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Substrate utilization during exercise in active people'™

Edward F Coyle

ABSTRACT When people walk at low intensity after fast-
ing, the energy needed is provided mostly by oxidation of
plasma fatty acids. As exercise intensity increases (eg, to
moderate running), plasma fatty acid turnover does not in-
crease and the additional energy is obtained by utilization of
muscle glycogen, blood glucose, and intramuscular triglycer-
ide. Further increases in exercise intensity are fueled mostly by
increases in muscle glycogen utilization with some additional
increase in blood glucose oxidation. Muscle glycogen and
blood glucose contribute equally to carbohydrate energy pro-
duction over 2-3 h of moderate-intensity exercise; fatigue
develops when these substrates are depleted. Active people can
deplete muscle glycogen with 30-60 min of high intensity,
intermittent exercise. When the ingestion of dietary carbohy-
drate is optimal, it is possible to resynthesize muscle glycogen
to high concentrations in ~24 h, which is the major factor in
recovery of exercise tolerance. However, this requires that a
70-kg person eat at least S50 g carbohydrate per every 2 h,
beginning soon after exercise, and ingest 500-600 g in 24 h (ie;
~7-9 g/kg body wt). Carbohydrate foods eliciting high glyce-
mic and insulinemic responses promote more rapid glycogen
resynthesis than do foods eliciting lower glycemic responses.
Therefore, foods ingested for energy before, during, or after
exercise should be classified according to their glycemic index.
Although carbohydrate ingestion before and during exercise
adds exogenous substrate to the body, it usually attenuates
plasma fatty acid mobilization and oxidation. Am J Clin
Nutr 1995;61(suppl):968S-79S.

KEY WORDS Exercise, muscle glycogen, blood glucose,
fat, free fatty acids, fatigue, simple carbohydrate, complex
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Introduction

The energy used to power steady-state aerobic exercise in
people is derived predominantly from the oxidation of carbo-
hydrate and fat (1). Normally, bodily protein oxidization does
not contribute significantly to energy production (2). There-
fore, the four major sources of energy for exercise are muscle
glycogen, blood glucose, plasma fatty acids, and intramuscular
triglyceride (3, 4). People cannot oxidize fat at high enough
rates to provide all the energy required by moderate- to high-
intensity exercise. At these intensities, carbohydrate oxidation
must provide the energy not available from fat (3, 5). Conse-
quently, fatigue often occurs when muscle glycogen and blood
glucose stores become depleted (5). This is the rationale for

dietary carbohydrate supplementation before, during, and after
exercise. To better understand the importance of adequate
dietary carbohydrate to exercise performance, it is helpful to
first discuss the factors that limit fat metabolism during exer-
cise.

The amount of energy stored in the form of triglycerides
within adipocytes throughout the body is large, totaling 200—
625 MJ (=50 000-150 000 kcal) in men and women with a
normal body composition of 10-30% body fat. Because ~400
kJ are expended to walk or jog 1.6 km (1 mile), most people
have enough energy stored in body fat to travel a total of
800-2400 km. Triglycerides stored in adipocytes can be hydro-
lyzed (ie, lipolysis) into glycerol and free fatty acids, the latter
must bind to the protein carrier albumin for transport via the
circulation (ie; plasma fatty acids) to the exercising muscles
(6). Additional triglyceride, amounting to ~12 000-20 000 kJ,
is stored in droplets within the muscle fibers and is available
for oxidation following intramuscular lipolysis. Therefore, the
two forms of fat for oxidation by muscle during exercise are
plasma fatty acids and intramuscular triglycerides. Despite the
large amount of potential energy in these body fat stores, the
rate at which they can be oxidized is limited and thus carbo-
hydrate metabolism is needed to provide the additional sub-
strate for oxidation as the intensity of exercise is increased.

Carbohydrate is stored as glycogen, both within the muscle
fiber and the liver (7). Depending on diet and activity pattern,
~10-30 g glycogen are stored in each kilogram skeletal mus-
cle; thus, =~8400 kJ are available to power exercise. Addition-
ally, =80 g glycogen is stored in the liver. Liver glycogen can
be hydrolyzed back to glucose and transported via the blood to
the muscles for oxidation. Because carbohydrate oxidation is
needed to maintain strenuous exercise for prolonged periods,
yet bodily stores are limited, active people can become under-
nourished in carbohydrate and thus experience muscle fatigue
while exercising.

The purpose of this review is to first describe the extent to
which the various substrates are used for energy during pro-
longed exercise throughout a wide range of intensities. Recent
findings regarding limitations in the mobilization and oxidation
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of fatty acids are presented, emphasizing the importance of
carbohydrate for energy. Furthermore, methods will be pre-
sented for increasing carbohydrate intake in active people to
speed recovery from exercise training and to improve perfor-
mance. The conditions that benefit from exogenous carbohy-
drate supplementation, the critical timing of supplementation,
and the amount and type of carbohydrate that is best, are
discussed. The recommendations developed will be most ap-
plicable to people who frequently exercise intensely or for
prolonged periods of time (ie; = 1 h), such as athletes. How-
ever, these guidelines also apply to normal individuals who
become more active for certain periods of time.

Substrate use during exercise of various intensities

The contribution of the four major substrates to total energy
expenditure during exercise at a wide range of intensities is
shown in Figure 1, which is from recent studies using stable
isotope infusion to quantify substrate turnover (4). These mea-
sures represent values after 30 min of exercise in the fasted
state in endurance-trained people. Exercise duration, diet, and
state of training modify these responses. Plasma triglycerides
are a potential source of energy for muscle. However, triglyc-
eride entry into muscle is catalyzed by lipoprotein lipase,
which is not capable of meeting more than a small percentage
of the energy needs of strenuous exercise (8). Plasma triglyc-
erides, however, are important for recovering intramuscular
triglyceride during the long periods between exercise bouts (8).

Almost all of the energy for exercise at the low intensity of
25% maximal oxygen uptake (VO,max), comparable to walk-
ing, is derived from plasma fatty acids, with an additional small
contribution from blood glucose when performed in the fasted
state. During this low-intensity exercise, the rate of appearance
(Ra) of fatty acids in plasma is very similar to the rate of fatty
acid oxidation (ie; 26 umol - kg™ - min') in endurance-trained
people. This pattern does not change over the course of 2 h of
exercise, or probably longer, because all of the energy require-
ments are met by mobilization of fatty acids from the large
triglyceride stores in adipocytes throughout the body.

