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CHAPTER OBJECTIVES
Understand the structure of different types of
dietary carbohydrates and the foods that are good
sources of each type.
Review the primary functions of dietary carbohydrates.
Know how to calculate the carbohydrate calories
derived from consumed foods and whether the car-
bohydrate intake will satisfy metabolic requirements.
Identify the different digestive enzymes that are
specific to carbohydrates and the origin of these
enzymes.

Know the energy producing carbohydrate meta-
bolic pathways.
Understand the function of insulin , epinephrine,
and glucagon, and how these are related to blood
sugar.
Know the difference between glycemic index and
glycemic load and how the glycemic effect of foods
can affect carbohydrate metabolism .

Identify human carbohydrate storage systems,
the typical maximal storage capacity, and how
storage in each storage depot may be affected by
diet and activity.
Review the different possible pathways for blood
glucose, and the likely pathway(s) with different
blood glucose levels.
Based on the sugar, starch , and dietary fiber con-
tent of foods, explain how different carbohydrate
sources are preferred in different circumstances
(i.e. , pregame, during activity, postactivity, and
long-before activity) .
Discuss the preferred carbohydrate composition
and concentration in sports beverages.
Review the possible sources for making carbohydrate
from noncarbohydrate sources (gluconeogenesis) .

Case Study

Sally was working hard to be a world-class distance runner
with the goal of making the marathon team for the next
Olympic Games in 3 years. She had moved to train with a
well-regarded coach, with whom a plan was developed that
included a strict training regimen for daily/weekly mileage
and selected competitions to confirm that the training was
going as expected. Both Sally and her coach were weight
conscious, trying to make sure that Sally ate just enough to
support her weight but not so much that her weight would
increase. There was some justification for this, as the trend
for successful Olympic marathon runners was to be smaller

(recent successful male Olympians were typically less than
115 lb, and successful female Olympians were less than
110 lb). However, the “ fear of calories” and, especially
carbohydrate, that was associated with the “ fear of higher
weight” resulted in a failure to optimally satisfy energy
requirements, particularly as the training progression resulted
in longer, harder, faster training mileage. After a year, Sally
lost her period, and she started losing some sleep (a common
outcome of overtraining). She was losing speed and she felt
weaker, so she started eating less carbohydrate and more
protein to try to maintain her muscle mass. After 6 months,

( continued )
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she developed a stress fracture in her right tibia that stopped
the training altogether for 12 weeks. Luckily, the orthopedist
who diagnosed the stress fracture had a registered dietitian
working with her who was herself a runner and was fully
aware of the training demands of elite distance runners.
They had long conversations, and the dietitian knew exactly
what had happened to Sally. Insufficient energy intake is
associated with multiple problems, including low estrogen
production that results in a loss of menses, and estrogen
is an inhibitor of osteoclasts (the cells that break down
bones). Also, inadequate carbohydrate intake resulting
in low blood sugar is associated with high cortisol (stress
hormone) production, which breaks down both muscle
mass and bone mass even if extra protein is consumed.
The extra protein Sally was consuming was all being used
to satisfy energy requirements ( /.e., the protein was being
utilized as a source of energy rather than used to sustain
or improve the muscle mass). To make matters worse, not
eating enough often leads to extra insulin being produced
when food is consumed, so more fat is produced, which
may cause the runner to want to eat even less. Therefore,
the dietitian showed Sally how to dynamically match energy
intake with expenditure on a reasonable diet that included

plenty of carbohydrates, some fats, and some proteins. The
result was precisely what you would expect when people
do the right things nutritionally, and Sally was on the path
to making the Olympic team.

CASE STUDY DISCUSSION
QUESTIONS

1. If you were working with a distance runner, what
would you do to help ensure that energy intake
satisfied needs, while lowering the risk of too little
energy consumption?

2. Why would cortisol be elevated, and what would you
do to help bring cortisol down to normal (nonstress)
levels?

3. Would a male distance runner experience the
same negative effects of insufficient energy
consumption?

4. How often would you need to consume some
carbohydrate to help ensure normal blood
sugar?
a. when awake but doing normal daily activity
b. when asleep
c. when physically active

:: IntroductionQ1 Cortisol
A glucocorticoid steroid hormone that is produced
by the adrenal gland in response to stress and
hypoglycemia (low blood sugar) . It functions to increase
blood sugar through the breakdown of tissues that are
converted to glucose (gluconeogenesis) . It is important
to note that cortisol breaks down muscle, bone, and fat
tissue.

4A
Important Factors to Consider

Humans can derive energy from carbohydrate,
protein, and fat, all of which are considered energy
substrates. Of these, carbohydrate is considered
a "flexible” fuel because it is the only energy
substrate that can be metabolized both with
oxygen (aerobic metabolism) and without oxygen
(anaerobic metabolism).
The human storage capacity for carbohydrate is
limited, with only -300 calories of liver glycogen
(which sustains blood glucose) and -1,500 calories
of muscle glycogen. By contrast, even a relatively
lean human can store over 62,000 calories of fat.
The limited carbohydrate storage requires that
carbohydrate be consumed frequently to ensure that
blood glucose and muscle glycogen are sustained.

131 Insulin
A hormone produced by the p cells of the pancreas
that helps to avoid hyperglycemia (high blood sugar)
by enabling cells to take blood sugar (glucose). A fast
rise in blood sugar from consumption of a large
volume of sugar and/or consumption of high glycemic
foods results in a high insulin response that enables
movement of sugars to tissues. However, this may
exceed the tissue requirement for sugar, resulting in
tissue conversion of sugar to fat, leading to an increase
in body fat levels. A chronically high insulin response
may lower tissue sensitivity to insulin, increasing type
2 diabetes risk.
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Generations ago, we had culturally appropriate strategies
(long since forgotten) for ensuring that basic physiologi-
cal needs were satisfied. With the onset of the industrial
revolution, however, we forgot why we did what we did,
and we have been in trouble ever since. To illustrate this
point, consider blood sugar fluctuations. Blood sugar is
the primary fuel for the brain, and it fluxes approximately
every 3 hours while doing normal casual daily activities
(Table 2.1). That is, blood sugar reaches its peak about
1 hour after eating and is back to premeal levels 2 hours
after that (4).

Failing to consume a source of energy that can stabilize
blood sugar at that time results in a series of hormonal
events that can make a person feel worse and provides a
stimulus for the creeping obesity that currently besets many
Western cultures. There is such a fear of calories that people
now migrate toward diet products with caffeine, which
stimulates the brain and masks the very real physiological
hunger that is being experienced. In generations past, we
had a much more effective strategy, referred to as “ morn-
ing tea” and “afternoon tea,” to ensure that most people
had stable blood sugar. There is a cost to pay if hunger is
allowed to go unanswered, and the cost gets bigger with
each successive day that the same mistakes are repeated.

Physical activity increases the rate at which energy ( /.£.,
calories) is expended, further increasing the risk that energy
demands may not be adequately met. It is troubling that
surveys of physically active people suggest that they often
fail to support their energy needs (7). Specific strategies,

A kEnergy Delivery of the Energy
SubstratesBox 2.1

Carbohydrates: 4 calories/g
Proteins: 4 calories/g
Fats: 9 calories/g

therefore, may be required to ensure that physically active
people obtain the needed extra energy they require.

This chapter discusses carbohydrate, one of the energy
substrates, and the natural push and pull between energy
delivery and the endocrine system so as to create a balance
between the delivered energy and the cellular need for
survival (Box 2.1). Understanding this relationship can
help physically active people eat in a way that optimizes
performance, weight, body composition, and a sense of
well-being. There are also common misunderstandings
about proteins and fats, with many recommending very
high intakes of proteins and/or fats to satisfy energy re-

quirements and to enhance performance. The performance
issues related to the energy substrates are discussed in this
chapter (Box 2.2).

Carbohydrate is one of the energy substrates, meaning
that it is a component of food from which we can derive the
energy needed to support body functions. The other energy
substrates, discussed in Chapters 3 and 4, are protein and
fat. All carbohydrates are derived from photosynthesis in
plants, and the most basic forms of carbohydrate in plants
are referred to as monosaccharides and disaccharides,

A
Tissue Glucose
Utilization in the Fasting
and Postprandial* State

A \Common Questions About
Box 2.2 Carbohydrate and Physical

Activity

Table 2.1

Fasting
(Mainly Insulin (Mainly Insulin
Independent) Dependent)

Postprandial
How much carbohydrate should be consumed im-
mediately before, during, and after physical activity
to optimize performance?
Should the amount of carbohydrate consumed be dif-
ferent for endurance vs. power vs. team sport athletes?
If consuming a sports beverage during physical ac-

tivity, what is the best concentration of carbohydrate?
Is there any advantage or disadvantage to having
different types of carbohydrate in the sports beverage?
Should physically active people be concerned that
consumption of carbohydrate will increase the risk
of increasing body fat?
Are there any types of carbohydrate that should be
avoided before exercise? During exercise? After exercise?

Tissue/Organ % of Total % of Total
40-45 ~30Brain
15-20 30-35Muscle
10-15 25-30Liver

Gl tract 5-10 10-15
5-10 10-15Kidney

Other (e.g., skin and
blood cells)

5-10 5-10

*Period during or immediately after food consumption.
Source: Modified from Gerich JE. Role of the kidney in normal glucose
homeostasis and in the hyperglycaemia of diabetes mellitus: therapeutic
implications. Diabet Med. 2010;27(2):136-42.
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A A Carbohydrate Requirements
and Food Sources

Carbohydrates Come From
PhotosynthesisBox 2.3 Box 2.4

Solar energy + carbon dioxide from the atmosphere
+ water from the ground yield carbohydrate
Solar energy + C02 + H20 = glucose
Carbo (carbon) + hydrate (water) = carbohydrate

50-100 g/d of carbohydrate to prevent ketosis (Average
U.S. daily intake is 200-300 g)
14 g/1,000 calories/d of dietary fiber (average U.S.

daily intake is 10-15 g, or about half the recom-

mended level)
Carbohydrate should provide approximately 45%-65%
of total calories, mainly from complex carbohydrates
sources:

•Grains

•Legumes

•Seeds

•Fruits

•Vegetables

which are also called sugars (Box 2.3). More complex forms
of carbohydrates are made by plants through the synthesis
of monosaccharides into polysaccharides, which are also
called starches and fiber. The older the plants, the greater
the proportion of polysaccharides, causing them to taste less
sweet and have a less tender consistency. The fruits that are
made by plants, however, are initially high in polysaccharides,
but as they age, the polysaccharides are broken down into
their component monosaccharides and disaccharides, so
they become sweeter. Therefore, the age and ripeness of the
plant or fruit consumed influences the type of carbohydrate
that is ingested. Carbohydrate requirements and sources
of carbohydrates in foods are in Box 2.4. Types of Carbohydrates

A
jjjl Carbohydrates Important Factors to Consider

A class of macronutrients composed of carbon, hydrogen,
and oxygen that is a major source of cellular energy
provided by foods, including grains, vegetables, fruits, and
legumes.

(J Monosaccharides
Often referred to as “sugar,” the main dietary
monosaccharides are the hexoses (6-carbon) glucose,
galactose, and fructose, and the pentoses (5-carbon)
ribose and xylose.

[Jl Disaccharides
Table sugar is the disaccharide sucrose, which is
composed of the monosaccharides glucose and fructose.
Other dietary disaccharides are lactose (milk sugar) ,
which is composed of the monosaccharides glucose and
galactose; and maltose (grain sugar), which is composed
of the monosaccharide glucose.

Lf Polysaccharides
Carbohydrate that is either digestible (starch and
glycogen) or indigestible (cellulose, hemicellulose, gums,
pectins) depending on the chemical bonds holding the
sugar molecules together. Flumans have the digestive
enzymes to break the a-1,4 and a-1,6 bonds in digestible
polysaccharides, but do not have the enzymes to break
the p-1,4 bonds in indigestible polysaccharides. These
are complex molecules that are composed of many (ten to
thousands) monosaccharides bonded together.

The Dose Makes the Poison

The physician Paracelsus (1493-1541) stated:

“ All substances are poisons: there is none which is
not a poison. The right dose differentiates a poison
and a remedy.”
Sugar is clearly one of those substances that is
a required energy source for tissues and a basic
building material for the creation of other substances.
Flowever, provided in excess it can result in tissue
damage and disease (20).

Monosaccharides
Monosaccharides (mono = single; saccharides = sugars)
represent the most elemental form of carbohydrates and
require no additional digestion to be absorbed into the blood.
The common dietary monosaccharides are the 6-carbon
glucose, galactose, and fructose (Box 2.5).

Glucose (also referred to as dextrose) is the principal
source of energy for cells and is a moderately sweet sugar
derived primarily from fruits and vegetables. Because
of its important function in cellular energy metabolism,
sustaining blood glucose level is an important strategy for
sustaining athletic performance. Sorbitol, the sugar alcohol

A.Nazari
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A I A
Monosaccharides (mono = 1;
saccharide = sugar. “ Mono-
saccharide” means a 1 mole-
cule sugar)

Acid Production Rate in
Mouth in Response to
Consumption of Various
Carbohydrates

Box 2.5 Table 2.2

Sugar Relative Acid Production RateHexoses (6 carbon)

•Glucose

•Fructose

•Galactose
Pentoses (5 carbon)

•Ribose

•Xylose

Sucrose 100
Glucose 100
Invert sugara 100a

Fructose 80-100
Lactose 40-60
Sorbitol 10-30

0Xylitol

When bacteria ( Streptococcus mutans) metabolize carbohydrate, acids
are produced that have the potential of corroding the tooth enamel and
producing cavities.
^Invert sugar is an equal mix of glucose and fructose from the breakdown
of sucrose. Found naturally in honey and fruits.

of glucose, is commonly used as an agent in processed foods
to retain moisture (3).

Galactose is found as part of the disaccharide lactose
(also called “ milk sugar” ; see below), which is composed
of one molecule of glucose and one molecule of galactose.
Galactose is part of several compounds called glycolipids
(carbohydrate + fat), and glycoproteins (carbohydrate +
protein), and can be manufactured by mammals from
glucose so as to enable the production of lactose.

Fructose is also referred to as levulose and fruit sugar.
It is a component of honey and fruits and has the sweetest
taste of all of the mono- and disaccharides. High levels of
fructose may result in gastrointestinal (GI) distress and
diarrhea (54). When high levels are absorbed into the blood,
the liver capacity to convert the fructose to glucose may be
exceeded, with a portion of the fructose being converted to
triglycerides (fats) (1). Some excess fructose may also be
converted to uric acid, which can result in the symptoms
of gout and include joint pain (40).

Ribose is a 5-carbon sugar that is part of the genetic
compound ribonucleic acid (RNA) and deoxyribonucleic
acid (DNA). It can also be converted by cells to provide the
carbon chain needed for the synthesis of the amino acids
tryptophan and histidine.

Xylose is a 5-carbon sugar that is the main component
of hemicellulose, an indigestible dietary fiber component,
which is found in many plants/trees. Because it is largely
indigestible in the form commonly consumed, the energy
concentration of xylose is only 2.4 calories/g (68). This
alcohol fermentation product of xylose, xylitol, is sweet
tasting but, unlike other sugars, cannot be recognized
as a “ food” by oral bacteria. Because it is not metabo-
lized by these bacteria, xylitol is noncariogenic ( i.e.y it
does not encourage the development of dental cavities)
(Table 2.2) (51).

Disaccharides
The disaccharides sucrose, lactose, and maltose are common
constituents of consumed foods and are composed of two
monosaccharides joined together with a bond that can be
broken with enzymes specific to the disaccharide (Box 2.6).

Sucrose is composed of one molecule of glucose and
one molecule of fructose and is a naturally occurring di-
saccharide of plants. It is found in particularly high levels
in sugar cane and beets, from which it is extracted for hu-
man consumption and is referred to as “ table sugar.” The
digestive enzyme sucrase, which is present in the human
small intestine, can break apart sucrose into its component
monosaccharides, and these monosaccharides can then be
absorbed through the intestinal wall into the blood.

Lactose is composed of one molecule of glucose and one
molecule of galactose and is a natural component of mam-
malian milk; hence the common name “ milk sugar.” The
concentration of lactose in human milk (63-70 g/L) is higher
than in cows milk (44-56 g/L) (16). The digestive enzyme
lactase, which is present in the human small intestine, can
break apart sucrose into its component monosaccharides,

A IDisaccharides (di = 2; saccha-
Box 2.6 ride = sugar. “ Disaccharide”

means a 2-molecule sugar.)

Sucrose (glucose + fructose)
Lactose (glucose + galactose)
Maltose (glucose + glucose)

j
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and these monosaccharides can then be absorbed through
the intestinal wall into the blood. Lactase activity is high at
birth and through infancy but declines after weaning to solid
foods. Because of the gradually reducing lactase production in
many populations, an intolerance to milk (lactose intolerance)
is often observed (74).The indigested lactose then becomes a
readily available “ food” for gut bacteria, resulting in bloating,
gas, diarrhea, and GI pain. Most adults, however, produce suf-
ficient lactase to consume small amounts of lactose dispersed
throughout the day without difficulty, so full avoidance of
milk products is not necessary. Some populations have been
found to sustain a high-lactase production throughout life,
suggesting large population variability in desirable eating
patterns. Because milk is an excellent source of calcium,
protein, and riboflavin, there is no reason to avoid milk un-
less an intolerance or allergy is present. Some milk products
are fermented ( e.g., yogurt, kefir, and cheeses), resulting in
a lower lactose content and improved tolerance by people
with lactose intolerance. There are also products available
that contain the equivalent of lactase, which predigests the
lactose in the dairy product and also improves tolerance (25).

Maltose is composed of two molecules of glucose held
together in a 1,4 a-glycosidic bond and is the sugar associated
with grains and seeds. Often referred to as “ malt sugar,” it is
digested by the enzyme maltase, which is present in the hu-

man small intestine with the greatest enzyme presence in the
duodenum. Because maltose is digested into two molecules of
glucose that can readily enter the blood stream and because
the digestive enzyme appears early in the digestive tract, foods
that are high in maltose can rapidly elevate blood sugar ( i.e.y

glucose) and may, as a result, produce an excessive insulin
response that removes too much sugar from the blood and
provides excess sugar to cells. Cells are incapable of utilizing
this excess sugar so manufacture it into fat. (Read about the
glycemic index and glycemic load later in this chapter.)

Trehalose, a disaccharide of two glucose units linked in a
1,1 a-glycosidic bond, is a naturally occurring nonreducing
sugar that is found in a number of microorganisms, plants,
and animals. For over 20 years, the ability of trehalose to
stabilize proteins has been known (17, 63). In addition to
the stabilization of proteins, it has been shown that during
freeze-drying trehalose enhances the stability of living cells.
Recently, the positive effects of trehalose on a variety of cellular
processes such as osmotic shock (8), desiccation (79), and
temperature tolerance (31) have been demonstrated (83).

Most disaccharides are disassociated into monosaccharides
early in the digestive tract (most disaccharidases are in the
proximal duodenum), resulting in fast infusion of monosac-
charides into the plasma when a bolus of sugar is consumed.
However, the disaccharidase trehalase is found throughout
the entire length of the small intestine but in relatively small
quantities, which results in a relatively low glycemic effect but

a prolonged sustained blood glucose with the consumption
of trehalose. This characteristic may be the basis for future
research related to strategies for recovery or strategies for
sustaining blood sugar in physically active people.

In nature, trehalose may be found in fungi, the encrusta-

tions of insects, including underwater insects such as lobster
and crab insects, and may be directly consumed as such. In
all other natural sources, trehalose does not accumulate. In
addition, for all other forms of natural trehalose, the plant
or organism must be extracted to obtain the trehalose and
then the trehalose purified to food-grade, a process that
makes trehalose both very expensive and available only
seasonally. Many cultures commonly consume insects, which
are a source of both protein and trehalose. Commercially
available trehalose that is suitable for human consumption
is now also available.See Table 2.3 for the relative sweetness
of different carbohydrates.

Relative Sweetness of
Different Carbohydrates,
From Most Sweet to
Least Sweet

Table 2.3

Relative Sweetness
ScoreSugar

Sucrose (table sugar, which is the
standard against which all other
sugars are compared)

100

High-fructose corn syrup 120-180
Fructose (sweeter when cool) 110
Xylitol (sugar alcohol from xylose) 80-110
Glucose 60-70
Mannitol (sugar alcohol from
fructose)

60-70

Sorbitol (sugar alcohol from glucose) 60
Maltose 50

40-50Trehalose
Galactose 35
Lactose 20-30
Dietary fiber 0
Starch 0

Sources: Data from references Dansukker.com. Nordic Sugar. Available
from: https://www.dansukker.co.uk/uk/about-sugar/types-of-sugar
.aspx. Accessed February 19, 2018; Gwak M-J, Chung S-J, Kim YJ,
Lim CS. Relative sweetness and sensory characteristics of bulk and
intense sweeteners. Food Sci Biotechnol. 2012;21(3) :889-894; Joesten
MD, Hogg JL, Castellion ME. The World of Chemistry: Essentials. 4th
ed. Belmont (CA): Thomson Brooks/Cole; 2007. p. 359 [Sweetness
Relative to Sucrose, Table 15.1]; Noelting J, DiBaise JK. Mechanisms
of fructose absorption. Clin TransI Gastroenterol. 2015;6(ll):el20.
doi:10.1038/ctg.2015.50
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Polysaccharides
Polysaccharides (Box 2.7) are large molecules of at least 10
monosaccharides held together with bonds that humans
are capable of breaking apart { i.e.y digestible polysaccha-

rides), or not capable of breaking apart ( i.e.y indigestible
polysaccharides). The dietary digestible polysaccharides
are commonly referred to as starch, which is a storage form
of carbohydrate in plants. The storage form of digestible
polysaccharides in humans is glycogen. Both starch and
glycogen combine many molecules of glucose together, but
glycogen can be broken down into its component glucose
molecules quickly, making it an important source of energy
for humans (21).

Raw starch is difficult to digest because the carbohy-
drate is stored within thin-walled cells that are difficult for
digestive enzymes to penetrate. However, cooking causes
the fluid inside the cell wall to expand, causing the starch
to swell and burst and making it an easily available source
of carbohydrate. Imagine eating raw rice or raw popcorn.
Neither could be easily digested. However, heating the rice
or corn kernel liberates the starch inside, making the starch
available for digestion and absorption. Dextrins are a group
of carbohydrates made from the breakdown of either starch
or glycogen, with some forms, such as maltodextrin, used
as food additives to make solutions thicker or creamier.
Dextrins, including maltodextrin, can be easily digested to
quickly provide many molecules of glucose into the blood.

The indigestible polysaccharides are commonly referred
to as fiber or dietary fiber and, while they cannot be digested
to provide energy, are important for sustaining the health
of the GI tract. Different types of dietary fiber, including
soluble and insoluble fiber, have different physiological
effects. Foods containing soluble fiber (gums, mucilages,
and pectins) include fruits, oats, legumes, and barley, and
have the effect of decreasing gastric emptying time { i.e.y

reduce the amount of time foods are in the stomach), but
also decrease the rate at which glucose is absorbed in the
small intestine. This is an important health benefit, since
lowering the rate of glucose absorption also lowers the in-

sulin response, which would help to sustain normal blood
sugar longer and may also lower the rate of fat manufacture
by cells (46). Foods containing insoluble fiber (cellulose
and hemicellulose) come from foods such as wheat, veg-
etables, and seeds and have the capacity to absorb many
times its own weight in water. This increases stool bulk,
which improves peristalsis (the movement of consumed
food through the intestines). If consumed with water, in-

soluble fiber reduces constipation risk. However, insoluble
fiber increases gastric emptying time { i.e.y foods stay in the
stomach longer), which may not be desirable if consumed
prepractice or precompetition, when you want no foods
to be in the stomach during exercise. High-fiber diets,
therefore, may intensify GI complaints in physically active
people when consumed immediately prior to exercise (24).

|31 Dietary Fiber
A Polysaccharides

(Poly = many; saccharide = sugar.
“ Polysaccharide” means a
many molecule sugar.)

Also referred to as roughage, it is a term used to describe
indigestible polysaccharides and includes both soluble
dietary fiber and insoluble dietary fiber, both of which
have health benefits associated with lower risk of cancer,
better blood sugar control, and lower risk of heart disease.

Soluble dietary fiber is found in oats, barley legumes,
fruits, and vegetables. It can attach to cholesterol,
resulting in reduced cholesterol absorption and lower
risk of heart disease. It also reduces rapid blood sugar
elevation, lowering the risk of type 2 diabetes. It has
a high affinity for water, enabling a greater stool bulk
that helps to maintain bowel regularity. This fiber type
also improves the good bacteria in the gut { i.e., the gut
microbiome), which is associated with lower disease risk.
Insoluble dietary fiber is found in wheat bran, seeds,
vegetable stalks, and the skins of fruits. Because of
its high binding affinity for water, it improves stool
bulk and reduces the risk of constipation and related
problems { e.g. , hemorrhoids and diverticulitis).

Box 2.7

Digestible (a-1,5 and a-1,6 glycosidic bonds). These
are polysaccharides that humans can digest and
derive energy from.

•Starch

•Dextrins

•Glycogen
Indigestible ( p-1 ,4 and other bonds). These are poly-

saccharides that humans cannot digest, so cannot
derive energy from, and are often referred to as "fiber.”
•Cellulose

•Hemicelluloses

•Pectins

•Gums

•Mucilages
Note: Dietary fiber includes indigestible polysaccharides and lignin
that cannot be digested by human digestive enzymes but can be
partially digested by bacteria in the colon.

It should be noted that fruits and vegetables, which are
both excellent sources of soluble fiber (gums and pectins),
are also good sources of oxalic acidy which has a high
binding affinity for certain minerals (in particular, iron,
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zinc, calcium, and magnesium). If these minerals become
bound to oxalic acid, they are no longer available for
absorption (7). The insoluble fibers (cellulose and hemi-
cellulose) that are commonly found in the bran portion
of cereal grains, are also a good source of phytic acid. If
these same minerals (iron, zinc, calcium, and magnesium)
are bound to phytic acid, they also become unavailable
for absorption (77). An easy strategy for removing oxalic
acid from vegetables is to quickly blanch them in boiling
water, and then prepare the vegetables as desired. Since
oxalic acid has a bitter flavor and children are especially
sensitive to bitter tastes, following this strategy has the
double benefit of improving mineral absorption and also
making the vegetables more desirable for children to eat.
The general strategy for reducing the mineral binding
potential of phytic acid is to limit the consumption of
foods that are extremely high in it, such as bran, by sub-
stituting whole-grain cereals ( i.e., a bran-only cereal vs.
a whole-grain cereal).

A
Box 2.8 Functions of Carbohydrates

Source of energy that can be used with and without
oxygen (4 calories/g)
Protein sparing
Complete oxidation of fats
Instantaneous source of energy
Part of other body compounds
Can be converted to and stored as fat for eventual
use as energy
Keeps Gl tract healthy

Source of Energy for Cellular Function
and Energy Storage
Carbohydrates provide 4 calories/g and are unique among
the energy substrates (carbohydrates, proteins, and fats)
in that carbohydrates have the capacity to provide cel-
lular energy both anaerobically (without oxygen) and
aerobically (with oxygen). The primary source of energy
for cells is glucose, which is a carbohydrate, and some
cells are limited in their capacity to derive energy from
anything but glucose (Figure 2.1). The primary fuel for
the brain and central nervous system is blood glucose, so
the brain is sensitive to abnormal fluctuations in blood
glucose that can occur from infrequent eating (resulting
in low blood sugar), or excessive consumption of refined
or simple carbohydrates ( i.e., monosaccharides and di-
saccharides), which can cause a sudden and high rise in
blood sugar that results in an excessive insulin response
and low blood sugar (5). We can store a limited amount
(approximately 306 calories for 150 lb person) of glucose
in the liver as glycogen and also a limited amount (ap-

proximately 1,530 calories for 150 lb person) of glucose
as glycogen in muscles (45).

Functions of Carbohydrates

A mImportant Factors to Consider

Carbohydrates have many functions that are
necessary components of good health and athletic
performance. Consumption of more protein and/
or fat is not a replacement for carbohydrate, and
these other energy substrates cannot adequately
fulfill carbohydrate functions.
Low-carbohydrate intakes cause proteins to be
broken down to create needed carbohydrate
in the liver (gluconeogenesis), but because
humans have no storage of protein, this process
causes a loss of muscle mass from which the
protein is derived. The protein-sparing effect of
carbohydrates, therefore, is an important part of
why carbohydrates are needed. Qfl Simple Carbohydrates

Another term for sugars, which are easily and quickly
digestible/absorbable disaccharides (sucrose, maltose,
and lactose) and monosaccharides (glucose, galactose
fructose, ribose, and xylose).

Carbohydrates have multiple functions that are critical to
both human health and athletic performance. The basic
functions include the following: (1) providing a source of
energy for cellular function, (2) energy storage as glycogen,
(3) sparing protein, (4) breaking down fats for energy, (5)
normal GI function, (6) being a part of other compounds,
and (7) converting carbohydrates to fat. Importantly,
carbohydrate in the blood (blood glucose) is the primary
source of energy for the brain (Box 2.8.)

Sparing Protein
A failure to satisfy the tissue requirements for glucose will
initiate a process called gluconeogenesis, or the creation
of new glucose from nonglucose substances. Protein is
a primary gluconeogenic substance, because we have
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FIGURE 2.1: What happens to blood glucose.
> Liver Storage (Glycogen) to Support Blood

Glucose

Muscle Storage (Glycogen) to Support
Muscle Energy Needs

> Energy for Brain and Nervous SystemBlood Glucose
(Normal Level = 80-120 mg/dl)

> Energy for Muscle and Other Tissues

> Storage as Fat (Triglycerides)

Possible Urinary Excretion with Blood Sugar>
> 160 mg/dl

causes poor oxaloacetic acid creation, followed by in-
complete fat metabolism, which results in the creation
of ketones. Therefore, ketones are an acidic by-prod-
uct of incomplete fat metabolism, and when ketone
levels become elevated, the condition is referred to as
ketoacidosis (30). A common ketone is acetone , which
has a unique odor and can be smelled on the breath of
someone who is producing ketones (acetone smells like
nail polish remover). Acetone production is common
when undergoing a fast because available glucose is
depleted, resulting in the incomplete oxidation of fats.
The consumption of ketogenic diets ( z.e., high protein,
low-carbohydrate diets) as a strategy to lose weight is
common (57). These diets force the metabolism of fats
and proteins for energy, but with poor carbohydrate
availability, these diets result in ketone formation from
the incomplete oxidation of fats (39) .

[jl Gluconeogenesis
The process of generating glucose from
noncarbohydrates. For instance, glycerol, the 3-carbon
substance that holds three molecules of fatty acids to
make triglycerides (the common storage form of fat),
can be converted to glucose by the liver. Glycogenic
amino acids, such as alanine and glutamine, also have
liver pathways for conversion to glucose. Lactic acid can
also be converted to glucose. All of these conversions of
taking noncarbohydrate substances and making them into
glucose are considered gluconeogenesis.

well-established pathways for converting some amino
acids (the building blocks of proteins) to glucose. These
amino acids are appropriately referred to as glycogenic
amino acids. However, we have no storage of extra protein
or amino acids for this purpose, so to obtain these amino
acids for glucose synthesis, we break down body proteins
(muscle, as an example) and deliver the amino acids from
these proteins to the liver, where they are converted to glu-
cose. Therefore, consuming sufficient carbohydrate spares
protein from being broken down to derive glucose. This is
an important consideration for athletes because glucose is
rapidly utilized during exercise. A failure to maintain suf-
ficient carbohydrate availability in the blood and muscles
will break down the very tissues that the exerciser is trying
to build through exercise.

Helps Normal Gastrointestinal
Function
Dietary fiber, derived from fresh fruits, vegetables, beans,
and whole grains, is important for sustaining normal GI
function. Inadequate fiber consumption is associated with
constipation, hemorrhoids, diverticulitis/diverticulosis,
and higher risk of colon cancer. There is also evidence to
show that regular consumption of dietary fiber can lower
serum lipids, including blood cholesterol, thereby reducing
heart disease risk (46).

Complete Oxidation of Fats for Energy
When fats are broken down to be metabolized as a
source of energy, a small amount of glucose is needed to
enable the complete oxidation of fat. Carbohydrate can
be synthesized into oxaloacetic acid, which is required
for fat metabolism. Insufficient carbohydrate availability

Being a Part of Other Compounds
Some glucose is converted to ribose and deoxyribose,
which are molecular components of our genetic structure
(RNA and DNA). Glucose can also be manufactured
into nicotinamide adenine dinucleotide phosphate
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i( NADP), which is needed for the synthesis of fats and
cholesterol. NADP also lowers the risk of cellular oxi-
dative damage. Carbohydrates are also a part of other
compounds, such as glycoproteins and glycolipids. An
example of a glycoprotein is mucin , which is part of saliva
and responsible for making the saliva sticky and more
lubricating than water alone. Glycolipids are involved
in cellular communication and recognition, as different
cell types have different surface glycolipids (52). The
blood types A, B, AB, and O are different, for instance,
by the type of sugar that is part of the glycolipid in the
cell membrane (44).

Digestion, Absorption, and
Metabolism of Carbohydrates

A Important Factors to Consider

Starting with saliva in the mouth, there are many
components of carbohydrate digestion that involve
the mouth, stomach, and small intestine. The more
complex the carbohydrate, the greater the time it
takes for digestion and absorption to occur, and for
some carbohydrates (dietary fiber) we do not have
the digestive enzymes needed to digest them and
derive energy from them. However, dietary fiber
is an important component of Gl health and so
should be consumed as a regular part of the diet.
Consuming a high level of sugars at one time, which
requires little digestion, causes a large number of sugar
molecules to congregate in the Gl tract as they await
absorption. This results in fluids going from the blood
into the Gl tract to dilute the sugar. The resulting drop
in blood volume that occurs could negatively impact
sweat rates, the delivery of nutrients to working muscles,
and the ability to remove metabolic byproducts from
cells. To sustain physical activity, it is generally better
to consume smaller amounts of sugars more often
than to consume larger amounts at once.

Conversion of Carbohydrates to Fats
Excess carbohydrates that enter cells can be manufactured
into fat for storage and later utilization as a source of en-
ergy. Fats are more efficiently stored as energy, containing
9 calories/g versus 4 calories/g for carbohydrates, and we
have no upper limit to fat storage. By contrast, carbohydrate
storage as glycogen in the liver and muscles has a finite
upper limit. Although we can store excess carbohydrate
as fat, it is important to consider that there is no reverse
metabolic pathway for converting fats to carbohydrates.
Because of the ongoing requirement for carbohydrates,
consumption patterns of carbohydrates should dynamically
match requirements to avoid excessive use of the limited
glycogen stores (Figure 2.2).

Liver Glycogen
(Should never run out to

assure normal blood sugar)

A constant supplier of
glucose to blood, which

supplies glucose to brain
and muscles

Low blood glucose results
in mental fatigue, which

results in muscular fatigue

Stores approximately
300 to 350 kcal

Blood sugar will drop to below normal levels in 3 hours with normal daily activity. When physically active, liver
glycogen/blood sugar drops much more quickly. Low blood sugar results in gluconeogenesis.

I Muscle Glycogen I
(Needed for muscle function
in high intensity activities)

Used almost entirely for
muscle function, with only

small contribution to
maintaining blood sugar

Requires long time to fill up,
following specific

strategies

Stores approximately
1500 to 2000 kcal

Increasing muscle glycogen requires strategies that limit muscle glycogen utilization (i.e., avoidance of high
intensity activity), coupled with a regular, high intake of carbohydrate, and take several days.

FIGURE 2.2: Two carbohydrate storage systems to consider.
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Digestion
The purpose of digestion is to break down consumed car-
bohydrates into a form that allows them to be transferred
through the intestinal wall and into the blood, where they
can be distributed to cells. Digestion of carbohydrate takes
place in the mouth and small intestine and involves conver-

sion of more complex carbohydrates (starch and glycogen)
to less complex carbohydrates (disaccharides) and then to
single-molecule sugars (monosaccharides) to be absorbed
(70). A small amount of carbohydrate digestion takes place
in the mouth with salivary amylase, a digestive enzyme in
the saliva. To experience this digestion, put a small amount
of starchy carbohydrate (bread, cereal, etc.) into your mouth,
and leave it there without swallowing. After a short time you
will sense that the food tastes sweeter as the more complex
starch is digested into sugars.The pancreas produces a major
carbohydrate digestive enzyme, pancreatic amylase, which enters
early in the small intestine via the common duct shared by
the pancreas and the gallbladder (41).The pancreatic amylase
converts the remaining polysaccharides into disaccharides,
which are then further digested by disaccharide-specific en-
zymes (Table 2.4). The monosaccharides are then absorbed.

Absorption
The monosaccharides are transported into the intestinal wall
for transfer into the blood circulation. Glucose and galactose
are absorbed through a specific transporter (SGLT1), while
fructose is transported by another transporter (GLUT5).
Because GLUT5 availability is limited, a high level of dietary
fructose intake may overwhelm the transporter, keeping
a significant proportion of the fructose in the intestines
rather than getting absorbed (41, 58). These molecules of
fructose impart a high level of osmolar pressure, causing
fluid to move into the intestines, possibly resulting in
bloating and diarrhea (Box 2.7) It is for this reason that
foods containing added free fructose, as in high-fructose
corn syrup, may not be as well absorbed and cause more
GI difficulties than foods that contain naturally occurring
fructose (58).

Osmolarity and Osmolality
Osmolarity is defined as the concentration of a solution
expressed as the total number of solute particles per volume
of solution liter ( i.e., per liter and per quart) Osmolality is
osmotic concentration per mass of solvent ( i.e.,kg solvent/
kg solution).

A practical application of this is as follows: 100 calories
of sucrose (a disaccharide) has half the number of molecules
that 100 calories of glucose does and therefore imparts
half the osmotic pressure. Fluid moves in the direction
of the highest osmolarity, so for the same caloric load,
free glucose will have a greater tendency to “ pull” water

[]jl Complex Carbohydrates
Another term for digestible polysaccharides (starch, dextrin
and glycogen), and indigestible polysaccharides (gums,
pectins, cellulose, and hemicellulose). The indigestible
polysaccharides are also referred to as fiber or dietary fiber.

A

Table 2.4 Carbohydrate Digestion

Organ Role in Digestion of Carbohydrate
Mouth Salivary amylase initiates the digestion of starch and glycogen to the disaccharides (maltose,

sucrose, lactose).
Stomach There are no carbohydrate-specific digestive enzymes that are present in the stomach. However, the

fluid content and acidity of the stomach may aid in the digestive process.
Small intestine The pancreas produces a digestive enzyme (pancreatic amylase), which enters early in the small

intestine via the common pancreatic/bile duct. Pancreatic amylase is the major digestive enzyme for
starch and glycogen, and fully digests the digestible polysaccharides to disaccharides.
The small intestine produces disaccharidases (enzymes that break down the disaccharides to their
component monosaccharides.)

•Maltase breaks down maltose to 2 molecules of glucose

•Sucrase breaks down sucrose to 1 molecule of glucose and 1 molecule of fructose

•Lactase breaks down lactose to 1 molecule of glucose and 1 molecule of galactose.
The monosaccharides are absorbed into the blood in the small intestine.

Note: The digestive enzymes end in ase, while the sugar it digests ends in ose. Amylose is another word for digestible polysaccharide, or starch.

A.Nazari



ACSM’s Nutrition for Exercise Science •www.acsm.org42

toward it. Athletic gels are designed to deliver a high level
of carbohydrate calories in a relatively low osmolar product.
They accomplish this by delivering the carbohydrate in a
polysaccharide gel that has many molecules of monosac-
charides held together in a single polysaccharide molecule.
Only the number of particles per unit volume matters in
regard to osmotic pressure, so a single large polysaccharide
molecule imparts far lower osmotic pressure than its com-
ponent individual molecules of carbohydrate.

When delivered to the circulation, the portion of the
absorbed monosaccharides that is glucose results in an
elevation of blood glucose concentration. The absorbed
fructose and galactose must be converted to glucose, mainly
in the liver, and do not immediately contribute to the initial
elevation in blood glucose. The rise in blood glucose is
dependent on the rate of absorption, which is dependent
on multiple factors (10, 15), including:

The complexity of the consumed carbohydrate. More
complex carbohydrates require more digestion and
mediate the availability of glucose for absorption
Other substances consumed with the carbohydrate. Fats
and proteins delay the gastric emptying rate, thereby
mediating the availability glucose for absorption
The distribution of monosaccharides in the foods consumed.
Pure glucose causes a slight delay in gastric emptying, but
once in the intestines is readily absorbed if the volume of
glucose consumed does not exceed transporter (SGLT1)
availability. Assuming the same calories, a mixture of
monosaccharides is more quickly absorbed than any
single monosaccharide, as the mixture can capitalize
on the availability of transporters and absorption sites.

Insulin is secreted by the (3 cells of the pancreas in re-
sponse to the rise in blood glucose. Insulin is necessary for
the update of glucose by body cells. A fast increase in blood
sugar, however, may result in a hyperinsulinemic response
( i.e.y excess insulin production), which takes too much
glucose out of the blood and puts too much glucose into
cells, exceeding normal cellular requirements and storage
capacity. Cells then manufacture the excess glucose into
fat, and export the fat with the result that body fat mass
increases. Insulin production may also be influenced by the
protein and fat content of the meal, with higher amounts
buffering the speed with which glucose is absorbed, thereby
affecting the insulin response.

cannot be broken down by digestive enzymes and do not enter
the blood circulation but stimulate the growth of “ healthy”

bacteria by becoming a source of energy/nutrients for the
bacteria. The polysaccharides that can be fermented by
intestinal bacteria (the gut microflora) do not increase stool
bulk to the same degree as nonfermentable polysaccharides
but have the advantage of improving the gut microflora (27,
50). The partially digestible polysaccharides, including the
oligosaccharides common in beans, encourage the growth
of beneficial bacteria, such as bifidobacteria, in the GI tract
and are referred to as probiotics, live bacteria that are the
same as the beneficial bacteria in the human gut, and are
consumed as part of dietary supplements or foods, such as
“ live-culture” yogurt. Probiotic foods help to support good
bacteria in the gut. Synbiotic refers to a mix of prebiotics
and probiotics, which can provide both the bacteria and
the nutrients (fiber) that can help encourage the bacteria to
flourish. The bifidobacteria that colonize the GI tract help
to protect the gut from the potentially damaging effects of
pathogenic bacteria (28, 65).

After Absorption
The monosaccharides, glucose, fructose, and galactose, are
absorbed into the blood, but only glucose is immediately
available to cells to satisfy metabolic requirements. The
circulating fructose and galactose must be converted by the
liver to glucose for these monosaccharides to be available for
cellular use. Once converted to glucose, the liver may store
the glucose as liver glycogen (used to sustain blood glucose)
or may release the glucose directly back into the blood. The
amount of glucose that the liver exports to the blood is hor-
monally controlled by the pancreas, which produces both
insulin and glucagon, and the liver. Having either high or
low blood glucose can result in negative health consequences.

fj| Glucagon
A hormone made by the a cells of the pancreas that helps
to avoid hypoglycemia by initiating a slow breakdown of
liver glycogen for the resulting glucose to elevate blood
sugar.

Blood Sugar Control
Following a meal, insulin is released when blood glucose
rises to make the excess blood glucose available to cells.
The pancreas monitors the level of blood glucose as the
blood flows through it. When it detects that blood glucose
is rising above the desired level (-120 mg/dL), it releases
the hormone insulin, which affects cell membranes to allow

Unabsorbed Carbohydrate
The indigestible polysaccharides absorb many times their
own weight in water, increasing stool bulk and reducing
constipation risk. Prebiotics are carbohydrates (fiber) that
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Low Blood Sugar
(below 88 mg/dl)

High Blood Sugar
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FIGURE 2.3: How the pancreas and liver sustain normal blood sugar.

glucose to enter the cell. The effect of insulin is twofold: (1)
to lower blood glucose and (2) to make glucose available
to cells. As blood sugar continues to drop and reaches its
low threshold (~80 mg/dL), the a cells of the pancreas
release the hormone glucagon (Figure 2.3). Glucagon sig-

nals the liver to break down liver glycogen and release the
component glucose molecules into the blood. The effect of
glucagon is twofold: (1) to raise blood glucose and (2) to
lower liver glycogen stores. Up to the limitations of eating
frequency and glycogen storage, insulin and glucagon serve
to maintain blood sugar within the normal range, while
providing needed glucose to the brain and other body cells.

Normal blood glucose maintenance occurs in approx-

imately 3-hour units (4). That is, following a meal, blood
sugar reaches its peak 1 hour later and is back to premeal
levels about 2 hours after that, suggesting that it is again
time to eat. When a person is physically active, however,
blood sugar is used at a much faster rate, making it neces-
sary for carbohydrate to be consumed more frequently to
sustain blood sugar (Figure 2.4). One of the main functions
of carbohydrate-containing sports beverages is precisely
to ensure that blood sugar is maintained within desirable
limits during exercise. The current recommendation, for
people who exercise 1 hour or longer, is to consume a sports
beverage (11, 12, 67). Those who exercise at extremely high
intensity may require sports beverages to sustain blood
glucose even if the exercise duration is less than 1 hour. A
failure to sustain normal blood sugar creates difficulties.
Low blood sugar (hypoglycemia) results in nervousness,

dizziness, and faintness. Should hypoglycemia occur during
exercise, it will result in mental fatigue, which is associated
with muscle fatigue (even if the muscles are full of glycogen).
In addition, low blood sugar may result in gluconeogenesis,
often resulting in a breakdown of lean mass (see more on
gluconeogenesis later in this chapter).

Consumption of high glycemic index foods and/or diabetes
may result in high blood sugar (hyperglycemia), which is
associated with dehydration and, if severe, coma. Chronic
hyperglycemia resulting from high body fat levels, excess
consumption of food, inadequate activity, or consumption of
high glycemic foods results in chronic hyperinsulinemia (too
much insulin production). This continuous excess insulin
production has the effect of reducing cellular sensitivity

(Jl Hypoglycemia
An abnormally low blood sugar (blood glucose) level
that is commonly the result of excess insulin, either from
consuming high glycemic foods or from taking excess
insulin if a diabetic. Normal blood sugar is in the range of
80-120 mg/dL, and hypoglycemia is defined as having a
blood sugar level of 70 mg/dL or below.

OH Hyperglycemia
An abnormally high blood sugar (blood glucose) level that
is characteristic of metabolic syndrome and diabetes.
Normal blood sugar is in the range of 80-120 mg/dL, and
high fasting blood sugar (after not eating or drinking for
8 hours) is >130 mg/dL.
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While the proportion of fat
burned to satisfy total caloric
requirement is lower at
higher exercise intensities
(65 and 85% of V02max), the
total mass of fat burned is
greater than at lower
intensities (25% V02max).

n Muscle
Glycogen
Muscle
Triglyceride
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Plasma
Glucose

o 300-A greater proportion of fat is
burned at 25% V02max than
at higher intensities, but the
total calories burned from fat
is less than at higher intensities
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FIGUR E 2.4: Fuel burned at different exercise intensities. Note: At higher intensities of exercise, there is an increasingly greater reliance
on muscle glycogen to supply the needed fuel. (Modified from Romijn JA, Sidossis LS, Gastaldelli A, Florowitz JF, Wolfe RR. Regulation of
endogenous fat and carbohydrate metabolism in relation to exercise intensity and duration. Am J Physiol. 1993;265:E380-91.)

to insulin and is associated with type 2 diabetes (insulin is
produced, but it is ineffective in reducing blood glucose, so
blood glucose is elevated). Type 1 diabetes is also associated
with high blood sugar but is the result from a failure of the
pancreas (3 cells to produce insulin. Type 1 diabetes is often
seen in children, and may be the result of the body’s immune
system destroying the body cells or a bacterial infection
that targets and destroys the (3 cells. Type 2 diabetes is often
called adult-onset diabetes because the onset of diabetes
was most often seen in adults. However, type 2 diabetes is
now being seen with ever increasing prevalence in obese
children. Both type 1 and type 2 diabetes are associated
with high blood glucose. Blood glucose that is above the
level of 160 mg/dL exceeds the renal threshold and starts
to show up in the urine. Sugar (glucose) in the urine is a
sign of uncontrolled diabetes (48).

Another hormone that has an impact on blood glucose
is epinephrine (adrenaline), which is produced mainly by
the adrenal glands. It has the effect of rapidly increasing
the breakdown of liver glycogen to infuse a high level of
glucose into the blood extremely quickly (73). It also in-

creases muscle blood flow and heart output. It is thought
that the main purpose of epinephrine is survival in the
“ flight or fight” response that occurs when in imminent
danger. The ready availability of energy (blood glucose)
coupled with high cardiac output and improved muscular
blood flow serves to help the individual move extremely
quickly and with a high level of power. However, the quick
depletion of liver glycogen also results in low blood sugar
and exhaustion soon after the epinephrine has had its
effect. It is because of this later effect that staying calm
and being familiar with the surroundings { i.e., avoiding an
adrenaline production) is helpful for maintaining athletic

performance. Epinephrine is also used as a medication to
treat a severe allergic response called anaphylaxis. People
with allergies often carry with them an EpiPen Auto-Injector
(filled with epinephrine) to quickly enhance the immune
response and avoid the potentially dangerous effects of a
serious allergy (47).

(J| Epinephrine
Also referred to as adrenaline, this hormone initiates a
quick breakdown of liver glycogen for the resulting glucose
to quickly elevate blood sugar. It also increases the insulin-
mediated flow of the high-energy ( i.e., high-glucose) blood
to muscles, enabling fast muscle movement, which is
an important component of the fight-or-flight response
associated with epinephrine/adrenaline. Note: the
depletion of liver glycogen associated with epinephrine is
related to exhaustion and signs of hypoglycemia after the
initial epinephrine-induced high-energy state.

Glycemic Index and Glycemic Load
The glycemic index (Figure 2.5) compares the potential
of foods containing the same amount of carbohydrate to
raise blood glucose. However, the amount of carbohydrate
consumed also affects blood glucose and, therefore, the
insulin response (5). The glycemic load is calculated by
multiplying the glycemic index by the amount of carbo-
hydrate (g) provided by a food and dividing the total by
100. Each unit of glycemic load represents the equivalent
blood glucose-raising effect of 1 g of pure glucose. The
dietary glycemic load equals the sum of the glycemic loads
for all the foods consumed in the diet and may be used
to describe the relative quality of the diet. In general, it is
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High glycemic index foods
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FIGURE 2.5: Glycemic index is a measure of how foods have an impact on blood glucose. Consumption of high glycemic index foods results
in a fast high blood glucose, which is responded to with excess insulin. This removes too much glucose out of the blood and puts too much
glucose into cells, exceeding cellular requirements. Cells convert the excess glucose into fat (body fat increases). Chronically consuming high
glycemic index foods results in high body fat, lower insulin sensitivity, and higher risks of type 2 diabetes. (Data from Granfeldt Y, Bjorck I,
Hagander B.On the importance of processing conditions, product thickness and egg addition for the glycaemic and hormonal responses to
pasta : a comparison with bread made from ‘pasta ingredients’. EurJ Clin /Vc/Tr.1991;45(10) :489— 99.)
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good to be consuming foods with a relatively low glycemic
load (Table 2.5).

As indicated in Table 2.5, 1 cup of brown rice has a
glycemic load (18) below that of cornflakes (21), despite
delivering more carbohydrate (33 vs. 26 g). Delivering
the same amount of carbohydrate as table sugar, a baked
potato will exert a higher glycemic load (21 vs. 23). The
type of carbohydrate consumed, therefore, matters with
regard to the expected endocrine response. For instance,
table sugar is composed of sucrose, which is 50% glu-
cose and 50% fructose. Baked potatoes are composed
of starch, which is mainly a polymer of glucose. The
fructose does not immediately contribute to the glycemic
load, so baked potatoes have a higher glycemic effect.
A lower glycemic load will result in a lower insulin
response, a more stable blood sugar, and a lower rate

Qjl Glycemic Index
Relative to the standard value of 100 for glucose, the
glycemic index indicates a food’s effect on blood glucose.
High glycemic index foods { i.e., with a value near 100)
elevate blood sugar quickly. Low glycemic index foods
{ i.e. , with a value of <55) elevate blood sugar slowly. High
glycemic index foods initiate a high insulin response,
which puts excess blood glucose in cells, causing cells to
create fats from the glucose for storage and later use.

fjl Glycemic Load
Similar to glycemic index, but the glycemic load indicates the
impact on blood glucose adjusted for a 100 g serving. A glycemic
load of >20 is considered high, while a glycemic load of <10 is
considered low. For instance, the glycemic index of watermelon
has a relatively high glycemic index value of 72, but a 100 g
serving of watermelon has a relatively low glycemic index of 3.6.

Table 2.5 Glycemic Index and Glycemic Load for Selected Foods

Glycemic Load/
Serving

Glycemic Index (Relative to
Glucose, Which Equals 100)

Carbohydrate/
ServingFood Serving

Cornflakes 81 1 cup 26 21
78 3 cakes 21 17Rice cakes
76 1 medium 30 23Baked potato

73White bread 1 slice 14 10
68 2 tsp 10Table sugar 7

White rice (boiled) 64 1 cup 36 23
Brown rice (boiled) 55 1 cup 33 18
Orange, fresh raw 42 1 medium 11 5
Kidney beans, boiled 28 1 cup 25 7

1Peanuts, roasted 14 1 oz 6
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of fat manufacture. The general recommendations for
carbohydrate consumption are:

Consume fiber-rich fruits, vegetables, and whole grains
often
Try to select foods and beverages with little or no added
sugars or sweeteners

activities that require a high level of ATP but remains
within the athletes capacity to supply sufficient oxygen
for energy metabolism.
Aerobic Metabolism (Oxygen System). This system (glu-
cose + 602 ->6C02 + 6H20 + heat) produces ATP from
the combined breakdown of carbohydrates and fats and
is used for low- to moderate-intensity activities of long
duration. This system avoids the production of lactic acid,
which allows the energy metabolic process to continue
for long periods of time. Fats can only be metabolized
via this aerobic system. Protein can be metabolized to
produce ATP, but only after the nitrogen associated
with protein molecules is removed. Once removed, the
remaining carbon chain can be converted to carbohydrate
and metabolized either aerobically or anaerobically or
stored as fat to be metabolized aerobically. As humans
have no protein storage for the purpose of supplying
energy, using protein as an energy source requires the
breakdown of tissue protein ( i.e., muscle and organ
tissue), to supply the fuel to create ATP, and should not,
therefore, be considered a preferred source of energy.

The theoretical yield of ATP molecules from 1 molecule of
glucose is 38 ATP (2 from glycolysis, 2 from Krebs cycle, and
34 from electron transport (59). However, this much ATP
production is not normally achieved because of the ATP
cost of moving pyruvate (from glycolysis), phosphate, and
ADP (substrates for ATP synthesis) into the mitochondria
(72) (Figure 2.6).

Metabolism
Humans have ongoing energy requirements, and carbo-
hydrates play an important role in the provision of energy.
Ultimately, energysubstrates are metabolized into adenosine
triphosphate (ATP), which is the fuel for all cellular work,
including digestion, muscle contraction, nerve transmission,
circulation, tissue synthesis, tissue repair, and hormone
production. When the phosphate bond is broken, energy
is released, and ATP is formed into adenosine diphosphate
(ADP). Humans have a small energy reserve of ATP that
must constantly be resynthesized to avoid running out. Some
energy for ATP resynthesis is supplied through the anaerobic
(without oxygen) splitting ofphosphocreatine (PCr) into cre-
atine and phosphate, which releases energy. The creatine and
phosphate can be joined again into PCr. Carbohydrate is the
only nutrient that can provide energy anaerobically to form
ATP. Energy released from breakdown of preformed ATP
and PCr can sustain high-intensity exercise for approximately
5-8 seconds. For instance, the 100-meter world record time
of approximately 9.6 seconds exceeds the human capacity
to supply the needed ATP from stored ATP and PCr, so the
sprinters slow down during the last ~1.5 seconds because
the highest-intensity fuel sources are exhausted.

There are four basic energy metabolic systems: phospho-
creatine system, anaerobic glycolysis (lactic acid system),
aerobic glycolysis system, and aerobic metabolism (oxygen
system):

Phosphocreatine System ( PCr).This system can produce
ATP anaerobically from stored phosphocreatine and
can be used for maximal intensity activities that last
no longer than 8 seconds. (After 8 seconds, the PCr is
depleted and must be reformed.)
Anaerobic Glycolysis (Lactic Acid System). This system
involves the anaerobic production of ATP from the
breakdown of glycogen, with lactic acid production
as a by-product of this system. This is used for very
high-intensity exercise that exceeds the person’s ability
to consume enough oxygen. Anaerobic glycolysis can
typically produce ATP for no more than 2 minutes.
Aerobic Glycolysis.This describes the production of ATP
from the breakdown of glycogen through the utiliza-

tion of oxygen. This system is used for high-intensity

Making Carbohydrate from Noncarbohydrate
Sources

As noted earlier, gluconeogenesis refers to the process of
making glucose from noncarbohydrate substances. Blood
glucose is critical for central nervous system function, aids
in the metabolism of fat, and supplies fuel to working cells.
However, because of its limited storage capacity as liver
glycogen, which helps to maintain blood sugar, a minimum
level of glucose is always available through the manufacture
of glucose from noncarbohydrate substances (see Figure 2.2).

There are three main systems for gluconeogenesis (26,
49, 85):

Triglycerides are the predominant storage form of fat in
the human body and consist of three fatty acids attached
to a glycerol molecule. The breakdown of triglycerides
results in free glycerol molecules (a three-carbon sub-

stance), and the combination of two glycerol molecules
in the liver results in the production of one glucose
molecule (a six-carbon substance). The kidney is also
capable of manufacturing glucose from glycerol.
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FIGURE 2.6: Carbohydrate metabolism.

Catabolized muscle protein results in an array of free
amino acids that constituted the building blocks of
the muscle. One of these amino acids, alanine, can be
converted by the liver to form glucose.
In anaerobic glycolysis, lactic acid is produced. This
lactic acid, or lactate, can be converted back to pyruvic
acid for the aerobic production of ATP, or two lactic
acid molecules can combine in the liver to form glucose.
The conversion of lactate to glucose is referred to as
the Cori cycle (lactate removed from the muscle and
glucose returned to the muscle). If blood glucose is low,
pyruvic acid can be converted to lactate, and glucose
can be produced via the Cori cycle.

Regardless of whether an athlete is involved in
primarily power or endurance activity, carbohydrate
is considered to be that limiting energy substrate
in performance. That is, when carbohydrate
(glycogen) stores become depleted, performance
quickly deteriorates. Because of this, all athletes
should have well-developed strategies for ensuring
adequate carbohydrate consumption before, during,
and following activity to assure optimal recovery.

The Institute of Medicine (2002) recommends 130 g (520
calories) of carbohydrate per day, which is the average
minimal usage of glucose by the brain. The desirable range
of carbohydrate intake is 45%-65% of total caloric intake
(also referred to as the acceptable macronutrient distribu-
tion range, or AMDR). The daily value for carbohydrate
that is on food labels is based on a recommendation that
carbohydrate should constitute 60% of total energy con-
sumed. These recommendations also generally advise that
sugar consumption be limited to no more than 25% of the
carbohydrate consumed (32, 80).

Dietary fiber consumption (from indigestible and partially
digestible polysaccharides) should be at the level of 38 g/day
for adult men and 25 g/day for adult women. Adequate
fiber consumption aids in the maintenance of normal blood
sugar, reduces heart disease risk, and lowers constipation
risk. The difference between genders in recommended
fiber consumption is based on the expectation that women
typically consume less total energy.

Carbohydrate Intake
Recommendations

A Important Factors to Consider

The recommended intake of carbohydrate for
athletes ranges from 5 to 10 g/kg. This level of
intake is far higher than that for protein, which has
a recommended range of 1.2-1.7 g/kg. Despite this
difference, many athletes still wrongly believe that
focusing on protein as the primary fuel is beneficial
for optimizing athletic performance.
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Athlete requirements for carbohydrate are based on
several factors, including:

providing energy to satisfy the majority of caloric needs;
optimizing glycogen stores;
allowing for muscle recovery after physical activity;
providing a well-tolerated source of energy during
practice and competition;
providing a quick and easy source of energy between
meals to maintain blood sugar.

Carbohydrate consumption has traditionally been
recommended as a proportion of total caloric intake.
The recommendation for the general population is that
carbohydrate should supply 50%-55% of total calories,
and the dietary reference intake is 130 g/day (520 calories/
day) for male and female adults. However, the amount typ-
ically recommended for athletes is slightly higher, between
55% and 65% of total calories, assuming an adequate total
caloric intake. The current system for recommending
carbohydrate requirement is by taking into consideration
the amount of carbohydrate to be consumed (in grams)
per kilogram of body mass. The current recommendation
for athletes ranges from 3 to 12 g/kg body weight per day,
depending on the intensity and duration of activity (76).
This recommendation is based on a large body of research
indicating that carbohydrates maintain blood glucose lev-
els during exercise and replace muscle glycogen, with the
range of intake based on the total energy expended, the
type of sport (e.g., high-intensity activity is more reliant
on carbohydrate as a fuel), gender, and environmental
conditions. Using these values, a 70-kg athlete would be
expected to consume between 420 and 700 g/day, a level
far greater than that recommended for the general public.
The recommended carbohydrate consumption for a large
136-kg (300 lb) football player would be even higher, rang-

ing from 815 to 1,360 g/day, or 3,260-5,440 calories/day
from carbohydrate alone. However, care should be taken
when estimating total carbohydrate requirements, since a

diet containing 500-600 g of carbohydrate per day for a
70-kg athlete is likely to adequately support glycogen stores.
However, a short athlete consuming 60% of total energy
from carbohydrates may not have sufficient carbohydrate
to satisfy glycogen stores (60). It is important, therefore,
to consider both athlete size and energy expenditure in
determining optimal carbohydrate intakes.

Carbohydrate and Human Performance
In virtually all types of physical activity, carbohydrate avail-
ability is considered to be the limiting energy substrate in
performance. That is, when carbohydrate runs out, the ability
to perform physical activity at a high pace is limited, and
performance drops. As is evident from the information in
Table 2.6, the human system has limited storage of carbohy-
drate relative to the other energy substrates, fat and protein,
and the availability of carbohydrate is worse than it seems.
Exercise typically accesses specific muscles that use muscle
glycogen at a faster rate than muscles that are not used, and
these muscles can deplete muscle glycogen relatively quickly.
However, the glycogen present in the nonused muscles is not
“shared” by the muscles that use glycogen, so the availability
of glycogen is actually lower than it appears to be in Table 2.5.

In actuality, people utilize carbohydrate and fat simul-
taneously to derive energy, and the more well conditioned
they are, the better able they are to use fat, which uses less
carbohydrate and increases the time to exhaustion (/.£.,
the point at which carbohydrate is depleted). As seen from
Figure 2.4, the higher the intensity of activity, the greater the
rate of carbohydrate utilization to satisfy energy requirements.

The rate of fat utilization still remains significant in
high-intensity activity, but the additional energy for activities
at and above 65% of maximal oxygen consumption all comes
from carbohydrate. Therefore, high-intensity activity will
result in a faster depletion of carbohydrate stores. However,
being well conditioned through a good training program
can increase the reliance on fat and decrease the reliance

Carbohydrate Stores in the Average Weight (154 lb), Lean (10% Body
Fat) Male, and Length of Exercise Time if Solely Reliant on the Specific
Energy Source

Table 2.6

Source Mass (kg) Energy (calories) Exercise Time (min)

Liver glycogen 0.08 306 16
0.40 1,530 80Muscle glycogen

0.01 38 2Blood glucose

Fat 7.0 62,141 3,250
Protein 13.0 52,581 2,750

Source: Adapted from Maughan RJ, editor. The Encyclopedia of Sports Medicine: Sports Nutrition. West Sussex: Wiley-Blackwell; 2014.
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Glycogen synthesis from the consumption of carbo-

hydrates is reliant on the enzyme glycogen synthase. This
enzyme is highest when glycogen storage is lowest in the
period immediately following physical activity. Therefore,
carbohydrate should be consumed in the time immediately
following physical activity to optimize glycogen synthesis.
It has been found that the best glycogen synthesis occurs
in the first 4 hours following exercise, when carbohydrate
is consumed in frequent small feedings (33, 81, 82). It also
appears that the form of carbohydrate consumed (liquid
vs. solid) may not be an important factor in glycogen
resynthesis (38). However, low glycemic index foods ( i.e.,
more complex carbohydrates) are known to be effective in
assuring optimal glycogen storage (9). Energy balance is an
important factor in glycogen synthesis, as it is known that
energy restriction results in lower glycogen storage even
when the same amount of carbohydrate is provided (75).

The maximum storage capacity of glycogen in a well-trained
male athlete is about 400 g, which equates to around 1,530
calories. As the athlete experiences a decrease in blood
glucose and these glycogen stores are depleted, the athlete
will experience fatigue, which results in a decrease in athletic
performance. Blood glucose is responsible for cognitive brain
function, so as blood glucose levels decline, the brain is not
adequately perfused with energy. The decrease in blood
glucose causes mental fatigue, which results in muscular
fatigue and a reduction in athletic performance (84).

Performance during endurance activities has been shown
to heavily rely on carbohydrate availability. Therefore, it
is thought that carbohydrate loading and carbohydrate
consumption during activity will positively affect athletic
performance. Carbohydrate loading is when one con-

sumes high levels of carbohydrate, generally 10-12 g/kg
body weight, 2-3 days prior to an athletic event. Another
recommendation is to consume carbohydrates during
exercise. Carbohydrate consumption during exercise will
supplement the body’s glycogen stores and prevent blood
glucose levels from rapidly declining. This will prevent
fatigue and a decrease in performance. The most recent
guidelines state that 30-60 g of carbohydrate per hour of
exercise is recommended (60).

It has been found that the intake of glucose plus fructose
will allow the human body to utilize more carbohydrates, thus
increasing the recommendation of carbohydrate consumption
during exercise (78).The reasoning behind why a consump-
tion of mixed carbohydrates is more effective than a single
carbohydrate is still unknown. However, it is thought that
when mixed carbohydrates are consumed, separate transporter
proteins may enhance intestinal carbohydrate absorption (84).
It is also important to consume carbohydrates after exercise
to replenish the muscle and liver glycogen stores that were
utilized during exercise. This is strongly recommended for
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on carbohydrate, with the result that time to exhaustion is
increased (Figure 2.7).

Maximizing Glycogen Storage
Because stored glycogen is limited and therefore important
to maximize prior to a competitive event or exercise, it is
important to consider the dietary strategy needed to optimize
its storage. This strategy is often referred to as glycogen load-

ing and was first described by Bergstrom (6).This glycogen
loading technique involved depleting muscle glycogen stor-

age through hard exercise coupled with a low-carbohydrate
diet for 3 days. This was followed by a high-carbohydrate
diet and little or no exercise for 3 days. It was believed that
muscle depleted of glycogen would behave like a sponge to
maximize glycogen storage once carbohydrate was made
available. A number of years later, another glycogen loading
strategy was described by Sherman et al. (69).This strategy
involved sustaining a high-carbohydrate diet coupled with
a tapering of exercise. It was found that the latter technique
was equally successful in optimizing glycogen storage, and
subsequent studies have confirmed two basic principles for
physically active people to follow (9, 18):

Reducing the utilization of glycogen through the tapering
off of physical activity is useful for optimizing storage.
Consuming carbohydrate is necessary for maximizing
glycogen storage.
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athletes who compete in multiday competitions or who will
compete in two events in 1 day (13).

is derived from blood glucose and/or a replenishment of
muscle glycogen “ fuel” during the activity (53). A number
of more recent studies have suggested that carbohydrate
consumption during intermittent sport improves skill per-
formance either during (22) or at the end of the activity (2,
86). A study assessing soccer skills found that consuming
a carbohydrate-containing beverage reduced the typical
performance deterioration in shooting (kicking) (64).

High-Intensity Sports
In high-intensity sports with a duration of between 30 and
60 minutes, there is evidence that carbohydrate consumption
during the activity improves performance (36).There is also
evidence that the use of a carbohydrate mouth rinse for high-in-
tensity activity lasting between 30 and 60 minutes improves
performance, despite no carbohydrate being absorbed. This
involves drinking a carbohydrate solution without swallowing,
and spitting it out after 5 seconds in the mouth (12, 61). Care
should be taken to not apply these findings to activities that
are shorter than 30 minutes or longer than 60 minutes, as
longer duration activities clearly require the actual ingestion of
carbohydrate. The likely basis for the improved performance
using a carbohydrate mouth rinse is brain stimulation from
the taste of carbohydrates in the mouth (14).

Endurance Sports
Carbohydrate consumption in sports activities with a dura-
tion exceeding 2 hours has been shown to improve time to
exhaustion ( i.e., improved endurance) (34). It is likely that this
consumption reduces the rate of muscle glycogen utilization
and also helps to maintain normal blood glucose levels, thereby
avoiding the performance deficits associated with mental
fatigue. Studies of cyclists competing in the Tour de France
have extremely high-carbohydrate consumption patterns of
more than 90 g/hour (66). It also appears that carbohydrate
polymer (gel) is well tolerated in long-duration events,
whether it is composed of glucose or glucose-fructose (56).Team Sports

Athletes participating in team sports that involve inter-
mittent stop-and-go activities experience a performance
benefit when carbohydrate-containing beverages are con-

sumed during the activity (53). The likely benefits from
this consumption are from a lower breakdown of muscle
glycogen, as a proportion of the required muscular fuel

Carbohydrate Consumption in Different
Activities
Different durations and intensities of exercise require
different carbohydrate intake strategies (Figure 2.8). Total

Small amt
or mouth
rinse

Single or multiple transportable
carbs. Practicing strategy highly

recommended
30-75 30 min

min

Single or multiple transportable
carbs. Practicing strategy highly

recommended
60 min30 g/hr

1-2 hr

Single or multiple transportable
carbs. Practicing strategy highly

recommended

2 hours
60 g/hr

2-3 hr

Glucose-Fructose only. Practicing
strategy highly recommended

2.5 hours
90 g/hr> 2.5

hr

FIGURE 2.8: Recommended carbohydrate intake for different exercise durations in well-conditioned athletes. (Modified from Jeukendrup
AE. Carbohydrate ingestion during exercise. In: Maughan RJ, editor. Sports Nutrition: The Encyclopedia of Sports Medicine. West Sussex:
Wiley-Blackwell; 2014.)
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carbohydrate consumption recommendations range from
30 to 60 g/hour (67) to up to 90 g/hour (35). It is likely that
intakes above this level are difficult to achieve and may result
in GI upset. One limitation for carbohydrate consumption
is absorption capacity. Studies have found that absorption
is enhanced when multiple types of carbohydrates are con-
sumed, particularly at the levels of 60-90 g/hour. Therefore,
it is recommended that combinations of glucose, maltose,
maltodextrin, and fructose be consumed during exercise,
particularly at durations >2.5 hours, rather than any single
source of carbohydrate (33, 34, 78).

There is also evidence to suggest that there are wide
individual differences in carbohydrate tolerance, but prac-
ticing the consumption of carbohydrate during exercise
improves tolerance to higher volumes and concentrations
of carbohydrate, resulting in lower risk of GI distress. For
instance, athletes running the marathon often practice
without carbohydrate/electrolyte beverages, but then have
the availability of beverages to consume every 5 km during
a race. The athletes who practice consuming carbohydrate/
electrolyte beverages can consume more during the race
with better race outcomes (19, 71).

