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YASPELKIS,BENEDICT B.,III, ANDJOHN L.Iv~.Effectofcar- emptying among water and beverages containing 2.5,5.0, 
bohydrate supplements and water on exercise metabolism in the 10.0, and 15.0% carbohydrate. They observed that water 
heat. J. Appl. Physiol. 71(2): 680-687, 1991.-Carbohydrate 
(CHO) supplements of different concentrations were compared 

and the 2.5% carbohydrate supplement resulted in simi- 

with water to determine their effects on thermal regulation and 
lar rates of gastric emptying, but the beverages contain- 

plasma volume maintenance while subjects exercised for 2 h in 
ing a greater concentration of carbohydrate delayed gas- 

the heat and to determine their impact on carbohydrate utiliza- 
tric emptying. On the basis of these findings, it has been 

tion. Trained cyclists (n = 12) rode at 48.8 t 0.8% maximal 0, recommended that the carbohydrate content of fluid re- 
consumption in an environmental chamber maintained at placement drinks be kept under 2.5% to optimize fluid 
33.0 * O.l’C and 51.7 t 1.4% relative humidity on three sepa- delivery (2). However, more recent research has demon- 
rate occasions. During each exercise bout the subjects received strated that carbohydrate supplements containing as 
3 ml/kg body wt of H,O, a 2.0% glucose polymer (LC) solution, much as 15% carbohydrate do not differ from water in 
or an 8.5% glucose polymer (HC) solution every 15 min. Muscle their ability to effectively support thermoregulation dur- 
biopsies from the vastus lateralis were obtained before and 
after the H,O and HC trials only. Rectal temperature and heart 

ing prolonged exercise in a warm environment (9,10,32). 

rate, but not 0, consumption, rose from the lo- to 120-min 
In addition, a supplement containing 7.5% carbohydrate 

period of exercise. No differences among treatments were 
may result in a smaller percent change in plasma volume 

found for these variables. There were also no significant differ- 
than water during exercise in the heat (10). 

ences among treatments for percent changes in plasma volume It has also been suggested that exercise performed in 

and blood volume. Plasma glucose and insulin were unchanged the heat accelerates fatigue because of an increased reli- 
during the H,O and LC trials but were significantly elevated ante on carbohydrate as substrate (21). It has been well 
during the HC trial. In addition, CHO oxidation was signifi- documented that the ingestion of carbohydrate supple- 
cantly greater during the HC trial than during the H,O trial ments during prolonged endurance exercise can compen- 
from 60 to 120 min of exercise. However, the reduction in mus- sate for the reduction of endogenous carbohydrate stores 
cle glycogen during the HC trial (206.5 * 23.6 pmol/g protein) 
was significantly less (P < 0.05) than during the H,O trial 

and delay the onset of fatigue (11, 15, 18, 27, 28). 

(342.3 t 41.9 pmollg protein). These results demonstrated that 
Although it appears that carbohydrate supplements in 

the 8.5% CHO supplement regulated body temperature and 
the range of 7.0-10.0% can support thermoregulation as 

prevented disturbances in fluid homeostasis as effectively as effectively as water during prolonged exercise in a warm 

water while maintaining CHO oxidation and reducing the rate environment, their effects on carbohydrate metabolism 

of decline in muscle glycogen during low-intensity exercise in and the endogenous carbohydrate stores have not yet 
the heat. been addressed. Therefore the purpose of the present 

investigation was to compare carbohydrate supplements 
fluid replacement; plasma volume; glucose; insulin; muscle of 2.0 and 8.5% with water during low-intensity exercise 
glycogen in the heat to determine their impact on carbohydrate 

metabolism as well as their effect on thermoregulation 
and plasma volume changes. 

DURINGSUSTAINEDEXERCISE intheheat,largeamounts 
of water may be lost as a result of sweating (l-2 l/h). METHoDS 
Dehydration during exercise can result in an increased Subjects. The subjects were 12 male competitive cy- 
plasma osmolality, decreased sweat rate, and increased clists between the ages of 18 and 24 yr who frequently 
body core temperature (40). Additionally, an elevated cycled over prolonged periods (2-4 h). They weighed 
body temperature has been reported to impair exercise 73.1 t 1.9 kg and had a mean maximal 0, consumption 
performance and increase the risk of heat injury (22, 24, (VO, ,,X) of 65.8 t 1.7 ml l kg-’ l min. Before testing, all 
31). However, water ingestion during exercise performed subjects were given a detailed explanation of the proce- 
in the heat can attenuate a rise in body temperature dures to be used and the potential risks of the study and 
(13, 22). signed an informed consent form. The study was ap- 

During prolonged exercise in the heat, it has been sug- proved by the university’s Institutional Review Board. 
gested that the ingestion of supplements containing Experimental design. Each subject completed three 
>2.5% carbohydrate will inhibit fluid delivery (14, 17). randomly assigned treatments in which 3 ml/kg body 
Costill and Saltin (14) compared the rates of gastric weight of H,O, a 2.0% (LC) carbohydrate, or an 8.5% 
680 0161-7567191 $1.50 Copyright 63 1991 the American Physiological Society 
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TABLE 1. Beverage composition 

Beverage 

CHO, 5% 
Na+, 

Maltodextrin Fructose meq/l 
K’, 

meq/l 
Osmolality, 

mosM 

I-40 0 0 0 0 0 
LC 2.0 0 3.48 1.53 54 
HC 5.75 2.75 5.20 0.51 273 

CHO, carbohydrate; H20, water; LC, 2.0% CHO; HC, 8.5% CHO. 

(HC) carbohydrate supplement (Table 1) was provided 
immediately before exercise and every 15 min thereafter. 
The three trials were completed over a 2- to 3-wk period 
and were conducted in a Sherer environmental chamber, 
which was maintained at 33.0 t O.lOC and 51.7 t 1.4% 
relative humidity. 

