been reported to increase to levels ranging between 131 and
153 mmol·kg�1 wet weight after 3–6 d of increased carbo-
hydrate intake.

This study is also the first one to examine the response of
muscle glycogen to carbohydrate loading on a per fiber type
basis and to show that glycogen reaches similar levels in all
muscle fibers. The strength of the correlation (r � 0.77)
between the OD (PAS) and muscle glycogen level is com-
parable to that reported in previous studies by Vollestad et
al. (32) and Van der Laarse et al. (34), who obtained cor-
relations of 0.80 and 0.74, respectively. Our finding that

glycogen levels increase in all muscle fibers is not surprising
considering that high-intensity exercise typically recruits all
muscle fiber types (33) and thus would be expected to
facilitate glycogen synthesis in these muscle fibers.

There is a need to explain the observation that the subjects
in the present study attained supranormal muscle glycogen
levels much more rapidly than in previous ones despite
ingesting similar amounts of carbohydrate (1,13,17,23,30).
The fact that the subjects were exercise-trained is a factor
that may have contributed to the high levels of glycogen
attained after 24 h. It is important to note that the volume of
training and training status of our subjects (e.g., V̇O2peak)
were comparable to those reported in studies where the
effect of exercise training has been reported to affect the rate
of muscle glycogen deposition (13,17). The fact that the
subjects were also fed carbohydrate with a high glycemic
index and asked to initiate carbohydrate ingestion within 20
min after exercise most probably contributed to the rapid
attainment of supranormal glycogen levels, because early
intake of carbohydrate postexercise (17,20), and carbohy-
drate with high glycemic index (11) are factors conducive to
high rates of glycogen deposition. Finally, another factor
that may have contributed to the rapid attainment of supra-
maximal glycogen levels is the avoidance of exercise on the
day of carbohydrate loading. Maintaining a low level of
physical activity is important during this time in order to
minimize muscle glycogen breakdown. It is noteworthy that
many studies on carbohydrate-loading regimen have al-
lowed exercise training during the 2- to 3-d period of high-
carbohydrate consumption (5,25,31). This practice is most
probably counterproductive as glycogen breakdown during
exercise may reduce muscle glycogen accumulation, and
this may also explain in part why up to 3 d have been
required to carbohydrate load in athletes using the conven-
tional protocols.

It is important to note that although the factors mentioned
above favor the rapid accumulation of muscle glycogen, the
studies on carbohydrate loading that have taken these vari-
ables into consideration in their designs have also reported
that more than 1 d was required for muscle to accumulate
supranormal glycogen levels (13,17). Indeed, after pro-
longed exercise of moderate intensity, as prescribed in most
carbohydrate-loading protocols, it takes 24 h for muscle
glycogen stores to return to preexercise levels in response to
a high-carbohydrate diet (13,17), and it is only during the
second and third days that carbohydrate loading takes place
(13,17). This suggests that other factors must contribute to
the rapid accumulation of muscle glycogen levels in our
results. Although it was beyond the scope of this study to
identify the mechanism involved, the most likely explana-
tion may lie with the exercise protocol adopted in this study.
It is well established that the rate of glycogen synthesis
postexercise is highest immediately after exercise and that
the initial rates of muscle glycogen synthesis are higher
during recovery from a short-duration exhaustive exercise
of near-maximal intensity then after prolonged exercise of
moderate intensity (16,28,29). These higher initial rates of
glycogen synthesis would be expected to allow muscle to

FIGURE 4—Representative PAS scan of muscle sections pre- and
post-carbohydrate loading.
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replenish much more rapidly its stores of glycogen to pre-
exercise levels and thus to start accumulating supranormal
glycogen levels earlier than in response to a conventional
glycogen-depleting bout of prolonged exercise of moderate
intensity.

Several mechanisms have been proposed to explain the
high initial rates of muscle glycogen synthesis post-high-
intensity exercise. These high initial rates have been attrib-
uted in part to the transient rise in blood glucose and insulin
levels that typically accompanies the early stages of recov-
ery from a short bout of high-intensity exercise (16,28).
Under these conditions, the high rate of muscle glycogen
synthesis might result in part from the additive effect of
muscle contraction and increased insulin levels on glucose
transport, an effect magnified by the exercise-mediated hy-
perglycemia and increase in insulin sensitivity (18). The
resulting increase in glucose transport could in turn activate
glycogen synthesis by causing an increase in glucose
6-phosphate levels, a potent allosteric activator of glycogen
synthase (see 21 for a more detailed discussion of this
mechanism). It is likely that the above mechanism might
have an additive effect over that of the expected increase in
both glycemia and insulin in response to the intake of
high-carbohydrate food. It has also been argued that the high
initial rates of glycogen synthesis post-high-intensity exer-
cise might result from the body’s ability to resynthesize
significant amounts of glycogen from the high lactate levels
(16,28). In particular, the possibility that the rapid intramus-
cular conversion of lactate into glycogen may contribute to
the elevated rates of glycogen synthesis at the onset of
recovery must be considered, although the physiological
importance of this pathway is still a matter of much debate
(27). Finally, on the basis of recent research by this labo-
ratory, the high rates of muscle glycogen synthesis at the
start of recovery from high-intensity exercise might also
result from the marked accompanying transient dephospho-
rylation-mediated activation of glycogen synthase and inhi-
bition of glycogen phosphorylase (more information on the
regulation of these enzymes in high-intensity exercise can
be found in the two studies; 4,10). It is important to stress,
however, that, because the rate of glycogen synthesis de-
creases progressively as recovery progresses (20,29), the
mechanisms proposed above only explain the expected
higher initial rates of glycogen synthesis post-high-intensity
exercise, and it remains to be seen whether high rates of
glycogen deposition occur throughout the full 24 h of the
loading regimen or are restricted mainly to the initial first
few hours as suggested in previous studies (17).

