12/03/2003 15:05 FAX 5124710046

@oo1/013

Sparts Medicine 11 445458 (1984)
0112-1642/84/1100-0446/56,50/0
® ADIS Press Limited

All rights reserved.

Effectiveness of Carbohydrate Feeding in Delaying
Fatigue during Prolonged Exercise

Edward F. Covle and Andrew R. Coggan

Exerise Physiology Laboratory, Department of Physical and Health Education,
The University of Texas, Austin

| ' Summary

Prolonged expreise in the fasted state frequently resulis in'a lpwering of b[nod glucose
concentration, and when the intensity is moderate (i.e. 60-80% of ¥ Ou uud. musele ofien
becomes depleted of glycogen, The extent te which carbohydrate feedings contribute to
energy production, and their effectiveness for improving endurance during prolonged ex-
ercise, are reviewed in this article,

Prolonged exercise (i.e. > 2 howrs) results in a failure of hepatic glucose output 1o keep
pace with musele glucose uptake, As a resuit, blood glucose concentration Jrequently de-
clines below 2.5 mmaol/L, Despite this kvpoglveaeria, fewer than 25% of subjects display
symptoms suggestive of central nervous system dyvsfunciion. Since farigue rarely results
from hypoglycaemia alane, the gffectiveness of carbohydrate feeding should be judged by
its potendial for muscle glyeogen sparing.

Carbohvdrate feeding during maderate intensily exercise postpones the development of
[fatigue by approximately 15 to 30 minutes, yet it does not prevent fatigue. This observation
agrees with data suggesting that carbohydrete supplementation reduces musele glyecogen
depletion, It is not certain whether carbohydrate feeding increases muscle glucose uptake
throughout mederate exercise or if glucose uplake is higher only during the latier stages
of exercise

In conirast to moderaie intensity exercise, carbohydrate feeding during fow intensity
exercise (i.e. < 45% of F O resulls in hvperinsulinagmia. Consequently, muscle ght-
cose uptake and tolal carbohydrate oxidation are increased by approximetely the same
ameount. The amoun! of ingested glucose which is oxidised is greater than the increase in
total carbohydrate oxidation and therefore endegenous carbohydrate is spared. The ma-
Jarity of sparing appears lo occur in the liver, which is reasonable since muscle glycogen
is not utilised to a large extent during mild exercise.

Although carbohvdrate feedings prevent Rypoglvcaemia and are readily used Jor energy
during mild exercise, there is little data indicating that feedings improve endurance during
Jow intensity exercise. When the reliance on carbahydrare for Juel is greater, as durirg
moderate intensity excreise, carbohpdrate feedings delay fatigue by apparently slowing the
depletion af musclé glveogen.
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During the¢ past half-<century it has been repeat-
edly demonstrated that exercise of a moderate in-
iensity (i.e. 60-80% of maximal oxygen uptake,
\7'02. max) CANNot be maintained when carbohydrate
stores within the Body become depleted (Berg-
strom et al., 1967; Christensen and Hansen, 1939).
Fatigue usually occurs when the muscle glycogen
concentraiion in the exercising musculature reaches
2 critically low level (Bergsirdim et al, 1967). O¢-
casionally, fatigue may occur before muscle gly-
¢ogen 15 depleted due to the development of central
nervous system  distress (e liphtheadedness,
weakness, nausea) in individuals who are sensitive
to the lowering of blood glucose concentration dur-
ing exercise (Christensen and Hansen, 1939; Coyle
et al., 1953).

Since fatigue during exercist often results from
carbohydrate depletion, there has been much in-
terest in determining the extent to which carbo-
hydrate feedings improve endurance. Recent stud-
ies have indicated that carbohydrate feedings can
be of some value in delaying fatigue (Coyle et al.,

1983; Ivy ¢t al., 1983). The cffectivencss of car- -

bohydrate feedings will be discussed in terms of
‘what is known about their ability to spare muscle
and liver glycogen usage during exercise. Since fow
studies have directly measured muscle glycogen
utilisation with and without carbohydrate feedings,
it i3 necessary to discuss the effects of carbohydrate
ingestion on glucose uptake and oxidation by
muscle and theorise about the potential for gly-
copen sparing. The extent to. which low blood glu-
cose concentration, in itself, causes fatigne will also
be reviewcd.

1. Farigue Due to Muscle Glycogen
Depletion

In rested and well fed persons, a sufficient
amount of muscle glycogen is available to fuel
moderately intense exercise (Le. 60-80% of VO nar)
for a duration of approximately 2 hours (Essen,
1977). Therefore, activities of shorter duration
should not require carbohydrate supplementation.
Exercise performed at highér intensities (e, BO-
100% of VOQj may) can produce glycogen depletion

within a relatively brief period of time (Thomson
et al., 1979). Such rapid muscle glycogenolysis also
creates lactic acidpsis and other meétabolic irnbal-
ances which appear to be the primary causes of
fatigue (Fitts and Holloszy, 1976). Therefore, in or-
der for muscle glycogen depletion to be the prim-
ary cause of fatigue, exercise must be moderately
intense and performed for 2 to 4 hours. it is during
prolonged activities such as competitive toad cy-
cling, cross-country ski racing and distance run-
ning that carbohydrate feedings would have the

' grealest endumnec-enhancing effect.

