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Series Preface

The CRC series Nutrition in Exercise and Sport provides a setting for in-depth
exploration of the many and varied aspects of nutrition and exercise, including sports.
The topic of exercise and sports nutrition has been a focus of research among
scientists since the 1960s, and the healthful benefits of good nutrition and exercise
have been appreciated. As our knowledge expands, it will be necessary to remember
that there must be a range of diets and exercise regimes that will support excellent
physical condition and performance. There is no single diet—exercise treatment that
can be the common denominator, or the one formula for health, or a panacea for
performance.

This series is dedicated to providing a stage upon which to explore these issues.
Each volume provides a detailed and scholarly examination of some aspect of the
topic. Contributors from bona fide areas of nutrition and physical activity, including
sports and the controversial, are welcome.

We welcome the contribution Sports Drinks: Basic Science and Practical
Aspects, edited by R. Maughan and R. Murray. They have assembled an expert roster
to prepare this book. It is a valuable addition to the series.

Ira Wolinsky, Ph.D.
University of Houston
Series Editor






Preface

It is quite legitimate to ask, “Why a book on the science of sports drinks?”” Such a
narrow topic seemingly does not deserve the energy and attention required of writing,
editing, and publishing a text. The answer is that, in sporting, scientific, and financial
terms, sports drinks have generated considerable interest. The ability of a well-
formulated sports drink to benefit physiological function and exercise performance
is, considering the relative simplicity of its formulation, somewhat remarkable. While
there remains much to learn about the physiological, metabolic, hormonal, perfor-
mance, and sensory responses to fluid, carbohydrate, and electrolyte ingestion during
and following physical activity, there is a wealth of information currently available.
Sports Drinks: Basic Science and Practical Aspects provides a comprehensive review
of the current knowledge based on issues related to the formulation of sports drinks
and the physiological responses to their ingestion during physical activity. It also
looks at the role that sports drinks play in optimizing performance in sports and
exercise for the elite athlete and for the recreational exerciser. In a very real sense,
this book is not so much a review of the science of sports drinks as it is an example
of how scientific knowledge can be used to both create and evaluate the efficacy of
products that have benefited millions of people.

Writing and editing a book is not always a lot of fun, especially when the effort
to do so is crammed between countless other professional and personal activities,
more than a few of which must be put on hold until the task is accomplished.
However, the happy outcome of the late nights, missed deadlines, and work-filled
weekends is a book in which we can all take pride. We hope you find it to be a
valuable and often-used part of your professional library.
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1.1 INTRODUCTION

The excitement of sport — for participant and competitor alike — lies in the
uncertainty of the outcome. No athlete, and no team competing at a high level, can
be sure of winning every competition in which they take part. When evenly matched
competitors are involved, the margin between victory and defeat is small, and the
serious athlete looks for every advantage that might sway the result. Talent

0-8493-7008-6/01/$0.00+$.50
© 2001 by CRC Press LLC 1



2 Sports Drinks: Basic Science and Practical Aspects

— whatever that is — is the key factor in setting the potential of the individual, but
everyone can improve with training and practice. Performance can continue to
improve over many years with sustained intensive training, provided the athlete
remains free from serious illness and injury. Psychological factors, including moti-
vation and determination, and tactical awareness are also key elements. Good training
facilities and the best available equipment can also help. When all of these things
are equal, however, the athlete must search for something else.

1.2 DIETARY SUPPORT FOR TRAINING AND
COMPETITION

In all sports, diet can influence performance, yet athletes are slow to appreciate the
extent to which their performance is affected by what they eat and are even slower
to develop eating strategies that will allow them to optimize their performance.
Where athletes do consider nutrition, the focus is generally on eating and drinking
in the hours prior to competition or during the event itself. However, as well as
affecting performance in competition, an adequate diet is necessary to support the
athlete’s daily training load. Improvements in performance in competition come
from consistent hard training, and the nutrient demands of training must be met if
injury and illness are to be avoided. Attention to the training diet may therefore be
more important than manipulation of the pre-competition meal.

1.3 NUTRITIONAL TARGETS AND EATING
STRATEGIES

There are several barriers to implementation of good dietary practices among sports-
men and -women. The first is a limited awareness of the impact that diet can have
on performance. Athletes who are unaware that there is a need to change their eating
habits are unlikely to do so, but if they can be convinced of the performance benefits
that can accrue, then change will be welcomed. The first step then is to identify the
nutritional goals that will allow each athlete to achieve the best possible performance.
This requires assessment of the limiting factors in training and in competition and
an assessment of each athlete’s nutritional needs.

The second barrier to implementation of a successful nutritional program is set
by the athlete’s nutritional knowledge. Many athletes, for example, know that they
should increase their dietary carbohydrate intake, but such awareness is not useful
without a knowledge of the carbohydrate content of different foods. Each athlete’s
nutritional goals must therefore be translated into an eating strategy that will identify
the types and amounts of foods that will provide the necessary nutrients. This process
must take account not only of the nutritional goals, but also of the athlete’s lifestyle
and training schedule, cooking skills, and personal likes and dislikes.

The level of nutritional knowledge in the general population is low, and athletes
often know little about the composition of foods. Wootton (1986) used a simple
multiple-choice questionnaire to assess nutrition knowledge and beliefs among var-
ious groups of athletes and coaches. He found that recreational runners, on average,
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succeeded in answering only about half of the questions correctly, but they scored
higher than qualified track-and-field coaches, international-standard swimmers, or
professional soccer players. It might be thought that the situation would have
improved in recent years, but Sossin et al. (1997) also found a limited nutritional
knowledge among American high-school wrestling coaches, even though most (82%)
considered themselves to be very knowledgeable about nutrition. Wiita and Stom-
baugh (1996) also showed limited nutritional knowledge among adolescent female
runners; somewhat alarmingly, they also showed that the level of knowledge did not
change over the 3-year period during which their subjects were followed.

A knowledge of nutrition and nutritional goals is only the first stage in developing
appropriate eating strategies, and a change in attitude to eating may also be necessary.
Changing dietary habits is therefore a slow and difficult process, and in many cases,
athletes will require professional help to steer them in the right direction.

1.4 NUTRITION IN TRAINING
1.4.1 ENErGY BALANCE

The diet of the athlete in training must meet the additional nutrient requirement
imposed by the training load. Failure to meet the energy demand results in a falling
body mass, a loss of active tissue, chronic fatigue, and an inability to adapt to the
training program. An inadequate intake of individual nutrients can also have cata-
strophic consequences. If the diet does not supply sufficient carbohydrate, recovery
between training sessions will be incomplete and the training load must be reduced.
Many athletes, especially those living and training in hot climates, are likely to face
difficulties in meeting fluid needs because of their high sweat losses. Chronic
dehydration will also restrict exercise capacity. Protein, vitamins, and minerals must
also be supplied by the diet in amounts sufficient to meet the body’s needs, and the
requirement for many dietary components will be increased by hard training.
Because sport is so varied, and the characteristics of athletes are often at the
extremes of the normal distribution, generalizations do not apply to all sports and
to all individuals. The demands on the 120-kg basketball player, who may participate
in more than 100 games in a year, are very different from those faced by the swimmer
or cyclist, who may devote several hours per day to training, or from those on the
gymnast with a body mass of 35 kg. Even where the duration of competition may
be short, as in sprinting or weightlifting, training may occupy several hours per day
for a substantial part of the year. In technical events such as gymnastics, the energy
demand of training may be modest, even though the total duration of each day’s
training sessions may be long. In training for endurance sports, the metabolic rate
during training may be 15-20 times the resting rate, and such levels of activity may
be sustained for several hours per day. The metabolic rate may remain elevated for
at least 12 hours after exercise if the exercise is prolonged and the intensity is high,
and this will further increase the energy cost of training for the endurance athlete
(Bahr, 1992). If body mass and performance levels are to be maintained, the high
rate of energy expenditure must be matched by an equally high energy intake.
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Table 1.1 shows reported values from a variety of sources for the energy intake
of athletes competing in different sports. Several points need to be borne in mind
when considering this information. First, it must be remembered that the body mass
of successful performers varies greatly between sports: an American football player
with a body mass of 120 kg who has a low training load may still have an energy
expenditure that is much greater than that of a 45-kg female marathon runner training
at the limit of what she can sustain, and he should therefore have a greater energy
intake. It is also the case that not all of the published information is absolutely
reliable. There are several potential errors involved in the assessment of energy
intake. Dietary recall or weighed-intake methods are subject to reporting errors and
there is also an inherent variability due to discrepancies in the energy values in food
composition tables. Some subjects will also — whether consciously or not — fail
to record all food items consumed, others may alter their diet because of the
inconvenience of weighing and recording foods, and others may deliberately conceal
information.

TABLE 1.1
Reported Values for Energy Intake of Male and Female Athletes During
Training for a Variety of Different Sports

Daily Energy Intake

Males Females

MJ/d kcal/d MJ/d kcal/d Reference
Triathlon 19.1 4584 van Erp-Baart et al. (1989)
Cycle tour 24.7 5928 Saris et al. (1989)
Rowing 14.6 3504 13.0 3120 van Erp-Baart (1989)
Soccer 16.5 3952 Rico-Sanz et al. (1998)
Soccer 12.8 3072 Maughan (1997)
Offshore sailing 18.5 4440 Bigard et al. (1998)
Track and field 13.1 3141 10.5 2508 Sugiura et al. (1999)
Rhythmic gymnastics 7.1 1703 Sundgot-Borgen (1996)

Note: Values are means for groups of athletes from each sport. This is not a comprehensive list,
but rather a selection from the large number of published studies, and is designed to show the
wide variability in values. These data, of course, should be interpreted in the context of the training
load at the time of the measurement, the body mass of the individuals, and the level of competition.

In one study of runners who were in steady state with regard to training and
body mass, and who therefore were presumably in energy balance, a good relation-
ship was found to exist between the energy expended in training and the energy
intake as estimated by 7-day weighed intake (Figure 1.1; Maughan et al., 1989).
This result is hardly surprising, as a failure to meet the energy demand would result
in a progressive loss of body mass, chronic fatigue, and impaired exercise capacity.
It seems safe to assume that most athletes with a high training load have a high food
intake, but the possibility of short-term severe food restriction remains.
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FIGURE 1.1 Energy intake, expressed per unit of body mass, of runners and sedentary
controls expressed in relation to the average distance covered per week in training.

Where energy demands are extremely high, there are clearly practical problems
in consuming the large amounts of food necessary. This is accentuated by the
athlete’s reluctance to eat — particularly to eat bulky high-fiber foods — in the pre-
exercise period because of a fear of gastrointestinal problems during training and
because of a suppression of appetite in the post-exercise period. One solution is to
take a significant amount of energy in liquid form, a strategy that is often adopted
by athletes with especially high energy intakes (8—10,000 kcal/d or 3240 MJ/d),
such as cyclists competing in multistage races (Westerterp et al., 1986).

1.4.2 CARBOHYDRATE REQUIREMENTS

The energy requirements of training are largely met by oxidation of fat and carbo-
hydrate, with only a small contribution (about 5%) from the breakdown of protein.
The higher the intensity of exercise, the greater the total energy demand, and the
greater the reliance on carbohydrate as a fuel: at an exercise intensity corresponding
to about 50% of maximum oxygen uptake (VO,,,,,), approximately two-thirds of
the total energy requirement is met by fat oxidation, with carbohydrate oxidation
supplying about one-third. At about 75% of VO,,,,,, the total energy expenditure is
increased, and carbohydrate is now the major fuel. If carbohydrate is not available,
or is available in only a limited amount, the intensity of the exercise must be reduced
to a level where the greater part of the energy requirement can be met by fat
oxidation. If carbohydrate is not available, the ability to train at high intensities is
reduced and recovery after training is slowed.

Considering that a marathon runner may break down carbohydrate at a rate of
3—4 g/min during training, or that a middle-distance runner can convert 100 g of
muscle glycogen to lactate in less than 2 min of hard running, the body stores of
carbohydrate are extremely small (Table 1.2). A single training session for each of
these athletes will result in a substantial depletion of the muscle glycogen stores.
When the muscle glycogen availability is reduced, high-intensity exercise is not
possible. More importantly, perhaps, the brain, the red blood cells, and, to a lesser
extent, the kidneys, rely exclusively on carbohydrate as a fuel. An inadequate avail-
ability of carbohydrate has serious implications for brain function. There is no
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TABLE 1.2

Normal Body Stores of Fat and
Carbohydrate in Typical Athletes,
a 70-Kg Male and a 60-Kg Female

Male Female

Carbohydrate Stores
Liver glycogen Mg 70 g
Muscle glycogen 400 g 300 g

Fat Stores
Intramuscular 500 g 500 g
Adipose tissue 7-10kg 1220 kg

Note: The body fat content can vary greatly,
from as little as perhaps 3% of body weight
in very lean individuals to 50% or more in
the obese.

mechanism to convert the large amount of fatty acids stored in adipose tissue to
carbohydrate.

During each strenuous training session, depletion of the glycogen stores in the
exercising muscles and the liver takes place. If this carbohydrate reserve is not
replenished before the next exercise bout, training intensity must be reduced, leading
to corresponding decrements in the training response. Any athlete training hard on
a daily basis can readily observe this; if a low-carbohydrate diet, consisting mostly
of fat and protein, is consumed after a day’s training, it will be difficult to repeat
the same training load on the following day. Recovery of the muscle and liver
glycogen stores after exercise is a rather slow process, and will normally require at
least 24 to 48 hours for complete recovery. The rate of glycogen resynthesis after
exercise is determined largely by the amount of carbohydrate supplied by the diet
(Ivy, 1998), and the amount of carbohydrate consumed is of far greater importance
for this process than the type of carbohydrate.

The training diet, therefore, should be high in carbohydrate; depending on the
total energy intake, this may mean that 60% or more of total energy intake comes
from carbohydrate. This suggestion conforms to various expert committees’ recom-
mendations that carbohydrates provide more than 50% of dietary energy intake. A
high-carbohydrate diet (70% of energy intake as carbohydrate) can enable athletes
training for 2 hours per day to maintain muscle glycogen levels, whereas if the
carbohydrate content is only 40%, a progressive fall in muscle glycogen content is
likely to occur. It may be more useful to think of an absolute daily requirement for
carbohydrate, rather than relating the need to total energy intake. A daily dietary
carbohydrate intake of 500 to 600 g may be necessary to ensure adequate glycogen
resynthesis during periods of intensive training, and, for some athletes, the amount
of carbohydrate that must be consumed on a daily basis is even greater (Coyle,
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1992). The carbohydrate requirement is determined primarily by training volume
and intensity, but is also influenced by body size, and a daily requirement of about
6 to 10 g/kg body mass is likely in periods of hard training. These high levels of
intake are difficult to achieve without consuming large amounts of simple sugars
and other compact forms of carbohydrate, or by increasing the frequency of meals
and snacks, which would lead to a “grazing” pattern of eating. Athletes may find
that sugar, jam, honey, and high-sugar foods such as confectionery, as well as
carbohydrate-containing drinks, such as soft drinks, fruit juices, and sports drinks,
can provide a low-bulk, convenient addition of carbohydrate to the nutritious food
base (Clark, 1994). There is no evidence that this pattern of eating is in any way
harmful, although attention to dental hygiene should, of course, be emphasized.

For the athlete who trains at least once and perhaps two or three times per day,
and who also has to work or study, practical difficulties arise in meeting the demand
for energy and carbohydrate. Although cyclists may consume a significant part of
the day’s energy requirement during training, many athletes, particularly runners,
find it difficult to train hard until at least 3 hours after food intake. The appetite is
also generally suppressed for a time after hard exercise. In this situation, it is
particularly important to focus on ensuring a rapid recovery of the glycogen stores
between training sessions. This is best achieved when carbohydrate is consumed as
soon as possible after training, as the rate of glycogen synthesis if most rapid at this
time. At least 50 to 100 g of carbohydrate should be consumed in the first hour and
a high-carbohydrate intake continued thereafter. There is clearly a maximum rate at
which muscle glycogen resynthesis can occur, and there appears to be no benefit in
increasing the carbohydrate intake to levels in excess of 100 g every 2 hours. The
type of carbohydrate is less crucial than the amount consumed, but there may be
some benefit from ingesting high-glycaemic-index foods at this time to ensure a
rapid elevation of the blood glucose level.

1.4.3 PrOTEIN REQUIREMENTS

The requirement for vitamins, minerals, protein, and other nutrients is, in some cases,
increased by exercise, but to a smaller degree than the energy requirement. In general,
it can be said that a varied diet in amounts adequate to meet the energy demand will
normally supply these nutrients in adequate amounts. It must be recognized, however,
that not all athletes have a high energy intake and that not all eat a varied diet. The
latter point may be especially important: a regular routine is a characteristic of the
training program of most athletes, and this often includes a regular and monotonous
pattern of eating with limited food choices.

Most of the energy requirements of training are met by oxidation of fat and
carbohydrate, with only a small contribution from protein. Exercise, whether it is
long-distance running, aerobics or weight training, will cause some increase in the
rate of protein oxidation relative to the resting state (Lemon, 1991). In a normal 24-
hour period, the protein ingested in the diet will be metabolized and nitrogen balance
will be maintained. This means that, over the whole day, protein oxidation must
account for about 12—-15% of total energy expenditure, this being the normal fraction
of protein in the diet. The relative contribution of protein oxidation to energy
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production during the exercise period may decrease to about 5% of the total energy
requirement, but the absolute rate of protein degradation is increased during exercise.
Hard exercise therefore leads to an increase in the minimum daily protein require-
ment, and an intake of 1.2—-1.7 g/kg/d is recommended for athletes (Lemon, 1991).
This is 50 to 100% in excess of the current recommended intake of about 0.6 to 0.8
g/kg/d for sedentary individuals, but even this increased amount will normally be
met if a varied diet adequate to meet the increased energy expenditure is consumed.
A diet supplying 3000 kcal, with 12 to 15% of total energy as protein, will give 90
to 112 g of protein; for a 70-kg athlete, this represents 1.3 to 1.6 g/kg (Table 1.3).
In spite of the lack of evidence to suggest that athletes’ diets are generally deficient
in protein or that a further increase in dietary protein intake is in any way beneficial,
many athletes ingest large quantities of high-protein foods and expensive protein
supplements. Daily protein intakes of up to 400 grams are not unknown in some
athletes. Disposal of the excess nitrogen is theoretically a problem if renal function
is compromised, but there does not appear to be any evidence that excessive protein
intake among athletes is in any way damaging to health, nor is it beneficial to
performance.

TABLE 1.3

Protein Intake (in g/kg/d) at Various Levels of Energy
Intake for Athletes with Different Body Mass Eating a
Diet Giving 15% of Total Energy Intake as Protein

Body Mass (kg)

Energy intake

(kcal/d) 50kg 60kg 70kg 80kg 90kg 100 kg
2000 1.5 1.2 1.1 0.9 0.8 0.7
3000 2.2 1.9 1.6 1.4 1.2 1.1
4000 3.0 2.5 21 1.9 1.7 1.5
5000 3.7 31 2.7 2.3 2.1 1.9
6000 4.5 3.7 3.2 2.8 2.5 2.2

Note: Values above the recommended intake of 1.2 g/kg body mass are
shown in bold.

1.4.4 VITAMINS

There is no good evidence that athletes who eat well-chosen diets with adequate
energy are prone to deficiencies of vitamins, but it is also the case that there have
been few good studies of vitamin balance in athletes. In many published studies, a
comparison of some measure of intake (usually based on a subjective recall method)
with the recommended daily intake is used as evidence that vitamin deficiencies are
common. This is not so, and the methodology used in these studies is flawed. It is
clear from the available limited information on vitamin status of athletes that defi-
ciencies are remarkably rare. Nonetheless, several factors may contribute to marginal
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vitamin status. Lack of imagination or motivation in the preparation of meals, poor
cooking skills, and financial constraints all contribute to a limited range of foods
being eaten by some athletes and may compromise micronutrient intake.

There is no good evidence that supplementation with any vitamins has a bene-
ficial effect on exercise performance, except when a preexisting deficiency has been
corrected. Studies that have shown beneficial effects on performance have usually
lacked an appropriate control group, and a placebo effect is being observed. Use of
multivitamin supplements in the recommended doses is not harmful, and these are
used by many athletes. There have been suggestions that fortification of sports drinks
with vitamins, especially those B vitamins involved in carbohydrate metabolism,
may be beneficial. This will be discussed in more detail in Chapter 9.

There has been much interest in recent years in the possible role of the antiox-
idant vitamins in preventing or at least reducing the muscle damage that is associated
with hard exercise. There are some suggestions that this damage is the result of free
radical formation and that ingestion of large doses of Vitamins C and E can reduce
this response (Clarkson, 1995). Many athletes already take supplements containing
these vitamins, but the evidence at present is not strong enough to support the
suggestion that athletes should take these as a matter of routine. Furthermore,
megadoses of some vitamins may cause adverse effects.

1.4.5 MINERALS

A number of minerals play important roles in the regulation of cellular metabolism,
and an adequate intake — sufficient to meet the losses from the body — is essential
for maintenance of health. Zinc, copper, magnesium, manganese, chromium, sele-
nium, iodine, and a number of other elements fall into this category. The requirement
for some minerals (especially sodium) is increased by hard exercise, in large part
because of increased losses in sweat. Many other minerals, including potassium,
magnesium, iron, and zinc are also lost in sweat, giving rise to the idea that mineral
supplementation may be necessary when sweat losses are high. This also suggests
an argument for the addition of these components to drinks intended for consumption
during or after exercise. In general, however, the additional losses incurred as a
result of exercise are small relative to the total daily requirement. The scope for the
addition of minerals to sports drinks is discussed in Chapter 8.

At present, there is no evidence to suggest that mineral deficiencies are common
among athletes. Surveys showing an inadequate intake among different athletic
groups must be treated with caution, for several reasons. Intake of all of these
elements is difficult to assess, particularly because of the problem of obtaining an
accurate record of habitual food intake. In addition, food-composition tables are
unreliable, so unrealistic values may be obtained even when food intake is measured
reliably. The assessment of adequacy of intake also requires a measure of the
requirement, and this has not been established with any degree of certainty for many
of the micronutrients. Failure to meet a recommended intake may give cause to look
closely at the diet, but is certainly not a useful index of adequacy of the intake.
Despite apparently low intakes, few athletes show clinical signs of deficiency.
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Athletes who are most at risk of inadequate micronutrient intake are those who
restrict their food variety and/or total energy intake.

1.4.6  WATER AND ELECTROLYTE REQUIREMENTS IN TRAINING

The discussion above focused on depletion of the glycogen reserve in the exercising
muscles as the major cause of fatigue during prolonged exercise. However, problems
associated with thermoregulation and fluid balance are much more likely to cause
problems for athletes training in warm weather. Even modest levels of dehydration
will impair exercise capacity and prevent the athlete from achieving optimum per-
formance. In practice, this means a reduction in the quality of training sessions and
a corresponding reduction in the degree of adaptive response. Severe dehydration is
potentially fatal, as exercise in the dehydrated state leads to a rapid elevation of
body temperature and the onset of heat illness. There is consequently a real need to
ensure adequate fluid intake before, during, and after every training session. The
idea that the body adapts to dehydration or that the trained individual is more resistant
to the negative effects of dehydration is completely wrong.

Heat is evolved as a by-product of all muscular activity and the rate of heat
production is set by the rate of energy turnover. At rest, the typical 70-kg human
body uses about 300 ml of oxygen per minute and produces heat at a rate of about
70 W. Heat loss from the body surface occurs at the same rate, allowing a constant
body temperature to be maintained. The elite cyclist or distance runner can sustain
a rate of heat production in excess of 1 kW for prolonged periods. This would cause
an intolerable rise in body temperature if the rate of heat loss were not also increased.
At high ambient temperatures, the only mechanism by which heat can be lost from
the body is evaporation. Evaporation of 1 1 of water from the skin will remove 2.4
MJ (580 kcal) of heat from the body. This can be illustrated by the example of a
marathon runner with a body weight of 70 kg who completes a race at a steady pace
and finishes in a time of 2 hours 30 min. Assuming a flat course and no wind, the
average rate of heat production will be about 1 kW. This rate of metabolic heat
production can be exactly balanced by evaporative loss alone if sweat can be
evaporated from the skin at a rate of about 1.6 1/h. Some sweat will simply drip
from the skin without being evaporated and will not contribute to cooling, so a
higher sweat rate of about 2 1/h is necessary. This is possible, but would result in
the loss of 5 1 of body water over the course of the race, corresponding to a loss of
more than 7% of body weight (and about 12% of total body water) for a 70-kg
runner. For slower runners, the total sweat loss is similar to that of the faster runners:
the running time is longer and the sweat rate is lower, but the total loss is similar
(Maughan, 1985).

For the typical sedentary young man or woman, daily water intake precisely
matches the water losses that occur from the body. Water losses usually amount to
about 2-3 1 of water per day for individuals living in temperate climates, with about
50% of the total loss in the form of urine (Table 1.4). During hard exercise in a
warm environment, however, this amount of fluid may be lost in 1 hour, although
sweat rates are typically less than this for most individuals. Sweat losses in training
will vary greatly among individuals, even when fitness levels, exercise intensity, and
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TABLE 1.4

Approximate Average Values for Water
Loss for Sedentary Adult Men and
Women Living in a Temperate Climate

Water losses (ml per day)

Men Women
Urine 1400 1000
Expired air 400 300
Transcutaneous loss 530 280
Sweat loss 650 420
Faecal water 100 90
Total (approximately) 3000 2100

environmental conditions are similar. Many studies have estimated sweat losses
during training in groups of athletes from different sports. Typical values are in the
range of about 0.8—1.4 1/h, with extremes for the group means of about 0.4-2.6 1/h
(Rehrer and Burke, 1996). It should be noted, however, that these mean values
conceal the wide variations that occur between individuals.

These measurements are usually based on changes in body mass during training
and ignore other losses during the remainder of the day. Advances in the application
of isotopic tracer methodology have recently permitted the non-invasive measure-
ment of water turnover, using deuterium as a tracer for body water. The principle
of the measurement and the practicalities are both relatively straightforward. Body
water is labeled with deuterium, and the water turnover is measured over a period
of a few days from the rate of decrease in the tracer concentration in body water.
The measurement can be made conveniently on blood or urine samples. Collection
of 24-hour urine output allows non-renal losses (consisting mainly of sweat and
transcutaneous losses, respiratory water loss, and faecal loss) to be calculated by
the difference.

Application of this method to the measurement of water turnover is discussed
in detail in Chapter 2 and is mentioned only briefly here. In two studies, it was
shown that active individuals had a higher water turnover rate than sedentary control
subjects (Leiper et al., 1996; Leiper et al., 1995). In one study, the higher water
turnover of a group of runners could be accounted for by a greater urine loss, with
no difference in sweat losses (Leiper et al., 1996). It may be that these moderately
active runners drank more than their needs because of the emphasis on rehydration
in many publications aimed at runners. In contrast, in cyclists with a higher daily
traning load, the greater water turnover was accounted for by a greater non-renal
water loss (Leiper et al., 1995). In both studies, there was a large inter-individual
variability in water turnover, even when the climatic conditions and training load
were similar.

Along with water, electrolytes are lost in varying amounts, the major constituents
of sweat being those of the extracellular space, i.e., sodium and chloride. Sweat is
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invariably hypotonic and water is lost in excess of solute. Where sweat losses are
large, the electrolyte loss in sweat may become significant, and maintenance of
electrolyte balance may require an increased intake, particularly of sodium. Elec-
trolyte balance is important for a number of reasons. The main electrolytes (sodium,
potassium, magnesium) play key roles in function of muscle and nerve, but they
also help to regulate body water content and the distribution of water among the
various body water compartments. The daily intake of electrolytes is subject to wide
variation among individuals, with strong trends for differences among different
geographical regions. Daily dietary sodium chloride intakes for 95% of the young
male UK population fall between 3.8 and 14.3 g with a mean of 8.4 g; the corre-
sponding values for young women are 2.8-9.4 g, with a mean value of 6.0 g (Gregory
et al., 1990). For the same population, mean urinary sodium losses were reported
to account for about 175 mmol/d (Gregory et al., 1990), which is equivalent to about
10.2 g of sodium chloride. The discrepancy illustrates some of the difficulties with
the collection of this type of information.

There are also large differences between countries in the recommended intake
of salt: the British advice is for a maximum of 6 g per day, but in Germany, a
maximum of 10 g/d is recommended. In contrast, Sweden recommends a maximum
of 2 g/d, and Poland recommends a minimum of 1.4 g/d. These differences in the
recommendations by different expert committees reflect, in part, different interpre-
tations of the evidence linking salt intake and health, but also reflect regional
consumption patterns. Because of the need to excrete excess solute in the urine, the
daily salt intake will have implications for an individual’s water requirements.

The composition of drinks to be taken before, during, and after exercise will be
influenced by the relative importance of the need to supply fuel and water and to
replace electrolyte losses. This in turn depends on the intensity and duration of the
exercise task, on the ambient temperature and humidity, and on the physiological
and biochemical characteristics of the individual. Electrolyte replacement is not
normally a priority, but addition of sodium to glucose-containing drinks will promote
absorption of glucose and water in the small intestine: this is crucial when rapid
replacement is essential, as is the case during exercise (Maughan and Greenhaff,
1991). Electrolyte replacement is also important for fluid volume restoration in the
post-exercise period (see Chapter 7)

1.5 NUTRITION FOR COMPETITION

In competition, the aim of nutritional strategies is to target the factors that cause
fatigue and impair performance. These include:

* Hyperthermia

* Dehydration

* Hypoglycemia

* Muscle glycogen depletion
* Electrolyte imbalances

* Gastrointestinal distress
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All of these factors may, in some situations, contribute to fatigue and limit perfor-
mance. Nutritional strategies aimed at improving performance should therefore
employ interventions that can influence these processes.

1.5.1  HYPERTHERMIA

Except in poorly clad individuals exercising in extreme cold, an increase in body
temperature is a normal response to exercise. Core temperature rises from the normal
resting level of about 37°C at a rate that is proportional to the ambient temperature,
the work rate, and the body mass of the individual (Greenhaff, 1989). The importance
of ambient temperature, which plays a major role in determining the rate of rise of
core temperature, is well demonstrated by the reduction in exercise performance in
warm weather. Even at moderate temperatures (about 20°C), performance of pro-
longed exercise is already impaired relative to that in cooler (about 10°C) conditions
(Figure 1.2). At higher temperatures, performance is dramatically reduced.
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FIGURE 1.2 Endurance performance in moderate-intensity cycling exercise is reduced
when the ambient temperature is high, and some impairment is already present at a temperature
of only 21°C. The optimum temperature for exercise intensity in these non-acclimated subjects
seems to be about 10°C. (Data of Galloway and Maughan, 1997).

There is growing evidence from a number of other sources that body temperature
may be a critical factor for the performance of prolonged exercise. Nielsen et al.
(1993) reported that subjects performing prolonged exhausting exercise in a hot
environment stopped exercising when their core temperature reached a certain crit-
ical level (39.7°C with a standard deviation of 0.15°C) and hypothesized that this
was related to a reduced motivation or central drive. The improvements in endurance
capacity that accompany heat acclimation are not associated with an increased
tolerance to an elevated body temperature. Rather, there is a slowing of the rate of
rise of temperature due to an increased rate of heat loss resulting from an expanded
plasma volume, which allows a greater cardiac output (Nielsen, 1998), an earlier
onset of sweating, an increased sweating rate, and a better distribution of sweat
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secretion over the body surface (Wenger, 1989). There is, however, also some limited
evidence from the study of Nielsen et al. (1993) that the rate of change of body
temperature is not different after acclimation and that the delay in reaching a critical
level is the result of a decrease in the pre-exercise core temperature.

Several studies have also shown that performance of exercise can be enhanced
if the core temperature is deliberately reduced prior to exercise in warm or hot
environments. Hessermer et al. (1984) exposed subjects to cold air for long enough
to reduce mean skin temperature by 4.5°C; in a subsequent 60-min cycling time
trial, average power output was increased by 6.8% over a control trial without pre-
cooling. Lee and Haymes (1995) pre-cooled runners by exposure to cold air for 30
min before a treadmill run to exhaustion at 82% of VO,,,,, at an ambient temperature
of 24°C. The pre-cooling was sufficient to induce a mean decrease of 0.4°C in core
temperature, and the running time to fatigue was increased from 22.4 min to 26.2
min. Booth et al. (1997) used 20 min of cold water immersion to induce a fall in
core temperature of 0.5°C prior to a maximal 30-min run in hot (32°C), humid (62%
rh) conditions. The distance covered in 30 min was increased by about 2% after pre-
cooling. More recently, Gonzalez-Alonso et al. (1999) reported the effects of prior
immersion in hot, thermoneutral, and cold water on endurance capacity and on the
physiological responses to exercise at about 60% of VO,,,,, in a hot (40°C) envi-
ronment. Mean endurance time was reduced from 46 min in the thermoneutral
condition to 28 min after hot water immersion and was increased to 63 min after
prior cooling; a clear relationship was reported between the pre-exercise temperature
and the time to fatigue. Once again, they reported that subjects voluntarily stopped
exercising when the core temperature (in this case esophageal temperature) reached
a critical level of 40.1-40.2°C. Brain temperature is hypothesized to be the critical
factor, but it cannot be measured directly in man. In the rat, however, the point of
cessation of treadmill running with different combinations of heat stress prior to and
during running has been shown to occur at a hypothalamic temperature of just over
40°C (Fuller et al., 1998).

These studies all involved relatively prolonged exercise in stressful environ-
ments, where the elevation of core temperature might reasonably be considered to
be a major factor in fatigue, but Myley et al. (1989) cooled subjects by icing the
skin prior to a 6-min all-out rowing test carried out at an ambient temperature of
30°C. Cooling increased the mean power that could be sustained over the 6 min test
by 3%. It seems unlikely that core temperature would be sufficiently elevated in 6
min of rowing to reach a critical level, suggesting that other mechanisms may also
be involved.

These studies emphasize the importance of strategies to limit the rise in core
temperature that occurs in exercise, especially in warm or hot climates. They also
call into doubt the benefits of warming up prior to exercise when the ambient
temperature is high and where an elevated core temperature may limit performance.
Ingestion of fluid during prolonged exercise can help maintain cardiovascular func-
tion, attenuate the rise in body temperature that occurs, and improve exercise per-
formance (Coyle and Montain, 1993). The optimum formulation of a drink to achieve
this will depend on a number of factors that are described in detail in Chapter 8.



Fundamentals of Sports Nutrition: Application to Sports Drinks 15

The above description of a possible role for an elevation of body temperature
as a factor in the etiology of fatigue does not extend to the inclusion of the various
clinical conditions that are referred to as heat illness, heat exhaustion, or heat stroke.
These conditions, and the role of fluid replacement in their prevention, have been
described by Sutton (1990).

1.5.2 DEHYDRATION

Although the physiological consequences of dehydration due to the sweat loss that
occurs during exercise have been the focus of much attention, there has been
relatively little scientific interest in the effects of a fluid deficit incurred prior to
exercise. Both of these situations, however, are common in sport. Individuals who
begin exercise with a fluid deficit will not perform as well as they will when fully
hydrated. This has been shown to be true whether the fluid deficit is incurred by
prolonged exercise in a warm environment, by passive heat exposure, or by diuretic
treatment (Nielsen et al., 1981; Armstrong et al., 1985). An impaired performance
is observed whether the exercise lasts a few minutes or is more prolonged, although
muscular strength appears to be relatively unaffected, and tasks with a large aerobic
component are affected to a greater extent than those that rely primarily on anaerobic
metabolism (Sawka and Pandolf, 1990).

In exercise tests lasting more than a few minutes, reductions in performance are
apparent at modest levels of body water loss amounting to 1-2% of the pre-exercise
body mass (Armstrong et al., 1985). For the average young male (most of the subjects
in these studies have been male, but the responses of female subjects do not appear
to be different), body water accounts for about 60% of total body mass, so these
levels of hypohydration amount to about 2-3% of total body water. It was reported
by Adolph et al. (1947) that subjects do not report a sensation of thirst until they
have incurred a water deficit of about 2% of body mass. This suggests that athletes
living and training in the heat may not be aware that they have become dehydrated
to a level sufficient to adversely affect performance.

Fluid losses due to sweating are distributed in varying proportions among the
body compartments: plasma, extracellular water, and intracellular water. The
decrease in plasma volume that accompanies dehydration may be of particular
importance in influencing work capacity. Blood flow to the muscles must be main-
tained at a high level to supply oxygen and substrates, but a high blood flow to the
skin is also necessary to convect heat from the active muscles and the body core to
the body surface, where it can be dissipated (Nadel, 1980). When the ambient
temperature is high and blood volume has been decreased by sweat loss during
prolonged exercise, there may be difficulty in meeting the requirement for a high
blood flow to both these tissues. In this situation, skin blood flow is likely to be
compromised, allowing central venous pressure and muscle blood flow to be main-
tained but reducing heat loss and causing body temperature to rise (Rowell, 1986).
More recent data, however, suggest that dehydration may cause a reduction in the
blood flow to exercising muscles as well as to the skin (Gonzalez-Alonso et al.,
1998). It may be that a falling cardiac output and an imminent failure to maintain
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blood pressure is one of the signals responsible for exhaustion when dehydration
occurs during prolonged exercise.

These factors have been investigated by Coyle and his colleagues, whose results
clearly demonstrate that increases in core temperature and heart rate and the
decreases in cardiac stroke volume during prolonged exercise are graded according
to the level of hypohydration achieved (Montain and Coyle 1992a). They also showed
that the ingestion of fluid during exercise increases skin blood flow, and therefore
thermoregulatory capacity, independent of increases in the circulating blood volume
(Montain and Coyle, 1992b). Plasma volume expansion using dextran/saline infusion
was less effective in preventing a rise in core temperature than was the ingestion of
sufficient volumes of a carbohydrate electrolyte drink to maintain plasma volume
at a similar level (Montain and Coyle, 1992b). This raises some questions about the
mechanism of action of fluid replacement during exercise, but these studies confirm
the importance of the ingestion of drink of a suitable composition and in sufficient
volume during prolonged exercise in a warm environment.

1.5.3 ELECTROLYTE IMBALANCES

The normal response to prolonged strenuous exercise is an increase in the plasma
concentration of sodium and potassium. The sodium concentration increases for two
reasons:

1. Movement of water into the active muscle tissues reduces the plasma
volume.
2. The sweat sodium concentration is much less than that of plasma.

The plasma potassium concentration rises because of release of potassium from
active muscles and from the liver, as well as from red blood cells and other tissues
subjected to membrane damage. Alterations in the distribution of ions among tissues
have implications for the maintenance of function, but replacement is not generally
an issue, as the movements among compartments are generally reversed in the
recovery period.

The sweat that is secreted onto the skin contains a wide variety of organic and
inorganic solutes, and significant losses of some of these components will occur
where large volumes of sweat are produced. The electrolyte composition of sweat
is variable, and the concentration of individual electrolytes as well as the total sweat
volume will influence the extent of losses. The normal concentration ranges for the
main ionic components of sweat are shown in Table 1.5, along with their plasma
and intracellular concentrations for comparison. A number of factors contribute to
the variability in the composition of sweat, and much of the published information
is suspect because of methodological problems in the collection procedure, including
evaporative loss, incomplete collection, and contamination with skin cells. There is
also a large inter-individual biological variability (Shirreffs and Maughan, 1997).

Although the sweat composition undoubtedly varies among individuals, it can
also change within the same individual depending on the rate of secretion, the state
of training, and the state of heat acclimation (Leithead and Lind, 1964). There seem
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TABLE 1.5

Concentration (mmol/l) of the Major
Electrolytes in Sweat, Plasma, and
Intracellular Water

Sweat Plasma Intracellular
Sodium 20-80 130-155 10
Potassium 4-8 3.2-55 150
Calcium 0-1 2.1-2.9 0
Magnesium <0.2 0.7-1.5 15
Chloride 20-60 96-110 8
Bicarbonate 0-35 23-28 10
Phosphate 0.1-0.2  0.7-1.6 65
Sulphate 0.1-2.0 0.3-09 10

Note: These values are taken from a variety of sources
referred to in Maughan and Shirreffs (1998).

also to be some differences among different sites on the body, and care must be
taken in extrapolating from measurements made over a small skin area. In response
to a standard heat stress, there is an earlier onset of sweating and an increased sweat
rate with training and acclimation. The sweat-sodium concentration decreases in
response to acclimation in spite of the increased sweat rate, although it would
normally be expected to increase with increasing sweat rate (Wenger, 1989). These
adaptations allow improved thermoregulation by increasing the evaporative capacity
while conserving electrolytes. The conservation of sodium, in particular, may be
important in maintaining the plasma volume and thus maintaining the cardiovascular
capacity.

The major electrolytes in sweat, as in the extracellular fluid, are sodium and
chloride, although the sweat concentrations of these ions are invariably substantially
lower than those in plasma, indicating a selective reabsorption process in the sweat
duct. Costill (1977) reported an increased sweat-sodium and -chloride content with
increased flow, but Verde et al. (1982) found that the sweat concentration of these
ions was unrelated to the sweat flow rate. Acclimation studies have shown that
elevated sweating rates are accompanied by a decrease in the concentration of sodium
and chloride in sweat (Allan and Wilson, 1971). The potassium content of sweat
appears to be relatively unaffected by the sweat rate, and the magnesium content is
also unchanged or perhaps decreases slightly. These apparently conflicting results
demonstrate some of the difficulties in interpreting the lature in this area. Differences
among studies may be due to differences in the training status and degree of
acclimation of the subjects used, as well as difference in methodology; some studies
have used whole-body washdown techniques to collect sweat, whereas others have
examined local sweating responses using ventilated capsules or collection bags.

Because sweat is hypotonic with respect to body fluids, the effect of prolonged
sweating is to increase the plasma osmolality, which may have a significant effect
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on the ability to maintain body temperature. A direct relationship between plasma
osmolality and body temperature has been demonstrated during exercise (Greenleaf
et al.,, 1974; Harrison et al., 1978). Hyperosmolality of plasma, induced prior to
exercise, has been shown to result in a decreased thermoregulatory effector response;
the threshold for sweating is elevated and the cutaneous vasodilator response is
reduced (Fortney et al., 1984). In short-term (30 min) exercise, however, the cardio-
vascular and thermoregulatory response appears to be independent of changes in
osmolality induced during the exercise period (Fortney et al., 1988). The changes
in the concentration of individual electrolytes are more variable, but an increase in
the plasma-sodium and -chloride concentrations is generally observed in response
to both running and cycling exercise. Exceptions to this are rare and occur only
when excessively large volumes of drinks low in electrolytes are consumed over
long time periods; these situations are discussed further below.

The plasma potassium concentration has been reported to remain constant after
marathon running (Meytes et al., 1969; Whiting et al., 1984), although others have
reported small increases, irrespective of whether drinks containing large amounts of
potassium (Kavanagh and Shephard, 1975) or no electrolytes (Costill et al., 1976)
were given. Much of the inconsistency in the literature relating to changes in the
circulating potassium concentration can be explained by the variable time taken to
obtain blood samples after exercise under field conditions; the plasma potassium
concentration rapidly returns to normal in the post-exercise period (Stansbie et al.,
1982). Laboratory studies where an indwelling catheter can be used to obtain blood
samples during exercise commonly show an increase in the circulating potassium
concentration in the later stages of prolonged exercise and during high-intensity
exercise. The potassium concentration of extracellular fluid (4—5 mmol/l) is small
relative to the intracellular concentration (150-160 mmol/l), and release of potassium
from liver, muscle, and red blood cells will tend to elevate plasma potassium levels
during exercise in spite of the losses in sweat. During exercise, there is a substantial
loss of potassium from the active muscles, and the potassium content of the venous
blood draining the active muscles increases in proportion to the exercise intensity
(Gullestad et al., 1991). The local extracellular potassium concentration within active
muscles may reach levels that are high enough to reduce membrane excitability.
This possibility has been extensively reviewed by McKenna (1995) and Lindinger
and Sjogaard (1991).

The plasma-magnesium concentration is generally unchanged after moderate-
intensity exercise, and although a modest fall has been reported after extreme exercise,
it seems likely that this reflects a redistribution of the available magnesium among
body compartments rather than a net loss from the body (Maughan and Greenhaff,
1991). A redistribution between red blood cells and plasma has also been observed in
response to daily walking for 2 h in a hot (40°C) environment over a period of 10
successive days (Stendig-Lindberg et al., 1998), and again a decrease in the serum-
magnesium concentration was observed. A larger fall in the serum magnesium con-
centration has, however, been observed during exercise in the heat compared with
neutral temperatures (Beller et al., 1972), supporting the idea that losses in sweat,
rather than a simple movement from the extracellular to the intracellular space, may
be responsible. Although the concentration of potassium and magnesium in sweat is
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high relative to that in the plasma, the plasma content of these ions represents only a
small fraction of the whole-body stores, as they are both primarily located in the
intracellular space (Table 1.5). Costill and Miller (1980) estimated that only about 1%
of the body stores of these electrolytes was lost when individuals were dehydrated by
5.8% of body weight. This raises questions as to the value of adding these electrolytes
to drinks intended for consumption before, during, or after exercise.

1.5.4 HyYPOGLYCEMIA

The blood glucose concentration falls when the rate of removal of glucose from the
circulation by the brain, muscles, and other tissues exceeds the rate at which it is
added to the bloodstream by the liver. The normal blood glucose concentration is
about 4-6 mmol/l, except after a carbohydrate meal, when it will rise to about 8—10
mmol/l. This provides enough glucose to maintain the supply to the cells of the
central nervous system, for which it is the primary fuel. If hypoglycemia — normally
defined as a blood glucose concentration of less than about 2.5 mmol/l (about 45
mg/100 ml) — occurs, central nervous symptoms may begin to appear.

There is clearly an opportunity for the gut, provided that it is supplied with
carbohydrate, to assist the liver in the maintenance of the blood glucose concentra-
tion, particularly in the later stages of exercise. Many studies have shown that regular
ingestion of even small amounts of carbohydrate during prolonged exercise can
prevent a fall in the blood glucose concentration. It is not clear, however, that
hypoglycemia is a cause of fatigue, and even when hypoglycemia is prevented by
the ingestion of glucose, exercise performance is not necessarily improved (Felig et
al., 1982).

A form of reactive hypoglycemia has been reported to occur in some sensitive
individuals when large amounts of carbohydrate are ingested in the fasted state
shortly before the performance of hard exercise (Costill et al., 1977). Based on these
reports, it was suggested that athletes should not eat carbohydrate-containing foods
within the last 3 hours before exercise. The logic is persuasive: the carbohydrate
causes a sharp rise in the circulating insulin level, which inhibits fat mobilization
and promotes carbohydrate metabolism. When exercise begins, there is a reduced
availability of fat as a fuel and an increased rate of carbohydrate oxidation. The
blood glucose concentration is therefore likely to fall rapidly, and, in one study, this
resulted in an earlier onset of fatigue. On the basis of this result, it was recommended
that carbohydrate ingestion should be avoided for at least 2 hours before exercise.
The well-fed, well-rested athlete with replete stores of glycogen in liver and skeletal
muscle may not need extra carbohydrate at this time, but several more-recent studies
have shown that most individuals are not disadvantaged and may even benefit from
ingesting carbohydrate in the pre-exercise period, especially if they have been fasted
overnight (Gleeson et al., 1986). It appears that the metabolic changes caused by
eating carbohydrate are generally rapidly reversed once exercise begins (see Coyle
(1991) for a review of these studies). There are some athletes who experience an
exaggerated effect, and who might perhaps benefit from avoiding carbohydrate at
this time, but most athletes should be able to take carbohydrate snacks or drinks
within the last hour before exercise.
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Maintaining the blood glucose concentration may have thermoregulatory as well
as metabolic benefits. High catecholamine levels during prolonged exercise in warm
environments contribute to an increased rate of glycogen breakdown in active skeletal
muscles (Febbraio et al., 1996) and in the liver (Hargreaves et al., 1996). Infusing
glucose at a high rate to maintain hyperglycemia has been shown to limit the rise in
plasma catecholamine levels during prolonged exercise in the heat (Mora-Rodriguez
et al., 1996). High catecholamine levels also cause constriction of skin blood vessels,
limiting heat loss and contributing to hyperthermia. Dehydration will, of course, also
impair thermoregulation, so carbohydrate-containing drinks have clear potential for
improvement in performance in all situations where these factors contribute to fatigue.

1.5.5 MuscLE GLYCOGEN DEPLETION

It is well recognized that the ability to perform prolonged exercise can be substan-
tially modified by dietary intake in the pre-exercise period, and this is important for
the individual aiming to produce peak performance on a specific day. The pre-
exercise period can conveniently be divided into two phases — the few days prior
to the exercise task and the day of exercise itself. In tournament situations or in
multistage events, the post-competition phase merges with the preparation phase for
the next event, and the recovery diet assumes major importance.

Dietary manipulation to increase muscle glycogen content in the days prior to
exercise is recommended for all exercise lasting more than about 1 hour. The method
first used by marathon runners was based on a series of Scandinavian laboratory
studies in the mid 1960s. These studies examined the effects of diet on muscle
glycogen storage and on exercise capacity. The picture that emerged was that the
glycogen content of the exercising muscles fell progressively during prolonged
exercise (Bergstrom and Hultman, 1966), with the point of fatigue being coincident
with the depletion of the glycogen stores (Hermansen et al., 1967). Muscle glycogen
synthesis was restricted by feeding a low-carbohydrate diet after exercise, and was
promoted by feeding a high-carbohydrate diet at this time. Endurance capacity —
the time for which a fixed power output could be sustained to the point of fatigue
— was closely related to the size of the pre-exercise muscle glycogen store (Ahlborg
et al., 1967). On the basis of these findings, it was recommended that athletes should
deplete muscle glycogen by prolonged exercise about 1 week prior to competition.
Resynthesis of glycogen was then limited by consuming a low-carbohydrate diet
while continuing to train for 2 to 3 days before changing to a high-carbohydrate
diet for the last 3 days before competition, during which time little or no exercise
was performed. This procedure, which has been shown in the laboratory to double
the muscle glycogen content, can increase cycling or running performance, and has
been used successfully by many athletes, especially marathon runners. There is now
a considerable amount of evidence that it is not necessary to include the low-
carbohydrate glycogen-depletion phase of the diet for endurance athletes in regular
training. The training load should be reduced over the last 5 or 6 days before
competition and the carbohydrate intake increased (Costill, 1988). This avoids many
of the problems associated with more-extreme forms of the diet.
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Although this glycogen loading procedure is generally restricted to use by
athletes engaged in endurance events, similar dietary manipulations have also been
shown to influence exercise performance where the intensity is high (close to 100%
of VO,,,,,) and the duration is correspondingly short (3 to 10 min); an inadequate
carbohydrate intake in the days before exercise reduces performance, and a high-
carbohydrate diet can increase performance (Maughan and Greenhaff, 1991). A high
muscle glycogen content may be particularly important when repeated sprints at
near-maximum speed must be made. Consumption of a high-carbohydrate diet in
the days prior to competition may therefore also benefit competitors in games such
as football, soccer, or hockey, although it appears not to be usual for these players
to pay attention to this aspect of their diet. Karlsson and Saltin (1973) showed that
players starting a soccer game with low muscle glycogen content did less running,
and much less running at high speed, than those players who began the game with
a normal muscle glycogen content. It is common for players to have one game in
midweek as well as one on the weekend, and it is likely that full restoration of the
muscle glycogen content will not occur between games unless a conscious effort is
made to achieve a high carbohydrate intake.

Although it is widely accepted that the point of fatigue during prolonged cycling
exercise is closely associated with the depletion of glycogen in the exercising
muscles, the evidence that this is so in running is less clear (Sherman et al., 1981).
Nonetheless, a high-carbohydrate diet in the days before a long (30 km) run can
improve performance (Karlsson and Saltin, 1971). A high-carbohydrate intake (10 g
per kg body mass in 24 hours) was also more effective in promoting recovery
between prolonged, intermittent, high-intensity shuttle running on consecutive days
than a “normal” mixed diet with about half of this amount of carbohydrate (Nicholas
et al., 1997). These studies all suggest that glycogen availability or some related
factor is involved. Fatigue during exercise in the heat, however, is not associated
with depletion of muscle glycogen (Parkin et al., 1999), and some other mechanism,
probably involving a thermal factor as described above, must be involved.

1.5.6 CARBOHYDRATE REQUIREMENTS FOR COMPETITION

There is scope for nutritional intervention during exercise only when the duration
of events is sufficient to allow absorption of drinks or foods ingested and where the
rules of the sport permit. The primary aims must be to ingest a source of energy,
usually in the form of carbohydrate, and fluid for replacement of water lost as sweat.
To limit the rise in body temperature that would otherwise occur, high rates of sweat
secretion are necessary during hard exercise. If the exercise is prolonged, this leads
to progressive dehydration and loss of electrolytes. Fatigue toward the end of a
prolonged event might result as much from the effects of dehydration as from
substrate depletion. Drinks consumed during exercise therefore offer the opportunity
to limit the extent of dehydration and to supplement carbohydrate.

It is not entirely clear whether carbohydrate ingested during exercise has a major
sparing effect on the muscle glycogen stores. Although some studies have shown
glycogen sparing, others have not (see Coyle (1991) for a review of these studies).
Even where no slowing of the rate of muscle glycogen use is apparent, however,
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most studies show that the ingestion of carbohydrate improves the performance of
prolonged exercise.

The composition of drinks to be taken during exercise should be chosen to suit
individual circumstances. During exercise in the cold, fluid replacement may not be
necessary, as sweat rates will be low, but there is still a need to supply additional
glucose to the exercising muscles. Consumption of a high-carbohydrate diet in the
days prior to exercise should reduce the need for carbohydrate ingestion during
exercise in events lasting less than about 2 hours, but it is not always possible to
achieve this. Competition on successive days, for example, could prevent adequate
glycogen replacement between exercise periods. In this situation, concentrated glu-
cose drinks might be more effective in improving performance. These will supply
more glucose, thus supplementing the limited glycogen stores in the muscles and
liver without overloading the body with fluid. In many sports environments, there
is little provision for fluid replacement; participants in games such as football or
hockey can lose large amounts of fluid, but significant replacement is possible only
at the half-time interval, with limited opportunities for drinks during time-outs.

Recovery after hard competition requires rest, but rest alone, without restoration
of the body’s carbohydrate stores and correction of any fluid and electrolyte deficit,
will not restore exercise capacity. When the competition has to be repeated after
only a short interval, as in a multistage cycle race or in a tennis or rugby tournament,
glycogen storage can be promoted by ensuring that carbohydrate is ingested as soon
as possible after the end of the exercise period. The same guidelines apply as
described above for promoting recovery between training sessions. An intake of 50
to 100 grams of carbohydrate is recommended within the first 2 hours after exercise,
as carbohydrate ingestion at this time will promote the fastest rate of muscle glycogen
resynthesis. Carbohydrates with a high glycemic index may be more effective than
low glycemic index foods.

1.5.7 GASTROINTESTINAL DISTRESS

One problem often encountered by some athletes is a disturbance of gastrointestinal
function during training or competition. This may take the form of mild discomfort,
flatulence, and a sense of fullness, or may be more serious, with vomiting and bloody
diarrhea in extreme cases. In surveys of runners competing in marathon and half-
marathon races, it has been reported that the prevalence of gastrointestinal problems
of varying severity is typically about 30-50% (Keefe et al., 1984; Riddoch and
Trinick, 1988). These surveys, however, are prone to considerable sampling errors;
return rates for questionnaires are not high and those responding to questions regard-
ing gastrointestinal problems are likely to be those for whom this is a problem. In
addition, most of the questionnaires ask “leading” questions that provoke the
response that the investigators are seeking.

In spite of the uncertainty over the extent of the problem, the severity of the
symptoms experienced by some individuals indicates that the problem is very real.
In some cases, there is an underlying pathology that is exacerbated by hard exercise,
perhaps because of some degree of local ischemia or because of mechanical factors
associated with repeated jarring while running. This latter argument is supported by
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the common observation that problems are much more common in runners than in
cyclists (Brouns, 1991). The severity of symptoms, especially of gastric bleeding,
seems in many cases to be related to the use of non-steroidal anti-inflammatory
preparations (Robertson et al., 1987). Hard exercise will also affect the local and
systemic concentrations of many of the peptide hormones secreted by the gastrointes-
tinal tract and the liver (Brouns, 1991). Many of these hormones, including gastrin,
vasoactive intestinal peptide (VIP), and somatostatin, have metabolic effects as well
as their local effects on gut function. O’Connor et al. (1995) measured the circulating
concentrations of a number of gastrointestinal peptide hormones in 26 runners before
and after a marathon race; the plasma levels of all the peptides except insulin
increased during the race, but there was no relationship between the direction and
magnitude of these changes and the incidence of gastrointestinal distress, which
affected eight of the runners. One proposed mechanism by which exercise might
influence the function of the gastrointestinal tract is related to the increased circu-
lating catecholamine level and reduced perfusion of the splanchnic vascular bed
during strenuous exercise; these effects have been reviewed by Murray (1987). The
factors associated with gastrointestinal problems during exercise have recently been
reviewed (Peters et al., 1995), but there remains no clear indication as to the cause
of the problem nor of the best way to avoid its occurrence.

Auvailability of nutrients ingested during exercise is limited by the rate at which
they are emptied from the stomach and by the rate of subsequent absorption in the
intestine. Where there is a need to replace fluids and carbohydrate during exercise,
this may be compromised if either of these processes is slowed. High-intensity
exercise slows both gastric emptying and intestinal absorption, but these effects are
small at the work rates that can be sustained for prolonged periods (Maughan and
Shirreffs, 1998). It is generally the case that the exercise duration would be too short
to allow a benefit from ingested food or fluids if the intensity were sufficiently high
to markedly slow the availability of ingested nutrients. Food and fluids should,
however, be chosen to minimize the possibility of adverse gastrointestinal reactions,
and these issues will be discussed in more detail in Chapters 4 and 6.

Because the underlying cause of the gastrointestinal problems encountered by
some runners is not clear, it is difficult to suggest interventions that will reduce the
frequency of severity of the symptoms that are experienced.

1.6 NUTRITIONAL GOALS AND EATING STRATEGIES

The nutritional needs of athletes are many and varied, but this section has told only
one part of the story. It has focused on the nutritional demands of training and
competition and has largely ignored issues relating to the selection of foods that will
meet the athlete’s needs. The increased energy demands of the active individual
provide an opportunity for an increased quantity and variety of foods to be consumed.
Not all athletes, however, take advantage of this opportunity. Limited awareness of
their nutritional goals, combined with poor cooking skills, restricted opportunities
for eating due to pressures of work or study, combined with training, financial, and
other constraints, prevent many athletes from selecting a varied diet. For many
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athletes, there is also something reassuring about the regular routine of training
and eating.

Once the nutritional goals have been established, many options are open to the
athlete. Very different food choices can provide a similar mix of nutrients, allowing
the athlete who knows something of the composition of foods considerable scope
to indulge personal preferences. There are no good foods or bad foods in the athlete’s
diet, but poor food choices can result in a poor diet. It cannot be assumed that
athletes will choose a diet that will meet their needs, but with sound advice, they
should be able to select foods that they enjoy with the knowledge that their diets
provide not only enjoyment but also support for their training and competition.

1.7 SUMMARY

The athlete in training must be aware of the nutrient demands imposed by the training
load. These will generally be proportional to the intensity, duration, and frequency
of training sessions, but will also be affected by the physiological and biochemical
characteristics of the individual. The main requirement is to meet the additional
energy demand of training, to ensure a high intake of carbohydrate to replace the
glycogen stores used by the working muscles, and to ensure that sufficient fluid to
replace sweat losses is also consumed. Intake of other nutrients (protein, vitamins,
minerals, and fat and essential fatty acids) should be adequate to meet the body’s
needs. When the nutritional goals have been established, these must be translated
into eating and drinking strategies that will identify the types and amounts of foods
that should be consumed to provide the necessary nutrients.

Special nutritional strategies may be necessary to meet the demands of compe-
tition, and these will vary greatly between sports, depending on the nature of the
event. Strategies should target the factors that cause fatigue and impair performance.
These include hyperthermia, dehydration, hypoglycemia, muscle glycogen deple-
tion, electrolyte imbalances, and gastrointestinal distress. Food and fluid intake
before, during, and after exercise can influence all of these factors, with implications
for the success or failure of the performer.
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2.1 INTRODUCTION

2.1.1 Boby WATER AND ITS DISTRIBUTION

Water is the largest component of the human body and the total body water content
varies from approximately 45-70% of the total body mass,' corresponding to about
33 to 53 1 for a 75-kg man. Although body water content varies greatly among
individuals, the water content of the various tissues is maintained relatively constant.
For example, adipose tissue has a low water content and lean tissue such as muscle
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and bone has a high water content (Table 2.1), so the total fraction of water in the
body is determined largely by the total fat content. In other words, a high fat content
is related to a lower total water content as a percentage of body mass.

The body water can be divided into two components — the intracellular fluid
(ICF) and the extracellular fluid (ECF); the intracellular fluid is the major component
and composes approximately two-thirds of total body water. The extracellular fluid
can be further divided into the interstitial fluid (that between the cells) and the
plasma, with the plasma volume representing approximately one-quarter of the
extracellular fluid volume. This is outlined in Table 2.1.

TABLE 2.1A
Water Content of Various Body Tissues for an
Average 75-kg Man

% of Water per 75 kg % of Total
Tissue % Water  Body Mass (in Liters) Body Water
Skin 72 18 9.7 22
Organs 76 7 4.0 9
Skeleton 22 15 2.5 5
Blood 83 5 3.1
Adipose 10 12 0.9 2
Muscle 76 43 24.5 55

TABLE 2.1B
Body Water Distribution Between the Body Fluid
Compartments in an Adult Male’

% of % of % of
Body Mass  Lean Body Mass  Body Water
Total body water 60 72 100
Extracellular water 20 24 33
Plasma 5 6 8
Interstitium 15 18 25
Intracellular water 40 48 67

2.1.2 ComrosiTioN oF Boby FLuIDs

A wide range of electrolytes and solutes are dissolved in varying concentrations
within the body fluids. An electrolyte can be defined as a compound that dissociates
into ions when in solution. The major cations (positively charged electrolytes) in
the body water are sodium, potassium, calcium, and magnesium; the major anions
(negatively charged electrolytes) are chloride and bicarbonate. Sodium is the major
electrolyte present in the extracellular fluid, while potassium is present in a much
lower concentration (Table 2.2). In the intracellular fluid, the situation is reversed,
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TABLE 2.2

lonic Composition (mmol/l) of Body Water
Compartments?? Showing Normal Ranges of
the Plasma Electrolyte Compartments

lon Plasma Intracellular Fluid
Sodium 140 (135-145) 12
Potassium 4.0 (3.5-4.6) 150
Calcium 24 (2.1-2.7) 4.0
Magnesium 0.8 (0.6-1.0) 34
Chloride 104 (98-107) 4
Bicarbonate 29 (21-38) 12
Inorganic phosphate 1.0 (0.7-1.6) 40

and the major electrolyte present is potassium, with sodium found in much lower
concentrations. It is critical for the body to maintain this distribution of electrolytes
because maintenance of the transmembrane electrical and chemical gradients is of
paramount importance for assuring the integrity of cell function and allowing elec-
trical communication throughout the body.

2.2 CONTROL OF FLUID BALANCE
2.2.1 REeGULATION OF PLASMA OSMOLALITY

Sodium and its associated chloride and bicarbonate anions form the major part of
the osmotically active components of the plasma, with the plasma proteins also
making a smaller but important contribution. Cell membranes are freely permeable
to water, and exchange between body fluid compartments is rapid. The osmolality
of the extracellular and intracellular fluid compartments is therefore very similar, in
spite of the differences in the nature of the osmolytes present. Plasma osmolality is
normally regulated in the range of 280 to 290 mosm/kg by controlling water and
solute loss by the kidneys and by regulating water intake by the thirst mechanism.
The regulatory mechanisms are described below.

Free water clearance is the term used to describe the amount of water excreted
or reabsorbed by the kidney to regulate plasma osmolality: the kidney will produce,
as required, urine that is hypo-osmotic or hyperosmotic relative to plasma. The “free
water” refers to the volume of pure water that must be added to or removed from
the urine to make it isosmotic with plasma.

The plasma ultrafiltrate entering the renal glomerulus has the same osmolality
as the plasma. The loss of this fluid from the body as urine without a change in its
composition would give no loss or addition of free water because electrolytes have
been neither conserved nor lost.

2.2.2  THIrST AND THE CONTROL OF FLUID INTAKE

In man, daily fluid intake in the form of food and drink (plus that formed from
substrate oxidation) is usually in excess of the obligatory water loss (transcutaneous,
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pulmonary, and renal output), with renal excretion being the main mechanism reg-
ulating body water content.* However, conservation of water or electrolytes by the
kidneys can only reduce the rate of loss; it cannot restore a deficit. The sensation
of thirst, which underpins drinking behavior, indicates the need to drink and hence
is critical in the control of fluid intake and water balance. While thirst appears to
be a poor indicator of acute hydration status in man, the overall stability of the total
water volume of an individual indicates that the desire to drink is a powerful
regulatory factor over the long term.’