Practical Application Activity
Carbohydrate intake can be analyzed as a percentage
of total calories consumed (% carb) or as grams of
carbohydrate/kg mass (g/kg). The preferred method
is g/kg, as this provides an adjustment for the carbo-

hydrate intake based on body mass. Using % carb, it
is possible for someone to have what appears to be a
desirable carbohydrate consumption (Example: 55% of
total calories), but if insufficient calories are consumed,
the carbohydrate consumption will be inadequate. It is
also important to know your indigestible carbohydrate
consumption (fiber) and how sugar contributed to your
total carbohydrate intake. You can assess your food
intake for all of these using the procedure described in
Chapter 1, accessing the online USDA Food Composition
Database (https://ndb.nal.usda.gov/ndb/search/list);
only, this time, focus on carbohydrate, fiber, and sugar
with your food search:

1. Create a new spreadsheet analysis of a typical day of
intake, creating columns for energy, carbohydrate,
fiber (total dietary), and sugars (total).

2. When completed, analyze your dietary intake for
these nutrients as follows:

a. Calculate grams of carbohydrate/kg by dividing
carbohydrate by your weight in kilograms. Compare
your carbohydrate/kg with the recommended intake.

b. Calculate percentage (%) of total calories from
carbohydrate as follows:

i. Multiply grams of carbohydrate x 4 to obtain
calories from carbohydrate.

ii . Divide total energy (calories) consumed by
calories from carbohydrate to derive the per-
centage of total calories from carbohydrate.

iii. Compare this percentage with the recom-

mended intake.

c. Compare your total dietary fiber intake with
the recommended intake (women
men = 38 g/d)

d. Calculate percentage of total calories from sugar
as follows:

i. Multiply grams of sugar x 4 to obtain calories
from sugar.

ii. Divide total sugar calories by total calories to
derive the percentage of total calories from sugar.

iii. Calculate “added sugars” by subtracting
naturally occurring sugar from total sugar.

iv. Compare your total sugar intake, as percentage
of total calories, with the recommended intake.

Summary

Physically active people should consider that only the
energy substrates (carbohydrate, protein, and fat) provide
the carbon chains needed to produce ATP.
Vitamins and minerals are necessary to help the process
of deriving energy from the energy substrates but do
not provide energy themselves.
Humans have “energy-first” systems, meaning that
sufficient energy must be provided to ensure that all
normal body processes can take place. A failure to
provide sufficient energy in a way that dynamically
matches requirements will interfere with performance.
Many athletes “ postload” energy consumption, that
is, they consume the required energy at the end of the
day, after they needed it, resulting in poor outcomes.
Physical activity elevates the rate at which blood glucose
is utilized and can result in low blood glucose, which
is associated with premature mental muscular fatigue.
Different carbohydrates are best consumed at different
times. When not exercising (pre- and postexercise),
starch-based complex carbohydrates are best for ensur-
ing optimal glycogen storage. During and immediately
after exercise, a combination of sugars is best to sustain
blood glucose to provide energy to working muscles
and for replenishing glycogen stores.

25 g/d;

(continued)
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c. stimulation of a cells in the pancreas and secretion
of glucagon

d. stimulation of (3 cells in the pancreas and secretion
of glucagon

7. Cortisol may be produced when blood sugar is:
a. Normal
b. Above normal
c. Below normal
d. None of the above

8. One difference between epinephrine and glucagon
is that glucagon can more rapidly break down liver
glycogen to glucose.
a. True
b. False

9. Of the following, which is the least sweet tasting?
a. Sucrose
b. Maltose
c. Lactose
d. Fructose

10. Of the following, which is considered an abnormal
(not desired) outcome for glucose:
a. Conversion to liver glycogen
b. Utilization as a source of energy (ATP production)
c. Excretion in the urine
d. Source of fuel for the central nervous system

3. Review which foods contribute most to your fiber
intake and your sugar intake. Make an adjustment,
if needed, in your food intake by reducing the foods
high in sugar and increasing the foods high in fiber.

4. Keep analyzing and adjusting until the carbohydrate
consumption is desirable for g/kg, fiber, and sugar,
and to view what type of carbohydrate and how
much carbohydrate you would consume to ideally
satisfy your needs.

Chapter Questions

1. Why are many people unable to digest milk sugar?
a. They lack pancreatic amylase
b. They lack the proper intestinal bacteria
c. They were not breastfed
d. They have a lactase deficiency

2. What is gluconeogenesis?
a. The production of glucose from noncarbohydrate

sources
b. The oxidation of glucose under anaerobic conditions
c. The maximum amount of glycogen that can be

stored
d. The use of ketone bodies for glucose by the brain

3. Carbohydrate that is consumed during endurance
exercise appears to delay fatigue by:
a. providing a steady supply of glucose that exercising

muscle can use
b. sparing muscle glycogen
c. rapidly resynthesizing muscle glycogen
d. all of the above

4. Muscle glycogen is a:
a. Monosaccharide
b. Disaccharide
c. Polysaccharide
d. None of the above

5. Sucrose is a:
a. Monosaccharide
b. Disaccharide
c. Polysaccharide
d. None of the above

6. The physiological response to hyperglycemia resulting
from the consumption of carbohydrate-containing foods:
a. stimulation of a cells in the pancreas and secretion

of insulin
b. stimulation of (3 cells in the pancreas and the

secretion of insulin

Answers to Chapter Questions

I. d
2. a
3. a
4. c
5. b
6. b
7. c
8. b
9. c

10. c
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CHAPTER OBJECTIVES
Understand the differences between essential
amino acids and nonessential amino acids and
the primary functions of the essential amino acids.
Be capable of calculating the daily protein require-

ment for yourself and for others, both athlete and
nonathlete, and to calculate the optimal distribu-

tion of the protein to optimize tissue utilization.
Know the health risks associated with consumption
of too much or too little protein and how other
energy substrates help to “ spare” protein so that
it can be used anabolically.

Explain how proteins are digested and absorbed ,
including the location and source of the major
protein digestive enzymes.
Understand protein energy metabolic pathways,
and the by-products produced when proteins are
used as a source of cellular energy.

Know how supplements of amino acids and other
protein-related substances, such as creatine

monohydrate, may have an impact on health risks
and performance.

Understand how the presence and distribution of
essential amino acids influence protein quality.

Recognize the primary functions of proteins as
they relate to immunity, tissue structure, hor-

mones and enzymes, transportation, and fluid
balance.
Discriminate between food sources that are good
sources of high-biologic-value (BV) protein and
food sources that are moderate to poor sources
of high BV protein.

Determine foods that, when combined , can improve
the protein quality to a level better than if these
foods were consumed individually.
Identify the common methods used for determining
the protein quality.
Describe the factors that are involved in improving
muscle mass size and function.

Case Study: Lots of Protein but Poor Delivery Inhibits Benefits

T.J . was a massive freshman defensive guard on his college
football team, and he learned from the very beginning, when
he was playing football in the Pop Warner league as a 6-year-
old, that lots of protein was needed to ensure he could grow
and build the muscle needed for a career in football. He was
already bigger, heavier, and taller than nearly all of the other
players, but he wanted to be bigger still, even as a youngster.
So, he ate lots of food and made sure that a high proportion
of it was protein. Steak and chicken were his favorite, but
he ate fish when his mother made it. He did not care much
for veggies, but that did not matter much to him because he
“knew” that protein would get him where he wanted to go.

The massive amount of food T.J . ate did help him get
bigger, but as a collegiate athlete there was a great deal
more being asked of him than ever before. His coach also
wanted him to be fast and be able to play as hard in the
fourth quarter as he did in the first. Right away, the defensive
coach saw a problem: T.J. was certainly big, but he was not
as quick as he should be and his endurance was terrible.
The coach put him on a more severe training regimen to
build his strength, quickness, and endurance. Of course,
T.J . did what he thought he needed to do, and that was to
increase his protein intake, but it did not help. T.J. kept
getting fatter from all the extra food he was consuming,

56
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but the extra fat he was carrying around made him slower
and his endurance kept getting worse. So, they sent him
to talk with the sports nutritionist who just started working
with the university teams, and the nutritionist immediately
found the problem. T.J . was consuming a huge amount
of protein, but at the expense of carbohydrate. To make
matters worse, his intake of food, including protein, was
not spread out well throughout the day. He mainly had
two large meals: breakfast and a late dinner, and nearly
nothing in-between. This type of eating pattern is associated
with many problems that made it difficult to build muscle
but easy to store fat. The nutritionist showed him that the
typical daily requirement for an athlete is 1.2-2.0 g/kg/
day, which is ideally consumed by providing moderate
amounts of protein spread out during the day and following
a strenuous training session. T.J . was consuming a great
deal more protein than the requirement, and he was not
distributing it well throughout the day to optimize his body’s
capacity to use it efficiently for building and repairing
muscle. So, the nutritionist showed him how to have seven
eating opportunities (breakfast, mid-morning snack, lunch,
afternoon snack, dinner, evening snack, and bedtime
snack), with about 30 g of protein each time both to provide

the recommended level of intake and to optimize protein
utilization. Almost immediately T.J. saw the difference.
His body fat was decreasing and his muscle mass was
increasing. He learned one of the secrets of nutrition: It is
not just how much you eat, but how and when you eat it
that matters most.

CASE STUDY DISCUSSION
QUESTIONS

Calculate the protein in your diet to see if you are
consuming an amount that satisfies need, and that
you are distributing the protein in a way that would
optimize protein utilization.
Is it likely that active people who eat the standard
three meals/day could distribute protein intake
in a way that could enable optimal protein
utilization?
What happens to the excess protein consumed?
List the potential problems that may arise from
this.

How would you set up an athlete environment to
help ensure that the athletes could consume foods
in a pattern that would be most useful?

1.

2.

3.

4.

:: It is far better to eat foods that contain a wide array
of essential amino acids to ensure an adequate
energy intake and to allow tissues to acquire the
amino acids they require for metabolic purposes. It
is easy to get too much of a single amino acid that
may result in the opposite of the desired effect. For
instance, the branched-chain amino acid (BCAA)
leucine is known to be a MPS stimulator, and studies
suggest that 20 g of good-quality protein containing
leucine has been found to maximally stimulate MPS.

Introduction

A Important Factors to Consider

There is limited evidence that increasing protein
consumption above the recommended intake levels
as a means of improving musculature is a useful
strategy and it may cause problems with kidney
health, dehydration, and low bone mineral density.
In addition, high-protein intake interferes with a
balanced intake of other foods/nutrients.

It is far better to consume the recommended level
of protein in amounts that can be efficiently used
by tissues, especially when the athlete’s energy
intake level is satisfied with sufficient intake of
carbohydrates and fats.
Consumption of single amino acids for the purpose
of initiating a desired metabolic outcome ( /'.e.,
greater muscle acquisition) may be associated
with problems that could interfere with the desired
outcomes (/.e., muscle protein synthesis [MPS],
reduced muscle soreness, improved muscle repair)
and is not likely to be a successful strategy.

|3 Branched-Chain Amino Acids
The amino acids isoleucine, valine, and leucine that can
be metabolized locally in muscle tissue and that promote
MPS and are involved in glucose metabolism.

Proteins are one of the energy substrates (with carbohy-
drates and fats), meaning that we are capable of producing
adenosine triphosphate (ATP, or energy) from protein mol-
ecules, primarily through their conversion to carbohydrate
and fat. Besides this energy-producing capacity, however,
proteins have many other critical functions that require
consideration. Many physically active people consider

A.Nazari



ACSM’s Nutrition for Exercise Science •www.acsm.org58

I Structure of Proteinfjl Proteins
Molecules consisting of multiple amino acids held together
by peptide bonds in a sequence and structure that
influence protein function.

Proteins are made of amino acids, which contain carbon,
oxygen, hydrogen, and nitrogen (Figure 3.1).

Of the energy substrates, only protein contains nitrogen.
The nitrogen content of proteins is an important conside-

ration because when proteins are broken down to be used for
energy or stored as fat, this nitrogen must be removed from
the protein molecule, and this nitrogen waste is potentially
toxic and must be removed from body tissues. The nitroge-
nous waste produced from protein breakdown produces toxic
compounds, which must be excreted via the kidneys using a
large dilutional water volume for this excretion (Figure 3.2).

protein consumption to be the key to athletic performance
success, and even a cursory review of the magazines and
other literature targeting athletes demonstrates this point,
with advertisements for protein supplements and pro-

tein-added foods that are intended to, ultimately, enhance
winning potential. Often, physically active people consume
far more protein than is needed, and an obvious problem
with excess protein consumption is that this necessarily
translates into consuming too little of other nutrients that
are equally important (6). There is evidence that consum-
ing ~30 g protein in a single meal maximally enhances
MPS in both young and elderly subjects, suggesting that
higher protein meals ( i.e.> those providing more than 30 g
protein) may fail to produce greater muscle enlargement
(29, 71). In addition, high-protein consumption may dis-
place carbohydrate, which is well established as the optimal
fuel for all sporting endeavors, ranging from endurance
to short-duration, high-intensity events (6, 56, 73).
In addition, although physically active people often con-

sume far more protein than body tissues can use to fulfill
nonenergy anabolic ( i.e.,MPS) requirements, the manner in
which this protein is consumed may inhibit the utilization
of the consumed protein (52). Poor protein utilization will
result in at least a portion of the protein having the nitrogen
removed and converted to fat and carbohydrate to be used
or stored as fuel. Although it is clear that athletes may have
a requirement that is more than double the requirement
of nonathletes (1.2-2.0 vs. 0.8 g/kg/day), the manner in
which the protein is consumed is important, as is the equal
importance on seeking a balanced intake that exposes ath-
letes to all of the nutrients they require. This chapter will
review food sources of protein, protein functions, protein
requirements, and eating patterns that can help derive the
most out of the protein being consumed. There are many
questions that this chapter will answer, including:

Does increasing protein intake beyond a certain level
help to increase muscle mass?
Does supplemental or high-protein intake provide an
ergogenic (performance-enhancing) benefit?
Does supplemental or high-protein intake improve
strength and power?
Is there evidence that, when normalized on a protein/
kg basis, athletes tend to overemphasize protein to the
detriment of other nutrients?

131 Blood Urea Nitrogen
Blood urea nitrogen (BUN) is a measure of the urea
nitrogen content in the blood that mainly represents the
nitrogen released from the metabolism of protein. It is
from the waste product urea. Urea is produced when
amino acids are catabolized and the carbon chain is used
to supply energy or stored as fat. The nitrogen removed
from the amino acid forms urea, which is removed from
the body via urine.

[J Urine
Urine is a liquid produced by the kidneys to excrete the
by-products of metabolism. A primary function of urine is
to excrete nitrogenous waste (urea) that is a by-product
of protein catabolism. High-protein diets that exceed the
tissue capacity to use the protein anabolically result in
protein catabolism and higher nitrogenous waste that
must be excreted via urine.

Amino acids are the building blocks of protein, with
several amino acids held together to form polypeptides
and several polypeptides held together to form a protein.
There are 20 different amino acids, and humans can manu-
facture 11 amino acids by using the nitrogen discarded by
the breakdown of proteins and the carbon, hydrogen, and

R
H O

Amine Group
(contains nitrogen)

C C Acid GroupN

H OH
H

Each amino acid can bond with another amino acid

FIGURE 3.1: Basic structure of an amino acid, the building block
of proteins.
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FIGURE 3.2: Protein breakdown and nitrogen
excretion. ATP, adenosine triphosphate

Ammonia (Highly toxic and excreted in
urine with large volume of water)>

Urea (Toxic and excreted in urine with
smaller volume of water)> >

Uric Acid (Less toxic and excreted in
urine with smaller volume of water.
May cause joint pain problems such as
gout if not excreted.)

>Protein (C-H-O-N)

Energy (ATP) Production
>

Fat Storage

Excess consumption of protein requires that nitrogen be removed so that the protein
can be used as a fuel or stored as fat. But nitrogen is toxic, and must be removed with
significant urinary fluid, which increases dehydration risk.

oxygen available from carbohydrate. The 11 amino acids
that we can manufacture are referred to as nonessential or
dispensable amino acids, because it is not essential that we
obtain them from the foods we consume since they can be
manufactured. However, do not misinterpret nonessential
as meaning unimportant, as these nonessential amino acids
are just as metabolically important as the nine essential
amino acids, which we cannot manufacture and must be
obtained from the foods we consume (Table 3.1).

To make proteins, amino acids are held together via
peptide bonds, where the acid end of one amino acid
connects with the nitrogen of another amino acid and, in
the process, water is formed (Figure 3.3). The sequence
of how these amino acids are connected determines the
function of the protein. So, although a protein may contain
the same amino acids, how they are ordered will determine
what the protein will do.

131 Amino Acids
Organic compounds characterized by an amine group
(NH2) on one end of the molecule and a carboxyl group
(COOH) on the other end of the molecule. Amino acids
are held together in different sequences to compose
polypeptides and proteins.

31 Polypeptide
A molecule consisting of a chain of amino acids held
together by peptide bonds. The molecule is too small to be
called a protein.

31 Essential Amino Acids
Amino acids that humans are incapable of synthesizing
from other amino acid skeletons, making it essential that
they be in consumed foods. Essential amino acids are also
referred to as indispensable amino acids.

A

Table 3.1 Essential and Nonessential Amino Acids

Nonessential Amino Acids
(Synthesized by humans from carbohydrate and

fragments of other amino acids)

Essential Amino Acids
(Cannot be synthesized by humans, so must be

consumed from foods)

Amino Acid Abbr Notes Amino Acid Abbr Notes
Alanine Ala Can be converted to glucose in

the liver (gluconeogenesis) via the
alanine-glucose cycle
(Glucogenic)

Histidine His Unlike the other essential amino
acids, does not induce a protein-

deficient state (negative nitrogen
balance) when removed from the
diet. Involved in production of
histamine
(Glucogenic)

(continued )
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A

Table 3.1 Essential and Nonessential Amino Acids (continued)

Nonessential Amino Acids
(Synthesized by humans from carbohydrate and

fragments of other amino acids)

Essential Amino Acids
(Cannot be synthesized by humans, so must be

consumed from foods)

Amino Acid Abbr Notes Amino Acid Abbr Notes
Arginine A conditionally essential amino acid

that may become essential under
certain metabolic conditions. Used
in production of nitric oxide
(Glucogenic)

Isoleucine lie Branched-chain amino acid
that may be useful for muscle
recovery and the immune system
following exercise
(Glucogenic)

Arg

Asparagine Asn Necessary for the development and
function of the brain and also plays a
role in ammonia synthesis
(Glucogenic)

Leucine Leu Branched-chain amino acid
that may be useful for muscle
recovery and the immune system
following exercise. Stimulates
muscle protein synthesis
(Ketogenic)

Can be converted to glucose in the
liver (gluconeogenesis) and is also
involved in neurotransmission
(Glucogenic)

Metabolized to form acetyl-
coenzyme A, the intermediary
product in energy metabolism.
Also used to help form collagen
a connective tissue protein
(Glucogenic)

Aspartic
acid

Asp Lysine Lys

Cysteine Cys A conditionally essential amino acid
that may become essential under
certain metabolic conditions
(Glucogenic)

Methionine Met Restriction may lower obesity risk
and improve longevity in humans,
but may also lower production of
other amino acids
(Glucogenic)

Glutamic
acid

Glu An important neurotransmitter
and also used as part of a flavor
enhancer (monosodium glutamate)
(Glucogenic)

Phenylalanine Phe Important for production of
neurotransmitters norepinephrine
and epinephrine
(Glucogenic and Ketogenic)

Glutamine Gle A conditionally essential amino acid
that may become essential under
certain metabolic conditions
(Glucogenic)

Threonine The Used in the synthesis of proteins
and glycine
(Glucogenic and Ketogenic)

Glycine Gly A building block in protein
synthesis and also functions as a
neurotransmitter
(Glucogenic)

Tryptophan Trp Used to synthesize the
neurotransmitters serotonin and
melatonin, and the vitamin niacin
(Glucogenic and Ketogenic)

Proline Pro A conditionally essential amino acid
that may become essential under
certain metabolic conditions
(Glucogenic)

Valine Val Branched-chain amino acid
that may be useful for muscle
recovery and the immune system
following exercise
(Glucogenic)

Serine Ser Important for normal neurologic
function
(Glucogenic)
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A

Table 3.1 Essential and Nonessential Amino Acids (continued)

Nonessential Amino Acids
(Synthesized by humans from carbohydrate and

fragments of other amino acids)

Essential Amino Acids
(Cannot be synthesized by humans, so must be

consumed from foods)

Amino Acid Abbr Notes Amino Acid Abbr Notes

Tyrosine Tyr A conditionally essential amino
acid that may become essential
under certain metabolic conditions.
Used to manufacture dopamine,
norepinephrine, and epinephrine
(Glucogenic and Ketogenic)

Source: From National Academy of Sciences. Dietary Reference Intakes for Energy, Carbohydrate, Fiber, Fat, Fatty Acids, Cholesterol, Protein,
and Amino Acids (macronutrients). Washington (DC): National Academies Press; 2005. p. 591, 593; Negro M, Giardina S, Marzani B, Marzatico
F. Branched-chain amino acid supplementation does not enhance athletic performance but affects muscle recovery and the immune system.
J Sports Med Phys Fitness. 2008;48(3):347-51; Ruzzo EK, Capo-Chichi J-M, Ben-Zeev B, et al. Deficiency of asparagine synthetase causes
congenital microcephaly and a progressive form of encephalopathy. Neuron. 2013;80(2):429— 41.

(Jl Ketogenic Amino Acids
Ketogenic amino acids are converted to ketones when
catabolized. Isoleucine, phenylalanine, threonine,
tryptophan, and tyrosine are both glucogenic and
ketogenic, whereas leucine and lysine are only ketogenic.

[j Nonessential Amino Acids
Nonessential Amino Acids are those amino acids that
humans are capable of synthesizing from other amino
acid skeletons, so it is nonessential that they be in
consumed foods. Nonessential amino acids are also
referred to as dispensable amino acids.

131 Glucogenic Amino Acids
Glucogenic amino acids are amino acids that can
be converted to glucose through the process of
gluconeogenesis in the liver. In humans, all amino acids
with the exception of leucine and lysine are glucogenic.
Alanine is a primary glucogenic amino acid with a robust
liver pathway for converting alanine to glucose.

Example:
(AA1+AA3+AA5+AA2+AA1+AA4)

and

(AA3+AA1+AA2+AA5+AA4+AA1)

will have different functions, although they contain the
same amino acids, because the amino acids are held to-

gether in a different sequence.

FIGURE 3.3: Proteins formed by
connecting individual amino acids
via peptide bonds.

Amino Acid 1 + Amino Acid 2 — > H20 + Connected amino acids

H20 (Water)

H R H R

H-N-C-C+OH N-C-C-OH

H O H O

Amino Acid 1 Amino Acid 2

H R Peptide
BondBIH-N-C-C C-C-OHRepeated many times to form protein Repeated many times to form protein

H O

Polypeptide of 2 connected amino acids
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All of the necessary amino acids must be present at the
same time to build a protein, and as protein synthesis is coded
by DNA, amino acid substitutions cannot be made. It is also
important to consider that protein synthesis requires energy
(calories) and is difficult to accomplish when someone is in a
severely energy-deficient state. As the human system is highly
adaptive, the synthesis of specific proteins can be stimulated
through different actions. For instance, assuming sufficient
energy and amino acids are available, an individual lifting
weights that are heavier than that person is accustomed to
will encourage the synthesis of more muscle protein to enable
a more energy-efficient weight lifting.

Proteins have four structural components:

Primary structure: the sequence of the amino acids
that compose the protein and is, therefore, the main
determinant of the proteins function.
Secondary structure: the hydrogen bonds of the protein,
which are connected to the primary structure of the
protein.
Tertiary structure: the proteins shape. For instance, the
double-helix shape of DNA is part of the DNA protein
tertiary structure.
Quaternary structure: the number of polypeptides and
proteins that are connected to the protein as side chains.

Messenger: Some proteins, including hormones, transmit
messages to specific tissues to determine and, literally,
control how that tissue will function. For instance, the
hormone estrogen provides messages for the creation
and function of the uterus.
Transport: Specific proteins are carriers of molecules
that are critical to tissue function. As an example, the
protein hemoglobin carries oxygen to cells and removes
carbon dioxide from cells for normal cellular respira-
tion. Other examples include lipoproteins, which carry
lipids (fats) in the blood; transferrin and ceruloplasmin,
which carry and transfer iron for the manufacture of
hemoglobin; and protein-bound iodine, which is used
to make the hormone thyroxine.
Enzymes and hormones: These proteins control the
chemical reactions that each cell has and, in doing so,
are responsible for the creation of new molecules and
tissues. Enzymes are the action arm of the genetic
information in each persons DNA. An example of an
enzyme is pancreatic amylase, which breaks down large
carbohydrate molecules into smaller molecules that
can be absorbed. Another example is phenylalanine
hydroxylase, which converts the amino acid phenyl-
alanine to tyrosine, another amino acid. Examples of
protein-based hormones include insulin, glucagon, and
growth hormone. Amino acids also stimulate secretion
of insulin, glucagon, growth hormone, and insulin-like
growth factor-1, all of which are related to maintenance,
recovery, and enlargement of the muscle mass (79).
Fluid balance: Blood proteins are necessary for con-
trolling fluid inside and outside tissues through osmotic
pressure. Protein-deficient states are associated with
fluid being lost from tissues and the resulting edema.
Acid-base balance: Proteins are amphoteric, as they
have the capacity to pick up and release hydrogen,
and by doing so they help to control body pH (relative
acidity/alkalinity).
Nitrogen compound synthesis: Proteins are involved in
the synthesis of other small nitrogen-containing com-
pounds, including creatine, purines, and pyrimidines.
Creatine is involved in manufacturing phosphocreatine,
the compound used for creating a large number of ATPs
in extremely high-intensity activity.

In humans, some individual amino acids (not proteins)
also have important biologic roles. Examples of these in-
clude the following:

:: Protein Functions

The proteins we consume are digested into individual amino
acids, and these amino acids interact with the amino acids pro-
duced by body tissues to make up the total pool of amino acids
available to tissues. Tissues have multiple and different amino
acid/protein requirements, as they have different functions.
For instance, neurologic tissue requires neurotransmitters,
which are specialized proteins for carrying nerve impulse
messages; muscles require protein to produce and repair
muscle; and so on. The main functions of proteins include:

Protective: Proteins help to synthesize antibodies, which
attack foreign substances, including bacteria and viruses, to
protect the body from invasion and infection. An example
of an important antibody is immunoglobulin G. Proteins
also provide barrier defenses against invasion of bacteria
and viruses through skin, tears (to protect the eyes), and
mucin (in saliva, to protect the gastrointestinal tract).
Tissue structure: Structural proteins provide the structure
to support cell/tissue shape, including organs, muscles,
bone, skin, hair, and nails. An example of a structural
protein is collagen, which provides strength and resilience
to body tissues. The creation of structural proteins is a
necessary component of tissue growth and maintenance.

Glycine and glutamic acid are neurotransmitters.
Tryptophan is a precursor of the neurotransmitter
serotonin.
Glycine is a precursor of heme (part of hemoglobin).
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Arginine is a precursor of nitric oxide (part of the process
of delivering oxygen to cells).
Carnitine transports lipids inside a cell into the mito-
chondria of the cell to derive energy.

A
Selected Food Sources
of Protein Based on
Volume of Protein/g of
Food

Table 3.2

Meat

•Beef

•Lamb

•Pork

•Etc.
Fish and shellfish
Poultry
Eggs

High source
Sources of Protein

A Important Factors to Consider

Virtually every food we eat has a wide array of amino
acids, but not all foods have the essential amino
acids in a ratio that allows them to be efficiently used
by tissues to fulfill all protein functions. Therefore,
athletes should make an effort to consume regular,
small amounts (25-30 g) of good-quality protein
throughout the day to satisfy total tissue needs
(1.2-1.7 g/kg/day).

Although the highest sources of good-quality protein
are from meats, vegetarians can obtain good-quality
protein by mixing foods in a way that improves the
distribution of essential amino acids. This strategy
of creating complementary proteins to improve
protein quality has been practiced for generations
by many cultures, including mixing beans with corn
(Central and South American) and mixing beans
with rice (Mediterranean basin and Asia).

Dairy products
Legumes

•Beans

•Peas

•Lentils

•Soy

Moderately high
source

Cereal grains

•Corn

•Wheat

•Rice

•Barley

•Oats
Seeds and nuts

•Cashews

•Peanuts/peanut butter

•Sesame seeds

Moderate source

Fruits

•Apples

•Oranges

•Grapes
Vegetables

•Broccoli

•Leafy greens

•Carrots

Low source
Proteins and their component amino acids are found in
nearly everything we consume that has not been processed
to produce a single substance/chemical (for instance, table
sugar). Different foods, however, have different concentra-
tions of proteins and amino acids and different distributions
of amino acids that affect the volume and quality of the
protein consumed. The highest sources of protein ( i.e.,
highest volume with the best distribution of amino acids)
come from animal-derived foods ( i.e., meat, fish, poultry,
eggs, dairy), whereas plant-based foods provide the lowest
sources of protein ( i.e., fruits and vegetables) (Table 3.2).

biologic requirements for protein. Animal-based foods
have both a high volume and a high quality of protein,
whereas nonanimal foods have both lower volume and lower
quality of protein. To a large extent, this can be corrected
by combining specific plant-based foods to enhance their
quality ( i.e., the distribution of essential amino acids).
Some plant-based foods are low in a specific essential
amino acid, whereas other plant-based foods are low in
another specific essential amino acid. By combining them
( i.e.,by eating them at the same time), the essential amino
acid mix creates complementary proteins that improve
the protein quality. Legumes, for instance, have low levels

•Measuring and Evaluating
Protein

Besides considering the volume of protein delivered from
the foods consumed, the distribution of amino acids in the
food should also be considered to determine the quality
of the protein consumed. The higher the protein quality,
the lower the volume of protein necessary to satisfy our
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of tryptophan and methionine, whereas grains have low
levels of lysine, isoleucine, and threonine. By combining
legumes and grains, the distribution of essential amino acids
is improved to make a good-quality protein. A common
strategy for producing a good-quality protein is to consume
peanut butter, which is low in tryptophan and methionine,
with wheat bread, which is low in lysine, isoleucine, and
threonine. The combination (a peanut butter sandwich)
results in a higher quality protein (Table 3.3). The typical
strategy for improving plant protein quality is to consume
legumes with grains, or legumes with nuts and seeds.

The ratio of amino acids consumed at one time makes a
difference in the protein quality ( i.e.y what proportion of the
amino acids consumed can be efficiently used metabolically
for one or more of the protein functions listed earlier), and
protein quality makes a difference in the proportion of amino
acids that are deaminated have the nitrogen removed)
so the remaining carbon chain can be stored as fat or burned
for energy. The lower the quality of the protein consumed,
the greater the proportion of nitrogen that is removed and
that must be excreted (see Figure 3.1). As a way of visualizing
this, Table 3.4 provides a worksheet for estimating how much
protein will be retained and used as protein, or lost and burned
for energy or stored as fat. The purpose of this table is to help
the reader understand that a complete protein is determined
by both the presence and the ratio of essential amino acids,
which, together, help to determine protein quality and retention.

£J Protein Quality
A measure of the net utilization of the dietary protein
consumed. There are several methods for determining
protein quality, but all are related to the level of nitrogen
retained compared with the level of nitrogen consumed.
Nitrogen is only derived from protein-related products,
and higher nitrogen retention means better tissue
utilization and higher protein quality.

|3 Complementary Proteins
Two or more food sources that individually do not
provide high-quality protein, but when combined they
complement each other and provide a better distribution
of the essential amino acids with higher protein quality.
As an example, combining legumes and cereal in a meal
(such as beans and corn tortillas) produces a significantly
higher protein quality than eating either legumes or
cereals by themselves.

l3 Complete Protein
Refers to protein that contains all of the essential amino
acids in a concentration/ratio that is capable of supporting
growth and preventing deficiency if consumed in
appropriate quantities.

The main considerations for determining protein quality
are as follows: (i) the characteristics of the protein and the
food matrix in which it is consumed (i.e., how available is
the protein from the food that has been consumed) and
( ii) the demands of the individual consuming the food,

A

Table 3.3 Combining Nonmeat Foods to Improve Protein Quality

Amino Acids That Are Foods That Can Improve Quality
Low (Not Missing) (Complementary Foods)Food

Grains
Nuts
Seeds

Tryptophan
Methionine

Legumes ( lentils, peas, beans, peanuts)

Grains (wheat, corn, oats, rice, rye, barley) Lysine
Isoleucine
Threonine

Legumes
Dairy

Lysine
Isoleucine

Nuts and seeds (almonds, sunflower seeds, cashews, etc.) Legumes

Specific foods have different amino acid profiles. The amino acids listed in this table are based on averages for the food category.
Although it takes some additional planning, it is possible to obtain good-quality protein from nonanimal sources. It should also be considered
that pure vegans (/.e., those consuming no animal products) must also plan for other nutrients that may more easily be delivered through ani-
mal products, including iron, zinc, and vitamin B12. With good planning, however, it is most definitely possible to consume all of the necessary
nutrients from a plant-based diet.
Source: Pennington JT, Douglass JS. Bowes & Church’s Food Values of Portions Commonly Used. 18th ed. Philadelphia (PA): Lippincott Williams
& Wilkins; 2005. p. 264-314.
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A
Complete Protein Worksheet to Estimate How Much Protein Is
Retained or LostTable 3.4

EAAl EAA2 EAA4 EAA5 EAA6 EAA7 EAA8 EAA9
Ideal 20 10 10 20 30 30 40 20 10
Eaten 10 10 10 20 30 30 40 20 10
Used 10 5 5 10 15 15 20 10 5

0 5 5 10 15 15 20 10 5Lost
How to interpret this table:

1. “ Ideal” is the hypothetically perfect distribution of the nine essential amino acids (EAA) for optimal tissue utilization.
2. “ Eaten” is the amino acid distribution in the protein food(s) that was actually consumed. Note that EAAl is 50% of the

ideal, whereas all of the other EAAs are provided in the ideal amounts.

3. “Used” represents the amount of EAA that can actually be used for protein metabolism. Since EAAl was 50% of the
ideal, to keep the ratio of EAA at the ideal ratio, only 50% of the other EAA can be used.

4. “ Lost” represents the EAA that cannot be used for protein metabolism, so nitrogen is removed and the remaining carbon
chain is stored as fat and/or “ burned” to supply energy.

as influenced by age and growth phase (faster growth
requires more protein), health status (illness often in-
creases the tissue requirements for protein), physiologic
status (activities that increase muscle breakdown require
more protein for muscle repair), and energy balance (low
energy balance limits protein utilization as humans are
energy-first systems). Low energy balance results in the
protein used to satisfy energy requirements rather than
it being used for the multitude of other functions only
proteins can satisfy (43). Clearly, protein status is a much
more complicated issue than just how much protein is
consumed.

The traditional methods for determining protein quality
in humans involve assessment of nitrogen retention (BV),
growth (PER), and amino acid requirements and the ability
to digest them (protein digestibility-corrected amino acid
score [PDCAAS] ).

which represents the amount of protein absorbed but not
incorporated into body tissues. Higher quality ( i.e.y better
essential amino acid distribution) proteins have a higher
rate of incorporation into body tissues and a lower rate of
loss in the urine. The result provides a percent value, with
a higher percent equal to a higher BV. The BV can also be
compared with a test protein (typically egg albumin, which
has a BV of 94%) to determine the quality of a protein
compared with a known standard. The basic formula for
BV is as follows (45):

BV = (nitrogen retained/nitrogen
absorbed) x 100

Nitrogen retained = nitrogen absorbed — nitrogen
excreted in urine

Nitrogen absorbed = nitrogen consumed — nitrogen
excreted in feces

Nitrogen Balance
Nitrogen balance is a measure of protein adequacy, by
providing a measure of the nitrogen consumed versus the
nitrogen excreted. (Protein is the only energy substrate
containing nitrogen, so measuring nitrogen provides an
indirect measure of protein.). Positive nitrogen balance
suggests incorporation of protein (which is nitrogen
containing) into new tissues/products, whereas negative
nitrogen balance suggests a net loss of protein-associated
tissues/products. For example, child growth is a prime
example of positive nitrogen balance and is observed
in an athlete who is building muscle. Someone who is
consuming insufficient energy will lose tissue weight
and will metabolize protein to help satisfy the energy
requirements, resulting in a negative nitrogen balance.

Biologic Value
The BV is a measure of the protein absorbed from con-

sumed foods that is incorporated into total body protein
(skin, hair, muscle, organs, hormones, etc.). The proportion
that is absorbed but not incorporated into body proteins
is excreted. Since only protein contains nitrogen (N),
nitrogen is used as an estimate of protein consumption,
absorption, and excretion. Therefore, nitrogen balance is
a measure of nitrogen consumed versus nitrogen excreted.
The basic strategy is to have a known nitrogen content in
the consumed meal, measure the nitrogen lost in fecal mat-
ter, which represents the amount of protein not absorbed,
and measure the amount of nitrogen lost in the urine,

A.Nazari



ACSM’s Nutrition for Exercise Science •www.acsm.org66

Protein Efficiency Ratio
PER is a measure of the weight gained by a test animal
(typically a baby rat, chick, or baby mouse) divided by the
total protein consumed during a test period. The greater
the gain in body mass for any given amount of protein,
the higher the PER and, therefore, the better the quality
of the protein consumed. In simple terms, if you give 100
g of protein X to a chick and it gains 20 g, and you give
100 g of protein Y to another chick and it gains 10 g, then
protein X is a higher quality protein. The basic formula for
PER is as follows (10):

PER = Increase in body mass (g)/protein intake (g)

Digestible Indispensable
Amino Acid Score
Digestible indispensable amino acid score (DIAAS ) is
recommended as a revised score of the PDCAAS by the
FDA (15). The purpose of this score is to account for the
different digestibilities of individual amino acids that are
consumed. It is intended to be a more accurate means of
assessing protein quality. DIAAS is defined as (39):

DIAAS % = 100 x [(mg of digestible dietary
indispensable amino acid in 1 g of
the dietary protein)/ (mg of the same
dietary indispensable amino acid in
1 g of the reference protein) ]

DIAAS can be used as follows (15):

For calculation of DIAAS in mixed diets for meeting the
needs for quality protein, as humans consume proteins
from varied protein sources in mixed diets.
To document the additional benefit of individual pro-

tein sources with higher scores in complementing less
nutritious proteins.
For regulatory purposes to classify and monitor the
protein adequacy of foods and food products sold to
consumers.

An expert panel has concluded that the concept of DIAAS
is a method preferable to PDCAAS for the assessment of
protein and amino acid quality, but that the usage of DIAAS
will be limited until there are good data on the digestibility
of commonly consumed foods (34).

Table 3.5 displays protein quality using biologic value
(the proportion of nitrogen retained) and the PDCAAS
(the degree to which a consumed protein compares with
egg albumin) (62, 72).

High-quality proteins provide all of the essential amino
acids in amounts that tissues can efficiently use. Foods of
animal origin (meat, fish, dairy, eggs) deliver high-quality
protein with an excellent distribution of the essential amino
acids. Foods of plant origin have at least one limiting amino
acid that is present in an amount lower than body tissues
optimally require. However, different plant foods have
different limiting amino acids, so combining different
plant foods at the same meal ( i.e., legumes with cereals)
with different limiting amino acids improves the protein
quality of the foods consumed. Lower quality proteins
result in a higher proportion of the amino acids to be
lost as protein, because the nitrogen is removed and the
remaining carbon chain is either stored as fat or burned
as a source of energy.

Protein Digestibility-Corrected
Amino Acid Score
PDCAAS is a method used by the United States Food and
Drug Administration (FDA) and the Food and Agricultural
Organization of the United Nations/World Health Organiza-

tion (FAO/WHO). It involves the determination of protein
quality based on both the amino acid requirement and a
human’s capacity to digest it. The PDCAAS value of “ 1” is
the highest possible value, and a value of “ 0” is the lowest
possible value. It is based on the amino acid requirement
of a 2- to 5-year-old child (the most protein-demanding
age group per unit of mass) and the amino acid require-

ments adjusted for digestibility. The PDCAAS provides a
protein quality ranking based on the amino acid profile of
a specific food protein, compared with a standard amino
acid profile with the highest possible score of “ 1.” So, after
digesting the protein, it would provide 100% or more of
the essential amino acids required. The basic formula for
PDCAAS is as follows (66):

PDCAAS = (mg of limiting amino acid in 1 g of
test protein/mg of the same amino acid
in 1 g of the reference protein) x
digestibility percentage

Examples of PDCAAS values include:

Casein (milk protein) = 1
Egg white (albumin) = 1
Whey protein (milk protein) = 1
Beef = 0.92
Chickpeas = 0.78
Vegetables = 0.73
Other legumes (beans, peas, etc.) = 0.70
Peanuts = 0.52
Whole wheat = 0.42
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It is important to satisfy the total energy requirement
for an adequate intake of carbohydrates and fats
to ensure that the consumed protein can be used
anabolically ( /.e., to build tissue and manufacture
needed enzymes and hormones) rather than to be
used to satisfy the energy requirement. Humans are
“energy-first” systems and must satisfy the need
for energy before manufacturing other substances
needed for optimizing health and performance.

Nitrogen and Protein
QualityTable 3.5

Proportion of Nitrogen
Retained

Protein Quality Compared
With Whole Egg Protein

Whey protein: 96%
Retained
Whole soybean: 96%
Retained
Chicken egg: 94%
Retained
Cow’s milk: 90%
Retained
Cheese: 84% Retained
Rice: 83% Retained
Fish: 76% Retained
Beef: 74.3% Retained
Soybean curd (tofu):
64% Retained
Whole wheat flour: 64%
Retained
White flour: 41%
Retained

Whey protein: 1.04
Egg protein: 1.00
Cow’s milk: 0.91
Beef: 0.80
Casein: 0.77
Soy: 0.74
Wheat protein (gluten): A number of factors influence protein requirements for

physically active and inactive people, including the fol-
lowing (55, 72):

Age (growth phase): An individual who is growing
(childhood, adolescent growth spurt, etc.) has a higher
requirement for protein than people who are fully grown.
Gender (amount of muscle mass): There are gender
differences in muscle mass that influence protein re-

quirements. Women typically have less muscle mass
than men and would, therefore, have a lower protein
requirement.
Pregnancy/lactation: Women who are pregnant and/
or lactating have a higher requirement for protein to
enable fetal growth (pregnancy) and to provide suffi-
cient protein to the breast-feeding infant (lactation).
Length of training at time of data collection: Protein re-
quirements are higher at the initiation of a new training
regimen, as there are greater changes in tissues than in
people who have adapted to the training.
Energy intake and exercise: Inadequate energy intake
and/or exercise that is not adequately supported with
sufficient energy may result in protein tissue (muscle,
bone, and organ) to help satisfy the requirement for
energy. The subsequent necessity to repair these tissues
increases protein requirement.
Type of exercise: Some physical activity results in a greater
breakdown of protein-based tissue, either to help supply
energy or as a result of the nature of the activity, which
may be tissue damaging. In either case, more protein
would be required to repair the tissue damage.

Skeletal muscle and organ mass represent the major
functional deposits of protein and constitute at least 60%
of total body protein (58). Body proteins also exist in bone,
blood plasma, and skin. There is no active “ pool” of protein
or amino acids for the body to draw upon when needed,
so a failure to provide sufficient energy and protein of ad-

equate quality in a timely fashion will cause a breakdown

0.64

Consumption of too much protein at one time also results
in removal of nitrogen from the excess amino acids, with
the remaining fragments being stored as fat or burned as
a source of energy. The removed nitrogen is potentially
toxic and so must be removed, mainly through urine with
a concomitant loss of body water. Therefore, low-quality
protein consumption or excess protein consumption in
conjunction with inadequate fluid intake exacerbates de-
hydration and kidney damage risk (75).

# Protein Requirements

A Important Factors to Consider

Protein requirements are affected by numerous
factors, including the growth phase (fast growth is
associated with higher needs), gender, pregnancy/
lactation, and training intensity, duration, and type.
A male adolescent athlete in the middle of the
adolescent growth spurt will, therefore, have a far
higher protein requirement (g/kg) than a young
adult male involved in the same sport.
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of existing body proteins to satisfy needs (36). This is an
intricate balance that must satisfy current metabolic needs,
tissue recovery requirements, and future goals that, for an
athlete, may include an enlargement of the muscle mass. It
is clear that consuming insufficient protein causes a failure
to satisfy metabolic requirements and may compromise
the immune system, tissue development, and tissue repair
(55, 58). However, having protein in excess of 2 g/kg/day
may increase dehydration risk, lower bone mineral density,
increase the risk for kidney stones, and increase the risk
of kidney failure (3, 37, 57). To make matters even more
complicated, it seems clear that total daily recommendations
for protein may be misleading, as they fail to address the
following important factors:

Total daily protein requirement can be estimated based
on growth phase, activity, and physiologic goals (8).
Humans can only process a limited quantity of protein
at one time (-20-25 g), suggesting that the amount of
protein provided at each meal be considered.
Maximally stimulating postexercise muscle recovery
is best accomplished when protein is consumed in the
period immediately postexercise, indicating that timing
of intake is an important factor.
Protein is best used metabolically when individuals are
in a state of anabolic energy balance state ( /.£., they have
not burned more energy than they have consumed),
so satisfying energy needs is an important factor in
allowing protein to be used anabolically rather than
to satisfy the energy requirement.
Consumption of too much total protein over time and
too much protein at a single meal can be damaging to
both bones and kidneys and may result in a state of
dehydration.

protein-digesting enzyme, pepsin (also referred to as gastric
protease), begins the process of breaking down proteins into
amino acids. Pepsin breaks down the consumed protein
by attacking the peptide bonds that hold amino acids to-
gether. This is a step-wise process, with proteins first being
broken down into polypeptides (smaller protein) and then
eventually into individual amino acids.

Once the stomach contents, including the partially digested
proteins (polypeptides and some amino acids), are released
into the small intestine, the pancreas releases pancreatic
juice and the digestive enzymes trypsin, chymotrypsin, and
carboxypeptidase into the small intestine. The pancreatic
digestive enzymes are sometimes referred to together as
pancreatic proteases.The pancreatic juice is highly alkaline
and changes the acid pH of the stomach contents to neu-
tral (pH = 7). The shift in pH for highly acidic to neutral
further contributes to denaturing of the protein, making
the digestive enzymes more effective (Table 3.6).

Absorption
With the digestive process complete, the amino acids are
absorbed into the blood through the small intestine. Most
protein absorption occurs in the jejunum and ileum. In a
healthy individual, protein digestion is highly effective,
so only a small proportion of dietary protein is typically
lost in the fecal matter. It is important to note that aging
commonly results in a reduction in gastric HC1, which
makes it more difficult for some older adults to efficiently
digest all proteins. Once in the blood, most amino acids are
processed by the liver, whereas BCAAs can be processed
by the liver, muscle, and other tissues. The metabolism of
amino acids involves manufacturing the specific proteins
required by the body to function.

« A kImportant Factors to ConsiderDigestion, Absorption, and
Metabolism of Protein It is incorrect to think that consumption of a specific

protein will result in the manufacture of more of
that protein. Once the protein is digested into its
individual amino acids and delivered to tissues,
the tissues manufacture proteins based on genetic
command and that are needed for survival and
health.

As an example, gelatin sold in your local grocery
store often advertises itself as being good for making
healthy hair and nails. Although gelatin is a relatively
low-quality protein that is a major component of hair
and nails, eating hair and nails ( /'.e., gelatin) does
not mean that you will have healthy hair and nails!

Digestion
The purpose of protein digestion is to break complex pro-
teins down into their component amino acids. Although
the mouth has no protein-digesting enzymes, the saliva
(primarily water) helps to denature the consumed pro-
teins (break down some of the bonding structures of the
protein) and the protein is also “chewed” in the mouth,
allowing greater access of protein-digesting enzymes to
access protein bonds later in the digestive tract. Once in
the stomach, the acidity of the stomach (reaching a pH of
1-2) helps to further denature the protein, and the primary
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Table 3.6 Protein-Specific Digestive Enzymes

Pepsin Pepsinogen is released by the chief cells of the stomach, and the pepsinogen is converted to pepsin
when the pH of the stomach becomes lower (from pH of 7 to 1-2) from the release of hydrochloric
acid by the parietal cells of the stomach. The lower pH is a signal that the stomach is in the process
of digesting proteins. Pepsin is a primary digestive enzyme, involved in breaking down consumed
proteins to polypeptides and amino acids by cleaving the peptide bonds that hold together the
amino acids that constitute the protein.

Trypsin A digestive enzyme produced by the pancreas and enters the small intestine via the common
pancreatic bile duct. It breaks down proteins and polypeptides into smaller polypeptides and
individual amino acids in the duodenum of the small intestine.

Chymotrypsin A digestive enzyme produced by the pancreas and enters the small intestine via the common
pancreatic bile duct. It has a slower breakdown rate than trypsin, particularly for polypeptides that
contain leucine and methionine. Chymotrypsin continues the digestive process initiated by pepsin
and trypsin, digesting polypeptides into individual amino acids.

Carboxypeptidase A digestive enzyme produced by the pancreas and enters the small intestine via the common
pancreatic bile duct. It specifically breaks down the acid end of protein and/or polypeptide
molecules.

Metabolism had the nitrogen removed, to a newly created nonessential
amino acid) or removed via the kidneys. The newly created
nonessential amino acids are used to synthesize new proteins.

The deaminated amino acid can also be used to create
pyruvic acid, acetyl coenzyme A (the intermediary product
in all energy metabolism), or can go directly into the citric
acid cycle, all of which are products that can go into the
electron transport chain for the creation of ATP (energy).
Consider, however, that all proteins used to create ATP
must have its nitrogen removed, which has the potential of
creating kidney stress if the amounts of protein consumed
are high.

Proteins are digested into their component amino acids, and
these amino acids are absorbed into the blood where they are
delivered to tissues to be synthesized into new proteins or
metabolized for energy. If the amino acids delivered to tissues
exceed current needs, they are deaminated (f.e., the nitrogen
is removed) and the remaining carbon chain is converted to
glucose (gluconeogenesis) or stored as fat (Figure 3.4). The
removed nitrogen is either incorporated into a new nones-
sential amino acid in a process referred to as transamination
(the transfer of nitrogen from one amino acid, which has

FIGURE 3.4: Protein metabolism.
ATP, adenosine triphosphate; CoA,
coenzyme A .

1
New Protein

Synthesis
ProteinsNonessential Amino

Acid Synthesis <-

Amino Acids
Pyruvate(Nitn)gen)

Nitrogen Removal via
^Kidneys I I

Deamination Acetyl CoA>

I
(Carbon Chain) Citric Acid Cycle

(Krebs cycle)>

Carbohydrates <
\ r

Electron
Transport Chain/ \

Fats <-
/\

A.Nazari



ACSM’s Nutrition for Exercise Science •www.acsm.org70

This translates to 1.1-1.3 g protein/day for healthy adults,
and slightly more for those aged over 65 years (1.2-1.5 g
protein/kg).

The protein intake recommendations for active people
ranges from 1.2 to 1.7 g protein/kg weight/day, depend-
ing on type and duration of activity, age, and gender (62,
73). Typical recommendations for endurance athletes are
1.2-1.4 g protein/kg weight/day and for strength-trained
athletes from 1.6 to 1.7 g protein/kg weight/day (21, 42).
These higher requirements in athletes are based on higher
lean (muscle) mass, a greater exercise-associated loss of
protein in the urine, more protein “ burned” as a source of
energy, and a greater requirement for muscle repair (20,
62, 72). As demonstrated in Table 3.8, most athletes can
easily consume far more protein than the upper level of
these ranges from food alone (57).

Most athletes have energy requirements that are consid-
erably higher than same-weight nonathletes, making it far
easier to obtain the needed protein if energy requirements
are satisfied. Numerous studies have found that athlete
protein intake is often in the range of 2-2.5 g/kg/day, and
as high as 3 g/kg/day, values that represent nearly double
the upper end of the desirable range. Despite the easy ac-
cess of protein from foods alone, the diets of some athlete
groups should be carefully assessed to ensure an adequate
intake. These groups include (26):

Athletes who are in a growth phase and have a high
energy and protein requirement from the combined
demands of growth and physical activity. These athletes
are often in school settings where getting sufficient food
during the day may present difficulties.
Athletes who restrict food consumption to achieve a
lower weight. Food restriction compromises both energy
and protein consumption, making it difficult to satisfy
protein functions.
Vegetarian athletes who avoid all animal products,
which are the highest sources of protein. Although it
is possible for vegetarian athletes to obtain the protein
they require, doing so requires planning.

As indicated in Chapter 2, carbohydrates have a pro-
tein-sparing effect. That is, if sufficient carbohydrates are
consumed to satisfy a sufficient proportion of the energy
(calorie) requirement, the consumed protein is not used
for energy, therefore making it available to satisfy other
functions that are specific to protein. Therefore, protein
consumption adequacy can only be viewed in the context
of whether sufficient total energy has been consumed.
Using the acceptable macronutrient distribution ranges of
the IOM, Phillips et al. (57) have predicted the endurance
and strength athlete macronutrient ranges (Table 3.9).

•Protein Intake
Recommendations

A Important Factors to Consider

The recommendations for protein intake are based
on age, gender, pregnancy/lactation, and level of
activity. In each case, these recommendations are
based on the amount that should be consumed
per day and per kg mass (weight). However, it is
important to remember that the daily requirement
cannot be consumed at a single meal, because
that amount of protein would exceed the body’s
capacity to metabolize it properly. Depending on
body size, the total daily protein requirement should
be distributed evenly throughout the day in 25-30
g portions to optimize tissue utilization.
It is relatively easy to consume protein at the level of
the established requirement from typically consumed
foods. Protein supplements are typically not necessary
and may keep athletes from consuming foods that
can provide the energy and other nutrients needed
to ensure that the consumed protein will be used
anabolically rather than to help support the need
for energy.

Protein intake recommendations for the general public
in the United States are in the range of 10%-35% of total
calories for healthy adults, with slightly less for children
and adolescents (Table 3.7). This range is based on (27):

0.80 g protein/kg weight/day for adults,
0.85 g protein/kg weight/day for adolescents,
0.95 g protein/kg weight/day for preadolescents aged
4-13 years, and
1.10 g protein/kg weight/day for 1- to 3-year-olds.

These values differ from the recommendations of the
WHO (81), which suggests an intake of 0.83 g protein/kg
weight/day of good-quality protein for all healthy adults of
both genders and at all ages. For some groups, this value
is considerably less than the upper level of the protein
intake recommendation of the U.S. Institute of Medicine
(IOM) (27), corresponding to ~8%-10% of total calories
consumed. The Nordic Nutrition recommendations are all
less than the IOM recommendations, ranging from 10% to
20% of total energy consumed, with an average of 15% of
total calories from protein for dietary planning purposes.
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Table 3.7 Institute of Medicine Protein and Amino Acid Requirements

Adverse Effects
of Excessive
Consumption

Life Stage
Group

RDA/AI* Selected Food
SourcesAMDR*g/daNutrient Function

Infants
0-6 mo
7-12 mo

Protein and
amino acids

Serves as the
major structural
component of all
cells in the body
and functions as
enzymes, in
membranes, as
transport carriers,
and as some
hormones.
During digestion
and absorption,
dietary proteins
are broken down
to amino acids,
which become the
building blocks of
these structural
and functional
compounds. Nine
of the amino acids
must be provided
in the diet; these
are termed
indispensable
amino acids. The
body can make
the other amino
acids needed to
synthesize specific
structures from
other amino acids.

Proteins from animal
sources, such as
meat, poultry, fish,
eggs, milk, cheese,
and yogurt, provide
all nine indispens-

able amino acids in
adequate amounts,
and for this reason
are considered
“ complete proteins.”
Proteins from plants,
legumes, grains,
nuts, seeds, and
vegetables tend to
be deficient in one
or more of the
indispensable
amino acids and are
called “ incomplete
proteins.” Vegan
diets adequate
in total protein
content can be
“ complete” by com-

bining sources of
incomplete proteins,
which lack different
indispensable amino
acids.

Although no defined
intake level at which
potential adverse
effects of protein
were identified,
the upper end of
AMDR is based on
complementing the
AMDR for carbohy-
drate and fat for the
various age groups.
The lower end of
the AMDR is set at
approximately the
RDA.

9.1* NDC
11.0 ND

Children
1-3 yr
4-8 yr

13 5-20
19 10-30

Males
9-13 yr
14-18 yr
19-30 yr
31-50 yr
50-70 yr
>70 yr

34 10-30
10-30
10-35
10-35
10-35
10-35

52
56
56
56
56

Females
9-13 yr
14-18 yr
19-30 yr
31-50 yr
50-70 yr
>70 yr

34 10-30
10-30
10-35
10-35
10-35
10-35

46
46
46
46
46

Pregnancy
18 yr

19-30 yr
31-50 yr

71 10-35
10-35
10-35

<

71
71

Lactation
18 yr

19-30 yr
31-50 yr

71 10-35
10-35
10-35

<

71
71

The table represents recommended dietary allowances (RDAs) in bold type, adequate intakes (Als) in ordinary type followed by an asterisk (* ).
RDAs and Als may both be used as goals for individual intake. RDAs are set to meet the needs of almost all (97%-98%) individuals in a group. For
healthy breast-fed infants, the Al is the mean intake. The Al for other life stage and gender groups is believed to cover the needs of all individuals
in the group, but lack of data prevent being able to specify with confidence the percentage of individuals covered by this intake.
aBased on 1.5 g/kg/d for infants, 1.1 g/kg/d for 1-3 yr, 0.95 g/kg/d for 4-13 yr, 0.85 g/kg/d for 14-18 yr, 0.8 g/kg/d for adults, and 1.1 g/kg/d for
pregnant (using prepregnancy weight) and lactating women.
^Acceptable macronutrient distribution range ( AMDR ) is the range of intake for a particular energy source that is associated with reduced risk of
chronic disease while providing intakes of essential nutrients. If an individual consumed in excess of the AMDR, there is a potential of increasing
the risk of chronic diseases and insufficient intakes of essential nutrients.
CND = Not determinable due to lack of data of adverse effects in this age group and concern with regard to lack of ability to handle excess amounts.
Source of intake should be from food only to prevent high levels of intake.
Source: Institute of Medicine. Dietary Reference Intakes for Energy Carbohydrate. Fiber, Fat, Fatty Acids, Cholesterol, Protein, and Amino Acids
(2002/2005). Washington, DC: The National Academies Press; 2005. Available from: www.nap.edu. Accessed April 19, 2018.
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k
Protein Content of Commonly Consumed Foods,
Providing -2,350 CaloriesTable 3.8

Amount Calories Protein (g)Meal Food
1 cup (8 oz) 112 1.74Breakfast Orange juice
2 slices 161 7.97Whole wheat bread, toasted
1 tbsp 98 3.35Almond butter
2 large eggs 156 12.58Whole egg, hard boiled
1 medium 109 1.20Mid-AM snacks Banana
1 oz 166 4.84Peanuts

65 10.56Roast beef sandwich
Lean roast beef
Whole wheat bread
Mustard
Lettuce

Lunch
161 7.972 oz

2 regular slices
1 tsp
1/3 cup (shred)

3 0.19
2 0.02

8 oz (1 cup) 102 8.22Milk, 1% fat
1 cup 49 1.02Strawberries, fresh
1 medium 95 0.47Mid-PM snacks Apple, raw

Sports beverage3 16 oz 127 0.00
3 oz 147 26.29Chicken breast (no skin) bakedDinner
1 large stalk 98 6.66Broccoli, boiled
1 medium potato
1 oz

145 3.06Potato, baked with melted low-fat
Cheddar cheese 49 6.90

1 slice 69 3.47Multigrain bread
114Frozen yogurt (vanilla ) V2 cup 2.88

String cheese (low fat) 1 stick (1 oz) 49 6.90Evening snacks
1 Orange 69 0.21Fresh orange

Total Calories and Protein (g) 2,339 126.30
Based on the maximum recommendation of 2.0 g protein/kg/d a 120 lb (55 kg) athlete consuming these foods would require a maximum of 110
g protein/d, and these foods provide 126.30 g protein.
^Consumed as part of physical activity/training.

A k
Macronutrient Distribution Ranges for Endurance and
Strength AthletesTable 3.9

Dietary energy (AMDR)a (%) AMDR for Endurance Athletes6 (%) AMDR for Strength Athletes0 (%)Macronutrient
Carbohydrate 45-65 55-80 30-65

20-35 10-25 15-30Fat
Protein 10-35 10-20 20-40

aThe acceptable macronutrient distribution range (AMDR ) of the Institute of Medicine represents “ .. . a range of intakes for a particular energy
source that is associated with reduced risk of chronic diseases while providing adequate intakes of essential nutrients.”
^Derived based on recommendations for carbohydrate intake for optimizing performance.
cDerived based on recommendations for protein requirements from retrospective nitrogen balance analysis, and working upward from those es-

timates to include sufficient nutrients for health, as well as the elevated energy requirements for these athletes to maintain an increased skeletal
muscle mass.
Source: Institute of Medicine. Dietary Reference Intakes for Energy, Carbohydrate, Fiber, Fat, Fatty Acids, Cholesterol, Protein and Amino Acids.
Food and Nutrition Board. Washington (DC): National Academies Press; 2005; Phillips SM, Moore DR, Tank JE. A critical examination of dietary
protein requirements, benefits, and excesses in athletes. I n t J Sport Nutr Exerc Metab. 2007;17:S58-76.
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Summary of Human Studies Related to Dietary Intake of Leucine or
SupplementationTable 3.10

Reference Population Design Findings
Alvestrand et al. (2) 12 females Infusion with intravenous leucine. Plasma and intracellular levels of AAs

decreased, and 40% of excess leucine
was oxidized.

Bohe et al. (4) 21 humans Infusion with mixed AAs at 240%
above basal levels.

MPS became saturated at high
concentrations of intramuscular EAAs.

Rennie et al. (61) Humans Infusion with mixed AAs or leucine. Leucine stimulated MPS to the same
extent as complete meals.

Glynn et al. (22) 14 humans Consumption of EAAs or EAAs with
increased leucine content.

Leucine content in 10 g EAAs is
sufficient to maximize MPS.

Casperson et al. (9) Older humans Meals supplemented with leucine for
2 wk.

Leucine improved MPS in response to
lower protein meals.

Churchward-Venne
et al. (12)

24 males Completion of resistance exercise and
consumption of varying doses of whey
supplemented with leucine or EAAs
without leucine.

Low doses of whey supplemented with
leucine or EAAs stimulated MPS to the
same degree as larger doses.

Nelson et al. (49) 12 males Performed high-intensity endurance
exercise and subsequently ingested
leucine/protein supplement or control.

The high-leucine dose in the supplement
saturated BCAA metabolism, increased
leucine oxidation, and attenuated MPB.

AAs, amino acids; BCAA, branched-chain amino acid; EAAs, essential amino acids; MPB, muscle protein breakdown; MPS, muscle protein synthesis.

Protein and Athletic Performance
Maintaining, Building, and Repairing Muscle
Improving physical performance is a clear goal for athletes
and many studies have been conducted to assess how best
to achieve this goal through dietary modifications. It is
clear that athletic performance is improved with a lean

body mass that enhances the strength-to-weight ratio (60).
Studies have found that specific nutritional compounds,
when consumed at the right times and in the right amounts,
may serve to enhance athletic performance. The essential
amino acid leucine is known to be a regulator in protein
metabolism, including helping to reduce muscle protein
breakdown and to stimulate MPS (Tables 3.10-3.12).

A
Summary of Human Studies Related to Timing, Dosing, and
Long-Term Effects of Leucine SupplementationTable 3.11

Reference Population Design Findings
Bohe et al. (4) 6 humans Mixed AAs were infused by IV. MPS rates declined rapidly after 2 h.
Gaine et al. (17) 7 humans Consumption of controlled diet and

performed aerobic exercise for 4 wk.

Leucine oxidation decreased as protein
utilization improved.

Moore et al. (44) 6 young
males

Performed resistance exercise then
consumed differing amounts of protein.

Leucine oxidation increased after 20 g
protein as MPS was maximally stimulated.

Churchward-

Venne et al. (12)
24 males Completed resistance exercise and

consumed varying doses of whey
supplemented with leucine or EAAs
without leucine.

Low doses of whey supplemented with
leucine or EAAs stimulated MPS to the
same degree as larger doses.

Nelson et al. (49) 12 males Performed high-intensity endurance
exercise and subsequently ingested
leucine/protein supplement or control.

The supplemental leucine dose saturated
BCAA metabolism, increased leucine
oxidation, and attenuated MPB.

AAs, amino acids; BCAAs, branched chain amino acids; EAAs, essential amino acids; MPB , muscle protein breakdown; MPS, muscle protein synthesis.
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A
Summary of Human Studies Related to the Effect of Leucine
Supplementation on Breakdown of Muscle ProteinTable 3.12

Reference Population Design Findings
Schena et al. (67) 16 humans Trekked 21 d at high altitude and took

either BCAA or placebo supplements.
BCAA supplementation decreased muscle
loss during chronic hypobaric hypoxia.

Nair et al. (46) 6 healthy
males

Leucine or saline infused intravenously. Leucine decreased MPB across several
muscle sites.

8 elderly
males

Consumed a control diet or one
supplemented with leucine after exercise
in crossover design.

Coingestion of leucine did not attenuate
MPB.

Koopman et al.
(33)

Glynn et al. (22) 14 humans Consumed EAAs with normal or high
leucine content.

Leucine supplementation showed a
modest decrease in MPB.

Stock et al. (69) 20 trained
humans

Performed resistance exercise and
consumed a leucine-supplemented
beverage before and after.

Leucine supplementation did not
attenuate MPB.

Kirby etal. (30) 27 males Performed drop jumps and consumed a
placebo, leucine, or nothing.

Leucine supplementation did not
attenuate MPB.

Nelson et al. (49) 12 males Performed high-intensity endurance
exercise and subsequently ingested
leucine/protein supplement or control.

The high-leucine dose in the supplement
saturated BCAA metabolism, increased
leucine oxidation, and attenuated MPB.

BCAA, branched chain amino acids; EAAs, essential amino acids; MPB, muscle protein breakdown.

Muscle protein constantly changes through the break-

down of existing proteins and the synthesis of new proteins
(50). This process varies dramatically over the course of
a single day, but it is now known that a prolonged period
with no food consumption results in a decreased protein
synthesis of between 15% and 30% below normal levels,
and this catabolic period continues until energy (calories)
and amino acids are ingested to stimulate the process of
protein synthesis (50). Skeletal muscle is highly responsive
to dietary protein and energy intake, and exercise stimulates
both MPS and muscle protein breakdown (32, 76, 77).
Muscle protein acquisition results when there is either in-
creased MPS or decreased muscle protein degradation, so
for muscle enlargement to occur, MPS must surpass muscle
protein breakdown (13). Consumption of high-quality
protein that provides the essential amino acids is essential
in encouraging postexercise MPS. Muscle activity and the
availability of nutrients strongly influence exercise-induced
adaptive changes in muscle (44, 80), and a failure to provide
sufficient energy and protein soon after an exercise bout
will compromise optimal muscle recovery and maintenance
(1, 13). It has been shown that consumption of protein/
amino acids (>15 g) following resistance exercise effect-
ively increases MPS rates (31). It is well established that
resistance exercise results in greater protein synthesis that
continues for up to 48 hours postexercise (54). Therefore,

individuals who wish to increase muscle mass must consume
protein soon after exercising to gain a positive protein bal-
ance and capitalize on the enhanced muscle receptiveness
to protein, but should also sustain a good energy balance
with well-distributed protein consumption for the days
following the resistance activity (24).

Branched-Chain Amino Acids
The three BCAAs, leucine, valine, and isoleucine, stim-
ulate protein synthesis and inhibit protein breakdown,
particularly in skeletal muscle, possibly because BCAAs
are the only essential amino acids that are metabolized in
muscle and other tissues, but not in the liver (80). Of the
three BCAAs, the essential amino acid leucine appears to
be the most potent stimulator of protein synthesis (19). A
number of studies have assessed leucine’s role in MPS and
its role in reducing muscle protein loss in states of inad-
equate energy consumption ( i.e., in a catabolic state) (18,
50). It also appears that leucine regulates protein synthesis
in cardiac muscle and adipose (fat) tissue (70).

The value of BCAAs, particularly leucine, in stimulating
MPS may be misinterpreted, with athletes sometimes con-
suming large doses of supplemental protein and/or amino
acids with an elevated leucine content. However, there are
findings suggesting that metabolic pathway thresholds may
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be overwhelmed by single bolus doses that exceed -20-25 g
protein and equivalent AA intake, and consuming leucine in
large bolus doses greater than these equivalents is not useful (12).

It is also possible that the onset of fatigue during exercise
is attributed to changes in concentrations of the neurotrans-

mitters serotonin, dopamine, and noradrenaline, which
are dependent on serum amino acids being transported
through the blood-brain barrier (59). The amino acids
involved in the synthesis of these neurotransmitters use the
same blood-brain barrier transporters as the BCAAs, with
the possibility that excess leucine and other BCAAs may
compete with the transporters and inhibit the production
of neurotransmitters, resulting in premature fatigue (41).
Supplemental intake of individual amino acids may cause
problems, and it is important to remember that amino acids
are normally consumed as part of an entire meal consisting of
whole proteins, and that the consumed protein is associated
with a parallel increase in blood glucose and insulin release,
both of which enable leucines action (19, 35). Supplemental
amino acids are devoid of carbohydrates, which provide the
glucose and subsequent insulin. A good strategy for assuring
optimal protein metabolism is to add high-leucine foods,
including whey protein, eggs, poultry, fish, and kidney
beans, to meals during postexercise recovery to aid MPS by

increasing muscle hypertrophy, attenuating muscle break-
down, and maintaining net positive muscle protein (11). It
has also been found that large doses of supplemental leucine
are not more effective than doses commonly ingested in a
well-balanced healthy diet. Additionally, there are mixed
results on whether large doses of leucine may induce detri-
mental health effects. Some studies have found that large
doses are associated with insulin resistance (40, 82), whereas
other studies have found that increasing dietary leucine had
a positive effect on insulin sensitivity (35). Despite the few
lingering questions regarding a potentially negative health
impact with high-dose intakes, consumption of high-leucine
foods and leucine-enhanced foods and supplements ( e.g.y

whey protein food bars) postexercise has been found to
enhance MPS across different populations.

The distribution of protein consumption during the
day and its intake following exercise and periods of lower
activity are also important considerations (see Tables 3.10
and 3.11). Aging is associated with lower MPS following
ingestion of essential amino acids, but it has been found
that proteins with a slightly elevated leucine content ( e.g.y

whey protein), when provided in well-distributed intervals
throughout the day, increase MPS in both young and older
adults (9, 14, 52) (Figure 3.5).

Dietary pattern 1: Poor protein metabolism

Poorly distribued
protein during the
day is associated
with low muscle
protein synthesis,
poor muscle
development, and
loss of muscle,
even if total daily
protein intake is
sufficient.
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Evenly distributing
consumed protein
during the day is
associated with
enhanced muscle
protein synthesis
and better muscle
development
with the same
total daily protein
intake as in
dietary pattern 1
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Dietary pattern 2: Good protein metabolism
FIGURE 3.5: Protein distribution makes a difference in muscle development. (From Paddon-Jones D, Sheffield-Moore M, Zhang X-J, et al.
Amino acid ingestion improves muscle protein synthesis in the young and elderly. Am J Physiol Endocrinol Metab. 2004;286(3) : E321-8.)
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As noted earlier, the provision of ~25 g of good-quality
protein well distributed in daily meals appears sufficient
to obtain the desired outcomes, assuming energy balance
is sustained (51, 57). Studies have determined that large
doses of leucine are not more effective than good-quality
foods and may negatively impact health (40, 82).