Endurance during moderate intensity exerciss
can be increased by raising muscle glycogen stores
and decreased by lowering muscle glycogen (Berg-
strom et al, 1967). The increased endurance re-
sults from the ability to exercise for a longer period
of time before fatiguing and not from an ability to
exercise at a hipher steady-state intensity.

Low intensity exercise (1.e. 30-50% of \?02 max)
relies predominantly upon fat for fuel and muscle
glycogen is consumed at a slow rate (Essen, 1977,
Pernow and Saltin, 1971). If muscle glycogen were
to becorne depleted, it most probably would not
occur during the first 5 to 10 hours of activity

" (Essen, 1977). Therefore, muscle glycogen-sparing

treatments would not be required during low in-
tensity exercise which does not rely heavily upon
muscle glycogen.

2. Fatigue Associated with Liver Glycogen
Depletion and Hypoglycaemia
2.1 Prevalence of Hypoglycaemia

More than 60 years ago Levine et al. (1924) ob-
served that the blood glucose concentration can de-
cline following prolonged and intense running to
levels below 2.5 mmol/L (i.e. 45 mg/dl), which is
considered to be ‘frank” hypoglycaemia. This is not
uncommen during prolonged exercise, especially
cycling, performed in the fasted state. When ex-
ercise at 60 to 75% of VO3 .., is maintained for
2.5 to 3.5 hours, approximately half of the subjects
studied have displayed frank hypoglycaemia {Ahl-
borg and Felig, 1982; Coyle et al.,, 1983 Felig et
al., 1982). The extent to which this low bload ghi-
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cose deprives the central nervous system (CNS) of
energy and causes severe stress and exhanstion has
not been totally resolved.

2.2 Cause of Hypoglycaemia during
Prolonged Exercise

Blood glucose concentration is dependent upon
a balance between the rate at which glucose enters
the blood and 1s removed by tissues in the body.
Blood glucose concentration can decline as a result
of a disproportioniate uptakes by tissue or a reduced
entry of glucose into blood. Blood glucose concen-
tration remains stable during the early portions of
moderately intense exercise becanse ghicose uptake
by muscle and gincose output by the Liver are com-
parable. The majonty of glucose output by the hver
is derived from the breakdown of liver glycogen

‘(Wahren, 1977). The amount of glycogen stored in

the liver in the postabsorptive state is relatively
small (ie. 70g) [Hultman and Nilson, 1971]. As
liver glycogen stores become depleted during pro-
lunged cxercise, liver glacose output declines, yet
muscle glucose uptake is maintained. As a result
of this imbalance, blood glucose levels decline
(Ahlborg and Felig, 1982). Gluconeogenesis is ac-
celerated during prolonged exercise, but this gen-
erally cannot totally compensate for the decline
in liver glycogenolysis, at least during moderate
EXETCISE. | .

Glucose uptake by musels and glucose output
by liver both increase. as the intensity of exercise
increases, at least up to 50 to 70% of VO3 ey (Al
borg and Felig, 1982; Pimay et al, 1982; Wahren,
1977). This should accelerate liver glycogen deple-
tion and hasten the.time at which declining liver
plucose output precipitates the fall in blood glucose
concentration. Indeed, blood glucose concentra-
tion declines to within the range of frank hypogly-
caemia (1.e, 2.5 mmol/L) after 3.5 hours of cycling
at 58% of VOy ma. compared with after 2.5 hours

_of exercise at 74% of VO max {Ahlborg and Felig,

1982; Covle et al., 1983). .

The development of hypoglvcaemia during mild
excreise is different from the patiern of blood glu-
cose decline during more intense exercise. Blood

glucose declines later during low intensity exercise
(i.e. 30-90% of VO nay) while the rate of decline
is not as great and levels rarely drop below 2.3
mmol/L (Ahlborg and Felig, 1976; Young et al,,
1967). Apparently, during low intensity exercise
when the rate of glucose uptake is low, bleod glu-
cose levels can be maintained above 2.8 mmoi/L
through gluconeogenesis. Gluconeogenesis can ac-
count for almost half of the glucose output from

the lver during prolonged low intensity exercise -

{Wahren, 1977).
2.3 Patigue Caused by Hypoglycaemia

The classic work of Christensen and Hansen
{1939) is often cited as providing evidénce that
frank hypoglycaemia can result in fatigue which
appeared to be due to CNS dysfunction. They sug-
gested CNS dysfunction because of the associated
suhjective symptoms which included lightheaded-
ness, weakness and nausea. Apparently, exhaustion
during moderate intensity exercise in the fasted
state coincided with the development of hypogly-
cacrnia, at which time their subjects displayed sub-
Jective symptoms which they interpreted to indi-
cate CNS dysfunction (Astrand and Rodahl, 1977).
After ingesting 200g of glucose and resting for 13
minutes, bleod glucose rose, the subjective symp-
toms disappeared, and the subjects were capable of
exercising for another hour. Other investigators
have reported that some hypoglycaemic individu-
als, when fatigued, display similar symptoms. When
the symptoms are prevented through carbohydrate
feedings, these individuals are able to continve ex-
ercising, These subjects generally represent fewer
than 23% of the subjects studied (Coyle et al,, 1983;
Rodatil et al., 1964). Of the 7 subjects who became
hypoglycaemic during exercise in a recent inves-

‘tigation (Felig et al,, -1982), none displayed the

symptoms indicative of CNS dysfuniction when they
becarme fatigned.