Preliminary testing. VO, m8X was determined during a 
continuous incremental cycling test performed on a 
Monark Ergomedic 818E cycle ergometer equipped with 
toe clips and straps. The incremental test protocol con- 
sisted of 2-min stages that were set to elicit 40,60,85,95, 
and 110% of the subject’s estimated vo2 mBX. Subjects 
breathed through a Daniel’s valve, with expired gases 
directed to a mixing chamber for analysis of 0, (Applied 
Electrochemistry S-3A/l, Ametek, Pittsburgh, PA) and 
CO, (Beckman LB-2, Beckman Instruments, Palo Alto, 
CA). Inspired volumes were measured using a dry gas 
meter (Rayfield Equipment, Waitsfield, VT). Analog 
outputs from these instruments were directed to a labora- 
tory computer for calculation of ventilation (TjE), 0, con- 
sumption (VO*), CO, production (VCO~), and respiratory 
exchangeratio (R) every 30 s. The criteria used to estab- 
lish the V02mex were a plateau in VO, with increasing 
exercise intensity and R > 1.10. 

Protocol. The subjects reported to the laboratory after 
a 12-h fast and abstained from fluid consumption for the 
final 2 h of the fast. Food intake and activity levels were 
controlled for 2 days before the first trial and were dupli- 
cated for subsequent trials. On reporting to the labora- 
tory, nude body weight was obtained, a rectal tempera- 
ture probe was inserted to a depth of 10 cm beyond the 
anal sphincter, and a heart rate (HR) monitor (UNIQ 
Heartwatch model 8799, Computer Instruments, Hemp- 
stead, NY) was secured in place on the chest. A catheter 
was inserted into an antecubital vein and taped in place. 
The subjects then entered the chamber and sat quietly on 
the cycle ergometer for 5 min before the commencement 
of the test. The subjects performed 120 min of cycling at 
48.8 t 0.8% vo, max. On conclusion of the exercise bout, 
the subjects towel dried and nude body weight was re- 
corded. Before and immediately after the H,O and HC 
trials, a muscle biopsy was obtained from the vastus la- 
teralis by the needle biopsy technique (4). 

Sample collection and analyses. iTE, VO,, ko,, and R 
were recorded for periods of 5 min by use of the respira- 
tory gas analysis system previously described. Collection 
periods ended at 15, 30, 60, 90, and 120 min of exercise. 
Carbohydrate oxidation was calculated from the tables of 
Lusk (30), assuming a nonprotein R. 

HR, by use of a radio telemetry unit, and body tempera- 
ture [Yellow Springs Instruments] (YSI) series 400 tem- 
perature probe interfaced with a YSI 2100 Tele-thermom- 

eter, Yellow Springs, OH) were recorded immediately be- 
fore the 
thereafte 

start of the 
r. Subjective 

exercise bout and every 15 min 
ratings of perceived exertion (6) 

were obtained after 5 and 15 min of exercise and then at 
every 15 min of exercise. 

Approximately 5 ml of venous blood were drawn while 
the subjects were seated on the ergometer immediately 
before the start of exercise and at 5, 30, 60, 90, and 120 
min of exercise. Hematocrit was determined by micro- 
centrifugation, and hemoglobin was analyzed by the 
cyanmethemoglobin method (Drabkin’s reagent, Sigma 
Chemical, St. Louis, MO). Percent changes in blood vol- 
ume, cell volume, and plasma volume were calculated as 
described by Dill and Costill (19). Four milliliters of each 
blood sample were anticoagulated with 250 ~1 of EDTA, 
and the plasma was separated by centrifugation at 4°C. 
The plasma was split 
-80°C for subsequent 

into equal portions 
measurement of glu 

and stored at 
case and insu- 

lin. Plasma was analyzed for glu .cose concentration with 
a glucose analyzer (model 23A, Yellow Springs In stru- 
ments). The insulin concentration was measured by ra- 
dioimmunoassay (23) (Radioassay System Laboratories, 
Carson, CA). One-half milliliter of blood was deprotein- 
ized in 1 ml of cold 8.0% perchloric acid and centrifuged 
at 1,000 g (4°C) for 15 min. The acid extract was then 
stored at -8OOC for subsequent enzymatic analysis of 
lactate (25). 

Percutaneous muscle biopsies taken from the vastus 
lateralis were divided into two pieces. One portion was 
quickly frozen in isopentane cooled in liquid N, and 
stored at -8OOC until analyzed for glycogen. For glyco- 
gen determination, the biopsies were weighed and homog- 
enized in a 50% glycerol-20 mM Na,HPO, buffer (5O:l 
wt/vol, pH 7.4) that contained 0.5 mM EDTA, 0.02% 
bovine serum albumin, and 5 mM P-mercaptoethanol. 
Homogenization was performed in a dry ice-acetone 
bath. Two hundred microliters of the homogenate were 
added to 140 ~1 of 2 N HCl and incubated at 100°C for 120 
min. The homogenate was cooled to room temperature 
and neutralized with 1 N NaOH. The muscle glycogen 
conce 
made 

ntration 
relative 

was 
to th 

determined 
e protein con 

(pmol/g protein). Muscle protein conce 
measured calorimetrically as described by 

and 
scle 

enzymatically (34) 
centration of the mu 

ntration 
Bradford 

was 
(7) . 

The second piece of the biopsy sample was oriented in 
mounting media (OCT compound, Fisher Scientific, 
Pittsburgh, PA) and 
to its freezing point 

rapidly frozen in isopentane cooled 
in liquid N, and stored at -8OOC. 

Serial sections (10 pm) were cut-at -2OOC in a cryostat 
and were stained for myosin adenosinetriphosphatase ac- 
tivity (pH 4.55) (8) and for glycogen via the periodic acid- 
Schiff (PAS) reaction (35). Sections from each biopsy 
sample were magnified, and the intensity of the PAS 
staining in the individual muscle fibers was rated visually 
on a scale of 0 (negative) to 4 (darkly stained). 

