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ABSTRACT

COYLE, E. F. and 8. J. MONTAIN. Benefits of fluid replacement
with carbohydrate during exercise. Med. S, Sparts Exerc. Yol. 24,
No. 9 Supplement, pp. $324-5330, 1932, [ngestion of approximately
30-60 g of carbohydrate during each hour of exercise will generally
be sufficient to maintain blood glucose oxidation late in exercise and
delay fatigue. Since the average rates of pastric emptying and intestinal
absorption exceed 1,250 ml-h~' for water and solntions contsining
up io 8% carbohydrate, exercising people can be supplemented with
both carbohydrate and fluids at relatively high rates. When cyclists
excrcise at competitive ititensities for 2 h in the heat with a sweat rate
of 1,400 ml.h7, it is clear that the closer that Puid consumption
tnatehes sweating rate (at least up to 20% of Sweating rate), the better,
Increasing dehydration, due to inadequate flyid consurnption, directly
impairs stroke volume, cardiac output, and skin blood flow, which
results in |arger increases in body core temperature, heart rate, and
ratings of the difficulty of excrcise. This same phengmenon probably
also applies to running, which argues against the notion that a certain
ammount of dehydration (ie., up to 3%) is permissible and without
major cardiovascular ¢unsequences, However, runners generally
drink only 500 ml-h™" of fluid and thus allow themselves to dehydrate
at rates of 500-1,000 ml-h~". The performance question boils down
0 “Will the time lost as a rosult of drinking larger volumes be
compensated by the physiological bencfits dritking produces and the
faster running pace that might be achieved during the last half of the
racc?” However, if the poal is safety, which means mistimizing hyper-
thermia, there is no question that the closer that the rate of drinking
can mateh the rate of dehydration, the better.

possible to attenuate the detrimental effects of

dehydration on body temperature and exercise
performance (17). The addition of carbohydrate to fluid
replacement beverages is also important because it pro-
vides carbohydrate late in prolonged exercise when
there is often an inadequate supply of bodily carbohy-
drate to meet the energy requirements of the exercise
task (6). Therefore, it is beneficial to ingest both fluid
and carbohydrate. The question is “What is the optimal
amount of fluid and carbohydrate that should be con-
sumed?” Knowledge of both the individnal fluid and
carbohydrate requirements for the exercise task wiil
determine the volume of fluid ingestion per hour of
exercise and the carbohydrate concentration of the fluid
replacement beverage. However, attention must also be
given to the possibility that large fluid volumes may

By ingesting fluids during prolonged exercise, it is
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impair carbohydrate assimilation and that solutions of
high carbohydrate concentration may impair fluid ab-
sorption,

CARBOHYDRATE INGESTION DURING
PROLONGED INTENSE EXERCISE

The primary purpose of carbohydrate ingestion dur-
Ing continuous strenuous exercise is to maintain blood
glucose concentration and maintain carbohydrate oxi-
dation during the latter stages of prolonged exercise
(6.8). As a result, subjects can exercise longer and sprint
faster at the end of exercise (6). Most studies demon-
strating improved performance have given subjects 25—
60 g of carbohydrate per hour of exercise (6,19), al-
though some have given more (8). We therefore rec-
ommend that individuals consume solutions which
provide 30-60 g of carbohydrate per hour in the form
of glucose, sucrose, or starch (6). It should be realized
that solid carbohydrate feedings in the form of food
containing sucrose or starch can probably also supply
the carbohydrate needs of exercise (11). However, most
athletes prefer to “drink” rather than “eat” carbohy-
drate during exercise for the obvious practical reasons.