The act of drinking may not be directly involved with a physiological need for
water intake, but can be initiated by habit, ritual, taste, or desire for nutrients,
stimulants, or a warming or cooling effect.® A number of the sensations associated
with thirst are learned, with signals such as dryness of the mouth or throat inducing
drinking, while distention of the stomach can stop ingestion before a fluid deficit
has been restored. However, the underlying regulation of thirst is controlled sepa-
rately by the osmotic pressure and volume of the body fluids and as such is regulated
by the same mechanisms that affect water and solute reabsorption in the kidneys
and control central blood pressure.

2.2.2.1 Regulatory Mechanisms

Areas of the hypothalamus and forebrain that are collectively termed the thirst control
centers appear to be central to the regulation of both thirst and diuresis. Receptors
in the thirst control centers respond directly to changes in osmolality, volume, and
blood pressure, while others are stimulated by the fluid balance hormones that also
regulate renal excretion.” These regions of the brain also receive afferent input from
systemic receptors monitoring osmolality, circulating sodium concentration, and
alterations in blood volume and pressure. Changes in the balance of neural activity
in the thirst control centers regulated by the different monitoring inputs determine
the relative sensations of thirst and satiety and influence the degree of diuresis. Input
from the higher centers of the brain, however, can override the basic biological need
for water to some extent and cause inappropriate drinking responses. Cases of water
intoxication (hyponatremia) during endurance sports events lasting more than 7 h
in which the major cause of the illness is due to overhydration as a result of
overdrinking have been reported.® Another situation where excess fluid intake com-
monly occurs is during beer drinking, where large volumes of low-sodium fluids
may be consumed in a short space of time without the intake of solid food that
might provide electrolytes. Flear et al.” reported the case of a man who drank 9 1 of
beer, with a total sodium content of about 13 mmol, in the space of 20 min; his
plasma sodium concentration fell from 143 mmol/l to 127 mmol/I.

A rise of between 2% and 3% in circulating osmolality (i.e., about 6 to 8
mosm/kg H,0) is sufficient to evoke a profound sensation of thirst coupled with an
increase in the circulating concentration of antidiuretic hormone (ADH), also known
as vasopressin.'® The mechanisms that respond to changes in intravascular volume
and pressure appear to be less sensitive than those that monitor plasma osmolality,
with hypovolemic thirst being evident only following a 10% decrease in blood
volume.* As fairly large variations in blood volume and pressure occur during normal
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daily activity, primarily in response to postural changes, this lack of sensitivity
presumably prevents overactivity of the volume-control mechanisms. Prolonged
exercise, especially in the heat, is associated with a decrease in plasma volume and
a tendency for an increase in osmolality, but fluid intake during and immediately
following exercise is often less than that required to restore normal hydration status.’
This appears to be due to a premature termination of the drinking response rather
than to a lack of initiation of that response.® Also, the composition of the beverage
consumed has an effect on the volume of fluid ingested, with water prematurely
abolishing the osmotic drive to drink, while sodium-containing drinks help maintain
the osmotic drive to drink and increase voluntary intake.

When a water deficit is present and free access to fluid is allowed, the drinking
response in man usually consists of a period of rapid ingestion, during which more
than 50% of the total intake is consumed, followed by intermittent consumption of
relatively small volumes of drink over a longer period.!' The initial alleviation of
thirst occurs before significant amounts of the beverage have been absorbed and
entered the body water. Therefore, although decreasing osmolality and increasing
extracellular volume promote a reduction in the perception of thirst, other pre-
absorptive factors also affect the volume of fluid ingested. Receptors in the mouth,
esophagus, and stomach are thought to meter the volume of fluid ingested, while
distension of the stomach tends to reduce the perception of thirst.!> These pre-
absorptive signals appear to be behavioral learned responses and may be subject to
disruption in situations that are novel to the individual. This could partly explain
the inappropriate voluntary fluid intake in individuals exposed to an acute increase
in environmental temperature or to exercise-induced dehydration.

2.2.3 ANTI-DiUreTic HORMONE SECRETION AND RENAL
REGULATION OF WATER EXCRETION

The volume of urine produced in a healthy individual is largely determined by
circulating hormone levels, and in particular, by levels of ADH. ADH is a cyclic,
nine amino acid peptide. It is released from the posterior pituitary after having been
transported there along the axons of neurons whose cell bodies are located in the
paraventricular and supraoptic nuclei of the hypothalamus, the site of ADH synthe-
sis.'* An increase in the circulating levels of ADH results in reduced urine production.
ADH acts on the renal distal tubules and collecting ducts to cause an increased
permeability to water and, hence, an increased reabsorption of water from the filtrate.
Therefore, a hyperosmotic urine can be formed and the excreted solute load can be
accommodated in a small volume of water. A decrease in ADH secretion results in
an increase in the volume of urine produced by causing a reduction in the perme-
ability of the renal distal tubule and collecting ducts to water. ADH secretion is
largely influenced by changes in plasma osmolality. An increase in plasma osmolality
results in a increased ADH secretion and vice versa. The ADH is released rapidly
in response to the stimuli and begins to act within minutes. When secretion is
inhibited, the half-life of clearance from the circulation is approximately 10 min.
Therefore, changes in body fluid tonicity are rapidly translated into changes in water
excretion by this tightly regulated feedback system.
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In addition to the influence of plasma osmolality on ADH secretion, other (non-
osmotic) factors such as baroregulation, nausea, and pharyngeal stimuli also affect
thirst. A fall in blood pressure or in blood volume will stimulate ADH release; ADH
secretion is, however, less sensitive to these changes than to changes in plasma
osmolality. Nausea is an extremely potent stimulus to ADH secretion in man; ADH
levels can increase 100- to 1000-fold in response to nausea induced by various
chemical agents. After a period of water deprivation followed by access to fluids,
ADH levels fall before there is any change in plasma tonicity, suggesting activation
of neuronal pathways from the oropharynx.

Aldosterone is a steroid hormone released into the circulation after synthesis by
the zona glomerulosa cells of the adrenal cortex. Its primary role, in terms of renal
function, is to increase renal tubular reabsorption of sodium. This results in an
increased excretion of potassium and, in association with antidiuretic hormone, will
increase water reabsorption in the distal segments of the nephron. Aldosterone causes
this response by increasing the activity of the peritubular sodium/potassium pump
and by increasing the permeability of the luminal membrane to both sodium and
potassium. The increased luminal permeability allows potassium to move down its
concentration gradient from the inside of the membrane cells into the tubule lumen.
The majority of the sodium present is reabsorbed into the cell down the concentration
gradient. The sodium absorption and potassium excretion are closely correlated in
a ratio of 3 sodium for 2 potassium ions. Chloride follows the sodium to maintain
the electrical neutrality of the urine. The release of aldosterone is influenced by a
number of factors, in particular the renin angiotensin system. A fall in blood or
extracellular fluid volume increases renin production by the kidneys and, via angio-
tensin II, results in an increase in aldosterone secretion.

The presence in the renal filtrate of ions such as bicarbonate and sulphate, which
are not reabsorbed, promotes secretion of potassium into the distal tubule of the
nephron and will also result in an increased urinary loss of potassium. Despite this,
however, the normal daily loss of potassium in the urine is in the region of 2700
mg in comparison with the total body stores of approximately 140 grams.?

2.3 DAILY WATER BALANCE AT REST

Over the course of the day, the body’s total water content is normally maintained
within a narrow range by intake of food and drink to balance the excretion of fluid
and minerals in sweat and urine. Hyperhydration is corrected by an increase in urine
production and hypohydration by an increase in water intake via food or drink
consumption, as initiated by thirst. Large fluctuations in the intake of non-metabo-
lizable solutes, mostly sodium chloride and the nitrogen moiety of proteins, will
also markedly influence renal water loss and stimulate intake. Most fluid intake
during the day is related to habit rather than thirst, but the thirst mechanism is
effective at driving intake after periods of deprivation.!3

The major textbooks of nutrition and physiology and dietary surveys include
data on the various components of water intake and output, although it is sometimes
difficult to find the original data on which the various mean values and ranges are
based (e.g., [16,17,18]). For example, the Geigy Scientific Tables? suggest that the
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minimum daily water intake for adults is in the order of 1.5 1, but Nikolaidis®
indicates that minimum intake should be 2 1/day. Regardless of the discrepancies in
the lature regarding minimum daily fluid intake, it should be noted that these values
do represent minimum values; the daily fluid needs of physically active individuals
are usually far in excess of these values.

Body size is clearly a factor that has a major influence on water turnover, but
total body water content will also be markedly affected by body composition. Water
turnover should therefore be more closely related to lean body mass than to body
mass itself. It is expected, therefore, that there will be differences between men and
women and between adults and children. Unless otherwise specified, the values
given in this chapter relate to the average 70-kg male with a moderate (about 12 to
18%) body fat content.

Environmental conditions affect basal water requirement by altering the losses
that occur by various routes (i.e., respiration, sweat, urine). Water requirements for
sedentary individuals living in the heat may be two- or threefold higher than the
requirement when living in a temperate climate, even when not accompanied by
pronounced sweating.’ Transcutaneous and respiratory losses are markedly influ-
enced by the humidity of the ambient air, and this may be a more important factor
than the ambient temperature. Respiratory water losses are incurred because of the
humidification of the inspired air with fluid from the lungs. These losses are relatively
small in the resting individual in a warm, moist environment (amounting to about
200 ml per day), but will be increased approximately twofold in regions of low
humidity and may be as high as 1500 ml per day during periods of hard work in
the cold, dry air at higher altitude.?° To these losses must be added insensible water
loss through the skin (about 600 ml per day) and urine loss, which will not usually
be less than about 800 ml per day.

Variations in the amount and type of food eaten have some effect on water
requirements because of the resulting demand for excretion of excess electrolytes
and the products of metabolism. An intake of electrolytes in excess of the amounts
lost (primarily in sweat and feces) must be corrected by excretion in the urine, with
a corresponding increase in the volume and osmolality of urine formed.

A high-protein diet requires a greater urine output to allow for excretion of
water-soluble nitrogenous waste;?! this effect is relatively small compared with other
routes of water loss, but becomes meaningful when water availability is limited. The
water content of the food ingested will also be influenced greatly by the nature of
the diet, and water associated with food may make a major contribution to the total
fluid intake in some individuals. Some water is also obtained from the oxidation of
nutrients, and the total amount of water produced will depend on the total metabolic
rate and is also influenced by the substrate being oxidized. An energy expenditure
of 3000 kcal per day (12.6 MJ per day), based upon a diet composed of 50%
carbohydrate, 35% fat, and 15% protein, will yield about 400 ml of water per day
(Table 2.3). Reducing the daily energy expenditure to 2000 kcal (8.4 MJ), but keeping
the same diet composition, will yield about 275 ml of water. The contribution of
this water of oxidation to total water requirements is thus appreciable when water
turnover is low, but becomes rather insignificant when water losses are high.
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TABLE 2.3
Water from Food Oxidation

1500 kcal from CHO 400 g CHO 240 g water

1050 kcal from fat = 117 g fat 125 g water
450 kcal from protein = 113 g protein 47 g water
Total = 412 g

Note: These calculations assume a total energy intake of 3000
kcal/d, with 50% of the total energy intake provided by car-
bohydrate (CHO), 35% by fat, and 15% by protein, and fur-
ther assume that the fuels oxidized match exactly the dietary
intake.

2.4 DAILY WATER BALANCE DURING EXERCISE

Exercise elevates the metabolic rate, and only about 20 to 25% of the energy made
available by the metabolic pathways is used to perform external work, with the
remainder being dissipated as heat. When the energy demand is high, as occurs
during periods of physical activity, high rates of heat production result. For example,
the normal resting oxygen consumption is about 4 ml/kg body mass/min: for a 70-
kg individual and this gives a resting rate of heat production of about 60 to 70 W.
Running a marathon in 2 h and 30 min requires an oxygen consumption of about 4
l/min to be sustained throughout the race for the average runner with a body mass
of 70 kg.?? The accompanying rate of heat production is now about 1100 W, and
body temperature begins to rise rapidly. To limit the potentially harmful rise in core
temperature, the rate of heat loss must be increased accordingly. Maintenance of a
high skin temperature will facilitate heat loss by radiation and convection, but these
mechanisms are effective only when the ambient temperature is low and the rate of
air movement over the skin is high. 2 At high ambient temperatures (above about
35°C), skin temperature will be below ambient temperature, and the only mechanism
by which heat can be lost from the body is evaporation, as discussed in Chapter 1.
Water will also be lost by evaporation from the respiratory tract. During hard exercise
in a hot dry environment, this can amount to a significant water loss, although it is
not generally considered to be a major heat loss mechanism in man.

In most activities, the energy demand varies continuously; average sweat losses
for various sporting activities are well categorized,?* but much less information is
available on occupational tasks, in part because of the wide interindividual variabil-
ity. Even at low ambient temperatures, high sweat rates are sometimes observed
when the energy demand is high, so it cannot be concluded that dehydration is a
problem only when the ambient temperature and humidity are high. 2> Sweat loss
is, however, closely related to environmental conditions, and substantial fluid deficits
are much more common in the summer months and in tropical climates. Body mass
losses of 6 1 or more are reported for marathon runners in warm weather competition.
26 This corresponds to a water deficit of about 8% of body mass, or about 12 to 15%
of total body water. In spite of the large variation among individuals, sweating rate
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was found to be related to running speed in a heterogeneous group of marathon
runners; there was, however, no relationship between total sweat loss and running
speed. %

It is well established that women tend to sweat less than men under standardized
conditions, even after a period of acclimatization. 2’ It is likely, however, that a large
part of the apparent sex difference can be accounted for by differences in training
and acclimation status. There is a limited amount of information on the effects of
age on the sweating response, and again, levels of fitness and acclimation are
confounding factors, but the sweating response to a standardized thermal challenge
generally decreases with age. 2 These observations should not, however, be inter-
preted as suggesting an inability to exercise in the heat, nor should they be taken to
indicate a decreased need for women or older individuals to pay attention to fluid
intake during exposure to heat stress.

There are some differences between children and adults in the sweating response
to exercise and in sweat composition. The sweating capacity of children is low, when
expressed per unit surface area, and the sweat electrolyte content is low relative to
that of adults, > but the need for fluid and electrolyte replacement is no less important
than in adults. Indeed, in view of the evidence that core temperature increases to a
greater extent in children than in adults at a given level of dehydration, the need for
fluid replacement may well be greater in children. °

Dehydration is harmful to athletic performance, and both endurance sports and
high-intensity events are adversely affected. It is commonly stated that exercise
performance is impaired when an individual is dehydrated by as little as 2% of body
mass and that losses in excess of 5% of body mass can decrease the capacity for
work by about 30%.3! An examination of the original data (derived from a total of
13 trials involving three subjects) on which this statement was based, however, shows
that the conclusion is much less robust than it might appear. That is, there was no
good relationship between the extent of dehydration incurred by sauna exposure and
the degree of impairment of the capacity to perform a high intensity exercise test
lasting about 6 min, *? and a large variation in response among and within individuals
was observed. Nonetheless, there is convincing evidence that prior dehydration will
impair the capacity to perform high-intensity exercise as well as endurance activi-
ties.*3* For example, Nielsen et al. 33 showed that prolonged exercise that resulted
in a loss of fluid corresponding to 2.5% of body weight resulted in a 45% fall in
the capacity to perform high intensity exercise. There is equally convincing evidence
that the prevention of dehydration by administration of fluids can improve exercise
performance, and the evidence to support this will be discussed later.

2.4.1 DistriBUTION OF BoDY WATER LOSSES

Fluid losses are distributed in varying proportions among the plasma, extracellular
water, and intracellular water. The decrease in plasma volume that accompanies
dehydration may be of particular importance in influencing work capacity; blood
flow to the muscles must be maintained at a high level to supply oxygen and
substrates, but a high blood flow to the skin is also necessary to convect heat to the
body surface where it can be dissipated. 3> When the ambient temperature is high
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and blood volume has been decreased by sweat loss during prolonged exercise, there
may be difficulty in meeting the requirement for a high blood flow to both of these
tissues. In this situation, skin blood flow is likely to be compromised, allowing
central venous pressure and muscle blood flow to be maintained, but reducing heat
loss and causing body temperature to rise.*¢

The preferential loss of water from the extracellular space reflects the relatively
high sodium and chloride concentration in sweat. Electrolyte losses in sweat are a
function of sweating rate and sweat composition, and both of these vary over time
as well as being substantially influenced by exercise intensity, environmental con-
ditions, and the physiology of the individual. Added to this variability is the difficulty
in obtaining a reliable estimate of sweat composition, 37 and these methodological
problems have contributed at least in part to the diversity of the results reported in
the lature. In spite of the variability in the composition of sweat, however, it is
always hypotonic with respect to plasma, and the major electrolytes are sodium and
chloride, as in the extracellular space. It is usual to present the electrolyte compo-
sition of sweat in mmol (or mEq) per 1, and the extent of the sodium losses in relation
to daily dietary intake in grams, a confusing comparison that obscures the true
magnitude of electrolyte loss. Loss of 1 1 of sweat with a sodium content of 50
mmol per | represents a loss of 2.9 grams of sodium chloride. The athlete who sweats
51 in a daily training session will therefore lose almost 15 grams of salt. Even
allowing for a reduced sweat sodium concentration and a decreased urinary output
when sodium losses in sweat are considerable, this salt loss is large in comparison
with normal intake, and it is clear that the salt balance of individuals exercising
regularly in the heat is likely to be precarious. The need for supplementary salt
intake in these conditions will be discussed below.

2.5 WATER TURNOVER
2.5.1 METHODS OF MEASUREMENT

There are few reliable measurements of water turnover in normal healthy individuals
because of the formidable obstacles that tend to confound the results of measure-
ments of the various components of water intake and water loss. Intake is usually
estimated from weighed or measured food- and fluid-intake diaries, but the data are
complicated by uncertainties in the water content of foodstuffs. In addition, the act
of recording intake tends to change behavior—most commonly in the direction of
reduced intake—and under-reporting, either deliberate or inadvertent, is also likely.
Measurement of the various avenues of water loss is also beset by similar problems.

As discussed in Chapter 1, body water turnover is now assessed using deuterium
as a tracer.

2.5.2 INFLUENCE OF EXERCISE

Using the water turnover method on two groups of subjects, one sedentary and one
physically active, showed a higher rate of water turnover in the exercising group.®
The active group were men with sedentary occupations who ran or jogged a mean
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distance of 103 km (range 68 to 148 km; similar age, height) during the week
of the study. Subjects in the sedentary group had a similar height and weight,
and were engaged in similar occupations, but undertook no physically demanding
activities in their leisure time. Both groups had similar total body water content.
The median daily water turnover (averaged over 7 days) in the active group was
4673 ml per day (range 4320-9609 ml), which was higher (P<0.001) than that
of the sedentary subjects (3256 ml per day; range 2055-4185 ml). The average
daily urine loss was greater (P<0.001) in the exercising group (3021 ml per day;
range 2484-4225 ml) than in the sedentary group (1883 ml per day; range
925-2226 ml). It might have been expected that the runners would have a greater
daily sweat loss than the sedentary group, and that this would be reflected in a
greater total non-renal loss. There was, however, no significant difference between
the groups in non-renal water losses (runners = 1746 ml per day; range 1241-5195
ml; sedentary = 1223 ml per day; range 1021-1950 ml), although there was a
tendency for a difference (P<0.08). These results seem surprising, but may reflect
the relatively low total exercise load of the runners and the temperate climate
(mean maximum daytime temperature of 14°C (range 7-21°C) at the time of the
study. The results also suggest that the runners were habituated to drinking a
volume of fluid in excess of that required to match the sweat loss incurred during
exercise.

The same methodology has been applied to another physically active group,
in this case cyclists covering an average daily distance of 50 km in training for
competition, and another matched sedentary group.* Again, the median water
turnover rate was higher (P<0.001) in the active group (3.38 1 per day; range
2.88-4.89 1) than in the sedentary individuals (2.22 1 per day; range 2.06-3.40
D). In this study, however, there was no difference between the groups in the daily
urine output (cyclists = 1.96 | per day; range 1.78-2.36; controls = 1.90 1 per
day; range 1.78—1.96 1), but the non-renal losses were greater (P<0.001) in the
cyclists (1.46 1 per day; range 1.06-3.04 1) than in the sedentary group (0.53 1
per day; range 0.15-1.72 1). It was again rather cool during the measurement
period, with maximum daily temperatures of 10°C (range 4—18°C), which might
account for the rather low sweat rates in spite of the high physical activity level
of the cyclists.

These two studies emphasize the variability in the normal pattern of fluid
intake and loss in both sedentary and active individuals. In all cases, body mass
remained rather constant throughout the measurement period, which suggests that
the subjects were in energy balance and were maintaining normal hydration status.
The variation among individuals was large; one subject (one of the more-active
members of the running group) had a daily urine output of 5786 ml, with a range
of values from 2817-6290 ml. This is markedly different from the values obtained
from most of the subjects, but this subject also had the greatest water turnover
values, an average of 9606 ml per day (SD = 4328).38 This emphasizes the degree
to which voluntary drive can override the physiological demand; this subject
clearly ingested volumes of fluid greatly in excess of those necessary for main-
tenance of euhydration.
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2.5.3 INFLUENCE OF ENVIRONMENTAL TEMPERATURE

The water turnover studies quoted above used deuterium as a tracer for the
hydrogen atoms in water. A doubly labeled water method has been widely used
in the last 2 decades to assess energy balance. In this method, tracers are used
for both the hydrogen atoms (deuterium) and the oxygen atoms (using O'3, a
stable isotope of oxygen). Because oxygen atoms are lost from the body in carbon
dioxide as well as in water, the rate of decay of the oxygen tracer is faster than
that for the hydrogen tracer. The difference gives the rate of CO, production,
from which the oxygen consumption, and hence the energy expenditure, can be
calculated.*® The doubly labeled water method for assessment of energy expen-
diture does include a calculation of whole-body water turnover, but these data
are seldom presented. Singh et al.,*! however, have published information on daily
water turnover of Gambian women during periods of hard agricultural labor.
These measurements were made as part of a study of energy balance in these
women. A mean (SD) daily water turnover of 5.2 1 (1.4) per day was observed
for these women, who had a daily total energy expenditure of about 10.4 MJ
(about 2500 kcal) per day; water turnover ranged from 3.2 to 9.0 1 per day. This
value was compared with a mean value of 3.2 (0.8) 1 per day in sedentary women
in Cambridge, England. The ambient temperature during the measurement period
in the Gambia was 23-28°C, and in Cambridge it was 11-19°C. The water
turnover values for the Gambian women are high, reflecting the strenuous labor
carried out in a tropical climate. The Cambridge women had a higher water
turnover than the sedentary Aberdeen men, in spite of their smaller total body
water content, and this presumably reflects the warmer weather conditions.

Another unpublished investigation provides further information. A study of
water turnover in a group of sedentary individuals living in Jakarta, Indonesia
assessed whole-body water balance before, during, and after the period of
Ramadan, the month-long Islamic religious observance during which food and
fluid are avoided during daylight hours. As might perhaps be expected, the whole-
body water turnover was lower during Ramadan (median 1.93 1 per day; range
0.58-5.08 1) than it was either before (2.24 1 per day; range 1.06—4.15 1) or after
(2.19 1 per day; range 1.18-3.91 1). This difference was accounted for by a decrease
in non-renal losses, with urine output remaining rather constant throughout the
measurement periods. Surprisingly, though, considering the prevailing weather
(daily outdoor temperature was about 30 to 32°C), the water turnover was rather
low. This seems to reflect the low level of physical activity of these subjects and
the fact that they spent most of the day in an air-conditioned environment, with
little exposure to the outdoors. It cannot be assumed, therefore, that all individuals
living in tropical regions are subjected to high heat stress; those who are not, and
who are not physically active, may have low water requirements. During
Ramadan, when access to food and water was restricted, subjects appeared to
respond by further reducing their level of physical activity or exposure to the
outdoor environment.
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2.6 SUMMARY

In healthy individuals, water is the largest single component of the body. Although
water balance is regulated around a range of volumes rather than a finite set point,
its homeostasis is critical for virtually all physiological functions. To further assure
proper regulation of physiological and metabolic functions, the composition of the
individual body water compartments must also be regulated.

Humans continually lose water through the renal system, gastrointestinal system,
skin, and respiratory tract, and this water must be replaced. Thirst is implicated in
our water intake, although behavioral habits also have an important influence on
drinking.

When exercise is undertaken or when an individual is exposed to a warm
environment, the additional heat load is lost largely due to sweating and this can
greatly increase the individual’s daily water loss and therefore the amount that must
be consumed. Sweat rates on the order of 2 to 3 1 per h can be reached and maintained
by some individuals for a number of hours, and it is not impossible for total losses
to be greater than 10 1 in a day. With such extreme losses, effective fluid replacement
relies primarily on the ingestion of appropriate beverages throughout the day. Meal-
time is a particularly important drinking occasion and athletes should be encouraged
to take their time during meals to help assure adequate fluid intake. A variety of
drink types and flavors are likely to be favored by individuals who have extreme
losses to replace. Sports drinks have an important role in this regard because their
flavor profiles encourage fluid consumption and their electrolyte content is crucial
for retention of the ingested water.
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3.1 INTRODUCTION

Fluid intake became a focus of systematic research in the early part of this century
in military investigations of dehydration in soldiers marching or working under hot
conditions. Subsequently, the concept of voluntary dehydration was introduced.*!!!
Temperature and flavor were identified as important variables influencing voluntary
fluid consumption. Subsequent research has somewhat refined our understanding of
these areas and opened the field for much broader investigation of sensory and
psychological variables that may be involved. Underlying these sensory and psy-
chological variables is a network of physiological conditions that modulates the
sensation of thirst and sets the stage for drinking behavior. This chapter will selec-
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tively review key physiological, psychological, and social variables related to thirst
that ultimately modulate drinking behavior and affect the individual’s level of hydra-
tion. The story encompasses a broad range of research endeavors in biology. The
focus of this chapter will be to highlight those areas central to explaining the control
of drinking, from physiology to social factors, and to try to integrate these topics
into a coherent view of voluntary fluid intake. The methods of physiology have
steadily advanced, as have those in psychology, allowing for a more precise mea-
surement of the perception of thirst, which, in turn, is making it possible to conduct
more powerful experiments relating the experience of thirst to underlying physio-
logical processes.

3.2 PHYSIOLOGICAL DETERMINANTS OF
FLUID INTAKE

A variety of physiological influences on thirst have been identified. While not all of
the research has specifically investigated causal relationships between physiological
substrates and fluid intake, most discussions have focused on thirst. For the purposes
of the current discussion, thirst is a central dependent measure in an understanding
of fluid intake. In much research, thirst is either a condition inferred from drinking
behavior or is treated as a sensory experience, the perception of which is measured
using sensory scales. Most studies have directly measured fluid intake, although
discussion of drinking has frequently been in terms of thirst as an intervening
variable. That is, physiological conditions give rise to thirst, or “the desire to drink,”!
which, in turn, is viewed as a direct influence on drinking behavior.

Cellular dehydration and hypovolemia (extracellular dehydration) are the two
principal physiological causes of thirst and drinking. Of the two, cellular dehydration
is the more important. “Minute” decreases in cellular hydration status result in thirst,
while even “modest” reductions in plasma volume do not result in thirst.!3! Rolls et
al.!%7 have reported that approximately 64-85% of drinking following water depri-
vation is due to cellular dehydration, and that only about 5-27% of drinking is
accounted for by hypovolemia. In adult humans, approximately 60% of the body is
composed of water, of which two-thirds is intracellular water and one-third is
extracellular water. Normally, these two compartments are in osmotic equilibrium.
Deviations from equilibrium can occur by extracellular fluid loss or by an increase
in the solute content in the extracellular or intracellular spaces. Usually, the solute
content of the body is stable and the osmolality of body fluids is determined by
changes in total body water. The usual routes of loss of body water are through
urine, skin, and lungs. The following discussion focuses on those physiological
systems that mediate drinking arising from these two causes. The area has been
extensively reviewed. See Fitzsimons,*>*3 Ramsey and Booth,’” and Star.!??

Several key physiological substrates have been identified as regulator mecha-
nisms for thirst and subsequent drinking behavior. Prominent among them are
hormones or hormone-like substances, encompassing a wide array of biologically
active substances either produced by endocrine glands or originating from other cell
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structures. For purposes of this discussion, the renin angiotensin system (RAS), and
the vasopressin system (VS.) will be the primary focus of attention.

3.2.1 HyYPOVOLEMIA

If blood volume decreases, whether by bleeding, sodium deficiency, injections of
hyperoncotic colloid, or by obstruction of venous return to the heart, the kidney
responds with an increase in renin, which results in an increase in the circulating
levels of angiotensin II. This ultimately leads to an increase in drinking. The renin-
angiotensin hormone system seems to be critically involved in the drinking behavior
that is induced by hypovolemia.** Angiotensin II, which has been derived from renal
renin and is circulating in blood, contributes to hypovolemic thirst, although it is
not exclusively responsible for drinking. In thirst due to cellular dehydration, there
is no additional angiotensin II of renal origin, suggesting that circulating angiotensin
II is not a determinant of thirst under circumstances of increased osmolality. How-
ever, angiotensin II of cerebral origin may play a role in thirst due to cellular
dehydration. For a recent and comprehensive review of hypovolemia and hormonal
involvement in thirst and drinking, see Fitzsimons.*

The demonstration by Fitzsimons and Simons* and Epstein et al.** that injections
of angiotensin II into rats caused drinking, provided strong initial support for the role
of hormones in controlling thirst. Fitzsimons and Simons* observed a sixfold increase
in water intake in male albino rats (n = 20) during the 6-h experimental period as a
dose-response function of intra-jugular infusion of angiotensin II dissolved in NaCl
solution. A 4.6-fold increase in water intake occurred in nephrectomized rats (n = 34).
Epstein et al.® reported that direct infusion of angiotensin into septal, preoptic, and
anterior hypothalamic regions of the brain caused male rats (n = 44) in normal water
balance to drink water. The latency to drink ranged from 10 sec to a few min and
typically continued for about 15 min. Szczepanska-Sadowska'?* has pointed out that
there is now a general recognition that the central dipsogenic effect of angiotensin II
is mediated through the central angiotensin II receptors that usually mediate the effect
of angiotensin II of brain origin. Angiotensin II has many actions that may affect
drinking, including vasoconstriction, diuresis, stimulation of net fluid absorption from
the intestine, increased sodium appetite, increased thirst, and others. The RAS appar-
ently stimulates the anterior hypothalamus, POA, the subfornical organ (SFO), and
the vasculosum of the lamina terminalis.’! The stimulatory effect of injecting angio-
tensin II into sensitive structures in the brain is robust and is dipsogenic in all vertebrate
groups tested, but not amphibians and some fish.** According to Szczepanska-Sad-
owska, “The discovery of the brain renin-angiotensin system allowed explanation of
the rapid and powerful dipsogenic effects of Ang II, renin, angiotensinogen and angio-
tensin I applied directly into the brain tissue (p.113).”1* Although angiotensin II is the
most potent angiotensin, angiotensin III also shows some dipsogenic activity.??

While intracranial infusion of angiotensin Il is very effective in causing drinking
behavior, animal studies have shown varying success in engendering drinking with
angiotensin II administered by systemic infusion. The conditions of administration
may be more exacting than that for intracranial administration. In man, thirst is not
increased by systemic infusion of angiotensin II. Fitzsimons* has pointed out that
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there are well-documented cases in which systemic infusion of angiotensin II has
failed to cause drinking.

Angiotensin II participates in the genesis of non-osmotically mediated thirst. As
levels of angiotensin II increase, osmoreceptors in the hypothalamus become sensi-
tized, resulting in the release of vasopressin from the pituitary, which is instrumental
in the control of body water via plasma osmolality-related mechanisms. Angiotensin
II stimulates thirst via mechanisms related to renal blood flow and thereby functions
as a backup to the vasopressin-mediated thirst, which is related to plasma osmolality.
Loss of extracellular fluid volume will cause the kidneys to increase the output of
renin, which ultimately results in an increase in angiotensin II. The role of angio-
tensin II in fluid intake is complex and involves both circulating and centrally
mediated changes in angiotensin II levels.!? In response to a decrease in extracellular
fluid volume, there is an activation of the RAS, resulting in an increase in circulating
levels of angiotensin II. Thirst and drinking may be influenced by angiotensin II. It
is thought that this might occur either by way of circulating angiotensin II, which
might exert an influence on the SFO made possible by a deficient blood—brain barrier,
or via angiotensin II in CNS pathways.? Hypovolemia is detected by vascular stretch
receptors located in various parts of the vascular system. As venous return decreases,
there is an unloading of atrial receptors. Similarly, as arterial pressure decreases,
there is an unloading of baroreceptors in the carotid sinus and arch of the aorta.
Since the input from these atrial and arterial receptors is tonically inhibitory to
medullary and hypothalamic cardiovascular control centers, the reduced input from
these receptors eventually results in a reflex increase in sympathetic outflow and
cardiac performance, increased plasma AVP, and increased renin by the kidneys and
activation of the RAS.!?

3.2.2 CELLULAR DEHYDRATION

Increasing plasma osmolality stimulates thirst. If solute molecules such as dissoci-
ated sodium chloride or sucrose, which do not readily permeate through the cell
membranes, are added to blood, an osmotic gradient results in the movement of
water out of the cells and subsequently causes cell dehydration. Other molecules
such as urea or glycerol, if added to blood, do not stimulate thirst to nearly the same
degree. Urea and glycerol, even if added to blood in hyperosmolar concentrations,
quickly pass through cell membranes, diminishing the osmotic gradient and the
stimulus for thirst.”*

Normally, blood osmolality is maintained within a very narrow range, 280-292
mOsm/kg. At plasma osmolalities of 282 mOsm/kg or higher, vasopressin, an
antidiuretic hormone, is released, resulting in water retention by the kidneys, with
urine becoming more concentrated and osmolality subsequently decreasing. If
plasma osmolality rises sufficiently, thirst is experienced. The plasma osmolality set
point for thirst is thought to be about 290 mOsm/kg, but there appears to be
substantial variation among individuals.’! At about 290 mOsm/kg or beyond, thirst
occurs, resulting in drinking that moves the plasma osmolality back to the normal
physiological range. If blood osmolality goes below about 280 mOsm/kg, vaso-
pressin is not detectable and there tends to be diuresis. This implies that thirst rarely
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occurs when blood osmolality is within normal physiological range (between 280
and 292 mOsm/kg), which is not supported by clinical experience.’! The sensory
measurement of thirst is not easily accomplished in animals and is inferred from
drinking behavior. In humans, however, sensory scales (visual analogue line scales)
have been developed that allow a more sensitive assessment of perceived thirst,
independent of the measurement of drinking.”® The sensitivity of these measurements
has been great enough to reveal that thirst actually begins much closer to the
threshold for vasopressin release than previously thought (Figure 3.1).7 The termi-
nation of drinking, which occurs well before significant changes in plasma osmola-
lity, also occurs coincident with the reduction in vasopressin. McKenna and
Thompson have suggested that thirst occurs when vasopressin is released and
remains mild until increases in plasma osmolality and subsequent increases in
vasopressin result in greater thirst, which promotes larger fluid intakes to meet more-
severe fluid deficits. The findings of McKenna and Thompson are consistent with
the hypothesis that oropharyngeal and stomach inputs to the hypothalamus cause a
cessation of the experience of thirst via regulation of vasopressin. While plasma
osmolality is the primary stimulus for modulation of vasopressin, there are nonos-
motic factors that can also affect vasopressin levels, including changes in blood
volume and blood pressure, catecholamines, angiotensin II, prostaglandins, and atrial
natriuretic factor (see Toto!*! for a discussion). Vasopressin is very sensitive to
changes in plasma osmolality; a change in plasma osmolality of only 1-2% will
produce a change in plasma vasopressin. However, a change in blood volume of
7-10% is required to produce a change in plasma vasopressin (see Star'?® for a
discussion). “Plasma osmolality is the most important physiological determinant of
vasopressin secretion.””?

Animal research has indicated that administration of vasopressin does not always
result in enhanced thirst (fluid intake) but there does seem to be a lowering of the
thirst threshold in dehydrated animals.® Effects are observed at moderate doses (0.1
ug/kg) but not higher doses (0.5 ug/kg). High blood levels of vasopressin are
associated with reductions of osmotic thirst. A primary action of vasopressin appears
to be the lowering of the osmotic thirst threshold. As in the case of angiotensin II,
the mode and location of infusion may affect the magnitude of the dipsogenic effect.
However, the available evidence seems to indicate that vasopressin may be important
for the expression of thirst under physiological conditions and may be a determinant
of osmosensitivity.'?* Vasopressin and thirst are central to the control of water balance
and thereby are key regulatory mechanisms for the control of plasma osmolality.

Osmoreceptors, cells sensitive to small changes in blood osmolality, are located
in the CVO in the anterior hypothalamus, and are thought to have direct access to
plasma via gaps in the blood-brain barrier in this region. As plasma osmolality
increases, signals from the osmoreceptors are sent to the posterior pituitary, where
vasopressin is secreted into the circulation. There are also osmoreceptors located in
the splanchnohepatic region with connections to the nucleus tractus solitarius (NTS)
and ventral medulla with subsequent input to a number of other regions important
in the control of drinking behavior. It seems reasonable to assume that peripheral
osmoreceptors may also play some role in thirst, although the precise nature of this
role remains uncertain. (See Bourque et al.! for a discussion of peripheral osmore-
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FIGURE 3.1 Results of measurement of (a) plasma vasopressin (pAVP) and (b) thirst in
response to hypertonic saline infusion in ten healthy volunteers. ----- assay limit of detection
for vasopressin (0.3 pmol/l). regression lines. From McKenna, K. and Thompson,

C.,Osmoregulation in clinical disorders of thirst appreciation, Clin.Endocrin., 49, 139-152,
1998. With permission.

ceptors.) Vasopressin is a neuropeptide synthesized principally in the supraoptic
nucleus but also in the paraventricular nucleus (PVN), the suprachiasmatic nucleus,
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and other hypothalamic neurons. As an antidiuretic hormone, it helps regulate water
excretion from the kidneys and the sensation of thirst. It is transported via neurons
to the posterior pituitary, where it is stored until released into the circulation. (See
McKenna and Thompson,” Szczepanska-Sadowska,!'?* and Toto!3! for discussions
of the effect of vasopressin on thirst.)

Szczepanska-Sadowska!? has discussed the possible interaction of angiotensin
II and vasopressin in the control of water intake and concluded that there is not
strong evidence for synergistic or interactive effects of these hormones on thirst or
fluid intake, at least in the rat. This is a topic remaining to be adequately investigated.
Somewhat more-positive information has been generated regarding the interaction
of angiotensin II and vasopressin relative to cardiovascular control.”!25 Species
differences in this interaction probably reflect differences in the relative distribution
and nature of vasopressin and angiotensin II receptors.!?’

3.2.3 CentrRAL NERVOUS SysTEM (CNS) CoNTROL OF
FLuiD INTAKE

Cardiovascular and body fluid homeostasis, thirst, and voluntary fluid intake are
maintained at a physiological level as a result of the integration of neural and
chemical input to the brain.®® Information is emerging about the integration of
neuropharmacological and neuroanatomical elements in the maintenance of body
fluid homeostasis. Signals arising from volume receptors reach the CNS via the
NTS. Hormonal signals from circulating blood reach the brain through neural sites
in the SCVO, which lack a complete blood-brain barrier. Information arising from
both neural and blood-borne avenues is projected to an extensive neural network
that is responsible for coordinating the effector mechanisms controlling fluid homeo-
stasis. While a complete understanding of homeostatic physiology would require
the integration of information from the molecular, cellular, and systems levels, the
scope of this section is to elucidate the relationships among neuronal and hormonal
inputs and key CNS anatomical sites, especially as they relate to thirst and its
expression in voluntary fluid intake. The role of CNS structures in fluid homeostasis
has been reviewed by Fitzsimons,** Johnson et al.,* Johnson and Edwards,®' and
Johnson.*

Before considering the functional interrelationships among CNS structures in
the control of drinking behavior, it is useful to clarify some fundamental anatomical
relationships and terminology.”> The lamina terminalis, occupying the anterior wall
of the third ventricle, consists of three structures: the SFO and the organum vascu-
losum of the lamina terminalis (OVLT), both of which lack a blood-brain barrier,
and the median preoptic nucleus (MnPO). Anatomically, the SFO protrudes into the
third ventricle and has extensive reciprocal connections with the MnPO and the
OVLT in the anteroventral third ventricle (AV3V) region. The AV3V consists of the
OVLT, the ventral MnPO, ventral lamina terminalis, anteroventral PVN, and the
anterior paraventricular preoptic nucleus. The CVO consist of the SFO, the OVLT,
and the area postrema (AP). The AV3V and lateral terminalis have the OVLT and
MnPO in common (see Oldfield??).
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Strong evidence implicating the SFO in fluid balance was forthcoming in studies
by Simpson and Routtenberg!?’ and Simpson et al.!'® They found that blood-borne
angiotensin II acts on the SFO to induce fluid intake in rats. In addition, circulating
angiotensin II stimulates vasopressin release in the SFO. The evidence for the role
of the SFO relative to the dipsogenic effects of circulating angiotensin II is strong
in the rat, but in the sheep, SFO lesions have little effect on drinking induced by
injected blood-borne angiotensin II. This suggests that in this species there may be
another site, perhaps the OVLT, more sensitive to circulating angiotensin IL.7> The
dog, on the other hand, seems to have the SFO as a key angiotensin II-related
dipsogenic center. The species differences that have been observed suggest that
species may vary in the relative importance of the CVO structure mediating the
dipsogenic effects of circulating angiotensin II.7> Destruction of the SFO results in
loss of drinking in response to intravenous injection of angiotensin II in most species.
Since angiotensin II is a powerful dipsogen when injected directly into the brain, it
is therefore thought to be important in circulating blood as a stimulus to drinking.
There are angiotensin II-sensitive neurons in various parts of the brain, many found
in highly vascularized structures with deficient blood-brain barrier properties.
Angiotensin II receptors in the SFO and OVLT are primarily responsible for drinking
in response to circulating angiotensin II, although the AP may also be involved.

Central injection and lesion work!”* has also implicated the OVLT and MnPO
sites in body fluid regulation. Lesions destroying the paraventricular nuclei surround-
ing the AV3YV, including the OVLT and ventral MnPO, produced acute adipsia and
chronic impaired drinking. Lesions to both the SFO and AV3V areas impaired
angiotensin-related responses.

While circulating angiotensin II does not get to the MnPO, signals from the
SFO to the MnPO presumably play an important role in angiotensin II-mediated
thirst and drinking behavior since severing efferents from the SFO to the MnPO
disrupts drinking induced by intravenous angiotensin II.7> Other angiotensin-sensi-
tive brain structures lie inside the blood—brain barrier and are not directly affected
by circulating angiotensin II, including the MnPO, the PVN, the POA, and the central
gray area of the midbrain to which the POA projects. It is possible, however, that
these structures may be stimulated by angiotensin generated in the brain.

Johnson et al.% proposed that circulating angiotensin II acts on the SFO to
activate a descending angiotensinergic pathway that terminates in the ventral MnPO.
Not all descending fibers from the SFO terminate in the MnPO; some continue to
other forebrain structures such as the major hypothalamic and limbic nuclei. Johnson
et al.*® have also proposed that there is a selective action of noradrenaline in the
ventral lamina terminalis on angiotensin-induced drinking and that noradrenaline
amplifies the effects of angiotensinergic innervation. Cathecholaminergic cell groups
clustered in the hindbrain give rise to the noradrenergic innervation of the MnPO.
Changes in blood pressure and blood volume affect the activity of these cell groups,
including noradrenaline turnover during hypovolemia.

The CVO appears to be an important interface between circulating blood and
the brain, allowing the brain to monitor body fluids in the periphery while protecting
the integrity of the blood-brain barrier against harmful substances and major homeo-
static imbalances. These structures are richly vascularized with many angiotensin II
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receptors, allowing them to monitor blood chemistry. Considerable evidence indi-
cates that three of them (SFO, OVLT, and AP) play roles in the control of drinking
behavior, renal function, and blood pressure.** The SFO in particular may be impor-
tant in the control of drinking behavior relative to blood-borne angiotensin II. It is
thought to be the principal site mediating circulating angiotensin II-induced drinking
behavior.¥ The OVLT, also very well vascularized, lies in the lamina terminalis, in
tissue surrounding the AV3V region. While it is clear that the AV3V region is
involved in angiotensin II-induced drinking, the specific role played by the OVLT
is less clear. It seems likely that the OVLT serves several functions and responds to
more than one stimulus. The OVLT is also a major site for osmoreceptors, as is the
SFO. It is possible that the CVO responds to both circulating angiotensin II and
plasma hyperosmolality.*> The AP is located near the fourth ventricle and central
canal of the spinal cord and projects into the NTS. A highly vascularized area, the
AP has been implicated in drinking behavior and the sense of taste. It appears that
the AP and NTS areas monitor extracellular fluid volume on the basis of vascular
stretch receptor input and circulating angiotensin II levels. Signals are then sent from
the AP and NTS to the MnPO, AV3V areas, SFO, PVN, supraoptic nucleus (SON),
and the amygdala via ascending noradrenergic and other pathways.

In summary, the CVO, MnPO, and AV3V regions play a critical role in thirst and
drinking, especially relative to angiotensin II stimulation. The SFO, OVLT, and AP
areas are sensitive to blood-borne angiotensin II and are chiefly responsible for drinking
behavior as well as other elements of fluid homeostasis. The projections of the SFO
and OVLT to other brain regions such as MnPO, the POA, the anterior hypothalamic
area, and limbic area serve to initiate drinking behavior.** In addition to its role in
organizing and mediating responses to hypovolemia, the CNS plays a critical role in
mediating thirst and drinking behavior due to intracellular dehydration. A growing
body of research is suggesting that there may be CNS structures outside the
blood-brain barrier that are sensitive to increased osmolality of extracellular fluid.!
Attention has focused on the SFO and OVLT. Destroying either site interferes with
neurohypophysical hormone responses to systemic hypertonicity as well as causing a
deficit in osmotically evoked drinking.!> Anatomically, the SFO and OVLT have direct
connections to the magnocellular neurosecretory cells (MNCs) of the supraoptic and
PVN, which in turn project axon terminals to the posterior pituitary, where vasopressin
and oxytocin are synthesized. As indicated above, the SFO and OVLT have projections
to the MnPO. The MnPO has projections to hypothalamic MNCs. It would appear
that the SFO and OVLT function as primary receptors in the osmotic control of drinking
behavior.!

In humans, the effectiveness of rehydration is frequently not complete, with
sizable fluid deficits remaining after voluntary drinking has ceased.*!!! Rothstein et
al.!"! called this “voluntary dehydration” and pointed out the value of temperature
and flavor in enhancing fluid intake. The thirst mechanism in humans is not as precise
as in other species studied, with thirst subsiding before rehydration is complete. In
the dog! and burro,® the amount of fluid required to replace lost water is consumed
immediately. Rothstein et al.!'! suggested that voluntary dehydration is related to an
inhibition of water intake and the thirst sensations that go with it, pointing out that
thirst is not necessarily an effective indicator of water balance in man. The following
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sections go beyond the physiological substrates of thirst and fluid intake to touch
on the psychological factors that may affect drinking behavior.

3.3 PSYCHOLOGICAL DETERMINANTS OF
FLUID INTAKE

3.3.1 THIRST PERCEPTION AND VOLUNTARY FLUID INTAKE

There is a biological continuum of integrated control of voluntary fluid intake. The
neuro-hormonal, sensory, psychological, social, and cultural elements that compose
the milieu in which we find ourselves conspire to generate the mix of beverage
choices and levels of fluid intake that occur during rest and exercise. As discussed
above, the physiological substrates of thirst set the occasion for drinking behavior.
Thirst may be thought of as motivation to drink. However, we will also consider
socially driven occasions when the level of thirst actually experienced during drink-
ing may be low or nonexistent, or even in the direction of satiation. Because of the
complexity and interplay of the factors contributing to fluid intake in humans, we
do not always consume sufficient quantities to completely rehydrate. This lack of
completeness of rehydration observed in humans appears to be an exception in the
animal world. Interestingly, humans also hyperhydrate during social occasions. This
aspect of fluid intake is relatively unexplored from the physiological perspective but
has received more attention from psychology.

The general issue of adequate hydration has been framed by Eichna et al.,’! who
observed inadequate levels of voluntary intake in men working in simulated jungle
conditions (32.2-32.8°C/90-91°F, relative humidity of 94%—-96%). “No man drank
enough water voluntarily to replace the water lost in the sweat during work in humid
heat. Thirst did not appear until considerable water deficits had developed. Since it
lags behind the water needs, thirst constitutes an insensitive guide to the water
requirement (p. 45).” Recently, attention has been given to fluid replacement strat-
egies of athletes performing under severe temperature and humidity conditions.®
Sporting events held in hot and humid environments have placed extraordinary
demands on athletes, sometimes even putting them at substantial physical risk. An
important element of reducing the risk of serious heat illness and maintaining peak
physiological function and performance is an effective rehydration strategy. An
effective strategy includes not only the amount and timing of beverage ingestion,
but also beverage composition.

The idea of palatability relative to voluntary fluid intake is a pervasive one.
However, it remains an ill-defined concept, used both as a dependent measure and
as an explanation for voluntary fluid intake. It is variously measured using scaling
techniques (e.g., a 9-point hedonic scale®), inferred from differences in voluntary
fluid intake (e.g., the beverage consumed in the greatest quantity is, by definition,
the most palatable one), and used as an explanation for voluntary fluid intake (e.g.,
the beverage consumed in the greatest quantity was so consumed because it is more
palatable). The reason for this confusion appears to arise from a shifting focus on
palatability among researchers. Palatability can refer to an invariant attribute of the
beverage (e.g., flavor quality) or it can refer to the pleasantness or hedonic experience
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of consuming the beverage. Evidence for such a distinction among subjects comes
from Yeomans and Symes,!* who asked subjects to rate the “palatability” and
“pleasantness” of two isoenergetic meals differing in blandness, before and following
ad libitum intake. In this study of 50 male adult university staff and student volun-
teers, two distinct sub-populations emerged. While essentially all of the subjects
rated the pleasantness of eating the food as decreasing as they approached satiety,
one sub-group rated the palatability as also decreasing while the other sub-group
indicated that the palatability of the food did not change, even though the pleasant-
ness of eating it was decreasing. This suggests that the second sub-group interpreted
“palatability” as an invariant attribute of the food, separating it from the hedonic
experience of eating it. Clearly, the wording of the questionnaire and how and
whether terms are defined for the subjects are critical in determining the conclusions
that we draw about the perception of beverages and the hedonic experience
of drinking.

3.3.2 TEMPERATURE

Early research on fluid intake in soldiers quickly identified the importance of the
temperature of available fluids in voluntary intake of water.!'! In one experiment,
Rothstein et al.''! compared two groups of men (n = 7 for each group) walking for
2 h under 39°C (103°F) ambient conditions. Following this, the men had access to
cooled water (13°C, 55°F) or warm water (28°C, 82°F). The group that was given
the cooled water replaced 87% of lost body water compared with 75% for the group
given the warm water (significance level not reported). In another field study of
soldiers marching in the desert, Sohar et al.!?! conducted experiments on 19 heat-
acclimatized men (18-21 y) marching 617 km (370 miles) over a 24-day period.
On 7 days the men had access to either cooled water (10-15°C/50-59°F) warm
water (20-30°C/68-86°F). On 6 of the 7 days there was a preference for the cooled
water, with the exception occurring on a day when access to the cooled water was
made more difficult by other activities. Hubbard et al.,” taking a more controlled
look at the impact of temperature on fluid intake, marched 29 males (23 + 3 y) on
a treadmill for 14.5 km (8.7 miles) under environmental conditions of 40°C (104°F)
and 32% RH. Subjects received either water or a flavored beverage at two different
temperatures: 15°C (59°F) or 40°C (104°F). The temperature effect was substantial,
with an increase in fluid intake of 87% for the cooled beverage over the warm one.
Szlyk et al.'?%127 in another study of men (n = 14, 21-33 y) marching under simulated
desert conditions (6 h of intermittent marching, 40°C/104°F, 42% RH), also found
substantial effects of temperature on voluntary fluid intake. Intakes of the cooled
water averaged 88% higher than the warm water. Using a similar protocol of 6 h of
intermittent marching under similar environmental conditions, Armstrong et al.’
investigated voluntary fluid intake in 12 healthy men (23 + 2 y) using a dose-response
approach. In a between-groups design, subjects were randomly assigned to one of
three beverage-temperature treatment groups (6, 22, 46°C). Subjects participated in
non-chlorinated water and chlorinated water segments for each of the treatment
conditions. Although there was no significant difference in intake between the 6°C
(43°F) and 22°C (72°F) treatments, both were consumed in significantly greater
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quantities than 46°C (115°F) water at all points over the course of the 6-h exercise
protocol. In another dose-response approach to the impact of temperature on fluid
intake, Boulze et al.'* examined the effects of water ranging in temperature from
0-50°C (32-122°F) on fluid intake of mountain patrol guards (n = 140) who had
first dehydrated by mountain climbing for a half day without food or water, and on
fluid intake of patients (n = 260) who had first dehydrated by sitting in a warm spa-
like environment (cave at Luchon, France with interior dry- and wet-bulb tempera-
tures of 40°C/104°F). Subjects were assigned to groups of n = 20 in a between
groups design. Water temperatures were 0-50°C in 5-degree increments (32—122°F
in 9-degree increments). In both populations of subjects, fluid intake was maximized
at 15°C (59°F). In a follow-up experiment with the patients, subjects were allowed
to mix water from hot and cold reservoirs to identify the most acceptable temperature.
Water of this temperature was then consumed ad lib after dehydration. The result
of this experiment closely replicated the previous findings. The mean temperature
of the self-mixed water was 15°C (59°F) and was consumed in volumes not signif-
icantly different from those consumed by the mountain guards or the other patient
subjects. Hedonic measures revealed that although 15°C (59°F) was the preferred
temperature in terms of intake, water down to 0°C (32°F) also maintained a high
level of rated palatability. Boulze et al.'* speculated that drinking dropped off at the
higher temperatures because the fluid became less palatable, and that it dropped off
at the coldest temperatures because cold water was more satiating, thereby more
effectively diminishing the drive to drink. Unfortunately, this explanation is encum-
bered by the fact that palatability was measured only with a sip-and-spit technique.
No hedonic measures were taken during ad libitum fluid intake periods, thereby
precluding measurement of any reductions in liking that may have occurred to the
coldest temperatures due to possible sinus discomfort associated with consumption
of the very cold water. An assessment of the impact of drink temperature on subse-
quent level of thirst was made by Rolls et al.'* In their study they fed vegetable
juice at 1°C or 60-62°C (34°F or 140-144°F) to males and females (n = 15 each
sex, 18-35 y) and measured thirst 2 min later. Relative to a no-drink control condition,
males showed a significant reduction in thirst following the cold drink but not the
hot drink. This effect, however, was not seen in the females.

In an unpublished study conducted in our laboratory, we examined the impact
of beverage temperature on fluid intake following exercise at moderate intensity
(70-85% of age-predicted maximum heart rate>“° for 30 min in an exercise circuit.
The drink was a citrus-flavored 6% CHO-electrolyte sports beverage at four tem-
peratures (2, 7, 15, 22°C/36, 45, 59, 72°F) consumed ad lib immediately after
exercise. In a repeated-measures design, 58 subjects (laboratory personnel volun-
teers) were exposed to all four treatments. Fluid intake and liking of beverage
temperature were measured after drinking had voluntarily ceased (usually within 10
min). Results are shown in Figure 3.2. Although no significant differences in fluid
intake were observed among the temperature conditions in this study, the numerical
maximum at 15°C (59°F) is consistent with the results of Boulze et al.'* Also
consistent with Boulze et al. was a trend for palatability to increase with decreasing
temperature. Cardello and Maller,?® while not assessing the impact of temperature
on intake, did examine an array of beverages along a continuum of serving temper-
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FIGURE 3.2 Impact of beverage temperature on overall acceptance. Closed circles (@)
show overall acceptance (9-point scale) of beverage as a function of beverage serving tem-
perature. Open circles (O) show perceived beverage temperature (100-point scale) as a
function of beverage serving temperature. Within each curve, points not sharing a common
letter are significantly different from each other (p < 0.05).

atures and related temperature to palatability in a sedentary setting. Utilizing labo-
ratory personnel volunteers (n = 36), the investigators presented fruit-flavored non-
carbonated beverages, lemonade, milk, tea, and coffee at temperatures ranging from
3°Cto 57°C (38—135°F). Palatability was measured by a 9-point category scale (like
extremely = 9 to dislike extremely = 1). They observed a strong trend for drinks
normally served cold to be preferred cold. For most such drinks there was a mono-
tonically increasing function of palatability with decreasing temperature. Significant
temperature, beverage, and interaction effects were observed. It is interesting to note
that water had one of the steepest gradients, that is, showed the most sensitivity of
palatability to temperature. Water at a warmer temperature was disliked to a greater
extent than are many of the flavored and carbohydrate-containing beverage alterna-
tives at comparable temperatures. This interaction of beverage and temperature is
of considerable importance when attempting to maximize voluntary fluid intake. In
an unpublished study conducted in our laboratory, we directly compared a 6%
carbohydrate electrolyte sports beverage (formulated with an optimized lemon-lime
flavor system) with commercially available bottled water. Laboratory personnel
volunteers (n = 57) exercised for 30 min at 70-85% of age-predicted maximum
heart rate, after which they had ad libitum access to one of the beverages, in a
crossover design. Both beverages were served at 32°C (90°F). Fluid intake, liking
of beverage temperature, and overall beverage palatability were measured. Results
are presented in Figure 3.3. Beverage temperature was disliked for both beverages,
but even more so for the water (p < 0.04). Overall acceptance of the flavor-optimized
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FIGURE 3.3 Liking of beverage temperature, overall beverage acceptance, and fluid intake
for a 6% CHO-electrolyte sports beverage and water. Closed circle (@) shows overall accep-
tance (9-point scale) of warm beverage. Open circle (O) shows overall acceptance (9-point
scale) of chilled beverage. Closed square () shows fluid intake of warm beverage (g). Open
square ([J) shows liking of warm temperature (9-point scale). Within each curve, points not
sharing a common letter are significantly different from each other (p < 0.05).

sports beverage was significantly greater than water (p < 0.01), and significantly
more of the sports beverage than water was consumed (p < 0.001). These results
are consistent with the interaction between beverage and temperature observed by
Cardello and Maller.?® The negative impact of elevated serving temperature is not
equal across all beverages. Water appears to suffer more than most beverages tested
to date in this regard. The critical impact of flavor optimization on voluntary fluid
intake is discussed in greater detail below.

While it is important to understand the relationship between beverage temper-
ature and fluid intake, the reciprocal impact of exercise state on liking of beverage
temperature as well as perception of temperature may also be important. Sandick et
al.'> investigated these relationships in a study in which subjects rated perception
of water temperature and liking of water temperature before and after exercise. The
temperatures of the water were 5, 16, 22, and 38°C (41, 61, 72, 100°F). Subjects
(18 military personnel volunteers) participated in both control and experimental
sessions in a counterbalanced fashion. Subjects rated the perceived temperature of
water before and after control and exercise sessions using a 12-category “temperature
wheel” devised for this purpose. They also rated the palatability of the water before
and after control and exercise sessions using a 9-point hedonic scale. Subjects were
allowed ad libitum access to all of the water samples following the control and
exercise periods. Sandick et al.''5 found significant interactions between exercise
condition and water temperature for fluid intake and palatability. The amounts
consumed for the two coldest temperatures were significantly greater on exercise
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than control days. There were no significant differences in intake between exercise
and control sessions for the two warmer samples. A significant interaction was also
found between exercise state and water temperature for water palatability, suggesting
at least a directional shift for greater palatability for the cooler beverage temperatures
following exercise. Palatability of the 16.0°C (60.8°F) sample was greater on exercise
days than control days. Although there appeared to be a shift in liking of temperature,
there were no significant differences between control and exercise conditions in the
perception of water temperature. That is, exercise condition did not affect ability to
perceive beverage temperature, but only liking of beverage temperature. Consistent
with the results of Boulze et al.,'* Sandick et al.'’> showed a steady increase in
palatability with decreasing temperature both in sedentary conditions and immedi-
ately following exercise. Cardello and Maller® also reported a similar monotonic
increase for three of the five beverages examined in their study, although there
appeared to be a downward inflection in acceptability rating for the coldest temper-
ature for two of the beverages (water and lemon-lime drink). The greatest intake in
the study of Sandick et al.!’> was for the coldest beverage (5°C) rather than for the
16°C beverage, as might have been predicted from previous research.'* A major
difference between these two studies was that Boulze et al.'* allowed only a short
time to drink (10-15 seconds), while Sandick et al.!'> allowed 15 min to drink,
possibly avoiding sinus discomfort caused by the cold temperature of the water.
Hubbard et al.”” have pointed out that, as a general rule, increasing water temperature
dramatically decreases fluid intake.

An additional dimension to the hedonic impact of temperature already discussed
is the role of temperature expectation. Zellner et al.'*> have pointed out that many
beverages have culturally mediated temperature-appropriate expectations attached
to them. For instance, coffee is to be served hot, and white wine or beer should be
served chilled. According to these authors, the sensory impact of temperature occurs
in combination with the cognitive element of “appropriateness” or “expectation.” In
their first experiment, (with 22 university student and staff volunteers), subjects rated
(no tasting was involved) how much they thought they would like various beverages
if served hot, at room temperature, or cold. Clear differences in temperature appro-
priateness were observed for all of the beverages. In a second experiment with 13
university student and staff volunteers, subjects tasted a subset of the beverages from
Experiment 1, served hot, at room temperature, and cold. Overall results suggested
that tasting the beverage at an inappropriate temperature lowered the hedonic rating
(consistent in direction and trend with Experiment 1). However, at least for some
beverage—temperature combinations, tasting them at an inappropriate temperature
did not result in as large a hedonic decrement as might have been predicted from
Experiment 1. In Experiment 3, with two groups of 12 undergraduate volunteers,
subjects were given novel tropical fruit juices (guanabana and tamarind) and were
either told nothing about the appropriate temperature at which these drinks were
typically consumed or were told that they were typically consumed at room tem-
perature. Samples were served cold and at room temperature. The group that was
told that the appropriate serving temperature was room temperature scored these
drinks significantly higher at room temperature than did the subjects not given any
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information on appropriate serving temperature, suggesting that temperature expec-
tation can have an impact on beverage liking.

In the case of sweetened beverages, temperature may exert an impact on palat-
ability through modifying perceived sweetness intensity. Calvino'® generated psy-
chophysical sweetness-intensity curves at beverage temperatures of 7°C, 37°C, and
50°C (45°F, 99°F, 122°F). Solutions at 37°C (99°F) and 50°C (122°F) were perceived
as being sweeter than when tasted at 7°C (45°F). In addition, the slopes of their
functions were lower than at 7°C (45°F); that is, the sweetness function was steeper
at 7°C (45°F) than at the warmer temperatures.

Boulze et al.'* and Engell and Hirsch?? have pointed out that the trend seen in
humans for chilled beverages to be preferred over warm ones is opposite to that
seen in animals. In animals, intake is maximized when the water is tepid (30°C/86°F)
or even warm (36-37°C/97-99°F).

Rolls et al.!* investigated the impact of temperature of a beverage on subsequent
ratings of thirst in the context of a follow-up meal. Thirty subjects (15 males and
15 females, 18-35 y) reported to the laboratory at their usual lunch time. They
received a vegetable juice, either cold (1°C, 34°F) or warm (60—62°C, 140-144°F),
or a no-drink control condition followed by a lunch. Ratings of thirst were obtained
before and 2 min following consumption of the beverage. Relative to the no-drink
condition, males showed a reduction in thirst following the cold drink but not the
warm drink condition. For males, the reduction in thirst for the cold drink condition
was also greater than for the warm drink condition. Females showed a reduction in
thirst relative to the no-drink condition for both the cold and warm drink conditions,
with no significant difference between the cold and warm drink conditions. These
results suggest, at least for males, that temperature may have a direct impact on
thirst, and that a cool beverage may have greater thirst-quenching properties than a
warm one.