Statist 
two-way 

,icaL analysis. The 
analysis of varian 

data were analyzed 
.ce (treatment X time 

using a 
) for re- 

peated measures. The difference between the pre- and 
postexercise muscle glycogen concentrations (Aglyco- 
gen) was analyzed with Student’s t test. Significant dif- 
ferences between means were determined using Tukey’s 
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TABLE 2. Heart rate, rectal temperature, and ratings of perceived exertion during 120 min 
of low-intensity exercise in the heat 

Time, min 

Beverage I’re 5 30 60 15 45 75 90 105 120 

HR, beatslmin 

137k4.6 137k4.5 
137k4.6 138k4.4 
135k4.6 13624.5 

w 
LC 
HC 

76S.O 125k3.9 13Ok4.6 
7222.7 123k4.6 12824.1 
7Ok2.9 124k4.7 12824.9 

134k4.5 
131t4.6 
13124.5 

142k4.4 
14Ok4.4 
14Ok4.4 

142k4.6 
142k4.5 
14Ok4.7 

146k5.2 147k4.9 
14525.3 14725.0 
145k5.1 14525.2 

T rep OC 

38.OkO.07 
37.9kO.13 
38.OkO.08 

38.120.08 
38.OkO.10 
38.0&O. 10 

w 
LC 
HC 

37.1 kO.07 
37.1kO.13 
37.1 kO.08 

37.2kO.07 
37.2kO.07 
37.2kO.07 

37.520.07 37.820.06 
37.520.10 37.8kO.10 
37.520.07 37.820.08 

38.220.08 38.2kO.09 
38.0&O. 11 38.1 kO.08 
38.1-10.09 38.2&O. 10 

38.2kO.10 
38.2kO.10 
38.2kO.10 

38.4kO.17 
38.2kO.12 
38.2kO.09 

RPE, units 

10.4kO.45 10.9-to.34 
10.7kO.33 ll.lkO.34 
lO.OkO.52 10.3kO.5 1 

w 
LC 
HC 

9.1 kO.41 
8.6kO.5 1 
8.9kO.48 

9.720.4 1 
9.5kO.38 
9.4kO.58 

10.1 kO.40 
10.3kO.36 

9.8-tO.52 

11.4kO.31 
11.3kO.38 
10.81~0.46 

11.6kO.40 
12.0k0.43 
11.3kO.56 

11.8kO.33 
12.1kO.45 
11.6kO.60 

11.8t0.35 
12.3k0.57 
11.520.54 

Values are means & SE. Subjects were fed 3 ml/kg body wt of water (H,O), 2.0% CHO (LC), and 8.5% CHO (HC) immediately before exercise 
and every 15 min during exercise. HR, heart rate; T,,, rectal temperature; RPE, rating of perceived exertion. 

post hoc analysis. Differences were considered signifi- remained relatively stable at -4.4 mM throughout the 
cant at P 5 0.05. H,O trial. 

RESULTS 

Thermoregulatory and cardiovascular responses. The 
H,O, LC, and HC treatments did not differ in their abil- 
ity to effectively support thermoregulation as measured 
by rectal temperature (Table 2). Rectal temperature was 
37.l”C at rest and then rose to a steady-state level of 
--38.2"C by 90 min of exercise. This temperature was 
then maintained for the duration of the exercise bout. 

HR was similar among all beverage treatments, al- 
though all treatments exhibited a cardiac drift of -20 
beats/min by the end of the exercise bout (Table 2). Sub- 
jects also did not perceive any difference in effort during 
exercise as a result of the treatments (Table 2). Although 
perceived exertion rose from -9 units at 5 min of exer- 
cise to 11.9 units by 120 min, the subjects found the exer- 
cise intensity to be relatively easy. 

In response to the increased plasma glucose during the 
HC trial, the plasma insulin concentration increased 
from 9.4 t 0.7 pU/ml at rest to 25.3 t 3.9 PUlml after 30 
min of exercise (Fig. 2). The elevated insulin concentra- 
tion at 30 min of exercise during the HC treatment was 
significantly greater than that during the H,O and LC 
treatments (P < 0.05). The plasma insulin concentration 
during the HC trial remained significantly elevated (P < 
0.05) above that of the H,O and LC trials throughout the 
following 90 min of exercise. Plasma insulin concentra- 
tions did not differ during the H,O and LC trials. They 
were -10 pU/ml before exercise and declined to -6 pU/ 
ml by 120 min of exercise. 

Hematocrit and hemoglobin did not differ among 
treatments (Table 3). Within the first 5 min of exercise 
there was a significant increase in both hemoglobin and 
hematocrit, and over the following 115 min of exercise 
both gradually increased. The calculated changes for 
blood and plasma volume exhibited no difference among 
treatments throughout the exercise bouts (Table 3). 

Blood lactate was elevated from -0.9 mM at rest to 1.3 
mM after 5 min of exercise (Fig. 3) and was not different 
among treatments. However, blood lactate levels during 
the HC treatment were significantly greater than those 
during the H,O and LC treatments at 60 and 90 min of 
exercise (P < 0.05), although the differences were only 
0.3-0.4 mM. 

Plasma glucose, insulin, and blood lactate responses. As 
shown in Fig. 1, plasma glucose was not different among 
treatments before exercise. The HC treatment, however, 
rapidly elevated plasma glucose to 6.2 t 0.4 mM during 
the first 30 min of exercise, which was significantly 
greater than the plasma glucose response of the H,O and 
LC treatments (P < 0.05). Additionally, the HC treat- 
ment continued to maintain plasma glucose at -5.5 mM 
during the remaining 90 min of exercise. The LC treat- 
ment resulted in a small increase in plasma glucose from 
4 3 + 0.15 to 4.9 + 0.19 mM by 30 min of exercise. The 
plasma glucose then gradually declined during the LC 
treatment to 4.5 t 0.20 mM by 120 min. Plasma glucose 