From a practical standpoint, consumption of a beverage
containing approximately up to 25 g protein after heavy resistance
training has the potential of improving MPS. Combining this
protein with an equal caloric load of carbohydrate also helps
to ensure better energy balance, allowing the protein-sparing
effect of carbohydrate to manifest itself (so the protein can
be used for muscle recovery rather than energy). The carbo-
hydrate provided at this time also aids in glycogen recovery
(83). Studies have found that chocolate milk, because of its
combination of carbohydrate and high-quality protein that
contains leucine, plus electrolytes (primarily sodium, chloride,
and potassium) to help recover a hydrated state, is an effective
postexercise replenishment beverage (23, 74).

study assessing a relatively low-carbohydrate and relatively
high-protein meat and dairy-based diet following the basic
recommendations of the well-known Atkins Diet found that
after 24 months, there were some signs of kidney function
loss (16, 68). Although this is unlikely to be a major concern
for otherwise healthy people, this would be a particular con-
cern for individuals who already have kidney dysfunction
(38, 75). Animal studies inducing these same high-protein,
low-carbohydrate intakes have had similar findings (28).The
proposed mechanism for the kidney damage is related to the
combination of forced nitrogenous excretion, formation of
kidney stones, and hypertension associated with the sodium
in animal proteins. This review suggests that protein intakes
exceeding 25% of total energy or more than 2-3 g/kg/day
are not recommended (37). Because the excreted urea and
uric acid are acidic, blood calcium is used to buffer the
acidity in the kidneys. This added calcium increases the
risk for uric acid-calcium kidney stones (25, 63). Because
blood calcium levels cannot change (it is a major pH buffer
in the blood), the calcium lost to the kidneys is replaced
by calcium from bones, resulting in lower bone mineral
density (3) (Figure 3.6).

The IOM has set the protein distribution range at 10%— 35%
of total calories consumed, with no upper limit on protein
intake because of the lack of clearly associated health prob-

lems (27). It is common for high-protein intakes, often as
much as 300 g/day, to be consumed without any apparent
negative health effects. However, the long-term effects of
this dietary pattern have not been adequately assessed (75).
There is also concern that high-protein intakes above 2.0 g/
kg/day negatively affect the consumption of carbohydrate,
which could have an impact on performance (75).

Risks of Too Much Protein
Many physically active people often consume high-protein
diets, often at levels exceeding 2.0 g protein/kg or more than
25% of total calories from protein, primarily to enhance
muscle mass and strength. There is little scientific support
for consuming protein above 2.0 g/day, and there are no
long-term data on the potential health effects of this level
of regular protein consumption (65). There is an increasing
body of evidence to suggest that chronic and excessively high
intakes of protein, at levels exceeding 2.0 g/kg, may increase
the risk of renal damage. A 2-year human intervention

FIGURE 3.6: High-protein diets and
increased risk of kidney disease.
(Adapted from Marckemann P, Osther
P, Pedersen AN, Jespersen B. High-
protein diets and renal health. J Ren
Nutr. 2015;25(l) :l-5. )

High-Protein Diet

Greater requirement to
excrete nitrogen because a
high proportion of protein is
used for energy (higher
glomerular filtration)

Higher sodium intake if
significant proportion of
protein from animal
protein

Urine becomes acidic from
nitrogen excretion, so
calcium migrates to kidney
to buffer the acidity

Kidney stone formation
and lower bone mineral
density from calcium loss

Renal tubule damage
from glomerular
hypertension

Increased need to excrete
excess sodium and
systemic hypertension

I
Kidney Damage

I
Chronic Kidney Disease
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•Summary
an average protein intake of 1.25 g/kg/day (assuming
sufficient total energy consumption) adequately com-
pensates for muscle protein breakdown during long
resistance and endurance exercise sessions (58).
The daily requirement of protein should be met with
meals that provide a regular distribution of high-quality
protein over the course of the day and following stren-

uous training (73).
Current protein recommendations are often expressed
in terms of the regular spacing of modest protein intakes
(~0.3 g/kg) following physical activity and throughout
the day. Adequate energy is required to optimize protein
utilization (73).
High-quality proteins containing the amino acid leucine,
particularly when consumed postexercise, are useful for
MPS and for sustaining lean mass (73).
There is justifiable concern that, despite unanimous
recommendations for high-carbohydrate intakes for
athletes and recommendations for relatively low intakes
of protein, athletes appear to consume far in excess
of their need for protein, fail to optimally distribute
protein during the day, and consume less than they
require from carbohydrates (6, 7).

The recommended protein intake (recommended di-
etary allowance) for the general adult population is 0.8
g/kg/day, with recommendations for active people in
the range of -1.2-2.0 g/day. The timing of intake and
the quality of protein consumed are also important
considerations for athletes.
Resistance activity helps to stimulate the enlargement
of muscle mass if coupled with sufficient energy and
protein up to 25 g consumed immediately within 2
hours postexercise. Protein intakes above this amount
postexercise do not additionally stimulate protein
synthesis but merely result in more urea synthesis and
nitrogenous excretion (5, 55).
The protein recommendation, compared with the other
energy substrates (carbohydrate and fat), is relatively
small for physically active people (-1.2-2.0 g protein/
kg/day, compared with the 5.0-12.0 g carbohydrate/
kg/day) (73). Ideally, this amount of protein should be
evenly distributed during the day in amounts of -25
g/meal to obtain the greatest benefit. It appears that

Practical Application Activity
Protein intake can be analyzed as a percent of total calories consumed (% protein), or as grams of protein/kg mass (g/kg).
The preferred method is g/kg, as this provides an adjustment for the protein consumed based on body mass. Using
% protein, it is possible for someone to have what appears to be a desirable protein consumption { e.g., 15% of total
calories), but if insufficient calories are consumed, the protein intake will be inadequate. You can assess your protein
food intake for both % protein and g/kg following the same instructions provided in Chapter 1, accessing the online
USDA Food Composition Database (78), (https://ndb.nal.usda.gov/ndb/search/list), but this time create a spreadsheet
with Energy (calories) and Protein (g) and organize your foods by meal/eating opportunities. Create subtotals for each
meal, and totals for the day, as follows:

Food (Adjusted for
Consumed Amount)

Energy from
Energy (Calories) Protein (g) Protein (g x 4)

Meal 1
Food 1-
Food 2-
Etc.-
Meal 1 Totals
Meal 2
Food 1-
Food 2-
Etc.~

Meal 2 Totals

(continued )
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Food (Adjusted for
Consumed Amount)

Energy from
Energy (Calories) Protein (g) Protein (g x 4)

% Energy from protein Protein g/kg:All meal Totals

Recommended dietary allowance for
protein (adjusted for age and sex)

Difference between intake and
recommended dietary allowance

Note: Repeat meal format (Meal 1, Meal 2, Meal 3, etc.) above for as many eating opportunities that you had.

1. When completed, analyze the diet to view your protein consumption, including protein g/kg, and % energy from
protein (calories from protein/total energy)

2. Review the foods that contribute most to your protein intake.

3. Determine if your protein consumption is adequate for a nonathlete (~0.8 g/kg) and for an athlete (-1.2-2.0 g/kg)
4. Assess if the intake of protein per meal is greater than -30 g at any meal. On average, protein consumed in excess

of 30 g/meal may not be efficiently metabolized as protein, with a proportion of the protein being used as energy
or stored as fat rather than used anabolically to build and repair tissues, make hormones, etc.

5. If necessary, try to make adjustments to your diet by eating different foods and/or distributing the food consumed
so that the consumed protein will be optimally metabolized.

5. The daily protein intake recommendation for strength
athletes is:
a. 0.8-1.0 g/kg
b. 1.2-1.7 g/kg
c. 2.0-3.8 g/kg
d. >3.0 g/kg

6. Chronic consumption of excess protein may negatively
affect the health of which organ?
a. Pancreas
b. Intestines
c. Kidneys
d. Brain

7. Because protein is an energy substrate, at least 20% of the
total energy requirement should be derived from protein.
a. True
b. False

8. Which of the following amino acids is associated with
stimulation of MPS?
a. Leucine
b. Phenylalanine
c. Tryptophan
d. Histidine

9. Protein consumption exceeding 30 g at a single meal
may result in an increase in blood urea nitrogen,
which is associated with both dehydration and lower
bone mineral density.
a. True
b. False

Chapter Questions

1. The chemical composition of proteins differs from
carbohydrates or fats because of the presence of:
a. Sodium
b. Carbon
c. Nitrogen
d. Hydrogen

2. Factors that determine protein quality:
a. Quantity and rate of intestinal absorption
b. Rate of utilization as an energy substrate
c. Amount, type, and distribution of essential amino

acids
d. Digestibility
e. a and c

3. To have a protein-sparing effect, athletes must con-
sume sufficient:
a. nonessential amino acids
b. essential amino acids
c. carbohydrate
d. fluids

4. The anabolic potential of protein is best achieved if
it is consumed in a single large dose of between 50
and 60 g.
a. True
b. False
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CHAPTER OBJECTIVES
Recognize the different types of fatty acids, and
the primary food sources of these fatty acids.

Describe the recommended intakes of lipids for
athlete and nonathlete populations, and the best
dietary sources of these lipids.
Identify the major lipid digesting enzymes and
associated substances and their sources in the
gastrointestinal (GI) tract.
Demonstrate an understanding of the major
blood lipoproteins, their sources, and how they
are metabolized.
Explain the association between lipids and athero-

sclerosis and heart disease, and the exercise and
dietary strategies that can be followed to lower
atherosclerosis and heart disease risks.

Discuss how trans fats are made, the foods most
likely to be high in trans-fatty acids, and the health
problems these pose.
Describe how fats are metabolized to provide
adenosine triphosphate (ATP) energy to tissues,
and the dietary, hormonal, and exercise factors
associated with increasing fat metabolism.
Recognize the major functions of lipids in helping
to sustain good health .

Understand the major reactions that take place
with dietary lipids.

Know the essential fatty acids and the processes
for making nonessential fatty acids.

Case Study

John was a talented defensive lineman on his high school
football team, getting a lot of pressure from his coach to
". . .put on some weight!” He was not given any guidance
on what to do, so he stayed with the same training regimen
as before but started eating more — a lot more. More bacon,
more sausage, and five fried eggs instead of his usual two.
Sure enough, his weight was going up. The problem was
that the weight increase was nearly all body fat, so he had
the same amount of muscle trying to move more nonmuscle
weight, and everyone noticed he was slower off the line, and
his endurance was terrible. To make matters even worse,
he had a great deal of muscle soreness that slowed him
down even more and made it difficult for him to recover
from football practice. By the end of each week, he literally
felt lame and had terrible performances at Saturday games.

So his coach said the inevitable: “ You need to lose some
weight! ” So John went on self-prescribed low-calorie “diet”
that was near starvation, because he was desperate to lose
that weight. Yes, he lost weight, but almost all the weight he
lost was muscle, which made his strength-to-weight ratio
even worse (he had less muscle moving more nonmuscle
weight). His endurance was terrible, and he was pretty sure
he would have to give up football.

Finally, John’s parents made an appointment with a
registered dietitian who specialized in sports nutrition. The
dietitian showed John how to dynamically match energy
intake with expenditure, and also showed him how all
those saturated and trans fats he was consuming added to
his muscle soreness. He also spoke to a certified athletic
trainer and a strength and conditioning coach who worked

82
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together with the dietitian to work up a diet and exercise
plan that would help John benefit from the exercise to
enhance muscle mass and lower fat mass. It worked,
and John learned an important lesson. Not all fats are the
same. Some fats, such as omega-3 fatty acids (from fish
and vegetables), can reduce muscular inflammation, while
some fats, such as n-6 saturated fatty acids and trans fats
(from meats and margarine), can add to inflammation. He
also found out the hard way that too much fat will definitely
make it easy to get too many calories and will, inevitably,
make it easy to become fat.

CASE STUDY DISCUSSION
QUESTIONS

1. If you were working with John, what kind of diet
would you recommend for him to help ensure he
gets the energy he needs to support his perceived
need to put on weight?

2. How would you explain to John that the kind of
weight he wants to increase is an important factor
in his performance? How would you get John to
think about increasing muscle weight rather than
just weight?

:: Introduction £j| Cholesterol
A sterol molecule manufactured by animal cells with
protective cell membrane functions. (It is not found in
foods of nonanimal origin.) Bile, made by the liver to aid
in dietary fat absorption, is 50% cholesterol. High blood
cholesterol may occur, therefore, from either a high level
of meat consumption or a high level of fat consumption.
High blood cholesterol is associated with higher risk of
atherosclerosis and heart disease deaths.

Heart Disease
Cardiovascular disease involving reduced blood flow to the
heart and other tissues from an atherosclerotic narrowing
of the arteries, dramatically increasing the risk of a heart
attack (myocardial infarction) and stroke. High-fat diets
and inadequate exercise are associated with higher risk of
cardiovascular disease.

A Important Factors to Consider

Dietary lipids ( i.e., dietary fats) have many important
functions, but the majority of populations in
industrialized nations eat too much fat, particularly
of the wrong kinds that are high in saturated fatty
acids, placing them at risk for obesity and for
early development of cardiovascular disease. Not
all fats are the same in terms of their atherogenic
potential, but excess fat intake, regardless of the
source, is likely to cause problems. While reading
this chapter, think about ways to (i) improve the
kinds of fats consumed and (ii) eat to lower total
fat consumption.
There is a common misunderstanding that
consumption of foods high in cholesterol (a waxy,
fat-like substance that occurs naturally in all parts
of the body) is dangerous as these foods increase
heart disease risk. For instance, eggs are high
in cholesterol but relatively low in fat, but they
are often avoided because people fear that the
cholesterol will increase heart disease risk. However,
consumption of fatty foods, even if they contain
no cholesterol will also elevate blood cholesterol
because the bile used to emulsify these dietary fats
is 50% cholesterol. Therefore, the key to lowering
heart disease risk is to consume better fats ( i.e.,
mono- and polyunsaturated fats associated with
vegetables, nuts, and seeds) and to lower total
fat intake. Just lowering cholesterol intake will not
achieve the desired goal.

The term lipid is the scientific term for organic molecules
that are not soluble in water but are soluble in organic
solvents (soaps, chloroform, benzene, etc.). Lipids are
commonly referred to as fats, but traditionally the word
fat refers to a lipid that is solid at room temperature ( e.g.,
butter), while the word oil refers to a lipid that is liquid at
room temperature ( e.g.,corn oil). Fats and oils are typically
also different in composition, and this can have an impact
on the health or disease potential when different fats or
oils are consumed. Some lipids, such as cholesterol, are a
common part of health assessments because the amount of
cholesterol in the blood is associated with cardiovascular
disease risk. There are many other lipids as well, including
the lipid-protein molecules that are created when dietary
fats are digested and absorbed. The degree to which these
molecules are present in the blood is also an indicator of
cardiovascular disease risk, and it provides an indication
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consumed foods/nutrients are better absorbed and enter
the blood more gradually. This graduated absorption
enhances tissue utilization of the nutrients.
Improve the flavor and palatability of foods: For any-
one who has tasted fried chicken and boiled chicken
at the same meal, it is easy to understand how higher
fat foods improve food flavor and palatability (having
a more pleasant taste). Traditionally, higher fat foods
were consumed mainly on special occasions, but many
foods that are high in fat are easily available and at low
cost. The high palatability, coupled with the low cost
and easy availability, increases the risk that excess lipids
will be consumed with related higher health risks.
Carry the fat-soluble vitamins A, D, E, and K: Some vi-
tamins require a lipid environment, so some lipids must
be consumed to be assured of obtaining these fat-soluble
vitamins. Vitamin E, for instance, is a vitamin commonly
found in cereal oils ( i.e.y corn oil), while vitamin A is found
in animal sources ( i.e.y eggs, meat, dairy, liver). Avoiding
all higher fat foods could easily result in a deficiency of
one or more of these fat-soluble vitamins.
Provide the essential fatty acids: While humans can
manufacture most of the lipids required to ensure health,
we are unable to manufacture the essential fatty acids,

linoleic acid (LA) and a-linolenic acid (ALA). Therefore,
it is essential that we consume these fatty acids from
the foods we eat. These fatty acids are available from
a wide range of foods, including fish, shellfish, leafy
vegetables, walnuts, flax, and more. Failure to consume
foods with the essential fatty acids is associated with
central nervous system and cardiac problems.

CJ Lipids
Molecules that include fats, waxes, sterols,
monoglycerides, diglycerides, triglycerides, phospholipids
and fat-soluble vitamins.

of whether more lipids are being removed from storage to
supply energy than being delivered to storage.

Virtually every food we consume contains lipids, including
fruits, vegetables, cereals, meats, and fish. However, different
foods contain different types and concentrations of lipids
that may either increase or decrease disease risk. For the
purpose of this book, the term lipid is used to refer to all
lipids in general, and specific fats or oils will be identified
where the difference is important for health, disease risk,
or athletic performance.

In humans, lipids have a wide range of functions that are
critically important to sustaining good health. These include:

Concentrated source of energy: Lipids are an extraordi-
narily efficient storage form for energy ( i.e.y calories).
One gram of lipid (fat or oil) provides 9 calories, while
1 g of either carbohydrate or protein provides 4 calories.
One way of thinking about the difference in caloric den-
sity is that, for every gram of fat removed from the diet,
you can consume twice as many grams of carbohydrate
and protein and still consume less total energy. Another
way of considering the caloric density of lipids is that
eating high-fat foods ( e.g.y fried foods, fatty meats) is an
easy way to obtain too many calories at a single meal.
Insulation from environmental temperature: Body fat is
evenly distributed between the fat stored subcutaneously
(under the skin) and visceral fat (the fat stored around
the organs). This fat plays dual roles that are both import-
ant, acting as a source of energy that can be delivered to
tissues in a time of need and also acting as an insulation
blanket to help sustain body and organ temperature when
exposed to environmental temperature extremes (2).
Cushion against jarring: The subcutaneous fat layer
protects the underlying muscle, which is far more vas-
cular (has more blood running through it), from being
bruised when struck. Athletes of all kinds, but particularly
athletes in concussive sports (boxing, football, etc.),
must be cautious of being too lean as the direct “ hits”
on muscle would be damaging and require more repair.
Prolong satiety: Consumed lipids have a delayed gastric
emptying time, and while food remains in the stomach,
the desire to eat again is delayed. This feeling of satiety,
or the feeling of fullness after eating, is considered de-
sirable because it helps to avoid overeating. Importantly,
the delayed gastric emptying helps to ensure that the

(J| Essential Fatty Acids
The essential fatty acids, LA and ALA, are referred to as
essential because humans are unable to manufacture
them. Therefore, it is essential that we obtain these fatty
acids from consumed foods.

LA is an unsaturated omega-6 fatty acid ( i.e., the
double bond is at the sixth carbon atom) and is
required for normal neurological function, the
growth and maintenance of hair and skin, and the
maintenance of good bone mineral density. There
is evidence that diets relatively high in LA also lower
heart disease risk (12). Food sources of LA include
plant seed oils, including corn, sunflower, and soybean
oils. Certain nuts, including pecans, Brazil nuts,
and pine nuts, are relatively high in LA. Humans
convert consumed LA into y-linolenic acid (GLA)
and arachidonic acid, both of which have important
physiological functions. GLA inhibits the tissue
inflammation associated with rheumatoid arthritis,
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and 10 carbon atoms. At one end of the carbon chain, there
is a carboxylic acid (hence the name "fatty acid"). When
not attached to other molecules, fatty acids are referred to
as free fatty acids. Typically, dietary fatty acids are attached
to a glycerol molecule in the form of a triglyceride. Some
fatty acids are saturated, others monounsaturated, and still
others polyunsaturated. These different types of lipids have
different types of bonds that hold together the carbon atoms,
which make up the skeleton of the fatty acids.

diabetes, and allergies (17). Arachidonic acid not only
supports brain and muscle function but also promotes
inflammation (19).
Linolenic acid is an unsaturated omega-3 fatty acid
( i.e., the double bond is at the third carbon atom)
and is necessary for healthy cell membranes and
cardiovascular function because of its cholesterol
lowering and inflammation lowering properties (7).
The consumed form of linolenic acid is in the form
of the omega-3 fatty acid ALA, the omega-3 fatty
acid eicosapentaenoic acid (EPA), and the omega-3
fatty acid docosahexaenoic acid (DHA). Common
food sources of ALA include flaxseed, soybeans,
pumpkin seeds, walnuts, and canola oil; common food
sources of EPA include fatty fish, fish oils, and marine
foods ( i.e., marine algae, seaweed); common food
sources of DHA include marine foods, fatty fish, and
DHA-enriched eggs (32, 48).

(J| Fatty Acids
A fat molecule with a carbon chain that has a carboxylic
acid (COOH) at the terminal end. In the diet, they are
typically part of triglycerides. Patty acids have variable
carbon chain lengths, from short chain (fewer than
six carbons such as butyric acid), medium chain
(between 6 and 12 carbons) , and long chain (longer
than 12 carbons). The carbon chains may be saturated,
monounsaturated, or polyunsaturated.I•Types of Lipids

A Saturated fatty acids have carbon atoms that are held
together entirely with single bonds, meaning that the carbon
atoms are saturated with hydrogen atoms. Single bonds are
stronger, more stable, and less chemically reactive than
double bonds. Monounsaturated fatty acids have a single
{ i.e., mono ) double bond in the carbon chain, meaning
that the two adjoining carbon atoms are each missing a
hydrogen atom and are held together with a weaker bond-

ing structure, a double bond. Polyunsaturated fatty acids
contain two or more double bonds in the carbon chain. Do
not be confused by the terminology, as double bonds are
weaker and less stable than single bonds. Because of that,
the greater the number of double bonds, the greater the
opportunity for the chemical environment to react with
the fatty acid. It is this ability to react with the fatty acid
that makes the difference when it is consumed. In gen-
eral, saturated fatty acids are commonly found in highest
concentration in fats of animal origin, but they are also
high in other dietary lipids, including palm kernel oil and
coconut oil (Figure 4.1).

Important Factors to Consider

Different types of lipids have different metabolic
outcomes when consumed. Saturated lipids tend
to maintain serum lipids and cholesterol longer and
are therefore more atherogenic. Monounsaturated
lipids tend to be well tolerated and are cleared
relatively quickly from the serum. Polyunsaturated
lipids tend to be cleared from the serum quickly
and have the effect of lowering blood lipids and
cholesterol. However, excess intake of all lipids
may have an atherogenic effect, so the amount
consumed at a single meal should be relatively low.
Saturated fatty acids are often used in food processing
because they are less likely to interact with the
environment and become rancid. Saturated fatty acids
that are liquid, such as those found in palm oil, tend
to be even more popular with food manufacturers
because liquids are more easily mixed with other food
ingredients. Therefore, athletes should be cautious
about consuming too many processed/packaged
foods, these tending to be higher in saturated fa t .
Recommendation: Read the label! fjl Saturated Fatty Acids

These fatty acids have no double bonds between
the carbon atoms and tend to stay elevated in the
blood longer, increasing their potential for creating
atherosclerosis. Common saturated fatty acids are found
not only in animal fats ( i.e., stearic acid) but also in palm
oil ( i.e., palmitic acid).

Fatty Acids
Most fatty acids consist of an even-numbered carbon chain
of 12-28 carbon atoms, with hydrogen atoms attached to the
carbons, but there are also less common fatty acids with 8
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FIGURE 4.1: (A ) Saturated, (B) monounsaturated,
and (C) polyunsaturated fatty acids. (From
KraemerWJ, Fleck SJ, Deschenes MR. Exercise
Physiology. 2nd ed. Philadelphia (PA): Lippincott
Williams & Wilkins; 2015.)
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[Jl Monounsaturated Fatty Acids
These fatty acids have a single double bond between the
carbon atoms and are well tolerated by humans. The most
common monounsaturated fatty acid consumed is oleic
fatty acid, which is high in olive oil and canola oil.

(Jl Polyunsaturated Fatty Acids
These fatty acids have two or more double bonds between
the carbon atoms, making them easy to digest and
interact with, enabling faster clearance from the blood
and reducing atherosclerosis potential. The omega-3 fatty
acids, in particular, are polyunsaturated fatty acids from
seafood that have been shown to lower heart disease risk.

fjl Triglycerides
A fat molecule composed of glycerol plus three fatty
acids, which is the most common form of dietary lipids
consumed by humans. Triglycerides are also the main
storage form of lipids ( /

'.e., body fat) in humans.

are extremely efficient forms of energy storage, providing 9
calories/g, compared with 4 calories/g from either proteins
or carbohydrates. It takes less than half the dietary fat to
deliver the same calories as carbohydrates and proteins, so
it is easier to consume excess calories if the foods consumed
have a high proportion of fat.

The triglycerides in each food we consume can have some
saturated, some monounsaturated, and some polyunsaturated
fatty acids. The polyunsaturated fatty acids, which are highly
prevalent in sunflower oil, corn oil, and safflower oil, have a
tendency to decrease serum cholesterol, which is associated
with lower cardiovascular disease risk.The monounsaturated
fatty acids, which are highly prevalent in olive oil, and canola
oil, also tend to decrease serum cholesterol. The saturated

The most common form of lipid in the human diet,
whether from fat or oil, is in the form of triglycerides, which
is the primary form of lipid ( i.e., fat) storage in humans
and other mammals. Nearly all dietary lipids (-95%) are in
the form of triglycerides. The triglyceride molecule, as the
name suggests, is composed of one glycerol molecule with
three fatty acids connected to it (Figure 4.2). Triglycerides
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Glycerol + 3 fatty acids

FIGURE 4.2: Triglyceride molecule. (From KraemerWJ, Fleck SJ, Deschenes MR. Exercise Physiology. 2nd ed. Philadelphia (PA): Lippincott
Williams & Wilkins; 2015.)

> 1 Triglyceride + 3 water molecules
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A
Distribution of Saturated, Monounsaturated, Polyunsaturated, and
Trans-Fatty Acids in Commonly Consumed Dietary Lipids of Plant and
Animal Origin

Table 4.1

Food % Saturated % Monounsaturated % Polyunsaturated % Trans-Fatty Acids
Fatty Acids of Plant Origin
Coconut oil 85.2 6.6 1.7 0.0
Cocoa butter 60.0 32.9 3.0 0.0

81.5 11.4 1.6 0.0Palm kernel oil
45.3 41.6 8.3 0.0Palm oil

Cottonseed oil 25.5 21.3 48.1 0.0
Wheat germ oil 18.8 15.9 60.7 0.0
Soybean oil 14.5 23.2 56.5 0.0
Olive oil 14.0 69.7 11.2 0.0
Corn oil 12.7 24.7 57.8 0.0
Sunflower oil 11.9 20.2 63.0 0.0
Safflower oil 10.2 12.6 72.1 0.0

10.0 15.0 75.0 0.0Hemp oil
Canola oil 5.3 64.3 24.8 0.0

13.6 33.5 20.2Mixed vegetable oil — stick
margarine

14.8

Mixed vegetable oil — tub
margarine

16.7 24.7 23.8 3.3

Fatty Acids of Animal Origin

Butter 54.0 19.8 2.6 0.04
Duck fat 33.2 49.3 12.9 0.0

40.8 43.8 9.6 0.0Lard

Source: From Pennington JAT, Douglass JS. Bowes & Church’s Food Values of Portions Commonly Used. 18th ed. Baltimore (MD): Lippincott
Williams & Wilkins; 2005; United States Department of Agriculture. National nutrient database for standard reference, Release 28 [Internet ],
Available from: https://ndb.nal.usda.gov/ndb/search/list. Accessed December 2017.

fatty acids, commonly found in high proportions not only
in animal fats, but also in coconut oil, palm kernel oil, and
cocoa butter, tend to increase serum cholesterol, which is
associated with higher cardiovascular disease risk. Table 4.1
shows the distribution of saturated, monounsaturated, and
polyunsaturated fatty acids in dietary lipids.

Long-chain fatty acids are the most common dietary
lipids, but other lipids also exist in nature or are manufac-

tured and used in the food supply. These include:

As indicated in Table 4.1, not all oils are high in poly-

unsaturated fats ( e.g.y coconut oil and palm kernel oil).
The characteristics of these lipids often determine how
they are used. As an example, palm kernel oil is often
used in processed foods because it is highly saturated
and therefore stable. In addition, the fact that it is an oil
makes it easier to mix with other ingredients (Table 4.2).
The common fatty acid reactions can help in understand-

ing how fats are used or why they behave as they do.

Diglycerides: 1 glycerol and 2 fatty acids
Monoglycerides: 1 glycerol and 1 fatty acid
Short-chain fatty acids: 4 or 6 carbon atoms
Medium-chain fatty acids: 8, 10, or 12 carbon atoms
Long-chain fatty acids: 14 or more carbon atoms (these
are the most common in the diet)

Common Lipid Reactions
Peroxidation
Peroxidation is defined as oxidation reactions of fatty
acids and cholesterol that contain one or more double
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A

Table 4.2 Common Terminology for Lipids

Term Meaning
Essential fatty acids Fatty acids that we are incapable of synthesizing, so they are essential that we consume

them in the diet. These include:

Linoleic acid
a-Linolenic acid

Most prevalent fatty acid The fatty acid that is most commonly found in the food supply:

Oleic fatty acid (monounsaturated)

Simple lipids Lipids that exist in nature include
Fatty acids
Glycerol
Triglycerides
Diglycerides
Monoglycerides
Sterols
Waxes

Compound lipids Lipids attached to nonlipid compounds include:

Phospholipids
Glycolipids
Lipoproteins

Structured lipids Lipids manufactured from simple and/or compound lipids include:

Medium-chain triglyceride oil
Short-chain fatty acids Fewer than six carbons
Medium-chain fatty acids 6-12 carbons
Long-chain fatty acids Greater than 12 carbons

bonds in the carbon chain. The oxidized lipids may create
free-radical peroxides that, in foods, make the food taste
rancid (spoiled). Meat fats that have at least one double
bond (see Table 4.1) are not associated with high levels of
antioxidants (vitamins E and C),so they can easily undergo
this oxidation rancidity reaction. For example, imagine
leaving raw bacon uncovered and unrefrigerated on the
kitchen counter for several hours. The fats in the bacon will
become oxidized and smell rancid. By contrast, vegetable
oils, such as olive oil and safflower oil, are high in mono-

and polyunsaturated fats, but they also have a high level of
vitamin E, a powerful antioxidant that captures oxygen and
keeps the fatty acids from becoming oxidized. Because of
this, vegetable and cereal oils have a high shelf life without
becoming rancid. In humans, antioxidant vitamins protect
the fatty membranes of cells from becoming oxidized and
creating peroxide free radicals, which can destroy the cell
or can alter the DNA structure of the cell and initiate a
disease process (Example 4.1).

Example 4.1: Free Radicals

Free radicals are unstable and react in unpredictable ways
as they attempt to gain a missing electron. As a free radical,
such as peroxide, steals an electron from a compound it
has come in contact with, the compound with the stolen
electron itself becomes unstable, causing a chain reaction.
When free radicals enter a cell, they move around the cell
in an unpredictable and damaging pattern, destroying the
cell or nicking the nucleus of the cell. The nucleus contains
the DNA of the cell, which can get damaged, and if this
cell reproduces, the reproduced cell will not be normal,
initiating a disease process such as cancer. Antioxidants,
such as vitamin E, help to protect cells by capturing oxy-
gen and avoiding the creation of peroxide and other free
radicals that can be made from oxidized fatty acids. One
of the reasons consumption of fresh fruits and vegetables
is associated with good health is that these foods are high
in protective antioxidants.
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Iodination
Iodination reactions are performed in a laboratory to deter-
mine the number of double bonds ( i.e., its relative saturation/
unsaturation) that are present in a lipid (41,42). For instance,
to determine if there is a difference in saturation/unsaturation
between olive oil from Greece and olive oil from Italy, a lab-

oratory could perform an iodination test.The oils are bathed
in a solution containing iodine, which has a distinct dark
brown color. The iodine attaches itself to the carbon atoms
that have double bonds, and the color of the oil is checked
in a machine (spectrophotometer) that can determine the
degree of color (Table 4.3). The darker the color, the higher
the iodine value (the more the molecule has attached iodine)
and therefore the greater the number of double bonds (15).

Hydrogenation
Hydrogenation reactions involve treating lipids with hydrogen,
which attaches itself to carbon atoms with double bonds,
thereby reducing the relative saturation level of the lipid
( i.e., it makes the lipid more saturated). These are common
reactions for converting oils into semisolids or solids. For
instance, hydrogenation reactions convert corn oil into
corn oil margarine.Because hydrogenation reactions reduce
the number of double bonds, the fatty acids become more
saturated and therefore have a greater disease risk potential
than the oil equivalent. In addition, some hydrogenation
reactions may result in the formation of trans-fatty acids,

which are strongly implicated in increasing heart disease
risk (5). It is for this reason that many states are passing laws
that ban providing fats that contain trans fats to customers
in restaurants and shoppers in grocery stores.Trans fats are
banned for use in human food products sold in restaurants
and public kitchens in New York City and in California. In
Europe, trans fats are banned in Denmark and Switzerland.
In 2015, the United States Food and Drug Administration
gave the food industry 3 years to phase trans fats out of the
food supply (Figure 4.3).

FIGURE 4.3: Cis- and trans-fatty acids. (From Ferrier DR. Biochemistry.
7th ed. Philadelphia (PA): Lippincott Williams & Wilkins; 2017. )

[jl Trans-Fatty Acids
These unsaturated fatty acids have been hydrogenated to
make them more solid ( i.e., conversion of corn oil into corn
oil margarine), and in the process, some of the hydrogen
atoms are attached on the same side of the carbon atom
( i.e. , the “ trans” form) rather than on opposite sides of the
carbon atom ( i.e., the “cis” form). These fats have been
shown to be highly inflammatory, causing increased risk of
heart disease and heart disease deaths.

'1 Lipid Digestion and
Absorption

-A
Important Factors to Consider

Fats have the effect of slowing gastric emptying,
delaying the speed with which consumed foods
leave the stomach and enter the intestines for
further digestion and absorption.
Athletes typically feel uncomfortable exercising
with food still in the stomach, as it makes them feel
uncomfortable, and the delayed gastric emptying is
likely to also inhibit appropriate fluid consumption
during exercise. Therefore, the pregame meal should
be relatively low in fats and should be consumed
early enough prior to exercise to ensure that there
is no longer food in the stomach.

Iodine Values of
Selected LipidsTable 4.3

Corn oil 109-133
124-143Grape-seed oil

Olive oil 80-88
Palm oil 44-51
Peanut oil 84-105
Soybean oil 120-136

120-140Walnut oil
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Dietary lipids, mainly in the form of triglycerides, are phys-
ically broken up into smaller particles through chewing,
which does not chemically digest the lipids into smaller
molecular substances ( i.e.9 fatty acids and glycerol) but does
enable more effective digestion later in the GI tract. When
the lipids enter the stomach, the acidity of the stomach and
fluids create still smaller lipid droplets referred to as chyme.
When this chyme enters the small intestine, a chemical in
the small intestine, cholecystokinin, travels up the common
bile/pancreatic duct and causes the gall bladder to release
bile into the small intestine. At the same time, the pancreas
releases its lipid digesting enzyme, pancreatic lipase, which
breaks the lipids into individual fatty acids and glycerol,
monoglycerides, and diglycerides. Bile, an effective emul-
sifying agent, converts these smaller lipid molecules into
water-soluble micelles, which are then absorbed into the
blood. Once in the blood, the micelles are attached to a
protein carrier to create chylomicrons, which are relatively
large lipid molecules with a relatively small protein carrier.
There are no receptors for chylomicrons that allow the lipids
to leave the blood, so the enzyme lipoprotein lipase converts
the chylomicrons into low-density lipoproteins (LDLs),

for which we do have receptors that allow the lipids to be
cleared from the blood and taken up by tissues (Table 4.4).

Lipoproteins
There are four major types of lipid carriers in the blood.
These lipoproteins (lipid and protein combinations) have
different origins and actions. These are chylomicrons, very-
low-density lipoproteins (VLDLs), LDLs, and high-density
lipoproteins (HDLs).

Chylomicrons
Chylomicrons are the least dense of the lipoproteins, mean-

ing that they have the highest amount of fat attached to the
protein carrier. These molecules have a high atherogenic
potential ( i.e., may increase atherosclerosis risk, a factor
in heart disease and which is a hardening of the arteries
from fatty streak formation) because they are so high in
lipid and because they must stay in the blood until they
are converted by lipoprotein lipase to LDL. Chylomicrons
are synthesized in the intestinal wall from dietary fat, so

Table 4.4 Lipid Digestion and Absorption

Site Chemical Action Outcome
There is no chemical breakdown in the mouth, but chewing food physically
breaks down the food into a smaller size that enables more effective digestion
later in the digestive tract.

Mouth None

No additional action.Esophagus None
The stomach acid initiates some breakdown of triglycerides into diglycerides and
fatty acids.
The stomach contents that enter the small intestine are referred to as “chyme.”

Stomach Acidity

Small
intestine

Pancreatic lipase enters the small intestine via the pancreatic duct and effectively
breaks down diglycerides and triglycerides into component glycerol and fatty acids.

Bile salt enters the small intestine via the common bile duct and emulsifies the
glycerol and fatty acids into small and water-soluble compounds. One end of an
emulsifying agent is fat soluble, so can attach itself to the lipid, while the other
end of the emulsifying agent is water soluble and wraps itself around the lipid to
make it water soluble.
Bile is 50% cholesterol that is manufactured by the liver, so high-fat intakes
require more bile, and this bile-related cholesterol is absorbed into the blood
with the consumed lipids. Therefore, high-fat intakes, even if no cholesterol is
consumed, are associated with high blood cholesterol.

Pancreatic lipase
(pancreas)
Bile salt (liver)

The water-soluble “micelle” (emulsified fat) is transported into the lining of
the small intestine, where it is reformed into a triglyceride and formed into the
lipoprotein “chylomicron.” The chylomicron enters the blood.

Intestinal
lining

None

Chylomicrons are converted into low-density lipoproteins (LDL) via lipoprotein lipase
(LPL), and the LDL leaves the blood and is taken up by tissues for utilization.

Blood Lipoprotein lipase
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the greater the amount of dietary fat consumed at a single
meal, the higher the level of circulating chylomicrons.Since
conversion of chylomicrons to LDL takes time, a high-fat
meal will have a higher sustained level of chylomicrons than
a meal that delivers the same calories but is lower in fat (43).

consumption of fat (both total and per meal) and lowering
body fat level (Figure 4.4).

it Myocardial Infarct
Literally meaning heart muscle death, it is another name
for a heart attack , which is a sudden failure of blood
supply ( /.e., failure to supply oxygen and nutrients) to the
heart as a result of an arterial blockage. The blockage
results in damage to the portion of the heart that is no
longer receiving blood and is associated with chest pain or
radiating pain in the arm, neck, and jaw. Heart attacks are
typically the result of atherosclerosis.

(jl Atherosclerosis
A vascular disease characterized by a thickening and
narrowing of the artery wall, making it less able to adjust
to fluctuations in blood pressure. The narrowed artery
also increases the risk of blood clot formation, leading to
a heart attack or stroke. Maintaining high blood lipids,
typically from high dietary consumption of saturated and
trans-fatty acids, increases atherosclerosis risk. High-Density Lipoproteins

HDLs are the smallest and most dense of the lipoprotein
particles, carrying the smallest proportion of lipid to a pro-
tein carrier. HDLs are manufactured by the liver, and they
are involved in removal of lipid and cholesterol from tissues
and blood. Therefore, these molecules are often referred to
as “good” cholesterol. Ideally, it is best to have a relatively low
amount of LDL and a relatively high amount of HDL. Moderate
alcohol consumption ( i.e.,one glass of wine with dinner for a
female; two glasses of wine with dinner for a male) has been
found to elevate HDL cholesterol, as does a lowering of body
fat through an appropriate exercise and diet program (35).

Very- Low-Density Lipoproteins
VLDLs are made by the liver from triglycerides and cho-

lesterol and are converted by lipoprotein lipase to LDLs.
Lowering the livers production of VLDL requires a reduc-

tion in triglycerides, which requires a loss of body fat, lower
consumption of sugary foods, lower consumption of fructose
( i.e., foods with high levels of high-fructose corn syrup are
a particular problem), and a reduction in alcohol consump-
tion. High levels of VLDL are associated with a higher risk
of atherosclerosis and associated higher heart disease risk.

Sources of Different Lipid Types in the
Human Diet
The following are examples of lipid types that occur in the
human diet:

Low -Density Lipoproteins
High levels of LDLs are a known risk factor in heart disease,
as LDLs have a high potential for creating fatty streaks in the
arteries, where they can cause blockage and a myocardial
infarct (heart attack) and/or stroke. Clearing LDLs from the
blood for delivery to tissues is time related, as the receptors
for LDL are limited, and the longer they remain at a high
level in the blood, the greater their disease potential. It is
for this reason that LDL is often referred to as the “ bad”
cholesterol. Lowering LDL cholesterol requires lowering the

Monounsaturated fatty acids (MUFAs): Fatty acids that
have a single double bond and are typically liquid at room
temperature. Foods rich in MUFAs include vegetable
oils ( e.g.,olive, canola, sunflower, high oleic safflower)
and nuts. MUFAs tend to lower bad blood cholesterol
(LDL), while maintaining good cholesterol (HDL).

FIGURE 4.4: Atherosclerotic artery. (From Anatomical Chart Company. Hypertension Anatomical Chart. 2nd ed. Philadelphia (PA) : LWW
(PE); 2005.)
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Lipid Metabolism
Polyunsaturated fatty acids (PUFAs): Fatty acids that have
two or more double bonds and are typically liquid at
room temperature. The main food sources of PUFAs are
vegetable oils and some nuts and seeds. PUFAs provide
the essential fatty acids, which are n-3 (ALA, where the
first double bond occurs at the third carbon) and n-6 (LA,
where the first double bond occurs at the sixth carbon).
n-3 PUFAs: Include an essential fatty acid (ALA) with
an 18-carbon chain and three cis double bonds. Primary
sources include soybean oil, canola oil, walnuts, and
flaxseed. Other n-3 fatty acids include EPA and DHA,
which have very long carbon chains and are found in
fish and shellfish. EPA and DHA are also referred to
as "omega-3" fatty acids.
n-6 PUFAs: Include an essential fatty acid (LA) with an
18-carbon chain and two cis double bonds. Primary
food sources include nuts and liquid vegetable oils,
including soybean, corn, and safflower oils. These are
also referred to as “omega-6” fatty acids.
Saturated fatty acids: These are fatty acids with no dou-

ble bonds and are typically solid at room temperature.
Common food sources of saturated fatty acids include
meats and dairy products. Some tropical oils (liquid
at room temperature) are also high in saturated fatty
acids, including coconut and palm oils.
Trans-fatty acids: These are derived from partially hydro-
genated vegetable oils and used in desserts, microwave
popcorn, frozen pizza, some margarines, and coffee
creamer. While not as prevalent, trans fats also occur in
fats from ruminant animals, including cattle and sheep.
Trans fats are highly inflammatory and are strongly as-
sociated with increased risk of heart disease and cancer.

Deriving Energy From Lipids
Triglyceride catabolism produces more than double the ATP
energy produced from either protein or carbohydrate, but
lipids can be metabolized only aerobically (with oxygen).
The by-product of lipid catabolism through the citric acid
cycle (Krebs cycle) is carbon dioxide, water, and energy.
However, the complete oxidation of fats, via a metabolic
pathway called (i-oxidation, requires carbohydrate and the
vitamins B^ B2, niacin, and pantothenic acid. It is referred
to as “ P” oxidation because two carbon atoms at a time enter
the metabolic sequence for producing energy.

Without sufficient carbohydrate, ketones may be produced
when lipids are catabolized (10). Ketones are typically pro-
duced in the liver mitochondria when blood glucose level is
low and after glycogen stores are exhausted. Blood glucose
is the primary fuel for the brain/central nervous system,
but with inadequate blood glucose, ketones are produced
from fatty acids as a means of supplying ketones to the
central nervous system for energy. Fatty acids are normally
broken down via p-oxidation to form acetyl-coenzyme A
(acetyl-CoA), and this acetyl-CoA is further oxidized in
the citric acid cycle to produce energy. However, if the
acetyl-CoA generated in p-oxidation exceeds the capacity
of the citric acid cycle because of insufficient intermediates,
such as oxaloacetate, then the acetyl-CoA is used to make
ketones, such as acetone, rather than ATP (energy). Insuffi-
cient intermediate products in the citric acid cycle are more
likely with insufficient carbohydrate availability (Figure 4.5).

FIGURE 4.5: Oxidation of lipids
for energy. Carbohydrates Proteins

Glycerol Fatty Acids

NH3

* > < w
Citric Acid

CycleGlucose [Glycolysis] Pyruvate Acetyl Co A

f l
The 3 stages of beta oxidation of lipids:
1. Activation of fatty acids in the cell cytosol

2. Transport of activated fatty acids into
mitochondria (the carnitine shuttle)

3. Beta-oxidation in the mitochondria

H2OEnergy

m
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High levels of ketones may result in ketoacidosis, which is a
dangerous state that can be damaging to tissues, including
the kidneys. Ketoacidosis occurs in diabetics who are not
controlling blood sugar well, people who are fasting, and
in people on high-protein, high-fat, low-carbohydrate diets
that are referred to as ketogenic diets. People making high
levels of ketones typically have acetone breath (acetone is
a ketone that smells like nail polish remover), suggesting
that blood sugar is low.

may require up to 2.0 g/kg to satisfy energy requirements,
but endurance athletes typically have a high capacity to
metabolize fats as a source of energy (18). Some athletes
with extraordinarily high energy requirements may have
even higher fat requirements as the only reasonable means
of satisfying the need for energy.

Lipids also deliver the essential fatty acids, with recom-

mendations for linoleic acid that range from 7 to 17 g/day
(depending on age) and for linolenic acid that range from
0.7 to 1.6 g/day (Table 4.5).

Making New Lipids
Humans are effective manufacturers of lipids and are capable
of making and storing lipids from excess protein, excess
carbohydrate, and excess lipids. The ability to manufacture
lipids is important for a number of critical cellular pro-
cesses, including cell membranes and internal structure,
production of lipid-based hormones, and storage of excess
energy. The fatty acids that we can manufacture for these
processes are referred to as nonessential fatty acids ( i.e.y

it is not essential that we consume them because we can
make them), and they are synthesized in body cells from
acetyl-CoA via an enzyme referred to as fatty acid synthase.
Following the formation of the fatty acid, the enzymes
called acetyltransferases attach three fatty acids to a glycerol
molecule to create triglycerides. Also important to this
process are insulin and the vitamins biotin, B2, niacin, and
pantothenic acid. Insulin aids new fatty acid synthesis by
making glucose and fatty acids available to cells, and any
amount of glucose that exceeds cellular requirements can
be made into triglycerides and placed in storage ( z.e., the
fat mass) (22, 46).

fjl Linoleic Acid
An essential polyunsaturated fatty acid ( i.e., it must be
consumed as humans cannot manufacture it) with the
first double bond at the sixth carbon (n-6). It is found in
cell membranes and is involved in the production of other
fatty acids and protective substances. Common dietary
sources are vegetable oils, and it is particularly high in
safflower, sunflower, corn, and soybean oils.

When required for energy, the stored subcutaneous and
visceral triglycerides are broken apart into their component
fatty acids and glycerol and transported to the tissues in the
blood plasma.The glycerol is metabolized like a carbohydrate
and is available to all tissues for energy created via aerobic
or anaerobic metabolism. Glycerol also has gluconeogenic
potential, where it can be converted into glucose and stored
as liver glycogen or used to satisfy central nervous system,
organ, and muscular energy needs as blood glucose. The
fatty acids are transported to muscle and organ tissue, where
they are oxidized to create ATP energy.

# Lipid Recommendations and
Food Sources Lipids and Health

Monounsaturated and Polyunsaturated
Fatty Acids
Both MUFAs and PUFAs have been found to be protective
against the development of cardiovascular disease by low-
ering blood cholesterol, but PUFAs are more vulnerable to
peroxide formation (rancidity) than are MUFAs. There is
also some evidence that MUFAs may help to sustain good
cholesterol (HDL) (28). The most commonly consumed
MUFA is oleic fatty acid, which is highly prevalent in olive
oil and, possibly, one of the reasons (along with higher fish
and vegetable consumption) why the Mediterranean Diet
is recommended for reducing disease risks. As an example,
the food intake of Crete, a Greek Island, has a typical fat
intake that is high, providing about 40% of total calories,

One of the key principles of the U.S. 2015-2020 Dietary
Recommendations is to limit energy consumption from
saturated fats because they tend to increase blood choles-
terol and cardiovascular disease risk. As can be seen from
Table 4.5, it is good to have a high amount of HDLs and a
low amount of LDLs (Figure 4.6).

The current intake of saturated fat in most people is
excessive, primarily from the consumption of animal fats
(45).The Institute of Medicine recommendation for healthy
people is to have a fat intake that constitutes between 25%
and 35% of total calories consumed. Of this, less than 10%
should come from saturated fats. This level of intake is ~1.0
g/kg, but may be greater than this amount depending on
fitness and energy needs. For instance, endurance athletes
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A
Daily Nutritional Goals for Age-Sex Groups Based on Dietary Reference Intakes and Dietary
Guidelines RecommendationsTable 4.5

1-3 yr F 4-8 M 4-8 F 9-13 M 9-13 F 14-18 M 14-18 F 19-30Value Source M 19-30 F 31-50 M 31-50 F 51+ M 51+
Total fat, % AMDR 30-40 25-35 25-35 25-35 25-35 25-35 25-35 20-35 20-35 20-35 20-35 20-35 20-35
kcal

<10% <10% <10% <10% <10% <10% <10% <10% <10% <10% <10% <10% <10%Saturated
fat, % kcal

DGA

10 10 10 12 11 16 12 17 12 17 11 14Linoleic
acid, g/d

Al 7

Linolenic
acid, g/d

Al 0.7 0.9 0.9 1 1.2 1.1 1.6 1.1 1.6 1.1 1.6 1.1 1.6

Source: United States Department of Agriculture and United States Department of Health and Human Services. 2015-2020 Dietary Guidelines for Americans. 8th ed. December 2015. Available
from: http://health.gOv/dietaryguidelines/2015/guidelines/.Accessed April 20, 2018.
Institute of Medicine. Dietary Reference Intakes for Energy, Carbohydrate, Fiber, Fat, Fatty Acids, Cholesterol, Protein, and Amino Acids 2005. Washington, DC. The National Academies press:
https://doi.org/10.17226/10490.

Al, Adequate Intake; AMDR , Acceptable Macronutrient Distribution Range; DGA, Dietary Guidelines for Americans, 2015-2020.
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FIGURE 4.6: Reference ranges for blood lipids.
(From Reference Ranges for Blood Lipids.
Understanding what your cholesterol level
means [Internet]. Available from: http://www
.cholesterolmenu.com/cholesterol-levels-chart/.
Accessed September 2017.)
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but a large proportion of the fat consumed is from olive
oil. The population of Crete has a relatively low coronary
heart disease and colon cancer prevalence (38). The Medi-
terranean Diet also has a balance of omega-3 and omega-6
fatty acids, which is important because some omega-6 fatty
acids tend to be inflammatory to tissues, while omega-3
fatty acids tend to be anti-inflammatory. By contrast with
the Mediterranean Diet, the typical diet in the United States
may contain 14-25 times more omega-6 than omega-3
fatty acids.

Because saturated fats are associated with an increase in
harmful LDL cholesterol, which increases cardiovascular
disease risk, the intake of saturated fatty acids should be less
than 10% of total calories. There is evidence that maintain-

ing a relatively low total fat consumption while replacing
saturated fats with polyunsaturated fats from vegetable
oils is an effective strategy for reducing heart disease risk.

which were partially hydrogenated to make the original oil
more solid. Margarine and shortening were commonly used
in commercial cooking as deep-fat frying oil for French
fries and are used in commercial pastries (cookies, cakes,
etc.). Trans fats increase harmful LDL cholesterol and are
inflammatory to tissues, both of which are associated with
stroke, heart disease, diabetes, and cancer. Some studies
have found that even very small amounts of trans fats, as
little as 2% of consumed fat, may increase heart disease
risk by over 20% (5).

Omega-3 Fatty Acids
There are three different omega-3 fatty acids, all of which
are polyunsaturated:

ALA
EPA
DHA

Trans Fats
They are referred to as omega-3 fatty acids because the

first double bond, counting from the nonacid end of the
fatty acid, occurs at the third carbon atom. EPA and DHA
are derived from fish, and ALA (one of the essential fatty

As potentially harmful as a high intake of saturated fats
may be, they are not as potentially harmful as trans fats.
Trans fats are typically found in margarine and shortening
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acids) is derived from vegetables, seeds, and nuts. Flax
seed is a commonly used nonfish food used to enhance
the dietary intake of ALA, which we can use to synthesize
the other omega-3 fatty acids. They have been found in a
number of studies to be profoundly important for health:

DHA is highly concentrated in the cell membranes of
the retina of the eye, and animal studies have deter-
mined that DHA is necessary for the development and
function of the retina (3). In several studies assessing
visual function in preterm infants, DHA added to the
formula resulted in significant improvement of visual
function (25).
A study that assessed 1,822 males for 30 years found
that death from coronary heart disease was 38% lower
in men who consumed an average of 1.2 oz/day of fish
than in men who ate no fish. In addition, the men who
ate fish had a mortality rate from heart attack that was
67% lower. Fish is a primary source of the omega-3
fatty acids ALA and EPA (23). Studies have found
that women consuming more ALA from foods have a
54% lower risk of death from coronary heart disease
than women consuming less food-based ALA (47).
Based on these and other studies, the American Heart
Association recommends the consumption of 1 g/day
of an EPA and DHA combination, either from food or
through supplemental intake (8).
Fish oils (EPA and DHA) have been found to significantly
lower serum triglyceride in diabetics. High circulating
triglycerides is a common serious health risk in type
2 diabetics (9).
Consumption of omega-3 fatty acids has been shown to
reduce the debilitating inflammatory effects of rheumatoid
arthritis after 12 weeks of increased consumption (24).
Several studies have found that increased consumption
of EPA and DHA reduced the inflammation associated
with ulcerative colitis, which is an inflammatory disease
of the large intestine (29).
• In studies of people with psychological disorders

(schizophrenia, depression, and bipolar disorder),
consumption of EPA and DHA resulted in less de-

pression than in those taking a placebo (30).

However, recent studies also suggest that excess intake
of omega-3 fatty acids may have adverse affects, including
higher risks of prostate cancer, reduced immunity, and atrial
fibrillation that could result in stroke (13). Taken together,
these studies suggest that increasing the food consumption
of omega-3 fatty acids from more regular ( ~2/week) fish
consumption may result in improved health without risking
the health problems that could occur from regular excess
intakes through supplementation. In simple terms, getting

enough is important, but regular exposure to too much
may create health problems.

Lipids and Exercise

Stored lipids are sufficient to satisfy, theoretically, the energy
needs of even healthy and lean athletes who participate
in multiday ultra-marathons without having the need to
refuel. Of course, other nutrient limitations would cause
the exercise to stop before fat was exhausted, but this point
is to demonstrate that lipid availability is not likely to be
the limiting substrate in exercise. Typical lipid storage is
between 5,500 and 11,100 g or between 50,000 and 100,000
calories. In an average 70 kg (154 lb) man with a relatively
low body fat of 15%, fat storage is about 10,311 g or 92,800
calories (27). Since the average cost of going 1.6 km (1 mile)
is about 100 calories, this represents enough fuel to go be-
tween 800 and 1,660 km (500 to 1,000 miles). In addition
to the caloric potential of subcutaneous and visceral stored
lipid, muscle tissues also store 2,000 to 3,000 calories of
triglycerides, which can become quickly available to cells
as a fuel under the right oxidative conditions.

Oxygen is required to derive energy from lipids, and
lower intensity exercise makes it easier to satisfy the oxygen
requirement for fat metabolism. As a result, lower inten-
sity activities are associated with a high proportion of fat
metabolism to satisfy the need for energy. As the intensity
of exercise increases, more carbohydrate is metabolized to
satisfy the energy requirement, and a lower proportion of
fat is metabolized (Figure 4.7).

Many people perform low-intensity exercise (often
referred to as cardio ) in the desire to burn fat as an energy
substrate and therefore lower the body fat level. However,
the proportion of fat metabolized should not be confused
with the volume of fat metabolized, because as exercise
intensity increases, more energy is burned per unit of time
than in lower intensity activity (see Example 4.2).

Example 4.2: Burning Fats for Energy
The following scenarios illustrate the potential for confusing
proportion with volume:

Scenario 1: A person is exercising for 1 hour and doing
low-intensity activity that burns about 100 calories every
15 minutes, for a total of 400 calories burned during the
hour. Of this, -80% of the energy is supplied by fat (320
calories from fat), and 20% is supplied by carbohydrate
(80 calories from carbohydrate).
Scenario 2: A person is exercising for 1 hour, and doing
higher intensity activity that burns about 150 calories
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Muscle
Glycogen

Muscle
Triglyceride

Plasma FFA
While the proportion of fat
burned to satisfy total caloric
requirement is lower at
higher exercise intensities
(65% and 85% of V02max), the
total mass of fat burned is
greater than at lower
intensities (25% V02max).

Plasma Glucose

A greater proportion of fat is
burned at 25% V02max than
at higher intensities, but the
total calories burned from fat
is less than at higher
intensities

300—

% OF MAXIMAL OXYGEN CONSUMPTION

FIGURE 4.7: Fuel burned at different exercise intensities. (Modified from Romijn JA, Coyle EF, Sideossis LS, Gastaldelli A, Horowitz JF,
Ended E, Wolfe RR. Regulation of endogenous fat and carbohydrate metabolism in relation to exercise intensity and duration. Am J Physiol.
1993;265:E380-91.)

every 15 minutes, for a total of 600 calories burned
during the hours. Of this, -60% of the energy is supplied
by fat (360 calories from fat), and 40% is supplied by
carbohydrate (240 calories from carbohydrate).

While lower intensity exercise burned a higher proportion of
calories from fat (80%; 320 calories from fat), the higher
intensity exercise burned a higher volume of calories
from fat but at a lower proportion of fat burned for
energy (60%; 360 calories from fat). When calculating
the metabolism of energy substrates to supply energy,
both proportion and volume should be considered.

adipose tissue and begins the process of transporting
fats to muscle cells. Glycerol is transported to the liver
for gluconeogenesis or directly to the muscle cell for
metabolism. Fatty acids are bound to albumin to form
HDL, which is actively transported into the muscle cell
for metabolism. There are several hormones, besides
adrenalin, that either stimulate or inhibit the utilization
of fat (Table 4.6).

A
Hormonal and
Nutritional Factors That
Influence the Utilization
of Lipids for Energy
(Lipolysis)

Table 4.6Other factors in addition to the exercise intensity also
play a role in terminating the use of fat during exercise.
These include the following:

Available fat reserves in muscle: Some muscle fiber cells
have a higher capacity to store triglycerides than other
cells. Type I slow-twitch aerobic fibers have a high capacity
for cellular lipids, while Type II fast-twitch anaerobic
fibers have a lower capacity for cellular lipids. Most
people have an even distribution of Type I and Type
II fibers, but some people have a higher proportion of
Type I fibers, enabling them to use more fat to satisfy
the energy requirement.
Ability to mobilize and transport lipids from adipose
tissue to working muscle: An exercise-associated increase
in sympathetic nerve activity stimulates the produc-

tion of epinephrine ( /.e., adrenalin), which binds to

Stimulators of Lipolysis Inhibitors of Lipolysis
Epinephrine Insulin
Norepinephrine Leptin

Niacin/nicotinic acidDopamine

Cortisol
Growth hormone
Thyroid-stimulating hormone
Calcium

Caffeine

Source: From Duncan RE, Ahmadian M, Jaworski K, Sarkadi-Nagy
E, Sul HS. Regulation of lipolysis in adipocytes. Annu Rev Nutr .
2007;27:79-101.
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Availability of stored glycogen: Higher carbohydrate
intakes are associated with higher glycogen storage,
and the better carbohydrate availability during exer-
cise enhances the capacity to completely metabolize
fats as an energy substrate. Insufficient carbohydrate
availability inhibits [3-oxidation, creating incompletely
burned fats (ketones) and compromising total energy
and fat expenditure.
Amount of carbohydrate consumed during exercise: Sus-
taining a normal blood glucose level helps to sustain
carbohydrate availability and enhances fat metabolism
in aerobic activities.

effect of lowering muscle and liver glycogen storage.
The outcome of these short-term high-fat/low-carbo-
hydrate diets is to reduce endurance, likely because of
an insufficient amount of time for adaptation to occur
(6). Indeed, there are studies suggesting that high-fat /
low-carbohydrate diets that are coupled with endurance
activity for longer periods may improve fat oxidation in
both lower- and moderate-intensity activities, suggesting
an adaptation to the lower glycogen availability (40).
However, the ideal plan is to enhance lipid metabolism
while also maximizing glycogen storage, enabling more
high -intensity bursts of activity, even during endur-

ance events/ training. Studies have found that a single
day of high-carbohydrate intake that is coupled with
avoidance of any activity that would utilize glycogen
(typically complete rest) is enough to maximize stored
glycogen in athletes who are endurance trained (39,
49). Therefore, a higher fat consumption, to enhance
fat metabolism in endurance training, coupled with a
high -carbohydrate intake and rest on the day prior to
competition may be an important strategy for improving
endurance performance (16, 26). A word of caution,
however, since these findings appear relevant only to
endurance athletes. For those who require frequent
bursts of speed ( i.e., team sports) or are performing at
the top intensity possible ( i.e., sprinters, gymnasts), the
training protocols they follow would not allow for the
appropriate adaptations, suggesting that a higher fat /
lower carbohydrate diet would not be appropriate for
them. High body fat levels are inversely associated with
the amount of time people spend in exercise training.
It is possible that higher intensity activity, because it
lowers glycogen stores, can force a higher reliance on
fat oxidation for fuel and therefore compensate for the
excessively high-fat intakes of most Western cultures.
However, those wishing to lower body fat should be
cautious of consuming a higher fat diet, regardless of
the exercise protocol, because the higher energy density
of fat could more easily contribute to greater fat storage,
obesity, and associated health risks (37).

Effect of training on fat utilization: Exercise training
has multiple effects on fat utilization, with studies
indicating that both endurance and resistance train-
ing increase intermuscular triglyceride utilization,
resulting in a lower requirement for glycogen at the
same exercise intensity. Since glycogen storage is lim-
ited, using more fat to satisfy energy needs “spares”
glycogen, resulting in improved endurance. In phys-

ically fit individuals who are training regularly, peak
(59%-65%)fat oxidation occurs at a higher VO

than in untrained individuals (47%-52%) (36, 45).
(See Figure 2.7.)
Postexercise period: In the period immediately after ex-

ercise, there is a high metabolic priority to resynthesize
muscle glycogen that limits carbohydrate utilization
for energy. This results in a sustained high fatty acid
oxidation following an exercise bout (20).

2max

A good deal of attention is being given to whether
increasing total fat consumption, coupled with an
exercise program, results in an adaptation toward
greater fat utilization that warrants an increase in fat
consumption. Regular endurance training does cause
skeletal muscle to adapt by enhancing the utilization
of all energy substrates, including a particularly high
improvement in the utilization of lipids (4). This is an
important adaptation, because greater lipid utilization
to satisfy the energy requirement reduces the utilization
of glycogen, which has limited storage, with the result
that it takes longer to deplete glycogen and endurance
performance is enhanced.

Some have hypothesized that increased fat consump-
tion will more greatly enhance the lipid metabolism
adaptation and improve endurance performance still
further. However, the effect of consuming a high-fat
(60%-65% of energy consumed) diet that is relatively
low in carbohydrate (less than 20% of energy consumed)
for even short durations of less than 3 days has the

Summary

Lipids are a highly concentrated source of energy,
providing more than double the calories per gram
(9 calories/g) than either carbohydrate or protein
(4 calories/g).
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Lipids have many functions other than the provision of
energy — providing the essential fatty acids, providing
a carrier for the fat-soluble vitamins, improving food
flavor and meal satiety, and serving as a protective
blanket to help control body temperature in environ-

mental extremes.
The essential fatty acids are linolenic acid and LA, which
must be consumed from foods as humans are unable
to synthesize these fatty acids.
There are many different kinds of lipids, and tri-
glycerides make up the majority of fats in the human
diet and in the human body. These triglycerides have
one glycerol and three fatty acids linked together in
a single molecule.
There are different kinds of fatty acids. Some fatty acids
are saturated, some are monounsaturated, and some are
polyunsaturated. Each type of fatty acid has a different
function, and different kinds of fatty acids pose different
health risks or health benefits.
The general recommendation for fat intake for adults
is between 20% and 35% of total calories consumed. Of
this amount, it is generally considered more healthful to
have a higher proportion of mono- and polyunsaturated
fats than saturated fats.
When fats are consumed, they are absorbed into the
blood as chylomicrons, a very LDL that must be con-
verted by lipoprotein lipase into LDL to be taken up
by tissues and cleared from the blood.
Chylomicrons and LDLs are considered “ bad” lipids/
cholesterol because they can increase atherosclerosis
and heart disease risks. Avoiding large meals that are
high in fats helps to reduce circulating chylomicrons
and LDLs.
When lipids are removed from storage ( i.e., removed
from adipose tissue) to be metabolized for energy,
HDLs are formed. HDLs are considered “good” lipids/
cholesterol because they suggest that lipids are being
metabolized for energy.
The physical activity/training associated with sport and
exercise increases the requirement for energy. Because
lipids are highly concentrated in energy, they can help
athletes satisfy their energy requirements.

Physically active people are better able to metabolize
lipids for energy and, in doing so, are less likely to have
high body fat levels. Lipid metabolism for energy requires
oxygen, and one of the adaptations that occurs in people
who exercise is to improve the oxygen delivery system
to muscle cells so they can more efficiently burn fats for
energy.

Practical Application Activity
Lipid intake can be analyzed as a percentage of total cal-
ories consumed (% fat) or as grams of fat/kg mass (g/kg).
The usual method is to calculate the proportion of
calories derived from fats, which should be -25% to
35% of total calories. Cholesterol intake should be
less than 300 mg/day to help ensure that LDL cho-

lesterol is below 100 mg/dL. You can assess your fat
and cholesterol content of consumed foods using the
same strategy followed in earlier chapters, accessing
the online USDA Food Composition Database (https://
ndb.nal.usda.gov/ndb/search/list), but this time create
a spreadsheet with Energy (calories), Total Lipid (g),
Total Saturated Fatty Acids (g), Total Monounsatu-
rated Fatty Acids (g), Total Trans-Fatty Acids (g), and
Cholesterol (mg) .

1. Enter the foods/beverages with amounts consumed for
an entire day, and create totals for Energy (calories)
and each lipid component.

2. Calculate percentage of total calories from fat (Total
Fat Grams x 9/Total Energy).

3. Calculate grams of fat/kg mass (Total Fat Grams/
Your Weight in kg).

4. Determine if total fat intake as percentage of total
calories is within the acceptable range (20%— 35%
of total calories). If above 35% of total calories, what
dietary changes would you make to lower total fat
consumption?

5. Determine if your cholesterol is above the dietary
guidelines recommended limit of 100-300 mg/day
for various calorie levels. If above 300 mg/day, what
dietary changes would you make to lower dietary
cholesterol intake?

6. Determine if your saturated fat intake is below the
recommended intake limit (<10% of total calories/
day). If so, what changes would you make to replace
saturated fat with healthier monounsaturated and
polyunsaturated fats?

7. It is generally recommended that trans fats be
avoided because they are highly inflammatory and
may significantly increase the risk of heart disease.
Assess your trans fat intake, and determine what
dietary changes would be needed to avoid trans fat
consumption.
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9. Trans-fatty acids are created when:
a. Saturated fatty acids are hydrogenated
b. Unsaturated fatty acids are hydrogenated
c. Soft margarine is heated during normal cooking
d. The solid fatty acids in margarine and butter are

turned to liquid oil during cooking
10. Good lipoproteins are

Chapter Questions

1. The fat that contains only one double bond between
carbons is:
a. Saturated fat
b. Monounsaturated fat
c. Polyunsaturated fat
d. Cholesterol

2. An example of a food containing predominantly
saturated fat is:
a. Skim milk
b. Corn oil
c. Margarine
d. Butter

3. An example of a food containing predominantly
monounsaturated fat is:
a. Olive oil
b. Corn oil
c. Hamburger
d. Butter

4. Cholesterol is found in which food categories?
a. Fruits, vegetables, and grains
b. Meats and poultry
c. Fish and shellfish
d. All the above
e. B and C only

5. The type of fat that is inflammatory and has the highest
risk of increasing the risk of heart disease is:
a. Monounsaturated fat
b. Omega-3 fatty acids
c. Omega-6 fatty acids
d. Trans-fatty acids

6. What happens to vegetable and cereal oils when they
are hydrogenated?
a. The carbon chains become longer
b. The fatty acids become solid and more saturated
c. They taste less rancid but can spoil more quickly
d. They are more easily digested

7. With the onset of moderate-intensity, steady-state
exercise, about how long does it take for the oxidation
of fat to reach its maximal rate?
a. 1.5 minutes
b. 10-20 minutes
c. 30-45 minutes
d. A minimum of 60 minutes, with 90 minutes being

the average
8. Good food sources of omega-3 fatty acids include:

a. Whole wheat bread and corn oil
b. Olive oil and fish
c. Fresh vegetables and fresh fruits
d. Rice and rice oil

, and bad lipoproteins
are
a. Chylomicrons and HDL
b. LDL and HDL
c. VLDL and HDL
d. HDL and LDL

Answers to Chapter Questions

1. b
2. d
3. a
4. e
5. d
6. b
7. c
8. b
9. b

10. d
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CHAPTER OBJECTIVES
Identify the established guidelines for recom-

mended daily intakes of vitamins and how to best
interpret these guides.
Recall the common name(s) for each vitamin , the
common foods that are good sources for each vita-

min, and the primary functions for each vitamin.
Analyze the vitamins that athletes may be at
highest risk of deficiency for, based on the sport,
common training protocols, and traditional eating
behaviors.

Discuss the theories behind why there are common
beliefs that higher intake levels of specific vitamins
may improve athletic performance.
Identify the specific water- and fat-soluble vita -

mins and the potential risks of deficiency and
toxicity for each.
Explain the potential health risks and benefits
associated with vitamin supplementation.

Case Study

Leah finally made it big. She got an invitation to the trials to
compete for a spot on the national team as a 200 m freestyle
swimmer, and she was finally going to the Olympic Training
Center for a meeting before the trials with the national team
coaches and sports medicine staff. Getting to this point was
definitely not easy, with before-school drives to the pool at
5:00 AM, after-school practices, always feeling hungry and
thirsty but somehow managing to stay healthy — all with
the hard work of her parents who saw to it that she got
plenty of good food to eat and enough rest to keep from
getting overly tired and sick . But now, just 6 months after
graduating from high school as an 18-year-old and starting
her new life as a college student, she has a chance to make
the national swim team. Life was exciting and good, but also
more complicated than ever.

Leah often found herself wondering where she was going
to get her next meal. Although her mother always made sure
she had something to eat before her early morning practices,
her life in college was too hectic to figure out where and what

to eat before practice. She noticed she was getting fatigued
a bit earlier than before, but no problem — she figured that
she could get some vitamin and mineral supplements to
keep her going. That was her first big mistake. Contrary to the
advertisements, vitamin supplements do not give you energy.
Some vitamin supplements might be useful for someone on
a low-quality diet and who has a specific nutrient deficiency,
but broad-spectrum nutrient supplements do not help give
an athlete who is not eating enough at the right time more
energy. Leah bought the come-on hook, line, and sinker, and
started taking a huge array of vitamin supplements before
practice as an easy meal substitute to make sure she had the
energy to swim fast. The supplements cost a huge amount,
but did not care because she believed it was a logical solution
to giving her body what she needed. She was wrong.

Leah was now at the National Training Center and it was her
turn to meet with the sports medicine staff. The first question
they asked was about her eating pattern. She indicated that
it was fine while she was at home, but that when she went

102
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question: “Can someone guide me on what and when to eat
to optimize my performance?” The dietitian looked at Leah
and said, “OK, you have just asked the right question. Let
us see if we can get you ready for next week’s competition.
You are too good a swimmer to not have a shot at this.”