However, as exercise intensity is increased from 25% to 65%
and then to 85% VO,max, the Ra of plasma fatty acids declines
progressively and as a result the concentration of fatty acids in
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FIGURE 1. Contribution of the four major substrates to energy expen-
diture after 30 min of exercise at 25%, 65%, and 85% of maximal oxygen
uptake. FFA, free fatty acids. For energy, cal X 4.186 = J. Reproduced
with permission from Romijn et al (4).

the blood is proportionally reduced as shown in Figure 2. This
reduced plasma fatty acid mobilization occurs despite a main-
tained high rate of lipolysis from adipocytes, as determined
from direct measures of the Ra of glycerol, which is an index
of lipolysis (4). The Ra of plasma fatty acids declines with
increasing intensity of exercise because of insufficient blood
flow and albumin delivery to carry fatty acids from adipose
tissue into the systemic circulation (6, 9). Therefore, it appears
that fatty acids become trapped in adipose tissue as exercise
intensity is increased. This theory is supported by the obser-
vation that cessation of exercise at 65% and 85% VO,max
results in a large increase in the Ra of plasma fatty acids as well
as the plasma fatty acid concentration without a concomitant
increase in the Ra of glycerol (ie; lipolysis) (4). Whatever the
mechanism, the availability of plasma fatty acids for oxidation
by muscle declines as the intensity of exercise is increased
(Figures 1 and 2).

When exercising at moderate intensities (ie; 65% VO,max),
comparable to the pace chosen when running for 1-3 h, total fat
oxidation increases despite the reduction in the Ra of fatty
acids. The substantially higher rate of total fat oxidation com-
pared with entry of fatty acids into plasma reflects an increased
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FIGURE 2. Rate of appearance (Ra) of free fatty acids (FFA) in plasma
(upper panel) and plasma FFA concentration (lower panel) during exercise
at 25%, 65%, and 85% of maximal oxygen uptake. X + SE. “Values during
exercise at 85% maximal oxygen uptake are significantly lower compared
with those at 25% and 65% maximal oxygen uptake (P < 0.05). Redrawn
with permission from Romijn et al (4).
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oxidation of intramuscular triglycerides (Figure 1) (4). In fact,
during moderate-intensity exercise in endurance-trained peo-
ple, plasma fatty acids and intramuscular triglyceride contrib-
ute equally to total fat oxidation (Figure 1) (10, 11), and total
fat oxidation is highest during moderate-intensity exercise (ie;
> 40 wmol - kg! - min'"). However, fat cannot be oxidized at
sufficiently high rates to provide all of the energy for moderate-
intensity exercise (ie, 60~75% VO,max) and therefore about
one-half of the total energy must be simultaneously derived
from carbohydrate oxidation (ie, muscle glycogen and blood
glucose) (Figure 1). During moderate-intensity exercise, all
four major substrates contribute substantially to energy pro-
duction. This is the intensity generally chosen by people per-
forming aerobic exercise to develop fitness.

High-intensity exercise (85% VO,max) is performed at a
level that promotes relatively high rates of muscle glycogen
breakdown and thus carbohydrate oxidation (Figure 1). This
results in accelerated rates of lactic acid production, which
accumulates in muscle and blood. High-intensity exercise rep-
resents the greatest intensity that a person can maintain for a
30-60-min period, with great effort and with the sensation of
fatigue in the exercising muscles. At high intensities, carbohy-
drate oxidation provides more than two-thirds of the needed
energy with the remainder coming from plasma fatty acids and
intramuscular triglycerides. However, the absolute rate of fat
oxidation is significantly decreased (ie, from 43 to 30
wmol - kg™ - min™') when the intensity of exercise is increased
from 65% to 85% VO,max. Part of this decline appears to be
due to the marked suppression of the Ra of plasma fatty acids
during high-intensity exercise and the resulting reduction in the
concentration of fatty acids in the plasma, as shown in Figure
2. When this reduction in plasma fatty acid availability is
reversed by intravenous lipid infusion to restore the plasma
fatty acid concentration to > 1 mmol/L, fat oxidation is in-
creased somewhat and muscle glycogen utilization is decreased
during high-intensity exercise (12). However, fat oxidation
does not completely return to the high levels observed during
moderate-intensity exercise. This indicates that when the avail-
ability of fatty acids is high, the muscle becomes limited in its
ability to oxidize fat during intense exercise. Plasma fatty acid
concentrations cannot be appreciably increased by ingesting or
intravenously infusing triglycerides alone—triglycerides must
be hydrolyzed to fatty acids through the action of lipoprotein
lipase, which in these experiments is released into the blood
from the capillary endothelium by heparin injection. Therefore,
there are no practical methods yet available to increase long-
chain fatty acid concentrations in plasma via exogenous sup-
plementation alone, leaving this responsibility to the adipo-
cytes. Medium-chain triglycerides can be absorbed into the
portal circulation as fatty acids (13). However, the extent to
which their ingestion raises plasma fatty acids in the systemic
circulation and increases total fat oxidation by muscle during
exercise is currently unclear (13, 14).

Therefore, the answer to the question “is body fat always
readily available for oxidation during exercise?” depends on
the intensity of exercise. At low intensities (ie, 25% VO,max)
and when the subject has fasted, the answer is apparently yes,
as evidenced by the progressive increase in plasma fatty acid
concentration throughout exercise (Figure 2). During moderate
exercise (ie, 65% VO,max) in endurance-trained people,
plasma fatty acid mobilization is not sufficient to meet the

muscle’s ability to oxidize fat; under these conditions intra-
muscular triglycerides become an important fuel, as do muscle
glycogen and blood glucose. During the first 30 min of mod-
erate-intensity exercise, plasma fatty acid concentrations de-
cline and the Ra of fatty acids is not high; therefore, plasma
fatty acid availability may be suboptimal (Figure 2). However,
throughout the remainder of moderate-intensity exercise, the
Ra of fatty acids and the concentration of plasma fatty acids
increase without proportional increases in fat oxidation, sug-
gesting that the availability of plasma fatty acids is adequate.
Therefore, besides possibly the early portion of moderate-
intensity exercise, the fat-oxidative ability of muscle seems to
be met by sufficient plasma fatty acid availability, with intra-
muscular triglycerides providing the substrate for fat oxidation
not met by mobilization of plasma fatty acids from adipocytes,
at least in endurance-trained subjects. Additionally, carbohy-
drate oxidation provides the remaining energy that cannot be
met by fat oxidation. During high-intensity exercise, when
muscle glycogenolysis is heavily stimulated, plasma fatty acid
mobilization is simultaneously suppressed and the delivery of
fatty acids to muscle is very low. As a result, muscle glycog-
enolysis is stimulated slightly more than when plasma fatty
acid concentrations are high, and this response is consistent
with the muscle’s shift to carbohydrate oxidation.