Therefore, it appears that the development of
frank hypoglycaemia can produce subjective symp-
tom$ which may cause premature fatigue, only in
some individuals who appear to be more sensitive
to the lowering of bBlood glucose during exercise.
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Although frank hypoglycaemia occurs frequently
during prolonged intense exercise in the fasted state,
these recent studies sugpgest that it does not fre-
quently result in subjective symptoms scvere
enough to prevent the continuation of exercise.

Exercise-induced hypoglycaemia can also ectur
during the early stages of exercise begun with ele-
vated blood insulin levels (Costill et al, 1977
Koivisto et al., 1981). Despite a rapid lowering of
blood glucose concentration, the subjects appear to
have remained asymptomatic of the subjective
feelings of hypoglycaemia. Again, this indicates that
a lowering of blood glucose during exercise, by
itself, does not consistently cause fatigue due io
CNS distress.

Fatigue during prolonged intense exercise ofien
occurs at a time when blood glucose levels are low
(Coyle et al., 1983; Levine ¢t al, 1924). Since ex-
haustion rarely results from hypoeglycaemia alane,
and usually results from muscle glycogen deple-
tion, it is dikely that hypoglycaemia simply co-

incides with exhaustion due to the depletion of

endogenous carbohydrate stores.

3. General Principles of Carbohydrate
Feeding
3.1 Ratiomale

The purpose of carbohydrate ingestion during
exercise is to provide a supplementary fuel source
which can be oxidised in sufficient guantities to
delay the time of carbohydrate depletion and fa-
tigne, This implies that in order for carbohydrate
feeding 10 be beneficial, the exercise task must nor-
mally result in fatigue due to muscle or liver gly-
cogen depletion. : .

Clearly, distary carbohydrate consumption and
the type of exercise performed during previous days
are the major determinants of muscle and liver gly-
cogen concentration at the onset of exercise (Costill
and Miller, 1981; Sherman, 1983), After maxim-
ising endogenous glycogen stores prior 1o exercise,
cfarbohydrate feeding shounld be planned in an at-
tempt to spatre glycogen utilisation. Factors to con-
sider in planning feedings are the type of carbo-
hydrate and the timing of feedings.

- 3.2 Type of Carbohydrate Feeding

Various carbohydrate supplements have been
studied, yet presently none have been found to be
more effective than glucese or glucose polymers.
Pyruvate and lactate have been infused into exer-
cising rats because these carbohydrates readily dif-
fuse across the sarcolemnma. They can also serve as
gluconeogenic precursors (Baghy et al., 1578). These
substances actually accelerated muscle and liver

. glycogen depletion and hastened exhaustion due to

a suppression of plasma free fatty acids and fat ox-
idation. Ingested glycerol, although not directly ox-
idisable by muscle, can be effectively converted to
glucose within the liver of rats and the newly
formed glucosc can be used to spare muscle and
liver glycogen and delay fatigue (Terblanche et al,
1981). However, glycerol ingestion is ineffective in

" humans because the human does not possess the

ability to rapidly convert glycerol into glucose.
Thus, the ingested glycerol aceumulates within the
body (Miller et al., 1983):

Fructose or sucrose (i.e. simple table sugar which
iz a disaccharide or glucosé + fructose) ingestion
during exercise probably does not offer any advan-
tages over glucose ingestion sinee these substances
are generally converted 1o glucose and metabolised
as such. Ingested fructose enters the portal cir-
culation where 70 to 90% is converted to glucose
{Chen and Whistler, 1977) and thus litile fructose
is usually presented to the musculature for
meiabolism.

3.3 Time of Feedings

Glucoss ingestion during the hour immediately
prior to exercise leads to an elevation of insulin at
the onset of exercise which has adverse effects on
metabolism during the early stages of moderate 10
high intensity exercise (Costill et al., 1977; Koi-
visto et al, 1981). Under these conditions, blood

glucose declines rapidly due to dn insulin-poten-:

tiated and exercise-stimulated glucose uptake by
muscle and prevention of-an adequate rise in he-
patic glucose output. Fat oxidation is also de-
pressed and the exercising musculature relies more
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heavily upon muscle glycogen due to the reduced
availability of blood-borne substrates (Costill et al.,
1977; Levine et al., 1983). Fatigue during- pro-
longed exercize at B0% of VD; max Oocurs 19%
sooner when glucose is ingested prior to exercise
compared to water ingestion (Foster et al., 1979).
These authors suggested that the more rapid fa-
Hgue may be due to a more rapid depletion of
muscle glycogen, although muscle glycogen was not
measured (Foster et al., 1979).

- In contrast 1o moderate intensity exercise, gh-
cose feeding prior to low intensity exercise does
not appear to stress muscle metabolism since the
availability of blood-bome substrates are not greatly
affected (Ahlborg and Felig, 1977; Costill &t al,,
1977), First, hyperinsulinaemia at the onset of ex-

ercise at 30 to 50% of VO3 max d0€s Dot result in

as great a decline in blood glucose, probably be-
cause less musele 1s activated to clear the blood of

 glucose (Ahlborg and Felig, 1977; Jandrain et al,

1984). Secondly, the suppression of fat oxidation
is cbmbensated for by increased blood glucose ox-
idation and therefore muscle glycogen utilisation
may not be accelerated.