After some time, Leah was back to form and was doing
well, eating properly, and realizing that there is no easy
alternative to eating. For many reasons, good food is the
best way to get what you need. It gives you the vitamins,
minerals, and energy to keep you performing at your best.

to live at college it was difficult — but no problem because
she found these amazing supplements. The look of disbelief
on the faces of the sports medicine staff made Leah think
she had said something wrong and then when the head of
sports medicine spoke she began to realize that she did. He
said, “ Look, Leah; we are not about to invest in an athlete
who is going to make herself sick from not eating enough
and who is likely taking supplements that contain banned
substances (a large number of supplements targeting athletes
have been found to contain banned substances that are not
listed on the label), so even if you do swim well, we are not
going to invest in you until we are sure that you are eating
food.” He also asked Leah three questions:

CASE STUDY DISCUSSION
QUESTIONS

1. Look at a magazine that targets athletes and look at
the nutrition-related advertisements in the magazine
to see what vitamin supplements the advertisements
are encouraging athletes to consume.

2. Make a list of the recommended supplements, then
look up each supplement in the National Institutes
of Health Office of Dietary Supplements Web site for
a state-of-the-art listing of what the potential benefits
or problems are with each of the supplements (Go to
Dietary Supplement Fact Sheets Web site — https://
ods.od.nih.gov) (102).

3. Find the weaknesses in the advertisements.

What are these vitamins supposed to work on if you are
not eating enough food?
Are you concerned that having 1,000 times the recom-

mended intake level on a daily basis is a bit much?
What will you do if you are found to have consumed
banned substances?

She could not answer any of these questions, and realized
all too quickly that she was playing a bad chemistry game
with her body. But, she was not about to give up on having
a chance to make it on the team, so she asked an important

:: Vitamins are substances needed by cells to encourage
specific chemical reactions that take place in the cell.
Some vitamins (particularly B-vitamins) are involved in
energy reactions that enable cells to derive energy from
carbohydrate, protein, and fat. Because athletes require a
higher level of energy than nonathletes, these vitamins are
of particular interest here. Other vitamins are involved in
maintaining mineral balance and are also important for
athletes to ensure adequate iron and calcium status. Female
athletes, for instance, are at high risk of iron deficiency.
Vitamin C has a unique characteristic that can improve
the bioavailability of iron in vegetables, which enhances
iron absorption from these foods. Vitamin D, which we
can derive from both sunlight and food, encourages the
cells in a specific part of the small intestine to allow more
calcium and phosphorus to be absorbed from food into
the blood, helping to sustain and/or improve bone min-

eral density. Importantly, vitamins work together, making
food consumption, which simultaneously delivers a wide
array of vitamins, a far better strategy for good health than
single-vitamin supplementation. For instance, both vitamin

Introduction

kImportant Factors to Consider

There is a common belief that the recommended
intake of vitamins represents the minimum level
needed to sustain good health and that having more
than this level is always better. It is also believed that if
too much of any given vitamin is consumed, then the
excess will simply be urinated away without difficulty.
In fact, the recommended intake level (the dietary
reference intakes [DRI]) is two standard deviations
higher than the average amount needed to sustain
good health. Also, even water-soluble vitamins are
potentially toxic when too much is consumed chronically.
The simple rule in nutrition, including for vitamins,
that should be followed is: More than enough is
not better than enough (Figure 5.1).
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E and vitamin C have antioxidant properties, with vitamin
E in the cell membrane and vitamin C in the blood. When
vitamin E captures a potentially damaging oxidative free
radical and protects the cell, it can hand off the free radical
to vitamin C so that it is free to capture another free radical
and continue its cell membrane-protective function.

a water-based environment. Contrary to popular belief,
we have the capacity to store all vitamins and, therefore,
have a backup supply of all vitamins. That is to say, if a
meal were consumed 2 days ago that had a large amount
of vitamin C and the foods consumed the following day
had no vitamin C, we would not expect to suffer from
symptoms of vitamin C deficiency today. Cells that
require or deliver vitamin C have a capacity to store
slightly more than they need. However, in the case of
water-soluble vitamins such as vitamin C, there are no
clear storage depots where large amounts of the vitamin
can be stored. Fat-soluble vitamins, however, do have a
large storage capacity, allowing for high-level seasonal
consumption of certain vitamins. As an example, p-caro-

tene (the precursor of retinol, the active form of vitamin
A) is particularly highly concentrated in orange- and
yellow-colored vegetables that are harvested in autumn.
Eating the pumpkin and squash that provide high lev-
els of p-carotene when seasonally available enables a
high-level storage that could prevent a deficiency for
the remainder of the year.

[Jl Vitamin
An organic compound/nutrient that is necessary for
sustaining human health and that cannot be synthesized
by tissues, therefore mandating that it be consumed.
Vitamins have a variety of functions, including tissue
growth, tissue development, tissue repair, tissue
protection, red blood cell (RBC) development, energy
metabolism, immune function, and bone development.

Vitamins are organized into fat- and water-soluble
categories. The fat-soluble vitamins literally require a
fat-based environment in which to be transported and
function, whereas the water-soluble vitamins require

flV
FIGURE 5.1: Belief-based versus science-based nutrition. Nutrient supplements are often viewed as the ultimate “back-up system” for
athletes, but when taken without cause, not only do they not work, they often make matters worse. Real foods are the best way to obtain
needed nutrients. (From Anatomical Chart Company. Keys to Healthy Eating. Philadelphia [PA]: LWW; 2011.)
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similar to health risk, except the risk of exposure
is expressed as the risk of dying { i.e., mortality)
from the exposure.
Typically, an individual’s health/mortality risk is
comprised of multiple factors that include age, gender,
disease history of close family members, activity
patterns, food intake, and genetic predisposition to
disease. Some factors are within an individual’s control
{ e.g., diet, physical activity), whereas other health/
mortality risk factors are not within an individual’s
control { e.g., the level of air pollution, genes, sex).

Source: United States Department of Health and Human
Services, National Institutes of Health. NIH News in Health.
Understanding Health Risks. Bethesda (MD): USDHHS;
2016. Available from: https://newsinhealth.nih.gov/2016/10/
understanding-health-risks. Accessed April 23, 2018.

I^l Fat-Soluble Vitamins
These are vitamins that are soluble in fat and are in the
fat-based portion of the foods we consume. They include
vitamins A, D, E, and K.

Water-Soluble Vitamins
These are vitamins that are soluble in water and are in
the water-based portion of the foods we consume. They
include the B-vitamins and vitamin C.

Doing the math will help illustrate this. A typical body
can hold onto about 1,500 mg of vitamin C at a time. The
typical rate of utilization of vitamin C in a healthy person
is — 15 mg/day. So, the typical healthy person has about a
100-day supply of the vitamin before the vitamin C deficiency
disease would occur (1,500/15 = 100). In the 1850s, it was
discovered that British sailors who were on long voyages
and eating foods not containing vitamin C would start to
show signs of scurvy, the deficiency disease of vitamin C,
after about 3 months (~90 days) at sea. It was discovered,
however, that if these sailors were given lime juice period-
ically during these long voyages, no scurvy would occur.
A British sailor is still now called “ limey” because of the
common introduction of lime juice in the diet.

It is a myth to believe that consumption of excessively
high levels of any vitamin, including the water-soluble
vitamins, is without problems. Many people wrongly
believe that the excess vitamin consumption will simply
and benignly be excreted in the urine. Excess intake of
some vitamins, particularly preformed vitamin A (retinol),
can produce severe vitamin toxicity, and even taking
excess water-soluble vitamins creates no difficulties. An
example of this is the neurologic problem (peripheral
neuropathy — loss of feeling in the fingers) created with
excess intake of vitamin B6 (500 mg/day over time) that
will create permanent damage (84). The problem of hav-
ing too many vitamins at once, typically with high-dose
supplements, is clearly illustrated in Table 5.1. In this

A aImportant Factors to Consider

There are many risks to health that can be found
all around our environment. For instance, a person
with pink eyewho rubs his eyes and then touches
a table surface places everyone who touches that
surface at risk of contracting pink eye, which is highly
contagious. The public is now well informed that
smoking increases the risk of developing cancer.
A smoker is not assured of getting cancer, and
the person touching a table surface that had been
touched by someone with pink eye is not assured
of getting pink eye, but exposure to smoking or a
contagious disease increases the risk of getting sick.
In simple terms, health risk represents the likelihood
that something (an act, an exposure, no exercise,
poor eating habits, etc.) may have a negative impact
on a person’s health. A 20% increase in health risk
means that if five people are equally exposed to
a factor that can affect health, one in five (20%)
are actually likely to get sick from exposure to that
factor. The higher the health risk, the greater the
likelihood that a higher proportion of those exposed
to the risk will actually get sick. Mortality risk is

Dietary Supplements
and Mortality Rate in
Older Women

Table 5.1

Dietary Supplement Mortality Rate in Older Women
2.4% increased riskMultivitamins
4.1% increased riskVitamin B6

5.9% increased riskFolic acid
Iron 3.9% increased risk

3.6% increased riskMagnesium

3.0% increased riskZinc
Copper 18.0% increased risk
Calcium 3.8% decreased risk

Source: From Mursu J, Robien K, Harnack LJ, Park K, Jacobs DR. Dietary
supplements and mortality rate in older women: The Iowa Women’s
Health Study. Arch Intern Med. 2011;171(18):1625-33.
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the opposite effect occurs. Strenuous physical activity
is known to be associated with depressed immune cell
function, making athletes at higher risk of illness. This is
made worse in athletes who have poor intakes of certain
nutrients, including protein, iron, zinc, and vitamins A,
E, B6, and B12. However, it has been found that excess
consumption of these nutrients, often through supple-

ments, also impairs the immune function, and there is
no evidence suggesting that so-called immune-boosting
supplements actually work (44). Other studies have also
found that multivitamin and mineral supplementation
resulted in no performance enhancement, suggesting that
supplementation was not needed in athletes consuming
a normal diet (107). Clearly, the best way to obtain the
needed nutrients, including vitamins, is to have a regular
consumption of good foods that meet the requirements
for energy.

study, it was found that older women (N = 38,772) who
regularly consumed commonly available dietary vitamin
and mineral supplements were at increased mortality
risk. Calcium supplementation was the only supplement
associated with decreased risk. It was noted that in 1986,
66% of women studied took supplements; and in 2004
that increased to 85% of women (75).

(J Vitamin Toxicity
Also referred to as hypervitaminosis, toxicity is the
result of consuming a vitamin in amounts that exceed
the body’s capacity to neutralize or excrete the excess.
Typically, vitamin toxicities occur when individuals
chronically take a high-dose supplement of a vitamin.
Some vitamins are more potentially toxic than others,
with vitamin A (retinol) known to have high potential
toxicity with excess consumption. Water-soluble
vitamins are also potentially toxic . As an example,
vitamin B6 is known to cause permanent peripheral
neuropathy ( loss of feeling in fingers and toes) with
chronically high-intake doses. The likelihood of
developing vitamin toxicity from the consumption of
food alone is highly unlikely.

Vitamin Enrichment and Fortification
Many vitamins and minerals are added to foods in processes
referred to as food enrichment and food fortification. The
process of enrichment is to return vitamins and minerals to
foods that were lost during food processing, and the process
of fortification is to add selected vitamins and minerals to
foods for the purpose of reducing the risk of developing a
nutrient and/or vitamin deficiency and associated health
problems.

Consumption of vitamin supplements by athletes is
high, with studies finding that up to 81% of studied athletes
are regular supplement users (50). The primary reason
provided by the athletes for taking supplements was their
desire to prevent possible nutritional deficiencies, with
some athletes saying that they consumed supplements to
enhance recovery from exercise. However, only a small
proportion of supplement-taking athletes actually consulted
with health professionals, indicating that these supplements
were self-prescribed (51). As noted earlier, the supplement
consumption by athletes carries risk, as many supplements
have been found to contain banned substances not listed
on the label, and chronic supplementation may create a
risk of toxicity (33). Athletes are, of course, the target of
marketing efforts by supplement companies, but there
is scant evidence that nutrient supplements trump the
regular consumption of good food in getting the desired
performance outcomes. To illustrate this point, a study
of competitive triathletes found that providing 800 IU
of vitamin E for 2 months prior to a triathlon, compared
with taking a placebo, actually promoted more lipid
peroxidation and inflammation during the race (79).
This is precisely the opposite effect that would have been
expected from the consumption of an antioxidant vitamin
(vitamin E). But if amounts consumed are chronically too
high, the tissues develop a resistance to the vitamin and

Qjl Enrichment
This represents the addition of nutrients that were
originally present in the food, but were removed during
food processing. For example, the processing of wheat
grain has the effect of removing many of the B-vitamins
that are present in the bran and germ of the grain, and
enrichment puts back these same vitamins as a means of
restoring the original nutrient composition of the grain.

[Jl Fortification
Food fortification adds key vitamins and minerals to
commonly consumed foods to enhance the food’s
nutritional content and reduce the potential of specific
nutrient deficiencies in a population. Iodine added to salt
( i.e., iodized salt) is an early example of food fortification
for the purpose of reducing the chance of developing
goiter (enlarged thyroid gland). Vitamins A and D have
been fortified in milk for many years to lower the risk
of rickets, and more recently in the United States folic
acid has been added to grains to ensure that women
who become pregnant have a normal folic acid status to
reduce the risk that their offspring will have spina bifida or
anencephaly.
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essential micronutrient, i .e. vitamins and minerals
(including trace elements) in a food irrespective of
whether the nutrients were originally in the food before
processing or not, so as to improve the nutritional
quality of the food supplyand to provide a public health
benefit with minimal risk to health.” The primary goal
of fortification, therefore, is to identify nutrients that
are not easily obtained in foods commonly consumed,
and adding those nutrients with the hope of reducing
disease associated with specific nutrient deficiency.
A prime example of fortification that has been
practiced for a long time is fortifying milk products
with vitamins A and D, and more recently adding
{ i.e., fortifying) vitamin D to orange juice. Folic acid
has been more recently added to ( i.e., fortified)
cereal grains to lower the risk of women having
babies with spina bifida and anencephaly.

Examples of foods that have been fortified include:

•Cereals and cereal-based products

•Milk and milk products

•Fats and oils

•Beverages

•Infant formulas

fjl Vitamin Deficiency
Also referred to as avitaminosis or hypovitaminosis, a
vitamin deficiency results when the tissues have become
depleted of a needed vitamin. For example, a vitamin D
deficiency may result in rickets or osteoporosis, a vitamin
C deficiency may result in scurvy, and a riboflavin (vitamin
B2) deficiency may result in glossitis and photophobia and
poor energy metabolism. The deficiency may be the result
of poor diet, or a diet that does not adequately satisfy
lifestyle-related needs. For instance, smokers require
more vitamin C than nonsmokers.

iBkA Important Factors to Consider

Enrichment

Nutrients that were lost during food processing have
been added back. For example, refining wheat to
make white flour removes several B-complex vitamins
and iron that are contained in the part of the grain
that is removed during processing. Flour can be
called enriched when the removed nutrients are
added back to the food before packaging.

The US Food and Drug Administration (FDA) has
rules that food manufacturers must follow to claim
that a food is enriched. According to the FDA, a
food can claim to be enriched if it contains at least
10% more of a specified lost nutrient than a food
of the same type that has not been enriched (100).
In addition, foods can be labeled as enriched
when they meet the FDA's definition for a type of
food with a name that includes thatterm, including
enriched bread or enriched rice. Processed flour
can only be labeled as enriched flour if it contains
specified amounts of vitamins BL, B2, niacin, and
iron. Examples of enriched foods include:

•Bread

•Pasta

•Breakfast cereal

•Rice products

•Corn products

•Wheat products

Sources: Academy of Nutrition and Dietetics. Enriched,
Fortified: What’s the Difference? http://www.eatright.org/cps/
rde/xchg/SID-5303FFEA-D13B3A75/ada/hs.xsl/home_8388_
ENU_HTML.htm. Accessed February 12, 2008; United States
Department of Agriculture, Food and Drug Administration. Are
foods that contain added nutrients considered “enriched”?
Available from: https://www.fda.gov/Food/GuidanceRegulation/
GuidanceDocumentsRegulatorylnformation/ucm470756.htm.

Accessed June 4, 2018.

:: Water-Soluble Vitamins

Vitamin Ba (Thiamin)
Vitamin Bj, also referred to as thiamin, is present in a va-
riety of foods, including whole grains, nuts, beans, dried
peas, and pork. It works together with other B-vitamins in
metabolic processes involving conversion of the potential
energy in consumed foods to muscular energy (Box 5.1).
Thiamin does this through its involvement in the removal of
carbon dioxide in energy reactions with its active coenzyme,

called thiamine pyrophosphate (TPP). TPP is particularly
important in deriving energy from carbohydrates. Thiamin
deficiency in athletes has not been reported in the literature,
but in groups of people consuming a low-quality diet of
unenriched polished rice or other processed and unenriched
grains, thiamin deficiency has been reported. It has also

Fortification

Nutrients have been added to a food that were not
originally in the food. The World Health Organization
(WHO) and the Food and Agriculture Organization of
the United Nations (FAO) define fortification as “the
practice of deliberately increasing the content of an
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A
Box 5.1 Vitamin B-! (Thiamin) Basic Information

DRI •Beans

•Pork

•Enriched grains
Deficiency

•Confusion

•Anorexia

•Weakness

•Calf pain

•Heart disease

•Deficiency disease: Beriberi
Toxicity: None known (no safe upper limit [UL] established)

•Adult males: 1.2 mg/d

•Adult females: 1.1 mg/d

•Recommended intake for athletes: 1.5-3.0 mg/d,
depending on total calories consumed (high
calories = more)

Functions: (active coenzyme: TPP)

•Carbohydrate, fat, and branched-chain amino acid
metabolism

•Nervous system function
Good food sources

•Whole-grain cereals

been reported in clients with anorexia nervosa, as a result
of a severe underconsumption of all foods, including foods
containing thiamin (114).

symptoms may occur in athletes who frequently consume
alcoholic beverages. Athletes have a high requirement
for energy, but because the thiamin requirement is based
on 0.5 mg of thiamin for each 1,000 calories consumed,
this level should satisfy athlete needs even where energy
intakes are high.

Adequate intake (AI) of thiamin is important for energy
metabolism, muscle protein synthesis, and muscle repair
(81, 96). Athletes commonly consume high-carbohydrate
foods that, because of enrichment, are good sources of
thiamin that help to ensure that athletes who meet energy
requirements also satisfy the physiologic needs for thiamin.
A study of collegiate swimmers found that higher-intensity
training was associated with lower circulating thiamin levels
in the blood than lower-intensity training, suggesting that
dietary intakes should be adjusted to dynamically match
the energy requirements of the activity (83). Consump-

tion of more food with higher-intensity activity should
adequately provide the thiamin needed for the additional
energy metabolic needs.

Thiamin is present in a variety of food sources, including
whole grains, nuts, legumes (beans and dried peas), and
pork. It works in unison with other B-vitamins to convert
the energy in the foods we consume to muscular energy
and heat.

Qfl Coenzyme
Coenzymes are small molecules that are often the
active result of vitamin consumption and are involved in
encouraging enzymes to fulfill their chemical functions.
For instance, the active coenzyme for thiamin (vitamin
Bx) is TPP; and the active coenzymes for niacin are
niacin adenine dinucleotide (NAD) and niacin adenine
dinucleotide phosphate (NADP). TPP, NAD, and NADP
are all involved in energy metabolic processes that would
not occur without the encouragement of these coenzymes.

The primary thiamin-deficiency disease, called beriberi,
involves nervous system malfunction (especially in the hands
and legs, as well as in balance) and heart failure. A study has
found that up to one-third of hospitalized congestive heart
failure patients were diagnosed with thiamin deficiency
and that, in this population, increasing thiamin availability
through food and/or thiamin supplementation improved
thiamin status (48). One form of beriberi also causes edema
(water retention), which would be a contributor to con-

gestive heart failure. As expected for a vitamin involved in
energy reactions, early thiamin deficiency is characterized
by muscle fatigue, which progresses to muscular weakness
as the deficiency becomes more severe. Other symptoms
of thiamin deficiency include loss of appetite, nausea, con-
stipation, irritability, depression, loss of coordination, and
confusion. A deficiency of thiamin is not likely to occur
in US athletes. However, because alcohol inhibits normal
thiamin metabolism, it is possible that thiamin-deficiency

Vitamin B2 (Riboflavin)
Riboflavin is involved in energy production and normal
cellular function through its coenzymes flavin adenine
dinucleotide (FAD) and flavin mononucleotide (FMN ), both
of which are involved in producing energy from consumed
carbohydrates, proteins, and fats (Box 5.2). Food sources of
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A
Vitamin B2 (Riboflavin) Basic InformationBox 5.2

DRI •Eggs

•Dark green leafy vegetables

•Whole-grain cereals

•Enriched grains
Deficiency

•Inflamed tongue

•Cracked, dry skin at corners of mouth, nose, and eyes

•Bright light sensitivity

•Weakness

•Fatigue

•Deficiency diseases: cheilosis and photophobia
Toxicity: None known (no safe UL established)

•Adult males: 1.3 mg/d

•Adult females: 1.1 mg/d

•Recommended intake for athletes: 1.1 mg/1,000
calories

Functions: (active coenzymes: FMN and FAD)

•Energy metabolism (electron transfer reactions)

•Protein metabolism

•Flormone production

•Skin health

•Eye health
Good food sources
•Fresh milk and other dairy products

riboflavin include dairy products (e.g., milk, yogurt, cottage
cheese), dark leafy green vegetables ( e.g., spinach, chard,
mustard greens, broccoli, green peppers), whole-grain
foods, and enriched grain foods.

No studies suggest that riboflavin-deficiency symptoms
commonly occur in athletes, possibly because riboflavin
is reabsorbed by the kidneys when blood levels are low
(83, 107, 115). Also, no apparent toxicity symptoms occur
from consuming more than the DRI. Several studies have
suggested that athletes may have higher requirements than
the DRI, which is based on consumption of 0.6 mg ribofla-
vin per 1,000 calories. In a series of studies performed on
exercising women and women seeking to lose weight, the
riboflavin requirement was found to range between 0.63
and 1.40 mg/1,000 calories (6-8). There is some evidence
that physical activity increases the requirement to a level
slightly higher than 0.6 mg/1,000 calories, but not more
than 1.6 mg/1,000 calories (99). However, even with this
apparently higher requirement for athletes, no studies clearly
demonstrate an improvement in athletic performance with
dietary intakes that exceed the established DRI. Vegetarian
athletes may be at higher risk of riboflavin deficiency, par-
ticularly if they avoid consuming foods high in riboflavin,
including soy and dairy products (16). Vegetarian athletes
who increase exercise intensity would also be considered
at higher risk, particularly if the regular food intake does
not provide the needed energy with greater consumption
of plant sources of riboflavin, which includes whole grain
and enriched cereals, soy products, almonds, asparagus,
bananas, sweet potatoes, and wheat germ (65).

It is never easy to make a determination about what
level of intake is appropriate for athletes because there are

many factors to consider. For riboflavin, understanding the
requirement is made even more complex because riboflavin
is easily destroyed by ultraviolet light (the reason behind
opaque milk bottles in the grocery store, which serve to
inhibit ultraviolet insertion through the milk). The delivered
riboflavin content in fresh dairy products is not the same,
therefore, as in older products that had more opportunities
for multiple light exposures. This makes it difficult to un-

derstand the actual amount of riboflavin that is commonly
delivered by food, and whether any earlier risks that may
have been found are no longer present. Although physical
activity may increase the requirement for riboflavin, there
are no studies demonstrating an improvement in athletic
performance with riboflavin intakes that exceed the DRI.

Niacin (Niacinamide, Nicotinic Acid,
Nicotinamide, or Vitamin B3)
Niacin is involved in energy production from carbohydrate,
protein, and fat, glycogen synthesis, and normal cellular
metabolism through its active coenzymes (Box 5.3). These
enzymes, nicotinamide adenine dinucleotide (NAD) and
nicotinamide adenine dinucleotide phosphate ( NADP), are
essential for normal muscle function. Although niacin
deficiency is well documented in human populations suf-

fering from famine or monotonous intakes of unenriched
grain products, there is no evidence that athletes are at risk
of niacin deficiency.

Niacin is found in meat, whole or enriched grains, seeds,
nuts, and legumes, and body cells have the capacity to
synthesize niacin from the amino acid tryptophan (60 mg
of tryptophan yields 1 mg of niacin), which is found in all

A.Nazari



ACSM’s Nutrition for Exercise Science •www.acsm.org110

A
Vitamin B3 (Niacin) Basic InformationBox 5.3

DRI Lean meat
Fish
Poultry
Enriched grains

Deficiency

•Anorexia

•Skin rash

•Dementia

•Weakness

•Lethargy

•Deficiency disease: Pellagra
Toxicity

•Tolerable ULs:
10-15 mg/d for young children (age 1-8 yr)
20-35 mg/d for children and adults (age 9-70+ yr)

•Toxicity symptoms:

Flushing
Burning and tingling sensations of extremities
Hepatitis
Gastric ulcers

•Adult males: 16 mg/d

•Adult females: 14 mg/d

•Recommended intake for athletes: 14-20 mg/d (higher
levels based on expected higher energy intakes)

Functions: (active coenzymes: NAD, which is phosphor-
ylated to NADP and reduced to nicotinamide adenine
dinucleotide hydride)

•Energy metabolism

•Glycolysis

•Fat synthesis
Good food sources
•Foods high in tryptophan (an amino acid that can

be converted to niacin):

Milk
Eggs
Turkey
Chicken

•Foods high in niacin:
Whole grains

high-quality protein foods ( e.g., meat, fish, poultry). Given
the broad spectrum of foods that contain niacin, it is rel-
atively easy for people to consume the DRI of 12-14 mg/
day, or 6.6 niacin equivalents (NEs) per 1,000 calories. NEs
are equal to 1 mg of niacin or 60 mg of dietary tryptophan.
Niacin can be obtained directly from food or indirectly
by consuming the amino acid tryptophan. The NE unit of
measure takes both sources into account.

Niacin deficiency results in muscular weakness, loss of
appetite, indigestion, and skin rash, with an extreme defi-
ciency leading to the deficiency diseasepellagra.Symptoms
of pellagra include diarrhea, dementia, dermatitis, and, if left
untreated, results in death. An excess intake of niacin may
result in toxicity symptoms, including gastrointestinal (GI)
distress and feeling hot (becoming red faced or flushed). It
may also result in a tingling feeling around the neck, face,
and fingers. These symptoms are commonly reported in
people taking large doses of niacin to lower blood lipids,
suggesting that niacin supplementation should only occur
with medical supervision. Animal studies have found that
supplementation with niacin may increase muscle mito-
chondrial biogenesis, resulting in an increased potential for
fat metabolism. However, there are no studies on humans
that have assessed the impact of supplemental niacin on
mitochondrial adaptation (28). In fact, early studies that

have evaluated the performance effects of niacin supple-

mentation found that endurance was reduced because
the excess niacin resulted in lowered fat metabolism (11,
24, 54). Lower fat metabolism leads to a greater reliance
on carbohydrate fuels (glucose and glycogen) to support
physical activity, but glycogen storage is limited resulting
in lower endurance. To date, there is no evidence that the
requirement for niacin is increased beyond the DRI with
physical activity.

Vitamin B6 (Pyridoxine, Pyridoxal,
and Pyridoxamine)
Vitamin B6 refers to six compounds (pyridoxine, pyridoxal,
pyridoxamine, pyridoxine-5-phosphate, pyridoxal-5-phos-
phate [PLP], and pyridoxamine-5-phosphate [PMP] ) that
display similar metabolic activity (Box 5.4). It is found
in highest quantity in meats (especially liver) and is also
available in wheat germ, fish, poultry, legumes, bananas,
brown rice, whole-grain cereals, and vegetables. The
function of this vitamin is closely linked to protein and
amino acid metabolism, and so the requirements are also
linked to protein intake (higher protein intakes require
higher vitamin intakes). Because high-protein foods are
also typically high in vitamin B6, those consuming protein
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A
Vitamin B6 (Pyridoxine, Pyridoxal, and Pyridoxamine) Basic InformationBox 5.4

Deficiency

•Nausea

•Mouth sores

•Muscle weakness

•Depression

•Convulsions

•Impaired immune system
Toxicity

•Tolerable ULs:

30-40 mg/d for young children (age 1-8 yr)
60-100 mg/d for children and adults (age 9-70+ yr)

•Toxicity symptoms:

Loss of limb sensation and loss of coordination

DRI
•Adult males: 1.3-1.7 mg/d

•Adult females: 1.3-1.5 mg/d

•Recommended intake for athletes: 1.5-2.0 mg/d
Functions: (active coenzymes: PLP and PMP)

•Metabolism of protein, including protein synthesis

•Metabolism of fat

•Metabolism of carbohydrate

•Neurotransmitter formation

•Glycolysis

•Antioxidant
Good food sources
•Meats

•Whole grain and enriched cereals

•Eggs

from food are most likely to have adequate B6 levels as
well. However, many athletes consume additional protein
in purified, supplemental forms (protein powders, amino
acid powders, etc.) that are devoid of vitamin B6, suggesting
that it is conceivable that athletes with high supplemental
protein intakes will have an inadequate B6 intake. The
adult requirement is based on 0.016 mg of B6 per gram of
protein consumed each day and is adequate for those con-
suming typical protein intakes (57). Except in alcoholism,
which affects B6 intake and impairs B6 metabolism, severe
deficiency of B6 is uncommon. The estimated deficiency
prevalence of vitamin B6 in the general population is 10.6%
(91). When deficiency occurs, it is most associated with
neurologic symptoms (irritability, depression, and confu-

sion) and inflammation of the tongue and mouth (19, 46).
Vitamin B6 functions in reactions related to protein syn-

thesis by aiding in the creation of amino acids and proteins
(transamination reactions) and is also involved in protein
catabolism through involvement in reactions that break
down amino acids and proteins (deamination reactions). It is
involved, therefore, in manufacturing muscle, hemoglobin,
and other proteins critical to athletic performance. The
major enzyme of vitamin B6, pyridoxal phosphate, is also
involved in the breakdown of muscle glycogen for energy
through the enzyme glycogen phosphorylase.

A deficiency of vitamin B6 will lead to symptoms of
peripheral neuritis (loss of nerve function in the hands,
feet, arms, and legs), ataxia (loss of balance), irritability,
depression, and convulsions. An excess intake of vitamin
B6 does lead to toxic symptoms that have been documented

in humans. These symptoms are similar to those seen in B6

deficiency and include ataxia and severe sensory neuropathy
(loss of sensation in the fingers). The toxicity symptoms
were found in women taking doses that, on average, equal
119 mg/day for the purpose of treating premenstrual
syndrome and several types of mental disorders (32, 84).

There is a theoretical basis for investigating vitamin B6

and athletic performance. B6 is involved in the breakdown
of amino acids in muscle as a means of obtaining needed
energy and in converting lactic acid to glucose in the liver
(67). Vitamin B6 is also involved in the breakdown of mus-

cle glycogen to derive energy. Other functions of vitamin
B6 that may be related to athletic performance include
the formation of serotonin and the synthesis of carnitine
from lysine. There is evidence that some athletes may be
at risk for inadequate vitamin B6 status (41, 45, 95). Poor
B6 status also reduces athletic performance (92). It has also
been proposed that lower antioxidant capacity in athletes
may result from vitamin B6 deficiency (26).

Because many athletes are always looking for that ex-
tra edge, there is an understandable attractiveness to the
consumption of natural substances that are legal. Vitamin
B6 is sometimes marketed as one of those natural (and
legal) substances because, besides its importance in energy
metabolism, it is linked with the production of growth
hormone, which can help to increase muscle mass (34). It
appears as if the combined effect of exercise and vitamin
B6 on growth hormone production is greater than either of
these factors individually (37, 72). Given the importance of
this vitamin to athletic performance, it is easy to see why
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athletes may rush to obtain more. However, these factors
should be considered (67):

Most athletes have adequate vitamin B6 intakes and
adequate vitamin B6 status.
Those athletes with poor vitamin B6 status are generally
those with inadequate energy intakes.
A greater proportion of female athletes and athletes
participating in sports that emphasize low weights
(gymnastics, wrestling, skating, etc.) are likely to have
inadequate energy intakes and, therefore, inadequate
vitamin B6 intakes.
High doses of vitamin B6 have been shown to have
toxic effects.
There is no good evidence that having more than the
recommended intake has a beneficial effect on athletic
performance (36).
Vitamin B6 supplementation does not appear necessary
to enhance athletic performance if a balanced diet, with
adequate energy intake, is consumed (82).

Taken together, these factors should encourage athletes
to consume an AI of energy before they consider taking
supplements of vitamin B6.

product of the citric acid cycle), and nerve development, but
it is essential for the function of all cells (Box 5.5).

Dietary sources of this vitamin are mainly foods of
animal origin (meats, eggs, dairy products), and it is
essentially absent from plant foods. There may also be
some very small amount of absorbable vitamin B12 that
is produced by gut bacteria (2). It should be clear from
this that vegetarian athletes who avoid all foods of animal
origin ( i.e., they do not eat meat, nor do they consume
eggs or dairy products) would be at risk for vitamin B12
deficiency.

The primary disease associated with vitamin B12

deficiency is pernicious anemia, but inadequate intake
is also associated with higher risk of neural tube defects
( i.e., spina bifida and anencephaly) , lower synthesis of
neurotransmitters, reduced mental function, and elevated
levels of homocysteine (a risk factor in heart disease).
Pernicious anemia most commonly occurs in older adults
who have experienced a reduction in normal stomach
function. The stomach produces a substance called in-

trinsic factor that is required for vitamin B12 absorption.
Without intrinsic factor, a person can consume an ade-
quate level of B12 but still develop a deficiency because
of poor absorption. Symptoms of deficiency include
fatigue, poor muscular coordination (possibly leading
to paralysis), and dementia.

There is a long history of vitamin B12 abuse by athletes.
It was (and continues to be) common for many athletes
to be injected with large amounts of vitamin B12 (often
1,000 mg) before competitions (42, 103). However, the
athletic performance benefits of vitamin B12 injections and

Vitamin B12 (Cobalamin)
Vitamin B12 is perhaps the most chemically complex of all
the vitamins. It contains the mineral cobalt (hence the name
cobalamin) and has a major involvement in RBC formation,
folic acid metabolism, deoxyribonucleic acid (DNA) synthesis,
synthesis of succinyl-coenzyme A (CoA; an intermediary

A
Vitamin B12 (Cobalamin) Basic InformationBox 5.5

Deficiency

•Disease: Pernicious anemia (more likely caused
by malabsorption of the vitamin than by dietary
inadequacy, although vegans are at higher risk of
deficient intakes)

•Deficiency disease symptoms: Weakness, easy
fatigue, neurologic disorders

Toxicity: Tolerable ULs not established; the daily value
(DV) is 6 mcg/d

DRI
•Adult males: 2.4 mcg/d

•Adult females: 2.4 mcg/d

•Recommended intake for athletes: 2.4-2.5 mcg/d
Functions
•Protein metabolism, including protein synthesis

•Metabolism of fat

•Metabolism of carbohydrate

•Neurotransmitter formation

•Glycolysis

•RBC formation
Good food sources
•Foods of animal origin (meat, fish, poultry, eggs

milk, cheese)

•Fortified cereals
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Folic Acid (Folate)supplementation have not been established for athletes
consuming unrestricted diets (65, 80, 98, 104).

It certainly makes sense that athletes consume foods that
will avoid deficiencies of any kind, including the avoidance
of B12 deficiency. The resulting anemia would clearly have an
impact on performance by producing a reduction in endur-
ance and, potentially, a lowering of muscular coordination.
However, there is no logical basis or proven benefits for
consumption or injections of such large doses as has been
reported in the literature for vitamin B12. Without a gen-
etic predisposition to B12 malabsorption (typically because
of an inadequate production of intrinsic factor), there is
no basis for taking supplements if a balanced mixed-food
diet is consumed. Pure vegetarian athletes ( i.e., those who
avoid the consumption of all foods of animal origin), on
the other hand, may have a good reason to be concerned
about vitamin B12 status. A supplement that provides, on
average, the daily requirement (2.4 meg) makes good sense,
as does the consumption of foods that are fortified with
vitamin B12 (such as some soy milk products). Vegan food
sources of vitamin B12 include:

B12-fortified almond milk
B12-fortified coconut milk
Nutritional yeast
B12-fortified soymilk
Tempeh or tofu
B12-fortified cereal

Folic acid is widespread in the food supply, but is present in
the highest concentrations in liver, yeast, leafy vegetables,
fruits, and legumes. It is easily destroyed through common
household food preparation techniques and long storage
times, so it is most commonly associated with fresh foods.
Folate functions in amino acid metabolism and nucleic acid
synthesis (ribonucleic acid and DNA), so a deficiency leads
to alterations in protein synthesis (Box 5.6) (57). Tissues
that have a rapid turnover are particularly sensitive to folic
acid. This includes RBC and white blood cells, as well as
tissues of the GI tract and the uterus. More recently, ade-
quate folate intake during pregnancy has been associated
with the elimination of fetal neural tube defects (most
notably spina bifida) (111). The average US folate intake
exceeds the requirement of between 180 and 200 meg/day
by between 25% and 50%, but its importance in RBC
formation and in preventing neural tube defects has led
to the supplementation with folic acid during pregnancy.
The recommended intake of folate during pregnancy (400
meg) is double that of the adult requirement. A deficiency
of folate leads to anemia, GI problems (diarrhea, malab-
sorption, pain), and a swollen, red tongue. Because folate
works with vitamin B12 in forming healthy new RBCs, a
chronic deficiency leads to megaloblastic anemia. Excess
folic acid intake may mask vitamin B12 deficiency and may
also increase cancer risk (39, 69, 116).

A
Box 5.6 Folic Acid (Folate) Basic Information

Deficiency

•Megaloblastic (macrocytic) anemia

•Neural tube defects (as a result of poor folate status
at initiation of pregnancy)

Symptoms

•Weakness

•Easy fatigue

•Neurologic disorders
Toxicity

•Tolerable ULs:

300-400 meg/day for young children (age 1-8 yr)
600-1,000 meg/day for children and adults (age
9-70+ yr)

DRI
•Adult males: 400 meg/d

•Adult females: 400 meg/d

•Recommended intake for athletes: 400 meg/d
Functions
•Methionine (essential amino acid) metabolism

•Formation of DNA

•Formation of RBCs

•Normal fetal development
Good food sources
•Dark green leafy vegetables

•Enriched and fortified grains and cereals

•Beans

•Whole-grain cereals

•Oranges

•Bananas
Folate naturally occurs in foods; folic acid is the synthetic form of folate.
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Pantothenic Acid (Vitamin B5)
Pantothenic acid is a structural part of CoA, which is the
intermediary product of all energy metabolic processes
(Box 5.8). Through CoA, pantothenic acid is involved in
carbohydrate, protein, and fat metabolism. Because pan-
tothenic acid is widely distributed in the food supply, it
is unlikely that an athlete would suffer from a deficiency,
particularly if sufficient total energy is consumed. The
highest concentrations of pantothenic acid are found in
meat, whole-grain foods, beans, and peas. If a rare deficiency
does occur, symptoms include easy fatigue, weakness, and
insomnia. Supplemental doses of the vitamin are typically
10 mg/day or higher (double the DRI) and, at this level,
have not been shown to produce toxic effects.

There are human studies suggesting that pantothenic
acid may aid in the wound healing of skin (108, 110). Early
studies on animals also suggest that pantothenic acid sup-

plementation is effective in improving time to exhaustion
(13, 90). However, human studies do not agree on the
potential benefits of pantothenic acid supplementation.
In one study using a double-blind protocol, there was no
difference in time to exhaustion in conditioned runners
given either a pantothenic acid supplement or a placebo
(78). However, in another study that used a double-blind
protocol, there was a lowering of lactate ( — 16.7%) and an
increase in oxygen consumption (+8.4%) in subjects given
a pantothenate supplement versus those given a placebo
prior to riding a cycle ergometer to exhaustion (64).

Although a possible relationship between increasing
the intake of pantothenic acid and exercise performance
may exist, more information is needed before a sound
recommendation can be made on pantothenate intake
for athletes. In studies that have experimented with pan-
tothenic acid supplements to determine a requirement

No studies have reported on the relationship between
folic acid and athletic performance. However, because
athletes have an above-normal tissue turnover because of
the pounding the body takes in various sports, and with
evidence that RBC turnover is faster in athletes than in
nonathletes, there is a good reason for athletes to be certain
that adequate folic acid intake is satisfied (70, 107). The
prudent approach is through the regular consumption of
foods, including whole grains (now fortified with folic
acid), fresh fruits, and vegetables.

Biotin (Vitamin H)
Biotin works with magnesium and adenosine triphosphate
(ATP) in carbon dioxide metabolism, new glucose pro-
duction (gluconeogenesis), carbohydrate metabolism, and
fatty acid synthesis (Box 5.7) (57). Food sources of biotin
include egg yolk, soy flour, liver, sardines, walnuts, pecans,
peanuts, and yeast. Fruits and meats are, however, poor
dietary sources of the vitamin. Biotin is also synthesized
by bacteria in the intestines. A deficiency of this vitamin is
rare but can be induced through the intake of large amounts
of raw egg whites (from about 20 eggs), which contain the
protein avidin (56). This protein binds to biotin, making
it unavailable for absorption. When a deficiency of biotin
occurs, symptoms include hair loss; scaly red rash around
eyes, nose, and mount; loss of appetite; vomiting; and de-
pression. However, because there are not many people who
consume large quantities of raw egg white, deficiencies of this
vitamin are rare. Athletes should be cautious of consuming
large amount of raw egg whites as a strategy for increasing
protein intake. There is no evidence, however, that athletes
are at risk for biotin deficiency, and no information on
the relationship between biotin and athletic performance.

Biotin (Vitamin H) Basic InformationBox 5.7

DRI •Green leafy vegetables

•Note: Also produced by intestinal bacteria
Deficiency

•Rare; if it occurs, due to high egg white intake

•Deficiency symptoms: anorexia, depression, muscle
pain, dermatitis

Toxicity: Tolerable ULs not established

•Adult males: 30 mcg/d

•Adult females: 30 mcg/d

•Recommended intake for athletes: 30 mcg/d
Functions
•Glucose synthesis (gluconeogenesis)

•Fatty acid synthesis

•Gene expression regulator
Good food sources
•Egg yolks

•Legumes, dark
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A k
Box 5.8 Pantothenic Acid (Vitamin B5) Basic Information

DRI Good food sources
•Widely present in all foods, with the exception of

highly processed and refined foods
Deficiency

•Unknown in humans
Toxicity

•Tolerable ULs not established; DV is 10 mg

•Adult males: 5 mg/d

•Adult females: 5 mg/d

•Recommended intake for athletes: 4-5 mg/d
Functions
•Energy metabolism as part of acetyl-CoA

•Gluconeogenesis

•Synthesis of acetylcholine

level, the typical dosage has been 10 mg/day. When this
level is provided, 5-7 mg/day is excreted in the urine (57).
Therefore, it appears that taking supplements at or above
this level is excessive.

which means it is easily removed from foods by water.
The vitamin C deficiency disease, scurvy, is caused by a
long-term dietary deficiency of the vitamin. For a variety
of reasons (fresh food availability, supplement intake, use
of vitamin C as an antioxidant in packaged foods), scurvy
is almost nonexistent now. Toxicity from high, regular sup-

plemental intakes of the vitamin is rare, but may include a
predisposition to developing kidney stones and a reduced
tissue sensitivity to the vitamin. Doses of 100-200 mg/day
will saturate the body with vitamin C, yet many people take
supplemental doses of 1,000-2,000 mg/day (57). This level
of supplemental vitamin C intake represents doses that are
many times higher than the DRI of 75-90 mg/day (Box 5.9).

Vitamin C (Ascorbic acid, Ascorbate,
Dehydroascorbate, 1-Ascorbate)
Fresh fruits and vegetables are the best sources of vitamin
C. Cereal grains contain no vitamin C (unless fortified
with vitamin C), and meats and dairy products are low in
vitamin C. Vitamin C is easily destroyed by cooking (heat)
and exposure to air (oxygen). It is also highly water soluble,

A kVitamin C (Ascorbic acid, Ascorbate, Dehydroascorbate, L-Ascorbate)
Basic InformationBox 5.9

Good food sourcesDRI

•Adult males: 90 mg/d

•Adult females: 75 mg/d

•Recommended intake for athletes: 100-200 mg/d
Functions
•Antioxidant

•Synthesis of carnitine (a transport molecule that carries
fatty acids into mitochondria for energy metabolism)

•Production of epinephrine and norepinephrine
(neurotransmitters that rapidly degrade glycogen to
make glucose available to working muscles)

•Facilitates absorption of nonheme iron from fruits
and vegetables

•Synthesis of cortisol, a powerful catabolic hormone

•Resynthesis of vitamin E to its active antioxidant state

•Collagen formation (a connective tissue protein)

•Fresh fruits (particularly citrus and cherries)

•Fresh vegetables
Deficiency

•Rare

•Disease: Scurvy

•Deficiency symptoms: bleeding gums, deterioration
of muscles and tendons, sudden death

Toxicity

•Tolerable UFs:

400-650 mg/d for young children (age 1-8 yr)
1.2-2.0 g/d for children and adults (age 9-70+ yr)
Increased risk of kidney stone formation with chronic
intake of 1 g/d (1,000 mg) or more

Source: Institute of Medicine, Food and Nutrition Board. Dietary Reference Intakes (DRIs): Recommended Intakes for Individuals.
Washington (DC): National Academy Press; 2004.
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A number of studies have evaluated the relationship
between vitamin C intake and athletic performance, and
the results from these studies are inconsistent. Part of the
problem with many of the studies performed on vitamin C
is a lack of standardization between subjects and a general
lack of comparative controls. Nevertheless, according to
reviews of studies that used controls and provided vitamin
C supplements at or below 500 mg/day (a level that is 5x
the DRI), there was no measurable benefit in athletic per-

formance (27, 53). One study noted that when a 500-mg
dose of vitamin C was provided shortly (4 hours) before
testing, athletes experienced a significant improvement in
strength and a significant reduction in maximal oxygen
consumption (V02max) — which is a good thing — but there
was no impact on muscular endurance (18). (V02max is the
maximum volume of oxygen that the lungs can bring into
the system. Working at a lower level of VO
person is not working as hard as maximal aerobic capacity.)
However, when participants were provided with the same
amount for 7 days, there was an improvement in strength
with a decrease in endurance. When these same subjects
were provided with 2,000 mg each day for 7 days, there
was only a lowering of VO
ance performance. There may be a benefit in consuming
a slightly higher level of vitamin C for athletes involved in
concussive sports where muscle soreness occurs or there
is an injury. Studies on animals generally indicate that
having more vitamin C improves the healing process and
that inadequate vitamin C inhibits healing (86). Although
there is some evidence that muscle soreness may be more
rapidly relieved with consumption of moderate supplemen-
tal doses of vitamin C and other antioxidants, it should be
noted that the current scientific evidence to support the
use of supplemental doses of antioxidant vitamins, includ-
ing vitamin C, to enhance tendon and muscle healing in
athletes is limited (58, 93).

Given these inconsistent results, it is difficult to make a
rational recommendation on vitamin C and athletic per-
formance. However, slightly increasing vitamin C intake
may reduce muscle soreness faster and may also improve
healing. The question is: How much is just right? Unfor-
tunately, it is impossible to know the correct answer for
every person. Because studies demonstrate that high doses
may cause endurance problems, it is important to keep the
level of intake below one that may result in performance
deficits. An early study reported on three deaths that were
due to iron overload. Vitamin C is known to enhance iron
absorption, and the people who died were taking large
daily doses of vitamin C (52). Also consider that athletes
already typically consume more than 250 mg of vitamin
C each day from food alone because of the high intake of

fresh fruits and vegetables. A reasonable recommendation
is to consume an abundant amount of fresh fruits and
vegetables (wonderful sources of carbohydrates and many
other nutrients besides vitamin C). It has been found that
vitamin C supplementation is popular with athletes, with up
to 77% of assessed athletes reportedly taking multivitamins
containing vitamin C or vitamin C. Recommendations
for consuming these supplements, however, did not come
from health professionals, and over 80% reported being
unaware that supplemental intake could negatively affect
performance (97).

Choline
Although not officially a vitamin, choline has water-soluble
vitamin-like characteristics, mainly related to the formation
of the neurotransmitter acetylcholine (Box 5.10). It is often
grouped together with B-complex vitamins. Some animal
species require choline to sustain health, but humans can
manufacture choline through a metabolic pathway that
involves the amino acid methionine and the vitamin/otoe.
Therefore, periodic consumption of high-protein foods that
are excellent contributors of the amino acid methionine
is a way to ensure adequate choline availability. In 1998,
choline was determined to be an essential nutrient by the
Institute of Medicine (117, 118). It is present in many foods
and is particularly high in beef liver, eggs, human breast
milk, and cruciferous vegetables (cauliflower, broccoli,
etc.). Lecithin, an emulsifying agent (causes fats to mix
in water, as in creamy Italian dressing vs. regular oil and
vinegar dressing with the oil rising to the top), may con-
tain anywhere from 20% to 90% choline, depending on its
source (soybean, sunflower, rapeseed, etc.). Although the
lecithin content of processed foods is small, consumption
of lecithin-containing foods may increase the choline intake
in an average adult by only 1.5 mg/kg (56).

Choline is needed for the manufacture of the neu-

rotransmitter acetylcholine, which is involved in multiple
neurologic functions that include memory and muscle
control. Although it is still being assessed, there are early
studies suggesting that endurance athletes and people who
heavily consume alcohol may benefit from higher choline
intakes (61, 105). However, a more recent study on army
rangers found no benefit of choline supplementation on
endurance, injury rates, or shooting accuracy (4).

Even moderately high levels of homocysteine in the
blood may increase cardiovascular disease risk, and there
is evidence that choline deficiency may be a factor in higher
homocysteine levels (63, 119). One of the clinical problems
seen with inadequate choline intake is nonalcoholic fatty
liver disease. Choline is needed for the manufacture of the

means the2max

but no change in endur-2max >
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A IBox 5.10 Choline Basic Information

There is no DRI, only an Al level.
•Al adult males: 550 mg/d

•Al adult females: 425 mg/d

•Recommended intake for athletes: Unknown
Functions
•Structure of cell membranes

•Signaling for cell membranes

•Acetylcholine synthesis and neurotransmission

•Methyl-group donor for protein synthesis
Good food sources
•Beef liver

•Egg

•Fish

•Cauliflower, broccoli, and other cruciferous vegetables
Deficiency

•Fatty liver disease

Sources: Busby MG, Fischer L, da Costa KA, Thompson D, Mar MH, Zeisel SH. Choline- and betaine-defined diets for use in clinical research
and for the management of trimethylaminuria. J Am Dietet Assoc. 2004;104(12):1836-45; Institute of Medicine, Food and Nutrition Board.
Dietary Reference Intakes for Thiamin, Riboflavin, Niacin, Vitamin B6, Folate, Vitamin B12, Pantothenic Acid, Biotin, and Choline. Washington
(DC): National Academy Press; 1998. p. 390-422.

•Kidney disease

•Easy fatigue
Toxicity

•Toxicity symptoms (seen with daily high doses of
10,000-16,000 mg/d):

Fishy body odor from excess production of trime-

thylamine (a choline metabolite)
May result in low blood pressure and fainting

Tolerable ULs

•1,000 mg/d for children 1-8 yr

•2,000 mg/d for children 9-13 yr

•3,000 mg/d for adolescents 14-18 yr

•3, 500 mg/d for males and females 19 yr and older

liver protein that carries liver-derived fat to the blood, called
very-low-density lipoproteins. Without sufficient choline,
the protein carrier cannot be manufactured and the fat in
the liver cannot be removed. A study of postmenopausal
women with low estrogen found that they developed liver
and/or muscular damage if provided a choline-deficient diet
(40). Common clinical signs of severe choline deficiency
include liver, heart, and kidney disease (66, 118).

toxic substance in human nutrition is vitamin A. Achieving
toxic-level doses of this vitamin is difficult if consuming
typically consumed foods, but toxic doses may be easily
achieved if supplemental intakes exceed recommended
doses. In general, the storage capabilities we have for these
vitamins eliminate the need for supplemental intake in
most circumstances.

Vitamin A (Retinol or p-Carotene)
The active form of vitamin A is retinol (Box 5.11). We ob-
tain the active form from foods of animal origin, including
liver, egg yolks, dairy products that have been fortified with
vitamin A ( e.g.,vitamin A and D milk), margarine, and fish
oil. The DRI ranges between 700 retinol activity equivalents
(RAE) for women and 900 RAE for men. One RAE equals:

1 meg of retinol
12 meg of (3-carotene
24 meg of a-carotene
24 meg of (3-cryptoxanthin

Vitamin A has a well-established relationship to normal
vision; helps keep bones, skin, and RBCs healthy; and is
needed for the immune system to function normally. There
is no evidence that taking extra vitamin A aids athletic

I Fat-Soluble Vitamins

Fat-soluble vitamins are delivered in a fat solute and rep-
resent one of the important reasons why athletes should
not attempt placing themselves on a diet that is excessively
low in fat. (Going below 10% of total calories from fat is
dangerous, whereas athletes do very well when fat intake
is between 20% and 35% of total calories.) There are four
fat-soluble vitamins, including vitamins A, D, E, and K,
which can be efficiently stored for later use, so the intake of
fat-soluble vitamins can be more periodic to satisfy needs.
However, the storage capacity for these vitamins does have
limitations, and providing a level of these vitamins that ex-
ceeds the storage capacity may quickly lead to symptoms of
toxicity and, in extreme cases, death. The most potentially
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A Vitamin A (Active Form: Retinol; Precursor Form: p-carotene)
Basic InformationBox 5.11

Deficiency

•Dry skin

•Headache

•Irritability

•Vomiting

•Bone pain

•Night blindness

•Increased risk of infection

•Blindness
Toxicity (high toxicity potential)

•Tolerable ULs:

600-900 mcg/d for young children (age 1-8 yr)
1.7-3.0 mg/d for children and adults (age 9-70+ yr)
Toxicity symptoms: liver damage, bone malfor-
mations, death

DRI
•Adult males: 900 mcg/d

•Adult females: 700 mcg/d

•Recommended intake for athletes: 700-900 mcg/d
Functions
•Maintaining healthy epithelial (surface) cells

•Eye health

•Immune system health
Good food sources
•Retinol:

Liver
Butter
Cheese
Egg yolks
Fish liver oils

•p-carotene:

Dark green and brightly pigmented fruits and
vegetables

performance. In an early study performed in the 1940s,
supplementation of vitamin A produced no improvement
in endurance (106). In the same study, subjects provided
with a diet deficient in vitamin A noted no decrease in per-
formance, probably because a deficit state of the vitamin was
not reached because of ample vitamin storage. Inadequate
levels of vitamin A intakes have been reported in a small
proportion of adolescent athletes, and given that the ado-

lescent period is important for bone development/growth,
some attention should be given to adolescent athletes to
ensure the intake of vitamin A is adequate (43, 68).

Because the vitamin has clearly toxic side effects when
chronically taken in excess of the DRI, athletes should
be cautioned against taking supplemental doses of this
vitamin. Toxicity of vitamin A manifests itself in several
ways, including dry skin, headache, irritability, vomiting,
bone pain, and vision problems. Excess vitamin A intake
during pregnancy is also associated with an increase in
birth defects (57).

A precursor to vitamin A is p-carotene. A precursor is a
substance that, under the proper conditions, is converted to
the active form of the vitamin. Therefore, consuming foods
with P-carotene is an indirect way of obtaining vitamin
A. p-Carotene is found in all red-, orange-, yellow-, and
dark green-colored fruits and vegetables (carrots, sweet
potatoes, spinach, apricots, cantaloupes, tomatoes, etc.). It
is a powerful antioxidant, protecting cells from oxidative

damage and, of course, can be converted to vitamin A as it
is needed. Unlike preformed vitamin A (retinol), p-carotene
has not been found to exhibit the same clear toxic effects if
excess doses are consumed. However, a consistently high
intake of carrots, sweet potatoes, and other foods high in
P-carotene may cause a person to develop a yellowish skin
tone. It should be noted that two research trials in smok-
ers and former asbestos workers found that P-carotene
supplementation for 4-6 years increased lung cancer risk
by 16%-28% when compared with a placebo (73). These
trials suggest that, although there is no current evidence
of higher disease risk in nonsmokers, reasonable intakes
that do not breach the all-important nutrient balance rule
should be warranted.

Athlete surveys suggest that different sports have different
vitamin A/ p-carotene intake risks. Young wrestlers, gym-
nasts, combat sport athletes, and ballet dancers had average
intakes that were below 60%-70% of the recommended
intake, whereas other male and female athletes appear to
have typical intakes that meet the recommended level (10,
29, 60, 76, 109). The difference maybe the food restriction
common in the sports with lower intakes.

It is conceivable that P-carotene may, as an antioxidant,
prove to be effective in reducing postexercise muscle sore-
ness and may aid in postexercise recovery. However, this
is a theoretical connection only; no study makes a direct
link between p-carotene intake and reduced soreness and
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improved recovery. One study has found that [3-carotene
reduced exercise-induced asthma, and another found that
it was a useful antioxidant for reducing DNA damage in
humans (59, 74, 77).

There is a great deal of current science suggesting that
the vitamin D promotes growth and mineralizes bones and
teeth by increasing the absorption of calcium and phospho-
rus. But vitamin D also has other important characteristics
that may influence both health and athletic performance.
Vitamin D activity includes (23, 47, 85, 112, 113):

Bone health (through regulation of calcium and phos-
phorus absorption)
Muscle contraction (through activation of enzymes for
muscle stimulation)
Intestinal absorption (through facilitation of calcium
absorption in the intestines)
Muscle protein anabolism (through both an increase
in muscle mass and a decrease in muscle breakdown;
muscle increase is for type II — power muscle fibers)
Improved immune function (through accumulation
of fluid and immune cells in injured and inflamed
tissues and through release of antimicrobial peptides.
Outcome is reduced risk of cancer, intestinal disease,
cardiovascular disease, muscle soreness)
Improved anti-inflammatory action (through increase
production of anti-inflammatory cytokines and
interleukin-4 and decreased production of inflammatory
agents interleukin-6, interferon-y, and interleukin-2)

Vitamin D functions to promote growth and mineralize
bone and teeth by increasing the absorption of calcium and
phosphorus. A diet with an AI of calcium and phosphorus,
but without adequate vitamin D, will thus lead to calcium

Vitamin D (Cholecalciferol)
There has been a great deal of work and rethinking about the
role of vitamin D in human health. It is the most potentially
toxic vitamin in human nutrition, with an UL of 50 mcg/day
(Box 5.12) (55). We can obtain the vitamin in an inactive
form from food and sunlight exposure. Ultraviolet radiation
(sunlight) exposure of the skin alters a cholesterol derivative
(7-dehydrocholesterol) to an inactive form of vitamin D
called cholecalciferol. To be functional, this inactive form
of vitamin D must be activated by the kidneys. Therefore,
kidney disease may be the cause of vitamin D-related dis-
orders. Dietary sources of vitamin D include eggs, vitamin
D-fortified milk, liver, butter, and margarine. Cod liver oil,
which was once given commonly as a supplement, is a con-

centrated source of the vitamin. The adult DRI for vitamin
D is 15 mcg/day of cholecalciferol or 600 IU of vitamin D.
The UL for vitamin D was set at a level that was intended
to avoid calcium infusion and excess mineralization of
soft ( /.e., muscle and organ) tissues. Because the current
knowledge of vitamin D has increased, many scientists and
qualified practitioners now recommend an intake that is at
least 1,000-2,000 IU/day, or three to five times higher than
the currently recommended intake level (71).

A k
Box 5.12 Vitamin D (Cholecalciferol) Basic Information

Deficiency

•Disease: Rickets (children)

•Disease: Osteomalacia (adults)

•Increased risk of stress fractures

•Increased risk of osteoporosis
Toxicity (high toxicity potential)

•Tolerable ULs:

50 mcg/d for all age groups

•Symptoms:
Nausea
Diarrhea
Loss of muscle function
Organ damage
Skeletal damage

DRI

•Adult males: 15 mcg/d

•Adult females: 15 mcg/d

•Recommended intake for athletes: 15-20 mcg/d
Functions
•Absorption of calcium

•Absorption of phosphorus

•Healthy skin
Good sources
•Ultraviolet light exposure

•Fish liver oil

•Lesser amounts in:

Eggs
Canned fish
Fortified milk
Fortified margarine
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and phosphorus deficiency. The childhood deficiency dis-
ease rickets and the adult deficiency disease osteomalacia
are diseases of calcium deficiency that are due to either
inadequate levels of vitamin D or the inability to convert
vitamin D to the active (functional) form.

There is a long history of ultraviolet light (/.£., vitamin D)
therapy for athletes (23). In the mid-1920s sunlamps were
used by swimmers in Germany and the effect was sufficiently
positive that it was considered a form of illegal doping by
some. Ultraviolet light therapy was also used by Russian
and German athletes in the 1930s and 1940s, where it was
found that it improved performance. In the mid-1940s in
the United States, the combined effect of a fitness program
plus ultraviolet irradiation produced significantly better
fitness results than in those undergoing athletic training
without the ultraviolet irradiation. The general consensus
during these years was that ultraviolet irradiation had a
positive impact on speed, strength, endurance, reaction
time, and reduced pain.

Vitamin D may play an indirect role in resistance to
injury. Athletes in some sports may have dramatically lower
sunlight exposure because all training takes place inside.
This lower sunlight ( f.e., ultraviolet) exposure may reduce
vitamin D availability to a point where both growth and
bone density are affected. Lower bone densities are known
to place athletes at higher risk for developing stress frac-
tures, an injury that can end an athletic career (5, 25, 49).
In a survey of US national team gymnasts, it was found
that the factor most closely related to bone density was
sunlight exposure. Those with higher densities had the
greatest exposure (9). Also, sunlight exposure was more
important as a predictor of bone density in this group than
vitamin D or calcium intake from food. A study did find
that professional basketball players were at higher risk of
vitamin D deficiency following the winter months, likely
from reduced sunlight exposure (12). And another study

also found a high prevalence of vitamin D inadequacy in
athletes and dancers who have little sunlight exposure (30).

Vitamin E (Tocopherol)
Vitamin E is a generic term for several substances (tocoph-
erols) that have similar activity, and the unit of measure is
based on the level of tocopherol with an activity equivalent to
that of a-tocopherol (Box 5.13). For instance, (3-tocopherol
has a lower level of activity than a-tocopherol, so more of
it would be necessary to get the same effect (57). Vitamin
E is found in green leafy vegetables, vegetable oils, seeds,
nuts, liver, and corn. It is difficult to induce a vitamin E
deficiency in humans, and it also appears to be a relatively
nontoxic vitamin. Vitamin E is a potent antioxidant that
serves to protect membranes from destruction by peroxides.
Peroxides are formed when fats (especially polyunsaturated
fats) become oxidized (rancid). These peroxides are called
free radicals because they bounce around unpredictably
inside cells, altering or destroying them. Because vitamin
E is an antioxidant, it helps to capture oxygen, thereby
limiting the oxidation of fats to protect cells.

Several studies on vitamin E and physical performance
have been conducted, but none has found an improvement in
either strength or endurance with vitamin E supplementation
(21, 87, 88, 94). Several studies evaluating whether vitamin E
supplementation reduced exercise-induced peroxide damage
had mixed findings. Some suggest that a clear reduction in
peroxidative damage occurs, but others suggest that vitamin
E has no benefit (17, 35, 89). It was found that vitamin E (800
IU for 1-2 months) compared with placebo ingestion before
a competitive triathlon race event actually promoted lipid
peroxidation and inflammation during exercise, which was
precisely the opposite of the expectation (79). This is yet another
example of how too great an intake of a vitamin may produce
results contrary to the potential benefits that an AI provides.

A
Box 5.13 Vitamin E (Tocopherol) Basic Information

DRI •Lesser amounts in fortified cereals

•Lesser amounts in eggs
Deficiency

•Rare; if it occurs, possible increased risk of cancer
and heart disease

•Adult males: 15 mg/d

•Adult females: 15 mg/d

•Recommended intake for athletes: 15 mg/d
Functions
•Antioxidant protection of cell membranes
Good food sources
•Polyunsaturated and monounsaturated vegetable

and cereal oils and margarines (corn, soy, safflower,
olive)

Toxicity

•Tolerable ULs:

200-300 mg/d for young children (age 1-8 yr)
600-1,000 mg/d for children and adults
(age 9-70+ yr)
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Vitamin K (Phylloquinone,
Menaquinone)
Vitamin K is found in green leafy vegetables and also, in small
amounts, in cereals, fruits, and meats. Intestinal bacteria
also produce vitamin K, so the absolute dietary requirement
is not known (Box 5.14). This vitamin is needed for the
formation of prothrombin, which is required for blood to
clot. It is possible for people who regularly take antibiotics
that destroy the bacteria in the intestines to be at increased
risk for vitamin K deficiency. A deficiency would cause an
increase in bleeding and hemorrhages. Vitamin K appears
to be relatively nontoxic, but high intakes of synthetic forms
may cause jaundice.

Several studies have now found that vitamin K deficiency
caused from inadequate dietary intake, albeit rare in human
populations, results in low bone mineral density and/or an
increase in skeletal fractures (20). It has been found that
vitamin K-associated lower bone density can be improved
with vitamin K supplementation (20). In addition, women
obtaining a minimum of 110 meg of vitamin K were found
to be at significantly lower hip fracture risk than women
with lower intakes (38). The Framingham Heart Study also
found a relationship between higher vitamin K intake and
reduced hip fracture risk (14, 15).

There are no studies on the relationship between
vitamin K and athletic performance, but for athletes
involved in contact sports, normal vitamin K status is
necessary to avoid excessive bruising and bleeding. In
addition, there is evidence of a relationship between low
vitamin K status and bone loss in female endurance ath-
letes. In one study amenorrheic females had lower bone
densities that were not improved with 2 years of vitamin
K supplementation (62). In another study, amenorrheic
female athletes experienced an increase in bone formation
when taking vitamin K supplements (31). The contrast

in these studies highlights the difficulty for any single
study to control for all the important nutritional factors
that could influence the results, including energy intake
adequacy, vitamin D status, estrogen status (in females),
and calcium intake.

A word of caution for athletes involved in any form
of blood doping, which refers to strategies that increase
RBC numbers in the circulating blood. The purpose of
blood doping is to increase oxidative capacity to enable
an enhanced metabolism of fat for energy. Most blood
doping strategies, which include taking erythropoietin or
reinserting previously drawn blood, are considered illegal
by virtually all athletic organizations. Some forms of blood
doping, however, are commonly practiced and are not
considered illegal ( i.e., living at high altitude to enable a
greater red cell formation or using a hypoxic tent to sleep
in). Because of the elevated blood clotting potential that
vitamin K produces, having a higher RBC density may
predispose these athletes to unwanted clots. This would
be particularly true for athletes who do blood doping and
who become dehydrated, which would cause RBC density
to increase still further. Whether legal or illegal, blood
doping coupled with excess vitamin K may pose clotting
risks, especially when coupled with dehydration.

Summary

Vitamins enable normal cellular metabolic reactions inside
the cell. As an example, vitamin D stimulates intestinal cells
to absorb calcium and phosphorus, and the B-vitamins
enable chemical reactions that help cells burn the fuel
derived from carbohydrate, protein, and fat. A summary
of the exercise-associated involvement of vitamins is given
in Table 5.2.

IBox 5.14 Vitamin K (Phylloquinone) Basic Information

DRI Good food sources
•Phylloquinone:

Variety of vegetable oils
Dark green leafy vegetables (cabbage, spinach)

•Menaquinone:
Formed by the bacteria that line the Gl tract

Deficiency

•Rare; if it occurs, results in hemorrhage
Toxicity

•Tolerable ULs not established

•Adult males: 120 meg/d

•Adult females: 90 meg/d

•Recommended intake for athletes:

700-900 meg/d
Functions
•Formation of blood clots

•Enhancement of osteocalcin function to aid in bone
strengthening
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A

Table 5.2 Summary of Exercise-Associated Involvement of Vitamins

Energy
Metabolism

Central Nervous
System Function

Red Blood Cell Immune
Manufacture Function

Antioxidant Bone
Function MetabolismVitamin

Vitamin B X X1

Vitamin B2 X X X
Niacin X X
Vitamin B6 X X X X X
Folic acid X X

X XVitamin B12

Pantothenic acid X
Biotin X
Vitamin C X X X X
Vitamin A X X X
Vitamin D X X X
Vitamin E X X X
Vitamin K X

Vitamins are either fat soluble (vitamins A, D, E, and
K) or water soluble (all others).
The fat-soluble vitamins are delivered in the fats of con-

sumed foods and can be stored in special storage depots.
These stored vitamins can be called upon for long periods
of time to satisfy cellular needs for these vitamins.
The water-soluble vitamins are stored throughout the
body in many tissues, but because their storage is limited
they must be consumed with more frequency.
Both fat- and water-soluble vitamins are potentially
toxic if consumed in excess.
Because the amounts needed are relatively small, few
people require vitamin supplements to satisfy dietary
weaknesses, particularly if they consume a reasonably
good and balanced diet that includes fresh and whole
foods. Some issues to consider:
• The chronic consumption of too much of any vi-

tamin may result in just as poor an outcome as the
consumption of too little.

• Athletes who satisfy total energy requirements are
also likely to satisfy vitamin requirements.

• Athletes should not shy away from eating fat, as
about 20%-25% of total calories from fat is needed
to satisfy the need for the fat-soluble vitamins and
the essential fatty acids.

• The B-vitamins are associated with energy metabo-
lism.The more energy you burn, the more B-vitamins
you need. However, the B-vitamins are fortified in
grains, so even high-energy burners are unlikely to
achieve a deficiency.

• Athletes who feel they eat a poor diet and may
need vitamins should consult a registered dietitian
to help determine what they need and in what
amounts.

To maximize vitamin intake from your diet, try the
following:

Eat a wide variety of colorful fruits and vegetables.
When possible eat fresh fruits and vegetables, especially
those in season.
Do not overcook vegetables, as long cooking times
reduce nutrient content.
Steam or microwave your vegetables rather than boiling
them — nutrients seep out in boiling water only to be
poured down the drain.

Practical Application Activity
The DRI values represent the recommended intake
of each vitamin. You can assess the vitamin content
of consumed foods using the same strategy followed
in earlier chapters, accessing the online USDA Food
Composition Database (https://ndb.nal.usda.gov/ndb/
search/list), but this time create a spreadsheet with at
least two water-soluble vitamins { e.g., vitamins C and
B6) and at least two fat-soluble vitamins { e.g., vitamins
A and E).
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6. A deficiency of this vitamin results in megaloblastic
anemia.
a. Vitamin B
b. Vitamin B6
c. Vitamin B12

d. Niacin
7. Vitamin E is an effective

a. Antioxidant
b. Agent for increasing bone mineral density
c. Substance for maintaining eye health
d. Agent for reducing muscle soreness

8. Chronic, high doses of this vitamin may result in
peripheral neuropathy
a. Vitamin C
b. Vitamin B6

c. Vitamin Q10
d. Vitamin B12

9. Consumption of sufficient B-vitamins generally occurs
when athletes eat enough
a. Vegetables
b. Fruits
c. Organ meats
d. Energy

10. These two vitamins work together as antioxidants:
a. Folic acid and thiamin
b. Thiamin and riboflavin
c. Vitamin C and vitamin E
d. Niacin and thiamin

1. Enter the foods/beverages with amounts consumed
for an entire day, and create totals for each vitamin.

2. When completed, assess how your total intake com-

pares with the recommended intake (recommended
dietary allowance) for each selected vitamin.