Respiratory exchange ratio and carbohydrate oxidation. 
R was 0.85 t 0.01 for both the H,O and LC trials after 30 
min of exercise. During the LC trial, R did not change 
significantly (Table 4), but during the H,O trial R had 
significantly declined by 120 min of exercise. The HC 
treatment resulted in a slightly elevated R by 30 min of 
exercise. By 60 min of exercise, R was significantly ele- 
vated (P < 0.05) above that of the H,O trial, and by 90 
min of exercise R was significantly elevated (P < 0.05) 
above those of the H,O and LC trials. Because \jo2 was 
not different between trials, the calculated carbohydrate 
oxidation paralleled the R responses (Table 4). During 
the H,O and LC treatments, carbohydrate oxidation 
gradually declined. Carbohydrate oxidation was -42.5 
g/30 min for the first 30 min of exercise and declined to 
32.39 t 2.9 and 37.9 t 3.5 g/30 min for the final 30 min of 
exercise during the H,O and LC treatments, respectively. 
The HC treatment was able to maintain carbohydrate 
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TABLE 3. Hematocrit, hemoglobin, and blood volume and plasma volume changes during 120 min 
of low-intensity exercise in the heat 

683 

Time, min 

Beverage Pre 5 30 60 90 120 

Hct, % 

46.5k0.5 
45.7kO.5 
46.3k0.4 

w 
LC 
HC 

44.9kO.5 46.8kO.5 
44.620.5 46.OkO.5 
44.9kO.4 46.9k0.3 

46.5kO.4 
45.7kO.5 
46.2kO.5 

46.8kO.4 
45.9kO.6 
46.620.5 

46.920.5 
46.2k0.6 
46.7kO.4 

Hb, g/100 ml 

15.9kO.2 
16.1-t0.3 
15.9kO.2 

I-40 
LC 
HC 

15.2kO.2 15.920.2 
15.320.2 15.9kO.3 
15.4kO.2 15.9kO.2 

15.920.2 16.020.2 16.1k0.2 
16.020.3 16.1+0.3 16.220.3 
15.9kO.2 16.020.2 16.220.3 

BV, % change 

-4.420.5 
-4.920.5 
-3.520.6 

w 
LC 
HC 

-5.OkO.6 
-4.OkO.4 
-3.9kO.5 

-5.lkO.7 
-4.7kO.6 
-3.7kO.7 

-5.2kO.7 
-5.OkO.3 
-4.3kO.8 

-5.9kO.8 
-5.4kO.6 
-5.OkO.9 

PV, % change 

-7.2kO.8 
-7.lkO.5 
-6.OkO.9 

w 
LC 
HC 

-8.4kl.l 
-7.7kO.7 
-7.4& 12 

-9.3k1.4 
-8.5kl.l 
-7.4k1.4 

-8.2k0.7 
-6.3kO.5 
-6.7kO.8 

- 7.8kO.9 
-6.9kO.8 
-6.2k1.3 

Values are means + SE. Hct, hematocrit; Hb, hemoglobin; BV, blood volume; PV, plasma volume. Details as in Table 2 footnote. 

* t  

Y 
H20 

- LC 

T 
- HC 

I-CO 

*“r 
- LC 

T - HC 
30 

0 
I 

Pre 
I I I I 

30 60 90 120 

TIME (min) 
FIG. 2. Plasma insulin concentration during 120 min of low-inten- 

sity cycling exercise in the heat. See Fig. 1 legend for explanation of 
symbols. Values are means 2 SE. 

I  I  I  I  I 

Pre 30 60 90 120 

TIME (min) 
FIG. 1. Plasma glucose during 120 min of low-intensity cycling exer- 

cise in the heat. H20, water; LC, 2.0% carbohydrate (CHO); HC, 8.5% 
CHO. Values are means k SE. *Significantly different from H,O (P < 
0.05). tSignificantly different from LC (P < 0.05). 

type I and II fibers differed after the HC and H,O treat- 
ments. Little difference was observed in the staining pat- 
tern in the type II fibers after exercise (Fig. 5). The pri- 
mary differences in the glycogen-staining intensity oc- 
curred in the type I fibers. Approximately 14.0% more 
type I fibers stained heavily for glycogen (i.e., 3 and 4 on 
the O-4 scale) after the HC treatment, and more type I 
fibers were lightly stained for glycogen (i.e., 0 and 1) after 
the H,O treatment (H,O 40.0% vs. HC 19.5%). 

oxidation throughout the 120 min of exercise at ~48 g/30 
min and was significantly different (P < 0.05) from the 
H,O trial at 60, 90, and 120 min. 

Glycogen concentration in the vastus lateralis muscle. 
Muscle glycogen concentrations for both the H,O and 
HC trials were not statistically different before and after 
exercise when expressed relative to muscle protein con- 
centration (Table 5). However, the difference between 
the pre- and postexercise glycogen concentrations (Agly- 
cogen) was significantly different between treatments 
(P < 0.05). As shown in Fig. 4,9 of the 12 subjects exhib- 
ited a reduced decline in muscle glycogen during the HC 
treatment while the other 3 subjects showed a reduced 
decline in muscle glycogen during the H,O treatment. 

Muscle sections were subjected to PAS staining to de- 
termine whether the distribution of glycogen between the 

DISCUSSION 

Initial research on the rates of gastric emptying of car- 
bohydrate solutions indicated that emptying became pro- 
gressively slower as the carbohydrate concentration was 
increased above 2.5% (14). Thus it was recommended 
that a fluid replacement drink not be ingested that con- 
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1.9 ’ 

1.7 ’ 

1.5 ’ 

%E 1.3 I 
z ZE 

11’ . 