The hyperinsulinaemnia which is normally as-

“soclated with glucose ingestion can be avoided or

dramatically blunted if the glucose feeding is not
given unt] exereise has been initiated (Coyle et al,,
1983; Ivy et al, 1979). This is due to a catechol-
amine suppressicen ef insulin release from the pan-
creas which is proportional to the intensity of ex-
ercise (Wright and Malaisse, 1968), Therefore,
glucose feeding will have less of an effect upon sup-
pressing fat oxidation, especially during moderate
intensity exercise, if begun during exercize when
catecholamines are elevated,

Fructose mgestion does not cause hyperinsuli-
naemia and when taken before exercise does not
cause large perturbations in fuel homeostasis
(Koivisto et al, 1981; Levine et al, 1983). As dis-
cussed, however, the majority of ingested fructose
is converted to and metabolised as glucose and there
would be no expected henefit in ingesting fructose
prior to exercise compared with ingesting glucose
during exercise. If it were not possible to ingest glu-
cose during exercise, fructose ingestion prior to ex-

-ereise may aid in maintaining blood glucose con-

centration during exercise. Whether this actually
spares ronscle plycogen usage during exercise is
controversial (Hargreaves et al,, 1984a; Hughes et -
al., 1984 Levine et al,, 1983).

3.4 Appearance of Ingested Glucose
in Blood

When labelled glucose is ingested during exer-
cise, small amounts of C'9 appear in blood within
5 to 7 minutes (Costill ¢t al., 1973). The contri-
bution to the total blood glucose pool (which totals
approximately 25 mmaol or 4.5g) is initially quite
small, The relative fraction of blood glucose which
is derived from the ingested glucose increases with
time and in proportion to the amount of the feed-
ing (Costill et al,, 1973; Van Handel ¢t al., 1980).
Peak concentration of labelled C!% ghicose is
reached within 30 minutes after ingesting a small
Ioad, but not until 20 minutes after ingesting larger
loads. The relative fraction derived from the in-
gested glucose is 27, 42, and 67% after 10, 32 and
42g glucose loads. Whether larger doses result in
blood glucose replacement which is predominantly
supplied exogenously has not been determined. This
is likely, however, because feedings suppress liver
glycogenolysis (Bagby et al., 1978) and gluconeg-
genesis (Ahlborg and Felig, 1976), the pathways by
which glucose normally enters into blood. Collec-
tively, these stndies indicate that afier 60 to 90
minutes of exercise, ingested glucose can function-
ally replace the hver, to a large extent, 10 supplying
blood glucose for exercise.

4. Evidence that Carbohydrate Feeding
Can Delay Fatigue

4.1 During Exercise at 60 to 75%

of V-Dl i

There have been a mumber of previous studies
of the effects on endurance of carbohydrate admin-
istration during exercise. One approach has been
to give glucose after fatipne has developed. This
procedure has not, in the sbsence of hypoglycae-
mia, resulted in a reversal of fatigue during mod-
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erately strenugus exercise (Galbo et al., 1979; Na-
zar et al, 1972). This finding provides evidence
that glucose uptake into musele is too slow for blood
glucose to serve as the major source of carbohy-
drate for.muscle during exercise requiring 70% or
more of VO max. It is also in keeping with the con-
cept that strenuous exercise cannot be continued
after muscle glycogen is depleted (Bergstrom et al.,
1967; Hermansen et al, 1967).

Another azpproach has been to begin glucose
polymer feedings during the early stages and con-
tinue feeding throughout exercise at 70 to 74% of
VOu max (Coyle et al,, 1983; Ivy et al., 1979). As a
result, hyperinsulinacrnia is avoided and blood
glucose and insulin are maintained at basal levels
throughout exercise with feedings. Since blood glu-
cose and insulin decline during exereise in the fasted
state, this results in a 20 1o 50% higher blood glu-
cose and plasma insvlin concentration when car-
bohkydrate feedings are provided. The blood glu-
cose differences are greatest during the latter
portions of exercise.

Using this approach, Tvy et al. (1979) had cyc-
lists atternpt to maximise work output during 2
hours of isokinetic cycling. Although no difference
im total work owtput was observed, they noted that
during the last 30 minutes of exercise, the subjects
were able to maintain or even increase their initial
work rate when fed carbohydrate, yet they began
to fatigue during this period when fasted. There-
fore, 11% more work was performed during the 90-

10 120-minute period of exercise when fed. These
findings indicate that feedings begin to exert a
beneficial influence upon endurance during the 90-
te 120-minute period of intense exercise and
prompted Coyle et al, (1983) 1o study subjects for
longer periods.

Coyle et al. (1983) asked experienced cyclists to
exercise at 74% of VO3 ma. for as long as pessible.
When they were no longer able to maintain this
work rate, they were permitted to reduce the ex-
ercise intensity and select the highest work rate they
thought they ¢ould maintain for at least another 10
minutes. As shown in figure 1 (top panel: subgroup
A), the initial exercise intensity was maintained
during the first 90 to 120 minutes of exercise, after

which the work rate began o decline when the sub-
jects were fed placebo solutions. In contrast, car-
bohydrate feeding (CHOY) allowed these subjects to
meintain their inital work rate for a longer period
of time. Fatigue was defined as the lime at which
work rate declined 10% below the initial intensity.