Note that these are the responses of people who have fasted
for 8-12 h before exercise. Carbohydrate meals during the 12-h
period before exercise appear to be a major factor regulating fat
mobilization during exercise. The attenuation of fat oxidation
during exercise of low to moderate intensity by preexercise
carbohydrate feedings may partly be due to suppressed fatty
acid mobilization as well as to metabolic alterations in the
exercising muscles that increase carbohydrate oxidation (15—
17).

Although these observations indicate that mobilization and
oxidation of triglyceride in adipocytes are greatest during low-
intensity exercise after fasting, they cannot be used as a basis
at this time for recommending that people limit their exercise
to these conditions when attempting to lose body fat. Body fat
reduction is a function not only of oxidation during exercise but
also of the composition and amount of energy intake over
extended time periods. Low-intensity exercise that does not
oxidize much glycogen requires less glycogen resynthesis from
subsequent dietary carbohydrate. In my opinion, the ideal ex-
ercise and diet programs for regulating body fat mass have yet
to be convincingly established. However, it is clear that energy
expenditure through exercise is a very important component of
body fat mass regulation.

Muscle’s limited ability to oxidize fat makes carbohydrate
essential

When carbohydrate oxidation declines as the result of de-
pletion of muscle glycogen and hypoglycemia, people are
unable to oxidize fat at rates sufficient to meet the energy
requirements of even moderate-intensity exercise (60-75%
VO,max). As people fatigue, they must reduce the work rate to
the lowest intensity (ie, 30-50% VO,max) that matches their
ability to predominantly oxidize fat (3, 18). This is necessary
even when high concentrations of plasma fatty acids are
present (3, 18). Therefore, high absolute rates of fat oxidation
do not seem to be limited by plasma fatty acid availability but
appear instead to be limited by muscle’s oxidative ability. This
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may explain the reason why further elevation of plasma fatty
acid concentrations during low- to moderate-intensity exercise
fails to increase total fat oxidation in some studies (19, 20).

The reason for the muscle’s limited ability to oxidize fat, and
thus its dependence on carbohydrate, is not entirely clear. One
line of thinking is that the limitation is in the transport of fatty
acids into the mitochondria. Traditionally, this has been
thought to be limited by carnitine palmitoyltransferase (CPT)
activity for transport of fatty acids across the mitochondrial
membrane. Additionally, free fatty acid binding proteins con-
trol the transport of fatty acids through the interstitium and cell
membranes as well as the cytoplasm (21, 22). Fat oxidation
during exercise may be limited by transport in numerous sites.
Additionally, CPT activity is inhibited by malonyl-CoA, the
first intermediate in the conversion of glucose to fat (23).
Carbohydrate availability in muscle may reduce fat oxidation
through malonyl-CoA inhibition of CPT-stimulated fatty acid
transport across the mitochondrial membrane (24).

Because fat oxidation can only provide about one-half of the
energy needed for exercise at 70% VO,max and no more than
one-third of the energy needed for more strenuous exercise
lasting 10-30 min (ie, > 85% VO,max) (Figure 1), the need
for adequate muscle glycogen and blood glucose concentra-
tions becomes clear. Although the muscle is clearly limited in
its ability to oxidize fat, there are some conditions in which
plasma fatty acid concentration is not optimal, such as during
high-intensity exercise and during exercise after a carbohydrate
meal. However, at this time there are no practical means of
raising plasma concentrations of long-chain fatty acids via
ingestion. Besides, that would not appreciably raise fat oxida-
tion. As presented below, the muscle’s reliance on carbohy-
drate oxidation demands that active people eat sufficient
amounts of carbohydrate. This provides important substrate for
oxidation during exercise as well as for recovery of muscle
glycogen after exercise.

Carbohydrate feeding during exercise

Prolonged continuous moderate-intensity exercise

After 1-3 h of continuous exercise at moderate intensities
(ie, 60-80% VO,max), it is clear that people fatigue as the
result of carbohydrate depletion. Carbohydrate feedings (ie,
glucose, maltodextrins, or sucrose) during exercise delay fa-
tigue by 30-60 min (3, 5, 25). However, this improvement in
performance is not due to a sparing of muscle glycogen use
during exercise (3, 26-31). Instead, it appears that the exercis-
ing muscles rely mostly on blood glucose for energy late in
exercise (3, 5).

These concepts are summarized in Figure 3, which displays
the substrate shifts during prolonged exercise at 65-75%
VO,max in endurance-trained subjects after they have fasted
overnight (3-5). About 50% of the energy for exercise at 70%
VO,max is derived from fat, with equal contributions from
plasma fatty acids and intramuscular triglycerides during the
early period. There is a small increase in plasma fatty acid
contribution over time. The remaining 50% of the energy is
derived from carbohydrate. During the early portions of exer-
cise, the majority of carbohydrate energy is from muscle gly-
cogen. As exercise progresses, muscle glycogen is reduced and
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FIGURE 3. Percentage of energy derived from the four major sub-
strates during prolonged exercise at 65-75% of maximal oxygen uptake.
Initially, approximately one-half of the energy is derived each from car-
bohydrate and fat. As muscle glycogen concentration declines, blood
glucose becomes an increasingly important source of carbohydrate energy
for muscle. *After 2 h exercise, carbohydrate ingestion is needed to
maintain blood glucose concentration and carbohydrate oxidation. FFA,
free fatty acids. From references 3 and 4.

contributes less to the carbohydrate requirements of exercise
and there is increased reliance on blood glucose.