Table 1 lists the concentration and volumes of var-
ious solutions which the athlete can drink to obtain 30-
60 g-h™' of carbohydrate. To obtain just 30 g of car-
bohydrate per hour when ingesting a 2% carbohydrate
solution (i.e., 2 g of carbohydrate per 100 ml of solu-
tion), a person’s stomach must be able to empty 1,500
ml-h~', If 60 g-h™! carbohydrate is needed, the gastric
emptying rate for a 2% carbohydrate solution must
increase 10 3,000 ml-h~*. However, gastric emptying
rates of 1,500 to 3,000 ml-h~' are unreasonably high
(15). Therefore, when dilute carbohydrate solutions
(ie., 2%) are consumed, there is a trade-off in that
carbohydrate supplementation is compromised because
the dilute solution cannot be emptied from the stomach
at the rates required. On the other hand, 60 g-h~' of
carbohydrate supplementation can be achieved by emp-
tying and absorbing 1,000 ml-h*' of a 6%, or 750 ml-
h™ of ar 8% carbohydrate solution. As discussed below,
these rates of gastric emptying (625-1,250 mi-h~') are
possible for most people. By ingesting relatively large
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volumes of solutions containing 4-§% carbohydrate,
most people can meet their carbohydrate needs while
also obtaining 625-1,000 ml-h~' of fluid. The question
becomes, “At what rate can and should fluid be replaced
while also ingesting 30-60 g of carbohydrate per hour
of exercise?” Are there situations where more than
1,000 ml-h~' is beneficial?

FLUID INGESTION DURING PROLONGED
EXERCISE

General recommendations. The Amecrican College
of Sports Medicine currently recommends that runners
drink 100-200 ml of fluid after every 2—3 km (2). This
very general recommendation provides little useful in-
formation for runners to decide how much to drink
during exercise. At the extremas, it could be interpreted
as recommending that slow runners (i.e., keeping a pace
of 10 km-h™! and drinking 100 ml every 3 km) should
drink only 330 ml-h~', whereas the faster runners (i.e.,
keeping a pace of 20 km -h™! and drinking 200 ml every
2 km) should drink 2,000 ml-h~'. When sweating heav-
ily, the tow rate of fluid consumption (L.e., 330 ml-h™")
will be suboptimal for preventing hyperthermia, and
the large rate of fluid consumption (i.e., 2,000 ml-h™")
would probably cause intolerable gastrointestinal dis-
comfort for most runnets (15).

Obviously, the recommended rate of fluid consump-
tion during exercise will vary in relation to the rates of
dehydration due to sweating. Depending upon the en-
vironmental conditions, sweating rate in most people
usually ranges from 500 to 2,000 ml. h~! when running,
although there have been some reports of top marathon
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runners sweating at 3,000 ml-h~'. Because of their
increased rates of heat production, faster runners have
higher core temperatures and sweat at higher rates. The
decision as to how much fluid to ingest during exercise
should be hased vpon a risk-benefit analysis. The ben-
efits of fluid ingestion are reduced cardiovascular stress
and reduced hyperthermia which, by themselves, can
improve exercise performance. The risks are gastroin-
testinal discomfort and reduced pace during competi-
tion due to the time spent drinking large volumes of
fluid,

Is a certain amount of dehydration accepiable or
without physiological consequence?. During the past
20-25 yr, the notion has developed that a certain
amount of dehydration is acceptable during exercise,
particularly running. This notion implies that thermo-
regulation, cardiovascular function, and performance
are not significantly impaired until a critical amount of
dehydration has been incurred. The most referenced
data in support of this notion were reportad by Wynd-
ham and Strydom in 1969 (31) and are displayed in

Fizure 1. They simply measured post-marathon race.

rectal temperature vs the percentage of body weight loss
due to sweating in numerous runners. They interpreted
Figure | to suggest that only when the body water
deficit exceaded 3% of body weight loss (i.e., 2,100 ml
for a 70-kg person or a body weight loss of 4.6 1b) did
runners exhibit hyperthermia (1.e., rectal temperature
above 102°F or 39°C). They focused their attention on
the scatter in rectal temperature between 2-3% water
deficit and on the observation that one subject experi-
enced no dehydration because he drank large fluid
volumes, yet he had a somewhat elevated rectal tem-

TABELE 1. Listing of the volume of solution 1o be ingested each hour io provide 30,
40, 50, and 60 g-h™" of carbohydrate. The top section Hsts valumes of sclution that
are {00 large (.e., 21,250 ml. h™"). The middle sections list valumes which provids
626-1.250 ml- h™" of fluid. The bottom sections fists volumes of 600 ml-h~" or
lage.