Subgroup A
a0 =
B0
- Fatigus*
FO -
60 Fatigue
50 m—mcHo
C—0 Placebo
40 -
P
= | 1 1 1 } 1 d
z L
5 Subgroup B
'E)" g0 -
80~
Fatigue
o= J
&0 f
50 g » CHO Fatlgue
O——0 Placsbo
40
1. ! 1 L L)

}
o} 30 60 a0 120 180 180

Exercise tima (rmiry)

Fig. 1. Work Intensity (%V0: ) that could be maintained dur-
ing exercige with (CHO) and without (placebo) carbohydrate
feading in subjetts who gisplayed e decline.in bisod glucose
coneentration during exercise without carbohydrate feading
{subgroup A} and those whe did not {subgroup B). Arrows de-
note meen time te fatigue (i.a. reductish in werk rate by 10% of
VO, Significantly differant frem placabo {p < 0.09) [fram Coyle
et al. (1983,
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In the entire group, fatigue occurred after 134 min-
utes in the placebo trial compared with 157 min-
utes when carbohydrate feedings were provided (p
< 0.01). As in the study of Ivy et al. (1979), work
output at 120 minutes was not significantly differ-
ent, yet because divergences occurred after this
time, the carbohydrate-fed group performed pro-
gressively more work with increasing duration.
After 150 minutes, the subjects had performed 6.6%
more work when fed carbohydrate compared with
placebo. )

The findings of Coyle et al. (1983) indicate that
carbohydrate feedings can delay the development

of fatigne during moderate exercise which is longer

than 2 hours in duration. The observation that car-
bohydrate feedings do not prevent fatigue is con-
sistent with the concept that blood glucese cannot
be utilised at a fast enough rate to provide ail the
carbohydrate requirements for exercise of this in-
tensity. Of the 10 subjects studied by Coyle et al.
{1983), the 7 subjects who benefited from the car-
bohydrate feeding displaved a lowering of blood
glucose during exercise when fasted. Fatigue was
associated with symptoms of hypoglycaemia in only
2 of these subjects while the remainder complained
primarily of severe weariness in the working
muscles, which is suggestive of glycogen depletion.
This indicates that carbohydrate feeding may have
delayed fatigue in these subjects by slowing muscle
glycogen depletion.

Blood glucose did not decline in the other 3 sub-
jects duning exercise when fasted. The exercise time
to fatigue in these same 3 subjects (denoted as
subgroup B in figure 1) was not affected by the
carbohydrate feedings. This indicates that 4 20 10
40% elevation of blood glucose and the mainten-
ance of insulin at resting basal levels (which 15 20-
50% higher than observed during prolonged exer-
cise) may not spare musecle glycogen unless it is
compared with exercise which results in a lowering
of blood glucose, It is possible that the lowering of
blood glucose accelerates muscle piycogen usage and
hastens fatigue. Tt is also possible that fatigue can
be delayed if blood glucose is maintained during
the latter stages of exercise when muscle glycogen
concentration 15 already low,

Other investigators have measured endurance
during exercise with and without carbohydrate
feeding, Brooke et al. (1975} found that cyclists were
capable of exercizsing for 19% longer (180 v 214
min) when fed glucose syrup, compared with low
energy drinks {which did not elevaie blood glu-
cose). Onygen consumption, however, was 7% lower
when the glucose feedings were provided, making
the significance of these findings difficult to inter-
prel. :

Felig et al. (1982) recently concluded that glu-
cose feeding during bicvcle ergometer exercise at
60 to 65% of VOs ... does not consistently delay
exhaustion. The subjects’in this study were not ex-
perienced ¢yelists and there was & large amount of
variability in response due to motivation and
learning. This was appatrent in that 13 of 19 sub-
jects increased their endurance on the second trial
when provided with a monetary incentive. How-
ever, in ¢ach of the comparisons, the exercise times
were longer with glucose feeding; the average in-
creases in exercise time ranged from 7 to 13 min-
utes. Pue 1o the tremendous variability in re-
sponse, it is not surprising that these differences
were ot statistically significant.

4.2 During Exercise at 30 to 30%
of '\-fOz niK ’

In contrast to the heavy reliance on muscle gly-
cogen during strenuous exercise, most of the en-
ergy for exercise requiring less than 50% of VOs
is provided by oxidation of fat and blood glucose,
while musele glycogen plays a minor role and
undergoes minimal depletion (Essen, 1977). Ad-
ditionally, there is little evidence to indicate that
low intensity exercise is limited due to a lowering
of blood glucose (Young ct al., 1967). Although liver
glycogen stores are lowered, ‘gluconeogenesis can
account for almost half of the glucose output by
the liver and therefore frank hypoglycaemia is rarely
encountered (Ahlborg and Felig, 1976; Wahren,
1977; Young et al., 1967). After 13 hours of walk-
ing at 33% of VO3 max, Men can still supply suffi-
cient guantities of endogenous glucose to aintain
the carbohydrate requirements of exercise (Young
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et al., 1967). As discussed below, there is much evi-
dence indicating that carbohydrate feeding during
mild cxercise increases the amount of energy de-
rived from blood glucose with a proportional low-
ering of fat oxidation (Ahiborg and Felig, 1976).
Whether carbohydrate feedings, which generally
replace fat oxidation with glucose oxidation, are

required 1o maintain very prolonged (ie. > 13h)

mild exercise (ie. < 40% of VO3 may) remains to
be determincd.