Figure 4 displays the actual plasma glucose and muscle
glycogen responses to prolonged cycling, as well as the rates of
carbohydrate oxidation. After 3 h of exercise while drinking
only flavored water (ie, fasting placebo), muscle glycogen is
low and the majority of carbohydrate energy is derived from
the metabolism of glucose, which is transported from the
circulating blood into the exercising muscles. When drinking
only water (ie, placebo), fatigue occurs after ~3 h because of
a lowering of blood glucose, which causes an inadequate
supply of this carbohydrate energy for oxidation. However,
when carbohydrate is ingested throughout exercise and glucose
in the bloodstream remains high, subjects maintain the neces-
sary reliance on carbohydrate for energy and fatigue is delayed
by 1 h (ie, from 3 to 4 h). Remarkably, muscle glycogen use is
minimal during the additional hour of exercise despite the fact
that carbohydrate oxidation is maintained (Figure 4). This
indicates that blood glucose is the predominant carbohydrate
fuel during the later stages of exercise.

The shortest duration of moderate- to high-intensity exercise
that benefits from carbohydrate feeding is not entirely clear.
Blood glucose concentrations decline during the second hour of
exercise and therefore it is generally believed to be beneficial
for durations of exercise lasting > 2 h. There is preliminary
evidence that carbohydrate feedings may also benefit intense
exercise (80-90% VO,max) lasting 1 h (32). However, there is
no compelling evidence that carbohydrate ingestion reduces
muscle fatigue during low- to moderate-intensity exercise (40—
70% VO,max) lasting < 1 h.

Type of carbohydrate

Glucose, sucrose, and maltodextrins appear to be equally
effective in maintaining blood glucose concentrations and car-
bohydrate oxidation and in improving performance (33, 34).
Therefore, the selection of carbohydrate for ingestion during
exercise should be based on what is best tolerated under the
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FIGURE 4. Plasma glucose (A), carbohydrate oxidation (B), and mus-
cle glycogen (C) responses when cycling at 74% of maximal oxygen
uptake when ingesting a placebo (ie, flavored water) or when ingesting
carbohydrate (CHO) every 20 min. ¥ * se. *Significantly different from
carbohydrate; P < 0.05. g.u., glycogen used. From reference 3.

conditions. Liquids are obviously easier to ingest during exer-
cise than solids and they also provide for fluid replacement.
Maltodextrins have become a popular form of carbohydrate for
inclusion in sports drinks because they are not very sweet-
tasting and therefore solutions in concentrations = 100 g/L are
more palatable for most people. However, exercising people
can generally meet both their carbohydrate and fluid needs by
ingesting 600-1000 mL/h of a carbohydrate solution containing
4-10% carbohydrate (35, 36).

Fructose feedings during exercise have not been observed to
be effective for improving performance compared with glucose
or sucrose because its conversion to and oxidation as glucose is

not rapid enough to supply the carbohydrate energy required
late in exercise (34, 37). For the same reason, low glycemic
index fruits and foods would probably be of little benefit
compared with high glycemic index food if ingested during
exercise. However, it has been suggested that the slower con-
version to glucose of low glycemic index foods may be of some
benefit if ingested before exercise, presumably to meet the
carbohydrate oxidation needs late in exercise (38).

Timing of carbohydrate feedings during continuous exercise

Consuming carbohydrate during prolonged continuous exer-
cise ensures that sufficient carbohydrate will be available dur-
ing the later stages of exercise. If carbohydrate feedings are
withheld until the point of exhaustion, fatigue can only be
reversed, and exercise continued for another 45 min, if glucose
is intravenously infused at a high rate (ie, > 1 g/min) (25). This
of course is not practical but it indicates that the object of
carbohydrate feeding throughout exercise is to provide the
exercising muscle with approximately an additional 1 g exog-
enous glucose/min late in exercise. Most people cannot wait
until they are exhausted before drinking concentrated carbohy-
drate solutions because they are unable to absorb it rapidly
enough to maintain the energy needs of the exercising muscles
(25). The latest that a person can delay carbohydrate ingestion
is 30 min before the time of fatigue when ingesting only water
(39). However, a better approach is to ingest carbohydrate at
regular intervals throughout exercise according to the guide-
lines given below.

Rate of carbohydrate ingestion

Sufficient carbohydrate should be ingested to supply the
blood with exogenous glucose at ~1 g/min late in exercise.
Therefore, ~60 g exogenous glucose must be readily available
within the body. To ensure this, it seems that larger amounts of
carbohydrate must be ingested. In the majority of studies in
which carbohydrate ingestion throughout exercise improved
performance, subjects were fed at a rate of 30—-60 g/h beginning
early in exercise (5, 40). This generally agrees with the ex-
pected needs and glucose distribution within the body, al-
though it should be recognized that the fate of the ingested
glucose that is not oxidized is unclear.

Carbohydrate ingestion during sport, recreation, and
intermittent exercise

Carbohydrate feedings are also beneficial during sports in-
volving high intensity intermittent exercise such as soccer and
ice hockey, which cause fatigue because of glycogen depletion
(41-43). The ingestion of carbohydrate throughout the game,
and during the half-time rest period, results in higher muscle
glycogen and increased sprinting ability toward the end of the
game compared with when no carbohydrate is ingested and
muscle glycogen remains low.

This model emphasizes that carbohydrate feeding during
prolonged exercise improves performance in events that are
performed for > 2 h and thus result in hypoglycemia. The
extent to which carbohydrate feedings improve performance in
events that are <2 h in duration and that are not obviously
limited by carbohydrate availability is less clear. Several stud-
ies have observed carbohydrate ingestion to improve perfor-
mance even when blood glucose availability and carbohydrate
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energy were not obviously limiting when only water was
consumed (29, 32, 34, 44-46). This suggests that carbohydrate
ingestion improves performance in events lasting > 60 min.
Additionally, if body carbohydrate stores are reduced before
the onset of exercise because of inadequate diet and previous
exercise, carbohydrate supplementation can improve perfor-
mance during exercise lasting 60 min (47).