0.9 ' 

0.7 ' 

Y H20 

- Ix 

- HC 
*t *“r 

T T 

0.5 ’ I I I I I 
Pre 30 60 90 120 

TIME (min) 
FIG. (3. Blood lactate during 120 min of low-intensity cycling exer- 

cise in the heat. See Fig. 1 legend for explanation of symbols. Values are 
means + SE. 

tained ~2.5% carbohydrate. It was believed that if fluid 
delivery was inhibited because of an excessive carbohy- 
drate concentration, the regulation of body temperature 
would be impaired when exercising in the heat. In con- 
trast to this recommendation, we observed no difference 
among the H,O, LC, and HC treatments on body temper- 
ature changes during exercise in the heat. Our present 
observation is in agreement with those of a number of 
other investigators who have recently found that fluid 
replacement drinks containing up to 15% carbohydrate 
can support thermoregulation as effectively as water 
when exercise is performed in a thermally stressful envi- 
ronment (9, 10, 13,32,33,39). Candas et al. (9) observed 
that when subjects cycled for 4 h at 50% Vozmax in 34OC 
heat and ingested 100 ml every 10 min of either water or a 
15% carbohydrate supplement, body temperature was 
similar between treatments throughout exercise. Addi- 
tionally, carbohydrate supplements have been demon- 
strated to maintain thermoregulation during higher-in- 
tensity exercise in the heat. Murray et al. (32) had sub- 

TABLE 4. 0, consumption, respiratory exchange ratio, and 
of low-intensity exercise in the heat 

jects perform 1.25 h of intermittent cycling at 65% . 
vo 2max in an environment maintained at 33.4OC. The 
subjects ingested 2.5 ml/kg body wt of water, 6.0,8.0, or 
10.0% sucrose solutions every 20 min. It was found that 
the rise in rectal temperature during exercise was similar 
among all beverages. Therefore, on the basis of these 
results, it appears that a carbohydrate supplement con- 
taining as much as 15% carbohydrate can be ingested 
while subjects exercise in the heat without adversely af- 
fecting thermoregulation. 

It has been observed that plasma volume shifts during 
exercise are not different whether water or carbohydrate 
supplements are ingested (9, 32, 36). In agreement with 
these investigations, we also observed that plasma vol- 
ume shifts during exercise were similar among the H,O, 
LC, and HC treatments. In contrast, Ryan et al. (39) 
observed that a 5.0% glucose polymer supplement mini- 
mized plasma volume shifts during exercise compared 
with water. Additionally, Carter and Gisolfi (10) demon- 
strated that a 7.5% glucose polymer supplement had a 
similar effect on plasma volume shifts. On the other 
hand, Owen et al. (33) reported that a greater decline in 
plasma volume resulted from ingestion of a 10.0% carbo- 
hydrate supplement than from water. The reason for the 
different plasma volume shifts in response to the inges- 
tion of carbohydrate supplements noted by these investi- 
gators is not known but may be related to such differ- 
ences as the types of carbohydrates used, the osmolality 
of the supplements, and their electrolyte concentration. 

In addition to elevating body temperature, exercise 
that is performed in the heat appears to increase the rate 
of endogenous carbohydrate utilization (20, 42). Rowe11 
et al. (38) observed that exercise at 50% \jozrnax in 49°C 
heat increased hepatic glucose output compared with ex- 
ercise in a thermoneutral environment. Therefore it may 
be advantageous for athletes performing prolonged aero- 
bic exercise (i.e., >1.5 h) in the heat to ingest carbohy- 
drate supplements to compensate for the increased utili- 
zation of carbohydrate stores. However, it has yet to be 
determined whether a sufficient amount of carbohydrate 
can be ingested during prolonged continuous exercise in 

carbohydrate oxidation during 120 min 

Time, min 

Beverage 15 30 60 90 120 

w 
LC 
HC 

w 0.85+0.01 0.84+0.01 0.83+0.01 0.82kO.01 
LC 0.85+0.01 0.85+0.01 0.85kO.01 0.84kO.01 
HC 0.87+0.01 0.88+0.01* 0.88~0.01*t 0.87kO.Ol*t 

H20 
LC 
HC 

V02, llmin 

2.36t0.09 2.34kO.08 2.35kO.08 
2.34kO.08 2.42kO.08 2.36kO.10 
2.34kO.09 2.33kO.07 2.34kO.08 

R 

Carbohydrate oxidation, g/30 min 

41.47k3.66 37.72k3.60 
43.58k2.54 41.06k2.92 
47.12k3.26 49.48+3.22* 

2.36kO.07 2.4620.08 
2.4OkO.09 2.42kO.11 
2.31kO.08 2.36kO.08 

34.Olk3.13 32.9Ok2.85 
40.34k2.65 37.91k3.52 
49.57k3.45' 46.63+3.09* 

Values are means + SE. \jo2, 0, consumption; R, respiratory exchange ratio. Details as in Table 2 footnote. * Significantly different from H,O 
(P < 0.05). t Significantly different from LC (P < 0.05). 
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TABLE 5. Muscle glycogen and protein concentration 
before and after 120 min of low-intensity exercise 
in the heat 

Beverage Pre Post A 

w 
HC 

Glycogen, pmollg protein 

693.4k53.1 350.4k25.5 
608.2k31.9 401.7k33.3 

342.9k41.9 
206.5+23.6* 

w 
HC 

Protein, mglg wet wt 

184.625.4 203.7k8.2 
198.4k5.5 190.8+5.1 

Values are means + SE. Muscle biopsy samples were obtained imme- 
diately before and after exercise. a, difference between pre- and post- 
exercise glycogen concentration. * Significantly different from Hz0 
(P < 0.05). 

the heat to favorably enhance carbohydrate metabolism 
without adversely affecting thermoregulation. With re- 
gard to the effects of the carbohydrate supplements on 
metabolism, we found that the HC treatment increased 
plasma glucose above the preexercise resting level. The 
HC treatment also maintained carbohydrate oxidation 
throughout exercise, which was in contrast to the gradual 
decline in carbohydrate oxidation that occurred during 
the H,O treatment. Most notably, the favorable impact 
on these variables occurred with no adverse effect on 
thermoregulation. 