One of the main advantages of the carbohydrate-loading
regimen described in this study is that the dietary and
exercise interventions required to carbohydrate load can be
initiated as late as the day before competition with a mini-
mal impact on training routines. This is an important issue
as this regimen allows athletes to follow their normal train-
ing preparation up until the day before competition, without
the disadvantages associated with several consecutive days
of exercise tapering and supranormal carbohydrate intake.
Indeed, many athletes prefer not to cease training for 3 d in

preparation for competition, as shown by a study of the
prerace habits of marathon runners, which found that over
half the athletes exercised during the glycogen repletion
phase and many failed to taper at all (6). For those athletes
willing to rest for a few days instead of both maintaining
training up until 24–48 h before competition and undergo-
ing a 3-min bout of high-intensity exercise on the day before
competing, it is important to mention that they can choose
to initiate our 1-d carbohydrate-loading protocol several
days before competition then rest afterward while resuming
normal carbohydrate intake. Indeed, it has been shown that
muscle glycogen in response to carbohydrate loading can
remain at supranormal levels for several days in resting
athletes maintained on a normal carbohydrate intake (12).
More work is required, however, to determine how long the
supercompensated muscle glycogen levels achieved by this
regimen persist in a resting athlete fed on a moderate-
carbohydrate diet. Overall, irrespective of whether our 1-d
carbohydrate-loading protocol is administered several days
or 1 d before competition, it is predicted that it should result
in a much better compliance than that of the other regimens,
as these latter protocols require that a carbohydrate-rich diet
be followed for up to 3 d instead of only 1 d as described
here.

In summary, the carbohydrate-loading regimen described
in this study represents a marked improvement over all those
proposed to date in that (a) only one instead of 3 d is
required to increase muscle glycogen stores to supramaxi-
mal levels, and (b) normal training regimens can be main-
tained up until the day before competition with minimum
disruption to training and preevent preparation. It is impor-
tant to stress that these findings raise several novel ques-
tions. For instance, although exercise training, early intake
of carbohydrate postexercise, carbohydrate with high gly-
cemic index, and high-intensity exercise are factors that, as
described above, may have contributed to the rapid storage
of supranormal muscle glycogen levels, many more studies
will be required to identify which of these factors plays the
most important role in supporting the rapid carbohydrate
storage reported in this study. There is also the issue of
whether it might be possible to further improve this carbo-
hydrate-loading protocol, for instance, by examining if the
glycogen-depleting bout of exercise adopted in this study
would be just as efficient if it were to be of lesser duration
and intensity. More studies are therefore required not only to
identify the relative importance of the above mentioned
variables (e.g., glycemic index, levels of carbohydrate in-
take, intensity and duration of the glycogen-depleting bout
of exercise, and training status) on the efficacy of our
carbohydrate-loading regimen but also to elucidate the
mechanisms explaining the rapid attainment of the su-
pranormal muscle glycogen levels reported in this study.
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10. FERREIRA, L. D., L. BRÄU, S. NIKOLOVSKI, G. RAJA, T. N. PALMER,
and P. A. FOURNIER. Effect of streptozotocin-induced diabetes on
glycogen resynthesis in fasted rats post-high-intensity exercise.
Am. J. Physiol. 280:E83–E91, 2001.

11. FRAIL, H., and L. BURKE. Carbohydrate needs for training. In:
Clinical Sports Nutrition, L. Burke and V. Deakin (Eds.). New
York: McGraw-Hill, 1994, pp. 151–173.

12. GOFORTH, H. W., D. A. ARNALL, B. L. BENNETT, and P. G. LAW.
Persistence of supercompensated muscle glycogen in trained sub-
jects after carbohydrate loading. J. Appl. Physiol. 82:342–347,
1997.

13. GREIWE, J., R. C. HICKNER, P. A. HANSEN, A. B. RACETTE, M. M.
CHEN, and J. O. HOLLOSZY. Effects of endurance exercise training
on muscle glycogen accumulation in humans. J. Appl. Physiol.
87:222–226, 1999.