Valume of Fluld {o Ingest Each Hour to Obtain
the Noted Amount of Carbohydrate
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Fipure 1—The relationship between rectal temperature after a 20-
mile race and the percentage of body weight loss of 31 runners
competing in two different races ( filled cirele and x). Note the small
arraw reports the rectal termperature of one subject who drank suffi-
cient Nluid to prevent dehydration; from Wyndham and Strydom (31),

perature, From this relationship they proposed, in our
opiniion arbitrarily, that fluid should be ingested at a
rate that prevents the development of a 3% water
deficit. We disagree with their interpretation of Figure
1 because we do not see any reason for coticluding that
rectal temperature was not influenced by dehydration
in the range of 0-3% body weight loss. As presented
below, we now realize that any amount of dehydration
impairs cardiovascular function and elevates core tem-
perature,
* We suspect that marathon minners allow themselves
to dehydrate to some extent because they feel they
cannot drink and “stomach” the high rates of fluid
ingestion necessary to totally offset sweating (3). In
general, most runners drink only about 500 mi of fluid
per hour (20,21). Since sweat rates often average 1,000-
1,500 m!-h™', marathon runners commonly dehydrate
at a rate of 500-1,000 ml-h™, although dehydration
rates can be much higher when the fastest runners
compete in hot environments. Table 2 lsts the changes
in body weight with time in people (i.e., 70 kg) who
allow themselves to dehydrate, A rate of dehydration
of 500 ml-h™', which is not uncommon for a 4-h
marathoner who sweats at 1,000 ml-h~' and drinks 500
ml-h™, results in a 3% body weight lass after approxi-
mately 4 h, the end of the marathon. A rate of dehy-
dradon of 1,000 ml-h™', which is likely for a top
marathoner who sweats 1,500 ml-h™' while drinking
only 500 ml-h™', will result in a 3% body weight loss
in a little over 2 h, which also is the end of the marathon
for this runner, Therefore, it generally appears that the
drinking schedule adopted by marathoners, slow and
fast, is one that allows them to become dehydrated by
about 3% of their body weight at the end of the race.
Are there any benefits of allowing this amount of
dehydration that might counteract the increased cardi-
ovascular and heat stress it imposes? For one thing, the
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TABLE 2. Changes in % body weight with time when people allow themseaives to
become dohydrated at a rate of either 500 ml.h™ ar 1,000 m-h~", The values
were caiculated for a persan weighing 70 kg (154 Ib).

Dehydration Rate of Dehydration Rate of
550 ml-h~! 1,000 mil-H™

Body Weight  Absolste  Body Weight
Exercite Absolute Dehygra- Losz (% and Dehydration Losg {% and

Time (h) tion (ml) 1) (mi) 1b)
1 500 07% =11 1000 4% w 2ibs
2 1,000 14% =21 2000 28% =45Ib
3 1,500 21% =3 3000 43% =850
4 2000 29%=456b 4000 A7%.wmffl

loss of body weight may reduce the energy expenditure
needed to run at a given speed. If the reduction in
energy expenditure is directly related to the weight loss,
theoretically this might allow a runner to maintain a
5-10 s-mile™ faster pace at the end of the marathon,
provided all other factors are equal, which obviously
will not be the case since the cardiovascular stress will
be greater when dehydrated, Drinking larger volumes
of fluid may also cost the runner additional seconds per
mile in making his/her way to the aid station table.
Also, the difficulty in drinking and breathing when
running and added gastrointestinal discomfort may
cause an additional slowing of the pace for a period.
The performance question beils down to “Will the time
lost in drinking larger volumes be compensated by the
physiological benefits and the faster pace that might be
achieved during the last half of the race?” However, if
the goal is safety, which means minimizing hyperther-
mia, there is no question that the closer that the rate of
drinking can match the rate of dehydration, the better,

To our knowledge, no studies to date have directly
compared the running or cycling performance effects