We were also interested in determining whether the 
ingestion of a carbohydrate beverage would affect muscle 
glycogen utilization when exercise was performed at a 
low intensity in an environment that could potentially 
accelerate the rate of endogenous carbohydrate utiliza- 
tion. We observed that the HC treatment reduced the 
decline in muscle glycogen by -41% compared with the 
H,O treatment. In support of our findings, Bagby et al. 
(3) found that glucose infusion resulted in muscle glyco- 
gen sparing in exercising rats. The rats were run for 1,2, 
or 3 h and infused with glucose at a rate of 0.37 mmol/ 
min. This rate of glucose infusion resulted in signifi- 
cantly elevated blood glucose and insulin concentrations, 
which may have aided in sparing muscle glycogen. Simi- 
larly, Bergstrom and Hultman (5) observed a sparing of 

600 r 

100 - 

OF I I 

H20 HC 
FIG. 4. Individual subject difference in muscle glycogen use relative 

to protein (pmollg protein) during 120 min of low-intensity cycling 
exercise in the heat. See Fig. 1 legend for explanation of symbols. 0, 
Group means. 

20 

0 
I-CO HC IX20 HC 

Type1 Type 11 
(49.3k2.5) (50.7k2.5) 

FIG. 5. Histochemical estimation of glycogen use in muscle sections 
from postexercise biopsies stained with periodic acid-Schiff (PAS) re- 
agent. Pattern of staining is displayed for both type I and II muscle 
fibers. Fiber type percentage is shown in parentheses. Intensity of gly- 
cogen staining is rated on a scale of 0 (negative) to 4 (darkly stained). 

muscle glycogen in humans who were infused with 18 
mmol/min of glucose during 1 h of intermittent cycling 
exercise. Hargreaves et al. (27) also observed a reduced 
decline in muscle glycogen during intermittent exercise 
when subjects ingested 43 g of a solid carbohydrate sup- 
plement every hour. The exercise protocol for this 4-h 
trial was comprised of eight repeated 30-min sequences. 
The 30-min sequence consisted of 20 min of cycling at 
50% vo:! max and then 10 min of four repeated bouts of 
cycling at 100% V02 maX for 30 s followed by 2 min of rest. 

In contrast to our findings, Coyle et al. (15) and Har- 
greaves and Briggs (26) observed that carbohydrate sup- 
plements had no effect on the rate of muscle glycogen 
decline during continuous exercise. The difference 
among studies is most likely due to exercise intensity. 
The experimental protocol that was utilized by Coyle et 
al. (15) and Hargreaves and Briggs (26) consisted of hav- 
ing subjects cycle for 2 h at -70% VO, m8X. In contrast, 
the present investigation required subjects to cycle for 2 
h at 50% voz max. Therefore it appears that the intensity 
at which exercise is performed may influence the effect of 
a carbohydrate supplement on the rate of decline in mus- 
cle glycogen. 

Possibly accounting for this difference in muscle gly- 
cogen response are the differences in the plasma glucose 
and insulin responses elicited by a carbohydrate supple- 
ment during high- and low-intensity exercise. Ingestion 
of carbohydrate supplements during low-intensity exer- 
cise (i.e., <50% VO, ,,,) increases plasma glucose and 
insulin concentrations and maintains these parameters 
at elevated levels throughout the exercise bout (1,28). In 
contrast, carbohydrate supplementation during high-in- 
tensity exercise (i.e., 65-75% Vozmax) only aids in the 
maintenance of plasma glucose, while the plasma insulin 
concentration actually declines (15). 

Two possibilities can account for the reduced decline 
in muscle glycogen that occurred during the HC treat- 
ment: 1) the HC treatment resulted in muscle glycogen 
synthesis during exercise as a result of the elevated 



686 EFFECT OF CHO SUPPLEMENTS DURING EXERCISE IN THE HEAT 

4 q 

4 
0 

t 

1 

r= 0.31 
n.s. 

H20 

HC 

01 l ’ 
I I I I I I 1 

400 500 600 700 800 900 1000 1100 1200 

Pre-exercise Glycogen Address for reprint requests: J. L. Ivy, Dept. of Kinesiology, Bell- 

(pmol/g protein) mont Hall 222, The University of Texas, Austin, TX 78712. 

FIG. 6. Correlation between preexercise muscle glycogen concen- 
tration and muscle glycogen utilization for the H,O and HC treat- 
ments. 

plasma glucose and insulin levels, and 2) the HC treat- 
ment increased the reliance on blood glucose and slowed 
the rate of muscle glycogenolysis. Substantial evidence 
indicates that muscle glycogen synthesis can occur in 
glycogen-depleted muscle during low-intensity exercise 
if a carbohydrate supplement is supplied (12, 29). How- 
ever, Kuipers et al. (29) found that the synthesis was 
restricted to type II fibers, indicating that only inactive 
fibers are capable of replenishing their glycogen stores. 
In the present study, histochemical analysis of the pos- 
texerci se must le biopsies indicated that the HC treat- 
ment, compared with the H,O treatment, resulted in a 
substantial reduction in muscle glycogen utilization in 
the type I fibers but not in the type II fibers. Thus it 
appears that the HC treatment reduced the decline in 
muscle glycogen during low-intensity exercise by reduc- 
ing the rate of muscle glycogen utilization rather than 
stimulating glycogen synthesis in inactive muscle fibers. 

It was noted, however, that the average preexercise 
glycogen concentration was slightly higher during the 
H,O trial than during the HC trial. It has been demon- 
strated that the rate of muscle glycogenolysis is directly 
related to the muscle glycogen concentration (16,37,4 ,l) . 
Therefore the difference between the rates of decline in 
muscle glycogen during the H,O and HC trials may have 
been a consequence of the difference in initial muscle 
glycogen levels. To address this concern, a Pearson prod- 
uct-moment correlation coefficient was conducted be- 
tween the preexercise muscle glycogen concentrations 
and the Aglycogens for both the H,O and HC trials. As 
shown in Fig. 6, a strong relationship existed between the 
initial muscle glycogen concentration and the rate of 
muscle glycogenolysis during the H,O trial, which agrees 
with previous observations (16,37,41). In contrast, dur- 
ing the HC trial a nonsignificant relationship was found 
for these variables, suggesting that the HC treatment 
weakened the relationship between the preexercise mus- 
cle glycogen concentration and its rate of breakdown. 
Therefore this analysis further supports our contention 
that the HC treatment reduced the rate of decline in 
muscle glvcogen and that the difference in rates of elvco- 

genolysis between the HC and H,O treatments was not 
due to differences in preexercise muscle glycogen con- 
centrations. 