14. HAWLEY, J. A., G. S. PALMER, and T. D. NOAKES. Effects of 3 days
of carbohydrate supplementation on muscle glycogen content and
utilisation during a 1-h cycling performance. Eur. J. Appl. Physiol.
75:407–412, 1997.

15. HAWLEY, J. A., E. J. SCHABORT, T. D. NOAKES, and S. C. DENNIS.
Carbohydrate-loading and exercise performance. Sports Med. 24:
73–81, 1997.

16. HERMANSEN, L., and O. VAAGE. Lactate disappearance and glyco-
gen synthesis in human muscle after maximal exercise. Am. J.
Physiol. 233:E422–E429, 1977.

17. HICKNER, R. C., J. S. FISHER, P. A. HANSEN, et al. Muscle glycogen
accumulation after endurance exercise in trained and untrained
individuals. J. Appl. Physiol. 83:897–903, 1997.

18. HOLLOSZY, J. O., and P. A. HANSEN. Regulation of glucose trans-
port into skeletal muscle. Rev. Physiol. Biochem. Pharm. 128:99–
193, 1996.

19. INAGI, K., N. P. CONNOR, C. N. FORD, et al. Physiologic assessment
of botulinum toxin effects in the rat larynx. Laryngoscope 108:
1048–1054, 1998.

20. IVY, J. L. Muscle glycogen synthesis before and after exercise.
Sports Med. 11:6–19, 1991.

21. JAMES, A. P., C. B. FLYNN, S. L. JONES, T. N. PALMER, and P. A.
FOURNIER. Re-feeding after starvation involves a temporal shift in
the control site of glycogen synthesis in rat muscle. Biochem. J.
329:341–347, 1998.

22. JAMES, A. P., M. LORRAINE, D. CULLEN, et al. Muscle glycogen
supercompensation: absence of a gender-related difference. Eur.
J. Appl. Physiol. 85:533–538, 2001.

23. LAMB, D. R., A. C. SNYDER, and T. S. BAUR. Muscle glycogen
loading with a liquid carbohydrate supplement. Int. J. Sport Nutr.
1:52–60, 1991.

24. MABUCHI, K., and F. A. SRETER. Actomyosin ATPase. II. Fiber
typing by histochemical ATPase reaction. Muscle Nerve 3:233–
239, 1980.

25. MADSEN, K., P. K. PEDERSEN, P. ROSE, and E. A. RICHTER. Carbo-
hydrate supercompensation and muscle glycogen utilisation dur-
ing exhaustive running in highly trained athletes. Eur. J. Appl.
Physiol. 61:467–472, 1990.

26. MCMANUS, J. F. A. Histological and histochemical uses of periodic
acid. Stain Tech. 23:99–108, 1948.

27. PALMER, T. N., and P. A. FOURNIER. Replenishment of muscle
glycogen after high-intensity exercise: a role for intramuscular
glyconeogenesis? Biochem. Soc. Trans. 25:25–30, 1997.

28. PASCOE, D. D., and L. B. GLADDEN. Muscle glycogen resynthesis
after short term high intensity exercise and resistance exercise.
Sports Med. 21:98–118, 1996.

29. PRICE, T. B., D. L. ROTHMAN, R. TAYLOR, M. J. AVISON, G. I.
SHULMAN, and R. G. SHULMAN. Human muscle glycogen resynthe-
sis after exercise: insulin-dependent and -independent phases.
J. Appl. Physiol. 76:104–111, 1994.

30. RAUCH, L. H. G., I. ROGER, G. R. WILSON, et al. The effects of
carbohydrate loading on muscle glycogen content and cycling
performance. Int. J. Sport Nutr. 5:25–36, 1995.

31. SHERMAN, W. M., D. L. COSTILL, W. J. FINK, and J. M. MILLER.
Effect of exercise-diet manipulation on muscle glycogen and its
subsequent utilisation during performance. Int. J. Sports Med.
2:114–118, 1981.

32. VOLESTAD, N. K., P. C. S. BLOM, and O. GRONNEROD. Resynthesis
of glycogen in different muscle fiber types after prolonged ex-
haustive exercise in man. Acta Physiol. Scand. 137:15–21, 1989.

33. VOLESTAD, N. K., I. TABATA, and J. I. MEDBO. Glycogen breakdown
in different human muscle fiber types during exhaustive exercise
of short duration. Acta Physiol. Scand. 144:135–141, 1992.

34. VAN DER LAARSE, W. J., P. VAN NOORT, and P. C. DIEGENBACH.
Calibrations of quantitative histochemical methods: estimation of
glycogen content of muscle fibers using the PAS reaction. Biotech.
Histol. 67:303–308, 1992.

35. WIDRICK, J. J., D. L. COSTILL, W. J. FINK, M. S. HICKEY, G. K.
MCCONELL, and H. TANAKA. Carbohydrate feedings and exercise
performance: effect of initial muscle glycogen concentration.
J. Appl. Physiol. 74:2998–3005, 1993.

986 Official Journal of the American College of Sports Medicine http://www.acsm-msse.org