3.3.3 FLavor

In addition to beverage temperature, flavor is an important element in encouraging
voluntary fluid intake. Rothstein et al.'!'! observed that, in addition to the impact of
temperature on voluntary fluid intake, providing some flavoring enhanced palatabil-
ity. Anecdotal reports from soldiers indicated that they preferred some flavoring to
mask the taste of salt added to their water. In controlled studies of men marching
in the desert, Sohar et al.'?! compared the palatability of an array of beverages
including tea, sweetened citrus drink, juice, milk, soda water, carbonated cola, beer,
and water. They found that the preponderance of choices was for chilled citrus-
flavored drinks. Conversely, the least popular drinks were those containing carbon-
ation. When asked to rate the beverages, 17 of 19 participants stated a preference
for citrus-flavored beverages. Others have also found positive effects for flavor. In
a study of 77 steelworkers in a naturalistic setting, Spioch and Nowara'?? investigated
the impact of an herb tea with electrolytes vs. water (water, soda water, and mineral
water) on voluntary dehydration. In a between-groups design, workers had ad libitum
access to either tea (n = 30) or a water (n = 47) on their shift for 17 days. Total
sweat loss between the two groups did not differ. However, significantly more of
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the flavored electrolyte tea than water was consumed, resulting in significantly less
voluntary dehydration for that group. The tea group was also reported to have
experienced less fatigue and better subjective feelings. Szlyk et al.'?1?” reported
that, in reluctant drinkers, flavoring warm water (raspberry flavor) increased volun-
tary fluid intake by 79%. Engell and Hirsch3? reported an increase in fluid intake in
soldiers when the water was sweetened and cherry flavored. Hubbard et al.*¢ inves-
tigated the impact of flavored beverage on palatability and fluid intake in 29 young
men (23 + 3 y) under simulated desert marching conditions (14.5 km/9.1 mile walk
in the heat over a 6-h period). They showed fluid intake increases of approximately
40% for flavored iodinated water over unflavored iodinated water under both warm
and chilled conditions. The relative impact of temperature vs. flavor was also dis-
closed in studies reported by Hubbard et al.>® They reported an increase of voluntary
fluid intake of about 50% when the water was chilled, 40% when the water was
flavored, and an increase of about 80% when water was both chilled and flavored.
Rose et al.!'0 investigated the impact of 2.5% carbohydrate electrolyte solutions
varying in magnesium, potassium, and phosphate content on voluntary fluid intake
in soldiers working in the heat. Subjects also had access to other beverages such as
soft drinks and juice throughout the test period. When data were partitioned accord-
ing to flavored beverages (combining all sources) vs. water, the investigators found
that up to 10 times as much flavored beverage was consumed as water (p < 0.001).
In research conducted in our laboratory (unpublished), the interaction between
temperature and flavor can be seen in comparisons between a commercially available
sports beverage formulation (6% carbohydrate electrolyte beverage) and water (com-
mercially available) when served chilled (4.4°C, 39.9°F) and at desert temperature
(32.2°C, 90.0°F.). In Experiment 1, 51 adults (25 males and 26 females) exercised
at moderate intensity (70-85% of maximum age-predicted HR) for 30 min, after
which either a lemon-lime-flavored 6% carbohydrate electrolyte sports beverage or
water was evaluated for overall acceptance. Beverage temperature was 4.4°C
(39.9°F). In Experiment 2, 56 adults (25 males and 31 females) participated in a
protocol essentially identical to that of Experiment 1, except that the beverages were
served at 32.2°C (90.0°F). In Experiment 1, both the sports beverage and the bottled
water scored essentially the same (6.8 + 0.2 and 6.9 + 0.2, respectively). When both
beverages were served at 32.2°C (90.0°F, approximately desert ambient tempera-
ture), the overall palatability of both beverages decreased (p < 0.01), with water
scoring significantly lower than the sports beverage (5.2 + 0.2 and 4.6 + 0.2,
respectively; p < 0.01). In both studies, care was taken to obtain a high-quality water
containing no off notes from purification chemicals.

As a result of extensive investigation of the relationship between flavor and
drinking in animals and humans, Rolls!® has concluded: “The taste of the available
drinks is a major determinant of the amount consumed (p. XIII-5).” Basic research
in rats has identified the importance of sweetness-mediated palatability. Adding
saccharin®>19%1 or nutritive sweeteners such as sucrose or glucose!?? to water greatly
increased the level of fluid intake, resulting in positive fluid balance. Extending this
finding to the presence of essences added to the water, Rolls and colleagues!®>:197
observed that when an odor essence was added to the water of nondeprived rats for
an hour, fluid intake increased by 88% (p < 0.001). When variety was enhanced by
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presenting four different essences in succession over the same time period, fluid
intake increased by 182% over plain water (p < 0.001). In a similar paradigm with
humans (Rolls et al.!%), 18 nondeprived subjects consumed three low-energy drinks
successively over a 30-minute period in three 10-minute bouts. Drinks were either
the same or three different flavors (orange, lemon, or lime). Twelve of the subjects
were also tested in a water control condition. Fluid intake was increased by 99%
over the water condition by the addition of one flavor. Adding three flavors increased
voluntary fluid intake over water by 143%. In subsequent research on the effect of
various beverages on food intake, Beridot-Therond et al.!° reported that sweetened
beverages served prior to a meal were consumed in significantly greater quantities
than unsweetened beverages, resulting in significantly greater total energy intake for
the day. Although outside the scope of this chapter, the post-ingestive effects of
foods, prior exposure to specific foods, preloading, and sensory-specific satiety
have been discussed as possible factors contributing to the hedonic value of
fOOdS.18’101’102’104’106

Maughan and Shirreffs.”! investigated a variety of factors influencing the resto-
ration of fluid and electrolyte balance after exercise. Addressing palatability,
Maughan et al.”’ examined the impact of four drinks (a glucose-electrolyte beverage,
aerated water, a commercial sports beverage, and a juice mixture) on voluntary fluid
intake. More of the sports drink and juice mixtures were consumed, and they were
also reported as being more pleasant tasting. Although hedonic measurements were
not reported, their general findings are consistent with the preponderance of evidence
in this area. In a study comparing some commonly available beverage alternatives,
Passe et al.% examined water (Evian®), diluted fruit juice (Minute Maid® premium
pulp-free orange juice diluted 50%) a homemade 6% CHO-electrolyte beverage,*!
and a commercially available 6% CHO-electrolyte sports beverage (Gatorade®). All
of the drinks except water were of orange flavor. Fifty triathletes and runners
exercised for 75 min at 80-85% of age-predicted heart rate. To simulate conditions
in which athletes have limited time to drink, they were allowed ad libitum access
to a beverage for 1 minute after 30 and after 60 min of exercise. Results showed
that the commercial sports beverage scored significantly higher than all of the other
beverages in overall acceptance (p < 0.05) at both measurement times. Acceptance
scores were combined across times and are graphed in Figure 3.4a. The commercial
sports beverage was also consumed in significantly greater quantities than all of the
other beverages (p < 0.05, Figure 3.4b), resulting in significantly lower dehydration
(p < 0.05, Figure 3.4c) than all of the other beverages. This suggests that the actual
delivery of flavor quality may not be optimum with a homemade sports beverage,
diluted orange juice or water, and that the avidity of consumption may be reduced
relative to an optimized commercial flavor system.

While most of the research investigating fluid intake has been with adults, the
scope of investigation has been expanded to include children. Differences in sweat
electrolyte composition, as well as other possible differences between children and
adults in thermoregulatory responses, make this population an important focus of
rehydration research.’”7 Bar-Or et al.? established that boys (10-12 y) do not vol-
untarily consume sufficient water during intermittent exercise in the heat. This
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finding was even more prominent in children with cystic fibrosis, a condition that
alters their sweat Na composition. Subsequently, Wilk and Bar-Or'*¢ reported evi-
dence for the positive impact of flavored beverages over water in maintaining
voluntary hydration. Twelve boys (9-12 y) exercised intermittently (four 20-minute
bouts over 3 h) in a warm laboratory setting (35 + 1°C, th 40-45%). In a repeated-
measures design, subjects had ad libitum access to either water, grape-flavored water,
or a grape-flavored sports drink (6% CHO, 18.0 mmol/l NaCl, commercially avail-
able). All drinks were served at 8—10°C. Hypohydration occurred under conditions
of ad libitum access to water, replicating earlier findings.® However, subjects signif-
icantly hyperhydrated relative to water during the sports beverage phase of the study.
Cumulative intakes of the sports drink and flavored water were approximately 90%
and 45% greater, respectively, than water. Wilk and Bar-Or'*¢ have suggested that
the palatability impact of flavor per se, as well as post-ingestive effects of CHO and
especially NaCl, contributed to increases in voluntary fluid intake over water. The
replicability of the impact of a 6% CHO electrolyte beverage on voluntary fluid
intake was subsequently investigated by Wilk et al.'¥” In an intermittent exercise
protocol in which boys (10-12 y) exercised for three 20-minute bouts over a 70-
minute time period, the same grape-flavored 6% CHO electrolyte beverage was
available over six consecutive sessions. Results confirmed previous research!3® in
that this beverage consistently prevented voluntary dehydration. Also consistent with
previous research!* was a trend for positive fluid balance. Mild positive fluid balance
occurred in 67 of 72 sessions. In a study that included several different drink types
and CHO levels during exercise sessions, Meyer et al.”® demonstrated positive fluid
balance when subjects were allowed ad libitum access to beverage during a recovery
period following intermittent exercise. There was a significantly greater increase in
body weight during recovery for grape drink (13.9% CHO) and orange sport bev-
erage (containing 6.5% CHO), than for water or apple juice (11.2% CHO) corre-
sponding to a greater intake of the grape and orange beverages. Meyer and Bar-Or”’
have suggested that “...rather than reflecting an impairment of thirst perception,
involuntary dehydration during exercise is mainly related to desirability of the drink
(p. 9)

The study of the impact of beverage flavoring and composition has also been
extended to heat-acclimatized boys in a tropical climate. Subjects in this study, unlike
those in Wilk and Bar-Or,!3¢ were heat acclimatized, exercise trained, and indigenous
to a tropical climate. Rivera-Brown et al.”® first allowed the subjects (12 boys 11-14
y) to choose a preferred flavor among an array of eight different flavors. In subsequent
sessions, following an intermittent exercise protocol similar to that of Wilk and Bar-
Or,'3¢ subjects had either water or a flavored 6% CHO electrolyte drink freely
available. Cumulative fluid intake of the sports drink was consistently higher than
water, with the differences attaining statistical reliability (p < 0.05) after 110 min.
Total fluid intake was 32% higher for the sports drink over water. Similarly, there
was a progressive pattern of hypohydration with water, which also reached statistical
reliability after 110 min. These findings, which are consistent with the results of
Wilk and Bar-Or,'3¢ suggest that unflavored water is not sufficient to maintain
euhydration in young boys under these conditions. These results are also consistent
with previous findings in heat-acclimatized boys!'® in whom voluntary intake of
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water, under a similar protocol of intermittent exercise in the heat, resulted in
voluntary dehydration.

In an investigation of two different commercial sports beverages (6% CHO and
8% CHO, also differing in electrolyte composition, carbonation, and other formu-
lation parameters) and water, Wilmore et al.!*® observed that both commercial sports
beverages were consumed in greater quantities than water during a 90-minute rest
period following 90 min of running at 60% VO,,,,,. Sensory measurements at the
end of the rest period were taken to identify liking of the beverages. Significantly
more of the more-liked sports beverage than water was consumed during exercise,
suggesting an important role for hedonics in voluntary fluid intake. In experiments
that have taken a more systematic look at the role of flavor palatability and voluntary
fluid intake, Passe et al.%* investigated palatability as an independent variable, an
approach not taken before. Forty-nine triathletes and runners (33 males, 16 females)
first participated in a sedentary sensory evaluation of an array of 10 different flavors
of sports beverage (all 6% CHO electrolyte beverages differing only in the flavor
component of the formula) to determine palatability. The most acceptable flavor for
each subject, the least acceptable flavor for each subject, and water were subse-
quently made available ad libitum, during 3 h of aerobic exercise (65-75% of
maximum age-predicted heart rate). Each subject participated in three exercise
sessions and received each treatment. Chilled beverage was replenished every 15
min to help maintain its temperature and to facilitate measurement of voluntary fluid
intake. Sensory measurements were taken after 90 min and 180 min of exercise.
Cumulative fluid intakes are presented in Figure 3.5 (Passe et al.’¢). The most
acceptable flavor was consumed in greater quantities than both the least acceptable
flavor and water throughout the first 75 min, and was consumed in greater quantities
than water throughout the entire exercise period. Of particular interest is the finding
that total consumption of the least acceptable flavor of the sports beverage was also
greater than water. This is consistent with the hedonic measurements taken at 90
min and 180 min, which are shown in Figure 3.6. In sedentary testing the most
acceptable flavor scored higher than water (p < 0.01), which scored higher than the
least acceptable flavor (p < 0.01). However, during exercise, the palatability of the
least acceptable flavor increased and exceeded that of water at both 90 min and 180
min (p < 0.01). In a replication experiment with the same flavors and a similar
aerobic exercise protocol, the most acceptable flavor and the least acceptable flavor
of the sports beverage for each individual subject were paired with water in a two-
choice (two-bottle) test. Subjects reported to the laboratory for two exercise sessions
and received the two treatments (most acceptable flavor vs. water, or least acceptable
vs. water) in counterbalanced fashion. Consistent with the first study, the flavored
sports beverage, whether originally identified as most acceptable or least acceptable,
was consumed in significantly greater quantities than water, even after only 15 min
of exercise. These findings highlight the importance of flavor in contributing to
voluntary fluid intake, and suggest that a powerful interaction exists between flavor
palatability and exercise state. This interaction is consistent with the findings of
Horio and Kawamura, who have reported that a shift in the hedonic value of a
beverage can occur as a function of exercise.
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FIGURE 3.5 Cumulative fluid intake (g) for the most acceptable flavor (M), the least
acceptable flavor (L), and water (W). Statistical annotation: a: M > L and W (p < 0.05), b:
M>W (p<0.05),c: M>W (P<0.01), L>W (p <0.05). From Passe, D., Horn, M., and
Murray, R.M., The effects of beverage carbonation on sensory responses and voluntary fluid
intake following exercise, Appetite, in press. With permission.

While most of the published research on the topic of flavor and voluntary intake
has examined the positive impact of palatable flavors, less attention has been given
to how to optimize flavors for voluntary intake. To date, there have been few, if any,
published reports of systematic investigations of flavor components that can increase
or decrease palatability of beverages during exercise. In a series of unpublished
experiments in our laboratory, we investigated the dose-response relationships
between key flavor components (sweetness, saltiness, tartness, flavor strength), and
palatability measured immediately following exercise. Healthy adult males and
females (n = 42-52, ages = 23-58 y) exercised for 30 min (aerobic training circuit)
at moderate intensity (75-85% of maximum heart rate based on age-predicted
maximum rates>* after which they had ad libitum access to a beverage which they
evaluated using hedonic (9-point) and descriptive (100-point) sensory scales. Sub-
jects returned to the laboratory to complete a series of sessions in which they were
exposed to all treatment conditions, administered in a Latin square arrangement.
Palatability ratings and perceived intensity, as functions of stimulus intensity for
sweetness, tartness, saltiness, and overall flavor strength, are presented in Figures
3.7-3.10. Each figure represents a separate experiment. The impact of CHO level
(6%, 8%, 10%) on perceived sweetness and palatability is shown in Figure 3.7.
Perceived sweetness of 10% CHO was significantly greater than 8% CHO (p < 0.05),
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FIGURE 3.6 Overall acceptance of the most acceptable flavor (M), least acceptable flavor
(L), and water (W) under sedentary and exercise conditions. Statistical annotation: a: M > W
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M., and Murray, R.M., The effects of beverage carbonation on sensory responses and voluntary
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which was significantly sweeter than 6% CHO (p < 0.05). The overall acceptance
of the 10% CHO was significantly lower than both the 6% and 8% CHO beverages,
indicating that, in this study, a hedonic optimum had been reached, beyond which
palatability of the beverage decreased. The impact of varying citric acid level on
subsequent measures of tartness and overall acceptance is shown in Figure 3.8. As
citric acid level increased (0.2%, 0.28%, 0.40%, 0.50%), so did perception of tartness
(p < 0.05 for all mean differences). The palatability of the 0.5% citric acid beverage
was significantly lower (p < 0.05) than all of the other levels of citric acid, as
measured by overall acceptance. The palatability of 0.4% citric was significantly
lower than the 0.2% and 0.28% citric acid beverages, again pointing to the existence
of a hedonic optimum. Figure 3.9 shows the effect of sodium level (0, 20, 40, 60
mmol/l) on perceived saltiness and palatability. As sodium concentration was
increased beyond 20 mmol/l, perceived saltiness increased. 60 mmol/l was perceived
as being saltier than 40 mmol/l (p < 0.05), which was perceived as saltier than the
20-mmol/l and 6-mmol/l beverages (p < 0.05). There was not a significant difference
in perceived saltiness between the 20-mmol/l and 6-mmol/l beverages. The 60-
mmol/l beverage was liked significantly less (p < 0.05) than the 6-, 20-, or 40-mmol/l
beverages, among which there were no significant differences. The impact of flavor
concentration on perceived flavor strength and overall acceptance was investigated
by combining commercially available dry-mix powder of a lemon-lime-flavored
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FIGURE 3.7 Overall acceptance (@, 9-point scale) and perceived sweetness (O, 100-point
scale) of a sports beverage varying in CHO level. Within each curve, points not sharing a
common letter are significantly different from each other (p < 0.05).

sports beverage with water to create a range of concentrations (10%, 25%, 50%,
75%, 100%, and 150% of recommended mixing instructions). As can be seen in
Figure 3.10, perception of flavor strength increased monotonically as a function of
beverage concentration. From concentrations of 25% to 100%, overall acceptance
increased as a function of concentration with the highest level of acceptability
measured at 100% concentration. There appeared to be an inflection beyond 100%
suggesting a tapering off or reduction in palatability at the highest concentration,
although this difference was not statistically significant. Together, these studies
suggest, at least for major flavor components of a sports beverage, that there are
optima that must be achieved to fully enhance beverage flavor quality and that
deviation from optimum with either higher or lower concentrations reduces palat-
ability. The sodium palatability results are consistent with those of Wemple et al.!3
who investigated the impact of sodium at two levels (25 and 50 mmol/l) in flavored
6% CHO drinks on voluntary fluid intake following dehydration. Subjects were
given 3 h to rehydrate, with ad libitum access to the sodium-containing beverage or
flavored water control. Results indicated that fluid intake was significantly enhanced
for the 25 mmol/l beverage over water but not for the 50 mmol/l beverage. Leshem
et al.® have reported an increase in salt preference in soup following exercise.
Subjects (21 male students, 24 + 1 y) engaged in “routine exercise” for 1 h, after
which they were allowed to self-adjust the salt level in tomato soup. Relative to
baseline measurements and a control group that did not exercise, subjects increased
the level of salt in the soup by about 50% (from approximately 1.3% NaCl, to
approximately 2% NaCl, weight/weight percentage).
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point scale) of a sports beverage varying in flavor concentration. Within each curve, points
not sharing a common letter are significantly different from each other (p < 0.05).

Carbonation has also been investigated for its impact on beverage palatability
in exercising subjects. The impact of beverage carbonation (0, 1.1, 2.3, 3.0 vol CO,)
on palatability was investigated in a dose-response study by Passe et al.¥” with 52
subjects who exercised for 30 min at 75%—-85% of their maximum age-predicted
heart rate. A single beverage was consumed following exercise in a repeated-mea-
sures design in which all subjects were exposed to all treatments. Figure 3.11 shows
that at 2.3 and 3.0 vol CO,, palatability of the beverage decreased significantly
(P < 0.01). This reduction in palatability also corresponded with significantly lower
voluntary fluid intake levels immediately following exercise. These carbonation
levels (2.3 and 3.0 vol CO,) correspond to “medium” levels of beverage carbon-
ation,'3 with some soft drinks containing 3.5 vol CO, or higher. Figure 3.11 shows
a relatively steep slope of perceived carbonation intensity vs. stimulus intensity (vol
CO,). This is consistent with the steep psychophysical function for carbonation
observed by Yau & McDaniel,'* who wrote: “...a small CO, concentration change
could cause a large change in carbonation perception in a carbonated beverage
system (p. 126).” The exponents of the power functions for carbonation are much
higher than for the basic tastes.'* In addition to gustatory stimuli, this level of
discrimination may be related to gastrointestinal feedback. Ploutz-Snyder et al.,’? in
the first study to use magnetic resonance imaging (MRI) to quantify gastric gas,
investigated fluid and gas emptying, and perception of gastric distress over a 1 h
period following ingestion of 800 ml of water, a commercially available non-car-
bonated 6% carbohydrate electrolyte sports beverage, a commercially available
lightly carbonated (1.15-vol CO,) 8% carbohydrate electrolyte sports beverage, and
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FIGURE 3.11 Overall acceptance (@, 9-point scale) and perceived carbonation (O, 100-
point scale) of a sports beverage varying in volumes of CO,. Within each curve, points not
sharing a common letter are significantly different from each other (p < 0.05).

a commercially available carbonated 10% carbohydrate (3.2 vol CO,) cola. The
lightly carbonated carbohydrate electrolyte beverage (1.15 vol CO, ) and the soft
drink (3.2 vol CO,) had significantly slower gastric emptying times than water or
the non-carbonated carbohydrate electrolyte beverage. Additionally, gastric distress
for the carbonated soft drink was significantly greater than all of the other beverages
at all of the time-points at which it was measured (10, 20, 45 min post-consumption).
This appears to be due to the combined large total gastric volume (liquid + gas) that
may enhance the perception of carbonation in a beverage.

While the impact of flavor and beverage temperature may be a key driver of
voluntary fluid intake during exercise, there appears to be a reciprocal relationship
between exercise and hedonic experience. That is, exercise state may impact the
hedonic experience of the flavor being tasted. Lluch et al.®® demonstrated that the
pleasantness of a low-fat meal increased after exercise (50 min of cycling at 70%
VO,,..,) relative to the same meal consumed after rest. Subjects were lean, dietary-
restrained women who were regular exercisers. A similar finding was reported by
King et al.®* for women but not for men.%? Lluch et al.® observed that the increase
in the hedonic value of foods following exercise occurred predominantly for the
high-carbohydrate (low-fat) items in the menu, consistent with the need for carbo-
hydrate related to glycogen use during exercise.

In addition to the positive impact that the correct combination of beverage
characteristics can have on hedonics and voluntary fluid intake, there is also the dark
side of beverage formulation with its negative effects. Failure to eliminate or at least
to minimize negative beverage characteristics may produce potent negative reactions,
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as has been observed when water is tainted by off-flavors,!'!:126:127 when the beverage
type is mismatched for the exercise occasion,'”! or when the temperature is too
warm.” 1436115126127 T an unpublished study in our laboratory, 49 adult subjects
consumed a variety of beverages (lemon-lime-flavored 6% carbohydrate electrolyte
sports beverage, apple juice, mixed-vegetable juice, bottled water, and a cola) ad
libitum in a repeated-measures Latin square design following 30 min of aerobic
activity at 65-75% of maximum heart rate. At the end of the study, subjects were
asked to complete a questionnaire that probed how “annoyed” they would be if
certain beverage characteristics existed. The questionnaire consisted of 18 questions
(100-point analogue line scales anchored on either end by “not annoyed” to “very
annoyed”) directed to a variety of issues including nausea, mouthfeel (sensation in
mouth of stickiness or dryness), beverage texture (thickness), sweetness, undesirable
flavors, flavor strength, saltiness, tartness, aftertaste, color and others. Results (see
Table 3.1) indicated that the most salient potentially negative beverage characteristics
related to nausea, feelings of bloating, objectionable mouthfeel, perceived beverage
viscosity, off-flavor (objectionable flavor), and excessive sweetness. The negative
characteristics identified as being least important were low saltiness, low sweetness,
low tartness, and high artificial color appearance. A replication study was subse-
quently conducted in which 43 subjects participated in a similar protocol and had
ad libitum access to a lemon-lime-flavored 6% carbohydrate electrolyte sports bev-
erage, iced tea, a carbonated lemon-lime soft drink, orange juice, milk (2% fat), and
tap water immediately after exercise. Again, every subject was exposed to all treat-
ment conditions in a Latin square design and at the end of the study was asked to
complete the “annoyance” questionnaire. Essentially the same pattern of findings
was observed. The correlation between the mean values from these two studies was
r = 0.98 (df = 16, p < 0.01). While these studies did not directly manipulate the
flawed beverage characteristics as independent variables, the questionnaire data do
suggest a ranking of annoyance values for potential flaws and suggest directions for
future optimization research. Consistent with the above results, Pelchat and Rozin®®
observed in a survey study that nausea was the most potent correlate of acquired
dislike of the taste of food. The impact of post-ingestional gastrointestinal distress
can be a powerful one and is a central theme in the area of conditioned taste aversion
learning. See Garcia et al.*® and Rozin and Kalat!!? for discussions.

3.3.4 TEXTURE

There appears to be little or no published information on the impact of texture or
mouthfeel on voluntary fluid intake. However, it may have a profound impact on
the hedonic value placed on the beverage. Beverages that have a syrupy mouthfeel
score lower in acceptability (unpublished research). In a series of exercise-sensory
studies (unpublished), which were conducted over a 10 y period and which inves-
tigated a range of beverages (e.g., sports beverages, juices, soft drinks, waters, milk,
beer), those beverages that scored the lowest in overall acceptance were also
described by subjects as having a heavy mouthfeel and a syrupy or somewhat viscous
texture. Beverages that were rejected for mouthfeel characteristics included juices,
soft drinks, and milk. In addition, as reported above (Table 3.1), objectionable
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TABLE 3.1
Level of Annoyance with Various
Beverage Flaws

Annoyance Question Study 1 Study 2
Beverage causes nausea 93 91
Beverage leaves mouth sticky and dry 80 78
Beverage is too thick and syrupy 79 76
Beverage is too sweet 77 76
Beverage has off flavor 76 77
Beverage leaves you feeling bloated 72 70
Beverage does not quench thirst 68 65
Beverage is too salty 64 74
Aftertaste is too strong 62 60
Flavor is too strong 57 57
Beverage has artificial flavor 55 56
Beverage is too tart 45 50
Aroma is too strong 43 39
Flavor is too weak 42 46
Beverage is not tart enough 37 37
Beverage appears artificially colored 33 34
Beverage is not sweet enough 25 30
Beverage is not salty enough 20 17

Note: Scale is 100-point analogue line scale, anchored on the
left by “Not Annoyed” and on the right by “Very Annoyed.”

mouthfeel characteristics ranked high in importance among exercising subjects com-
pleting “annoyance” questionnaires.

3.3.5 OROPHARYNGEAL FACTORS, ORAL METERING, AND
GASTROINTESTINAL FACTORS

While flavor and beverage temperature may be thought of as oropharyngeal factors,
these key drivers of voluntary fluid intake have been addressed in some detail above.
The oropharyngeal sensation of thirst, oral metering (from sensory cues arising from
the act of swallowing), and gastrointestinal factors such as stomach distension may
play important roles in the initiation and termination of drinking. These are critical
elements that may exert control before intracellular and extracellular influences fully
come into play. Zeigler has described the anatomy and functional morphology of
drinking.'*' The important roles played by oropharyngeal factors have been discussed
by Fitzsimons,* Rolls and Rolls,'® Rolls et al.,'® and Rolls et al.!?” Early research
in sham-drinking (in which the fluid is prevented from reaching the stomach, usually
by means of an esophageal or gastric fistula) demonstrated that relatively large
volumes are drunk in rat,®8! dog,> and monkey.
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It has become clear that the oropharyngeal cues associated with drinking can
maintain drinking in the absence of gastrointestinal cues, plasma dilution, or expan-
sion of extracellular fluid.!” In experiments with humans, Rolls et al.!?” investigated
the subjective sensations of thirst and the pleasantness ratings of water following an
overnight fast. As subjects drank to satiety, their pleasantness ratings of the taste of
the water decreased steadily over the 20-minute rehydration time. Subjects who were
not allowed to drink ad libitum, but who were restricted to small sips for sensory
testing purposes, showed less reduction in pleasantness ratings. In a study investi-
gating the relationship among dehydration, oropharyngeal factors, fluid intake, and
sensory perception, Rolls et al.!® fasted five healthy males (24-33 y) for 24 h and
measured voluntary fluid intake for 1 h, fluid balance and subjective sensations. A
significant fluid deficit was evidenced by significant decreases in extracellular fluid
and plasma volume, and increases in plasma osmolality. Drinking was rapid, with
65% of the total fluid intake occurring during the first 2.5 min, well before plasma
sodium and osmolality had approached normal values, which did not occur until
after 12.5 min. Cellular rehydration does not appear to have accounted for the initial
time course and early decrease of drinking. However, sensory measures of thirst,
pleasantness of the taste of the water, and mouth dryness showed substantial
decreases during the first five min of drinking, establishing a correspondence between
these oropharyngeal elements and early drinking. The perception of stomach dis-
tention also coincided with the first break in drinking in this study, suggesting a
possible feedback role for this sensation.

In subsequent research, investigating ad libitum drinking under non-laboratory
conditions, Phillips et al.”! observed that drinking occurred in the absence of signif-
icant body fluid changes and was coincident with feelings of thirst, mouth dryness,
and a general emptiness in the stomach. Drinking terminated with the cessation of
feelings of thirst and mouth dryness and with an increase in perceived fullness in
the stomach. Goldman et al.’®® observed a close correspondence between the time
course of desire for water and that of vasopressin (AVP) levels. Subjects received
an infusion of saline followed by a bolus of water. Within 5-10 min after water
ingestion, there was a substantial reduction in desire for water and a parallel reduction
in plasma AVP. Plasma osmolality and plasma sodium did not show significant
changes until 20 and 25 min after water ingestion, respectively. Figaro and Mack*!
more directly investigated the role of oropharyngeal factors and oral metering on
fluid intake in humans in a study employing the use of nasogastric infusion and
extraction of fluid from the stomach. In a repeated-measures design, six adults were
exposed to mild exercise in the heat for 2 h, resulting in body water loss of about
29 ml/kg. After exercise, subjects were allowed to rehydrate for 75 min via:

ad libitum drinking (Control)

. infusion of an amount of water similar to control directly into the stomach
for the first 25 min followed by a combination of infusion and ad libitum
drinking during the remaining 50 min (Infusion)

3. ad libitum drinking with simultaneous extraction of the fluid as it entered

the stomach (Extraction)

N =
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Consistent with the results of Goldman et al.,* there was a sharp drop in perceived
thirst (although Goldman et al.*® measured desire to drink and not perceived thirst)
and AVP during the first 5 min of rehydration for Control and Extraction conditions
but not for the Infusion condition. This suggests an impact of oropharyngeal factors
on perceived thirst and circulating AVP. In the Infusion condition, even though all
of the water deficit had been infused and plasma osmolality and volume had returned
to normal, there were still strong thirst ratings and an urge to drink, with subjects
consuming about 20% of their original deficit within 5 min, again pointing to a
possible role for oropharyngeal factors in the control of drinking. During the Extrac-
tion condition, the volume of water consumed only exceeded the water deficit by
about 15%, suggesting an effective form of oral metering in humans. The findings
of Goldman et al.>® and Figaro and Mack*! on the relationship between oropharyngeal
stimulation and AVP confirm previous findings in dogs,%!3° sheep,!"!? and
humans.*7-128

A simple model for the integration of oropharyngeal, gastrointestinal, and post-
absorptive factors has been suggested by Verbalis'** (Figure 3.12). This framework
is consistent with the conclusions drawn by Rolls et al.,'® Rolls and Rolls,'® and
Fitzsimons.*? It is likely that drinking is normally terminated by a combination of
oropharyngeal stimulation, gut distension, osmotic effects of water in the gut and
hepatic portal system, and systemic dilution and expansion.!®® It has also been
suggested that species differences in voluntary fluid intake can be understood in
terms of the relative importance of oropharyngeal, gastrointestinal, and postabsorp-
tive factors.!** For additional discussion integrating the multiple control loci for
drinking, see Mack.’

Oropharyngeal — Gastrointestinal Postabsorptive
factors factors factors

Thirst inhibition —uwe

Onset of drinking Time  —w—
FIGURE 3.12 Schematic diagram depicting the onset and duration of various inhibitory
signals to continued fluid ingestion following initiation of drinking in response to body fluid
deficits. Although each signal by itself is capable of terminating ingestion (depending upon
the species), it is the overlapping nature of these sequentially activated mechanisms that
produces and sustains the inhibition of further water ingestion. From Verbalis, J.G., Inhibitory
controls of drinking: satiation of thirst, in Thirst: Physiological and Psychological Aspects,
Ramsey, D.J. and Booth, D., Eds., Springer-Verlag, London, 1991, chap. 19. With permission.
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Oral metering may be a key oropharyngeal element for some species. As pointed
out by Fitzsimons,*? “...the advantage to the animal of being able to complete the
ingestion of an amount of water appropriate to its needs and in advance of any
significant absorption is obvious (p. 88).” The dog' seems particularly adept at
replacing body water deficit, thereby being able to accurately replace lost fluid in
minutes. When an amount of water equal to the deficit was placed directly into the
stomach, the dog still drank an amount equal to the deficit, if allowed to begin
drinking within 10 min of placement of the stomach load. Drinking did not occur
if it was delayed by more than 15 min. The rat, conversely, seems more sensitive to
the effects of stomach distention than oral metering, although oropharyngeal factors
and oral metering clearly play a role in controlling fluid intake in the rat as well.*?
Direct evidence from Figaro and Mack*' suggests a role for oral metering in
humans also.

3.3.6 ErRGONOMIC FACTORS
3.3.6.1 Proximity

The proximity of the beverage to the subject has been found to be an important
factor affecting the amount of fluid consumed. Systematic field observations of body
weight changes and voluntary fluid intake of basketball, netball, and soccer teams
during training and competition in Australial® suggested that proximity to water
bottles, and individualized water bottles may contribute to fluid intake, although
experimental manipulation of bottle proximity was not conducted. Engell et al.,>? in
a between-groups laboratory study with 36 adult males (40 = 13 y), positioned water
on a lunch table, across the room (about 6 m from the table), and out of sight of
the table (about 13 m from the table), in a “luncheon taste test.” They found that
water intake was significantly higher when it was on the table (444 + 260 g) than
when it was 6 m away (197 + 100 g) or 13 m away (187 = 155 g). In experiments
with soldiers (reviewed by Engell and Hirsch3?), ease of use of drinking systems
contributed to amount of beverage consumed. In a repeated-measures experiment
with 10 adult cyclists,!'” a metered drink system was compared with two ad libitum
drink conditions during a 1 h ride at 50% of VO,,,,,. Subjects were allowed to drink
every 15 min from the metered system (which dispensed water in 200 ml aliquots),
were given ad libitum access to water every 15 min, or were given ad libitum access
to water throughout the 60 min ride. Significantly more water was consumed during
the metered-system trial than during the two ad libitum trials, suggesting that this
form of portion control enhanced intake. Beverage proximity may be particularly
relevant in industrial settings where workers must spend many hours active in a hot
environment or in sports settings where the duration of practice or competition is
such that continual access to fluid is important to encourage complete hydration.

3.3.6.2 Container

The shape or configuration of the beverage container may affect ease of use, liking
of the package, and amount of fluid consumed. In a repeated-measures study com-
paring six beverage packages (unpublished data), 48 fit adults exercised for 30 min
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(aerobic training circuit) at moderate intensity (75-85% of maximum heart rate
based on age-predicted maximum rates>“?), after which they had ad libitum access
to a flavored 6% CHO electrolyte sports beverage in one of six bottle or package
types (16-o0z plastic, 16-0z glass, 32-o0z glass, 10-0z glass, 12-0z can, 25-ml drink
box). Hedonic and descriptive sensory evaluations were made using 9-point and
100-point scales, respectively. Subjects returned to the laboratory to complete a
series of sessions in which they were exposed to all treatment conditions, which
were administered in a Latin square arrangement. Clear differences were observed
in liking of container type (Figure 3.13), with the two 16-0z bottles being liked more
than the 250-ml drink box (p < 0.05) in this adult sample. Similarly, fluid intakes
were higher for the two 16-0z bottles than the 250-ml drink box (p < 0.05). Written
comments from the subjects suggested that the small size of the drink box and the
mandatory use of a straw may have created an annoyance factor that could have
brought down the hedonic score and made drinking difficult, especially when the
subjects had just finished exercise and may have been eager to drink avidly. This
may also help to explain the relatively low hedonic score for the 32-0z glass bottle,
which subjects (especially women) reported was somewhat difficult to hold, but
from which it was easy to drink. The 32-o0z glass bottle had a 53-mm closure size
that was larger than the two 16-0z bottles, which had closures of approximately 40
mm, and the 10-o0z glass bottle, which had a closure size of 28 mm. Other human-
factor elements such as the use of a water bladder, multiple bottles, or plasticity of
sport bottle could possibly play a role in encouraging voluntary fluid intake.

3.3.7 SociaL, CuLTuraL, AND PsycHoLOGICAL FACTORS

An important element in the continuum of factors controlling fluid intake is the
social/cultural/psychological one. Fitzsimons* has acknowledged that there clearly
are reasons other than thirst that contribute to ad libitum drinking in the normal
course of homeostasis. Cognitive factors, including learning mechanisms, play a
role in the control of voluntary fluid intake.!3* Holland>? has described in some detail
several psychological mechanisms including stimulus control properties arising from
Pavlovian and operant conditioning, and the contribution of associative and non-
associative learning, and drive-reduction theory. Ramirez et al.”*-°° have demon-
strated in rats that gastric infusions of carbohydrate solution, given when rats drank
a flavored solution (saccharin, NaCl, cherry flavor, oligosaccharide), increased fluid
intake of the flavored solution. Perez et al.® have also demonstrated robust post-
ingestional effects on flavor preference in rats preexposed to a varied diet. Ramirez®®
has suggested that these results, and those of others investigating post-ingestive
effects on preference,’s°%!!8 point to a form of Pavlovian conditioning. Schedule-
induced polydipsia is a condition in which drinking occurs as a function of the
temporal distribution of non-contingent reinforcers, or reinforcers contingent on
behaviors other than drinking. It has been extensively investigated in animals and
has been suggested as a possible basis for excessive behavior in humans,3%343
although the extent to which schedule-induced polydipsia occurs in everyday life is
uncertain.*’ In laboratory experiments with humans, Doyle and Sampson?®3° dem-
onstrated that the non-contingent delivery of monetary rewards in a video slot
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FIGURE 3.13 Beverage-package acceptance (@, 9-point scale) and fluid intake (O, g).
Within each curve, points not sharing a common letter are significantly different from each
other (p < 0.05).

machine at intervals of 130 seconds and 190 seconds could engender significant
increases in intake of water and beer at the 190-second interval. Rogers et al.'®
examined the post-ingestive effects of caffeine on preference for a novel flavored
drink in moderate-caffeine and low-caffeine users. Subjects first ranked an array of
seven novel beverages. The beverage of middle rank for each subject was then
presented immediately after breakfast for 10 d, with or without caffeine, in a
between-groups design. Subjects had only water to drink for 24 h prior to testing.
Moderate-caffeine users developed an increase in relative preference for the caffeine-
containing beverage and a relative dislike for the non-caffeine version. Low-caffeine
users, however, developed an increase in relative preference for the non-caffeine
beverage and showed no significant change in liking of the caffeine-containing
beverage. In addition, mood in the moderate-caffeine users who received the non-
caffeine beverage was lower than in the group of moderate-caffeine users who
received the caffeine-containing beverage. Mood in the low-caffeine users was
largely unaffected by caffeine. It appears that the moderate-caffeine users developed
an aversion to the non-caffeine beverage because it was associated with the negative
consequences of caffeine abstinence. It is this alleviation of the adverse effects of
abstinence (negative reinforcement, Honig>*) that may be maintaining caffeine-
beverage use in some individuals. De Castro? has also emphasized the importance
of non-homeostatic mechanisms for a complete understanding of the control of fluid
intake, contending that social context and food intake are more important than
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homeostatic fluid balance status in predicting voluntary fluid intake. While focused
on eating as well as fluid intake, De Castro® has provided a comprehensive frame-
work in which to view the social factors involved in the regulation of intake. Complex
social situations including immediate social as well as enduring cultural influences
are relevant. A key method employed in this research is the complete dietary self-
report method,>* which involves creating a detailed 7-d log of all food and beverage
consumed, including time, amount, method of preparation, social situation, and
environmental context. (This method, which requires subjects to carry the dietary
log, is to be distinguished from diet-recall methods in which subjects attempt to
remember dietary practice at the end of a day or other fixed period of time.) The
subjective state and social situation (especially number of people present) may have
a profound effect on amount eaten. Significant positive correlations between food
intake and measures of elation and anxiety have been reported.?® Meals eaten in the
presence of other people were 44% larger than meals eaten alone. The more people
present, up to an average of approximately 13 people, the greater the amount of
food eaten.?” A power function describes the size of the meal relative to the number
of people present: Meal size = 485 N®2.13More research needs to be done in this
area for beverage intake. Through manipulating the number of other people present,
social facilitation has been shown to be a causal influence on food intake.”® An
analysis of self-reported fluid intakes of 36 adults?? indicated that the regulation of
fluid intake under ad libitum conditions is secondary to the regulation of food intake.
In regression analyses, the amount of food consumed accounted for over 50% of
the variation in voluntary fluid intake. For a more complete discussion of the effects
of eating on drinking, see Kraly.** De Castro? concludes: “... something other than
the levels of fluids in the intracellular and extracellular compartments at the time of
a bout would appear to be responsible for regulating the amount and timing of fluid
intake (p.352).” McCarty’? has reported that the amount of beverage consumed in
bars increases as the number of people present increases. The role of advertising
and marketing on beverage choice and volume consumed has been briefly considered
by Gilbert.** Marketing efforts are directed at changing trends in coffee, soft drink,
and alcohol purchase frequency as well as amount consumed via increasing serving
size. The role of advertising and marketing in shaping cultural influences on fluid
intake are largely unexplored. The role of social and cultural influences has been
broadly considered by Booth'? and Tuorila.!3? In many social contexts, the offer of
a drink from one person to another may not be related to any underlying body water
deficit, but may relate to cultural factors, learning, and peer pressure. Within the
U.S., there are ethnic differences related to the appropriateness of beverage choice.!*
The differences observed among countries in consumption of various categories of
beverages also illustrate enduring cultural influences.'*? In a cross-cultural survey
with 1281 subjects from Belgium, France, Japan, and the U.S., Rozin et al.!'? have
focused on the psychology of food in terms of “negative” (worry, fear regarding
health implications of food choice) and “positive” (pleasure, anticipation of eating)
views of food, the importance of food in life, and how people view food relative to
diet and health. Substantial cultural differences were observed with significant main
effects for country (p < 0.001) for most categories. For instance, Americans seem
to worry more than all of the other countries about the health implications of diet
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and to modify their diets to support health more than any other country, yet are the
least likely to view themselves as being healthy eaters. Gender effects were also
seen, but with a lower frequency of statistical reliability. Age effects tended to be
small and not statistically reliable. While this study did not directly address fluid
intake, the insight that can emerge from these types of investigations may contribute
to a more complete understanding of factors controlling food (and fluid) intake.
Rozin and Millman''* have suggested that environmental influences (family envi-
ronment) are of greater importance than genetic ones in accounting for food pref-
erences. See Galef* for a discussion of social influences on fluid intake in the rat
and non-human primate.

3.4 SUMMARY

Clearly, there is an array of control loci for drinking, ranging from homeostatic
mechanisms to cultural and social influences. This chapter has attempted to highlight
some of the prominent elements in that array. See Ramsey and Booth?” and Rolls
and Rolls'® for additional discussions of a wide range of controlling factors for
drinking behavior. There is a need for closer integration of the physiological and
psychosocial elements that have been identified as influences on fluid intake. An
excellent framework for discussing such an integration has been provided by Green-
leaf,”! who took a multiple-regression approach to better understand the relative
contribution of 22 metabolic variables. The analysis® revealed that six elements
were relatively important and accounted for 62% of the variation in water intake.
Engell et al.* took a similar statistical approach and created an equation that
accounted for 65% of the variation in water intake. Both investigators found that
plasma osmolality was important. However, this approach could be expanded to
include those other factors since identified as being important determinants of fluid
intake. Beverage palatability, temperature, negative attributes, social context, and
mood, or psychological status, in addition to metabolic variables, could all be
included in a model, thereby providing a single context for evaluating the relative
importance of all of the potential controlling factors. While individual studies have
each identified robust effects for many of the homeostatic, oropharyngeal, sensory,
social, and psychological variables that have been tested, expanding the model
suggested by Greenleaf>! and Engell et al.3* could provide the basis for a much more
integrated analysis.
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4.1 INTRODUCTION

Ingestion of carbohydrate electrolyte drinks before and during exercise has been
shown to help delay the fatigue process. Before the body can utilize the constituents
of drink they must be absorbed by the small intestine and transported to the appro-
priate body pools. The role of the gastrointestinal tract in regulating the absorption
of a drink and delivering the nutrients to the circulation is therefore crucial in
determining the benefits that can be derived from fluid ingestion.

The intestinal tract is a tube approximately 9 meters in length, continuous from
the mouth to the anus (Figure 4.1). Highly regulated contractions of the muscular
walls produce peristaltic waves that propel the intestinal contents along the length
of the intestine. Other rhythmical contractions of the intestinal wall cause mixing
of the intestinal contents that promotes digestion and absorption.

The esophagus extends from the back of the mouth (pharynx) and passes through
the thorax and diaphragm into the abdomen, where it opens into the stomach. The
stomach functions as a reservoir that regulates the rate at which ingested material
enters the small intestine, which is a coiled tube about 6.3 meters in length lying in
the central and lower region of the abdomen and consisting of the duodenum, the
jejunum, and the ileum. The diameter of the small intestine is about 5.0 cm at the
start of the duodenum and it progressively tapers along its length until, at the end
of the ileum, it has a diameter of approximately 2.5 cm. The duodenum is about 12
cm in length and is roughly crescent shaped. It is the first part of the small intestine
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FIGURE 4.1 Schematic diagram of the gastrointestinal tract.

and the biliary and pancreatic secretions, important in facilitating the absorption of
fats and the digestion of proteins, respectively, are discharged into this region of
intestine. The next region of the small intestine is the jejunum, which is about 2.5
meters long. The jejunum is characterized by the rapid, vigorous, peristaltic waves
that sweep along its length, and most of the absorption of the diet occurs in this
region. The last region of the small intestine is the ileum, which is approximately
3.6 meters in length. Apart from some specialist absorptive functions, the main
purpose of the ileum appears to be to provide reserve absorptive capacity.

The ileum terminates at the ileoceacal valve, where the small intestine ends and
the large intestine begins. The large intestine is about 1.6 meters long, and consists
of the cecum, appendix, colon, rectum, and anal canal. The cecum is a blind-ended
pouch approximately 8 cm in diameter at the proximal end of the large intestine.
The main part of the large intestine is the colon, which is not coiled, but consists
of three relatively straight regions — the ascending colon, the transverse colon, and
the descending colon — and the pelvic or sigmoid colon. The pelvic colon leads to
the rectum, which in turn becomes the anal canal. The large intestine receives the
liquid by-products of digestion and, by absorption of most of the water and electro-
lytes, forms the more solid consistency of feces. Apart from just before defecation,
peristalsis in the large intestine is slower and less propulsive than that of the small
intestine.

The highly sophisticated and complex gastrointestinal tract fulfills a variety of
functions that are important for normal living. It is internally and externally inner-
vated, is highly vascularized with a complex network of fine capillaries around the
gastric glands and in the villi of the small intestine, and secretes a great variety of
hormones and biologically active peptides. While the main role of the small intestine
is to digest and absorb food, it also helps regulate the desire for, and the amount of,
nutrients and water that are ingested, and it assists in the preservation of water and
electrolyte balance. It plays an important role in maintaining the immunological
integrity of the body, acts as a major reservoir of blood, and many of the hormones
and biologically active peptides secreted by intestinal cells appear to influence organs



92 Sports Drinks: Basic Science and Practical Aspects

far removed from their site of release. Although the functions of the gastrointestinal
tract are many and varied, this chapter will concentrate on the role of the intestine
in the regulation of intake and absorption of drinks and the solutes they contain.

Ingested water and nutrients are not immediately available for use by the body.
They must be absorbed into the circulation from whence they can be assimilated
into the appropriate body pools. Sports drinks supply both water and energy and are
formulated to be rapidly absorbed and utilized in the body.

4.1.1 THE RoLe OF THE GASTROINTESTINAL TRACT IN THE
REGULATION OF INTAKE AND ABSORPTION
of FLuibs AND SOLUTES

4.1.1.1 Thirst

The sensation of thirst is a fundamental mechanism that ensures that the individual
will actively seek out fluids and drink adequately before a serious body water deficit
occurs. An increase in the osmotic pressure or a decrease in the volume of the body
fluids each separately causes an increase in the perception of thirst (Ramsay, 1989).
This increase in the thirst response, caused by a decrease in the body water content,
is intimately associated with the regulation of the secretion of the fluid-balance
hormones that affect water and electrolyte reabsorption in the kidneys and play a
role in the control of blood pressure (Ramsay, 1989; Leiper, 1998). This system
therefore ensures that while water losses are being restricted, there is an increased
desire to drink to restore the water deficit. However, thirst need not be caused by a
physiological need for water intake; drinking is more likely to be due to habit or to
a craving for some stimulant or pleasurable sensation. Most drinks are normally
consumed along with food, and about 70% of daily fluid intake is usually associated
with mealtimes. Daily fluid intake in man is normally more than obligatory water
losses with the excretion of dilute urine maintaining the total body water content.
Modulation of the thirst response (Figure 4.2) can be caused by sensations in
the intestinal tract that need not be related to the content of the body water pools.
For example, a dry mouth or throat can stimulate thirst, while a full stomach can
inhibit drinking before sufficient fluid has been absorbed. Even when initiated by
hypohydration in man, the sensation of thirst diminishes and cessation of drinking
usually occurs before recovery of the circulating levels of osmolality, fluid-balance
hormones, or blood volume (Verbalis, 1990). There are thought to be various recep-
tors in the mouth and esophagus that respond to different tactile, temperature,
chemical, and pressure stimuli that are involved in controlling the sensation of thirst.
The act of swallowing and receptors in the oropharyngeal cavity, esophagus, and
stomach appear to assist in monitoring the volume of fluid ingested. Gastric disten-
tion tends to inhibit the drinking response due to increased activity of the stretch
receptors in the stomach, although the sensation of thirst may be unaffected (Verbalis,
1990). After fluid has emptied from the stomach, it is difficult to determine whether
the concomitant reduction in the thirst response is caused by the presence of the
fluid in the lumen of the small intestine or by the effect that absorbed water has on
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restoring the body water pools. The integration of the pre- and post-absorptive stimuli
modulates the sensation of thirst and the volume of drink consumed.
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FIGURE 4.2 Control diagram illustrating multiple afferent signaling pathways involved in
thirst generation and the stimulation of drinking behavior in humans. (Mack, G.W., Recovery
after exercise in the heat factors influencing fluid intake, Int. J. Sports Med., 1998; redrawn
with permission.)

4.1.1.2 Influence of Beverage Composition

Fluids can be used as a vehicle to supply a wide variety of different solutes.
Beverages can range from distilled water containing only trace amounts of solutes
to liquid meals that contain all the macronutrients, micronutrients, vitamins, and
minerals required for normal nutrition. While there are various benefits in supplying
nutrients in liquids rather than in solid meals, the main advantage lies in the faster
absorption of fluids (Leiper, 1997). In normal daily life in industrialized countries,
the regulation of energy intake supersedes fluid intake. The factors that modulate
daily nutrient intake are more numerous and complex than those controlling water
intake and are beyond the scope of this chapter.
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Sports drinks were originally developed as solutions with relatively simple
formulations of carbohydrates and electrolytes in amounts known to stimulate rapid
fluid absorption in the intestine; however, recent variations contain ingredients such
as amino acids, proteins, lipids, glycerol, alcohol, caffeine, organic acids, vitamins,
and herbs. The efficacy, or lack thereof, of some of these additional ingredients is
covered in detail in Chapter 9. It is important to note that the addition of any solute
to a sports drink may have an impact on both the palatability and physiological
efficacy of the beverage. For example, the presence of sugars in too high a concen-
tration may initiate a feeling of satiety and result in negative organoleptic charac-
teristics such as a thicker, unpalatable mouthfeel.

The development of satiety, and therefore the cessation of drinking that is
associated with the ingestion of energy-containing nutrients, appears to be controlled
by orosensory and pre- and post-absorptive signals (Blundell and MacDiarmid, 1997)
that are similar to those regulating the thirst response. The inclusion of solutes, such
as alcohol or caffeine, that have pharmacological properties that make them addictive
affects the palatability of drinks, but the greater stimulus would appear to be the
desire to satisfy a pharmacologically induced craving. Therefore, the main effect of
some solutes occurs after intestinal absorption.

Although man appears to enjoy the taste of sodium chloride, the human appetite
for salt is appreciably less than that shown by many animals. In addition, relatively
high concentrations of sodium chloride are discerned as being bitter and may cause
nausea. Because sodium is the main electrolyte in extracellular fluid, it is closely
involved in the homeostatic control of body water and, hence, many of the sensory
signals and mechanisms controlling water intake also influence sodium intake. While
there may be some receptors that specifically respond to the sodium content of body
fluids, it is change in the osmolality of extracellular and intracellular fluid per se
that is the main signal that is used to regulate water balance (Ramsay, 1991).
Potassium, which is the main osmotically active cation in the intracellular space,
does not appear to play as pivotal a role as sodium in the maintenance of water
balance.

4.1.1.3 FUNDAMENTALS OF FLUID AND SOLUTE ABSORPTION

Absorption of water and solutes occurs almost exclusively in the small intestine.
Ingested fluids must cross the intestinal mucosal barrier before the water and con-
stituent solutes can be integrated into the body pool (Sladen, 1972). In the stomach,
there is little net absorption of water or solutes (Scholer and Code, 1954; Schiitz
and Kenedi, 1963); therefore the rate at which ingested fluid is delivered from the
stomach to the absorptive surface of the small intestine will influence how quickly
absorption will occur. Although some digestion of food occurs in the stomach, the
main site of hydrolysis of carbohydrates, proteins, and fats is the small intestine.
Prior to absorption, the complex components of the diet must be broken down into
their simpler, smaller, constituent molecules. It is these smaller molecules that are
absorbed across the intestinal mucosa and transported into the blood. Absorption of
solute from the intestinal lumen occurs by diffusion along electro-chemical gradients
and by specific transport mechanisms that are inserted in the brush border membrane
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of the epithelial cells of the intestinal villi. These transport mechanisms translocate
the specific molecules from the intestinal lumen across the cell membrane and into
the cytosol of the epithelial cell. A second carrier system, sited in the basolateral
membrane of the cell, then transports the molecule into the interstitium and into the
adjacent blood capillaries. Water uptake from the intestinal lumen is thought to be
caused by the absorption of solutes, creating an osmotic gradient suitable for net
water absorption.

In situations where rapid supply of exogenous nutrients or water is required, or
where the presence of unabsorbed dietary material may cause gastrointestinal dis-
tress, it is essential that any ingested beverage is emptied quickly from the stomach
and is rapidly and completely absorbed in the small intestine. The gastric emptying
rate of liquids is faster than that of solids, and solutions with a low energy content
empty more quickly than do those that are more energy dense. Therefore, nutrients
and water supplied as drinks are more rapidly absorbed and assimilated than if solid
foods are ingested. Properly formulated sports drinks are dilute carbohydrate solu-
tions containing relatively simple carbohydrates and a small amount of sodium
chloride. Their energy content ensures the minimum of delay in emptying from the
stomach while being capable of providing both sufficient water to delay dehydration
and enough carbohydrate to maintain blood sugar levels during prolonged exercise
(Coyle and Montain, 1992). The carbohydrate composition of sports drinks is typ-
ically a mixture of glucose, sucrose, maltose, and maltodextrins. In the small intes-
tine, glucose is directly absorbed by a specific transport carrier, while a range of
enterocyte-bound hydrolytic enzymes rapidly digest the disaccharides and polysac-
charides to their monomeric forms, which are then effectively transported across the
mucosa by carrier systems.

The carbohydrate content of sports drinks is formulated to produce a solution
that is essentially isotonic with normal human serum, while ensuring that sufficient
active solute absorption occurs to establish suitable osmotic gradients that cause net
water absorption in the small intestine. Although the inclusion of sodium chloride
in sports drinks may not be necessary to promote water absorption (see Section
4.3.4.4 for discussion regarding this point), it appears to improve palatability and
may be beneficial in maintaining the thirst response.

4.1.1.4 CoNSERVATION OF WATER, NUTRIENTS, AND
ELECTROLYTES BY THE INTESTINAL TRACT

At a conservative estimate, the small intestine receives about 7 to 10 liters of fluid
daily. Water derived from food and drink, as well as salivary, gastric, pancreatic,
biliary, and intestinal secretions, all contribute to this volume. The secretions are
required in the digestion and absorption of food and to maintain normal intestinal
function. If not reabsorbed, the secretions would constitute a massive loss of water
and electrolytes. Most of the water that enters the small intestine is absorbed in the
jejunum and ileum, and only about 600 ml of the total daily water load reaches the
colon. Of this volume, only between 100 to 200 ml of water is normally lost from
the body in the feces. Although the colon is thought to have a daily absorptive
capacity of about 2 to 3 liters, the volume of water loss in the feces is influenced
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by the amount of non-digestible components of the diet and by other osmotically
active solutes that constitute the fecal mass.

The digestion of foodstuffs mainly takes place in the proximal region of the small
intestine. Although digestive enzymes are present in the lumen of the small intestine,
the digestive enzymes bound to the brush border membrane of the enterocytes carry
out most of the digestive process (Silk and Dawson, 1979). Before being absorbed,
dietary carbohydrates must be hydrolyzed to monosaccharides, and proteins hydro-
lyzed to amino acids, dipeptides, and tripeptides. Absorption of the majority of nutri-
ents is normally complete during the passage of the chyme through the jejunum. The
products of digested nutrients are absorbed by specific transport carriers that are
thought to lie in proximity to the sites of the membrane-bound digestive enzymes (Silk
and Dawson, 1979). The enterocytes of the ileum also have the membrane-bound
digestive enzymes and transport carriers of the jejunal cells, but this region of the
intestine seems to act as a reserve in the event that not all the digestion and absorption
has taken place in the jejunum. In this way, very little digestible carbohydrate or protein
reaches the colon (Fordtran and Locklear, 1966; Phillips and Summerskill, 1967). In
the ileum and colon, the luminal concentrations of glucose and amino acids are
normally lower than those in the systemic circulation, but because of the relative
impermeability of the distal intestinal mucosa, there is little movement of nutrients
down their concentration gradients into the intestinal lumen.

The pre- and postprandial luminal contents of the healthy proximal small intes-
tine rapidly reach isotonicity with respect to plasma, and isotonicity is maintained
during passage along the entire small intestine, although the ionic constituents of
the luminal contents do change (Fordtran and Locklear, 1966; Phillips and Summer-
skill, 1967). After a nutrient-dense food or beverage passes through the pylorus into
the proximal small intestine, isotonicity is established by net movement of water
and electrolytes along osmotic and electrochemical gradients (Turnberg, 1973). This
process is facilitated by the relative permeability of the proximal small intestine to
water and electrolytes. In the duodenum, the main ions are sodium and chloride,
found in concentrations similar to that in serum (Table 4.1). During passage through
the jejunum and ileum, sodium and chloride are reabsorbed along with water. Water
and electrolyte reabsorption continues in the colon, resulting in almost complete
conservation of the body’s sodium and chloride pool. During this process, hydrogen
and potassium ions are exchanged for sodium, and metabolically derived bicarbonate
is exchanged for chloride (Turnberg, 1973).

TABLE 4.1
Approximate Daily Volume of Water and Electrolyte
Concentration in the Regions of the Intestine

Water Sodium Potassium Chloride Bicarbonate
(ml) (mmol/l) (mmol/l) (mmol/I) (mmol/l)
Jejunum 8500 145 5 100 0-25
Tleum 600 125 9 60 74

Colon 100 40 90 15 30
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4.2 GASTRIC EMPTYING OF FLUIDS

The stomach is the widest and most dilatable part of the alimentary canal; it receives
ingested material from the esophagus and empties it in a highly controlled manner
via the pylorus into the duodenum (Figure 4.3). Although varying in shape and
position in response to changes in posture, the stomach generally forms a J-shaped
sack, with the wide upper end near the diaphragm and the narrow lower end under
the liver. The esophagus enters the upper end of the stomach on the lesser curvature
by the cardiac orifice. Temporary relaxation of muscle tone in the area of the cardiac
orifice allows ingested material to enter the stomach, but normally the orifice is
closed to prevent air filling the stomach or acidic gastric reflux from damaging the
esophageal mucosa. Above the level of the cardiac orifice lies the dome-shaped
fundus, and below lies the body of the stomach. An angular notch about two-thirds
down the lesser curvature marks the approximate division between the body and the
pyloric region of the stomach. The pyloric region is further divided into the antrum
and the pyloric canal. Three layers of smooth muscle cover the stomach: an outer
longitudinal layer, a middle circular layer, and an inner oblique layer. The circular
layer covers most of the stomach, while the oblique layer is present in only two
bands lying on the anterior and posterior surfaces. Both the circular and longitudinal
layers increase in thickness toward the pyloric region of the stomach.

Lesser curvature  |——————#
Greater curvature

Duodenum

Pylorus

Pyloric region

FIGURE 4.3 Schematic diagram of the stomach.

The stomach can alter in capacity from about 50 ml when empty to more than
1000 ml when fully distended with only minimal changes in gastric pressure. This
occurs because the smooth muscle of the fundus and the proximal region of the
body of the stomach relax to accommodate the ingested volume. The distal portion
of the body of the stomach and pyloric region is less distensible, and this region is
where the most active gastric peristaltic waves occur. The distal region of the stomach
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is where the ingestate is mixed, solid food particles are mechanically reduced in
size, and the propulsive force is generated to empty the gastric contents into the
duodenum.

Ingested food and fluids are not immediately available for assimilation into the
body. The stomach stores the ingestate, initiates the degradation of complex food-
stuffs, and controls the rate at which the ingestate is delivered into the small intestine.
The rate at which food and beverage exits the stomach is regulated by central and
enteric autonomic neural activity, and by local and systemic hormones (Minami and
McCallum, 1984). These neural and hormonal influences govern the coordinated
contractile activity of the musculature within the walls of the stomach and proximal
small intestine (Burkes et al., 1985; Low, 1990), creating differences in pressure
between the gastric antrum and the duodenum. Absorption of ingested water and
the great majority of solutes occurs only in the small intestine; therefore, the rate
of absorption of a drink will be greatly affected by the rate at which it is emptied
from the stomach. Any delay in gastric emptying is detrimental to the effectiveness
of a drink in situations where the constituents of the drink need to be rapidly utilized
by the body. As discussed in detail later in this chapter, the volume of drink ingested
and the composition of the drink are important factors regulating the rate of gastric
emptying.

4.2.1 MEASUREMENT OF GASTRIC EMPTYING

There are several experimental methods for measuring the rate at which fluid empties
from the stomach. Each method has its advantages and disadvantages, and the
specific circumstances of the experiment dictate the method that is used to measure
gastric emptying (Maughan and Leiper, 1996). The following sections describe the
application of these methods to the study of the gastric emptying rate of sports drinks.

4.2.1.1 Intubation

There are several techniques that are included in this category. In all of the methods,
a tube is passed either orally or nasally and positioned in the stomach or duodenum
so that gastric or duodenal contents can be sampled. All the intubation methods are
invasive, and the population used in such studies is a self-selected group who can
tolerate the presence of the tube; however, the presence of the tube does not appear
to affect the rate of gastric emptying (Beckers et al., 1992).

In the single time point aspiration method, a known volume of test beverage is
either ingested or infused into the stomach, and after a specified time, the gastric
contents are aspirated as completely as possible. The difference between the volume
placed in the stomach and the volume aspirated from the stomach is taken as the
volume emptied during that period. The accuracy of this method depends on the
ability to recover all the volume in the stomach, and the ability to account for the
addition of saliva and gastric secretions. It is possible to measure the volume of
saliva and gastric secretions by adding a small amount of a non-absorbable marker
such as phenol red to the test beverage. Even then, when the complete aspiration of
gastric contents is used as a measure of gastric emptying rate, the assumption is that
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fluid empties from the stomach in a linear fashion. In fact, most solutions empty in
exponential fashion (i.e., rapid emptying for the first few minutes followed by slower
emptying as gastric volume diminishes) unless they have a high solute content
(Maughan and Leiper, 1996).

The serial time point method is an adaptation of the single time point method,
where the same volume of the same solution is repeatedly ingested and is completely
aspirated from the stomach after different sampling times. This method is used in
an attempt to identify the emptying curve of a given solution. This technique is
limited by the fact that the rate of gastric emptying is influenced to an unknown
extent by the fluid emptied into the intestine from the previous sample (via feedback
from receptors in the small intestine and hepatic-portal vein). If the testing is carried
out on different days, the day-to-day variability of the individual’s response makes
it difficult to place confidence in the results. Interestingly, all of the classical gastric
emptying studies carried out by Hunt and his colleagues used these two aspiration
techniques (Hunt and Knox, 1968).