In conclusion, the results of this study indicate that a 
fluid replacement drink containing 8.5% carbohydrate 
can regulate body temperature and maintain fluid homeo- 
stasis as effectively as H,O during prolonged low-inten- 
sity exercise in the heat. In addition, an 8.5% carbohy- 
drate supplement provides a sufficient amount of carbo- 
hydrate to prevent a decline in carbohydrate oxidation 
and possibly slow the rate of muscle glycogen depletion. 

We thank Craig Broeder, Dave Goodin, M. C. Lee, and George Pe- 
trek for excellent technical assistance. 

This research was supported by a grant from White Rock Products 
Corporation, Whitestone, NY. 

Received 18 January 1991; accepted in final form 8 April 1991. 

REFERENCES 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

AHLBORG, G., AND P. FELIG. Influence of glucose ingestion on fuel- 
hormone response during prolonged exercise. J. Appl. Physiol. 41: 
683-688, 1976. 
AMERICAN COLLEGE OF SPORTS MEDICINE. The prevention of 
thermal injuries during distance running. In: American College of 
Sports Medicine, Position Stands and Opinion Statements (1975- 
2985). Indianapolis, IN: Am. Coll. Sports Med., 1985. 
BAGBY, G. J., H. J. GREEN, S. KATSUTA, AND P. D. GOLLNICK. 
Glycogen depletion in exercising rats infused with glucose, lactate, 
or pyruvate. J. Appl. Physiol. 45: 425-429, 1978. 
BERGSTROM, J., L. HERMANSEN, E. HULTMAN, AND B. SALTIN. 
Diet, muscle glycogen and physical performance. Acta Physiol. 
Stand. 71: 140-150, 1967. 
BERGSTROM, J., AND E. HULTMAN. A study of glycogen metabo- 
lism during exercise in man. Stand. J. Clin. Lab Invest. 19: 218-228, 
1967. 
BORG, G. Simple ratings method for estimation of perceived exer- 
tion. In: Physical Work and Effort, edited by G. Borg. New York: 
Pergamon, 1975, p. 39-46. 
BRADFORD, M. M. A rapid and sensitive method for the quantita- 
tion of microgram quantities of protein utilizing the principle of 
protein-dye binding. Anal. Biochem. 72: 248-254, 1976. 
BROOKE, M. H., AND K. K. KAISER. Three “myosin ATPase” sys- 
tems: the nature of their pH lability and sulfhydryl dependence. J. 
Histochem. Cytochem. 18: 670-672, 1970. 
CANDAS, V., J. P. LIBERT, G. BRANDENBERGER, J. C. SAGOT, C. 
AMOROS, AND J. M. KAHN. Hydration during exercise: effects on 
thermal and cardiovascular adjustments. Eur. J. Appl. Physiol. Oc- 
cup. Physiol. 55: 113-122, 1986. 
CARTER, J. E., AND C. V. GISOLFI. Fluid replacement during and 
after exercise in the heat. Med. Sci. Sports Exercise 21: 532-539, 
1989. 
COGGAN, A. R., AND E. F. COYLE. Metabolism and performance 
following carbohydrate ingestion late in exercise. Med. Sci. Sports 
Exercise 21: 59-65, 1989. 
CONSTABLE, S. H., J. C. YOUNG, M. HIGUCHI, AND J. 0. HOLLOSZY. 
Glycogen resynthesis in leg muscles of rats during exercise. Am. J. 
Physiol. 247 (Regulatory Integrative Comp. Physiol. 16): FUBO- 
R883, 1984. 
COSTILL, D. L., W. F. KAMMER, AND A. FISHER. Fluid ingestion 
during distance running. Arch. Environ. Health 21: 520-525, 1970. 
COSTILL, D. L., AND B. SALTIN. Factors limiting gastric emptying 
during rest and exercise. J. Appl. Physiol. 37: 679-683, 1974. 
COYLE, E. F., A. R. COGGAN, M. K. HEMMERT, AND J. L. IVY. Mus- 
cle glycogen utilization during prolonged strenuous exercise when 
fed carbohydrate. J. Appl. Physiol. 61: 165-172, 1986. 
COYLE, E. F., A. R. COGGAN, M. K. HEMMERT, R. C. LOWE, AND 
T. J. WALTERS. Substrate usage during prolonged exercise follow- 
ing a preexercise meal. J. Appl. Physiol. 59: 429-433, 1985. 
COYLE, E. F., D. L. COSTILL, W. J. FINK, AND D. G. HOOPES. Gas- 



EFF)IlCT OF CHO SIJI’PLEMENTS DIJRING EXERCISE IN THE HEAT 687 

tric emptying rates for selected athletic drinks. KCS. Q. 49: 119-124, 
1978. 

18. C’OYLE, I?. F., ,J. M. HAGBERG, H. F. HIJRLEY, W. H. MARTIN, A. A. 
EHSANI, AND J. 0. HOLLOSZY. Carbohydrate feeding during pro- 
longed strenuous exercise can delay fatigue. J. Appl. Wysiol. 55: 
230-2:~5, 1983. 

19. DILL, D. B., ANI) I>. I,. COSTILL. Calculation of percentage changes 
in volumes of’blood, plasma, and red cells in dehydration. J. Appl. 
I’hysiol. Xi: 247-248, 1974. 