Carbohydrate types and metabolic responses

Glucose is the only type of carbohydrate (ie, sugar or starch)
that skeletal muscle can readily metabolize for energy and that
it can store as glycogen. Carbohydrates can be functionally
classified according to the extent to which they increase blood
glucose concentrations (ie, their glycemic index) and by the
extent to which they trigger insulin secretion. The glycemic
index is generally determined by the rate at which the ingested
carbohydrate is made available to intestinal enzymes for hy-
drolysis and intestinal absorption (48, 49). This is a function of
the gastric emptying time (50) and the physical availability of
the sugar or starch to hydrolytic enzymes. The latter is influ-
enced by cooking, which alters the integrity of the starch
granule (51) and the degree of gelatinization (48). Another
factor is the amylose or amylopectin content of food (52, 53).
Adding fiber to glucose also slows the rate of carbohydrate
entry into blood and oxidation during exercise (54). It is a
misconception to think that the glycemic index is simply a
function of whether the carbohydrate is complex (ie, starch) or
a simple sugar. Some starchy foods produce glycemic re-
sponses that are identical to that of glucose (eg, mashed potato
and maltodextrins) (17, 55, 56). On the other hand, the rise in
blood glucose after eating fructose or sucrose is less than that
observed for a wide range of starchy complex carbohydrates
(eg, potato, bread, and corn flakes) (57, 58). Foods for active
people should be classified as having a high, moderate, or low
glycemic index, as outlined by Jenkins et al (57, 58).

The classification of foods according to their glycemic index
does not consider the insulin response. Insulin, of course, has
large effects on metabolism and is functionally significant
because it regulates glucose disposal. Blood glucose and insu-
lin responses are generally related. However, some foods that
do not differ in glycemic response could differ in insulin
secretion, which has the potential to alter metabolism (59).
Therefore, the classification of foods according to their glyce-
mic index is recognized to be rather simplistic. However, its
functional significance for describing the metabolic effects of
carbohydrate ingestion is certainly better than the prevalent
classification of simple or complex carbohydrate, especially for
active people. Future classification of carbohydrate foods
should consider their functional influences on metabolism,
which will probably be related to insulin action on tissues,
especially muscle and adipocytes.

Muscle glycogen resynthesis after exercise

Muscle glycogen restoration after heavy training or compe-
tition often dictates the time needed to recover between intense
bouts of exercise. It is commonly stated that muscle glycogen
becomes depleted after ~2-3 h of continuous exercise per-
formed at intensities of ~60-80% VO,max. Although this is

true, it is not usually appreciated that muscle glycogen can also
become depleted after only 15-30 min of exercise performed at
very high intensities (90-130% VO,max) in “intervals” of
1-5-min exercise bouts followed by a rest period and then
another “interval” and rest, etc (60). These patterns of intense
exercise are typical of many individual and team sports. There-
fore, people who attempt to train daily at intensities that deplete
muscle glycogen must increase their carbohydrate consumption
(61), which helps but does not always guarantee optimal mus-
cle glycogen storage (62).

In people, muscle glycogen is resynthesized to normally high
concentrations at a rate of only ~5 mmol - kg muscle - h’!,
which corresponds to a rate of =~5%/h (ie, 5 mmol - kg muscle”
1-h! when attempting to increase muscle glycogen by 100
mmol/kg). Therefore, ~20 h are required to recover muscle
glycogen stores. A longer time will be necessary if the diet is
not optimal. The important dietary factors to consider are the
following: 1) the rate of carbohydrate ingestion, 2) carbohy-
drate type, and 3) timing of carbohydrate ingestion after exer-
cise.

Rate of carbohydrate ingestion

Blom et al (63) and Ivy et al (64) fed subjects different
amounts of high glycemic index carbohydrates (ie, glucose or
maltodextrins) every 2 h after exercise and measured the rates
of muscle glycogen synthesis during the first 6 h. They re-
ported that glycogen synthesis increased from 2%/h (ie, 2
mmol - kg™’ - h'') when 25 g was ingested every 2 h to 5-6%/h
(ie, 5-6 mmol - kg™ - h'!) when 50 g was ingested every 2 h.
However, they did not observe muscle glycogen synthesis to
increase to > 5-6%/h when 100, 112, or 225 g were ingested
every 2 h. This plateau in glycogen synthesis does not appear
to simply be due to an accumulation of carbohydrate in the
gastrointestinal tract because Reed et al (65) reported that
intravenous glucose infusion at ~100 g every 2 h also failed to
increase muscle glycogen synthesis above 7-8 mmol - kg™ « h°
1. Additionally, this failure of muscle glycogen synthesis to
increase with increased carbohydrate ingestion or intravenous
glucose infusion (100 g per 2 h) occurred despite the fact that
increased carbohydrate administration promoted progressively
greater increases in blood glucose and plasma insulin concen-
tration, which remained within the physiological range (63—
65).

This suggests that the muscle glycogen synthesis is near
optimal (5-7 mmol - kg -h') when =50 g glucose is in-
gested every 2 h, most of which enters the blood. This forms
the basis for the recommendation that the amount and type of
food to be eaten after exercise for near-optimal muscle glyco-
gen resynthesis should be that which promotes glucose entry
into the blood and systemic circulation at a rate of = 50 g every
two h. This goal can be achieved by considering both the
glycemic index, which reflects the rate of absorption, and the
amount of carbohydrate ingested.

Carbohydrate type and glycogen resynthesis

As discussed, the rate of glycogen synthesis after exercise
and ingestion of glucose or food with a high glycemic index is
5-6%/h (56 mmol - kg - h™") (63-66). When sucrose is in-
gested, it is hydrolyzed to equal amounts of glucose and
fructose. Its ingestion elicits a similar rate of glycogen synthe-
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sis as does glucose ingestion, despite the fact that the glycemic
index of sucrose is 60-70% that of glucose (63), which clas-
sifies it as having a moderate to high glycemic index. However,
fructose ingestion alone promotes muscle glycogen to be re-
synthesized at a rate of only 3% per h (3 mmol - kg™ - h™)
because of its low glycemic index (20-30% that of glucose)
(63). Fructose ingestion, even in large amounts, cannot produce
sufficient entry of glucose into the blood (ie, 50 g every 2 h)
probably because of the relatively slow rate at which the liver
converts fructose to glucose. Therefore, it appears that glucose
and sucrose, which possess high and moderate glycemic in-
dexes, are equally effective in the partial restoration of muscle
glycogen during the 4-6-h period after exercise; however,
fructose is only one-half as effective because of its low glyce-
mic index.