of fluid replacement at rates that prevent dehydration

compared with the rates choser by many endurance
athletes (i.e., 500 ml-h™') who replace only 30-50% of
fluid losses. The cardiovascular benefits of full com-
pared with partial partial fluid replacement when cy-
cling are discussed below, and it is likely that the same
cardiovascular benefits are derived when running.
However, as discussed above, it is not clear how dehy-
dration influences running performance. These ques-
tions have been confused even more by recent reports
from Noakes et al, (21) entitled “Metabolic rate, not
percent dehydration, predicts rectal temperature in
marathon runners.” Noakes et al. (20,21) argue that the
degree of hyperthermia at the end of the marathon is
not related to the level of dehydration during prolonged
exercise in mild environments (19-22°C) with sweat
rates of about 1 I.h~' and when rnners uniformly
drink 400-600 ml-h™', On average, after finishing a
3.5-h marathon, their subjects experienced a hemoge-
neous dehydration of about 2 1, which corresponds to
a body weight loss of approximately 2.5%. Under these
conditions of homogeneous dehydration among sub-
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jects, the rectal ternperatures at the end of the marathon
were related o the subjects running pace during the
last 6 kmn, and thus their rates of heat production. These
results are not surprising because body temperature will
be determined by the balance between heat production
and heat dissipation. The observation that heat produc-
tion c¢an influences core temperature should not be
interpreted to indicate that heat dissipation is less 1m-
portant than production or that the effectiveness of
fluid replacement for maintaining heat dissipation is
minor. It is likely that the runners in the study of
Moakes et al. (21) would have experienced less hyper-
thermia if they increased their rate of fluid consump-
tiomn.

Low intensity exercise and fluid replacement. In
early experiments, it was repeatedly found that fluid
ingestion during prolonged low-intensity exercise such
as walking and stair stepping attenuated deep body
(core) temperature and improved exercise performance
(1,4,10,24). According te Eichna et al. (10), when fluids
were restricted from 600 ml-h™' to only 150 ml-h™
during 5 h of intermittent work, dehydration produced
“total incapacitation in some, and the ineffective work-
ing of the others who remain on their feet.” Further-
more, “subjects who had performed a given task easily,
energetically, and cheerfufly are reduced 1o apathetic,
listless, plodding men straining to finish the same task.”

In 1947, Rothstein and Towbin (28) found that there
was a direct linear relationship between the magnitude
of dehydration accrued during prolonged marching,
and the magnitude of increase in rectal temperature.
These findings are supported by the observations of
other investigators who found that fluid ingestion equal
to the rate of sweating was more effectve than ad
libitum or partiat fluid replacement (4,10,24). Further-
more, ad Hbirum fuid ingestion during low intensity
excreise is more cffective in attenuating hyperthermia
than when fluid intake is restricted to either small
volumes or no fluid ingestion (10,24). Thus, during
prolenged, low-intensity, intermittent exercise, the op-
timal rate of fluid replacement for attenuating hyper-
thermia appears to be the rate that most closely matches
the rate of sweating. What about exercise performed at
the higher intensities experienced during athletic com-
petition?

Cardiovascular benefits of high rates of fluid re-
placement during intense cycling in the heat. We
have recently completed sindics that determined the
effect of different rates of fluid replacement during
prolonged cycling on hyperthermia, heart rate (HR),
and stroke volume (SV) (16,17). On four different
occasions endurance-trained cyclists exercised in a
warm environment (33°C db, 50% rh) at the hishest
intensity that could be maintained for 2 h when no
fluid was ingested {i.e., 62—67% VOuma). During exer-
cige, they randomly received either no fluid (NF), or
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drank small (SF, 300 ml-h™' for 2 h), moderate (MF,
700 ml-h~' for 2 h), or large (LF, 1,200 ml-h~" for 2
h) volumes of a “sport drink” containing 6% carbohy-
drate and electrolytes. These fluid volumes replaced
approximately 20%, 50%, and 80%, respectively, of the
fluid lost in sweat during exercise. The protocol resulted
in graded magnitudes of dehydration as body weight
declined 4%, 3%, 2%, and 1%, respectively, during NF,
SF, MF, and LF. The increases in core temperature
{Le., both esophageal and rectal temperature) during
the 2 h of exercise were progressively diminished as
more and more fluid was consumed (Fig. 2). The mag-
nitude of dehydration accrued after 2 h of exercise in
the 4 trials was the major factor cansing hypetthertnia
and cardiovascular stress. Figure 3 demonstrates that
the core temperature, cardiac output, and heart rate
values observed after 2 h of exercise were directly related
to the rate of fluid ingestion and thus the amount of
dehydration experienced. Every 1,000 ml loss of water
and body weight (l.e., 2.2 Ib, which corresponds to a
1.4% loss of body weight) caused heart rate to be