3. Review which foods contribute most to your intake
for each vitamin.

4. If any of the values are below the recommended
levels, modify your food intake to see what changes
you would make in your diet to reach the recom-

mended intake level.

i

Chapter Questions

1. Of the following, which is a function of ascorbic acid?
a. Antifungal agent
b. Collagen producer
c. Antioxidant
d. Antibacterial
e. b and c
f. All of the above

2. Which of the following vitamins is associated with
deamination and transamination reactions in protein
metabolism?
a. Thiamin
b. Riboflavin
c. Niacin
d. Pyridoxine
e. Cobalamin

3. This vitamin is involved in oxidation-reduction
reactions for ATP production and is associated with
photophobia.
a. Vitamin B
b. Vitamin B2

c. Vitamin B
d. Vitamin B

4. This vitamin has hormone-like actions.
a. Vitamin A
b. Vitamin C
c. Vitamin D
d. Vitamin E

5. This vitamin is part of the intermediary product of
energy metabolism, CoA:
a. Thiamin
b. Folate
c. Niacin
d. Pantothenate

Answers to Chapter Questions

1. e
2. d
3. b
4. c
5. d
6. cI

7. a
8. b6

9. d12

10. c
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Minerals: Important for
Health and Performance
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CHAPTER OBJECTIVES
Understand the primary functions of each mineral ,
including the macrominerals and microminerals.

Know the minerals that have the highest preva-
lence of deficiency.
Identify good food sources for each macro- and
micromineral.
Comprehend the digestion and absorption factors
associated with each mineral where there is a high
prevalence of deficiency.

Describe the issue of competitive absorption , and
how the consumption of a high level of one mineral
may have a negative impact on the absorption of
another mineral.

Apply your understanding of minerals to increase
the likelihood of good athletic performance and
decrease the likelihood of poor health.
Explain the interactive effects of energy, calcium,
vitamin D, and estrogen (in females) in the devel-

opment of bone mineral density (BMD) .
Analyze the factors and justifications for why certain
macro- and microminerals may be appropriately
taken as supplements.
Identify the micro- and macrominerals that are
most associated with athletic performance, and
how to lower the risk that an athlete may develop
a deficiency of each of these minerals.

kCase Study

Iron deficiency, anemia, and iron deficiency anemia represent
the most common nutrient deficiencies found in both male
and female athletes. Because of this, it is important to look
for signs of iron deficiency in all athletes, and particularly
female athletes because of their particularly high risk of
deficiency. Iron deficiency anemia is a problem for athletic
performance (it is not possible for an athlete to perform up
to his or her conditioned capacity with an iron deficiency),
and it also represents a significant health problem with
higher disease risks. Iron deficiency/anemia also affects
a general sense of well-being because of easy fatigue and
poor concentration ability.

Alice, a 26-year-old elite female ultraendurance Ironman
competitor, was undergoing a nutrition and health assessment
when she said “ I am just not doing as well as I believe I should
be doing, and I am so stressed about my poor performance

in my most recent competitions that my stomach is bothering
me.” Psychological stress and gastrointestinal (Gl) issues
are clearly related, but there are also other possibilities.
To investigate one of the possibilities, Alice was asked to
provide a listing of all the vitamin/mineral supplements
and “ergogenic aids” she was currently taking. Luckily,
Alice had arrived for her assessment carrying a bag full
of the supplements and ergogenic aids she was regularly
consuming, making an assessment of potential problems
far easier and accurate . Alice was taking everything from
amino acids to creatine monohydrate to vitamins and
minerals. The vitamin and mineral supplements were all
being taken in large megadoses, all well above 300% of the
recommended dietary allowances (RDAs). When asked why
she was taking these, Alice indicated she felt this was the
best way to prepare for her competitions. She also mentioned

(continued )
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that a number of other highly competitive athletes she knew
were also taking these same products and she felt if she did
not take them she would be at a disadvantage compared
with those who were. Alice was then asked to describe a
typical day of eating and workouts, with special emphasis
and clarity on her food/beverage/supplement consumption.
It caught the attention of the assessment staff that she was
taking 120 mg of iron (the RDA is 18 mg, best consumed
spread out over the day from consumed meals). Then she
clarified that she had been so miserable lately that she
thought she should take more iron, so increased the intake
to 120 mg in the morning, 60 mg at noon, 60 mg in the
evening, and 60 mg before bedtime (a whopping 300 mg/
day!). This was particularly interesting because a history of
blood tests on Alice since she was 14 years old (a 12-year
span) confirmed that she never had iron deficiency or iron
deficiency anemia. When asked about her GI problems, she
just could not understand it — she nei/erhad a gut problem,
with good appetite and normal bowel function her entire life.

Nevertheless, because of her Gl problem, she thought she
should take more supplements because she was afraid the
Gl problem would cause her to limit her food intake.

Alice then got a quick lesson on heavy metal toxicity
and the potential medical problems she could be creating
with the high-dose supplemented iron she was consuming.
It was explained that most iron is not absorbed because
the body is trying to protect itself. Excess absorbed iron
could have a serious effect on the liver, and since 1979
supplement containers having more than 250 mg elemental
iron have warnings that severe toxicity can result from excess
consumption. Symptoms of iron overdosing (toxicity) include
vomiting, diarrhea, abdominal pain, irritability, and sleepiness.
The Gl symptoms result from the irritating effect of all the
unabsorbed iron in the intestines, which has also been found
to increase the risk of colon cancer. It was suggested to Alice

that she eat “clean” for 2 weeks (no supplements, plenty of
fluids, and reintroduction of regular small frequent meals
that were not excessively spicy to let her gut heal), and then
come back for a chat on an eating and activity strategy that
would dynamically match her workout schedule.

Two weeks later, Alice returned feeling far better, with
many of the Gl symptoms gone. The lesson was learned,
that “more than enough is not better than enough.” Alice
was provided an eating plan to satisfy her nutritional needs,
and returned at regular intervals to ensure that there were
no sequelae from her prior excess supplementation.

CASE STUDY DISCUSSION
QUESTIONS

It is commonly believed that there is no limit to how
much of a nutrient can be consumed because “ if
a little bit is good then more must be better.” What
strategy would you use if working with a team of
athletes to help them understand that consumption
of more than the body can effectively utilize causes
problems that can turn into serious disease states?
If supplements rather than foods are being used
to satisfy the need for nutrients, what other health/
nutrition/performance risks might the athlete
encounter?
Many minerals are competitively absorbed. That
is, if too much of one mineral is accessing the
site of absorption, less of other minerals that are
absorbed in the same site will get absorbed. Iron is
competitively absorbed with calcium, magnesium,
and zinc. With so much iron intake, what other
problems (deficiencies) might this athlete experience?

1.

2 .

3.

EJ Iron Deficiency
Characterized by low serum ferritin but normal hemoglobin
and hematocrit. This is an initial sign that iron status
is poor and, if it continues, will result in iron deficiency
anemia. The body places a high priority on maintaining
red blood cells (RBCs), so it is possible that other iron-

containing molecules ( /.e., myoglobin in muscle tissue)
are depleted of iron as a strategy to sustain RBCs. An
athlete with iron deficiency is likely to feel weak and easily
fatigued, but will have normal hemoglobin and hematocrit.

Ej! Anemia
A below-normal hemoglobin and/or hematocrit in the
blood. It may be caused by blood loss, inadequate
production of RBCs, or a fast rate of red cell breakdown.
Common causes of anemia are iron deficiency, folate
deficiency, and vitamin B12 deficiency. Athletes are at
higher risk of anemia because of faster red cell breakdown
and loss of iron through sweat.
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Providing energy metabolism. Physical activity increases
the rate at which fuel is burned. Therefore, the effective
control of this fuel burn at the cellular level is necessary
to athletic endeavors.

All of these functions are important for athletes. Athletes
with weak, lower density bones are at increased risk of stress
fractures; poor fluid buffering (acid-base imbalance) leads
to poor endurance; poor nerve and muscle function leads
to poor coordination; and altered cell metabolism limits a
cell’s ability to obtain and store energy (113).

The established roles of minerals in the development
of optimal physical performance include involvement in
glycolysis (obtaining energy from stored glucose), lipoly-

sis (obtaining energy from fats), proteolysis (obtaining
energy from proteins), and help in obtaining energy from
phosphocreatine (113). Inorganic mineral nutrients are
required in the structural composition of hard (bones and
teeth) and soft (muscles and organs) body tissues. They
also participate in such processes as the action of enzyme
systems, the contraction of muscles, nerve reactions, and
the clotting of blood. These mineral nutrients, all of which
must be supplied in the diet, have two classes: the macro-
minerals have a higher requirement and a greater presence
in the body and the microminerals have a lower dietary
requirement and a lower presence in the body (81, 82).
Do not mistake the difference in amount as a difference in
importance, because all minerals discussed in this chapter
are highly important for sustaining health.

[jl Iron Deficiency Anemia
A microcytic (small red cells), hypochromic (pale red
rather than deep red) anemia (insufficient red cells) that
is characteristic of chronic iron deficiency. The most
common sign is easy fatigue, but may also be associated
with cold hands and feet, chest pain, weakness,
headache, and shortness of breath. The immune system
is also affected, with increased illness frequency and
infections.

:: Introduction

Consumed minerals play a variety of critically important
roles, ranging from helping to strengthen bones (calcium),
assuring optimal oxygen delivery to working tissues (iron),
sustaining good blood volume (sodium), and even helping
the immune system function properly (zinc). Minerals are
unique in that, unlike other nutrients, they are inorganic
compounds (i.e., they contain no carbon or living matter).
However, minerals are functionally similar to the organic
nutrients in that they work together to produce the desired
outcome. As an example, vitamin D works to enhance the
absorption of consumed calcium. Another example is that
iron is part of the protein hemoglobin, found inside red
cells and involved in cellular respiration.

(j| Hemoglobin :: MacromineralsAbbreviated as Hb or Hgb, this is the iron-containing
protein in RBCs that picks up (inhaled) oxygen from the
lungs and delivers oxygen to tissues, and takes carbon
dioxide from tissues to be exhaled through the lungs. In
adult males, normal hemoglobin is 14— 18 g/dL; in adult
females, normal hemoglobin is 12-16 g/dL.

A Important Factors to Consider

Minerals have many functions related to keeping
the skeleton, muscles, heart, and brain working as
they should. Although there can be daily fluctuations
in mineral intakes, the human system does poorly
with a chronic deficiency of any of the minerals. To
obtain all of the minerals needed for good health,
a wide variety of foods must be consumed to
ensure tissues are exposed to all of the minerals.
Monotonous eating patterns ( /.e., patterns where
people continuously eat the same few foods) increase
the risk of developing a mineral deficiency, because
no single food has all of the minerals needed to
sustain health and performance.
Supplements of minerals are commonly taken.
However, even the seemingly most benign minerals,

Minerals have numerous major functions, including:

Adding to the strength and structure of the skeleton
and keeping it strong and resistant to fracture.
Helping to maintain the relative acidity or alkalinity of
the blood and tissue. For athletes, hard physical activ-
ity has the tendency to lower the pH level because of
lactic acid production ( i.e., the effect is to increase the
relative acidity), so having a healthy system to control
acid-base balance is critical for athletic performance.
Serving as a pathway for electrical impulses that stim-
ulate muscle contraction. All athletic endeavors rely
on efficient and effective muscular movement and
coordination, making this function critically important.

A.Nazari



ACSM’s Nutrition for Exercise Science •www.acsm.org130

such as calcium, may create problems if taken in
excess. For instance, calcium is a powerful buffer
that may lower gastric pH and make it more difficult
to digest certain foods, and calcium competes
with other bivalent minerals { i.e., magnesium,
iron, and zinc) for absorption. Having too much
calcium interferes with the absorption of these
other minerals and increases deficiency risk. The
same is true if any of the other bivalent minerals
is taken in excess, with reduced absorption of the
others. The key to mineral nutrition is balance.

fjl Macrominerals
Minerals required in amounts greater than 100 mg/day.
These include potassium, calcium, magnesium, sodium,
chloride, sulfur, and phosphorus. (Note: Although the
macrominerals are required in greater daily amounts
than microminerals, it makes them no more important in
human health.)

[Jjl Microminerals
Minerals required by the body in amounts less
than 100 mg/day. These include iron, zinc, iodine,
selenium, copper, manganese, fluoride, chromium, and
molybdenum. (Note: Although the microminerals are
required in smaller daily amounts than macrominerals, it
makes them no less important in human health.)

Macrominerals are those minerals that are present in the
body in relatively large quantities (compared with micro-

minerals) and perform important physiologic functions.
By accepted definition, macrominerals are required at a
level of 100 mg/day or more, or the body content of the
mineral is greater than 5 g (5,000 mg). The macrominerals
include calcium, phosphorus, magnesium, potassium, so-
dium, chloride, and sulfur. Calcium comprises — 1.75% of
total body weight, phosphorus makes up — 1.10% of total
body weight, and magnesium makes up — 0.04% of total
body weight, with even smaller weight contributions for
potassium, sodium, chloride, and sulfur.

Calcium
Calcium is an important mineral for bone and tooth struc-

ture, blood clotting, nerve transmission, vasoconstriction
and vasodilation of blood vessels, and insulin secretion
(Box 6.1) (144) . The adult dietary reference intake (DRI)
for calcium ranges from 1,000 to 1,200 mg/day, depending
on age and gender. Calcium absorption and the uptake of
calcium by bones and other tissues are regulated by vitamin

A
Calcium Basic Information (Chemical Symbol Ca)Box 6.1

•Soy milk

•Legumes
Deficiency

•Osteoporosis

•Rickets/osteomalacia

•Muscle dysfunction

•Symptoms of deficiency
Fractures and stress fractures
Muscle weakness

RDA

•Adult males (ages 19-70 yr): 1,000 mg/d (1,200
mg/d for older males, ages 70+ yr)

•Adult females (ages 19-50 yr): 1,000 mg/d (1,200
mg/d for older females, ages 51-70+ yr)

•Recommended intake for athletes: 1,300-1,500
mg/d

Functions

•Bone structure and strength

•Acid-base balance

•Nerve function

•Muscle contraction

•Enzyme activation
Good food sources

•Dairy products

•Dark green leafy vegetables

•Calcium-fortified orange juice and other calcium-

fortified foods

Toxicity

•Tolerable UL: 2,000-3,000 mg/d depending on age/
gender of group

•Symptoms of toxicity
Constipation
Malabsorption of other bivalent minerals (iron,
magnesium, and zinc)
Kidney stones
Cardiac dysrhythmia
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D and parathyroid hormone. Even a small drop in circulating
serum calcium increases the secretion of parathyroid hormone,
which reduces the urinary excretion of calcium and releases
calcium from bone to stabilize serum calcium. Parathyroid
hormone also converts the inactive form of vitamin D to the
active form, which enhances the absorption of both calcium
and phosphorus from the diet. A return of serum calcium to
the normal level causes a cessation of parathyroid hormone
secretion. The high consumption of several substances may
increase urinary calcium losses stimulating parathyroid
hormone release. These include (36, 47, 65, 107):

High sodium intake
High protein intake (above 2.0 g/kg/day)
High phosphorus intake (associated with high protein
intake and processed foods)
High caffeine intake

A
Calcium Content of
Commonly Consumed
Foods

Table 6.1

Serving Size Calcium (mg)Food
Broccoli (cooked) V2 cup 31
Bok choy V2 cup 79
Cheddar cheese 1.5 oz 303
Figs (dried) lA cup 61
Kale (boiled) V2 cup 90
Milk 1 cup 300
Orange 1 medium 60

V2 cup 39Pinto beans
Red beans V2 cup 25

Sardines (canned) 8 oz 325
Spinach (boiled) y2 cup 122

J Dietary Reference Intakes
Nutrient reference values established as scientific guides
for planning and assessing nutrient intakes of healthy
people. The DRI values, established by the Food and
Nutrition Board of the Institute of Medicine, National
Academy of Sciences, are composed of the following:

RDA: The average daily level of intake sufficient to meet
the nutrient requirements of nearly all (97%— 98%)
healthy people.
Adequate Intake (Al): Established when evidence is
insufficient to develop an RDA and is set at a level
assumed to ensure nutritional adequacy.
Tolerable Upper Intake Level (UL): The maximum daily
intake unlikely to cause adverse health effects, above
which toxicity reactions are possible/likely.

Tofu (made with calcium
sulfate)

V2 cup 434

Green leafy vegetables (particularly spinach and rhubarb)
are high in oxalic acid, which has a high binding affinity for
calcium and other bivalent minerals ( i.e.,zinc, magnesium,
iron). The bioavailability of calcium and these minerals may
be poor unless the oxalic acid is removed. However, it is
possible to improve the bioavailability of these oxalate-bound
minerals through an easy food preparation technique called
blanching. Oxalate is highly water-soluble, so by dipping the
vegetables for a few seconds into boiling water a good deal
of the oxalate is removed but the minerals remain (1). You
can then prepare the vegetables as you like. This technique
dramatically improves the delivery of calcium from vegeta-

bles and has been used by cultures (especially in Asia) that
traditionally have not consumed dairy products for thousands
of years (2). As a side benefit, vegetables that are blanched
may also be more acceptable for children to eat. Children are
more sensitive to bitter tastes than adults (we lose some of
our taste sensitivities as we age), and oxalic acid has a bitter
taste. Therefore, by removing the oxalate you also remove
some of the bitter taste that children find unacceptable.

Phytic acid, which is present in wheat bran and dried beans,
also inhibits the bioavailability of calcium and other bivalent
minerals (73). The phytic acid of wheat bran can be reduced
when yeast is used in food preparation (as in bread, rolls, etc.).
Yeast contains phytase, which enzymatically breaks down the
phytic acid in grains, making minerals more bioavailable.
Regular consumption of whole-grain flat breads, crackers,
and so forth may provide enough phytic acid to lower the
bioavailability of all of the bivalent minerals, including calcium.

Food Sources of Calcium
Many foods provide ample amounts of calcium (Table 6.1),
including legumes, dairy products, and green leafy vege-
tables. This list should make it clear that dairy products
are not the only way to supply calcium in the diet. In fact,
many cultures have adequate calcium intakes with no or
limited consumption of dairy products. Here are some
common examples:

In Asia, sweet and sour sauces are made by putting a
stock bone in water that has vinegar added. The vinegar
leaches out the calcium from the bone and is consumed
as part of the sauce.
In Mexico, Central America, and South America, masa
is used to make corn tortillas. Masa is lime-soaked corn
flour, and lime is calcium salt. Consumption of the tortilla
provides calcium through the lime in the corn flour.
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Bone Density The inadequate consumption of energy stimulates excess
production of cortisol, which lowers both metabolic mass
( i.e., muscle and organ mass) and BMD. Because food
is more than the carrier of just “energy” ( i .e., calories),
inadequate energy consumption is also associated with
lower nutrient intake, including lower calcium intake.
Female athletes are at an even higher risk of low bone
density if they fail to consume sufficient energy, as this
results in higher risk for amenorrhea, which is associated
with lower estrogen levels. Estrogen inhibits the activity
of osteoclasts, the cells that break down bone. Therefore,
low estrogen is related to amenorrhea, which is related
to poor bone development (96).

A
Important Factors to Consider

Ensuring an optimal bone density takes many factors
to occur simultaneously and is more than simply
consuming enough calcium (Figure 6.1). Sustaining
good bone density requires avoiding consumption of
too much protein at one time (the excreted nitrogen
causes calcium to be lost, lowering bone density);
sustaining a good calcium intake; sustaining good
energy balance and blood sugar to limit cortisol
production (cortisol breaks down bone); providing
stress (exercise) on the skeleton to provide a reason
to sustain good density; having enough vitamin D to
ensure that the consumed calcium will be absorbed;
and if a female, sustaining normal menstrual status as
estrogen helps to limit the activity of cells (osteoclasts)
that break down bone.

[j| Bone Mineral Density
A common unit of measurement (g/cm2) of the cross-
sectional density of bone. Typically assessed with a
dual-energy x-ray absorptiometer (DEXA) , this is the best
way to determine if an individual has osteoporosis or
osteopenia.

[J Dual-Energy X-ray Absorptiometry
The standard current methodology for determining BMD.
DEXA uses two or more x-ray beams of different intensities
that pass through the skeletal tissue and determines BMD
by assessing the relative absorbance of the x-ray beams.
Higher density bones have greater x-ray absorbance ( i.e.,
less x-ray passes through the bone).

It is important to consider that any factors, either
individual or combined, that result in below-optimal
peak BMD in growing children may contribute to in-
creased risk of osteoporosis (extremely low BMD) later
in life. Osteopenia is low BMD above the threshold for
normal BMD but below the threshold for osteoporosis.
A major risk factor for low BMD in athletic children and
adolescents is insufficient energy (calorie) consumption.

FIGURE 6.1: Normal and low bone mineral density.
(From Anatomical Chart Company. Understanding
Osteoporosis Anatomical Chart Philadelphia (PA):
LWW (PE); 2003.)
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density and determine risk of fracture. Studies that have
used DEXA appear to indicate that children and adoles-
cents who have a calcium intake at or slightly above the
DRI (up to 1,500 mg) may improve bone density However,
the relationship between calcium supplementation and
bone density in adults is less clear ( i.e.> taking calcium
supplements by themselves does not necessarily lead to
a greater bone density). Despite this, it seems prudent
to make certain that calcium intake is maintained at the
RDA level, that adequate physical activity is maintained
(not a problem for most athletes), and that there is an AI
of vitamin D. A recent survey of the U.S. Gymnastics team
indicated that sunlight exposure was more highly correlated
(and significantly so) to BMD than calcium intake. Even
in gymnasts with an inadequate calcium intake below
the DRI), having more sunlight exposure was associated
with higher bone densities (10).

Another concern with many female athletes is amen-
orrhea (cessation of menses) , because this is strongly
associated with either poor bone development ( in young
athletes) or bone demineralization (in older athletes).
The causes of amenorrhea are complex and include in-
adequate energy intake, eating disorders, low body fat
levels, poor iron status, psychological stress, high cortisol
levels, and overtraining. In other words, hard-working
elite female athletes are at risk. Anything that might
lower risk, such as maintaining a good iron status and
consuming enough energy, is useful for lowering the
risk of developing amenorrhea. Even if an amenorrheic
athlete has sufficient calcium intake, that alone would
not suffice to maintain or develop healthy bones because
the lower level of circulating estrogen associated with
amenorrhea would inhibit normal bone development
or maintenance.

fj Osteoporosis
Extremely low BMD, 2.5 standard deviations below
the young adult standard (the point of peak BMD).
Osteoporosis, by definition, is the point at which bones
cannot adequately support body weight and may
spontaneously fracture. Osteoporotic fractures typically
occur in late adulthood, but are often the result of a failure
to reach an optimal peak BMD following the adolescent
growth spurt/young adulthood.

J Osteopenia
Low BMD between -1.0 and -2.5 standard deviations
below the young adult standard (the point of peak BMD).
This level of low bone density may place an athlete at
risk for developing stress fractures and is a sign that
energy, calcium, and/or vitamin D may not be adequate.
In females, low estrogen associated with dysmenorrhea
(abnormal menstrual status) is also a factor in osteopenia.

Because of greater torsional forces placed on bones owing
to higher relative muscle mass and sports activities, athletes
require higher bone densities and, therefore, higher calcium
intakes than nonathletes. Physical activity in children and
adolescents has been found to aid the attainment of higher
BMD, making the bone more resistant to later fracture
(112). The skeletal bone density may be reduced to sustain
normal blood calcium, which is an important blood buffer
that must be maintained within a narrow range: 1.16-1.32
mmol/L (40). High protein consumption, typical of the diets
of many athletes, results in higher nitrogen excretion that is
associated with higher serum calcium excretion. Calcium is
taken from the skeleton to sustain normal serum ionized
calcium. These higher urinary calcium losses that athletes
may experience, higher sweat losses than nonathletes, and
higher BMD requirements all contribute to a higher cal-
cium recommended intake for athletes (74). The current
recommendation is for athletes to consume 1,500 mg/day,
or — 33% more calcium than the nonathlete requirement
(96, 131). The threshold for absorption is — 1,500 mg/day,
making it unnecessary to consume amounts greater than
this amount (22).

Other Calcium-Related Issues

Obesity
Calcium consumption, primarily through the consump-
tion of dairy products, has also been inversely associated
with overweight and obesity in a number of studies (31,
155). Although dairy products are an excellent source
of calcium, they contain much more than just calcium.
Therefore, there remains a question about whether calcium
alone or a combination of calcium, protein, and, perhaps,
other dairy product content, such as protein or vitamin D,
works together to help lower body fat levels. A recent study
found, for instance, that better vitamin D status (vitamin
D is commonly a fortified vitamin in dairy products) is
inversely associated with obesity (85). There is also some
evidence that the increase in parathyroid hormone, which

[jl Serum Ionized Calcium
The calcium in the blood serum (also called free calcium),
which acts as an important blood buffer (controls pH) and
remains relatively constant (1.16-1.32 mmol/L).

Since 1993, there has been an increased availability of
an accurate bone density measuring device, DEXA, which
has dramatically improved the ability to measure bone
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is associated with inadequate calcium intake, could increase
fat storage (154). Q| Rickets

A disease of children representing inadequate
calcium deposition in bones that is most likely the
result of vitamin D deficiency, but may also be
related to insufficient calcium intake. In many cases,
rickets is the result of a young child’s inability to
convert vitamin D to the active form in the kidneys.
It is associated with low BMD and misshaped bones
(bowed legs, etc .) .

[jl Osteomalacia
A disease of adults that is similar to rickets (see above)
that is most likely the result of vitamin D deficiency
but that may also be related to insufficient calcium
consumption. (Note: Rickets and osteomalacia are really
the same condition. “Rickets” is the name used when it
occurs in children, and “osteomalacia” is the term used
when it occurs in adults.)

Blood Pressure
There is evidence that adequate calcium intake, through the
Dietary Approaches to Stop Hypertension (DASH) diet,
may help to control blood pressure (BP) (5). The DASH
diet is high in fruits, vegetables, and low-fat dairy products.
According to the National Heart, Lung, and Blood Institute
of the National Institutes of Health, the DASH diet has the
following components:

Eating vegetables, fruits, and whole grains
Including fat-free or low-fat dairy products, fish, poultry,
beans, nuts, and vegetable oils
Limiting foods that are high in saturated fat, such as
fatty meats, full-fat dairy products, and tropical oils
such as coconut, palm kernel, and palm oils
Limiting sugar-sweetened beverages and sweets

Nerve Transmission
Calcium plays a major role in nerve impulse transmission
and muscle contraction. Nerve and muscle cells contain
calcium channels that enable calcium ions to pass through
membranes rapidly, thereby transferring the nerve impulse
and stimulating muscle fiber contraction. The same type
of calcium-mediated system is involved in breaking down
glycogen to glucose and for stimulating the secretion of
insulin (24, 144).

Calcium Toxicity
There have been numerous studies looking at the rela-
tionships among calcium intake, physical activity, and
bone density. However, the relationship between calcium
supplementation and physical performance has not been
well studied. In fact, when athletes take calcium supple-

ments it is typically for the purpose of reducing the risk
of fracture (i.e., improving bone density) and not for the
purpose of improving physical performance. The higher
gravitational forces of physical activity are known to en-
hance bone density, just as physical inactivity is known
to lower bone density. However, the development and
mineralization of bone are complex and involve several
factors including:

growth phase (childhood and adolescence are associated
with faster bone development)
hormonal status (especially estrogen for women)
energy adequacy
vitamin D availability
calcium intake

Hypercalcemia (too much calcium in the blood) has
been reported in people regularly consuming calcium
supplements and/or calcium-containing antacids (95).
Because calcium and other minerals are all absorbed in
the same place in the GI tract (upper duodenum), having
too much calcium may take up all the absorption space,
making it difficult to absorb the other minerals. Symptoms
of calcium toxicity include appetite loss, constipation,
fatigue, and confusion (144).

Calcium Deficiency
Calcium deficiencies are associated with skeletal mal-
formations in children (as in the disease rickets, which
is how it appears in children or osteomalacia, which is
how it appears in adults), increased skeletal fragility (as
in osteoporotic fracture and stress fractures), and BP ab-
normalities. There are few reports of toxicity from taking
high doses of calcium, but it is conceivable that a high
and frequent intake of calcium supplements may alter the
acidity of the stomach (making it more alkaline), thereby
interfering with protein digestion. Because of a competitive
absorption between many minerals (particularly the bivalent
minerals calcium, zinc, iron, and magnesium) in the small
intestine, it is also possible that having a high amount of
calcium may interfere with the absorption of these other
minerals if they are present in the gut at the same time.
Taking high-dose calcium supplements at the same time
an iron-containing food is consumed, for example, may
result in the malabsorption of iron and eventually could
contribute to the development of iron deficiency anemia.

A.Nazari



Chapter 6 Minerals: Important for Health and Performance 135

Phosphorus
Phosphorus is present in most foods and is especially
high in protein-rich foods (meat, poultry, fish, and
dairy products) and cereal grains (Box 6.2). It combines
with calcium (about two parts calcium for every part
phosphorus) to produce healthy bones and teeth. It also
plays an important role in energy metabolism, affecting
carbohydrates, lipids, and proteins. The energy derived
for muscular work comes largely from phosphorus-con-
taining compounds called adenosine triphosphate (ATP)
and creatine phosphate. Phosphorus is also important for
maintaining acid-base balance and is a component of
phosphorylation relations that transfer a phosphate group
( P04) from ATP to another molecule. As with calcium,
the absorption of phosphorus is largely dependent on
vitamin D, and the adult DRI is 700 mg/day. The goal of
dietary intake is to sustain serum calcium in the range
of 2.5-4.5 mg/dL. Pregnancy and breast-feeding nearly
double the phosphorus requirement (1,250 mg/day) in
pre-18-year-old girls (55).

Food Sources of Phosphorus
Phosphorus is widespread in the food supply and is mostly
well absorbed. If excess phosphorus is consumed, it is also
easily excreted. The phosphorus in beans, cereals, and nuts
is part of phytic acid, which is only about 50% available
to humans. Yeast contains an enzyme, phytase, that can
break down phytic acid and make the phosphorus more
bioavailable for absorption. Therefore, consuming yeast
breads/rolls delivers more bioavailable phosphorus than the
equivalent volume of flat breads, crackers, or cereals that are
not leavened (55). Phytic acid has a high binding affinity
for iron, zinc, calcium, and magnesium, so lowering the
phytic acid content of foods also improves the absorption
of these minerals.

Athletes and Phosphorus
There is a long history of supplementing with phospho-
rus-containing substances to improve physical performance.
In World War I, Germany provided its soldiers with foods
and supplements high in phosphorus with the aim of im-
proving strength and endurance (16). This experience with
phosphorus suggests that relatively large amounts are well
tolerated over time, but there is no evidence that strength
and endurance are actually improved. The results of more
recent studies on the effect of phosphorus supplementation
are mixed. A study on runners, rowers, and swimmers
who took 2 g of sodium dihydrogen phosphate 1 hour
prior to exercise all showed performance improvements,
whereas only half of the unsupplemented athletes also
showed improvements (64). In another study, VO

Metabolism of Phosphorus
Blood phosphorus concentration is maintained via parathy-

roid hormone and vitamin D and is tied to calcium metab-
olism. Low serum calcium results in parathyroid secretion,
which decreases urinary calcium excretion but increases
phosphorus excretion to achieve a calcium-phosphorus
balance. Parathyroid hormone also causes the kidneys to
activate vitamin D, which increases the absorption of both
calcium and phosphorus. was2max

A
Basic Phosphorus Information (Chemical Symbol P)Box 6.2

RDA

•Adult males (ages 19-70+ yr): 700 mg/d

•Adult females (ages 19-70+ yr): 700 mg/d

•Recommended intake for athletes: 1,250-1,500 mg/d
Functions

•Bone structure and strength

•Component of nucleic acids

•Phosphorylation reactions

•Acid-base balance

•B-vitamin function

•Component of ATP (energy)
Good food sources: All high-protein foods, whole-grain
products, carbonated beverages

Deficiency

•Deficiency unlikely, but if it occurs, results in:
Low BMD
Muscle weakness

Toxicity

•Tolerable UL
3,000 mg for young children (1-8 yr), and adults
over 70 yr
4,000 mg for children and adults (9-70 yr)

•Toxicity is unlikely, but if it occurs, results in:

Low BMD
Gl distress
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improved on a treadmill test following short-term phos-
phorus supplementation (17). However, in yet another
study evaluating the effect of phosphate supplementation
on muscular power, there was no apparent benefit from
taking the phosphate (33). Taken together, the mixed
results of these studies make it difficult to say whether a
small preexercise supplement of phosphorus will improve
performance. Clearly, more studies are needed before an
answer to this question can be attempted.

and higher risk of bone disease (20). There is evidence that
phosphoric acid in some sodas and phosphate-containing
additives in some processed foods, if chronically consumed,
may result in high serum phosphorus, which could have a
negative impact on bone health (19).

Magnesium
The average human body has 25 g of magnesium, with the
majority in bones and the remaining amount in soft tissue
(115). Magnesium is the second most prevalent intercellular
mineral, after potassium, and has numerous functions (Box 6.3).
Carbohydrate and fat metabolism for the production of ATP
energy involves chemical reactions that require magnesium,
and ATP itself exists mainly as a magnesium-containing
compound. Magnesium is required for the synthesis of the
genetic material deoxyribonucleic acid (DNA), and also for
the synthesis of the cellular antioxidant glutathione (116).
Magnesium is also a part of many enzymes, is a structural
component of bones and cell membranes, and is also needed
for protein synthesis, muscle function, normal heart rhythm,
and nerve impulse conduction (cell signaling) (55). Taken
together, magnesium is an important substance in over 300
metabolic systems (115).

Phosphorus Deficiency
Because phosphorus is nearly everywhere in the food supply,
a deficiency is rare and typically occurs only in starvation.
However, it has been seen in people taking antacids that
contain aluminum hydroxide for long periods of time (79).
This type of antacid binds with phosphorus, making it un-
available for absorption (21, 55). Symptoms of deficiency
include poor appetite, weakness, fragile bones, and numb
fingers and toes. If it occurs in children, a phosphorus
deficiency may result in rickets (3).

Phosphorus Toxicity
Kidney disease may be associated with excess blood serum
phosphorus (hyperphosphatemia), which is made more
likely with supplemental consumption of phosphate salt.
Low-functioning kidneys may lose their capacity to excrete
excess phosphorus. Regardless of the cause, hyperphos-
phatemia may result in higher cardiovascular disease risk

Food Sources of Magnesium
Dark green leafy vegetables are high in magnesium because
chlorophyll contains magnesium. Whole grains and nuts
also are good sources of magnesium, whereas meats and

A
Box 6.3 Magnesium Basic Information (Chemical Symbol Mg)

RDA

•Adult males (ages 19-30 yr): 400 mg/d

•Adult males (ages 31-70+ yr): 420 mg/d

•Adult females (ages 19-30 yr) : 310 mg/d

•Adult females (ages 31-70+ y): 320 mg/d

•Recommended intake for athletes:

400-450 mg/d if from food sources
350 mg/d if from supplements

Functions

•Protein synthesis

•Glucose metabolism

•Bone structure

•Muscle contraction
Good food sources

•Milk and milk products

•Meats

•Nuts

•Whole grains

•Dark green leafy vegetables

•Fruits
Deficiency

•Unlikely, but if it occurs, results in:

Muscle weakness
Muscle cramps
Cardiac dysrhythmia

Toxicity

•Tolerable UL: 350 mg if taken as supplements
•Symptoms of toxicity

Nausea
Vomiting
Diarrhea
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Magnesium Requirements
Magnesium is present in most foods, is essential for human
metabolism, and is important for maintaining the electrical
potential in nerve and muscle cells. A deficiency in mag-

nesium among malnourished people, especially alcoholics,
leads to tremors and convulsions. It is involved in more
than 300 reactions in which food is synthesized to new
products, and it is a critical component in the processes
that create muscular energy from carbohydrate, protein,
and fat (123). The adult DRI for magnesium is 280-350
mg/day. Dietary surveys indicate that large proportions
of the U.S. population have magnesium intake below the
recommended level (114). Chronically low magnesium
intakes may increase the risk of several chronic disorders,
including hypertension and cardiovascular disease, type 2
diabetes, and osteoporosis (30, 75, 108, 134). There is also
evidence that sustaining acceptable magnesium status may
help to avoid migraine headaches (52).

A
Magnesium Content of
Commonly Consumed
Foods

Table 6.2

Serving Size Magnesium (mg)Foods
Almonds 1 oz 77
Apple, raw 1 medium 9

1 medium 32Banana
Beef, ground (90%
lean)

3 oz 20

2 slices 46Bread, whole wheat
Cereal, all bran V2 cup 112
Cereal, shredded
wheat

1 serving 61

Hazelnuts 1 oz 46
Lima beans Vz cup 37

Okra, cooked V2 cup 37
1 oz 48Peanuts

Athletes and Magnesium
It is possible that athletes training in hot and humid envi-
ronments could lose a large amount of magnesium in sweat.
Were this to occur, a magnesium deficiency could, given the
importance of magnesium in muscle function processes,
cause athletes to underachieve athletically. In one study
where magnesium supplements were given to athletes,
there was an improvement in physical performance (128).
There is some limited evidence that consuming low-dose
magnesium supplements at the level of the DRI (about 350
mg/day) may have a beneficial effect on endurance and
strength performance in athletes who have blood mag-
nesium levels at the low end of the normal range (13, 44).
However, with the exception of these studies, there is lit-
tle other research evidence that magnesium deficiency is
common among athletes or that supplementation improves
performance. In fact, with the exception of athletes who
are known to reduce total energy intake in an attempt to
maintain or lower weight (wrestlers, gymnasts, skaters,
etc.), it appears as if most male and female athletes have
adequate magnesium intakes (51, 81, 82).

1 cup 86Rice, brown, cooked
V2 cupSpinach, cooked 78

dairy products contain lower amounts. Processed and
refined foods have the lowest concentration of magne-

sium, as the processing may remove the germ and bran of
the grain, where the magnesium resides. People who live
in areas with hard water obtain an important amount of
magnesium from the water they drink, and some bottled
waters also contain magnesium. However, there is a large
range in the magnesium content of bottled water, ranging
from 1 to 120 mg/L (38). Table 6.2 contains magnesium
content of commonly consumed foods.

Several factors may affect magnesium absorption,
including:

High zinc consumption, primarily from supplements,
interferes with the absorption of magnesium (125).
High intakes of dietary fiber, likely from associated
phytic acid, interfere with the absorption of magne-
sium (55, 116).
Low protein intakes (<30 g/day) may lower magnesium
absorption in young boys, whereas higher protein in-

takes ( — 93 g/day) may increase magnesium absorption
in young boys (118). Ability to dissolve well in water
affects absorption. Supplements come in several forms
(magnesium oxide, sulfate, citrate, aspartate, lactate,
and chloride), with better absorption from the forms
that dissolve well in liquid (the citrate, aspartate, lactate,
and chloride forms) (39, 97, 110).

Magnesium Deficiency
In otherwise healthy people, the risk of magnesium deficiency
is relatively low because the urinary excretion of magnesium
is reduced when dietary intake is low. However, heavy and
chronic alcohol consumption cause a high urinary loss of
magnesium, overriding the normal system for sustaining
body magnesium levels, resulting in high risk of magnesium

A.Nazari



ACSM’s Nutrition for Exercise Science •www.acsm.org138

deficiency in alcoholics (115). Other groups that are also
at risk of deficiency include type II diabetics and people
with GI disorders (celiac disease, Crohn’s disease, irritable
bowel syndrome).Symptoms of mild magnesium deficiency
include the following:

Loss of appetite
Nausea
Vomiting
Fatigue
Weakness

that are high in magnesium (98). (This assumes, of course,
that the kidneys are healthy and functioning normally
and that a state of dehydration does not compromise urine
production.) There are reports that high supplemental in-
takes of magnesium may result in diarrhea and GI distress
(39). It is due to this very laxative effect of magnesium salts
that it is included in laxatives meant to resolve constipa-

tion. Although rare, there are reports in both the young
and old that excess and chronic consumption of laxatives
that contain magnesium may result in fatal magnesium
toxicity (91, 103).

Symptoms of severe magnesium deficiency include the
following:

Numbness and tingling in the fingers and toes
Muscle cramps and seizures
Abnormal heart rhythm
Personality changes
Osteoporosis
Migraine headaches

Sodium
Sodium is an essential mineral commonly referred to as
salt, which is actually sodium chloride (Box 6.4). Although
these two minerals are discussed separately, humans
consume the vast majority of sodium with chloride in the
form of table salt. There is no question that salt is required
in multiple processes that support life, but it is also clear
that excess salt consumption creates health risks in large
numbers of people (49). Once again, more than enough is
not better than enough.

Salt is involved in body water balance and acid-base
balance, and the sodium (Na+, which is a cation) and
chloride (Cl~ , which is an anion) that constitute salt are the

Magnesium Toxicity
The body’s capacity to systematically excrete excess mag-
nesium via the urine helps to avoid toxicity reactions that
theoretically could result from supplements and/or drugs

k
Box 6.4 Sodium Basic Information (Chemical Symbol Na)

Al •Pickles

•Potato chips

•Pretzels

•Soy sauce

•Cheese
Deficiency

•Hyponatremia ( low blood sodium)
Muscle cramping
Nausea
Vomiting
Anorexia
Seizures

•Adult males (ages 19-50 yr): 1.5 g/d

•Adult males (ages 51-70 yr): 1.3 g/d

•Adult males (ages 70+ yr): 1.2 g/d

•Adult females (ages 19-50 yr): 1.5 g/d

•Adult females (ages 51-70 yr): 1.3 g/d

•Adult females (ages 70+ yr): 1.2 g/d

•Recommended intake for athletes:

>1.5 g/d; high sweat losses of sodium may increase
requirement to >10 g/d. (Whatever it takes to
replace losses. Athletes may have a requirement
that far exceeds the general Al.)

Functions

•Water balance

•Nerve function

•Acid-base balance

Coma (extremely dangerous)
Toxicity

•Tolerable UL:

2.3 g/d (about 5.8 g of table salt)
Major symptom: hypertension•Muscle contraction

Foods high in sodium

•Processed and canned foods
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Hyponatremia = Low (hypo) sodium (Na) in the blood
(emia)
Hypernatremia = High (hyper) sodium (Na) in the
blood (emia)

Cation
A positively charged ion that has more protons than
electrons. Typically, cations are illustrated with a “+” sign.
Examples-, sodium (Na+), calcium (Ca+), magnesium
(Mg+), and potassium (K+).

0| Anion
A negatively charged ion that has more electrons than
protons. Typically, anions are illustrated with a sign.
Examples-, chloride (Cl-), sulfur (S2-), and hydroxide
(OH-).

0| Electrolytes
Electrolytes are minerals that are dissociated into ions
(charged particles) in solutions, making them capable
of conducting electricity. They also help to regulate fluid
balance, transport nutrients into cells, help normal muscle
and mental function, help convert food calories into cellular
energy, and regulate pH. The main extracellular (outside
the cell; mainly blood) electrolyte is positively charged
(cation) sodium, and the main intracellular (inside the cell)
electrolyte is positively charged (cation) potassium.

Food Sources of Sodium
Sodium is present in small quantities in most natural foods
and is found in high amounts in processed, canned, cooked,
and fast foods. Although most people are capable of excreting
excess sodium, some are sensitive to sodium, because they
do not have this capability In these individuals, the retention
of sodium causes an overaccumulation of extracellular fluid
and contributes to high BP. The intake of sodium can be
limited by consuming natural, whole foods and avoiding
commercially prepared foods that are likely to be high in
sodium. Food labels provide information about sodium
content (Table 6.3). The Food and Drug Administrations
(FDA) daily reference values for the sodium content of
2,500 calorie diets are less than 2,400 mg. The estimated
daily sodium requirement is 500 mg.

A sample of the salt content of commonly consumed
foods can be found in Table 6.4. In general, the lowest salt
consumption is found in fresh, whole, unprocessed foods
including fruits, vegetables, and legumes. Processed foods
are considerably higher in salt content.

main extracellular (outside the cell, including blood and
fluid) mineral electrolytes. The other major functions of
sodium and chloride include:

Maintaining cell membrane function: The balance between
sodium and chloride outside the cell and potassium
inside the cell creates an electrical charge that helps
cells bring in the nutrients they require and excrete
metabolic by-products (122).
Absorption of protein (amino acids), glucose, and water:
Sodium chloride is needed to maintain sufficient fluid in
the GI tract and the blood, so that consumed nutrients
can be absorbed into the blood (59).
Maintaining blood volume: Maintenance of adequate
blood volume is important for delivery of nutrients to
cells and for removal of metabolic by-products away
from cells. For athletes, the blood volume does double
duty because the blood volume must also “ feed” the
sweat glands so that body temperature can be main-
tained. Insufficient sodium chloride consumption is
associated with low blood volume, poor sweat rates,
and higher risk of muscle cramping (59).

The following terms are used when discussing sodium
and conditions relevant to low or high levels of sodium:

Hypo = Low
Hyper = High
Emia = Blood
Na - Symbol for sodium

A
Sodium on Food Labels:
Understanding What
the Labels Mean

Table 6.3

DefinitionTerm
Sodium free Less than 5 mg sodium per serving

(serving size listed on label)

140 mg sodium or less per serving
size listed on label. If the serving
weighs 30 g or less, 140 mg sodium
or less per 50 g of food. If the serving
is two tablespoons or less, 140 mg
sodium or less per 50 g of the food

Low sodium

Very low sodium 35 mg sodium or less per serving
size listed on the label. If the serving
weighs less than 30 g, 35 mg sodium
or less per 50 g of food. If the serving
is two tablespoons or less, 35 mg
sodium or less per 50 g of the food

Reduced or less
sodium

A minimum of 25% lower sodium
content than the food with which it is
compared

1 teaspoon of salt = 6 g = 2,325 mg sodium.
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A
Salt and Sodium Content of Commonly Consumed Foods
(Listed from Low to High Sodium)Table 6.4

Salt (mg) Sodium (mg)Food
Olive oil 1 tbsp 0 0
Orange juice 1cup 0 0
Pear (fresh) 1 med 5 2
Tomato (fresh) 1 med 15 6
Carrot (fresh) 1 med 105 42
Bread, whole wheat 2 slices 660 264
Corn flakes cereal 1 cup 665 266

2 slices 850 340Bread, white
Hot dog (beef) 1 hot dog 1,300 510

3 oz 2,500Ham 1,000
Pretzels (salted) 2 oz (10 pretzels) 3,000 1, 200
Potato chips (salted) 8 oz (1 bag) 3,300 1,300
Macaroni and cheese (canned) 1 cup 3,400 1,400

5 g salt = 2 g sodium.

Sodium Requirements
The DRIs established by the Food and Nutrition Board of the
Institute of Medicine established an AI level for sodium that
is an estimate of the amount required by moderately active
people to replace sodium loss in sweat and to ensure that
the diet is adequate for other nutrients. This recommended
intake level, which ranges from 1 g/day in young children
to 1.5 g/day in adults, is far below the level commonly con-
sumed by most people living in Western societies. In 2015,
the Dietary Guidelines Advisory Committee found that
only two nutrients, sodium and saturated fat, are commonly
overconsumed by large segments of the United States and
pose a health risk (138). The recommendations established
by this advisory group are for the general population to
consume less than 2,300 mg dietary sodium per day, which
although more than the AI, is still significantly less than the
current U.S. sodium consumption.

amount of sodium is needed to stay in sodium balance. The
recommended level of sodium intake by athletes, therefore,
is likely to be significantly higher than that of nonathletes.

During prolonged exercise in hot and humid envi-
ronments, hyponatremia (low sodium in the blood) may
occur. The common causes of hyponatremia are high fluid
consumption that contains insufficient sodium to satisfy
sweat loss, or possibly the consumption of nonsteroidal
anti-inflammatory drugs, such as aspirin and Motrin,
which may be a sweat loss that is highly concentrated in
sodium (7). Additional information on sodium, chloride,
and hydration strategies is included in Chapter 7.

Sodium Deficiency
With the exception of hyponatremia (see below), which
may occur in athletes who consume sodium-free beverages,
sodium chloride deficiency is not commonly observed,
even in individuals who are purposefully on low-salt di-
etary intakes (59).Athletes and Sodium
Hyponatremia
Low (hypo) sodium ( Na) in the blood (emia) is most likely
to occur in people who spend long periods of time in a hot
environment with heavy sweating, but consume beverages
that fail to adequately supply sufficient sodium to recover
the amount lost in sweat. It is also seen when fluid consump-
tion exceeds fluid losses (146). The normal serum sodium
concentration is 135-145 mmol/L, whereas hyponatremia
is typically diagnosed with serum sodium concentrations of

One of the key ingredients of sports beverages is sodium,
because it helps to drive the desire to drink and to main-
tain blood volume. Maintenance of blood volume is an
important factor in athletic performance because it is
related to the ability to deliver nutrients to cells, remove
metabolic by-products from cells, and maintain the sweat
rate to avoid overheating. Because sweat contains sodium
and athletes can lose a large volume of sweat, the general
sodium recommendation for athletes is to consume whatever
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lower than 135 mmol/L. A serum sodium concentration lower
than 120 mmol/L is considered dangerous. It is a relatively
common water-electrolyte imbalance that occurs in — 10% of
people who participate in endurance events. A recent study
found an extremely high incidence of hyponatremia during
28 days of high-volume rowing training (87). Of the 30 junior
elite rowers studied, 70% achieved hyponatremia at least one
time during the 28 days of training. Because the symptoms
of hyponatremia maybe similar to those of dehydration { i.e.,
hyponatremia may occur when hydration state is poor), care
should be taken that they are not confused (37).

are important, the greatest toxicity associated with excess
sodium intake is hypertension (high BP). Although humans
not suffering from primary hypertension have an effective
mechanism for excreting excess sodium, high sodium intakes
do increase BP and lowering sodium intake decreases BP,
even in those without primary hypertension (60). Taken
together, the problems associated with excess salt intake can
have a profoundly negative impact on health and should
encourage people to carefully manage salt consumption.

[J Kidney Stones
A k Kidney stones are composed of calcium oxalate or calcium

phosphate and occur in up to 15% of adults who have high
urine calcium. Extremely high levels of animal protein (>2.0
g/kg/day), common among certain groups of athletes, may
increase urinary calcium excretion and, therefore, the risk of
kidney stones. Other risk factors for kidney stones include
dehydration (forcing the kidneys to produce a concentrated
urine with lower urinary volume) and chronically high
intakes of calcium, oxalate (often from excess consumption
of some raw dark greens that are high in oxalate), sodium,
and vitamin C. Chronically low intakes of citrate (high in
citrus fruits but also in other fruits and vegetables) and low
calcium intake may also elevate kidney stone risk. Certain
medical conditions also result in high risk for kidney stones,
including gout (high uric acid), Crohn’s disease and colitis
(both of which often result in dehydration), and some
inherited disorders that affect kidney function.

Important Factors to Consider

It is possible for physicians caring for those they
believe to be dehydrated, but are actually suffering
from hyponatremia, to be incorrectly treated with rapid
infusion of large volumes of hypotonic solutions. This
treatment in someone with hyponatremia may result
in coma and death (101).

Sodium Toxicity
A number of population-based studies suggest that a
chronically high intake of salty foods may increase the
risk of developing stomach cancer (133). Because high
salt intakes stimulate an increase in urinary excretion of
calcium, high salt consumption has been found to be as-

sociated with greater risk of developing osteoporosis (low
BMD resulting in higher fracture risk) (26). The increased
loss of calcium may also play a role in the development of
kidney stones. Although all of these potential problems

Chloride
Chloride, another extracellular mineral, is essential for
the maintenance of fluid balance and is also an important
component of gastric juices (Box 6.5). Combining with

A k
Box 6.5 Chloride Basic Information (Chemical Symbol Cl)

Good food sources

•Table salt ( — 60% chloride and 40% sodium)

•Any food high in “salt/table salt”
Deficiency (rare)

•Associated with frequent vomiting

•May lead to convulsions
Toxicity

•Tolerable UL
3,500 mg/d, or the equivalent of 5,800 mg of
table salt
Cl intake is associated with Na intake, so an excess
intake is typically associated with hypertension
(from the excess sodium)

Al

•Adult males (ages 19-50 yr): 2.3 g/d

•Adult males (ages 51-70 yr): 2.0 g/d

•Adult males (ages 70+ yr): 1.8 g/d

•Adult females (ages 19-50 yr): 2.3 g/d

•Adult females (ages 51-70 yr): 2.0 g/d

•Adult females (ages 70+ yr): 1.8 g/d

•Recommended intake for athletes:
2.3 g/d or more to match the increase in sodium
intake with high sweat losses

Functions

•Water balance

•Nerve function

•Parietal cell (stomach) HCI production

A.Nazari



ACSM’s Nutrition for Exercise Science •www.acsm.org142

Potassiumhydrogen, chloride is an important component of hy-
drochloric acid in the stomach. Hydrochloric acid lowers
gastric pH ( i.e., makes the stomach more acidic) to aid in
the digestion of protein, the activation of intrinsic factor
(needed for absorbing vitamin B12), and the absorption of
iron, zinc, magnesium, and calcium. Chloride also works
with sodium and potassium in transporting nervous system
electrical charges throughout body tissues.

Virtually all the chloride we consume is associated with
table salt (sodium chloride), so there is a parallel between
sodium and chloride intakes. In addition, chloride losses
are closely linked to sodium losses, so a deficiency of one
is likely to be related to a deficiency of the other. Because
most people consume excessive amounts of sodium as a
result of a heavy table salt intake, chloride intake is also
high (estimated at 6,000 mg/day) and well above normal
requirements, which is 750 mg/day (58).

Potassium is the main mineral found inside cells (an in-

tracellular electrolyte) at a concentration that is 30 times
greater than the concentration of potassium found outside
cells (Box 6.6). It is involved in water balance, nerve im-
pulse transmission, and muscular contractions. It is also a
cofactor in a number of enzymes necessary for carbohydrate
metabolism (15).

The differences in concentrations between sodium
(outside the cell) and potassium (inside the cell) create an
electrical energy gradient that pumps sodium outside the
cell in exchange for potassium. The energy requirement for
these electrical energy pumps is estimated to account for
between 20% and 40% of the total energy required while
in a state of rest (15, 122).

Food Sources of Potassium
The best food sources for potassium include fruits and
vegetables (Table 6.5). Supplements in the United States
do not contain more than 99 mg of potassium because a
high single dose of excess potassium may result in hyper-
kalemia, which is associated with cardiac arrhythmia and
heart failure (86).

The typical intake of potassium ranges from 1,000 to
11,000 mg/day (1-11 g/day), with people consuming large
amounts of fresh fruits and vegetables having the highest
intakes. It has been found that regular consumption of
more potassium ( i.e., through greater consumption of
fruits and vegetables) is associated with lower stroke
risk, lower risk of osteoporosis, and lower risk of kidney
stones (45, 132, 135).

Chloride Deficiency
Although rare, chloride deficiencies typically occur with
heavy sweating, frequent diarrhea, or frequent vomiting
(58). Sweat losses are likely to deplete both chloride and
sodium to a greater degree than other minerals that are
lost in sweat (25, 109, 136). Therefore, heavy fluid loss
through sweating that is not adequately replaced with a
salt-containing beverage may result in chloride deficiency.
The symptoms of deficiency are similar to those of so-
dium deficiency (as they would occur simultaneously)
and include muscle weakness, irritability, lethargy, and
appetite loss (93). Please see the section on sodium for
additional information on chloride, sodium chloride,
and table salt.

k
Potassium Basic Information (Chemical Symbol K)Box 6.6

RDA

•Adult males (ages 19-70+ yr): 4.7 g/d

•Adult females (ages 19-70+ yr): 4.7 g/d

•Recommended intake for athletes:

4.7 g/d or more with high levels of sweat loss
Functions

•Water balance

•Glucose delivery to cells
Good food sources

•Citrus fruits

•Potatoes

•Vegetables

•Milk

•Meat

•Fish

•Bananas
Deficiency

•Plypokalemia, which is associated with anorexia
dysrhythmias, and muscle cramping

Toxicity

•Flyperkalemia, a condition that may lead to ar-
rhythmias and altered heart function (may lead to
death). Potassium supplements are generally NOT
recommended for this reason
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medications for high BP force the loss of sodium, and in
this process potassium is also lost. These individuals are
encouraged to replace this lost potassium through the intake
of potassium supplements or foods high in potassium (fruits,
vegetables, and meats). Symptoms of deficiency include
early fatigue, muscle weakness, muscle cramps, bloating,
constipation, and pain. If severe, hypokalemia may result
in abnormal heart function (cardiac arrhythmia) (122).
Higher risk of potassium deficiency occurs with chronic
alcohol consumption, severe diarrhea, excess use of laxa-

tives, eating disorders (anorexia nervosa and bulimia), and
congestive heart failure (43).

A
Some Commonly
Consumed Foods High
in Potassium

Table 6.5

Serving Potassium (mg)Food
Baked potato (with
skin)

1 medium potato 926

Raisins V2 cup 598
Prune juice 6 oz 528
Banana 1 medium 422
Spinach (cooked) V2 cup 420

6 oz 417Tomato juice
Potassium Toxicity
Although rare, high serum potassium (hyperkalemia)
occurs in people taking diuretics or in those with chronic
renal failure. Symptoms include tingling fingers and toes,
muscle weakness, and heart arrhythmia that may result in
death. There is no established tolerable UL for potassium
by the Institute of Medicine (59). However, supplemental
intake of potassium has been reported to cause GI problems,
including diarrhea, nausea, and vomiting (43).

Orange 1 medium 237
Almonds 1 oz 200

Source: United States Department of Agriculture, Agricultural Research
Service, Food Composition Database [Internet]. Available from: https://
ndb.nal.usda.gov/ndb. Accessed April 24, 2018.

Potassium Requirements
There is good evidence that relatively high levels of po-
tassium ( — 3,500 mg/day) are beneficial in controlling
high BP (58). However, excess intake may lead to toxicity,
which occurs with intakes of — 18,000 mg (18 g) potassium,
hyperkalemia, and sudden cardiac arrest (58). The DRI
estimated that daily potassium requirement is 4,700 mg. :: Microminerals

The microminerals (trace elements) are present in extremely
small amounts but have important roles to play in human
nutrition. These microminerals are needed in amounts less
than 100 mg/day and have body contents of less than 5 g.
They include iron, iodine, zinc, copper, fluorine, manganese,
molybdenum, selenium, and chromium.

Athletes and Potassium
Although it is well established that potassium is critical to
heart and skeletal muscle function, the amount of potassium
lost in sweat during exercise is relatively small and does
not seriously affect the body’s potassium stores. Therefore,
sweat-related losses of potassium should not seriously affect
athletic performance in the well-nourished athlete (25).Some
terms used in the discussion of potassium are as follows:

Hypo = Low
Hyper = High
Emia = Blood
K = Symbol for potassium
Hypokalemia = Low (hypo) potassium (K) in the blood
(emia)
Hyperkalemia = High (hyper) potassium (K) in the
blood (emia)

Iron

A primary requirement for iron is to form the oxygen-trans-
porting compounds hemoglobin (in blood) and myoglobin
(in muscle) and is also found in a number of other com-
pounds involved in normal tissue function (Box 6.7). These
functions include (148):

Energy metabolism. Iron-containing compounds are
involved in electron transport that is critical to the
production of ATP energy.
Detoxification reactions. Enzymes that are iron-containing
are involved in removal of toxic pollutants.
Antioxidant protection. Peroxidases are iron-containing
substances that protect cells from being damaged by
reactive oxygen species (free radicals) , such as hydro-

gen peroxide.

Potassium Deficiency
Low plasma potassium is referred to as hypokalemia.Dietary
deficiency is rare and typically only occurs with chronic
diarrhea and vomiting or laxative abuse. Individuals taking
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A
Iron Basic Information (Chemical Symbol Fe)Box 6.7

RDA

•Adult males (ages 19-70+ yr): 8 mg/d

•Adult females (ages 19-50 yr) : 18 mg/d

•Adult females (ages 51-70+ yr): 8 mg/d

•Recommended intake for athletes:

15-18 mg/d
Functions

•Oxygen delivery (as hemoglobin and myoglobin)

•Part of numerous oxidative enzymes

•Essential for aerobic metabolism
Good food sources

•Meat, fish, poultry, and shellfish

•Lesser amounts in:

Legumes
Dark green leafy vegetables
Dried fruit
Note: Cast-iron cookware increases iron content
of cooked foods

Deficiency

•Fatigue

•Lower infection resistance

•Poor ability to concentrate

•Low energy metabolism (with possible hypothermia).
Toxicity

•Toxic levels of tissue iron (hemochromatosis)

•Liver damage

DNA synthesis. Iron-dependent enzymes are needed
for the synthesis of DNA, a critical genetic substance
for all cell functions.
Enzymes. Iron is literally in hundreds of protein sub-
stances, including enzymes.

Iron is reused and conserved when iron-containing
substances, such as heme, break down. However, iron is
lost through bleeding, sweating, and urination. The total
body content of iron is — 2-5 g, and only a small amount of
iron must be absorbed ( — 1-2 mg/day) to compensate for
small losses (42). The daily iron exposure from food and
fluids is regulated through controlled absorption, which
typically can vary from 3% to 23% of dietary intake, de-
pending on physiologic need (higher when body stores are
low or erythropoiesis is high), bioavailability of the iron in
the consumed foods, and relative absorption competition
from other minerals (25, 46). To satisfy requirements that
may arise from fluctuations in dietary intake, humans
store iron in the form of ferritin, which is found in the
liver, bone marrow, and spleen. Serum ferritin is a marker
of stored iron because a proportion of stored iron “ leaks”
into the serum and can be measured (142). The amount
in serum is proportionate to the amount in storage, so
serum ferritin provides a satisfactory marker of stored
iron. When iron is required by tissues, an iron-transport-
ing protein, transferrin, takes iron from storage (ferritin)
and transports it to the tissue requiring it. In the case of
hemoglobin, transferrin picks up iron from ferritin, and
transports it to a copper-containing protein, ceruloplasmin,
that picks up iron from transferrin and hands off the iron
to heme to produce hemoglobin.

Ljjl Ferritin
An iron storage protein that releases it for tissue use in an
as-needed basis. Serum ferritin is an indirect marker of
the total stored iron in the body. In adult males, normal
ferritin concentration is 12-300 ng/mL; in adult females
normal ferritin concentration is 12-150 ng/mL (14).

Food Sources of Iron

Iron is available in a wide variety of foods, including meats,
eggs, vegetables, and iron-fortified cereals. A typical bal-

anced diet for an omnivore supplies — 6 mg/1,000 kcal of
iron. Milk and other dairy products are poor sources of
iron. The most easily absorbed form of iron is heme iron,
which comes from meats and other foods of animal origin.
Interestingly, heme iron also enhances the absorption of
nonheme iron from nonmeat sources (57). Nonheme iron,
which is not as easily absorbed as heme iron, is found in
fruits, vegetables, and cereals. However, nonheme iron
absorption may be enhanced by consuming foods high in
vitamin C,which can reduce ferric iron to a more elemen-

tal form, ferrous iron, that has better bioavailability. The
absorption of nonheme iron found in nonmeat foods may
be inhibited by phytic acid (a substance associated with
bran in cereal grains), antacids, and calcium phosphate.
In general, red meats are considered to provide the most
abundant and easily absorbable source of iron. It is for this
reason that vegetarians are considered to be at increased
risk for iron deficiency anemia. Nevertheless, with proper
planning, the consumption of vegetables and fruits high
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in iron, and sound cooking techniques that enhance iron
absorption, vegetarians can obtain sufficient iron. (J| Macrocytic Hypochromic Anemia

Literally, insufficient RBCs that are large (macro) and
low in color (hypochromic) because of low hemoglobin
content. This form of anemia, commonly referred to as
pernicious anemia, is specific to insufficient vitamin B
insufficient folic acid, or inadequate amounts of both.

|31 Microcytic Hypochromic Anemia
Literally, insufficient RBCs that are small (micro) and low in
color (hypochromic) because of low hemoglobin content.
This form of anemia is associated with insufficient iron.

Maximizing Iron Intake in a Vegetarian Diet
For vegetarians who want to improve iron absorption from
foods, consider the following:

Dark green vegetables have iron, but they also have
oxalic acid, which reduces iron availability. To remove
the oxalic acid from the vegetables, blanch them by
putting them in a pot of boiling water for 5-10 seconds.
Much of the oxalate is removed but the iron remains.
High-fiber cereals (those with a high bran content) have
large amounts of phytic acid, which binds with iron and
reduces iron availability. Switch to whole-grain cereals
rather than consuming bran-added cereals.

Iron in vegetables is in a form that has a lower rate
of absorption than iron in meats. To improve the rate of
absorption, add vitamin C to the vegetables by squeezing
lemon or orange juice on them before eating.

12 )

There may be several reasons why some athletes suffer
from low iron levels. These include:

Low dietary intake of iron. It is possible that some
athletes may consume foods with an inadequate total
intake of iron. This may be especially true with athletes
who are limiting total energy intake as a means (albeit
ineffective) of maintaining or reducing weight.
Consumption of foods with low iron absorption rates. Many
athletes consume large amounts of carbohydrates and
are limiting the intake of red meat. Although iron exists
in nonmeat sources, the absorption rate of iron in these
foods is typically less, as well as the total iron content.
Increased iron losses (hematuria). Some forms of exercise,
particularly long-distance running and concussive sports,
cause small amounts of hemoglobin and/or myoglobin to
be lost in the urine because of a rupturing of RBCs (9).
Loss of iron in sweat. Although iron losses in sweat are
low (about 0.3-0.4 mg/L of sweat), a typical absorption
rate of iron from food of about 10% would require that
3-4 mg of additional dietary iron be consumed for
each liter of sweat produced. Runners commonly lose,
particularly in hot and humid environments, up to
2 L of sweat per hour (6, 141).
Increased RBC breakdown. A number of studies have
documented higher rates of intravascular hemolysis in
athletes than in nonathletes (120). Hemolysis occurs
when exertional forces cause a ballistic and premature
breakdown of RBCs. Athletes have RBCs with a life
expectancy of — 80 days, whereas in nonathletes RBCs
last — 120 days (Table 6.6).
Sports anemia. It is common for many athletes to appear
as if they are anemic at the beginning of training season
because there is a large increase in blood volume at the
initiation of training. This increase in blood volume has the
effect of diluting the constituents of the blood, including
RBCs, making it appear as though there is an anemia.
However, after a short time, the body increases the pro-
duction of RBCs to remove the appearance of anemia (8).

Iron Requirements
The recommended intake for iron ranges from 8 mg/day for
adult men to 18 mg/day for adult women. The requirement
for pregnancy, because of the significant expansion of the
blood volume, is 27 mg/day. Given the usual concentration
of iron in an omnivorous diet ( — 6 mg/1,000 kcal), an adult
woman would require — 3,000 kcal/day to be exposed to
the recommended 18 mg. Surveys indicate that the average
female daily intake of iron is 12 mg/day, or 33% below the
recommended level (57). These same surveys indicate that
the average daily intake for men is 16-18 mg/day, or well
above the recommended level.

Athletes and Iron

Regular and intense athletic training may increase blood loss
from the GI tract and may also increase red cell breakdown
(hemolysis) of RBCs to a significant degree. The Food and
Nutrition Board has estimated that these factors may raise
the iron requirement for athletes by 30% above regular
requirements (57). Athletes have good reason to be con-
cerned about iron status, because oxygen-carrying capacity
(via hemoglobin in blood and myoglobin in muscles) is a
critical factor in physical endurance. Iron deficiency is one
of the most common nutrient deficiencies, and it appears
as if athletes have about the same rate of iron deficiency
anemia as the general public (6, 25). Two types of anemia
are macrocytic hypochromic anemia and microcytic
hypochromic anemia.
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A
How Iron Deficiency or Iron Deficiency Anemia Affect
Sports PerformanceTable 6.6

Anemia Iron Deficiency
Lower oxygen delivery to cells Higher rate of glucose oxidation
Decreased oxygen uptake (lower V02max) Higher lactic acid production

Higher respiratory quotient (higher proportion of carbohydrate
consumed to meet energy needs)

Lower endurance performance

Lower oxidative metabolism
Higher glucose oxidation
Higher lactic acid production

Higher respiratory quotient (higher proportion of
carbohydrate consumed to meet energy needs)

One of the major impacts of both iron deficiency and iron deficiency anemia is compromised fat metabolism (an oxygen-dependent metabolic
pathway), which increases the reliance on carbohydrate as an energy substrate. Because carbohydrate storage in humans is limited, the result
is lower endurance at all exercise intensities.

There are differences in how an athlete might respond in
the presence of frank anemia (reduction in the number and
size of RBCs) versus iron deficiency (low serum iron and low
stored iron, but normal RBCs) anemia (Figure 6.2) (147).

Although iron-deficient athletes are known to ex-
perience a performance deficit, there appears to be no
benefit in providing iron supplements to athletes who
have a normal iron status (16). Further, iron supple-
mentation is often associated with nausea, constipation,
and stomach irritation. However, in athletes who have
had blood tests that demonstrate either an anemia or a
marginal level of stored iron, iron supplementation is
warranted. The best means of providing iron supplements
to reduce the chance of potential negative side effects
is to provide 25-50 mg every third or fourth day rather
than daily doses (129).
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Iron Deficiency
There are multiple health risks from poor iron status. In
children with iron deficiency, poor mental development,
underachievement in school, and behavior problems have
been documented (89). Because lead binds to the same
molecules as iron, an iron deficiency increases the risk
that more lead can be taken up by tissues, resulting in lead
toxicity (149). During pregnancy, there is a large enlarge-
ment of the blood volume, with a requirement that the
components of the blood, including iron-containing RBCs,
also increase. A failure to consume sufficient iron during
pregnancy has been found to increase the risk of premature
birth, low birth weight infants, and maternal death (151). It
should be noted that having excessively high hemoglobin
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FIGURE 6.2: Difference between normal ( A ) and abnormal ( B)
red blood cells seen in iron deficiency anemia. (From Weksler B,
Schecter GP, Ely S. Wintrobe’s Atlas of Clinical Hematology. 2nd ed.
Philadelphia (PA): LWW (PE); 2018.)
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is also associated with pregnancy outcomes, including
hypertension and preeclampsia (151). Poor iron status is
also associated with ineffective immune function, leading
to higher risk of infectious disease (104). Worldwide, the
most common nutrient deficiency is iron deficiency. There
are three levels of iron deficiency (Table 6.7):

Depleted ferritin (stored iron), but functional iron (i.e.,
hemoglobin, myoglobin muscle iron, iron-containing
enzymes) remains normal.
Depleted ferritin, myoglobin, and iron-containing
enzymes, but normal hemoglobin.
Depleted ferritin, myoglobin, iron-containing enzymes,
and low hemoglobin resulting in microcytic, hypochro-

mic anemia (low number of RBCs, and remaining cells
are small and low in red color).

As can be seen, it is possible to be in an iron-compro-
mised state that could have an impact on both a sense of

well-being and athletic performance without actually being
diagnosed with anemia. The diagnosis of anemia is typically
made through an evaluation of hemoglobin and hematocrit
(Figure 6.3). However, iron is stripped from myoglobin and
iron-containing enzymes to keep hemoglobin normal if
storage iron (ferritin) is low (142). Because of this, it may
appear that iron status is normal when it is actually low.
For this reason, the assessment of iron status in athletes
should include the evaluation of ferritin in addition to
hemoglobin and hematocrit.

131 Hematocrit
Abbreviated as Hct, it is also referred to as packed cell
volume and is the volume percentage of RBCs in the
blood. In adult males, normal hematocrit is 45%; in adult
females normal hematocrit is 40%.

A
Table 6.7 Stages of Iron Deficiency (Too Little Iron) and Measured Values

The three stages leading from iron deficiency to iron deficiency anemia are as follows:

1. An insufficiency supply of dietary iron causes iron stores in bone marrow to be depleted. (This stage is typically with-

out symptoms except muscle weakness and is associated with depleted myoglobin and low serum ferritin.)

2. Iron deficiencies develop, with reduced hemoglobin production. (This stage shows very low serum ferritin, low hema-

tocrit, and normal hemoglobin.)

3. Iron deficiency anemia from inadequate hemoglobin production and a failure to produce sufficient RBCs with adequate he
moglobin content. (This stage shows absent myoglobin, very low serum ferritin, very low hematocrit, and low hemoglobin.)