A limited amount of information is available about the rates
of glycogen synthesis elicited by eating common foods con-
taining various starches and sugars. Burke et al (67) have
recently reported that muscle glycogen resynthesis is 48%
greater in 24 h when a variety of high glycemic index foods are
eaten compared with when only moderate to low glycemic
index foods are consumed. Additionally, it makes little differ-
ence if the carbohydrate is in liquid or solid form (60, 65, 68).

Little data exist concerning the extent to which carbohydrate
foods with a low glycemic index promote muscle glycogen
resynthesis. Legumes possess a low glycemic index largely
because the carbohydrate granule is not as accessible to diges-
tive enzymes (51), a factor that can be influenced by food
processing and cooking. It is possible, however, that low gly-
cemic index legumes can promote a sufficient rate of glucose
entry into the blood for optimal muscle glycogen synthesis if a
larger amount is eaten to offset the slow rate at which each
gram is digested. However, until more direct data become
available, it is assumed that foods with a low glycemic index
should not compose the bulk of carbohydrate ingested after
exercise, because it is likely that muscle glycogen synthesis
would be compromised.

Timing of carbohydrate ingestion after exercise

During the first 2 h after exercise, the rate of muscle glyco-
gen resynthesis is 7-8%/h (7-8 mmol - kg - h'"), which is
somewhat faster than the normal rate of 5-6%/h, but certainly
not rapid (66). A recovering athlete should ingest sufficient
carbohydrate as soon after exercise as is practical. The most
important reason for this is that it will provide more total time
for resynthesis.

Because eating > 50 g carbohydrate (with a high or moder-
ate glycemic index) every 2 h does not seem beneficial for
increasing muscle glycogen resynthesis, one might think it best
that small, frequent meals be eaten until a sufficient total
amount of carbohydrate has been consumed (ie, > 600 g for a
70-kg person). However, this does not appear to be the case.
Costill et al (69) fed subjects 525 g carbohydrate over the
course of 24 h (70% of energy intake) and reported that muscle
glycogen synthesis was similar when two large meals were
eaten compared with when seven smaller meals were eaten.

Practical considerations and specific recommendations

People are not usually hungry immediately after exhaustive
exercise and often prefer to drink fluids rather than eat solid

foods (60). Therefore, beverages that contain glucose, sucrose,
maltodextrins, or corn syrups in concentrations of = 60 g/L
should be made available. If preferred, there is no reason a
person should not eat solid food. However, because appetite is
usually suppressed, foods that are more concentrated in carbo-
hydrate and that have a high glycemic index should be avail-
able.

When the desire for solid food returns, athletes should eat
enough to ensure that a total of ~600 g carbohydrate (> 8 g/kg
body wt) are eaten within 24 h. Most of the food chosen should
have a moderate or high glycemic index. The athlete should
avoid eating meals that contain less than 70% carbohydrate,
and thus have high fat and protein content, especially during
the first 6 h after exercise because this often suppresses hunger
and limits carbohydrate intake. Realistically, because of other
daily activities including sleep, it is usually not possible to eat
frequent meals (every 2 h) that contain = 70% and 50 g
carbohydrate. Therefore, when a person must go for an ex-
tended period between meals, their last meal should contain
enough carbohydrate to suffice for that period (ie, 50 g for a
2-h period, 150 g for a 6-h period, or 250 g for a 10-h period).
When sufficient carbohydrate is consumed (ie, > 8 g - kg - d°
1) to maintain high day-to-day muscle glycogen stores, the
intensity of training is increased and performance improves
compared with when only a moderate amount of carbohydrate
is consumed (5 g- kg - d?) (70).

Maximizing muscle glycogen before competition

A few days before a prolonged and intense competitive
event, athletes should regulate their diets and training in an
attempt to maximize (“super compensate” or “load”) muscle
glycogen stores. High preexercise glycogen concentrations al-
low athletes to exercise for longer periods by delaying fatigue.
The most practical method of “glycogen loading” involves
altering training and diet for 7 d (71). On days 7, 6, 5, and 4
before competition, one should train moderately hard (eg, 1-2
h) and consume a moderately low-carbohydrate diet (ie, 350
g/d). This will make the muscle sufficiently carbohydrate de-
prived and ready to supercompensate, without making the
person sick as sometimes occurs when all carbohydrate is
eliminated. During the 3 d before competition, training should
be tapered (30-60 min/d of low to moderate intensity) and a
high-carbohydrate diet should be consumed (ie, 500600 g/d;
> 8 g-kg!-d?). Such a regimen will increase muscle glyco-
gen stores = 20-40% above normal. This “modified” glycogen
loading regimen is as effective as the “classic” regimen (7) and
is more practical because it does not require athletes to attempt
to train while consuming a high-fat diet.

Preexercise nutrition

Although it is agreed that athletes should eat sufficient
carbohydrate the day before exercise, there is less agreement as
to when, how much, and what type of carbohydrate should be
eaten during the hours before exercise.

Exercise that is limited by carbohydrate availability

The goal of a preexercise carbohydrate meal is to optimize
the supply of muscle glycogen and blood glucose late in
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exercise. Preexercise carbohydrate meals have the following
effects: /) promote additional muscle glycogen synthesis when
stores are not already supercompensated, 2) replenish liver
glycogen and store glucose in the body (ie, intestines and
glucose space) for potential oxidation during exercise, and 3)
cause increases in carbohydrate oxidation during exercise and
decreases in fat oxidation.

Although these first two responses to preexercise carbohy-
drate feeding are beneficial because more carbohydrate is
stored within the body, controversy remains as to whether the
increase in carbohydrate oxidation, and concomitant decrease
in fat oxidation, is advantageous or disadvantageous. It would
seem disadvantageous if the increases in carbohydrate oxida-
tion were greater than the increases in carbohydrate storage
because bodily carbohydrate stores would become depleted
more rapidly compared with when carbohydrate is not con-
sumed before exercise.