Ivy et al. (1983) recently demonstrated that the
length of time that subjects can walk uphill is in-
creased from 4.5 hours when fasted to 3.0 hours
when fed glucose polymers. Although the subjects
were exercising at only 47% of VO3 me, (measured
while running), they relied predominantly upon
carbohydrate for energy as reflected by the respi-
ratory exchange ratio. The authors suggested that
the work may have been isolated to = relatively
small musele mass, unlike during running, and that
muscle glveogenolysis was stimulated to a greater
extent than predicted from the perceniage of
V0o max Assuming that local muscular glycogen
depletion resulted in fatigue in these subjects, these
findings agree with the findings during excrcise at
70% of VOimax and suggest that carbohydrate
feedings delay fatigue by sparing muscle glycogen
utilisation. These findings also indicated that the
potential of carbohydrate feeding in delaying fa-
tigue should be judged by the degree to which the
activity relies upon carbohydrate for fuel, cspe-
cially when isolated to_a relatively small muscle
mass.

5. Evidence that Carbohydrate
Supplementation Spares Muscle
Glycogen Utilisarion

To our knowledge, there have been_oniy 2 full

_investigations of glycogen utilisation in men dur-

ing exercise with and without carbohydrate sup-

plementation. Bergstrom and Huluman (1967) in-

fused glucose duting intermittent high intensity one-
legged eyeling which normally resulted in glycogen
depletion within 60 minutes, Glucose was infused
at a high rate (18.5 mmol/min), which was in ex-

cess of the total energy requirements of exercise
and which produced a 6-fold increase in blood glu-
cose concentration. This large glucose load resulted
in 25% less glycogen utilisation compared with ex-
ercise without glucose infusion. At the time of this
investigation, a 25% sparing of muscle glycogen was
not considered impressive, especially since a pur-
pose of this study was to determine whether the
total carbohydrate requirenents of intense exercise
could be provided from blood glucose. A slowing
of glycogen depletion by this amount, however,
would theoretically have the effect of postponing
the time of glycogen depletion from 60 minutes to
approximately 25 minutes during their exercise bout
(Bergstrém and Hultman, 1967; fig. 1). This amount
of glycogen sparing and the theorised extent to
which fatigne would be postponed, generally agrecs
with the observations of Coyle et al. (1983) and vy
et al. (1983) who observed that carbohydrate feed-
ing delayed fatigue during prolonged exercise.
Recently, Hargreaves st al. (1984b) measurad
glycogen utilisation during 4 hours of cycling with
and without hourly feedings of sucrose. The exer-
cise involved 8 repetitions of 20 minutes of exer-
cise at 50% of VO may, followed by 10 minutes of
intense intermittent . cxcrcise (30 sec at 100%
V01 s, T0llowed by 2 min of rest). Glycbgen con-
centration after 1 hour of exercise was actually 20%
lower when feedings were provided; this difference
was greater than what can be attributed to differing
initial muscle glycogen levels. This suggests that
feedings are not effective in sparing muscle gly-
cogen use during the early portions of this type of
prolonged exercize. However, glycogen ¢onsump-
tion during the 1- to 4-hour period of exercise with
ihe feedings was much lower and therefore the 1012l
glycogen reduction was lower. In terms of perform-
ance, 1he subjects were able to exercise at 100% of
VO may Tor 45% longer (i.e. 126.8 sec vs 87.2 sec;
feeding vs water, respectively) when carbohydrate

- was ingested.

These 2 studies indicate that elevation of blood
ghicose during intermitient exercise results in less
net glycogen depletion during the entire bout of
exercise and they sugpest that this sparihg effect
may occur during the latter stages of exercise
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(Bergstrom and Huliman, 1967; Hargreaves et al.,
1984b). 1t 15 possible that the net glycogen reduc-
tion with carbohydrate supplementation could be
lower in both of these studies due to glycogen re-
synthesis during the rest periods when fed. Al-
though there is no direct information in humans
during continuous exercise, Baghy et al. (1678) have
provided strong evidence in rats which indicates
that carbohydrate supplementation duting contin-
uous exercise results in a slowing of muscle gly-
copen depletion. ‘ :

6. Blood Glucose Uptake and
Oxidation during Exercise

Since direct measurements in humansg of gly-
cogen usape during continuous exercise with and
without carbohydrate supplementation are not yet
available, we must rely upon indirect information
regarding the potential carbohydrate-sparing ef-
fects of glucose feedings. With this approach, we
will review studies which have traced the fate of
glucose ingested during exercise and determine the
extent to which this exogenous glucose contributes
directly to energy metabolism and then caleulate
whether this might spare endogenons muscle and
liver glycogen stores,

6.1 Low Intensity Exercisc
(< 50% of VO mu)

Glucose feeding during exercise at 30 to 30% of
\'IOZ max TE3UIS in 4 60% elevation of blood glucose
and more than a 2-fold increase in plasma insulin
concentration (Ahlborg and Felig, 1976), Ahlborg
and Felig (1977) observed byperinsulinasmia to re-
sult 1m a 2.5-fold greater glucose uptake by the ex-
ercising leg at a time when blood glucose was at
normal fasting levels. On the other hand, marked
hyperglycaemia in the absence of hyperinsulinae-
miz does not increase leg glucose uptake during
exercise (Wahren et al, 1975). These findings in-
dicale that the hypennsulinaemia accompanying
glucose feeding is the major factor responsible for
increaging leg glucose uptake during low intensity
exercise,

Total carbohydrate oxidation normally contrik-
utes less than one-third of the energy for low in-
tensity exercise, yet following carbohydrate feeding
ag much as 50 1o 653% of the energy i5 oblained
from carbohydrate oxidation {Ahlborg and Felig,
1976: Benade et al., 1973a). This inctease in car-
bohydrate oxidation is derived by increasing leg
glucose uptake from a normal fasting value of ap-
proximately 2.0 mmol/min up to 3.5 mmeol/min
(Ahlbore and Felig, 1976). With the increase in
blood glucose uptake there is a concomitant de-
cline in fat oxidation and therefore muscle glyco-
gen usage shounld not be affecied.