Stage 2
Iron-Deficient
Erythropoiesis

Stage 3
Iron Deficiency
Anemia

Stage 1
Depleted StoresMeasured Value Normal

Tissue iron (myoglobin) Normal
10-95 ng/mL for men
10-65 ng/mL for women

Depleted Absent Absent

Stored iron
(serum ferritin)

Normal
20-500 ng/mL for men
20-200 ng/mL for women

Low Very low Very low

Serum iron (hematocrit) Normal
39%-54% for men
34%-47% for women

Normal Low Very low

Red cell iron
(hemoglobin)

Normal
14-18 g/dL for men
11-16 g/dL for women

Normal Normal Low

Camaschella C. New insights into iron deficiency and iron deficiency anemia. Blood Reviews 2017; 31: 225-233.
Clenin GE, Cordes M, Huber A, Schumacher YO, Noack P, Scales J, and Kriemler S. Iron deficiency in sports - definition, influence on perform-

ance and therapy. Schweizerische Zeitschrift fur Sportmedizin & Sporttraumatologie 2016; 64(1): 6-13.
Cowell BS, Rosenbloom CA, Skinner R , and Summers SH. Policies on screening female athletes for iron deficiency in NCAA Division l-A institu-
tions. International Journal of Sport Nutrition and Exercise Metabolism 2003; 13: 277-285.
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with marginal intakes of iron are at risk for developing
iron deficiency and eventual anemia.

Iron deficiency anemia is characterized by poor oxy-
gen-carrying capacity, a condition that is known to cause
performance deficits in athletes. Iron deficiency is also
associated with poor immune function, short attention
span, irritability, and poor learning ability. Children experi-

encing fast growth, women of menstrual age, vegetarians,
and pregnant women are at increased risk for developing
iron deficiency anemia. Periods of growth and pregnancy
are associated with a higher requirement of iron because
of a fast expansion of the blood volume, and iron is an
essential component of RBCs. Women of menstrual age
have higher requirements because of the regular blood
(and iron) losses associated with the menstrual period.
For this reason, women of childbearing age have a higher
requirement for iron (18 mg) than men of the same age
(10 mg). Symptoms of iron deficiency anemia are listed
in Box 6.8.

Iron Toxicity
Some people are at risk for developing iron toxicity
because they are missing the mechanisms for limiting
absorption. Young children, in particular, may be at risk
for iron toxicity if they ingest supplements intended for
adults. According to the Food and Nutrition Board, the
accidental consumption of high doses of iron-containing
products is the largest cause of poison-related fatalities in
children under 6 years of age (57). Many iron supplements
intended for adults have levels of iron that are more than
300% of the recommended daily level, and iron overload
may be fatal (94).
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Zinc
B Zinc has many functions, including forming enzymes,

involvement in the structure of tissues, and multiple
regulatory activities (Box 6.9). Enzymes help chemical
reactions — such as the healing of wounds — occur at
a proper rate, and zinc is present in over 300 enzymes
(88, 102). Zinc-containing enzymes are also involved in
the metabolism of carbohydrates, fats, and proteins. The
structures of many proteins and cell membranes are also
zinc dependent, and insufficient zinc increases the risk that
cell membranes will be oxidatively damaged, as it is part
of an important antioxidant enzyme called copper-zinc
superoxide dismutase (57). It appears that the absorption
of dietary folate is reduced with poor zinc status (66). In
addition, zinc is related to vitamin A metabolism, with
insufficient dietary intake of zinc causing a variety of

FIGURE 6.3: Commonly observed signs of iron deficiency. In addition
to illustrated glossitis (red tongue; A ) and koilonychias (transverse
ridging and spoon nails; B ) , the most common sign is early fatigue
and poor concentration as well as whitish lower eyelids. (From Weksler
B, Schecter GP, Ely S. Wintrobe’s Atlas of Clinical Hematology.
2nd ed. Philadelphia ( PA): LWW (PE); 2018.)

The lower the storage level, the higher the absorption;
however, the absorption rate rarely goes above 10% — 15% of
the iron content of consumed food. This variable absorption
mechanism is aimed at maintaining a relatively constant
level of iron and avoiding an excess uptake, which is a
health risk. Despite this variable absorption rate, people
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A
Box 6.8 Symptoms of Iron Deficiency Anemia

Eyes: Yellowing
Skin: Paleness, coldness, yellowing
Respiratory: Shortness of breath
Muscular: Weakness
Intestinal : Changed color of stool
Central nervous system : Fatigue, dizziness, fainting

(severe anemia)

Blood vessels: Low blood pressure
Heart: Palpitations, rapid heart rate, chest pain (severe

anemia), angina (severe anemia), heart attack
(severe anemia)

Spleen: Enlargement

Zinc Basic Information (Chemical Symbol Zn)Box 6.9

RDA

•Adult males (ages 19-70+ yr): 11 mg/d

•Adult females (ages 19-70+ yr): 8 mg/d

•Recommended intake for athletes:

11-15 mg/d
Functions

•Part of numerous enzymes involved in energy metabolism

•Protein synthesis

•Immune function

•Sensory function

•Sexual maturation
Good food sources

•Meat, fish, poultry, shellfish, eggs

•Whole-grain foods

•Vegetables

•Nuts

•Note: Pumpkin seeds are a good vegetarian source of zinc

Deficiency

•Impaired wound healing

•Impaired immune function

•Loss of appetite (anorexia)

•Failure to thrive (in children)

•Dry skin
Toxicity

•Tolerable UL: 40 mg/d.
•Symptoms:

Impaired immune system
Slow wound healing
Plypogeusia (loss of taste sensation)
Flyposmia (loss of smell sensation)
High low-density lipoproteimhigh-density lipoprotein
cholesterol ratio
Nausea

health problems that may be related to vitamin A, includ-
ing stunted growth, slow wound healing, and failure of
the immune system (12). Zinc is competitively absorbed
with other bivalent minerals (iron, magnesium, calcium,
copper), so high levels of zinc consumption may result in
malabsorption of these minerals (66, 92).

Zinc Content of
Commonly Consumed
Foods

Table 6.8

ServingFood Zinc (mg)

Beef, broiled 3 oz 6.64
V2 cup 5.04Pumpkin seeds, dried

Food Sources of Zinc
The content and bioavailability of zinc in meats, eggs, and
seafood are high, but zinc is also available in pumpkin
seeds, nuts, and legumes (Table 6.8). The sulfur-containing
amino acids (cysteine and methionine) found in foods of
animal origin enhance zinc absorption, whereas phytic
acid in whole grains/bran products that are unleavened
inhibits zinc absorption (66).

Milk, 2% fat 1 cup 1.17
Chicken, baked 3 oz 1.05
Beans, cooked V2 cup 0.94
Salmon, cooked 3 oz 0.70
Spinach, cooked V2 cup 0.68
Potato, baked (skin and flesh) 1 medium 0.53

1 tbsp 0.40Peanut butter
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Zinc Requirements
The adult RDA for zinc is 12-15 mg/day, whereas surveys
indicate that the average zinc intake for adult women is 9
mg/day and for adult men 13 mg/day (57).

Inadequate functioning of the immune system: Adequate
zinc status is necessary for the normal functioning of
cells that help protect tissues from invasion of foreign
substance, including bacteria and viruses (119).
Macular degeneration of the eye in older adults: A high
level of zinc is found in the macula (a portion of the
retina in the back portion of the eye), and the zinc
content of the macula declines with age. Antioxidants,
zinc, and copper are part of the standard formula pro-
vided for helping older adults lower the risk of macular
degeneration (35).

The people most at risk of zinc deficiency include the
following (66, 71):

Young children
Pregnant and lactating women (particularly adolescents)
People with malabsorption syndromes, including celiac
disease, Crohn’s disease, and ulcerative colitis
Alcoholics (increased urinary zinc excretion)
Diabetics (frequent urination increases urine zinc losses)
People with chronic renal disease
People 65 years of age and older
Strict vegans (high phytic and oxalic acid associated
with cereals and vegetables reduces zinc absorption)

Athletes and Zinc
Zinc levels at the lower end of the normal range, or lower,
have been observed in male and female endurance runners.
Athletes with lower serum zinc values had lower training
mileage ( i.e., could probably not train as hard) than those
who had higher values (32, 48, 124). Therefore, there ap-
pears to be a performance deficit in the small number of
athletes who have poor zinc status.

The effect of zinc supplementation on performance has
not been extensively studied, and the level of supplementa-
tion in these studies has been extremely high (around 135
mg/day). Also, the athletes tested were never assessed for
zinc status prior to the initiation of the research protocol.
Nevertheless, this level of intake did lead to an improve-

ment in both muscular strength and endurance (72).
Athletes should be cautioned that this level of zinc intake
has never been tested over time for safety, so it may well
have negative side effects. Toxicity and malabsorption of
other nutrients are both likely and possible with this level
of intake (41, 53, 126).

Because oxygen-carrying capacity, and therefore iron
status, is essential for helping athletes perform up to their
conditioned capacity, many athletes consume high levels
of iron. However, iron supplementation may interfere with
zinc absorption. For athletes supplementing with zinc, a
malabsorption of copper may occur that could develop into
an anemia. Therefore, any athlete considering supplemen-
tation with either iron or zinc should be careful that the
amount consumed is not excessive (90). A safer and less
expensive approach is to consume an adequate amount of
a wide variety of foods to optimize tissue exposure to all
nutrients in a balanced way.

Zinc Toxicity
The tolerable UL for zinc has been established and is set
at 40 mg/day for adult males and females. Excessive intake
can cause anemia, vomiting, and immune system failure.
Some toxicity has occurred as a result of zinc contamination
from food containers, while there are also cases of toxicity
from nasal sprays containing high levels of zinc (57). The
zinc-containing nasal sprays may produce an irreversible
loss of the sense of smell (anosmia) and an irreversible loss
of the sense of taste (hypogeusia) and should, therefore,
be avoided (29).

IodineZinc Deficiency
Zinc deficiency, while rare, is associated with multiple
diseases and conditions, including:

Growth impairment: Failure to thrive ( i.e. , poor
linear growth and weight gain) in young children
is associated with zinc deficiency, perhaps because
zinc regulates a hormone, insulin-like growth fac-

tor-1 (IGF-1), that is involved in muscle and bone
development (84).
Poor neurologic development: Zinc deficiency is associ-
ated with poor attention and poor motor development
in newborns and young children (11).

Iodine is an essential component of thyroid hormones
triiodothyronine (T3) and thyroxine (T4), which control en-

ergy metabolism, growth, and nervous system development
(Box 6.10). Thyroid hormone production involves both the
pituitary gland and the hypothalamus. When thyrotropin-re-
leasing hormone (TRH) is created by the hypothalamus,
the pituitary gland secretes thyroid-stimulating hormone
(TSH). TSH stimulates the thyroid glad to trap iotine and
release thyroid hormones thyroxine (T4) and triiodothy-

ronine (T3) into the circulating blood. When there is suffi-
cient consumption of iodine, there is adequate T4 and T3,
and this results in lower levels of TRH and TSH. When the
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A
Box 6.10 Iodine Basic Information (Chemical Symbol I)

RDA

•Adult males (ages 19-70+ yr): 150 mcg/d

•Adult females (ages 19-70+ yr): 150 mcg/d

•Recommended intake for athletes: 150 mcg/d
Functions

•Forms thyroid hormone T4, which is involved in
metabolism control

Good food sources

•Iodized salt and seafood

•Depending on soil, some vegetables may also be
good sources

Deficiency

•Goiter (enlarged thyroid gland with inadequate T4 pro-

duction), with low metabolic rate and associated obesity

•Note: Inadequate iodine intake with associated lower
T4 production was once relatively common in the
United States, but the use of iodized salt effectively
eliminated this condition.

Toxicity

•An excessive intake of iodine depresses thyroid
activity, so taking supplemental doses of iodine is
not recommended.

Hi
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T3 and T4 Low T4
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FIGURE 6.4: Thyroid function demonstrating the different production of T3 and T4 associated with adequate and inadequate iodine intakes. (Higdon J,
Drake VJ. An Evidence-Based Approach to Vitamins and Minerals: Health Benefits and Intake Recommendations. 2nd ed. New York (NY): Thieme; 2011.)

Adequate Iodine Consumption

circulating T4 level is low, the pituitary gland increased
secretion of TSH to stimulate greater iodine trapping and
greater release of both T3 and T4. When there is a chronic
iodine deficiency, the resulting persistently elevated TSH
may result in an enlargement of the thyroid gland, which
is referred to as goiter. (See Figure 6.4). Goiter was once
common in the United States because certain geographic
areas have foods grown in soils with a low iodine content.
It remains a prevalent nutritional deficiency disease in
certain parts of Asia, Africa, and South America. Pregnant
women with low iodine intakes may give birth to cretinous
or mentally retarded infants. In the United States, an early
public health measure to ensure that everyone had an AI of

iodine was to add iodine to salt, a strategy that eliminated
goiter (156). An excessive intake of iodine has the effect
of depressing thyroid activity, so taking additional supple-

mental doses of iodine is not recommended.

Food Sources of Iodine
A major source of iodine in Western countries is iodized
salt. In some countries, such as Canada, iodized salt is
mandated. In the United States, however, iodized salt is
voluntary. As a result, only about half of the salt in the
United States is iodized, and a smaller proportion of con-

sumed salt is iodized (77). Sea water also has high levels of
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minerals (iron, copper, etc.), which would have a negative
impact on performance. Although there are no studies to
confirm that this is so, athletes who chronically restrict food
intake can be expected to have a chronically low intake of
all nutrients, including iodine. There are data to suggest
that inadequate energy intake does suppress T3 and IGF-1,
both of which are associated with energy metabolism and
tissue development and repair (68).

A
Iodine Content of
Commonly Consumed
Foods (in meg)

Table 6.9

Serving Size Iodine (meg)Food
Iodized salt 1 g (1,000 mg) 77
Cod fish (cooked) 3 oz 99
Milk (2%) 8 oz (1 cup) 99
Potato with skin
(baked)

1 medium 60 Iodine Deficiency
Approximately 80 meg/day of iodine is used to synthe-

size the thyroid hormones and, while a relatively small
requirement, iodine deficiency exists. Countries with
large proportions of the population suffering from iodine
deficiency have made efforts to reduce iodine deficiency
disease through improved availability of iodized salt.
On a worldwide basis, however, iodine deficiency is still
sufficiently prevalent that it is widely believed to be the
most common cause of brain damage (156). The primary
condition associated with deficiency is the disease goiter,
although hypothyroidism without goiter is still responsible
for developmental problems, particularly in children (28).
It should be noted that the United States is not a country
currently suffering from a high prevalence of iodine de-

ficiency. However, recent surveys suggest that the average
per capita intake of iodine has decreased in recent years,
perhaps because of an increased availability of nonionized
“designer” salts on the market, and a public health effort
to lower salt consumption because of its well-known as-
sociation with hypertension (18).

Shrimp (boiled) 3 oz 35
Turkey breast (baked) 3 oz 34
Navy beans (cooked) */2 cup 32
Egg (chicken, boiled) 1 large egg 12

iodine, making salt-water seafood a good source as well.
It is possible that other foods, including vegetables and
fruits, are also good dietary sources of iodine, but this
depends on the iodine content of the soil in which the
food was grown. Other sources of iodine include eggs and
poultry. See Table 6.9 for the iodine content of commonly
consumed foods, but consider that, except for iodized salt
that has a predictable amount of iodine, other foods vary
depending on the preparation and the soil in which they
were grown.

Iodine Requirements
The recommended intake of iodine for adult males and
females is 150 meg/day (57). Surveys suggest that the
dietary intake of iodine in the United States is adequate,
ranging from 138 to 268 meg/day. In the extremely rare
case of people living near a nuclear accident or a nuclear
blast, consumption of potassium iodide (a supplemental
form of iodine) in very high doses (130 mg/day) may help
to saturate the thyroid with nonradioactive iodine, thereby
reducing the uptake by the thyroid of radioactive iodine-131.
Studies suggest that this strategy successfully reduces the
risk of radiation-causing thyroid cancer (153).

Iodine Toxicity
Although toxicity from iodine is rare, there is an established
tolerable UL, which is 1,100 meg/day for adult males and
females. There are some conditions that are associated with
iodine sensitivity, including Graves disease and Hashimoto
thyroiditis. Individuals who have had a portion of the
thyroid surgically removed may also be sensitive to iodine
(57). There is no evidence that excess iodine is beneficial
for health, so the consumption of foods that provide suf-

ficient iodine should help to avoid an excess exposure and
toxicity to those who are sensitive and should satisfy the
iodine requirement for those who are not.Athletes and Iodine

There are no data suggesting that the iodine intake of
athletes is inadequate, and no data suggesting that el-
evating iodine intake would have a positive impact on
performance. On the contrary, the normal absorption of
minerals is competitive, so elevating the intake of iodine
may have the effect of reducing the absorption of other

Selenium
Selenium is an important antioxidant mineral in human
nutrition. It is part of glutathione peroxidase and other
antioxidants that protect cells from oxidative damage
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A
Box 6.11 Selenium Basic Information (Chemical Symbol Se)

RDA

•Adult males (ages 19-70+ yr): 55 mcg/d

•Adult females (ages 19-70+ yr): 55 mcg/d

•Recommended intake for athletes: 50-55 mcg/d
Functions

•Antioxidant (part of glutathione peroxidase)
Good food sources

•Meat, fish, seafood

•Whole-grain foods

•Nuts

•Depending on soil, some vegetables may also be
good sources

Deficiency

•Unlikely; if it occurs, results in heart damage
Toxicity

•Tolerable UL: 400 mcg/d for adults (lower for children)

•Toxicity is rare; if it occurs, results in nausea, Gl
distress, and hair loss

Selenium Requirements
The recommended intake of selenium ranges from 20 meg/
day in children to 70 meg/day in breast-feeding women.
Surveys suggest that selenium requirements are adequate
in nearly all the U.S. population, with intakes in U.S. adults
ranging from 100 to 159 meg/day from the consumption
of foods, or two to three times above the recommended
intake of 55 meg/day (56).

(Box 6.11). It is difficult to determine dietary adequacy,
however, because the selenium content of food is determined
by soil and water where the food is grown. Nutritional
supplements, including sodium selenite and high-selenium
yeast, are effective sources of selenium, but excessive intake
may be toxic, so proper care in taking appropriate levels of
selenium is important.

Food Sources of Selenium
The foods with the highest concentrations of selenium are
organ meats (e.g., liver), seafood, and red meats (muscle).
Soils where foods are grown vary widely in selenium
content, making it difficult to specify which vegetables
are good sources. The food with the highest selenium
concentration, assuming they are grown in selenium-rich
soil, is Brazil nuts. This is followed by sea foods, beef, and
seeds (Table 6.10).

Athletes and Selenium
Because exercise (particularly endurance exercise) is asso-
ciated with an increased production of potentially dam-
aging oxidative by-products (peroxides and free radicals)
in muscle fibers, it has been theorized that selenium plays
a role in reducing muscular oxidative stress (152). It has
also been theorized that selenium deficiency may result
in muscle weakness and increased recovery time from
exhaustive exercise (16). There is no evidence, however,
that consumption of additional selenium, either through
foods or supplements, has a beneficial impact on exercise
performance (105, 130).

A
Sources of Selenium
from Commonly
Consumed Foods

Table 6.10

Serving Selenium (meg)Food Selenium Deficiency
Although rare, poor selenium status will negatively affect
selenium-related antioxidant status, increasing suscepti-
bility to oxidative stress, tissue damage, and, potentially,
cancer. Those most at risk of selenium deficiency include
people who, because of GI surgery, receive their nutrition
through a vein (total parenteral nutrition), bypassing nor-
mal food consumption and nutrient absorption through
the gut. People with compromised GI tracts ( e.g., celiac
disease and Crohn’s disease) appear also to be at risk. In
these individuals, selenium deficiency is associated with

Brazil nuts (from high
selenium soil)

6 nuts 544

Tuna fish (cooked) 3 oz 92
Shrimp (cooked) 3 oz 42
Pork (roasted) 3 oz 33

Beef (grilled) 3 oz 31
Chicken (roasted) 3 oz 26
Sunflower seeds VA cup 19
Bread, whole wheat 2 slices 16
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heart damage and muscular weakness (27). There are no
data to suggest that athletes are at high risk of selenium
deficiency.

A
Copper Content of
Commonly Consumed
Foods

Table 6.11

Foods Serving Size Copper (meg)Selenium Toxicity
Excessive intake of selenium is toxic and may be fatal (56).
The tolerable UL for selenium in adult males and females is
set at 400 meg/day. Early signs of chronic selenium toxicity
include brittle nails and hair and hair loss.

Beef liver, cooked 1 oz 4,128
Oysters, cooked 6 medium 2,397
Clams 3 oz 585

1 oz 496Hazelnuts, dry roasted
1 cup 223Mushrooms, raw white,

slicedCopper
Shredded wheat 2 biscuits 167

Copper-containing enzymes are involved in iron metabol-
ism, production of ATP energy, bone formation, collagen
production, and neurotransmission (137) (Box 6.12).
The important role copper plays in iron metabolism has
been long recognized. The copper-containing protein,
ceruloplasmin, can convert ferrous iron to ferric iron,
making it possible to transfer iron for RBC formation
(140). It is interesting that individuals with inadequate
ceruloplasmin are more at risk for developing iron over-
load disease, which can be fatal, at similar levels of iron
consumption (69).

Copper Requirements
The recommended intake of copper ranges from 340 meg/
day in young children to 1,300 meg/day in breast-feeding
women. The recommended intake amount is based on
multiple studies to ensure avoidance of any copper-related
deficiencies (57). As another good example of why nu-
tritional balance is important, excessive consumption of
calcium, phosphate, iron, zinc, and vitamin C reduces
copper absorption and, therefore, alters the requirement.

Food Sources of Copper

Copper is widely distributed in the food supply and is
particularly high in beef liver, shellfish, nuts, seeds, and
whole grains (Table 6.11.) Copper intake for the adult U.S.
population is slightly above the recommended intake (900
meg/day), with adult men having an average daily intake
of between 1,000 and 1,100 meg, and adult women having
1,200-1,600 meg.

Athletes and Copper

Very few studies have been performed on the relationship
between copper and athletic performance. Studies of blood
copper concentrations in athletes and nonathletes have not
revealed any significant differences, but the athletes have
a slightly higher (3-4%) concentration of serum copper
than nonathletes (81, 82). In a study evaluating the copper

A
Box 6.12 Copper Basic Information (Chemical Symbol Cu)

•Whole-grain foods

•Bananas
Deficiency

•Rare; if it occurs, results in anemia (inability to
transport iron to RBCs)

RDA

•Adult males (ages 19-70+ yr): 900 meg/d

•Adult females (ages 19-70+ yr): 900 meg/d

•Recommended intake for athletes: 900 meg/d
Functions

•Part of iron-transport protein ceruloplasmin

•Oxidation reactions
Good food sources

•Meat, fish, poultry, shellfish, eggs

•Nuts

Toxicity

•Tolerable UL: 10 mg/d. Toxicity is rare; if it occurs
leads to nausea and vomiting
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status of swimmers during a competitive season, there was
no difference in preseason and postseason copper status.
In this study, the majority of swimmers were consuming
adequate levels of copper (more than 1 mg/day) from food
(83). An evaluation of elite athletes involved in different
types of activities found normal copper status in these
athletes (70).

(147) (Box 6.13). In the mitochondria (the oxygen-using
energy factories of cells), manganese superoxide dismutase
is the primary protective antioxidant (76). Animals that
suffer from manganese deficiency develop fragile skel-
etons, and production of the same protein that helps to
stabile bone joints, collagen, is manganese (and vitamin
C) dependent (63, 99).

Copper Deficiency
Copper deficiency resulting in a disease state is extremely
rare, and mainly seen in individuals who have inborn errors
of copper metabolism. The most common indication of
copper deficiency is iron deficiency anemia that does not
improve following strategies to improve iron status (57).
In a relatively low number of cases, newborn infants fed
cow’s milk formula, which is low in copper, may not have
a normal growth velocity (121).

Food Sources of Manganese
Food sources of manganese include coffee, tea, chocolate,
whole wheat, nuts, seeds, soybeans, dried beans (e.g.,
navy beans, lentils, split peas), liver, and fruits. As with
several other minerals, the intake of foods high in oxalic
acid (present in dark green leafy vegetables) may inhibit
manganese absorption. (See section on calcium for ways
of reducing the oxalic acid content of foods.) Much like
iron, manganese absorption is enhanced with vitamin C
and meat intake.

Copper Toxicity
Toxicity of copper is rare, but when it occurs it may result in
liver and kidney failure, coma, and death. The U.S. tolerable
UL for copper in adults is — 10 times the recommended
intake level and is set at 10,000 mcg/day. In people with
genetic intolerance to copper (Wilsons disease), the UL is
likely to be excessive and result in copper accumulations
in tissues that would be damaging.

Manganese Requirements
The AI for manganese in the United States for adult men
is 2.3 mg/day, and for adult women 1.8 mg/day. The AI
level of intake level is higher for pregnancy (2.0 mg/day)
and breast-feeding (2.6 mg/day), an amount that should
be easily obtained with the increase food consumption
associated with both pregnancy and lactation.

Athletes and Manganese
There are no current studies suggesting that athletes are
at higher risk of manganese deficiency, and no studies
suggesting that athletic performance would be enhanced
with higher intakes of manganese.

Manganese
Although there is still much to learn about manganese,
current information has established that it is a trace mineral
involved in energy metabolism, bone formation, immune
function, antioxidant activity, and carbohydrate metabolism

A
Box 6.13 Manganese Basic Information (Chemical Symbol Mn)

AI •Green leafy vegetables

•Bananas
Deficiency

•Poor growth and development in children
Toxicity

•Tolerable UL: 11 mg/d

•Symptoms:

Neurologic problems
Confusion
Easy fatigue

•Adult males (ages 19-70+ yr): 2.3 mg/d

•Adult females (ages 19-70+ yr): 1.8 mg/d

•Recommended intake for athletes: 2.0-2.5 mg/d
Functions

•Energy metabolism

•Fat synthesis

•Bone structure
Good food sources

•Whole-grain foods

•Legumes
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Manganese Deficiency
Although manganese deficiency is rare, deficiencies are
associated with skeletal problems (undermineralized bone
and increased risk of fracture) and poor wound healing.
There is also some indication from animal studies that
manganese deficiency could be associated with impaired
glucose tolerance and poor carbohydrate and lipid metab-
olism (63). However, there are currently no human studies
with similar findings. It appears that those at greatest risk
for deficiency are those on diets (inadequate intake) or
where malabsorption occurs. Manganese is in competition
with calcium, iron, and zinc for absorption, so an excess
intake of these other minerals may decrease manganese
absorption and lead to deficiency symptoms.

Chromium
The trace mineral chromium is widespread in the food
supply and environment (Box 6.14). Chromium is also
known as glucose tolerance factor because of its in-

volvement in helping cells use glucose through normal
insulin function. It appears to improve insulin function
by enhancing insulin sensitivity in cells, thereby aiding
the transportation of glucose out of the blood and into
cells (54). A deficiency of chromium is known to be
associated with poor blood glucose maintenance (either
hypoglycemia or hyperglycemia), an excessive produc-

tion of insulin (hyperinsulinemia), excessive fatigue,
and a craving for sweet foods. It is also associated with
irritability, which is commonly associated with poor
blood glucose control, weight gain, type 2 diabetes, and
higher cardiovascular disease risk (147). There is limited
evidence that frequent and intense exercise may increase
chromium deficiency risk.

Manganese Toxicity
Welders are at risk of inhaling manganese dust, which has
been recognized as a health risk that can result in central
nervous system problems (62). Chronic toxicity from
excess manganese can worsen the neurologic disorders
and make them permanent, with physical symptoms that
mimic Parkinsons disease, and psychological symptoms
that include hallucinations (106). Besides welders, people
most at risk for manganese toxicity include those with iron
deficiency (manganese replaces iron and accumulates in
the brain) and children (they have less absorption protec-

tion for heavy metals than adults) (150). The tolerable UL
for manganese is relatively low because of the relatively
high risk of developing neurologic problems with excess
manganese exposure. For this reason, individuals should
be cautious about consuming manganese supplements.
For adult males and females, the UL is 11 mg/day, or ~5
times greater than the average daily intake of adults living
in the United States.

Food Sources of Chromium
The best food sources of chromium include whole grains
and meats. Nutritional supplements, commonly in the
form of chromium picolinate, are taken as a means of re-

ducing weight or body fat, but the results of studies on this
supplement have produced mixed results. Initial studies of
chromium picolinate supplementation suggested that this
supplement was effective at increasing muscle mass and
decreasing body fat in bodybuilders and football players
(34). However, subsequent controlled studies have failed
to reach the same conclusions (23, 50). Other supplements
for chromium include chromium polynicotinate, chro-

mium chloride, and high chromium yeast. Dietary sources
include whole-grain breads and cereals, meats, and high
chromium yeast.

A k
Chromium Basic Information (Chemical Symbol Cr)Box 6.14

Al •Mushrooms

•Whole-grain foods

•Nuts

•Legumes

•Cheese
Deficiency

•Glucose intolerance
Toxicity

•Unlikely

•Adult males (ages 19-50 yr): 35 mcg/d

•Adult males (ages 51-70+ yr): 30 mcg/d

•Adult females (ages 19-50 yr) : 25 mcg/d

•Adult females (ages 51-70+ yr): 20 mcg/d

•Recommended intake for athletes: 30-35 mcg/d
Functions

•Glucose tolerance (glucose-insulin control)
Good food sources

•Brewer’s yeast
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Chromium Requirements
There is insufficient information on chromium status to
set a recommended intake level or an estimated average
requirement, so the current standard of intake is based on
the AI estimation, which is based on the average chromium
content of healthy diets (57). The AI for chromium ranges
from 25 mcg/day in adult females to 35 mcg/day in adult
males, with higher recommendations for pregnant and
breast-feeding women.

UL for chromium currently set by the Food and Nutrition
Board, the Board has stated that high supplemental intakes
of chromium maybe toxic (57). A usual form of chromium
that is taken as a supplement is chromium picolinate.
Although there has been some concern from laboratory
studies that chromium picolinate may cause cancer, there
are no studies on humans indicating that cancer is a risk
factor when taking 400 mcg/day (a level well above the AI)
(57, 61). At higher levels (600 mcg/day), however, chromium
picolinate taken over a 5-month period was associated with
the development of chronic renal failure (143).

Athletes and Chromium
Because chromium is not well absorbed, there is little
evidence to suggest that an excessive intake of chromium
will result in toxicity. However, the toxicity of chromium
has not been directly tested, so athletes should be cau-
tious about taking supplements. One study suggests that
chromium picolinate has the potential of altering DNA,
and thus producing mutated, cancerous cells (127). Taken
together, these studies suggest that, to maintain an opti-
mal chromium status, athletes should consume foods low
in sugar and a diet that contains whole grains and, if the
athlete is not a vegetarian, some meat. It is important to
consider that insulin, besides being closely associated with
carbohydrate metabolism, is also involved in protein and
fat metabolism (117). Normal metabolism of these energy
substrates is critically important for all athletes. A number
of studies have investigated whether chromium supplemen-
tation enhances fat-free mass in people who do and do not
exercise. The results of these studies suggest that chromium
supplementation does not contribute to an improved body
composition (more muscle mass, less fat mass) (67, 80).

•Summary

Minerals are inorganic substances that have multiple
functions. They are attached to proteins to provide
strength and structure to the skeleton (such as calcium
and phosphorus); they help to sustain the pH of the
blood and tissues; they are involved in creating nerve
impulses that stimulate muscle movement, and they
are integral parts of hormones that control the rate of
energy metabolism.
A large number of athletes, particularly female athletes,
are at risk for calcium and iron deficiency, both of which
are essential for health and athletic performance. Low
bone density that results from poor calcium intake
may increase stress fracture risk, and poor iron status
lowers the capacity to deliver oxygen to working cells
and remove carbon dioxide from these cells, resulting
in reduced aerobic endurance and early fatigue. Other
minerals are equally important for athletic performance,
mental acuity, muscle function, and nerve function.
Minerals must be consumed regularly to ensure good
health. Mineral deficiencies take a long time to correct
(for instance, iron deficiency may take more than 6
months to resolve), so athletes could suffer poor perfor-
mance for long periods of time if mineral deficiencies
are allowed to occur.
Of all the minerals, iron and calcium have been found
by multiple studies to be the most likely to be deficient
in athletes.
Because of limited absorption capacity, it is typically
better to spread out the intake of minerals during
the day, rather than by consuming minerals in single,
large doses. Eating good foods throughout the day is
a preferred strategy.
One cup of milk provides about 240 mg of calcium.
With a calcium requirement of 1,200-1,500 mg/day,
an athlete would have to consume ~5 cups of milk or

Chromium Deficiency
Deficiency of chromium is rare, but it has been described
in people who have been fed intravenously for long periods
of time (111). High consumption of simple sugars (sweets)
may also place people at risk for deficiency. It appears,
from a number of surveys, that a large proportion of the
U.S. population consumes inadequate levels of chromium,
a factor that may be associated with the excess weight
commonly found in greater numbers of the population.

Chromium Toxicity
The usual form of chromium that is consumed (trivalent
chromium; Cr3+ ) is not considered to be highly toxic because
of its relatively low rate of absorption and rapid urinary
excretion (100). Although there is no current tolerable
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2. The primary cation in intracellular fluid is:
a. Sodium
b. Potassium
c. Calcium
d. Chloride

3. Of the following foods, which are good sources of
potassium?
a. Orange
b. Banana
c. Blueberries
d. Bread
e. A, B, and C
f. All of the above

4. Which of the following nutrients are associated with
BMD?
a. Calcium and vitamin C
b. Sodium and vitamin D
c. Vitamin D and calcium
d. Potassium and sodium

5. Which mineral listed below is most associated with
immune function?
a. Selenium
b. Magnesium
c. Zinc
d. Calcium

6. Without
be excreted in the __
a. Vitamin E, urine
b. Vitamin D, fecal matter
c. Thiamin, urine
d. Niacin, fecal matter

7. In industrialized nations, the most common nutrient
deficiencies are:
a. Potassium and iron
b. Selenium and iodine
c. Calcium and iron
d. Zinc and manganese

8. Severe and chronic iron deficiency will result in:
a. Macrocytic, hyperchromic anemia
b. Microcytic, hypochromic anemia
c. Pernicious anemia
d. Macrocytic, normochromic anemia

9. Production of cortisol is likely to aid vitamin D activity
and increase BMD.
a. True
b. False

10. Iron absorption is limited for the following reason:
a. Excess iron absorption is toxic and associated with

liver disease.
b. People commonly consume excess iron, so the

controlled absorption helps to limit tissue exposure.

an equivalent amount from other foods to satisfy this
daily requirement.
Meat is the easiest way to obtain iron and zinc, so vege-
tarians may be at increased risk without careful planning
to consume well-prepared dark green vegetables and
enriched grains to obtain these minerals. However,
good dietary planning can dramatically reduce the risk
that vegetarians have from iron and/or zinc deficiency.
Sodium is critically important for maintaining blood
volume and the sweat rate. The current general pop-
ulation sodium recommendation does not apply to
athletes. The more an athlete sweats the more sodium
they require in a sports beverage, with the normal range
of between 50 and 200 mg/cup. The athlete goal is to
replace all the sodium lost through sweat.

Practical Application Activity
Iron deficiency is one of the most common nutrient
deficiencies, with high prevalence among the general
population and athletes. Using the procedure described
in earlier chapters, create a spreadsheet with iron,
calcium, zinc, and potassium, and the RDA for each
of these minerals. Look up the mineral content of the
foods consumed by accessing the online USDA Food
Composition Database (139) (https://ndb.nal.usda.gov/
ndb/search/list). Analyze your food intake for the mineral
content of the foods you consume and determine their
adequacy using the procedure described below.

Create three new analysis days and plug in your foods
and activities for each hour of the day for each day.
When completed, “analyze” the average daily iron
consumed over the 3 days, and see how it compares
with the DRI/RDA for your age and gender.
If not adequate, try modifying your diet by eating more
of the foods that are good sources of iron.
Once done, now assess the adequacy of other minerals,
including calcium, zinc, and potassium, to see if the
intake of these minerals meets the DRI/RDA standard.

, consumed calcium is likely to

Chapter Questions

1. The primary cation in extracellular fluid is:
a. Sodium
b. Potassium
c. Calcium
d. Chloride
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CHAPTER OBJECTIVES
Identify the differences in energy metabolic processes
between power, team, and endurance athletes.
Explain the best dietary strategies for fueling
power athletes before, during, and after training/
competition.
Explain the best dietary strategies for fueling en-

durance athletes before, during, and after training/
competition.
Explain the best dietary strategies for fueling team
sport athletes before, during, and after training/
competition.

Discuss the common dietary problems observed
in power athletes, endurance athletes, and team
sport athletes.

Identify appropriate foods and beverages that can
be consumed during competitions for specific
power sports, endurance sports, and team sports.
Know the different muscle types and their energy
utilization characteristics.
Analyze the different potential outcomes well-nour-
ished and poorly nourished athletes may obtain from
consumption of creatine monohydrate supplements.
Identify the relative energy availability from stored
glycogen , fat , and protein.
Know the primary reason for gluconeogenesis, and
the amino acid and nonamino acid substances
that can be used to create glucose from noncar-

bohydrate substances.

Case Study: Lots of Protein — All the Time

memory, so after his first session he immediately went to
the neighborhood health food store and picked up large
jars of whey protein concentrate, whey protein isolate,
and boxes of high-protein bars — his new dietary focus
to help his muscles and to develop the weightlifting. He
also went to the grocery store and stocked up on meats —

steak, chicken, fish. He was told to eat lots of protein
all the time, as that was the key to his development as
a weightlifter, and that is precisely what he was going
to do. Carbohydrates, he was told, were not good for
him, so he decided to limit his intake to an occasional
baked potato.

After following the weightlifting and high-protein intake
protocol for several weeks, Jonathan started noticing some
changes. His body was definitely growing muscle, and some
of the muscles were starting to peek through this body

Jonathan, a recent college graduate, was deeply
saddened by the recent death of his father at age 72 from
cardiovascular disease with kidney failure complications.
He thought seriously about what he could do to honor his
father, a successful businessman and a former competitive
weightlifter with a family room full of trophies. He decided
that his dad would be greatly pleased to know that his
son had taken up weightlifting with an eye toward being
competitive. Jonathan’s father always wanted his son to
take up weightlifting to help build both his muscles and
his self-esteem, but Jonathan was a bookworm with only
minimal interest in sport. Jonathan joined a weightlifting
club, got all the necessary gear and clothes, and met his
coach, who instructed him on the weightlifting schedule
and the nutritional protocol to follow. Jonathan was
seriously committed to doing this in honor of his dad’s

290
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fat. Despite these changes, he was not feeling as good as
he had hoped. The first few weeks were terrible, but he
understood that to be a common problem associated with
the increased physical activity. But he had hoped that, by
now, he could feel better and more vigorous. Instead, he
smelled terrible, he was urinating with greater frequency
than ever before, and his urine was dark yellow. To make
matters worse, he felt tired all the time, as if his brain
needed to be purposely jolted to focus. His bookworm
days were over, as reading just one page made him lose
his concentration.

After a few more weeks of this he decided something
was just not right, so he forced himself to look into some
recommended nutrition protocols for getting fit. What he
found surprised him. All that protein was not the best
way to fuel his muscle, plus the volume of protein he
was eating was forcing him to excrete a great deal of
nitrogenous waste that increased dehydration risk (thus
the deep-yellow urine) . To make matters worse, the low-

carbohydrate intake made it difficult for him to maintain
normal central nervous system ( /'.e., brain) function, which
is reliant on blood sugar (carbohydrate) as a primary fuel.
Then he learned that much of the protein he was eating
was really high in saturated animal fat that, in the long
term, would cause the same problems responsible for
his dad’s death.

He decided to do it right by eating good foods with good-
quality protein distributed well throughout the day. The way
he felt changed almost immediately, and his time at the gym
while weightlifting became an act of pleasure rather than
an act of suffering.

CASE STUDY DISCUSSION
QUESTIONS
High protein consumption is common among power athletes,
as it is commonly believed that only protein will help to
increase muscle mass, which is a necessary part of power
sports such as weightlifting.

What is the maximum protein consumption that an
athlete, including a power athlete, should consume
on a daily basis (in g/kg)?
What are the components of eating protein and
other nutrients correctly to help ensure that the
consumed protein can be used anabolically to help
build and maintain muscle tissue?
What are the common health problems that can be
experienced from a high-protein/low-carbohydrate
intake?
If you were standing in front of a group of power
athletes, what are the three key nutrition messages
you would give them to help them achieve their
goals?

1.

2 .

3 .

4.

:: Ensuring that these specific nutritional requirements
are met requires an understanding of the energy metabolic
pathways, the desired body composition of the athlete, and
the opportunities during competition ( z.e., breaks between
quarters, half-time) that provide natural opportunities for
supplying needed nutrients and fluids. Importantly, studies
of competitive athletes suggest that many have suboptimal
dietary intakes that fail to provide the nutrients and fluids
that could enable better performance (18). Athletes often
consume the same few foods that fail to optimally expose
tissues to the needed array of nutrients, they often attempt
to “ make weight” using strategies that result in poor energy
availability, and the hydration behaviors suggest insufficient
consumption of less-than-optimal beverages. Poor energy
delivery that results in low blood sugar will result in glucone-

ogenesis, which diminishes the muscular benefit an athlete
may achieve from exercise. Any of these factors alone can
diminish performance, but athletes often fail to satisfy all of
these nutritional factors ( i.e., energy, nutrients, and fluids).

Introduction

Following an appropriate nutritional strategy that is well
integrated into the athletes lifestyle and the demands
of the sport is a critical component of success in the
competitive athlete. Interestingly, many of the general
nutrition recommendations for athletes deviate little
from the general recommendations for the general public
to lower chronic disease risk. Regardless of the sport,
poor nutrient exposure through consumption of foods
that have low nutrient density, poor hydration, and poor
energy balance during the day has a negative impact
on athlete health, increases injury risk, and diminishes
performance. However, the type of physical activity
related to the demands of sport-specific training and
competition requires that nutrition recommendations
are fine-tuned to ensure that the athlete can perform at
her or his conditioned capacity.
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This may be due to not only inadequate planning but also
nutrition-related myths and the confusion associated with
the availability of a wide array of different products, each
with different content, that are marketed to athletes. As
an example, the carbohydrate energy products commer-

cially available to athletes all appear to target the same
nutritional needs, but they have an enormous variability
in energy delivered, carbohydrate content, composition of
carbohydrate and free sugar content, and osmolality (133)
(Table 11.1).

[Jl Gluconeogenesis
Refers to the metabolic process for producing glucose
from noncarbohydrate substances, including lactate,
glycerol, and glucogenic amino acids. The primary
stimulus for gluconeogenesis is to maintain blood glucose
which is the primary fuel for the brain. As there is no
storage depot for proteins, the glucogenic amino acids
are obtained from the undesired catabolism of lean mass
(muscle and organ mass).

A
Descriptions of CHO Gels for Parameters Related to Service Size,
Energy Density, Energy Content, CHO Content, Free Sugar Content,
Fructose Content, and Osmolality

Table 11.1

Mean ± SD Median Range Comments
Serving size (g) 45 29-120 20 out of 31 products are offered in packages

below 45 g. Only two product ranges are packaged
over 100 g.

50 ± 22

Energy density (kcal/g) 2.60 0.83-3.402.34 ± 0.70 Only one product has an energy density <1 kcal/g. The
most popular range of energy densities is 2-3 kcal/g,
although a significant number of products (7 out of 31)

do offer energy densities >3 kcal/g.

Energy/gel (kcal) 100 78-204 The most popular energy range is between 100 and
120 kcal/gel. 25/31 products fall within this range, the
majority falling within 100-110 kcal/gel.

105 ± 24

Total CHO (g) 24.6 18-51 The most popular carbohydrate range is 20-30 g/gel.
25/31 products fall into this range, with the majority of
those (14 products) containing less than 25 g. Only three
products offer less than 20 g, and only three offer more
than 30 g.

25.9 ± 6.2

Free sugars/gel (g) 7.9 0.6-26.89.3 ± 7.0 Only one product has free sugars <1g/gel. Of the
remainder, the majority (15 products) provide 5-15
g free sugar/gel. Four products provide >20 g free
sugars/gel.

Free sugars/gel (% of
total CHO)

33 3-9535 ± 25 Only two products have free sugars <10% total CHO.

20/31 products have free sugars >20% of total CHO,
and of these nearly half (nine products) have free sugars
>50% of total CHO.

Out of 31 products, only 3 do not contain fructose in
some form. Exact amounts present cannot be quantified
from the ingredient labels.

Fructose content Unknown Unknown 0->20%
CHO

Osmolality (mmol/kg) 4,722 303 Only one product range is isotonic. 27 out of 31 products
have osmolality >1,000 mmol/kg.

4,424 ±
2,883 10,135

CHO, cholesterol.
Source: Reprinted with permission from Zhang X, O’Kennedy N, Morton JP. Extreme variation of nutritional composition and osmolality of com-

mercially available carbohydrate energy gels. IntJ Sport Nutr Exer Metab. 2015;25:504-9. doi:10.1123/ijsnem.2014-0215.
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Some sports require quick bursts of activity, some require
steady continuous movement with occasional periods of
fast activity, and others require that muscles work slowly
and continuously for hours. Each type of activity places
unique demands on the muscles and on the fuels that
muscles demand. There are clear metabolic differences in
activities that require endurance and power. This chapter
reviews the special nutrition requirements for athletes in-
volved in power sports, endurance sports, and team sports.

The type of physical activity being performed influences
the demands on how cells will derive the energy they require.
Different sports place different demands on the energysystem,
but it is important to consider that all energy metabolic systems
are functioning during poweractivities, including anaerobic
metabolism, which includes energy derived from phosphagen
breakdown and from anaerobic glycolysis (carbohydrate), and
from aerobic metabolism from energy derived from carbohy-
drates and fats. Power activities mandate that the athlete have
the ability to explode off a starting block, jump high distances,
throw a heavy weight, or push someone of equal size backward.
The better the power athlete can do some of these things, the
more successful the athlete is. Getting power athletes to train
muscles for these activities is critical for competitive success,
and this training regimen must be supported by proper nu-
trition, or all that hard work will be fruitless.

Individual amino acids have been widely used by athletes
and amino acid mixtures represent a large category of supple-
ments targeting bodybuilders (43, 47).There are no convincing
studies to show that self-directed consumption of supplements
is an effective strategy for performance enhancement. In ad-
dition, there are potential health risks associated with taking
high-dose supplements (23). However, there are a number
of studies on athletes that demonstrate that consumption of
milk-based protein following resistance activity effectively
increases muscle strength and enables favorable changes in
body composition (57, 119). Good food sources of protein,
such as meat, fish, poultry, dairy products, and legumes, in
combination with cereals all provide good-quality protein
with a desirable distribution of essential amino acids. Because
of the scant evidence that consumption of supplementary
protein is superior to eating these foods, which also expose
athletes to other needed nutrients that include iron and
zinc, athletes should take a food-first nutritional approach
to improving performance (66, 81, 116).

Qjl Anaerobic Sports
Includes sports that rely heavily, but not exclusively, on
anaerobic metabolic processes and are typically sports
that involve short duration/short distances with relatively
high intensity. Examples include sprinting, boxing,
wrestling, weightlifting, and bodybuilding.

(J| Strength
Often used synonymously with power, strength is a
measure of the mass that can be moved ( /

'.e., lifted,
pushed) by an athlete and is highly dependent on
muscular mass or the muscle-to-weight ratio. For
instance, an athlete with a high muscle-to-weight ratio
should be able to move more mass for his/her weight than
an athlete with a lower muscle-to-weight ratio.

# Energy Demands

A -Important Factors to Consider

Different sports place different demands on energy
metabolic systems, but all energy metabolic systems
are being used nearly all the time. The difference is
the proportion of demand. For instance, long-distance
runners may be 10% reliant on anaerobic metabolic
systems and 90% reliant on aerobic metabolic
systems, whereas a 100-m sprinter may have
proportions reversed (after all, the sprinter is still
breathing and bringing oxygen into the system).
Different energy systems draw on different sources
of energy, which helps explain why primarily
anaerobic activities can only proceed for a relatively
short period of time. We have high levels of fat
storage, which can be accessed aerobically for
energy and allow the aerobic athlete to perform
for long periods of time. However, anaerobic fuels,
phosphocreatine (PCr) and glycogen, have limited
storage that will become depleted quickly with
continuous high-intensity activity.

Power athletes utilize multiple energy-producing pathways
that provide energy from phosphagen, carbohydrate, and/or
fat. Understanding the different energy systems and the fuels
needed for the production of adenosine triphosphate (ATP)
is necessary when making nutritional recommendations
(111). Power activities rely on appropriate conditioning of
fast-twitch muscle fibers. Fast-twitch (type lib) fibers can
produce a tremendous amount of power and also have a
high capacity to store carbohydrate as glycogen. However,

Qjl Power Activities
The term applied to sports that require the athlete to
generate a high level of muscular force to produce fast
and powerful movement speeds that are highly reliant on
anaerobic metabolic processes. Examples of these anaerobic
sports include sprinting, boxing, baseball, and hockey.
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Table 11.2 Muscle Fiber Types and Their Energy Utilization Characteristics

Type I (Red)- Type Ila (Red)-
Slow Twitch Intermediate Fast
(High Fatigue Twitch (Moderate
Resistance) Fatigue Resistance) Resistance)

Type Mb (White)-
Fast Twitch
(Low Fatigue

Muscle Fiber
Ability to store and use glycogen Low Moderate High
Ability to store and use fat High Moderate Low
Ability to store and use phosphocreatine Moderate High High
Ability to use oxygen in energy reactions (oxidative capacity) High Moderate Low
Ability to produce power (contraction speed) Low High Very High
Blood (capillary) supply to muscle fibers High Moderate Low

Sources: Gleeson M. Chapter 3: Biochemistry of exercise. In: Maughan RJ, editor. Sports Nutrition: Volume XIX of the Encyclopaedia of Sports
Medicine— An IOC Medical Commission Publication. London (England): Wiley/Blackwell; 2014. p. 36-8; Kenney LW, Wilmore J, Costill D.
Physiology of Sport and Exercise. 6th ed. Champaign (IL): Human Kinetics; 2015. p. 40-1.
Kenney LW, Wilmore J, and Costill D. Physiology of Sport and Exercise 6th Edition. Human Kinetics/Champaign. © 2015. pp 40-41.

they have a limited capacity to store fats as triglycerides. The
different energy fuel storage potential helps to clarify the fuel
dependence of each unique muscle fiber type (Table 11.2).
At their genetic baseline, the intermediate fast-twitch mus-
cle fibers (type Ha) also produce a high level of power, but
these muscle fibers can be trained to behave more like the
type I slow-twitch fibers in athletes who spend long hours
in endurance activities (134). The type of training that is
done is an important factor, therefore, in determining mus-

cle fiber behavior. Power athletes require that the muscle
fibers are capable of producing a high level of power. If a
significant proportion of the training involves aerobic (i.e.,
endurance) conditioning, the type Ha fibers may lose some
power capacity because they have been conditioned to have
more endurance potential. Interestingly, there is evidence
that the intermediate fast-twitch fibers will revert to their
genetic baseline (more power and less aerobic potential)
rather quickly if the aerobic training ceases (120).

High-speed activity of short duration (such as the 100-m
sprint) demands fuel that is already in the muscles in a near
ready-to-go state. The amount of this ready-to-go fuel,
PCr, that muscles can hold is limited, creating limits to
the maximum duration of maximal speed/power activity.
For a well-nourished athlete, the phosphagen system may
provide sufficient fuel for the first 5-8 seconds. This is not
sufficient for most events, requiring muscles to have the
ability to quickly convert stored glycogen into useable fuel
that can be metabolized anaerobically.

Q1 Phosphocreatine
Abbreviated as PCr, a high-energy phosphate found
in body cells that are part of the anaerobic PCr energy
system. PCr can be used to rapidly replenish ATP.

More ATP is produced per unit of time from the phos-

phagen system ( i.e.y PCr) than from anaerobic glycolysis.
As a result, the reduction in energy availability to muscles
results in slower contraction and reduced speed. As a re-

sult, the speed of a sprinter slows when PCr can no longer
provide the necessary ATP (Figure 11.1). Total fatigue
occurs when PCr is depleted and blood and muscle lactate
are at the maximum level. Most scientists believe that the
anaerobic maximum ( i.e., the amount of time an athlete
can exercise at a maximal level) is ~1.5 minutes, but with
wide variability depending on conditioned state (51, 52).
The combination of both anaerobic systems (phosphagen
and anaerobic glycolysis), which are used when an athlete
is going as hard and fast as possible, will be depleted in -1.5
minutes with a concomitant increase in lactate, resulting in
athlete fatigue and cessation of high-intensity work. This
stoppage of high-intensity work varies widely between
athletes, often a function of anaerobic conditioning, oc-

curs in ~1.5 minutes, and is commonly referred to as the
anaerobic threshold.

As exercise time increases, power production decreases
and a higher proportion of energy is derived from aerobic
metabolic processes. Aerobic metabolism enables the
metabolism of fat as an energy substrate, thereby reducing
the reliance on glycogen and PCr, both of which have a
limited storage capacity. Faster/harder physical activity
results in greater fuel utilization per unit of time, with
greater oxygen requirements needed to oxidatively burn

(J| Adenosine Triphosphate
Abbreviated as ATP, a molecule made of high-energy
bonds that can rapidly release energy for all body
processes that include muscle contraction.
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are also necessary. Running out of available carbohydrate
fuel diminishes the capacity to burn fats effectively and
muscular fatigue sets in.

Exercise duration
1.5 min 3 min +O s 4 s 10 s

I I

IATP
Strength-power (power lift
high jump, javelin throw,
golf swing, tennis serve) [j| Anaerobic Threshold

Refers to the intensity of exercise during which lactic
acid buildup exceeds the tissue capacity to remove it
from working muscles. It is at this point that muscle
function quickly degrades and the activity must stop,
which is typically about 1.5 minutes after the initiation
of the high-intensity activity. It is also referred to as the
lactate threshold, the lactate turning point, and the
lactate inflection point. In practical terms, the anaerobic
threshold is often expressed as 75% of maximal oxygen
consumption ( i.e., 75% V02max) or 85% of the maximal
predicted heart rate.

(Jl Aerobic Metabolism
Refers to energy processes that occur with the
incorporation of oxygen. These processes include aerobic
glycolysis, which is used for high-intensity activities
that require a large volume of ATP, but that are within
the athlete’s capacity to bring sufficient oxygen into the
system; and also the metabolism of fats, which is used for
low-intensity activities of long duration that can produce a
substantial volume of ATP, but without the production of
system-limiting by-products such as lactic acid (lactate).

ATP + PCr
Sustained power (sprints,
fast breaks, football line
play, gymnastics routine)

Q)
o
c
OS
E
o
o
Q.

A ATP +PCr + Lactic Acid
Anaerobic power-
endurance (200-400 m
dash, 100 m swim)

o
(/>o
Q.
>.
H

Electron Transport-
Oxidative Phosphorylation
Aerobic endurance
(beyond 800 m run)i

m
Immediate/short-term
nonoxidative systems

Aerobic-oxidative system

Predominant energy pathways

FIGURE 11.1: The predominant energy systems for different activities,
ranging from sudden high intensity to endurance. Short-term maximal
high-intensity activity is highly reliant on PCr to obtain sufficient ATP.
When the limited stores of PCr are exhausted, more energy must
be derived from anaerobic glycolysis, which cannot produce ATP at
the same high rate as that of PCr. In practical terms, exhausting PCr
stores necessarily results in having to “slow down” because of lower
ATP production. Complete fatigue occurs when PCr is depleted and
blood and muscle lactate are at the maximal level. ATP, adenosine
triphosphate; PCr, phosphocreatine. (Illustration from Premkumar K.
The Massage Connection, Anatomy and Physiology. 2nd ed. Baltimore
(MD): Lippincott Williams & Wilkins; 2004. Data from Hirvonen J,
Nummela A, Rusko H, Rehunen S, Harkonen M. Fatigue and changes
of ATP, creatine phosphate, and lactate during the 400 m sprint. Can
J Sport Sci. 1992;17(2):141— 4 and Hirvonen J, Rehunen S, Rusko
H, Harkonen. Breakdown of high-energy phosphate compounds
and lactate accumulation during short supramaximal exercise. Eur
J Appl Physiol Occup Physiol. 1987;56(3):253-9.)

To summarize, energy can be obtained anaerobically
(without oxygen) and also aerobically (with oxygen).
Proportionately greater anaerobic energy pathways are
used with high-intensity activities of shorter duration,
whereas proportionately greater aerobic energy pathways
are typically used with activities of lower intensity but
longer duration (Table 11.3).

Phosphagen System (Creatine
Phosphate)
Energy can be released anaerobically from the phosphates
in ATP and creatine phosphate (PCr) to support high-in-
tensity exercise for up to ~8 seconds. This system, referred
to as the phosphagen system because of the immediate
availability of high-energy phosphate, is dependent on PCr
to quickly provide a high-energy phosphate molecule to
form ATP, which is the ultimate source of energy for all
body functions. There are a number of sports that rely
heavily (if not exclusively) on this phosphagen system.
These sports include shot put, long jump, triple jump,
discus, gymnastics vault, and short sprints. In addition,
other sports that have quick bursts of activity intermingled
in the activity (such as football, volleyball, and hockey)

the fuel. Muscular work that is sufficiently hard and fast to
exceed the capacity to supply sufficient oxygen results in
the anaerobic metabolism of PCr and glycogen to provide
the needed fuel. However, although fat storage is virtually
unlimited for even lean athletes, both PCr and glycogen
have limited storage. Well-conditioned athletes have better
oxygen delivery to cells, enabling relatively greater reliance
on aerobic/oxidative metabolic processes and lower reliance
on anaerobic metabolic processes (99). This allows them
to go faster longer without achieving the fatigue associ-
ated with a buildup of lactate and depletion of PCr and
glycogen. However, for fats to burn cleanly, carbohydrates
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are also reliant on this energy pathway. In some of these
sports, the ability to do repeat high-intensity moves often
determines the winner. For instance, the high jumper,
long jumper, and pole-vaulter all need two or three stellar
efforts with the hope that one of them will be good enough
to win. These repeated bouts of high-intensity work place
a tremendous reliance on the phosphagen system. The
athlete who has the ability to store more creatine may be
at an advantage in these activities. With improved creatine
storage, it is possible that the athlete would retain, because
of the capacity to adequately reform PCr, much of the
power produced on the first attempt than in the second
and third attempts.

Assuming that total energy and protein intake is
adequate, athletes can manufacture the creatine needed
for multiple quick bursts of high-intensity activity. To
improve the storage of ATP-PCr in the muscles, athletes
must practice activities that focus on this system ( i.e.,
activities that last no more than 8 seconds, that are high
intensity, and that are repeated multiple times during an
exercise session). This type of training, by itself, is not
sufficient to improve short-duration, high-intensity per-
formance. At the same time, consuming sufficient energy
and protein, by itself, is also not sufficient to improve
short-duration, high-intensity performance. However,
when both proper training and proper nutrition are
combined, the athlete can experience very real gains in
short-duration, high-intensity performance. Even with
higher creatine storage, the maximum preformed PCr
is sufficient to last up to only 8 seconds of hard physical

work. (If humans stored more than 8 seconds worth, we
could probably combust for the high heat created with
so much energy produced so quickly.) Athletes perform-
ing maximal exercise for up to 8 seconds (sprint, vault,
jumps) must take a break of 2-4 minutes with ample
oxygen availability to allow for the regeneration of PCr
before undertaking another maximal bout of exercise
(39, 49). Imagine a 100-m sprinter accelerating over
the first 8 seconds of the race, but then PCr runs out
and anaerobic glycolysis takes over. Because anaerobic
glycolysis cannot produce as much ATP per unit of time
as PCr, the person who wins the 100-m dash is typically
the person who slows down the least during the last
2 seconds of the race.

In theory, having a higher level of stored creatine in
the tissues enables improved PCr availability to form ATP
and, therefore, greater capacity to do more extremely
high-intensity work. It is for this reason that creatine
monohydrate supplementation is popular with athletes
who want to find a way to increase power and reduce the
onset of fatigue. Although supplementation may increase
creatine storage, the upper limit for preformed PCr remains
about 8 seconds worth of fuel. In athletes who fail to con-
sume sufficient energy and protein, supplementing with
creatine may be useful in maximizing PCr potential (30).
However, there is evidence that sufficient energy intake
may be the key to ensuring that sufficient PCr is stored
and remanufactured when required (61). As displayed
in Table 11.4, different fuels have different capacities
to supply energy. As indicated, we have an enormous

Table 11.3 Energy Metabolic Systems

System Characteristics Duration
PCr system Anaerobic production of ATP from

stored PCr.
Used for maximal intensity activities lasting no more
than 8 s.

Anaerobic glycolysis
(lactic acid system)

Anaerobic production of ATP from the
breakdown of glycogen. By-product of
this system is the production of lactic
acid.

Used for extremely-high-intensity activities that
exceed the athlete’s capacity to bring in sufficient
oxygen. Can continue producing ATP with this system
no more than 2 min.

Aerobic production of large amounts of
ATP from the breakdown of glycogen.

Used for high-intensity activities that require a large
volume of ATP, but that are within the athlete’s
capacity to bring sufficient oxygen into the system.

Aerobic glycolysis

Oxygen system
(aerobic metabolism)

Aerobic production of ATP from the
breakdown of carbohydrates and fats.

Used for lower-intensity activities on long duration
that can produce a substantial volume of ATP, but
without the production of system-limiting by-products.

ATP, adenosine triphosphate; PCr, phosphocreatine.
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A
Box 11.1 Glucogenic Amino Acids

Amino acids derived from protein tissues, including muscles and organs, that can be converted to glucose are:

a-aminobutyrate
methionine
tyrosine
lysine

alanine
threonine
serine
glycine

capacity to supply fat for energy, whereas the storage of
carbohydrate fuels is limited. Although the protein mass
has the potential of being broken down as a source of
energy, this typically only occurs when carbohydrate fuel
becomes depleted.

The glucogenic amino acids can be converted to
carbohydrate (glucose) (Box 11.1) , but fat cannot be
converted to carbohydrate (86). It is important, therefore,
for athletes to sustain carbohydrate availability during
physical activity to help ensure that the protein mass ( i.e.,
muscles) is not broken down as a source of needed fuel.
The protein mass indicated in Table 11.4 is provided as a
source of potential energy, but by no means should this

protein mass be considered as a desired source of energy
for the athlete.

Anaerobic Metabolism (Glycolysis)
Anaerobic metabolism (glycolysis) is used to provide
energy during high-intensity exercise that exceeds the
athletes ability to provide sufficient oxygen to tissues for
the work being performed. Intense physical activity is,
to a large degree, dependent on the availability of mus-

cle glycogen (the storage form of glucose). Depletion of
glycogen during high-intensity activity results, therefore,
in rapid fatigue and the cessation of exercise. In normal
daily nonintense activity, glycolysis provides only a small
proportion of the total energy required by working muscles.
A sudden increase in muscle movement and/or continuous
high-intensity activity is reliant on glycolysis because it
is capable of providing tissue energy quickly and fills the
energy gap between the onset of sudden movement and/
or intense activity and the time required for aerobic energy
metabolism to satisfy energy needs. If someone tries to
maintain a high-intensity ( i.e.,anaerobic) activity, the fuel
for this will run out after ~1.5 minutes, and the athlete will
become quickly fatigued.

Even predominantly aerobic sports may rely on the
anaerobic energy pathway to make the difference between
winning and losing. The long-distance runner who has
run most of the race aerobically and has preserved some
muscle glycogen is likely to require the added ATP energy
from glycolysis to finish the race with a strong (anaerobic)
“ kick” (19, 75). The athlete who has this energy preserved
at the end of the race may be the only difference between
first place and those who follow. For runners running
short-distance races, for swimmers in short races, and for
hockey players skating at full bore at the end of a game to go
for a winning score, this anaerobic pathway is an important
key to success. Carbohydrate storage is the key to making
this happen, and storage occurs best with the consumption
of carbohydrate foods/beverages (91).

A
Energy Stores in an
Average Man Weighing
70 kg (154 lb) With 15%
Body Fat

Table 11.4

Exercise
Energy Source Mass (kg) Energy (kcal) (min)a

0.08 307 16Liver glycogen

0.40 1,530 80Muscle glycogen

Blood glucose^ 0.01 38 2
10.5 92,800 4,856Fat

Protein 12.0 48,725 2,550

Values assume sole energy substrate availability during marathon pace
activity or about 20 kcal/min.
^Minutes refer to the hypothetic time of exercise if the person were
solely reliant on the energy source indicated. The value is provided
for comparison purposes, to display relative availability of different
fuels.
^ Value for blood glucose includes the glucose content of extracellular
fluid. Not all of this and not more than a very small part of the total
protein is available for use during exercise.
Source: Adapted fromGleeson M. Biochemistry of exercise. In: Maughan
R , editor. Nutrition in Sport: Volume VII of The Encyclopedia of Sports
Medicine, an IOC Medical Commission Publication. London (England):
Wiley Blackwell; 2000. p. 29.
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lib muscle fibers is a result of having limited oxidative ca-
pacity because of relatively poor blood supply. This makes
it difficult to supply these fibers with energy substrates and
to remove metabolic by-products ( i.e., lactate) out of the
fibers during physical activity. This also helps to explain
why high-intensity/power activities rarely go beyond 1.5-2.0
minutes and why athletes require a recovery break of 2-5
minutes to enable muscle recovery of PCr (58).

[J| Anaerobic Metabolism
Refers to energy processes that occur without the need
for oxygen. Includes anaerobic glycolysis, which involves
cellular metabolic processes that produce energy from
glycogen (stored carbohydrate) without the need for
oxygen; also includes the phosphagen system, which
produces energy from PCr metabolism.

fjl Aerobic Sports
Includes sports that rely heavily, but not exclusively, on
aerobic metabolic processes and typically involve long
duration/long distances with relatively low intensity.
Examples include long-distance running, distance
swimming, distance cycling, and speed walking.

Important Factors to Consider

Sprinting is used to define brief maximum effort
in running, cycling, swimming, canoeing, rowing,
field hockey, soccer, and rugby. In general, a sprint
is considered brief maximal effort of less than 60
seconds duration, with an exercise intensity of effort
well beyond V02

Elite male sprinters can maintain maximal speed
for 20-30 m
Elite female sprinters can maintain maximal speed
for 15-20 m
Gender differences due to

•Mechanical factors (foot strike, neuromuscular
coordination, air resistance) and

•Metabolic factors (PCr availability)

Nutrition Strategies for
Improving Power and Speed

max -

Depending on the speed and V02max percent of the activity,
the proportion of the energy derived from these different
energy metabolic systems varies (111). As indicated in
Table 11.5, quicker activities are proportionately more
reliant on anaerobic energy metabolism, whereas longer
duration activities are proportionately more reliant on
aerobic energy metabolism. However, all metabolic systems
are contributors to satisfying the athletes energy needs.

Power athletes perform power and speed activities that
utilize primarily the PCr and glycolytic anaerobic metabolic
systems. Glycogen and lipid stores are present in all muscle
fiber types, but fast-twitch muscle fibers have a 16%— 31%
greater level of glycogen storage than slow-twitch fibers (100).
During exercise, the glycogen concentration decreases first
in slow-twitch fibers, but decreases quickly in fast-twitch
fibers thereafter (45). The lower fat storage in type Ila and

The high dependence on fast-twitch muscle fibers needed
for high-intensity anaerobic work makes it relatively more
difficult for power athletes to metabolize fat as an energy
substrate when compared with athletes that perform aerobic
activities and are more reliant on oxidative metabolism
(105). Power athletes continue to burn limited amounts of
fat, but high-intensity anaerobic activity dramatically favors
carbohydrate (glycogen) over fat as a fuel because of the kind

A
Proportionate Usage of Energy Metabolic Systems to Satisfy Energy
Needs in Power SportsTable 11.5

Anaerobic Anaerobic
Phosphocreatine Glycolysis AerobicEvent Time Range % VO2max

0.5-1 min, such as 400 m run; 100 m swim -150 -10 -47-60 -30-43
1.5-2.0 min, such as 800 m run; 200 m swim; 500 m kayak 113-130 -29-45 -50-66-5
3.0-5.0 min, such as 1,500 m run; 400 m swim; 1,000 m kayak 103-115 -2 -14-18 -70-84
5.0-8.0 min, such as 3,000 m run; 2,000 m rowing 98-102 -10-12 -88-90<1

Sources: Adapted from Stellingwerff T, Maughan RJ, Burke LM. Nutrition for power sports: middle-distance running, track cycling, rowing, ca-

noeing/kayaking, and swimming. J Sports Sci. 2011;29(Sl):S79-89.
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of muscle fibers that are being used. When power athletes
stop their intensive in-season training but maintain their
high-calorie, relatively high-fat diets, a sufficient difference
in energy balance occurs that causes inevitable increases
in body fat. This may be at least in part due to fat intakes
that often exceed recommended intake levels, perhaps from
an emphasis on meat-derived high-protein diets that are
naturally high in fat (132). Besides the poor competitive
body composition this excessively high-fat intake results
in, there is evidence that the weight cycling many power
athletes often experience may predispose them to obesity
following retirement from the sport, which increases risk
of greater illness frequency and earlier mortality (55, 112).

typical consumption of carbohydrate, often suggesting that
intakes are far below the recommended level. Lifters and
throwers typically report carbohydrate intakes of 3-5 g/kg/
day, and body bodybuilders report intakes of 4-7 g/kg/day,
regardless of gender (105).

Protein Recommendations
For power/speed athletes, a protein intake of 1.5-1.7 g/kg/
day is recommended, or approximately double the re-
quirement for an average healthy nonathlete (0.8 g/kg/
day) (84). The recommendation of the American College
of Sports Medicine (ACSM) for all athletes is a protein
intake that typically ranges from 1.2 to 2.0 g/kg/day (118).
The ACSM now also recommends that the protein be
consumed in modest amounts ( ~0.3 g/kg per meal) of
high-quality protein with regular spacing throughout
the day to optimize muscle protein synthesis and mus-
cle recovery (see Example 11.1). Optimal utilization of
protein only occurs with sufficient energy availability, so
ensuring an adequate caloric intake that is dynamically
spaced during the day to satisfy energy requirements is
an important dietary strategy (113). Taking these factors
together strongly implies that athletes should consume
good-quality protein in meals and snacks that are distrib-

uted throughout the day, with special focus on protein
consumption immediately following exercise to encourage
muscle protein synthesis (85).

jkA Important Factors to Consider

Air resistance can influence speed and energy
utilization in sprint performance:

Elite 100-m sprinters running 10 m/s would run
0.25-0.5 s faster if they did not have to overcome
air resistance (28).
Air resistance accounts for 16% of total energy
expended to run 100 m in 10 s (88).
Mexico City altitude (less air resistance) provides
a 0.07 s advantage over 100 m (63) .

Carbohydrate Recommendations for
Power/Strength/Speed Athletes
Glycogen is a key source of energy in anaerobic metabo-

lism, and high-carbohydrate diets enhance glycogen stores,
resulting in longer time to fatigue when compared with
high-protein, low-carbohydrate diets (17). Studies have
consistently found that low-carbohydrate diets providing
~3%-15% of total calories from carbohydrate weaken
high-intensity performance (21, 68). Carbohydrate me-
tabolism provides the majority of ATP during exercise
exceeding 75% VO
consumption of high-carbohydrate diets to avoid glycogen
depletion. Even a single bout of high-intensity training can
lower glycogen stores by 24%-40%, depending on exercise
duration and intensity (62, 117).