Sugar feedings during the hour before exercise

Eating high glycemic index carbohydrates during the hour
before moderately intense exercise (60-75%V0,max) causes a
decline in blood glucose concentration at the onset of exercise
(12, 17). This is due to the effects of the concomitant hyper-
insulinemia that increases glucose uptake by the contracting
muscles at a time when liver glucose output may be reduced,
thus creating an imbalance and hypoglycemia (12, 72, 73). This
is usually not perceived by the individual and it does not cause
muscle weakness. Preexercise hyperinsulinemia also has the
long-lasting effect of reducing the release of free fatty acids
from adipocytes and the rate of fat oxidation during exercise
(15, 16). Thus, there is a shift in blood-borne fuels from fatty
acids to glucose.

There has been much debate as to whether these processes
alter muscle glycogen use. Theoretically, muscle glycogen use
would be increased if the decline in fat oxidation was not offset
by a proportional increase in blood glucose uptake and oxida-
tion by muscle. The two studies that have found preexercise
feedings to slightly increase muscle glycogen use also reported
a relatively large decline in blood glucose concentration, which
may have limited increases in muscle glucose uptake (12, 74).
Several other studies have not found sugar feedings during the
hour before exercise to increase muscle glycogen use, possibly
because the hypoglycemia was not as pronounced or the sup-
pression of fatty acid mobilization was not as great (75-79).
More importantly, of the studies that have measured endurance
performance after sugar ingestion during the hour before ex-
ercise, only one study reported a negative effect (80); four
studies observed no significant effect (74, 81-83) and three
studies reported improvements in performance (78, 84, 85).
Therefore, there is little support for the idea that sugar inges-
tion before exercise impairs performance.

The notion is widespread, however, that sugar should be
avoided during the hour before exercise because it causes
hypoglycemia and impairs performance. Instead, it is errone-
ously recommended that people eat complex carbohydrate dur-
ing the hour before exercise, because it is thought that complex
carbohydrate promotes less of an insulin response. As dis-
cussed, this is not necessarily the case. For example, as shown
in Figure S and Figure 6, the responses to sucrose (ie, simple
carbohydrate) and mashed potato (ie, complex carbohydrate)
ingestion 30 min before exercise are identical in that blood
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FIGURE 5. Plasma glucose concentration for the 30-min period after
eating a 50-g carbohydrate meal and during the subsequent 60 min of
exercise. Additionally, 35% more energy was added to the meals in the
form of fat. Values are expressed as means of all subjects (n = 9). The
meals were rice, potato, sucrose, rice and fat, potato and fat, syrup solids
(corn syrup and sucrose) and fat, and control or fasting. *All trials signif-
icantly different from —30 min (P < 0.05). Potato, sucrose, and syrup and
fat significantly greater than rice, rice and fat, and potato and fat (P <
0.05). $All fed trials significantly less than 0 min (P < 0.05). §All fed trials
significantly different from control (P < 0.05). Reproduced with permis-
sion from Horowitz and Coyle (17).

glucose and insulin were equally elevated after ingestion before
exercise and subsequently, blood glucose declined to equally
low concentrations during exercise without eliciting any symp-
toms of hypoglycemia (ie, neuroglucopenia). Figures 5 and 6
also indicate that the glycemic response to rice is moderate and
that adding fat, in the form of margarine, blunts the glycemic
and insulinemic effect of eating potatoes. Additionally, al-
though the blood glucose and insulin responses varied some-
what after eating 50 g of these moderate and high glycemic
foods, all of the meals caused plasma glucose to decline to
equally low concentrations early in moderate-intensity exer-
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FIGURE 6. Plasma insulin concentration for the 30-min period after the
meal and during the subsequent 30 min of exercise. Values are means + SE
for all subjects (» = 9). Conditions are the same as in Figure 5. *Signif-
icantly greater than both —30 min and 30 min (P < 0.05). }Significantly
greater than control (P < 0.05). }Significantly greater than potato and fat,
rice, rice and fat, and control (P < 0.05). For insulin, uU/mL X 7.175 =
pmol/L. Reproduced with permission from Horowitz and Coyle (17).
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cise, without affecting sensation of fatigue or ability to com-
plete 1 hour of exercise at moderate intensities (50-70%
VO,max).

Carbohydrate ingestion during the 6 h before exercise

In an attempt to avoid a decline in blood glucose at the onset
of exercise, it is sometimes recommended that carbohydrate
meals be eaten 3—4 h before exercise to allow enough time for
plasma insulin concentration to return to basal concentrations.
However, the insulin effects of a preexercise carbohydrate
meal last for several hours after plasma insulin has returned to
basal concentrations and thus blood glucose still declines when
exercise (ie, 70% VO,max) is begun 4 h after a meal (15, 16).
It appears that at least 6 h of fasting are necessary after
consuming a 150-g high glycemic index meal before carbohy-
drate oxidation and plasma glucose homeostasis during exer-
cise at 70% VO,max are similar to values after an 8—12-h fast
(16). There is no reason, however, to recommend that people
fast this long before exercise. The decline in blood glucose is
not problematic (86). Actually, it can be prevented simply by
having the subjects exercise slightly more intensely, which
probably causes liver glucose output to increase and match
blood glucose uptake by muscle (16). Additionally, the eleva-
tion in carbohydrate oxidation should not cause problems if
enough carbohydrate was stored in the body as a result of the
meal. When muscle glycogen is suboptimal, a substantial
amount of the preexercise carbohydrate meal can be converted
to muscle glycogen in a 4-h period (15, 87). Liver glycogen
undoubtedly increases as well.

Accumulating evidence suggests performance is improved
when a relatively large carbohydrate meal is eaten 3—4 h before
prolonged exercise compared with when nothing is consumed.
Neufer et al (87) reported that a 200-g carbohydrate meal of
bread, cereal, and fruit eaten 4 h before exercise, as well as 43
g sucrose eaten 5 min before exercise, resulted in a 22%
increase in cycling power compared with placebo. Addition-
ally, Sherman et al (88) fed cyclists various amounts of carbo-
hydrate 4 h before exercise and found that a 312-g feeding of
maltodextrin improved power (15%) during the last 45 min of
exercise. Mixed meals containing either 45 or 156 g carbohy-
drate did not significantly improve performance. Apparently,
eating ~150 g carbohydrate (ie, bread and juice) 4 h before
exercise does not produce a marked elevation of muscle gly-
cogen, blood glucose, or carbohydrate oxidation after 105 min
exercise (15), which may explain why Sherman et al (88) did
not observe an improvement in performance with this amount.
Finally, Wright et al (89) reported that a 350-g feeding of
maltodextrins 3 h before exercise dramatically improves per-
formance.