The double sampling aspiration technique improves the ability to produce quan-
titative, reproducible data and has proved to be the most versatile method used in
studying the gastric emptying of liquids (Maughan and Leiper, 1996). Following
placement of a nasogastric tube, the stomach is washed with distilled water and the
gastric residue removed. A known volume of test solution, labeled with phenol red,
is then infused or ingested. Thereafter, following mixing of the stomach contents, a
small sample is aspirated from the stomach and analyzed for phenol red concentra-
tion. Withdrawing small samples of the gastric contents at regular intervals (e.g.,
every 10 min), along with subsequent infusions of small volumes of phenol red of
known concentration, allows for measurement of total gastric volume, gastric secre-
tions, and the volume of fluid emptied from the stomach (Beckers et al., 1988). The
double-sampling method has been successfully used in exercising subjects (Rehrer
et al., 1989; Ryan et al., 1998), an approach that is critical in assessing the efficacy
of sports drinks.

4.2.1.2 Scintigraphy

This is a non-invasive, indirect method of assessing gastric emptying that allows the
use of relatively small volumes of test solution (200-250 ml). However, scintigraphy
is limited by the requirement to minimize subject exposure to gamma radiation, but
this technique has the advantage of being able to assess the emptying rates of solids
and liquids simultaneously. In this technique, the test solution is labeled with a non-
absorbable, gamma-emitting radionuclide, and it is the emptying of this label from
the stomach into the small intestine that is monitored using a gamma camera. The
method allows the emptying pattern to be followed almost continuously. By using
either a dual head scanner or alternate anterior and posterior abdominal scans,
corrections can be made for the effects of tissue attenuation and scatter, improving
the precision of the method (Tothill, et al., 1978). The pattern of gastric emptying
of test solutions is similar whether assessed by the double sampling aspiration
method or by scintigraphy, although the actual rates tend to be slower when assessed
by scintigraphy (Beckers,et al., 1992).
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4.2.1.3 Epigastric Impedance

As with scintigraphy, this is a non-invasive, indirect method of estimating gastric
emptying. A small electrical current is passed between skin surface electrodes sited
in the epigastric region of the subject’s torso. Changes in the impedance to this
current depend on the conductivity of the ingested drink and the rate at which it
empties from the stomach. Results using this method appear to correlate reasonably
well with those obtained using scintigraphy and aspiration techniques (Maughan
and Leiper, 1996). There are no known hazards involved with this technique, but
the method is sensitive to body movements, reducing its application with physically
active subjects.

4.2.1.4 Ultrasonography

This non-invasive, indirect method of determining gastric emptying uses real-time
ultrasound to visualize the stomach or specific regions of the stomach. Changes in the
calculated volume of the stomach are used to assess gastric emptying. Gastric emptying
rate determined by ultrasound has been equated with those obtained by scintigraphy
(Holt et al., 1986). A skilled operator is required to make the ultrasound scans, and
the presence of gas in the stomach may make it difficult to obtain adequate images of
the stomach. Measurements are usually made with the subject supine. There are no
known hazards with this technique, but its use is limited to resting subjects.

4.2.1.5 Tracer Technique

The tracer technique is an indirect method of estimating gastric emptying that relies
upon measures of the time taken for a specific marker substance to appear in the
blood or breath (Maughan and Leiper, 1996). The marker is ingested with the test
solution and it is assumed that the marker empties from the stomach at the same
rate as that of the test solution, that it is not absorbed to any significant extent in
the stomach, and that it is rapidly absorbed in the proximal small intestine. With
tracer substances such as paracetamol or deuterium oxide, both of which can be
detected in the blood, it is assumed that rate of disappearance of the tracer from the
circulation is constant, and that there is little or no recirculation of the tracer from
other pools within the body. Tracers such as carbon-labeled bicarbonate, acetate, or
octanoic acid, which are detected in the breath using mass spectrometry, must first
be metabolized, enter the body’s bicarbonate pool, and then be excreted as carbon
dioxide in the breath. With such tracers, the additional delay between being absorbed
from the small intestine and appearing in the breath must be taken into account. The
tracer method is relatively non-invasive (requiring only venipuncture) and lends itself
to large-scale studies. However, the tracer method has not been compared with the
more established methods of assessing gastric emptying.

4.2.1.6 Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) is a non-invasive, non-radioactive method of
producing a three-dimensional image of the total stomach and the ingested meal
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volume. The number of transaxial slices of the abdomen and the acquisition times
greatly influence the sensitivity of the measurement. The time taken for a full scan
of the abdomen precludes this method for measuring rapidly emptying solutions.
The results of gastric emptying rates determined using MRI and both gastric
aspiration and scintigraphy have been shown to be comparable (Maughan and
Leiper, 1996). The costs of MRI, the relatively long acquisition times and the
positioning of the magnetic coil will probably restrict the use of this technique to
clinical use.

4.2.1.7 Radiography

This method of qualitatively estimating gastric emptying uses X-ray imaging and
thereby increases the risk of subjects receiving high levels of radiation. A radio-
opaque, heavy-metal contrast agent such as barium sulfate is ingested along with
the test meal. Serial images of the abdominal area are made and the emptying of
the radio-opaque compound from the stomach is recorded. The amount of contrast
agent in the stomach cannot be accurately determined from the radiograph and the
results are only qualitative (Minami and McCallum, 1984). In addition, it is by no
means certain that the emptying rate of the contrast agent is the same as that of the
test solution.

4.2.2 FAcCTORS AFFECTING GASTRIC EMPTYING

It is considered that the rate of gastric emptying is the main limiting factor in the
assimilation of ingested fluids. This is a prudent design feature of the human gas-
trointestinal tract because if the rate of fluid delivery from the stomach were to
exceed the absorptive capacity of the intestine, diarrhea would occur. Although
gastrointestinal disturbances are not uncommon during exercise, diarrhea does not
normally occur in most individuals during exercise.

Because of the complexity of the mechanisms that control the gastric emptying
process, it is not surprising that there is considerable inter-individual variation in
emptying rates (Beckers et al., 1991; Maughan and Leiper, 1996). However, most
individuals do appear to be relatively consistent in the rate at which they empty the
same solution on different occasions (Beckers et al., 1991). Many factors have been
shown to influence the rate of gastric emptying of solutions.

Apart from the receptors responding to the volume of the stomach, the majority
of receptors regulating gastric emptying are found in the duodenum (Hunt and Knox,
1968; Minami and McCallum, 1984) and ileum (Miller et al., 1981). These receptors
appear to function primarily by initiating neural and hormonal responses that modify
gastric and duodenal muscular tone and the frequency of contraction. The position
of the receptors in the small intestine suggests that their main function is to inhibit
gastric emptying and thus prevent the absorptive capacity of the intestine from being
overwhelmed. Most of the information is derived from studies on resting individuals
and many of these studies have used either single time point or serial time point
aspiration techniques. Where possible, emphasis will be given to studies that used
methods that more accurately follow the time course of emptying.
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4.2.2.1 Gastric Volume

The exponential nature of the gastric emptying curve indicates the importance of
the volume of the stomach in controlling the rate of emptying (Figure 4.4). Because
the stomach acts as a reservoir, it must be able to distend to accommodate the
ingestate while maintaining a relatively low intragastric pressure. This is accom-
plished by relaxation of the muscle tone in the fundus and upper body of the
stomach. It is the slow, sustained contractions that sweep from the proximal to
the distal regions of the stomach that mainly influence the pressure in the antral
area of the stomach, and these remain unaffected by the muscle tone of the upper
portion of the stomach (Wilbur and Kelly, 1973). Increasing the pressure in the
antral region increases the rate of gastric emptying of fluids (Struntz and Grossman,
1978). Increasing the volume of the gastric contents stimulates the activity of the
stretch receptors in the gastric mucosa, which in turn increases the intragastric
pressure and promotes faster emptying (Hunt and Spurrell, 1951; Minami and
McCallum, 1984; Noakes et al., 1991). It is the total volume in the stomach that
is important; this includes the volume of drink ingested, plus the volume of gastric
secretions and swallowed saliva.
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FIGURE 4.4 Typical gastric emptying pattern following ingestion of a single 600 ml bolus
of a dilute energy-containing drink.

Using the single-time-point technique, Costill and Saltin (1974) measured the
gastric volume 15 min after ingesting 200, 400, 600, 800, and 1000 ml of a 139
mmol/l glucose solution. A greater volume was emptied after ingestion of 600 ml
compared with 400 ml, which was greater compared with 200ml; there was no
difference in the volume emptied between 600 and 800 ml, but there was a tendency
for less volume to be emptied after ingesting 1000 ml. This suggests that there may
be an upper limit of gastric volume above which emptying rates may plateau or even
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slow (Noakes et al., 1991). It is also evident that the volume required to promote
the maximum gastric emptying rate for a given test solution will be highly variable
among individuals.

Research has demonstrated that repeated ingestion of test solutions will maintain
a high gastric volume and result in faster rates of gastric emptying than would have
been expected from the carbohydrate content of the drinks (Noakes et al., 1991).
Following ingestion of a single bolus of a liquid, there is an initial fast phase of
gastric emptying when the volume in the stomach is at its greatest and then the
emptying rate becomes progressively slower as the volume in the stomach decreases.
The rate of emptying is exponential, with a constant fraction of the volume in the
stomach emptied per unit time (Hunt and Spurrell, 1951; Rehrer et al., 1989). By
refilling the stomach at intervals, the volume in the stomach can be kept high and
rates of gastric emptying equivalent to that of the initial phase of emptying can be
maintained (Figure 4.5) (Rehrer et al., 1989; Mitchell and Voss, 1991). However,
care must be taken that the stomach is not overfilled, as this may result in gas-
trointestinal distress and a reduction in the rate of gastric emptying.
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FIGURE 4.5 The effect on gastric emptying of maintaining a high gastric volume by
repeated ingestion. Reher, et al., Gastric emptying with repeated drinking during running and
bicycling, Int. J. Sports Med., 29, 1725, 1988. Redrawn with permission.

4.2.2.2 Energy Density

Plain water empties rapidly from the stomach, while increasing the energy content
of ingested solutions slows the rate of gastric emptying. Somewhat surprisingly, the
rate of gastric emptying is regulated such that isoenergetic amounts of carbohydrates,
proteins, fats, or alcohol (Hunt and Stubbs, 1975; Calbet and MacLean, 1997; Leiper
et al., 1999) are delivered into the duodenum. The mechanisms whereby the regu-
latory system can detect as yet unmetabolized energy from a variety of sources is
at present unknown, but it is not the osmolality of the duodenal chyme or of
hydrolyzed meal nutrients that is the main factor (Brouns et al., 1995; Vist and
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Maughan, 1995). It is widely accepted that the receptors responding to energy density
lie outside the stomach; however, it is not known whether they are positioned on
the luminal or serosal side of the small intestine, or whether they respond to the
same stimulus for each nutrient (Thomas and Baldwin, 1968). While hyperglycemia
can slow gastric emptying and hypoglycemia can accelerate the emptying of nutrients
solutions, no hormone or gastrointestinal peptide has as yet been identified as the
equivocal regulator of gastric emptying of energy sources (Schvarcz et al., 1997).

It has been proposed that the control of gastric emptying of nutrient-containing
solutions ensures a constant rate of energy delivery of up to 9kJ/min (2.15 kcal/min)
to the duodenum (Brener, et al., 1983; Hunt et al., 1985). This is clearly not the case
for most beverages. The gastric emptying curve, other than when the energy density
is extremely high, tends to be exponential. This implies that while feedback control
from the duodenal receptors may operate to regulate a fixed rate of energy delivery
to the small intestine, the effect of the decrease in gastric volume slows the rate of
emptying to a greater extent than that mediated by the supply of nutrients.

The main nutrient source in most sports drinks is carbohydrate and the majority
of studies examining the effects of energy content on gastric emptying have used
carbohydrate solutions. It is now well recognized that solutions with a carbohydrate
content of 2.5% or less empty from the stomach at essentially the same rate as that
of equal volumes of water, and most studies have shown that carbohydrate levels at
or above 6% unequivocally slow emptying (Maughan, 1997). Even glucose concen-
trations of 4 to 5% produce small but significant slowing of emptying (Costill and
Saltin,1974; Vist and Maughan, 1994). There are studies that have found no differ-
ence in the gastric emptying rate of water and carbohydrate solutions of up to 10%,
but most of this disparity is probably due to individual study design (Maughan,
1997). Increasing the carbohydrate content of solutions slows the rate of gastric
emptying in proportion to the energy density, but it normally results in a faster rate
of carbohydrate delivery to the duodenum.

4.2.2.3 Osmolality

J.B. Hunt recognized that energy density was crucial in the regulation of gastric
emptying and that isoenergetic amounts of all the macronutrients were emptied at
the same rate. He considered that it was the osmolality of the solution that was
detected by the gut and proposed that osmoreceptors in the small intestine were
instrumental in regulating emptying (Hunt and Knox, 1968). While it is clear that
osmolality is a major controlling factor for solutions with no nutrient content, this
is unlikely to be the case for fluids containing energy.

It can be argued that complex carbohydrate, proteins, and fats will have the same
slowing effect on gastric emptying as isoenergetic solutions of their respective
hydrolysis products if complete hydrolysis occurs before reaching the osmorecep-
tors. However, it is unlikely that isoenergetic amounts of the hydrolysis products of
carbohydrates, proteins, and fats would each elicit the same osmotic response and,
additionally, that this osmotic response would be the same as that of isoenergetic
amounts of ethanol. This is because of the difference in energy content and molecular
weight among carbohydrates, amino acids, fats, and alcohol. For example, a solution



Gastric Emptying and Intestinal Absorption 105

containing 1gram/l of glucose has an osmolality of 5.6 mosmol/kg and an energy
content of 17.5 kJ/I (4.2 kcal/l), whereas a solution containing 1gram/l of ethanol
has an osmolality of 21.7 mosmol/kg and energy content of 29.7 kJ/I (7.1 kcal/l).

Substitution of maltodextrins (glucose polymers) for glucose monomer reduces
the osmolality of the solution while maintaining the total carbohydrate content.
Several studies have examined the effect on gastric emptying of replacing glucose
monomer with maltodextrin, but the findings are not consistent. Most investigations
have found little or no difference in the rates of gastric emptying of isoenergetic
solutions of glucose monomers compared with maltodextrins, despite the often large
differences in osmolality (Maughan 1997; Brouns et al., 1995). This lack of differ-
ence implies that hydrolysis of the maltodextrins occurs before reaching the small
intestinal osmoreceptors; therefore, the osmolality of the isoenergetic solutions are
in fact equal at the point where they come in contact with the regulating osmore-
ceptors (Hunt and Knox, 1968). In one study, a 15% maltodextrin solution emptied
faster than a 15% glucose monomer solution, but there was no difference in the
emptying rates of 5% and 10% solutions of glucose monomer and maltodextrin,
respectively. Furthermore, the differences in gastric emptying could not be explained
solely by the differences in the initial osmolality of the solutions (Sole and Noakes,
1989). The addition of sodium chloride and potassium chloride with a combined
osmolality of up to 336 mosmol/kg to a 15% maltodextrin solution with an initial
osmolality of 114 mosmol/kg did not significantly affect gastric emptying compared
with the maltodextrin solution without electrolytes (Rehrer et al., 1993). Consensus
opinion at present is that the energy density of the solution exerts a greater effect
than osmolality in the regulation of gastric emptying, and that substitution of mal-
todextrins for glucose monomer, especially at high energy densities, may slightly
increase the rate of gastric emptying (Vist and Maughan, 1995).

4.2.2.4 Beverage Temperature

Nerve conduction and muscle motility are both sensitive to changes in temperature,
which suggests that gastric emptying may be affected by the temperature of the
ingested drink. Costill and Saltin (1974) found that gastric emptying, measured 15
min after ingestion of carbohydrate drinks, was slightly faster for cold solutions
(5°C) than for warm (35°C). Others have reported that cold (4°C) or hot (50°C)
drinks empty more slowly during the first 10 min after ingestion than does the same
drink ingested at body temperature (Sun et al., 1988). Lambert and Maughan (1992)
reported that there was a slightly greater blood concentration of the tracer used to
estimate gastric emptying five min after ingesting the hot (50°C) solution than after
drinking the same solution cold (4°C); thereafter, there was no difference in the
circulating concentration of the tracer between the two treatments. This suggests
that the intragastric temperature rapidly returns to normal body temperature (Sun et
al., 1988) and that the temperature of the ingested solution has little effect on the
overall rate of gastric emptying. The rate of recovery of intragastric temperature will
depend on the temperature of the drink, the volume consumed, and the thermal
capacity of the solution. In situations where the gastric volume is maintained at a
high level by repeated ingestion, the temperature within the stomach may not be
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able to recover sufficiently and emptying may be inhibited, although this supposition
has not yet been tested. An additional important factor, as described in Chapter 3,
is that the palatability of drinks is influenced by the temperature at which they are
served, and this will influence the volume that is voluntarily consumed.

4.2.2.5 Beverage pH

The pH within the stomach is normally acidic, and as the chyme moves into and
along the proximal small intestine, the acid is neutralized by the duodenal and
pancreatic secretions. In a series of experiments, Hunt and his colleagues demon-
strated that it was not the pH of the fluid that determined the rate of gastric emptying,
but the concentration and type of acids present (Hunt and Knox, 1968). Weak acids
were not necessarily less effective than strong acids, but low-molecular-weight acids
were associated with greater inhibition of gastric emptying than high-molecular-
weight acids (Hunt and Knox, 1968). The types and concentrations of the mainly
organic acids (e.g., citric acid) found in most sports drinks are unlikely to affect the
gastric emptying rate of these beverages.

4.2.2.6 Exercise

Several mechanisms have been proposed whereby exercise intensity may affect the
rate of gastric emptying, but there is little evidence to suggest which of these factors
plays the major role (Murray, 1987). When discussing the possible effects of exercise
on gastric emptying, the mode, intensity, and duration of the exercise are of funda-
mental importance. A number of studies have confirmed the findings of Costill and
Saltin (1974) that cycle exercise at an intensity below about 70% of an individual’s
VO, ..« has little effect on gastric emptying; increasing the intensity above this level
produces progressive, significant slowing of the emptying rates of ingested fluids
(Maughan 1991). The majority of studies that have examined the effect of prolonged
moderate exercise of up to 3 hours on gastric emptying have shown that high gastric
emptying rates can be sustained during this type of exercise (Maughan, 1991), even
in the heat (Ryan et al., 1989). One study has reported that a previously induced
hypohydration of about 2.7% of body mass did not significantly affect gastric
emptying or intestinal absorption of ingested fluids during cycle exercise at 65 %
of VO, ... (Ryan et al., 1998). Other studies, however, have indicated that both
hypohydration and hyperthermia can slow gastric emptying (Neufer, et al., 1989;
Rehrer et al., 1994

Upright exercise, such as walking or running, at intensities between 28% to 70%
VO, ..« has been shown to stimulate gastric emptying compared with rest, but
emptying was slower than at rest when running at 75% VO, ., (Neufer, et al., 1989).
Others, however, have found either no difference or a slowing in gastric emptying
rates with treadmill running at relatively moderate exercise levels compared with
rest (Maughan, 1991). The differences in findings among these studies may be due
to variations in the composition of the drinks used or of the differences in study
protocols. There are few studies that have directly compared gastric emptying during
running and cycling exercise. The results from those that have done so suggest that
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there is no significant effect on gastric emptying of the mode of exercise (Rehrer et
al., 1990).

At high levels of exercise intensity known to inhibit gastric emptying, the
exercise duration is usually too short for any benefit to be derived from fluid ingested
during the exercise (Maughan, 1991; Shi and Gisolfi, 1998). During many sports
and other forms of physical activity, however, the period spent exercising is pro-
longed, while the exercise is intermittent and the intensity is varied. Many of the
factors that have been shown to induce fatigue during prolonged constant-intensity
exercise have the same effect on intermittent exercise of sufficient duration (Shi and
Gisolfi, 1998). It has been assumed that in most forms of intermittent exercise, the
time spent at relatively low levels of activity is sufficient to allow appropriate
amounts of any ingested drink to be emptied from the stomach and absorbed, and
that the time spent sprinting will have little effect. However, in many instances
involving intermittent exercise, the overall intensity of physical activity might be
expected to delay gastric emptying. For example, the average intensity of effort in
top-level soccer has been reported to be above 70% VO, ... (Bangsbo, 1994).

In a recent unpublished study in our laboratory, gastric emptying rates of a sports
drink were measured while subjects sat at rest, exercised on a cycle ergometer at a
constant power output equivalent to 66% of their VO, ., or undertook intermittent
high-intensity cycle exercise with an overall average intensity of either 66% or 75%
of their VO, ... The lower-intensity, intermittent exercise consisted of cycling at a
power output of 60% VO, .., interspersed every 10 min with three 30-second sprints
at 100% VO, ... The higher-intensity intermittent exercise consisted of cycling at
a power output of 70% of VO, ., interspersed every 10 minutes with three 30-
second sprints at 100% VO, ... Over the initial 10-minute period following inges-
tion, no difference in the volume remaining in the stomach could be detected among
trials (Table 4.2). Thereafter, the rate of gastric emptying was similar on the rest
and constant-power-output trials, which were both faster than on the low-intensity,
intermittent exercise trial, which was faster than on the high-intensity, intermittent
exercise trial. This study suggests that intermittent sprint exercise at intensities that
might occur during many competitive sports can slow the rate of gastric emptying
relative to rest and continuous moderate physical activity. Therefore, individuals
may have to develop new drinking strategies when undertaking physical activity that
includes bouts of high-intensity sprinting. The use of very dilute drinks that are
known to empty rapidly, or practicing drinking while carrying out sprint training
are possible solutions to this potential problem.

4.2.3 ADAPTATIONS TO CHANGES IN FLUID INTAKE AND
NUTRIENT CONTENT

Anecdotal evidence suggests that, by practicing drinking larger volumes both at rest
and during exercise, individuals can increase their gastric capacity and can improve
their tolerance to exercising with a relatively full stomach. It is known that the gas-
trointestinal tract is a highly adaptable organ. Several studies in animals have indicated
that the composition of the previous meal may influence the gastric emptying. In one
study in humans, supplementing the normal diet with 440 g/d of glucose for between
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TABLE 4.2
The Median Test Drink Volume in the Stomach at
Each 10-Min Sampling Point

Test Drink Volume Remaining in the Stomach (ml)

Time (min) R C66 166 175
0 600 600 600 600

10 457 474 556 538

20 303 283 393 497

30 213 211 269 351

40 144 119 198 297

50 95 50 149 272

60 27 14 98 153

Note: R: rest trial; C66: the continuous steady state exercise trial at
66% VO, ,...; 166: the intermittent exercise trial at 60% of VO, ., with
sprints at 100% of VO, ., ; I75: the intermittent exercise trial at 70%
of VO, .., with sprints at 100% of VO, ...

4 to 7 days promoted improved rates of gastric emptying of both glucose and fructose
(Horowitz et al., 1996). It may be that some of the interindividual variation seen in
gastric emptying may be caused by the previous diet of the individuals. It appears that
the gastrointestinal tract can undergo a degree of training that might allow individuals
to alter their usual gastric emptying pattern or overcome gastrointestinal distress during
exercise. Any alteration in the volumes or type of beverage consumed is best practiced
during training rather than in competition.

4.3 INTESTINAL ABSORPTION

The structure and functional architecture of the small intestine is ideally designed
for absorption while presenting a barrier to potential noxious chemicals and
organisms. The major barrier for transport across the intestinal mucosa is the
phospholipid bilayer of the epithelial cells of the villi and the intercellular junctions
between those cells (Sladen, 1972). Lipid-soluble solutes can readily permeate
cell membranes, are translocated through the cell, and pass across the basal
membrane on the serosal side into the lymphatics or portal vein (Dawson, 1972;
Guandalini, 1988). Water and water-soluble solutes require different mechanisms
to cross the intestinal mucosa. Embedded in the brush-border membrane of the
enterocytes (in the columnar epithelial cells lining the intestinal villi) is a variety
of transport carriers with different degrees of specificity. These transport carriers
unidirectionally translocate carbohydrate monomers, amino acids, dipeptides, and
tripeptides from the luminal surface into the cytoplasm of the cell (Crane, 1965;
Silk and Dawson, 1979; Guandalini, 1988; Wright et al., 1986). This transport is
often linked with sodium transport; in fact, sodium plays a pivotal role in the
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absorption of many organic and inorganic solutes (Murer and Burckhardt, 1983;
Sladen, 1972) and, as an osmotically active transportable solute, it has a major
influence on water absorption (Sladen, 1972). The current concept of net water
movement is that water flux is passive and dependent on osmotic, hydrostatic, and
filtration pressures. Water absorption from the intestine is considered to be a
passive consequence of solute absorption, resulting from local osmotic gradients
that promote net uptake of water from the lumen across the intestinal mucosa
(Sladen, 1972; Hallbidck et al., 1980; Jodal and Lungren, 1986).

4.3.1 MEASUREMENT OF INTESTINAL ABSORPTION

Many methods have been described to study intestinal absorption in animals and
man (Sladen, 1975). In man, both in vivo and in vitro techniques have been employed
in intestinal studies.

4.3.1.1 Tissue Culture Techniques

In man, tissue material for study has been collected from biopsy of the intestinal
mucosa or from resected segments of intestine. The tissue used, although morpho-
logically normal, is often removed from patients with a localized disease of the
intestine. However, the use of healthy animal tissue has confirmed the validity of
these techniques. Absorption and transport have been studied using everted segments,
rings, and sacs of intestine. Pieces and sheets of intestine, isolated enterocytes, and
isolated brush-border vesicles have also been used. Measurement of absorption rates
has involved detecting the movement of test solute and fluid from the mucosal to
the serosal surfaces. The methods of detection have involved gravimetric, chemical
and radio-isotopic methods, and measurement of transmucosal electrical fluxes. The
use of short-circuit clamping has allowed the measurement of solute transport rates
independent of the electrical gradients to be made.

In vitro tissue preparations are open to the criticism of having no blood, lymph,
or nerve supply. Often there is no adequate removal of transported solute from the
serosal surface and concentration gradients build up in the tissues; it is, therefore,
only during the initial stages of transport that the kinetics can be accurately studied.
However, in vitro methods have the advantage of there being only a limited number
of uncontrollable variables, and basic cellular and subcellular mechanisms can be
more thoroughly investigated.

4.3.1.2 Tracer Techniques

In conscious man, tracer methods involve measuring the disappearance of a test sub-
stance from the intestine or the appearance of the test substance in the blood, tissues,
urine, or feces. These methods usually involve ingestion of a single bolus of the test
solution containing the tracer followed by repeated sampling of blood, urine, or breath.
Examples of tracers that have been used in this way are deuterium oxide as a marker
for water, 3C or “C labeled carbohydrates, and isotopically labeled electrolytes.
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4.3.1.3 Whole Gut Balance Method

This method measures the difference between the amount of test substance ingested
and the amount excreted, assuming that only minimal secretion of test substance
occurs from the tissues. The test substance may be given as a single bolus or as
repeated doses until steady state conditions are established. Such balance methods
are dependent on complete collection of urine and feces, and the rate of colonic
emptying is an important factor. Transit time through the gastrointestinal tract may
be in excess of 5 days (Sladen, 1975). The effect of colonic bacteria in the degra-
dation or synthesis of the test substance must also be considered.

4.3.1.4 Whole Body Retention Method

This technique usually involves the ingestion of a single bolus of a test substance
containing a radioactive label. Using whole body counters, the activity of the label
is measured at intervals. The unabsorbed material is excreted in the feces and the
whole body count decreases. A steady plateau of activity is reached when all the
unabsorbed test substance is excreted (Sladen, 1975). This method gives a direct
estimate of the fractional retention of a substance in the body and does not require
collection of blood. However, the method does not give a measure of absorption or
recycling rates, and it is assumed that the labeled and non-labeled forms of the test
substance are handled in the same way by the body.

4.3.1.5 Intestinal Segment Methods

These methods require the subject to be intubated, allowing fluid and solute absorp-
tion to be measured at various levels along the gastrointestinal tract. Absorption is
measured as the difference between the amount of test substance introduced into
the intestinal segment and the amount that is subsequently recovered further down
the lumen. The use of non-absorbable markers allows studies to be made without
quantitative recovery of all luminal contents. In the single-bolus method, after the
correct placement of the collection tube in the intestine, the test solution with a non-
absorbable marker is ingested. Small samples of the intestinal contents are subse-
quently aspirated via the tube at different sites along the intestine. The assumption
is made that both test substance and marker mix uniformly in the intestine and that
the sample fluid collected is representative of all the fluid passing the sample sites.

The isolated segment method utilizes two balloons set at a fixed distance apart
along a tube positioned in the intestine. When the two balloons are inflated they
effectively isolate a fixed length of intestine and the test solution containing a non-
absorbable marker is then passed into the segment of intestine. Absorption rates can
be calculated from changes in the marker concentration in the fluid that is recovered
after a known time interval. Any leakage of fluid into or out of the segment invalidates
the results. The distention of the intestine by the balloons may cause distress to the
subject and may affect intestinal blood flow, motility, and hormone regulatory control
of the intestine.
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4.3.1.6 Intestinal Segment Perfusion Methods

The steady state perfusion technique is considered by many to be the only satisfactory
method of studying regional absorption of water and rapidly transported solutes in
the intact human (Sladen, 1975). Net absorption is the balance between the bi-
directional transport of a substance from the intestinal lumen into the mucosa and
from the mucosa into the intestinal lumen. Net absorption occurs only if the rate of
influx is greater than the rate of efflux of the test substance.

The basic perfusion technique involves having the subject swallow the weighed
end of a double lumen perfusion tube that is then positioned, under fluoroscopic
control, in the part of the intestine under investigation. The test solution, warmed
to 37°C and containing a non-absorbable marker, is perfused at a constant rate
through the proximal orifice of the tube into the intestine. The test solution passes
unimpeded through the intestine and is sampled via the distal orifice from another
lumen of the tube. Once steady state conditions are established, absorption or
secretion rates can be calculated from the perfusion rate and from the change in
solute and marker concentration between the two orifices. The results are expressed
per unit time per unit length of intestine perfused. To obviate the necessity for
quantitative recovery of the luminal contents, the use of a non-absorbable marker
and steady state conditions are essential. The period required to establish a steady
state is variable and must be assessed in each experimental situation (Sladen, 1975).
In steady state, the amounts of non-absorbable marker entering and leaving the
intestinal segment are equal; therefore, differences in the concentration of the marker
sampled between these two points are due to the net movement of water across the
mucosa of the intestinal segment. True steady state conditions are rarely attained in
the intestine and, in practice, collections of 10 to 15 min each are made over a
prolonged period to minimize the effect of short term variations within the perfused
intestinal segment. For practical purposes, steady state conditions can be said to
exist when the concentration of the non-absorbable marker of consecutive collections
deviates by 10% or less of the mean marker concentration of the samples (Sladen
and Dawson, 1970). The accuracy of the perfusion method is affected by the uni-
formity of mixing of the test and marker substances with the intestinal contents, by
changes in the flow and composition of the succus entericus above the perfusion
orifice, and by variations in the reflux of the luminal contents (Sladen and Dawson,
1970; Modigliani and Bernier, 1971). Two modifications to the basic perfusion set
have been used to reduce these problems.

The first modification was the introduction of a third tube to the perfusion set,
and this tube carries a second aspiration port. Once this triple-lumen perfusion set
is correctly positioned in the intestine, the test solution is perfused into the intestinal
lumen via the proximal perfusion port and is sampled at two distal points, thereby
allowing for mixing of both refluxing fluid and the proximal endogenous intestinal
secretions with the perfusate. Sampling from the proximal aspiration port allows the
composition and flow rate of fluid entering the test segment to be accurately deter-
mined. Absorption in the test segment is calculated from the difference between
concentrations of solute collected from the proximal and distal aspiration ports
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(Leiper and Maughan, 1988a). In this method, modifications to the original test
solution occur to a variable extent so that rigid control of the composition and flow
rate entering the test segment is impossible. However, these changes in the test
solution are known, and absorption of water and solutes from the altered solution
is easily calculated.

The second modification was the introduction of a balloon fixed proximal to the
perfusion port. Once the perfusion set is correctly positioned, the balloon is inflated
sufficiently to occlude the intestinal lumen above the test segment that is to be
perfused. An aspiration port proximal to the balloon is used to collect the proximal
intestinal secretions and is also used to inject a colored marker to test that the balloon
is occlusive. Perfusion of the test solution and collection of the luminal contents
that have passed through the perfused segment are made via the perfusion port. The
use of the occlusion balloon excludes proximal intestinal secretions and proximal
refluxing of the perfusate. There are criticisms of this technique. The adequacy of
luminal occlusion must be continually checked and inflation of the balloon can cause
intestinal distress to subjects. The presence of the inflated balloon may alter blood
flow, hormonal regulation, and peristalsis.

However, no significant differences in the assessment of absorption have been
demonstrated between the two techniques (Sladen and Dawson, 1970; Modigliani
and Bernier, 1971). Compared with the occlusive-balloon technique, the triple-lumen
perfusion method is considered simpler to manage and may cause less stress to the
intestine, and for those reasons, this method has been extensively used. The steady
state perfusion method has been used to study mechanisms of water absorption and
solute exchange throughout the intestine both at rest (Sladen, 1975) and during
exercise (Gisolfi et al., 1991). Although there are large interindividual variations in
water and solute absorption, the reproducibility of the method appears good (Leiper
and Maughan, 1991). The method is limited by the requirement to minimize the
radiation dose given during fluoroscopic positioning of the perfusion set in the
intestine and by the ability of individuals to successfully pass the perfusion set into
their intestine and to tolerate its presence in their gastrointestinal tracts, particularly
during exercise.

4.3.2 REeGIONAL DIFFERENCES IN INTESTINAL FUNCTION

The stomach contents that are delivered to the duodenum are rapidly brought into
osmotic equilibrium with the circulating plasma. This appears to be brought about
by movement of water and electrolytes into or out of the intestinal lumen along
osmotic and electrochemical gradients (Sladen, 1972). The proximal small intestine,
comprising the duodenum and upper jejunum, is relatively permeable to water and
electrolytes, and movement in either direction across the mucosa is dependent on
the prevailing gradient for the specific molecule. In comparison, the ileum is less
permeable to water and electrolytes, and the colon is less permeable than the ileum.
In the human jejunum, for example, net sodium absorption occurs only when the
sodium chloride concentration of an isotonic solution is 127 mmol/l or greater, there
being a net efflux of sodium into the jejunal lumen at lower concentrations. In the
ileum, however, sodium is absorbed from luminal solutions of 115 mmol/l of sodium
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chloride (Phillips and Summerskill, 1967). The addition of relatively small amounts
of actively transported sugars that need not be capable of being metabolized greatly
enhances sodium uptake by the jejunal mucosa, but not by the ileal mucosa (Phillips
and Summerskill, 1967). In the jejunum, absorption of chloride appears to be deter-
mined by water and sodium transport rather than by a specific transport mechanism.
In the ileum, however, chloride is actively absorbed even against strong chemical
gradients by a directly linked anion exchange mechanism, with chloride being
exchanged for bicarbonate (Turnberg, 1973). This exchange mechanism does not
operate in the jejunum, the predominant site of both chloride and bicarbonate
absorption (Sladen, 1972).

4.3.3 ABSORPTIVE MECHANISMS

Two transcellular and one intercellular route have been proposed to explain the
absorption of water and hydrophilic solutes across the intestinal mucosa of the
proximal small intestine (Phillips and Summerskill, 1967; Sladen, 1972). Taking
advantage of these routes of absorption is of critical importance in formulating sports
drinks to optimize the rate of fluid and solute absorption.

One transcellular route is the polar route via water-filled pores that penetrate
the enterocyte membrane. Studies using molecular probes of different dimensions
have given estimates of an effective pore size of between 6.7 to 8.8 daltons in the
jejunum and 3 to 3.8 daltons in the ileum (Fordtran et al., 1965). Because the surface
of these pores carries an electrical charge, both the three-dimensional size and the
charge of the molecule will influence the effective permeability. These pores are
thought to be important routes that allow water and electrolytes to cross the mucosal
barrier by osmotic and hydrostatic gradients and by diffusion along electrochemical
gradients. The comparatively large physical size of monosaccharides and amino
acids prevents their access via the polar route.

The second transcellular route involves the carrier mediated transporter systems
that are embedded in the brush-border membrane of the enterocytes. These carriers
are thought to bind to solutes on the luminal surface, translocate them across the
brush border membrane, and release the solute within the cell cytosol. The carrier
molecule, freed from its substrate, then relocates itself to the luminal side of the
membrane (Turnberg, 1973). Carrier transport is specific to individual molecules or
to a group of similar molecules. For example, the carrier mechanism that transports
glucose is equally effective in transporting galactose, but is not involved in the
transport of fructose or lactose. There are families of carrier mechanisms that have
different specificities for neutral, acidic, and branched chain amino acids, and for
small peptides (Silk and Dawson, 1979). Movement of solute against an electrical
or concentration gradient requires energy, and the term active transporters has been
used to describe carrier mediated systems that are energy dependent and capable of
moving solute against a concentration gradient. Active transporters use the electro-
chemical potential gradient of a co-transported cation, which is usually sodium, to
supply the required energy; therefore, they are ultimately dependent on the activity
of the sodium potassium ATPase pump located in the basolateral membrane of the
enterocytes (Crane, 1965; Silk and Dawson, 1979; Guandalini, 1988; Wright et al.,
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1986). Other carriers, termed diffusion facilitated transporters, are driven by
concentration differences favoring absorption of a specific solute, but the carrier
mechanism increases the rate of transport compared with simple diffusion (Gould
and Holdman, 1993; Silk and Dawson, 1979). Facilitated diffusion transporters are
energy- and sodium-independent, but they are less efficient, especially at relatively
low solute concentrations, than are the active transporters. While glucose is mainly
absorbed by being actively co-transported with sodium by the transporter SGLT1,
the facilitated diffusion transporter GLUTS absorbs fructose. In addition to the brush-
border transporter systems, there are a number of electrically neutral ion exchange
mechanisms and ion co-transport systems sited in the enterocyte membrane. In the
jejunum, sodium and chloride are transported into the enterocyte via a dual-coupled
antiport system involving hydrogen and bicarbonate ions (Murer and Burckhardt,
1983). In the ileum, chloride enters the enterocyte in exchange for bicarbonate
(Murer and Burckhardt, 1983).

The intercellular route occurs through the tight junctions between the enterocytes
at the luminal side of the lateral edge of the cells. The outer leaves of the adjacent
plasma membranes appear fused and no intercellular space can be discerned. This
area is often referred to as the tight junction. Below this junction, the lateral mem-
branes diverge to form the intracellular lateral space that opens into the interstitial
space of the villus core. The perijunctional actomyosin ring of the intestinal tight
junctions can be activated to increase or decrease the permeability of the intercellular
junction. Activation of any of the active transporters causes the tight junctions to
become more permeable to water and solute (Madara and Pappenheimer, 1987).

Water absorption from isotonic luminal fluid is mainly a passive consequence
of solute absorption that establishes a local osmotic gradient that promotes the net
uptake of water from the intestine. A number of different models have been proposed
that couple solute and water absorption in the absence of, or against, moderate
osmotic gradients. In each paradigm, active uptake of nutrients and/or sodium
initiates an osmotic gradient that causes an increase in the lumen-to-mucosa water
flux (Curran and MaclIntosh, 1962, Fordtran et al., 1968; Jodal and Lungren, 1986;
Pappenheimer and Reiss, 1987). The main differences among the various models
are the influence that sodium has on establishing the osmotic gradient (Fordtran et
al., 1968; Jodal and Lungren, 1986) and the relative importance of the paracellular
convective flow of water, produced by the osmotic gradient, in determining overall
absorption rates (Fordtran et al., 1968; Jodal and Lungren, 1986; Pappenheimer and
Reiss, 1987). It is, however, clearly established that the intestinal absorption of
solutes, such as glucose, does promote net water uptake, which in turn increases the
non-selective transport of additional solute from the intestinal lumen. This knowl-
edge underscores the importance of glucose as a key functional ingredient in a
sports drink.

4.3.4 FACTORS AFFECTING INTESTINAL ABSORPTION

The majority of studies that have investigated the factors that affect intestinal absorp-
tion in man have used steady state perfusion methods in a segment of intestine.
While the presence of the perfusion tubes in the intestine is not thought to influence
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the results (Modigliani and Bernier, 1971), measurements are made in a relatively
short segment of the intestine and it is unlikely that the steady state conditions
required by the technique normally occur post-prandially in the intestine. Absorption
of solute by active and passive means promotes water absorption, and the flow of
water through the tight junction can act as a conduit conveying a heterogeneous
sample of the intestinal contents across the intestinal mucosa by solvent drag.
Therefore, absorption of both water and solute are closely related and each can assist
the absorption of the other.

4.3.4.1 Intestinal Flow Rate

As previously mentioned, the normal pattern of gastric emptying is exponential
following ingestion of a beverage. Therefore, the flow rate through the intestine is
variable. In the steady state perfusion method, although the rates of perfusion (5 to
15 m/min) are similar to gastric emptying rates, the flow rate is held constant. It is
also possible for subjects to ingest beverages at a frequency and volume that maintain
relatively constant rates of gastric emptying that can be relied upon for calculating
fluid and solute flux in the proximal small intestine (Lambert et al., 1996).

Perfusion studies have shown that increasing the perfusion rate in the intestinal
segment produces greater absorption of water and solute; however, this phenomenon
appears to be due to the increase in the absolute solute load in the intestine rather
than the greater fluid volume (Modigliani and Bernier, 1971).

4.3.4.2 Nutrient Type and Concentration

The major nutrient source in sports drinks and oral rehydration solutions is carbo-
hydrate in the form of glucose monomer or polymer (i.e., maltodextrins). Several
studies have shown that the rate of increase of glucose absorption in the human
jejunum appears to plateau as the glucose monomer content in the lumen approaches
about 200 mmol/l (Sladen and Dawson, 1969; Modigliani and Bernier, 1971).
Although greater glucose monomer concentrations are associated with luminal
hypertonicity and reductions in water absorption, rates of glucose absorption still
tend to increase, at least up to a glucose concentration of around 555 mmol/l
(Pappenheimer and Reiss, 1987). It is thought that the majority of glucose absorption
up to the 200 mmol/l concentration is due to the active Nat*-glucose transporters
(SGLT1), which become fully saturated above this concentration; thereafter, the
gradual increase in glucose absorption is caused either by diffusion down the con-
centration gradient or by solvent drag. Whether the additional glucose uptake is the
result of diffusion or solvent drag, it is likely that the route of absorption is through
the tight junctions. Although glucose absorption tends to increase with increasing
luminal concentration, the main effect on glucose and water absorption occurs with
perfusion solutions with a glucose content of about 200 mmol/l (i.e., 3.6% glucose
wt/vol).

The substitution of disaccharides or maltodextrins for equimolar amounts of
glucose monomers has been reported to increase glucose absorption (Jones et al.,
1987; Silk and Dawson, 1979). While most hypotheses have stressed an improved
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rate of binding between the Na*-glucose transporter and the hydrolysis products of
maltodextrins, others have suggested that membrane-bound digestion results in a
high local concentration of glucose monomer from which non-specific paracellular
(intercellular) absorption occurs. However, it is not a universal finding that glucose
absorption is faster from maltodextrins than from equivalent concentrations of glu-
cose monomers (Shi et al., 1995; Sladen and Dawson, 1969). The majority of
evidence would suggest that glucose absorption is similar from glucose monomer
solutions and mixtures of maltodextrin solutions that are equimolar and isotonic.
Because solutions containing maltodextrins have a lower osmolality than those of
equivalent amounts of glucose monomer, water uptake is faster from the low-
osmolality maltodextrin solution and more carbohydrate may be non-specifically
absorbed by solvent drag (Leiperet al., 1994).

Sucrose has been suggested as a disaccharide that may potentiate carbohydrate
absorption because fructose, one of its two hydrolysis products, is absorbed by a
facilitated transport mechanism (GLUTS), which is not utilized for glucose uptake
(Shi et al., 1995; Gray and Ingelfinger, 1966). Therefore, it is less likely that the
Nat*-glucose transporters will become saturated and each of the two different
monosaccharides will not interfere with the absorption of the other. The results from
perfusion studies using sucrose or mixtures of glucose and fructose have been
equivocal on this issue. Total carbohydrate uptake from sucrose or the monosaccha-
ride mixtures tends to be similar to that from equimolar amounts of glucose monomer
(Gray and Ingelfinger, 1966; Jones et al., 1987; Leiper et al., 1996). One study,
however, reported faster carbohydrate uptake from a mixture of glucose and fructose
than from an equivalent amount of either glucose or sucrose (Shi et al., 1995). Some
studies have shown that water absorption from sucrose solutions is slower than from
equimolar glucose solutions (Leiper et al., 1996; Wheeler and Banwell, 1986). This
may result from an increase in luminal osmolality produced by an accumulation of
fructose (fructose is absorbed at about two-thirds the rate of an equivalent concen-
tration of glucose) or because the transporter GLUTS5 does not co-transport sodium,
resulting in less total solute absorption and a reduced osmotic gradient. This is not
a universal finding, however, as others have shown that water uptake can be faster
from sucrose solutions than from solutions with an equivalent amount of glucose
(Shi et al., 1995). The ingestion of large amounts of fructose should be avoided, as
the human intestine has a relatively limited capacity to absorb this monosaccharide
and gastrointestinal distress and diarrhea may result.

The incorporation of amino acids into carbohydrate solutions has been suggested
to potentiate nutrient and water absorption. Amino acids that are actively co-trans-
ported with sodium by carrier systems other than that of the Na*-glucose transporter
would appear to be ideally suited to promote solute uptake and thereby stimulate
greater water absorption. While faster rates of water absorption have been detected
in some animal models with the addition of amino acids, the results in human studies
have been disappointing. In many studies, the presence of amino acids in carbohy-
drate solutions has inhibited water absorption or has failed to promote increases.
This is often caused by the increase in osmolality resulting from the addition of the
amino acids (Cunha Ferreira et al., 1992). Others have postulated that the reduced
rate of absorption is due to competitive inhibition between glucose and the amino
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acids for sodium, and that luminal sodium concentrations in excess of 90 mmol/l
are needed to meet the requirements of the two substrates (Semenza, 1972).

4.3.4.3 Intestinal Osmolality

In a fasted individual, the normal osmolality of the luminal contents of the small
intestine is usually between 270 and 290 mosmol/kg, which is isotonic with respect
to human serum. Following ingestion of a food or beverage, the osmolality of the
duodenum and jejunum changes in accordance with the osmolality of the gastric
contents and the rate at which those contents are emptied into the small intestine.
Thereafter, luminal osmolality is eventually returned to isotonicity, due to the move-
ment of water and electrolytes into and out of the proximal intestine. After the
luminal contents have been made isotonic, they remain that way during the process
of absorption. The time required to achieve isotonicity varies with the osmolality
and nutrient load of the gastric efflux. For example, water is rapidly made isotonic
within the duodenum and proximal jejunum by the influx of sodium and other
electrolytes, whereas beverages such as fruit juices and soft drinks that contain 10%
to 16% carbohydrate require a greater period of time and thereby traverse a greater
length of small intestine.

Solutions with an osmolality of greater than 290 mosmol/kg initially cause a
net efflux of water into the intestinal lumen. The time required to achieve isotonicity
reduces the rate of net water absorption. As noted above, the rate of water efflux
increases in proportion to the level of hyperosmolality of the luminal contents (i.e.
the greater the osmotic gradient between the lumen and the intestinal cells, the
greater the net efflux of water). Hypertonic solutions are eventually absorbed, but
this occurs farther down the small intestine after the solution has been made isotonic.
This delay, coupled with the initial net movement of water from the circulation to
dilute the luminal contents, renders hypertonic solutions ineffective in promoting
rapid rehydration.

Absorption of solute from isotonic solutions can produce local osmotic gradients
that are sufficient to promote net water absorption from the intestinal lumen. If the
luminal contents have an osmolality of less than 270 mosmol/kg, water will follow
the osmotic gradient and move from the lumen across the mucosa. Therefore,
hypotonicity of the luminal content can be an additive factor to that of solute
absorption for promoting net water absorption (Sladen, 1972; Shi et al., 1995). Many
studies have demonstrated that faster rates of intestinal water absorption in the
jejunum occur from hypotonic than from isotonic carbohydrate-electrolyte solutions
(Wapnir and Lifshitz, 1985; Cunha Ferreira et al., 1992; Shi et al., 1995). It would
follow that drinking water or mineral waters that are markedly hypotonic (with
osmolalities generally between 5 and 15 mosmol/kg) would be expected to promote
high rates of water absorption. However, water absorption is actually faster from
isotonic carbohydrate-electrolyte solutions than from water in the jejunum (Sladen,
1972; Gisolfi et al., 1991).

The main reason for the relatively poor rate of water absorption from the infusion
of plain water is thought to be due to the resulting efflux of electrolytes, mainly
sodium, down concentration gradients, causing some body water to cross the mucosa
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into the jejunal lumen. Most studies have shown that both glucose-containing and
nutrient-free solutions with an osmolality of less than 200 mosmol/kg produce slower
rates of water absorption in the jejunum than do similar solutions with an osmolality
between 200 and 260 mosmol/kg (Soergel et al., 1968; Hunt et al., 1992). This is
true even when carbohydrate and sodium are present. Therefore, the most effective
osmolality range for rehydration solutions appears to be relatively narrow because
even small differences in osmolality have marked effects on water absorption. For
example, in one study where the total carbohydrate and sodium content of the
perfusion solutions were similar but osmolality differed, net water absorption was
about twice as fast from a moderately hypotonic (229 mosmol/kg) solution than
from an isotonic (277 mosmol/kg) solution (Figure 4.5; Leiper et al., 1994). Water
absorption from a moderately hypertonic (352 mosmol/kg) solution was significantly
less than from the isotonic solution. There was an increased rate of glucose absorp-
tion associated with the faster rates of water absorption from the hypotonic solution,
while there was no difference in solute absorption between the isotonic and hyper-
tonic solutions (Figure 4.5).

4.3.4.4 Electrolyte Content

In the jejunum of fasted humans, sodium is absorbed only against low electrochem-
ical gradients. However, sodium is actively co-transported with a variety of sugars,
amino acids, peptides and pyrimidines, organic acids, and bile salts (Sladen, 1972).
Bicarbonate ions promote sodium absorption in the jejunum by a pH-independent,
dual-coupled antiport system that involves chloride and hydrogen ions (Murer and
Burckhardt, 1983). Sodium absorption appears pivotal to the establishment of the
osmotic gradients that are essential for net water uptake. No other electrolyte appears
to affect water absorption to such a significant extent. Because of the essential role
of sodium in active nutrient transport, it has been thought necessary to have it
included in oral rehydration solutions. However, because sodium from the blood
rapidly effluxes into the proximal small intestine, it has been argued that exogenous
sodium is not required to activate nutrient transporters. Perfusion studies have shown
that the exclusion of sodium from glucose solutions does not have a detrimental
effect on water absorption. However, substitution of mannitol or magnesium for
sodium results in 23% and 45% reductions, respectively, in glucose uptake (Saltzman
et al., 1972). In addition, enhanced carbohydrate absorption from solutions contain-
ing maltose and maltodextrins has been associated with luminal sodium concentra-
tions greater than 100 mmol/l (Jones et al., 1987). It is known that net sodium uptake
from isotonic carbohydrate-electrolyte solutions is marginal when the luminal
sodium concentration is below 60 mmol/l. In a study utilizing deuterium as a tracer
for water, the addition of 50 mmol/l of sodium chloride had little effect on the gastric
emptying of 200 mmol/l of either glucose or fructose as assessed by the double-
sample aspiration technique. However, the rate of accumulation of the deuterium
tracer in the circulation was faster from the glucose solution with sodium than
without sodium, although there was no difference in uptake between the sodium-
containing and sodium-free fructose solutions. In addition, the inclusion of sodium
in the glucose solution, but not the fructose solution, increased the glycaemic
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response (Leiper et al., 1995). This suggests that the presence of exogenous sodium
in glucose solutions, but not in fructose solutions, can enhance the carbohydrate and
water absorption.

The other major electrolytes of the body (e.g., potassium, magnesium, calcium),
are absorbed down electrochemical gradients or by carrier-mediated processes. The
inclusion of electrolytes in rehydration solutions, with the exception of sodium,
increases the osmolality of the solution and their presence does not have a discernable
impact on water absorption. The majority of studies that have investigated the effect
of sodium on water absorption have used chloride as the accompanying anion. In
the jejunum, the transport of chloride follows more closely that of sodium and water
than its own concentration gradient (Fordtran et al., 1968). In the ileum, however,
chloride is actively absorbed via an antiport system where chloride is being
exchanged for bicarbonate (Murer & Burckhardt, 1983). Some studies have shown
that other anions such as acetate or citrate can enhance water absorption from
glucose-sodium solutions containing bicarbonate (Leiper and Maughan, 1988c). In
all of these studies, however, the major anion in the intestinal lumen has always
been chloride. For reasons of palatability, chloride is probably the anion of choice
to be included in drinks that contain sodium.

4.3.4.5 Beverage Temperature

The stomach rapidly equilibrates the temperature of ingested beverages to approx-
imate internal body temperature and so it is unlikely that significant amounts of
either markedly hot or cold fluid are emptied into the duodenum. There is one study
in which a non-nutrient electrolyte solution was perfused at different temperatures
into the small intestines of human volunteers. In this investigation, perfusion tem-
peratures above 37°C induced approximately a 25% increase in water and sodium
absorption compared with solutions at 37°C, while lowering the perfusion temper-
ature to between 17 and 25°C caused about a 32% reduction in water and sodium
absorption compared with that at 37°C (Love, 1966). The differences in absorption
rates are presumably due to differences in blood flow through the intestinal segment
caused by the temperature effects.

4.3.4.6 Beverage pH

Several studies in animals have examined the effect of alterations in acid—base
balance on water and solute absorption in the small intestine (Charney et al., 1989).
These investigations have demonstrated that a reduction in the arterial pH increased
water, sodium, and chloride absorption in the rat ileum, but did not alter glucose
absorption. Less work has been carried out in humans, but in one study, perfusing
the jejunum with a carbohydrate-electrolyte solution containing 23 mmol/l bicar-
bonate produced a pH of 6.6(0.8) in the luminal contents. This was higher than the
pH produced in the same solution than when tartrate was substituted for the bicar-
bonate. Water absorption was faster from the bicarbonate solution (14.1(6.2)
ml/cm/hour) than from the tartrate solution (9.7(6.7) ml/cm/hour), and glucose
uptake was also faster from the bicarbonate solution (1.2 (0.5) mmol/cm/hour) than
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from the tartrate solution (0.8 (0.4) mmol/cm/h) (Leiper and Maughan, 1988b).
However, it is unclear from this study whether the improved absorption rates were
due directly to bicarbonate uptake’s enhancing intestinal transport or to a buffering
effect’s increasing active absorption of glucose. Sports drinks, fruit juices, soft
drinks, tea, coffee, and most alcohol-containing beverages are acidic with little
buffering capacity. Therefore, the pH of the intestinal luminal contents is little
affected by the levels of acidity present in drinks.

4.3.4.7 Exercise

There have been relatively few studies that have investigated the effect of exercise
on intestinal absorption. This is largely due to the practical difficulties associated
with perfusing the small intestine in individuals who are exercising. In one study,
treadmill exercise at 70% of VO, ., had no discernible effect on intestinal absorption
of water, glucose, or electrolytes (Fordtran and Saltin, 1967). Another study reported
no difference in absorption rates between rest and cycle exercise at 30%, 50%, and
70% VO, ... from either water or a carbohydrate-electrolyte solution (Gisolfi et al.,
1991). However, cycle exercise designed to increase heart rate about 50% above
resting values produced a small but significant reduction in water and electrolyte
absorption from an electrolyte solution that contained no carbohydrate (Barclay and
Turnberg, 1988). The reduction in absorption in this study was of a similar order to
that elicited by psychological stress or mild pain.

Using a water tracer technique, the rate of accumulation in the circulation of
the tracer decreased in proportion to the exercise intensity, and the time to peak
tracer concentration in the blood was greater with increasing exercise intensities in
the range 40% to 80% VO, .. (Figure 4.6). This study was carried out with the
subjects ingesting the same carbohydrate-electrolyte labeled solution with the tracer
on each of the trials. The results suggest a decreased availability of ingested fluids
during exercise, but whether the main cause was due to changes in the rate of gastric
emptying or intestinal absorption could not be ascertained (Maughan et al., 1990).

The mechanisms by which exercise might affect intestinal absorption are thought
to be related to increased circulating catecholamine levels and reduced perfusion of
the splanchnic vascular bed. It is highly probable that intermittent high-intensity
sprinting will reduce absorption at least to the same extent as it affects gastric
emptying. However, the validity of this supposition awaits testing.

4.3.5 ADAPTATIONS TO CHANGES IN NUTRIENT INTAKE

The gastrointestinal tract is a highly adaptable organ that alters its functional ability
depending on dietary intake. The digestive enzymes and the nutrient, vitamin, and
mineral transporters are regulated in part by composition of the diet (Ferraris and
Diamond, 1989). This means that any substantial change in an individual’s diet will
cause alterations in the levels of brush border digestive enzymes and transporters
that will allow the gut to increase its ability to absorb the components of subsequent
meals of similar composition.
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FIGURE 4.6 Plasma deuterium accumulation at rest and during exercise at 42, 61, or 80%
VO,,..x after ingestion of drinks containing deuterium oxide. (Maughan et al., Effects of
exercise intensity on absorption of ingested fluids, Experimental Physiology, 1990; redrawn
with permission.)

By practicing drinking and experimenting with different drink formulations
during training, it should be possible to establish the best drinking strategies for the
specific sporting events and environmental conditions that are likely to occur. To
allow the body to adapt and benefit from changes in dietary intake, alterations in
the diet should be made well in advance of any competition.

4.4 INTEGRATION OF MEASURES OF GASTRIC
EMPTYING AND INTESTINAL ABSORPTION

The use of isotopic tracers was introduced in the early 1960s to differentiate the
effects of the bidirectional fluxes of water and sodium on the specific rates of the
net absorption of each. Other studies measured both gastric emptying rates and
intestinal absorption rates separately and gave estimates of the relative importance
of each in determining the incorporation of beverage constituents in the body pools
(Fordtran and Saltin, 1967; Davis et al., 1987; Lambert et al., 1996). Although the
isotopic technique does not determine net rates of gastric emptying or intestinal fluid
absorption, comparison of the unidirectional flux of the tracer appears to give a
measure of the relative rates of absorption from different drinks. Several studies
comparing the unidirectional accumulation rate in the circulation of a tracer for
water from various drinks have shown differences among beverages that reflect the
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combined gastric emptying and intestinal absorption patterns of those drinks (Davis
et al., 1987; Leiper and Maughan, 1988a; Lambert and Maughan, 1992).

4.5 EXERCISE AND GASTROINTESTINAL DISTRESS

The autonomic nervous system and the endocrine system play major roles in the
regulation of gastric emptying, intestinal absorption, and intestinal motility. It is there-
fore not surprising that gastrointestinal distress is a commonly reported complaint
among individuals who exercise. Both psychological and physical stress are known to
affect gastrointestinal motility and absorption. However, hypohydration appears to be
an important factor associated with many instances of gastrointestinal distress (Rehrer
et al., 1990). Therefore, ensuring good hydration before and in the early stages of
physical exercise may reduce the instances of gastrointestinal problems.

Running exercise has been associated with a higher incidence of gastrointestinal
distress than other forms of physical activity (Brouns, 1991). However, in controlled
laboratory conditions, various types of exercise rarely produce intestinal distress and
no differences among the modes of exercise are apparent (Rehrer et al., 1994).

By practicing drinking and by developing effective drinking strategies, an indi-
vidual can reduce the incidence and severity of any gastrointestinal problems. Exper-
imentation with different formulations of beverages may also help. Increasing the
volume of fluid in the stomach stimulates gastric emptying. Therefore, the rate at
which any drink is emptied into the small intestine is maximized by the intake of a
large volume of the drink and by maintaining this volume in the stomach by frequent
ingestion of the drink. Maintaining a large volume of fluid in the stomach throughout
exercise may cause difficulty in some individuals; however, empirical evidence
suggests that by repeatedly exercising with a full stomach, adaptations will occur
that reduce problems with gastrointestinal discomfort.

4.6 SUMMARY

There is no doubt that the gastric emptying and intestinal absorption characteristics
of sports drinks are critical elements in their effectiveness. Rapid gastric emptying
is promoted by ingesting large volumes of a beverage of low energy content. The
beverage energy content appears to be the main inhibitory regulator of gastric
emptying, and increasing the amount of energy proportionally decreases the rate of
gastric emptying. Carbohydrates are the main energy source in sports drinks, but
other nutrients such as proteins, fats, and alcohol slow emptying by the same extent.
Increased beverage osmolality also slows gastric emptying to some extent, but this
effect is secondary to the energy density of the beverage.

The effects of drink temperature, electrolyte content, and pH are relatively
unimportant in the regulation of gastric emptying, but all play important roles in the
palatability of a drink and the volume of it that is voluntarily consumed. While low
intensity walking may increase the rate of gastric emptying compared with that at
rest, similar rates of gastric emptying have been reported in running and cycling at
the same levels of intensity. Exercise at a steady power output, however, has little
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effect on gastric emptying at intensities of less than about 70% VO, ... Relatively
few bouts of high intensity sprinting appear to be required to cause significant
slowing of gastric emptying. However, the gastrointestinal tract appears to be capable
of undergoing some degree of adaptation to fluid ingestion that can allow for greater
fluid intake to be tolerated during exercise and an increase in the potential benefit
of the beverages consumed.

Many of the factors that alter the rate of gastric emptying have a similar effect
on intestinal absorption. The most obvious difference is osmolality, which has a
greater effect on the rate of intestinal water and solute absorption than it does on
the gastric emptying rate. The presence of carbohydrate in a beverage will promote
water absorption in addition to supplying an energy source to the working muscles.
Increasing the carbohydrate content of a drink will slow gastric emptying.

Markedly hypertonic drinks will initially cause water to move from the body
tissues into the intestinal lumen and will result in poor rates of water absorption.
Carbohydrate beverages with an osmolality between about 200 and 260 mosmol/kg
will promote rapid rates of water uptake, and these beverages can be formulated
with adequate amounts of carbohydrate to maintain blood glucose levels during
prolonged exercise. No other nutrients in addition to carbohydrates and sodium
appear to be required to stimulate water absorption. Temperature, pH, and the
presence of other electrolytes have little effect on intestinal absorption, but their
effect on palatability may mean that they are factors that need to be considered in
the formulation of sports drinks.
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5.1 INTRODUCTION

It is well recognized that fluid ingestion can benefit performance in many exercise
situations, and an extensive literature is devoted to the various performance-enhanc-
ing effects of different beverage formulations. The interest of the athletic community
in sports drinks is largely confined to their potential for improved performance. To
the scientist, however, the administration of drinks of varying composition during
exercise offers a tool for the study of the normal physiological response to exercise.
Indeed, exercise itself is often used as a model for the investigation of normal
physiological function, a scientific approach that also benefits the athlete. If the
normal responses to exercise are understood, and if the sequelae of fluid ingestion
are also known, then predictions can be made that will allow optimizsation of the
formulation of drinks intended to improve performance.

Many studies of the effects of fluid replacement on exercise performance have
lacked the physiological and biochemical measurements that would allow insights
into the underlying mechanisms by which performance is improved. However, there
has not been any standardization of the control against which responses to different
carbohydrate-electrolyte solutions should be compared, whether a no-drink trial, a
trial where plain water is given, or a flavored water placebo in those studies where
flavored drinks have been used. Many of these studies, especially those funded by
the sports drinks industry, have involved comparisons of different candidate formu-
lations in which various combinations of carbohydrate and electrolytes have been
administered. These studies are clearly focused on the potential performance benefits
of different formulations, and the measurement of performance itself gives valuable
information on the subjective response to exercise and on the impact of different
rehydration strategies. In that regard, it is important to understand the factors that
may limit exercise performance in different conditions; only if this is done can
effective strategies to delay fatigue and enhance performance be identified.

This chapter will review the normal cardiovascular and thermoregulatory
responses to exercise and then consider the effects of fluid ingestion on exercise
performance and on those responses.