Current carbohydrate intake guidelines recommend con-
sumption of-8-12 g/kg/day for power/strength athletes who
spend a significant proportion of the day (>4-5 hours/day)
involved in moderate- to high-intensity exercise. For athletes
involved in 1-3 hours/day of moderate- to high-intensity
activity, the recommended carbohydrate intake is 6-10 g/kg/
day (118). Surveys of strength athletes vary widely in the

Example: Calculating Protein Distribution During the
Day for Athletes Weighing 110 kg

Calculate total protein requirement:
110 kg x 1.7 g protein/day = 187 g protein/day

Calculate amount per meal:
0.3 g/meal x 110 kg = 33 g protein/meal

Calculate number of meals with recommended protein:
187 g/33 g = 5.7 (rounded to 6)

Interpretation: This athlete requires 33 g of protein
~6x /day to satisfy the protein requirement of 187 g/dayThese high intensities mandate2max #

Surveys of athletes consuming >3,000 kcal/day suggest
that they consume at or above the currently recommended
level of protein, but often fail to appropriately distribute the
protein consumption in amounts that will result in optimal
muscle protein synthesis (105). There is also reason to be-
lieve that consumption of greater than the recommended
amount of protein, often at the expense of carbohydrate,
fails to enhance muscle protein synthesis and muscle re-

covery and results in catabolizing more protein as a source
of energy with no anabolic benefit (69).
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Fat Recommendations that resistance training stimulates muscle development and
that the level of muscle development may be influenced by
the circulating level of human growth hormone, insulin,
testosterone, and other anabolic hormones (10, 33, 46,
131). Inasmuch as nutrition may have an impact on the
availability of these substances, it seems reasonable to
believe that specific nutrients may play a role in muscle
development. However, it is also reasonable to believe that
nutrient intake would not influence the body’s production of
these substances if their levels are already normal. In other
words, in the absence of a specific nutrient deficiency it
is difficult to believe that taking more of a nutrient would
alter the production of muscle-building hormones. Again,
more than enough is not better than enough.

Carbohydrate should serve as the primary fuel for power
athletes, but fat is also an important fuel that is available
for moderate- to high-intensity activity of up to 85%
VO
intake has been estimated at 2 g/kg/day, as intakes greater
than this level may interfere with muscle glycogen recovery
and muscle tissue repair through displacement of needed
carbohydrate and protein (31). This level of intake should
suffice for delivery of fat-soluble vitamins, essential fatty
acids, and synthesis of hormones (111). Surveys of power/
strength athletes suggest that fat consumption exceeds
currently recommended levels, and the fat is often high in
saturated fatty acids (132). It has been suggested that the
excessively high intake of fat may be the result of a high
consumption of meat, as these athletes try to consume high
levels of protein (105). It is important to consider that excess
consumption of one energy substrate necessarily results in
an inadequate consumption of another energy substrate
in athletes who are satisfying total energy requirements.

(110). The generally recommended level of fat2max

Nutrition Strategies for
Improving Endurance

Endurance athletes are involved in events with continuous
movement for longer than 20 minutes. Typically, endurance
sports require continuous movement over long distances
or time periods (marathon, cross-country skiing, triathlon,
etc.). Premature fatigue most likely occurs from either de-
hydration or depletion of carbohydrate stores (98). Other
problems experienced by endurance athletes, including
gastrointestinal (GI) distress and hyponatremia, may also
result in performance failure (56). GI distress is most
likely to occur in long-distance races, often the result of
poor adaptation to the consumption of drinks that contain
excessively concentrated electrolytes, energy substrates, or
other substances. Hyponatremia is typically seen in events
lasting longer than 4 hours in athletes who overconsume
fluids with insufficient electrolyte concentrations and,
should the associated edema occur in the brain, could be
life-threatening (77). The endurance athletes goal is to
establish a strategy, practiced in training, for supplying
sufficient fluids and energy of the right types and con-
centrations to sustain muscular work for a long duration.

As defined earlier in this chapter, aerobic metabolism
is the energy system of greatest importance for endurance
athletes, with both fat and glycogen serving as critically
important fuels. In this energy pathway, oxygen is used
to help transfer phosphorus into new ATP molecules.
Unlike anaerobic metabolism, this energy pathway can
use protein, fat, and carbohydrate for fuel by converting
pieces of these energy substrates into a compound called
acetyl coenzyme A (acetyl CoA). Glucose is converted to
pyruvic acid (an anaerobic, energy-releasing process), and
this pyruvic acid can be converted either to acetyl CoA
with the help of oxygen or to an energy storage product
called lactic acid. Of course, if too much lactic acid builds

Building Lean (Muscle) Mass
Building muscle mass has been the tradition for centuries
with power athletes, including for the 6th century Greek
Olympic wrestling champion, Milo of Croton, who was
famous for carrying a growing calf the length of the stadium
each day (progressive resistance exercise), and after 4 years
of carrying it, he ate the calf (excessively high protein intake)
(60, 94). Modern power athletes also investigate strategies
for enhancing muscle mass to improve both strength and
power. There are many techniques employed for increasing
muscle mass, including resistance training, consumption
of more energy (calories), and consuming products (often
illegal) that claim to improve muscle acquisition. Some
strategies work, whereas others do not, so power/strength
athletes should be careful about the strategies that follow.
It may appear that consumption of a substance works to
improve musculature, but often this may be because it
merely fulfills a dietary weakness that could more easily
and less expensively be resolved by following some relatively
simple dietary strategies. Excess protein consumption is
commonly believed to enhance muscle development, but
this strategy may be counterproductive because of the ex-
cess nitrogenous excretion and associated dehydration that
develops. Excess protein consumption has been reported
in a number of surveys, ranging from 1.9 to 4.3 g/kg for
men and 0.8 to 2.8 g/kg for women (50, 107). Assuming
the protein is distributed well throughout the day, there is
some evidence that protein intake levels of up to 2.2 g/kg/day
may be useful in bodybuilding (79). It is well established
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up, the muscle will fatigue and activity will stop (the
problem with doing exclusively anaerobic work). However,
the lactic acid can easily be reconverted to pyruvic acid to
be used as a fuel aerobically Aerobic metabolism occurs
in the mitochondria of cells, where the vast majority of
all ATP is produced from the entering acetyl CoA. Fats
can be converted to acetyl CoA through a process called
the (3-oxidative metabolic pathway This pathway is very
oxygen dependent, which means that fats can only be
burned aerobically

The majority of endurance activity takes place at an
intensity that allows fats to contribute a high proportion
of the fuel for muscular work (Figure 11.2). Because there
is an almost inexhaustible supply of fat in even the leanest
athlete, supplying fats before and during physical activ-
ity is not a concern and would not be a goal. However,
carbohydrate is involved in the complete combustion of
fats, and because the storage capacity for carbohydrates is
relatively low and easily depleted, the goal for endurance
athletes is to find a way to supply enough carbohydrates
to last for the duration of the activity. In prolonged ex-
ercise, approximately half the energy is initially derived
from carbohydrate and half from fat. However, as muscle
glycogen concentration becomes reduced, blood glucose
becomes a more important source of muscle energy. After
2 hours of exercise, or sooner depending on conditioning
and exercise intensity, carbohydrate intake is required to
maintain blood glucose and carbohydrate metabolism
(27). Failure to maintain blood glucose results in mental
fatigue, which results in muscular fatigue even if there is
remaining energy availability in muscles.

An athletes ability to achieve a steady state of oxygen
uptake into the cells is a function of how well an athlete is

aerobically conditioned. An athlete that frequently trains
aerobically is likely to reach a steady state faster than one
who does not train aerobically (108). Well-conditioned
athletes may require 5 minutes before sufficient oxygen is
available to cells for aerobic metabolism to continue at a
steady state. As indicated in Figure 11.3, the first 5 minutes
of activity is supported by a combination of anaerobic and
aerobic metabolism. The ability to quickly achieve a fast
steady state is important because it diminishes the duration
of time spent in acquiring energy anaerobically, which
places a heavy burden on carbohydrate (muscle and liver
glycogen), for which humans have limited storage.

Athletes in aerobic sports are better able to use oxygen
metabolically than power athletes (Table 11.6). However,
because carbohydrate is needed for the complete combustion
of fat, carbohydrate remains the limiting energy source for
endurance work because, relative to fat storage, the storage
of carbohydrate is low. This is clearly demonstrated by find-
ings that athletes consuming a high-fat diet have a maximal
endurance time of 57 minutes; on a normal mixed diet their
endurance rises to 114 minutes; and on a high-carbohydrate
diet, their maximal endurance rises to 167 minutes (82).

Athletes with different levels of conditioning achieve
steady state at different levels of exercise intensity. A
well-conditioned athlete may be capable of maintaining a
steady state at a sufficiently high level of exercise intensity
to win a race. For instance, this athlete can perform at a
very high pace but is still able to provide enough oxygen

A Important Factors to Consider

Carbohydrate Depletion Causes
Activity Cessation in Both Anaerobic
and Aerobic Activities

Other fat sources

Plasma FFA

Plasma glucose

Muscle glycogen

\ 80 -

The primary fuel for anaerobic metabolism is
carbohydrate. Power athletes are involved in
short-duration, high-intensity activity that is
characterized by a high proportion of anaerobic
activity that is carbohydrate dependent. Therefore,
carbohydrate depletion is an inhibition to the
continuation of anaerobic activity.
The primary fuels for aerobic metabolism are fat
and, to a lesser extent, carbohydrate. Endurance
athletes are involved in long-duration aerobic
activity that is both fat and carbohydrate dependent.
Although a smaller proportion of carbohydrate is
used in endurance activity, the activity is longer
than in anaerobic activity. Therefore, carbohydrate
depletion is an inhibition to the continuation of
aerobic activity.
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FIGURE 11.2: Energy utilization changes with duration of exercise.
During 20 minutes of exercise with increasing intensity, the utilization of
carbohydrate and fat changes, with an increasing proportion of muscle
glycogen satisfying total energy requirements of higher intensities.
FFA, free fatty acids. (Reprinted with permission from Van Loon LJC,
Greenhaff PL, Constantin-Teodosiu D, Saris WH, Wagenmakers AJ .
The effects of increasing exercise intensity on muscle fuel utilization
in humans. J Physiol. 2001;536:301.)
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A
Typical Maximal
Oxygen Uptake (mL/kg/
min) of Trained Athletes
in Selected Sports1

ATP/PCr Glycolysis Oxidative Table 11.6

r
* * Males

V02Max
Females
V02Max

* * * * * * * * * Sport/Activity* * * *

68 ± 4.2Cross-country skiing 73.4 + 6.7
Endurance running 69.8 ± 6.3 (No Data)

5 Km running 64.0 ± 4.0 53.2 ± 5.5
40 80 120 160 Cyclists 64.0 ± 5.5 53.5 ± 3.6

Work time (sec)
61.9 ± 9.6 (No Data)Triathlon

FIGURE 11.3: Relative change in energy metabolism during the
initiation of exercise. At the onset of exercise, three energy systems
are used continuously, but the contribution of each system to satisfying
total energy needs changes as the exercise continues. At the initiation
of exercise, the anaerobic PCr system provides the most ATP, following
by anaerobic glycolysis, and then followed by aerobic metabolism.
ATP, adenosine triphosphate; PCr, phosphocreatine. (From Bandy
WD. Therapeutic Exercise for Physical Therapy Assistants. 3rd ed.
Philadelphia (PA): LWW (PE); 2013.)

Soccer 58.3 ± 4.2 (No Data)

Sedentary 51.5 ± 4.40 34.8 ± 5.6
iData for sport specific female athletes provided where available.
Sources: Crisp AH, Verlengia R , Gonsalves Sindorf MA, Germano MD,
de Castro Cesar M, and Lopes CR. Time to exhaustion at VO
in basketball and soccer athletes. Journal of Exercise Physiology 2013 -,
16(2): 82-85.
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velocity2max

to cells to satisfy aerobic requirements. At the London
Olympic Games in the summer of 2012, the winner of
the marathon ran 26.2 miles at a pace of about 4 minutes
50 seconds per mile! This is an extremely fast pace, but the
athlete maintained primarily aerobic metabolism during
the race or would not have been able to complete it if a
higher proportion of energy was derived anaerobically
from carbohydrate. Whatever the athlete’s oxidative ca-
pacity, exceeding that level causes a greater proportion of
the muscular work to rely on anaerobic metabolism, with
an associated increase in the reliance on carbohydrate fuel.
Because there is a limited storage of carbohydrate fuel,
the carbohydrate fuel tank runs out more quickly, and the
person becomes exhausted faster.

Practicing nutrition strategies for the provision of fuel
and fluids makes it easier for the athlete to tolerate the
strategies during competition. Human systems require
time and repetition to adapt to whatever you do, and this
adaptation also affects nutritional strategies.

Energy Demands
It has been estimated that cross-country skiers use -4,000
calories during a 50-km race and may use even more energy
(up to 8,000 calories per day) when in intensive training
(36). The energy consumption in ultramarathon runners
is reported to average 5,530 kcal/day, with average hourly
energy expenditures that exceed 333 kcal/day (108). It
has been estimated that a 25-year-old female marathoner
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weighing 125 lb and running 10 miles at a 6-minute-per-mile
pace in the morning and 8 miles of interval training in the
afternoon would require 3,000 calories for the activity,
plus 1,331 calories to cover the needs of “ resting energy
expenditure,” for a total daily energy requirement of more
than 4,300 kcal (73). (Resting energy expenditure represents
the energy needed to maintain the lean mass and to carry
on normal body functions when the body is at rest.) A
consistent failure to supply sufficient energy to satisfy both
the needs of exercise and resting energy expenditure results
in the loss of weight and muscle (80).

kilogram of body weight each day. For a 150 lb athlete, this
level of intake amounts to 600 g (2,400 calories) of daily
carbohydrate consumption. Expressed as a percent of total
calories, this recommendation suggests that -60% of total
calories should be derived from carbohydrate (24).

During competition, the concentration of carbohydrate
is an important consideration to avoid GI distress. It has
been found that a 5.5% (13 g of carbohydrate per 8 oz of
fluid) carbohydrate solution produced almost no GI dis-
tress, which was similar to the lack of gastric distress with
the consumption of plain water. However, a concentration
slightly greater than this level (6.9% carbohydrate, or 16 g
of carbohydrate per 8 oz of fluid) appeared to double the
incidence of GI distress when athletes were asked to per-

form the same exercise (129). This finding suggests that
endurance athletes should consume appropriate amounts
of carbohydrate early in the event with continued regular
consumption to obtain the needed amount without inducing
GI distress.There were similar results in a study of marathon
running performance, which found on three separate tests
that consumption of a 5.5% carbohydrate solution produced
superior performance results than a 6.9% carbohydrate
solution (122). Therefore, the classic nutritional paradigm
of more than enough is not better than enough appears to be
true. Although athletes have a high requirement for carbo-

hydrate, providing excessive amounts too quickly creates
difficulties that may detract from performance.

The composition of the carbohydrate provided may
also influence endurance performance and GI distress. A
study comparing 6% carbohydrate solutions containing a
combination of glucose, fructose, and sucrose or fructose
alone during 105 minutes of cycling exercise found that
the fructose-only beverage resulted in a greater frequency
of GI distress, a more significant drop in blood volume,
a higher increase in cortisol, angiotensin-I, and adreno-

corticotropic hormone (all of which are considered stress
hormones), and reduced exercise performance (29). It is
generally recommended that for events lasting longer than
2.5 hours, relatively large amounts (up to 90 g/hour) of
mixed source carbohydrates ( i.e.,combinations of glucose,
sucrose, maltodextrin) should be consumed during physical
activity to avoid glycogen depletion (56, 118). For endur-
ance events of between 1 and 2.5 hours, the recommended
carbohydrate intake is between 30 and 60 g/hour (118).

Resynthesis of glycogen following activity is also im-
portant, because glycogen reserves are severely depleted
following activity lasting 1 hour or longer. The efficiency of
glycogen resynthesis is dependent on several factors (25):

the timing of the carbohydrate intake,
the amount of carbohydrate consumed,

Fluid Recommendations
As athletes exercise, there is an inevitable loss of body water
through sweat. This cooling system, plus the normal urinary
water loss, may amount to over 10 L (about 11 quarts) of
daily water loss when exercising in a warm environment
(2). In a hot and humid environment, water losses may
exceed 3 L/hour but may be less than 0.5 L/hour in cool
and dry environments (97). Despite the high rates of sweat
losses experienced by athletes, most athletes replace only
50% of the water that is lost, a behavior that inevitably leads
to progressive dehydration and a decline in performance
(48, 89). Research has clearly demonstrated that even a
slight dehydration (2% of body weight) causes a measur-
able decrease in athletic performance (3, 127). Therefore,
when athletes take steps to satisfy fluid requirements, they
are helping to guarantee optimal athletic performance (see
Chapter 7, “ Hydration Issues in Athletic Performance” ).

Carbohydrate Recommendations
Because carbohydrate storage is relatively low when com-
pared with fat stores, athletes must make a conscious effort
to replace carbohydrate at every opportunity. Having high
levels of stored carbohydrate (glycogen) and consuming
carbohydrate during activities that last 1 hour or more are
well-established techniques for optimizing athletic endur-
ance. It is well documented that consuming carbohydrate
during activity helps to maintain blood sugar (glucose) and
insulin, which encourages sugar uptake by working muscles
(67). An example can be seen in the 100 km ultramarathon
world champion winner, who ran for -6.5 hours. It was
necessary for him to consume -58 g of carbohydrate/hour
during the race to avoid glycogen depletion (108). It was
found that endurance cyclists who consumed a carbohy-

drate-containing beverage during the exercise were able to
exercise an additional hour when compared with cyclists
who consumed only water (27). Athletes are encouraged
to consume -9-10 g (35-40 calories) of carbohydrate per
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the type of carbohydrate consumed, and
the degree to which muscle has been damaged during the
exercise (damaged muscle is slower to resynthesize
glycogen than healthy muscle).

Foods containing carbohydrates that enter the blood
quickly ( i.e., high glycemic index foods) are better able to
resynthesize liver and muscle glycogen than foods low on
the glycemic index scale, especially when consumed im-
mediately following exercise. The general recommendation
is to consume-200 calories of carbohydrate every 2 hours
following exercise, with the first 200 calories being provided
as soon after exercise as possible (26).

for B-vitamins from the foods they consume (92). Despite
this, many endurance athletes take vitamin supplements,
but these supplements fail to provide any performance
benefit. In addition, the excess niacin consumption resulted
in the inhibition of fat metabolism with greater reliance on
glycogen, resulting in premature fatigue (74). Endurance
athletes should consider performing a cost-benefit analysis
to determine if the money spent on supplements might be
better spent on good-quality foods (118).

Minerals
Ensuring optimal iron status is critically important for
endurance performance, which relies heavily on aerobic
metabolism (32). Given the importance of iron status in
endurance activity, and because iron deficiency is the most
common nutrient deficiency in both athletes and nonathletes,
endurance athletes should give serious consideration to
having iron status (hemoglobin, serum ferritin, hematocrit)
assessed at regular yearly intervals. Vegetarian athletes are
at higher risk of iron, zinc, and calcium deficiencies, all of
which are important for aerobic metabolism and/or athlete
health (118). As such, it may be even more important for
vegetarian athletes to have regular, objective measures of
these nutrients. Should an examination of the blood and/
or bone density suggest a nutritional weakness, a medical
professional can then prescribe an appropriate strategy,
which may include supplementation, to the athlete.

Endurance athletes should be cautious about excess
nutrient consumption. It was found that men who supple-
mented with an oral dose of 1 g (1,000 mg) of vitamin C
per day experienced a significant reduction in endurance
capacity, perhaps by preventing key cellular adaptations to
exercise that would allow for training improvements (42).
On the other hand, getting enough of each nutrient and
enough energy is critical to both performance and health.
It is clear that restrained eating patterns in elite female
endurance runners is the single biggest factor in low bone
mass, and that the longer the caloric restriction, the greater
the problems associated with recovery of muscle mass and
glucose tolerance (6, 7, 38). So, although more than enough
is not better than enough, it is still important to get enough.
Many endurance athletes fail to consume sufficient nutri-
ents and/or energy to get the most out of their training and
reduce injury risk. Studies of athletes participating in the
Ironman® triathlon, simulated adventure races, and other
ultraendurance cycling events all have found significant
nutritional weaknesses in participating athletes (6, 135).
Ideally, these athletes should obtain all of the needed nutri-
ents through the appropriate consumption of food. Failing
that, however, taking low-dose supplements of targeted
nutrients that are known to be inadequate through medical
tests is a reasonable option. The clear message is food first.

Protein Recommendations
Although power/speed athletes, on average, consume more
protein, it appears that endurance athletes actually require
slightly more protein than power athletes (20, 93). The estimated
requirement for endurance athletes is approximately double
the level recommended for nonathletes (1.5 vs. 0.8 g/kg) (26).
With the exception of vegetarians, most endurance athletes
appear to consume this level of protein from food alone (94,
114). A summary of protein intakes suggests an average intake
of 1.8 g/kg for both male and female endurance runners (109).
High levels of protein consumption are common for athletes,
but there is concern that chronic excess protein consumption
may result in progressive renal damage (1). There is also
concern that excess protein intakes may compromise bone
mineral density, placing the athlete at higher risk of fracture
(37). In addition, excess protein may also increase dehydra-
tion risk (35). Regardless of the athletic endeavor, therefore,
athletes should be cautious about getting sufficient protein
to satisfy needs and to consume the protein in a pattern that
optimizes utilization, but should also be careful that they do
not consume levels of protein that far exceed requirements.

Fat Recommendations
High-fat diets are periodically recycled in the literature as being
performance enhancing, but there are clear data to suggest that
improving fat metabolism occurs best with high-carbohydrate
diets in endurance athletes. Therefore, endurance athletes should
consume fats at levels that enable satisfaction of total energy
requirements when consuming relatively high-carbohydrate
and moderate protein diets (118, 126).

Vitamin Recommendations
The B-vitamins (thiamin, riboflavin, and niacin) are par-
ticularly important for endurance activities, but endurance
athletes with carbohydrate intakes that satisfy needs (-60%
of total calories) are virtually ensured of satisfying the need
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Building Energy and Fluid Reserves to
Support Endurance Activities
In virtually every study that has examined athletes with high
glycogen reserves versus those with lower reserves, those
with higher reserves consistently perform better. Endurance
athletes who begin competition with more stored carbohy-
drate (glycogen) have more glycogen available at the end of
the competition. This difference alone may be enough to
determine the winner (108). In addition, endurance athletes
who initiate exercise in a better hydrated state perform better
than those who are less well hydrated (98, 118). Achieving
an optimal carbohydrate and fluid intake does not happen,
however, without careful planning for what to consume
before, during, and after practice and/or competition.

impossible to achieve a well-hydrated state during exercise
if the athlete initiates exercise already poorly hydrated.
Consumption of sports beverages prior to exercise is use-

ful because they provide several things that athletes most
require: carbohydrates, fluids, and electrolytes:

the fluid consumed should be flavored and sweetened
to encourage fluid intake,
to help maintain training intensity, the fluid should
contain carbohydrate, and
to stimulate rapid and complete rehydration, the bev-

erage should contain sodium chloride (salt).

Glycogen Stores
Optimizing glycogen stores can typically occur within
24 hours of training, with consumption of high levels of
carbohydrate and cessation of any activity that may be gly-
cogen depleting (15). For ultraendurance events, athletes
can maximize glycogen storage through consumption of
high levels of carbohydrate for 4-5 days, during which
glycogen-depleting exercise is diminished (14). During
the period immediately preceding training or competition,
athletes can continue to ensure that liver and muscle gly-
cogen remain high through consumption of well-tolerated
carbohydrates and beverages at a level of 1-4 g/kg. Ideally,
these foods should be relatively low in fiber and fats, and
moderate in protein to enable gastric emptying (15, 90).
(Athletes do best if they initiate exercise with no solids in
the stomach.) Carbohydrate-containing liquids consumed
prior to exercise may also be useful for athletes who are
predisposed to GI distress prior to competition (118).
Consuming a small amount of protein, coupled with
carbohydrate and fluids, prior to exercise may be useful
for synthesizing glycogen and for stimulating muscle pro-
tein synthesis (119). However, current studies are mixed
regarding whether protein consumed prior to exercise
improves endurance performance (123). Consumption of
fat is important to ensure adequate energy consumption,
typically with a recommended range of 20%-35% of total
energy consumed. However, consumption of fat prior to
physical activity may delay gastric emptying, thereby lim-
iting the consumption of adequate levels of carbohydrates
and fluids, and increasing the risk of GI distress. There
are relatively new claims that restricting carbohydrate and
replacing carbohydrate with fat is performance enhancing.
However, there is no evidence that this high-fat dietary
strategy is supported by scientific studies (118).

Before Training and/or Competition
Consumption of between 800 and 1,200 kcal of carbohydrate
for the 24 hours prior to exercise results in improved per-

formance (22, 101). Current recommendations encourage
additional carbohydrate intake (1-4 g/kg) in the period
immediately prior to exercise to ensure sustained glycogen
availability (118). Ideally, the foods consumed prior to train-
ing or competition should be familiar foods that are known
to be well tolerated. New foods, gels, or sports beverages
consumed prior to a competition have the potential to create
unexpected GI distress that inhibits performance at a high
level. Ideally, the athlete should practice what they intend to do
during competition during training to ensure the body is well
adapted to both the type of food/beverage and the amounts
that are likely to be consumed. Competition is not the best
time for athletes to experiment with any nutrition strategy.

Hydration
Ensuring that the endurance athlete achieves a well-hydrated
state prior to exercise is important, as any level of underhy-
dration may have a negative impact on performance (103).
The current recommendation is consumption of 5-10 mL/kg
during the 2-4 hours before exercise initiation (98).
Ideally, the athlete should strive to achieve urine that is
light, pale yellow in color, as darker urine color is a sign of
underhydration (44). In the past, endurance athletes tried
consuming high-sodium foods and beverages to enhance
fluid retention, and some consumed glycerol (glycerine) as
a means of enlarging the blood volume. Although glycerine
consumption has been found to be successful, the use of
glycerol and other substances that can be used to superhydrate
is specifically banned by the World Anti-Doping Agency,
making this strategy one that should not be followed (70).

Fluid loss during physical activity exceeds the rate that
fluids can be consumed and absorbed. Therefore, it is

During Training and/or Competition
In events such as 10-km races and marathons, where fluids
are available at regular intervals, the athlete should take full
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advantage of each fluid station and consume fluids. Because
water is constantly being lost, frequent and regular consump-
tion of fluids helps to maintain the body’s water level. Because
most athletes consume less water than they need, techniques
for ensuring hydration during activity have been studied.
The following recommendations have been suggested (12):

Make certain that fluid is always nearby, because acces-
sibility helps to ensure better fluid intake.
All athletes should have their own bottle from which
to drink, and this bottle should be with them whenever
they exercise or are at a competition.
Coaches should design practices that enable athletes
to drink frequently.
The coaching staff should be aware of those athletes
with high sweat rates to make certain they consume
more fluids than those with lower sweat rates.
Help athletes learn to drink frequently by considering
this to be part of the training regimen.

To understand how much fluid an athlete needs to
consume during practice and competition, a log should
be maintained with the amount of fluid consumed and the
beginning and ending weight of the athletes. If an athlete
consumes 32 oz during practice and weighs 2 lb less at the
end of practice than at the beginning, this athlete should
learn to consume an additional 32 oz of fluid during the
practice (1 lb = 16 oz of fluid). Consumption of fluids that
contain carbohydrates is important during exercise, and
properly designed sports beverages can aid in providing
both fluids and carbohydrates quickly. The ideal sports
beverage should have the following characteristics:

Cool beverages are tolerated best.
A carbohydrate solution of between 6% and 7% delivers both
the carbohydrate and the fluid quickly. A higher carbohydrate
concentration slows delivery to the muscles by delaying
gastric emptying and may increase the risk of gut upset.
A small amount of sodium helps drive the desire to
drink, and in so doing helps to ensure that the athlete
stays better hydrated. Sodium may also aid in getting
the water and carbohydrate absorbed more quickly and
help to maintain blood volume. Maintenance of blood
volume is an important predictor of athletic performance.
There is some evidence that hyponatremia (low blood
sodium), which results from large losses of sodium in
sweat that goes unreplaced, occurs in endurance and
ultraendurance events (34). This is a rare but serious
condition that may result in seizures, coma, or death.
The beverage should taste good to the athlete. The taste
sensation maybe altered during exercise, so there is no
guarantee that a fluid you enjoy drinking at dinner will
taste good to you while exercising. Make sure an athlete

tries different flavors during exercise to determine what
is best liked.
The carbohydrate should be from a combination of
glucose and sucrose. Beverages containing predomi-
nantly fructose increase the risk of creating gut upset.
Noncarbonated sports drinks are preferred over car-
bonated drinks during endurance exercise.

Consumption of carbohydrates in both solid and
liquid forms results in the same performance outcomes,
so athletes in some sports may choose to consume car-

bohydrate foods rather than carbohydrate beverages
(65). Cyclists who go long distances, for instance, often
consume bananas and carbohydrate gels to support their
carbohydrate requirement. It appears as if the consumption
of 45-75 g of carbohydrate per hour (180-300 calories
from carbohydrate per hour) helps to improve athletic
performance (102). This amount of carbohydrate can be
found in approximately one quart of sports beverage with
a 6% carbohydrate concentration.

After Training and/or Competition
Although you may think you have done everything you
need to do once your exercise is over — except shower —
it is clear that drinking more fluids and consuming more
carbohydrates after the exercise or competition is important.
Doing this will help you replenish your glycogen stores and
get you ready for the next day of exercise. The best glycogen
replenishment occurs if you consume high glycemic index
carbohydrates immediately following exercise and continue
consuming carbohydrates (via snacks) until the next meal
(26). Dietary protein plays a role. There is increasing evi-
dence strongly suggesting that skeletal muscle breakdown
increases with endurance training and/or with a single
endurance exercise bout. Athletes who consume foods
immediately following endurance activity have a favorable
synthesis of skeletal muscle protein (92).The postendurance
activity period is critically important for athletes, making
it a time for serious planning. Carbohydrate should be
consumed during this postexercise period at a rate of 1.2 g
of carbohydrate per kilogram of body weight per hour (1.2
g/kg/hour) over several hours, and mixing this with some
high-quality protein appears to be useful from an exercise
recovery standpoint (115). There is also a good deal of
beginning evidence to suggest that the amount and timing
of protein is important from a tissue utilization standpoint.

General Daily Considerations
The before-, during-, and after-exercise periods are meant
to provide carbohydrates and fluids to support the activity,
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but what you do the rest of the time helps to ensure that the
before-, during-, and after-exercise strategies actually work.
Obviously, the consumption of carbohydrates and fluids
during these periods does not provide all the nutrients and
minerals an athlete needs to support health and activity For
this reason, it is imperative that what you eat the rest of the
time provides a balance of nutrients that can keep you healthy
It is very true that healthy athletes are better athletes. A good
basic strategy to follow is to encourage the consumption of a
wide variety of foods that are high in complex carbohydrates,
moderate in protein, and low in fats and sugars. This type
of food distribution is perfect for athletes and will help to
ensure that all necessary nutrients are consumed.

There is nothing an athlete can do just before competition
to correct a nutrient deficiency and help performance. If
your intake of iron is consistently low, and you develop iron
deficiency anemia, it could take 6 months on a good diet and
iron supplements to bring your iron level up to a point where
performance will not be negatively affected. If you have a
nutrient deficiency, doing everything right before, during,
and after exercise still will not have you performing up to
your conditioned ability. So eat well and eat wisely when
you have the chance and, of course, drink plenty of fluids.

endurance characteristics that were described earlier in
this chapter. Different team sports have different meta-
bolic requirements. For instance, American football has
a greater emphasis on power than soccer (54). Despite
these differences, the major characteristic of team sports
is that there are periods of relatively low-intensity activity
that are interrupted with bursts of high-intensity activity,
and this intermittent activity influences nutritional re-
quirements (40, 53). The high-intensity bursts of activity,
which are dependent on the phosphagen and anaerobic
glycolysis systems, place high importance on carbohydrate
availability, and the lower-intensity aerobic activity places
high importance of carbohydrate and fat availability (16).
It makes perfect sense, therefore, that studies have found
clear performance benefits from consumption of carbohy-
drate in intermittent sprint activities, such as those seen in
football or basketball (11, 64).

Despite the importance of carbohydrate consumption
in intermittent-intensity activities, surveys of team sport
athletes suggest carbohydrate intake that, on average, are
below the recommended level for carbohydrate of 6-10
g/day, with average intakes of both male and female team
sport athletes consuming less than 6 g/day (54). Of con-
cern is that the expenditure of energy and carbohydrate on
competition days is higher than on training days, yet team
sport athletes consume less on these competition days than
on training days (16).

Other Nutritional Recommendations
There are several rules of nutrition that apply here. Among
them is the idea of the need to consume a wide variety
of foods to ensure that the body is exposed to all of the
essential nutrients. On the backside of this rule, there is
another benefit. By consuming a wide variety of foods,
athletes can avoid being exposed to any potentially toxic
substances that are more prevalent in some foods. There-
fore, eating a wide variety of foods is a good nutritional
rule to live by. Another rule is the idea that it is possible
to eat too much of something, even if it is believed to be a
“good” food. Learning to balance your diet through variety
will help ensure your body of both proper maintenance and
adequate nutrient intake.

fjl Combination Aerobic/Anaerobic Sports
Include sports that have a heavy reliance on both
aerobic and anaerobic metabolic processes and are
typically sports that involve intermittent activity that varies
from slower movement to sprinting. Examples include
basketball, hockey, field-hockey, and soccer.

Before Training and/or Competition
It is generally recommended that the preexercise or
precompetition meal be constituted heavily of starchy,
easy-to-digest, high-carbohydrate foods, and consumed
~3 hours before exercise. Consumption of ample fluids
with meals and during the period between the meal
and the exercise session or competition is also import-

ant (13). It has been reported that teams prefer to add
low-fat protein sources to provide more satiety, but
high-fiber foods should not be consumed prior to an
event to avoid GI distress. It is also recommended that
high-fat foods also be limited to avoid delays in gastric
emptying (128). Food consumption patterns in team
sport players typically occur 2-4 hours prior to training
and/or competition (128).

•Nutrition Strategies for
Combined Power/Endurance
Sports

Most team sports (basketball, volleyball, soccer, etc.) have
combinations of higher- and lower-intensity activities
(combination aerobic/anaerobic sports) , making them
different from purely power activities, such as gymnas-

tics, or purely endurance activities, such as the marathon.
Therefore, team athletes must possess both power and

A.Nazari



ACSM’s Nutrition for Exercise Science •www.acsm.org308

Summary
During Training and/or Competition
Consumption of carbohydrate is also important in team
sports. Compared with the results of a trial when a placebo
(water) was consumed, subjects performed seven additional
1-minute cycling sprints at 120% — 130% of V02max when
they consumed a 6% carbohydrate-electrolyte beverage.
This is equivalent to making a dramatic improvement in
sprint capability during the last 5-10 minutes of a basketball
game (104). A similar study found that sports drinks ( z.e.,
carbohydrate-electrolyte beverages) can help maintain
high-intensity efforts that consist of intermittent sprinting,
running, and jogging (76). The general recommendation
is to consume carbohydrate-electrolyte sports beverages
at every opportunity the game permits and to take par-
ticular advantage of half-time to consume carbohydrate
and fluids (54).

Strategies that might be useful for achieving both enhanced
hydration and improved maintenance of system carbohy-

drate in different sports are as follows:

Power/Speed Sports

Power and speed sports require a high muscle-to-weight
ratio. A critically important strategy for achieving
greater muscle mass is to stop doing things that decrease
muscle mass.
A dietary factor that is associated with a reduced muscle
synthesis and loss of muscle is achievement of frequent
relative energy deficiency, making avoidance of relative
energy deficiency a key component of success in power
and speed sports. In addition, relative energy deficiency
is also associated with lower glycogen stores (71).
Energyavailability of-45 kcal/kg fat-free mass (FFM)/day is
associated with energy balance, whereas levels below 30 kcal/
kg FFM/day are associated with impaired bodyfunctions.
It is also important for the athlete to consume an ap-
propriate level of protein to support lean body mass
(typically ~1.7 g/kg/day) and to consume this protein
in an evenly distributed pattern during the day (118).
Ideally, this protein should be consumed when the
athlete is not in a severe relative energy deficiency to
help ensure the protein is utilized anabolically to build/
repair tissue, rather than used to satisfy the energy
requirement. (Humans have energy-first systems.)
Following practice/activity, power and speed athletes
should consume -10 g of high-quality protein with
carbohydrate and fluids in the early recovery phase
(0-2 hours postexercise) to stimulate muscle protein
synthesis and help recover used glycogen (83). Because
anaerobic glycolysis is an important metabolic pathway
for power/speed athletes, they should plan on consuming
plenty of carbohydrate (typically -10 g/kg/day) that is
evenly distributed throughout the day (118).

After Training and/or Competition
Postexercise or postcompetition is a time to support muscle
recovery through appropriate nutritional strategies. Ideally,
athletes should immediately consume high-carbohydrate
foods/drinks that also contain protein. This strategy
enables better glycogen and protein synthesis (8, 95).
Fluid consumption for rehydration and replenishment
of depleted glycogen stores should provide -24 oz/lb
of body weight (1.5 F/kg of body weight) that was lost
during the activity (118). Because the enzyme involved
in synthesizing glycogen (glycogen synthetase) reaches
its peak immediately following physical activity, muscle
glycogen stores are efficiently replaced if the athlete con-

sumes carbohydrate immediately following the activity.
For the 2 hours immediately following activity, consume
high glycemic index foods ( /.£., foods high in natural
sugars or foods that are quickly and easily digested into
sugars) (92). The goal is to consume at least 50 g (200
calories) of carbohydrate every hour until the next meal
time. In general, strive to consume -4 g of carbohydrate
per pound of body weight during the 24 hours following
exercise or competition.

The two keys to these guidelines are fluids and carbo-
hydrates in the context of a generally varied diet. Athletes
should find ways to consume both fluids and carbohydrates
at, literally, every opportunity. Recent findings tend to
contradict the traditional and commonly followed belief
that carbohydrate-containing beverages are useful only
for endurance (aerobic) activities that last longer than
60 minutes. The best predictors of athletic performance
are maintenance of blood volume and maintenance of
glycogen/glucose.

Endurance Sports

In general, endurance athletes should focus on the
consumption of diets that are relatively high in carbohy-
drate before, during, and after exercise, as the limiting
energy substrate in endurance events is glycogen (56).
They should also develop strategies that sustain blood
volume to ensure maintenance of sweat rates, delivery of
nutrients to working muscles, and removal of metabolic
by-products from working muscle.
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Fats, blood, and tissues are the source of most energy
for endurance (aerobic) activities, and the storage
capacity for fat is relatively high for even lean athletes.
The storage capacity for carbohydrates, however, is
limited. Because fats require some carbohydrate to be
completely burned, the limited storage capacity for
carbohydrate can limit the body’s ability to burn fat
during exercise. To overcome this limitation, athletes
should be constantly vigilant to keep body stores of
carbohydrate at maximal levels before activity begins
and should replace carbohydrate during activity through
whatever means are available (125).
Ideally, athletes should attempt to replace carbohydrate
at a rate that is dynamically linked to the proportion of
time spent in more intense exercise, as higher intensity
will more quickly deplete glycogen stores.
The best carbohydrates are composed of more than a
single carbohydrate molecular type to optimize car-
bohydrate receptors. As an example, a carbohydrate
beverage containing sucrose and free glucose is superior
to one containing only glucose (121).
Failure to supply sufficient carbohydrate before and
during endurance activity will significantly reduce
athletic performance. Recovery of depleted glycogen
requires a relatively high consumption of carbohy-

drate. Ideally, endurance athletes should consume a
mix of protein, carbohydrate, and fluids immediately

postexercise, followed by relatively high carbohydrate
and moderate protein consumption at other times (9).

Team Sports

Studies assessing sports that require a combination of
power and endurance have found that carbohydrate
consumption is useful in enhancing performance even
if the activity lasts less than 1 hour (5, 130). This is an
important finding, because the traditional thought has
been that water is an appropriate hydration beverage
for activities lasting less than 1 hour, but that carbo-
hydrate-containing sports beverages are important to
consume for activities lasting longer than 1 hour. It
appears that even in these shorter intermittent-intensity
activities, carbohydrate consumption as part of a sports
beverage is performance enhancing.
Because many of these sports (basketball, soccer, tennis)
place an enormous caloric drain on the system, athletes
should develop eating strategies ( i.e., eating enough)
that encourage maintenance of muscle mass during
long and arduous seasons (78). Team sports often have
natural breaks in the event, including half-time. These
are opportunities for athletes to replenish carbohydrate
and fluids that should be taken advantage of (72).

Chapter Questions
Practical Application Activity
Using the procedure provided in Chapter 8 for predicting
the energy cost of activity, do the following:

1. Ask an endurance athlete what a nontraining day
looks like in terms of foods consumed and activity
and analyze the energy cost of this day.

2. Then ask an endurance athlete what his or her
typical training schedule is, including the number
of hours and the typical intensity during each hour
that the athlete is training, and analyze the energy
cost of this day.

3. Determine if the food consumed satisfies energy
needs for both the training and nontraining day. If
not, try adding or subtracting foods and beverages
to/from each day to see what it would take to satisfy
energy needs.

4. Repeat steps 1 through 3, but now for a power athlete.

It should become quickly clear that even though a
power athlete may spend less time in training, the
higher intensity of training quickly increases energy
needs.

1. Commercially available athlete performance gels are
different in the following ways:
a. Serving size, energy density (kcal/g), total energy

(kcal), total carbohydrate, free sugars, and osmo-

lality (mmol/kg)
b. Service size, energy density (kcal/g), and osmolality

(mmol/kg)
c. Serving size and osmolality (mmol/kg)
d. Flavor

2. Although all energy systems are functioning during
power activities, the predominant energy systems
are anaerobic
a. True
b. False

3. There is convincing evidence that high consumption of
amino acid supplements in addition to a well-balanced
diet improves power activities and bodybuilding by:
a. Enhancing fast enlargement of skeletal muscle mass
b. Improving reaction time
c. Improving creatine synthesis
d. All the above
e. None of the above
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4. The nutritional needs of power athletes are so high
that it is nearly impossible to obtain all of the needed
nutrients from food alone.
a. True
b. False

5. C
6. C
7. B
8. B
9. B

5. The fastest 100-m sprinters use the greatest amount
during the first 80 m of the sprint.

10. B
of
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d. Triglyceride
6. Air resistance accounts for ~

expended to run 100 m in -10 seconds:
a. 5
b. 12
c. 16
d. 21

7. The typical male endurance athlete eating patterns
suggest:
a. Overconsumption of carbohydrate and undercon-

sumption of protein
b. Underconsumption of carbohydrate and overcon-

sumption of fat
c. Overconsumption of both carbohydrate and protein
d. Underconsumption of both protein and carbohydrate

8. The optimal tissue temperature range for muscular
enzymes to metabolize energy is
a. -98.6
b. -102.2
c. -100.5
d. -104.0

9. The recommended hourly intake of carbohydrate
during prolonged endurance activity is:
a. 10-20 g/hour
b. 30-60 g/hour
c. 60-90 g/hour
d. 90-111 g/hour

10. The recommended hourly intake of carbohydrate
during “stop and go” activity (e.g., soccer, basketball) is:
a. 10-20 g/hour
b. 30-60 g/hour
c. 60-90 g/hour
d. 90-111 g/hour

% of total energy

°F.

Answers to Chapter Questions

1. A
2. A
3. E
4. B
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CHAPTER OBJECTIVES
Determine the factors that are necessary to suc-

cessfully build muscle mass.
Identify the nutritionally relevant factors for spe-
cific power sports.
Recognize the nutritionally relevant factors for
specific endurance sports.
Explain how athletes involved in different sports
require different eating plans to satisfy their en-

ergy requirements.

Discuss energy metabolic systems and how differ-
ent energy demands of different sports use each
of these systems.
Identify the different muscle fiber types, how they
are different, and how different sports emphasize
the usage of different types.
Recognize anabolic and catabolic hormones and
how these are used in normal metabolic reactions.
Demonstrate an understanding of different energy
stores in humans and how athletes utilize these
stores in different types of physical activity.

Case Study

Joanne was a bright, straight A 15-year-old high school
swimmer who was showing a great deal of promise. Her
high school coach suggested to her parents that Joanne
join a local (nonschool) swim club to help her excel. They
and Joanne agreed to give it a try. The first swim practice
would take place at 5:30 AM before school, followed by a
quick drive home for some food and a quick change, and
then off to school to be there from 8:30 AM to 3:00 PM. That
would be followed by school team swim practice that ended
at 5:00 PM, then a quick drive to the swim club for final
practice from 6:00 PM to 7:00 PM, and a 10 minute drive
home. Dinner was at 7:30 PM, homework until 10:00 PM, and
repeat 5 days/week. On weekends, Saturday practice was
from 10 AM to 2:00 PM, and there was no Sunday practice.
Sounds tough, but Joanne loved it! She loved her coaches,
and she was making some great swimming buddies at the
local swim club — girls from other schools that she would
not have met were it not for the club. After several weeks,
Joanne was clearly beginning to drag and, to make matters
worse, her algebra grade went from an A+ to a C. When

her parents got the report card, they did not say anything
because they were sure it was because of Joanne’s new
algebra teacher and not Joanne. Without saying anything
to Joanne, her dad went to the school at about 10 AM to talk
to the principal about the new algebra teacher. This was the
same time that Joanne was taking her algebra class, and
when he entered the school and walked toward the principal’s
office, he walked past Joanne’s classroom. He looked in the
window and saw something he could not believe. Joanne was
sitting at her desk with her head bobbing from exhaustion
while her algebra teacher was lecturing. Joanne was trying
hard to keep her eyes open, but just could not do it. That
moment struck Joanne's dad hard, as he realized clearly
what had happened. Joanne was doing triple the physical
activity she was doing before, depleting her carbohydrate
stores, but her eating pattern had not changed to ensure
adequate glycogen recovery and stable blood sugar (important
for brain function). She was still trying to satisfy all of her
needs with breakfast, lunch, and dinner, and it was clear
now that this strategy was not working.

(continued )
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So, Joanne’s dad continued on to the principal’s office,
but now with an entirely new discussion focus: He wanted
to ask the principal if Joanne could bring some snacks
to school with her that she could eat mid-morning and
before her school swim practice. The principal understood
completely and to her credit agreed that the snacks were
a good idea. Joanne would just have to find a way to eat
the snacks between classes so as not to disturb the other
students/teachers. Joanne started having the snacks and
in just a week her entire demeanor went from exhausted to
enthusiastically energetic. To make matters even better, her
10-week report card returned to straight A’s again, including
in algebra. The human fuel tank can only receive so much
energy at a time, particularly for carbohydrate, and if you let
it get to empty and stay there, bad things happen.

b. Obtain an estimate of your average hourly
energy expenditure using the following MET
value scale with this as an example: If you slept
from midnight to 6 AM (6 hours) , each of these
hours would represent your predicted REE. If
you did an average of very light activity from
6 AM to 7 AM, this hour would represent your
REE x 2. Follow this procedure for each hour
of the day.

Factor Descriptions (157)
1 Resting, reclining: Sleeping, reclining, relaxing
1.5 Rest +: Normal, average sitting, standing

daytime activity
2.0 Very light: More movement, mainly with upper

body; equivalent to tying shoes, typing, brushing
teeth

2.5 Very light +: Working harder than 2.0
3.0 Light: Movement with upper and lower body;

equivalent to household chores
3.5 Light +: Working harder than 3.0; heart rate

faster, but can do this all day without difficulty
4.0 Moderate: Walking briskly, etc.; heart rate

faster, sweating lightly, etc., but comfortable
4.5 Moderate +: Working harder than 4.0; heart

rate noticeably faster, breathing faster
5.0 Vigorous: Breathing clearly faster and deeper,

heart rate faster, must take occasional deep
breaths during sentence to carry on conversation

5.5 Vigorous +: Working harder than 5.0; breathing
noticeably faster and deeper and must breathe
deeply more often to carry on conversation

6.0 Heavy: You can still talk, but breathing is so
hard and deep you would prefer not to; sweating
profusely; heart rate very high

6.5 Heavy +: Working harder than 6.0; you can
barely talk but would prefer not to. This is about
as hard as you can go, but not for long

7.0 Exhaustive: Cannot continue this intensity
long, as you are on the verge of collapse and are
gasping for air. Heart rate is pounding

For those periods of the day with wide shifts in energy
balance that exceed ±400 calories, add foods and
beverages at different times of the day to see what
it would take to correct the severe energy balance
deficits and surpluses (74, 216).
If you have control over your eating pattern and
food/beverage availability, try eating in the corrected
food pattern to see how you feel.

CASE STUDY DISCUSSION
QUESTIONS
Maintaining a reasonably good energy balance (energy
availability) of a good distribution of macronutrients throughout
the day is important for ensuring maintenance of normal
blood sugar and carbohydrate stores. Failure to sustain
normal blood sugar results in gluconeogenesis, often with
muscle tissue catabolized to provide the liver with amino
acids that can be converted to glucose, resulting in improved
attention and lower mental fatigue. Mental fatigue can result
in muscular fatigue, even if the muscles have adequate
energy to continue functioning (72, 141).

1. Create a spreadsheet to assess your hourly energy
balance for each hour of the day, by predicting the
energy expended for each hour and by assessing
the energy intake of the foods and beverages you
consume each hour of the day (follow the procedure
described in earlier chapters). Carry over the ending
energy balance of each hour to begin the energy
balance of the next hour. To do this, you will need
the following:

a . Obtain an estimate of your basal (resting)
energy expenditure (REE) for 24 hours, divided
by 24 so you have hourly energy expenditure.
Use the Harris-Benedict equation revised by
Mifflin etal. (150):

Male REE = (10 x weight in kg) +
(6.25 x height in cm) - (5 x age in years)

2.

+ 5
Female REE = (10 x weight in kg) +
(6.25 x height in cm) - (5 x age in years)
- 161

3.
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:: go faster ( i.e., when passing a competitor) when necessary
(Table 15.1). This chapter reviews the specific nutritional
requirements for each type of activity, includes a practical
guide on the basic elements of assessing athlete readiness,
and provides sport-specific nutritional issues that should
be considered.

Introduction

Specific sporting activities place different demands on en-
ergy/metabolic systems. Power and speed activities typically
require that the athlete have the explosive capacity to move
quickly, jump high, or move a heavy weight. The greater the
athletes ability to perform sport-specific tasks, the more
successful they will be.The power and speed training athletes
perform must have the appropriate nutritional support.
Team sport athletes require a combination of power and
endurance (stamina) to perform well during competition.
For example, soccer players must not only have the stamina
(endurance) to jog for the entire match but also require
quick bursts of speed to sprint toward a ball when necessary.
Basketball players must not only have the capacity to jog
the length of the court during the game but also have the
explosive power to block a shot, to sprint for a shot, or to
jump for a rebound. Endurance athletes must have a high
level of oxidative competence to enable the capacity to burn
a fuel, fat, that humans have a large supply of and minimize
the utilization of limited carbohydrate stores. Because of
the long duration of endurance events, successful athletes
have preevent strategies for optimizing glycogen stores and
hydration state, and during-event strategies for avoiding
dehydration, maintaining blood volume to ensure continued
cooling capacity, and maintaining carbohydrate stores to
enable the complete oxidation of fats and the capacity to

fj] Team Sport
Team sports, or stop-and-go sports, require a combination
of fast bursts of speed (sprints) interspersed with periods
of slower, predominantly aerobic motion or with temporary
cessation of activity. Examples of team sports include
basketball, soccer, and hockey, but similar energy
requirements are seen in tennis and other sports with
stop-and-go activity.

•Energy Metabolic Systems

In brief, the energy systems work as follows (126, 147).
High-power/high-intensity exercise of short duration

creates a high demand for adenosine triphosphate (ATP) be-
cause of the large volume of power required by hard-working
muscles per unit of time. At the initiation of these high-in-
tensity activities, the phosphocreatine (PCr) metabolic system
becomes the predominant source of energy. Although the

Table 15.1 Energy Metabolic Systems

System Characteristics Duration
Phosphocreatine
(PCr) system

Anaerobic production of ATP from stored PCr. Used for maximal intensity activities lasting no
more than 8 s.

Anaerobic
glycolysis (lactic
acid system)

Anaerobic production of ATP from the breakdown
of glycogen. By-product of this system is the
production of lactic acid.

Used for extremely high-intensity activities that
exceed the athlete’s capacity to bring in sufficient
oxygen. Can continue producing ATP with this
system no more than 30 s.

Oxygen system
(aerobic
metabolism)

Aerobic production of ATP from the breakdown of
carbohydrates and fats.

Aerobic metabolism of fats referred to as
“p-oxidation.”
Aerobic metabolism of glucose referred to as
“aerobic glycolysis.”
Aerobic metabolism of glycogen referred to as
“aerobic glycogenolysis.”

Note: The common generic term for the aerobic
metabolism of carbohydrate is aerobic glycolysis.

Aerobic metabolism of fats (p-oxidation) used for
lower intensity activities of long duration that can
produce a substantial volume of ATP, but without
the production of system-limiting by-products.
Aerobic metabolism of carbohydrates (aerobic
glycolysis and glycogenolysis) used for high-
intensity activities that require a large volume
of ATP, but that are within the athlete’s capacity
to bring sufficient oxygen into the system. This
system can produce ATP for up to 2 min.

ATP, adenosine triphosphate.
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PCr system is capable of providing the greatest production
of ATP per unit of time, there is only sufficient preformed
PCr to provide energy for up to ~9 seconds, at which time
the muscles must rely on other energy sources that cannot
produce in as great a volume of ATP per unit of time. The
result is that the athlete must, at this point, slow down
(lower exercise intensity) because of the lower level of ATP
production.

The PCr system is followed by the anaerobic glycolysis
system as the system with the second greatest capacity
to produce ATP per unit of time. This system relies on
carbohydrate/glycogen as a fuel and can provide energy
for up to and an additional 10-30 seconds (depending on
power production) before a buildup of lactic acid that the
muscle cannot adequately clear. At the point of lactic acid
buildup, the muscle experiences a loss of power and fatigue.

It is important to consider that, under normal circum-
stances, all energy systems function simultaneously, but
the amount of muscle power required influences which
energy system becomes the predominant system in the
production of ATP.

Muscle Fibers: Converting Chemical
Energy Into Mechanical Energy
Power and speed activities are highly reliant on fast-twitch,
primarily anaerobic, muscle fibers. Also referred to as type
IIB fibers, these fibers primarily store glycogen, but low
levels of fat (triglycerides). Glycogen can be quickly me-
tabolized as a fuel without oxygen (anaerobically), enabling
these fibers to produce a high level of power so long as the
glycogen does not run out. The intermediate fast-twitch
muscle fibers, type IIA, also produce a tremendous amount
of power, but these muscle fibers can be trained to behave
more like the type I slow-twitch fibers that are characteris-

tic of fibers used by endurance athletes (114). The type of
training that is done is important, therefore, because it can
influence the behavior of the type IIA muscle fibers (190)
(Figure 15.1, Table 15.2).

[J| Lactic Acid
Lactic acid (lactate) is produced constantly from pyruvate
during normal energy metabolism. It can be reconverted
to pyruvate and used to create ATP energy. When the
energy requirement exceeds the oxidative capacity of
tissues, lactic acid builds up in the tissues and is released
into the blood to avoid excess acid buildup in the tissues.
However, blood lactate can only build up until it affects
blood pH, at which point the tissue lactic acid builds up,
causing a cessation of tissue (muscle) function.

[jl Muscle Fibers
Muscles have different types of fibers with different energy
metabolic potentials. Type I fibers (slow-twitch) are highly
aerobic with the capacity to use oxygen well and burn fat
to produce ATP and have high endurance. Type IIA fibers
are highly anaerobic at their genetic baseline, but can be
trained to improve oxidative capacity. Type IIB fibers are
primarily anaerobic fibers that can produce a great deal of
ATP in a short period, but have low endurance.

The anaerobic glycolysis system is followed by the aerobic
glycolysis system with the third greatest capacity to produce
ATP per unit of time and is also reliant on carbohydrate/
glycogen as a fuel. Although producing less ATP per unit
of time than anaerobic glycolysis, and therefore has a lower
power potential, this system has the capacity to provide
energy longer to the working muscle. Aerobic glycolysis
can produce ATP for ~1-2 minutes, depending on muscle
power production, before the muscle experiences a loss of
power and fatigue.

The aerobic glycolysis system is followed by the aerobic
energy system (also referred to as (3-oxidation, as two carbon
atoms in a fatty acid molecule are oxidatively metabolized at
a time). Although this system produces the lowest volume
of ATP per unit of time (and therefore has the lowest power
potential), it has the capacity to sustain the production of
ATP for the longest period of time (typically more than
2 hours). This system relies predominantly on fats as a
source of energy, but is also capable of metabolizing other
energy substrates including blood glucose. This aerobic
energy system uses Krebs cycle (citric acid cycle) and the
electron transport system for the production of ATP.

Because muscle fibers, particularly the type IIA fibers,
are adaptable to the kinds of activities commonly practiced
by individuals, the type of training pursued should closely
mimic the type of sporting activity the athlete is involved
in (114). For instance, pure power athletes require all of
the power fibers capable of producing high power to be
fully engaged as power fibers, but if the athlete undergoes
significant aerobic/endurance training, the type IIA fibers
will adapt by becoming more aerobically capable and lose
some of their anaerobic power potential (Figure 15.1). It is
not uncommon for power athletes to include a significant
component of endurance exercise in the training protocol
as part of a strategy to lower the body fat level. However,
because fibers exhibit a degree of placidity in response
to exercise training, doing so may compromise the total
power capacity (114).
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Characteristic Red Fiber
Type I

White Fiber
Type II

“FT fibers (Type I)
are darker red
because they have
more mitochondria
for oxidative
metabolism.

Speed of contraction

Myoglobin content*

Generation of ATP

Slow twitch

High

Aerobic glycolysis*Oxidative phosphorylation

Many

Low

High

Fast twitch
Low
Anaerobic glycolysis*

Number of mitochondria

Glycogen content

Succinate dehydrogenase
NADH dehydrogenase
Glycolytic enzymes

Few

High

Low
“W” fibers (Type II)
are lighter because
they have fewer
mitochondria.Low High

FIGURE 15.1: Characteristics of different muscle fiber types. Type I fibers are referred to as endurance fibers; type II fibers are referred to
as power fibers; and type 11A intermediate fibers (not pictured) produce more power than type I fibers, but less power than type II fibers.
ATP, adenosine triphosphate; NADH, nicotinamide adenine dinucleotide. (From Dudek RW. High-Yield Histopathology. 2nd ed. Philadelphia
[PA]: LWW [PEI; 2011.)

Table 15.2 Muscle Fiber Types

Fiber Type Characteristics
Type Also referred to as slow-twitch fibers, these fibers have many mitochondria with a high level of oxidative

enzymes that enable aerobic ( i.e. , oxidative) metabolism. Speed of contraction is low. The high level of
triglyceride (fat) storage in these muscles enables muscle contraction over a long period of time before
reaching fatigue. However, the low level of glycogen (carbohydrate) storage in these muscle fibers lowers
power potential, but the high level of blood supply enables refueling and fatigue resistance. These are
the primary fibers used in aerobic, endurance-type activity, including events such as marathon running,
triathlons, and cycling.

Also referred to as intermediate fast-twitch fibers, at their genetic baseline behave like fast-twitch fibers
(type MB), with high glycogen (carbohydrate) storage and low triglyceride (fat) storage. Speed of contraction
is fast. They can produce a high level of power anaerobically, but achieve fatigue relatively quickly as
glycogen stores become depleted (114). An interesting characteristic of these fibers is that endurance
training helps to make these fibers more oxidatively capable, with increases in oxidative enzymes and
triglycerides stores. However, cessation of aerobic training causes these fibers to revert to their genetic
baseline as mainly power fibers.

Type 11A

Type MB Also referred to as pure fast-twitch fibers, they produce a high level of power anaerobically with fast muscle
contraction. The primary fuel stored in these fibers is glycogen, and when glycogen is depleted the muscle
fiber becomes fatigued. The relatively low level of blood supply also contributes to poor refueling and
early fatigue, best suited for events such as sprinting, weight lifting, football linemen, and high-jumping/
pole-vault.

Smooth Smooth muscle is also referred to as involuntary muscle, because it is capable of contracting without
conscious control. Most blood vessels and the walls of internal organs, including the heart, are composed
of smooth muscle. Although the heart controls its own activity, it is also affected by other factors, including
the hormonal and neural effects of exercise.

The characteristics listed are those that are generally observed. However, it has become increasingly clear that exercise training can have an impact
on the primary characteristics of each of these fiber types. For instance, chronic pure power training will somewhat alter the power potential of
the type I fibers, whereas chronic pure endurance training will somewhat alter the endurance potential of type IIB fibers.

Sources: Billeter R, Weber H, Lutz H, Howald H, Eppenberger HM, Jenny E. Myosin types in human skeletal muscle fibers. Histochemistry.
1980;65(3):249-59; Kenney WL, Murray R. Exercise physiology. In: Maughan R , editor. Sports Nutrition: The Encyclopaedia of Sports Medicine,
an IOC Medical Commission Publication. London: Wiley Blackwell; 2014. p. 20-58; Schiaffino S, Reggiani C. Fiber types in mammalian skeletal
muscles. Physiol Rev. 2011;91(4):1447— 531; Tesch PA, Karlsson J. Muscle fiber types and size in trained and untrained muscles of elite athletes.
J Appl Physiol. 1985;59(6):1716-20.
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FIGURE 15.2: Adenosine
triphosphate energy from
macronutrients and from
phosphocreatine.
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Short-duration activities, such as the 100-m sprint and
the vault in gymnastics, demand instantly available fuel
that can be quickly utilized by muscles. This fuel, PCr, can
quickly supply large amounts of ATP energy to muscles, but
the available storage of PCr is limited (Figure 15.2 shows
how we derive ATP energy).

appear to have a PCr advantage over adults performing
similar activities, as a greater proportion of oxidative ATP
is formed in child versus adult muscle, enabling children to
lower total PCr utilization and, therefore, begin subsequent
activities with higher PCr concentrations (123). Anaerobic
metabolism, however, causes the buildup of lactic acid,
which limits the time an athlete can exercise intensely
while in a predominantly anaerobic state. Most scientists
believe that the anaerobic threshold (i.e., the point at which
the rate of blood lactate increase exceeds the rate of blood
lactate removal) is ~1.5 minutes for someone working at
maximal intensity (85). It is at this point that the athlete
would need to reduce exercise intensity or stop exercising
altogether (Table 15.3).

Aerobic metabolism refers to the metabolism of fuel with
oxygen and, because it does not produce lactic acid, can
continue much longer than anaerobic metabolic processes,
provided the fuels and nutrients needed for metabolism

•Power and Strength in the
Energy Metabolic Systems

In well-nourished athletes, ATP production via PCr is limited
to between 5 and 8 seconds in sudden-onset, high-intensity
activities. This is not sufficient energy availability for most
activities, as even the Olympic time for the 100 m sprint
is -10 seconds (106, 107). As a result, muscle obtains the
additional required energy anaerobically, mainly from
stored muscle glycogen. It should be noted that children

A
Rate of Metabolism of Fat, Blood Glucose, Aerobic and Anaerobic
Glycolysis, and PhosphocreatineTable 15.3

Maximum Production of ATP
(mmol/kg of dry mass/s)

Delay Time to Achieve Maximal
ATP ProductionSystem

Phosphocreatine (anaerobic) 9.0 Instantaneous
Glycolysis (anaerobic) 5-10 s4.5
Glycolysis (aerobic) 2.8 More than 1 min
Blood glucose (aerobic) 1.0 1.5 h
Fat (aerobic) 1.0 More than 2 h

ATP, adenosine triphosphate.
Source: Maughan RJ, editor. Olympic Encyclopaedia of Sports Medicine— An IOC Medical Commission Publication, Nutrition in Sport. London
(England): Wiley Blackwell; 2000.
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are available. A lower amount of ATP energy per unit of
time can be produced aerobically than the ATP produced
anaerobically, resulting in lower power production/lower
exercise intensity for predominantly aerobic activities
when compared with predominantly anaerobic activi-
ties. However, there is far more fuel available for aerobic
metabolism than for anaerobic metabolism, allowing for
longer exercise times.

carbohydrate stores to limit the catabolism of protein as a
source of energy.

I^l Ketones
In humans, ketones are three water-soluble molecules
that include acetoacetate, p-hydroxybutyrate, and
acetone and are produced as a result of gluconeogenesis
(production of glucose from noncarbohydrates) by the
liver as a result of poor carbohydrate availability. Elevated
blood ketones, therefore, represent a good indication
of poor carbohydrate status. Most commonly, ketosis
occurs during periods of fasting/starvation, ketogenic
(carbohydrate-restrictive) diets, poor control of diabetes,
and prolonged high-intensity exercise that is carbohydrate
depleting. Acetone is the most common ketone as it is the
product of the spontaneous metabolism of the other two
ketones (acetoacetate and p-hydroxybutyrate) . Ketones,
which smell like nail polish remover (acetone) , can be
detected on a person’s breath.

A kImportant Factors to Consider

Athletes who work hard and burn more fuel per
unit of time require more oxygen to burn this fuel.
When the amount of energy burned per unit of
time exceeds the athlete’s capacity to provide
sufficient oxygen to metabolically active cells, fuel
is burned that does not require oxygen ( /.e., burned
anaerobically).

With greater levels of anaerobic metabolism, the
volume of lactic acid that is produced increases.

If the threshold for removing cellular lactic acid is
reached, the lactic acid builds up, resulting in the
necessity to either exercise less intensely to produce
less lactic acid or to stop exercising.

The energy stored in ATP and PCr (energy stores)
provides sufficient energy, produced anaerobically, for up
to ~8 seconds. This phosphagen system depends on PCr
to quickly provide a high-energy phosphate molecule to
form ATP. The theory behind creatine monohydrate sup-
plements is that greater creatine tissue availability enables
more efficient formation of PCr, which is then available to
form ATP (see Chapter 13). The greater capacity to form
PCr enables more ATP, allowing for more high-intensity
anaerobic work.

A number of sports are highly dependent on the phos-
phagen system, including shot put, long jump, triple jump,
discus throwers, gymnastics vault, and short sprints. In
addition, other sports that have quick bursts of activity, such
as football, volleyball, and hockey, also have a dependence
on this energy pathway. In some of these sports, the capacity
to perform repeated high-intensity actions may determine
the winner. The high jumper, long jumper, and pole-vaulter
all need two or three stellar efforts with the hope that one
of them will be good enough to win, and the forward on a
basketball team would like to have the capacity to jump as
high in the last quarter as in the first to capture a rebound.

Well-conditioned athletes have better oxygen delivery
to working muscles, enabling them to maintain oxidative
metabolism at a faster rate and to go faster, longer before
reaching fatigue. Imagine the speed of elite-level marathon
runners, who now complete the 26.2-mile marathon distance
at an average speed of ~4 minutes, 30 seconds per mile or
less, achieved primarily through aerobic metabolism.

Having the right fuels available is critically important,
because poor fuel availability will inhibit energy metab-
olism. Fat storage is rarely an issue, as even the leanest
athletes have ample stores of fat that can be used to supply
energy aerobically. However, a failure to also have sufficient
carbohydrate stores results in the production of ketones
(incompletely metabolized fats) that are acidic and result
in premature muscular fatigue (176, 220, 224). Unlike fat,
carbohydrate stores are limited and, therefore, an appro-
priate dietary plan that ensures adequate carbohydrate
availability is required for the planned exercise. Protein
is also a potential fuel source, but as we have no storage
depot for protein to metabolize for energy, the protein
metabolized for energy is derived from the catabolism of
lean mass (51). Because a primary purpose of exercise is
intended to improve lean mass, the athlete should have a
strategy that optimizes oxygen utilization and maximizes

fjl Energy Stores
Body energy stores are made of PCr, muscle glycogen,
liver glycogen, blood glucose, fat, and muscle/organ tissue
(protein). Of these, we store the most potential energy as
fat, followed by protein (muscle/organ, and not intended
to be burned as fuel), muscle glycogen, liver glycogen,
and blood sugar.
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Minimizing the utilization of protein to satisfy the
athlete’s energy requirements and to, therefore, have less
available protein for the synthesis of creatine, consumption
of both adequate protein and energy is required to ensure
satisfactory synthesis of the creatine needed for multiple
quick bursts of high-intensity activity (128, 154). To im-
prove the storage of ATP-PCr in the muscles, athletes must
practice activities that focus on this system ( i.e.y activities
that are at maximal intensity for 8 seconds and that are
repeated multiple times during an exercise session) (143).
This type of training, by itself, is not sufficient to improve
short-duration, high-intensity performance. Consumption of
sufficient energy and protein, by itself, also is not sufficient
to improve short-duration, high-intensity performance.
However, when both proper training and nutritional strat-
egies are combined, athletes can experience very real gains
in short-duration, high-intensity performance.

It should be noted that, even with higher creatine storage,
the maximum preformed PCr is sufficient to last up to only
8 seconds of hard physical work (106, 107). There is wide
variability between athletes in the regeneration of PCr, but
athletes performing maximal exercise for up to 8 seconds
typically allow 2-4 minutes for PCr regeneration before
undertaking another maximal bout of exercise (10, 216).
It is here that proper nutrition management is important,
as athletes with both sufficient substrates and training are
capable of reforming PCr more efficiently and also can make
the transfer to anaerobic glycolysis more efficiently. A 100-m
sprinter accelerates over the first 8 seconds of the race, but
during this 8 seconds when PCr runs low, anaerobic glycolysis
is synthesizing a significant proportion of the required ATP.
However, because anaerobic glycolysis does not produce as
much ATP per unit of time as PCr, the winner of the 100-m
dash is typically the person who slows down the least during
the last 2 seconds of the race (Table 15.4).

With intense exercise, the primary fuel becomes stored
muscle glycogen (the storage form of glucose/carbohydrate).
When the stored glycogen becomes depleted, the athlete
performing high-intensity activity fatigues quickly and the
exercise stops (103, 166). Although anaerobic metabolism
typically provides only a small proportion of the total en-
ergy used by muscles, it is important because it can provide
energy quickly and helps to fill the energy gap between the
initiation of exercise (PCr) and the time it takes for aerobic
energy metabolism to begin producing sufficient ATP. Main-
tenance of high-intensity ( i.e.y anaerobic) activity is limited
by glycogen storage, which is typically depleted within 1.5
minutes of high-intensity activity. Purely high-intensity
sports are often intentionally limited to 1.5 minutes because
of the realization that humans cannot perform continuous
high-intensity activity for a longer period of time. For ex-
ample, the floor routine in gymnastics is up to a 1.5-minute
routine, as are Olympic boxing rounds. Sports with a higher
aerobic/lower anaerobic component take longer to deplete
muscle glycogen. In a 75-km cycling time trial lasting -168
minutes, it was found that the cyclists experienced a 77%
decrease in muscle glycogen (160). It has been found that
in someone exercising at maximal intensity for 30 seconds,
the rate of ATP resynthesis from PCr metabolism is highest
in the first few seconds of exercise, but falls to almost zero
after 20 seconds. The rate of ATP resynthesis from glycol-
ysis peaks after about 5 seconds and is maintained for 15
seconds, but falls in the last 10 seconds of exercise (145).

Some sports are predominantly aerobic with a heavy
reliance on fat metabolism, but may also have some re-
liance on anaerobic glycolysis during the competition.
The long-distance runner who has managed most of the
distance while preserving some muscle glycogen still has
the glycogen energy reserves to finish the race with a strong
(anaerobic) “ kick,” enabling him or her to pass runners at

A k
Energy Stores in a 70 kg (154 lb) Relatively Lean (10% Body Fat)
Male AthleteTable 15.4

Theoretical Maximal
Exercise Time (min)3Energy Source Mass (kg) [lb] Energy (kJ) [kcal]

(0.08) [0.176] (1,280) [307] 16Liver glycogen
(0.40) [0.88] (6,400) [1,530] 80Muscle glycogen

(0.01) [0.022 ] (160) [38] 2Blood glucose
(7.0) [15.4] (260,000) [62,142] 3, 250Fat

Protein^ (13.0) [28.6] (220,000) [52 ,581] 2,750
^Maximal exercise time is theoretical and assumes sole use of indicated energy source.
Trotein, although available as an energy source, is not intended to be a primary source of energy. Not more than a very small part (<1%) of the
total protein is available for use during exercise.