—O— No Fluid

—— Small Fluid
4 |—% Moderate Fuid
== Large Fluid

*t

Esophageal Temperature {*C)
S
o

*t
*t5

Rectal Temperature (*C}
@
[}
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0 20 40 &0
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Figure 2—Esophageal (N = 7) and rectal (/V = 8) temperature (i.e,
core temperatures) during 12 min of exercise when ingesting no fluid,
or small (i.e,, 300 ml-h~"), moderate (i.e., 700 ml-h™"), and large
volomes of fluid (i.e., 1,200 ml - h™'). Values are means £ SE. *Sipg-
nificantly lower than no fluid, P < 0.05. ¥ Significantly lower than
small fluid, P < 0.05. § Signilicantly lower than moderate (luid, P <
0.05.
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Figure 3—The influence of dehydration, as assessed by the percent
reduction in body weight after 2 h of exercise, on the change in rectal
temperature, cardiac output, and heart rate.

elevated by 8 beats-min~', cardiac output to decline by
1 i-min~', and core temperature to increase by 0,3°C,
Fluid consumption attenuated hyperthermia by pro-
moting a higher skin blood flow znd thus a higher rate
of heat dissipation.

Therefore, we maintain that there is not a critical
amount of dehydration (i.e., 3%) that can be tolerated
before cardiovaseular function and thermoregulation
are impaired. Dronking 1,200 ml-h™! was better than
drinking 700 ml, which was better than drinking 300
ml-h™'. Although performance was not actually meas-
ured in this study, several subjects were barely able to
complete 2 h of exercise without fluid ingestion, Drink-
ing progressively larger volumes of fluid reduced the
difficulty and level of perceived exertion, as shown in
Figure 4. After 2 h of exercise, these cyclists rated the
exercise as being “very hard™ when no fluid was ingested
and “hard” when only 300 ml-h~' of fluid was ingested
(SF). However, when fluid was consumed at 700 ml.
h~' and 1,200 ml-h~', the exercise never became hard,
It is likely that these sensations of effort provide indirect
information about performance ability after 2 h of
cycling with different amounts of flnid replacement.
Additionally, none of the cyelists complained of gas-
trointestinai discomfort or difficulty drinking 1,200 ml-
h™'. We therefore concluded that this rate of fluid
replacement is comfortable during cycling, although we
do not know about these responses when rnning.
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Reasonable rates of gastric emptying for fluid
replacement solutfons. Figure 5 presents a compila-
tion of 11 studies {5,7,12-15,25~27,29,30) that meas-
ured the rate of gastric emptying of various fluid re-
placement solutions. The two primary factors regulat-
ing gastric emptying appear to be the volume of {luid
ingested and the carbohydrate concentration of the
solution (14,22). From Figure 5, it is clear that when
the volume of a given solution is increased, as noted by
the listed rates of fluid ingestion (ie., 600-1700 ml.
h™!), the rate of gastric emptying also increases. Fur-
thermore, solutions containing up to 8% carbohydrate
appear to have little deleterious influence on the rate of
gastric emptying, especially when the drinking schedule
adopted matntains a high gastric volume (22). Thus, it
appears quite possible to ingest 30-60 g of carbohydrate
per hour and still replace 600-1,100 ml-h™" of fluid.

Rating of —o— NoFiud
Percelved Exertion —m— Smali Fluid
18 ~ —i=  Maderate Fluid
VW Hard 17 4 La.rge Fluid
16 -
Hard 15 ]
14 4
Somawhat Hard 13 4
12 <
Falrly Light 11 4
10 T T i |

20 40 €0 £0 100 120

Time {min)

Figare 4—The rating of perceived cxertion during 120 min of exercise
when ingesting no fluid, or small (i.e., 300 ml-h™"), moderate (i.c.,
700 ml-h~") and large volumes (i.e 1,200 mf-h™7) of fluid, *Signifi-
cantly lower than no fluld, P = 0.05,  Significantly lower than small
ftuid, P = 0.05.