5.2 CARDIOVASCULAR AND THERMOREGULATORY
RESPONSES TO EXERCISE

5.2.1 BLoob AND PLASMA VOLUME

The normal response to exercise is a reduction in blood volume, but the pattern of
response and the underlying mechanisms are far from clear in all situations. The
exercise intensity and duration, and the posture — upright in running, sitting with
legs dependent in cycling, and sitting with legs raised in rowing, for example — are
key factors that will influence the blood volume response to exercise. In high-
intensity exercise, which is inevitably of short duration, plasma volume falls because
of an internal redistribution of water that draws water out of the vasculature into
surrounding muscle tissue. Within the active muscle cells, glycogen is broken down
and the concentration of the products of glycogenolysis is increased. The primary
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FIGURE 5.1 Reduction in blood and plasma volumes in response to high intensity exercise.

end point of the glycolytic pathway is lactate, but there are also increases in the
concentration of pyruvate and of the phosphorylated intermediates of glycolysis.
This large increase in the osmolality of the cells draws water from the extracellular
space, and the plasma volume declines (Figure 5.1). A reduction in plasma volume
occurs even in the absence of any change in the total body water content. When the
exercise intensity is very high (about 100% of VO,,,,,), leading to exhaustion within
a few minutes, the peak decrease in plasma volume is typically observed to occur
at about 2 to 4 min after the end of exercise and to amount to about 10 to 12% of
the pre-exercise volume. Given that the plasma volume amounts to about 41 to 44
ml/kg body mass,! this amounts to a loss of about 300 to 400 ml from the vascular
space in a typical 70-kg individual. These average values, of course, conceal the
variability that occurs among subjects; a decrease in plasma volume of up to 20%
or even more can occur in subjects exercising to the point of fatigue in very high
intensity exercise (Maughan, unpublished data).

In prolonged exercise, there is generally an initial fall in plasma volume (and
hence in blood volume) because of a movement of water into the active muscles,
but this picture is reversed to some extent over time and plasma volume may return
to close to the pre-exercise value in the later stages of moderate intensity exercise
(Figure 5.2). There is a tendency for a greater restoration of plasma volume in
running exercise than in cycling, but the interpretation of many of these studies is
complicated by a failure of the investigators to ensure that the pre-exercise baseline
measurement was made with subjects in an appropriate posture. If the pre-exercise
blood sample is drawn with the subject in a sitting or supine position, a fall in plasma
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FIGURE 5.2 Blood and plasma volume changes during prolonged cycling exercise at about
70% of VO,,,., when subjects received no fluids, water, or a dilute carbohydrate electrolyte
drink at intervals throughout exercise. Data from Maughan et al. (1996).

volume of 5 to 15% is likely to occur within 15 to 20 min of assuming a standing
position, even in the absence of any exercise. This reduction in plasma volume is
due to an increase in hydrostatic pressure that forces water out of vessels in the legs
as a person moves from a sitting to standing position. When exercise begins, the
response that is observed will depend primarily on the exercise intensity and on the
environmental temperature and humidity, as these factors will largely determine the
sweat loss that is incurred. A high exercise intensity and a high rate of sweat loss
combine to produce the greatest reduction in plasma volume.

If sweat loss is not matched by fluid intake, there will be a decrease in the total
body water content and some of this water will be derived from the vascular space.
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Costill? calculated that about 10 to 11% of sweat loss is derived from plasma water
at all levels of dehydration, and that when sweat loss exceeds about 2% of body
mass, the intracellular space accounts for about half of the total sweat loss. Nose et
al. found that the sweat sodium concentration was an important factor in determining
the distribution of body water losses; changes in body fluid compartments were
assessed 1 h after mild (2.3% of body mass) dehydration induced by exercise in
the heat. In both of these studies, however, the time at which the measurements were
made would have been a significant factor in the results obtained, as some redistri-
bution of fluid between body compartments will take place over time.

In summary, a decline in blood volume accompanies both short-term high-
intensity exercise and more prolonged exercise at lower intensities. This can be
reduced by ingesting fluid during exercise to maintain important cardiovascular and
thermoregulatory responses.

5.2.2 HeArT RATE, STROKE VOLUME, AND CARDIAC OUTPUT

The heart rate response to exercise is determined primarily by the relative exercise
intensity expressed as a fraction of the individual’s maximum aerobic capacity,
although the relationship is not quite linear at the highest power outputs. However,
this relationship is good enough to allow prediction of maximum oxygen uptake
from measurements of heart rate at submaximal exercise intensities. Endurance-
trained individuals have a lower heart rate than their sedentary counterparts at any
given absolute power output, reflecting the increased stroke volume of the endurance
athlete.* Maximum heart rate is little affected by training status, but declines by
about 1 beat per year of age from a peak of about 200 beats/min at the age of 20 years.

After the initial few (3 to 4) min of exercise, during which heart rate increases
rapidly, something approaching a steady state is reached. If the exercise is prolonged
and moderately intense, however, a steady upward drift of heart rate is normally
observed to occur, even when the external power output remains constant.> This
“cardiovascular drift” is generally ascribed to a falling stroke volume due to fluid
loss from the vascular space, resulting in the need to increase heart rate to maintain
cardiac output. Part of the progressive rise in heart rate may also be attributed to an
exercise-induced rise in core temperature. There may be a need for an increase in
cardiac output over time to meet an increasing need for skin blood flow to promote
heat loss, while maintaining the blood flow to the exercising muscles. When dehy-
dration occurs, however, an increase in heart rate may be necessary to compensate
for a falling stroke volume resulting from the decreased return of blood to the heart.

There is no doubt that increasing the levels of dehydration and hyperthermia
that are associated with strenuous exercise in the heat causes a reduction in stroke
volume and an increased heart rate. Even then, cardiac output is not normally
maintained in the latter stages of exercise, with the result that thermoregulatory
capacity is impaired.® The fact that the increase in heart rate and the fall in cardiac
output are attenuated by fluid ingestion is strong supportive evidence for the sug-
gestion that the reduction in blood volume is responsible for these effects. When
the extent of the dehydration incurred during prolonged exercise in a warm envi-
ronment is manipulated by ingestion of graded volumes of fluid, the elevation of
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heart rate is proportional to the amount of dehydration.” By inducing dehydration
prior to exercise and then allowing different degrees of rehydration during a 2-h
recovery period prior to a second exercise test, Heaps et al.® were able to show that
the magnitude of the cardiovascular drift was proportional to the whole body fluid
deficit, but not to the blood volume, which was the same when euhydrated and at
the two levels of induced hypohydration.

Recent evidence suggests that skin blood flow does not increase substantially
after the first 15 min of a 60-min moderate-intensity (57% of peak VO,) cycling
exercise test in a warm (27°C) environment, and that preventing the rise in heart
rate by administration of a beta-adrenoreceptor blocking agent also prevented the
decline in stroke volume that occurred on the control trial.’

In summary, heart rate, stroke volume, and cardiac output all increase during
exercise to levels required to meet the needs of active muscles for an increased
supply of oxygen and nutrients and to fill the vessels of the skin with enough blood
to assure adequate heat loss to the environment. Dehydration ultimately reduces
cardiac output and compromises the ability of the cardiovascular system to meet the
demands of both muscle and skin for an increased blood flow. Preventing dehydration
by adequate fluid intake during exercise helps maintain these important cardiovas-
cular responses.

5.2.3 BLoobp VoLuMmeg, Tissue BLooD FLOw, AND MAINTENANCE
OF BLOOD PRESSURE

Heat produced in the working muscles is lost from the body surface by various
mechanisms as discussed below. This requires a high rate of blood flow to the skin to
convect heat from the warm body core and from the exercising muscles to the skin.
Muscle blood flow must also be maintained throughout exercise to ensure an adequate
supply of oxygen and substrate. There is clearly the possibility, when cardiac output
is limited, of a large part of the total blood volume being relocated to the periphery,
leading to a decreased venous return and a potentially catastrophic fall in central venous
pressure. This can be avoided by peripheral vasoconstriction in the capillary beds of
the muscle or of the skin, or of both these tissues, but each of these options also has
negative consequence for exercise performances and thermoregulation.

The negative effects of dehydration, hyperthermia, and exercise in the heat on
endurance performance are well established, but the role of changes in cardiovascular
function in this impairment of exercise performance is less clear. There may be some
reduction in cardiac output during exercise in the heat, especially in the latter stages
of prolonged moderately intense exercise in a warm environment, but there has been
some debate as to whether this translates to a reduction in blood flow to the active
muscles (which might affect substrate delivery) or to the skin (which would affect
heat loss from the body).

Data from Gonzalez-Alonso et al.'? clearly indicate a reduction in muscle blood
flow during hyperthermia and hypohydration. Their subjects cycled to exhaustion at
62% of VO,,,, in the heat (35°C) while drinking a small volume (200 ml) of
concentrated carbohydrate, and repeated this later with sufficient dilute carbohy-
drate-electrolyte solution to match sweat losses and to provide the same amount of
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carbohydrate. Maintaining euhydration resulted in a markedly lower core tempera-
ture at fatigue (38.2°C) than on the dehydrated trial (39.7°C). Cardiac output, mean
arterial pressure, and leg blood flow declined after the first 20 min of exercise when
subjects became dehydrated and hyperthermic, but these reductions were prevented
when euhydration was maintained. Cardiac output was about 3 I/min lower at the
end of exercise in the dehydrated state; about 2 I/min of this was accounted for by
a reduction in flow to the exercising legs. Skin blood flow, measured on the forearm,
also fell progressively after the first 20 min of exercise on the dehydrated trial, but
tended to increase over time when fluid intake was high.

Mora-Rodriguez et al.,!' beginning after 30 min of exercise, infused saline,
adrenaline (epinephrine), or glucose into subjects performing prolonged (120 to
150 min) moderate-intensity (65% of VO,,,,) cycle exercise in the heat (33°C).
Adrenaline infusion markedly increased the plasma adrenaline concentration, but
glucose infusion suppressed both adrenaline and noradrenaline concentrations.
After 30 min of exercise, core (esophageal) temperature was the same on all three
trials, but thereafter, temperature was higher when adrenaline was infused than on
the other trials and was lower with glucose infusion. Mean skin temperature fell
during the first 30 min of exercise and thereafter was better maintained on the
glucose infusion trial than with saline or adrenaline infusion. Skin temperature
fell sharply within 10 min of adrenaline infusion but returned to the pre-infusion
value within 10 min. Heart rate was higher with adrenaline infusion than with
saline and increased less on the glucose infusion trial, but stroke volume and
cardiac output were not different between trials. Forearm skin blood flow declined
sharply at the onset of adrenaline infusion and remained at a reduced level for the
remainder of the exercise period. Taking these data together with those of Febbraio
et al.,'> which show a smaller rise in circulating catecholamine levels when water
is ingested during exercise, it is possible to suggest a mechanism by which fluid
intake might limit the rise in core temperature during exercise and thus promote
an increased endurance capacity.

5.2.4 THERMOREGULATION

All the body’s metabolic processes involve heat production, and the rate of heat
production is directly related to the rate of energy metabolism. A relatively constant
fraction of about 20 to 22% of energy is available to perform external work, but the
remainder appears in the body as heat. At rest, energy metabolism is low, and the
energy requirement is met by aerobic metabolism at a rate that requires about 4 ml
of oxygen per kg body mass per min. The rate of heat production is correspondingly
low, amounting to about 60W for a 70-kg individual. Body temperature is maintained
at a relatively constant level, although this varies somewhat among individuals,
fluctuates with circadian rhythm, and also varies across the female menstrual cycle.
A combination of physiological responses (regulation of skin blood flow, shivering)
and behavioral responses (adjusting the amount of clothing, seeking shade or shelter,
adjusting environmental conditions) ensure that the deep body temperature is main-
tained within narrow limits, although the skin temperature is allowed to fluctuate
more widely.
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During exercise, the energy demand increases in proportion to the exercise
intensity and the rate of heat production increases correspondingly. In the simple
locomotor activities (walking, running, swimming, cycling) the rate of energy expen-
diture is approximately linearly related to speed, although the relationship becomes
exponential at higher speeds as the impact of air or water resistance becomes more
important. In sprinting and short-duration activities, the metabolic rate is very high,
but the large body mass and the high specific heat of body tissues mean that there
is little change in body temperature before fatigue ensues. In longer-duration exer-
cise, however, a progressive rise in body temperature is seen. This generally follows
an exponential pattern, indicating that heat production exceeds heat loss in the early
stages and that a balance is achieved in the latter stages such that the rate of heat
loss rather precisely matches the rate of heat production. As the energy cost is more
or less constant throughout exercise, there must be an increase in the rate of heat
loss until this matches the rate of heat production. The avenues of heat loss (con-
duction, convection, radiation, and evaporation of sweat) and their magnitudes are
described in all standard physiology textbooks.

The time course of the change in core temperature during exercise and its
magnitude depend on several factors, the most important of which are the exercise
intensity, the ambient temperature and humidity, and the insulating qualities of the
clothing worn. The importance of ambient temperature is shown in Figure 5.3. In
warm (21°C) or hot (30°C) environments, time to fatigue in cycling exercise at about
70% of VO,,,, is less than that achieved in a cool (11°C) environment,'* and it
seems unlikely that depletion of muscle glycogen is the cause of fatigue during
prolonged exercise in a warm environment. Much more likely is some change related
to the hyperthermia per se; Nielsen et al.'* have postulated a reduced motor drive
in the hyperthermic state, but have not clearly identified a mechanism by which this
might operate.

Several lines of evidence support a thermoregulatory, rather than metabolic or
cardiovascular, limitation to prolonged exercise. Among these is the observation that
exercise can be prolonged if subjects are exposed to a cold stimulus prior to
exercise!>!¢ and that performance is reduced if body temperature is elevated by warm
water immersion prior to exercise.!” Supporting evidence comes from the observation
that the improvements in endurance performance that accompany heat acclimation
are associated with a reduced resting core temperature.'#

5.3 EFFECTS OF FLUID INTAKE DURING EXERCISE

The cardiovascular, thermoregulatory, and metabolic responses to exercise are pro-
foundly affected by the hydration status of the individual. For the scientist, fluid
administration during exercise is a tool that allows hydration status to be manipulated
to investigate the regulatory processes involved. Measurement of exercise perfor-
mance offers more pieces of useful information. For the athlete, fluid ingestion is
seen as a way to improve performance in training and, more importantly, in com-
petition. An understanding of the effects of fluid ingestion on responses to exercise
is fundamental to the efforts of both the athlete and the scientist.
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5.3.1 Errects OF FLUID INGESTION ON THE CARDIOVASCULAR AND
THERMOREGULATORY RESPONSES TO EXERCISE

Given the negative effects of dehydration on exercise performance and on cardio-
vascular and thermoregulatory function, restoration of euhydration offers the pros-
pect of improved performance and better homeostatic control. Oral ingestion of
fluids during exercise can be effective in replacing losses in sweat and in supplying
fuel substrates. Carbohydrate-electrolyte solutions are usually the fluid of choice
during prolonged exercise, and much interest has focused on the metabolic fate of
the ingested carbohydrate, but this section will focus on the replacement of water
and electrolyte losses. The effects of carbohydrate ingestion are covered in detail in
Chapter 6.

Pitts et al.'® conducted one of the first studies into the effects of prolonged
exercise (4 h) with or without fluid replacement. They observed that the increases
in heart rate and in core temperature that occurred were both attenuated by drinking
fluid, and that plain water, dilute saline (0.2% NaCl), and dilute (3.5%) glucose
solutions were all equally effective. When the subjects drank fluid in excess of the
amount voluntarily consumed, but sufficient to match the rate of sweat loss, there
were more-pronounced positive effects than when fluid intake was allowed on a
voluntary basis. Many studies have since confirmed these observations and have
demonstrated that fluid intake is also effective in reducing the negative impact of
heat and dehydration on exercise performance.

Many of the early studies were confounded by inadequate methodology for the
assessment of cardiovascular function. In an elegant series of studies, Coyle and his
colleagues have looked at the changes that occur during prolonged exercise and at
the effects of varying levels of dehydration on cardiovascular and thermoregulatory
mechanisms. Many of these results were summarized by Coyle and Montain,® but
much new information has been added since then. For example, Hamilton et al.?®
showed that fluid replacement, in a volume sufficient to replace water loss, during
2 h of exercise at about 10 to 75% of VO,,,,, was effective in preventing the fall in
stroke volume and reversing the fall in cardiac output that developed over time when
no fluid was given. When fluid intake was prescribed, cardiac output and heart rate
increased progressively over the exercise period. On both the water and no-fluid
trials, oxygen consumption also increased over time. Nielsen et al.?! had previously
shown, using measurements of oxygen uptake across the exercising legs, that this
upward drift of oxygen consumption was not occurring in the working muscles.

The idea that fluid replacement improved thermoregulatory function and exercise
performance by minimizing any decrease in blood volume was challenged by Mon-
tain and Coyle.?? In this study, their subjects exercised for 2 h in a hot (33°C)
environment and were given either no fluid, a volume of a carbohydrate-electrolyte
drink sufficient to replace about 80% of sweat loss (about 2.4 1 in total), or an
intravenous infusion of about 400 ml of an artificial plasma volume expander. Blood
and plasma volumes on the oral replacement trial were generally intermediate
between those on the other two trials: at the end of exercise, plasma volume had
fallen by about 2% with the intravenous infusion, about 6% with oral fluids, and by
about 9% on the trial where no fluid was given. Oral fluid replacement was effective
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in attenuating the rise in core temperature that was observed on the other two trials,
suggesting that this effect is mediated by a mechanism other than one involving
blood volume.

In another important study using the same conditions as those described above,
Montain and Coyle?* exposed subjects to graded levels of dehydration by prescribing
different volumes (0, 20, 50, and 80% of sweat loss) of the same carbohydrate-
electrolyte drink. The decline in stroke volume and cardiac output, and the increase
in heart rate and core temperature, were all related to the magnitude of the fluid
deficit incurred. In a third study in this series by Montain and Coyle?*, a close
relationship was observed between the exercise-induced increase in core temperature
and the decrease in forearm skin blood flow. The same group of authors later
confirmed that preventing dehydration by ingestion of sufficient fluid to meet 95%
of the sweat loss was effective in preventing the progressive decline in cardiac output
and the small but significant decrease in mean arterial pressure that was seen when
subjects were allowed to become dehydrated.?> Fluid intake was also effective in
limiting the rise in core temperature. Systemic vascular resistance and cutaneous
vascular resistance increased over time in the dehydrated trial, but did not change
after the first 20 min of exercise when euhydration was maintained. The reduced
skin blood flow in the dehydrated condition is surprising, given the higher core
temperature on this trial, but presumably reflects the higher circulating catecholamine
concentrations.

McConnell et al.?® used a similar experimental model, but conducted their study
in a cooler (21°C) environment; during 2 h of cycle exercise at 69% of VO,,,,, their
subjects received no fluid, sufficient water to prevent a decrease in body mass, or
50% of this amount of water. They also added a performance ride to exhaustion at
90% of VO,,,, after the initial 2 h of exercise. Fluid replacement attenuated the
increases in heart rate, rectal temperature and plasma sodium concentration and the
decrease in plasma volume, with the larger fluid intake having a greater effect.
Endurance time in the performance ride was longer with the large fluid volume (328
sec) than the no-fluid trial (171 sec), and was intermediate on the 50% replacement
trial (248 sec). Taken together, these studies suggest that the ability to maintain a
high skin blood flow is a key factor in limiting the rise in core temperature that
occurs during exercise in the heat, and that hydration status plays a vital role in
this process.

In contrast to the findings of Montain and Coyle, there are several reports that
suggest that plasma volume expansion may alter the thermoregulatory response to
exercise. Coyle and Montain® suggested that the differences in observed responses
may be attributed to differences in training and acclimation status of subjects and
to differences in environmental conditions. In particular, skin temperature may be
an important variable, and this is strongly influenced by ambient temperature and
humidity and by air movement, which will affect the rate of evaporation from the
skin surface. High tissue osmolality and sodium concentrations can impair heat
dissipation by reducing skin blood flow and sweating responsiveness,?’” and a close
relationship is seen between the plasma sodium concentration and the steady state
core temperature during exercise.?® Although there are obvious links between blood
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volume and thermoregulatory function in exercise, this suggests another mechanism
by which fluid replacement might promote heat loss.

Maintaining a high skin temperature is important in promoting the evaporation
of sweat from the skin surface. The higher the skin temperature, the greater the
vapor pressure gradient between the skin surface and the environment, and it is this
vapor pressure gradient that drives the evaporation of water from the skin surface.
If skin temperature falls because of a reduction in skin blood flow, skin temperature
will fall and evaporative capacity will be reduced.

5.3.2 Errects ofF FLUID INGESTION ON THE METABOLIC RESPONSE
TO EXERCISE

Muscle glycogen depletion is commonly accepted as the most likely limiting factor
to performance in prolonged (1 to 3 h duration) exercise performed in temperate
environmental conditions, even though there is compelling evidence that this is not
the case at higher ambient temperatures. The primary purpose of the ingestion of
carbohydrate-containing drinks in this situation is to slow the rate of muscle glycogen
utilization and thus delay the point at which a critically low value is reached.

Hargreaves et al.?® investigated the effects of water ingestion on muscle glycogen
utilization during 2 h of cycling exercise at 67% of peak VO, at an ambient tem-
perature of 20 to 22°C. On one trial, no fluid was allowed and on the other, sufficient
water was ingested to maintain body mass. Water ingestion resulted in a lower heart
rate throughout exercise and in lower rectal and muscle temperatures at the end of
exercise. The total amount of glycogen used was 16% less on the trial where water
was ingested than on the no-fluid trial. Water ingestion was accompanied by a smaller
rise in circulating catecholamine levels during the second hour of exercise, which
might, at least in part, be responsible for the lower rate of glycogenolysis.?® The
lower muscle temperature when fluids were ingested may also be partly responsible
for the lower rate of glycogen breakdown.!?

The finding of an increased rate of carbohydrate use during prolonged cycling
in the heat when subjects are deprived of fluid has been confirmed by Gonzalez-
Alonso et al.'” When a small volume of fluid (0.2 1 orally of a concentrated carbo-
hydrate solution and 0.6 1 of saline by infusion) was provided, blood flow to the
exercising legs declined in the latter stages of exercise, but it tended to increase
during this time when subjects drank a volume (3.7 1) of a dilute carbohydrate-
electrolyte solution sufficient to prevent a decline in body mass. Carbohydrate intake
was matched on the two trials. In spite of the lower leg blood flow on the dehydrated
trial, glucose delivery was the same on both trials. Muscle glycogen utilization was,
however, higher by 45% on the dehydrated trial. In the conditions of this study,
however, muscle glycogen did not reach critically low levels at the end of exercise,
and was excluded as a cause of fatigue.

Several other studies have confirmed that exercise in the heat is not likely to be
limited by the availability of muscle glycogen. The significance of the increased rate
of carbohydrate utilization in conditions of hyperthermia and dehydration therefore
remains to be established.
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5.3.3 Errects oF ADDITION OF ELECTROLYTES TO DRINKS
CoNsSUMED DURING EXERCISE

There has been much debate as to the value of the addition of electrolytes to fluids
ingested during exercise, and the argument remains unresolved. Dill et al.3! recal-
culated the original data reported by Adolph et al.3? and reported that saline ingestion
during prolonged walking in a hot environment resulted in a higher fluid intake and
less urine output than on trials where plain water was consumed; positive fluid
balance (by 110 ml) was maintained on saline trials as opposed to a negative balance
of 600 ml with plain water. However, experimental data reported by Dill et al.?!
tended to suggest that plasma volume was better maintained when saline was
ingested than on trials where water was consumed.

Because the sodium concentration of sweat is invariably less than that of plasma,
the normal response to large sweat losses incurred during exercise is a rise in the
plasma sodium concentration and in plasma osmolality. These responses are largely
responsible for driving the thirst mechanism that stimulates fluid intake. Physicians
dealing with individuals in distress at the end of long-distance races have become
accustomed to dealing with hyperthermia associated with dehydration and hyper-
natremia, but it is now well documented that a small number of individuals at the
end of very prolonged events may be suffering from hyponatremia in conjunction
with either hyperhydration or hypohydration. The experimental evidence for this
was reviewed by Maughan.®

All the reported cases of hyponatremia have been associated with ultramarathon
or prolonged triathlon events; most have occurred in events lasting in excess of 8
h, although there are few reports of cases where the exercise duration is less than 4
h. These cases are characterized by low plasma sodium, usually in the range of about
115 to 125 mmol/l, and a high intake of fluids with low electrolyte content during
exercise. That a dilutional hyponatremia should occur during exercise when sweat
losses are significant should not perhaps be too surprising. Hyponatremia as a
consequence of ingestion of large volumes of fluids with a low sodium content has
also been recognized in resting individuals. Flear et al.’* reported the case of a man
who drank 9 I of beer, with a sodium content of 1.5 mmol/l, in the space of 20 mins;
plasma sodium fell from 143 mmol/l before to 127 mmol/l after drinking, but the
man appeared unaffected. In these cases, there is clearly a replacement of water in
excess of losses with inadequate electrolyte replacement. In competitors in the
Hawaii Ironman Triathlon who have been found to be hyponatremic, however,
dehydration has also been reported to be present,® and this observation is more
difficult to explain.

These reports are interesting and indicate that some supplementation with
sodium chloride may be required in prolonged events where large sweat losses can
be expected and where there are opportunities to consume large volumes of fluid.
Athletes training hard in hot environments, especially those training more than once
per day, will also incur large water and electrolyte losses. This should not, however,
divert attention away from the fact that electrolyte replacement during exercise is
not a priority for most participants in most sporting events, although it is certainly
helpful after the event to restore body water and electrolyte content (see Chapter 7).
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5.3.4 Errects OF TEMPERATURE OF INGESTED BEVERAGES

It is well recognized that the temperature of ingested fluids can affect a variety of
sensory and physiological functions. The most important effect of temperature may
be on beverage palatability, which, in turn, will affect voluntary fluid intake. Cool
drinks are generally preferred, and the volume of water ingested on a voluntary basis
decreases as the water temperature increases, although this effect may be overcome
when the physiological stimuli (plasma osmolality, sodium concentration) are
strong.3® The preferred temperature for fluid intake seems to be about 15°C; the
studies on which this observation is based have been reviewed by Hubbard et al.?’
The effect of temperature on fluid intake is discussed further in Chapter 3.

Although the effects of drink temperature in influencing the volume of fluid
ingested may be more important, there are also potential effects on physiological
function. The temperature of ingested drinks may influence the rate of gastric
emptying and subsequent intestinal absorption, but this effect is generally rather
small (see Chapter 4).

There have been a limited number of investigations of the effect of ingesting
beverages at different temperatures on the thermoregulatory response to exercise.
Wimer et al.?® studied the response to ingestion of water at a temperature of 0.5°C,
19°C, or 38°C on the responses to 2 h of low-intensity exercise (51% VO,,,,,) at an
ambient temperature of 26°C. The cold drink (0.5°C) was effective in attenuating
the rise in core temperature, forearm blood flow, and sweat rate relative to the trial
where the warm (38°C) water was ingested. The cool (19°C) drink also reduced the
rate of rise in core temperature relative to the trial where the warm water was
ingested. Irrespective of the temperature of the drinks, however, ingestion of water
on all trials reduced the rate of rise of core temperature relative to the trial where
no fluid was ingested. These data suggest two important roles of fluid intake. First,
fluid ingestion itself can help to maintain thermoregulatory function by attenuating
or reversing the normal exercise-induced contraction of blood volume. Second, a
bolus of cold fluid represents a heat deficit, and heat energy must be added to the
ingested fluid to raise it to body temperature. This latter effect is often ignored, but
it will help to increase exercise capacity by delaying the point at which a critical
core temperature is reached. Dill et al.’! showed that ingestion of 2.4 1 of water at
a temperature of 15°C reduced body temperature during exercise by an amount very
close to the calculated 1°C.

5.4 EFFECTS OF FLUID INGESTION ON EXERCISE
PERFORMANCE

The effects of feeding different types and amounts of beverages on exercise perfor-
mance have been investigated using a wide variety of experimental models. Not all
of the published studies have shown a positive effect of fluid ingestion on perfor-
mance, but, with the exception of a few investigations where the composition or
volume of the drinks administered was such as to result in gastrointestinal distur-
bances or subjective discomfort, there are no studies showing that fluid ingestion
will have an adverse effect on performance. It must, of course, be recognized that
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scientific journals are less likely to publish studies that are perceived as failing to
produce a positive effect.

5.4.1 ASSESSMENT OF EXERCISE PERFORMANCE

Until very recently, laboratory investigations into the ergogenic effects of the admin-
istration of carbohydrate-electrolyte drinks generally relied on changes in exercise time
to exhaustion at a fixed work rate as a measure of performance. This approach has
several advantages. The constant power output allows measures of physiological func-
tion to be compared between trials in the early stages of exercise. Performance is also
relatively reproducible; repeatability of performance is generally better in well-trained
individuals, but is also repeatable in subjects who are not highly trained athletes,
provided that suitable familiarization trials are allowed before the subjects take part
in experimental trials. In a study by Maughan et al.,* subjects completed two trials
to exhaustion under the same experimental conditions, with these trials separated by
5 weeks during which various other fluid replacement strategies were evaluated; the
mean of the differences in exercise time between the two trials was 5.9%, but the mean
exercise time for the two trials was 72.2 min for the first trial and 71.5 min for the
second. These results contrast markedly with those of Jeukendrup et al.,* who reported
a coefficient of variation of 27% when 10 well-trained subjects performed five tests
to exhaustion at a constant power output of 75% of maximal workload. These results
seem remarkable; with a mean exercise time for all subjects over all trials of 61.8 min,
the inter-individual range was 27.5 to 83.8 min, even though all subjects were sup-
posedly exercising at the same fraction of their maximum. Likewise, most subjects
showed a twofold range between trials. This is not the common experience, provided
that precautions are taken to standardize the pre-exercise conditions and to ensure that
subjects are completely familiar with the exercise task.

Even allowing for fluctuations in performance, there are difficulties in extrapo-
lating results obtained in trials at constant speed or effort to a race situation where
the workload is likely to fluctuate as the pace, the weather conditions, and the
topography vary, and where tactical considerations and motivational factors are
involved. It is possible to demonstrate large differences in the time for which a fixed
power output can be sustained in laboratory tests when carbohydrate solutions are
given during exercise. For example, Coyle et al.*! reported a 30% increase in
endurance capacity (from 3 to 4 h) in response to carbohydrate administration, and
Maughan et al.* observed an increase in endurance time from 70.2 min when no
fluid was given to 91 min when a dilute carbohydrate-electrolyte solution was
administered at intervals throughout exercise. In a simulated race situation, where
a fixed distance had to be covered as fast as possible, the advantage would translate
to no more than a few percent, and in a real competition it would probably be even
less. Even a few percent, however, is often the difference between a world class
performance and a mediocre one; in running, 5% represents about 10 sec over 1500
meters and 7 min over the marathon distance at world-class level.

In an attempt to make their results more relevant to competitive athletes, some
recent investigations have used exercise tests involving intermittent exercise, simulated
races, or prolonged exercise with intermediate sprints and with a sprint finish. The
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repeatability of time trial performances in the laboratory over distances of 20 km and
40 km was measured and was compared with performance in a road time trial by
Palmer et al.*? Time taken for the rides was found to be highly reproducible, with a
coefficient of variation of about 1%. Jeukendrup et al.,** as part of the same study
referred to above, found a rather larger coefficient of variance of 3.4% for a 1-h cycling
time trial. Schabort et al.*® used a 100-km cycling time trial with intermediate sprints.
They found, as was already well known, that performance improved from trial 1 to
trial 2, but that there was little or no change between trials 2 and 3. The test was found
to be highly reliable (coefficient of variation of 1.7%), and performance in the inter-
mediate sprints showed a similarly small variability. The same authors* also examined
the variability in performance of a 60-min time trial run on a treadmill. They concluded
that, though the variability was again small (about 2.7%), the test was not sufficiently
reproducible to detect meaningful changes in performance without using unrealistically
large numbers of subjects. Jeukendrup et al.** also looked at the variability of an
exercise model where subjects exercised for 45 min at 70% of maximum power output
followed by a 15-min time trial where they completed as much work as possible. Their
CV was about the same (3.5%) as for the 60-min time trial. It must be noted that these
trials all involved well trained competitive runners or cyclists, and it is highly unlikely
that the typical laboratory subject would perform well in time trial tests, which demand
a good sense of pace and effort.

5.4.2 LABORATORY STUDIES — CYCLING TO FATIGUE AT
CoNsTANT Power OuTtpuT

Ingestion of water alone or of carbohydrate-electrolyte solutions can improve per-
formance in a variety of exercise situations, but even when the exercise model used
is apparently similar, different results have been obtained. In some cases, the studies
are unreliable; poor choice of experimental model, lack of appropriate controls, and
failure to familiarize subjects with the experimental procedures prior to testing
invalidate some of the published studies. Even where appropriate control is evident,
the presence of different mixtures of carbohydrates in varying concentrations along
with various electrolytes, often in unspecified concentrations, and different flavoring
agents makes interpretation of the results of many of the published studies difficult.
Added to this are differences between studies in the choice of the exercise test used,
the training and acclimation status of the subjects, and the environmental conditions,
making comparisons between studies even more difficult. Variations in the volume
and temperature of fluid prescribed, the frequency of intake, and the extent of
dehydration incurred further complicate the picture. These studies have been the
subject of a number of extensive reviews that have concentrated on the effects of
administration of carbohydrate, electrolytes, and water on exercise performance.
Maughan and Shirreffs* have reviewed the recent literature and have referred to a
number of excellent reviews of the earlier literature.

For the same commercial reasons that have driven so many of these studies,
there have been surprisingly few studies of cycling exercise where the effect of water
administration has been compared with trials where no fluid was allowed. Some
studies, however, have included both plain water and no-drink trials in their com-
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parisons. In the study of Maughan et al.,*® 12 male subjects exercised to fatigue at
about 70% of VO,,,,, on four occasions after appropriate familiarization tests. When
subjects ingested plain water (100 ml every 10 min) median exercise time was longer
(93 min) than when no drink was given (81 min). Subjects also completed trials
where dilute carbohydrate-electrolyte drinks were given and these also extended
exercise time compared to the no-drink trial.

In more prolonged exercise at low intensity, water may be as effective as dilute
saline solutions*’ or nutrient-electrolyte solutions*® in maintaining cardiovascular
and thermoregulatory function. It is clear, however, that the addition of carbohydrate
has a number of potential benefits, including a reduction in the rate of decline of
muscle glycogen concentration, which may be important for performance. Studies
where carbohydrate has been added to ingested fluids will be discussed in detail in
the following chapter.

5.4.3 OTHER LABORATORY STUDIES — CYCLING

Several studies have employed an experimental model consisting of prolonged
intermittent exercise followed by a brief high-intensity sprint, and again the results
are not altogether consistent. Most of these studies have tested various combinations
of carbohydrate and electrolytes, and have failed to compare trials with no fluid and
with the ingestion of plain water. Below et al.* used an experimental model where
subjects performed 50 min of exercise at about 80% of VO, followed by a time
trial where a set amount of work had to be completed as fast as possible. During
the initial 50 min of exercise, subjects were given either a small volume (200 ml)
of water, a small volume of water with added carbohydrate (40% solution, 79 g of
maltodextrin), a large volume (1330 ml) of flavored water, or a large volume of
water with the same amount of carbohydrate as in the other carbohydrate trial (a
6% solution). They found water ingestion to be effective in improving performance;
exercise time was 11.34 min on the placebo trial and 10.51 min on the water trial.
Exercise time on the carbohydrate trial was 10.55 min, indicating that carbohydrate
provision during exercise acted independently to improve performance, and the
effects were found to be additive, with the shortest time (9.93 min) when the 6%
carbohydrate drink was given.

5.4.4 OTHER LABORATORY STUDIES — RUNNING

As with studies during cycling exercise, many different exercise models have been
used to investigate the effects of the administration of carbohydrate-electrolyte solu-
tions during walking and running. Macaraeg® compared endurance time during run-
ning at 85% of maximum heart rate when subjects were given no fluid, water, or a
7% carbohydrate-electrolyte solution which provided 84 g of carbohydrate in a volume
of 1.2 1. Mean running times were 56 min with no drink, 78 min with water, and 102
min with the carbohydrate-electrolyte drink. The environmental conditions were not
specified in this study, but it does indicate that plain water can improve endurance
capacity, and that addition of carbohydrate and electrolytes confers a further benefit,
a pattern similar to that observed by Below et al.** in cycling.
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Williams®' and Williams et al.>? have used an experimental model in which the
subject is able to adjust the treadmill speed while running; the subject can then be
encouraged either to cover the maximum distance possible in a fixed time or to
complete a fixed distance in the fastest time possible. They showed that ingestion
of 11of a glucose polymer-sucrose (50 g/1) solution did not increase the total distance
covered in a 2-h run, but running speed was greater over the last 30 min of exercise
when carbohydrate was given compared with a placebo trial.’! They also observed
a similar effect when a carbohydrate solution (50 grams of glucose-glucose polymer,
or 50 grams of fructose-glucose polymer) or water was given in a 30-km treadmill
time trial.> In this study, running speed decreased over the last 10 km of the water
trial, but was maintained throughout the whole distance on the other two runs; there
was no significant difference among the three trials in the time taken to cover the
total distance. As with cycling exercise, the conclusion must be that ingestion of
carbohydrate-containing drinks is generally effective in improving performance rel-
ative to trials where plain water or water-placebo is given. This does not tell us
whether water alone is effective in this experimental model.

Not all studies have shown beneficial effects of ingestion of carbohydrate-
electrolyte drinks on exercise performance. In a further variation of the running
model, the subjects of Nassis et al.?® performed two prolonged, intermittent, high-
intensity shuttle runs at an unspecified ambient temperature; on one trial, subjects
ingested a flavored water placebo and on the other trial they ingested a 6.9%
carbohydrate-electrolyte drink. Exercise performance was not different between
trials: subjects ran for an average of 113 min on the placebo trial and 110 min when
drinking the sports drink.

5.4.5 FiELD STUDIES

There are many practical difficulties associated with the conduct of field trials to
assess the efficacy of ergogenic aids, which accounts for the fact that few well
controlled studies of the effects of administration of carbohydrate-electrolyte solu-
tions have been carried out in this way. The main problem is with the design of an
adequately controlled trial. In competitive events where a benefit of fluid ingestion
might be anticipated, it is unrealistic to expect competitors to repeat the same effort,
and where a crossover design is used, this is likely to be confounded by changes in
the environmental conditions between trials. The use of parallel control and test
groups (i.e., matched groups) raises the difficulties of recruiting an adequate number
of experimental subjects and of appropriately matching the groups. Many of the
early studies purporting to show beneficial effects of ingestion of carbohydrate-
containing solutions on performance in events such as cycling, canoeing, and soccer
were so poorly designed that the results are of no value.

Cade et al.>* gave subjects no fluids or approximately 1 1 of hypotonic saline or
a glucose-electrolyte solution during a 7-mile course consisting of walking and
running at an ambient temperature of 32 to 34°C. None of the subjects completed
the course when no fluid was given, and the mean distance covered was 4.7 miles;
when saline was given, they covered a mean distance of 5.5 miles, and all subjects
completed the 7-mile course when given the glucose-electrolyte solution. These
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results imply a benefit from ingestion of saline and a further benefit from the addition
of carbohydrate. Apart from the early studies of prolonged walking in the heat by
Adolph et al.*? and Pitts et al.,'® there are few studies in which these comparisons
are made.

Studies where matched groups of competitors consumed 1.4 1 of either water or
a glucose-electrolyte solution during a marathon race® or 1.4 1 of different carbo-
hydrate-containing drinks during marathon and ultramarathon races®® have shown
no differences between the groups in finishing time. In the study of Maughan and
Whiting,>® subjects were matched on the basis of their anticipated finishing times.
Many of these individuals had not previously completed a marathon, so these times
must be considered unreliable. Nonetheless, mean finishing time for the runners (n
= 43) drinking the carbohydrate-electrolyte solution was 220 + 40 min compared
with a predicted finishing time of 220 + 35 min; for the group drinking water (n =
47) actual finishing time was 217 = 32 min and predicted time was 212 + 32 min.
Twenty four runners (60%) in the carbohydrate-electrolyte group ran faster than
expected, compared with 19 (40%) in the water group.

More recently, Tsintzas et al.’’ gave runners in a simulated road race held over
a distance of 30 km either a commercially formulated 5% carbohydrate solution or
plain water and found an improved (by a mean of 2.9 min) performance on the trial
where the carbohydrate solution was given. The mean time to complete 30 km (about
130 min) indicates that the subjects in this study were not well trained. This study
does not tell us whether administration of plain water would improve performance
in this experimental model relative to a trial where no fluid was given. The absence
of information on environmental temperature and humidity also makes it difficult
to place this study in the context of laboratory studies, which are normally carried
out under well-defined conditions.

5.4.6 OTHER EXERCISE MODELS

Performance is more difficult to assess in complex tasks such as those involved in
most sports, but the common assumption is that an improved exercise tolerance will
lead to an improved playing performance — especially in the latter stages when
fatigue is more pronounced. In many sports, however, the ability to continue to
perform skilled movements is more important than simple endurance capacity, and
several studies have been conducted to look at performance of specific components
of various sports activities. In most of the studies that have been conducted, carbo-
hydrate-containing solutions have been compared with placebo drinks or with no-
drink trials; there are few studies where all the options (no drink, water, water plus
carbohydrate) have been compared. Shephard and Leatt®® gave 1 1 of a 7% glucose
polymer solution or a flavored placebo to football (soccer) players during a practice
game. During the match, the group who had been given carbohydrate utilized 31%
less glycogen than the placebo group. No measure of performance of the two groups
was made, but it was proposed that the players taking the glucose polymer would
experience a beneficial effect in the latter stages of the game. Nicholas et al.”
simulated the running pattern of ball games using an intermittent high-intensity
shuttle running test. Ingestion of a carbohydrate-electrolyte drink was effective in
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improving performance compared with a trial where a non-carbohydrate placebo
was given. In contrast to these findings, Zeederberg et al.®° reported that ingestion
of a glucose polymer drink before and at half time in a soccer game played in a
cool (13 to 15°C) environment had no effect on most measures of playing perfor-
mance, and players achieved fewer successful tackles when drinking the glucose
polymer than on the control trial.

5.5 SUMMARY

Prolonged exercise is accompanied by a loss of fluid and electrolytes from the body
due to the sweating response. Plasma volume falls, in part because of sweat loss
and in part because of a redistribution of fluid between the body water compartments.
Increasing levels of dehydration result in a decrease in cardiac stroke volume and,
in spite of an increased heart rate, cardiac output may fall. Muscle and skin blood
flow fall as the level of dehydration increases. Fluid intake can serve to maintain
the plasma volume and also allows better maintenance of thermal homeostasis by
promoting evaporative cooling. Fluid provision also has metabolic effects: there is
a decreased rate of glycogenolysis when water is ingested, perhaps due to the lower
circulating catecholamine levels. Addition of electrolytes to ingested fluids helps
maintain plasma volume and may be important when sweat losses are large. Water
ingestion has been shown to improve exercise performance in many studies using
different experimental models, but relatively few studies have looked at the effects
of water itself without the addition of carbohydrate and other compounds.
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6.1 INTRODUCTION

During exercise, an adequate supply of substrates is required for the continuing
resynthesis of ATP in working muscles. Muscle fibers have limited stores of creatine
phosphate, glycogen, and triglycerides and so must also be able to extract glucose
and free fatty acids from the blood to meet the overall energy needs of the contracting
fiber. Oxidization of protein usually makes only a small contribution to energy
production, although protein can be an important source of energy under extreme
circumstances. To maintain the homeostasis and to assure that adequate fuel is
available to sustain contraction of muscle fibers, utilization of carbohydrate, fatty
acids, and protein is carefully balanced by an orchestra of hormones and enzymes.

An adequate supply of carbohydrate (in the form of blood glucose and muscle
glycogen) is clearly related to exercise performance. Human performance involves
a variety of biomechanical, physiological, and psychological factors. From a phys-
iological point of view, performance is strongly related to the ability to produce or
sustain a large power output to overcome resistance or drag while protecting the
homeostasis of cells and organ systems.! Maintaining a given power output requires
an appropriate supply of energy to the working muscle fibers and, as explained
below, this requires the availability of carbohydrate as fuel. Because carbohydrate
stores in the human body are not very large (about 300 to 500 grams), and because
carbohydrate is a predominant fuel during many types of exercise, ingestion of
various forms of carbohydrate before, during, and after exercise has been system-
atically studied as a means of extending that fuel supply for a longer period of time.
This research has repeatedly shown an improvement in exercise performance. For
excellent reviews on this topic, particularly related to prolonged endurance exercise,
see Coggan and Coyle (1991),2 Coyle (1997),3 Hargreaves (1999),* and Maughan
(1991).3

Understanding the metabolic and performance responses to carbohydrate intake
during exercise is critical in understanding one important aspect of sports drink
efficacy: the ability of the beverage to improve exercise performance. For this
reason, this chapter will focus on the metabolic and performance effects of carbo-
hydrate consumption during exercise with special attention devoted to recent
research on the effects of consuming sports drinks during intermittent high intensity
exercise.

6.2 CARBOHYDRATE, FAT, AND PROTEIN AS FUELS
DURING EXERCISE

The relative contribution of protein, fat, and carbohydrate fuels during exercise
depends on the exercise intensity and duration, as well as level of fitness and the
nutritional status of the individual. As an example, fasting will promote lipolysis
from adipose tissue and higher circulating levels of free fatty acids, promoting a
greater reliance on fats and protein for energy. Another example is that endurance
training increases the ability of muscles to oxidize fats for energy. Nevertheless,
almost regardless of the nuances of exercise, fitness, and nutritional status, carbo-
hydrate is the most important energy source during vigorous exercise.
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Although protein contributes only a small portion of the total energy needs of
active muscles, amino acids may provide between 5% and 10% of substrate supply
during prolonged exhausting exercise (see Brooks, et al.,1996, Chapter 8).® Amino
acids released from muscle and other tissues can supply substrates to the liver for
gluconeogenesis, the production of glucose from amino acids and other substrates.
This glucose can be released from the liver, taken up by active muscle, and oxidized
for energy. Oxidization of branched chain amino acids (leucine, isoleucine, and
valine), and alanine, glutamate, and aspartate also occurs in muscle and can serve
as a direct provider of a small amount of the ATP required for muscle contraction.
The contribution of protein oxidation to energy metabolism increases when muscle
glycogen stores are depleted,” but the major problem with using amino acids for
energy production is that they must be retrieved from protein in skeletal muscle or
from the tissues of the gut, as there are no amino acid stores in the body. Under
most circumstances, it is obviously preferable to spare muscle protein.

Fat, in the form of triglycerides, is stored in small amounts within muscle fibers
and in large amounts in adipose tissue. During exercise, these triglycerides can be
hydrolyzed to glycerol and free fatty acids. Free fatty acids play an important role
as a fuel, mainly during prolonged endurance exercise, but because adipose tissue
provides an almost unlimited source of free fatty acids, fatigue is not related to
depletion of fats. In addition, the rate at which fatty acids can be oxidized is so
limited that if skeletal muscle were to rely solely on fat as fuel, maximal energy
expenditure would be limited to about 60% VO,,,,,. It is not entirely clear why the
muscle has a limited ability to oxidize fat.?

Carbohydrate is available to the muscle fibers from muscle glycogen and from
glucose circulating in the blood. Muscle glycogen stores are rather limited, although
they can be improved by diet and training. Plasma glucose is even more limited, but
euglycemia during exercise is carefully maintained under most circumstances by
liver glycogenolysis and gluconeogenesis. During prolonged exercise (e. g., > 2 h),
muscle glycogen can be depleted and liver glycogen stores may not be able to
maintain blood glucose levels. Under those circumstances, fatigue will quickly
ensue. It should also be noted that muscle glycogen stores can be quickly depleted
during intense intermittent exercise; prolonged exercise is not the only circumstance
in which carbohydrate stores can be problematic. Fortunately, blood glucose levels
can be maintained by absorption of ingested glucose from the intestine, a critical
consideration in supplementing the body’s limited carbohydrate reserves.

Not all the metabolic effects of carbohydrate intake during exercise are directly
related to substrate utilization for energy delivery to working muscles. Some scien-
tists have suggested that carbohydrate feeding may have a positive effect on the
concentrations of brain neurotransmitters related to the perception of pain and central
fatigue.>®° Central fatigue, or fatigue of the central nervous system, is “... a failure
to maintain the required or expected force or power output, associated with specific
alterations in central nervous system function that cannot reasonably be explained
by dysfunction within the muscle itself” (Davis and Bailey, 1997, page 46).8 These
alterations include increased concentrations of serotonin, resulting from an increase
in plasma free tryptophan or in the ratio of free tryptophan to branched-chain amino
acids. While it is difficult to distinguish between the positive effects of carbohydrate
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feedings on central vs. peripheral mechanisms of fatigue, ingestion of carbohydrate
during exercise has been shown to attenuate the rise in plasma free tryptophan while
delaying fatigue considerably.® In other words, ingesting carbohydrate during pro-
longed exercise may influence neurotransmitter production in the brain in a way that
delays the onset of “central fatigue” in addition to the positive metabolic effects on
the working muscles.

6.2.1 EXERCISE INTENSITY

At low exercise intensities, most of the energy needed for exercise comes from
plasma free fatty acids, but as exercise intensity increases, muscle glycogen and
plasma glucose provide an increasing contribution (Figure 6.1). At 25% VO,,...
most of the energy comes from oxidation of free fatty acids; blood glucose makes
only a small contribution.?> When exercise intensity is at 40% VO,,,.., the respiratory
exchange ratio is about 0.85, suggesting a contribution of 50% carbohydrate and
50% fats.® Romijn et al.'” have shown that when intensity increases to 65% VO,,,..,
the relative contribution of plasma free fatty acids decreases to about 54% of total
energy needs. The decrease in fat oxidation is even more pronounced at 85% VO,,,,.-
As fatty acid oxidation decreases, plasma glucose uptake and muscle glycogen
oxidation increase in relation to exercise intensity.!® Thus, carbohydrate is essential
for exercise at moderate intensities or higher.

6.2.2 EXErciSE DURATION

In the early stages of prolonged exercise at moderate intensity (about 65% VO,,,..),
carbohydrate and fat each provide about 50% of the energy. Muscle glycogen makes
the major carbohydrate contribution, while energy from fat is obtained in similar
amounts from plasma free fatty acids and muscle triglycerides. As exercise continues
and muscle glycogen stores decline, blood glucose becomes progressively more
important as a carbohydrate source for muscle fibers. Plasma free fatty acids also
become a more important source of fuel later in exercise (Figure 6.2).> During
prolonged exercise at moderate intensity, time to fatigue is usually associated with
the time when glycogen stores are depleted and blood glucose may approach
hypoglycemic levels (see below).!!

6.2.3 FiTNEss LEVEL

A clear, consistent effect that results from endurance training is an increase in the
mitochondrial content of skeletal muscle. This larger mitochondrial mass facilitates
aerobic metabolism, including the muscle’s ability to use free fatty acids as fuel.
The greater ability to generate ATP and citrate from beta oxidation inhibits key
enzymes in the glycolytic pathway and slows the catabolism of glucose and glyco-
gen.® Martin proposes that this increased contribution of free fatty acids to energy
production comes primarily from intramuscular triglycerides.!? The end result is a
gradual shift from less to more reliance on fat as fuel as aerobic fitness improves.
Nevertheless, as pointed out by Coyle (1997)3, fitness improvements also allow an
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FIGURE 6.1 Percent contribution of fuels to total energy expenditure at different exercise
intensities, after 30 min of exercise and an overnight fast. (Drawn from data in Romijn, J.A.,
Coyle, E.E, Sidossis, L.S., Gastaldelli, A., Horowitz, J.F., Endert, E., and Wolfe, R.R., Am.

J. Physiol., 265, E380, 1993).

individual to exercise more intensely, and therefore the reliance on carbohydrate as

a fuel source during intense exercise remains.

6.2.4 NUTRITIONAL STATUS

Fasting has a significant effect on the utilization of carbohydrate as fuel during
moderate intensity exercise.!3 During the postabsorptive phase, humans rely heavily
on liver glycogenolysis for blood glucose homeostasis. Consequently, liver glycogen
tends to be low after an overnight fast. When exercise is performed under these
conditions, blood glucose homeostasis must be maintained despite liver glycogen
depletion and the increased demand of working muscle for glucose.'*!> Maintenance
of blood glucose is partially achieved by gluconeogenesis and by a greater reliance
by active muscles on free fatty acids for fuel.!3 During the early stage of fasting (24
hours to 3 days), there is an increased lipolysis from adipose tissue and protein
breakdown from the body stores (skeletal muscle at rest, or the gut if the muscles
are active). Circulating glycerol and amino acids are taken up by the liver and used
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FIGURE 6.2 Percentage of energy derived from the four major substrates during prolonged
exercise at 65-75% VO,,,,,. Initially, approximately one-half of the energy requirement is
derived from carbohydrate and the other half from fat. As time progresses, fat provides a
greater proportion of the energy needs, but as muscle glycogen concentrations decline, the
relative importance of blood glucose as a fuel source increases. (From Coyle, E.F., Fuels for
sport performance, Perspectives in Exercise and Sports Medicine: Optimizing Sport Perfor-
mance, Lamb, D.R. and Murray, R. (Eds.), Cooper Publishing Group, Carmel, IN, 1997. With
permission).

as precursors for gluconeogenesis, providing glucose for the red blood cells and the
central nervous system. Free fatty acids are used as fuel for other organs, especially
skeletal muscle. During prolonged, moderate intensity exercise, this increase in free
fatty acid oxidation reduces the utilization of endogenous carbohydrate; that is,
muscle glycogen is spared.'¢

At the other extreme, ingestion of a high-glycemic carbohydrate bolus results
in an elevation of plasma insulin and suppression of adipose tissue lipolysis that is
still observable 4 hours after the meal. Carbohydrate oxidation is elevated and fat
oxidation is reduced for about the first hour of moderate intensity exercise, although
the suppression of fat oxidation is slowly reversed as exercise duration increases.!’
Some authors have warned that this higher reliance on carbohydrate may have
detrimental effects on performance, or simply blunt any potential ergogenic effect
of carbohydrate ingestion, because glycogen stores may be depleted faster.'® This
should not be a problem, provided that the meal contains enough carbohydrate to
supply all the excess carbohydrate that will be oxidized. In fact, most of the studies
on the performance effects of carbohydrate ingestion prior to exercise show either
a positive response or no effect.3*

A key factor in the regulation of the balance between free fatty acid/carbohydrate
oxidation is plasma insulin.’ Because plasma insulin is sensitive to the ingestion of
even small amounts of carbohydrate, the pre-exercise diet plays a very important
role in the utilization of carbohydrate during exercise.

When the regular diet does not contain sufficient carbohydrate for the demands
of physical activity, glycogen stores will be depleted and insufficiently restored
during the hours following exercise. Low muscle glycogen levels result in a higher
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utilization of protein for fuel during exercise,” the necessary amino acids being
obtained from breakdown of skeletal muscle protein. It is possible that ingestion of
carbohydrate during exercise, even if glycogen stores are low, may result in higher
oxidation of exogenous carbohydrate and sparing of muscle protein breakdown. For
example, a recent study using carbohydrate supplementation after resistance exercise
showed that the ingestion of carbohydrate was able to reduce myofibrillar protein
breakdown and urinary urea excretion, resulting in a more positive body protein
balance. !’

6.2.5 CARBOHYDRATE SOURCES DURING EXERCISE

As mentioned previously, the body’s primary carbohydrate stores are liver and
muscle glycogen. The other source of carbohydrate is blood glucose, but the total
amount of glucose that is in the blood at any given time is very low, the equivalent
of only 20 kcal. To maintain euglycemia during physical activity, humans rely on
liver glycogenolysis and gluconeogenesis and, if ingesting sports drinks or solid
carbohydrate supplements, on glucose absorption from the gut.

Lactate can also play an important role as a source of carbohydrate during
exercise. On one hand, lactate (and pyruvate) produced and released by skeletal
muscle can be used by the liver to synthesize new glucose that, in turn, can be used
by skeletal muscle to resynthesize ATP. Lactate can also be used as fuel by some
muscle fibers, in the so-called “lactate shuttle. ” Some evidence for this mechanism
has been provided in a study of simulated marathon running,?® where the estimated
total carbohydrate utilization could not be accounted for by glycogen stores and
circulating blood glucose. The role of lactate as a glycogen precursor was recently
evaluated by Bangsbo et al.! They concluded that while muscle glycogenesis from
lactate can occur in humans, this substrate only contributes a minor portion of
glycogen synthesis, even when muscle and blood lactate concentrations are high.

6.2.5.1 Glycogen Utilization, Glycogen Stores, and
Performance

Glycogen stores in skeletal muscle are very important for performance, but they are
relatively small. Overall muscle glycogen is about 300 to 500 grams, or about 1200
to 2000 kcal of energy. Both the carbohydrate content of the diet and training status
influence the amount of glycogen stored; between 10 and 30 grams of glycogen can
be stored in one kilogram of skeletal muscle.®> Regardless, these values are an
overestimate of the amount of muscle glycogen that is actually available during
specific forms of exercise because only glycogen from active muscle fibers can
be used.

In 1967, Bergstrom et al. showed a clear relationship between diet, pre-exercise
muscle glycogen stores, and endurance performance.? In this paper, subjects were
fed three different but isoenergetic diets for 3 days: low-carbohydrate, mixed diet,
and high-carbohydrate. Resulting muscle glycogen stores before exercise were low,
normal, and high, and corresponded with shorter, intermediate, and longer times to
fatigue during cycling. At the point of fatigue, muscle glycogen levels were similar
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in all conditions. From this and many other similar studies, it is clear that the initial
muscle glycogen content is strongly related to endurance performance (see Conlee,
1987, for a review on this topic).?* Because muscle glycogen depletion can be
associated with fatigue during prolonged strenuous exercise,'?* high initial glycogen
stores and reduced glycogen utilization for fuel are viewed as very positive factors
for an improved performance. Although the ingestion of carbohydrate via a sports
drink during exercise has a debatable effect on muscle glycogen stores, the fact that
muscle glycogen status is such a powerful determinant of performance is evidence
of the importance of carbohydrate as a key source of energy during vigorous exercise.

6.2.5.2 Fate of Ingested Carbohydrate During Exercise

Studies of the utilization of exogenous carbohydrate during exercise rely mainly on
the analysis of labeled carbon after ingesting different forms of carbohydrate. Dif-
ferent methodologies cause some difficulties in the estimations, but there is basic
agreement that ingested carbohydrate may provide between 10% and 30% of total
carbohydrate oxidation.> Adopo et al.?® estimated that the oxidation of ingested
carbohydrates can provide around 16% to 20% of total energy expenditure. They
noted that when carbohydrate is given as 50 g glucose plus 50 g fructose rather than
100 g glucose, the combined hexoses allow for a greater contribution to total energy
expenditure (21.9 £ 1.6% vs. 15.7 = 2.9%) during 2 hours of cycling at 60% VO,,,,.
In the early stages of exercise, the amount of exogenous carbohydrate oxidized is
very small: only about 32% of the carbohydrate emptied from the stomach is oxidized
during the first 80 to 90 minutes of exercise. This is about 20 g of exogenous
carbohydrate oxidized during the first hour of exercise.?> Later in exercise, the
situation is different, as blood glucose becomes the major carbohydrate fuel source.?
The fate of the exogenous carbohydrate that is not oxidized during exercise is still
an open question, although there are suggestions that some of it may be incorporated
into the glycogen stores of inactive muscle fibers.

The metabolic effects of carbohydrate ingestion during exercise vary with exer-
cise duration and intensity. When carbohydrate is ingested during low intensity
exercise, blood glucose levels and plasma insulin levels reach higher values com-
pared with control conditions. The resulting hyperglycemia and hyperinsulinemia
cause a higher rate of muscle glucose uptake, compared with exercise in a fasted
state. However, when carbohydrate is ingested during moderate intensity exercise
(50% to 75% VO,,,,), the alterations in substrate metabolism are not as obvious.
Plasma insulin levels are only slightly higher or the same as during exercise in the
fasted state, and the reduction in free fatty acid oxidation is not as marked as during
low intensity exercise.?

During prolonged strenuous exercise, glucose output by the liver is reduced by
ingestion of carbohydrate, while muscle glucose uptake is increased. The greater
muscle uptake of glucose potentially favors a reduced net glycogen utilization, but
this only appears to happen under specific conditions (see below).* Ingestion of
carbohydrate during exercise also results in lower levels of plasma free fatty
acids,?’?® although this does not affect fat oxidation to the same extent as when
carbohydrate is ingested before exercise.*
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According to DeMarco et al. (1999),% there is a clear and strong relationship
between blood glucose levels at various points in time, and ratings of perceived
exertion (RPE) and respiratory exchange ratio (RER). This is further evidence that
higher blood glucose concentrations promote an increased utilization of carbohydrate
as a fuel. Provided there is a good supply of exogenous glucose, this would be an
advantage for performance.

A key positive effect of carbohydrate ingestion during exercise is often mani-
fested late during exercise of 2 hours or more. Utilization of plasma glucose increases
with exercise duration in the fasted state, and this seems to be related to a steady
decrease in the rate of muscle glycogenolysis. When muscle glycogen stores are
high, blood glucose provides only about 25% of carbohydrate fuel, but late in
exercise, when glycogen levels are low, blood glucose oxidation accounts for most
of the carbohydrate oxidation. During the latter stages of prolonged exercise of low
or moderate intensity, blood glucose concentration decreases due to a reduced liver
glucose output and performance is impaired to the extent that carbohydrate plays
an important role as fuel at that time. This decrease in blood glucose may be
prevented by the ingestion of carbohydrate during exercise.>!!-30

Based on the above findings, Coyle and colleagues'' have proposed a well-
documented model of the absolute rate of carbohydrate oxidation from different
sources during prolonged cycling at a constant intensity of 70% to 75% VO,,,..
(Figure 6.3). According to this model, the rate of muscle glycogen utilization during
exercise is the same when fasted or when fed carbohydrate. During prolonged
exercise, blood glucose becomes more and more important, while muscle glycogen
contributes less and less to energy production as time progresses. After about 3 hours
of exercise in the fasted state, fatigue occurs due to an insufficient rate of carbohy-
drate oxidation resulting from a decrease in blood glucose concentration. Ingestion
of carbohydrate maintains blood glucose availability and prevents this decrease in
carbohydrate oxidation, even when muscle glycogen is almost depleted, enabling
exercise to be continued for an additional hour or so.

6.2.5.3 Blood Glucose Availability and Muscle Glycogen
Utilization

A reduction in carbohydrate availability is associated with fatigue during prolonged
strenuous exercise. Because muscle glycogen stores — one of the two major sources
of carbohydrate for the exercising muscle — are limited, scientists have been inter-
ested in the effect of exogenous glucose on glycogen utilization. Glycogen utilization
depends on glycogen phosphorylase activity, which is potentially reduced by an
increase in the concentrations of glucose and glucose-6-phosphate inside the muscle.
Intramuscular glucose accumulation can be increased, in turn, by carbohydrate
ingestion.3! On the other hand, as indicated above, carbohydrate ingestion causes
high plasma glucose and insulin concentrations at exercise intensities below about
70% to 75% VO,,,,, thus inhibiting lipolysis and reducing the availability of free
fatty acids, resulting in a greater reliance on carbohydrate for exercise. If this need
for additional carbohydrate is supplied by muscle glycogen because of insufficient
glucose availability, an ergolytic rather than an ergogenic effect results. If sufficient
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FIGURE 6.3 Model of carbohydrate oxidation and fatigue. Percentage of energy and
absolute rate of carbohydrate oxidation from various sources during prolonged cycling at
70-75% VO, When fasted or when fed carbohydrate throughout exercise. (From Coyle, E.
F., Coggan, A. R., Hemmert, M. K., and Ivy, J. L., Muscle glycogen utilization during
prolonged strenuous exercise when fed carbohydrate, J. Appl. Physiol., 61, 165, 1986. Figure
5, page 170. With permission).

amounts of sports drinks or other sources of carbohydrate are ingested at regular
intervals throughout exercise, this should not be a concern.

A net reduction in muscle glycogen utilization with carbohydrate ingestion has
been observed in prolonged treadmill running at 70%V0,,,,..>**?, but not in pro-
longed cycling at 70% to 75% VO,,,,,.'*! Interestingly, variable intensity cycling
protocols have been shown to allow for glycogen sparing.®*3* Thus, blood glucose
availability can influence the net rate of glycogen utilization, but this depends on
the mode and intensity of exercise, amount and type of carbohydrate ingested, and
pre-exercise nutrition and training status.®® During prolonged strenuous cycling
exercise, any ergogenic effect of carbohydrate ingestion must act through a mech-
anism other than sparing of muscle glycogen.

6.3 PERFORMANCE RESPONSE TO CARBOHYDRATE
INGESTION DURING EXERCISE

According to Hargreaves,* “perhaps one of the most studied areas in sports nutrition
has been the metabolic and performance responses to carbohydrate ingestion during
exercise” (p. 100). As early as 1924,3-38 scientists were beginning to publish evi-
dence supporting the important role of an exogenous source of carbohydrate during
prolonged exercise. The success of commercial sports drinks and other nutritional
supplements gave momentum to research in this area in the 1980s and 1990s,
resulting in a considerable amount of evidence in favor of the ergogenic effects of
carbohydrate ingestion on different types of exercise.