‘LO. DIMHI, G. I)., M. S. MALHO’I‘RA, ,J. SEN GUI’TA, T. SAMPATH Ku- 
MAH, AND I3. S. AHORA. Alterations in aerobic-anaerobic propor- 
t ions of metabolism during work in the heat. Eur. J. Appl. Physiol. 
Occup. Physiol. 45: 45-50, 1980. 

21. FINK, W. J., I>. I,. COSTILL, AND I? J. VAN HANDEL. Leg muscle 
metabolism during exercise in the heat and cold. Eur. J. Appl. Phys- 
id. Occup. Physiol. 34: 18% 190, 1975. 

22. GISOLFI, (1. V., AND ?J. R. COPPING. Thermal effects of prolonged 
treadmill exercise in the heat. Med. Sci. Sports Ewrcise 6: 108-l 13, 
1974. 

23. GOETZ, F. C., ANL) B. Z. GREENBERG. A simple immunoassay for 
small amounts of insulin. J. Lab. C/in. Med. 58: 819-822, 1961. 

24. GREENLEAF, (J. E., AND H. I,. CASTLE. Exercise temperature regula- 
tion in man during hypohydration and hyperhydration. J. Appl. 
Physinl. XI: 84’XW, 197 1. 

25. GUTMAN, I., AND A. W. WAHLEFELD. I,-( +)-Lactate determination 
with lactate dehydrogenase and NAD’. In: Methods of Enzymatic 
Analysis (2nd ed.), edited by H. IJ. Hergmeyer. New York: Aca- 
demic, 19’74, p. l464- 1468. 

26. HARGHEAVF:S, M., AND (1. A. HRIGGS. Effect of carbohydrate inges- 
tion on exercise metabolism. J. Appl. Physiol. 65: 15X3- 1555, 1988. 

27 HARGREAVES, M., D. I,. COS’I’IU., A. COCCAN, W. tJ. FINK, AND I. 
NISHIBATA. Ef’f’ect of carbohydrate feedings on muscle glycogen 
utilization and exercise performance. Mod. Sci. Sports Excrciw 16: 
219-222, 1984. 

28. IVY, tJ. I,., M. V. DOVER, L. G. GOODYEAR, W. M. SHERMAN, S. 
FARRELL, AND H. WILLIAMS. Endurance improved by ingestion of 
a glucose polymer supplement. Mvd. Sci. Sports Kxw-cisc 15: 466- 
471, 1983. 

29. K~JIPERS, H., H. A. KEIZER, F. BHOUNS, AND W. H. M. SARIS. Car- 
bohydrate feeding and glycogen synthesis during exercise in man. 
Pfluqers Arch. 4 10: 652-656, 1987. 

:30. IJJSK, G. The Scienw of Nutrition. Philadelphia, PA: Saunders, 
1928. 

31. MACDOUGALI,, J. D., W. G. REDDAN, C. R. LAYTON, AND (J. A. 
DEMPSY. Effects of’ metabolic hyperthermia on performance dur- 
ing heavy prolonged exercise. J. Appl. Physiol. Z6: X38-544, 1974. 

32. MIJRRAY, R., ,J. G. SEIFEW, D. E. EDDY, G. I,. I’AuI,, ANI) G. A. 
HALAHY. Carbohydrate feeding and exercise: effect of beverage 
carbohydrate content. Eur. J. Appl. Physiol. Occup. Physiol. 59: 
152-158, 1989. 

33. OWEN, M. D., K. C. KHECXI,, P. ‘I‘. WALL, ANI) C. V. GISOLFI. Ef’- 
fects of ingesting carbohydrate beverages during exercise in the 
heat. Mud. Sci. Sports Excrcisu 18: 568-575, 1986. 

34. PASSONNEAIJ, (J. V., AND V. R. LA~JDERDAIX A comparison of three 
methods of glycogen measurement in tissues. Anal. Hiochcm. 60: 
405-4 12, 1974. 

35. PEARSE, A. G. E. Histochcmistry-Thcwwtical and Applied. Bos- 
ton, MA: Little, Brown, 1961, p. 832. 

36. POWERS, S. K., J. LAWLER, S. DODD, R. TUILEY, (‘I. LANDHEY, AND 
K. WHEELER. Fluid replacement drinks during high intensity exer- 
cise: Effects on minimizing exercise-induced disturbances in ho- 
meostasis. Eur. J. Appl. I’hysiol. Occup. Physiol. 60: (54-60, 1990. 

37. RICHTER, E. A., AND H. GALBO. High glycogen levels enhance gly- 
cogen breakdown in isolated contracting skeletal muscle. J. Appl. 
Physiol. 61: 827-83 1, 1986. 

38. ROWELL, I,. H., G. I,. HREGELMANN, (J. R. BLACKMON, R. D. TWISS, 
AND F. KUSUMI. Splancnic blood flow and metabolism in heat- 
stressed man. J. Appl. I’hysiol. 24: 475484, 1969. 

39. RYAN, A. J., T. I,. HLEILER, J. E. CAHTEH, AND C. V. GISOLFI. 
Gastric emptying during prolonged cycling exercise in the heat. 
Med. Sci. Sports ICxcrcisc 2 1: 5 l-58, 1989. 

40. SAWKA, M. N., A. ,J. YOIJNG, R. I? FHANCESCONI, S. R. MUZA, AND 
K. B. PANI)OI,F. ‘I’hermoregulatory and blood responses during ex- 
ercise at graded hypohydration levels. J. Appl. Physiol. 59: 1394-. 
1401, 1985. 

41. SHERMAN, W. M., I>. I,. COSTILL, W. ?J. FINK, ANI) tJ. M. MILLER. 
Effect of’ exercise-diet manipulation on muscle glycogen and its 
subsequent utilization during performance. Int. J. Sports Med. 2: 
114-118, 1981. 

42. YOUNG, A. J., M. N. SAWKA, I,. LEVINE, B. S. CADARE~E, AND 
K. I-3. PANDOI,F. Skeletal muscle metabolism during exercise is in- 
fluenced by heat acclimation. J. Appl. I’hysiol. 59: 1929-1935, 1985. 