Source: Gleeson M. Biochemistry of exercise. In: Maughan RJ, editor. Sports Nutrition — The Encyclopedia of Sports Medicine: An IOC Medical
Commission Publication. London: Wiley Blackwell; 2014.
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Building Lean (Muscle) Mass
Power athletes look for nutrition strategies to enlarge muscle
mass because more muscle per unit weight increases the po-
tential for improving the strength-to-weight ratio and power
production.There are many techniques employed for increasing
muscle mass, including resistance training, consumption of
more energy and protein at different points in the exercise day,
and the consumption of products claiming to enhance muscle
development (56, 109, 153, 170). Some of these strategies have
been shown to work well, whereas others do not. Athletes
and those who work with them should carefully evaluate the
adequacy of their diets before embarking on a regimen of
costly and unproven supplements that are meant to enhance
muscular development, muscular strength, or both.

It is generally recommended that competitive power
athletes should consume ~1.7 g protein/kg mass (108,
214). Surveys, however, suggest that the protein intake of
some power athletes is often greater than 3 g/kg of body
weight (16, 87, 217). Protein consumption that exceeds
the individuals anabolic maximum, particularly if not well
distributed throughout the day, is not likely to enhance
the protein mass and will merely be used to satisfy the
energy requirement or stored as fat (175). Whether this
excess protein is stored or metabolized as energy, there is
an increased need to excrete the nitrogen associated with
protein, forcing greater urinary output that can result in
dehydration. In fact, many athletes claim they lose weight
on a high protein intake, but this may be due to the high
level of body water that is lost rather than from the loss
of fat (31). This may also be due to an increase in ketones
from insufficient carbohydrate availability that results in
incompletely burned fat, which causes nausea and reduces
appetite (167). Athletes may also distribute the protein they

critical points during the end of the race (75). For runners
in short-distance races, for swimmers in short races, and
for hockey players skating at full bore at the end of a game
to go for a winning score, the anaerobic pathway is the
primary metabolic pathway, and having sufficient stored
muscle glycogen is important for the athlete to continue
exercising at a high intensity.

The fact that power athletes utilize a high degree of PCr
and glycogen via anaerobic glycolysis helps to explain the
types of foods that power athletes should consume. The
limited storage of fats in fast-twitch muscle fibers is a clear
indication that the metabolism of fats is relatively limited
when compared with the predominantly high-fat-storing
slow-twitch fibers used by endurance athletes. Relatively
high carbohydrate intakes have been found to enable bet-
ter carbohydrate ( i.e.y glycogen) storage (214). Therefore,
although power athletes often focus on consumption of
high-protein diets, the energy metabolic systems they use
suggests that they would do well to consider consuming
relatively high-carbohydrate diets (108, 214). It should be
made clear that power athletes are breathing and bringing
oxygen into the system, which supports the oxidative me-
tabolism of fat. The high-intensity activity they do, however,
is proportionately more reliant on anaerobic metabolism
(Table 15.5).

In-season exercise patterns of power athletes help
them metabolize consumed energy, but maintaining
these patterns off-season is difficult and often associated
with an enlargement of the body fat mass (33). There is
also evidence that the weight cycling often experienced
by power athletes increases obesity risk after they retire
from the sport, and the associated weight fluctuations
are associated with more frequent illnesses and earlier
mortality (110, 206).

A
Percent Contribution of Different Energy Systems in a Sample
of Different SportsTable 15.5

Aerobic (p-Oxidation
of Fats)

Phosphocreatine and
Anaerobic Glycolysis

Anaerobic Glycolysis and
Aerobic GlycolysisSport

Distance running 10 20 70
Rowing 20 30 50
Soccer 50 20 30
Basketball 60 20 20
Tennis 70 20 10
Volleyball 80 5 15
Gymnastics 80 15 5
Sprints 90 10 0

Source: Fox EL, Foss ML, Keteyian SJ. Fox’s Physiological Basis for Exercise and Sport. 6th ed. Madison (Wl): William C Brown; 1998.
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consume wrongly, with the majority of protein intake coming
at dinner ( i.e., the end of the day). There is increasingly
clear evidence that protein is best utilized to improve muscle
protein synthesis if it is evenly distributed throughout the
day, with no more than ~30 g provided in any single meal
(214). A simple guide for calculating protein intake and
eating frequency is shown in Example 15.1.

Individual amino acids have been widely tested to deter-
mine if their intake might change the production of HGH
in athletes. It is important to note that amino acid mixtures
are the largest category of supplements used by bodybuilders
(54). Studies have shown that increasing the consumption
(via supplement) of the amino acid ornithine may in some
circumstances increase HGH production, but there is even
more evidence that there is no significant increase in HGH
from taking, either individually or in various combinations,
the amino acids arginine, lysine, ornithine, and tyrosine
(40, 41, 70, 71, 132, 171, 207). There is also evidence that
taking a broad-range supplement containing all 20 amino
acids has no effect on either HGH or testosterone pro-
duction (80). Nutrient supplement companies often use
studies to claim that specific amino acids stimulate HGH
and increase muscle mass (18). However, they often fail to
quote other studies that have better statistical procedures and
demonstrate that supplementation with these amino acids
has no significant impact on strength or endurance (97).

There is evidence to support protein consumption that is
about double that for nonathletes (0.8 vs. 1.7 g/kg/day). The
higher requirement is because athletes have more muscle
to support, experience an exercise-associated increase in
muscle damage, and have relatively small but important
protein losses in urine (16, 214). Although the protein re-

quirement for athletes is higher than for nonathletes, athlete
total protein intakes are often higher than the recommended
intake level (175). A possible exception to this is found in
vegetarian athletes, who tend to satisfy the protein level
recommended for nonathletes, but often consume below
the recommended protein intake for athletes (82).

There are several concerns associated with excess protein
consumption when excess levels are consumed per meal or
per day. Excess protein consumption results in a portion
of the protein to be used to satisfy the energy requirement
or to be stored as fat. In either case, nitrogen must be
removed from the amino acid molecules, and the nitrog-
enous wastes that are created result in increased urinary
output and greater urinary calcium loss, which increases
the risk of dehydration and may be associated with lower
bone mineral density (142, 172, 212). There is also some
limited evidence that chronic excess protein consumption
may increase the risk of kidney disease (79). Because
kidney disease often occurs gradually and its presence is
often unknown, Friedman (79) suggests that individuals
should test for normal kidney function before pursuing
a high protein intake. However, most recommendations
for limiting protein consumption are commonly based
on the fact that individuals suffering from kidney failure
benefit from reduced protein consumption. There is little
evidence, however, to suggest that chronically high protein

Example 15.1: Calculating Protein Eating Frequency
170 lb male athlete requiring 1.5 g/kg protein per day*

1. Calculate weight in kg (170/2.2 = 77.3 kg)
2. Calculate total protein requirement (77.3 x 1.5 = 116

g protein)
3. Calculate the number of protein eating opportunities:

(116 g/25fc = 4.64)
4. This athlete should consume ~25 g of protein that is

evenly distributed 4-5 times per day (e.g., breakfast,
lunch, mid-afternoon snack, dinner, and evening snack).

"The current recommended range of protein intake is 1.2-2.0 g/kg/day
^Maximal muscle protein synthesis occurs with a protein consumption
of -20-25 g of protein per meal. This example is using 25 g/meal.

Nutrients That Control Muscle
Development
Muscle development occurs best in conjunction with a
well-planned resistance program, a sustained energy and
nutrient balance, and normal levels of human growth
hormone (HGH), insulin, testosterone, and other anabolic
hormones including insulin-like growth factor-1 (IGF-1)
(34, 64, 91, 230). Catabolic hormones are hormones that
are involved in tissue breakdown and include cortisol,
thyroxine, and epinephrine.

There is every reason to believe that an athlete who is
in good energy and nutrient balance is already producing
appropriate amounts of the anabolic hormones, so arbi-
trarily increasing protein intake is not likely to initiate an
even greater muscle protein synthesis (175). (Remember:
More than enough is not better than enough.)

jjf Anabolic Hormones
Hormones that are involved in building tissues such
as muscle, including HGH, anabolic steroids such as
testosterone, IGF-1, and insulin.

(Jl Catabolic Hormones
Hormones that are involved in breaking down tissues,
typically to make energy available to tissues, such as
cortisol, glucagon, thyroxine, and epinephrine (adrenalin).
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intakes of up to 2.8 g/kg/day are associated with increased
kidney disease in individuals with normally functioning
and healthy kidneys (36, 175).

Athletes often take multivitamin and multimineral
supplements with the belief that this will enhance the
athletic endeavor, but evidence is largely lacking that these
supplements enhance performance in sports that require
power (144, 198, 212). Despite the lack of scientific evi-
dence to support taking supplemental doses of vitamins,
and some evidence that they inhibit performance, there is
a common belief among power athletes that a number of
these vitamins enhance strength (89). The consumption
of dietary supplements in a group of surveyed Olympic
athletes ( N = 372) ranged from 52% to 92%, with 83% of
surveyed speed and power athletes using dietary supple-
ments (99). The authors of this study suggest that, because
supplement purity cannot be assured, athletes should seek
professional nutrition counseling to avoid potentially unsafe
use of dietary supplements.

low, there are no data to know if these products are safe
when consumed in the amounts and duration prescribed
by the manufacturers of these products. A more sensible
approach is to consume a balanced and varied diet that
is high in carbohydrates (5.0-8.0 g/kg/day) , moderate in
protein (1.2-1.7 g/kg/day), and sufficient fat to satisfy the
energy requirement (<30% of total energy consumed).
Provided the food consumed comes from a variety of
foods, this intake has the benefit of exposing tissues to
required minerals and vitamins. As carbohydrates are
metabolized cleanly ( i.e.y no nitrogenous waste; only
carbon dioxide and water), there is no question about the
safety of consuming a varied diet high in good-quality
carbohydrate-containing foods (Table 15.6 shows energy
sources of different power sports) .

[J] Power Sports
Power sports are considered to be those that require a
great deal of energy over a relatively short period of time
and include sports such as sprinting, gymnastics, and
weight-lifting.

Power and Strength Summary
Power and strength are critical components for athletes
doing quick, short-duration, high-intensity activities.
Although also important for athletes involved in lon-

ger-duration activities, they are not the issue of central
importance. A key nutritional element in building and
maintaining muscle mass is the acquisition of sufficient
energy. Although consuming large amounts of protein
can help to satisfy the energy requirement, consump-
tion of additional carbohydrate is less expensive and
more effective. Power athletes are even more dependent
on carbohydrates than endurance athletes because the
muscle fibers they use do not have the capacity to burn
fats effectively. Power athletes often make the mistake
of thinking that protein is the key to their success, but
high-protein consumption may limit the consumption of
other essential nutrients, including carbohydrate, which
is needed to optimize glycogen storage for anaerobic
high-intensity activity. Similarly, the consumption of
dietary supplements has not been found to improve the
athletic endeavor in athletes consuming adequate diets,
but their consumption may lead the athlete to believe that
they need not be as diligent in the consumption of good
foods (137). This problem is compounded by the fact
that some supplements targeting athletes contain banned
substances not listed on the label (146). Supplementation
of vitamins, minerals, protein products, and fat analogues
has not been found to be successful in improving power,
muscle mass, or athletic performance in power athletes.
Although the risk of taking these products is likely to be

•Endurance in the Energy
Metabolic Systems

Endurance athletes perform in events that have continuous
movement for 20 minutes or longer, with many endurance
sports requiring continuous movement over long distances
or time periods (marathon, cross-country skiing, triathlon,
etc.). There is a premium on supplying sufficient energy
and fluid to ensure that the athlete does not become ex-

hausted from the activity or overheated from the continuous
energy metabolism. Failing to supply sufficient energy of
the right type will result in early fatigue and poor athletic
performance. Athletes taking supplements may have a false
sense that nutrient needs are satisfied, but if the supplement
consumption reduces energy intake from food, then this is
counterproductive. There is also evidence that excess intake
of certain common supplements may create difficulties in
performance. In a study assessing both rats and humans,
it has been found that vitamin C supplemental intake
(1 g/day in humans; 0.24 mg/cm2/day in rats) significantly
hampered training-induced cellular adaptations to endur-
ance activity (89). The goal for the endurance athlete is,
therefore, to establish a workable strategy for supplying
sufficient nutrients, energy, and fluids before training/
competition to begin the training session/competition with
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A

Table 15.6 Energy Sources of Different Sports

% Energy Contribution
Aerobic

Metabolism
(Oxidative)

Event Time
(min)

vo2max
(approx) Phosphocreatine

Glycolysis
(Anaerobic)Sample Event

0.5-1 400-m running; individual cycling time
trial (500 m or 1 km); 100-m swimming

-150 -10 -47-60 -30-43

1.5-2 800-m running; 200-m swimming;
500-m canoe/kayak

113-130 -29-45 -50-66-5

3-5 1,500-m running; cycling pursuit;
400-m swimming; 100-m canoe/kayak

103-115 -2 -14-28 -70-84

5-8 3,000-m running; 2,000-m rowing 98-102 -10-12 -88-90<1

Note that longer durations involve relatively higher aerobic metabolism; shorter durations relatively higher anaerobic metabolism.

Source: Stellingwerff T, Maughan RJ, Burke LM. Nutrition for power sports: middle-distance running, track cycling, rowing, canoeing/kayaking,
and swimming. J Sports Sci. 2011;29(S1):S79— 89.

have a strategy for supporting carbohydrate requirements
during physical activity to help sustain the complete oxi-
dation of fats.

Aerobic metabolism is the energy system of greatest
importance for endurance athletes. In this energy pathway,
oxygen is used to help transfer phosphorus into new ATP
molecules. Unlike anaerobic metabolism, this energy pathway
can use protein, fat, and carbohydrate for fuel by converting
pieces of these energy substrates into acetyl coenzyme A
(acetyl CoA ), the intermediary compound in metabolism
(52). Glucose is converted to pyruvic acid (an anaerobic,
energy-releasing process), which can be converted either into
acetyl CoA with the help of oxygen or to the energy storage
product lactic acid. Excess production of lactic acid results in
muscular fatigue, causing activity to stop. However, the lactic
acid can be reconverted to pyruvic acid to be used as a fuel
aerobically. Aerobic metabolism occurs in the mitochondria
of cells, where the vast majority of all ATP is produced from
the entering acetyl CoA. Fats can be converted to acetyl CoA
through a process called the fi-oxidative metabolic pathway
(147). This pathway is oxygen dependent, which means that
fats can only be burned aerobically.

The ability of an athlete to achieve a steady state of oxygen
uptake into the cells is a function of how well an athlete is
aerobically conditioned. Maximal oxygen uptake in males
and females involved in different sports can be viewed in
Chapter 11, Table 11.6. An athlete who frequently trains
aerobically is likely to reach a steady state faster than one
who does not train aerobically. For a well-conditioned per-
son, it can take 5 minutes before enough oxygen is in the
system to support aerobic metabolism at a steady state. The
first 5 minutes of activity is supported by a combination of

optimal glycogen stores and in a euhydrated state so as to
enable sustained muscular work for a long duration and at
the highest possible intensity. It is also an important goal
for the endurance athlete to plan for a suitable recovery
strategy that provides for easy and fast availability of fluids,
carbohydrates, and protein (214).

£j| Endurance Sports
Endurance sports are considered to be those that require
a relatively low amount of energy per unit of time, but over
long periods of time, and include sports such as distance
running and swimming, distance cycling, and triathlon.

The majority of endurance activity occurs at intensities
that enable fats to contribute a high proportion of the
fuel for muscular work. Because fat is amply available in
even the leanest athlete, supplying fats before and during
physical activity is not a concern and should not be a goal
(45). However, carbohydrate is involved in the complete
combustion of fats, and because the storage capacity for
carbohydrates is relatively low and easily depleted, the goal
for endurance athletes is to find a way to supply enough
carbohydrates before training/competition to optimize
glycogen stores and to have a carbohydrate-containing
beverage to consume during exercise to sustain blood sugar
and buffer glycogen utilization (214). Such a carbohydrate
strategy will help to minimize the risk for premature fatigue.
Ultimately, endurance athletes must consume sufficient total
energy, a significant portion of which is carbohydrate, to
enable muscular work over long time periods, and must
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anaerobic and aerobic metabolism. Achievement of a fast
steady state is therefore important because that diminishes the
amount of time an athlete is obtaining energy via anaerobic
pathways. This places a heavy burden on the most limited
fuel — carbohydrates. In theory, once an athlete reaches a
level of oxygen uptake that matches oxygen requirement
for the given level of exertion, the exercise could go on for
as long as the body’s carbohydrate level and fluids did not
reach a critical state. For instance, a long-distance runner
who is in a steady state could continue running provided
the runner replaced the carbohydrate and fluids that are

used in the activity. Therefore, endurance is enhanced with a
periodic intake of carbohydrate and fluid during the activity.

Athletes in aerobic sports have an enhanced capacity to
use oxygen than do athletes in power sports. Because even
the leanest athletes have a great deal of energy stored as fat,
this increased ability to burn fat dramatically improves en-

durance. However, as carbohydrate is needed for the complete
combustion of fat, carbohydrate is still the limiting energy
source for endurance work because athletes have relatively low
carbohydrate stores.This is clearly demonstrated by findings
that athletes consuming high-fat, low-carbohydrate diets

A
Winning Men’s and Women’s Marathon Times From the First Modem
Olympic Games in 1896 to the PresentTable 15.7

Year Men’s Marathon Time Women’s Marathon Time
1896 Spiridon Lewis 2:58:50
1900 Michel Theato 2:59:45
1904 Thomas Hicks 3:28:53
1906 William Sherring 2:51:23.6
1908 2:55:18.4John Hayes

1912 Kenneth McArthur 2:36:54.8
1920 Hannes Kolehmainen 2:32:35.8
1924 Albin Stenroos 2:41:22.6
1932 Juan Carlos Zabala 2:31:36.0
1936 Kee-Chung Sohn 2:29:19.2
1948 Delfo Cabrera 2:34:51.6
1952 2:23:02.2Emil Zatopek
1956 Alain Mimoun 2:25:03.2
1960 Abebe Bikila 2:15:16.2
1964 Abebe Bikila 2:12:11.2
1968 2:20:26.4Mamo Wolde
1972 Frank Shorter 2:12:19.8
1976 Waldemar Cierpinski 2:09:55
1980 Waldemar Cierpinski 2:11:03
1984 Carlos Lopes 2:09:21 2:24:52Joan Benoit
1988 Gelindo Bordin 2:10:32 Rosa Mota 2:25:40
1992 Hwang Yeong-Jo 2:13:23 Valentina Yegorova 2:32:41
1996 Josia Thugwane 2:12:36 Fatuma Roba 2:26:05
2000 Gazehegne Abera 2:10:11 Naoko Takahashi 2:23:14
2004 Stefano Baldini 2:10:55 Mizuki Noguchi 2:26:20

Samuel Wanjiru32008 2:06:32 Constantina Tomescu 2:26:44
Tiki Gelanaa2012 Stephen Kiprotich 2:08:01 2:23:07

2016 Eliud Kipchoge 2:08:44 Jemina Sumgong 2:24:04
First Women’s Olympic Marathon was in 1984.
aRunner (in italics) = Olympic Record
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have lower performance outcomes than those consuming
low-fat, high-carbohydrate diets (45, 49).

Athletes with different levels of conditioning are likely to
achieve steady state at different levels of exercise intensity.
A well-conditioned athlete may be capable of maintaining
a steady state at a high enough level of exercise intensity to
easily win a race. At the 1996 Olympic Games in Atlanta,
Georgia, the winner of the marathon ran over 26 miles at
a speed that averaged just over a 5-minute-per-mile pace.
In the 2012 London Olympic Games, the pace was even
faster, at about 4 minutes 50 seconds per mile (Table 15.7).
However, an athlete with poor aerobic conditioning may only
be able to run at a 10-minutes-per-mile pace and maintain
a steady state. Each person has his or her own pace that
allows maintenance of a steady state. Exceeding that pace
causes a greater proportion of the muscular work to rely
on anaerobic metabolism, with an associated increase in
the reliance on carbohydrate fuel. Because of the limited
storage of carbohydrate fuel, glycogen is depleted more
quickly and the person becomes exhausted.

Endurance events, including marathon, triathlon, road
cycling, and distance swimming, require a high level of aer-
obic fitness but also require periods of anaerobic power for
bursts of speed at critical junctures in a race. The winning
times of the mens Olympic marathon have gradually be-

come faster (see Table 15.8). (Note that variations in speed
between Olympic marathons may be due to differences in
marathon course difficulty.)

The primary energy system for endurance sports is
oxidative (aerobic), which represents a work intensity be-
low maximal, allowing for sufficient oxygen to be brought
into the system and delivered to cells. Although endurance
athletes are unable to move as quickly as sprinters, they can
continue activity for much longer distances because the
oxidative system provides energy with limited production
of lactate and uses a fuel (fat) that is in high supply. Factors
that affect maximal oxygen uptake include (19):

Pulmonary diffusing capacity (i.e., the ability to “grab”

oxygen from air in the lungs and transfer it to red blood
cells [RBCs] )
Cardiac output (i.e., the capacity of the heart to pump
blood through the body to deliver oxygen to tissues)
Oxygen-carrying capacity ( i.e., the concentration of
normal, healthy RBCs)
Skeletal muscles (i.e., the capacity of the muscle to take
oxygen from the blood and transfer the oxygen into
mitochondria for oxidative metabolism).

Training has the effect of increasing the capacity to de-

liver oxygen to cells, primarily as the result of an increase
in maximal cardiac output (68). Studies assessing blood
lactate concentration have found that trained athletes are far

more capable of tolerating high levels of blood lactate than
untrained subjects doing the same intensity of work, likely
because of a larger blood volume (a common adaptation
to training) that allows for improved lactate dilution and
lesser pH impact (12, 100). (Larger blood volumes are an
adaptive benefit of aerobic fitness.) Even lean athletes have
ample stored energy as fat, and improving oxygen delivery
to tissues enhances fat metabolism while lowering the need
to obtain fuel anaerobically. It is still important to consider,
however, that fat requires carbohydrate for complete fat
metabolism and the avoidance of ketone creation. Therefore,
even athletes with a high capacity to metabolize fat may be
compromised if they fail to store/supply sufficient carbohy-
drate during periods of predominantly oxidative metabolism.
This is clearly demonstrated by studies finding that athletes
who consume high-fat diets have maximal endurance time
of ~57 minutes; those who consume a normal mixed diet
experience an increase in endurance times to ~114 minutes;
and those on high-carbohydrate diets have an increase in
maximal endurance times to -167 minutes (199).

General Nutrition Concerns
and Strategies for Athletes
in All Sports

Regardless of the athletic endeavor or sport, athletes must be
mindful of some issues that could compromise their capacity
to benefit from training. These include overtraining, over-
use injury, poor fluid intake, and poor energy availability.

Overtraining
Overtraining is a stress-related condition that has a negative
impact on the normal beneficial adaptation to training, im-

pairs normal psychological well-being, and creates immune
system problems that are manifested with increased illness
frequency (3).Some well-established warning signs include:

increased muscle soreness
delayed muscle recovery
inability to perform at the previous training load
poor sleep
decreased vigor
swelling of lymph nodes
high frequency of illness
loss of appetite (42)

Many of these signs are a result of working at a level
harder than the body’s capacity to recover from it. Over-
training commonly results in poor performance because
of the increased risk that the athlete will become sick or
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injured. It is a problem for an estimated 10%-20% of all
athletes with intensive training and is commonly observed
in endurance athletes. Importantly, poor intake of carbo-
hydrate and fluids is commonly observed in athletes with
overtraining syndrome (148). According to a joint consensus
statement of the European College of Sport Science and
the American College of Sports Medicine, overtraining
syndrome can be effectively eliminated through a logical
training program that allows for adequate rest and recovery
with proper nutrition and hydration (148).

a guideline for when to consume fluids is not appropriate,
as a high level of body water has already been lost, with
a potentially negative impact on performance, before the
thirst sensation occurs (7).

Poor Energy Availability
The energy demands of endurance athletes are extremely
high, with estimates that cross-country skiers metabolize
-4,000 calories during a 50-km race, and metabolize even
more energy during intensive training (69). It is generally
recommended that endurance athletes should consume
a minimum of 45 kcal/kg/day when daily training has a
duration of 1.5 hours or more (67). It has been estimated
that a 25-year-old 125 lb female marathoner who runs 10
miles in the morning and 8 miles in the afternoon would
require -4,331 kcal to satisfy the combined needs of activity
and REE (156). Athletes with poor energy availability are at
increased risk for both disease and injury (154). The long
duration of endurance training places a high demand on
energy stores, and without good planning the endurance
athlete is at high risk of injury that results from insufficient
energy (76). The higher risk of injury includes a wide ar-
ray of problems, including higher risk of stress fractures
and poor muscle recovery. The athlete with poor energy
availability is also at high risk of psychological, metabolic,
endocrine, and immunologic problems. Importantly, it is
hard to imagine how an endurance athlete could properly
benefit from endurance training without sufficient energy to
optimally support the training. Female endurance athletes
who fail to consume sufficient energy are at high risk of
menstrual dysfunction, which is also associated with poor
bone health (158, 191).

Overuse Injury
Overuse injuries occur when an athlete repeats the same
physical task, causing repetitive stress to bone and muscles
at a rate greater than the tissues can be repaired (131).
A blister that results from the rubbing of a running shoe,
a mild form of overuse injury, and the repeated stress on
a bone from constant repeated pounding may result in a
more serious form of overuse injury such as a stress fracture.
Endurance athletes spend many hours in training involv-

ing repetitive motion, making overuse injury a concern
for this group (222). Muscle tissue breakdown occurs as a
common and natural component of physical activity, but
trained athletes who are accustomed to the duration and
intensity of the activity should have good muscle recovery
without overuse injury, provided appropriate nutritional
strategies (e.g., consumption of good-quality protein, car-

bohydrate, and beverages soon after the end of training)
are followed (65). Well-nourished athletes are better able
to heal minor tissue damage that occurs during normal
training and competition.

Poor Fluid Intake
Nutrition Strategies
for Pre-, During-, and
Postcompetition/Practice

Physical activity results in an inevitable loss of sweat-related
body water loss to dissipate the heat associated with exer-
cise-associated energy metabolism. There is a wide range
of sweat loss, depending on the endurance sport, the envi-
ronmental temperature, and humidity, with observed ranges
from 4.9 to 12.7 L lost and 2.1 to 10.5 L ingested (8). There
is evidence that the prevalence of poor hydration status at
the initiation of training is high in both young and adult
athletes, which has the effect of compromising the potential
benefits that can and should be derived as a result of the
training (9). Despite the high rates of sweat losses experi-
enced by athletes, most athletes replace only a fraction of
the body water loss, even when fluids are readily available to
consume (95). The resulting dehydration, when associated
with >2% lowering of body weight, is associated with poor
athletic performance (6, 218). Importantly, using thirst as

Precompetition/Practice
It has become increasingly clear that when endurance athletes
compete, carbohydrate availability is the limiting energy
substrate for performance (98). Preexercise carbohydrate
consumption, regardless of glycemic index, is associated with
improved performance, with a general recommendation for
800-1,200 kcal be consumed between 2 and 3 hours prior to
practice or competition (43, 55, 194). Ideally, this preexercise
meal should also provide sufficient fluid to allow initiation of
exercise in a well-hydrated state and should be moderate in
protein and relatively low in fat and fiber to ensure efficient
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gastric emptying (214). There are also beginning data to
suggest that other foods or food components may be useful
in improving performance when consumed preexercise:
caffeine, at a level ~10 mcg/mL but below 15 mcg/mL, may
reduce the perception of fatigue, potentially allowing exercise
to continue longer; nitrate (as commonly obtained from beet-
root juice) increases nitric oxide availability with the effect
of lowering the oxygen cost of exercise, thereby improving
exercise performance (11, 44, 117, 165, 210).

Consumption of fluids before exercise/competition is
also important to ensure effective glycogen storage, which
is stored with water, and to begin the exercise/competition
in a well-hydrated state. There is also evidence that con-
sumption of cold fluids or ice slurry before exercise on a
hot day may be an effective strategy of precooling core
temperature, which can improve endurance performance
(205, 209). It is common for athletes to consume fluids
only when thirsty, so a planned effort should be made to
encourage fluid consumption prior to exercise/competition
to a point where urine color is clear (96). Consumption of
sports beverages prior to exercise is useful because they
provide the two things athletes require: carbohydrates and
fluids. The American College of Sports Medicine position
on fluids states that (189):

the fluid consumed should be flavored and sweetened
to encourage fluid intake;
to help maintain training intensity, the fluid should
contain carbohydrate; and
to stimulate rapid and complete rehydration, the bev-
erage should contain sodium chloride (salt).

Sports beverages that meet these criteria are particularly
useful in helping to deliver both carbohydrates and fluids
to athletes.

Practices should be designed in a way that enables and
encourages athletes to drink frequently, with every
possible attempt to mimic the fluid intake availability
during competitions.

Athletes and coaches should know that sweat rates can far
exceed fluid consumption/absorption rates, so diminishing
this difference through frequent fluid consumption is an
important strategy. There is concern that some athletes
may consume excess fluids, resulting in weight increase
( /.e., more fluids consumed than lost). Although a rare
occurrence, overconsumption of fluids is a potential cause
of hyponatremia (f.e., blood sodium below 125 mmol/L),
which can result in bloating, vomiting, confusion, respira-

tory distress, and possible death that may result from brain
edema (5, 104, 189). Other causes of hyponatremia include
excess sodium loss in sweat and consumption of beverages
that fail to supply sufficient sodium (214).

Postcompetition/Practice
Carbohydrate consumption immediately postexercise is
useful because it maximizes the availability of glycogen
synthetase to optimize glycogen resynthesis and storage
(21). Even delaying carbohydrate consumption for as little
as 2 hours reduces glycogen synthesis (115). There is also
strong evidence suggesting that skeletal muscle breakdown
increases with endurance training and/or with a single
endurance exercise bout, and athletes who consume foods
immediately following endurance activity have improved
muscle protein synthesis and recovery (184). Providing
a combination of good-quality protein and carbohydrate
1 hour postexercise resulted in three times greater muscle
protein synthesis than when the same foods are provided
3 hours postexercise (134).

During Competition/Practice
Fluids are available at fixed 5 km intervals in organized 10-km
races and marathons, and athletes should be encouraged
to take advantage of each fluid station and consume fluids.
However, to be ensured that the athlete can tolerate fluid
consumption at this interval, they should practice consuming
fluids at the same intervals during training sessions. This
will have the advantage of helping the athlete adapt to the
fluid consumed and will also improve tolerance to greater
fluid consumption to better offset sweat loss.The following
recommendations have been suggested (38):

Fluids should be easily and readily available.
Athletes should have their own bottle from which to
drink, and this bottle should be with them during both
training and competition.

Nutrition Issues for Selected
Sports With a High Power
Component

The following sports provide examples of how nutrition
influences power and speed activities. The list of sports
is not intended to be comprehensive. Rather, the sports
provide the reader with ideas for how to apply the science
to athletes involved in different activities.

Baseball
Because baseball is often played in a hot and humid envi-
ronment, it should be a high priority for baseball players
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Bodybuildingto sustain a good hydration state. Poor hydration will
increase injury risk, reduce attention span and reaction
time, result in early fatigue, and diminish coordination
(102, 155). Fitness is also a factor, as it was found that,
at exercise intensities normal for baseball, players with
greater fitness sustained body temperature better than less
fit players because of improved capacity to sustain sweat
rates and cooling capacity (231). The capacity to sustain
blood flow to the pitching arm is a factor in performance
that is also related to hydration state. It has been found
that blood flow increased with up to 40 pitches but steadily
declined after that, and by the 100th pitch blood flow to the
pitching arm was 30% below baseline (20). It is likely that
the reduction in pitching arm blood flow is associated with
hydration state. Taken together, these studies suggest that
baseball players should make efforts to sustain hydration
state using strategies described in Chapter 7.

Baseball players play many games over the course of any
in-season week or month, predisposing them to overuse
injuries if they fail to get adequate rest, fluids, and energy.
Pitchers, in particular, may be at high risk of overuse injury
(225, 229 The reduced throwing power observed over the
course of the season may be due to a combination of over-
use injury and reduced leg strength, both of which would
affect the throwing motion (138). Catchers work hard and
carry more equipment weight, so they are likely to need
more sports beverages than other players. They should
take every advantage of dugout time when on offense to
consume fluids that help to satisfy both carbohydrate and
hydration requirements. Both reduced muscular strength
and lower muscular strength could be associated with
poor hydration and poor energy availability (102, 154).
Baseball requires power and speed with a high reliance on
PCr and carbohydrate for muscular fuel. Although PCr is
synthesized from three amino acids, requiring an adequate
protein consumption, humans have an energy-first system
mandating that energy consumption is also adequate to
ensure the consumed protein can be used to manufacture
needed substances (including PCr) rather than contributing
to the requirement for energy. Put simply, baseball players
who focus excessively on protein consumption but who fail
to meet total energy needs are at risk of poor performance.
Because normal blood sugar is typically maintained for only
a short period of 1 to less than 3 hours, and baseball games
typically last for ~3 hours, baseball players should consume
a carbohydrate-containing sports beverage between innings.
The amounts consumed should be related to sweat rates,
with the goal of maintaining postgame weights that are
within 2% of pregame weights (214). Failure to maintain
blood sugar will result in a loss of concentration, poor
reaction time, and mental and muscular fatigue.

To achieve a high level of muscle mass, bodybuilders place
a high level of repetitive stress (typically via free weights
and muscle resistance equipment) on each muscle group
with high-intensity repetitions that rarely last longer than
30 seconds per muscle group and never last longer than 1.5
minutes (202). In preparation for competition, bodybuilders
combine this hard muscle training with the consumption
of extra energy, often composed of high-protein foods
coupled with nutrient supplements, to enlarge the muscle
mass. Because a single training session may result in an up
to 40% drop in muscle glycogen stores, it is possible that
glycogen depletion may result in impaired training (129).
Although bodybuilders have protein requirements at the
upper end of the recommended range ( ~1.7 g/kg/day),
typical protein consumption is well above this level at the
expense of carbohydrate, which should be in the range of
4-7 g/kg/day (202). Note also that it was found that there
was no scientific evidence for 42% of the products for which
beneficial nutritional claims were made in bodybuilding
magazines, with 32% of the products having misleading
information (18). Bodybuilders may restrict fluids and
salt to enhance the appearance of being “cut” but fluid
restriction has been found to be dangerous, particularly in
younger bodybuilders, who are predisposed to developing
hypokalemia (low potassium that predisposes the athlete
to fatigue, weakness, and cramping), hypophosphatemia
(low phosphorus that predisposes the athlete to muscle
dysfunction and weakness, and irritability), rhabdomyolysis
(refers to damaged muscle that is associated with muscle
pain and weakness), and flaccid tetraparesis ( refers to mus-

cle weakness affecting all four limbs) with fluid restriction
(37). It has been reported that the majority of bodybuilders
follow regimens that result in severe dehydration associated
with glycogen depletion (127, 201). There is also evidence
that the energy (calorie) restriction common in the period
immediately prior to competition results in a loss of lean
mass, suggesting that the energy restriction is excessive (105).

Bodybuilders have repetitive patterns of weight gain and
weight loss to try to enlarge muscle while reducing body fat.
Typical weight loss during the competitive season alternat-
ingly decreases (-6.8 kg; 15 lb) and increases (-6.2 kg; 14
lb). This dieting pattern results in food preoccupation that
leads to both binge eating and psychological stress following
competitions (2). Importantly, bodybuilders should be made
aware of the increased risk of developing eating disorders that
may result from the repetitive pattern of weight adjustments
(101). A more appropriate strategy is to follow a pattern that
sustains energy balance by dynamically matching intake with
energy expenditure and provides sufficient carbohydrate

A.Nazari



ACSM’s Nutrition for Exercise Science •www.acsm.org410

and protein to satisfy both glycogen and muscle protein
needs. This would simultaneously optimize musculature
while minimizing fat tissue acquisition (24).

the energy requirement. Because the primary fuels used in
this activity are PCr and muscle glycogen, it is doubtful that
the traditional “steak and potatoes” pregame meal, which
overemphasizes protein and underemphasizes carbohydrate,
will optimize glycogen storage. Studies of athletes, including
football players, have found that a wide range of dietary
supplement consumption is common and, although there
is no firm indication that this supplementation negatively
influences health, there are also no data confirming that such
supplementation improves performance (198). Studies of
collegiate football players have found that the rate of vitamin
and mineral supplements ranges from 23% to 50% (119, 196).

The stop-and-go nature of football is also associated with
a high level of body water loss, which can affect the ability
to concentrate and perform (46). Maintenance of plasma
volume is strongly associated with athletic performance,
which should encourage football players to consume a
well-designed sports beverage to maintain endurance
and performance (60). A recent assessment of National
Collegiate Athletic Association Division 1 football players
suggested that there should be significant efforts made
to improve hydration awareness among football teams
to avoid serious health consequences (including possible
hydration-associated fatalities) that could occur, especially
among higher weight players ( i.e., linemen) (120).

The higher weight of current football players compared
with the weight of past players is, by itself, not necessarily a
good thing. It was found that football linemen with higher
body fat percentages and higher body mass indexes had
higher rates of lower extremity injuries, and players with
higher body fat levels had a 2.5 times greater relative risk
of injury than those with lower body fat (90, 122). These
findings strongly imply that weight per se is the wrong metric
for football players. Instead, any increase in weight should
be accompanied with relative enlargement of the lean mass
to minimize injury risk. This can only be accomplished
with a dynamic interplay between appropriate training
and eating, with well-distributed energy and protein and
avoidance of relative energy deficiency (154). A recent study
found that players who ingest protein in a relatively good
energy-balanced state had higher lean mass and lower fat
mass, and those consuming an appropriate level of protein
(1.2-2.0 g/kg/day) while not in a state of negative energy
balance had even higher lean mass and lower fat mass (81).

Diving
Diving requires a combination of power, body control,
and flexibility, which all require sustaining good energy
and hydration needs (28). The training regimen for divers
is similar to that of gymnastics that emphasizes dry-land
fitness and focuses on tumbling and water entry. Dietary
restriction is often used as a strategy to achieve the desirable
muscular and lean physique in divers (136). There is strong
evidence that the common strategy of dietary restriction
has a negative impact on both health and performance,
with greater disease risk from an impaired immune system,
dizziness and weakness, and low bone mineral density (17,
63, 73, 161). In addition, there is evidence that restrictive
eating results in higher body fat percent and greater risk of
menstrual disorder (63, 208). For the pretraining or precom-

petition period divers should have a planned meal and/or
snack ~ l-4 hours prior to exercise that is relatively high
in carbohydrate and low in fats (214). This intake should
help the diver practice/perform with both normal muscle/
liver glycogen and blood sugar, thereby diminishing the risk
of mental disorientation and premature muscular fatigue.
Training far exceeds energy and hydration needs than div-

ers experience during competition (28). As a result, divers
should plan to have multiple opportunities during training
to consume small quantities of carbohydrate so as to ensure
normal blood sugar and muscle carbohydrate availability
(47). During the postcompetition and posttraining period,
divers should consume sufficient fluids, electrolytes, and
energy to recover glycogen stores and to enhance muscle
recovery and muscle protein synthesis (151). Ideally, divers
should consume foods and beverages soon after training/
competition to optimize the benefit (28). There is evidence
that, particularly postcompetition, alcohol is commonly
consumed (232). However, alcohol consumption interferes
with nutrient and hydration recovery and also has a negative
multiday effect that can interfere with both training and
competition (195). As a result, alcohol should be avoided.

Football (United States)
American football is highly anaerobic, with plays rarely
exceeding 15 seconds, followed by a period of rest/recov-

ery after each play. Football players are getting bigger and
stronger each year and have a relatively positive body image
when compared with other male athletes (169). Players
carry the extra burden of heavy equipment, which adds to

Gymnastics
Artistic gymnasts are small, and there is a high level of
pressure to keep both stature and weight low (83). As a
result, gymnasts are considered to be at high risk of eating
disorders and disordered eating, which can increase risks
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for poor health and also lower athletic performance (26,
63, 118). Even in mens gymnastics, it is suggested that
controlling energy intake to achieve lower weight is an
appropriate and desired approach if a gymnast is to achieve
success (139). Although lowering mass may lower the risk of
traumatic injuries to joints in gymnastics, achieving lower
mass through inappropriate means places the gymnast at
higher skeletal injury risk (113, 154).

As with other predominantly anaerobic athletes, gymnasts
have a heavy reliance on type IIB (pure fast-twitch) and type
IIA (intermediate fast-twitch) muscle fibers (35). As a result,
gymnastic activity is heavily dependent on PCr and carbo-

hydrate (both blood glucose and muscle and liver glycogen)
to fuel activity. This reliance suggests that gymnasts should
consume a diet that provides ample carbohydrate to optimize
glycogen storage, with a distribution of energy and protein to
ensure optimal muscle protein synthesis and muscle recov-
ery. A number of studies have evaluated the nutrient intake
of elite gymnasts. In general, these studies demonstrate an
inadequacy in the intake of total energy, iron, and calcium
(25, 26, 27). Inadequate calcium, coupled with the fact that
virtually all gymnastic training is indoors, increasing risk for
poor vitamin D status, suggests that gymnasts may be at high
risk for stress fracture. Poor iron intake is associated with
anemia, which is a risk factor in the development of amen-

orrhea (135). Gymnasts have delayed menarche, often past
the age of 15, which may play a role in bone health (83). The
possible cause of either primary (never having experienced a
period; delayed menarche) or secondary (no period for the
past 3 months) amenorrhea includes (154):

relative energy deficiency
poor iron status
high physical stress
high psychological stress

high cortisol level, which interferes with the production
of estrogen (often the result of relative energy deficiency;
low blood sugar).

Competitive gymnasts often reach their competitive
peak between the ages of 16 and 18 (83). As adolescents,
they have the combined nutritional requirements to satisfy
growth and development and the physical demands of
sport. Satisfying these high nutritional needs is difficult
without appropriate planning. Ideally, this should be done in
cooperation with the training facility to ensure availability
of foods and beverages.

to perform continuously at high intensity, it is rare for a
skater to be on the ice for more than 1.5 minutes before
being replaced. This high-intensity effort focuses on PCr
and carbohydrate (glycogen and glucose). Although nu-
trition knowledge of hockey players appears to be poor,
there is good indication that hockey players and team
management are open to making appropriate nutritional
changes (50, 179).

A study of elite Swedish hockey players found that skat-
ing performance (speed, distance skated, number of shifts,
amount of time per shift) improved with carbohydrate
loading (1). It was also found that -60% of quadriceps
glycogen is metabolized during a single game (112). It is
conceivable that successive game days and/or successive
days of practice (both common in hockey) could contrib-
ute to glycogen depletion and performance reduction.
Although data suggest that players commonly consume a
high-protein diet, the heavy reliance on glycogen suggests
that hockey players should consume a diet relatively high
in carbohydrate (112). Because high-protein diets are also
often higher fat diets, players appropriately changing to
a high-carbohydrate diet should be aware that the lower
energy concentration may result in an inadequate total
energy consumption (211). Switching to foods that are
lower in fat and higher in carbohydrate, while maintaining
the same eating frequency, may result in a negative energy
balance that is likely to increase health risks and also be
detrimental to performance (23, 111).

The high-intensity activity common in hockey results
in high sweat rates, suggesting that players should strate-
gize for how to sustain hydration state during a game and
should arrive at the game in a well-hydrated state. It has
been found that 1% body weight loss is common in hockey
players, suggesting that a conscious strategy of frequent
sports beverage consumption is necessary (168).

Power/Speed Track and Field Events
Track and field competition includes a number of high-intensity,
short-duration events that are primarily anaerobic. These
include sprints, short distance hurdles, jumping (long jump,
high jump, and pole-vault), and throwing ( javelin, shot put,
and discus). All of these events are highly reliant on PCr
and glycogen (carbohydrate) to satisfy energy needs (130).
A study assessing different levels of carbohydrate consump-
tion found that high carbohydrate intakes (-75% of total
calories) produced better sprint performance than lower
intakes (<45% of total calories) of carbohydrate (159). It is
now well established that sprint performance is regulated
by the content of skeletal muscle glycogen, which is largely
influenced by carbohydrate ingestion. Higher carbohydrate

Hockey
For both men and women, hockey is a high-speed, full-effort
sport. With frequent substitutions that allow hockey skaters
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intakes of -70% of total calories result in higher glycogen
storage levels (14, 58, 200, 214).

The combination of carbohydrate (25 g) and caffeine
(100 mg) has been found to improve intermittent sprint
performance when ingested 1 hour before exercise (57).This
study found higher glucose levels during the final states of
exercise, a finding that could be important for competitive
field events where several tries/rounds ( i.e.y long- jump,
pole-vault) are necessary to determine the winner.

Pure sprinters should consider carefully whether carbohy-
drate supercompensation ( i.e.y maximizing glycogen storage
through reduced glycogen utilization through avoidance
of higher intensity activity, and higher glycogen formation
through high carbohydrate intake) is necessary, because
glycogen is stored with water (1 g glycogen to 3-4 g water)
(162). Having a level of glycogen storage that exceeds the
requirement of a single competitive performance may add
unnecessary (water) weight, thereby putting the sprinter
at a disadvantage. Sprinters should sustain relatively high
carbohydrate intakes but make a performance-related
self-determination regarding whether following a carbo-
hydrate supercompensation strategy is warranted.

intake that must be planned for to ensure normal growth
and development and no additional health risks. Relative
energy deficiency in this young group of athletes could
have both negative performance effects ( i.e.y reduced per-
formance, increased injury risk, decreased coordination)
and long-term health implications ( i.e.y poor bone health,
poor growth and development, poor menstrual function
in female athletes) (154, 192).

Sprinting times that exceed 2 minutes should be followed
with a recovery time of at least 4 minutes to regenerate PCr.
Without an appropriate recovery period, swimmers will
be forced to train shorter durations at lower intensities,
which could negatively affect competition (120, 177, 192).

It may appear odd that swimmers may suffer from
poor hydration because they train in a water environment,
but it has been found that poor hydration is prevalent in
swimmers (182). Although the level of dehydration is mild,
swimmers should take steps to sustain normal hydration by
having readily available sports beverages during training
and competition.

Wrestling
Surveys of wrestling coaches assessing nutrition knowl-
edge suggest that a high proportion of the coaches have a
less-than-adequate knowledge base to be guiding young
athletes in these areas (203).The American College of Sports
Medicine position on weight loss in wrestlers states (163):

Despite a growing body of evidence admonishing the behavior,
weight cutting (rapid weight reduction) remains prevalent
among wrestlers. Weight cutting has significant adverse
consequences that may affect competitive performance,
physical health, and normal growth and development. To
enhance the education experience and reduce the health
risks for the participants, the ACSM recommends measures
to educate coaches and wrestlers toward sound nutrition
and weight control behaviors, to curtail “ weight cutting,”
and to enact rules that limit weight loss.

The general goal of this weight-loss strategy is to qualify
for a weight class during a weigh-in on the night before
a match, and to gain as much weight as possible between
the weigh-in and the match on the next day. Sadly, there
is evidence that wrestling at a weight below the predicted
minimum wrestling weight appears to be associated with
greater wrestling success (228).There is also good evidence
that successful weight gain during this short period is
important for success. In one study evaluating the relative
weight gains of wrestlers, the heavier wrestler was successful
57% of the time (227).

There is concern on many levels about the weight-loss
techniques commonly practiced by wrestlers.There is some

Swimming (100-400 m)
Swimmers spend a great deal of time in water training to
practice techniques that help to overcome drag. Typical
energy expenditures of swimmers range between 3,600 and
4,800 kcal/day for males and 1,900 and 2,600 kcal/day for
females (192). During competitions, the shorter (sprint)
distances derive most of the required energy anaerobically
from PCr and glycogen (see Table 15.5). Studies have found
a large between-swimmer variation in energy intakes, with
male swimmers more likely to satisfy energy needs than
female swimmers (30, 121). This finding suggests that a
large proportion of swimmers have dietary habits that fail
to optimally support training and competition needs.

The need for carbohydrate is estimated to be in the range
of 3-10 g/kg, depending on training demands (193). Protein
requirements, which are in the range of 1.2-1.6 g/kg/day,
appear to be met, but many swimmers often fail to optimally
time protein consumption to optimize muscle recovery
and muscle protein synthesis (4, 48). Ideally, high-quality
protein should be consumed in 20-25 g amounts evenly
distributed over 4-5 meals/snacks during the day (48).

Competitive training for swimmers often begins at a
young age, with many of them in junior high school and
high school. Training often occurs before school begins in
the early morning and often continues immediately after
school. This schedule, particularly for adolescent swim-

mers experiencing a growth spurt, requires a high-energy
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Distance Running
Distance running involving distances of 10,000 m (6.2 miles)
or longer places a high reliance on aerobic metabolism,
with only 2%-7% of the total energy obtained derived
anaerobically (202). Despite this relatively low reliance on
glycogen, the fact that distance runners have continuous
activity far longer than power athletes places a high de-
mand for glycogen. Put simply, although the proportion of
glycogen utilized is relatively low, the volume of glycogen
used is high because of the long time spent in the activity
(116). As a result, high muscle and liver glycogen stores
prior to the run and carbohydrate delivery during the run
are important factors for runners to consider.

Gastrointestinal (GI) issues occur with high frequency in
long-distance runners, often the result of the consumption
of fluids that are hyperosmolar, with excessive concen-
trations of carbohydrate (>8% carbohydrate solution),
electrolytes (>200 mg sodium/250 mL), or both (174). It
is important for individual runners to know their tolerance
for the beverages they consume during the run, as higher
carbohydrate concentrations are typically associated with
improved performance, but may also be associated with
higher levels of GI distress. These symptoms include nau-
sea, abdominal cramping, vomiting, and diarrhea (181).

More serious problems can include blood loss in the
feces as a result of damage to the intestines (116). Distance
runners train for long hours with repeated motion, which
may increase the risk of stress fractures (173). Stress frac-

tures occur more frequently in women runners than in male
runners, particularly if the female runner is amenorrheic
(219). There is a clear relationship between amenorrhea
and lower bone density, so amenorrheic runners should
seek the advice of a physician to determine if there are
reasonable steps that can be taken, including running
“softer" through stride modifications and runner surface
changes, to reduce the risk of stress fractures (154, 180,
219). A review of stress fractures in runners found that
being female and a prior history of stress fractures were
predictive of future fractures (226). Sufficient energy and
consumption of calcium and vitamin D are important to
ensure normal bone development. Although vitamin D is
likely to be adequate, particularly for runners who train
during the day and have ample sun exposure, runners must
be purposeful in consuming diets that provide sufficient
energy and calcium (223). Inadequate energy intake is a red
flag that nutrient intake may also be low (food is the carrier
of both nutrients and energy) and that the runner is at high
risk for both disease and reduced performance (154). The
nonmenstruating female runners had lower intakes of fat,
and higher fat intakes were associated with more adequate
total energy consumption (62). These findings suggest that

evidence that undernutrition may lead to altered growth
hormone production in wrestlers that, if present over several
seasons, could lead to growth impairment (185). In another
study, it was determined that dietary restriction reduced
protein nutrition to an average of 0.9 g/kg/day, which is
below recommended levels, and also lowered muscular
performance (186). These data are confirmed by findings
indicating that weight loss by energy restriction significantly
reduced anaerobic performance of wrestlers. Those on a
high-carbohydrate refeeding diet tended to recover their per-
formance, whereas those with lower intakes of carbohydrate
did not (178). Besides the obvious physiologic changes that
occur from rapid weight loss, there is good evidence that
rapid weight loss in collegiate wrestlers causes an impairment
of short-term memory, a fact that could have an impact on
scholastic achievement in these student athletes (53).

“ Making weight” is a hazard to both performance and
health. There is ample evidence to suggest that the weight
cycling associated with making weight ( /.£., weight loss to
make weight followed by weight recovery for performance)
is dangerous and can lead to glycogen depletion, a lower
muscle mass, a lower REE, and an increase in body fat
(110). Should this occur with frequency, it is likely that
the reduction in REE could make it more difficult for
dietary restriction to achieve the desired weight, leading
the wrestler to take more draconian (and more danger-
ous) measures to achieve the desired weight outcome.
Wrestlers and coaches should follow a reasonable model
for achieving desired weight, such as that offered by the
Wisconsin Interscholastic Athletic Association, to avoid
health and performance difficulties (164). This program
develops reasonable goals for weight and provides nutrition
education information to help wrestlers achieve desired
weight reasonably and to understand the implications of
improper weight-loss methods. The basic message of these
weight-achievement guidelines is that a cap is placed on the
maximum amount of weight change that can occur during
the course of a season, and a monitoring system has been
added to ensure that sudden and dramatic weight change
does not occur at any point in the season.

•Nutrition Issues for
Selected Sports With a High
Endurance Component

The following sports provide examples of how nutrition
influences endurance activities. The list of sports is not
intended to be comprehensive. Rather, the sports provide
the reader with ideas for how to apply the science to athletes
involved in different activities.
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high-carbohydrate diets, which are preferred for optimal
performance, may make it more difficult to consume the
high level of needed energy because carbohydrates have a
lower caloric density than high-fat foods.

Surveys of distance runners confirm that total energy
intake is below recommended levels, suggesting that run-

ners must make a concerted effort to consume the recom-
mended amounts before, during, and after exercise (22).
Runners should learn to manage hydration state by taking
pre- and posttraining weight in different environmental
conditions. This strategy will help them understand the
degree to which they are satisfying body fluid needs (214).
Studies of distance runners suggest a range of weight loss
averaging ~3%, with individual ranges from 0.8% to 5.0%
(61). Surveys of runners have found that, despite knowing
that hydration is important, a large proportion of runners
(41%-54.4%) have poor hydration habits, particularly
during training, and that 35.4% of runners consumed
sports drinks, whereas nearly 4% never consumed fluids
of any kind in training (84). Studies strongly suggest that
7% carbohydrate solutions with electrolytes are effective
as both fluid and energy replacement beverages (152, 214).
Long-distance runners should develop the habit of frequent
fluid consumption to maintain body water status, whether
they are thirsty or not. See Box 15.1 for the calculation of
the percent of carbohydrate in a sports drink.

time spent during training prior to a competition (15). The
improvement is likely due to improvement in net glycogen
storage associated with a reduction in intense activity that
is coupled with a relatively high carbohydrate intake (214).

Different sporting activities may influence athletes to
consume different foods and to consume different supple-
ments, resulting in different nutrient exposure (86). In an
athlete survey it was found that calcium intake was lower
in triathletes than in athletes participating in team sports,
including volleyball and basketball, with more pronounced
lower intakes in female triathletes (92). Consumption of
sufficient calcium is an important component of reducing
stress fracture risk.

Maintenance of normal hydration is important to sustain
sweat rates and blood volume. There are indications that
triathletes may not consume sufficient fluids, which would
affect performance and increase risk for heat stress. One
study found that pre- and postevent weight declined sig-
nificantly, whereas urine osmolarity increased significantly,
both signs of underhydration (13). Triathletes appear to
have difficulty sustaining good hydration during a com-
petition, with body weight loss that commonly exceeds
4% (187). Particularly when competing in warm climates,
triathletes should develop well-practiced fluid consumption
behaviors to minimize dehydration risk. It is important to
note that consumption of ice slurry is useful for cooling
core temperature in triathletes when they compete or train
in hot environments, resulting in improved performance
(205, 209).

The majority of Olympic-distance triathletes appear
to consume sufficient carbohydrate to satisfy prerace
guidelines, but carbohydrate consumption during the race
varies widely between athletes, with a large proportion
of them failing to satisfy recommended carbohydrate
intake levels (59). This is significant, as the carbohydrate
demands in the triathlete are greater than the capacity of
the athlete to store it (183). Therefore, it is important for
triathletes to have a strategy for adequate carbohydrate
intake during competition, which should be in the range of

Triathlon
The Olympic-Distance Triathlon consists of a 1.5-km swim,
a 40-km cycle, and a 10-km run. The most well-known
IRONMAN competition in Hawaii (Kona) includes a
2.4-mile swim, a 112-mile bike run, and a 26-mile, 385-yard
run. A survey of triathletes found that the average weekly
training distances were: swimming 8.8 km (5.47 miles);
cycling 270 km (167.77 miles), and running 58.2 km (36.16
miles) (93). Interestingly, there appears to be a high level of
overtraining, as a study found statistically significant per-
formance improvements when triathletes reduced the total

A
Box 15.1 How to Calculate the Percent of Carbohydrate in a Sports Drink

1. Convert the serving size from fluid ounces (oz) or
milliliters (mL) to grams (g).
a . Fluid ounces (oz) : Divide the total ounces by

0.03527 for grams
i. Example: 16 oz/0.03526 = 453.77 g

b. Milliliters (mL): Divide the amount in mL by 1
i. Example: 500 mL/1 = 500 g

2. Calculate the carbohydrate percent in a serving size by
dividing the carbohydrate amount in 100 g and then
multiply by 100.
a. A drink containing 6 g of carbohydrate per 100 mL

(or 100 g) = 6/100 = 0.06
b. 0.06 x 100 = 6% carbohydrate solution
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1.0-1.5 g/kg/hour (214). Nutrition interventions encour-
aging the consumption of more fluid and carbohydrates by
triathletes have been successful, with triathletes consuming
a level of energy closer to the requirement than before
the intervention, which was associated with improved
performance (78).

total consumed energy between standard meals, and about
30% of energy is consumed as a carbohydrate-containing
sports beverage (39).

Asthma prevalence in elite cyclists appears to be ap-
proximately twice that of the general population (221). As
a result, it maybe prudent to make careful allergy inquiries
before making recommendations on food and beverage
consumption so as to avoid triggering an allergic response.

Cyclists can easily carry fluids and foods on the bike
frame or in jersey pockets, and because there is less jarring
motion in cycling than in running, cyclists can consume
some solid foods without experiencing GI distress. Cyclists
should take advantage of this on long rides by bringing
along sport beverages to drink and some crackers, bananas,
carbohydrate gel, or bread to consume, but whatever is
consumed should be known to be well tolerated. Although
the need for carbohydrate is highest, many cyclists believe
that higher protein foods are beneficial for performance.
However, there is no indication that protein foods consumed
during cycling enhance performance, and because these
foods detract from the consumption of carbohydrate foods
they may be performance reducing (94).

Long-Distance Swimming
Distance swimmers must spend a great deal of time training
in water to achieve incrementally small improvements in
time and performance (192). Swimming performance is
based on a swimmers ability to create forward propulsion
while minimizing the drag created as he or she moves
through water, a task that is better enabled with a relatively
lean physique (177). Achieving this level of endurance and
body composition requires avoidance of relative energy
deficiency, which could compromise lean mass and dimin-
ish necessary glycogen stores (149). Ideally, needed energy
should be provided before, during, and after training to
optimize the training benefit. Male and female swimmers
report energy intakes of up to 4,800 kcal/day and 2,600
kcal/day, respectively (192).

When compared with other athletes, swimmers often
have higher upper body strength but lower bone mineral
densities (29, 133). There are likely to be three reasons for
this, including inadequate energy availability, poor vitamin
D status associated with many hours training in an indoor
pool without exposure to sunlight, and less physiologic stress
being placed on bone because swimmers train in water,
which is essentially a gravity-free environment (140). This
latter reason suggests that at least a portion of the training
by swimmers, particularly young adolescent swimmers
who are undergoing the adolescent growth spurt and large
changes in bone development, should place resistance on
both the upper and lower body.

The volume of training by distance swimmers will deplete
muscle glycogen stores, indicating a high need for carbo-
hydrate replacement strategies (193). Consuming fluids
during training that are carbohydrate containing would serve
to satisfy both carbohydrate and fluid requirements (48).

General Athlete Assessment
Strategies to Ensure
Nutritional Readiness

The assessment and status of an athlete’s health typically
include health/medical history, body composition, and
food intake and energy balance.

Health/Medical History
Health/medical history is typically obtained via an in-depth
athlete interview and includes a discussion of:

medical history that provides information on prescribed
and nonprescribed (over-the-counter) drug usage;
alcohol consumption;
typical eating environment ( i.e., university cafeteria;
cooks for self in apartment);
chronic disease state ( e.g., diabetes, amenorrhea);
relevant acute conditions ( e.g., broken bones, muscle
strains);
allergies (food and nonfood), food intolerances, and
food sensitivities;
understanding of changes that may have occurred in
appetite;
if athlete has self-initiated or been placed on a special
diet that may put the athlete at nutritional risk;

Cycling
The Tour de France cycle race has extreme endurance de-
mands on participating athletes, with a distance of 4,000
km traveled in just over 3 weeks with only a single day of
rest. The energy expended is the highest values ever re-
ported for athletes over a period longer than 7 days (188).
Consumption patterns indicate a high carbohydrate diet
(62% carbohydrate; 15% protein; 23% fat), with -50% of
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Summary
family history of disease states ( e.g., cardiovascular
disease; kidney disease)
results of any past blood tests indicating normal or abnormal
values ( e.g.,serum iron test for diagnosis of anemia); and
recommendations for biologic tests ( e.g., blood tests,
urine tests) where risk of disease/condition is suggested
by health history results ( e.g., athlete is considered to be
at risk of anemia because of food avoidance pattern).

The type of activity performed impacts the type of
energy metabolized, but this difference does not nec-
essarily have an impact on the types and frequency of
foods/beverages that should be consumed. Although
high-intensity power activities ( e.g.,sprinting) are highly
reliant on glycogen as a source of fuel and low-intensity
endurance activities ( e.g., marathon) are highly reliant
on fat as a source of fuel, glycogen storage is the lim-
iting substrate for both types of activities because of
the high duration of endurance activities. Therefore,
regular dietary sources of carbohydrates should be
consumed by all types of athletes to ensure optimal
glycogen storage (214).
Because power athletes are heavily reliant on glycogen
stores to fuel the activity, a practice lasting several hours
will require regular consumption of carbohydrate to avoid
glycogen depletion and a reduction in performance.
Although endurance athletes are heavily reliant on fat
stores to fuel the activity, glycogen is still being used
over the long duration of training and competition.
Therefore, a regular intake of carbohydrate during
training and competition is needed to avoid glycogen
depletion and a reduction in performance.
Different types of muscle fibers have different power
potential, with type II fibers producing more power than
type I fibers. The type IIA intermediate fibers behave
more like power fibers than endurance fibers, but the
type of chronic activity that is performed can change
the behavior of these fibers. For instance, an athlete who
does more endurance activity will modify their type
IIA fibers to develop more mitochondria and oxidative
capacity, so they begin to look more like type I fibers.
Well-conditioned athletes have a better capacity to
deliver and use oxygen in working muscles, enabling
better performance and a longer time before reaching
fatigue. Because even the leanest of athletes have am-

ple body fat stores that can be called upon for fuel but
glycogen storage is relatively limited in all athletes, a
greater capacity to use fat as a fuel (the result of better
oxygen utilization), the less likely that glycogen will
become depleted.
Carbohydrate insufficiency during exercise will in-
crease ketone production from gluconeogenesis ( i.e.,
the creation of carbohydrate from noncarbohydrate
sources).
PCr, a source of instantaneous ATP, storage is limited
to ~8 seconds of high-intensity activity. Assuming
sufficient availability of creatine (likely with sufficient

Body Composition Assessment
Body composition assessment is a multicomponent anal-
ysis, involving:

measurement of height, weight, body fat percent, lean
mass percent;
comparison of these values with sport-specific norms;
trend analysis to assess how body composition values
have changed. Note: it is important to use the same
validated measurement strategies for this purpose; and
Z-score analysis to assess how athlete body composition
values differ from position-specific team values.

Food Intake and Energy
Balance Assessment

Food intake and energy balance assessment involves the
following:

computerized food intake analysis to include assessment
of micronutrient and macronutrient intakes compared
with age/gender-specific dietary reference intakes;
understanding of food avoidance/food preference patterns;
review of any possible disease states and clinical con-
ditions with associated drug intake that could affect
nutrient needs;
prediction of energy balance values to assess within-day
relative energy availability and 24-hour energy balance,
for typical training and nontraining days;
gain an understanding of possible cultural, religious,
and/or cultural-associated food intake patterns that
may influence macro- and micronutrient intake; and
under some circumstances, measuring hydration state
via assessment of urine-specific gravity.

See Appendix A for sample athlete health history, nu-
tritional status, and body composition questionnaire and
Appendix B for three examples of dietary intake analysis
and eating plans. Please note that NutriTiming, which ac-
cesses the United States Department of Agriculture nutrient
database and the Harris-Benedict equation for predicting
REE, was used to create the food plans in Appendix B.
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intake of energy/protein), depleted PCr stores can be
regenerated with 2-4 minutes of rest.
Consumption of more protein, by itself, will not result
in an increased muscle mass. Increasing muscle mass
is multifactorial, requiring a reasonably good sustained
energy and nutritional balance, resistance training,
and a timing and quality of food intake that can take
advantage of muscle protein synthesis potential.
Although the recommended protein intake for ath-
letes is approximately double that of nonathletes,
most athletes appear to consume sufficient amounts
of protein from foods alone. A possible exception is
vegetarian athletes who do not as consistently obtain
sufficient protein.
Anabolic hormones are involved in tissue building and
include testosterone, insulin, HGH, and IGF-1.
Catabolic hormones are involved in tissue breakdown
and include cortisol, thyroxine, and epinephrine.
There is limited evidence that dietary supplements
are useful in improving athletic performance. Ideally,
athletes should take a “ food-first” approach to meeting
nutritional needs.
Sustaining a good hydration state is important for all
athletes, regardless of the sport. One of the adaptations
to physical activity is to enlarge the blood volume, en-

abling a better sustained state of hydration if the athletes
follow a hydration protocol that maintains both blood
volume and fluid balance between the extracellular
(blood) and intracellular (tissues) environments. As
little as a 2% drop in body weight, resulting from more
body water lost than replaced, can have a significant
impact on athletic performance.
Overtraining is associated with multiple problems that
is likely to reduce athletic performance, including high
muscle soreness and delayed muscle recovery. Athletes
should have a training play that incorporates an adequate
diet to meet energy/nutrient needs and sufficient rest
to recover from training.
Optimal nutritional/hydration preparation for practice/
competition cannot occur in the meal just before phys-
ical activity. Athletes require a consistent daily plan for
ensuring adequate energy, protein, carbohydrate, fluids,
and nutrients to ensure that nutrition is positive factor
in athletic performance.
Excess fluid consumption resulting in weight gain in-
creases the risk of hyponatremia, which can result in
bloating, respiratory distress, and brain edema with a
potentially fatal outcome.
Blood sugar typically remains in the normal range
for ~3 hours when performing normal daily activ-
ity. However, physical activity increases the rate at

which brain and muscle tissues utilize blood sugar,
dramatically reducing the length of time that blood
sugar stays in the normal range. As a result, athletes
should have a strategy of carbohydrate consumption,
typically by consuming a carbohydrate-containing
beverage, during physical activity that helps to sustain
normal blood sugar.
Much of the information that athletes receive about
nutrition comes from false nutritional claims in mag-
azine advertisements and stories that target athletes.
A significant proportion of the “evidence” presented
in these magazines is false.
Alcohol consumption can negatively impact athletic
performance, with even a single serving { i.e., 1 beer, 1
glass of wine) affecting reaction time for multiple days.
If an athlete consumes alcohol, they should be aware
of the performance sequelae of doing so.
Athletes are at high risk of iron deficiency for multiple
reasons, including faster breakdown of RBCs, poor dietary
intake, and increased urinary and fecal loses of iron. It is not
possible for an athlete with iron deficiencyor iron deficiency
anemia to perform up to their conditioned capacity.
Athletes in sports where “ making weight” ( e.g., wres-
tling) or sports where appearance { e.g., figure skating,
gymnastics) is a factor in scoring are at risk for following
dietary patterns that will hinder performance. Relative
energy deficiency in sport is now documented to cause
numerous performance and health problems that may
prematurely cause an athlete to fail athletically and leave
the sport prematurely.
Athletes who train indoors { i.e., basketball, gymnas-
tics, figure skating) are at risk of vitamin D deficiency
because of a failure to receive adequate ultraviolet
B radiation from the sun. Vitamin D deficiency has
multiple negative health and performance outcomes,
including low bone density, increased illness frequency,
and poor muscle recovery.
Preparticipation evaluations that include a health /
medical history are important and should be per-
formed annually in all athletes to identify health and
nutritional risks.
Body composition assessment is an important compo-

nent of the nutritional assessment to ensure that the
athlete is eating in a way to achieve body composition
goals. However, care must be taken to use body com-
position results in a way that will result in positive
outcomes. As an example, the risk that an athlete will
follow a low-calorie diet that fails to provide sufficient
energy is greater if told that their body fat percent is
too high, than if they are told that lean body mass
percent is too low.
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2. Of the following muscle fibers, which store a high level
of glycogen and remain primarily anaerobic regardless
of conditioning protocol?
a. Type I
b. Type IIA
c. Type IIB
d. Type III

3. Preformed PCr has sufficient energy to supply an
athlete with up to
high-intensity activity.
a. 3
b. 8
c. 20
d. 60

4. The delay time to achieve maximal ATP production
with aerobic glycolysis is approximately:
a. 0-1 seconds (instantaneous)
b. 5-10 seconds
c. More than 60 seconds
d. More than 20 minutes

5. Well-conditioned athletes have better oxygen deliv-
ery to working muscles, enabling them to maintain
oxidative metabolism at a faster rate and to go faster
longer before reaching fatigue.
a. True
b. False

6. A relatively lean male athlete weighing 154 lb will
calories as fat?

Practical Application Activity
Imagine 2 young adults, age 23, of the same sex, height,
weight, and body composition. Person A has spent
the last 5 years running long distances of ~ 5 miles (8
kilometers) every other day, and he has participated in
several half-marathon races. Person B is a talented
tennis player who has been playing competitive tennis for
the past 5 years. Both are healthy and fit. Now imagine
that Persons A and B have met at a party, and Person
A invites Person B to go for a long morning run. They
agree, and go for a morning run. After about 1 mile,
Person A is carrying on a conversation with Person B,
but Person B is starting to get short of breath and cannot
participate in the conversation without taking frequent
gasps for air. In addition, Person A is running faster but
with greater ease than Person B, who is now struggling
to keep up. Explain what is happening:

1. Is there a difference in the trained metabolic systems
that could be the cause of this difference in comfort
level while running?

2. How do training differences impact muscle fibers,
and could this difference help to explain why Person
A and Person B are responding differently to this
morning run?

3. Who (Person A or B) is likely to more efficiently
burn fat as an energy substrate, and how would this
difference impact time to fatigue?

4. If the tables were turned, and Person B asked Person
A to participate in stop-and-go activity such as tennis,
would Person A now become fatigued more quickly?
If so, what is the metabolic explanation for this?

5. If you were making dietary recommendations to both
Person A and Person B, would these recommendations
differ? If so, in what ways would they be different?

seconds of sudden-onset,

store ~
a. 500
b. 1,000
c. 50,000
d. 90,000

7. The percent contribution of aerobic (3-oxidation
to total energy needs in distance running is
approximately:
a. 30%
b. 50%
c. 70%
d. 90%

8. The percent contribution of aerobic (3-oxidation to
total energy needs in gymnastics is approximately:
a. 5%
b. 20%
c. 40%
d. 60%

9. Of the following hormones, which is not anabolic to
muscle mass development?
a. Insulin
b. Creatine
c. Growth hormone
d. Testosterone

Chapter Questions

1. Of the following, which energy metabolic system is
used for high-intensity activities that require a large
volume of ATP, but that are within the athletes capacity
to bring sufficient oxygen into the system?
a. PCr system
b. Anaerobic glycolysis
c. Aerobic glycolysis
d. Aerobic metabolism
e. b and c
f. c and d
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