Metabolic and Performance Response to Carbohydrate Intake 163

6.3.1 GENERAL CONSIDERATIONS

Because the relative importance of carbohydrate as fuel depends on exercise intensity
and duration, as well as fitness level and nutritional status, all those factors will also
bear on performance responses to carbohydrate ingestion during exercise. A nice
example of the role of nutrition status can be found in a study by Neufer et al.* on
four different occasions. Ten well-trained male cyclists reported to the laboratory
24 hours after a glycogen depletion session and after a 12-hour fast. They cycled
for only 45 minutes at 80% VO,,,,, and were then requested to generate as much
work as possible on an isokinetic cycle ergometer for 15 minutes. These subjects,
who started the tests with low muscle glycogen levels, performed significantly better
when fed carbohydrate right before the tests than when using a placebo. Furthermore,
if a light carbohydrate feeding was also given 4 hours before the test in addition to
the pre-test carbohydrate, performance was improved even more, although the
increase in pre-exercise glycogen concentration of 15% was not statistically signif-
icant. The authors concluded that when initial endogenous carbohydrate stores are
less than optimal, the ingestion of 45 grams of carbohydrate immediately before
high intensity exercise will improve performance during the final 15 minutes of a
1-hour exercise bout.

Performance responses to different ergogenic aids are typically measured in one
of three ways:

time to fatigue at a constant exercise intensity

. mean power output (or total work performed) generated in a fixed amount
of time

3. atime trial (time required to cover a particular distance)

D=

The latter two are very similar, since both depend on average power output,
although attempting to complete as much work as possible in a fixed period of time
is not as intuitive a task for most subjects as is trying to complete a task as fast as
possible. The type of performance test must be selected according to the hypothesis
to be tested. Sometimes, the question of interest relates to understanding a particular
physiological mechanism; at other times, what matters is whether a specific sport
performance can be improved, and the performance test is selected to mimic the
demands of that sport. Interpretation of the research should take these issues into
consideration.

6.3.2 PrOLONGED EXERCISE

It is reasonable to expect that an exogenous fuel supply in the form of carbohydrate
should have a greater effect on prolonged exercise, where fuel stores and fuel
availability often limit performance. Shorter efforts (under 15 minutes) are usually
assumed to be powered by endogenous fuel sources, with the limiting factor to
performance being the ability of the metabolic pathways to use the available fuel
without large disturbances to homeostasis. For this reason, most of the earlier
research on carbohydrate intake and performance involved prolonged, steady-state
exercise. Because of the different relative contributions of carbohydrate and fat as
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fuels during exercise, subjects performing low intensity (25% to 30% VO,,,,,) and
moderate intensity (70% to 75% VO,,,,,) exercise respond very differently to car-
bohydrate supplementation.

6.3.2.1 Low intensity Exercise

Most of the energy necessary for steady-state exercise at 25% VO,,,, comes from
plasma free fatty acids. To be used as fuel, lipids (from adipose tissue or intramuscular
triglycerides) must undergo mobilization, circulation via the bloodstream, and uptake
by muscle, followed by activation, translocation, beta oxidation, and finally mitochon-
drial oxidation and production of ATP. Because the processes of lipid utilization are
slow to be activated, the contribution of fats is small at the onset of exercise, although
little plasma glucose is used because of the low intensity of the exercise. After 30
minutes, plasma free fatty acids and muscle triglycerides provide about 85% of all
fuel for low intensity exercise.'” As time goes on, the relative contribution of free fatty
acids becomes more and more important,? but body stores of fat are so large that it is
more likely that carbohydrate remains as the limiting factor; there are no reports of
complete depletion of intramuscular or adipose tissue lipid stores. Ingestion of carbo-
hydrate in the early stages of this type of exercise is not warranted, though, because
it is well documented that carbohydrate ingestion at this low intensity of exercise will
suppress free fatty acid mobilization from adipose tissue and total fat oxidation by
skeletal muscle,* resulting in a greater reliance on carbohydrate fuels. While this effect
should not be detrimental to performance as long as carbohydrate ingestion is main-
tained, the major benefit of carbohydrate ingestion during low intensity activities would
be apparent only after several hours of exercise, if the effort is long enough to deplete
muscle glycogen stores. In addition, carbohydrate intake during low intensity exercise
will prevent hypoglycemia and the neuroglucopenia that can negatively affect the
function of the central nervous system.

6.3.2.2 Moderate Intensity Exercise.

There is compelling evidence that carbohydrate ingestion during exercise improves
performance of prolonged moderate intensity exercise.>**! This typically repre-
sents more than 2 hours of exercise, but the effects have been observed in exercise
of about 1-hour duration, especially if muscle glycogen stores are low.*? Long-
distance runners and cyclists have relied on this scientific finding for years, as
evidenced by their frequent use of sports drinks as a source of carbohydrate and
fluids during exercise.

The positive effect of carbohydrate ingestion occurs independent of the perfor-
mance measure. For example, time to fatigue at a constant intensity of exercise has
been improved by anywhere from about 20 minutes to an hour.!!2427:3043-47 Average
power output for a fixed distance or time has also been improved by carbohydrate
ingestion during the exercise.?$48-50 Although the physiological mechanism respon-
sible for an improved performance with carbohydrate ingestion may vary with mode
of exercise, the ergogenic effect has been found both in running?*#647% and
cycling. 2434
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What is the underlying mechanism for the improved performance seen with
carbohydrate ingestion during exercise? According to Nicholas et al.,’! “... the
mechanisms responsible for improving endurance capacity have been linked with
the prevention of hypoglycemia, maintaining a high rate of carbohydrate oxidation
and, in some studies, glycogen sparing” (p. 288). In well-trained cyclists, moderate
intensity cycling (about 70% VO,,,,,) typically can be continued for more than 2
hours. In an elegant series of experiments, Coggan and Coyle? have collected com-
pelling evidence showing that carbohydrate ingestion improves performance of this
type of exercise primarily by maintaining the availability and oxidation of blood
glucose, especially late in exercise. Their model is valid only for prolonged strenuous
cycling, where glycogen sparing has been shown not to occur.!! During prolonged
strenuous running, blood glucose levels do not fall as low as during cycling, but a
reduced net muscle glycogen utilization, thanks to higher blood glucose availability,
is observed.?*32 It is not clear whether the difference between running and cycling
is due to the relative importance of blood glucose vs. muscle glycogen as carbohy-
drate fuel sources or to differences in muscle fiber total recruitment or recruitment
patterns.*

Carbohydrate ingestion during this type of exercise seems to be unable to
improve performance under certain conditions. Performance is often improved in
the absence of hypoglycemia but, in agreement with the model of Coyle et al.,!!
those subjects who are able to maintain blood glucose levels throughout exercise
without carbohydrate supplementation do not benefit from carbohydrate ingestion.
This is often the case when subjects have good liver and muscle glycogen stores
and duration is relatively short,*? but it may also occur in some subjects who have
a better ability to regulate their blood glucose.?’ Aside from these few exceptions,
ingestion of carbohydrate during long duration, moderate intensity exercise is nor-
mally expected to have a positive effect on performance. Sports drinks are seen as
a convenient and effective way to ingest carbohydrate during this type of exercise,
because they fulfill a double purpose by also helping to prevent dehydration.

6.3.3 HIGHER INTENSITY, SHORTER DURATION EXERCISE

Until the early 1990s, the main focus of research on carbohydrate feeding during
exercise was on prolonged continuous exercise. As recently as 1996, an American
College of Sports Medicine position stand on exercise and fluid replacement stated:
“During exercise lasting less than 1 h, there is little evidence of physiological or
physical performance differences between consuming a carbohydrate-electrolyte
drink and plain water” (p. i). At the time the ACSM position stand was written, few
investigators had examined the benefits of carbohydrate ingestion during activities
other than prolonged continuous exercise.*

A study published by Ball and colleagues in 1995°%2 was among the first to
provide evidence in favor of ingesting carbohydrate during exercise lasting less than
1 hour. To determine if frequent ingestion of a carbohydrate-electrolyte drink during
high intensity cycle ergometer exercise would affect sprint capacity at the end of
the exercise session, eight male competitive cyclists completed testing on 3 days.
The first day was for assessment of VO The other two test sessions were the

2max*
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counterbalanced 50-minute trials (at 80% VO,,,,,), when subjects ingested 2 ml/kg
body weight at 10, 20, 30, and 40 minutes of either a carbohydrate-electrolyte
solution or water placebo. Immediately after the 50-minute bout, subjects performed
a Wingate anaerobic power test. The tests were performed after a 12-hour fast. Peak
power (794 + 84 vs. 748 + 97 W), mean power (701 + 85 vs. 655 + 74 W), and
minimum power (627 = 101 vs. 585 + 93 W) during the final sprint were all
significantly higher for the carbohydrate-electrolyte solution trials, while the ratings
of perceived exertion during the 50-minute bout were lower (5.0 vs 5.6). The authors
concluded that cyclists and other athletes may benefit by periodically ingesting a
carbohydrate-electrolyte solution during moderate-duration, high intensity compe-
titions after an overnight fast.

Anantaraman et al.® studied five moderately trained subjects during a 1-hour
high intensity test. Each subject reported to the laboratory in a post-absorptive state,
on three different occasions separated by at least 1 week. For each test, they warmed
up for 2 minutes and then cycled continuously at an initial intensity of 90% VO,,,...
trying to maintain power output as close to the initial value as possible for 60 minutes.
A glucose-polymer or placebo drink (300 ml) was ingested 2 minutes prior to the
start of exercise and at 15, 30, and 45 minutes during the exercise test, in the
appropriate combinations to produce a glucose before, placebo during condition
(G/P), glucose before, glucose during condition (G/G), or placebo before, placebo
during condition (P/P). Both G/P and G/G resulted in a greater total amount of work
(619 + 234 and 599 + 235 kJ, respectively) compared with P/P (560 + 198 kJ). The
authors stated that no additional benefit of ingesting carbohydrate both prior to and
during exercise was obtained compared with carbohydrate ingestion only prior to
exercise. They suggested that this might be due to limited gastric emptying during
the exercise at such a high intensity. However, their subjects spent much of the 60-
minute exercise bout between 70% and 80% VO,,,,.. Gastric emptying should not
be substantially impaired at that intensity. Unfortunately, the absence of a pla-
cebo/glucose condition in this study precludes any conclusions about the relative
contribution of carbohydrate ingestion before vs. during the exercise.

The contribution of carbohydrate ingestion during cycling exercise at 80%
VO, is clear from an elegant study by Below et al.>* Eight endurance-trained men
exercised in a warm environment on a cycle ergometer for 50 minutes at 80% VO,,,,.»
followed by a cycling performance test involving the completion of an individually
set amount of work in the shortest time possible. This design simulates the actual
conditions faced during a 40-km cycling time trial with a finishing sprint. Each
subject performed the test under four conditions separated by at least 72 hours:

ingestion of fluid plus carbohydrate
fluid alone

carbohydrate alone

placebo

Sl o

The design allowed for testing the main effects of large vs. small fluid replace-
ment, and carbohydrate (79 + 4 grams) vs. no carbohydrate, plus the potential
interaction between the factors. Subjects performed the final sprint significantly
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faster with carbohydrate than without (10.23 + 0.28 vs. 10.92 + 0.32 minutes).
Performance was also significantly faster (10.22 + 0.27 vs. 10.93 + 0.32 minutes)
with large (79% of fluid loss) than with small (13% of fluid loss) fluid replacement.
Furthermore, there was no interaction between the factors, indicating that their
effects were independent. Finally, the effects of the factors in this study were additive:
performance improvement was twice as large with both carbohydrate and large fluid
replacement (time = 9.93 + 0.28 minutes) than when only one of the factors was
present. This is important because, very often, studies will provide carbohydrate in
liquid form (i.e., a sports drink), and therefore it could be questioned whether the
improvement in performance is due to rehydration rather than carbohydrate inges-
tion. For example, muscle glycogen use during exercise has been shown to be
reduced by ingestion of enough distilled deionized water to prevent a loss of
body mass.>

Another study looked at a cycling time trial, but focused on performance without
any additional measurements in order to reduce the variability of the performance
results.”® Nineteen endurance trained cyclists performed an individually set amount
of work as fast as possible on a cycle ergometer. Two tests were performed in random
order by each subject, receiving 8 ml/kg body weight as a bolus during the warm-
up period, plus 2 ml/kg body weight upon reaching 25%, 50%, and 75% of the
prescribed amount of work, of either a 7.6% carbohydrate-electrolyte solution or
placebo. Time to complete the set amount of work was significantly lower with
carbohydrate ingestion than with placebo (58.74 + 0.52 vs. 60.15 = 0.65 minutes,
respectively). Because of the nature of this study, the authors were not able to
evaluate potential mechanisms for this improvement.

In summary, the few available scientific publications regarding higher intensity,
shorter-duration, continuous exercise support the ergogenic effect of carbohydrate
feeding, particularly if the exercise test or event involves a final sprint, as is common
during time trials and other sports competitions. Provision of fluids is also important
in this type of effort, as shown in the study of Below et al.**

6.3.4 INTERMITTENT EXERCISE

There has recently been a growing interest in studying the effects of carbohydrate
feeding on intermittent exercise of relatively short duration and high intensity. Most
team sports are included in this category: soccer, basketball, rugby, American foot-
ball, volleyball, and hockey all fit this description. Tennis and combat sports are also
typically intermittent. Training sessions for swimming, track, cycling, rowing, and
general conditioning often include repeated, high intensity efforts alternated with
recovery periods. In most cases, high intensity exercise is alternated with short to
long periods of rest or reduced intensity exercise.

High intensity exercise (intensity = 90%VO0,,,,,) without recovery periods results
in high concentrations of lactic acid in blood and skeletal muscle, and usually leads
to exhaustion rather quickly, regardless of carbohydrate availability.? For that reason,
whenever possible, athletes will alternate the high intensity efforts with adequate
recovery, which enables them to exercise longer and at higher intensities. Typically,
exercise duration can vary from 45 minutes to about 2 hours. Under these conditions,
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energy expenditure is high, and muscle fibers rely heavily on muscle glycogen for
ATP production. It is not uncommon to reach very low levels of muscle glycogen
at the end of such exercise.’"-

Research publications from the past decade show that intermittent high intensity
exercise performance is improved by carbohydrate supplementation. Researchers
have looked at two separate aspects of carbohydrate supplementation: supplemen-
tation of carbohydrates in the regular diet to improve glycogen stores, and ingestion
of carbohydrates during exercise. The first application is outside the scope of this
chapter; suffice to say that higher dietary carbohydrate intake has been shown to
result in higher pre-exercise glycogen stores, which in turn have resulted in improved
exercise performance.!8-57-59:60

The ingestion of carbohydrate during intermittent high intensity exercise
deserves specific discussion. A 1984 paper by Hargreaves and colleagues?? reported
an ergogenic effect of carbohydrate feedings during intermittent cycling, but the
total duration was 4 hours. Ten male subjects cycled for 20 minutes at 50% VO,
followed by 10 minutes of intense intermittent cycling (four bouts of 30 seconds of
cycling at 100% VO,,,,, followed by 2 minutes of rest). This sequence was repeated
each half-hour for 4 hours; the final sprint bout was a timed ride to exhaustion. All
subjects performed two trials separated by at least 2 weeks with a crossover design.
One trial involved ingesting a solid feeding of 43 grams sucrose, 9 grams fat, and
3 grams protein in 400 ml of water, at 0, 1, 2, and 3 hours of exercise, for a total
of 172 grams carbohydrate. The placebo trial used the same pattern, but 400 ml of
an artificially sweetened drink was given instead. During the sprint rides to exhaus-
tion, subjects performed 45% longer in the carbohydrate trial (127 + 25 vs. 87 + 18
seconds, p < 0. 05). In addition, blood glucose levels were higher shortly after each
carbohydrate feeding, and vastus lateralis glycogen utilization was significantly
lower for the carbohydrate than the placebo trials (101 + 10 vs. 126 £ 6 mmol/kg
wet weight). The authors concluded that carbohydrate feeding during prolonged
intermittent exercise results in a significant reduction of glycogen utilization and an
enhancement of sprint performance at the end of the activity.

In an effort to understand the physiologic and performance responses to inter-
mittent exercise of varied intensity commonly found in some sport training programs,
Murray and colleagues®' studied 13 adult males during cycling exercise in the heat.
Subjects performed repeated sub-maximal exercise bouts at 55% to 65% VO,
alternated with five rest periods of 3 to 15 minutes, plus two brief high intensity
performance tests requiring completion of an individually set amount of work as
fast as possible. Four different conditions were completed by all subjects in counter-
balanced fashion: water placebo (WP), 5% glucose polymer solution (GP), 6%
sucrose/glucose solution (SG), or 7% polymer/fructose (PF); 2 ml/kg body weight
were ingested during each of the five rest periods. Completion times for the first
performance test were not statistically different among conditions. However, the
second performance test (at the end of about 2 hours of cycling) showed significantly
shorter (p < 0. 001) times for both the SG and PF treatments (384 + 39 and 375 + 30
seconds) when compared with WP (432 + 43 seconds). Performance time on the
GP trial (401 + 52 seconds) was not significantly different from that on the WP trial.
This study involved intermittent exercise, but, throughout the exercise session, used



Metabolic and Performance Response to Carbohydrate Intake 169

low intensities that would seldom be found in most training sessions or competition
in combination with the performance tests used.

Simard et al. (1988) completed a study with seven elite collegiate ice hockey
players during an actual hockey game.®? Each player was studied during two separate
matches, one with carbohydrate supplementation and one with placebo, 4.5 hours
after a standardized meal. Beverages were consumed before (926 ml of a 10%-
glucose or saccharine solution with lemon juice), and during the games (114 ml of
the same solutions at 20 and 40 minutes of play). Under the carbohydrate condition,
a total of 100 grams of carbohydrate was consumed before and 20 g during the
match. Measurements of muscle glycogen before and after the matches were
obtained, as well as total time of play, distance skated, and mean speed of each
player. The hockey players skated 10.2% more distance, and net glycogen utilization
was 10.3% lower, with carbohydrate supplementation. When the glycogen decrease
was corrected for distance skated, the net glycogen utilization was significantly lower
in the carbohydrate match.

Several interesting field studies on soccer are cited in a review paper by Hawley
et al.%* The combined results illustrate how supplementation with fluids plus carbo-
hydrate during soccer matches has resulted in improved soccer performance, namely
greater second-half running distances (greater overall distance but also a higher
number of sprints), and a larger number of ball contacts together with a greater
involvement in play during the final 30 minutes of the games, compared with matches
when only water was consumed. Team performance was also improved, resulting
in more goals scored and less conceded with water plus carbohydrate supplemen-
tation vs. water alone.

Nicholas and colleagues®' designed a shuttle running protocol to simulate run-
ning during a typical team sport competition such as soccer, rugby, or basketball.
They asked nine players to perform two exercise sessions, 7 days apart, each con-
sisting of two parts. First, a 75-minute exercise period of intermittent running in
blocks of 15 minutes (sprinting, jogging, and walking) was conducted. This was
followed by a period of intermittent running at 55% and 95% VO,,,,, to fatigue. The
order of tests was randomized, with the subjects drinking 5 ml/kg body weight before
the exercise and 2 ml/kg body weight every 15 minutes thereafter of either a 6.9%
carbohydrate-electrolyte solution or a non-carbohydrate placebo. The tests were
performed after a 10-hour fast. The carbohydrate electrolyte drink provided an
average of 47 grams of carbohydrate/hour, and allowed the subjects to run for 2.2
minutes longer than when drinking a placebo solution (8.9 + 1.5 vs. 6.7 + 1.0
minutes). Blood glucose concentrations tended to be higher during the carbohydrate
ingestion trial, but the ratings of perceived exertion were not different between trials.
The authors concluded that carbohydrate feedings during intermittent exercise
improved intermittent running performance and suggested that the 33% increase in
endurance capacity obtained might be due to reduced muscle glycogen utilization
during the first 75 minutes of exercise in the carbohydrate treatment.

Davis and colleagues® also looked at the effects of ingesting carbohydrate drinks
on fatigue during intermittent high intensity cycling. Nine men and 7 women, all
physically active but untrained, completed three trials with 1 week between exercise
sessions. Subjects arrived in the laboratory after a 10-hour fast, having refrained
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from heavy exercise for 48 hours prior to the experimental trials. The first session
was a familiarization trial; in the other two sessions, subjects received 4 ml/kg body
weight of either a 6% carbohydrate-electrolyte beverage or an artificially flavored
placebo, in counterbalanced fashion, every 20 minutes. They also received either
placebo or an 18%-carbohydrate solution before the exercise. The exercise sessions
consisted of repeated 1-minute cycling bouts at 120% to 130%VO,,,,, alternated
with 3 minutes of rest until fatigue. Total time to fatigue was delayed from a mean
of 60 = 6 minutes with the placebo to 87 + 13 minutes with the carbohydrate drink.
The positive effect of carbohydrate ingestion was the same for the women as for
the men. Plasma glucose and insulin concentrations generally increased under both
conditions during the intermittent exercise, but the increases were larger for the
carbohydrate than for placebo. Plasma glucose was significantly higher at all exercise
time points in carbohydrate than placebo. The authors concluded that consumption
of carbohydrate drinks at frequent intervals can improve exercise capacity during
activities involving repeated intervals of intense exercise and rest that last about
1 hour.

In a study of prolonged intermittent high intensity running, Nassis et al.®
evaluated the endurance capacity of nine well-trained distance runners who per-
formed the tests on two different occasions, with carbohydrate supplementation or
placebo, after an overnight fast. Following a warmup of 5 minutes of continuous
running at 60% VO,,,, plus 5 minutes of intermittent running at 70% and 45%
VO,,,.... subjects rested for 5 minutes of data collection and then started the inter-
mittent running protocol. The subjects repeated 15 second bouts of fast running at
80% (first 60 minutes), 85% (60 to 100 minutes), and 90% VO,,,,, (100 minutes to
volitional fatigue), alternated with 10 seconds of running at 45% VO, replicating
the protocol of Bangsbo et al.!® Time to fatigue was not different between conditions
(placebo = 113 + 23 minutes; carbohydrate = 110 + 21 minutes), and blood glucose
was similar throughout the tests under both conditions, even though the runners
ingested an average of 30 grams carbohydrate/hour throughout the carbohydrate
trial. Muscle glycogen was not measured in this study. The authors offer a possible
explanation for the lack of an ergogenic effect from the possibility of delayed gastric
emptying due to the intensity of the exercise. This is not likely, since the same or
higher intensities in other studies did not seem to interfere significantly with gastric
emptying and delivery of glucose to the blood (see above). It is possible that 30
grams of carbohydrate per hour is not enough under these circumstances. Another
possible explanation is that the recovery periods were too short; other studies have
allowed recovery periods that were up to three times as long as the time of intense
exercise bouts® (see Table 6.1).

An interesting and necessary question relates to the physiologically plausible
mechanism for the improvement in performance often noted with the ingestion of
carbohydrate during intermittent exercise. As explained above, during prolonged
moderate exercise lasting 2 hours or more, regular carbohydrate ingestion helps
maintain blood glucose levels later in exercise, enabling a higher power output at
that time, or a longer time to fatigue. The proposed mechanism during intermittent
exercise involves slower glycogen depletion rates, either because of glycogen spar-
ing, or due to glycogen resynthesis during the recovery periods.
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According to Shi and Gisolfi,* “The positive effect of carbohydrate supplemen-
tation during intermittent exercise may be attributed to oxidation of a large percent-
age of the ingested carbohydrates, thus providing 16 to 20% of the total energy
expenditure during exercise” (p. 159). If the energy from oxidation of exogenous
carbohydrate exceeds the reduction in energy from oxidation of fats, some of the
extra carbohydrate could spare muscle glycogen utilization, delaying fatigue.

In 1993, Tsintzas and colleagues® proposed that a 30-km road race performance
improvement with ingestion of carbohydrate during exercise was possibly due to
sparing of muscle glycogen. To confirm this hypothesis, they performed a study with
seven male recreational runners who ran on a treadmill for 60 minutes at 70% VO,,,,,,
on 2 separate days, drinking either a carbohydrate-electrolyte solution or water.*?
They noted a 28% reduction in total glycogen utilization as a result of carbohydrate
ingestion compared with water, but this glycogen sparing occurred only in the slow-
twitch, type I fibers. No performance test was included as part of this study.

In a later paper by the same group, on two separate days Tsintzas et al.>* asked
eight subjects to run on a treadmill at 70% VO, to exhaustion, ingesting either a
5.5% carbohydrate-electrolyte solution or placebo. They reported a 25% reduction
in glycogen utilization, again observed only in type I fibers, with carbohydrate
supplementation. Carbohydrate ingestion also resulted in a longer (p < 0. 01) time
to exhaustion (132 + 12 vs. 104 = 9 minutes). These two studies provide good
evidence that carbohydrate ingestion spares muscle glycogen utilization during mod-
erate continuous running. A 1993 paper by Yaspelkis and colleagues®* suggests that
the same thing happens with cycling exercise alternating between low and moderate
intensities (45% and 75% VO,,,,,)- In this study, muscle glycogen concentration after
190 minutes of exercise was higher when the subjects ingested three feedings of 18
grams of carbohydrate/hour in a 10% carbohydrate liquid supplement than when
ingesting an artificially flavored placebo. Performance was significantly improved
by carbohydrate supplementation: time to fatigue at 80% VO,,,,, after 200 minutes
of low and moderate cycling was longer (33 = 7 vs. 2 = 10 minutes). Because they
did not find a glycogen concentration difference in the type II muscle fibers toward
the end of exercise, the authors discarded the possibility of glycogen resynthesis
during the low intensity intervals of exercise. Glycogen sparing in this study is a
much more likely mechanism, supported by higher plasma glucose and insulin levels
throughout the exercise session with liquid carbohydrate supplementation.

In 1989, Leatt and Jacobs®” provided evidence for glycogen sparing during a
soccer game. Ten young national-level soccer players were assigned to a control
(drinking a placebo) or a carbohydrate (7% glucose polymer solution) group. To
balance the difference in playing positions, all control (water placebo) players were
on one team, and all carbohydrate-treatment players on the other team. A regulation
soccer match was played (two 45-minute halves with 10 minutes of rest in between),
drinking 500 ml of the assigned solution before the match and 500 ml at half time.
Vastus lateralis muscle biopsies were obtained before and after the game. Final
muscle glycogen concentrations of the control group were as low as typically found
in professional soccer players after a match, and dehydration was 2.8% of body
mass, suggesting that the intensity of play was comparable to a professional soccer
game. The decrease in glycogen concentration after the match was significant (p <
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0. 001), but it was greater for the control group than for the carbohydrate group
(181 £23 vs. 111 + 24 mmol glucose units/kg dry wt, P = 0.002), representing 39%
less glycogen utilization in the carbohydrate group. The major shortcoming of this
study is that there was no control or even quantification of total amount of work
performed or the intensity of exercise. As a result, the possibility that subjects in
the control group exercised at a higher average intensity throughout the match,
resulting in a larger glycogen utilization, cannot be ruled out.

Therefore, there is evidence of a reduced net utilization of glycogen with car-
bohydrate ingestion during intermittent, high intensity exercise.?*32-346267 Coggan
and Coyle? pointed out that to provide definitive evidence of “glycogen sparing”
would require demonstrating that, given the same pre-exercise muscle glycogen
concentration and exercise duration, post-exercise glycogen is significantly higher
when fed carbohydrate during the exercise. Six of the seven papers published by
that time met the first two criteria, but could not meet the last. 2 However, those
papers focused on prolonged strenuous exercise; when intermittent high intensity
exercise is analyzed, better support is found in favor of “glycogen sparing. ” Some
evidence favors the theory that an important factor for this reduced net utilization
of glycogen during intermittent exercise is glycogen resynthesis during periods of
rest and low intensity exercise.

A 1987 paper by Kuipers and colleagues®® shows that glycogen resynthesis
can occur during 3 hours of low intensity cycling at 40% of maximal workload,
after depletion to an average of 136 + 66 mmol/kg dry weight, when trained male
subjects are supplemented with carbohydrate. This glycogen synthesis was not as
high as that obtained at rest, but was still important (average measured net glycogen
synthesis rate of 21 mmol/kg dry weight/hour), and occurred mainly in the type
II fibers, which were more likely to be inactive during this type of exercise. In a
later study, Kuipers et al.® showed that this glycogen resynthesis during low
intensity exercise did not happen in untrained men. More recently, Price et al.”®
showed that simultaneous glycogen synthesis and degradation were possible in a
single exercising muscle of normal, healthy (presumably untrained) subjects, when
muscle contractions were performed at 15% of a maximal voluntary contraction.
Owing to the incomplete nature of the scientific literature on this topic, the relative
importance of muscle glycogen resynthesis during periods of low intensity exercise
warrants further evaluation.

An important limitation to the theory that intermittent exercise performance is
enhanced by ingestion of carbohydrate during exercise due to a better maintenance of
glycogen stores is that glycogen data are reported on mixed muscle; the results of
these assays typically indicate that carbohydrate feeding has no glycogen sparing
effect. Davis and colleagues® have pointed out, however, that the limiting factor for
performance in this type of exercise is not mixed muscle glycogen depletion, but
glycogen depletion and fatigue in fast-twitch, type II muscle fibers, which may lead
to poorer performance. Because glycogen sparing has been documented in type I but
not in type II fibers, a more promising underlying mechanism for the ergogenic effect
of carbohydrate ingestion during intermittent high intensity exercise is glycogen resyn-
thesis in type II fibers during the low intensity recovery periods. This idea had already
been proposed by Davis’s group in an earlier abstract publication of the 1997 study.”
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To summarize, the evidence available to date shows that high intensity intermit-
tent exercise performance is improved by carbohydrate ingestion during the activity,
thanks to a reduced net utilization of muscle glycogen. The fact that high-carbohy-
drate diets, resulting in higher pre-exercise glycogen stores, cause an improved
exercise performance during high intensity intermittent running typical of team
sports,'®3% or during actual ice hockey games,’’ also supports the importance of
maintenance of glycogen stores for this type of exercise performance.

The prevailing scientific consensus is that there is a positive performance
response to carbohydrate ingestion during exercise of different types, intensities,
and durations. For this ergogenic effect to occur, the exercise must be long enough
or intense enough to significantly reduce muscle glycogen stores or challenge plasma
glucose concentration. Some subjects have a greater ability to regulate plasma
glucose even under adverse conditions, and they may not benefit from carbohydrate
ingestion. Untrained individuals may also benefit only marginally from an increased
availability of exogenous carbohydrate. However, because there is no clear evidence
of a detrimental effect of carbohydrate ingestion during exercise on performance,
utilization of properly formulated sports drinks during physical activity should, at
worst, be as beneficial as drinking water and, at best, provide enough carbohydrate
to produce the type of performance improvements discussed in this section.

6.4 PRACTICAL ISSUES FOR THE USE OF SPORTS
DRINKS DURING EXERCISE TO IMPROVE
PERFORMANCE

Most of the following recommendations have been obtained from studies on pro-
longed strenuous exercise. As more studies are published on the other types of
exercise discussed in this chapter, more-specific recommendations may be warranted.
Meanwhile, large amounts of useful information are available to support these
general recommendations.

6.4.1 Tyre oF CARBOHYDRATES

According to the American College of Sports Medicine, “The inclusion of glucose,
sucrose, and other complex carbohydrates in fluid replacement solutions have equal
effectiveness in increasing exogenous carbohydrate oxidation, delaying fatigue, and
improving performance” (p. iv).*>7> Carbohydrate oxidation is similar when exer-
cising subjects are fed with glucose or glucose polymers (maltodextrins), but fructose
results in lower carbohydrate oxidation rates. 2>737* Fructose is clearly not as effective
in improving performance, and it may even cause gastrointestinal distress leading
to impaired performance.*>#»’> Hawley and colleagues® proposed that oxidation
rates of ingested maltose, sucrose, and glucose polymer solutions are very similar
to those reported for glucose, provided the carbohydrate is ingested in sufficiently
large amounts, supposedly to assure enough carbohydrate delivery to the working
muscles. As previously mentioned, Adopo et al.?® have shown that the combination
of 50 grams of glucose and 50 grams of fructose enhances exogenous carbohydrate
oxidation above that obtained with 100 grams of glucose alone. This supports the
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formulation found in some sport drinks where several carbohydrate forms are com-
bined. The oxidation rates of different forms of carbohydrate seem to be strongly
related to their glycemic index and stimulation of insulin secretion.>”

Liquid and solid forms of carbohydrate seem to be equally effective ways to
supply glucose during exercise and improve performance,*76-78 but carbohydrate
drinks fulfill a double purpose because they replace the loss of fluids from sweat.
This is especially important during activities when dehydration may also impair
performance. Besides, liquid forms of carbohydrate tend to be easier to ingest.
Carbohydrate gels have become recently available; they are very easy to ingest and
carry, but supply no fluid. The particular demands of each sport and the environment
in which training and competition occur must be considered when choosing a form
of carbohydrate supply.

6.4.2 TIMING OF CARBOHYDRATE INGESTION

According to Coyle,’ the most effective approach is to ingest carbohydrate at regular
intervals throughout exercise. Similar results are obtained if sufficient carbohydrate
is ingested at least 30 minutes before the point of fatigue,? but once fatigue is reached,
the only way to restore carbohydrate and continue exercising is by intravenous
infusion of glucose.’® Similarly, if carbohydrate is ingested too late in exercise,
performance is not improved regardless of changes in plasma glucose and insulin.”
Hargreaves notes that athletes cannot predict when they are 30 minutes away from
the point of fatigue (or “late in exercise,” for that matter), and therefore it is better
to begin carbohydrate ingestion early and continue it at regular intervals throughout
the exercise.* This approach also makes sense from the point of view of fluid
ingestion, because adequate hydration occurs when fluid intake begins early during
exercise and is repeated at frequent intervals.*

6.4.3 AMOUNT OF CARBOHYDRATE INGESTION: UPPER AND
Lower LimiTs

There is not a clear dose—response relationship between the amount of carbohydrate
ingestion during exercise and improvements in performance.* However, there seems
to be an ideal range of carbohydrate supply between about 30 to 60 grams/
hour.>284880 The upper limit to useful carbohydrate ingestion during exercise is
related to both the rate of delivery of glucose from the gastrointestinal tract to
exercising skeletal muscles, and the oxidation rate of exogenous glucose by these
muscles. Wagenmakers et al.”* showed that when carbohydrate is ingested at a rate
higher than about 60 grams/hour, exogenous glucose oxidation rates do not increase
appreciably. In other words, ingested carbohydrate is oxidized at approximately 1
gram/minute during exercise.?!-82

Intravenous glucose infusion resulting in hyperglycemia is able to increase the
oxidation of carbohydrate and disposal of exogenous glucose during prolonged
cycling to higher levels than those obtained with carbohydrate feeding.333* These
results have been obtained only with well-trained cyclists, but they suggest that the
upper limit of exogenous carbohydrate utilization is partly defined by the delivery
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FIGURE 6.4 Peak oxidation rates of ingested carbohydrate. Oxidation rates are depicted
against the ingestion rate of different types of carohydrate. Fructose and galactose seem to
be oxidized at relatively low rates, whereas glucose, sucrose, maltose, maltodextrins and
soluble starch seem to be oxidized at relatively high rates. The horizontal line depicts the
absolute maximum for oral carbohydrate oxidation. The dotted line represents the line of
identity, where carbohydrate ingestion equals carbohydrate oxidation. (From Jeukendrup and
Jentjens, Oxidation of carbohydrate feedings during prolonged exercise: current thoughts,
guidelines, and directions for future research. Sports Med., Figure 3, in press. With permission.

of ingested carbohydrate from the gastrointestinal tract to the muscle. In addition,
rehydration studies have clearly shown that the rates of gastric emptying and intes-
tinal absorption are impaired by high carbohydrate concentrations (see Chapter 4
for more information on this issue).

The lower limits of carbohydrate ingestion that will improve performance are
not as clear. A dose of 13 grams/hour was too low to improve cycling performance
at about 67% VO,,,..». However, a more recent study by Maughan et al.?¢ found a
significantly improved cycling performance at 70% VO,,,,, with ingestion of only
9.7 grams/hour of carbohydrate in a hypotonic solution (average exercise time to
exhaustion = 110 minutes) or 21.6 grams/hour of carbohydrate in an isotonic solution
(time = 119 minutes), compared with no fluid (time = 87 minutes). However,
ingestion of the same volume of water also resulted in improved performance (time
to exhaustion = 101 minutes), and only the isotonic solution with higher carbohydrate
content was able to improve performance significantly more than water. The Amer-
ican College of Sports Medicine recommends a minimum of 30 grams of carbohy-
drate/hour.*> Hargreaves,* however, feels that more research is necessary to better
identify the minimum amount of carbohydrate that should be ingested to improve
performance. Meanwhile, a reasonable and practical approach is to ingest 30—-60
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grams of carbohydrate/hour in a properly formulated sports drink, whenever both
carbohydrate ingestion and fluid replacement are important.

6.5 SUMMARY

Carbohydrate is an essential fuel for exercise of moderate to high intensity, when
ATP must be produced at rates high enough to meet the energy needs of vigorous
activity. Carbohydrate intake during exercise has been shown to improve perfor-
mance during prolonged running and cycling at moderate intensity. Studies from
the past 15 years have shown that this performance improvement also occurs during
shorter-duration (about 1 hour) exercise of higher intensity (around 80% VO,,...),
and during intermittent high intensity exercise, both in cycling and running activities.
Carbohydrate intake improves performance of prolonged strenuous cycling by con-
tributing to the maintenance of blood glucose levels and carbohydrate oxidation rates
late in exercise, when muscle glycogen levels are low. In high intensity intermittent
running or cycling, and in prolonged strenuous running, carbohydrate intake supplies
large amounts of blood glucose to the muscles, allowing a reduced muscle glycogen
utilization or favoring glycogen resynthesis.

Physical activity normally increases sweat output and creates the need for rehy-
dration and replacement of some electrolytes, primarily sodium chloride. Replacing
those fluids and electrolytes by ingesting a sports drink at regular intervals, starting
early in exercise, is an excellent way to provide carbohydrate to the body, improving
the possibility of an enhanced performance.
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7.1 INTRODUCTION
7.1.1  EXErciSE-INDUCED DEHYDRATION

For healthy individuals, the stress of physical exercise, especially when undertaken
in a hot environment, may pose the greatest challenge to homeostasis that is likely
to be encountered. Core temperature must be maintained within the narrow range
of around 35° to 40°C, but this is done at the expense of increased body water losses
through sweating. If these losses are not corrected or at least minimized, exercise
performance will be adversely affected. Potentially more serious, though, is the
impact on the body’s thermoregulatory effectiveness. Without correction of a body
water deficit, sweat production is reduced and core temperature can spiral to dan-
gerously high levels. A rapid and complete rehydration in this situation is therefore
of paramount importance.

7.1.1.1 Mechanism of Development

The rise in body temperature that accompanies exercise in the heat can be attenuated
by the evaporation of sweat, but large sweat losses result in hypohydration and loss
of electrolytes, which may also have serious consequences. In high heat and humid-
ity, working capacity is compromised by the increased heat stress, but the risk to
health and well being is a more serious concern. The early onset of fatigue when
exercise is undertaken in these conditions is inevitable and may serve to prevent
serious health consequences.

7.1.1.2 Effect on Exercise Performance

It is often reported that exercise performance is impaired when an individual is
dehydrated by as little as 1-2% of body mass, and that losses in excess of 5% of
body mass can decrease the capacity for work by about 30%.! Dehydration-induced
decrements in performance are common because humans can lose sweat at rapid
rates, especially during vigorous exercise in a warm environment. For example,
sweat rates of 1 to 2 1/h are common even in mild environmental conditions, with
some individuals capable of secreting sweat at rates in excess of 2 to 3 I/h. In a 70-
kg (154-1b) person, the loss of just 1.5 1 of sweat constitutes a loss of 2.1% of body
mass, a level of dehydration that has been shown to compromise physiological
function and impair performance. The fact that such losses can occur quickly is clear
testament to the need to rapidly replace deficits in body water content.

Undertaking physical activity in a dehydrated state also impairs the capacity to
perform high-intensity exercise as well as endurance activities.> 3 Nielsen et al.?
showed that prolonged exercise, which resulted in a loss of fluid corresponding to
2.5% of body mass, resulted in a 45% fall in the capacity to perform high-intensity
exercise. A fluid deficit of as little as 1.8% of body mass has been shown to impair
exercise tolerance.* It may be that even smaller fluid deficits can adversely affect
performance in competitive sports where the difference between winning and losing
is extraordinarily small, but laboratory methods may not be sufficiently sensitive to
detect such small changes in performance.
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Fluid losses are distributed in varying proportions among the body fluid com-
partments: plasma, extracellular water, and intracellular water. The decrease in
plasma volume that accompanies dehydration may be of particular importance in
influencing an individual’s work capacity; blood flow to the muscles must be
maintained at a high level to supply oxygen and substrates, but a high blood flow
to the skin is also required to convect heat to the body surface where it can be
dissipated.> When the ambient temperature is high and blood volume has been
decreased by sweat loss during prolonged exercise, there may be difficulty in
meeting the requirement for a high blood flow to both these tissues. In this
situation, skin blood flow is likely to be compromised, allowing central venous
pressure and muscle blood flow to be maintained, but reducing heat loss and
causing body temperature to rise.°

These factors have been investigated by Coyle and his colleagues; their results
clearly demonstrate that increases in core temperature and heart rate during pro-
longed exercise are graded according to the level of hypohydration.” They also
showed that the ingestion of fluid during exercise increases skin blood flow, and
therefore improves thermoregulatory capacity, independent of increases in the cir-
culating blood volume.? For example, plasma volume expansion using dextran/saline
infusion was less effective in preventing a rise in core temperature than was the
ingestion of sufficient volumes of a carbohydrate-electrolyte drink to maintain
plasma volume at a similar level.

Because sweat is hypotonic with respect to body fluids, the effect of prolonged
sweating is to increase the plasma osmolality, which may have a significant effect
on the ability to maintain body temperature. A direct relationship between plasma
osmolality and body temperature has been demonstrated during exercise.>!° Hyper-
osmolality of plasma, induced prior to exercise, has been shown to result in a
decreased thermoregulatory effector response; the threshold for sweating is elevated
and the cutaneous vasodilator response is reduced.!! In short term (30 min) exercise,
however, the cardiovascular and thermoregulatory response appears to be indepen-
dent of changes in osmolality induced during the exercise period.'?

7.1.1.3 Role of Post-Exercise Rehydration and Recovery Beverages

Beverages formulated for post-exercise rehydration and recovery generally have two
main aims:

1. to replace the water and electrolytes lost in the sweat secreted during
exercise

2. to replace the carbohydrate utilized from liver and muscle stores during
exercise

The focus of the rest of this chapter is on understanding the physiological
mechanisms that underlie the rapid and complete restoration of body water stores
and the replenishment of glycogen stores.
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7.2 POST-EXERCISE RECOVERY
7.2.1 Fruip BALANCE RECOVERY
7.2.1.1 Water Replacement

7.2.1.1.1  Volume required

Obligatory urine losses persist even in the dehydrated state, assuring the elimination
of metabolic waste products. It is clear, therefore, that the total fluid intake after
exercise-induced or thermal sweating must amount to a volume greater than the
volume of sweat that has been lost if effective rehydration is to be achieved. Shirreffs
et al.’® investigated the influence of drink volume on rehydration effectiveness
following exercise-induced dehydration equivalent to approximately 2% of body
mass. Drink volumes equivalent to 50%, 100%, 150% and 200% of the sweat loss
were consumed after exercise. To investigate the possible interaction between bev-
erage volume and its sodium content, a relatively low-sodium drink (23 mmol/l) and
a moderately high-sodium drink (61 mmol/l) were compared. By way of comparison,
these sodium concentrations are similar to the normal range of sodium concentration
in sweat (e.g., 20 to 80 mmol/l).

With the ingestion of both beverages, the urine volume produced was, not
surprisingly, related to the beverage volume consumed (Figure 7.1); the smallest
urine volumes were produced when 50% of the sweat loss was consumed and the
greatest when 200% of the loss was consumed. Subjects did not restore their hydra-
tion status when they consumed a volume equivalent to, or only half of, their sweat
loss, irrespective of the sodium content of the drink. When a drink volume equal to
150% of the sweat loss was consumed, subjects were slightly hypohydrated 6 h after
drinking the test drink with a low sodium concentration, and they were in a similar
condition when they drank the same beverage in a volume of twice their sweat loss.
With the high-sodium drink, enough fluid was retained to keep the subjects in a state
of hyperhydration 6 h after drink ingestion when they consumed either 150% or
200% of their sweat loss. The excess fluid would eventually be lost by urine
production or by further sweat loss if the individual resumed exercise or was exposed
to a warm environment. Calculated plasma volume changes indicated a decrease of
approximately 5.3% with dehydration in all trials. At the end of the study period,
the general pattern was for the increases in plasma volume to be a direct function
of the volume of fluid consumed. Additionally, the increase in plasma volume tended
to be greater after ingestion of the high sodium drink.

7.2.1.2 Electrolyte Replacement

7.2.1.2.1  Sodium

Ingestion of plain water in the post-exercise period results in a rapid fall in the
plasma sodium concentration and in plasma osmolality.!* These changes have the
effect of drastically reducing voluntary fluid intake and of stimulating urine output,
both of which will delay the rehydration process. In the study of Nose et al.,'*
subjects exercised at low intensity in the heat for 90-110 min, inducing a mean
hypohydration of 2.3% of body mass, and then rested for 1 h before beginning to
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FIGURE 7.1 Total volume of urine excreted over the 6 h after rehydration. The greatest
urine volumes were excreted when the largest drink volume was consumed, but smaller urine
volumes were excreted after drinking the 61 mmol/l sodium drink in comparison with the 23
mmol/l sodium drink. Values are median and maximum values.

drink. Plasma volume was not restored until after 60 min, when plain water was
ingested together with placebo (sucrose) capsules. When sodium chloride capsules
were ingested with water to yield a saline solution with an effective concentration
of 0.45% (77 mmol/l), plasma volume was restored within 20 min. In the sodium
chloride trial, voluntary fluid intake was considerably higher and urine output was
less; 71% of the water loss was retained within 3 h, compared with 51% in the plain
water trial. The delayed rehydration in the water trial appeared to be a result of a
continued net loss of sodium, accompanied by water, in the urine. This was likely
caused by reduction in plasma renin activity and aldosterone levels that led to a
decrease in water reabsorption.

When a fixed volume of fluid with different sodium concentrations is ingested
following exercise-induced hypohydration, the resultant urine output is inversely
related to the sodium content of the ingested fluid." In this study, subjects were
dehydrated by intermittent exercise in the heat until 2% of body mass was lost. They
then consumed a 2050 ml volume of fluid, which was equivalent to 1.5 times their
sweat loss. The drinks contained 0, 25, 50 or 100 mmol/l sodium. Over a 5.5-h
period after drinking, the smallest urine volume produced was after drinking the
100 mmol/l sodium drink. This amounted to 551ml in comparison with the largest
volume of 1316ml, which was produced after drinking the sodium free drink. The
volumes produced after the other two drinks were likewise dependent on the quantity
of sodium ingested with 958 ml after the 25 mmol/l sodium drink and 627 ml after
the 50 mmol/l sodium drink. The significance of these volumes is that while 74%
of the 100 mmol/l sodium drink was retained in this period, only 36% of the
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electrolyte-free drink was retained. The subjects were hypohydrated at this time after
drinking the sodium-free and 25 mmol/l sodium drink but were euhydrated after
drinking the 50 and 100 mmol/l sodium drink.

Rapid and complete rehydration after exercise can only be achieved if both fluid
and electrolyte losses are replaced. Ideally, rehydration drinks should have a sodium
concentration similar to that of sweat, but since the sodium content of sweat varies
widely among people, no single formulation is possible. The upper end of the normal
range for sweat sodium concentration (80 mmol/l), is similar to the sodium concen-
tration of the oral rehydration solution (ORS) recommended by the World Health
Organization for rehydration in cases of severe diarrhea (90 mmol/l). By contrast,
the sodium concentration of most sports drinks ranges from 10 to 30 mmol/l, and
most fruit juices and carbonated soft drinks contain virtually no sodium.

7.2.1.2.2 Potassium

It has been speculated that inclusion of potassium, the major cation in the intracel-
lular space, would enhance the replacement of intracellular water after exercise and
thus promote rehydration.'® Experimental investigation has demonstrated that inclu-
sion of potassium (as 25 mmol/l KCl) may, in some situations, be as effective as
sodium (as 60 mmol/l NaCl) in retaining water ingested after exercise-induced
hypohydration.!” In this study, eight male volunteers were dehydrated by 2.1% of
body mass by intermittent cycle ergometer exercise in the heat and then ingested
either a glucose drink (90 mmol/l), a sodium-containing drink (NaCl 60 mmol/l), a
potassium-containing drink (KCI 25 mmol/l) or a drink containing the glucose,
sodium, and potassium. The drinks were consumed over a 30-min period beginning
45 min after the end of exercise in a volume equivalent to the volume of sweat lost.
This amounted to approximately 1.6 1, and no other food or drink was consumed
during the study. All the urine produced and excreted from the end of the rehydration
period for the next 6 h was collected. A smaller volume of urine was excreted
following rehydration when the electrolyte-containing beverages (248, 303, and 254
ml respectively) were ingested than with the electrolyte-free beverage. Therefore,
although different amounts of electrolytes were consumed, there was no difference
in the fraction of ingested fluid retained 6 h after finishing drinking the drinks that
contained electrolytes. In this situation, therefore, addition of either sodium or
potassium has significantly increased the fraction of the ingested fluid that was
retained, but there was no additive effect of including both ions, as would be expected
if they acted independently on different body fluid compartments. As the beverage
volume consumed was equal to the volume of sweat loss, a state of negative fluid
balance existed because of the ongoing urine losses, except for a very brief time at
the end of the drinking period. Therefore, the volumes of urine excreted were close
to basal levels, and further reductions in urine output may not have been possible
when both sodium and potassium were ingested together.

With dehydration, water is lost from all the body’s fluid compartments. In the
study of Maughan et al.,'” plasma volume was calculated (by the method of Dill
and Costill'®) to have decreased by approximately 4% with dehydration. After drink-
ing, plasma volume increased on all trials to values slightly in excess of baseline,
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but the rate of recovery was slower when the beverage containing potassium was
consumed. After 6 h of rehydration the increase in plasma volume did not differ
among trials.

In a rehydration study with rats that were thermally dehydrated by approximately
9% of body mass and then given free access to rehydration solutions consisting of
either isotonic NaCl, isotonic KCl, or tap water, Yawata'® found that the rats drank
substantially more NaCl than KClI, but urinated only slightly more after consuming
the NaCl. The best rehydration was achieved with the NaCl treatment. In this study,
whole-body net fluid balance was influenced by the rat’s taste preferences for the
beverages, in addition to the drinks’ effects on urine production. With the NaCl
drink, 178% of the extracellular volume losses were restored but only 50% was
restored with the KCI drink. Despite this however, the intracellular fluid restoration
was the same with both drinks and was not greater than the control level. The
author suggests that, in the extracellular space, restoration sodium concentration
is more important than volume restoration but volume restoration has priority in
the intracellular fluid.

7.2.1.2.3  Other electrolytes

The importance of the inclusion of magnesium in sports drinks has been the subject
of much discussion. Magnesium is lost in sweat and many believe that this causes
a reduction in plasma magnesium levels, which are implicated in muscle cramp.
Even though there can be a decline in plasma magnesium concentration during
exercise, it is most likely due to a redistribution between compartments rather than
due to sweat loss. There does not, therefore, seem to be any good reason for including
magnesium in post-exercise rehydration and recovery sports drinks.

Sodium, therefore, is the most important electrolyte in terms of recovery after
exercise. Without its replacement, water retention is hampered. Potassium is also
included in sports drinks in similar concentrations to that which is lost in sweat.
Unlike the strong evidence available for the inclusion of sodium, there is not the
same for potassium. There is no evidence for the inclusion of any other electrolytes.

7.2.2 SuBsTRATE RECOVERY

7.2.2.1 Carbohydrate

Exercise can lead to a depletion of the body’s glycogen stores, particularly those of
the liver and the exercising muscle. Glycogen depletion results from the mobilization
of glycogen stores to provide energy for muscular contraction, and is a major factor
contributing to fatigue. The primary aim of carbohydrate ingestion following exercise
is to promote glycogen resynthesis and a rapid restoration of muscle and liver
glycogen. This is of particular importance when a further bout of exercise is to be
undertaken in the same day and, therefore, is of significance to athletes in training
and in competitions where more than one game or round is involved. Several factors
influence the rate at which glycogen resynthesis occurs after exercise. The most
important factor is undoubtedly the amount of carbohydrate consumed; the type of
carbohydrate and the time of ingestion are less important, but do have an effect.
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7.2.2.1.1  Type of carbohydrate

Glucose and sucrose ingestion both give rise to similar glycogen synthesis rates
when consumed after exercise; these rates typically reach 5-6 mmol kg-"h-! after
the ingestion of 50 grams of glucose or sucrose every 2 h for 6 h after exercise.
Fructose alone, however, results in a lower rate of glycogen synthesis, approximately
3 mmol kg/h.2%2! This lower rate is likely to be due to the relatively slow rate at
which the liver converts fructose to glucose. Although the use of fructose as a
carbohydrate source is often promoted for athletes, it is poorly absorbed in the small
intestine relative to many other sugars, and ingestion of large amounts of fructose
is likely to result in diarrhea.?? There is some evidence that carbohydrates with a
high glycemic index — those carbohydrates that result in a large and sustained
elevation of the blood glucose concentration after ingestion — are the most effective
when rapid glycogen replacement is desired.?> However, the nature in which carbo-
hydrates with a high- or moderate-glycemic index are consumed after exercise (i.e.,
as a solid or liquid) appears to have no influence on glycogen synthesis rates.?*2

7.2.2.1.2  Quantity of carbohydrate

The rate of glycogen synthesis after exercise reaches a plateau after a certain amount
of carbohydrate has been consumed. This has been demonstrated in studies where
subjects were fed different amounts of glucose or maltodextrins every 2 h after
exercise.??0 The results showed that muscle glycogen synthesis occurred at a rate
of 2 mmol kg/h when 25 g of carbohydrate was ingested every 2 h, and that the
replenishment rate increased to 6 mmol kg/h when 50 g was ingested every 2 h.
However, muscle glycogen synthesis did increase to more than about 5 to 6 mmol
kg/heven when very large amounts (up to 225 g) of carbohydrate were ingested
every 2 h. Further, with intravenous glucose infusion of 100 g every 2 h, muscle
glycogen synthesis of about 7 to 8 mmol kg/h has been reported.?> This rate of
glycogen synthesis is not significantly greater than the rates achieved with carbo-
hydrate ingestion, suggesting that glycogen synthesis is not limited by the rate at
which substrate is made available by the gastrointestinal tract. Also, increasing the
amount of carbohydrate ingested will increase the rate of delivery to the intestine
for absorption. Therefore, it seems that the maximum rate of muscle glycogen
synthesis after exercise is in the region of 5 to 8 mmol/kg/h, provided that at least
50 g of glucose is ingested every 2 h after exercise.

During the first 2 h after exercise, muscle glycogen resynthesis rates are at their
highest, at a rate of around 7 to 8 mmol/kg/h, declining to the more normal value
of 5 to 6 mmol/kg/h after this time. One of the benefits of having carbohydrate in
sports drinks is that many people find them convenient and appealing at this time
when the appetite is blunted.

7.2.2.1.3 Timing of carbohydrate ingestion

The muscle appears to have a particularly high affinity for glucose uptake immedi-
ately after exercise, and the greatest rate of muscle glycogen resynthesis occurs over
the first 2 h immediately after exercise (i.e., 7 to 8 mmol kg/h vs. the rate after this
time of 5 to 6 mmol/kg/h).?” This increased synthesis rate can only take place if
sufficient carbohydrate is ingested. Therefore, to assure maximal glycogen resyn-
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thesis rates, carbohydrate should be consumed as soon as possible after exercise. As
a practical guide, it is suggested that approximately 0.7 g of glucose per kg of body
mass should be consumed every 2 h for the first 4 to 6 h after exercise to maximize
the rate of glycogen resynthesis.?®?* It makes no difference whether this carbohydrate
to be consumed is ingested as a few large meals or as many small frequent meals.232
Liver glycogen restoration occurs less rapidly than muscle glycogen restoration
and, indeed, the fast repletion of muscle glycogen stores may be at the expense of
liver glycogen levels.’® However, whereas fructose does not promote as rapid a
muscle glycogen restoration as glucose, fructose infusion has been found to give a
greater liver glycogen resynthesis than glucose.?! Some replenishment of the liver
glycogen stores occurs by gluconeogenesis of lactate and some amino acids, but this
will not provide sufficient substrate to assure complete liver glycogen restoration.

7.2.2.2  Non-Carbohydrate Nutrients

7.2.2.2.1 Protein

Muscle glycogen resynthesis occurs only very slowly when carbohydrate alone is
consumed, but there is evidence available to suggest that this rate is enhanced if
protein is co-ingested with carbohydrate after exercise. Zawadzki et al.3> observed
a faster rate of muscle glycogen resynthesis after exercise when protein was ingested
together with carbohydrate. This effect was deemed to be due to the higher insulin
levels produced when the protein was also ingested. Of note, however, is that the
glycogen resynthesis rates in this study with the carbohydrate alone were relatively
moderate. It leaves open the question as to whether protein ingestion with carbohy-
drate can elevate muscle glycogen resynthesis rates to values greater than the highest
rates of 7-8 mmol kg/h that are generally observed.

7.2.2.2.2 Alcohol and caffeine

Alcohol and caffeine possess well-known diuretic properties and it is usual to advise
against the consumption of such drinks when fluid replacement is a priority. How-
ever, many people enjoy consuming these beverages, and where large volumes of
fluid must be consumed in a relatively short time, a wide choice of drinks will help
to stimulate consumption. In many sports, particularly team sports, alcohol intake
is a part of the culture of the sport, and athletes are resistant to suggestions that they
should abstain completely. However, it is now apparent that the diuretic effect of
alcohol, over and above an alcohol-free beverage, is blunted when consumed by
individuals who are moderately hypohydrated from exercise in a warm environ-
ment.>? After exercise, subjects consumed a beer shandy (a peculiarly British drink
produced by mixing beer with lemonade) containing 0, 1, 2, or 4% alcohol. The
volume of urine excreted for the 6 h following drink ingestion was related to the
quantity of alcohol consumed, but despite a tendency for the urinary output to
increase with increasing alcohol intake, only with the 4% beverage did the increased
value approach significance. The calculated decrease in plasma volume with dehy-
dration was approximately 7.6% across all trials. With rehydration, the rate of
increase in plasma volume seemed to be related to the quantity of alcohol consumed;
6 h after finishing drinking, the increase in plasma volume relative to the dehydrated
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FIGURE 7.2 Calculated change in plasma volume with dehydration equivalent to 2% of
body mass and subsequent rehydration with drinks containing O, 1, 2, and 4% alcohol. The
volume of drink consumed was 150% of the sweat loss with dehydration. Values are means.

value was approximately 8% with 0% alcohol, 7% with 1%, 6% with 2%, and 5%
with 4% (Figure 7.2). It may be worth noting that the high sugar content of lemonade
(10%) means that beer shandy has a carbohydrate content of about 5%, and this
carbohydrate may play an important role in the restoration of muscle and liver
glycogen stores after exercise. To date, no studies have directly compared the rehy-
dration effectiveness of an alcohol-containing drink with a sports drink consumed
after exercise.

Gonzélez-Alonso et al.** in 1992 undertook one of the relatively early studies
in the area of post-exercise rehydration and also confirmed that a dilute carbohydrate-
electrolyte solution (60 g/l carbohydrate, 20 mmol/l Na*, 3 mmol/l K*, 20 mmol/l
Cl) was more effective in promoting post-exercise rehydration than either plain
water or a low electrolyte diet cola: the difference in rehydration effectiveness
between the drinks was a result of differences in the volume of urine produced. It
is highly likely that the caffeine component of the cola drink had some effect in
stimulating the urine formation.

7.2.3 PriormzING Post-ExerciSE RECOVERY

7.2.3.1 Health Considerations

Drinks consumed during or after exercise are generally intended to replace the water
and electrolyte losses incurred as a result of sweat secretion, and also to provide
carbohydrate to supplement or replenish the glycogen stores in the liver and muscles.
The relative importance of providing water or substrate is influenced by many factors.
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However, disturbances in body fluid balance and temperature not only can impair
exercise performance but also are potentially life threatening. In comparison, the
depletion of carbohydrate stores in the liver and working muscles will result in
fatigue and a reduction in exercise intensity, but this presents no great risk to health.
Therefore, except in situations where depletion of body water has not occurred, the
first aim of post-exercise recovery should be to restore any fluid deficit incurred,
followed by repletion of liver and muscle glycogen stores.

It must, of course, be recognized that these aims need not be mutually exclusive.
Selection of suitable food and drinks should provide both the carbohydrate necessary
for optimization of muscle and liver glycogen resynthesis and the water and elec-
trolytes necessary for replacement of sweat losses and restoration of fluid balance.

7.2.3.2 Exercise Performance Considerations

Recently, one study has attempted to distinguish between the effects of carbohydrate
provision and the water replacement properties of a drink. Below et al.*’ required eight
men to undertake the same cycle ergometer exercise on four separate occasions. After
50 min of exercise at 80% of VOamax, a performance test at a higher exercise intensity
(completion of set amount of work as quickly as possible) was completed; this test
lasted approximately 10 min. On each of the four trials, a different beverage consump-
tion protocol was followed during the 50-min exercise; nothing was consumed during
the performance tests. The beverages were electrolyte containing water in large (1330
ml) and small (200 ml) volumes and carbohydrate electrolyte solutions (79 g) in the
same large and small volumes; the electrolyte content of each beverage was the same
and amounted to 619 mg (27 mmol) and 141 mg (3.6 mmol) of sodium and potassium,
respectively. The results of the study indicated that performance was 6.5% better after
consuming the large volume of fluid in comparison with the smaller volume and was
6.3% better after consuming carbohydrate-containing rather than carbohydrate free
beverages; the fluid and carbohydrate each independently improved performance and
the two improvements were additive. The mechanism for the improvements in perfor-
mance with the large fluid replacement vs. the small fluid replacement was attributed
to a lower heart rate and esophageal temperature when the large volume was consumed.
The authors were unable, however, to identify the mechanism by which carbohydrate
ingestion improved performance.

7.3 SUMMARY

It is clear that exercise-induced dehydration has a negative impact on exercise
performance, and restoration of fluid balance must be achieved after exercise. It is
equally well known that muscle glycogen must be restored after exercise if subse-
quent performance is not to be negatively affected. Sports drinks are formulated to
fill both these roles.

Of importance for rehydration purposes is consumption of both an adequate
volume (greater than the sweat volume lost) and quantity of sodium. Without both
of these, rehydration will be neither rapid nor complete. There is, however, no good
evidence for the inclusion of any other electrolytes.
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For muscle glycogen resynthesis, carbohydrate consumption in the first 2 h after
exercise is of paramount importance to promote a rapid resynthesis. This lends itself
well to being achieved through sports drink consumption, as appetite is frequently
suppressed immediately after exercise.
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8.1 INTRODUCTION
8.1.1 THE BusINEss OF SPORTS DRINKS

As a category of commercial products, sports drinks enjoy considerable public
visibility because of their close link with exercise and competitive sports. This is
reflected by sports drink sales in the United States, which topped $2.2 billion in
1998, with per capita consumption averaging about eight 1.! In contrast, the con-
sumption of carbonated soft drinks in the U.S. during 1997 was over 200 I/person,
with sales exceeding $14 billion in 1998.2 Although the sports drink category is
dwarfed in comparison with carbonated soft drinks, sports drinks are also a global
enterprise and one made all the more interesting because sports drink formulation
is rooted in science. Most people are unaware that the basic science underlying the
effectiveness of sports drink is an outgrowth of the development of oral rehydration
solutions for the treatment of diarrheal disease, a scientific effort that began in earnest
in the late 1950s and early 1960s. This chapter summarizes how scientific findings
(discussed in detail in the other chapters of this text) provide the basis for the
formulation of a physiologically effective sports drink. In many ways, that under-
taking pales in comparison with the task of making such a beverage commercially
viable. Commercial success requires that a precise balance be struck among product
efficacy, product taste, processing limitations, packaging considerations, distribution
constraints, and cost containment, not to mention the myriad other requirements to
bring a product to market and make it successful. The inherent challenge in such
an undertaking is to formulate an efficacious beverage that tastes good during
physical activity, is heat tolerant and light stable, can be packaged in recyclable
containers appropriate for use during physical activity, and can survive the rigors of
a national distribution system.