Other studies which have simultaneously deter-
mined both total and exogenous carbohydrate ox-
idation following carbohbydrate feeding have ob-
served exogenous utilisation to increase more than
total oxidation (Pirnay et al.,, 1977), This indicates
that endogenous carbohydrates are being sparad at
a rate of roughly 1.7 to 2.8 mmol/min (Pirnay et
al., 1977). These calculations are based upon whole
body respiratory measurements. Thus, it 15 not
possible to distinguish between a spanng of liver
or ‘muscle glycogen. Since the additional glucose
which is taken up by the legs appears to provide
for the increased total oxidation, it is unlikely that
muscle glycogen is spared to a significant extent
(Abhlborg and Felig, 1976). It is more likely, how-
ever, that the ingested glucose replaces liver gly-
cogen as the carbohydrate source which maintains
blood glucose concentration. This seems possible
since the normal rate of glucose gutput by the liver
during low intensity exercise is approximately 2.0
mmol/min, which, if suppressed through feedings,
would agree with the rate of endogenous carbo-
hydrate sparing reported by Pirnay et al. (1977).

When 100g of glucose or sucrose are ingested
during exercise at 50% of VOu yay approximately

‘half of the ingested amount is oxidised during the

2-hour peried following ingestion, irrespective of
when during exercise the feeding was consumed
(Benade et al., 1973; Krzentowski et al,, 1984; Pir-
nay et al., 1977). Peak oxidation occurs during the
second hour following ingestion. When 200g are
ingested, the rate of glucose presentation to muscle
does not increase proportionately suggesting that
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the splanchnic bed (primarily the liver) retains a
large portion of an ingested glucose meal for dis-
posal at a later time (Ahlborg and Felig, 1976). By
the fourth hour following ingestion of 100g of glu-
cose, almost all of the ingested glucose is appar-
ently oxidised (Krzentowski et al,, 1984; Pirnay et
al.,, 1977). Less of the ingested glucose appears as

expired CO: when small amounts are consumed .

{10-42g) and the coliection period 15 only 1 hour
long (Costill &t al., 1973; Van Handel et al., 1980).

.- Based upon a collective interpretation of the data
currently available, 1t appears that carbohydrate
feeding during low intensity exercise (i.e. 30-50%
of \'f'Og max) Spares liver glycogen utilisation and
mcreases total carbohydraie oxidation by increas-
ing leg glucose uptake. However, the amount of
muscle glycogen sparing is probably small, This is
logical since muscle glycogen is not utilised 10 a
large extent during this type of exercise. The ra-
tionale for carbohydrate feeding during mild ex-
ercise would be to maintain liver glycogen and el-
evdte blood glucose concentration. This may not
affect endurance, however, since hypoglycaemia is
not usually a concern during this type of cxercise
(Young et al, 1967).

6.2 Moderate Intensity Exercise
(50-80% of VO max)

As the intensity of exercise increases from 30 to
70% of VO1 max, total carbohydrate oxidation in-
creases predominantly through inereased muscle
glycogenolysis. There is less information regarding
the extent to. which blood glucose uptake and ox-
idation are increased. Wahten et al. (1971) ob-
served leg glucose uptake to inerease with ingreas-
ing exercisc intcnsity with peak uptake values of

" 4 mmol/min. During prolonged exercise at 58%
of VO3 max When fasted, leg glucose uptake is ap-
proximately 3.6 mmol/min compared to 2.5 mmol/
min during exercise at 30% of VO; max (Ahlborg
and Felig, 1982), Interestingly, this value is similar
to the tate of glucose uptake during low intensity
exercise when blood glucose and insulin are ele-
vated (Ahlborg and Felig, 1976), There have been
no studies of leg glucose uptake during moderate

intensity exercise when glucose is ingested. It can
not be very high since the total c_arbohydrate re-
quiremnents of exercise at 70% of VO- 5, can not
be provided from blood glucose alone.

Along these lines, Pirnay et al. (1982) observed
that the rate of oxidation of ingested glucose did
not increase as exercise intensity increased from 351
10 64% of VO3 . This may indicate that the
maximal rate of glucose entry into, and oxidation
by muscle does not increase with this increase in
exercise Intensity. It is also possible, however, thal
less of the ingested glucose was made available to
muscle for oxidation with increasing exercise in-
tensity. The maximal rate of total exogenous glu-
cosc oxidation was approximately 4 mmol/min.
Assnming the large majority of glucose in the blood
was derived from the ingested glucose, it is inter-
esting that the maximal reported rates of leg glu-
cose uptake (Ahlborg and Felig, 1976, 1982; Wah-
ren et al., 1971) agree fairly well with this maximal
rate of oxidation (Pirnay et al.,, 1982).