A relatively large preexercise carbohydrate meal (ie, > 200
g) appears to increase performance by maintaining the ability
to oxidize carbohydrates at high rates late in exercise. It is not
clear if this is simply due to a greater availability of muscle
glycogen. It could also be due to increased blood glucose
uptake and oxidation despite the observation that blood glucose
concentration is not increased (87, 88). Large preexercise car-
bohydrate feedings in combination with continued feedings
during exercise, which do increase blood glucose concentra-
tion, produce even more dramatic improvements in perfor-
mance than when carbohydrate is only eaten before exercise or

when carbohydrate feedings are provided only after exercise
has begun (89).

Types of carbohydrate to ingest during the 6 h before
exercise

Foods ingested during the 6 h before exercise should be low
in fat, fiber, and bulk and be well tolerated. If muscle glycogen
stores are not supercompensated, these foods should have a
high or moderate glycemic index to best stimulate synthesis. It
is sometimes recommended that low glycemic foods, particu-
larly fructose, be consumed during this period to minimize an
insulin response. This would seem advisable only in situations
when muscle glycogen cannot be further increased and carbo-
hydrate feedings will not be ingested during exercise. The
rationale is to make more glucose available during exercise by
storing carbohydrate in the body that can be slowly absorbed as
glucose during exercise. However, if more glucose is needed
during exercise it makes more sense to simply ingest glucose
during exercise as discussed below.

Specific recommendations

High and moderate glycemic index foods should be ingested
before events that will result in fatigue due to carbohydrate
depletion. It is generally recommended that ~200-300 g car-
bohydrate be ingested during the 4 h before exercise. Meals
should be low in fat, protein, and fiber and, of course, should
not cause gastrointestinal discomfort.

Applicability to normally active people

This review has emphasized studies that used mostly endur-
ance athletes such as cyclists and runners as subjects. It is
important to note how the responses and dietary needs of these
athletes may differ from normally active people. The pattern of
substrate use during prolonged exercise at various intensities
(Figures 1 and 2) would be generally similar in the two groups.
However, at a given percentage of VO,max, normally active
people oxidize less fat and more muscle glycogen compared
with endurance-trained subjects (11, 90, 91). The major differ-
ence is that endurance-trained people increase their oxidation
of intramuscular triglyceride and spare muscle glycogen (10,
11). Reliance on carbohydrate in general and blood glucose in
particular for energy in not increased with endurance training
(91). Therefore, theoretically, blood glucose supplementation
should be as important to normally active people as to endur-
ance-trained athletes. Practically, however, normally active
people are less likely to perform strenuous exercise for long
enough durations (> 1-2 h) to require supplementation. When
they do, however, they too should benefit from carbohydrate
supplementation (5).

People who exercise at relatively low intensities and for
short durations (eg, < 1 h), and thus who do not substantially
deplete muscle glycogen, obviously do not need to design their
diet along the guidelines given for maximizing muscle glyco-
gen resynthesis after exercise. Most notably, ingestion of high
glycemic index carbohydrate will not be as important. Addi-
tionally, people who allow themselves = 48 h for recovery
between exercise bouts, should be able to restore muscle gly-
cogen in that time by consuming a diet containing 60% of
energy from carbohydrate, without special attention to carbo-
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hydrate type. People who perform aerobic exercise for general
fitness and health are recommended to do so 3-5 d/wk (92)
with rest days interspersed between training days. This allows
recovery, especially of muscle glycogen. When normally active
people attempt to perform strenuous aerobic exercise training
with only 24 h recovery time, they should follow these guide-
lines, as should endurance athletes.

Summary

As the intensity of exercise is increased, the rate of plasma
fatty acid mobilization declines and thus the exercising muscles
become dependent on carbohydrate as a source of energy. This
is not due to simply limited availability of fatty acids, but also
to a limited ability for fat oxidation in skeletal muscle. Carbo-
hydrate ingestion before and during exercise exerts a large
influence on fatty acid mobilization and oxidation, making
muscle even more dependent on carbohydrate for energy dur-
ing exercise. The notion that fatty acid availability is limited
and that treatments that increase endogenous or exogenous
fatty acid concentrations are beneficial has not been well stud-
ied; therefore, carbohydrate is the recommended substrate for
ingestion.

On the basis of the fact that fatigue during intense prolonged
exercise is commonly due to depletion of muscle and liver
glycogen, dietary practices should advocate high carbohydrate
intake before, during, and after exercise. The simple goal is to
have as much carbohydrate in the body as possible during the
last stages of prolonged exercise when the ability for strenuous
exercise usually becomes limiting to performance. This theory
is put into practice by recommending that carbohydrate intake
after exhaustive exercise should average 50 g per 2 hr of mostly
moderate and high glycemic carbohydrate foods. The aim
should be to ingest a total of =600 g in 24 h (> 8 g/kg body
wt). Carbohydrate intake should not be avoided during the 4-h
period before exercise and in fact it is best to eat =200 g
during this time. When possible, carbohydrate should be in-
gested during exercise, generally in the form of solutions
containing glucose or sucrose or maltodextrins, at a rate of
30-60 g/h. Emphasis has been placed on eating the optimal
amount and best type of carbohydrate at the proper times
because these practices demand a large amount of food. When
diet is not carefully planned according to these guidelines,
endurance athletes tend to consume too little carbohydrate
because they become satiated with fat and go through periods
in the day when recovery of glycogen stores is suboptimal, thus
wasting precious time.

The recommendations in this paper are made for a person
weighing 70 kg (154 Ibs). To apply these recommendations to
others, carbohydrate ingestion in grams should be calculated
according to the proportion that a given person’s body weight
differs from 70 kg. For example, a person weighing 100 kg
should multiply the recommended intake by 1.4 (ie, 100/70
kg), whereas a person weighing 50 kg should multiply the
recommended intake by 0.7 (ie, 50/70 kg).
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