8.1.2 Sports DRINK COMPOSITION

Since the mid-1960s, there has been a category of commercial beverages in the U.S.
specifically formulated for consumption before, during, and after physical activity.
These beverages are often referred to as sports drinks, carbohydrate-electrolyte
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beverages, electrolyte replacement drinks, or isotonic drinks. Although there is no
standard of identity for this category of beverage in the U.S. (other nations have
attempted to characterize the formulation specifications for beverages that fall into
the sports drink category), they are generally composed of varying types of monosac-
charides, disaccharides, and sometimes maltodextrins, in concentrations ranging
from 6% to 9% weight/volume (by comparison, regular carbonated soft drinks are
10% to 13% carbohydrate wt/vol, and fruit juices range from 11% to 16% carbo-
hydrate wt/vol). Sports drinks typically contain small amounts of minerals (electro-
lytes) such as sodium, potassium, chloride, and phosphate, and are available in a
number of fruit-related flavors. Table 8.1 contains the composition of selected sports
drinks and, for comparative purposes, other common beverages.

TABLE 8.1
The Composition of Selected Sports Drinks and Other Beverages
Carbohydrate Sodium Potassium Osmolality
Beverage (% wt/vol) (mmol/l) (mmol/l) (mosm/kg H,0)
AllSport® 8t 9 10 5 516
(Pepsico) (varies with flavors)
Cytomax® 55 10 10 208
(Champion Nutrition)
Gatorade® 6 20 3 280 (powder)
(The Quaker Oats Co.) 325-380
(liquid)
Isostar® 7.7 30 - 289
(Wander)
MET-Rx ORS® 8 23 4 315
(MET-Rx)
Powerade® 8 5 3 381
(Coca-Cola)
Perform® 6.6 20 4 500
(PowerBar)
Pedialyte® 2.5 45 20 250
(Ross Labs)
Rehydralyte® 2.5 75 20 325
(Ross Labs)
Coca Cola Classic® 11 - - 700
(Coca Cola)
Orange Juice 10.8 - 49 663
(Tropicana)

8.1.3 FORMULATION OBJECTIVES

Ever since work by Adolph and associates? in the 1940s, it has become increasingly
clear that ingesting fluid during physical activity is the central factor in maintaining
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physiological homeostasis and in sustaining the capacity for sustained physical
activity. Recent research by many other investigators*> has strengthened the
time-tested conclusions regarding the deleterious influence of dehydration on human
function. The bottom line summary is that even a small amount of dehydration (e.g.,
a 1% loss of body mass) produces negative effects on physiological function and
exercise performance. Greater losses of body fluid progressively increase the dec-
rement in function.®

In laboratory experiments, it is possible to dictate the composition, timing, and
volume of fluid consumption by the subjects and to manipulate their hydration status
accordingly. Outside the laboratory, however, there is a wide variety of beverages
to choose from, the frequency and volume of fluid ingestion is entirely voluntary,
and drinking behavior is influenced by the nature of the physical activity, by social
interactions, and by the mere availability of fluid. Regardless of these differences,
a sports drink must be formulated to confer meaningful and measurable benefits in
a wide variety of circumstances. Depending upon the circumstances of use, a prop-
erly formulated sports drink should deliver the following benefits:

 encourage voluntary fluid consumption

* stimulate rapid fluid absorption

 supply carbohydrate for improved performance
* augment physiological response

* speed rehydration

8.1.3.1 Encourage Voluntary Fluid Consumption

It is well known that the taste of a beverage drives voluntary fluid intake, an important
factor in the exercise setting. The organoleptic attributes of carbohydrate-electrolyte
solutions must take into consideration the changes in sensory responses that accom-
pany physical activity. Perceptions of sweetness, tartness, flavor, mouthfeel, and
aftertaste are important sensory parameters that differ between rest and exercise’
(see Chapter 3 for related information). In addition, the electrolyte composition of
the beverage can also affect voluntary fluid intake by influencing the physiological
drive for drinking.

Even the production of sports drinks must be compatible with the goal of
optimizing product efficacy. For example, pasteurization of carbohydrate-electrolyte
solutions is required to avoid the use of chemical preservatives that can impart throat
burn and thereby decrease voluntary fluid consumption. This heat processing requires
that the product be formulated to withstand exposure to high temperatures (> 170°F,
~80°C) with minimal effect on color and flavor components. This is not an easy
undertaking.

The dimensions of the package and the ergonomics of its use are also important
considerations, as they influence ease-of-use, voluntary fluid consumption, and con-
sumer acceptance. Consumer demands, the constraints of the distribution system,
the limitations of packaging materials and design, and cost factors all interact to
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influence the type of package required for the product. In most instances, consumers
prefer plastic containers and the composition of those containers must meet the
limitations imposed by the physical and chemical properties of the product, the
rigors of heat processing, and the demands of storage, distribution, consumer use,
and recycling.

8.1.3.2 Stimulate Rapid Fluid Absorption

An efficacious sports drink must be formulated to avoid (or to at least drastically
minimize) the limitations imposed by gastric emptying and intestinal absorption,
while providing fluid, carbohydrate, and electrolytes in amounts and at rates known
to induce positive physiological and performance responses. In this regard, the
universal standard of comparison is that of the ingestion of water, a solution known
to be rapidly absorbed. Small alterations in the carbohydrate concentration of sports
drinks can have measurable consequences on gastric emptying and intestinal absorp-
tion, as outlined in Chapter 4.

8.1.3.3 Supply Carbohydrate for Improved Performance

Exogenous carbohydrate is available to contracting skeletal muscle and its oxidation
is linked to an improved capacity for exercise; Chapter 6 provides a comprehensive
review of this research. Sports drink formulation must take into consideration the
range of carbohydrate intake and the type of carbohydrates associated with improved
performance and balance those requirements with the carbohydrate concentration
required for optimal palatability and rapid fluid absorption.

8.1.3.4 Augment Physiological Response

Ingesting ample fluid, carbohydrate, and electrolytes in the form of a sports drink
provokes a variety of hormonal responses that influence fluid and electrolyte homeo-
stasis, glucose homeostasis, brain neurotransmitter production, and the function of
certain immune cells.’The concentration and type of carbohydrate can influence
these responses and are, therefore, issues to consider when formulating a sports drink.

8.1.3.5 Speed Rehydration

The types and concentrations of electrolytes in a sports drink play a critical role in
determining the rate of rehydration, the completeness of rehydration, and the subse-
quent distribution of fluid within the body fluid compartments. Although commercial
sports drinks commonly contain minerals such as sodium, potassium, and chloride,
the concentrations of those electrolytes vary from manufacturer to manufacturer.

Using these five physiological objectives as a framework for discussion, the
intent of this chapter is to link current scientific understanding to the formulation
requirements of an efficacious sports drink. There is a wealth of science in this area
and the interested reader is referred to other chapters in this text and to comprehen-
sive review articles®!%!11213 for more information.
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8.2 ENCOURAGE VOLUNTARY FLUID
CONSUMPTION

8.2.1 ScienTiFIC PRINCIPLES AND PRACTICAL RAMIFICATIONS

Unlike animals such as dogs, donkeys, camels, sheep, and deer, all of which quickly,
consistently, and accurately drink to restore fluid deficits,'* human drinking behavior
is often not closely linked to the physiological need for fluid. For example, humans
frequently ingest fluid even when there is no physiological need for fluid intake,
behavior that is common in social gatherings such as parties and meetings. In
contrast, we fail to drink adequately when fluid losses are high, leading to negative
fluid balance, as illustrated by the involuntary dehydration that often accompanies
physical activity and by the lengthy time normally required to fully rehydrate
following exercise.

As detailed in Chapter 3, the onset of thirst is a delayed response; we do not
become thirsty until the body is already somewhat fluid deficient, perhaps by as
much as 1% to 2% of body mass.!> To further increase the challenge of remaining
euhydrated during physical activity, the nature of the exercise or sporting occasion
often results in the ingestion of relatively small volumes of fluid compared with
sweat loss, resulting in progressive dehydration.!6!

The conscious desire to drink arises from the combined input of osmoreceptors
in the hypothalamus that assess the osmolality (primarily the sodium concentration)
of the blood, and from baroreceptors in the lungs and major vessels that are sensitive
to changes in blood volume and pressure.'® Dehydration triggers thirst by stimulating
both osmoreceptors and baroreceptors in response to the increase in the osmolality
of the plasma and the decrease in the circulating blood volume that accompany
sweating. An increase in plasma osmolality above the thirst threshold (i.e., > 288
mosm/kg H,0) results in the release of AVP (arginine vasopressin, also referred to
as antidiuretic hormone, ADH) and a concomitant increase in the sensation of thirst.

When fluid is swallowed and enters the bloodstream, plasma osmolality even-
tually drops below the thirst threshold and blood volume is gradually restored. The
restoration of blood volume and osmolality to normal values abolishes the sensation
of thirst and voluntary drinking ceases. Interestingly, the simple act of swallowing
fluid stimulates an oropharyngeal reflex that also influences thirst and drinking
behavior. Figaro and Mack!® demonstrated the importance of this reflex in a study
that used a unique experimental design. On three occasions, subjects dehydrated
through exercise and fluid restriction and

1. consumed water ad libitum (control)

2. had a similar volume of water infused directly into the stomach (avoiding
the oropharyngeal reflex)

3. drank water ad libitum but had the water aspirated from the stomach via
a nasogastric tube.

When the water was ingested but aspirated from the stomach, inhibition of
AVP and thirst occurred within the first 5 minutes of drinking, a response similar
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to control values. No such changes occurred during the infusion trial in the absence
of swallowing, indicating the presence of an oropharyngeal reflex that prompted
the release of AVP and stimulated the sensation of thirst. The strength of the
oropharyngeal reflex is perhaps best characterized by the aspiration trial in which
the subjects voluntarily ingested only 15% more fluid than during the control trial,
although none of the fluid reached the bloodstream. These data clearly indicate
that the physiological responses to drinking begin when fluid is swallowed and
well before any measurable changes in plasma osmolality or plasma volume can
occur.

It is not presently known whether the oropharyngeal reflex is sensitive to the
composition of the ingested fluid in a way that would influence subsequent drinking
behavior, but it is clear that beverage composition has an important effect on drinking
behavior. Recent research has also shown that oral administration of a liquid meal
and the consequent orosensory mechanisms associated with the liquid meal contrib-
ute largely to the suppression of appetite.?’ In the case of thirst, if plasma volume
is restored too quickly or if plasma osmolality drops below the thirst threshold
prematurely, thirst is ablated and fluid intake is reduced before complete rehydration
can occur. This is the scenario that typically occurs when plain water is ingested,
and it is for that reason that water is a poor choice when rapid and complete
rehydration is the goal.

Not surprisingly, taste and other organoleptic characteristics (e.g., sweetness,
mouthfeel, tartness, aftertaste) are important determinants of fluid intake in any
setting, but particularly so during exercise. Physical activity alters the hedonic and
descriptive characteristics of beverages so that a drink that might be preferred in
sedentary circumstances fares poorly in the exercise setting.!-?> This knowledge is
an important consideration whenever fluid intake is of paramount importance, as in
military, industrial, or sporting activities, and during leisure-time physical activities
in hot and humid weather.?*?* For these reasons, a properly formulated carbohydrate-
electrolyte beverage has organoleptic characteristics that are most highly valued
when people are hot, sweaty, and thirsty.>

Much remains to be learned about how the organoleptic properties and ingredi-
ents of a beverage can be manipulated to maximize voluntary fluid intake. For
example, little is known about the mechanisms that underlie the change in taste
preference that accompanies exercise, and this effect is difficult to separate because
perceptual ratings are often biased by other somatosensory qualities such as bever-
age, body, and ambient temperatures. Certainly, taste is mediated by other factors
such as taste bud density, oral temperature differentials, taste receptors, and solution
viscosity, but it is not presently known to what extent these factors interact with
exercise.?6-2728 Also unresolved are the reasons for the change in beverage acceptance
that occurs with exercise, although it is clear that this effect is observed among
young and old alike. What is well known is that physically active people prefer, and
therefore drink more of, beverages that are lightly sweetened, citrus flavored, and
moderately tart.?%-3°

Unlike under sedentary circumstances, the presence of carbonation in a beverage
consumed during exercise does not stimulate fluid intake, but is instead a significant
barrier to voluntary fluid consumption owing to a strong negative impact on accept-
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ability. This effect is primarily due to the sensation of throat burn caused by the
presence of high CO, volumes in the fluid. Passe et al.3'examined sensory accept-
ability and voluntary fluid intake in 52 adults following 30 minutes of exercise. The
presence of sodium benzoate (a preservative) and CO, at and above 2.3 volumes
(similar to levels in carbonated soft drinks) was associated with reduced fluid intake,
stronger perceived throat burn, reduced acceptability and thirst-quenching charac-
teristics, and altered perception of sweetness and flavor. All of these factors contrib-
uted to the reduction in the desire for that beverage. Also problematic is the fact
that the volume of CO, in solution decreases as the beverage temperature increases
in the stomach; the resulting gas causes bloating, gastric discomfort, and eruction,
all of which further reduce voluntary fluid intake. In brief, the presence of carbon-
ation is a strong negative organoleptic characteristic in a sports drink.

8.2.2 FORMULATION CONSIDERATIONS
8.2.2.1 Flavors and Colors

Notwithstanding the logistical considerations and physiological constraints that may
limit fluid intake during physical activity, a properly formulated sports drink must
have the necessary physicochemical characteristics to stimulate and optimize vol-
untary drinking. Beverage temperature, color, flavor acceptance, and flavor variety
are important factors determining overall acceptability and voluntary consump-
tion.3%3! Olfactory, tactile, and thermal sensitivity also contribute to selection and
preferences for particular beverages. Taste, as a perceptual element, is mediated by
a number of factors including solution viscosity,?? oral absorption,3 temperature,*
and tastebud density.?® Thirst, taste, and voluntary fluid intake are influenced by
endocrine, neurophysiological, and neuropsychological elements, as discussed in
detail in Chapter 3 of this text.

Specific taste preferences and past experiences are also important for the regu-
lation of fluid intake. For example, a sports drink made from a homemade recipe is
not as acceptable and is not voluntarily consumed in as large a volume as a successful
commercial formulation.>® The lower overall acceptance of a homemade recipe is
likely due in part to the subjects’ lack of experience with the flavor system and the
inherent suboptimal nature of that flavor. Data such as these support the common-
sense notion that optimized flavor systems along with the proper balance of ingre-
dients encourage voluntary fluid intake. In other words, if a beverage tastes good,
people will drink more of it. The interesting twist to this logic is that, as noted in
Chapter 3, the drink must be properly formulated for the exercise occasion; that is,
the drink must possess the physicochemical characteristics that have great appeal
when people are physically active.

8.2.2.2 Carbohydrate Concentration and Type

The types and overall concentration of carbohydrate have an effect on the physio-
logical efficacy of a sports drink and on organoleptic characteristics such as flavor
balance, sweetness, and palatability. For example, carbohydrate concentration and
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type influence the rate of water, carbohydrate, and electrolyte absorption, as sum-
marized in Chapter 4 and later in this chapter. Beverages with too much carbohydrate
are often perceived as too sweet during exercise, diminishing overall acceptance and
negatively affecting voluntary fluid consumption.

Commercially available carbohydrate sources typically include sucrose (from
cane or sugar beet), glucose, fructose, corn syrup solids (often referred to as high-
fructose corn syrup), maltose, and maltodextrin (frequently, but erroneously referred
to as glucose polymers). Sports drinks rarely contain complex carbohydrates (e.g.,
chain lengths > 20 glucose molecules) because of the low sweetness and unaccept-
ably thick mouthfeel characteristics that such carbohydrates impart. Each type of
carbohydrate has a different sweetness profile, as characterized by the perceived
intensity of the sweetness and by its onset and duration (see Table 8.2). When
combinations of carbohydrates are used in a beverage, the resulting sweetness profile
is more or less a composite of the constituent carbohydrates at low levels of sweet-
ness, but as sweetness levels increase, the resulting sweetness profile becomes a
complex function of the carbohydrate combination.3¢

TABLE 8.2
Relative Sweetness Characteristics of
Various Carbohydrate Types

Carbohydrate Relative Sweetness”
Fructose, Crystalline 180
High Fructose Corn Syrups 105-130
Sucrose 100
Glucose (2-10% Solution) 50-70
Maltose 50

Note: Sucrose is the standard against which the rela-
tive sweetness of other carbohydrates is judged.
Adapted from BeMiller, J.N., Sucrose, in Encyclope-
dia of Food Science and Technology: Vol. 4., Hui,
Y.H., Ed., John Wiley and Sons, NY, 1992. Reprinted
by permission.

It is clear that the proper combination of carbohydrates optimizes sweetness and
flavor characteristics, maximizes intestinal water flux, and guarantees adequate
energy provision. On the other hand, too much carbohydrate delays both gastric
emptying® and intestinal fluid absorption,*+#° increases the risk of gastrointestinal
distress,*'*> and provides no additional benefit to performance.® The fructose content
of the beverage can be particularly problematic. Drinks containing mostly or solely
fructose as a carbohydrate source are contraindicated because the relatively slow,
passive transport of fructose in the gut results in slower solute and water absorption,**
greater decrements in plasma volume,* and increased gastrointestinal distress.*
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8.2.2.3 Sodium Chloride and Other Electrolytes

The presence of sodium chloride affects both the flavor and the functional properties
of a sports drink. Typically, a small amount of sodium chloride is added to sports
drinks to:

* “round out” flavor profiles

 stimulate fluid consumption by maintaining the osmotic and volume-
dependent stimuli for drinking

* ensure ample sodium concentration in the intestinal lumen

» provide an osmotic impetus for the maintenance of extracellular fluid
volume

» provoke adequate drinking and rehydration when fluid is consumed fol-
lowing physical activity

Although each possesses different flavor and functional characteristics, sodium
chloride, sodium citrate, and sodium acetate are some of the most common forms
of sodium used in sports drinks.

As typical sweat sodium concentration ranges from 20 to 80 mmol/1,* ingesting
sodium helps replace that lost in sweat and stimulates osmotically dependent dip-
sogenic factors that initiate further drinking. However, too much sodium restores
the extracellular fluid space too rapidly, removing the volume-dependent drive to
continue drinking. Interestingly, ingesting too much or too little sodium both dis-
courages further drinking and impedes complete rehydration.

Many researchers have systematically evaluated the addition of sodium to sports
drinks over the last 15 years. It is now quite clear that some sodium is necessary
and sodium-containing fluid provides distinct advantages over plain water and other
sodium-free drinks. For example, the addition of a small amount of sodium chloride
to a sports drink can markedly influence drinking behavior. Wilk and Bar-Or*
measured the voluntary fluid intake of pre- and early pubescent boys (ages 9 to 12)
during 3 hours of intermittent exercise in a warm environment. Intake of a grape-
flavored sports drink was 90% greater than plain water and 45% better than a grape-
flavored, artificially sweetened placebo. These results show that the addition of a
small amount of sodium chloride (~ 20 mmol/l) provides a demonstrable impetus
for drinking; in fact, the subjects maintained euhydration only on the sports drink
trial. The fact that the boys drank 45% more placebo than plain water illustrates the
positive impact that flavoring and sweetening have on voluntary fluid intake.

Sodium ingestion during exercise is also critical for the maintenance of plasma
sodium levels and in helping to prolong exercise duration, as demonstrated by Vrijens
and Rehrer.*® On two separate occasions, subjects performed cycle ergometer exer-
cise in the heat (34°C) for 3 hours while drinking either plain water or a sodium-
containing sports drink (18 mmol Na*/l). Subjects ingested fluid at 15-minute inter-
vals at a rate estimated to be equal to fluid loss. On the water trial, six of the ten
subjects were unable to complete three hours of exercise due to volitional exhaustion
and one subject developed hyponatremia. With the sports drink, four of ten subjects
could not complete 3 hours of exercise. Furthermore, there was a significant negative
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correlation (r = —0.674) for the rate of plasma sodium change and total exercise
time. Thus, the maintenance of plasma sodium by ingesting a sports drink at a rate
equal to sweat loss helped extend exercise time to exhaustion and prevented
hyponatremia.

In addition to stimulating drinking by taking advantage of organoleptic and
osmotic factors, a carbohydrate-electrolyte beverage must be formulated to restore
plasma volume without promoting a rapid decrease in plasma osmolality and result-
ant return to isotonicity. In so doing, more fluid is voluntarily ingested because the
osmotic drive to drink is maintained. To accomplish this, the sodium concentration
of a sports drink should be at least 20 mmol/l and perhaps as high as 60 mmol/l.*°
However, higher sodium concentrations are not clearly superior in this regard. For
example, Greenleaf and colleagues® reported that consuming high-sodium beverages
(157 mmol/l) prior to exercise had no greater effect in attenuating plasma volume
losses during exercise than when low-sodium beverages (20 mmol/l) were consumed
prior to exercise. The advantage of both the low- and high-sodium fluids over water,
however, was very clear.

The sodium concentration is a critical consideration in sports drink formulation.
If the sodium concentration is too high, plasma volume is quickly restored and
voluntary drinking is reduced as the osmotic drive to drink is removed. In a study
by Wemple et al,’! following exercise-induced dehydration, consumption of a drink
containing 50 mmol/l Na* restored plasma volume to control levels within 1 hour
compared with slower rates with flavored water and 25 mmol/l Na*. However, the
higher-sodium drink resulted in reduced ad [libitum fluid intake. The attenuated
drinking was likely due to removal of the volume-dependent dipsogenic drive for
drinking, but the extent to which the flavor systems and hedonic properties con-
tributed to fluid intake remains unclear. It is believed that a lower sodium content
(~ 20 to 25 mmol/l) helps restore plasma volume at a slower rate, while maintaining
the osmotic drive to drink, resulting in increased fluid consumption.

Although other electrolytes such as potassium and magnesium are sometimes
present in sports drinks in small quantities (usually less than 10 mmol/l), they do
not appear to play a role in encouraging voluntary consumption or in provoking
acute physiological responses, and are added as a means of replacing mineral losses
in sweat and urine.’? Nonetheless, it should be noted that potassium deficiency
(hypokalemia) stimulates thirst and might be implicated in the relationship between
thirst and fluid intake, although the data in support of this contention are not
particularly compelling.'3

8.2.2.4 Beverage Osmolality

The osmolality of a beverage (i.e., the number of particles in solution) is directly
related to the solute composition of the beverage; increasing the amount of carbo-
hydrates or electrolytes in a drink (more particles in solution) also increases the
osmolality of the drink. Research indicates that sports drinks should be hypotonic
or isotonic to ensure rapid gastric emptying33-* and intestinal absorption.> To date,
there is no indication that beverage osmolality, independent of changes in carbohy-
drate and electrolyte content, influences voluntary drinking.
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8.3 STIMULATE RAPID FLUID ABSORPTION
8.3.1 ScienTiFic PRINCIPLES AND PRACTICAL RAMIFICATIONS

As summarized in Chapter 4, the rate of fluid absorption into the bloodstream is
determined by the combined rates of gastric emptying and intestinal absorption,
responses that are directly influenced by the composition of the ingested beverage.
Rapid gastric emptying occurs whenever a large volume of fluid with a low energy
density is ingested; for this reason, large volumes of plain water are emptied quite
rapidly from the stomach. Solutions containing less than 6% to 7% carbohydrate
(e.g., many sports drinks) are also emptied rapidly,””-*® particularly when compared
with soft drinks (10% to 13% carbohydrate wt/vol) and fruit juices (11% to 16%
carbohydrate wt/vol). The type of carbohydrates used in the beverage, the beverage
osmolality (at least at low levels of carbohydrate), temperature, pH, and mineral
content have only minor effects on gastric emptying when compared with the
beverage’s energy content and the volume ingested. For example, Vist and Maughan®*
demonstrated that beverage osmolality plays a minor role in determining gastric
emptying rate compared with the carbohydrate concentration of the beverage, par-
ticularly at the lower carbohydrate concentrations of sports drinks.

Of key interest from a formulation standpoint is the knowledge that too much
carbohydrate in a beverage will delay gastric emptying. However, gastric emptying
characteristics vary widely among individuals (see Chapter 4), as do the responses
to different types of carbohydrate. For example, Murray et al.®® reported that con-
sumption of an 8% carbohydrate beverage (sucrose and maltodextrin) resulted in
significantly slower gastric emptying than 4% or 6% carbohydrate solutions (sucrose,
glucose, and fructose) during exercise. However, Vist and Maughan® showed that
a 6% glucose solution emptied slower than water and a 4% glucose solution. These
data suggest that there is a breakpoint in carbohydrate concentration above which
gastric emptying is significantly slowed and that the breakpoint may be specific to
carbohydrate type, with glucose solutions provoking the most powerful inhibitory
effect. Additional studies are needed to confirm this finding and to identify the
possible physiological consequences of such differences. Nonetheless, these data
are instructive in establishing an upper limit for the carbohydrate concentration of
a sports drink. However, it should be noted that although the gastric emptying rate
of a carbohydrate solution is driven primarily by carbohydrate concentration, the
types of carbohydrate, and the osmolality likely interact with carbohydrate concen-
tration to determine gastric emptying rate.

The carbohydrate concentration and the osmolality of the beverage primarily influ-
ence the rate at which fluid is absorbed across the intestinal epithelium. Upon passing
the pyloric sphincter and entering the duodenum, a drink high in carbohydrate concen-
tration and osmolality and low in sodium chloride (e.g., a carbonated soft drink), is
quickly diluted by intestinal secretions that contain sodium and chloride. If this rapid
dilution is of great enough magnitude, a transient decrease in plasma volume will occur
as fluid temporarily leaves the blood and passes into the intestine.>

The presence of carbohydrates (e.g., sucrose and glucose) in the electrolyte
replacement beverage stimulate sodium absorption via SGLT-1 membrane transport-
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ers in the intestinal epithelium. Water is absorbed through transcellular or paracel-
lular routes to reestablish the osmotic equilibrium that was disrupted by solute
absorption. This fundamental knowledge has served as the foundation for the for-
mulation of oral rehydration solutions designed for use in clinical applications (e.g.,
diarrheal disease) and for beverages formulated for use during physical activity.”®

8.3.2 FORMULATION CONSIDERATIONS
8.3.2.1 Carbohydrate Concentration and Type

The type of carbohydrate and its concentration are important determinants of fluid
absorption. Solutions containing 6% carbohydrate or less are absorbed more rapidly
than solutions containing greater amounts of carbohydrate.>*%° Sucrose, glucose, and
maltodextrins share similar rates of absorption.>® Fructose is absorbed passively and
high concentrations of fructose can slow absorption,* result in reduced plasma
volume,® and stimulate gastrointestinal distress.*> However, fructose ingested in
small amounts in combination with sucrose and/or glucose does not impede fluid
absorption.> Providing a blend of carbohydrate types is important to optimize fluid
absorption. Shi et al.>> showed that a solution containing at least two transportable
substrates enhances both solute and water flux more than a solution with just one
substrate, despite the increased osmolality. Apparently, activation of multiple trans-
port mechanisms plays an important role in optimizing carbohydrate delivery and
promoting fluid absorption in the small intestine.

The lature also indicates that the presence of a small amount of fructose in a
sports drink may enhance gastric emptying compared with isoenergetic glucose
solutions.' In addition, fructose confers positive organoleptic properties (as previ-
ously mentioned) and may also benefit carbohydrate metabolism, as discussed in
the next section of this chapter. For these reasons, properly formulated sports drinks
should contain a small amount of fructose (representing less than half of the total
carbohydrate content to minimize the risk of gastrointestinal discomfort).

Increasing the carbohydrate concentration of a sports drink beyond 6% to 7%
weight/volume has been shown to significantly decrease the rate of fluid absorption,
regardless of whether the beverage is infused directly into the small intestine at rest®?
or is consumed by mouth during exercise.*

8.3.2.2 Sodium Chloride and Other Electrolytes

Sports drinks usually contain 10 to 30 mmol/l sodium. In contrast, oral rehydration
solutions formulated for clinical use typically contain sodium at 45 to 90 mmol/l,
with 20 mmol/l potassium. The differences in electrolyte concentration in these two
types of beverages appropriately reflect the differences in electrolyte losses in diar-
rhea and sweat.

The sodium in sports drinks plays a relatively minor role in the absorption
process because sodium is quickly added to the intestinal lumen by intestinal secre-
tions, that is, by sodium that passes down the sodium concentration gradient from
blood/extracellular fluid into the intestinal lumen.%3 For this reason, sports drinks
with higher sodium concentrations require less sodium influx from the blood/extra-
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cellular fluid, arguably an advantage when fluid and electrolyte homeostasis is
challenged by prolonged exercise in a warm environment.

8.3.2.3 Beverage Osmolality

As noted in Chapter 4, beverage osmolality has only a small influence on gastric
emptying, but can have a large influence on fluid absorption in the intestine. Net fluid
absorption occurs only when a sufficient osmotic gradient has been established to
attract fluid from an area of lower osmolality (the intestinal lumen) to an area of higher
osmolality (the intestinal cell and paracellular junctions). Ingesting a drink with high
osmolality (e.g., > 400 mosm/kg H,0O) reduces the rate of fluid ingestion simply due
to the time required for fluid to be secreted into the intestine to dilute the intestinal
contents and create an osmotic gradient that is conducive to fluid absorption. Gisolfi
et al.%? assessed the fluid absorption rates of sucrose, glucose, and maltodextrin solu-
tions of 2%, 4%, 6%, and 8% concentration. Infusion of the 8%-glucose solution (444
mosm/kg H,O) into the duodeno-jejunum resulted in net fluid secretion; all other
solutions prompted net fluid absorption. The only other hypertonic solution tested was
a 6% glucose solution (333 mosm/kg H,0), but it was associated with net fluid
absorption rates that were indistinguishable from the other solutions tested. This finding
raises the question, “What actually is isotonic in the intestine?”” Isotonic is most often
used to refer to any solution or beverage with an osmolality similar to that of blood,
about 280 mosm/kg H,O. Yet, there is some evidence that the tonicity of the intestinal
villi may range between 300 to 700 mosm/kg H,0.5* If such an osmotic pressure exists
in the proximal small intestine, it could explain why beverages with osmolalities
between 300 and 400 mosm/kg H,O are absorbed at rates indistinguishable from that
of water in this portion of the gut.>>%2

In summary, net absorption of fluid occurs from hypotonic or isotonic solutions;
a hypertonic solution is eventually reduced to near isotonicity by intestinal secretions
before net fluid absorption can occur. This lowers the absorption rate and increases
the risk of gastrointestinal discomfort. The obvious conclusion is that hypertonicity
(e.g., > 400 mosm/kg H,0) is contraindicated for sports drinks.

8.3.2.4 Other Possible Ingredients

There is considerable interest in the identification of different types or combina-
tions of carbohydrate, or ingredients such as amino acids or small peptides that
would augment the fluid absorption characteristics of conventional sports drinks
and oral rehydration solutions.® Rice starch, maltodextrins, glycine, glutamine,
and other ingredients have been studied for their ability to induce superior fluid
absorption, but so far without compelling success. In brief, the proper balance of
carbohydrate content, carbohydrate type, osmolality, and sodium-chloride content
can provoke fluid absorption in the proximal small intestine at rates at least as
fast as plain water or even more so.
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8.4 SUPPLY CARBOHYDRATE FOR IMPROVED
PERFORMANCE

8.4.1 ScienTIFIC PRINCIPLES AND PRACTICAL RAMIFICATIONS

Itis now well established that exogenous carbohydrate can be oxidized during exercise
at rates approximating 60 to 75 g/hour and that exercise performance is improved as
a result,% a fact that forms the basis of current practical recommendations for fluid
and carbohydrate feeding during physical activity.?> Carbohydrate intake during exer-
cise raises the blood glucose and insulin concentration, enhances glucose uptake by
muscle, maintains carbohydrate oxidation, and possibly benefits central-nervous-
system function, all of which promote an improvement in performance.®’

A current area of interest in many laboratories is the effect of carbohydrate feeding
on the type of activity that is common to most typical sporting activities, that is, high-
intensity intermittent exercise of relatively short duration. For example, Davis and
colleagues®® have demonstrated that consumption of carbohydrate electrolyte drinks
at regular intervals can improve exercise capacity during activities of short-term
intense exercise (1-minute bouts of intense cycling separated by 3-minute rest periods,
repeated to exhaustion). Many other studies support the beneficial effects of carbo-
hydrate ingestion (particularly in fluid) on high intensity sports activities such as
sprinting, shuttle running, basketball, tennis, hockey, and soccer.®-70:71.72.73.74

8.4.2 FORMULATION CONSIDERATIONS

8.4.2.1 Carbohydrate Concentration

The carbohydrate concentration of a sports drink must strike a delicate balance
among the parameters of sweetness and taste, gastric emptying, intestinal absorption,
and fuel supply. Too little carbohydrate will not optimize sweetness and taste char-
acteristics and will not supply enough carbohydrate to improve exercise perfor-
mance.”>7’¢ On the other hand, too much carbohydrate disrupts palatability and delays
gastric emptying and intestinal absorption.

It is important from a beverage-formulation standpoint to recognize that increas-
ing the concentration of carbohydrate beyond 7% wt/vol provides little additional
benefit and does not alter the rate of maximal carbohydrate oxidation.”” This means
that there is potentially greater risk than benefit in increasing carbohydrate content
of a sports drink above about 6% to 7% wt/vol. For example, increasing the carbo-
hydrate content of a sports drink risks reducing the gastric emptying and intestinal
absorption rates and increasing the risks of gastrointestinal discomfort at no benefit
— and perhaps a detriment — to performance.*!4278

8.4.2.2 Carbohydrate Type

Solutions of sucrose, glucose, and maltodextrins ingested during vigorous exercise
have been shown to improve the capacity for exercise®® and, for that reason, are
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acceptable substrates for inclusion in sports drinks. Solutions containing only fruc-
tose, however, do not improve exercise performance,*>’” ostensibly because fructose
cannot be directly oxidized for energy, but must first be converted to glucose in the
liver, a relatively slow process that is seemingly unable to adequately supplement
the carbohydrate oxidation rate of active skeletal muscle.’’” However, when fructose
is ingested with glucose and/or sucrose, the fructose content is not problematic and
exercise performance is improved.

8.4.2.3 Amino Acids

There is no compelling evidence that the addition of amino acids to a sports drink
confers any benefit to exercise performance. In theory, ingesting branched-chain
amino acids (leucine, isoleucine, and valine) will reduce the tryptophan: BCAA ratio
in plasma, decrease the uptake of tryptophan by the brain, and thereby improve
performance by ensuring that serotonin (the neurotransmitter by-product of tryp-
tophan) production is regulated.! Mittleman et al.?? reported that subjects who
ingested a branched-chain amino-acid solution (5.88 grams/l BCAA) were able to
cycle significantly longer (153 vs. 137 min) than when they consumed a placebo
solution (maltodextrin). The investigators were unable to discern a possible mech-
anism for this effect and, to date, their findings have not been substantiated by other
well-controlled laboratory studies.”*333* Chapter 9 contains more information on this
topic.

8.4.2.4 Vitamins

The physiological, metabolic, and performance responses to the ingestion of sports
drinks containing vitamins have not been systematically studied, in large part because
there is little theoretical indication that such an addition would result in measurable
or meaningful benefits. That said, the very fact that this area has not been well
studied means that it is impossible to definitively conclude that the addition of a
particular vitamin is without benefit. However, the work that has been published is
more supportive of the former notion than of the latter; no immediate benefits could
be ascribed to including vitamin C,% vitamin E and other antioxidants,* or nicotinic
acid (vitamin B,)?¥ to a sports drink. Perhaps future work will unearth an as yet
unexpected benefit for one or more of the vitamins.

8.4.2.5 Other Possible Ingredients

There is a seemingly inexhaustible list of nutrients, some of which are reviewed in
detail in Chapter 9, that have been included in sports drinks. This list includes the
entire range of vitamins and minerals, metabolic intermediates such as pyruvate,
lactate, citrate, and malate, coenzyme Q10, choline, inositol, grape seed extract,
glycerol, and many others. Of these dubious candidates for inclusion in a sports
drink, glycerol has received perhaps the most attention for its ability to temporarily
reduce urine production by transiently increasing the osmolality of body fluids.
Ingested in the hours prior to exercise, glycerol intake results in a decrease in urine
production and the retention of a variable amount of fluid (e.g., 700 to 1,000 ml).%
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Theoretically, this hyperhydration may have positive effects on cardiovascular and
thermoregulatory response, resulting in improved exercise performance. This theory,
however, has not been borne out by research; most of the reports indicate no effect
of glycerol ingestion prior to exercise.® In addition, when glycerol is ingested as
part of a sports drink during exercise, there is no physiological or performance
advantage.”

8.5 AUGMENT PHYSIOLOGICAL RESPONSE
8.5.1 ScienTIFIC PRINCIPLES AND PRACTICAL RAMIFICATIONS

Preventing or minimizing dehydration by ingesting adequate volumes of fluid during
exercise maintains cardiovascular, thermoregulatory, and performance responses in
a dramatic and consistent fashion, as noted in Chapter 5. This protection is similarly
conferred by the ingestion of water and properly formulated sports drinks in volumes
sufficient to replace most of the sweat loss. In both cases, adequate fluid ingestion
results in greater blood volume, greater stroke volume, lower heart rate, greater
cardiac output, higher skin blood flow, lower core temperature, lower ratings of
perceived exertion, and better performance compared with drinking smaller amounts
of fluid.®! Of course, these positive responses occur only when adequate volumes
of fluid are ingested. That is assured in the laboratory setting by dictating the volume
and frequency of fluid that subjects must consume. In the field setting, when people
are allowed to ingest fluid ad libitum, the voluntary consumption of water may be
insufficient to keep pace with fluid loss.!®

Nonetheless, laboratory experiments have illustrated that, in addition to the
benefits associated with preventing dehydration, consuming a properly formulated
sports drink maintains plasma glucose concentration which, in turn, is associated
with blunting of the stress hormone response (adrenocorticotropic hormone, cortisol,
epinephrine, growth hormone) seen when only water is ingested.??> This has important
implications for cardiovascular and thermoregulatory control and for the function
of various cells of the immune system, the activities of which are influenced by
fluctuations in stress hormones.”? Unfortunately, this work is in its infancy and
relatively few studies have been completed, making it difficult to draw conclusions
regarding the way in which changes in sports drink formulation may affect
these responses.

Nonetheless, the initial results from this work have interesting scientific and
practical ramifications. For example, when subjects ingest water during vigorous
exercise, plasma epinephrine concentration continues to rise throughout exercise,
but this increase is blunted by the ingestion of a sports drink.** Attenuating the rise
in plasma epinephrine may have beneficial effects on carbohydrate metabolism in
liver and muscle by attenuating epinephrine-stimulated glycogenolysis and by reduc-
ing the epinephrine-linked impetus for peripheral vasoconstriction. For example, it
has been shown that increases in plasma epinephrine, induced by infusing epineph-
rine into exercising subjects, are associated with significant decreases in skin blood
flow and corresponding increases in core temperature.” However, it should be noted
that plasma epinephrine concentration can be raised to very high levels by epineph-
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rine infusion (over three times greater than may normally occur during exercise
while drinking water). More research is required to determine if the magnitude of
the blunting of the stress hormone response that occurs with drinking a sports drink
results in measurable improvements in cardiovascular and thermoregulatory control.

Carbohydrate ingestion during exercise, by virtue of blunting the stress hormone
response, has also been shown to positively affect a number of parameters of immune
cell function, including a reduced pro- and anti-inflammatory cytokine response,
and lower granulocyte and monocyte phagocytosis and oxidative burst activity.??3
However, the practical outcome of these seemingly positive changes awaits deter-
mination. For example, how does the timing and dose of carbohydrate affect param-
eters of immune function? What other nutrients may augment the positive responses?
Does ingestion of a sports drink during a marathon run reduce the incidence of upper
respiratory tract infection in the days following the event?

8.5.2 FORMULATION CONSIDERATIONS
8.5.2.1 Carbohydrate Concentration and Type

Although there are not enough data to determine how the ingestion of different
carbohydrate types affects the cardiovascular, thermoregulatory, and immune
responses that are in part mediated by hormonal responses, little is known about the
influence of carbohydrate concentration. Burgess et al.”> demonstrated that a 1.8%
carbohydrate beverage failed to blunt the rise in catecholamines, glucagon, ACTH,
or cortisol, whereas drinks containing higher carbohydrate concentrations do blunt
these responses. All things considered, much remains to be understood about the
relationship between carbohydrate intake (e.g., the quantity and frequency of intake,
the type of carbohydrate) and cardiovascular, thermoregulatory, and immune
responses. In like fashion, there is undoubtedly much more to be learned about the
role of carbohydrate intake on neurotransmitter production and function in the brain,
responses that could influence both physical and mental performance and mood
during vigorous exercise.

8.5.2.2 Sodium Chloride, Other Minerals, and Vitamins

As detailed in this and other chapters, the presence of sodium chloride is a critical
element in a sports drink. Sodium plays such an important role in improving beverage
taste, stimulating voluntary fluid intake, promoting fluid absorption, maintaining
plasma volume, and assuring rapid and complete rehydration, that its presence in a
sports drink can rightfully be considered indispensable. Similarly, critical roles have
not been identified for other minerals or vitamins. A number of researchers have
investigated their potential efficacy, but without compelling results. For example,
niacin ingestion was studied to determine if the increase in skin blood flow (the
flushing often provoked by niacin ingestion) would improve the thermoregulatory
response to heat exposure; it did not.”® Potassium loss seems to be a common suspect
in muscle cramping; witness the numerous times that bananas and orange slices are
available after road races and other sporting events. Yet, a relationship between
potassium loss and muscle cramping has never been established.”” Zinc supplemen-
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tation enjoyed popularity as a nutritional aid to improve immune response, but
attempts to substantiate the relationship have been inconclusive.*®

8.5.2.3 Amino Acids

The theoretical basis for considering the addition of branched-chain amino acids to
a sports drink has been discussed above. Even if the science were supportive of a
beneficial effect of BCAA ingestion during exercise, a sports drink would not be
the ideal means of delivering them. Although small amounts of amino acids can,
and have, been added to commercial sports drinks, doing so in anything greater than
very small amounts presents nearly insurmountable challenges from a product devel-
opment standpoint. Amino acids in solution are not shelf-stable for long periods
and, even under the best of circumstances, their presence negatively affects palat-
ability and overall beverage acceptance.

Such challenges are particularly true for glutamine, an amino acid that has
received considerable recent attention, in part because of its role as a fuel for immune
cells such as lymphocytes. Glutamine is notoriously unstable in solution and is
quickly degraded, making it an unlikely candidate for inclusion in a sports drink.
On the other hand, there is a theoretical rationale for considering its inclusion, in
that plasma glutamine levels have been reported to drop during prolonged exercise,
which has been implicated in lower lymphocyte proliferation rates.”® However,
research in this area has not demonstrated a beneficial effect of ingesting glutamine
on immune function.

8.6 SPEED REHYDRATION
8.6.1 SciEnTIFIC PRINCIPLES AND PRACTICAL RAMIFICATIONS

The rate of rehydration following exercise is of critical importance whenever rapid
and complete rehydration is required. That is certainly the case in many sporting,
military, industrial, and even routine leisure-time physical activities. A simple exam-
ple is that of an individual who tends to a garden for a few hours on a hot summer
afternoon and finishes the task dehydrated. Normal physical and mental functions
are often not regained for hours, until euhydration is restored. A delay in restoring
normal hydration could be especially problematic for athletes, soldiers, and workers
who must rehydrate rapidly to resume vigorous physical activity.

The addition of caffeine to fluid, as in the case of most diet colas and “herbal
energy beverages,” limits effective rehydration due to the diuretic effect of caffeine.
This effect was demonstrated by Gonzalez-Alonso et al.,'°! who provided dehydrated
subjects with a sports drink, water, or diet cola. Following a 2-hour recovery period,
the subjects had retained 73% of the sports drink, 65% of water, and only 54% of
the diet cola. Due to its diuretic effect, caffeine has also been associated with
accelerated mineral loss in urine.!°? Thus, it is counterintuitive to include caffeine
in a sports drink.

The sodium concentration of the ingested beverage is a major determinant of
the adequacy of rehydration. For most purposes, a sodium concentration between



216 Sports Drinks: Basic Science and Practical Aspects

20 and 50 mmol/l is adequate to aid in restoring plasma volume and fluid balance.
Full rehydration cannot occur unless both the sodium and the fluid lost in sweat are
replaced.!® The sodium concentration of an electrolyte-replacement drink should
be high enough to maintain voluntary fluid intake and replace the sodium lost in
sweat.!3The primary factor that contributes to the inability to quickly and completely
restore body fluids is the excessive loss of plasma volume and sodium that occurs
with sweating. Earlier work by Nadel and colleagues'® indicated that, independent
of palatability issues, an effective fluid replacement beverage should contain between
40 and 60 mmol/l of sodium to provide an elevated plasma osmolality, retain the
osmotic drive to drink, and replace the sodium lost in sweat, a prerequisite for
restoring the extracellular fluid space.!** More-recent research with similar sodium
levels has indicated beneficial effects of relatively high sodium (50 to 60 mmol/l)
and large fluid volumes (i.e., at least 125 to 150% of sweat loss) on the maintenance
of positive fluid balance and the restoration of hydration for several hours after
exercise-induced dehydration.!05.106.107

From the standpoint of offsetting urinary mineral loss, some investigators have
suggested that small amounts of calcium and magnesium might be important addi-
tions to a beverage formulated for sports.’> However, existing data fall short of
substantiating the inclusion of electrolytes other than sodium, chloride, and perhaps
potassium (the three minerals lost in the greatest quantities in sweat). Verification
of the efficacy of including other minerals requires further testing.

8.6.2 FORMULATION CONSIDERATIONS

Striking the optimum balance between sports drink efficacy and palatability is a
considerable challenge for sports drink manufacturers. From a food science perspec-
tive, sports drinks are relatively simple beverage systems and that fact makes it
difficult to manipulate the types and amounts of solutes without having an immediate
and noticeable effect on palatability. When palatability is not a major concern,
rehydration solutions can be formulated with efficacy foremost in mind. Such is the
case with clinical rehydration solutions for which palatability is not a critical con-
sideration. However, the rehydration that is required following physical activity and
that required in clinical settings do share some common ground in that rapid fluid
replacement is required to restore physiological homeostasis. Clinical dehydration
is often complicated by severe metabolic and electrolyte disturbances for which
different solution formulations and different modes of administration (oral vs. intra-
venous) are required. For example, the oral rehydration solutions formulated to treat
bouts of childhood diarrhea contain small amounts of carbohydrate (e.g., 2% to 3%
wt/vol) and comparatively large amounts of sodium and potassium (e.g., 45 mmol/l
and 20 mmol/l, respectively). The oral rehydration solution that is distributed by the
World Health Organization to combat severe diarrhea contains 90 mmol/l sodium.!%8
The higher electrolyte concentrations and the lower carbohydrate levels of these
solutions are consistent with the need to stimulate rapid fluid absorption and to
replace the large amounts of electrolytes that can be lost with diarrhea. Due to their
low carbohydrate content, high electrolyte content, and poor palatability, such solu-
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tions would not be appropriate for the extent of dehydration that is common to
physical activity and sport.

8.7 SUMMARY

Sports drinks are among the best-researched food products in the world. There is a
wealth of scientific research that can be relied upon to formulate an efficacious
beverage that can provide benefits for voluntary fluid intake, rapid fluid absorption,
improved performance, and enhanced rehydration. Formulating an efficacious sports
drink requires an in-depth knowledge of the physiological and metabolic responses
to ingesting fluid, carbohydrates, and electrolytes during exercise, a comprehensive
understanding of the interactions between the physicochemical properties of the
beverage and the psychosensory responses to exercise and environment, and an
ability to apply that knowledge in formulating a beverage that is compatible with
the limitations imposed by large scale production, packaging, and product distribu-
tion. Relatively small changes in product formulation (e.g., carbohydrate level too
high, sodium level too low) and the inclusion of ingredients that are contraindicated
(e.g., artificial preservatives) or are of dubious merit (e.g., chromium), can demon-
strably alter the physiological and performance responses to ingesting a sports drink
during exercise.
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This chapter will briefly review the physiological basis and the performance effects
of ingredients that are considered nontraditional in a hydration beverage. The func-
tions of traditional ingredients such as metabolizable carbohydrate, electrolytes such
as sodium and potassium, and water are described elsewhere in this text. In describing
the nontraditional ingredients, the focus will be on physiology and physical work
performance, and on the rationale for their presence in a sports drink. However, it
is important to consider that these ingredients may alter the taste, beverage stability,
and shelf life, as well as the bioavailability of other (the traditional) ingredients in
the beverage. Data on these characteristics are seldom available, thus making it
difficult to predict the interactive and comprehensive effects of a novel ingredient
on the integrity and efficacy of a sports beverage. Nonetheless, these factors are
important and should not be dismissed as insignificant when establishing the effec-
tiveness of a sports drink.

9.1 ENERGY SOURCES
9.1.1 CARBOHYDRATE DERIVATIVES
9.1.1.1 Fiber

Indigestible carbohydrate, or fiber, may play an important role in the health of an
individual. A growing body of research shows that soluble fiber may decrease
cholesterol levels,! reduce the risk of heart disease,?> and possibly reduce the risk of
gastrointestinal cancers,® depending on the type of soluble fiber. These benefits are
obtained from chronic intake of an adequate amount of fiber.

From a sports performance standpoint, the immediate effect of fiber on glucose
absorption and the insulin response has received some attention. In one study,* solid
foods with soluble fiber and carbohydrate helped increase cycling time to exhaustion
by approximately 41 min, or 16%, relative to an isoenergetic feeding trial. Modest
changes in plasma insulin concentrations occurred in response to the fiber-containing
treatment (rolled oats) vs. the treatments low in fiber (oat flour). In contrast to the
hypothesis, no differences existed in the plasma glucose responses. Some have
speculated that the insulin response to the ingestion of food with a high glycemic
index causes a rebound hypoglycemia that may impair performance,’ but Kirwan et
al. did not detect hypoglycemia after ingestion of either moderate glycemic or high
glycemic food.*

The few studies specifically on beverages show little evidence of a benefit of
adding fiber to a sports drink. MacLaren et al.® found no differences in blood glucose
responses to solutions containing glucose or maltodextrin when 8% guar gum (a
soluble fiber) was added to either beverage. Regardless of the presence of fiber,
subjects cycled for longer at 75% VO,,,,, before exhaustion when metabolizable
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carbohydrate was present in the beverage compared with times for the placebo,
which contained no carbohydrate. Purcell and colleagues’ also failed to find differ-
ences in blood glucose and insulin levels 45 min prior to and during 60 min of
exercise when subjects drank solutions containing either 75 g of glucose or the same
amount of glucose plus 14.5 g of guar gum. The observation that all subjects who
suffered gastrointestinal (GI) distress within a group of 55 triathletes consumed a
fiber-rich meal before the race raises concerns about adverse effects of adding fiber
to a beverage that is consumed during exercise.’

Further research may be warranted to clarify the effect of the addition of fiber
to sports drinks on the efficacy of such a beverage. Of particular concerns are the
possible modifications in blood substrate availability, altered hormonal responses,
and the potential for GI distress. The few studies to date have utilized sub-maximal
exercise tests in a laboratory environment, and the effects of fiber ingested before
and during exercise in competitive conditions need to be addressed.

9.1.1.2 Pyruvate/Dihydroxyacetone

Triose intermediates normally produced during glycolysis have been examined as a
possible combined supplement to enhance performance. Two studies from Stanko
et al. suggested that pyruvate supplementation at levels of 25 g sodium pyruvate per
day, in combination with 75 g dihydroxyacetone, can prolong endurance perfor-
mance at a constant power output.”? The power output was chosen to elicit an effort
of 60% peak oxygen uptake when the upper body was tested’ and 70% of peak
oxygen uptake when the lower body was tested.!® Initially, the work of Stanko et
al. suggested that loading with these intermediates for several days prior to the
performance trial may increase muscle glycogen, assuming a standard diet is con-
sumed (55% of energy from carbohydrate, 30% from fat, and 15% from protein).’
Subsequent research showed that if the diet was high in carbohydrate (70% of total
energy), the pyruvate/dihydroxyacetone supplements had no added effect on increas-
ing muscle glycogen levels.!”

No other laboratory has corroborated the findings of Stanko et al. Stone et al.!!
failed to find an effect of pyruvate/dihydroxyacetone supplementation on perfor-
mance. Five weeks of pyruvate supplementation (calcium pyruvate at about 19 g/d)
showed no differences in strength (one repetition maximum lifts), vertical jump, or
body composition compared with the effects of the placebo trial.!! Enhanced force
production is not necessarily expected consequent to using this supplement, but
claims have been made that commercially available pyruvate/dihydroxyacetone sup-
plements enhance lipid oxidation and reduce body fatness.!? Support for this claim
was not found within this study.!

The limited data on pyruvate/dihydroxyacetone supplementation do not offer a
consensus on whether there is an ergogenic effect.!> The requirement for chronic
high dosages and the lack of any data showing an acute benefit from feedings of
the triose suggest that the combination is a poor candidate for addition to a sports
beverage. In addition, research showing improved performance after high-dose,
chronic feedings of pyruvate/dihydroxyacetone also reports that most of the subjects
experienced negative gastrointestinal effects.”!1°
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9.1.1.3 Lactate

Lactate has been examined as a supplement that might provide an alternate substrate
for oxidative metabolism. Lactate is metabolized during submaximal intensity exer-
cise by skeletal muscle fibers having a high oxidative capacity.!>!* In vitro, lactate
may be metabolized at a faster rate than glucose because of enzyme kinetics and
the transport of substrate that favor lactate oxidation.!

In practice, the addition of lactate to a sports drink has not been demonstrated
to enhance performance. Swensen et al.'® are the only researchers to test for an
ergogenic effect. Comparing the performance effects of an isoenergetic beverage of
glucose polymers with a beverage containing 6.25% glucose polymer and 0.75%
lactate, they reported no difference in cycling time to exhaustion at 70% of VO,,,,..
Previous research indicated that, compared with intake of water alone, a beverage
with lactate in the form of Poly L-lactate™ helped maintain blood glucose during
3 h of exercise at 50% VO,,,,.."” In contrast, Swensen et al. saw no difference in the
blood concentration of carbohydrate substrates, fat substrates, or insulin levels during
3 h of cycling at 70% VO,,,,..'° In the latter study, the authors were forced to reduce
beverage lactate concentration from 2.5% to minimize the GI, which had been severe
in their pilot studies. The dosage required to supply enough lactate to be an alternative
source of fuel may produce side effects sufficiently severe to impair performance.

TABLE 9.1
Summary of Carbohydrate Derivatives Added to a Sports Drink
Derivative Claim Proposed Mechanism Substantiation as an Additive
Fiber (guar Sustained Delayed glucose absorption &  Two studies to date; effect not
gum) energy blunted insulin response detected
Pyruvate/ Enhanced Alternate fuel & enhanced Limited supportive data; no
DHAP endurance lipid oxidation studies using sports drinks as
delivery vehicle; GI distress
likely
Lactate Enhanced Alternate fuel for glycogen No evidence of a performance
endurance sparing effect

9.1.2 PROTEINS AND PROTEIN DERIVATIVES

The oxidation of protein provides relatively little energy during exercise.!®!° There-
fore, it is doubtful that the presence of protein in a fluid consumed during exercise
offers an ergogenic effect during that activity on the basis of fuel supply alone. A
recent study demonstrated that the addition of protein to a carbohydrate beverage
consumed during exercise increased the rate of nitrogen excretion but did nothing
to alter blood glucose levels or performance of the subjects.?’ Additionally, compared
with the carbohydrate-alone trial, the protein treatment did not alter myofibrillar
protein breakdown as estimated from 3-methylhistidine excretion.?? Despite these
findings, there are several claims made for the influence of intact proteins, specific
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amino acids, or protein derivatives in a sports drink. The theory behind the claims
and the research findings for these protein compounds are summarized here.

9.1.2.1 Intact Proteins

The benefit of adding protein to a hydration beverage in an attempt to enhance the
replenishment of muscle glycogen after exercise has been debated recently. One
study suggested that the addition of protein to a carbohydrate meal resulted in greater
muscle glycogen stores 4 h after recovery. Although replenishment also occurred
during the carbohydrate-only trial, the degree of replenishment appeared to be less
than when protein was added.?! Ingestion of protein alone stimulates insulin secretion
and the secretion of gastric inhibitory polypeptide,””> which can augment insulin
action.?® The rate of glycogen synthesis might therefore be expected to increase if
protein were added to a carbohydrate meal. However, the intake of carbohydrate
still appears to be the primary factor in glycogen resynthesis. Based on glycogen
synthesis rates 1 h after training following isoenergetic feedings?* and on muscle
glycogen levels at the end of 24 h of various dietary recoveries following endurance
exercise,” an adequate dose of carbohydrate, not the inclusion of protein, dictates
recovery. Recent research suggests that, compared with the effects of feedings of
protein plus carbohydrate, the rate of resynthesis of muscle glycogen is no different
if additional carbohydrate without protein is ingested.?¢?’

9.1.2.2 Branched-Chain Amino Acids (BCAA)

Supplementation of the three BCAA during exercise has been evaluated as a means
to counter peripheral fatigue'® or central fatigue?® that impairs physical performance.
In terms of peripheral fatigue, it has been thought that BCAA may provide a substrate
for oxidation during high-intensity exercise, particularly when muscle glycogen
levels are low as a result of fasting, insufficient dietary carbohydrate, or during
prolonged exercise. Mechanistically, this notion is supported by research® showing
that the rate of oxidation of BCAA after an overnight fast increases to 4 to 5 times
that of the fed state, when muscle glycogen is more abundant. Reduced muscle
glycogen content is also a strong stimulus for activation of branched chain a-keto-
acid dehydrogenase (BCKADH), the rate-limiting enzyme for BCAA oxidation in
muscle during exercise.>°

At present, though, studies do not demonstrate that BCAA supplementation in a
hydration beverage prevents peripheral fatigue during exercise. BCAA oxidation pro-
vides, at most, 1% of the total energy used during exercise even with an elevation in
the rate of BCAA oxidation.”” Additionally, the typical practice of athletes is to
consume a high-carbohydrate diet and to ingest carbohydrate in fluids during exercise,
both of which prevent the activation of BCKADH and thereby limit BCAA oxidation.

BCAA supplementation is theorized to block the uptake into the brain of tryp-
tophan, the precursor of serotonin that is thought to induce central fatigue.3' During
sustained exercise, elevations in free fatty acid levels may displace tryptophan from
its binding sites on albumin, the plasma transport protein. Free tryptophan readily
crosses the blood—brain barrier and can be converted to serotonin.’? However, BCAA



230 Sports Drinks: Basic Science and Practical Aspects

compete with tryptophan for the same blood—brain barrier transporter 33; thus, ele-
vation of blood BCAA levels as a result of supplementation might block tryptophan
transport and help reduce the onset of central fatigue.

Regardless of the proposed mechanism to counter fatigue, studies on the effects
of BCAA ingestion on physical performance show no delay in fatigue during
moderate to high-intensity endurance.3#3>3637.3% Most recently, this was examined
with an exercise protocol that simulated the intermittent high-intensity efforts used
in soccer and American football.’” The researchers found that carbohydrate inges-
tion in the form of a sports drink increased the duration of an intermittent shuttle-
running test performed at the end of the game simulation to nearly 10 min
compared with an average of 6.5 min (p < 0.05) on the placebo trial. Addition of
BCAA to the carbohydrate containing sports drink resulted in a mean time to
fatigue of just over 9 min, which was not significantly different from that on the
carbohydrate alone trial. Under conditions of heat stress, one study demonstrated
that BCAA supplementation increased exercise duration.’® Subjects cycled at 40%
of peak VO, for 153 min on average when receiving BCAA in the fluid compared
with a time of 137 min on the control beverage (p = 0.04). The low intensity used
in the exercise protocol renders the findings of questionable relevance to athletes
in competition and individuals training at intensities that produce fitness adapta-
tions. Nonetheless, follow-up studies are needed to determine whether athletes
obtain similar effects with BCAA ingestion during endurance competition in
heat stress.

Ingestion of BCAA during exercise increases ammonia production,* but it is
unclear whether the increase would reach a level that impacts performance. Under
experimental conditions, a feeding induced elevation in plasma ammonia level led
to early fatigue during high intensity performance, in part by compromising the
buffering capacity.*'*>*3 Also, ammonia accumulation during exercise may advesely
affect motor skill function.** Based on a consistent lack of evidence of an ergogenic
effect during prolonged exercise and intermittent high intensity exercise, it would
seem that BCAA supplementation is a metabolically expensive method of providing
an alternative substrate to carbohydrate in a hydration solution.

9.1.2.3 Selected Individual Amino Acids

9.1.2.3.1 Glycine

Certain amino acids provide a transportable solute in the gut, so the addition of
specific amino acids to a beverage might enhance fluid absorption.*> As an example,
glycine has been examined as a transportable substrate for oral rehydration solutions
designed to treat diarrhea-induced dehydration,*47484% but only one study to date
has examined the potential for glycine in a sports drink.” In that study, the addition
of glycine (0.4 g/100 ml in a 6% carbohydrate sports drink) produced a mean (+SD)
intestinal fluid absorption rate of 511 + 110 ml/h/40 cm of intestine. This rate was
not significantly different from the fluid absorption rate of the same beverage without
the addition of glycine (584 + 184 ml/h/40 cm of intestine).>
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9.1.2.3.2 Glutamine

Manipulation of glutamine intake has been studied in an attempt to understand and
prevent overtraining in athletes. Glutamine is an important fuel for the immune
system3!5233 and provides the precursor for genetic material in cells, including the
white blood cell.>* It has been speculated that blood glutamine levels decrease with
overtraining because of an increased demand for energy through the body when
daily energy expenditure is consistently high.>'3 In theory, addition of glutamine
to the diet and, perhaps, in a hydration beverage, might decrease the risk of over-
training or impairment to the immune system in the athlete.’®

Few data exist in support of this theory. One study reported a lower incidence
of infections in athletes who consumed a beverage containing glutamine after exer-
cise.’® However, infection rates were determined from surveys completed by the
athletes, and no attempt was made to validate the surveys with clinical assessments.
The probability of orally ingested glutamine reaching the plasma and elevating body
stores is low for two reasons. Substantial uptake of ingested glutamine occurs at the
intestinal cell level because glutamine serves as a fuel for these cells. Additionally,
when added to an acidic beverage or when exposed to gastric acids in the stomach,
glutamine is rapidly converted to glutamate, which may be poorly tolerated in
individuals who experience allergies or chemical sensitivity to monosodium
glutamate.”’

Unrelated to the effects of glutamine supplementation on immune system func-
tion is the possibility that glutamine can enhance muscle glycogen recovery after
intense exercise. This response has been demonstrated only with intravenous admin-
istration of glutamine, which allows the gut to be bypassed.’® When administered
orally, with or without glucose, glutamine does not enhance muscle glycogen recov-
ery moe so than glucose feedings alone,>® and does not appear to enhance subsequent
performance.®®

9.1.2.3.3 Arginine

The role of arginine as a precursor of nitric oxide, a mediator of vasodilatation, is
increasingly receiving research attention, particularly because of the potential impact
of nitric oxide on cardiovascular health.®! At present, two groups have published on
the effect of oral arginine supplementation on physical performance or recovery
after exercise. Yaspelkis and Ivy failed to find a clear beneficial effect.? The authors
reported that the addition of arginine to a carbohydrate supplement consumed after
exercise did not increase plasma insulin level above that of the carbohydrate-only
trial. Consequently, the rate of muscle glycogen synthesis was not different between
treatments.®? In addition to this study, others have reported that arginine supplemen-
tation (10 g, three times per day for 14 days preceding a marathon) did not prevent
the occurrence of intestinal injury as hypothesized, and instead was associated with
impaired performance.5

9.1.2.4 Keto-Analogues

Beta-hydroyx-beta-methylbutyrate (HMB) is a recent addition to the list of potential
ergogenic aids. This leucine derivative has been proposed to have an anabolic effect
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that facilitates recovery following intense resistance training. The mechanism by
which HMB might work is yet to be determined, but leucine and the keto-analogue
of leucine, ketoisocaproic acid, are recognized for their regulatory effects on protein
balance during conditions of metabolic stress (burns, surgery, sepsis, and fasting).
Additionally, Nissen and Abumrad® speculate that cholesterol synthesis is rate
limiting during periods of rapid growth (i.e., exercise-induced muscle hypertrophy),
and supplementation with HMB might promote production of BhydroxyPmethyl-
glutaryl-CoA, which would support cholesterol synthesis.