Carbohydrate feeding during exercise at 70% or
more of ¥Os ., does not causc hyperinsulinasmia
(Coyle et al., 1983; Ivy et al., 1979). Insulin eon-
centralion rernains at fasting basal levels instead of
declining 20 to 50% as occurs during prolonged ex-
ercise when fasted. Additionally, there 15 only a
maoxdest reduction in-the exercise-induced, increase
in plasma free fatty acids. In contrast to low in-
tensity exercise, there 15 no change in the propor-
tion of energy derived from carbohydrate oxida-
tion, ag reflected in the respiratory exchange ratio
(Coyle et al, 1983; Ivy et al., 1979), This could
mean that insulin levels ar¢ not elevated enough

" 1o stimulate increased ghicose uptake by muscle and

increased carbohydrate oxidation. On the other
hand, if glucoss uptake is increased and total car-
bohydrate oxidation remains unchanged, muscle
glycogen utilisation would be reduced. Based upon
the findings of Bergstrém and Hultman (1967), who
found 25% less muscle glycogen depletion during
exercise with glucose infusion, it would appear that
blood glucose uptake is increased above fasting
levels during some period. It is not certain, how-
ever, whether glucose supplementation increases
glucose uptake above fasting levels throughout the
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exercise period or if greater uptake oceurs during

the latter stages of exercise. This information would
dictate when during prolonged intense exercise it
is most beneficial to elevate blood glucose and
insulin,

There are data in humans which suggest that leg
glucose uptake is accelerated when glycogen stores
become depleted and that glucose uptake is higher
when feedings are provided. Gollnick et al. (1981)
reported that the extraction of glucose by the ex-
ercising leg, -and estimated leg glucose uptake, are
related to the percentage of muscle fibres which are
empty of glycogen. Estimated leg glucose uptake
increased 2-fold towards the end of exercise when
glycogen stores were slmost depleted. When gly-
cogen-depleted subjects exercise intensely, blood
lactate levels are 2-fold higher and carbobydrate
oxidation increases dramatically when glucose
feedings are provided compared with when fasted
(Bonen et al., 1981). This suggests that blood glu-
cose uptake might be capable of increasing to rela-
tively high levels when glycogen-depleted subjects
exercise at moderate to high intensities, If in-
creased leg glucose uptake does occur during the
latter stages of excrcise, although it does not appear
capable of providing for the total carbohydrate re-
guirements of intense exercise, it may slow the de-
pletion of the remaining muscle glycogen, This
theory would agree with the observations that fa-
tigue due to glycogen depletion can be delayed
somewhat by carbohydrate feeding but cannot be
prevented. -

7. Practical Implications for Endurance
Performance

Individuals who are exercising at a modcrate in-
tensity (i.e. 60-80% Vqpma,) for more than 2 hours,
and who are fatigued due to muscle glycogen de-
pletion, are likely to benefit from carbohydrate
supplementation during excrcise. This 1s especially
true of individuals who normally display a low-
ering of bleod glucose conceritratiun during pro-
longed exercise. However, carbohydrate feedings
should not be taken until exercise has begun. Since
carbohydrate feedings can also compromise fluid

replacement, due to a slowing of gastric emptying,
carbohydrate supplementation should not take
precedence over fluid replacement during exercise
in 2 hot environment When fluid replacement is
not & concern, we recommend that feeding take
place every 20 1o 30 minutes during prolonged cx-
cercise.

in a recent study (Coyle et al,, 1983), we fed
cyelists approximately 140ml of a concentrated
carbohydrate solution (i.e. 50% by weight solution
of glucose polymers) after 20 minutes of exercise,
We then provided them with approximately 300ml
of a 6% polymer solution every 30 minutes
throughout the exercise bout. This feeding sched-
ule was effective in maintaining an elevated blood
glucose concentration and delaying the develop-
ment of fatigue.

8. Conclusions

Prolonged exercise (i.e. 3> 2h) results in a failure
of hepatic glucose output to keep pace with muscle
glucose uptake. As a result, blood glucose con-
centration frequently declines below 2.5 mmol/L.
Despite this hypoglycaemia, fewer than 25% of
subjects display symptoms suggestive of central
nervous system dysfunction. Since fatigue rarely
results from hypoglycaemia by itself, the effective-
ness of carbohydrate feeding should be judged by
its potential for muscle glycogen sparing.

Carbohydrate feeding during moderate intensity
exercise postpones the development of fatigue by
approximately 15 to 30 minutes, yet it does not
prevent fatigue. This observation agrees with data
suggesting that carbohydrate supplementation re-
duces muscle glycogen depletion. It is not cerain
whether carbohydrate feeding increases muscle
glucose uptake throughout moderate exercise or if
glucose uptake is higher only during the latter
stages of exercise.

In contrast to moderate intensity exercise, car-
bohydrate feeding during low intensity exercise (i.c.
< 45% of VO mae) 1esulis in hyperinsulinaemia.
Consequently, muscle glucose uptake and total car-
bohydrate oxidation are increased by approxi-
mately the same amount. The amount of ingested
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glucose which is oxidised is greater than the in-
crease in total carbohydrate oxidation and there-
fore endogenous carbohydrate is spared. The ma-
jority of sparing appears to occur in the liver, which
is reasonable since muscle glycogen is not uiilised
1o a large extent during mild exercise.

In summary, although carbohydrate feedings
prevent hypoglycaemia and are readily used for
energy during mild exercise, there is little data in-
dicating that feedings improve endurance during
low intensity exercise. When the reliance on carbo-
hydrate for fuel is greater, as during moderate in-
tensity exercise, carbohydrate feedings delay fat-
igue by apparently slowing the depietion of muscle
glycogen.
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