Gastric Emptying Carbohydrate Delivery
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Figure 5—The average rate of gastric emptying (ml-h™') and delivery
of carbohydrate to the intestines (g.h™) in relation to the carhohy-
drate concentration of the beverage ingested. The various rates of
flnid ingestion are denoted by the different symbols (ie, 600 ml-h™
is filled circle; 800 ml-h is open square; 1,000 mi-h™' is filled
square; 1,300 ml-h~' and 1,700 ml. h~" are filled triangles.
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However, the maximal rates of gastric emptying for
solutions containing 8% or more carbohydrate have
not been directly determined, but the data in Figure 5
suggest that they might not be high (ie.,, >800-1,000
ml-h™"),

Figure 5 also demonstrates that few studies have been
conducted to determine the gastric volume and drink-
ing schedule that result in maximal rates of gastric
emptying, Of their own accord, endurance athletes
usually do not drink more than 400-600 mi-h~' (20).
However, it seems that most people can empty 1,000
ml-h™' during exercise (Fig. 5). Our experience is that
cyelists have no difficulty drinking 1,200 ml-h~' of a
6% carbohydrate solution. Such high rates of fluid
ingestion will obviously require large gastric volumes,
and likely cause gastrointestinal discomfort in some
runners. Therefore, in runners, it remains to be deter-
mined whether the benefits of high rates of fluid replace-
ment outweigh the discomfort they may cause.

The composition of the fluid replacement solution.
Several investigations have compared the influence of
drinking tap water or carbohydrate-electrolyte solutions
on core temperature and heart iate during prolonged
exercise (5,7,9,18,23). These experiments have dermn-
onstrated that carbohydrate-electrolyte solutions of up
to 8-10% carbohydrate are equally as effective as water
in attenuating hyperthermia and heart rate during pro-
longed exercise. Such findings agree with the gastric
emptying data presented in Figure 5, demonstrating
that water and solutions containing up to 8% carbo-
hydrate have similar rates of gastric emptying, and thus
fluid replacement. Therefore, it appears that the fluid
replacement beverage can contain up to 8% carbohy-
drate without compromising fluid replacement.

SUMMARY

Ingestion of approximately 30-60 g of carbohydrate
during each hour of exercise will generally be sufficient
to maintain blood glucose oxidation late in exercise
and delay fatigue. Since the average rate of gastric
emptying and intestinal absorption exceeds 1,250 ml-
h™' for water and solutions containing up to §% car-
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bohydrate, exercising people can be supplemented with
both carbohydrate and fluids at relatively high rates,

When cyclists exercise at competitive intensities for
2 h in the heat with a sweat rate of 1,400 ml-h~', it is
clear that the closer that fluid consumption matches
sweating rate (at least up to 80% of sweating rate), the
better. Increasing dehydration, due to inadequate fluid
consumption, directly impairs stroke volume, cardiac
output, and skin blood flow, resulting in larger increases
in body core temperature, heart rate, and ratings of the
difficulty of exercise. This same phenomenon probably
also applies to running, which argues against the notion
that a certain amount of dehydration (i.e., up to 3%) is
permissible and without major cardiovascular conse-
quences. However, runners generally drink only 500
ml-h™" of fluid and thus allow themselves to dehydrate
at rates of 500-1,000 ml-h~'. The performance ques-
tion that runners should address is: “Will the time lost
as a result of drinking larger volumes of fluids be
compensated by the physiological benefits and the Faster
running pace that might be achieved during the last
half of the race?” However, if the goal is safety, which
means minimizing hyperthermia, there is no question
that the closer that the rate of drinking can match the
rate of dehydration, the better.

PRACTICAL RECOMMENDATIONS

1} Monitor the rate of dehydration by changes in
nude body weight. Each one pound of weight loss
corresponds to 450 ml (15 fluid ounces) of dehydration.

2) When it is important to minimize cardiovascular
stress, hyperthermia, and the difficulty of exercise, peo-
ple should attempt to drink fluids at the same rate that
they are dehydrating due to sweating (or at least drink
at a rate that is close to 80% of sweating rate).

3) Runners should deterimine themselves if the time
lost as a result of drinking larger volumes of fluid is
compensated by the physiological benefits it produces
during the last half of the race.

4) Generally, the exercising endurance athlete can
meet both his/her carbohydrate (i.e., 30-60 g-h™!) and
fluid needs by drinking 625-1,230 ml-h~! of beverages
containing 4-8% carbohydrate.
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