At present, only two full reports of original research have been published on the
effects of HMB as an anabolic agent. Nissen et al.’s lab reported a tendency for a
dose-related effect of HMB ingestion on lean body mass accretion during a 7-week
period of supplementation and resistance training in untrained individuals.®> Lean
body mass was assessed using the measurement of total body electrical conductivity,
which has yet to receive complete validation as a reliable method for determining
changes in body composition. Subjects receiving HMB as opposed to placebo had
lower plasma concentrations of creatine kinase, a marker of mechanical trauma to
skeletal muscle. Kreider et al.% failed to find a significant effect of HMB on markers
of muscle damage, strength or body composition in resistance-trained athletes under-
going a 28-day treatment. Preliminary reports also show mixed results for anabolic
and ergogenic effects of HMB. In studies of elderly people, HMB treatments had
positive effects of strength gain and increasing fat-free mass.5”%® In contrast, HMB
administration failed to produce effects different from the placebo treatment in
intensely training collegiate athletes.® If this supplement gains media and marketing
exposure, HMB will likely receive a more thorough examination of the accuracy of
the claims for promoting muscle growth and recovery after exercise.

9.1.2.5 Creatine

Ingestion of 10 to 25 g of creatine per day for a 5- to 7-day period followed by a
maintenance phase of 2 g per day has been investigated for the effects of increasing
muscle concentration of creatine and phosphocreatine.”®’! Elevation of phosphagens
could translate into enhanced performance during intense, short-duration physical
performance.”’> Performance studies suggested that an increase in maximal force
generation as indicated by sprint speed, strength as measured by one repetition
maximum, or total work or power output during a single exertion is inconsistent and
more often not observed.’37475.76.77.78,79.80.81.82.83.84.85 However, other research indicates
that the rate of recovery time between repeated sprints or maximal efforts is accel-
erated such that fatigue may be reduced in the later (e.g., fourth and fifth) efforts in
the series.8+868788.89.90 This finding has implications for athletes who desire to enhance
performance in sports training and competition in which intermittent repeated efforts
at very high intensities are critical for success.

Consequent to creatine loading, it has been reported that the body mass may
increase by approximately 1-2 kg after the short, 5-day loading phase.’86371 Claims
have been made that the weight gain is due to an increase in the lean body mass,
with the implications that contractile protein mass has increased. However, the rapid
gain in weight coupled with a transient reduction in the volume of urine excreted 7°
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is highly suggestive of water retention, presumably within the muscle cells. Increased
body water after creatine loading has been determined using bioelectrical impedance
spectroscopy, an imprecise method of estimating body fluid compartments.®> Future
research should possibly incorporate multicomponent methods of assessing body
composition to determine whether changes in body composition with creatine sup-
plementation are purely a result of modifications in hydration status or also an
increase in contractile proteins. In the event that creatine loading does increase the
hydration state, it would be most useful to confirm whether intramuscular fluid
volume is increased, and if so, whether an increase above the normal hydration of
73% for the lean body mass®? has an ergogenic or anabolic effect.

Anecdotal reports from the athletic field raise the question of whether creatine
loading increases the risk to muscle of cramping, hamstring pulls, or strains.** A
recent report indicates that the reduction in plasma volume associated with voluntary
dehydration in weight-classification athletes may be magnified if the athletes are
loading with creatine.”> Previously, and unrelated to creatine supplementation, an
experimentally induced reduction in plasma volume in athletes was associated with
an increased rate of muscle fasciculations that may precede muscle cramps.”® Clinical
trials on the relationship between creatine use and muscle cramping are scarce. A
preliminary study involving a small sample size revealed that, during heat stress and
exercise-induced dehydration, three of seven athletes receiving creatine but blind to
the treatment, experienced muscle cramping. In contrast, one out of nine in the
placebo group experienced cramping,”” Additional double-blind studies with ade-
quate sample sizes are need to clarify whether a cause and effect relationship exists
between creatine supplementation and muscle cramps.

There is concern that creatine ingestion could subject the kidney to a taxing
nitrogenous load. For example, Vandenberghe et al.*® reported an increase in urate
excretion during the first 3 days of creatine loading in subjects. On a high-protein
diet, the production of excess nitrogen induces renal hyperfiltration and hyperfusion,
both of which may produce functional and structural degeneration of the nephron.®®
To test whether similar stress is apparent with creatine loading, renal function of
five subjects was measured before and after supplementation.'® The findings indi-
cated that there was not an increase in protein excretion in the urine, nor was renal
clearance altered. Although the authors concluded that the creatine loading did not
stress the kidneys, it should be noted that the mean urinary excretion rate of total
protein after loading was elevated by 50% (60.6 + 12.3 micrograms/min) compared
with 39.4 + 12.3 micrograms/min for the placebo. The small sample size of five
could limit the ability to detect effects of creatine on the kidney, and studies of
longer periods of creatine exposure are required before a definitive conclusion can
be drawn. The need for further research on adverse effects is urged after two recent
case reports of renal dysfunction in otherwise healthy athletes who took loading
dosages (about 25 g per day) of creatine for extended periods of time.!"-192 It should
be noted that, in recent research, dosages of 10 g per day appeared to be an adequate
dose to achieve an increase in the force of maximum voluntary contractions.”® Lower
dosages, if adhered to by the athlete, may reduce the risks of an adverse event.

It has yet to be determined whether the addition of creatine to sports drinks would
enhance performance. The acid level of most sports drinks would promote the hydrolysis
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of creatine and reduce the dosage being delivered. In addition, because all of the research
on creatine has allowed at least a 3-day period of loading, it is not clear whether an
ergogenic effect of acute feedings would enhance performance that follows immediately
(within an hour or two) the administration of creatine in a sports drink.

9.1.2.6 Carnitine

Carnitine is a nitrogenous, vitamin-like compound that is involved in the transport
of long-chain fatty acids across the mitochondrial membrane for oxidation. Though
some carnitine is obtained from dietary sources, most of the body’s carnitine is
produced by the liver and released into the bloodstream, where it is actively trans-
ported into the muscle.!*103

The theory behind carnitine supplementation is that increasing the dietary intake
may facilitate fatty acid transport across the inner mitochondrial membrane and
enhance the capacity to oxidize fat. To date, research has been unable to demonstrate
either effect. Instead, the research shows that additional dietary carnitine does not
elevate muscle carnitine concentrations.!+195.1% Carnitine absorption and transport
to the muscle appear to be a barrier, although the exact point of limitation has not
been identified.!”-1% Lack of any change in muscle concentrations after loading may
explain why exercise performance studies fail to show enhanced fat oxidation, a
sparing of muscle glycogen or an ergogenic effect.!06:109110

9.1.3 Fars

Fats, primarily endogenous fats, are used as an energy substrate during physical
exertion of low to moderately high intensity.!!-112113 Acute feeding to supply addi-
tional lipid is thought to have minimal ergogenic effects on physical performance,
and is known to slow gastric emptying due to the high energy density.!'*!!> As such,
and because of its low solubility in an aqueous solution, fat is generally not consid-
ered an appropriate substrate to add to a hydration beverage. Nevertheless, several
lipid compounds have been considered as potential additives to sports drinks for
reasons reviewed below.

9.1.3.1 Glycerol

As a fuel, glycerol is oxidized slowly. The effect of glycerol as a substrate or ergogen
in exercise is minimal compared with the effects of glucose ingestion.!'® However,
in an attempt to increase total body water, glycerol loading protocols have been used
from 1 to 4 h prior to exercise!!”!!® and have even extended over 2 days.!" Orally
ingested glycerol is evenly distributed in the total body water, excluding the central
nervous system’s fluids. Glycerol increases plasma osmolality and thereby reduces
urine output, which causes fluid retention in the body. During exercise that follows
glycerol loading, the data are equivocal regarding the effects of glycerol on core
temperature, sweat rate, or heart rate.!!812012L.122 One study suggests that glycerol
loading may increase endurance,!''® with loading alone or pre-exercise loading plus
the use of fluids with carbohydrate during the cycling. A more recent report, however,
indicates that pre-loading with glycerol alone is of no greater benefit than consuming
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TABLE 9.2
Summary of Protein Derivatives and Related Compounds
Added to a Sports Drink

Substantiation as an

Derivative Claim Proposed Mechanism Additive
Intact Enhanced muscle Protein ingested simultaneously ~ One report of support, other
protein glycogen resynthesis ~ with carbohydrate augments studies show carbohydrate
insulin action dose is critical factor.

Effect of protein
independent of additional
energy needs clarification.

BCAA Enhanced endurance Alternate fuel for glycogen Majority of studies show no

sparing effect on endurance.

Glycine Stimulate fluid Actively transported solute Limited data; one study
absorption generates an osmotic pressure  showed no increase in fluid

that draws fluid across intestinal ~ absorption rate of a sports
membrane drink.

Glutamine  Boostimmune function Offset glutamine depletion Few studies to date, most
& accelerate glycogen  during intense and prolonged show no effect on immune
recovery training; enhance insulin action ~ system. Limited data on

glycogen resynthesis glycogen resynthesis. No
studies on sports drinks.

Arginine Accelerate recovery Precursor of nitric oxide, which Few studies using arginine
after exercise; inhibit ~ regulates vasodilation and local  in a hydration beverage;
protein breakdown blood flow; also proposed as a  data fail to show an effect
during exercise conditionally essential amino on performance or

acid during metabolic stress recovery.
that accelerates protein turnover

HMB Enhance recovery after Stimulate rate limiting Few studies to date with no
training cholesterol synthesis; provide clear consensus; no data to

keto-analogue to spare leucine  clarify mechanism.
oxidation

Creatine Enhanced power or Elevate muscle creatine levels ~ Loading for several days to
sprint capacity that accelerate recovery of elevate muscle level may

phosphagen concentrations; enhance performance in

stimulus for muscle intermittent anaerobic

hypertrophy efforts; not tested for acute
effects in a sports drink..

Carnitine Enhance endurance Promote intra-mitochondrial Studies fail to show any

lipid transport and oxidation for ~ ergogenic effects.
glycogen sparing effect

a carbohydrate-electrolyte beverage during exercise.'?? The lack of an ergogenic
effect may be due to the observation that if subjects maintain hydration during
exercise, pre-exercise hyperhydration with glycerol offers no added benefit to main-
taining cardiovascular function or thermoregulatory responses during exercise.!?
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9.1.3.2 Medium Chain Triglycerides (MCTs)

MCTs have been viewed as a possible ergogen in hydration beverages for several
reasons. It has been speculated that MCTs do not slow gastric emptying, that they
are absorbed readily, and that they might be oxidized at rates similar to that of
carbohydrate. Although the findings in one study suggest that MCTs did not slow
gastric emptying,'? the results should be viewed with caution. The control beverage
was a carbohydrate (maltodextrin) solution containing nearly 18 grams per 100
milliliters (18%), which provides two to three times the carbohydrate of the standard
sports drink. A high energy density alone could slow gastric emptying and obscure
any effect of adding MCT. Maintaining a constant energy density at a lower level
(about 240 kcal per liter corresponding to a carbohydrate content of 6 grams per
100 milliliters), we observed in a pilot study on one subject that solutions containing
MCTs slowed gastric emptying (data unpublished). One fluid contained 6% carbo-
hydrate, the other 3% carbohydrate and about 1.3% MCT. In the case of the fluid
containing MCTs, about 30% of the ingested solution remained in the stomach after
2 h of cycling, whereas less than 8% of the initial volume of fluid remained in the
stomach for the fluid containing only carbohydrate. A full-scale study is needed to
confirm these results, but it appears that MCTs slow gastric emptying independent
of the beverage energy content and more so than would the presence of carbohydrate
alone. In agreement, several studies show that the contribution of exogenous MCT
to energy metabolism during exercise is relatively small,''124125 even when condi-
tions are manipulated to maximize fat oxidation (i.e., subjects exercise with low
muscle glycogen levels).!”* Low intestinal tolerance and rates of absorption are
thought to be the limiting factors.!?*

9.1.3.3 Choline

Depletion of choline has been implicated as a cause of fatigue during prolonged
physical exertion. Plasma choline levels were reported to decrease significantly
between the beginning and end of a marathon in one descriptive study.'?® Subse-
quently, fluids that provide choline, the precursor of the neurotransmitter acetylcho-
line, have been examined in clinical trials for an ergogenic effect. The studies report
that choline levels can be maintained or elevated by oral administration of choline!?’
or lecithin,'?® a precursor of choline, prior to exercise. However, exercise time to
fatigue and total work were not increased compared with the control trial.'?’

9.2 SELECTED MICRONUTRIENTS AND ELEMENTS
9.2.1 B VITAMINS

Vitamins, particularly the B vitamins, play specific and important roles in the metab-
olism of carbohydrate, fat, and protein. Vitamins do not provide energy; rather they
function as co-factors of enzymes to assist in the release of energy from substrate
or in preparing the substrates to deliver energy in a usable form to the muscle. Some
of the interest or concern has been driven by the notion that fluid losses during
sweating increase the loss of the water-soluble vitamins, ascorbic acid, and the B
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TABLE 9.3
Summary of Lipid Derivatives Added to a Sports Drink

Substantiation as an

Compound Claim Proposed Mechanism Additive
Glycerol Elevate total body Osmotic effect of glycerol Several studies demonstrate
water to induce decreases renal excretion of preloading benefit, but
hyperhydration for fluid for a net increase in total  effect is no different than
enhanced endurance  body water; may help maintain  that of matching fluid
thermoregulation during intake during exercise
exercise
MCT Alternate substrate MCTs are absorbed and Studies do not show an
oxidized like a carbohydrate ergogenic effect; potential
and may spare glycogen for GI distress is great
Choline Enhance endurance Precursor of neurotransmitter Studies do not support an
may become depleted and ergogenic effect; potential
cause fatigue during prolonged  for GI distress exists.
exercise

vitamin complex, or that the high metabolic demands of athletes in intense training
increase the vitamin requirements. However, available research indicates that sweat
is not a significant route of loss of these vitamins,'?® nor can an enhancement in
carbohydrate metabolism be demonstrated by supplementing an adequate diet with
any of the B vitamins.!3

Several experimental trials have been conducted to determine whether acute
ingestion of water-soluble vitamins enhances performance or affects the metabolic
response to exercise. Nicotinic acid, for example, has been tested for potential
ergogenic effects. Administered in dosages well above the RDI, nicotinic acid stim-
ulates vasodilatation and increases skin blood flow, which, in theory, might promote
thermoregulatory capacity during exercise in the heat,'3! but could simultaneously
decrease muscle blood flow. Such an effect could be detrimental to endurance
performance. Additionally, dosages of nicotinic acid that inhibit lipid oxidation
appeared to accelerate carbohydrate oxidation,!3>133134 which can accelerate the
depletion of muscle glycogen stores.'** Plasma free fatty acids provide substrate for
oxidization during moderately high intensities of exercise and contribute to the
sparing of carbohydrate for use late in the performance.!?> The glycogen sparing
effect, which may be lost with nicotinic acid loading,'* is beneficial for sustaining
performance.!3%133 Therefore, the potential benefits of enhanced heat dissipation must
be weighed against the adverse metabolic effects in deciding whether a B vitamin
such as nicotinic acid should be added in large dosages to a sports drink.

9.2.2 ANTIOXIDANT VITAMINS

One of the most intriguing issues for endurance athletes is whether supplementing
dietary antioxidants reduces the risk of illness and accelerates the recovery time
following intense training. Previously published reviews!37:13%13 provide more details
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of the antioxidants, but the potential role of vitamin E in the athlete will be briefly
summarized here. High rates of energy metabolism or repetitive eccentric contrac-
tions that disrupt muscle integrity may increase the rate of formation of oxygen free
radicals that promote lipid peroxidation and damage to skeletal muscle.!4%!4! Mey-
dani et al.'*? explored the effects of approximately 7 weeks of supplementation of
vitamin E (800 IU/day) and found that exercise-induced lipid peroxidation was
significantly decreased with the treatment. Supplementation increased muscle levels
of the vitamin, but levels were reduced to normal (placebo levels) following stressful
exercise. Vitamin E provided an alternative substrate for lipid peroxidation. The
muscle loaded with vitamin had less of a decrease of fatty acid concentrations as a
result of eccentric exercise (i.e., less lipid peroxidation) and the urinary excretion
of thiobarbituric acid adducts (an index of oxidative damage) was reduced compared
with the placebo group.

Further research is needed to confirm whether acute vitamin E supplementation
is beneficial to the athlete’s recovery, particularly if the athlete has adequate vitamin
E stores initially. Additional research also needs to demonstrate that a water-soluble
beverage such as a sports drink is an effective vehicle for delivering a fat-soluble
nutrient in adequate dosages for absorption and elevation of the body’s tissue stores.

9.2.3 CHROMIUM AND VANADIUM

Elements such as chromium and vanadium exert insulin-like action under certain
conditions. By an as yet unexplained mechanism, these metals may interact with
insulin to facilitate the transport of glucose from the blood across cell membranes.
Chromium is recognized for its contribution to glucose tolerance and has been
assigned an estimated safe and adequate daily dietary intake (ESADDI) of between
50 and 200 micrograms per day for adults.'*? The daily requirement for vanadium
as a nutrient is speculative at this point, but the mineral appears to have insulin-like
effects when added to the diet of animals with experimentally induced diabetes!#+145
and in clinical trials in patients with non-insulin-dependent diabetes.!4®

Promising effects of chromium supplementation have been reported to occur in
populations that are glucose intolerant, in obese, non-insulin-dependent diabetics,
and in those who clearly had a chronically inadequate daily intake of chro-
mium. 471481499 Tn these populations, chronic chromium treatments have been
observed to increase insulin action and improve glucose tolerance.!**!151.152 Because
of the effect of chromium supplementation on insulin action, some have speculated
that oral chromium treatments will stimulate lean body mass accretion via the
anabolic effects of insulin.!>® Recent well-controlled studies on healthy subjects
undergoing physical training have failed to demonstrate this effect.!>#155.156.157

To date, only one report is available on the acute effect of chromium ingested
in conjunction with a hydration beverage on carbohydrate uptake and oxidation and
physical performance. Hertler-Colbert et al. employed an exercise protocol of high-
intensity intermittent sprint efforts and failed to find a benefit of the addition of
chromium to a beverage that provided carbohydrate to the subjects.!*® Ingestion of
the sports beverages with carbohydrate enhanced sprinting capacity in the subjects
compared with the effects of the placebo (water). Performance was not further
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enhanced when subjects received a 400-microgram dose of chromium picolinate
along with the carbohydrate beverage. Lack of a chromium effect suggests that, in
these subjects, the chromium-mediated transport of carbohydrate into the muscle is
not a limiting factor in intermittent high-intensity performance.

9.2.4 OXYGENATED FLUIDS

Although published research on the effects of an oxygenated hydration beverage on
physical performance is nonexistent, several products described as being super-
oxygenated are available on the market. The products claim to help oxygenate the
blood by delivering the gas through the intestinal tract. Research suggests that arterial
desaturation occurs in some athletes and could contribute to fatigue,'>® but in com-
parison with the effects of local changes in acid-base status, glycogen availability
or dehydration, inadequate oxygen delivery is seldom seen as a major cause of
fatigue. Moreover, the effectiveness of intestinal absorption of oxygen to compensate
for this potential source of fatigue is questionable. To date, no studies exist to test
an effect of ingesting oxygenated fluids on oxygen saturation of the blood.

It is important to note that peroxides are formed when oxygen is dissolved under
pressure in an aqueous solution. The level of peroxides is high enough to be detect-
able to the taste. Peroxides are pro-oxidants, so it is of some concern that individuals
would ingest compounds that could potentially have damaging effects on the body’s
tissues. Vitamins and flavor agents in an oxygenated beverage would also be oxi-
dized, thereby negatively influencing the palatability and nutrient content of a sports
drink. In the event that an oxygenated beverage delivers on the claims and produces
none of the hypothesized side effects, the actual oxygen content of beverage at the
time of consumption is questionable if the beverage is packaged and stored in a gas-
permeable container (e.g., plastic).

9.3 NON-NUTRITIVE INGREDIENTS
9.3.1 CAFFEINE

Ingestion of caffeine in dosages from 3 to 9 mg per kg body weight approximately
1 h prior to endurance exercise has been shown to increase the time to exhaus-
tion.'60-161.162 Mechanisms proposed to explain the ergogenic effect include

* a stimulatory effect on the central nervous system (CNS)

* a stimulatory effect on skeletal muscle that results in high cyclic AMP
levels or facilitation of regulatory enzymes

* a sparing effect on muscle glycogen via the mobilization of fatty acids
from adipose tissue'®

The majority of data support the glycogen sparing effect, although the findings
are not consistent. An ergogenic effect of caffeine ingestion is not seen in studies
involving short-duration, high-intensity efforts,!6%!64165 where muscle glycogen is
not a limiting factor, but in which direct effects on the CNS or muscle contractility
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TABLE 9.4

Summary of Vitamins, Minerals, and Elements Added to a Sports Drink

Compound

B vitamins

Antioxidants

Claim

Enhanced substrate
oxidation

Prevent muscle soreness,

Proposed Mechanism

Mass action: higher intake
of vitamins will saturate
metabolic pathways
involved in carbohydrate
and lipid metabolism

AO absorb inflammation-

Substantiation as an
Additive

Limited data fail to show an
ergogenic effect; any effect
unlikely due to low
probability of developing a
dietary deficiency

Limited biochemical data to

(AO) speed recovery post- promoting free radicals

generated during intense

support an effect of chronic
supplementation of vitamin
E on lipid peroxidation;

exercise
exercise or eccentric
contractions reduction in muscle

soreness not observed.

Chromium Improve carbohydrate Enhance anabolic actions ~ No effect in a sports drink;
metabolism; enhance lipid  of insulin and allow body  unlikely to affect
oxidation; stimulate to reduce insulin secretion  carbohydrate metabolismin
muscle growth lean, fit athletes.

Oxygen Enhance endurance Elevate oxygen carrying No research to date.

capacity of the blood

could come into play. Although endurance time during prolonged exercise is reported
to increase,!%-161162 research has yet to be conducted to demonstrate a decrease in
the time to complete a set distance, i.e., an improvement in race pace.

Addition of caffeine to a sports drink creates the potential for diuresis and a loss
of fluids. Research on the recovery from exercise-induced dehydration indicates that
nearly 50% of the fluid provided by a caffeinated beverage is lost as urine during a
2-h period following ingestion of 100% of fluid needs.!% In contrast, approximately
35% of a similar volume of water containing no caffeine was excreted as urine
during an identical recovery protocol.'® In the euhydrated state, the addition of
caffeine to a carbohydrate electrolyte beverage stimulated nearly 400 additional
milliliters of urine excretion during a 3-h sedentary period than did the same beverage
without caffeine.'®’” During exercise, it appears that regulatory hormones override
the influence of caffeine in an attempt to conserve body fluids.!®’” However, if an
ergogenic effect were to be attainable, caffeine must be consumed at least 1 h prior
to the exercise performance. Hence, the athlete would need to consider the trade-
off between the potential metabolic effects on performance and the diuresis and fluid
loss before the event begins. In addition, the ingestion of caffeinated beverages
during recovery from dehydration promotes the loss of specific minerals, including
magnesium and calcium, in the urine and may create a negative balance of some
electrolytes after exercise.!6®

Caffeine is cited as an agent that enhances mental focus and possibly cognitive
function'® and is a component in several of the commercially available energy
drinks. The beneficial effects of caffeine on cognitive function are controversial and
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may in fact be due to the chronic, not acute, effects. Recent research suggests acute
or habitual caffeine ingestion does not improve mental performance.'® Possibly the
beneficial effect on alertness and mental fatigue observed in some studies may in
fact be due to the detrimental effect of caffeine withdrawal during the placebo-
control trial rather than a true benefit of the caffeine.'®

9.3.2 BICARBONATE BUFFERS

The effect of sodium salts of organic acids on anaerobic performance has been
investigated in a number of studies. Loading with sodium bicarbonate or sodium
citrate has been employed to minimize the decrease in pH that accompanies the
accumulation of lactic acid during high-intensity exercise. The most promising
findings are typically attained when the exercise protocol comprises a series of
sprints with a short rest interval between sprints.!”®!”! In theory, the facilitated
efflux of hydrogen ions out of the skeletal muscle cells minimizes the proton
accumulation that impairs enzyme activity*»!72173 and cross-bridge formation
between contractile proteins.!72174

A review of the literature shows that the loading protocols require a 60- to 90-
min period between beverage consumption and the exercise for absorption and
equilibration of the buffer.!” Research has not examined the effect of ingesting
buffers in a beverage during exercise, in contrast to the protocols of oral loading 60
min before, exercise. Any metabolic benefit would need to be weighed against the
negatives of gastrointestinal distress, which has been reported as a side effect of
bicarbonate loading.!”>!7¢ Ingesting a dosage of 0.3 g per kg body weight of sodium
bicarbonate would deliver almost 6 g of sodium to a 70-kg person. Depending on
the volume of fluid that accompanies the sodium load, the sodium concentration
entering the intestinal tract could range from 125 to 500 mmol/l, a load that will
elevate solution osmolality in the intestinal lumen and could compromise intestinal
absorption of fluids’*!'77 and promote intestinal distress.

9.3.3 Herss

The consumer market for dietary supplements used by athlete and fitness enthusiasts
has been flooded in recent years with new products, and the industry as a whole has
grown dramatically. The driving force for growth is likely to be confusion in the
consumer’s mind. The perception has been that research and science have recently
uncovered herbal compounds and ingredients that provide all the ergogenic and
body-building claims made for these products. In fact, little research exists to support
most of the claims. Rather, a change in the law that regulates herbals and dietary
supplements has unleashed the sales of these products and compounds. Examples
of energy drinks and new-age beverages that contain herbs are presented in Table
9.5. The Dietary Supplement and Health Education Act (DSHEA), enacted in 1994
by the U.S. government, deregulated the marketing claims and sales by putting the
responsibility on the Food and Drug Administration (FDA) to disprove the claims.
Prior to DSHEA, the onus was on the dietary supplement companies to prove their
claims by having scientific studies showing evidence of the effect.
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TABLE 9.5
Energy Beverages that Contain Herbs
Ginko St. John’s
Beverage  Ginseng Biloba Ciwujia  Kava Kava Wort Chamomile
Triumph! J
Golf Pro J J/
Endurox™ J
Hansen’s v v J J

9.3.3.1 Ginseng

This herb originates from the dried root of the Araliaceous plant and is purported
to enhance endurance capacity and to increase peak oxygen uptake. The mechanism
proposed to explain the effect is a stimulatory action of the herb or a metabolite of
the herb.

Many anecdotal reports from Asia, where the herb is most popular, provide
testimony to an ergogenic effect, but well-designed, well-controlled clinical trials
indicate that peak oxygen consumption and endurance at a submaximal workload
are not increased.!’8179:180 Because of the risk of side effects such as insomnia,
diarrhea, hypertension, agitation, nervousness, and euphoria, and the lack of a clear
ergogenic effect in objective studies, addition of ginseng to a hydration beverage is
not recommended.

9.3.3.2 Ciwujia

The claims for this herb include enhanced endurance and reduced lactate accumulation
because of a decrease in production or an increased metabolism. Limited data from
well-controlled clinical trials are available. In two fairly recent reports, ciwujia did not
alter metabolism in such a way as to provide a physiological rationale for enhanced
performance. The two independent studies'®"'82 involved a minimum of 7 days of
supplementation with 800 mg of a product (Endurox™) that contained ciwujia.
Researchers reported that the metabolic responses at rest and during various intensities
of exercise were unchanged, including plasma lactate concentrations, oxygen con-
sumption, and fat and carbohydrate oxidation, as well as heart rate and ventilatory
responses. An absence of a change in serum concentrations of glycerol, reported in
one study,'8? suggest that ciwujia is ineffective in mobilizing free fatty acids for use
as a substrate during submaximal exercise (25% or 65% of peak oxygen uptake).

9.3.3.3 Ginkgo Biloba

Based on positive effects of this herb on cognitive function in patients with
early dementia,'®® ginkgo biloba supplements have been marketed to the general
population for the same benefits. This may be appealing to the athlete and coach
involved in sports where decision making and hand-eye coordination are critical to
success. Golf is an example of such a sport, and it is little surprise that a hydration
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beverage containing ginkgo biloba has been designed for this event (Table 9.5).
Studies do not exist to support an enhanced cognitive function as a result of ingesting
ginkgo biloba before or during physical efforts of any intensity. Caution is urged
for anyone using products with ginkgo because of several case reports of spontaneous
bleeding associated with its use in otherwise healthy individuals.'$*!%> Ginkgo inhib-
its the platelet activating factor and increases bleeding time.'$¢ Such an anticoagulant
effect may be magnified with concomitant intake of aspirin, phenolic compounds
from red wine, vitamin E, or with routine exercise training, all of which may be a
part of the athlete’s lifestyle and training program.

9.3.3.4 Hydroxycitric Acid (HCA)

This derivative from the plants Garcinia cambogia and Garcinia indica may be a
competitive inhibitor of the extramitochondrial enzyme ATP-citrate (pro-3S)-lyase.
Research using animal models shows that HCA may inhibit the action of the citrate
cleavage enzyme, which would uncouple the transfer of energy to ATP.!®” This
inhibition might promote a negative energy balance that would contribute to reducing
fat mass and assist with body weight control. In animals, HCA may also decrease
de novo fat synthesis,'8® decrease energy intake,'®® and suppress the rate of weight
gain in animals.'?

Some have speculated that HCA ingestion could enhance endurance and reduce
body fat content of athletes.!”' At present, no studies exist to support such effects
in healthy fit humans. One clinical trial has examined the effects of HCA supple-
mentation in a group of obese subjects concurrently undergoing a hypoenergetic diet
treatment.'”? The researchers found that after 12 weeks of treatment, the patients
receiving HCA had no greater reduction in body weight or body fat than did those
subjects taking a placebo and maintaining a similar hypoenergetic diet.'”> The study
did not include lean athletic subjects nor did it examine the interactive effects of
HCA supplementation and exercise. However, obese subjects undergoing energy
restriction would presumably be the ideal sample for detecting an effect of HCA, if
one existed.

9.4 SUMMARY

A vast array of hydration beverages is available and marketed to the physically active
consumer and competitive athlete. Many products have diverged from providing the
traditional nutrients of water, carbohydrate, and electrolytes. In general, novel ingre-
dients, or nutraceutical compounds, have been added with little scientific documen-
tation to justify the claims of ergogenicity, enhanced hydration, immune system
booster, or anabolism — to list a few. As investigations continue, perhaps some of
these unique compounds will be confirmed as efficacious and will gain support of
the sport science research community. As discussed elsewhere within this text, the
research is fairly clear on what constitutes a sports drink and is required to achieve
the primary functions of fluid and energy delivery during exercise. Future studies
will help delineate which novel ingredients might be appropriate as functional
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TABLE 9.6

Summary of Non-Nutrient Ingredients Added to a Sports Drink

Ingredient

Caffeine

Bicarbonate
buffers

Ginseng

Ciwujia

Ginkgo biloba

Hydroxy-citric
acid

Claim

Enhanced endurance

Enhance sprint
capacity

Enhance endurance

Speed recovery;
enhance lipid
oxidation

Promote cognitive
function

Enhance endurance,
reduce body fat

Proposed Mechanism

Mobilizes fatty acids
and promotes
glycogen sparing;
possibly a direct
effect on CNS or
muscle contractility

Accelerate the efflux of
lactate and H* from
muscle cell to
maintain acid-base
balance

Stimulatory effect
similar to that of
caffeine

Not clear, possibly via
stimulatory effect
similar to caffeine

Improve blood flow to
the brain

Enhance lipid
oxidation and elevate
resting metabolic rate

Substantiation as an
Additive

Pre-exercise ingestion of
caffeine alone may spare
glycogen.

Pre-exercise ingestion may
enhance sprinting under
laboratory conditions;
potential for GI distress is
significant.

No sports drink studies;
studies of effect of several
days of loading fail to show
ergogenicity.

Two studies to date show no
effect.

No studies on sports drinks or
cognitive function during
exercise.

No studies using sports drinks
orin athletes; limited clinical
data suggest no effect.

additives in other beverages including pre-athletic-event beverages, post-training
recovery fluids, or as part of the general diet and training table of the athlete.
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Luis Aragon-Vargas, Craig Horswill,
John Leiper, Ronald Maughan,
Robert Murray, Dennis Passe,
Susan Shirreffs, and John Stofan

When is a sports drink more effective than plain water?

Shirreffs:  One of the most noticeable times that a sports drink is more effective
than plain water is in the recovery of sweat losses after exercise when no food is
consumed before a subsequent exercise bout. The sodium content of the drink
provides this benefit. Second, during exercise lasting more than 30 minutes, a sports
drink is more effective than plain water because of the carbohydrate substrate it
provides.

Leiper:  There is no doubt that a well-formulated sports drink is better than water
for rehydration following exercise. The sodium content of sports drinks helps to
reduce urine formation and stimulate fluid consumption compared with water. Both
of these factors assist in the maintenance of hydration status. Plain water is undoubt-
edly emptied from the stomach faster than many sports drinks; however, overall
water absorption is faster from a properly formulated sports drink because of the
carbohydrate component. Although many individuals assert that they drink large
volumes of plain water daily, studies have shown that the actual volumes consumed
are far less than people indicate. This is probably due to the lack of flavoring of
plain water and to the thirst-quenching properties of water.

Maughan: Several studies have shown that plain water is effective in improving
performance in different types of exercise. Benefits have been reported in prolonged
continuous exercise, in varying intensity tests designed to simulate the pattern of
activity in team sports, and in both cycling and running time trials. In all of these
situations, there is evidence to show that drinking water can improve performance
and reduce the disturbances to physiological homeostasis when compared with trials
where no drink is consumed. What is most interesting is that in tests where a sports
drink has been included in addition to water and a no-drink control, the sports drink
almost invariably gives a significantly better performance. In a few studies, there is
no statistically significant difference between water and a sports drink. Examination
of the data, however, generally shows that, even in these studies, a benefit of the
sports drink is apparent. This may not reach the level of statistical significance
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necessary to be accepted as proof of a benefit, but small numbers of subjects,
insensitive tests, and variability in the response of different individuals all combine
to make it difficult to achieve this. In some studies, there may be a 10% increase in
endurance capacity, with seven out of eight subjects showing improved performance,
and yet still no statistically significant benefit. For the athlete, though, a 10%
improvement and an almost 90% chance of improvement are well worth having. It
is worth remembering, too, that there are no well controlled studies showing that
individuals perform better when drinking water than when drinking a well formulated
sports drink.

Aragon-V.:  Another thing to keep in mind is that the benefits of a sports drink are
proportional to the need for fluid, energy, and electrolytes. When the need is great,
as it is during intense exercise in a warm environment, the benefits of a sports drink
are significant.

Leiper: That’s true. The vast majority of laboratory and field studies have clearly
demonstrated that ingestion of properly formulated sports drinks allows exercising
individuals to perform better than when they drink plain water. Because intestinal
water absorption is faster from dilute carbohydrate solutions than from plain water,
hydration status is better maintained, and, therefore, cardiovascular and thermo-
regulatory responses are less perturbed following the consumption of sports drinks.
The carbohydrate content of sport drinks can delay the onset of hypoglycemia during
prolonged exercise and thereby improve exercise capacity.

Murray: The simple fact of the matter is that the harder you work, the better a
good sports drink will work. And, as Dr. Maughan has said, when it comes to
performance, there are many occasions when a sports drink is superior to water but
there are no occasions when water is superior to a good sports drink.

What's the most effective way to use sports drinks to
improve performance?

Murray: The most effective way of improving performance is to drink a well
formulated sports drink during exercise. The preponderance of research shows that
performance can be improved if 30 to 60 grams of carbohydrate are ingested during
each hour of vigorous exercise. That’s the equivalent of about 500 to 1,000 milliters
of sports drink per hour, a very reasonable rate of consumption. As Dr. Maughan
will be quick to point out, there are studies that have demonstrated improved
performance with a carbohydrate intake of less than 30 grams per hour, evidence
that further illustrates the potent effect of carbohydrate consumption on performance.
But, when both fluid and carbohydrate intake are important, as is the case in the
vast majority of exercise settings, ingesting more fluid, and thereby more carbohy-
drate, is the best thing to do. Drinking to prevent dehydration should always be the
first priority and doing so with a sports drink ensures sufficient carbohydrate intake
for improved performance.

Leiper: 1 would like to add a word of caution regarding drinking during exercise.
Recent work in our laboratories and in field studies has identified that intermittent
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high-intensity exercise can slow gastric emptying. This type of exercise is inherent
in most team sports and during many types of competition, increasing the likelihood
that athletes will retain more fluid in the stomach than would occur during continuous
exercise. The evidence to date suggests that the rate of gastric emptying of most
sports drinks is still sufficient, but this finding underscores the need for athletes to
practice drinking under game situations.

Can children drink sports drinks?

Maughan: Children should be encouraged to drinks sports drinks whenever they
take part in physical activity in a warm environment. Mild levels of dehydration and
hyperthermia will reduce exercise capacity, but if a severe fluid deficit is allowed to
develop, there is a real risk of heat illness. Because the thirst mechanism is not
sufficiently sensitive to ensure that fluid intake will match losses, a conscious effort
is necessary if dehydration is to be avoided. Children are particularly likely to forget
to drink unless reminded to do so.

Aragon-V.:  There is no clinical or physiological reason to contraindicate drinking
a sports drink. The composition of 100 ml of a typical sports drink represents 6
grams of carbohydrate, 46 mg of sodium, and 13 mg of potassium. This is about
half the carbohydrate concentration of many soft drinks and fruit juices, and slightly
less sodium than in 100 ml of milk.

Horswill:  Physically active children should be encouraged to drink a sports drink
to stay hydrated. Several studies in the last few years demonstrated that children
drank more fluid and stayed better hydrated when consuming a sports drink com-
pared with water. This is an important finding because, in a dehydrated state, a
child’s core body temperature increases quite rapidly and at a greater rate than that
of the adult under similar conditions of exercise and environment. Kids gain heat
from the environment more easily than adults due to their larger surface-area to
volume ratio, they generate more metabolic heat at the same relative exercise inten-
sity, and they have far less fluid to lose, all of which makes them particularly
susceptible to the dangers of dehydration and heat illness.

Why ingest a sports drink during exercise if loss of
body mass is the goal?

Maughan: The amount of energy expended in exercise is the key factor in weight
loss. The vast majority of the weight lost during an exercise session is from the
water that is lost in sweat. Although there may seem to be advantages in increasing
the weight loss during each exercise session by restricting fluid intake, this is actually
counterproductive. Taking sports drinks during exercise will allow a higher work
rate, a greater energy expenditure, and thus more weight loss. In addition, if enough
sports drink is consumed, the same amount of work can be performed with less
subjective sensation of effort. In other words, the workout feels easier.
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Stofan: The bottom line is that, by ingesting a sports drink, you can actually
exercise harder and longer, prevent early fatigue, and will likely feel better during
and after the exercise. Moreover, the amount of energy ingested is usually negligible
in long term energy balance. Weight loss also often requires an understanding that
results are not achieved with exercise alone, but that real change in behavior, diet,
and physical activity levels are often required. There are no shortcuts.

Horswill:  One of the side effects of dieting for body fat reduction is dehydration.
Sports drinks are effective in helping individuals, weight-conscious or not, to stay
hydrated. Sports drinks provide a small amount of carbohydrate, but the contribution
of energy is small compared with the total daily energy intake.

Shirreffs: That’s exactly right. People seem to forget that if they don’t drink during
exercise, the resulting dehydration will force them to work at a lower intensity or
for a shorter period of time, both of which will reduce the energy cost of the activity
and its potential to help with fat loss. Athletes who want to lose body mass loss to
allow them to “make weight” for competition should be counseled to begin their
weight reduction as far ahead of time as possible, placing the emphasis on fat loss
rather than fluid loss.

Murray: Unless I missed something, the law of conservation of energy hasn’t been
repealed. Fat loss is a matter of consistently expending more energy than is ingested.
It’s not a matter of how much energy is lost in a workout or how much energy is
ingested in a sports drink during a workout. It’s a matter of energy balance at the
end of the day. Or, even more relevant, it’s a matter of energy balance at the end of
the month. But this is a confusing issue for anyone who exercises to lose weight.
After all, it seems so counterintuitive to ingest foods or fluids that contain energy
when the whole idea is to expend energy through exercise. It’s difficult for people
to believe that carbohydrates are not converted to fat, that ingesting carbohydrate
during exercise can be a real advantage to weight loss for the reasons the rest of
you indicated, and that they’ll actually feel better, work harder, and recover quicker
if they stay hydrated with a sports drink during their workout.

Are there really any meaningful differences among
commercial sports drinks?

Murray: Yes, there are meaningful differences among sports drinks, primarily due
to difference in carbohydrate concentration. Sports drinks that contain too high a
concentration of carbohydrate will result in slower gastric emptying and intestinal
fluid absorption. This predisposes to greater gastrointestinal discomfort, as noted by
Dr. Clyde Williams’ group from the University of Loughborough as an explanation
for why ingesting a 6.9% carbohydrate drink did not significantly improve perfor-
mance compared with water, while a 5.6% carbohydrate drink did result in improved
performance. One more factor of note is that the differences among sports drinks
will become most evident during intense training and competition when there is a
premium placed on rapid fluid and solute absorption. If the carbohydrate concen-
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tration is too high, absorption will be slowed and the risk of gastrointestinal dis-
comfort will rise.

Maughan: The athlete has a choice of sports drinks with very different formulations
and the carbohydrate content is arguably the most important component to vary. The
concentration of carbohydrate has a direct influence on fluid absorption and energy
provision. For example, oral rehydration solutions, formulated for correction of the
large water and electrolyte losses incurred by children suffering from infectious
diarrhea, contain less carbohydrate and higher electrolyte concentrations than sports
drinks. In these patients, however, carbohydrate is added only for its effect on
stimulating water uptake in the small intestine, not as an energy source. In contrast,
the athlete not only wants rapid fluid absorption, but enough carbohydrate to fuel
the working muscles. Research clearly shows that very high carbohydrate concen-
trations, in the range of 10% to 15%, result in dramatic slowing of gastric emptying
of ingested fluids. Although these drinks may be more effective in providing carbo-
hydrate, they are likely to compromise fluid replacement when significant sweat
losses are incurred.

What are the advantages and disadvantages of intravenous
fluid replacement?

Maughan: When sweat losses are very high, some degree of dehydration is almost
inevitable, even when there are ample opportunities for fluid ingestion and when a
well-formulated and pleasant-tasting drink is available. When opportunities for
drinking are limited, dehydration may be severe. Intravenous rehydration has been
used for many years to treat collapsed runners suffering from dehydration and
hyperthermia after marathon races. In most cases, oral rehydration would have the
same effect, but takes much longer. These runners have completed their event, and
intravenous rehydration is justified on the grounds of speeding recovery and clearing
the aid station faster.

In recent years, intravenous fluid replacement has been used in a variety of
different events and has been used in athletes who then return to competition. This
is a very different situation and one that raises many questions. It seems likely that
benefits can accrue from intravenous administration of fluids at half time in football,
field hockey, soccer, or similar team sports. This may be of particular benefit when
sweat losses are very high and for individuals prone to gastrointestinal problems
when fluid is ingested. There are also some individuals with exceptionally slow rates
of gastric emptying, and these individuals may be unable to match sweat losses via
the oral route. It takes only a few minutes to replace a liter of fluid, and there are
no delays imposed by the gastrointestinal tract. Saline is normally used for this
purpose, but glucose may be added for extra benefit.

There are several concerns about the use of intravenous fluids in competitive
situations. The risk of infection is small, but is not entirely absent, and is magnified
when the procedure is carried out in haste in conditions that are inevitably less than
optimal. There must also be a concern that a player returning to the field may have
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corrected any dehydration incurred but may still be hyperthermic. Restoring the capac-
ity to perform exercise without simultaneously lowering body temperature is not wise.

Murray: 1 do agree that there are situations when it is impossible to prevent
dehydration from occurring. On the other hand, there are all too many situations
when the use of intravenous fluid represents nothing more than a failure to follow
a sound fluid replacement plan. I’ve had athletic trainers tell me of athletes who
preferred getting IVs before practice because they were too lazy to follow the
prehydration guidelines for drinking fluid. As ridiculous as that seems, it’s no more
disconcerting than triathletes and runners lining up at medical tents after races
waiting to get IV fluid, not because there is a medical reason for doing so, but
because they think it will help them recover faster. And, I’ve seen nothing in the
scientific literature that shows that intravenous therapy is superior to oral rehydration.
In fact, oral rehydration has some advantages over IV fluid use.

Stofan: That’s true. One recent study reported a trend for better cardiovascular and
thermoregulatory control and for better performance with oral v.s IV fluids. Several
other studies have shown that with oral fluid ingestion, subjects felt better during
subsequent exercise and had lower RPE values. Let’s not forget that the act of
drinking stimulates oropharyngeal mechanisms that provoke hormonal responses
that help restore normal body fluid balance. That doesn’t happen with intravenous
therapy. In my mind, the fact that research shows that there are no ergogenic or
physiological benefits with intravenous fluids compared with oral fluids is good
reason to question the frequency with which intravenous fluids are administered to
athletes.

Murray: 1t’s easy to understand the motivation that underlies the use of intravenous
fluid administration, but my concern is that it has become too widespread. It’s one
matter if an athlete can’t tolerate oral fluids or is so severely dehydrated that health
is potentially jeopardized, but it’s quite another matter when intravenous fluid use
becomes so commonplace that athletes request it just because they perceive —
inaccurately so — that they can recover more quickly than if they drink a similar
volume of fluid. Unless fluid is physically forced into a vein, intravenous rehydration
is not a rapid process. In fact, I’'ll wager that most of the perceived benefit comes
from lying down.

How much sodium is enough in a sports drink?

Shirreffs: Sodium has a variety of roles in a sports drink and the ideal quantity
depends on a number of factors. The inclusion of some sodium in a drink (up to 25
mmol/liter) improves the taste for many people. For drinking before exercise, bev-
erage sodium may help with fluid retention and permit a temporary hyperhydration.
During exercise, the inclusion of sodium in a drink may not be necessary except in
situations of prolonged exercise if large quantities of a drink are going to be con-
sumed. For post-exercise replacement of sweat losses, the inclusion of sodium in
the drink consumed is essential for effective recovery. In addition to helping ensure
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that sufficient drink volume is consumed, the ideal sodium intake should be mod-
erately high — probably in the order of a concentration of 50 mmol/liter.

Stofan: There is really no consensus regarding the proper level of sodium in a
sports drink. While sports drinks typically contain sodium levels between 5 and 25
mmol/liter, differences in sport, environmental conditions, and variability among
individuals leads to the conclusion that there is no one level of sodium that is ideal.
A sodium level that optimizes flavor characteristics and positively affects fluid
balance, yet does not inhibit further fluid intake, is likely to be most nearly ideal.

Murray: 1 concur with the last comment in that the sodium content of a sports
drink has to strike a fine balance between taste and efficacy. Let’s not forget that
beverage sodium content has a direct effect upon voluntary drinking. Too little
sodium in a drink removes the osmotic dependent drive to drink too soon and
drinking ceases well before euhydration is reestablished. Too much sodium in a
beverage negatively affects taste and removes the volume-dependent drive for thirst,
again resulting in the premature cessation of drinking. In practical terms, there is
no ideal sodium concentration for a sports drink, but there is an ideal compromise
that can be struck between taste and efficacy.

Can physically active people with diabetes use sports drinks?

Aragon-V.: Yes, persons with diabetes can use sports drinks. And there are very
good reasons that they should. Maintenance of both blood sugar level and hydration
during physical activity can be a challenge for people with diabetes. Ingesting a
sports drink can successfully attend to both needs. Those with diabetes should take
extra care when exercising in extreme temperatures because of potential problems
with thermoregulation related to autonomic neuropathies.

Murray: Physically active people with diabetes should incorporate the use of sports
drinks before and during exercise under the guidance of their physicians and in
accordance with the carbohydrate exchange plan they normally follow. It is inter-
esting that diabetes normally causes problems due to hyperglycemia, yet it is
hypoglycemia that creates problems during and following exercise in people with
diabetes. Regular physical activity is a critical element, along with nutrition and
insulin therapy or other drugs, in controlling diabetes and lessening the risks of
complications. There is no reason that a person with diabetes cannot take part in
very vigorous training and competition, provided that adequate planning and care
is taken to safeguard against hypoglycemia.

Should physically active people with hypertension drink sports drinks?

Stofan: Anyone who is physically active, and therefore sweating can benefit from a
sports drink, even in those cases where the benefit is limited to improved voluntary
fluid intake. After all, reducing dehydration is a very real benefit. There is no evidence
that sports drink ingestion affects blood pressure. That’s because sports drinks contain
comparatively little sodium relative to the rest of one’s diet. For example, most sports
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drinks contain no more sodium than an equivalent volume of milk, and I'm not familiar
with any restrictions limiting the intake of milk for hypertensive people.

Aragon-V.: Hypertensive patients using beta-blockers may experience compro-
mised heat dissipation due to reduced skin blood flow, and also an accelerated sweat
rate response that could worsen dehydration. Fluid replacement is especially impor-
tant under these circumstances. Furthermore, diuretic therapy can produce hypokale-
mia and dehydration, but with adequate fluid intake and potassium supplementation,
exercise impairment can be avoided. Hypertensive patients on sodium-restricted diets
should have their physicians include the sodium provided by sports drinks into their
total intake calculations. The same basic recommendations for average adults apply
to physically active hypertensive patients without complications.

Horswill:  1t’s prudent for hypertensive patients to work with their physicians on
all aspects of their treatment, including exercise and diet. The specific role of sodium
as a cause of hypertension is suspect according to a meta-analysis published in
JAMA in 1996. In this examination, only older individuals with hypertension seemed
to benefit from controlling dietary sodium. The sodium contribution of a sports drink
is deemed small relative to that of the daily intake of food and is typically lower in
concentration than that of human sweat.

Why not just make a sports drink at home?

Passe: There are three reasons: flavor, flavor, and flavor. Keep in mind that liking of
flavor is a primary driver of voluntary fluid intake during exercise, and suboptimal
flavors lead to suboptimal drinking behavior. We’ve completed a study that contrasted
voluntary fluid intake during exercise with four different beverages: water, a commer-
cial sports drink, a homemade sports drink, and orange juice diluted in half with water.
All beverages except water were orange flavored. I'll spare you the details of the
experimental design, but suffice it to say that the results showed that the commercial
sports beverage with its optimized flavor system scored significantly higher than all
of the other beverages in overall acceptance and was consumed in significantly greater
quantities than all of the other beverages, resulting in significantly lower dehydration.

Maughan: We also found, in a study on rehydration after exercise, that people
drank more of the drinks they liked the taste of. This is hardly a surprising finding,
but is one that the people who recommend that athletes make up their own drinks
seem to forget.

Stofan: As with virtually any commercial beverage, it is nearly impossible to
duplicate the flavor systems in your kitchen, not to mention assuring that the remain-
ing ingredients are balanced to provide optimal efficacy. Sports drinks may be
relatively simple concoctions in terms of their basic ingredients, but optimizing
flavor and other aspects of palatability is far from a simple task.

What can soccer players do to stay hydrated and ingest enough
carbohydrate to improve playing performance?

Aragon-V.: Because the opportunities to drink fluids during games are restricted
to the half-time break and occasional stops of the game due to injury, it is important
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to take advantage of every single one. Players should also begin the game euhydrated.
They need to maintain good hydration day after day and ingest around 500 ml of a
sports drink about 2 hours before the game to top off the fluid reserves; any excess
will be eliminated via urine before the game. Immediately before the game, they
should drink 250 ml more of sports drink.

There should be individual sports drink bottles clearly labeled for each player,
easily accessible during the break or game stopovers. These bottles are also useful
to track the total fluid intake of each player. Each team member should attempt to
drink as much fluid as necessary to compensate for sweat loss; this amount should
be determined beforehand, weighing each player before and after exercise and
estimating average fluid losses for each individual. To improve their tolerance to
ingesting large volumes of fluid, it is crucial that players practice drinking frequently
during training.

At the end of each game or practice session, every player should ingest an
amount of fluid equivalent to 150% of whatever weight deficit exists, to achieve a
fast and adequate replenishment of fluid loss. This fluid should have enough sodium
to prevent the excess elimination of fluid in the urine.

Leiper: 1would like to reemphasize the need for athletes to practice drinking during
training sessions and practice matches. This will allow the player to become familiar
with the sensation of exercising with fluid in the stomach, help train the stomach to
empty faster during exercise, and permit athletes to develop drinking strategies that
work best for them.

Why not add creatine or other nutritional supplements to
sports drinks?

Murray:  First of all, sports drinks are not good vehicles to deliver nutrients because
the doses that can be included in a sports drink without adversely affecting the taste
and efficacy are quite small. This is particularly true for creatine because it has very
poor stability over time in an acid medium.

Horswill:  Also, the rationale for using a sports drink is that the ingestion provides
acute physiological and performance benefits. The athlete isn’t required to consume
the beverage for several months or even several days prior to exercise to gain the
benefits. For many nutrition supplements, an effect is produced only after consump-
tion of the supplement for a period of time. Acute dosing with creatine has never
been shown to be beneficial.

Why not add amino acids to sport drinks?

Horswill:  The research on amino-acid ingestion and physical performance fails
to show an ergogenic effect. One of the premises in these studies is that a specific
group of amino acids, the branched-chain amino acids (BCAA), may provide an
alternative source of fuel and help prolong work capacity. In fact, BCAAs are a
metabolically expensive alternative to carbohydrate. Why add a fuel that must first
be stripped of nitrogen for conversion to a carbon chain (i.e., glucose or a TCA
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intermediate) instead of ingesting that carbon chain directly? And the nitrogenous
waste can add to the drain on the body fluid stores because of the need for increased
urine excretion.

Leiper: 'The most obvious theoretical advantage of including amino acids in sports
drinks is that they might potentiate net water absorption in the small intestine. Amino
acids that are actively co-transported with sodium by carrier systems other than that
of the Nat*-glucose transporter would appear to be ideally suited to promote uptake
when glucose transport is at its maximum rate. The majority of intestinal perfusion
studies carried out in humans have, however, demonstrated either no improvement
or a reduction in the rates of water absorption from carbohydrate drinks containing
amino acids. The reason for this finding is not at present known. In addition, because
gastric emptying is so tightly controlled, it is unlikely that the Na*-glucose trans-
porters are normally ever fully saturated in the section of duodeno-jejunum that
receives the ingested sports drink from the stomach. The addition of amino acids to
a sports drink would also increase the total energy density of the drink, thereby
slowing the rate of gastric emptying of the drink and hence reduce the rate of
intestinal water absorption.

Murray: There just isn’t scientific justification, as yet at least, for including amino
acids in a sports drink. Aside from lack of efficacy, the addition of amino acids
negatively affects taste and contributes to ammonia production from deamination of
the amino acids. There remain some intriguing possibilities regarding the use of
amino acids, but none of these possibilities has yet been able to live up to its
theoretical potential, as indicated by Drs. Horswill and Leiper. And, the practical
fact of the matter is that sports drinks can accommodate only a very small amount
of amino acids, perhaps too small to be of any consequence to absorption or
metabolism.

Should micronutrients involved in carbohydrate metabolism
(for example, B vitamins) be added to sports drinks?

Horswill:  The objective of formulating a sports drink is to provide acute effects
that support metabolism, physiology, and performance. Certain B vitamins or a
mineral such as chromium are involved in the metabolism or transport of glucose,
but that doesn’t mean that these micronutrients provide more energy and enhance
work capacity when ingested with the carbohydrate in a sports drink. In short, the
only evidence of improved function and performance from ingesting vitamins and
minerals is in individuals who were clearly deficient in those nutrients. In such cases,
performance is merely returned to the normal level with supplementation. Although
the adequacy of the diet of an athlete may be suspect on any given day, it is nearly
impossible to create a frank deficiency in any B vitamin or chromium. Adding
micronutrients to a sports drink simply adds micronutrients to the urine.

Murray: Manufacturers who tout the vitamin content of their sports drinks attempt
to take advantage of the good-for-you halo that surrounds vitamins in the minds of
consumers. This is particularly true of the antioxidant vitamins, even though there
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is no evidence of an acute benefit from ingesting antioxidants. Perhaps future
research will demonstrate a positive effect, but at this time, there is little scientific
rationale for including vitamins or minerals other than sodium, chloride, and potas-
sium in a sports drink.

Is it better to mix a sports drink from powder so that it is possible
to mix different strengths to suit different activities?

Maughan: In theory, this sounds like a good idea. Athletes could choose different
concentrations in hot or cold weather and different individuals could choose a
mixture that would best suit their own needs. In practice, however, there are a number
of difficulties with this approach. There are difficulties in knowing what the best
mix would be, and even if this is known, it is not easy to make this up at home.
Although it seems intuitively obvious that a whole spectrum of different formulations
could be devised to individualize the sports drink, there is not good evidence that
this is the case. And the amount of powder to be mixed would be difficult to measure
accurately without access to a very sensitive balance.

Passe: One occasionally hears discussion among athletes about mixing a sports
beverage from a dry mix at concentrations higher or lower than the recommended
label instructions or changing the concentration of a liquid sports beverage by diluting
it. While this may have appeal to some, research suggests that the flavor level identified
by the manufacturer is usually optimum and will result in the most acceptable flavor
profile. So, from strictly a taste and voluntary intake point of view, it is best not to
alter the composition of a properly formulated sports drink. On the other hand, there
are likely some sports drinks with flavor profiles that are not optimized. Rather than
encouraging athletes to alter the composition of the beverage, the best approach would
be to find a sports drink with acceptable hedonic characteristics.

Murray: Athletes should keep in mind that diluting a sports drink to achieve a
blunted flavor profile also dilutes its benefits. Diluting the carbohydrate and elec-
trolyte content reduces the end impact that those ingredients are formulated to deliver
— not a good idea when improved performance is the goal. Sports drinks come in
many different flavors and there are also differences in flavor intensities. Often just
switching to a different flavor is enough to solve whatever annoyances have devel-
oped with a particular flavor. Finally, there is little evidence that different composi-
tions, such as concentrated formulations for cold-weather activities, are of greater
benefit than the standard sports-drink formulation. After all, there is a ceiling on
exogenous carbohydrate oxidation of about one gram per minute, so ingesting higher
carbohydrate concentrations will not do much more than slow gastric emptying and
fluid absorption. And that’s not a good thing in any exercise environment.

Does drinking a chilled beverage increase the risk of stomach cramps?

Maughan: It is often recommended that sports drinks should be chilled to improve
palatability and to speed the rate of gastric emptying. The former is certainly an
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advantage, as cool drinks are perceived as being more pleasant to drink and will
lead to an increased consumption. There is not good evidence, however, that chilled
drinks empty from the stomach at appreciably faster rates than drinks at room
temperature. The concern about stomach cramps probably arises from the fact that
ingestion of very large volumes of ice-cold fluids can lead to a “dumping syndrome,”
where the fluids may disturb gastric function. In laboratory studies, however, subjects
have been able to ingest rather large volumes of cool fluids without experiencing
adverse effects.

Murray: 1 agree. First of all, our research shows that within 5 minutes after
drinking 400 ml of a sports drink, beverage temperature will rise from about 10°C
to over 30°C. This is probably why there is little to no effect of beverage temper-
ature on gastric emptying and why there is little likelihood that cramping will
occur.

Passe: 1should add that, in terms of beverage acceptance, the relationship between
drink temperature and overall acceptance approximates an inverted U-shape. That
is, at higher beverage temperatures, overall acceptance drops off precipitously. No
surprise there; who wants to drink a warm beverage when you are hot, sweaty, and
thirsty? At beverage temperatures lower than refrigerator temperature (about 4°C to
7°C), overall acceptance also declines, as physically active people find it difficult
to quickly ingest such cold drinks.

What do you predict for the next generation of sports drinks?

Passe: As with so many food and beverage categories, the future of sports drinks
is likely to hold significant changes in formulation, flavor development, packaging,
and marketing. The trend has been for more choices, higher product quality, and
better production efficiency resulting in superior value and availability. For instance,
there will be more flavor blends with better “fidelity to standard”; that is, the flavors
will be indistinguishable from fresh and natural fruit.

Distribution will be even more efficient than it is today, so that the average age
of the product on the shelf will be younger and fresher. It has always been true that
one of the best ways to improve a product is to get it to the consumer faster.

The sports drink of the future will likely be formulated for age groups, gender,
use occasion, and physical requirement. As research accumulates, a closer corre-
spondence will be achieved between product formulation and consumer needs.
Product formulations will be more finely tuned to the unique needs of aging popu-
lations, children, gender, weight-management or dietary-management goals, and
sport or activity requirement. As justified by empirical research, value-added ingre-
dients will be included to target performance, nutrition, and general health mainte-
nance goals.

Packaging innovation will take advantage of breakthroughs in product develop-
ment. For instance, individual containers may have multiple flavor options so that,
in the same container, a base formulation may have several flavor choices that the
consumer activates at the time of use. Container sizes, shapes, and materials will
continue to evolve to meet choice, convenience, and cost goals. Much of the



Discussion Among Authors 269

packaging innovation will not be visible. Environmentally friendly sourcing of mate-
rials, including recycling, will be refined to achieve lower levels of waste.

Aragon-V.: 1 agree that different sports drink formulations may evolve to address
different needs before, during, and after exercise, or the needs imposed by different
environmental conditions. Perhaps I shouldn’t lump all of these types of beverages
into the “sports-drink™ category because they will likely have vastly different com-
positions. We know, for instance, that a post-exercise drink should have a higher
concentration of carbohydrate to promote glycogen resynthesis and sodium to pro-
mote fluid conservation in the body. By definition, I suppose that is no longer a
sports drink because you wouldn’t want to drink it during most types of exercise.
Nonetheless, it is an example of how the broad category of products will evolve.

Horswill: At the risk of being somewhat pessimistic, I think one thing we can
expect in the future is even more unsubstantiated product claims and confusion
among consumers. Because the claims will be wide-ranging and unproven, it will
be a challenge to keep consumers educated about the benefits they can truly expect
from a well-formulated sports drink. This will be a big challenge because manufac-
turers will increasingly spike their products with herbs, phytochemicals, and other
compounds that have little to do with hydration and performance. Pessimism aside,
I do think that whatever advances are made with the formulation of sports drinks,
top-notch science will always win out. That was the case 40 years ago when sports
drinks were first developed and will remain the case in the future. I guess I'm an
optimist, after all.

Stofan: Here’s a little speculation: with a great deal of innovation in packaging
and fluid delivery systems, the next generation of sports drinks will likely also
become more sport- and occasion-specific. As scientists learn more about the specific
needs for particular sports and the particular demands that each sport places on the
body’s physiology, sports drinks will play a more refined role. In the future, I
wouldn’t be surprised to see the distinction between conventional sports supplements
and pharmaceuticals blurred somewhat, as sports drinks incorporate ingredients that
are churned out as by-products of pharmaceutical research. These ingredients won’t
be drugs per se, but natural compounds that provide a nutritional rather than a
pharmacological effect. However, I agree with Dr. Horswill’s comments that phy-
tochemicals and herbs will also work their way into this category.

We know that the basic components of sports drinks — water, carbohydrates,
and electrolytes — are vital to human function during activity in hot environments.
It’s reasonable to predict that the use of sports drinks will increase in nontraditional
areas such as in military situations, among mining, agriculture, and construction
workers, and during all types of outdoor recreation.

Maughan: Although I do think that some of this crystal ball thinking is bound to
come true, I don’t think that the basic formulation of sports drinks is likely to undergo
major changes in the foreseeable future. Current formulations are based on sound
scientific principles and have been thoroughly researched. A very large number of
well-controlled laboratory studies show that the addition of small amounts of car-
bohydrate and electrolytes confers significant performance advantages over plain
water. It is also well established that the sugars used in the current formulations —
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glucose, sucrose, and maltodextrin — outperform the other more exotic sugars, such
as fructose and galactose, that have been tried. It is equally clear that there is a fairly
broad range of concentrations of the main ingredients that are equally effective; too
much sugar or salt, however, has negative effects. In addition to the laboratory
studies, the benefits of ingesting a dilute carbohydrate-electrolyte drink are well
recognized by athletes whose collective experience shows that there are benefits
from a well-formulated drink.

It is possible that there will be an attempt to make drinks suited for different
situations. A drink with higher sodium levels and a lower carbohydrate content might
be appropriate when sweat losses are very high, and a drink with a higher carbohy-
drate content might be appropriate for recovery after exercise if glycogen resynthesis
is a priority. The picture is complicated, however, by the large variability among
individuals. A number of different ingredients have been added to sports drinks in
an attempt to provide an additional benefit. These ingredients include lactate,
branched-chain amino acids, glycerol, and caffeine, as well as an assortment of
vitamins and minerals. For the reasons outlined in previous chapters, none of these
seems to confer a worthwhile benefit. New flavors and colors will continue to be
developed for sports drinks. These provide no direct physiological benefit, but the
element of choice and variety is important in encouraging athletes to ingest drinks.
It would be nice to think that athletes and coaches will be better informed and will
play an active role in the evaluation of existing products and in the development of
new products.
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balance, regulation of, 41

279

excretion, renal regulation of, 33
from food oxidation, 36
placebo, 168
requirements, in training, 10
Water turnover, regulation of fluid balance and,
29-43
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